
Endocrinology, 2022, 163, 1–13
https://doi.org/10.1210/endocr/bqac038
Advance access publication 30 March 2022
Research Article

Received: 29 November 2021. Editorial Decision: 17 March 2022. Corrected and Typeset: 19 May 2022
© The Author(s) 2022. Published by Oxford University Press on behalf of the Endocrine Society.
This is an Open Access article distributed under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs licence (https://
creativecommons.org/licenses/by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any medium, provided the 
original work is not altered or transformed in any way, and that the work is properly cited. For commercial re-use, please contact journals.permissions@
oup.com

Beta-Hydroxybutyrate Suppresses Hepatic Production of 
the Ghrelin Receptor Antagonist LEAP2
Stephanie Holm,1,2,  Anna S. Husted,2 Louise J. Skov,1 Thomas H. Morville,2  
Christoffer A. Hagemann,3,4 Tina Jorsal,3 Morten Dall,2 Alexander Jakobsen,1  
Anders B. Klein,2 Jonas T. Treebak,2 Filip K. Knop,2,3,5,6 Thue W. Schwartz,2 
Christoffer Clemmensen,2,  and Birgitte Holst1,

1Department of Biomedical Sciences, Faculty of Health and Medical Sciences, University of Copenhagen, 2200 Copenhagen, Denmark
2Novo Nordisk Foundation Center for Basic Metabolic Research, Faculty of Health and Medical Sciences, University of Copenhagen, 2200  
Copenhagen, Denmark
3Center for Clinical Metabolic Research, Copenhagen University Hospital—Herlev and Gentofte, 2900 Hellerup, Denmark
4Gubra, 2970 Hørsholm, Denmark
5Department of Clinical Medicine, Faculty of Health and Medical Sciences, University of Copenhagen, 2200 Copenhagen, Denmark 
6Steno Diabetes Center Copenhagen, 2730 Herlev, Denmark
Correspondence: Birgitte Holst MD, PhD, Department of Biomedical Sciences, Faculty of Health and Medical Sciences, Blegdamsvej 3B, 2200 Copenhagen, 
Denmark. Email: holst@sund.ku.dk; or Stephanie Holm, MSc, Novo Nordisk Foundation Center for Basic Metabolic Research (6th floor) & Department of 
Biomedical Sciences, Faculty of Health and Medical Sciences, Blegdamsvej 3B, 2200 Copenhagen, Denmark. Email: stephanie.holm@sund.ku.dk.

Abstract
Introduction: Liver-expressed antimicrobial peptide-2 (LEAP2) is an endogenous ghrelin receptor antagonist, which is upregulated in the fed 
state and downregulated during fasting. We hypothesized that the ketone body beta-hydroxybutyrate (BHB) is involved in the downregulation of 
LEAP2 during conditions with high circulating levels of BHB.
Methods: Hepatic and intestinal Leap2 expression were determined in 3 groups of mice with increasing circulating levels of BHB: prolonged 
fasting, prolonged ketogenic diet, and oral BHB treatment. LEAP2 levels were measured in lean and obese individuals, in human individuals 
following endurance exercise, and in mice after BHB treatment. Lastly, we investigated Leap2 expression in isolated murine hepatocytes chal-
lenged with BHB.
Results: We confirmed increased circulating LEAP2 levels in individuals with obesity compared to lean individuals. The recovery period after 
endurance exercise was associated with increased plasma levels of BHB levels and decreased LEAP2 levels in humans. Leap2 expression was 
selectively decreased in the liver after fasting and after exposure to a ketogenic diet for 3 weeks. Importantly, we found that oral administration 
of BHB increased circulating levels of BHB in mice and decreased Leap2 expression levels and circulating LEAP2 plasma levels, as did Leap2 
expression after direct exposure to BHB in isolated murine hepatocytes.
Conclusion: From our data, we suggest that LEAP2 is downregulated during different states of energy deprivation in both humans and ro-
dents. Furthermore, we here provide evidence that the ketone body, BHB, which is highly upregulated during fasting metabolism, directly 
downregulates LEAP2 levels. This may be relevant in ghrelin receptor–induced hunger signaling during energy deprivation.
Key Words: energy deprivation, exercise, ketone bodies, ketogenic diet, LEAP2
Abbreviations: ANOVA, analysis of variance; AR277, AR319277; BHB, beta-hydroxybutyrate; BW, body weight; DIO, diet-induced obese; FAO, fatty acid oxi-
dation; HCAR2, hydroxycarboxylic acid receptor 2; Hcar2, hydroxycarboxylic acid receptor 2 (gene); HDAC, histone deacetylase; HFD, high-fat diet; LEAP2, 
liver-expressed antimicrobial peptide-2; Leap2, liver-expressed antimicrobial peptide-2; Mct1, monocarboxylate transporter 1 (gene); TSA, tricostatin A; Ywhaz, 
tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein zeta polypeptide (gene).

The hypothalamus serves a critical function in appetite and 
body weight (BW) regulation by sensing and integrating 
local and peripheral signals, consequently balancing energy 
status (1, 2). Ghrelin, a stomach-derived 28-amino acid pep-
tide hormone, is the only known endogenous orexigenic pep-
tide hormone that acts directly in the hypothalamus (3, 4). 
Conversely, leptin is secreted from the adipocytes and cir-
culates in the blood in proportion to adipose tissue content, 
with the primary physiological role to serve as a long-term 
energy regulator, by acting in the hypothalamus (5, 6). A re-
duction in adipose tissue, hence circulating leptin levels, initi-
ates counterregulatory signals including increased eating and 

a reduction in energy consuming processes (5, 6). Another 
central physiological response during energy deprivation is 
hepatic metabolic adaptations to control energy homeostasis 
and continue production and secretion of nutrients through 
gluconeogenesis (7, 8). This is driven by a dramatic increase 
in hepatic fatty acid oxidation (FAO), providing bioener-
getics such as ATP and NADH to facilitate gluconeogenesis 
(9). A byproduct of hepatic FAO is ketone bodies which are 
generated through ketogenesis and function as alternative but 
important fuel sources for highly oxidative tissues such as the 
brain and cardiomyocytes (10-12). The plasma levels of ke-
tone bodies increase during fasting, after exercise, and during 
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carbohydrate-deprived ketogenic diet, all where energy pro-
duction relies on FAO (10-16). Hepatic FAO has also been 
implicated in the control of food intake (17-21). Despite con-
troversial results as to whether inhibition or stimulation of 
hepatic FAO increases food intake, recent results have dem-
onstrated that increased hepatic FAO stimulates eating after 
prolonged food deprivation in rodents (17, 18). However, the 
underlying mechanisms for this biology remain unknown. 
While these findings emphasize a connection between liver 
metabolism and appetite regulation, a putative circulating 
liver-derived factor mediating these effects has not yet been 
identified. Recently, liver-expressed antimicrobial peptide-2 
(LEAP2) was indicated to function as an endogenous antag-
onist and inverse agonist of the ghrelin receptor (22-25). The 
ghrelin receptor is known to have almost 50% constitutive 
activity; hence, it signals without any ghrelin hormone present 
(26, 27), which has been proposed to be of physiological im-
portance in constitutive stimulation of basal food intake (26, 
27). This concept was supported by the discovery of LEAP2 
as an endogenous inhibitor of both the ghrelin-mediated 
stimulation and of the spontaneous signaling of the ghrelin 
receptor (22-25). LEAP2 reduces food intake and growth 
hormone secretion in mice (22, 28) and LEAP2 deletion en-
hances ghrelin’s actions in female mice (29). Thus, LEAP2 ap-
pears to constitute another important liver-produced factor 
controlling central appetite regulation. LEAP2 is expressed 
and secreted from the liver and small intestines (22, 25). The 
appetite suppressing hormone is upregulated by body mass 
in rodents and humans and is regulated opposite to that of 
ghrelin during fed and prolonged fasted state in rodents (22, 
23, 25). Furthermore, LEAP2 is positively correlated to pan-
creatic peptide in rodents in contrast to ghrelin (30). The 
plasma levels of LEAP2 increase with high blood glucose 
levels in rodents (23); however, the specific metabolites and/or 
nutritional factors governing the regulation of LEAP2 during 
fasting metabolism remain undescribed (31).

In the present study, we investigated the regulation of 
LEAP2 during exposure to high but physiological levels of 
BHB. As LEAP2 is downregulated during fasting, we hypothe-
sized that the most abundant ketone body in plasma during 
energy deprivation, BHB, is involved in the downregulation 
of LEAP2 expression and secretion from hepatocytes.

Methods
Plasma Samples From Lean and Obese Human 
Individuals
Individuals with obesity
Fasting plasma samples were obtained from 20 humans 
with obesity referred to elective Roux-en-Y gastric bypass 
(RYGB) surgery. Baseline plasma samples were measured 
from before preoperative diet-induced weight loss and 
LEAP2 levels have been reported in a recent publication 
(32) with a focus on the effect on LEAP2 after weight loss 
and RYGB. For detailed participation characteristics and 
experimental design, we refer to Jorsal et al (2020) (33). In 
short, 5 males and 15 females participated (baseline char-
acteristics: median [IQR] age 46.5 [39.0-50.8] years, BMI 
40.3 [36.3-43.6] kg/m2, hemoglobin A1c 33 [30-34] mmol/
mol). Three subjects were excluded due to diagnosis with 
type 2 diabetes or prediabetes. Blood samples were collected 
from an intravenous catheter inserted into an antecubital 
vein. The arm for blood sampling was wrapped in a heating 

pad (45 °C) to arterialize the venous blood. Blood was col-
lected in chilled P800 K2EDTA tubes containing a cocktail 
of protease, esterase, and dipeptidyl peptidase-4 inhibitors 
(#366420, BD Biosciences, San Jose, CA), and tubes were 
centrifuged for 15 minutes (2900g, 4 °C). Plasma was ex-
tracted from the blood and kept at −80 °C until analysis.

Lean individuals
Fasting plasma samples were taken from 10 young healthy 
lean men aged 23 (22-24) years and with an average BMI of 
22.5 (21.9-22.8) kg/m2 at 2 separate days. Plasma samples 
have been used in a recent publication (32) and were collected 
and stored as described above. LEAP2 plasma levels in these 
subjects were not reported in the publication.

Human Exercise Study
Plasma samples from 9 healthy recreationally active men 
were analyzed. These samples have been used in a previous 
publication (34). We investigated the plasma samples from 
participants before and after endurance exercise. In the 
morning after an overnight fast, all individuals performed 
60 minutes of exercise on a bike ergometer, composed of 10 
minutes warm-up (100 watts and 150 watts for 5 minutes 
each) following 50 minutes bike exercise of individualized 
70% VO2 peak workload. Blood samples were taken before 
exercise and 0, 15, 30, 60, 90, 120, and 180 minutes after 
termination of exercise, in EDTA tubes (Fig. 2A for sche-
matic protocol). For this study, plasma samples before exer-
cise and 30, 60, 120, and 180 minutes after exercise were 
analyzed. Blood samples were centrifuged for 10 minutes 
(3756g, 4 °C) and plasma was separated and kept at −80 °C 
until analyses.

Animals
Male C57BL/J mice (Janvier breeding center, France) with 
ad libitum access to water and a chow diet (Altromin, 1310, 
Brogaarden, Denmark) were housed in a temperature-
controlled (22  °C) environment under a 12:12 hour light-
dark cycle with a 1- to 2-week acclimatization period, unless 
otherwise stated.

In Vivo Experimental Studies
Ad libitum–fed and fasted mice
Mice were either ad libitum–fed with chow diet or fasted for 
24 hours. The day after, mice were decapitated and liver biop-
sies from left lateral lobe, duodenum (2-6 cm distally from the 
pyloric sphincter), and jejunum (10-16 cm distally to the pyl-
oric sphincter) were isolated from all mice and snap-frozen in 
liquid nitrogen. All samples were kept at −80 °C until analysis.

In vivo administration of BHB
Male mice (16-18 weeks of age) (20-22 weeks old in 
Supplementary Figure 2 (35)) were randomized by BW and 
were divided into either vehicle or BHB-treated groups. All 
mice were deprived from food 2 hours before the experiment 
and subsequently dosed orally with either BHB (100 mg/kg 
BW; 150-83-4, Sigma Aldrich, Germany) or vehicle (ddH2O) 
(dose volume: 0.1  mL/10g  BW). Blood glucose was meas-
ured from a tail puncture before and 2 hours after adminis-
tration. After 2 hours, blood, liver, duodenum, and jejunum 
were collected as previously described within 30 seconds 
following euthanization and were snap-frozen in liquid ni-
trogen. Blood samples were collected from the orbital sinus 
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into EDTA-coated tubes containing aprotinin (A1153, Sigma 
Aldrich, Germany) (final concentration of 0.6 TIU). Blood 
samples were centrifuged for 10 minutes (8000g, 4 °C) and 
plasma was separated. All samples were kept at −80 °C until 
analyses.

Ketogenic diet study
Adult male mice (8 weeks) were placed on either a standard 
chow diet or a high-fat diet (HFD) (60% kcal from fat, 
D12492, Research Diets, USA) for 20 weeks. Mice were 
group-housed with up to 8 mice per cage. Prior to the 
ketogenic diet study all mice were single-housed and accli-
matized for 2 weeks. BW was measured every 2 to 3  days 
and MRI scanned once per week. Mice were placed in the 
following diet groups at start of the ketogenic study (see Fig. 
3A): 14 chow-fed mice were divided into a group that con-
tinued chow diet (GroupChow) (n = 7) and a group that was 
switched to ketogenic diet (GroupChow-KD) (n = 7) (75.1% kcal 
from fat, 3.2% kcal from carbohydrate, F3666, Bioserv, New 
Jersey, USA) for 3 weeks. Twenty-eight mice that had been 
fed a 60% HFD were divided into 3 groups; a group that 
continued on HFD (GroupHFD) (n = 10), a group that was 
switched to normal chow diet (GroupHFD-Chow) (n = 9) and 
a group that was switched to ketogenic diet (GroupHFD-KD) 
(n = 9) for 3 weeks. Prior to study termination, BW was meas-
ured and blood glucose and BHB levels were measured by a 
tail puncture. Mice were decapitated and liver and duodenum 
samples were collected as previously described during dark 
phase in nonfasted mice.

Ex vivo experimental study
Isolation of mouse hepatocytes was based on a previously pub-
lished protocol (36). Male mice (8-10 weeks of age) were used 
in this study. After overnight incubation, isolated hepatocytes 
were incubated in Krebs-Henseleit bicarbonate (KRB) buffer 
(pH 7.4, 1 × KRB buffer, HEPES (15630-056, Gibco), NaOH 
(25080-060, Gibco), 2mM glucose) (control) and stimulated 
with either BHB (either 1 or 10 mM) (A1153, Sigma Aldrich), 
trichostatin A  (TSA) (10nM or 100nM) (Sigma Aldrich, 
Cat. no.  58880-19-6), TMP269 (0.1uM, 1uM or 10uM) 
(Selleckchem Cat. no. S7324) or AR319277 (AR277) (10nM, 
100nM or 1uM) (Arena Pharmaceuticals, CA, USA) in du-
plicates, triplicates, or quadruplicates for 4 hours at 37  °C 
with 5% CO2. After stimulation, media was removed and 
cells were lysed in RLT buffer:beta mercaptoethanol (100:1) 
(74034, Qiagen, Germany). All lysates were kept at −80 °C 
until analysis. Mice were normalized independently and col-
lected in the same analysis; n is the number of biologically 
independent samples for which data were averaged from du-
plicate, triplicate, or quadruplicate measurements.

Measurements of LEAP2 Plasma Levels
Human and mouse plasma LEAP2 concentrations 
were assessed by use of a specific enzyme immunoassay 
(EIA) for human LEAP2 detection (EK-075-40 Phoenix 
Pharmaceuticals, USA, RRID:AB_2909436, https://scicrunch.
org/resources/Any/search?q=ab_2909436&l=ab_2909436). 
The plasma concentrations of LEAP2 were measured and cal-
culated according to the manufacturer’s instructions.

BHB Measurements
Human and mouse blood and plasma BHB levels were meas-
ured by FreeStyle Precision Neo (Blood β-Ketone Test Strips, 
Abbott, USA) or by use of a Beta-Hydroxybutyrate AssayKit 

(MAK041, Sigma Aldrich). The assay was conducted ac-
cording to the manufacturer’s protocol.

Quantification of RNA Levels
Liver biopsies and small intestinal samples and cultured 
hepatocytes were lysed, and RNA was extracted using 
RNeasy Lipid Tissue Mini Kit (1023539, Qiagen) or RNeasy 
PLUS Tissue Micro Kit (74034, Qiagen), respectively, ac-
cording to the manufacturer’s instructions. The quantity 
of RNA was determined on a Nanodrop (Nanodrop 2000, 
Spectrophotometer). The cDNA synthesis was done using 
SuperScript III First-Strand Synthesis System (18080400, 
Invitrogen, USA). The quantitative polymerase chain re-
action (qPCR) was performed by use of QuantiTect SYBR 
Green PCR Kit (PPLUS-machine type-20ML,Invitrogen) in a 
MicroAmp Optical 384-well Reaction Plate (Thermo Fisher 
[Invitrogen]). Program: (95  °C for 30 seconds, 45 cycles at 
95 °C for 30 seconds, and 60 seconds at 60 °C) All expres-
sion data were normalized by the 2^(ΔCt) method. Tyrosine 
3- monooxygenase/tryptophan 5-monooxygenase activation 
protein zeta polypeptide (Ywhaz) was used as reference gene.

The following primers were used; Hcar2 forward 
5′-3′ (ATGAAAACATCGCCAAGGTC) reverse 3′-
5′ (TGGATTTCCAGGACTTGAGG), Leap2 forward 
5′-3′ (AATGACCCCATTTTGGAGAG) reverse 3′-
5′ (CACACTTAGGGAACAGCGTCT), Mct1 forward 
5′-3′ (CATTGGTGTTATTGGAGGTC) reverse 3′-5′ 
(GAAAGCCTGATTAAGTGGAG), Ywhaz forward 5′-
3′ (AGACGGAAGGTGCTGAGAAA) reverse 3′-5′ 
(GAAGCATTGGGGATCAAGAA).

Statistics
All statistical evaluations were processed in GraphPad 
Prism (8.4.3, GraphPad, USA). All data are presented as 
means ± standard error of the mean (SEM), unless otherwise 
stated. Data were analyzed using unpaired Student’s t test or 
one-way analysis of variance (ANOVA) with or without re-
peated measures. When analysis of variance revealed significant 
differences, a Tukey post hoc test was used to correct for mul-
tiple comparisons. A ROUT outlier test was used to identify out-
liers. Statistical significance was set at P < 0.05 and is denoted as 
* P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.

Study Approvals
Human studies were approved by the local ethics com-
mittee of Copenhagen and Frederiksberg (H-17030450) or 
the Scientific Ethical Committee of the Capital Region of 
Denmark (H-6-2014-047 and H-18027152). All human 
studies were carried out in accordance with the Declaration 
of Helsinki.

All rodent experiments were approved by the Danish 
Animal Experiments Inspectorate (license: 2019-15-0201-
00289) and performed according to institutional guidelines.

Results
LEAP2 Levels Decrease With Fasting and Increase 
With Obesity
It has previously been indicated that plasma levels of 
LEAP2 decrease after prolonged fasting in rodents (22, 23, 
25). Here, we confirmed that Leap2 expression was sig-
nificantly suppressed in the liver after 24 hours of fasting 
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as compared to ad libitum–fed mice (P < 0.001) (Fig. 1A). 
Notably, we did not observe any difference in Leap2 ex-
pression in response to fasting in duodenum nor jejunum 
(Fig. 1A and Supplementary Figure 1 for threshold cycle 
(CT) values (37)).

These findings suggest that Leap2 expression is selectively 
decreased in the liver during energy deprivation.

It has been demonstrated that the plasma levels of LEAP2 
increase with body mass in humans and rodents (23). Here, 
we found increased Leap2 expression in the liver by approxi-
mately 70% in  HFD-fed diet-induced obese (DIO) mice as 
compared with chow-fed lean mice (P < 0.01) (Fig. 1B). We 
also confirmed that circulating plasma levels of LEAP2 were 
approximately 100% higher in humans with obesity than in 
lean individuals (Fig. 1C and 1D) (23); yet a caveat to these 
data is an age difference of more than 10 years between the 2 
groups of individuals. However, whether there is an interaction 
between age and LEAP2 levels in humans remains undescribed.

These results suggest that LEAP2 is regulated by metabolic 
status in both rodents and humans and that Leap2 expression 
is downregulated by fasting selectively in the liver.

Circulating LEAP2 Decreases in Response to 
Exercise While BHB Levels Increase
Next, we aimed to investigate whether LEAP2 levels decrease 
in other states of energy deprivation in humans. Prolonged 
endurance exercise induces a state of energy deficiency, de-
pending on intensity and duration of exercise (12), similar 
to long-term fasting where plasma levels of BHB are in-
creased, also referred to as postexercise ketosis (13, 16). We 
therefore tested LEAP2 plasma levels in the recovery period 
following exercise in human individuals. In this study, hu-
mans performed bike exercise of 70% VO2 peak work-
load for 50 minutes and blood samples were taken before 
and after exercise (Fig. 2A for study design). As expected, 
plasma levels of BHB almost doubled with an increase from 
0.15 ± 0.01 mM to 0.29 ± 0.03 mM as soon as 30 minutes 
after exercise (P < 0.01) (Fig. 2B). The highest mean plasma 
levels of BHB were detected 180 minutes after exercise with 
0.37 ± 0.07 mM, equivalent to a 147% increase from baseline 
levels (P < 0.05) (Fig. 2B). In contrast to BHB levels, we found 
significantly reduced LEAP2 plasma levels from 2.8 ± 0.2 nM 
before exercise to 1.9 ± 0.2 nM 30 minutes after exercise (Fig. 

Figure 1. LEAP2 levels decrease by fasting and increase with obesity. (A) Relative Leap2 mRNA expression levels from liver, duodenum, and jejunum 
samples in 2 treatment groups; ad libitum–fed (ad lib.) mice and mice fasted for 24 hours; n = 9 in ad libitum–fed and n = 10 fasted mice (B) Relative 
Leap2 mRNA expression levels from liver in 2 groups; lean and HFD-fed DIO mice; n = 6 in lean mice and 9 in HFD-fed DIO mice (C) Mean BW of lean 
vs obese human individuals; lean human individuals n = 10 (averaged from 2 separate days), obese human individuals n = 17 (D) LEAP2 plasma levels in 
lean vs obese human individuals; lean human individuals n = 10 (averaged from 2 separate days), obese human individuals n = 17. Data were normalized 
to reference gene Ywhaz and subsequently normalized to corresponding control (A-B). Data were analyzed by unpaired t test. One outlier was identified 
and excluded due to technical error and exclusion of outlier did not diverge from the results of the main analysis and result (A [fasted mice in duodenum 
and jejunum] , in both lean and HFD-fed DIO mice (1 in each) and D in humans with obesity. ** P < 0.01; *** P < 0.001, **** P < 0.0001, ns = not 
significant. Abbreviations: DIO; diet-induced obesity, HFD; high-fat diet, LEAP2; liver-expressed antimicrobial peptide 2.
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Figure 2. Circulating LEAP2 decrease in response to exercise while BHB levels increase. (A) Experimental protocol for human endurance exercise 
study, (B) Time course of BHB plasma levels on the following time points; before endurance exercise, and 30, 60, 120, and 180 minutes after exercise 
(C) Time course of LEAP2 plasma levels on the following timepoints; before endurance exercise, and 30, 60, 120, and 180 minutes after exercise. Data 
were analyzed by one-way ANOVA repeated measures followed by Tukey post hoc test (B-C) n = 9. * P < 0.05; ** P < 0.01. Abbreviations: BHB; beta-
hydroxybutyrate, EIA; enzyme immunoassay, LEAP2; liver-expressed antimicrobial peptide 2.

2C), equivalent to a 31% reduction (P < 0.01). The reduction 
in plasma levels of LEAP2 remained significantly reduced at 
all time points from 30 minutes to 180 minutes after exercise 
compared with baseline levels.

Thus, the reduction in circulating LEAP2 levels after exer-
cise in man is compatible with the notion that BHB is in-
volved; however, many other mechanisms and/or factors 
could be in play.

Ketogenic Diet Downregulates Leap2 Expression in 
Mouse Liver
To further investigate whether BHB is linked to the regulation 
of LEAP2, we treated mice with a ketogenic diet, containing 
high amounts of fat and low amounts of carbohydrates, 
which consequently increases hepatic FAO and accordingly 
circulating levels of ketone bodies (12, 15). We investigated 
the effect of exposure to a ketogenic diet for 3 weeks on 
liver and intestinal expression levels of Leap2 in 2 cohorts: 
previously chow-fed lean mice and HFD-fed DIO mice (Fig. 
3A and “Methods: In Vivo Experimental Studies: Ketogenic 
diet study” for study setup). In brief, the chow-fed lean mice 
(GroupChow) were compared to a cohort of lean mice that 
were switched to ketogenic diet for 3 weeks (GroupChow-KD). 
The HFD-fed DIO mice (GroupHFD) were compared to a co-
hort of mice that were switched to ketogenic diet for 3 weeks 
(GroupHFD-KD) and, importantly, also to a cohort of DIO mice 
that instead were switched to ordinary chow for 3 weeks 
(GroupHFD-Chow).

In accordance with the literature (38), we observed re-
duced BW and blood glucose in ketogenic diet treated mice 
(GroupChow-KD) compared to lean mice kept on ordinary chow 
(GroupChow) (P < 0.0001 for both), despite the higher energy 
content of the ketogenic diet compared to the chow diet (Fig. 
3B and 3C). Circulating BHB levels were 2.5-fold higher in 

GroupChow-KD than in GroupChow: 1.2 ± 0.1 mM compared with 
0.5 ± 0.04 mM, respectively (P < 0.0001) (Fig. 3D). Notably, 
liver expression of Leap2 was reduced by 45% in GroupChow-KD 
as compared with GroupChow (P < 0.01) (Fig. 3E). Conversely, 
duodenal Leap2 expression was increased by almost 2-fold in 
GroupChow-KD compared with GroupChow (P < 0.01) (Fig. 3F).

We also measured the expression levels of monocarboxylate 
transporter 1 (Mct1), which transports lactate and ketone 
bodies across the cell membrane of various tissues (39). In both 
liver and duodenal tissue, we found significantly increased 
Mct1 expression levels in GroupChow-KD compared to GroupChow 
(P < 0.001 for both) (Fig. 3G and 3H). Additionally, we meas-
ured the expression levels of the endogenous surface receptor 
for BHB, the G protein–coupled receptor hydroxycarboxylic 
acid receptor 2 (Hcar2), and found increased liver expression 
levels of Hcar2 in GroupChow-KD compared with GroupChow 
(P < 0.01) (Fig. 3I).

In DIO mice switched to a ketogenic diet (GroupHFD-KD), BW 
was significantly lower as compared with mice kept on HFD 
(GroupHFD) (36 ± 0.5 g vs 52 ± 0.9 g) (P < 0.0001) and mice 
changed to a chow diet (GroupHFD-Chow) (41 ± 1 g) (P < 0.05) 
(Fig. 3J). BW was likewise significantly lower in GroupHFD-Chow 
compared with GroupHFD (P < 0.001) (Fig. 3J). Blood glucose 
was also significantly lower in GroupHFD-KD (5.8 ± 0.2  mM) 
as compared to GroupHFD (8.5 ± 0.2 mM) and GroupHFD-Chow 
(7.3 ± 0.2 mM) (P < 0.001) (Fig. 3K). Additionally, GroupHFD-

Chow had significantly lower blood glucose levels compared 
with GroupHFD (P < 0.01) (Fig. 3K).

Circulating BHB levels were almost 4-fold higher in 
GroupHFD-KD compared with GroupHFD (1.8 ± 0.2  mM vs 
0.5 ± 0.04  mM) (P < 0.0001) and 3-fold higher compared 
with GroupHFD-Chow (0.6 ± 0.1 mM) (P < 0.001) (Fig. 3L), while 
liver Leap2 expression was reduced by 67% in GroupHFD-KD 
compared with GroupHFD (P < 0.0001) and by 59% compared 
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Figure 3. Ketogenic diet downregulates Leap2 expression in mouse liver. (A) Treatment groups, (B) BW in chow-cohort, (C) Blood glucose levels in chow-
cohort, (D) BHB blood levels in chow-cohort, (E) Relative Leap2 expression levels in liver in chow-cohort, (F) Relative Leap2 expression levels in duodenum in 
chow-cohort (G) Relative Mct1 expression levels in liver in chow-cohort, (H) Relative Mct1 expression levels in duodenum in chow-cohort, (I) Relative Hcar2 
expression levels in liver in chow-cohort, (J) BW in HFD-cohort, (K) Blood glucose levels in HFD-cohort, (L) BHB blood levels in HFD-cohort, (M) Relative Leap2 
expression levels in liver in HFD-cohort, (N) Relative Leap2 expression levels in duodenum in HFD-cohort, (O) Relative Mct1 expression levels in liver in HFD-
cohort, (P) Relative Mct1 expression levels in in duodenum in HFD-cohort, (Q) Relative Hcar2 expression levels in in liver in HFD-cohort. Data were normalized 
to reference gene Ywhaz and subsequently normalized to either chow or HFD control (E-I and M-Q, respectively). Data were analyzed by unpaired t test 
(B-I), and one-way ANOVA followed by Tukey post hoc test (J-Q). GroupChow, n = 7; GroupChow-KD, n = 7; GroupHFD, n = 10; GroupHFD-KD, n = 9; GroupHFD-Chow n = 9. 
Outliers were identified and exclusion of outlier did not diverge from the results of the main analysis and result (E, I, M, N, P). * P < 0.05; ** P < 0.01; *** 
P < 0.001; **** P < 0.0001. Abbreviations: BHB; beta-hydroxybutyrate, HFD; high-fat diet, Leap2; Liver-expressed antimicrobial peptide 2.
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with GroupHFD-Chow (P < 0.01) (Fig. 3M). Neither circulating 
BHB nor liver Leap2 expression were significantly different 
between GroupHFD and GroupHFD-Chow (Fig. 3L and 3M). 
Notably, duodenal Leap2 expression was significantly higher 
in GroupHFD and GroupHFD-KD compared with GroupHFD-Chow 
(P < 0.05 and P < 0.01, respectively) (Fig. 3N).

Liver Mct1 expression was increased in GroupHFD-KD as 
compared with GroupHFD (P < 0.01) and with GroupHFD-Chow 
(P < 0.0001), with no changes in liver Mct1 expression be-
tween GroupHFD and GroupHFD-Chow (Fig. 3O) and in duodenal 
Mct1 expression levels in the HFD-cohort (Fig. 3P).

Additionally, liver expression levels of Hcar2 were significantly 
higher in GroupHFD-KD as compared with GroupHFD (P < 0.001) 
and GroupHFD-Chow (P < 0.0001) (Fig. 3Q). Furthermore, liver 
Hcar2 expression levels were significantly higher in GroupHFD as 
compared with GroupHFD-Chow (P < 0.05) (Fig. 3Q).

From these data we suggest that Leap2 regulation after ketogenic 
diet is tissue dependent. We demonstrated that liver Leap2 expres-
sion decreases in response to ketogenic diet and high levels of BHB. 
Despite recent findings that LEAP2 is dependent on BW and blood 
glucose levels (23), we suggest that the findings in our ketogenic 
diet study are independent of changes in these factors, as we found 
no difference in liver Leap2 expression nor BHB levels between 
GroupHFD and GroupHFD-Chow, where we found a difference in BW 
and blood glucose. However, the changes in BW but not in hep-
atic Leap2 expression in GroupHFD-Chow are in contrast to previous 
findings in which investigators used similar manipulations (23). 
Furthermore, we found increased liver expression levels of both 
the ketone body transporter Mct1 and the BHB receptor Hcar2 
in mice receiving a ketogenic diet as compared to both chow and 
HFD-fed mice.

In Vivo Administration of Exogenous BHB 
Downregulates Circulating LEAP2 Levels and Leap2 
Expression in Mouse Liver and Duodenum
Not only BHB, but many different circulating metabolites 
change in response to fasting, exercise, and ketogenic diet (14, 
34, 38). As we found a downregulation of liver Leap2 ex-
pression following a ketogenic diet, we investigated whether 
BHB directly affects hepatic LEAP2 expression and secre-
tion by administering BHB or vehicle orally to lean chow-fed 
mice, thus excluding other confounding factors. As expected, 
BHB treatment induced significantly higher plasma levels of 
BHB 2 hours after administration, yet we found a tendency in 
blood glucose difference between the 2 groups (Fig. 4A and 
4B and Supplementary Figure 2 (35)). Importantly, we found 
that Leap2 expression was significantly reduced in the liver 
and in duodenum of mice treated with BHB compared with 
vehicle, 2 hours after oral administration (Fig. 4C and 4D 
and Supplementary Figure 2 (35)) (P < 0.01 and P < 0.0001, 
respectively). No changes were detected in jejunum (Fig. 
4E). Additionally, we demonstrated reduced plasma levels of 
LEAP2 after BHB treatment (P < 0.05) (Fig. 4F).

Mct1 expressions were unchanged with BHB treatment 
in both liver and small intestines (Fig. 4G and 4I); how-
ever, we found increased expression levels Hcar2 in the liver 
(P < 0.001) and duodenum (P < 0.05) but reduced Hcar2 ex-
pression levels in jejunum (P < 0.05) (Fig. 4J-4L).

Thus, a selective and acute increase in circulating BHB 
levels obtained through oral administration of the ketone 
body BHB reduced liver and duodenal expression of Leap2 
and systemic LEAP2 plasma levels. Furthermore, we found 

increased liver and duodenal Hcar2 expression but re-
duced jejunal expression levels. No changes were detected 
in Mct1 expression in any of the tissues after oral BHB 
administration.

Leap2 Expression Is Downregulated by BHB in 
Isolated Mouse Hepatocytes
To investigate whether BHB-induced Leap2 regulations in the 
liver were due to a direct effect on liver cells, we investigated 
the effects of BHB in isolated murine hepatocytes. Leap2 ex-
pression was downregulated by 19% in isolated mouse hep-
atocytes stimulated with 10 mM exogenous BHB compared 
with control (P < 0.05) (Fig. 5A; 4 individual preparations 
are shown in Supplementary Figure 3 (40)). We also inves-
tigated whether Hcar2 was affected by BHB stimulation and 
found significantly decreased Hcar2 expressions in hepato-
cytes stimulated with 10 mM exogenous BHB compared to 
control (P < 0.05) (Fig. 5B).

Despite opposite regulation of Hcar2 expression in vivo 
and ex vivo, we investigated whether the molecular mech-
anisms behind BHB-induced Leap2 regulation were medi-
ated through the surface receptor HCAR2 by stimulating 
mouse hepatocytes with a synthetic selective agonist AR277. 
However, stimulation with AR277 did not affect Leap2 ex-
pression in mouse hepatocytes (Fig. 5C).

As BHB acts as a histone deacetylase (HDAC) inhibitor (41), 
we investigated if the regulation of Leap2 expression by BHB 
was mediated via HDACs. We first measured the expression of 
Mct1 in hepatocytes, yet no regulation was detected after incu-
bation with BHB (Fig. 5D). Subsequently, we stimulated mouse 
hepatocytes with different synthetic HDAC inhibitors, TSA and 
TMP269 (Fig. 5E-F). However, none of the HDAC inhibitors 
seemed to regulate Leap2 expression in mouse hepatocytes.

In summary, we demonstrated that BHB directly 
downregulated Leap2 expression in mouse hepato-
cytes, and further showed that the surface receptor 
Hcar2 was downregulated, presumably due to high and 
supraphysiological concentrations of BHB. No regulation 
was found in Mct1 or in Leap2 expression after incubation 
with either a HCAR2 agonist or HDAC inhibitors.

Discussion
Here, we demonstrate that the endogenous ghrelin re-
ceptor antagonist and inverse agonist LEAP2 is directly 
downregulated in plasma, liver, and duodenum by BHB 
administration in mouse and murine hepatocytes, and fur-
ther inversely correlated with BHB levels after exercise 
in man. Additionally, we are the first to show a tissue-
dependent regulation of Leap2 expression in mice after 
exposure to a ketogenic diet.

An association between BMI and plasma levels of 
LEAP2 has been reported in different cohorts of patients; 
however, results reported in the literature are inconsistent 
(23, 42-45). We confirmed that LEAP2 levels are regu-
lated by BW in humans and mice (23). Conversely, we ob-
served downregulated liver Leap2 expression after fasting, 
which led us to hypothesize that BHB may be involved 
in LEAP2 regulation, specifically in the liver. We there-
fore tested different states with high but physiological en-
dogenous and exogenous levels of BHB on the regulation 
of LEAP2 levels.
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LEAP2 After Exercise
It has been suggested that plasma levels of anorexigenic gastro-
intestinal hormones such as glucagon-like peptide 1 and peptide 
YY increase in the acute period following exercise (46). These hor-
monal changes may contribute to a transient satiety frequently re-
ported during and immediately following exercise (46). However, 
in the prolonged recovery period after exercise, increased appetite 
has been observed (47, 48). Mani et  al (2018) found increased 
plasma levels of ghrelin after exercise and food deprivation (49). 
Furthermore, food intake was significantly higher in wild-type mice 
compared with ghrelin-receptor knockout mice after exercise (49), 
suggesting the importance of ghrelin and ghrelin receptor during 
exercise-induced hunger signalling during energy deprivation. In 
our study, we found reduced plasma levels of LEAP2 in the re-
covery period after exercise, which is in accordance with previous 

findings of inverse regulations of LEAP2 and ghrelin plasma levels 
(23). As LEAP2 has been shown to decrease the constitutive ac-
tivity of the ghrelin receptor and furthermore to antagonize the 
actions of ghrelin (22), the decreased plasma levels of LEAP2 
after exercise may contribute to further increase ghrelin receptor 
hunger signaling. Thus, we suggest that the suppression of LEAP2 
levels after exercise may be of physiological relevance in order to 
replenish energy stores by increasing ghrelin receptor–induced ap-
petite stimulation.

Leap2 Expression Is Regulated in a Tissue-
Dependent Manner After a Ketogenic Diet
As a ketogenic diet drastically increases the circulating levels 
of endogenous BHB (12), we investigated the effect of a 
ketogenic diet on Leap2 expression. Here we found divergent 

Figure 4. In vivo administration of exogenous BHB downregulates circulating LEAP2 levels and Leap2 expression in mouse liver and duodenum. (A) 
Plasma levels of BHB in 2 treatment groups; vehicle and BHB (100 mg/kg BW), 2 hours after oral administration, (B) Blood glucose levels in 2 treatment 
groups; vehicle and BHB (100 mg/kg BW), 2 hours after oral administration, (C-E) Relative Leap2 expression levels in 2 treatment groups; vehicle and 
BHB (100 mg/kg BW), in liver, duodenal, and jejunal, respectively, 2 hours after oral administration, (F) Systemic LEAP2 plasma levels from vehicle and 
BHB (100 mg/kg BW), 2 hours after oral administration, (G-I) Relative Mct1 expression levels in 2 treatment groups; vehicle and BHB (100 mg/kg BW), in 
liver, duodenal, and jejunal, respectively, 2 hours after oral administration, (J-L) Relative Hcar2 expression levels in 2 treatment groups; vehicle and BHB 
(100 mg/kg BW), in liver, duodenum, and jejunum, 2 hours after oral administration. Data were normalized to reference gene Ywhaz and subsequently 
normalized to vehicle (C-E + G-L). All data were analyzed by unpaired t test. n = 10 in each group. Outliers were identified and exclusion of outlier did 
not diverge from the results of the main analysis and result (C, G, H, K, L). * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001, ns = not significant. 
Abbreviations: BHB; beta-hydroxybutyrate, Hcar2; hydroxycarboxylic acid receptor 2, LEAP2/Leap2; Liver-expressed antimicrobial peptide 2, Mct1; 
monocarboxylate transporter 1.
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Figure 5. Leap2 expression is downregulated by BHB in isolated mouse hepatocytes. (A) Relative Leap2 expression levels after 4 hours incubation with 
1 and 10 mM BHB in mouse hepatocytes, (B) Relative Hcar2 expression levels after 4 hours incubation with 1 and 10 mM BHB in mouse hepatocytes, 
(C) Relative Leap2 expression levels after 4 hours incubation with 10 nM, 100 nM, and 1 uM AR277 in mouse hepatocytes, (D) Relative Mct1 
expression levels after 4 hours incubation with 1 and 10 mM BHB in mouse hepatocytes, (E) Relative Leap2 expression levels after 4 hours incubation 
with 10 nM, 100 nM TSA in mouse hepatocytes, (F) Relative Leap2 expression levels after 4 hours incubation with 0.1 uM, 1 uM, and 10 uM TMP269 
in mouse hepatocytes. Data from each mouse were normalized to reference gene Ywhaz and subsequently normalized to control and collected in the 
same analysis. Data were analyzed by one-way ANOVA followed by Tukey post hoc tests (A-B). All data were presented as means ± SEM. n = 10-12 
mice (A and B), 6 (C), 7 (D), 5 (E) and 3 (F). n is the number of biologically independent samples for which data were averaged from duplicate, triplicate, 
or quadruplicate measurements. * P < 0.05. Abbreviations: BHB; beta-hydroxybutyrate, Hcar2; hydroxycarboxylic acid receptor 2, Leap2; Liver-
expressed antimicrobial peptide 2, Mct1; monocarboxylate transporter 1, TSA; trichostatin a.

tissue dependent regulations in Leap2 expression in response 
to a ketogenic diet, which may be a result of distinct nutri-
tional sensing and metabolism. We found a downregulation 
of hepatic Leap2 expression in mice fed a ketogenic diet com-
pared with controls in both cohorts. During a ketogenic diet, 
the liver utilizes free fatty acids to control energy homeo-
stasis by increasing glyconeogenesis and hepatic FAO and 
ketogenesis, similar to fasting conditions. However, during 
ingestion of a normal HFD or chow diet, carbohydrates are 
available for energy consumption and glucose and triglycer-
ides are instead stored in peripheral tissues (7, 50). Thus, we 
suggest that the downregulation of the anorexigenic Leap2 
expression in the liver after ketogenic diet may be a compen-
satory response to sensing “low energy status” and may be im-
portant in order to maintain energy homeostasis by increasing 
ghrelin receptor–induced food intake. Conversely, we found 
higher duodenal Leap2 expression in ketogenic diet–fed mice 
compared with chow-fed mice in both cohorts. Although the 
liver is believed to be the main ketogenic organ in the body 
(11), intestinal cell lines have been implicated to upregulate 
the key enzymes in FAO and ketogenesis after high-fat ex-
posure to a higher degree than that of liver cells (51, 52), 
hence increasing fat metabolism and ketogenesis. However, 
in contrast to hepatic FAO during ketogenic diet and the fol-
lowing downregulation of Leap2 expression, we suggest that 
the increased duodenal Leap2 expression after exposure to 
HFD and a ketogenic diet may be a response to sensing high 
amount of triglycerides as we found no difference in duodenal 

Leap2 expression between HFD-fed mice and mice receiving 
a ketogenic diet. Furthermore, prolonged fasting evidently did 
not affect Leap2 expression in the small intestines but only in 
the liver. Together, these results imply that liver and not in-
testinal Leap2 expression is regulated by fasting metabolism.

It is well described that prolonged ingestion of ketogenic diet 
and also oral ingestion of ketone esters, which increases circu-
lating BHB levels, reduce food intake in both rodents and hu-
mans (38, 53-60). The appetite-regulating effects mediated by 
ketone bodies have, however, not been determined at a mo-
lecular or cellular level. It could be mediated by central actions in 
the brain independent of the regulation of LEAP2, for example, 
by a reduction in the circulating levels of ghrelin (58, 60), or by 
changes in peripheral hormone secretion through the free fatty 
acid receptor 3, which has been shown to be activated by BHB 
and also to be involved in short-chain fatty acid–dependent en-
ergy regulation (61). BHB may also affect the vagal afferents 
directly, as it has been implicated that the inhibitory effect of 
eating by peripheral exogenous BHB administration depends on 
intact vagal afferents (55, 59). Importantly, we found increased 
duodenal Leap2 expression after receiving ketogenic diet which 
could play a role in the satiety effects of ketogenic diet. However, 
whether duodenal regulation of Leap2 expression determines 
the physiological functions of LEAP2 in response to ketogenic 
diet remains unknown.

Taken together, we suggest that the downregulation of liver 
Leap2 expression in response to a ketogenic diet may be a 
compensatory response to induce hunger during sensing of 
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low nutritional status, whereas high expression levels of duo-
denal Leap2 may be a result of sensing fat and high energy 
status and contribute to the satiety effects of ketogenic diet.

Direct Effect of BHB on LEAP2 Regulation
To examine if high plasma levels of BHB, independent of 
other exercise-, fasting-, or diet-induced metabolites, were 
able to regulate hepatic and intestinal Leap2 expression, we 
treated mice orally with BHB. Our study supported that BHB 
may serve as an important contributing factor not only in 
the downregulation of Leap2 expression in mouse liver but 
also in duodenum, and more importantly, this resulted in re-
duced circulating LEAP2 plasma levels. We did not expect a 
downregulation in duodenal Leap2 expression as we found 
no regulation in response to fasting and even an increase in 
Leap2 expression in response to ketogenic diet. Yet, a reduc-
tion in duodenal Leap2 expression may contribute to reduced 
systemic LEAP2 plasma levels together with reduced  hep-
atic Leap2 expression. Notably, the plasma levels of BHB 
obtained after direct oral administration were similar to the 
plasma levels of endogenous BHB obtained after treatment 
with a ketogenic diet for 3 weeks (1.9 mM for acute in vivo 
BHB administration study; 1.1  mM for GroupChow-KD and 
1.8 mM for GroupHFD-KD for our ketogenic diet study), where 
we found a similar decrease in hepatic Leap2 expression. 

Downregulation of Leap2 expression was also evident in 
isolated mouse hepatocytes stimulated with BHB. As hepato-
cytes synthesize the majority of the circulating BHB but are 
incapable of metabolizing ketone bodies (62), we suggest that 
BHB acts as a paracrine, autocrine, or intracrine modulator in 
hepatocytes to downregulate the expression of Leap2 which 
contributes to reduced systemic LEAP2 plasma levels (see 
graphical illustration Fig. 6).

Ketone esters have recently been shown to reduce plasma 
ghrelin levels in humans (58, 60). In our study, we found re-
duced LEAP2 plasma levels in rodents after BHB administra-
tion, thus suggesting that ghrelin and LEAP2 are regulated in 
the same direction with increasing plasma BHB levels. This 
is unlike previous findings with inverse regulation of ghrelin 
and LEAP2 plasma levels (23). Whether LEAP2 plasma levels 
are affected after ingestion of ketone esters in humans re-
mains, however, undescribed.

Is Plasma Glucose a Determining Factor in the 
Downregulation of LEAP2?
Plasma glucose levels have previously been described to regulate 
LEAP2 plasma levels (23). However, as we only found a tendency 
in blood glucose difference in our acute in vivo BHB administration 
study, we suggest that the direct effect of BHB treatment on LEAP2 
liver and duodenal expression and plasma levels is independent of 

Figure 6. Graphical illustration of BHB-induced LEAP2 regulation. Graphical illustration demonstrating that LEAP2 is reduced during energy-deprived 
conditions and that BHB directly downregulates LEAP2 expression and secretion in hepatocytes. Abbreviations: BHB; beta-hydroxybutyrate, LEAP2; 
Liver-expressed antimicrobial peptide 2.
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blood glucose levels. Additionally, no changes in blood glucose 
levels were observed in the human exercise study after endurance 
exercise compared with baseline levels (34). Furthermore, Mani 
et al (2019) only found a minor regulation in the plasma levels of 
LEAP2 in mice when inducing a strong upregulation of blood glu-
cose levels by oral administration and in a type 1 diabetes mellitus 
mouse model compared with controls (23). However, as both low 
blood glucose levels and high BHB plasma levels reflect low energy 
status during energy depletion, they may collectively contribute to 
reduced LEAP2 levels in order to stimulate appetite and balance 
energy status. Yet, in our ketogenic diet study we found that the 
mice that were changed from HFD to chow had significantly lower 
blood glucose levels and no significant changes in blood levels of 
BHB and liver Leap2 expression as compared with the cohort that 
was kept on HFD. Moreover, Leap2 expression was similar in the 
HFD-fed mice and mice receiving ketogenic diet in the duodenum, 
thus supporting that low blood glucose may not drive the regula-
tion of Leap2 expression in our studies. Therefore, we suggest that 
BHB may be a potent regulator of liver Leap2 expression in our 
chronic ketogenic diet study as well as expression and secretion in 
our acute in vivo BHB administration study.

Unknown Molecular Mechanisms Behind BHB-
Induced Leap2 Regulation
As we found similar liver Leap2 regulations in our rodent 
studies in response to energy deprivation and high circulating 
BHB levels in both liver tissue and primary hepatocytes, we 
focused on the understanding of BHB-induced hepatic Leap2 
regulation by use of isolated primary hepatocytes. We first 
examined whether the endogenous BHB receptor, HCAR2, 
was affected by BHB treatment and potentially could be in-
volved in Leap2 regulation. Incubation with 10  mM BHB 
to isolated primary hepatocyte preparations reduced the ex-
pression of Hcar2. The underlying mechanisms behind this 
reduction remain unknown yet could be due to exposure 
to high levels of BHB. We also investigated the expression 
of Hcar2 in liver and intestinal tissue after oral administra-
tion of BHB and in our ketogenic diet study. Here, we found 
that Hcar2 expression levels were significantly higher in mice 
receiving BHB compared to controls in both liver and duo-
denum; however, a significant reduction was discovered in je-
junum. Furthermore, we found increased Hcar2 expression 
levels in mouse liver from mice receiving ketogenic diet as 
compared with controls. Therefore, we tested whether the re-
ceptor, HCAR2, was involved in Leap2 regulation by stimu-
lating mouse hepatocytes with a synthetic HCAR2 agonist, 
AR277. However, we found no regulation of Leap2 expres-
sion levels, suggesting that HCAR2 is not involved in BHB-
induced Leap2 regulation in our hepatocyte setup, yet could 
still play a potential role in our in vivo models.

As BHB has been indicated to serve as a HDAC inhibitor 
(41), we measured the expression of Mct1 in our rodent 
studies. A regulation in Mct1 expression could implicate that 
BHB is transported into the cell and acts intracellularly to 
suppress Leap2 expression perhaps through HDAC inhibition 
within the nuclei of the hepatocytes. During ketogenic diet, 
liver Mct1 expression increased significantly compared with 
chow-fed and HFD-fed mice. We also found increased Mct1 
expression in the duodenum in ketogenic diet–fed mice com-
pared with lean chow-fed mice. In contrast, no changes were 
found in duodenal Mct1 expression in the DIO mice co-
hort and no changes were found in expression of Mct1 in 
mouse liver and intestines after oral administration of BHB, 

suggesting that the diet in the chow-cohort is more likely re-
sponsible for the regulation of Mct1 expression rather than 
exogenous BHB.

Nonetheless, we investigated whether BHB affected Mct1 
expression in the hepatocytes, yet no changes were detected. 
As the regulation of Mct1 expression did not change in the 
liver or duodenum after oral administration of BHB and in 
mouse hepatocytes we suggest that Mct1 might not be in-
volved in exogenous BHB-induced Leap2 downregulation 
but could be important during stimulation with endogenous 
BHB. However, we still investigated whether different syn-
thetic HDAC inhibitors influenced Leap2 regulation, yet no 
regulation was discovered with either stimulation by TSA or 
TMP269 (HDAC class 1 or 2a, respectively).

Thus, the molecular mechanisms underlying BHB-induced 
Leap2 regulation in the liver remain unknown.

Conclusion
In conclusion, we suggest that LEAP2 is downregulated 
during different states of energy deprivation in both humans 
and rodents. We demonstrate that in both rodents and in hu-
mans, increased plasma levels of BHB (induced by oral ad-
ministration of BHB, ketogenic diet, or endurance exercise) 
are associated with significantly reduced human and mouse 
plasma LEAP2 levels and rodent liver and duodenal Leap2 
expressions. Furthermore, we show that isolated hepatocytes 
incubated with BHB decrease Leap2 expression, suggesting 
a direct effect of BHB on hepatocytes. Hence, we propose 
that high levels of BHB may act in a paracrine or autocrine 
manner in the liver to decrease liver Leap2 expression and 
further systemic levels of LEAP2. Since LEAP2 decreases the 
activation of the ghrelin receptor and reduces the orexigenic 
effect of ghrelin (22), the reduction in LEAP2 levels during 
high levels of BHB may be of physiological relevance during 
energy deprivation and fasting metabolism in order to reverse 
energy deficit and increase ghrelin-induced hunger signals.
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