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Endothelin receptor B-deficient mice are
protected from high-fat diet-induced metabolic
syndrome
Martina Feger 1, Leonie Meier 1, Jörg Strotmann 1, Miriam Hoene 2, Julia Vogt 1, Alexandra Wisser 1,
Susanna Hirschle 1, Marie-Jo Kheim 1, Berthold Hocher 3,4,5, Cora Weigert 2,6,7, Michael Föller 1,*
ABSTRACT

Objective: Endothelin receptor B (ETB) together with ETA mediates cellular effects of endothelin 1 (ET-1), an autocrine and endocrine peptide
produced by the endothelium and other cells. It regulates vascular tone and controls kidney function. Metabolic syndrome is due to high caloric
intake and is characterized by insulin resistance, dyslipidemia, and white adipose tissue (WAT) accumulation. ETA/ETB antagonism has been
demonstrated to favorably influence insulin resistance. Our study explored the role of ETB in metabolic syndrome.
Methods: Wild type (etbþ/þ) and rescued ETB-deficient (etb�/�) mice were fed a high-fat diet, and energy, glucose, and insulin metabolism
were analyzed, and hormones and lipids measured in serum and tissues. Cell culture experiments were performed in HepG2 cells.
Results: Compared to etbþ/þ mice, etb�/� mice exhibited better glucose tolerance and insulin sensitivity, less WAT accumulation, lower serum
triglycerides, and higher energy expenditure. Protection from metabolic syndrome was paralleled by higher hepatic production of fibroblast
growth factor 21 (FGF21) and higher serum levels of free thyroxine (fT4), stimulators of energy expenditure.
Conclusions: ETB deficiency confers protection from metabolic syndrome by counteracting glucose intolerance, dyslipidemia, and WAT
accumulation due to enhanced energy expenditure, effects at least in part dependent on enhanced production of thyroid hormone/FGF21. ETB
antagonism may therefore be a novel therapeutic approach in metabolic syndrome.

� 2023 The Author(s). Published by Elsevier GmbH. This 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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Significance statement

We found that rescued endothelin receptor B (ETB)-deficient mice

were protected from high-fat diet-induced glucose intolerance and

insulin resistance, white adipose tissue accumulation, and dysli-

pidemia compared to wild type mice. These effects were paralleled

by higher energy expenditure and enhanced hepatic production of

fibroblast growth factor 21 (FGF21) and thyroid hormone T4,

factors implicated in the control of energy metabolism, in ETB-

deficient mice. Since endothelin receptor antagonism is an estab-

lished therapy in various human diseases, our findings may be of

medical relevance and can lead to novel therapies in metabolic

syndrome.
1. INTRODUCTION

Endothelin 1-3 (ET-1-3) are peptide hormones and autocrine factors
mainly produced in the endothelium, but also by other cells including
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kidney cells, neurons, or macrophages [1]. In the blood vessels,
endothelium-derived ET-1 may have opposing effects depending on
the receptors involved. Typical receptors for ET-1 are endothelin re-
ceptor A (ETA) and endothelin receptor B (ETB), both being G protein-
coupled [1]. ETA stimulation results in vasoconstriction, ETB stimula-
tion in enhanced NO formation, thus favoring vasodilation [2]. In the
kidney, ET-1 inhibits Naþ reabsorption, resulting in enhanced urinary
excretion of Naþ and water [3]. Whereas complete ETB deficiency is
lethal since lack of ETB in the enteric nervous system results in
Hirschsprung’s disease [4], etb�/� mice with rescued ETB in the
enteric nervous system are viable [5]. In line with the role of ETB for NO
production, these rescued etb�/� mice suffer from salt-sensitive hy-
pertension [5]. Moreover, they are characterized by enhanced pro-
duction of fibroblast growth factor 23 (FGF23), a bone-derived
hormone that regulates phosphate and vitamin D homeostasis in the
kidney [6]. As ETB is required for ET-1 clearance, ETB-deficient mice
exhibit high ET-1 serum levels [7].
ET receptors are currently targets in human disease: Bosentan is an
ETA and ETB receptor antagonist that is successfully used in the
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treatment of pulmonary artery hypertension although sole ETB defi-
ciency worsens this condition in rats [8]. Also, in heart failure, either
selective ETA or combined ETA/ETB antagonism is beneficial [8]. In
chronic kidney disease (CKD), selective ETA antagonists reduce pro-
teinuria and blood pressure while ETB antagonism would rather
worsen hypertension [9]. Hence, ETA blockade alone or together with
ETB receptor antagonism already plays a decisive role in human dis-
ease treatment.
Metabolic syndrome is a medical condition affecting millions of
humans worldwide [10]. It is characterized by excess fat storage
resulting in obesity, impaired insulin sensitivity leading to type II dia-
betes, abnormal blood lipids and dyslipidemia, as well has high blood
pressure and hypertension [10]. Metabolic syndrome is associated
with a high socio-economic burden, increases mortality especially due
to cardiovascular diseases and cancer, and is the ultimate conse-
quence of too much food intake along with too little physical activity, in
conjunction with other environmental and genetic factors [10].
Fibroblast growth factor 21 (FGF21) is a paracrine and endocrine factor
produced in the liver that counteracts the negative changes in meta-
bolism typical of metabolic syndrome [11]. It enhances insulin sensi-
tivity [12], improves dyslipidemia e.g. by reducing serum triglycerides
[13], and induces weight loss by stimulating fatty acid oxidation and
increasing energy expenditure [14].
Pharmacological antagonism of ETA receptor with atrasentan or dual
ETA/ETB antagonism with bosentan have been demonstrated to
favorably influence the metabolic profile in high-fat diet-fed mice [15].
Both treatments improve glucose tolerance and dyslipidemia in this
mouse model, suggesting a role of ETA and/or ETB in glucose and lipid
metabolism [15]. In line with this, ETB-deficient rats exhibit better
glucose tolerance than wild type rats, however, their plasma triglyc-
eride levels are not different [16].
In view of the high relevance of the metabolic syndrome and the hints
of an association of glucose and lipid metabolism with ETB, we sought
to explore the role of ETB for metabolic syndrome. To this end, we fed
wild type mice (etbþ/þ) and rescued etb�/� mice a high-fat diet and
analyzed glucose and lipid metabolism. Moreover, we aimed to identify
the mechanism underlying ETB-dependent regulation of energy
metabolism.

2. MATERIALS AND METHODS

2.1. Animal studies and tissue collection
Animal studies were approved by the authorities of the state of Baden-
Württemberg, Germany, and all experimental procedures were con-
ducted in accordance with the federal law for the welfare of animals.
Male rescued endothelin receptor B-deficient (etb�/�) mice at the age
of 8e24 weeks were used for the experiments. Rescued etb�/� mice
on a mixed C57BL/6/129 background [17] carry a dopamine b-hy-
droxylase ETB transgene in the enteric nervous system preventing
congenital Hirschsprung’s disease [5]. Age-matched wild type (etbþ/þ)
breeds of mice with B6129PF2/J background (JAX stock #100903;
The Jackson Laboratory, Bar Harbor, ME USA) were used as controls.
At least two weeks before starting the high-fat diet (HFD, containing
70 % kcal from fat (#C1090-70; Altromin, Lage, Germany)), mice were
fed a purified control diet (#C1000; Altromin). Throughout the study,
the animals had free access to food and tap water, and body weight
was determined weekly.
After 12 weeks on HFD, mice were sacrificed. Liver, brown adipose
tissue, epididymal white adipose tissue, heart, kidney, thyroid, and
2 MOLECULAR METABOLISM 80 (2024) 101868 � 2023 The Author(s). Published by Elsevier GmbH. T
pituitary gland were harvested and immediately snap-frozen or fixed in
4 % buffered paraformaldehyde. Subcutaneous, epididymal, perirenal/
retroperitoneal, mesenteric, and brown fat pads were weighed.
The total number of mice included in this study (n ¼ 23 for each
genotype with 1 dropout for each genotype) was subjected to different
analyses (blood parameters, tests, tissue analyses upon sacrifice). In
particular, since it was not possible to obtain enough blood from a
single animal to measure all parameters before sacrifice, the n
numbers vary for different parameters. This was also inevitable to
uphold animal welfare standards. The study design and the n numbers
for the various tests are depicted in Figure 1A.

2.2. Serum biochemistry
Blood specimens were acquired by puncturing the retro-orbital plexus
under isoflurane anesthesia. Serum triglycerides and total cholesterol
were measured by means of a dry chemistry analyzer (Fuji DRI-CHEM
NX500i, Fujifilm, Wiesbaden, Germany). LDL cholesterol was analyzed
by using an enzymatic assay (Crystal Chem, Zaandam, Germany). The
serum concentration of leptin (Merck Millipore, Darmstadt, Germany),
insulin (Crystal Chem), free thyroxine (fT4; Cusabio, Houston, TX, USA),
ET-1 (R&D systems, Bio-Techne, Wiesbaden, Germany), and FGF21
(BioVendor, Karasek, Czech Republic) were determined by ELISA kits
according to the provided instructions.

2.3. Glucose and insulin tolerance tests
For glucose tolerance test (GTT), animals were fasted overnight (14 h)
with ad libitum access to water. The following morning, mice were
given glucose (2 g/kg body weight; glucose 10 % from B. Braun,
Melsungen, Germany) intraperitoneally (i.p.). Tail blood was collected
before (time 0) and 15, 30, 45, 60, 90, and 120 min after injection for
measurement of glucose with a glucometer (ACCU CHEK Guide, Roche,
Mannheim, Germany). To examine insulin tolerance (ITT), insulin (1.5
IU/kg body weight; NovoRapid 100 IU/ml, Novo Nordisk, Mainz, Ger-
many) was injected i.p. in 4-h-fasted mice. Blood glucose concen-
tration was determined in a blood drop from the tail vein before (time 0)
and after insulin injection as indicated.

2.4. Indirect calorimetry and activity
Energy expenditure was determined using an indirect calorimetric
system (Oxylet, Panlab, Barcelona, Spain). Mice were placed individ-
ually in airtight metabolic cages (Panlab) for 48 h and had free access
to HFD and tap water. The first 24 h were considered as acclimation
phase, and only the data of the last 24 h were analyzed using Meta-
bolism 2.1.04 software (Panlab). Data are presented as average en-
ergy expenditure normalized to body weight (kcal/day/kĝ0.75) during
the light and dark phase. In addition, absolute energy expenditure
(kcal/day) was analyzed using analysis of covariance (ANCOVA) with
body weight or fat-free mass (FFM) as a covariate [18]. FFM was
estimated by subtracting total fat mass from body weight.
Activity of mice was analyzed using the ANY-maze video tracking
system, version 5.14 (Stoelting Europe, Dublin, Ireland). Single mice
were tracked in their respective cage for three consecutive days (72 h)
with 10 positions/second. The dayenight cycle was 12 h light and 12 h
darkness. Mice had free access to water and HFD. The distance moved
was recorded using an IR(infrared)-sensitive CCD camera (model
DMKAUC03; The Imaging Source, Charlotte, NC, USA) equipped with
an IR-compatible vari-focal objective (Computar Europe, Duesseldorf,
Germany). During the dark phase, the cage was illuminated by a 10 W
IR-lamp with 940 nm light (Synergy 21, Munich, Germany).
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Figure 1: Lower fat accumulation in ETB-deficient mice than wild type mice following 12 weeks on high-fat diet. (A) Scheme of study design. (B) Course of body weight
(n ¼ 22 per group) of wild type mice (etbþ/þ) and ETB-deficient (etb�/�) mice during 12 weeks of feeding a high-fat diet (HFD). Relative weight gain as percentage (C), weight of
different fat depots (D and F: right panels), total white adipose tissue (WAT) (D: left panel) and brown adipose tissue (BAT) (F: left panel) expressed as percentage of mean of etbþ/þ

mice after 12 weeks on HFD (n ¼ 22 per group for all). (E) Photograph of the opened abdomen of an ETB-deficient (etb�/�) and a wild type mouse (etbþ/þ) after feeding HFD for 12
weeks. (G) Serum leptin concentration before (n ¼ 6 per group) and after (n ¼ 4e5 per group) 12 weeks on HFD. (H) Average food intake of etbþ/þ and etb�/� mice on normal
diet (n ¼ 7 per group) or on HFD (n ¼ 3e5 per group). All parameters are given as arithmetic means � SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 indicate significant
difference between the genotypes. (B: two-way ANOVA followed by Bonferroni’s post-hoc test for comparison of individual time points; C, D, G and H: two-tailed unpaired Student’s
t test (for F (left panel) and for analysis of serum leptin concertation on normal diet, Welch’s correction was applied); F: (right panel): ManneWhitney U test).
2.5. Cell culture experiments
HepG2 cells (#ACC 180; DSMZ, Braunschweig, Germany) were
cultured in RPMI-1640 medium supplemented with 10 % fetal bovine
serum (FBS), 100 U/ml of penicillin, and 100 mg/ml of streptomycin (all
from Gibco, Thermo Fisher Scientific, Karlsruhe, Germany). For the
experiments, 350,000 cells were seeded per well in a 12-well plate,
grown for 24 h, and then treated with 10 nM 3,30,5-triiodo-L-thyronine
sodium salt (SigmaeAldrich, Schnelldorf, Germany) for another 24 h.
Control cells were incubated with the appropriate volume of vehicle
(NaOH).

2.6. Quantitative real-time PCR
Total RNA was isolated from mouse pituitary gland, liver, and from
human HepG2 cells using peqGold Trifast reagent (VWR, Bruchsal,
Germany). Isolated liver RNA was treated with DNase (Thermo Fisher
Scientific). RNA extraction from HepG2 cells was followed by DNase
treatment and a purification step using the RNase-free DNase Set and
RNeasy Mini Kit (both from Qiagen, Hilden, Germany).
MOLECULAR METABOLISM 80 (2024) 101868 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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Reverse transcription of 1.2 mg of total RNA (or 1.0 mg of total RNA from
pituitary gland) was performed using random primers (Promega, Wall-
dorf, Germany) and GoScript Reverse Transcription System (Promega).
Quantitative real-time PCR was performed on the CFX Connect Real-
Time PCR Detection System (Bio-Rad Laboratories, Feldkirchen, Ger-
many). The final qRT-PCR reaction mix contained 2 ml cDNA template
(cDNA from the pituitary gland 1:10 diluted), 10 ml 2x GoTaq qPCR
Master Mix (Promega), forward and reverse primers, and sterile water
up to 20 ml. The amplification program started with an initial denatur-
ation step at 95 �C for 2 min followed by 40 cycles of denaturation at
95 �C for 10 s, annealing for 30 s and extension at 72 �C for 30 s.
The following primers and primer-specific annealing temperatures
were used (5’/3’ orientation):
human FGF21 (59 �C):
ATCGCTCCACTTTGACCCTG,
GGGCTTCGGACTGGTAAACA;
human TBP (59 �C):
TGCACAGGAGCCAAGAGTGAA,
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 3
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CACATCACAGCTCCCCACCA;
mouse Fgf21 (58 �C):
GGGTGTCAAAGCCTCTAGGT,
CAGGCCTCAGGATCAAAGTGA;
mouse Gapdh (58 �C):
GGTGAAGGTCGGTGTGAACG,
CTCGCTCCTGGAAGATGGTG;
mouse Tbp (60 �C):
CCAGACCCCACAACTCTTCC,
CAGTTGTCCGTGGCTCTCTT;
mouse Tshb (60 �C):
TCAACACCACCATCTGTGCT,
TCTGACAGCCTCGTGTATGC.
mRNA fold changes were calculated by the 2�DDCt method using
Gapdh or Tbp (pituitary tissue and HepG2 cells) as housekeeping
genes.

2.7. Western Blotting
Liver tissue was lyzed in ice-cold lysis buffer (Tissue Protein Extraction
Reagent; Thermo Fisher Scientific) supplemented with complete pro-
tease and phosphatase inhibitor cocktail and EDTA (Thermo Fisher
Scientific). After centrifugation at 10,000 g and 4 �C for 5 min, proteins
were boiled in Roti-Load1 Buffer (Carl Roth, Karlsruhe, Germany).
Proteins (30 mg) were separated on SDS polyacrylamide gels and
transferred to nitrocellulose membranes. Membranes were incubated
overnight at 4 �C with rabbit anti-Fgf21 antibody (diluted 1:1,000;
Abcam, Cambridge, UK) and rabbit anti-Gapdh antibody (diluted
1:5,000; Cell Signaling, Frankfurt, Germany) and then with secondary
goat anti-rabbit IgG, HRP-conjugated antibody (1:5,000; Cell Signaling)
for 1 h at room temperature. Antibody binding was detected with ECL
detection reagent, and densitometric analysis was performed using
Image Lab software 6.1 (Bio-Rad Laboratories). Data are shown as
ratio of Fgf21 protein over loading control Gapdh, normalized to wild
type mice (etbþ/þ).

2.8. Statistics
Data are presented as mean� SEM in bar graphs with individual data
points unless otherwise indicated, and n represents the number of
independent cell culture experiments or the number of mice per
group, respectively. ShapiroeWilk test was applied to test for
normality. Data were evaluated by one-sample t test, two-tailed un-
paired Student’s t test (for data with different standard deviations,
Welch’s correction was applied), ManneWhitney U test (for data not
normally distributed), or two-way analysis of variance (ANOVA) fol-
lowed by Bonferroni’s multiple comparisons test, as appropriate.
Analysis of covariance (ANCOVA) was performed to account for
possible confounding effects of body weight or FFM on energy
expenditure. Only results with P < 0.05 were considered statistically
significant. IBM SPSS Statistics 27.0 (IBM, Armonk, NY, USA) or
GraphPad Prism 6.0 (GraphPad Software Inc., San Diego, CA, USA)
were used for statistical analysis.

3. RESULTS

In order to investigate the role of endothelin receptor B (ETB) in diet-
induced metabolic syndrome, we fed wild type mice (etbþ/þ) and
rescued ETB-deficient mice (etb�/�) a high-fat diet (HFD) for 12
weeks. Since complete ETB deficiency results in early death due
to Hirschsprung’s disease (congenital intestinal aganglionosis), our
etb�/�mice were deficient for ETB in every organ and tissue except for
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the enteric nervous system to prevent the lethal consequence. These
animals were viable and did not exhibit gross abnormalities.
Excess fat storage is a hallmark of metabolic syndrome. Prior to HFD
feeding, body weight already tended to be higher in etbþ/þ than in
etb�/� mice (Figure 1B). After HFD initiation, etbþ/þ mice gained more
weight than etb�/� mice (Figure 1B,C). Analysis of adipose tissue
mass revealed that etbþ/þ mice had significantly more white adipose
tissue (WAT) than etb�/� after 12 weeks of HFD (Figure 1D, left panel).
In fact, WAT mass was 62 � 7 % (n ¼ 22) higher in etbþ/þ mice
compared to etb�/� mice. Analysis of different white fat depots
revealed that mass of subcutaneous, epididymal, mesenteric, and
perirenal/retroperitoneal were all higher in etbþ/þ mice than etb�/�

mice (Figure 1D, right panel; Figure 1E). Thus, ETB deficiency
ameliorated diet-induced WAT accumulation. Also, brown adipose
tissue (BAT) mass was significantly higher in etbþ/þ mice than etb�/�

mice (Figure 1F). Liver histology did not reveal overt differences as far
as pathologies or fat content is concerned (Suppl. Figure 1). In line with
less WAT in etb�/� mice, serum leptin levels were significantly lower
in both, normal diet-fed and HFD-fed etb�/� mice compared to etbþ/þ

mice (Figure 1G). Moreover, Ppargc1a (encoding PGC1a) gene
expression was higher and Ucp1 gene expression was lower in WAT of
etb�/� mice compared to etbþ/þ mice upon HFD feeding
(Suppl. Figure 2A) whereas no difference in expression of these genes
was observed in BAT (Suppl. Figure 2B). Histological analysis uncov-
ered smaller adipocytes in WAT from etb�/�mice on HFD compared to
etbþ/þ mice (Suppl Figure 2C). HFD feeding resulted in a higher
number of cell nuclei per area in BAT from etb�/� mice than etbþ/þ

mice suggesting less whitening in etb�/� mice (Suppl. Figure 2D).
In theory, reduced WAT mass of etb�/� mice could be due to lower
food intake. However, food intake of etb�/� mice on normal diet was
significantly larger than food intake of etbþ/þ mice (Figure 1H). On
HFD, food intake still tended to be higher in etb�/�mice than in etbþ/þ

mice (Figure 1H). Taken together, etb�/� mice accumulated signifi-
cantly less WAT than etbþ/þ mice when placed on HFD.
Dyslipidemia is another hallmark of metabolic syndrome. Therefore, we
analyzed blood lipids in the animals at different time points. Prior to HFD
feeding, serum triglycerides were significantly lower in etb�/�mice than
etbþ/þ mice (Figure 2A). After 4 weeks on HFD, serum triglycerides
were elevated in both genotypes with levels in etb�/� mice being again
significantly lower than in etbþ/þ mice (Figure 2B). Total serum
cholesterol levels (Figure 2C,D) and LDL cholesterol concentration
(Figure 2E,F) were, however, not significantly different between etb�/�

mice and etbþ/þ mice neither on normal diet nor after 4 weeks on HFD.
A major manifestation of metabolic syndrome is insulin resistance,
resulting in reduced glucose tolerance. We performed intraperitoneal
glucose tolerance tests in the animals before and 4 weeks after
starting HFD feeding. As demonstrated in Figure 3A, upper panel,
glucose tolerance was significantly better in etb�/� mice than etbþ/þ

mice when fed a normal diet. After 4 weeks on HFD, glucose tolerance
was impaired in both groups but still significantly better in etb�/� mice
than etbþ/þ mice (Figure 3A, lower panel). To investigate whether
improved glucose tolerance of etb�/� mice is associated with
enhanced insulin sensitivity, we performed an insulin tolerance test. As
illustrated in Figure 3B, insulin sensitivity was indeed higher in normal
diet-fed etb�/� mice than etbþ/þ mice. We also studied insulin serum
levels. In line with better glucose tolerance and insulin sensitivity,
serum insulin levels were significantly lower in normal diet-fed etb�/�

mice than etbþ/þ mice (Figure 3C) after 4 h of fasting. Taken together,
etb�/�mice were characterized by better glucose tolerance and higher
insulin sensitivity than etbþ/þ mice.
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Figure 2: ETB deficiency results in lower serum triglyceride levels. Arithmetic
means � SEM of serum concentrations of triglycerides (A and B; n ¼ 5 per group for
both analyses), total cholesterol (C; n ¼ 3 per group and D; n ¼ 5 per group), and LDL
cholesterol (E; n ¼ 6 per group and F; n ¼ 5 per group) in wild type mice (etbþ/þ) and
etb�/� mice on normal diet (A, C, E) or after 4 weeks on high-fat diet (HFD) (B, D, F).
*p < 0.05 and **p < 0.01 indicate significant difference between the genotypes. (A:
Mann Whitney test; BeF: two-tailed unpaired Student’s t test).
Our results thus far suggest that etb�/� mice exhibited lower WAT
accumulation, a better lipid profile and higher glucose tolerance
than etbþ/þ mice. Since these more beneficial metabolic parame-
ters were observed despite higher food intake of etb�/� mice, we
measured energy expenditure of the animals. As shown in
Figure 4A, energy expenditure normalized to body weight was
significantly higher in etb�/� mice than in etbþ/þ mice, suggesting
that ETB deficiency leads to enhanced caloric usage, thereby
providing protection from manifestations of diet-induced metabolic
syndrome. As illustrated in Figure 4B, energy expenditure was
indeed higher in etb�/� mice compared to etbþ/þ mice at each time
point throughout their presence in the metabolic cages that included
both, an acclimatization period and the actual measurement period.
In view of their higher food intake, enhanced physical activity of
etb�/� mice could, at least in theory, account for their higher energy
expenditure, in particular if higher energy expenditure is mostly, if
MOLECULAR METABOLISM 80 (2024) 101868 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
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not exclusively observed at night. However, separate analysis
revealed higher energy expenditure of etb�/� mice both, at day (as
an estimation of resting energy expenditure) and at night (during
activity) (Figure 4C). In line with this, physical activity as estimated
from the distance moved was not significantly different between the
genotypes (Figure 4D). Also, absolute energy expenditure without
normalization to body weight was significantly higher in etb�/� mice
than etbþ/þ mice (Suppl. Figure 3A). If normalized to fat-free mass
(FFM), energy expenditure still tended to be higher in etb�/� mice
than etbþ/þ mice, a difference, however, not reaching statistical
significance (Suppl. Figure 3C). Additionally, analysis of covariance
(ANCOVA) was performed to account for possible confounding ef-
fects of body weight or FFM on total energy expenditure. After
adjusting for body weight, total energy expenditure was still
significantly different between the genotypes, F(1,7) ¼ 10.799,
p ¼ 0.013, partial h2 ¼ 0.607 (with p ¼ 0.166 for body weight)
(Suppl. Figure 3B). After adjusting for FFM, the difference in total
energy expenditure was also statistically significant between the
genotypes, F(1,7 ¼ 8.329, p ¼ 0.023, partial h2 ¼ 0.543 (with
p ¼ 0.256 for FFM) (Suppl. Figure 3D).
Thyroid hormones T3 and T4 are known to ramp up energy expenditure
not least by burning fat. In order to test whether this effect also plays a role
in ETB deficiency, we studied free thyroxine (fT4) serum levels in etbþ/þ

and etb�/� mice. As demonstrated in Figure 5A, HFD-fed etb�/� mice
exhibited significantly higher fT4 serum levels than etbþ/þmice, an effect
likely to contribute to their higher energy expenditure and lower WAT
accumulation. In order to analyze whether hyperthyroidism of etb�/�

mice is primary or secondary, we determined hypophyseal thyroid-
stimulating hormone, beta subunit (encoded by Tshb) expression by
qRT-PCR. As visualized in Figure 5B, Tshb expression was rather sup-
pressed in etb�/� mice compared to etbþ/þ mice, a result in line with
primary hyperthyroidism, i.e. ETB deficiency enhanced thyroid hormone
production independently of the hypothalamus-pituitary gland axis.
Since thyroid hormones induce FGF21, an endocrine and paracrine
factor produced in the liver which also increases energy expenditure and
ameliorates glucose tolerance [14], we considered its involvement, too.
First, we demonstrated in cell culture experiments with hepatic HepG2
cells that T3 indeed significantly enhances FGF21 gene expression
(Figure 6A). In order to investigate whether hyperthyroidism of etb�/�

mice was paralleled by enhanced FGF21 production, we next measured
hepatic Fgf21 transcripts by qRT-PCR. As demonstrated in Figure 6B,
etb�/�mice exhibited significantly higher hepatic Fgf21 expression after
12 weeks of HFD feeding than etbþ/þ mice. Also, FGF21 protein was
significantly more abundant in the livers from etb�/� mice compared to
etbþ/þ mice, as revealed by Western Blotting (Figure 6C). Circulating
FGF21 levels were, however, significantly lower in etb�/� mice than
etbþ/þ mice (Figure 6D). Hence, ETB deficiency was associated with
enhanced hepatic FGF21 production, an effect expected to contribute to
improved hepatic glucose metabolism upon HFD feeding.
ET-1 may directly increase thyroid hormone levels as higher levels of
ET-1 are associated with hyperthyroidism [19]. In line with this, etb�/�

mice exhibited higher ET-1 serum levels compared to etbþ/þ mice
(Figure 7). In the absence of ETB, higher circulating levels of ET-1 could
bind to ETA thereby causing effects associated with the observed
beneficial metabolic phenotype. We therefore determined Ednra
(encoding ETA) gene expression in different tissues. As illustrated in
Suppl. Figure 4, Ednra gene expression was not significantly different
between the genotypes in liver, WAT, and heart, whereas it was
slightly, but significantly higher in BAT and kidney from etb�/� mice
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5
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Figure 3: Improved glucose tolerance and insulin sensitivity in ETB-deficient mice. (A) Time course of blood glucose concentration following i.p. injection of glucose (2 g/kg
body weight) in overnight-fasted wild type mice (etbþ/þ) and etb�/� mice before (upper panel; n ¼ 8 per group) and after 4 weeks of feeding a HFD (lower panel; n ¼ 5 per group).
(B) Time course of blood glucose levels (n ¼ 4 per group) in etbþ/þ and etb�/� mice on normal diet that had been fasted for 4 h and received an i.p. injection of insulin (1.5 IU/kg
body weight). (C) Serum insulin levels (n ¼ 7e8 per group) in 4-h-fasted etbþ/þ and etb�/� mice on normal diet. All parameters are given as arithmetic means � SEM. *p < 0.05
and **p < 0.01 indicate significant difference between the genotypes. (A and B: two-tailed unpaired Student’s t test; C: ManneWhitney U test).
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compared to etbþ/þ mice. In the thyroid gland from etb�/� mice, it
was, however, significantly lower compared to etbþ/þ mice
(Suppl. Figure 4B).
ET-1 and ETB are implicated in pro-inflammatory responses [20,21]. In
order to assess the state of inflammation upon HFD feeding, we
determined gene expression of Tnf (encoding TNFa) and Il1b (encoding
IL-1b), two pro-inflammatory cytokines implicated in metabolic syn-
drome, in relevant organs. As depicted in Suppl. Figure 5, both Tnf and
Il1b expression were higher in liver, WAT, and BAT from etb�/� mice
compared to etbþ/þ mice.
Owing to the role of ET-1 and ETB in the cardiovascular system, we
also determined parameters of heart and vessel function. Cardiac Nppb
(encoding brain natriuretic peptide, BNP) expression (Suppl. Figure 6A),
a marker of heart failure, and serum asymmetric dimethylarginine
(ADMA; Suppl Figure 6B) levels, a marker of endothelial dysfunction,
were not significantly different between the genotypes. Cardiac
histology revealed a significantly smaller cardiomyocyte diameter in
etb�/� mice (Suppl. Figure 6C).

4. DISCUSSION

Our investigations revealed that ETB-deficient mice (etb�/�) are pro-
tected from several hallmarks of metabolic syndrome induced by
feeding a high-fat diet (HFD).
Major manifestations of metabolic syndrome are WAT accumulation
resulting in obesity, dyslipidemia with high triglyceride and cholesterol
levels, decreased insulin sensitivity with glucose intolerance, as well
6 MOLECULAR METABOLISM 80 (2024) 101868 � 2023 The Author(s). Published by Elsevier GmbH. T
as hypertension [10]. The coincidence of these conditions is particu-
larly common in patients with type II diabetes and is associated with
significant sequelae, especially cardiovascular diseases, and increased
mortality [10]. Since etb�/� mice per se suffer from salt-sensitive
hypertension due to the effects of ETB activation on the generation
of vasodilator NO [5], we did not study blood pressure in the mice
following HFD feeding. However, we provide evidence that ETB defi-
ciency protects from the other three manifestations of metabolic
syndrome.
Although etb�/� mice did not exhibit lower food intake, their total WAT
mass was markedly and significantly lower following 12 weeks of HFD
compared to etbþ/þ. Accordingly, also serum leptin levels were
significantly lower in etb�/� mice than in etbþ/þ. These results indi-
cate that ETB deficiency enhanced energy metabolism, a notion
corroborated by higher energy expenditure of etb�/� mice compared
to etbþ/þ mice. Energy expenditure turned out to be higher in etb�/�

mice than etbþ/þ mice throughout day and night. Moreover, covariate
analysis with FFM as a covariate [18] still yielded higher energy
expenditure in etb�/� mice. Finally, physical activity was not signifi-
cantly different between the genotypes. These results are in line with
altered energy metabolism rather than merely enhanced physical ac-
tivity accounting for higher energy expenditure in etb�/� mice.
Less WAT accumulation in etb�/� mice was paralleled by smaller
adipocytes and higher Ppargc1a (encoding PCG1a) expression, a
finding in line with protection from metabolic syndrome due to hy-
perthyroidism as PCG1a in WAT confers protection from insulin
resistance and promotes mitochondrial biogenesis [22]. A higher
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 5: ETB deficiency results in increased serum concentration of free thyroxine after a 12-week high-fat diet. Arithmetic means � SEM of serum concentration of free
thyroxine (fT4) (A; n ¼ 4e5 per group) and pituitary thyroid-stimulating hormone, beta subunit (encoded by Tshb) mRNA expression, normalized to TATA-box binding protein (Tbp)
(B; n ¼ 4 per group) in wild type mice (etbþ/þ) and etb�/� mice fed a high-fat diet (HFD) for 12 weeks. *p < 0.05 indicates a significant difference from etbþ/þ mice. (A: two-
tailed unpaired Student’s t test; B: two-tailed unpaired Student’s t test with Welch’s correction) arbitrary units, a.u.

Figure 4: Enhanced energy expenditure in ETB-deficient mice. Average total energy expenditure � SEM (A; n ¼ 5 per group), energy expenditure traces (with SD) over the
entire 48 h-period (B; n ¼ 5 per group), average energy expenditure � SEM during the light and dark phase (C; n ¼ 5 per group), and average distance moved � SEM (D; n ¼ 3e
4) of wild type (etbþ/þ) mice and etb�/� mice determined after 6e11 weeks of feeding a high-fat diet (HFD). Note: Figure 4C is a more precise presentation of the results of
Figure 4A. *p < 0.05 indicates significant difference between the genotypes. (A and D: two-tailed unpaired Student’s t test; C: two-way ANOVA followed by Bonferroni’s multiple
comparisons test) standard deviation, SD.
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Figure 6: Enhanced hepatic production of fibroblast growth factor 21 (FGF21) in ETB-deficient mice fed a high-fat diet. (A) Fibroblast growth factor 21 (FGF21) mRNA
expression, normalized to TATA-box binding protein (TBP) in HepG2 cells treated with vehicle control (ctr) or 10 nM 3,30,5-triiodo-L-thyronine sodium salt (T3) for 24 h (n ¼ 6). (B)
Hepatic fibroblast growth factor 21 (Fgf21) mRNA expression (n ¼ 12 per group), normalized to the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (Gapdh) in
wild type mice (etbþ/þ) and etb�/� mice after 12 weeks of feeding a high-fat diet (HFD). (C) Representative original Western blot (left panel) and densitometric analysis (right panel)
of hepatic Fgf21 protein abundance, normalized to loading control Gapdh (n ¼ 4e5 per group) from etbþ/þ and etb�/� mice fed a HFD for 12 weeks. (D) Serum concentration of
FGF21 (n ¼ 16 per group) in etbþ/þ and etb�/� mice after feeding a HFD for 12 weeks. All data are expressed as arithmetic means � SEM. *p < 0.05, **p < 0.01 and
***p < 0.001 indicate a significant difference from control-treated cells or wild type mice, respectively. (A: one-sample t test; B: two-tailed unpaired Student’s t test with Welch’s
correction; C: two-tailed unpaired Student’s t test; D: ManneWhitney U test) arbitrary units, a.u.
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number of cell nuclei per area in BAT from etb�/� mice compared to
etbþ/þ mice suggests that HFD feeding led to less whitening of BAT in
etb�/� mice than etbþ/þ mice. Also this observation supports the
notion of ETB deficiency providing protection from metabolic syndrome
due to hyperthyroidism. Surprisingly, Ucp1 gene expression as a proxy
of browning was lower in WAT from etb�/� mice than etbþ/þ mice.
Whereas this observation can be expected to compromise protection
from metabolic syndrome, it is obviously outweighed in etb�/�mice by
the aforementioned factors.
Serum triglyceride levels were significantly lower in etb�/� mice than
in etbþ/þ mice. Hence, ETB deficiency also provided protection from
dyslipidemia.
Also, etb�/� mice exhibited better glucose tolerance due to improved
insulin sensitivity compared to etbþ/þ mice. Insulin resistance leading
to impaired glucose tolerance characterizes type II diabetes, a leading
cause of which is long-term high caloric intake. Higher energy
expenditure of etb�/� mice with subsequent fat burning can also be
expected to contribute to their better glucose tolerance as chronic
inflammation in WAT is a major inducer of insulin resistance [23,24].
Hence, lower WAT mass in ETB deficiency is likely to also account for
better insulin sensitivity.
FGF21 is a major hepatic regulator inducing the improvements of
energy metabolism that are characteristic of etb�/� mice compared to
etbþ/þ mice: It lowers blood lipids, improves glucose tolerance and
8 MOLECULAR METABOLISM 80 (2024) 101868 � 2023 The Author(s). Published by Elsevier GmbH. T
centrally stimulates energy expenditure [14]. We indeed found
significantly higher hepatic production of FGF21 in etb�/� mice than in
etbþ/þ mice on both, transcriptional and protein level. Therefore,
hepatic FGF21 can be expected to make a significant contribution to
the better metabolic profile of etb�/� mice compared to etbþ/þ mice.
Surprisingly, circulating FGF21 was lower in etb�/� mice than etbþ/þ

mice. The underlying cause has remained enigmatic in this study. It
has to be kept in mind that hepatic production and secretion of FGF21
do not necessarily go hand in hand. In line with this, glucagon induces
hepatic FGF21 secretion but suppresses its gene expression [25] while
PPARa ramps up both, hepatic FGF21 gene expression and secretion
[26]. This shows that stimulation of hepatic FGF21 as observed in this
study and FGF21 secretion may be distinct events. Also, our obser-
vation of lower circulating FGF21 in etb�/� mice may be misleading
due to FGF21’s short half-life of only 0.7e1.1 h [27]. Despite the
finding of lower circulating FGF21 in etb�/� mice, higher FGF21 he-
patic gene expression and protein abundance can at least be expected
to significantly contribute to hepatic manifestations of the better
metabolic profile upon HFD feeding, e.g. improved glucose
metabolism.
Thyroid hormones are classical stimulators of energy expenditure.
Higher fT4 serum levels in etb�/� mice compared to etbþ/þ mice can
therefore be expected to also account for their enhanced energy
expenditure. Moreover, as suggested by a previous study 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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Figure 7: ETB-deficient mice exhibit elevated serum levels of endothelin 1.
Arithmetic means � SEM (n ¼ 6 per group) of the serum endothelin 1 (ET-1) con-
centration in wild type (etbþ/þ) and etb�/� mice on normal diet. **p < 0.01 indicates
significant difference between etbþ/þ and etb�/� mice. (ManneWhitney U test).
demonstrated by our cell culture experiment with hepatic HepG2 cells,
thyroid hormones enhance FGF21 production in the liver [28]. There-
fore, hyperthyroidism of etb�/� mice is likely to contribute, at least in
part, to enhanced FGF21 production in ETB deficiency. Besides, it also
up-regulates energy expenditure in an FGF21-independent manner.
We detected rather suppressed hypophyseal TSH expression in etb�/�

mice compared to etbþ/þ mice, a result suggesting primary hyper-
thyroidism in ETB deficiency, i.e. a thyroid gland-intrinsic mechanism
of enhanced hormone production. In a correlation study, ET-1 has been
demonstrated to be associated with hyperthyroidism [19], and etb�/�

mice had higher ET-1 serum levels since ETB is involved in ET-1
clearance [7]. Hence, it is tempting to speculate that ET-1 enhanced
T4 levels in etb�/� mice through ETA. Interestingly, Ednra
(encoding ETA) expression was significantly lower in the thyroid gland
from etb�/� mice than etbþ/þ mice whereas it was unaltered in all
other organs or slightly upregulated in BAT and kidney. It appears to be
possible that down-regulated Ednra expression in the thyroid gland
may be a mechanism to limit ET-1-dependent hyperthyroidism in ETB
deficiency.
Inflammation as assessed from Tnf and Il1b mRNA expression in liver,
WAT, and BAT was enhanced in etb�/� mice compared to etbþ/þ

mice. This surprising finding seems to be in contrast to better insulin
sensitivity and protection from metabolic syndrome as metabolic
syndrome is a pro-inflammatory condition [29]. However, since ET-1
elicits pro-inflammatory responses through ETA [21,30] higher ET-1
levels in etb�/� mice may account for their pro-inflammatory state.
Rather, pro-inflammatory cytokines could further enhance energy
expenditure in etb�/� mice along with hyperthyroidism [31].
Cardiac Nppb mRNA expression, a marker of heart failure, and serum
ADMA levels, a marker of endothelial dysfunction, were not different
between the genotypes. However, cardiac histology revealed a smaller
cardiomyocyte diameter in etb�/� mice, suggesting reduced pressure
overload upon HFD feeding. Whereas etb�/� mice do not have
MOLECULAR METABOLISM 80 (2024) 101868 � 2023 The Author(s). Published by Elsevier GmbH. This is an open
www.molecularmetabolism.com
hypertension per se, they are characterized by endothelial dysfunction
[5]. Metabolic syndrome is characterized by hypertension, and HFD
feeding indeed elevates blood pressure [32]. In view of these facts,
similar cardiac Nppb expression and serum ADMA levels and smaller
cardiomyocyte diameter in etb�/� mice may therefore be interpreted
that ETB deficiency also confers, at least to some extent, protection
from hypertension and its negative impact on the cardiovascular
system of HFD. It is definitely a limitation of this paper, however, that
blood pressure was not measured.
The findings of our study may have a clinical relevance: Blockade of
endothelin receptors with specific ETA or dual ETA/ETB antagonists is
part of the state-of-the-art treatment of pulmonary hypertension [33]
and systemic sclerosis [34] and may be a future option in CKD [35] or
forms of cancer [36]. According to our results, selective ETB antago-
nism with biologicals, which is under development [1], may, at first
glance, be an option to prevent or to ameliorate manifestations of
metabolic syndrome, in particular glucose intolerance/type 2 diabetes,
obesity, and hypertriglyceridemia. Dual ETA/ETB antagonism with
bosentan has similarly proven effective to ameliorate glucose intoler-
ance [15], but how bosentan accomplishes this has remained unclear.
Our study demonstrated that ETB deficiency causes enhanced pro-
duction of T3/FGF21, resulting in higher energy expenditure. Although
this mechanism can definitely be expected to favorably impact
metabolic syndrome, it may include the risk of adverse effects of
hyperthyroidism which are well characterized. This might definitely be
a serious limitation of the use of ETB antagonism in metabolic syn-
drome. Therefore, further studies are needed to define the advantage
and possible side effects of ETB antagonism in humans for metabolic
disease.
Taken together, ETB-deficient mice were protected from metabolic
syndrome characterized by glucose intolerance, WAT accumulation,
and hypertriglyceridemia induced by HFD feeding compared to wild
type mice. The protection was, at least in part, dependent on higher
levels of T3 and FGF21 resulting in higher energy expenditure in ETB
deficiency.
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