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A B S T R A C T

G-protein-coupled receptors (GPCRs) represent targets for improved low-side-effect therapies to tackle the
evolving Western obesity epidemic. The orphan (o) GPCR GPR101 emerged as an attractive candidate in this
regard. Expressed on cells in brain areas regulating energy homeostasis, including the hunger-suppressing
proopiomelanocortin (POMC) þ neurons, it is minimally expressed outside the brain. To understand the func-
tion of this receptor in vivo, we herein generated and comprehensively characterized a Gpr101 knockout mouse
line, either under standard feeding conditions or with chronic high-fat diet (HFD) access (16 weeks). GPR101 loss
accelerated the risk for diet-induced obesity (DIO), hyperinsulinemia and disrupted glucose homeostasis. Hypo-
thalamic transcriptomic analysis revealed also decreased Pomc activation with HFD suggesting impaired hunger
suppression. Moreover, on a standard diet, there was a molecular signature of downregulated tristetraprolin (TTP)
interactome gene activation suggesting impaired inflammation resolution. On HFD, there was differential
expression of genes involved in microglial phagocytosis and lipid metabolism. Morphometry revealed altered
hypothalamic arcuate nucleus microglial morphology consistent with the transcriptomic profile. We discuss how
the GPR101 specialized pro-resolving mediator (SPM) receptor capacity likely underlies the aberrant microglial
function and contributes to DIO risk. Thus, this evidence shows that GPR101 is a potential therapeutic target for
DIO through, among other factors, effects on hypothalamic inflammation resolution.
1. Introduction

According to the World Health Organisation (WHO), obesity preva-
lence numbers in Western society have almost tripled in the last 40 years.
This is paralleled by increases in obesity-associated metabolic disorders
including Type II diabetes (T2D), cardiovascular disease and non-
tal Genetics, Helmholtz Center M
l Genetics, Helmholtz Center Mu
z-munich.de (S.M. H€olter), martin

orm 11 April 2023; Accepted 17

vier B.V. on behalf of European C
enses/by-nc-nd/4.0/).
alcoholic fatty liver disease (NAFLD) further impacting patient life
quality and increasing mortality rates (Gregg et al., 2019; Saeedi et al.,
2019). In certain cases, successful weight reduction and T2D treatment
necessitate pharmacological intervention and so there is the need to
develop more safe and efficacious therapies. In this regard, ‘orphan’
G-protein coupled receptors (oGPCRs), part of the seven
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transmembrane-spanning domain receptor family, localized to brain
areas controlling feeding and energy balance regulation, provide novel
and attractive therapeutic targets. While there is progress in GPCR
deorphanization, the ongoing challenge lies in establishing the endoge-
nous ligand(s) and function of these orphan receptors to determine their
likely efficacy and potential side-effect profile (Ngo et al., 2016).

The class A oGPCR, GPR101, is of interest in this context. This re-
ceptor couples to Gs, Gq/11, and G12/13 and strongly activates cAMP
(Abboud et al., 2020). It is highly expressed in the brain, specifically in
regions that control metabolism, reward and emotionality including the
amygdala, nucleus accumbens and the arcuate nucleus (ARC) of the
hypothalamus (Bates et al., 2006; Lee et al., 2001; Trivellin et al., 2016).
Within these regions, GPR101 is expressed in ~55% of the anorexigenic
proopiomelanocortin (POMC)þ neurons in ARC, glutamatergic neurons
and thyrotropin-releasing hormone (TRH)þ neurons in the lateral hy-
pothalamus and in a subset of γ-aminobutyric acid (GABA)þ and dopa-
minergic neurons in the ventral tegmental area (VTA) and substantia
nigra (SN) (Nilaweera et al., 2007; Paul et al., 2019). While the physi-
ology, function and known ligands of GPR101 remain largely unex-
plored, expression in different brain regions alters after energetic
challenges e.g. food deprivation and during lactation (Nilaweera et al.
2007, 2008). This suggests an important role for GPR101 in energy ho-
meostasis, a possibility supported by evidence of a SNP in the GPR101
coding sequence associated with increased BMI in the Japanese popu-
lation (missense variant (rs1190736 (C > A); p.Val124Leu)) (Akiyama
et al., 2017). The developing pituitary gland also expresses GPR101. In
humans, a pediatric disorder, X-linked acrogigantism (X-LAG), results
from an Xq26.3 genomic duplication involvingGPR101, characterized by
early-onset gigantism due to hypersecretion of growth hormone (GH)
(Trivellin et al., 2014). Moreover, in mice, overexpression of Gpr101
under the control of the rat Ghrhr (growth hormone releasing hormone
receptor) promoter (expressed in anterior pituitary somatotrophic cells)
leads to chronic GH hypersecretion. Lower fat mass (with decreased
adipocyte fat content and area) and hepatomegaly (with reduced liver
fat) manifest in these transgenic mice (Abboud et al., 2020). Altogether,
this evidence highlights the untapped potential of GPR101 as a thera-
peutic target for treating obesity.

In addition to roles in controlling body weight and GH secretion,
GPR101 is the receptor mediating the leukocyte-directed actions of N-3
docosapentaenoic acid-derived resolvin D5 (RvD5n-3 DPA) in inflam-
matory arthritis (Flak et al., 2020). So-called specialized pro-resolving
mediators (SPMs) resolve inflammation to restore homeostasis and
include resolvins as well as lipoxins and protectins. As metabolic
inflammation (metaflammation) may be involved in insulin resistance,
curtailing inflammation could be beneficial for obesity and T2D (Char-
les-Messance et al., 2020). Thus, that RvD5n-3 DPA is a GPR101 agonist
highlights an additional route through which targeting this receptor
could benefit these disorders.

To understand the function of GPR101, we generated a GPR101
knockout (KO) mouse and assessed the metabolic phenotype on chow
(CD) or chronic high-fat diet (HFD) feeding. Mechanistically, we
explored the effect of GPR101 deletion on hypothalamic gene expression
and microglia and astrocyte numbers. The results from the study indicate
augmented DIO and insulin resistance risk as well as altered POMC and
inflammatory activation associated with GPR101 loss highlighting the
potential of this receptor as a novel therapeutic target for appetite control
and obesity.

2. Methods

2.1. Generation of GPR101 KO mouse

The C57BL/6NTac-Gpr101em7036Tac mouse line with a constitutive
Knock-Out (KO) of the Gpr101 gene was custom-engineered using
CRISPR/Cas9-mediated genome editing by Taconic Biosciences (https:
//www.taconic.com/genetically-engineered-animal-models/knockout-
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mice/). The NCBI transcript NM_001033360.3 formed the foundation for
the targeting strategy. Deletion of exons 1 and 2 including approx. 1.5 kb
of the promoter region resulted in the loss of function of the Gpr101 gene
by deleting the complete gene. We backcrossed the mouse line onto
C57BL/6NTac and confirmed that GPR101 mRNA significantly
decreased in our transcriptomic analysis of the hypothalamus of Gpr101
KO mice (Fig. 1A). Mice were group-housed in individually ventilated
cages (Kallnik et al., 2007) with water and standard mouse chow avail-
able ad libitum before the start of the experiment according to the
directive 2010/63/EU. The care and use of animals and assays used in
this study were approved and carried out according to the ARRIVE
guidelines and the rules outlined by the ethical committees of the district
government of Upper Bavaria (Regierung von Oberbayern) and the
Helmholtz Zentrum München in Germany.
2.2. Experimental design and body weight analysis

All mice had access to standard chow up to the age of 7 weeks. At this
time point, male mice were randomly selected from the wild-type
littermate control (“WT”) and the hemizygous Gpr101 KO (“MUT”)
groups and were given access to 60% kcal from fat HFD (Research Diets,
Inc.) until the end of the experiment. Fig. 1B depicts the experimental
design used for this analysis. From the age of 11–23 weeks, all mice were
phenotyped systematically in the German Mouse Clinic as described
previously (Fuchs et al. 2009, 2018) and Supplementary Fig. S1 shows
the pipeline. The testing details described here are for those assays where
there were genotype-pertinent alterations. We compared male MUT and
WT mice on either standard chow (CD) or HFD and Supplementary
Table 1 shows the number of animals per group and age of testing for the
different assays. The mice were weighed throughout the experimental
timeline to determine their body weight evolution.
2.3. Open field

The 20-min Open Field (OF) test was carried out at 11 weeks of age
using the ActiMot system (TSE, Germany) as described previously (Gar-
rett et al., 2012; Holter et al., 2015). The arena was made of transparent
and infra-red light-permeable acrylic with a smooth floor (internal
measurements: 45.5 x 45.5 x 39.5 cm, illumination ¼ 150 lux corners,
200 lux middle).
2.4. Indirect calorimetry in metabolic homecages (MHC)

At the age of 15 weeks, MHC locomotor activity (distance travelled)
and exploration (rearing), gas exchange (oxygen consumption and car-
bon dioxide production, VCO2/VO2), energy expenditure (heat pro-
duction, kJ/h/animal), food intake and substrate utilisation of single-
caged mice was measured by indirect calorimetry in metabolic home-
cages (TSE, Germany, see: https://www.mousephenotype.org/impress
/ProcedureInfo?action¼list&procID¼855&pipeID¼14). The measure-
ment commenced 5 h before lights off and finished 4 h after lights-on the
next morning (21 h in total).
2.5. Body composition (qNMR lean/fat) and anatomical examination

Our whole body composition analyzer (Bruker MiniSpec LF 50) based
on Time Domain Nuclear Magnetic Resonance (TD-NMR) provides a
robust method for the measurement of lean tissue and body fat in live
mice without anaesthesia. It uses TD-NMR signals from all protons in the
entire sample volume and provides data on lean and fat mass. A physical
examination was performed by a trained experimenter and involved a
whole-body checkup for anatomical abnormalities in different organ
systems including skin, coat, limbs, tail, ears, snout, head, paws, digits,
nails, teeth, genitalia and mouth.
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Fig. 1. Loss of Gpr101 increased sus-
ceptibility to diet-induced obesity
(DIO) on high-fat diet (HFD). Tran-
scriptomic analysis of the hypothalamus
revealed clear loss of Gpr101 (A) in the
mutant mice (MUT) compared to wild-
type controls (WT) regardless of feeding
with chow diet (CD) or HFD.
****p<0.0001 genotype effect in 2-way
ANOVA. (B) The experimental design
overview with the age at which the mice
received HFD and the different assays
performed (generated at www.biorender
.com). WT and MUT mice consumed a
60% kcal HFD from the age of 7 weeks
with a WT and MUT group remaining on
CD. The body weight evolution over time
for CD- and HFD-fed mice is shown in
(C). The body weight change during
initial weeks on HFD compared to start-
ing body weight is displayed in (D). The
food intake as measured during indirect
calorimetry analysis at 15 weeks (E). The
fat (F) and lean (G) mass were measured
at the age of 15 weeks (8 weeks of HFD)
as well as the adiposity index of fat mass
(FM) in ratio to lean mass (LM) (H). The
tibia length measurements are shown in
(I). *p<0.05, **p<0.01, ****p<0.0001
WT vs. MUT. N ¼ 15 per group for all
measurements except n ¼ 10 per group
for tibia length.
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2.6. Glucose tolerance test (GTT)

Glucose metabolism disturbance was determined using the (GTT) at
the age of 16 weeks. Glucose was administered intraperitoneally (2 g/kg
i. p.) after a 6-h food withdrawal and basal fasting glucose levels and 15,
30, 60, and 120 min after glucose injection were measured from a drop of
blood collected from the tail vein with the Accu-Chek Aviva Connect
glucose analyzer (Roche/Mannheim).

2.7. Blood collection, hematology and immunology

The final blood samples were collected under isoflurane anaesthesia
by retrobulbar puncture in Li-heparin-coated tubes. They were then
stored on ice until centrifugation (4500�g, 10 Min) and separation of
plasma aliquots for further analyses. The clinical chemistry analyses of
circulating biochemical parameters in ad libitum fed mouse blood was
performed using a clinical chemistry analyser (Beckman Coulter AU 480
autoanalyzer, Krefeld, Germany) at the age of 21 weeks. A broad set of
parameters was measured including enzyme activities as well as plasma
concentrations of specific substrates and electrolytes (Rathkolb et al.
2013a, 2013b). Insulin, leptin and cytokine levels were measured with a
combined electrochemiluminescence multiplex assay system (Meso Scale
Discovery, MSD, Rockville, MD USA).

2.8. Pathological examination of the liver

For pathological analysis at 21 weeks of age, hematoxylin and eosin
(H&E) staining was performed on formalin-fixed paraffin-embedded
sections (4 μm) from the liver. Two independent pathologists analysed
the slides according to standardized protocols as previously described
(Fuchs et al., 2018).

2.9. RNA isolation and transcriptome analysis of hypothalamus

Hypothalami were dissected and total RNA was isolated using the
RNeasy Mini kit (Qiagen) including Trizol treatment. The Agilent 2100
Bioanalyzer was used to assess RNA quality and RNA with RIN >7 was
used for RNAseq analysis. Total RNA was analysed by RNA sequencing.
Paired-end data was generated and analysed by a RNAseq pipeline con-
sisting of quality control (FastQC, MultiQC), read trimming (trim_galore),
genome alignment (STAR), and gene-level read counting (summa-
rizeOverlaps, mode ¼ ‘Union’). The significantly regulated genes were
determined with DEseq2 after excluding low expressed genes. For the
biological interpretation of the observed gene regulation we performed
protein-protein interaction analysis using the STRING (‘Search Tool for
Retrieval of Interacting Genes/Proteins’) database, Version 11.5 (www
.string-db.org) (Szklarczyk et al., 2019) and enrichment analyses with
Enrichr (https://maayanlab.cloud/Enrichr/(Chen et al., 2013)). A
microglia-specific enrichment analysis was also performed using
MGEnrichment (https://ciernialab.shinyapps.io/MGEnrichmentApp/).
This method entails the systematic association of the gene sets with
biological terms to derive a mechanistic impression. While it will reveal
whether gene subsets are relevant to a particular function or disease,
further experimental validation is necessary to understand how specific
genes affect the ascribed function. We used genome-wide transcriptome
analysis on 17 KO animals (9 HFD, 8 CD) and 15 WT animals (8 HFD, 7
CD). All samples passed the quality control criteria and we conducted
statistical analyses with DEseq2.

2.10. Tissue collection, immunostaining and design-based stereological
analysis of microglia and astrocyte populations

Adult mice were euthanised and perfused by transcardial perfusion
with a solution of 4% paraformaldehyde (PFA) in 0.1 M PBS (pH ¼ 7.4).
Dissected brains were post-fixed in the same fixative over night at 4 �C.
Brains were transferred to a 30% (w/v) sucrose solution and stored at 4
4

�C 40 μm thick coronal sections were taken using a cryostat (Leica
CM3050S), collected in cryoprotective solution (25% ethylene glycol and
25% glycerin in phosphate buffer) and stored at �20 �C. A one-in-six
series of sections was used for each analysis.

For immunostaining of ionized calcium-binding adapter molecule 1
(IBA1)þmicroglia and glial fibrillary acidic protein (GFAP)þ astrocytes,
an Avidin-Biotin Complex (ABC) method like that employed previously
(Garrett et al. 2018, 2020; Ung et al., 2021) was used. For IBA1 immu-
nostaining, the antibodies used were a primary goat monoclonal
anti-IBA1 antibody (Abcam plc, Cambridge, UK; order no ab5076; dilu-
tion 1:200) with a biotinylated rabbit anti-goat IgG (1:300 Biotin-SP
AffiniPure Rabbit Anti-Goat IgG, Jackson ImmunoResearch Inc., USA).
For GFAP immunostaining, a primary rabbit monoclonal anti-GFAP
antibody (Abcam plc, Cambridge, UK; order no ab4648; dilution
1:5000) was implemented in conjunction with a biotinylated goat
anti-rabbit IgG (1:300 Biotin-SP AffiniPure Goat Anti-Rabbit IgG, Jack-
son ImmunoResearch Inc., USA). The tertiary ABC complex was
employed according to manufacturer's instructions (VECTASTAIN Elite
ABC HRP Kit PK-6100, VECTOR LABORATORIES, INC., Burlingame,
USA). The negative controls, with omission of the primary antibodies,
revealed no positive staining.

A design-based unbiased stereology method was used to quantify
IBA1þ and GFAPþ cells in the ARC.We used StereoInvestigator software
(MicroBrightField Biosciences Inc.) to estimate cell numbers (with opti-
cal fractionator). Optical fractionator is a method where the tissue vol-
ume fraction is implemented to determine a valid cell population number
estimate within a given region (see Schmitz and Hof, 2005). The total
number of cells (N) estimated is calculated using the following equation:

N¼
X

Q�x
�

1
ssf

�
x
�

1
asf

�
x
� t
h

�

Q is the total number of cells sampled, t is the section thickness, h is
the dissector height, asf is the area sampling fraction and ssf is the section
sampling fraction. We also measured the cell density as the number of
cells per size-matched counting frame. The estimates were made in every
sixth serial 40-μm coronal section as described previously (Heermann
et al., 2019). The cells were visualized using a Zeiss microscope with a
motorized stage coupled with a CCD colour camera to a computer. Sys-
tematic random sampling of every 6th section was undertaken through
the ARC beginning at approximately bregma �1.22 mm, ending at
approximately �2.54 mm according to the mouse brain atlas of Franklin
and Paxinos (1997). The first sampled sections were chosen at random.
Sections were cut at 40 μm giving approximately a 15-20-μm optical
dissector height within each section after dehydration and mounting.
Cells were counted using a systematic random grid overlay system
controlled by the StereoInvestigator software in a previously outlined
ARC region in all optical planes, generating a 3-dimensional counting
area. Guard zones, where no cells are counted, were set at 10% of the
section thickness to account for damage during the staining procedure
and to prevent oversampling. Grid size and counting frame parameters
were set to 100/100 μm. Using this frame area we could sample sufficient
cells to achieve an acceptable Gunderson's coefficient of error (CE) below
0.1 with the smoothness factor m ¼ 1. The CE estimates the sampling
precision independent of biological variability. CE values closer to 0 have
increased precision. Cells were only counted if they touched the inclusion
border or did not touch the exclusion border of the counting frame. The
observer was blind to the experimental groups. Two animals from each
analysis were excluded due to tissue damaged during processing.
2.11. Microglial morphometric analysis

The branching morphology of the IBA1þmicroglia was carried out as
described previously (Ung et al., 2021) using a Zeiss Axio Imager M2
microscope (Carl Zeiss, Oberkochen, Germany) with a motorized stage
and a CCD color camera and Neurolucida software (Version, 2018) and
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Neurolucida Explorer (2018, MBF biosciences, Williston, VT, USA).
Using the 100x objective, 5 microglial cells per animal were traced in the
ARC between Bregma �1.22 to �2.54. Cell bodies of each cell were
contoured in the Neurolucida program at the z-stage-level where it
showed the biggest area in focus. The branches were traced in 3D
focusing through the z-plane and adjusting for branch thickness. The
traced 3D-cell structures were analysed in Neurolucida Explorer using
the Branched Structure Analysis function. The parameters measured for
each microglial cell were the number of endings, branch length and
volume. The coefficient of variation within the morphological parame-
ters for each animal was lower than 0.5.

2.12. Statistics

Data was analysed using either 2-way ANOVAwith genotype and diet
as main factors or with separate t-tests to determine genotype differences
on CD or HFD. A post-hoc Fisher's LSD was used to test genotype x diet
interaction effects. Whether the data assumed a normal Gaussian distri-
bution was determined using the D'Agostino-Pearson test. A Grubb's test
was used to identify outliers that were subsequently excluded from the
analysis (1 WT on CD and 1 WT on HFD for insulin levels, 1 MUT on HFD
for TNF removed). For body weight evolution, body weight change and
ipGTT analysis, a repeated measures (RM) ANOVA (with post-hoc Sidak's
test) was implemented with time and genotype/diet as independent
variables. Data was statistically analysed using GraphPad Prism version 8
for Windows (GraphPad Software, La Jolla, California, USA, www.gra
phpad.com). For all tests, a p value < 0.05 was the level of significance
and data are mean � SD. A correction for multiple testing was not
performed.

2.13. Data availability

The RNA-seq data has been submitted to the GEO database at NCBI
(GSE220533) and all phenotyping data will be available on the Pheno-
map Viewer of the German Mouse Clinic webpage (http://tools.mouse
clinic.de/phenomap/jsp/annotation/public/phenomap.jsf).

3. Results

3.1. GPR101 loss increases vulnerability to DIO

To determine whether constitutive loss of GPR101 (Fig. 1A shows
downregulation of hypothalamicGpr101) would increase vulnerability to
DIO, we gave Gpr101 young adult male hemizygous KO and control mice
ad libitum access to 60% kcal from fat HFD over a period of 15–16 weeks
from 7 weeks of age (Fig. 1B). The most notable phenotypes identified
concerned the metabolism, clinical chemistry and immunology pheno-
type domains and minor changes in open field behavior as illustrated in
the phenotypic profiles shown in Supplementary Fig. S3. Body weight
measurements conducted over this period revealed that while a small
increase in body weight was evident in the CD-fed MUT group, HFD
consumption induced a more pronounced genotype difference as shown
by the body weight evolution over time (Fig. 1C). This increased body
weight was significant in the HFD-fed Gpr101 mutant mice compared to
controls during the first six weeks of HFD access (age 8–14 weeks).
Nevertheless, there was higher within-group variation after this point
and genotypic differences in absolute body weight diminished. This was
reflected in the body weight change where the mutant mice initially
gained significantly more weight compared to controls however the
magnitude of this difference was not as pronounced from week 6 on-
wards (Fig. 1D). We observed a significant reduction in food intake in the
mutant group after 8 weeks on HFD (15 weeks of age) not evident on CD
(Fig. 1E). In particular, 5/15 mutant mice (compared to 1/15 control
mice) did not consume HFD.

Using non-invasive quantitative nuclear magnetic resonance, we
determined the body composition of fat and lean content (aged 15 weeks,
5

8 weeks HFD). While there were no genotype differences in fat or lean
mass on CD (Fig. 1F), HFD increased the mutant fat mass without altering
lean mass (Fig. 1G) and increased the adiposity index (fat mass/lean
mass, Fig. 1H). Furthermore, in spite of GPR101 overexpression associ-
ation with acromegaly, we did not detect anatomical alterations in
Gpr101 KO mice compared to control mice after physical examination.
There were also no significant genotypic differences in mean tibia length
(Fig. 1I).

3.2. GPR101 ablation causes hyperinsulinemia

To assess the effect of GPR101 loss on the glycemic index we
measured circulating insulin, fasted glucose levels and glucose tolerance.
Insulin resistance occurs when there is an impairment of the insulin in-
fluence on glucose metabolism. Hyperinsulinemia is then required to
maintain signaling levels due to receptor downregulation and impaired
glucose transport (Barazzoni et al., 2018). The Gpr101 KO mice showed
hyperinsulinemia compared to controls on both CD and HFD (Fig. 2A). To
determine the association between this altered insulin state and effects
on glucose regulation, we measured fasting glucose (after 6 weeks HFD)
and performed the glucose tolerance test (ipGTT) after 10 weeks on HFD
at 16 weeks of age. The loss of GPR101 slightly delayed glucose clearance
on CD without differences on HFD (Fig. 2B) and did not alter circulating
fasted glucose (Fig. 2C).

Reduced responsiveness to circulating insulin typifies insulin resis-
tance and is a common feature of obesity that increases the risk of several
pathological conditions, including hyperinsulinemia, glucose intoler-
ance, T2D, cardiovascular disease and NAFLD. Indications of a risk to-
wards the latter were suggested by the tendency to increased liver weight
(body weight normalized), measured at the end of the study, with
GPR101 loss and HFD feeding. Furthermore, qualitative analysis of H&E
stained liver sections suggests an exacerbation of HFD-induced lipid
accumulation with GPR101 loss (Fig. 2D and E).

3.3. GPR101 loss alters hypothalamic immuno-regulatory gene expression

Given the hypothalamic GPR101 expression and that HFD-induced
gliosis and metabolic stress lead to hypothalamic circuit dysfunction
(De Souza et al., 2005; Kothari et al., 2017), we performed RNA-Seq
analysis of this region to investigate the molecular basis for the
GPR101 loss-associated increased DIO risk (in 21-week-old mice, 15
weeks HFD, full gene lists in Supplementary information gene lists).

CD:We observed 179 differentially expressed genes (DEGs) in mutant
mice compared to controls on CD (Fig. 3A). The strongest were associated
with immune regulation and microglial activity. This included upregu-
lation of the disease-associated microglia (DAM) gene Trem2 (Triggering
receptor expressed on myeloid cells 2) (Fig. 3A). It is expressed pre-
dominantly in brain microglia, playing an immune homeostatic role,
necessary for microglial proliferation, migration, phagocytosis, cytokine
release, lipid sensing and ApoE binding (Atagi et al., 2015; Kleinberger
et al., 2014; Ulrich and Holtzman 2016). Upregulation of hypothalamic
TREM2 suggests potential immune activation. Accordingly, this was
accompanied by downregulation of the gene encoding ZFP36 (Zinc--
finger protein 36 or Tristetraprolin (TTP)) and the related protein func-
tional interaction network (Fig. 3A and B, Zfp36, Btg2, Dusp1, Nr4a1,
Egr1, Fosb, Klf4, Klf2, Atf3 and Ier2, Table 1 for functional annotations).
TTP is an RNA-binding protein controlling RNA stability and is
anti-inflammatory by guiding unstable pro-inflammatory protein mRNA.
TTP loss thereby has the potential to elevate TNF-α cytokine expression
and enhance hypothalamic inflammation through activating microglia
(as is evidenced here by Trem2 upregulation) altering energy expenditure
(Jeong et al., 2021). This is confirmed by the enrichment of the terms
“TNF alpha Signaling by NF-kB”, “Astrocyte:Brain” and “Microglial cell:
embryonic prefrontal cortex” for these DEGs (Fig. 3C, see Supplementary
Information for full enrichment details). A microglia (MG)-specific
enrichment analysis (MGEnrichment (Jao and Ciernia 2021), Fig. 3D,

http://www.graphpad.com
http://www.graphpad.com
http://tools.mouseclinic.de/phenomap/jsp/annotation/public/phenomap.jsf
http://tools.mouseclinic.de/phenomap/jsp/annotation/public/phenomap.jsf


WT HFD
MUT HFD

Fig. 2. Loss of Gpr101 increased in-
sulin resistance risk and impaired
glucose clearance. Circulating plasma
insulin levels of Gpr101 (MUT) with
high-fat diet (HFD) and without (CD –

chow diet) compared to wildtype con-
trols (WT) n ¼ 14 WT (CD, HFD), n ¼
15/14 MUT (CD/HFD) (A). Glucose
levels during the intraperitoneal glucose
tolerance test (ipGTT), used to assess
glucose clearance after i. p. injection of a
glucose bolus n ¼ 15 per group (B). The
fasting glucose levels are shown n ¼ 15
per group (C). Body weight normalized
liver weight (D) and hematoxylin and
eosin stained liver sections n ¼ 10 per
group (E). **p < 0.01, MUT vs. WT.
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Fig. 3. GPR101 loss induced aberrant hypothalamic expression of inflammation, microglial and feeding-related genes with and without high-fat diet
challenge. Transcriptomic analysis of hypothalamus revealed differentially expressed genes (DEGs) from Gpr101 knockout (“MUT”) and control (“WT”) mice on either
standard chow-diet (CD) or 60% kcal high-fat diet (HFD) from 21-week old mice after 15 weeks HFD. (A) Volcano plot showing significantly (p < 0.01) up- (magenta
points) and down- (blue points) regulated genes in MUT vs. WT mice on CD (FC ¼ fold change). (B) A STRING (Search Tool for the Retrieval of Interacting Genes/
Proteins) predicted functional association network DEGs in MUT mice on CD with the main evidence for protein-protein interactions (PPIs) depicted. The legend
(taken from string-db.org) is also shown. Each node is representative of all proteins produced by a protein coding gene. The edges indicate protein-protein associations
with shared functions. Magenta- and cyan-colored edges are established interactions and the remainder are predicted interactions. There was a significant PPI network
for the ZFP36/Tristetraprolin (TTP) protein (related nodes highlighted in purple), the downregulation of which is associated with increased inflammation. Depicted
are selected significant terms from the enrichment analysis of the MUT DEGs on CD using the Enrichr platform accessing different databases (https://maayanlab.cloud
/Enrichr/) (C) and with the microglia-specific MGEnrichment analysis tool (https://ciernialab.shinyapps.io/MGEnrichmentApp/) (D). (E-H) Volcano plot, STRING,
ENRICHR and MGEnrichment analysis of MUT DEGs on HFD. There was differential regulation of genes involved in glutamatergic (Lrrtm2) and GABAergic (Gabra3)
signaling, appetite (Ankrd26, Pomc), inflammation and microglia (Rela, Csf1r, C1qc, Ubc, Ripk1), endothelial cell signaling (Vegfd (Figf), Vegfr3 (Flt4)), phagocytosis
(Gabarap, Cyba) and lipid metabolism (Lrp10). Selected significant enriched terms from the enrichment analysis with Enrichr and MGEnrichment are shown. FDR ¼
false discovery rate. The raw p values and significance are depicted in the respective bar. *p<0.05, **p<0.01, ***p <0.001. (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 Supplementary information) showed enrichment of the terms:
“DAMstage1 < DAMstage2 MG” and “Microglia anti-inflammatory re-
sponses”. This infers that loss of GPR101 on CD induces a hypothalamic
molecular signature characteristic of stage 2 DAMs (rather than stage 1)
and altered microglial anti-inflammatory responsivity. DAMs are pro-
duced through a two-step mechanism (Keren-Shaul et al., 2017) tran-
sitioning from the resting/homeostatic microglial state to an
intermediate (stage 1) and then to a TREM2-dependent activation state
(stage 2). This evolution includes upregulation of Trem2 and down-
regulation of the anti-inflammatory TTP interactome genes, consistent
with the hypothalamic DEG pattern observed with GPR101 loss under
standard conditions.

HFD: There were 227 DEGs in mutant mice compared to controls on
HFD (Fig. 3E and F, with raw P < 0.01, not significant with Padj). The
prevailing pattern again indicates differential regulation of immune and
microglial activity (Rela, Csf1r, C1qc, Gabarap, Cyba)-related genes
among others (endothelial cell: Vegf3 (Figf), Vegfr-3 (Flt4)), excitation/
inhibition: (Gabra3 [GABAergic receptor subunit alpha-3 gene], Lrrtm2
[Leucine-rich repeat transmembrane neuronal protein-2]). Appetite,
phagocytosis and lipid metabolism (Pomc, Ankrd26 [Ankyrin repeat
domain 26], Lrp10, Gabarap, Cyba)-related genes were also altered. Lrp10
(low-density lipoprotein receptor-related protein 10) mediates internal-
ization of lipophilic ApoE implicated in cholesterol efflux and microglial
phagocytosis (Gibbons et al., 2010),(Jeong et al., 2019). Impaired auto-
phagy, as indicated by downregulated Gabarap and Cyba, can lead to
changes in lipid metabolism (Saito et al., 2019). The immunoregulatory
terms “TNFR2 signaling” and “NF-kB signaling” were enriched within the
HFD DEGs (Fig. 3G) as were the microglial terms “Amoeboid > Ramified
MG” and “DAM<HOMMG” (Fig. 3H). This suggests that GPR101 loss on
HFD produces a molecular signature consistent with altered DAM acti-
vation (“DAM< HOM MG”) and a shift between ramified and amoeboid
microglial morphology indicative of a modified phagocytic state. Overall,
this transcriptomic evidence indicates that loss of GPR101 leads to
altered hypothalamic microglial phagocytosis and impaired lipid meta-
bolism after 15 weeks on HFD. Neither Gh nor its receptors were
differentially regulated in the hypothalamus with GPR101 loss (Supple-
mentary Fig. S3).
3.4. GPR101 loss alters immune markers and hypothalamic microglial
morphology

Based on the transcriptomic analysis, we performed a more detailed
investigation of inflammatory markers as well as microglia and astrocyte
cell populations in the ARC of the hypothalamus. Inflammation is caus-
ally linked to obesity and obesity-associated disorders, e.g. systemic in-
sulin resistance and NAFLD due to chronic activation of stress- and
inflammation-related kinases (Donath and Shoelson, 2011; Lumeng and
Saltiel, 2011). GPR101 loss on HFD feeding induced innate immune
response activation that was not evident with intact functioning of this
protein on the same diet. This was manifest as increased circulating
8

monocyte ((Fig. 4A) and TNF-α (Fig. 4B) levels in the mutant mice.
We used design-based stereology to quantify microglial (IBA1þ) and

astrocyte (GFAPþ) cell density and microglial morphometry to index
microglial activation. Our analysis revealed that astrocyte density
increased on HFDwith no apparent influence of GPR101 loss (Fig. 4C and
D). Furthermore, while HFD did not significantly alter microglia density
at this time point (23 weeks of age, 16 weeks HFD), loss of GPR101
function increased microglia density in the ARC (Fig. 4E and F). As
described, the MGEnrichment analysis revealed GPR101 loss caused
differential regulation of genes affecting amoeboid microglial
morphology formation. When activated, the microglial cell soma is
enlarged and less ramified with shorter branches yielding an amoeboid
appearance, emblematic of ongoing phagocytosis (Morrison and Filosa
2013). Previous evidence shows that hypothalamic ARC microglia in-
crease in size with 16 weeks HFD (Valdearcos et al., 2014). Nevertheless,
GPR101 deficient mice exhibitedmore elongated ramified ARCmicroglia
on HFD compared to CD (Fig. 4G and H), with increased branch number
(“Ends”, Fig. 4H), volume (Fig. 4H) and branch length (Fig. 4H). The
latter tended to be increased compared to WT on HFD and this pattern
was not evident in mice with functioning GPR101 (Fig. 4H). Overall, the
morphology indicates that GPR101 deficient microglia are enlarged and
exhibit impaired phagocytosis in response to HFD.

4. Discussion

The oGPCR GPR101 is a promising target for metabolic disease
treatment due to expression in brain regions controlling energy homeo-
stasis (Bates et al., 2006; Nilaweera et al., 2007). To elucidate further the
function and role of this receptor in energy balance regulation, we
scrutinized a Gpr101 full knockout mouse line (hemizygous males) under
both standard and chronic HFD feeding conditions. Building on the
extant correlational mouse (Nilaweera et al., 2007) and human data
(Akiyama et al., 2017), we showed that Gpr101 loss heightened DIO risk
during HFD challenge with a persistent body composition shift to
increased adiposity. Moreover, there was genotype-dependent hyper-
insulinemia (with and without HFD) and reduced glucose tolerance (on
CD), hinting toward increased insulin resistance in mutants. Our hypo-
thalamic transcriptomic analysis indicated that constitutive loss of
GPR101 alters feeding, lipid metabolism, microglial and
inflammation-associated gene activation both under balanced and HFD
conditions. This was coupled with aberrant surrogate indices of hypo-
thalamic microglial activity that likely, among other factors, contributed
to the heightened DIO risk. Consonant with the pleiotropy and ability of
GPCRs to respond to multiple ligands, there are potentially several un-
derlying factors involved (discussed below) (Wacker et al., 2017).

Direct effects of GPR101 loss on the hypothalamic neurons mediating
feeding and energy homeostasis can contribute to the associated DIO risk.
Existing correlational data implicates GPR101 in appetite and feeding
regulation (Nilaweera et al., 2007). Expressed in a subset of anorexigenic
POMCþ (~55%) and orexigenic NPYþ (5%) neurons (Nilaweera et al.,
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Table 1
Protein annotations of selected hypothalamic differentially expressed genes with GPR101 loss and high-fat diet feeding. From https://string-db.org.

Gene Protein annotation

Btg2 BTG2; Anti-proliferative protein; the function is mediated by association with deadenylase subunits of the CCR4-NOT complex. Activates mRNA deadenylation in a
CNOT6 and CNOT7-dependent manner. In vitro can inhibit deadenylase activity of CNOT7 and CNOT8. Involved in cell cycle regulation. Could be involved in the
growth arrest and differentiation of the neuronal precursors. Modulates transcription regulation mediated by ESR1. Involved in mitochondrial depolarization and
neurite outgrowth (By similarity); Belongs to the BTG family (158 aa)

Ccl12 C–C motif chemokine 12; Chemotactic factor that attracts eosinophils, monocytes, and lymphocytes but not neutrophils. Potent monocyte active chemokine that
signals through CCR2. Involved in allergic inflammation and the host response to pathogens and may play a pivotal role during early stages of allergic lung
inflammation; Belongs to the intercrine beta (chemokine CC) family (104 aa)

Klf2 Kruppel-like factor 2 (lung); Krueppel-like factor 2; Transcription factor that binds to the CACCC box in the promoter of target genes such as HBB/beta globin or
NOV and activates their transcription (354 aa)

Hist1h4j H4 clustered histone 6; Histone cluster 1, H4j; Core component of nucleosome. Nucleosomes wrap and compact DNA into chromatin, limiting DNA accessibility to
the cellular machineries which require DNA as a template. Histones thereby play a central role in transcription regulation, DNA repair, DNA replication and
chromosomal stability. DNA accessibility is regulated via a complex set of post-translational modifications of histones, also called histone code, and nucleosome
remodeling (103 aa)

Atf3 Cyclic AMP-dependent transcription factor ATF-3; This protein binds the cAMP response element (CRE) (consensus: 50-GTGACGT[AC][AG]-30), a sequence present
in many viral and cellular promoters. Represses transcription from promoters with ATF sites. It may repress transcription by stabilizing the binding of inhibitory
cofactors at the promoter (By similarity); Belongs to the bZIP family. ATF subfamily (181 aa)

Nr4a1 Nuclear receptor subfamily 4, group a, member 1; Nuclear receptor subfamily 4 group A member 1; Orphan nuclear receptor. May act concomitantly with NURR1
in regulating the expression of delayed-early genes during liver regeneration. Binds the NGFI-B response element (NBRE) 50- AAAAGGTCA-3'. May inhibit NF-
kappa-B transactivation of IL2. Participates in energy homeostasis by sequestrating the kinase STK11 in the nucleus, thereby attenuating cytoplasmic AMPK
activation (By similarity) (601 aa)

Fseg DEPP1 autophagy regulator; Protein DEPP1; Acts as a critical modulator of FOXO3-induced autophagy via increased cellular ROS (205 aa)
Klf4 Krueppel-like factor 4; Transcription factor; can act both as activator and as repressor. Binds the 50-CACCC-30 core sequence. Binds to the promoter region of its

own gene and can activate its own transcription. Regulates the expression of key transcription factors during embryonic development. Plays an important role in
maintaining embryonic stem cells, and in preventing their differentiation. Required for establishing the barrier function of the skin and for postnatal maturation
and maintenance of the ocular surface. Involved in the differentiation of epithelial cells (483 aa)

Cytip Cytohesin-interacting protein; By its binding to cytohesin-1 (CYTH1), it modifies activation of ARFs by CYTH1 and its precise function may be to sequester CYTH1
in the cytoplasm (359 aa)

Gpr101 Probable G-protein coupled receptor 101; Orphan receptor (511 aa)
Ier2 Immediate early response gene 2 protein; DNA-binding protein that seems to act as a transcription factor (By similarity). Involved in the regulation of neuronal

differentiation, acts upon JNK-signaling pathway activation and plays a role in neurite outgrowth in hippocampal cells (By similarity). May mediate with FIBP
FGF-signaling in the establishment of laterality in the embryo (By similarity). Promotes cell motility, seems to stimulate tumor metastasis (By similarity) (221 aa)

Dusp1 Dual specificity protein phosphatase 1; Dual specificity phosphatase that dephosphorylates MAP kinase MAPK1/ERK2 on both 'Thr-1830 and 'Tyr-1850, regulating
its activity during the meiotic cell cycle; Belongs to the protein-tyrosine phosphatase family. Non-receptor class dual specificity subfamily (367 aa)

C1qtnf3 Complement c1q tumor necrosis factor-related protein 3; C1q and tumor necrosis factor related protein 3 (319 aa)
Egr1 Early growth response protein 1; Transcriptional regulator. Recognizes and binds to the DNA sequence 50-GCG(T/G)GGGCG-30(EGR-site) in the promoter region of

target genes. Binds double-stranded target DNA, irrespective of the cytosine methylation status (By similarity). Regulates the transcription of numerous target
genes, and thereby plays an important role in regulating the response to growth factors, DNA damage, and ischemia. Plays a role in the regulation of cell survival,
proliferation and cell death. Activates expression of p53/TP53 and TGFB1, and thereby helps prevent tumor formation (533 aa)

Cdc20b Cell division cycle 20B (519 aa)
Fosb Fbj osteosarcoma oncogene b; Protein fosB; FosB interacts with Jun proteins enhancing their DNA binding activity; Belongs to the bZIP family. Fos subfamily (338

aa)
Scin Adseverin; Ca(2þ)-dependent actin filament-severing protein that has a regulatory function in exocytosis by affecting the organization of the microfilament

network underneath the plasma membrane. Severing activity is inhibited by phosphatidylinositol 4,5-bis-phosphate (PIP2) (By similarity). In vitro, also has
barbed end capping and nucleating activities in the presence of Ca(2þ). Required for megakaryocyte differentiation, maturation, polyploidization and apoptosis
with the release of platelet-like particles (By similarity). Plays a role in osteoclastogenesis (OCG) (715 aa)

9530053A07Rik RIKEN cDNA 9530053A07 gene (2581 aa)
Zfp36 mRNA decay activator protein ZFP36; Zinc-finger RNA-binding protein that destabilizes numerous cytoplasmic AU-rich element (ARE)-containing mRNA

transcripts by promoting their poly(A) tail removal or deadenylation, and hence provide a mechanism for attenuating protein synthesis. Acts as an 30-untranslated
region (UTR) AREmRNA-binding adapter protein to communicate signaling events to the mRNA decaymachinery. Recruits deadenylase CNOT7 (and probably the
CCR4-NOT complex) via association with CNOT1, and hence promotes ARE-mediated mRNA deadenylation. (319 aa)

Aipl1 Aryl-hydrocarbon-interacting protein-like 1; May be important in protein trafficking and/or protein folding and stabilization (328 aa)
E2f8 Transcription factor E2F8; Atypical E2F transcription factor that participates in various processes such as angiogenesis and polyploidization of specialized cells.

Mainly acts as a transcription repressor that binds DNA independently of DP proteins and specifically recognizes the E2 recognition site 50-TTTC[CG]CGC-3'.
Directly represses transcription of classical E2F transcription factors such as E2F1: component of a feedback loop in S phase by repressing the expression of E2F1,
thereby preventing p53/TP53-dependent apoptosis. Plays a key role in polyploidization of cells in placenta (860 aa)

Ssx9 MCG116991, isoform CRA_b; Synovial sarcoma, X breakpoint 9 (170 aa)
Apold1 Apolipoprotein L domain containing 1 (246 aa)
Ccna2 Cyclin-A2; Cyclin which controls both the G1/S and the G2/M transition phases of the cell cycle. Functions through the formation of specific serine/threonine

kinase holoenzyme complexes with the cyclin-dependent protein kinases CDK1 and CDK2. The cyclin subunit confers the substrate specificity of these complexes
and differentially interacts with and activates CDK1 and CDK2 throughout the cell cycle (422 aa)

Kri1 KRI1 homolog (S. cerevisiae); Belongs to the KRI1 family (705 aa)
D630003M21Rik Uncharacterized protein KIAA1755 homolog; RIKEN cDNA D630003M21 gene (1187 aa)
Gpr101 Probable G-protein coupled receptor 101; Orphan receptor (511 aa)
Pgap1 Post-gpi attachment to proteins 1; GPI inositol-deacylase; Involved in inositol deacylation of GPI-anchored proteins. GPI inositol deacylation may important for

efficient transport of GPI-anchored proteins from the endoplasmic reticulum to the Golgi (By similarity) (922 aa)
Dnm1l Dynamin-1-like protein; Functions in mitochondrial and peroxisomal division. Mediates membrane fission through oligomerization into membrane- associated

tubular structures that wrap around the scission site to constrict and sever the mitochondrial membrane through a GTP hydrolysis-dependent mechanism. Through
its function in mitochondrial division, ensures the survival of at least some types of postmitotic neurons, including Purkinje cells, by suppressing oxidative damage.
Required for normal brain development, including that of cerebellum. Facilitates developmentally regulated apoptosis (716 aa)

Acsbg1 Acyl-coa synthetase bubblegum family member 1; Long-chain-fatty-acid–CoA ligase ACSBG1; Mediates activation of long-chain fatty acids for both synthesis of
cellular lipids, and degradation via beta-oxidation. Able to activate long-chain fatty acids. Can activate diverse saturated, monosaturated and polyunsaturated fatty
acids (By similarity) (721 aa)

Elavl4 ELAV-like protein 4; May play a role in neuron-specific RNA processing. Protects CDKN1A mRNA from decay by binding to its 30-UTR. Binds to AU-rich sequences
(AREs) of target mRNAs, including VEGF and FOS mRNA (By similarity) (385 aa)

(continued on next page)
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Table 1 (continued )

Gene Protein annotation

Pak3 Serine/threonine-protein kinase PAK 3; Serine/threonine protein kinase that plays a role in a variety of different signaling pathways including cytoskeleton
regulation, cell migration, or cell cycle regulation. Plays a role in dendrite spine morphogenesis as well as synapse formation and plasticity. Acts as downstream
effector of the small GTPases CDC42 and RAC1. Activation by the binding of active CDC42 and RAC1 results in a conformational change and a subsequent
autophosphorylation on several serine and/or threonine residues. Phosphorylates MAPK4 and MAPK6 (544 aa)

Zfp64 Zinc finger protein 64, isoform cra_b; May be involved in transcriptional regulation (676 aa)
Hr Lysine demethylase and nuclear receptor corepressor; Lysine-specific demethylase hairless; Histone demethylase that specifically demethylates both mono- and

dimethylated 'Lys-90 of histone H3. May act as a transcription regulator controlling hair biology (via targeting of collagens), neural activity, and cell cycle (By
similarity) (1182 aa)

Kcne1l Potassium voltage-gated channel, isk-related family, member 1-like, pseudogene; Potassium voltage-gated channel subfamily E regulatory beta subunit 5;
Potassium channel ancillary subunit that is essential for generation of some native K(þ) currents by virtue of formation of heteromeric ion channel complex with
voltage-gated potassium (Kv) channel pore-forming alpha subunits. Functions as an inhibitory beta-subunit of the repolarizing cardiac potassium ion channel
KCNQ1 (143 aa)

Lrrtm2 Leucine-rich repeat transmembrane neuronal protein 2; Involved in the development and maintenance of excitatory synapse in the vertebrate nervous system.
Regulates surface expression of AMPA receptors and instructs the development of functional glutamate release sites. Acts as a ligand for the presynaptic receptors
NRXN1-A and NRXN1-B (By similarity) (515 aa)

Ctsa Cathepsin a (carboxypeptidase c); Lysosomal protective protein; Protective protein appears to be essential for both the activity of beta-galactosidase and
neuraminidase, it associates with these enzymes and exerts a protective function necessary for their stability and activity. This protein is also a carboxypeptidase
and can deamidate tachykinins (474 aa)

Car3 Carbonic anhydrase 3; Reversible hydration of carbon dioxide (260 aa)
Prrg3 Proline rich Gla (G-carboxyglutamic acid) 3 (transmembrane) (231 aa)
Mmp14 Matrix metalloproteinase-14 (membrane-inserted); Matrix metalloproteinase-14; Endopeptidase that degrades various components of the extracellular matrix

such as collagen. Activates progelatinase A. Essential for pericellular collagenolysis and modeling of skeletal and extraskeletal connective tissues during
development. May be involved in actin cytoskeleton reorganization by cleaving PTK7 (By similarity). Acts as a positive regulator of cell growth and migration via
activation of MMP15. Involved in the formation of the fibrovascular tissues (By similarity). (582 aa)

Figf Vascular endothelial growth factor D; Growth factor active in angiogenesis, lymphangiogenesis and endothelial cell growth, stimulating their proliferation and
migration and also has effects on the permeability of blood vessels. May function in the formation of the venous and lymphatic vascular systems during
embryogenesis, and also in the maintenance of differentiated lymphatic endothelium in adults. Binds and activates VEGFR-3 (Flt4) receptor (358 aa)

Tmem80 Transmembrane protein 80 (123 aa)
Alox12b Arachidonate 12-lipoxygenase, 12R-type; Non-heme iron-containing dioxygenase that catalyzes the stereo-specific peroxidation of free and esterified

polyunsaturated fatty acids generating a spectrum of bioactive lipid mediators. Mainly converts arachidonic acid to (12R)- hydroperoxyeicosatetraenoic acid/
(12R)-HPETE and minor stereoisomers. In the skin, acts upstream of ALOXE3 on the lineolate moiety of esterified omega-hydroxyacyl-sphingosine (EOS)
ceramides to produce an epoxy-ketone derivative, a crucial step in the conjugation of omega-hydroxyceramide to membrane proteins. (701 aa)

Gabra3 Gamma-aminobutyric acid receptor subunit alpha-3; GABA, themajor inhibitory neurotransmitter in the vertebrate brain, mediates neuronal inhibition by binding
to the GABA/benzodiazepine receptor and opening an integral chloride channel; Belongs to the ligand-gated ion channel (TC 1.A.9) family. Gamma-aminobutyric
acid receptor (TC 1.A.9.5) subfamily. GABRA3 sub-subfamily (492 aa)

Crebrf CREB3 regulatory factor; Acts as a negative regulator of the endoplasmic reticulum stress response or unfolded protein response (UPR). Represses the
transcriptional activity of CREB3 during the UPR. Recruits CREB3 into nuclear foci (By similarity) (640 aa)

Ramp1 Receptor activity-modifying protein 1; Transports the calcitonin gene-related peptide type 1 receptor (CALCRL) to the plasma membrane. Acts as a receptor for
calcitonin-gene-related peptide (CGRP) together with CALCRL; Belongs to the RAMP family (148 aa)

Morc4 MORC family CW-type zinc finger protein 4; Microrchidia 4 (883 aa)
Lipg Endothelial lipase; Has phospholipase and triglyceride lipase activities. Hydrolyzes high density lipoproteins (HDL) more efficiently than other lipoproteins. Binds

heparin (By similarity) (500 aa)
Agpat4 1-acylglycerol-3-phosphate O-acyltransferase 4 (lysophosphatidic acid acyltransferase, delta); 1-acyl-sn-glycerol-3-phosphate acyltransferase delta; Converts

lysophosphatidic acid (LPA) into phosphatidic acid by incorporating an acyl moiety at the sn-2 position of the glycerol backbone; Belongs to the 1-acyl-sn-glycerol-
3-phosphate acyltransferase family (378 aa)

Lrp10 Low-density lipoprotein receptor-related protein 10; Probable receptor, which is involved in the internalization of lipophilic molecules and/or signal transduction.
May be involved in the uptake of lipoprotein APOE in liver (713 aa)

Ankrd26 Ankyrin repeat domain 26; Acts as a regulator of adipogenesis. Involved in the regulation of the feeding behavior (1681 aa)
Npepl1 Probable aminopeptidase NPEPL1; Probably catalyzes the removal of unsubstituted N- terminal amino acids from various peptides (524 aa)
Cpm Carboxypeptidase M; Specifically removes C-terminal basic residues (Arg or Lys) from peptides and proteins. It is believed to play important roles in the control of

peptide hormone and growth factor activity at the cell surface, and in the membrane-localized degradation of extracellular proteins (By similarity) (443 aa)
Prpf40b Pre-mRNA-processing factor 40 homolog B; May be involved in pre-mRNA splicing; Belongs to the PRPF40 family (873 aa)
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2007), activation putatively facilitates the release of the melanocortins
α-, β- and γ-melanocyte stimulating hormone (MSH) suppressing appetite
(Bagnol 2010). That GPR101 ablation decreased hypothalamic Pomc
activation on HFD likely undermined this response promoting hunger
and feeding. The reduced food intake at 8 weeks on HFD may be a
behavioral reaction to the novel and relatively short-term exposure (21h)
to the metabolic home cage environment. Alternatively, an initial
increased HFD feeding can be blunted over time by parallel alterations
suggested by the hypothalamic transcriptomic profile. For example, the
upregulation of the GABAergic receptor subunit Gabra3 and the gluta-
matergic AMPA receptor-anchoring Lrrtm2 indicates changes in inhibi-
tory and excitatory function. It is thus relevant, for example, that in the
POMC/GABAergic neuron subset, Pomc expression restores normal food
intake in obese mice that could be assessed using POMC þ cell-specific
Gpr101 KO mice (Trotta et al., 2020) (Steuernagel et al., 2022). In
addition, ANKRD26 regulates adipogenesis and disruption in mice
caused obesity, insulin resistance and increased feeding behaviour pu-
tatively through primary ciliopathy of the melanocortin pathway neurons
(Acs et al., 2015; Bera et al., 2008). Increased ANKRD26 activation
10
therefore potentially offsets the effects of GPR101 loss on feeding and
metabolic regulation for confirmation in future studies. Altered GH sig-
nalling due to GPR101 loss may also contribute to fat accumulation and
hyperinsulinemia (Sharma et al., 2018) (Abboud et al., 2020; Rodd et al.,
2016; Sharma et al., 2018). Nevertheless, the tibia length did not differ to
suggest altered developmental growth nor were Gh-related transcripts
differentially expressed in the hypothalamic transcriptome. Thus,
confirmation of both altered pulsatile GH release and regulation would
be propitious.

Our analysis revealed further mechanistic insights into the DIO-
susceptibility associated with GPR101 loss. Under both dietary condi-
tions, the mutant transcriptomic profile indicated altered hypothalamic
inflammatory signalling, microglia, endothelial cell and lipid metabolism-
related gene activation. Disrupted TTP activity with GPR101 ablation on
CD can produce a chronic inflammatory state seen also in inflammatory
arthritis (Ross et al., 2017). This finding of apparent impaired inflamma-
tion resolution tallies with the established GPR101 pro-resolving function
as the SPM RvD5n-3 receptor (Flak et al., 2020). In addition, obstructed
TTP associates with activated microglia, a possibility supported by



Fig. 4. GPR101 loss altered innate
immune response markers and hy-
pothalamic microglial morphology
with high-fat diet (HFD) feeding. (A)
Graph shows circulating monocytes in
HFD-fed Gpr101 knockout (KO or
“MUT”) mice compared to both HFD-
fed wildtype (“WT” and chow diet
(CD)-fed MUT. Circulating tumor ne-
crosis factor (TNF)-alpha, the proin-
flammatory cytokine, produced by
monocytes/macrophages levels
measured (B). (C) Representative pho-
tomicrographs of the astrocyte marker,
glial fibrillary acidic protein (GFAP),
immune-staining patterns in WT CD
and HFD fed mice. (D) The cell density
estimates of GFAP þ astrocyte cells
with HFD consumption in the hypo-
thalamic arcuate nucleus (ARC) (E)
Representative photomicrographs of
the Ionized calcium binding adaptor
molecule 1 (IBA1)þ microglial marker
immunostaining from WT CD and HFD
fed mice. (F) The IBA1þ microglia cell
density estimates in the ARC are
shown. (G, H) Representative morpho-
logical tracing of ARC IBA1þ microglia
from mice of each group and microglia
volume, number of branch ends and
branch length in MUT mice compared
to CD-fed MUT mice (n ¼ 5 microglia
analysed/mouse, n ¼ 5 mice/group for
WT þ MUT CD, WT for HFD and n ¼ 4
mice/group for HFD MUT). Data com-
parisons with 2-way ANOVA with post-
hoc LSD test. *p<0.05, **p<0.01 WT
vs. MUT, #p<0.05, ##p<0.01,
###p<0.001 CD vs. HFD. 3V ¼ third
ventricle. Scale bar ¼ 10 mm. Black
arrows highlight immuno-stained cells
(astrocytes or microglia).
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upregulated Trem2 in CD-fed Gpr101 KO mice. TREM2 is a lipid-sensitive
marker of DAMs that stimulates phagocytosis (Boche and Gordon 2022).
In general, hypothalamic microglia sense and initiate inflammatory and
phagocytic reactions to dietary excess before metabolic adaptations; a
process obstructed in obesity (Mendes et al., 2018). Evenwithout a dietary
challenge, activated microglia, as inferred by the transcriptomic profile of
Gpr101 KO mice already on CD, promote weight gain and immune
primed-microglia increase DIO susceptibility (Fernandez-Arjona et al.,
2022; Valdearcos et al., 2017). After 15 weeks on HFD, the hypothalamic
DEG profile in the mutant mice was one of impaired lipid sensing and
metabolism and blunted microglial phagocytosis that may have also
elevated the DIO risk and/or are responses to protracted nutritional
challenge. Within the hypothalamus, microglia are necessary for lipid
detection and debris clearance, the impairment of which contributes to
their inflammatory activation and excess lipid accumulation (Folick et al.,
2021). Thus, GPR101 loss could have accelerated DIO risk on HFD due to
inappropriate microglial lipid sensing.

A new microglia classification was defined recently, the so-called
‘lipid droplet accumulating microglia’ (LDAM) (Marschallinger et al.,
2020). These cells are typified by excessive lipid droplet intake, defective
phagocytosis and high reactive oxygen species (ROS) and proin-
flammatory cytokine levels. TTP (ZFP36) interactome genes were among
the top differentially expressed in LDAMs (Marschallinger et al., 2020).
GPR101 dysfunction may induce LDAM generation as supported by the
aberrant lipid metabolism transcriptomic profile. Moreover, the
increased microglial end number, volume and branch length in the
HFD-fed mutant group infer LDAM-typical decreased phagocytosis
(Kettenmann et al., 2011). As the RvD5 receptor in macrophages,
GPR101 increases effero- and phago-cytosis (Flak et al., 2020). Microglia
also express SPM receptors and can respond to resolvins in neuro-
inflammation resolution (Tiberi and Chiurchiu 2021). GPR101 loss likely
then undermined the microglial pro-resolving capacity. The concomitant
increased vulnerability to LDAM formation can fuel the HFD-induced
inflammation, lipid accumulation, impaired phagocytosis, increased
POMC þ cell loss and elevated DIO risk. A more in-depth scrutiny of
GPR101 deficient microglia will shed more light on associated DIO risk.

4.1. Conclusion

To conclude, we have shown that constitutive GPR101 loss in male
mice increases the risk for DIO and insulin resistance that may relate to
the loss of hypothalamic satiety neurons and microglial pro-resolving
inflammation function of this receptor. There is more investigation
needed to identify the GPR101 ligand(s) that produce these pathogenic
effects as well as the confirmation of the underlying physiological
mechanisms. This ideally will include a more comprehensive chronic
analysis of energy expenditure, food intake and brown adipose tissue
function associated with GPR101 loss in addition to fasting insulin and
glucose measurements with ipGTT as well as microglial morphology
during the early phase of HFD-induced body weight gain. Furthermore, a
cross-species comparison with zebrafish will confirm whether GPR101
KO alters hypothalamic-pituitary development due to overactive Wnt
signalling (Trivellin et al., 2021). Nevertheless, these initial gene ablation
phenotypes reinforce the therapeutic promise of this receptor for human
obesity patients paving the way for additional research into GPR101.
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