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Semaphorin 4B is an ADAM17-cleaved adipokine
that inhibits adipocyte differentiation and
thermogenesis
Abdulbasit Amin 1,2, Marina Badenes 1,3,4, Johanna Tüshaus 5,6, Érika de Carvalho 1,7, Emma Burbridge 1,8,
Pedro Faísca 1, Kv�eta Trávní�cková 9, André Barros 1, Stefania Carobbio 10,11, Pedro M. Domingos 7,
Antonio Vidal-Puig 10,11, Luís F. Moita 1, Sarah Maguire 8, Kvido St�rí�sovský 9, Francisco J. Ortega 12,13,14,
José Manuel Fernández-Real 12,13,14, Stefan F. Lichtenthaler 5,6,15, Colin Adrain 1,8,*
ABSTRACT

Objective: The metalloprotease ADAM17 (also called TACE) plays fundamental roles in homeostasis by shedding key signaling molecules from
the cell surface. Although its importance for the immune system and epithelial tissues is well-documented, little is known about the role of
ADAM17 in metabolic homeostasis. The purpose of this study was to determine the impact of ADAM17 expression, specifically in adipose tissues,
on metabolic homeostasis.
Methods: We used histopathology, molecular, proteomic, transcriptomic, in vivo integrative physiological and ex vivo biochemical approaches to
determine the impact of adipose tissue-specific deletion of ADAM17 upon adipocyte and whole organism metabolic physiology.
Results: ADAM17adipoq-creD/Dmice exhibited a hypermetabolic phenotype characterized by elevated energy consumption and increased levels of
adipocyte thermogenic gene expression. On a high fat diet, these mice were more thermogenic, while exhibiting elevated expression levels of
genes associated with lipid oxidation and lipolysis. This hypermetabolic phenotype protected mutant mice from obesogenic challenge, limiting
weight gain, hepatosteatosis and insulin resistance. Activation of beta-adrenoceptors by the neurotransmitter norepinephrine, a key regulator of
adipocyte physiology, triggered the shedding of ADAM17 substrates, and regulated ADAM17 expression at the mRNA and protein levels, hence
identifying a functional connection between thermogenic licensing and the regulation of ADAM17. Proteomic studies identified Semaphorin 4B
(SEMA4B), as a novel ADAM17-shed adipokine, whose expression is regulated by physiological thermogenic cues, that acts to inhibit adipocyte
differentiation and dampen thermogenic responses in adipocytes. Transcriptomic data showed that cleaved SEMA4B acts in an autocrine manner
in brown adipocytes to repress the expression of genes involved in adipogenesis, thermogenesis, and lipid uptake, storage and catabolism.
Conclusions: Our findings identify a novel ADAM17-dependent axis, regulated by beta-adrenoceptors and mediated by the ADAM17-cleaved
form of SEMA4B, that modulates energy balance in adipocytes by inhibiting adipocyte differentiation, thermogenesis and lipid catabolism.

� 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Keywords ADAM17/TACE; Metabolism; Adipose tissue; Thermogenesis; Semaphorin4B Sema4b; Obesity; Cold challenge; Beta-adrenoceptor
signalling
1. INTRODUCTION

Energy balance, the net outcome of caloric intake versus caloric
expenditure, is controlled by complex communication amongst
metabolic organs (e.g. brain, nervous system, adipose tissues, liver,
pancreas, immune system and skeletal muscles) [1,2]. As a conse-
quence of the rising obesity epidemic in developed and middle-income
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countries, extensive research efforts are dedicated towards identifying
pathways that can be drugged to promote weight loss in obese sub-
jects [3e5]. Adipose tissues are organs that play central roles in en-
ergy balance, organismal homeostasis and are implicated in a range of
metabolic and infectious diseases [6e8]. They are specialized into 2
major functional classes: white adipose tissue (WAT) and brown adi-
pose tissue (BAT). In the WATs, adipocytes store excess calories as
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triglycerides in a single lipid droplet comprising about 90% of cell
volume. In the BAT, adipocytes contain multiple lipid droplets, are
enriched in mitochondria and are highly catabolic [7]. One of the key
ways in which adipocytes communicate, locally within an adipose
tissue, or hormonally to distant target organs, is via secreted signaling
molecules collectively known as adipokines. Prominent examples of
adipokines include fibroblast growth factor 21 (FGF21), a protein that
regulates hepatic gluconeogenesis, and enhances insulin sensitivity
and thermogenesis in adipose tissue [6,9]. Another adipokine, the
hormone leptin regulates energy balance centrally via the control of
satiety [10,11]. Adipose tissues are themselves subject to incoming
hormonal signals. They are richly innervated by sympathetic nerve
endings that secrete the neurotransmitter norepinephrine (NE) in
response to physiologic stimuli such as cold, overnutrition, and fasting
[12e17]. WAT serves as reservoir of energy that can be mobilized
when required (e.g. in the postprandial state, fasting, or during
infection). The cue for energy release from WAT is signaled by NE, an
activator of b-adrenergic receptors [17]. This triggers lipolysis in lipid
droplets: the breakdown of triglycerides into their constituent free fatty
acids (FFAs) and glycerol, which are released into the systemic cir-
culation, to sustain energy-consuming organs [18e20]. Conversely,
BAT converts the products of endogenous lipolysis (or exogenous
lipolysis from WAT) into heat, via a process called non-shivering
thermogenesis [21,22]. Upon b-adrenergic receptor activation by NE
in brown adipocytes, a protein called uncoupling protein 1 (UCP1) is
activated by free fatty acids [21]. Active UCP1 provides a channel
through which protons generated by oxidative phosphorylation can
leak across the inner mitochondrial membrane. The resultant futile
cycle of proton movement, and the engagement of other unrelated
futile biochemical cycles, generates heat [23,24].
Non-shivering thermogenesis contributes to the maintenance of a
stable core body temperature under sub-thermoneutral conditions (e.g.
lower than 30 �C in rodents). However, it also promotes energy bal-
ance in response to excessive caloric intake [21,25]. Notably, as the
thermogenic activity of human BAT accounts for around 5% of total
metabolic rate, steady-state energy consumption by BAT has been
proposed to account for weight loss in the order of 4 kg/year [26]. A
third class of thermogenic UCP1-expressing adipocytes, known as
beige [27] (or brite [28]) adipocytes also exists. These adipocytes are
interspersed within WAT and exhibit intermediate phenotypes between
white and brown adipocytes [7,27]. In contrast to brown adipocytes
which are specified during fetal development, beige adipocytes, which
originate from distinct progenitors, can be recruited during adulthood
[29]. This occurs via adipokine pathways and mechanisms that remain
to be fully delineated, including trans-differentiation from white adi-
pocytes. Another critical mechanism of beige adipocyte recruitment
occurs via de novo adipogenesis, the differentiation of additional adi-
pocytes from preadipocyte precursors, which is under the control of b-
adrenoceptor signalling [29]. Adipogenesis also plays a key role in the
de novo recruitment of white adipocytes, a process that has critical
relevance for obesity (and is perturbed during ageing). The ability to
recruit new white adipocytes to accommodate the increased lipid load
associated with hypernutrition is key to mitigate the adverse effects
associated with obesity [30]. Hence, it is increasingly recognized that it
is metabolically more favourable to incur adipose tissue hyperplasia
through de novo adipogenesis than to suffer hypertrophy of pre-
existing adipocytes triggered by lipid overload, which can drive adi-
pose tissue inflammation and insulin resistance [30]. Consequently,
much research has been dedicated to elucidate the signalling mole-
cules and mechanisms that predispose individuals towards the
recruitment of beige adipocytes and/or the ability to mitigate the risk of
2
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adipocyte hypertrophy by driving de novo adipogenesis. Hence,
pharmacological intervention to promote beiging or white adipose
tissue hyperplasia by promoting adipogenesis is regarded as a
potentially key intervention to improve metabolic health and promote
weight loss [30e33]. The metalloprotease ADAM17 [34,35] is an
important shedding protease (‘sheddase’) that cleaves some promi-
nent signaling molecules. ADAM17 substrates include cell adhesion
molecules, the ectodomains of TNF and its cognate receptors, TNFRI &
TNFRII, some ligands of the epidermal growth factor receptor (EGFR)
and gp130, the IL-6 co-receptor whose cleavage by ADAM17 mediates
IL-6-trans signaling [36,37]. Consequently, ADAM17 is the key pro-
tease in regulating inflammation and growth. While numerous studies
have dissected the role(s) of ADAM17 in inflammation and growth
control, very few studies have focused on the role of ADAM17 in energy
balance and obesity [38,39]. However, although deletion of ADAM17
results in perinatal lethality, a fraction of mice survives until adulthood
in some studies [38]. These KO mice were reported to exhibit hyper-
metabolism that was not compensated by their elevated food intake,
and so exhibited a lean phenotype [38]. Similarly, in another study,
mice with a heterozygous deletion of ADAM17 were protected from
obesity (by elevating their energy expenditure in response to high-fat
diet) and its associated metabolic dysregulation, such as glucose
intolerance and insulin insensitivity [39]. This evidence suggests that
ADAM17 plays an important role as a repressor of energy expenditure,
via the proteolysis of a yet unidentified substrate(s). Although a subset
of the phenotypes (e.g. improved glucose tolerance and insulin
sensitivity) in ADAM17 mutant mice can be attributed to impaired TNF
cleavage [40,41], the equal susceptibility of these TNF-null mice to
obesity compared to WT mice [42] shows that the negative impact of
ADAM17 on energy expenditure cannot be attributed exclusively to TNF
[40,41]. Hence, the proteolytic substrate(s) via which ADAM17 nega-
tively regulates energy expenditure remain to be identified. Interest-
ingly, the enhanced energy expenditure observed in ADAM17 mutant
mice was associated with elevated levels of UCP1, implying that
increased thermogenesis could underpin some of the observed hy-
permetabolic phenotypes [38]. In addition, we showed recently that
mice null for inactive rhomboid 2 (iRhom2) are protected from diet-
induced obesity [43]. Work from our group and others established
that iRhom2 plays a crucial role in multiple aspects of ADAM17 biology
including the control of its vesicular trafficking in the secretory pathway
(which is coupled to the removal of its inhibitory prodomain) [44,45], its
substrate specificity [46], and the activation of its activity on the cell
surface by various stimuli [47,48]. In addition, an interactor called
iTAP/FRMD8 is necessary to stabilize and maintain the function of the
complex formed by iRhom2 and ADAM17 [49e51]. Notably, iRhom2-
null mice also exhibit elevated energy expenditure and show increased
thermogenesis (characterized by elevated BAT temperature) [43]. An
early adaptation to an obesogenic dietary regime involves energy
dissipation in the form of heat in BAT. This adaptation is driven by NE-
mediated activation of b-adrenergic receptors. In the initial stage of
adaptation, the sympathetic outflow to the adipose tissue is enhanced
[52e54]. Therefore, the sympathetic nervous system (SNS) could
impact on ADAM17 activity and the shedding of its substrates. Indeed,
agonists of G protein-coupled receptors have been shown to induce the
activation of other signaling pathways, such as the EGFR, via the
stimulation of ADAM17 activity [55]. This process is known as receptor
transactivation. Binding of agonists such as angiotensin II, lysophos-
phatidic acid (LPA), ATP, serotonin and endothelin-1 to their cognate
GPCRs activates cell surface proteases such as ADAM17 to shed their
substrates, which in turn activate other signaling pathways [56,57].
Here, we hypothesized that the GPCR agonist NE could activate
MOLECULAR METABOLISM 73 (2023) 101731
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


ADAM17 in adipocytes to shed substrate(s) that are important in the
regulation of energy balance. We show that deletion of ADAM17 in
adipocytes is sufficient to elevate energy expenditure under steady-
state conditions and in obesity by increasing adipose tissue thermo-
genesis. This ameliorates overall organismal metabolic health in obese
mice, by improving insulin sensitivity and glucose tolerance, dyslipi-
demia, and hepatosteatosis. Moreover, proteomic studies in primary
adipocytes revealed that in response to b-adrenergic receptor acti-
vation by NE, ADAM17 catalyzes the shedding of the cell surface
signaling protein, Semaphorin 4B (SEMA4B). Our work identifies
SEMA4B as a novel adipokine whose ADAM17-dependent release from
adipocytes, in response to sympathetic outflow, acts as a negative
regulator of thermogenesis by downregulating genes associated with
adipogenesis, and lipid synthesis and catabolism.

2. MATERIAL AND METHODS

2.1. Experimental animals
Mice were maintained in an SPF facility on a 12-hour light/dark cycle,
at standard sub-thermoneutral conditions of 20e24 �C and an average
of 50% humidity, in ventilated cages with corn cob as bedding. All
mice were housed in this condition, except stated otherwise. Mice had
access to food and water ad libitum. Male mice were fed with normal
chow or high-fat diet (SNIFF diet D12492 60 kJ% fat, E15742: 60% of
energy from fat). Animals were routinely co-housed to homogenize
differences in microbiota and other environmental conditions. In the
event where mice were housed in different cages, bedding material
was interchanged between cages to facilitate normalization of the
microbiota.
To generate adipocyte specific Adam17 KO mice (Adam17adipoqD/D),
Adam17fl/fl (loxP site flanking exon2 [58]) (Jackson Laboratory,
009567) were crossed with AdipoqCre mice [59]
All in vivo experiments were terminated by euthanizing mice with CO2.
Tissue samples were thereafter collected, snap frozen in liquid nitro-
gen for storage at �80 �C for future processing or fixed in appropriate
fixatives until they were ready to be processed.

2.2. Study approval
Animal procedures were approved by the national regulatory agency
(DGAVe Direção Geral de Alimentação e Veterinária) and by the Ethics
Committee of Instituto Gulbenkian de Ciência and the Institutional
Animal Care (A012.2016 and A001.2020), and were carried out in
accordance with the Portuguese (Decreto-Lei no. 113/2013) and Eu-
ropean (directive 2010/63/EU) legislation related to housing, hus-
bandry, and animal welfare.

2.3. Cold shock and experiment at thermoneutrality
All mice were housed at the normal animal house ambient temperature
of approximately 22 �C, from where these mice were exposed to the
different experimental temperatures. Mice acclimatized to 30 �C were
kept at this ambient temperature for 10 days, while those acclimatized
to cold (4 �C) were kept at this temperature for 6h (short term expo-
sure) or 10 days (longer term exposure).

2.4. Diet-induced obesity
To induce obesity, age-matched male mice were fed with high-fat diet
(HFD, SNIFF diet D12492; 60 kJ% fat, 60% of energy from fat) for 26
weeks and were compared to control animals fed on standard chow.
They were housed in large cages of 365 x 207 � 140 mm in
dimension. These cages have the capacity to accommodate 16 mice.
However, a maximum of 10 mice were housed per cage to guarantee
MOLECULAR METABOLISM 73 (2023) 101731 � 2023 The Authors. Published by Elsevier GmbH. This is
www.molecularmetabolism.com
enough space for the mice that develop obesity. Changes in mass of
the mice were recorded weekly during the experiment.

2.5. Calorimetric measurements
The Promethion Core 8-cage system (Sable Systems) was used to
assess body weight, food intake, energy expenditure (EE), locomotor
activity (LA), and respiratory quotient (RQ) in mice fed on normal chow or
HFD. Temperature was set at 22 �C for all experiments except where
stated otherwise. For experiments in cold and thermoneutrality, tem-
peratures were set as appropriate. Mice were acclimatised for at least
24 h in the metabolic cage system before the commencement of
experiments.

2.6. Glucose and insulin tolerance tests
To test for glucose clearance or insulin sensitivity in the blood, mice
exposed to normal chow or HFD for 22e24 weeks were fasted for 6 h
(08:00e14:00). Fasting blood glucose was assessed by collecting
blood from mice via tail puncture and using the one-touch Accu-Chek
Aviva glucometer (Roche). Afterwards, mice were administered 1 g/kg
of glucose (Fisher) intraperitonially to test glucose clearance or insulin
(Humulin) in a dosage of 0.8 UI/Kg to chow-fed animals or 1 UI/Kg to
HFD-fed mice to test insulin sensitivity. Subsequent changes in blood
glucose were measured at 15, 30, 60 90, and 120 min post glucose or
insulin administration. The area under the curve (AUC) was calculated
using the trapezoid rule (the curve is divided into series of trapezoids
and the sum of their area is the AUC).

2.7. Enzyme-linked immunosorbent assay (ELISA)
Blood was collected from 6 to 7 h fasted mice to quantify the con-
centration of insulin in the serum using an insulin ELISA kit (ALPCO).
The medium of adipocytes was cleared and used to evaluate the levels
of TNF, HB-EGF, Amphiregulin, and Sema4B using commercial ELISA
kits (88-7324-22 eBioscience, DY8239-05, R&D Systems, DY989,
R&D Systems, abx545290 ABBEXA B.V., respectively).

2.8. Serum lipid profile and liver lipid and function assessment
Serum from 6 to 7 h fasted mice were collected to quantify the levels of
total cholesterol (TC), low density lipoprotein (LDLc), and triglycerides
using enzymatic colorimetric kits (Spinreact). To quantify triglycerides
(TG) in the liver, similar mass of liver was homogenized in a solution of
chloroform and methanol (2:1). The homogenate was incubated over-
night and centrifuged at 800 g for 15 min. The supernatant was sub-
sequently mixed with 1/5 of its volume of saline solution (0.9%NaCl). The
lower phase of themixture was allowed to dry out after which amixture of
butanol/(Triton 100x/methanol) (2:1) was added for the colorimetric
analysis of TG. To assess liver function, mouse serum samples were
analyzed commercially (DNAtech) to evaluate the level of alanine trans-
aminase (ALT) and aspartate transaminase (AST) in circulation.

2.9. Histopathology
Mice tissues such as liver, adipose tissues, muscle, and pancreas
were collected and weighed. Tissues to be processed for histol-
ogy were fixed in 4% formaldehyde. Liver samples intended for
oil red staining were fixed in 4% formaldehyde for 24 h and
thereafter transferred into 30% sucrose solution containing
0.005% NaN3.
Adipose tissue (inguinal, epididymal, mesenteric, and retroperitoneal
WAT, and BAT) and liver samples for H&E staining were embedded in
paraffin, sectioned (3 mm per section) and stained with H&E. Adipocyte
size was determined using a macro on the H&E-stained adipocyte
images.
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Adipose tissue inflammation (steatitis) was scored using the following
classification: (0) no inflammation, (1) rare macrophage infiltration, (2)
mild multifocal macrophage infiltration, (3) moderate multifocal
macrophage infiltration, (4) severe multifocal macrophage infiltration.
In the liver, steatosis was scored from 0 to 4, representing <5%, 5e
33%, 34e66%, and >66% of the total area of the section affected,
respectively.
For oil red staining in the liver, samples previously stored in 30%
sucrose solution were snap-frozen and embedded in OCT. 8 mm of the
tissues were cryosectioned and stained with oil red. Lipid content of
the liver was scored as percentage of lipid per area of tissue. Adipo-
cytes in culture were washed with PBS and fixed in 4% formaldehyde
for at least 24 h and then stained with oil red. For the staining, samples
were air-dried for 30 min, fixed in formalin for 5 min, and put under
running water. Then, 5 dips into 60% isopropanol were performed and
Oil Red O working solution (Oil red O, O0625, Sigma) was added for
15 min. Then, 15 dips into 60% isopropanol were performed and
Mayer’s Hematoxylin was added for 7 min. Samples were rinsed in 10x
PBS, then in distilled water and afterwards mounted. The area of lipids
was measured using the color threshold plugin of image J software.
The fraction within the liver and the area per adipocyte nucleus was
estimated.
Sections were examined and captured using a Leica DMLB2 micro-
scope and Leica DFC320 camera, respectively. Whole slide images
were acquired with Hammatsu Nanozoomer slide scanner and ana-
lysed in Fiji. Histopathological analysis was carried out by the in-house
pathologist in a blinded manner.

2.10. Flow cytometry
Adipose tissue samples were digested in 1% collagenase H solution
(Sigma) (1 h, 37 �C, with shaking). Spleens were mashed through a
70 mm cell strainer. The digested cells were centrifuged (5 min, 4 �C,
2000 rpm), and red blood lysis buffer was added (9 vol. NH4Cl and 1
vol. Tris-Cl). The cells were washed and filtered through a 70 mm
strainer. Cells were incubated in Fc Block, clone 2.4G2 (1:100, pro-
duced in-house) and staining was then performed with anti-mouse
CD45.2-PE (1:100, produced in-house), CD11b-FITC (1:100; pro-
duced in-house), F4/80-PE-Cy7 (1:100; 123114; Biolegend), CD11c-
PerCP (1:100, produced in-house), CD206-BV421 (1:100; 141717;
Biolegend), Ly6C-APC-Cy7 (1:100; produced in-house), Zombie
viability dye (1:1000; 423113; Thermo Fisher Scientific) and incubated
for 20 min at 4 �C. The cells were afterwards wash in FACs buffer (1x
PBS containing 2% calf serum) and centrifuged at 300 g for 5 min at
4 �C. Cell pellets were resuspended in FACs buffer and analysed in the
LSRFortessa X-20 with FlowJo software, version 10.2.

2.11. Thermography
To measure BAT temperature, mice were anaesthetized using iso-
flurane. The fur covering the scapular and interscapular dermal surface
was shaved. Mice were then allowed to recover by housing them
individually in cages for 24 h with free access to food and water ad
libitum. Food was withdrawn 2 h before thermal images of the inter-
scapular region of the mice were captured using a thermal camera
(FLIR). Resulting images were analyzed in the FLIR image software.
Rectal temperature was measured using a rodent thermometer
(Bioseb).

2.12. Mouse primary adipocyte culture
The inguinal white adipose tissue (iWAT) and interscapular BAT (iBAT)
were collected from 4e5-week-old male or female C57Bl/6, Adam17fl/
fl, or Adam17adipoqD/D mice for primary inguinal and brown adipocyte
4
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cultures, respectively. A culture was made from a pool of 3e5 mice.
The tissues were cleaned, minced, and transferred into a 50 ml falcon.
Two ml of Hank’s balanced salt solution (Biowest) supplemented with
1 mg/ml collagenase (Fisher Bioreagents), 10 mM CaCl2 (Sigma), and
2.2 mg/ml dispase II (Roche) was added to the minced tissue and put
to shake at 37 �C for 30e45 min. DMEMF12 (Biowest) was added to
the mixture to stop digestion. The resultant solution was passed
through 100 mm cell strainer. The filtrate was centrifuged at 500 g for
10 min at 4 �C. The pellet was resuspended again in DMEMF12 and
filtered through 40 mm cell strainer. The resultant filtrate was again
centrifuged at 500 g for 5 min at 4 �C. The resultant pellet was
resuspended in complete medium (DMEMF12 supplemented with 1%
penicillin-streptomycin solution 100X, 2.5 mg/ml amphotericin B (Life
Tech), 10 mg/ml gentamycin sulphate (Sigma), and 10% new-born calf
serum (Biowest)), plated in 10 cm dish and incubated at 37 �C, and 5%
CO2. At confluence, preadipocytes were plated in collagen I (Corning)
coated 6 or 12 well plates at 500,000, or 200,000 cells per well.
respectively, to reach confluence. Differentiation was induced by
exposing confluent cells to differentiation medium (complete medium
supplemented with 1 mM 3-isobutyl methylxanthine (AppliChem),
2 mM rosiglitazone (Cayman), 10 mM dexamethasone (Cayman), 1 mg/
ml insulin (Sigma), and 2 nM 3,30,5-Triiodo-L-thyronine (Sigma)) on
day 0 and day 2. On day 4 and day 6 post induction, differentiating
cells were exposed to maintenance medium (complete medium sup-
plemented with 1 mg/ml insulin (Sigma), and 2 nM 3,30,5-Triiodo-L-
thyronine (Sigma)). On day 8 post induction, the cells were used for
relevant experiments.
2.13. Assessment of thermogenic gene expression in adipocyte
cultures
Fully differentiated primary adipocytes were washed with serum free
medium (SFM) (DMEMF12 supplemented with 1% penicillin-
streptomycin solution 100X, 2.5 mg/ml amphotericin B (Life Tech),
and 10 mg/ml gentamycin sulphate (Sigma)). SFM was replaced with
SFM containing 2% bovine serum albumin (BSA) (Merck). To stimulate
the bARs, the cells were treated with 2 mM norepinephrine (NE)
(Sigma). The cells and/or medium were collected at specific time
points depending on the experiment.
For the experiment showing increased shedding of TNF, HB-EGF,
Amphiregulin, and Sema4B upon bAR stimulation, fully differenti-
ated WT and ADAM17 KO primary adipocytes were treated with NE for
1 h for the first three and for 10 h for Sema4B. ADAM17 inhibitor
BB94 (196440, Calbiochem) at 10 mM was added 1h prior NE for the
Sema4B assessment. For experiments aimed at assessing the
regulation of thermogenic genes in WT and ADAM17 KO primary
adipocytes fully differentiated cells were treated with NE for 6 h, while
cells intended for assessing protein expression were treated with NE
for 3 h, 6 h, 12 h, and 24 h, depending on the specificities of the
experiment.

2.14. Assessment of lipolysis in adipocyte cultures
Serum free medium with or without NE was added to differentiated
immortalized brown adipocytes overexpressing the cleaved version of
Sema4B versus controls. The medium was collected each 15 min for a
period of 1 h to assess the glycerol (F6428, Sigma) content. Cells were
washed three times and starved for 1 h prior the experiment.
2.15. Quantitative transcriptional analysis
Adipose tissues (iBAT, iWAT, and epididymal WAT), liver, and primary
adipocytes collected at the end of experiments for transcriptional
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analysis were snap frozen and lysed in NR buffer of the NZYTech total
RNA extraction kit. Subsequent steps for collection and purification of
RNA were guided by the protocol of the kit. First-strand cDNA was
synthesized from RNA using the Xpert cDNA synthesis master mix
(GRiSP). SYBR green or Taqman reagents (GRiSP) were used for real
time PCR. The comparative CT method was employed and GAPDH and
Actin were used in normalizing gene expression. In the case of human
fat samples, total RNA was extracted using the RNeasy Mini Kit
(QIAgen, 74104). 3 mg were retro-transcribed into cDNA using the High
Capacity cDNA Archive Kit (Applied Biosystems, 4368814). Commer-
cially available SYBR Green I, with forward/reverse paired primers
(KiCqStart� SYBR� Green Primers; Sigma, KSPQ12012), were used
to assess the expression of gene candidates in a Light Cycler 480 II
sequence detection system (Roche Diagnostics). The gene expression
levels were normalized to the respective reference gene transcript,
which was human cyclophilin A (PPIA). The normalized fold expression
was obtained using the 2�DDCt method. Replicates and positive and
negative controls were included in all reactions. The primer sequences
for qPCR and Taqman probes used are listed below (Table 1).

2.16. Evaluation of expression of Sema4B and its receptors in
human tissues
The data in Supplementary Figs. 6A and B were replotted from publicly
available data. The data in Supplementary Fig. 6A were replotted from
data from an experiment in which two human pluripotent stem cell
lines (H9 and KOLF2-C1) were differentiated into brown adipocytes
Table 1 e List of primers and Taqman probes.

Gene Taqman probe ID

Adam17 Mm00456428_m1
Actin Mm00607939_s1
ADAM17 Hs01041915_m1
RHBDF2 Hs00226277_m1

Gene SYBR, Forward primer (50-30) SYBR, Reverse primer (50-30)

Actin AGGGAAATCGTGCGTGACAT GAACCGCTCGTTGCCAATAG
Gapdh AACTTTGGCATTGTGGAAGG ACACATTGGGGGTAGGAACA
Ucp1 ACTGCCACACCTCCAGTCATT CTTTGCCTCACTCAGGATTGG
Pgc1a CCCTGCCATTGTTAAGAC TGCTGCTGTTCCTGTTTTC
Prmd16 CAGCACGGTGAAGCCATT GCGTGCATCCGCTTGTG
Dio2 CAGTGTGGTGCACGTCTCCAATC TGAACCAAAGTTGACCACCAG
Cox8b GAACCATGAAGCCAACGACT GCGAAGTTCACAGTGGTTCC
Cidea TGCTCTTCTGTATCGCCCAGT GCCGTGTTAAGGAATCTGCTG
Atgl TGGTTCAGTAGGCCATTCCT CACTTTAGCTCCAACCATGA
Hsl TGCTCTTCTTCGAGGGTGAT TCTCGTTGCGTTTGTAGTGC
Adipoq GCACTGGCAAGTTCTACTGCAA GTAGGTGAAGAGAACGGCCTTGT
C/ebpa AAACAACGCAACGTGGAGAC TGTCCAGTTCACGGCTCAG
Pparg ATTCTGGCCCACCAACTTCGG TGGAAGCCTGATGCTTTATCCCCA
PPARa AGAGCCCCATCTGTCCTCTC ACTGGTAGTCTGCAAAACCAAA
Fasn AAGGCTGGGCTCTATGGATT GGAGTGAGGCTGGGTTGATA
Dgat CCGCAAAGGCTTTGTGAA GGAATAAGTGGGAACCAGATCAG
Scd1 CTGACCTGAAAGCCGAGAAG GCGTTGAGCACCAGAGTGTA
Apoe GCTGGGTGCAGACGCTTT TGCCGTCAGTTCTTGTGTGACT
Apob CGTGGGCTCCAGCATTCTA TCACCAGTCATTTCTGCCTTTG
Mcad TGGAGACATTGCCAATCAGC ACCATAGAGCTGAAGACAGG
Aco AAGAGTTCATTCTCAACAGCC C CTTGGACAGACTCTGAGCTGC
TNF ATGAGCACAGA AAGCATGATC TACAGGCTTGTCACTCGAATT
Il6 ACGGCCTTCCCTACTTCACA CATTTCCACGATTTCCCAGA
Il1b GAAGAAGAGCCCATCCTCTG TCATCTCGGAGCCTGTAGTG
MCP1 GGAAAAATGGATCCACACCTTGC TCTCTTCCTCCACCATGCAG
PLXNB1 GTCTGTATACCTTCGTGAGG TGTCGTTCAAGGTGTATTTG
PLXNB2 AGGAGAAGATCATTGACCAG CATTGTAGTGCATAAGGGTG
NRP1 AGAAGATTGTGCAAAACCAG TAAGGTCTTCAACACATTGC
NRP2 AGGTATTTCAAGCCAACAAC CGGATTCTAACAAACCTTGTC
SEMA4B TTCTATGGGGTCTTCACTTC CCTTCATTGTGAAGACACAG
PPIA CTCCACAATATTCATGCCTTC ATGGTTCCCAGTTTTTCATC
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[60]. The data in Supplementary Fig. 6B were obtained from a study in
which human adipocytes were differentiated from SVF obtained from
subcutaneous WAT and subclavicular BAT from human subjects [61].

2.17. Western blotting
Mouse adipose tissues and primary adipocytes samples were lysed in
lysis buffer (1% Triton X-100, 150 mM NaCl, 50 mM TriseHCl, pH 7.4)
supplemented with protease inhibitors and 10 mM 1,10 phenanthro-
line. To improve the detection of ADAM17, homogenates were incu-
bated overnight in concanavalin A resin at 4 �C. The incubated
homogenates were then centrifuged at 1000 g for 2 min at 4 �C. The
pellets (resin) were washed in lysis buffer (supplemented with protease
inhibitors and 10 mM 1,10 phenanthroline) 3 times. The beads were
eluted in sample buffer supplemented with 15% sucrose by heating at
65 �C for 15 min. When homogenates were not enriched to improve
the detection of specific proteins, equal amount of protein from
different samples were denatured in sample buffer by heating at 65 �C
for 15 min. In some cases, the denatured lysates were digested for 2 h
at 37 �C with the deglycosylating enzyme PNGase F, which removes
high mannose N-linked glycans added in the ER and complex N-linked
glycans found in the later secretory pathway. Then, the samples were
denatured for 15 min at 65 �C. The samples were fractionated in SDS-
PAGE before being transferred onto PVDF membrane. The membranes
were blocked in Tris-buffered saline with 0.1% Tween� 20 Detergent
(TBS-T) supplemented with 5% milk or BSA for at least 30 min and
then incubated in primary antibodies (diluted in TBS-T supplemented
with 5% milk or BSA) overnight at 4 �C. The following primary anti-
bodies were used: rabbit anti-ADAM17 antibody (1:1000, Ab39162,
Abcam), mouse anti-Flag HRP (1:1000; A8592; Sigma), mouse anti-
Transferrin receptor (1:1000, 13e6800, Life Technologies), rat anti-
tubulin (1:1000 Clone YL1/2, IGC antibody facility), rabbit anti-ATGL
(1:500; 2138, Cell Signaling), rabbit anti-pHSL (1:500; Ab109400,
Abcam), mouse anti-p97 ATPase (1:1000, 65278, Progen). The
membranes were subsequently washed 4 times in TBS-T for 10 min
before incubating in the appropriate secondary antibody anti-rabbit
HRP (1:5000; 1677074P2, Cell Signaling Technology) or anti-mouse
HRP (1:5000; 1677076P2, Cell Signaling Technology) diluted in TBS-
T supplemented with 5% milk or BSA for at least 30 min. The
membranes were again washed 4 times in TBS-T for 10 min followed
by a 10 min wash in Phosphate buffer saline (PBS). Protein bands were
detected using ECL. Images were captured using the Amersham�
imager 600.

2.18. Primary adipocyte secretome analysis with high-
performance secretome protein enrichment with click sugars
(hiSPECS)
To analyze the secretome from Adam17fl/fl and Adam17Adipoq̂/̂ primary
adipocytes, maintenance medium was added to differentiated adipo-
cytes on day 6 post-induction of differentiation (300,000 preadipocytes
were plated per well of a 6-well plate before the induction of differ-
entiation) was supplemented with 50 mM of ManAZ (Thermo Fisher
Scientific, Cat #C33366) for 48h. The conditioned medium from these
cells was collected to analyze the secretome of the primary adipocytes
in steady state. However, to assess the changes in the secretome upon
induction of thermogenesis, the 48 h-long maintenance medium
supplemented with 50 mM of ManNAz was replaced with SFM sup-
plemented with 10% serum and 50 mM of ManNAz for 12 h. The cells
were stimulated, or not, with 2 mM of norepinephrine during this
period. 1 ml of the medium from the cells were collected and filtered
through a 0.45 mm centrifuge tube filter (Costar� Spin-X #10649351).
Proteinase inhibitor (1:500) was added to the filtrate and the samples
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were stored at �20 �C until further use. The hiSPECS workflow, as
previous described in detail [62] was performed. In brief, glycoproteins
were enriched using Concanavalin A and azido-modified proteins were
immobilized on magnetic DBCO-beads (Jena Bioscience #CLK-1037-
1) via click chemistry. Stringent washing steps reduced contaminants
and peptides were released from the beads by tryptic digest. Desalted
peptides were analyzed using liquid chromatography mass spec-
trometry (LC-MS/MS) using an EASY-nLC 1200 UHPLC system
(Thermo Fisher Scientific) coupled to an Q Exactive HF mass spec-
trometer (Thermo Fisher Scientific). Data-dependent acquisition (DDA)
and data-independent acquisition (DIA) analysis was applied and data
analysis was performed with MaxQuant and Spectronaut. Proteins
were considered sufficiently expressed if detectable in at least 4 of the
5 samples per treatment condition. To enrich for candidate membrane
proteins shed by metalloprotease activity we focused on proteins that
have a single transmembrane helix (TM1), two transmembrane helices
(TM2), or a glycosylphosphatidylinositol (GPI) anchor, as previously
described [63]. A p-value �0.05 was used as cut-off for significantly
and differentially shed proteins.

2.19. Assessment of Sema4B cleavage in cultured cells
Wild type and ADAM17 KO HEK293ET cells were kind donations from
the Becker-Pauly Lab, University of Kiel, Germany. Full length flag-
tagged Sema4B plasmid was donated by the Püschel Lab, University
of Munster, Germany [64]. To test for the potential shedding of
Sema4B ectodomain by ADAM17, Wild type and ADAM17 KO HEK293
cells were plated overnight in a 6-well plate (500,000 cells per well).
The day after, the cells were transfected with Sema4B or an empty
vector using Polyethyleneimine (PEI). In brief, cells plated overnight had
their medium changed for 2 ml of complete medium containing 2.5 mg
of Sema4B plasmid DNA or empty vector and 7.5 mg of PEI per well.
Twenty-four hours after transfection, the medium of the cells was
aspirated, the cells were washed with SFM, and serum-starved for 4 h.
Thereafter, cells were treated with vehicle or phorbol-12-myristate-
13-acetate (PMA) for 1 h to stimulate ADAM17 activity. The media
were collected to precipitate protein content and the cells were lysed to
be processed for western blot as previously described [65].

2.20. Lentiviral transduction
HEK293 ET packaging cells (6 � 106) were transfected with pCL-Eco
packaging plasmid [66] plus SV40 Large T Ag, or (16.6� 106) with the
pMD-VSVG envelope plasmid, psPAX2 helper plasmid plus pLEX, or
pLEX containing mouse truncated Semaphorin 4B cDNA fused to a Flag
tag. The packaging vectors for the production of lentivirus were
described previously [67]. WT brown preadipocytes from a WT
newborn mouse was immortalized as previously described [68]. In
summary, isolated cells were split in two and seeded in a 35-mm plate
at 40% confluence and one well was transduced with 2 ml of SV-40
supernatant supplemented with polybrene 8 mg/ml twice with a 24h
interval. The non-transduced cells were used as control. Then, the
immortalized cells were transduced with 20 ml of 150x ultracentrifuged
(90,000 g, 4 h, at 4 �C) empty vector (pLex), Semaphorin 4B viral
supernatant (resuspended in 0.1% BSA in PBS) supplemented with
polybrene 8 mg/ml, and selected with puromycin (10 mg/ml) for 2 days
to generate stable cell lines. These cells were differentiated using the
standard protocol.

2.21. Expression and purification of Semaphorin 4B ectodomain
Expi293F cells (Thermo Fisher Scientific) were cultured in Expi293
Expression Medium and transfected with the pCMVi-SV40 ori-based
plasmid encoding amino acids 1 to 700 of mouse Semaphorin 4B
6
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(Uniprot ID Q62179) followed by PreScission cleavage site, hex-
ahistidine tag and Twin Strep tag. Five days after transfection, medium
with secreted ectodomain of Sema4B was collected, and flash frozen
in liquid nitrogen. For purification of Sema4B ectodomain, the thawed
medium was loaded onto Strep-Tactin� Superflow� high capacity
cartridge (IBA Lifesciences GmbH) pre-equilibrated in the binding
buffer (100 mM TriseHCl pH 8.0, 150 mM NaCl). Unbound material
was washed away with 10 column volumes of binding buffer, and
Sema4B ectodomain was eluted with 5 column volumes of the elution
buffer (100 mM TriseHCl pH 8.0, 150 mM NaCl, 2.5 mM desthio-
biotin). Glycerol was added to the purified protein to 10% (v/v) before
flash freezing it in liquid nitrogen. Finally, purified Sema4B ectodomain
was depleted from any possible traces of endotoxins by the Pierce�
High Capacity Endotoxin Removal Spin Column (Thermo Fisher Sci-
entific), according to the manufacturer’s protocol. The final preparation
of Sema4B ectodomain was flash frozen in small aliquots in liquid
nitrogen and stored at �80 �C for further use.

2.22. RNA sequencing and data analysis
Immortalized murine brown adipocytes stably transduced with lenti-
viruses harboring pLEX empty vector or a mimetic of the ADAM17-
cleaved form of Sema4B (described above, 2.19) were plated at a
density of 300,000 cells/well in 6-well plates. The following day, after
achieving confluence, the cells were differentiated to matured adipo-
cytes over a period of 8 days as described above (2.12). Medium from
matured adipocytes was aspirated and the cells were washed with
serum-free medium (SFM). Afterwards, the cells were incubated in
SFM supplemented with 2% BSA with or without 2 mM NE for 6 h. At
the end of this timepoint, the cells were washed with cold PBS and the
cells were lysed using the NR buffer of the NZYTech total RNA
extraction kit. Subsequent steps for collection and purification of RNA
were guided by the protocol of the kit. For the RNA sequencing, full-
length cDNAs were generated following the SMART-Seq2 protocol
described by Picelli et al., 2014 [69]. After quality control using
Fragment Analyzer (Agilent Technologies), library preparation including
cDNA fragmentation, PCR-mediated adaptor addition and amplification
of the adapted libraries was done following the Nextera library prep-
aration protocol (Nextera XT DNA Library Preparation kit, Illumina), as
previously described [70]. Libraries were confirmed by Fragment
Analyzer (Agilent Technologies) and then sequenced (NextSeq2000,
Illumina) using 100 SE P2. Sequence information was extracted in
FastQ format, using Illumina DRAGEN FASTQ Generation v3.8.4. Li-
brary preparation and sequencing were optimized and performed by
Genomics Unit at the Instituto Gulbenkian Ciência. Raw fastq reads
were processed using FastQ Screen to identify any non-murine reads
prior to alignment. Reads passing were aligned to the mouse genome
(mm10, GRCm38.p4) using STAR v2.7.9a [71]. Counts per gene were
calculated using htseq-count [72]. Differential gene expression anal-
ysis was performed with DESeq 2 [73], with an adjusted p-value cut-
off of �0.05 and a foldchange cut-off of �1. RNAseq data have been
uploaded to NCBI GEO (GSE228157). Pathway enrichment was per-
formed with DAVID [74]. Normalized gene counts were log2-scaled
and z-scored for data visualization. Heatmaps were generated in the
R statistical programming language (https://cran.r-project.org/).

2.23. Human data analysis
Samples of subcutaneous (SC) and paired (n ¼ 89) and unpaired
visceral adipose tissue (VAT) were obtained from the same region
(lateral to the umbilicus) and studied in cohort 1.Cohort 1 consisted of
181 individuals (42% men) with body mass indexes (BMI) ranking
between 18 and 60 kg/m2. BMI was calculated by dividing weight in
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Table 2 e Anthropometric and biochemical parameters of obese
(BMI�30 kg/m2, n ¼ 105) and non-obese (BMI<30 kg/m2, n ¼ 76)
subjects in cohort 1.

BMI<30 Obesity p-valuea

n (men/women) 34/42 42/63
Age (years) 51 � 10 46 � 11 0.001
Body Mass Index (kg/m2) 25.3 � 3.6 43.9 � 7.0 <0.0001
Fat mass (%) 34.1 � 7.2 55.7 � 9.6 <0.0001
SBP (mmHg) 124.8 � 16.7 135.0 � 17.0 <0.0001
DBP (mmHg) 73.9 � 13.0 79.2 � 11.0 0.007
Fasting glucose (mg/dl) 93.2 � 18.2 104.6 � 38.9 0.01
Hb1Ac (%) 5.6 � 1.3 5.4 � 1.1 0.244
Cholesterol (mg/dl) 187.7 � 32.1 203.7 � 42.6 0.005
HDL (mg/dl) 63.2 � 22.2 54.6 � 15.9 0.006
LDL (mg/dl) 109.7 � 28.2 121.0 � 34.6 0.024
Triglycerides (mg/dl) 103.5 � 54.7 118.8 � 77.9 0.154

Values represent the mean � standard deviation. S/DBP: systolic/diastolic blood
pressure; Hb1Ac: glycated haemoglobin; H/LDL: high/low density lipids; aStudent t-
test for non-obese subjects vs. obese participants. Bold indicates significant results
(p-value <0.05).
kilograms by the square of the height in meters (Kg/m2), and obesity
was set up at BMI>30 kg/m2. Subjects’ characteristics are provided in
Table 2. Samples of subcutaneous (SC) and paired (n ¼ 89) and un-
paired visceral adipose tissue (VAT) were obtained from the same
region (lateral to the umbilicus) and studied in cohort 1. Cohort 2
included 23 morbidly obese women followed for an average of w2
years after bariatric surgery. Samples of SC adipose tissue were
retrieved at the baseline and follow up, as described elsewhere [75].
The characteristics of individuals from cohort 2 are provided in Table 3.
All participating subjects were of Caucasian origin, gave written
informed consent, and reported that their body weight had been stable
for at least three months before entering the study. Samples and data
from participants of this study were given by the FATBANK platform,
promoted by the CIBEROBN, and coordinated by the IDIBGI Biobank
(Biobanc IDIBGI, B.0000872). All samples were processed following
standard operating procedures, with the appropriate approval of the
Ethics, External Scientific and FATBANK Internal Scientific Committees.
To confirm the regulation of our current gene candidates in bulk adi-
pose tissue, microarray gene expression measurements were retrieved
from the study of Kerr et al. [97]. There, biopsies of SC adipose tissue
were obtained by needle aspiration from 50 obese women at the
baseline and 2 (n ¼ 49) and 5 (n ¼ 38) years after being gastric
bypassed, and also from a non-operated group of 28 healthy weight
women matched for age.
Table 3 e Spearman rank correlation between omental (VAT) and
subcutaneous (SAT) gene expression and BMI from Cohort 1 (see Table 2).

VAT
BMI (kg/m2)

SAT
BMI (kg/m2)

Rho Sig. (bilateral) N Rho Sig. (bilateral) N

TNFa 0.456 8.486E-09 145 0.374 2.777E-07 178
iRHOM2 0.235 0.027 88 0.269 0.001 145
ADAM17 0.074 0.494 88 0.257 0.002 145
SEMA4B 0.101 0.237 138 �0.071 0.455 113
PLXNB1 0.130 0.128 138 �0.071 0.463 112
PLXNB2 0.248 0.003 138 0.026 0.787 112
NRP1 �0.162 0.058 138 0.064 0.502 112
NRP2 0.178 0.038 137 0.104 0.276 112
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2.24. Statistical analysis
Statistical analyses carried out were performed using R (https://www.
r-project.org), SPSS (IBM Analytics) and/or GraphPad Prism 6 software.
All data are expressed as mean � S.D.. Statistical significance was
determined by Student’s or paired t test (when two groups were
compared), or by one-way analysis of variance ANOVA (when more
than two groups were compared) followed by post hoc Bonferroni test.
The relation between variables was analysed by Spearman’s rank
correlation test and multiple regressions analyses, when necessary. A
p-value <0.05 was considered as statistically significant.

3. RESULTS

3.1. Beta-adrenergic receptor activation stimulates ADAM17 to
repress thermogenesis in adipocytes
Our previous study established that mice null for iRhom2, the key
regulator of ADAM17 trafficking and activity [44,45] exhibit elevated
adipose tissue thermogenesis and Ucp1 levels [43]. As noted above, a
fraction of ADAM17 KO mice that escape embryonic lethality and
survive into adulthood also exhibit elevated Ucp1 levels [38]. Together,
this evidence led us to hypothesize that ADAM17 acts within adipose
tissue to repress thermogenic signals. To test this hypothesis, we
generated mice in which ADAM17 was deleted in adipocytes using
adiponectin-cre (adipoq-cre) [59] (Fig. S1A). ADAM17 activity can be
activated by certain classes of G protein-coupled receptors (GPCR)
[76,77]. As adipocyte beta adrenergic receptors (bARs) control ther-
mogenic responses and lipolysis [78], we tested the hypothesis that
the endogenous bAR agonist norepinephrine (NE) can transactivate
pathways mediated by substrates of ADAM17. Hence, we isolated
adipocyte progenitors from the stromal vascular fraction (SVF) from
inguinal adipose tissues of control floxed (ADAM17 fl/fl) versus Ada-
m17adipoqD/D mice in which ADAM17 was deleted in adipocytes
(henceforth referred to as “WT” and “KO” throughout) and differenti-
ated them to mature adipocytes ex vivo. As shown in Fig. S1A, a
significant decrease was observed in the protein levels of ADAM17 in
adipocytes differentiated from SVF obtained from the KO mice relative
to the WTs. Focusing on iWAT, a tissue that is susceptible to beiging
[27], mature primary adipocytes were stimulated with NE and the
shedding of several crucial ADAM17 substrates (TNF (Tumor necrosis
factor); HB-EGF (Heparin-binding EGF); and AREG (Amphiregulin)) into
the culture media was quantified by ELISA. Notably, NE stimulation
significantly increased the shedding of TNF, HBEGF, and AREG in WT
adipocytes, while shedding of these substrates was inhibited in the
ADAM17 KO adipocytes (Figure 1A). These data show that activation of
endogenous bARs triggers a cascade of events that stimulate the
proteolysis of ADAM17 substrates and links ADAM17 regulation to a
critical pathway that governs adipocyte physiology. In addition to the
stimulatory effects of NE in promoting the shedding of some ADAM17
substrates, we also observed that bAR activation also impacted the
levels of ADAM17. As shown in Figure 1B, stimulation of WT mature
primary inguinal adipocytes with NE over a 24-hour period revealed a
complex impact of bAR activation on ADAM17. At 3 h post-stimulation,
bAR activation triggered an increase in the overall levels of ADAM17,
particularly in the levels of the mature form of the protease that has
reduced molecular weight (Fig. 1B). At later timepoints, the levels of
ADAM17 decreased over time becoming almost non-detectable 12 h
post-stimulation with NE, after which, a gradual recovery in ADAM17
levels was observed 24 h post induction with NE (Fig. 1B). bAR acti-
vation also elevated Adam17 mRNA levels by approximately 2-fold in
primary inguinal WT adipocytes (Fig. 1C). To test the impact of these
observations in an in vivo setting, we modulated sympathetic neuron
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Figure 1: Loss of ADAM17 in adipocytes increases thermogenesis in primary adipocytes and elevates energy expenditure in vivo. (A), Amphiregulin (AREG), heparin-binding
growth factor (HB-EGF), and tumor necrosis factor (TNF) levels quantified by ELISA in conditioned media from control and ADAM17 KO primary adipocytes with or without
stimulation for 1 h with 2 mM of norepinephrine (NE) (n ¼ 4). (B), Immunoblots showing mature (100 KDa) (orange arrowhead) and immature (130 KDa) (white arrowhead) ADAM17
from untreated WT primary adipocytes and primary adipocytes stimulated with 2 mM of NE over different time points for a total period of 24 h. Total ADAM17 (matured and
immature ADAM17) quantified as a ratio of the loading control, transferrin receptor (TfR) (n ¼ 4). (C), mRNA levels of Adam17 in WT primary adipocytes without or with treatment
with 2 mM of NE (n ¼ 4). (D), Immunoblot showing mature (100 KDa) (white arrowhead) and immature (130 KDa) (orange arrowhead) ADAM17 levels in interscapular brown (iBAT)
in WT mice exposed to different ambient temperatures; thermoneutrality (30 �C for 10 days), standard animal house temperature (22 �C), acute cold exposure (4� S; 4 �C for 6 h),
and chronic cold exposure (4� L; 4 �C for 10 days). Total ADAM17 (mature and immature ADAM17) quantified as a ratio of the loading control, transferrin receptor (TfR) (n ¼ 6 all
conditions except n ¼ 4 for 22 �C). (E), mRNA levels of Adam17 in the iBAT of mice from D (n ¼ 6). (F&G), mRNA level of positive regulators of thermogenesis in control and
ADAM17 KO primary inguinal (F) and brown (G) adipocytes treated without or with 2 mM of NE (n ¼ 4). (H), mRNA level of the thermogenic genes, Ucp1, Pgc1a, Prmd16, and Dio2
in the iBAT of lean control (WT) and adipocyte-specific ADAM17 KO (KO) mice (n ¼ 5). Results presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001,
****P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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output and hence NE release and bAR activation by exposing WT mice
to different ambient temperatures. Mice were either acclimated to
thermoneutrality (30 �C, to minimize sympathetic output), room tem-
perature (22 �C), or cold (4 �C, to enhance sympathetic output) after
which interscapular brown adipose tissues were isolated. As shown in
Figure 1D,E, exposure of WT mice to acute cold increased the protein
and mRNA expression levels of ADAM17 in brown adipose tissue, but
not in iWAT (Figure S1B and C). Taken together with the primary
adipocyte data (Figure 1AeC), this suggests that, in response to
sympathetic output and bAR activation, ADAM17 could play a role in
the physiological adaptation of the BAT to decreasing ambient tem-
perature. To understand the impact of ADAM17 on thermogenesis, we
quantified the level of expression of thermogenic genes in primary
inguinal and brown adipocytes differentiated from the SVF of WT
versus KO mice. Notably, loss of ADAM17 in adipocytes upregulated
the expression of some thermogenic genes in inguinal and brown
adipocytes, both under basal conditions and in response to NE
(Figure 1F,G). In addition, we found there was a trend (p-
8
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value ¼ 0.0858) towards increased adipogenesis in the KOs,
measured by oil red staining (Fig. S1D). Consistent with the thermo-
genic effect in adipocytes, in vivo, ADAM17 KOs maintained on a
standard diet expressed higher levels of thermogenic genes such as
Ucp1, Pgc1a, Prmd16, and Dio2 in their interscapular BAT than their
WT counterparts (Fig. 1H). Our data indicate that Adam17 mRNA and
protein levels and sheddase activity are modulated by the neuro-
transmitter NE to repress thermogenesis. This led us to investigate the
hypothesis that ADAM17 could serve as a rheostat, licensed by
adrenoceptor stimulation, to limit the overactivation of the thermogenic
programs in adipocytes.

3.2. ADAM17 deletion in adipocytes is anti-obesogenic and
promotes increased energy expenditure via elevated non-shivering
thermogenesis
The observation of elevated expression of thermogenic genes in pri-
mary adipocytes and in the interscapular BAT from lean mice, together
with the previous observation that ADAM17 KO [38] or iRhom2-
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deficient mice [43] have a hypermetabolic phenotype could imply that
loss of ADAM17 drives enhanced energy expenditure via non-shivering
thermogenesis in vivo. To test this, we assessed metabolic parameters
such as body weight, food intake, and energy expenditure in our WT
and KO mice maintained on a standard diet. As shown in Fig. S2A and
B, no significant differences were observed in the body mass and food
intake of WT and KO mice. Notably however, the KO mice showed a
significant increase in total energy expenditure and oxygen (O2) con-
sumption and carbon dioxide (CO2) production during the dark phase
(Figs. S2CeE) which are consistent with the reported hypermetabolic
phenotype observed in whole-body ADAM17 KO mice [38]. Like O2
consumption and CO2 production, respiratory exchange ratio (RER), a
measure of the relative utilization of carbohydrates versus fats as a fuel
source [79] is elevated only in the dark phase in the KO mice (Fig. S2F).
This enhanced energy expenditure in the KO mice is not accounted for
by differences in locomotion between WT and KO mice (Fig. S2G). With
the observation of elevated energy expenditure in the KO mice espe-
cially in the dark phase (Fig. S2C), we predicted that the KO mice
should be protected from obesity since these animals should be better
able to expend excess calories. To test this, we allowed WT and KO
mice to feed ad libitum on a high-fat diet (HFD) for 26 weeks (Fig. S3A
Figure 2: Mice null for ADAM17 in adipocytes are less prone to developing diet induced ob
adipose tissues, inguinal adipose tissue, and iBAT) (B), and mean daily food intake per mou
(DeF), Scatter plots of energy expenditure (D), oxygen consumption (E), and carbon dioxide
(WT n ¼ 8, KO n ¼ 7). (GeH), Respiratory exchange ratio (RER) (G), and distance covered
J), Thermographic representation and quantification of temperature of the interscapular r
n ¼ 16, KO n ¼ 17). Results presented as mean � SD. *P < 0.05, **P < 0.01, ***P

MOLECULAR METABOLISM 73 (2023) 101731 � 2023 The Authors. Published by Elsevier GmbH. This is
www.molecularmetabolism.com
and B). Notably, the KO mice gained less body weight and accumulated
less fat in adipose tissues relative to the WT mice (Figure 2AeB;
Figs. S3AeD), despite consuming more calories than their WT coun-
terparts (Fig. 2C). This increase in food intake was previously observed
in lean ADAM17 global KO mice [38]. To assess the overall metabolic
phenotypes of these mice and to account for the reduced weight gain
in the KOs, we placed the obese mice in metabolic cages and quan-
tified energy expenditure, oxygen consumption, CO2 production, and
overall locomotor activity. To control for the differences in body weight
between WT and KO mice on HFD in our study of energy expenditure,
oxygen consumption and CO2 production, we analyzed our data using
analysis of covariance (ANCOVA), introducing body weight as a co-
variate [80] As shown in Figure 2DeF, the KO mice expended more
energy, consumed more oxygen, and produced more CO2 relative to
the WT mice suggesting that protection of KO mice from obesity is
driven by increased metabolic rate. While the respiratory quotient
(Fig. 2G) and locomotor activity (Fig. 2H) of KO mice were unre-
markable, notably, we observed a significant increase in BAT ther-
mogenesis (Fig. 2I). As the core body temperature of KOs was
unaltered compared to WT mice, (Fig. 2J), we conclude that under an
obesogenic regime, KO mice are hypermetabolic and expend
esity by increasing energy expenditure. (AeC), Body mass (A), pooled fat mass (visceral
se (C) of WT and KO mice on high-fat diet (HFD) for 26 weeks (WT n ¼ 20, KO n ¼ 18).
production (F) over 24 h in obese WT and KO mice with body mass used as a covariate

(H) over 24 h period of WT and KO mice on HFD for 26 weeks (WT n ¼ 8, KO n ¼ 7). (I-
egion (I), and rectal temperature (J) of WT and KO mice after 26 weeks on HFD (WT
< 0.001, ****P < 0.0001.
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significantly more energy on thermogenesis than their WT counter-
parts. These data support the hypothesis that ADAM17 is an endog-
enous inhibitor of thermogenesis.

3.3. ADAM17 deletion protects from obesity-associated adipocyte
hypertrophy in some fat depots by enhancing the expression of
genes involved in lipid catabolism and thermogenesis
As KO mice were protected from obesity and exhibited an overall
reduction in fat mass, we next sought to establish which adipose
depots were most affected. We found that except for the epididymal
WAT (where a statistically non-significant trend towards reduced
mass in the KO was observed) (Figure 3A) the visceral adipose
tissues (mesenteric and retroperitoneal WATs) (Figure 3B,C), the
inguinal WAT (Fig. 3D), and the interscapular BAT (Fig. 3E) were
significantly reduced in mass in the KOs compared to WT controls.
Moreover, for some, but not all, fat depots tested, we found that the
KO mice exhibited reduced adipocyte area (Figure 3FeJ). Consistent
with our previous data showing elevated thermogenic gene
expression in ADAM17-deficient BAT (Fig. 1H), upon exposure to
HFD, the BAT of KO mice better retained its characteristic multi-
locular lipid droplet morphology (Fig. 3J) with increased LD number
per unit area (Fig. 3K) compared to WT controls. We further analyzed
how ADAM17-deficient white adipose tissues (epididymal and
inguinal) better adapt to an obesogenic diet than their WT coun-
terparts. Adipose tissue expansion is due to two mechanisms: hy-
perplasia (an increase in adipocyte numbers within the tissue)
versus hypertrophy (an increase in adipocyte cell size) [81]. Notably,
the KO WATs expressed significantly higher levels of mRNA of the
adipogenic genes Pparg and C/ebpa that promote adipose tissue
hyperplasia and de novo adipocyte recruitment, relative to the WT
controls (Fig. 3L-M). Furthermore, as the KOs had reduced adipocyte
area per adipose tissue region in some fat depots (Fig. 3G, I-J), this
implies that the KOs had increased number of adipocytes. In addi-
tion, there was an increase in the mRNA levels of the lipolytic genes
Atgl and Hsl in the WATs from the KO mice (Fig. 3L-M). An increase
in adipogenesis (hyperplasia) and elevated lipolysis could account
for the decreased adipose tissue mass encountered in the KO mice.
The ratio of the lipolysis products released into circulation versus
those oxidized and liberated as heat within adipose tissues is critical
in determining whether lipids are ectopically deposited in other
metabolic organs, such as the liver [82]. Notably, ADAM17-deficient
WATs have elevated expression of genes involved in lipid oxidation
(Fig. 3L-M) while elevated expression of thermogenic genes was
found in the inguinal WAT and interscapular BAT of the KO mice
(Fig. 3N-O). Hence, the potentially elevated partitioning of ingested
lipids towards catabolism, and BAT thermogenesis and inguinal WAT
beiging could spare the KO mice from adiposity and ectopic fat
accumulation.

3.4. Loss of ADAM17 protects from obesity-driven hepatic lipid
spillover, insulin resistance, and adipose tissue inflammation
Consistent with the notion of better lipid handling implied by the
elevated expression of genes associated with lipid oxidation, the KO
mice on HFD were significantly protected from obesity-induced liver
enlargement (Figure 4A) and lipid accumulation (Figure 4BeC),
associated with reduced liver triglyceride accumulation compared to
WT controls (Fig. 4D). We did not detect development of fibrosis in the
livers of both genotypes by performing Masson’s trichrome staining
(data not shown), and the liver function was unaltered by measuring
the levels of ALT and AST in the serum (Fig. S4A). To further un-
derstand whether the protection from hepatosteatosis in KOs results
10
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from a reduced propensity for this organ to uptake, store, or export
lipids, we quantified the mRNA expression of genes involved in these
processes. As shown in Fig. S4B, the expression of the fatty acid
transporter Cd36 was significantly downregulated in the livers of KO
mice compared to WT controls, possibly because of their leaner
phenotype, as the expression of CD36 is promoted during obesity
[83,84]. Furthermore, consistent with the improved metabolic health
of the KO animals, genes involved in the positive regulation of lipolysis
and lipid oxidation (Figs. S4CeD) were upregulated in the liver of KO
mice compared to WT controls. In addition, we found an upregulation
of the mRNA levels of transcripts that regulate the formation and
export of lipoproteins from the liver, such as Apob1 and Apoe, in KO
livers compared to WT controls (Fig. S4E). Together, these results
show that loss of ADAM17 in adipose tissues protects from
lipotoxicity-derived non-alcoholic fatty liver disease (NAFLD) devel-
opment typified by increased hepatic lipid uptake, and decreased
oxidation and export [83]. Consistent with the notion that the capacity
of the liver to handle lipids has an important impact on the serum lipid
profile and upon metabolic health in general, we observed signifi-
cantly lower levels of total cholesterol and LDL-cholesterol in the
serum of KO mice compared to WT animals fed on HFD (Figure 4E&G),
with no change in serum triglyceride levels (Fig. 4F). Because of lower
levels of circulating cholesterol associated with the observed healthier
adipose tissues (Fig 3A-M), KO mice exposed to obesogenic condi-
tions presented lower fasting glycaemia and insulinaemia, and were
more insulin sensitive (Figure 4HeJ). The subjection of these mice to
glucose or insulin tolerance tests confirmed that the KO mice on HFD
are more glucose tolerant and insulin sensitive, respectively, relative
to obese WT mice (Figure 4K&M), indicating that the KO mice were
protected from obesity-associated glucose metabolism alterations.
This observation is further consolidated by the significantly lower area
under the curve (AUC) for the glucose levels of KO mice observed in
the glucose and insulin tolerance tests (Figure 4L&N). Notably, no
differences were observed in the lipid profile (Figs. S4FeH), fasting
glycaemia and insulinaemia (Figs. S4IeJ) and insulin and glucose
tolerance (Fig. S4K-L) in KO vs WT mice maintained on standard diet
(SD). Hence, loss of ADAM17 in adipose tissues has the most
noticeable impact within the context of positive energy balance
associated with an obesogenic diet.
As ADAM17 plays a role in the dissemination of inflammatory re-
sponses, we next assessed whether its deletion affected HFD-
triggered adipose tissue inflammation. Notably, consistent with our
observation that ADAM17-deficient adipose tissues exhibited reduced
mass and adipocyte size (Figure 3AeK) and the animals were pro-
tected protection from insulin resistance (Fig. 4H-L), histopathological
analysis of crown-like structures (which are synonymous within
macrophage infiltration [85]) from WATs show that the eWAT from the
KOs had fewer inflammatory infiltrates (Fig. S5A). Consistent with this,
eWAT from KO mice also expressed lower mRNA levels of inflam-
matory genes (Fig. S5B). Flow cytometry analysis of the polarity of
macrophages within the eWAT showed that macrophages in the eWAT
of the KO mice were relatively more M2-polarized compared to those
from the WT. These macrophages (from KO eWAT) expressed lower
proportions of the M1 marker CD11c and higher proportions of the M2
marker CD206, respectively (Fig. S5C). No differences were observed
in the extent of crown-like structures in inguinal WAT of WT versus KO
mice by histopathological analysis (Fig. S5D). Expression of IL1b was
reduced in the inguinal WAT from the KO mice (Fig. S5E), while flow
cytometry analysis showed that macrophages from the inguinal WAT of
KO mice express higher level of the M2 marker CD206 (Fig. S5F). The
gating strategy for flow-cytometry is shown in Fig. S5G.
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Figure 3: Mice null for ADAM17 in adipocytes are protected from white adipocyte hypertrophy and brown adipocyte whitening on HFD. (AeE), Mass of epididymal (A), mesenteric
(B), retroperitoneal (C), inguinal (D), and interscapular brown (E) adipose tissues of WT and KO mice after 26 weeks of HFD (WT n ¼ 20, KO n ¼ 18). (FeJ), H&E staining and
quantification of adipocyte size (area) from epididymal (F) (WT n ¼ 11, KO n ¼ 13), mesenteric (G) (WT n ¼ 6, KO n ¼ 6), retroperitoneal (H) (WT n ¼ 7, KO n ¼ 7), inguinal (I) (WT
n ¼ 12, KO n ¼ 12), and interscapular brown (J) (WT n ¼ 6, KO n ¼ 6) adipose tissues of WT and KO mice on HFD. (K), Quantification of lipid droplets from H&E stained iBAT
slides of WT and KO on HFD (WT n ¼ 6, KO n ¼ 6). (L), mRNA levels of adipogenic (WT n ¼ 12, KO n ¼ 12), lipolytic (WT n ¼ 20, KO n ¼ 18), and lipid oxidation (WT n ¼ 19, KO
n ¼ 17) related genes in the epididymal adipose tissue of WT and KO mice on HFD. (M), mRNA levels of adipogenic (WT n ¼ 18, KO n ¼ 15), lipolytic (WT n ¼ 18, KO n ¼ 15), and
lipid oxidation (WT n ¼ 18, KO n ¼ 15) related genes in the inguinal adipose tissue of WT and KO mice on HFD. (NeO), mRNA level of thermogenic genes in the inguinal (N) (WT
n ¼ 17, KO n ¼ 15) and interscapular brown (O) (WT n ¼ 18, KO n ¼ 14) adipose tissue of WT and KO mice on HFD. Results presented as mean � SD. *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Figure 4: Mice null for ADAM17 in adipocytes are protected against HFD induced ectopic lipid deposition in the liver, dyslipidemia, and systemic insulin resistance. (AeC), Mass of
liver (A) (WT n ¼ 20, KO n ¼ 18) and images of oil-red stained liver samples (B) (WT n ¼ 13, KO n ¼ 13), and quantification of percentage of lipid-laden area of oil-red stained
liver samples (C) (WT n ¼ 13, KO n ¼ 13), from WT and KO mice after 26 weeks of HFD. (D), Triglyceride content of liver from WT and KO mice on HFD (WT n ¼ 20, KO n ¼ 18).
(EeG), Fasting serum levels of total cholesterol (E), triglycerides (F), and low-density lipoprotein-cholesterol (LDLc) (G) in WT and KO mice on HFD (WT n ¼ 20, KO n ¼ 18). (HeI),
Fasting blood glucose (H) and serum insulin levels (I) in WT and KO mice on HFD (WT n ¼ 20, KO n ¼ 18). (J), Homeostatic assessment model for insulin resistance (HOMA-IR) in
WT and KO mice on HFD (WT n ¼ 20, KO n ¼ 18). (K-L), Glucose tolerance test (GTT) (K) and the area under curve (AUC) of glucose levels during GTT (L) in WT and KO mice on
HFD (WT n ¼ 20, KO n ¼ 18). (MeN) Insulin tolerance test (ITT) (M) and the area under curve (AUC) of glucose levels during ITT (N) in WT and KO mice on HFD (WT n ¼ 20, KO
n ¼ 18). Results presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

Original Article
3.5. Semaphorin 4B is a novel ADAM17 substrate expressed in
adipocytes and regulated by thermogenic stimuli and obesity
Our results so far show that ADAM17 ablation in adipocytes protects
from the metabolic alterations associated with an obesogenic diet by
promoting energy expenditure in adipose tissues. This predicts that
proteolytic shedding of substrate(s) by ADAM17 from the cell surface of
adipocytes should drive signaling pathways that negatively regulate
energy expenditure. As stated earlier, the major pathways regulated by
ADAM17 are the TNFR and the EGFR signaling pathways. However,
neither of these pathways has been compellingly shown to contribute
to adipose tissue thermogenesis or weight gain upon exposure to HFD
[40e42,86,87] and their reported roles in metabolic diseases are often
contrasting [88]. Another critical pathway mediated by ADAM17 pro-
teolysis, IL-6 trans-signaling, exerts its salutary metabolic effects
centrally by reducing food intake and by promoting energy expenditure
[89]. The action of IL-6 hence promotes weight loss and decreases
body fat [89e92]. Although our adipose tissue-specific ADAM17
mutants exhibited elevated food intake, which could be interpreted as
12
� 2023 The Authors. Published by Elsevier G
an impact of loss of IL-6-trans signaling (Fig. 2C) they are nonetheless
hypermetabolic and less susceptible to weight gain on HFD (i.e., the
opposite phenotype observed upon blockade of IL-6-trans signaling in
the brain [88]). Hence although we have not experimentally ruled this
out in our model and accept that ADAM17 exerts complex and pleio-
tropic effects in multiple organ systems via the shedding of multiple
key substrates, this implies that defective IL-6 trans-signaling does not
underpin the basis of the anti-obesogenic and hypermetabolic
phenotype observed in our model. We therefore adopted an objective
proteomic approach to interrogate the secretome from WT versus
ADAM17 KO primary inguinal and brown adipocytes to identify
ADAM17 substrates secreted in thermogenic adipocytes. We used
hiSPECs (high-performance secretome protein enrichment with click
sugars), an approach that enables the specific labelling and enrich-
ment of glycoproteins by culturing cells with an azido group-containing
sugar [93]. This approach carries the advantage that cells can be
grown under normal serum-containing conditions [93]. As shown in
the schematic, Figure 5A, out of the total proteins detected in the WT
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Figure 5: Semaphorin 4B is a novel adipokine and an ADAM17 substrate. (A), Schematic showing how the potential ADAM17 substrates were arrived at. Proteins denoted by grey
circles detected by the mass spec at a P value of >0.05 were excluded, as were proteins whose levels were elevated in ADAM17 KO secretomes (denoted in blue circles). Proteins
whose levels were downregulated in ADAM17 KO secretomes are denoted in red circles while the small subset of these that fulfill the characteristics of known ADAM17 substrates
(TM1, TM2 or GPI-anchored [63]) are denoted by green circles. (BeC), Volcano plot depicting proteins detected in the secretome of ADAM17 KO vs WT inguinal (B) or brown (C)
primary adipocytes. Proteins with log2 difference greater than or less than zero are detected at higher or lower levels, respectively in conditioned medium from ADAM17 KO
adipocytes. Proteins above the horizontal cut-off (-Log pvalue ¼ 1.3) are significantly detected at higher or lower levels in conditioned medium from ADAM17 KO adipocytes
(n ¼ 5). (DeF), Sema4B levels quantified by ELISA in conditioned media from WT brown primary adipocytes treated with or without 10 mM of the metalloprotease inhibitor,
batimastat (BB-94) and 2 mM norepinephrine (NE) (D), WT and ADAM17 KO primary inguinal (E) and brown (F) adipocytes with or without stimulation with 2 mM of NE for 10 h
(n ¼ 3). (G), Immunoblot of Sema4B in conditioned media from WT and ADAM17 KO Hek293 cells transfected with full-length Sema4B plasmid. Cells were either untreated or
treated with 1 mM phorbol myristate acetate (PMA) and deglycosylated using PNGAse. Immunoblots for tubulin serve as a loading control. (n ¼ 4). (HeJ), mRNA levels of Sema4b
and its receptors; Plxnb1 & 2, Nrp1 & 2 in the interscapular BAT (H), inguinal WAT (I), and epididymal WAT (J) of lean and HFD-induced obese mice (n ¼ 4). (KeM), mRNA levels of
Sema4b and its receptors Plxnb1 & 2, Nrp1 & 2 in inguinal (K) and brown (L) primary adipocytes treated without or with 2 mM NE (n ¼ 5), and in the interscapular BAT (M) of mice
exposed to different ambient temperatures; thermoneutrality (30 �C) (10 days), room temperature (22 �C), acute cold exposure (4� S) (4 �C for 6 h), and chronic cold exposure (4�

L) (4 �C for 10 days) (n ¼ 6). Results presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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and KO adipocyte secretomes, we focused on the proteins that were
significantly (P < 0.05) and differentially expressed. To identify po-
tential substrate(s) of ADAM17 we further filtered for proteins that were
detected at significantly lower levels in the secretome of the KO adi-
pocytes (i.e., proteins that are potential ADAM17 substrates whose
shedding into the secretome are reduced because of loss of ADAM17).
Of these proteins, based on known features of ADAM17 substrates,
only proteins containing a single transmembrane domain (TM1),TM2,
or GPI-anchored proteins were considered to be potential ADAM17
substrates [63]. Taking these factors into account, we observed a
significant reduction in the levels of the cleaved forms of the trans-
membrane proteins Semaphorin 4B (Sema4B) and melanoma cell
adhesion molecule (MCAM) in the secretome from the KO inguinal
adipocytes, while only observing a reduction in the level of Sema4B in
the secretome from the KO brown primary adipocytes (Figure 5BeC).
As Sema4B was hence significantly reduced in the secretome from
both the brown and inguinal adipocytes (as also shown in Tables 4 and
5) and we decided to investigate its role in adipocyte physiology
further. Semaphorins are secreted, transmembrane and cell-surface-
attached proteins that signal mainly by interaction with Plexin re-
ceptors, and act on axonal guidance, and regulate morphology and
motility of many cell types [94]. We confirmed that Sema4B is a
genuine novel ADAM17 substrate which can be released in response to
NE stimulation by quantifying the levels of Sema4B by ELISA in media
obtained from unstimulated and NE-stimulated adipocytes. As shown
in Figure 5D, the metalloprotease inhibitor BB94 blocked the NE-
induced shedding of endogenous Sema4B in immortalized WT adi-
pocytes. When we assessed Adam17 KO primary inguinal (Fig. 5E) and
brown (Fig. 5F) adipocytes we found that under unstimulated condi-
tions, the media from KO adipocytes contained significantly lower
levels of Sema4B as did NE-stimulated cells. To show that Sema4B
shedding activity of ADAM17 is not restricted to adipocytes, we
stimulated ADAM17 activity in WT and Adam17 KO HEK293 cells over-
expressing full-length form of Sema4B (flag-tagged) using PMA. We
compared the expression of Sema4B in the supernatants from these
cells with or without PMA treatment (Fig. 5G). Interestingly, these data
confirmed that ADAM17 can shed Sema4B in other tissues. Moreover,
as we detected a lower molecular weight form of Sema4B whose
shedding was unabated in ADAM17 KO cells, this may suggest that
additional proteases may potentially contribute to Sema4B shedding in
some contexts. To understand if Sema4B may play a role in obesity
and adipose tissue thermogenesis, we evaluated mRNA expression of
Sema4B and its receptors (plexins and neuropilins) in adipose tissues
from obese mice and lean mice exposed to different ambient tem-
peratures. In obese mice, the expression of Sema4B was also
downregulated in interscapular BAT and inguinal WAT but not in
epididymal WAT (Figure 5HeJ). However, the expression of its re-
ceptors and coreceptors was upregulated in these fat depots in obese
animals (Figure 5HeJ). A key feature of genes involved in thermal
regulation (e.g. Ucp1) is the modulation of their transcriptional levels by
thermogenic cues in response to sympathetic outflow and consequent
b-adrenoceptor activation [95]. Intriguingly, we found that the mRNA
levels of Sema4b and its known receptors (Plexins) and co-receptors
(Neuropilins [96]) were significantly downregulated in response to
NE stimulation of primary inguinal and brown mouse adipocytes
(Figure 5K,L). Furthermore, the levels of Sema4b and its associated
receptors/co-receptors correlated with exposure of mice to ambient
temperature, decreasing in expression levels from thermoneutrality to
4 �C (Fig. 5M), which is potentially consistent with a negative role in
thermogenesis regulation. Taken together, these data indicate that
Sema4b expression levels are significantly affected by ambient
14
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temperature, diet-induced thermogenesis, or NE, suggesting that
SEMA4B is implicated in the regulation of thermogenesis.

3.6. Expression of SEMA4B/ADAM17 pathway genes is regulated
in human obese adipose tissues and upon weight loss intervention
To investigate if this novel pathway mediated by Sema4B cleavage by
ADAM17 in adipocytes could have an impact in human obesity, we
measured the mRNA levels of SEMA4B, PLEXIN (PLXN)B1 and 2,
NEUROPILIN (NRP) 1 and 2, ADAM17, and of its known critical regu-
lator iRHOM2 in human adipose tissues. The anthropometric and
biochemical parameters of participants in our cross-sectional study are
shown in Table 2. There we verified that in obese (BMI>30 kg/m2)
compared to non-obese subjects PLXNB2, NRP2 and iRHOM2 mRNA
level was increased in the omental WAT (VAT), while in abdominal
subcutaneous WAT (SAT) the mRNA expression of NRP2, ADAM17 and
iRHOM2 was upregulated (Fig. 6A). Accordingly, a positive correlation
between BMI and the mRNA level of PLXNB2, NRP2, and iRHOM2 in
VAT, and with IRHOM2 and ADAM17 gene expression in SAT was
observed (Table 3). Interestingly, after weight loss by bariatric surgery,
a heat map of microarray data from SC adipose tissues from 16 obese
women at the baseline and follow up [75] shows a reduction in the
expression of IRHOM2, ADAM17, PLXNB2, and NRP2 (Fig. 6B). RT-PCR
assays performed on SC adipose tissue from an extended sample of 23
female obese patients at the baseline and after bariatric surgery
(Table 4) shows that the mRNA levels of PLXNB1, PLXNB2, NRP1 and
NRP2, ADAM17, and iRHOM2 are significantly decreased after weight
loss, while the level of SEMA4B remains unchanged (Fig. 6C). To
understand whether the duration of post-bariatric surgery has an effect
on the regulation of these genes, RMA (robust multichip average) were
retrieved from the study by Kerr et al. [97]. There, biopsies of SC
adipose tissues were obtained from non-obese subjects and obese
subjects undergoing bariatric surgery. In the later, fat samples were
assessed at the baseline, and 2 and 5 years post-surgery [97]. As
shown in Figure 6D, many of the changes in gene expression values
shown 2 years post-intervention remained the same 5 years after
intervention. Furthermore, the analysis of datasets on human stem
cells differentiated into mature brown adipocytes [60] showed that the
expression of Sema4B is regulated during adipogenesis (Fig. S6A), and
that the treatment of adipocytes differentiated from human sub-
clavicular BAT or SAT with NE [61] downregulates the gene expression
of SEMA4B (Fig. S6B), as we observed in primary mouse adipocytes
(Figure 5J,K). Moreover, gene set enrichment analysis (GSEA) from the
datasets from Din et al. [98] showed that enhanced BAT thermogen-
esis (e.g. increased Ucp1 expression) in response to ingestion of mixed
carbohydrate diet negatively correlates with genes involved in sem-
aphorin and plexin signaling (Fig. S6C). Taken together, these data
indicate that SEMA4B may be involved in human adipocyte differen-
tiation and thermogenic function, and that SEMA4B/ADAM17 pathway
may contribute development of obesity. Further studies are required to
understand the role of this pathway in obesity and adipose tissue
thermogenesis and browning.

3.7. Sema4B is a negative regulator of adipogenesis and
thermogenesis
As ADAM17 cleaves Sema4B and thermogenic cues in multiple con-
texts can modulate Sema4B mRNA levels, we next tested the effects of
cleaved Sema4B upon thermogenic, lipolytic and adipogenic gene
expression in a range of models. Strikingly, we observed that stable
expression of a truncated/cleaved and hence soluble mimetic of
Sema4B (hence tSema4B) in immortalized WT brown adipocytes
significantly inhibited Ucp1 expression in naïve and NE-stimulated
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Figure 6: The SEMAPHORIN 4B/ADAM17 pathway is modulated in human obesity and after weight loss intervention. (A), mRNA level of SEMA4B, PLEXIN (PLXN)B1 and 2,
NEUROPILIN (NRP) 1 and 2, ADAM17 and of iRHOM2 in omental WAT (VAT) and in abdominal subcutaneous WAT (SAT) from human patients in obese versus lean subjects (non-
obese n ¼ 76, obese, BMI �30 kg/m2 n ¼ 105). (B), Heat map from microarray measurements of the genes, SEMA4B, PLEXIN (PLXN)B1 and 2, NEUROPILIN (NRP) 1 and 2,
ADAM17 and of iRHOM2 of subcutaneous adipose tissue from 16 obese female subjects at baseline and after bariatric surgery. The heat map indicates Row Z-score [-5 to 5]
(green-red), calculated by subtracting the overall average microarray signal intensity from raw results in each transcript, and dividing that result by the standard deviation (SD) of
measured values across all samples. (C), RT-PCR quantification of the levels of the genes SEMA4B, PLEXIN (PLXN)B1 and 2, NEUROPILIN (NRP) 1 and 2, ADAM17 and of iRHOM2 of
subcutaneous adipose tissue from 23 obese female subjects at baseline and after bariatric surgery. (D), Robust multichip average (RMA) expression measurements retrieved from
the study of Kerr et al. [97] showing the expression of SEMA4B, PLEXIN (PLXN)B1 and 2, NEUROPILIN (NRP) 1 and 2, ADAM17 and of iRHOM2 in biopsies from the subcutaneous
abdominal adipose tissue of 50 obese subjects at the baseline and 2 (49 subjects) and 5 (38 subjects) years post-bariatric surgery, and also from a non-operated group of 28
healthy weight women matched for age. The Student t-test was used. Results presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
mouse adipocytes (Figure 7A). Brown adipocyte differentiation is
important for determining the thermogenic capacity of adipocytes
while lipolysis is essential for Ucp1 activation. Therefore, these two key
processes may be impacted by Sema4B to repress thermogenesis.
Indeed, tSema4B repressed the expression of the major lipolytic genes,
Atgl/Pnpla2 and Hsl (Fig. 7B) while repressing expression of the adi-
pogenic genes, Pparg and C/ebpa (Fig. 7C). Furthermore, in inde-
pendent experiments, mammalian-produced recombinant tSema4B
similarly repressed Ucp1 levels in primary brown adipocytes in
response to NE (Fig. 6D) and downregulated the expression of lipolytic
genes (Fig. 7E). A reduction in C/ebpa gene expression was also
observed, although the difference was not statistically significant
(Fig. 7F). Hence, our data suggest that ADAM17, through Sema4B
cleavage, secretion and autocrine action on adipocytes, downregulates
key processes required to support thermogenesis, including adipo-
genesis and lipolysis.
To better understand the impact of tSema4B on adipocyte biology in
general and specifically to elucidate how tSema4B perturbed pro-
cesses required to support thermogenesis, we performed RNAseq on
WT immortalized primary adipocytes overexpressing tSema4B or the
empty vector, under unstimulated (Fig. 7G) versus NE-stimulated
conditions (Fig. 7H). Under unstimulated conditions, when a
MOLECULAR METABOLISM 73 (2023) 101731 � 2023 The Authors. Published by Elsevier GmbH. This is
www.molecularmetabolism.com
threshold of a log2 fold change of at least 1 or -1 was applied, 543 and
732 genes were upregulated and downregulated (Fig. 7G). Notably, the
cohort of genes that were upregulated by tSema4B included Nrp1 (a
semaphorin co-receptor that has been reported to bind to Sema4B)
plus genes associated with remodeling of the extracellular matrix
(Col1a; Fbln1, Fbln2, Timp1). The latter genes, which are expressed at
higher levels in fibroblastoid cells such as preadipocytes could indicate
that tSema4B impairs adipogenesis. By contrast, prominently down-
regulated hits were genes involved in lipid metabolism and fatty acid
update such Lpl (lipoprotein lipase) the fatty acid transporter CD36 and
the fatty acid binding protein Fabp4 and lipolysis (Atgl/Pnpla2). As
anticipated from the qPCR studies, we also observed downregulation
of genes associated with BAT thermogenesis (Pparg, Ucp1). The latter
downregulated genes could suggest that Sema4B impairs adipo-
genesis, curtailing the expression of lipolytic and thermogenic genes.
In NE-treated cells, tSema4B expression upregulated and down-
regulated 540 and 643 genes, respectively (with a log2 fold change of
at least 1 or -1) (Fig. 7H). Similar to unstimulated samples, tSema4B-
overexpressing NE-treated cells upregulated hits included mRNAs
involved in extracellular matrix remodeling (Col18a1, Serpinf1,
Adamts1,Vcam1) whose expression is higher in fibroblastoid cells and
vasculogenesis (Fbn1 and Nrp1). As for mock-treated cells,
an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/). 15
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Table 4 e Anthropometric and biochemical data of morbid obese women
before (baseline) and after (post-weight loss) bariatric surgery and the
subsequent weight loss/metabolic improvement (n ¼ 23 women).

Parameters Baseline Post-weight loss p-valuea

Age (yrs) 48 � 10 51 � 10 <0.0001
BMI (kg/m2) 43.4 � 5.0 29.2 � 5.7 <0.0001
Fat mass (%) 56.2 � 7.5 39.9 � 7.7 <0.0001
SBP (mmg) 129.2 � 13.8 129.0 � 16.3 0.946
DBP (mmg) 79.3 � 10.2 74.0 � 12.8 0.111
Glucose (mg/dl) 101.2 � 36.8 87.4 � 14.1 0.103
HbA1c (%) 5.8 � 1.4 4.8 � 1.8 0.169
Cholesterol (mg/dl) 179.4 � 31.7 182.9 � 53.5 0.716
LDL (mg/dl) 74.1 � 22.9 55.7 � 13.5 <0.0001
HDL (mg/dl) 99.0 � 29.8 102.3 � 27.4 0.544
Triglycerides (mg/dl) 107.9 � 39.7 81.1 � 29.8 0.008

Values represent the mean � standard deviation. S/DBP: systolic/diastolic blood
pressure; Hb1Ac: glycated haemoglobin; H/LDL: high/low density lipids; aStudent t-
test for non-obese subjects vs. obese participants. Bold indicates significant results
(p-value <0.05).

Original Article
downregulated hits included genes associated with fatty acid uptake
(Fabp4, Cd36, Lpl), lipolysis (Pnpla2/Atgl) and BAT thermogenesis
(Ucp1, Adrb3) (Fig. 7H). When gene enrichment analysis was applied
on all differentially expressed genes that passed the p � 0.05
threshold, amongst the genes repressed by Sema4B under unstimu-
lated conditions, the biological processes represented included brown
adipocyte differentiation; fatty acid import, storage and beta oxidation
(Fig. 7I). When NE-stimulated, the downregulated hits additionally
included genes associated with mitochondrial respiration, while the
upregulated hits were enriched in mRNAs associated with extracellular
matrix organization, development, and angiogenesis. In summary, our
transcriptomic data emphasize that cleaved Sema4B represses several
key processes that are required to support thermogenesis, lipolysis
and most notably adipogenesis.
As overexpression of tSema4B in adipocytes downregulated the
expression of genes involved in adipogenesis, lipolysis and thermo-
genesis (Figure 7AeC, 7G-H), we decided to confirm whether these
Table 5 e Proteins detected at significantly (P < 0.05) lower levels in the secr

-Log (p value) P value Log2 difference Fold cha

2.86 0.0014 �0.53 0.69
2.20 0.0063 �1.07 0.48
1.99 0.0103 �0.99 0.50
1.93 0.0118 �0.51 0.70
1.64 0.0230 �0.64 0.64
1.43 0.0373 �1.40 0.38
1.30 0.0496 �1.03 0.49
1.91 0.0124 �0.83 0.56
1.83 0.0148 �0.83 0.56
1.59 0.0259 �0.88 0.54

Table 6 e Proteins detected at significantly (P < 0.05) lower levels in the secr

-Log (p value) P value Log2 difference Fold cha

3.43 0.0004 �0.83 0.56
2.27 0.0054 �1.16 0.45
1.91 0.0124 �0.71 0.61
1.51 0.0311 �0.91 0.53
1.39 0.0403 �0.65 0.64
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pathways were altered in immortalized adipocytes expressing tSe-
ma4B. We verified that adipogenesis was impaired in these cells, since
oil red staining revealed reduced lipid droplet content of tSema4B-
treated cells (Fig. 7J). As shown in Figure 7K, lipolysis was also
negatively affected as cells overexpressing tSema4B were minimally
responsive to stimulation by NE and produced significantly reduced
levels of glycerol (a product of triglyceride catabolism) both constitu-
tively and in response to NE stimulation. Consistent with this, we
observed reduced protein levels of the key lipolytic regulators
phospho-HSL and ATGL (Fig. 7L). Taken together, our data indicate
that tSema4B impacts critically on adipogenesis and lipolysis, pro-
cesses that are required to support thermogenesis.

4. DISCUSSION

One of the most interesting findings to emerge from the present study
is the connection between b-adrenoceptors, a cornerstone of adipo-
cyte physiology, and ADAM17. NE treatment of primary adipocytes
stimulates shedding of ADAM17 substrates, modulates ADAM17
expression, while exposure of mice to decreasing ambient temperature
(which triggers NE release) upregulates ADAM17 levels. Notably, the
effects on ADAM17 behavior observed in our model are similar to the
response to the ADAM17 stimulant, PMA, where an initial increase in
ADAM17 activity and maturation is followed by a subsequent decrease
in expression due to its degradation [99]. Our data identify a negative
regulatory loop (summarized in Supplementary Fig. 6E) whereby, in
tandem to the canonical induction of thermogenesis and lipolysis, NE
also triggers an autocrine negative feedback loop that dampens adi-
pogenesis, lipolysis to impinge negatively upon thermogenesis. This is
driven by b-adrenoceptor-mediated stimulation of ADAM17 to shed
Sema4B, a novel adipokine. Soluble Sema4B triggers a transcriptional
response in preadipocytes that represses the expression of several
genes that control processes that are required to support thermo-
genesis (e.g. adipogenesis, lipid uptake, lipolysis) and Ucp1 expression
itself. Speculatively, when triggered by b-adrenoceptor activation, this
novel mechanism, which has similarities to EGFR transactivation [100],
may fine-tune adipose tissue responses to thermogenic or
etome from ADAM17 KO primary inguinal adipocytes.

nge Protein symbol GPI TM1 TM2

TF 0 0 0
SEMA4B 0 1 0
MCAM 0 1 0
SCPEP1 0 0 0
CTSH 0 0 0
CES1D 0 0 0
HIST1H2BC 0 0 0
PLBD1 0 0 0
EIF2s 0 0 0
S100A6 0 0 0

etome from ADAM17 KO primary brown adipocytes.

nge Protein symbol GPI TM1 TM2

TF 0 0 0
VEGFA 0 0 0
YWHAZ 0 0 0
SERPINA3C 0 0 0
SEMA4B 0 1 0
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Figure 7: Semaphorin 4B negatively regulates adipogenesis and thermogenesis. (AeC), mRNA expression of the thermogenic (A), lipolytic (B), and adipogenic (C) genes in
immortalized primary adipocytes transduced with empty vector or truncated Sema4B (tSema4B) and treated with or without NE. (n ¼ 6). (DeF), mRNA expression of the
thermogenic (D), lipolytic (E), and adipogenic (F) genes in primary adipocytes treated with or without recombinant tSema4B and subsequently treated with or without NE (n ¼ 5).
(G), Volcano plots showing differentially expressed genes in immortalized primary brown adipocytes transduced with tSema4B or empty vector (Plex) and a list of some upregulated
and downregulated genes by tSema4B (n ¼ 3). (H), Volcano plots showing differentially expressed genes in immortalized primary brown adipocytes transduced with tSema4B or
empty vector (Plex) in response to NE and a list of some upregulated and downregulated genes by tSema4B in response to NE (n ¼ 3). (I), Heat map of upregulated and
downregulated genes by tSema4B in naïve and NE-stimulated cells according to the GO:term biological process. (J), Oil red staining and quantification of oil red absorbance in
differentiated immortalized primary brown adipocytes transduced with empty vector or truncated Sema4B (tSema4B). (K), Glycerol levels (pg/mL) in the medium of the cells
indicated above under NE exposure or unstimulated conditions (L), Immunoblots of the phosphorylated (active) form of the lipolytic enzyme, hormone sensitive lipase (HSL) and the
central lipolytic enzyme adipose triglyceride lipase (ATGL) in immortalized primary adipocytes transduced with empty vector or truncated Sema4B (tSema4B) with or without
stimulation with NE. A p97 immunoblot is included as loading control. Results presented as mean � SD. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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differentiation cues or act as a negative feedback loop to prevent
untrammelled resource depletion to avoid a sustained state of negative
energy balance. Our data also reveal that the regulation of the
ADAM17-Sema4B axis and candidate Sema4B receptors and co-
receptors is highly dynamic. At the post-translational level, NE can
induce early ADAM17 activation and Sema4B shedding (e.g. within the
timeframe of 1 h, Fig. 1A). Over later timepoints (e.g. 6 h), a complex
second tier of events occurs that tunes the levels of mRNAs of
ADAM17, Sema4B and its receptors/co-receptors. Moreover, the
mRNA levels of these genes respond, in mice, to high fat diet, NE, and
ambient temperature while varying according to adipose tissue depot
subtype (e.g. brown versus subcutaneous versus; Fig. 5). Our human
data are similarly complex, showing that the levels of candidate
Sema4B receptors/co-receptors but not necessarily Sema4B itself are
elevated during obesity and downregulated in obese subjects following
weight loss. Future studies will be required to dissect out how these
early and later regulatory aspects impinge on the control of adipo-
genesis, lipid catabolism and thermogenesis within the context of
brown versus subcutaneous adipocytes that are capable of beiging.
Future studies will be required to determine whether the Sema4B
pathway is actionable for the improvement of metabolic health, for
instance to enhance adipocyte recruitment to mitigate the detrimental
metabolic effects associated with obesity or to enhance thermogen-
esis. Our study reveals that ablation of ADAM17 in adipocytes pro-
motes the expression of thermogenic genes (and elevates
thermogenesis) in the iBAT of animals on HFD and on SD under
standard housing conditions, leading to improved metabolic health of
animals on an obesogenic diet. This is reminiscent of the hypermet-
abolic phenotype reported for the fraction of whole-body ADAM17 KOs
that escape perinatal lethality [38]. Our adipose tissue-specific
ADAM17-deficient mice also had a marginal increase in energy
expenditure on SD, although this appears not to confer easily
observable metabolic benefits (e.g. upon glucose homeostasis and
lipid profile) relative to WT mice under the sub-thermoneutral condi-
tions of standard animal housing [101,101e103]. In contrast to our
findings and the other data noted above that implicate various whole-
body ADAM17 mutants in hypermetabolism [38], Lownik and col-
leagues observed that deletion of ADAM17 in adipose tissues had little
impact on whole-body metabolism and inflammation in HFD-triggered
obesity [104]. One key difference between our studies and theirs is the
duration of exposure to HFD. Lownik and colleagues assayed their
animals after 12e14 weeks, a relatively short period of HFD feeding
[104]. By contrast, as humans are exposed to obesogenic diets
throughout a substantial proportion of their lives, we selected a more
chronic regimen that mimics middle-aged obesity. According to the
CDC, the highest prevalence of obesity is among humans aged 40e59
years of age (i.e., middle age) [105,106]. The analogous period of
“middle age” in C57BL/6J mice is estimated by the Jackson laboratory
to be between 10 and 14 months [107]. Our model of HFD feeding
which exposes the mice to HFD for 26 weeks from the age of 6 weeks
(e.g. total of 32 weeks/8 months old at the endpoint) may better
approximate the human cohort that has the highest prevalence of
obesity. The increased energy expenditure exhibited by ADAM17 KOs
could be accounted for by several inter-related mechanisms that
enhance the adipose tissue beiging and thermogenesis observed in the
KO mice (Figure 1H; Figure 2IeJ; Fig. 3N-O) and consequently, an
enhanced catabolic state consistent with elevated levels of mRNAs
associated with lipolysis or beta-oxidation (Fig. 3L-M). Our cellular
(Figure 1, Fig. 7) and transcriptomic studies (Fig. 7) support the view
that this is an adipocyte-autonomous circuit that represses adipo-
genesis, lipid uptake and catabolism and thermogenesis (Fig. S6E).
18
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However, it will be interesting to determine, in future studies, whether
adipocyte ADAM17 can also impinge on sympathetic tone, the sym-
pathetic innervation of adipose tissues, the recruitment/function of
adipose tissue-associated immune cells, or indeed upon endocrine
cross talk between adipose tissues and other organs (e.g. the brain,
liver). Although there is no prior established connection between
Sema4B and metabolic regulation, we can make several general in-
ferences concerning how Sema4B could negatively regulate thermo-
genesis from the biology of other semaphorins. Semaphorins can
signal through intracellular kinases such as PKA [108], which are
required for b-adrenergic signal transduction (e.g. to regulate lipol-
ysis). However, the functions of semaphorins are not linear and seem
to be determined by the tissue microenvironment. Adding to this
complexity is the ability of semaphorins to bind not only to their
multiple cognate receptors plexins and neuropilins, but also to several
other receptors and coreceptors (e.g. CD72, Tim2, integrins, and
proteoglycans [94,109e112]). Indeed, several receptor tyrosine ki-
nases (e.g. VEGFR2, ErbB2, and Met) associate with plexins and
neuropilins and are transactivated upon semaphorin binding [94].
Aside from acting as ligands, semaphorins can also act as receptors,
via a phenomenon known as reverse signaling [94]. Consistent with
our earlier observations of elevated thermogenesis and hypermetab-
olism in ADAM17 KOs (e.g. a context where Sema4B cleavage/
secretion is frustrated), our transcriptomic data suggest that cleaved
Sema4B could impair thermogenesis in a pleiotropic manner. For
example, this includes impinging directly upon thermogenic gene
expression, or upon metabolic processes that are required to support
thermogenesis (e.g. lipolysis, lipid uptake). Sema4B also negatively
impacts on beta-adrenoceptor expression, which would also indirectly
dampen thermogenesis. Interestingly, Sema4B also reduced the mRNA
levels of the transcription factors C/ebpa and Pparg which play crucial
roles in (brown) adipocyte differentiation [113,114]. Aside from
repressing genes involved in lipolysis, Sema4B seems to negatively
impact upon all steps involved in lipid uptake until their breakdown into
energy substrates to fuel heat generation by brown adipocytes.
Semaphorins act, in part, by regulating the activation state of GTPases
[94]. Guanine nucleotide exchange proteins (GEFs) keep GTPases
turned on by promoting their binding to GTP while GTPase-activating
proteins (GAPs) promote the binding of GTPase to GDP [115]. Inter-
estingly, plexin receptors have a conserved GAP homology domain that
activates the GTPase activity of the Rap and Ras family of GTPases
[116]. Speculatively, in the context of adipocytes, plexin activation by
Sema4b could increase the GAP activity of the G-proteins associated
with b-ARs, maintaining the G-proteins in an inactive state. This would
dampen downstream signal transduction in response to NE, lipolysis
and UCP1 activation. Future studies are needed to address this
interesting possibility. In addition to the pronounced negative impact on
expression of mRNAs associated with lipid homeostasis and thermo-
genesis, cleaved Sema4B also promoted the upregulation of extra-
cellular matrix (ECM)-associated genes including transforming growth
factor beta (Tgf-b), a fibrosis-promoting cytokine [117] and various
collagens. Indeed, ADAM17 has an established pro-fibrotic activity
[118e120] while pro-fibrotic roles for semaphorins have recently
emerged in a variety of disease contexts including in the lung, kidney
and the cornea [121e124]. Interestingly, several studies have impli-
cated the aberrant expression of extracellular matrix-associated genes,
including collagens, with defective adipose tissue remodeling during
obesity [125]. However, evidence for semaphorin-mediated promotion
of adipose tissue fibrosis is limited to a single study on Sema3C [126],
while the impact of pro-fibrotic genes in adipocyte thermogenesis is
still poorly understood [127,128]. Speculatively, cleaved Sema4B
MOLECULAR METABOLISM 73 (2023) 101731
mbH. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

www.molecularmetabolism.com

http://creativecommons.org/licenses/by/4.0/
http://www.molecularmetabolism.com


could act on pre-adipocytes or mature adipocytes to promote fibrosis,
to trigger a range of negative impacts on adipocyte physiology like on
adipose tissue plasticity and insulin resistance [126] or thermogenesis
[129]. Our current knowledge on the role of semaphorins in meta-
bolism is very limited and centered on the Sema3 class of sem-
aphorins. To date, the most prominent example that implicates a
semaphorin in obesity is on the role of class 3 semaphorins, of which
rare variants have been isolated from severely obese human subjects
[130]. These semaphorins act upon neuropilin-2 in the hypothalamus
to promote the development of melanocortin neuronal circuits that
regulate energy homeostasis; loss of neuropilin-2 in pro-
opiomelanocortin neurons reduces energy expenditure and promotes
weight gain [130]. Moreover, Sema3A is expressed in adipocytes
together with neuropilin-1 and is negatively regulated during cold
acclimation in BAT [131,132]. In addition, Sema3G has opposing roles
in adipogenesis: its plasma levels are increased in obese patients,
while its deletion protects mice from HFD-induced weight and fat gain,
insulin resistance and glucose tolerance and liver lipogenesis
[133,134]. Although our present study identifies a novel adipocyte-
autonomous axis for semaphorin signaling in metabolic regulation, it
will be interesting to determine whether soluble forms of Sema4B can
act hormonally on energy centers in the brain (or indeed, whether
shedding of other semaphorins by ADAMs plays a role in energy
regulation in the brain). Although the metalloproteases involved in the
reported proteolysis of other semaphorins remain to be fully delin-
eated, interestingly, the ectodomains of class 3e7 semaphorins
[135e137] or their receptors [138,139] can be cleaved by ADAMs or
other metalloproteases. Sema3C for example was shown to be cleaved
by ADAMTS1 [140], while Sema3A signaling is regulated by the pro-
teolysis of neuropilin-1 by ADAM17 and ADAM10 [138]. We have
shown here that Sema4B shedding is ADAM17-dependent and stim-
ulable by b-AR activation (Figure 5AeE). Like other ADAM17 sub-
strates (and shed metalloprotease substrates more generally)
[141,142], we see evidence in HEK cells and in primary adipocytes for
additional, ADAM17-independent Sema4B proteolytic activities
(Figure 5F). A similar phenomenon has been reported for well-
established ADAM17 substrates such as EGFR ligands, which can
undergo ADAM17-independent shedding in response to calcium ion-
ophores and calmodulin inhibitors [141]. Future studies will be
required to reveal the additional protease(s) responsible for Sema4B
shedding, to establish the context within which ADAM17, versus other
sheddases, cleave Sema4B, and to dissect whether differentially
cleaved forms of Sema4B can elicit different signaling outcomes.
ADAM17 is a pleiotropic enzyme crucial for the development and
progression of numerous diseases. As targeting ADAM17 has been
demonstrated to cause toxicity because of its pleiotropic activity and
because of the cross-reactivity of ADAM17 inhibitors with similar
metalloproteases [143,144], finding new targets for specific branches
of ADAM17 biology is an imperative for the development of novel
ADAM17 associated therapies. Therefore, as a novel ADAM17-shed
adipokine, Semaphorin 4B could be a promising candidate for the
development of new therapeutic strategies to treat obesity.

5. CONCLUSIONS

Our work establishes an important role for ADAM17, through the
shedding of the novel adipokine Sema4B as a negative regulator of
adipogenesis and thermogenesis that is regulated by beta-
adrenoceptor signalling.
MOLECULAR METABOLISM 73 (2023) 101731 � 2023 The Authors. Published by Elsevier GmbH. This is
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