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Abstract

Macrophages are key effector cells in obesity-associated inflammation. G protein-coupled receptor kinase 2 (GRK?2) is highly
expressed in different immune cell types. Using LysM-GRK2*'~ mice, we uncover that a reduction of GRK2 levels in myeloid
cells prevents the development of glucose intolerance and hyperglycemia after a high fat diet (HFD) through modulation of
the macrophage pro-inflammatory profile. Low levels of myeloid GRK2 confer protection against hepatic insulin resistance,
steatosis and inflammation. In adipose tissue, pro-inflammatory cytokines are reduced and insulin signaling is preserved.
Macrophages from LysM-GRK2"/~ mice secrete less pro-inflammatory cytokines when stimulated with lipopolysaccharide
(LPS) and their conditioned media has a reduced pathological influence in cultured adipocytes or naive bone marrow-derived
macrophages. Our data indicate that reducing GRK2 levels in myeloid cells, by attenuating pro-inflammatory features of
macrophages, has a relevant impact in adipose-liver crosstalk, thus preventing high fat diet-induced metabolic alterations.

Keywords Obesity - Macrophages - GRK?2 - Liver - Adipose tissue - Glucose homeostasis

Abbreviations FA Fatty acids

BMDM Bone marrow-derived macrophages GRK2 G protein-coupled receptor kinase 2
CM Conditioned media GTT Glucose tolerance test

COX-2  Cyclooxygenase-2 HFD High fat diet

HO-1 Heme oxygenase-1

iNOS Inducible nitric oxide synthase
Electronic supplementary material The online version of this IR I p p

nsulin resistance
article (https://doi.org/10.1007/s00018-019-03442-5) contains

supplementary material, which is available to authorized users.

< Federico Mayor Jr 5 Laboratory of Translational Immunology (LTI), University
fmayor@cbm.csic.es Medical Center Utrecht, Utrecht University, Utrecht,
The Netherlands

< Cristina Murga
cristina.murga@uam.es Instituto de Investigaciones Biomédicas Alberto Sols

(CSIC-UAM), Madrid, Spain

CIBER de la Obesidad y la Nutricién (CIBEROBN),
Instituto de Salud Carlos IIT (ISCIII), Madrid, Spain

Departamento de ciencias bésicas de la salud, area de 7
Bioquimica y Biologia Molecular, Universidad Rey Juan

Carlos (URJC), Madrid, Spain

Instituto de Investigacion Biomédica de Malaga (IBIMA),
Unidad de Endocrinologia y Nutricién, Hospital
Universitario Virgen de Victoria de Malaga, Universidad de
Malaga, Malaga, Spain

Departamento de Biologia Molecular and Centro de Biologia
Molecular “Severo Ochoa”, Universidad Auténoma de
Madrid (CSIC/UAM), C/Nicolas Cabrera 1, 28049 Madrid,
Spain

University of Texas MD Anderson Cancer Center, Houston,

Instituto de Investigacion Sanitaria La Princesa, Madrid, TX, USA

Spain

CIBER de Enfermedades Cardiovasculares, Instituto de
Salud Carlos IIT (ISCIII), Madrid, Spain

@ Springer


http://orcid.org/0000-0003-1434-8449
http://crossmark.crossref.org/dialog/?doi=10.1007/s00018-019-03442-5&domain=pdf
https://doi.org/10.1007/s00018-019-03442-5

R.Vila-Bedmar et al.

4958

ITT Insulin tolerance test

LPS Lipopolysaccharide

NAFLD Non-alcoholic fatty liver disease

NASH  Non-alcoholic steatohepatitis

PTT Pyruvate tolerance test

TEPMs Thioglycollate -elicited peritoneal macrophages

TG Triglycerides

TLR Toll-like receptor
WAT White adipose tissue
Introduction

Obesity is a key pathogenic factor associated with develop-
ment of several metabolic alterations including non-alco-
holic fatty liver disease (NAFLD), an extremely prevalent
chronic liver disease worldwide, affecting about one quarter
of adults in the developed countries [1]. Chronic nutrient
excess results in the expansion and remodeling of adipose
tissue, leading to unresolved inflammation, which is a major
contributor to obesity-associated metabolic complications
[2]. While acute inflammation at the early stage may work
as an adaptive response, when obesity-associated inflamma-
tion becomes persistent, it finally triggers the so-called sta-
tus of low-grade chronic inflammation. White adipose tissue
(WAT) is mainly composed of adipocytes, immune cells and
endothelial cells. Macrophages are the most abundant cell
type among adipose-resident immune cells and are gener-
ally considered as the effector cells in the obesity-associated
inflammation that contribute to insulin resistance (IR) [3].
Macrophages within adipose tissue of lean individuals are
mainly M2 or alternatively activated macrophages, with a
key role in maintaining tissue homeostasis through phagocy-
tosis of dead adipocytes and secretion of anti-inflammatory
cytokines and other regulatory factors [4]. However, obesity
leads to a phenotypic switch from the anti-inflammatory M2
towards pro-inflammatory M1 macrophages, with upregula-
tion of inflammatory markers (i.e. inducible nitric oxide syn-
thase (iNOS), also known as NOS2) and production of fac-
tors that exacerbate inflammation [4, 5]. Macrophages in the
M1 state signal for further macrophage recruitment, leading
to a self-fed cycle of inflammation resulting in increased
cytokine and fatty acid (FA) production. This finally inter-
feres with insulin signaling and helps establish a global state
of glycemic deregulation [6]. A similar situation has also
been suggested for Kupffer cells, with the polarized response
of these cells affecting the metabolism and insulin sensitivity
of hepatocytes with implications for NAFLD and IR [7]. In
addition, there is a close link between dysfunctional adipose
tissue and NAFLD, and the crosstalk between dysfunctional
adipocytes and the liver also involves macrophages that in
concert promote the development of lipotoxic liver disease

@ Springer

[8—10]. Therefore, the changes occurring in adipose tissue
macrophages are important components of the etiology of
IR [11] by amplifying inflammatory circuits in different tis-
sues [12].

High fat diet (HFD) feeding, widely used as an experi-
mental model of obesity in rodents, is known to trigger a
state of low grade inflammation with increased pro-inflam-
matory macrophage infiltration in adipose tissue, a situation
also observed in genetically obese mice and obese humans
[13]. The Toll-like receptor (TLR) pathway has been sug-
gested to drive low-grade inflammation in obesity-related
metabolic diseases. Metabolic alterations associated to obe-
sity or a HFD may change the composition of gut micro-
biota (dysbiosis), increasing gut barrier permeability, this
allowing subsequent translocation of bacteria or bacterial
products, including gram-negative bacterial cell wall com-
ponents, namely lipopolysaccharide (LPS), the classical
ligand for TLR4. Plasma LPS levels have been shown to
be increased in obesity in animal models and humans. Such
increase, defined as metabolic endotoxemia, has been shown
to trigger low grade inflammation and metabolic disorders
associated with obesity and type 2 diabetes [14-17]. In
addition, during obesity high amounts of fatty acids (FA),
which can activate TLR4, are released into the bloodstream
[18]. Moreover, TLR4 has been reported to be upregulated
in macrophages during obesity [6, 19] and its role in HFD-
induced IR has been demonstrated in TLR4 whole-body
knockout, hematopoietic cell-specific knockout, and LPS-
resistant mice [20].

G protein-coupled receptor kinase 2 (GRK2) is a serine/
threonine kinase classically known for its participation in
the desensitization of multiple G protein-coupled receptors
(GPCRs) together with arrestins [21]. However, emerging
evidence has revealed that GRK?2 interacts with a variety
of proteins involved in signal transduction [22-24], and
plays a relevant integrative role in the modulation of insu-
lin response and metabolic homeostasis [25-27]. Interest-
ingly, GRK2 is highly expressed in different cell types of
the immune system. The levels and activity of this kinase are
tightly regulated in immune cells [28, 29]. Moreover, inflam-
matory mediators regulate GRK2 levels [30] and leukocyte
GRK2 is reduced in a number of inflammatory pathologies
in mice and humans, including multiple sclerosis and rheu-
matoid arthritis (see [31] for a review). This suggests GRK2
as an important regulator of cell responses during inflam-
mation with a potential role for this kinase in the onset or
development of inflammatory disorders.

Given the key role of macrophages in obesity-related
inflammatory processes and in tissue crosstalk in these
contexts, we hypothesized that changes in GRK2 levels
in this cell type may alter their inflammatory pattern and
thus impact the development of diet-induced metabolic
alterations in different tissues. Using a mouse model with



GRK2 levels in myeloid cells modulate adipose-liver crosstalk in high fat diet-induced obesity 4959

myeloid-lineage-specific GRK2 downregulation, we show
here that decreasing GRK?2 levels in myeloid cells dimin-
ishes the pro-inflammatory profile of macrophages, leading
to reduced obesity-induced adipose tissue inflammation and
prevention of obesity-related steatosis and hepatic IR, finally
preserving glucose homeostasis.

Materials and methods
Mice

All mice used were in a C57B1/6 J genetic background.
Cre-loxP-mediated gene targeting was used to specifically
delete GRK2 in cells from myeloid origin [32, 33]. Floxed
homozygous GRK2 mice (GRK2%™) [34] and transgenic
mice overexpressing a nuclear-localized Cre recombi-
nase inserted into the first coding ATG of the lysozyme 2
gene (Lyz2) [B6.129P2-Lyz2tm1(cre)Ifo/J], obtained from
the Jackson Laboratories, were mated. GRK2 LysM-
Cre™~ controls (referred to as LysM-GRK2+*) and GRK2!/2
LysM-Cre™~ (referred to as LysM-GRK2"") offspring were
used. For some experiments, LysM-GRK2*'~ offspring were
backcrossed with GRK2"1 mice to obtain mice carrying
both GRK?2 alleles floxed as well as the LysM-Cre recombi-
nase GRK2*2LysM-Cre*'~ (referred to as LysM-GRK277).
Animals were genotyped by PCR on genomic DNA using
reported oligonucleotides [34].

Animal protocols

Mice were housed on a 12-hour light/dark cycle, at a tem-
perature of 22 +2 °C with a relative humidity of 50+ 10%
and under pathogen-free conditions, with free access to food
and water in the animal facility of the Centro de Biologia
Molecular Severo Ochoa (Madrid, Spain). At 8 weeks of
age, mice were continued on a standard diet (SD) (2018S
Harlan-Teklad, 12% calories from fat) or were fed a HFD
(Envigo—formerly Harlan-, TD.07011, 54.4% calories from
fat) during 12 weeks. At this point, glucose tolerance tests
(GTTs), pyruvate tolerance tests (PTTs) and insulin toler-
ance tests (ITTs) were performed. Body weight was meas-
ured weekly. Before sacrifice, some mice were intraperito-
neally injected with either vehicle or insulin (Actrapid®,
Novo Nordisk, 1 [U/Kg body weight). After 10 min, mice
were euthanized, tissues were surgically removed, immedi-
ately weighted and either fixed or frozen in liquid nitrogen
to be stored at —80 °C. All animal experimentation proce-
dures conformed to the European Guidelines for the Care

and Use of Laboratory Animals (Directive 86/609) and were
approved by the Ethical Committees for Animal Experimen-
tation of our Institutions and the Comunidad de Madrid.

Metabolic assays

GTTs and ITTs were performed as previously described
[35]. Glucose (2 g/Kg body weight), and insulin (0.8 U/
kg body weight) were administered intraperitoneally. For
the PTT, after an overnight fasting, mice received an intra-
peritoneal injection of 1.5 g/kg sodium pyruvate (Merck)
dissolved in 0.9% NaCl [36]. For the LPS- induced glucose
intolerance, 1 mg/kg of body weight of LPS (Sigma-Aldrich)
dissolved in 0.9% NaCl was injected intraperitoneally 48 h
prior to glucose determinations. Glucose concentration was
determined in tail blood samples using an automatic ana-
lyzer (One Touch Ultra, LifeScan). Serum insulin concen-
tration was measured by ELISA (Mercodia) and circulating
non-esterified fatty acids (NEFA) by an enzymatic method
(NEFA-HR kit Wako Chemicals).

Adipocyte size determination

Adipose tissue sections were stained with haematoxylin and
eosin for the evaluation of adipocyte size. Individual adipo-
cyte areas within each field were determined using image
analysis software (ImageJ). Adipocyte size was calculated
in arbitrary fields by quantitation of 150 cells in at least four
different randomly chosen fields per mouse.

Immunohistochemical detection of the F4/80 macrophage
marker

Liver tissue sections were de-paraffinized and rehydrated,
and slides were incubated overnight with the primary anti-
body anti-F4/80 (clone BM8, Abcam) to perform immu-
nohistochemical detection as described [35]. A negative
control in the absence of the primary antibody was used.
The presence of macrophages (positive area in F4/80 stained
sections) was determined using image analysis software
(Imagel). Three to five different high-power fields from each
section were analyzed per animal.

Liver triglyceride content determination

A piece of approximately 50 mg of frozen tissue was lysed in
1 ml of isopropyl alcohol using Tissue Lyser (Qiagen) metal
beads for 2 pulses of 1 min each at 30 Hz and centrifuged at
2000 g for 10 min at 4 °C. The amount of triglycerides (TG)
in the supernatant was measured using an enzymatic method
with the Serum Triglyceride Determination Kit (TR0100,
Sigma-Aldrich).
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Microbiota analysis

Fecal samples were collected and immediately stored
at — 80 °C until analysis. DNA extraction from stools was
performed using the QIAamp DNA stool Mini kit (Qia-
gen, Hilden, Germany) according to the manufacturer’s
instructions. DNA concentrations were determined by
absorbance at 260 nm (A260). Purity was estimated by
determining the A260/A280 ratio. Both measurements
were performed with a Nanodrop spectrophotometer (Nan-
odrop Technologies).

Ribosomal 16S rRNA gene sequences were amplified
from DNA using the 16S Metagenomics Kit (Thermo
Fisher Scientific, Italy). The kit included two primer sets
that selectively amplify the corresponding hypervariable
regions of the 16S region in bacteria: primer set V2—4-8
and primer set V3-6, 7-9. Libraries were created using the
Ion Plus Fragment Library Kit (Thermo Fisher Scientific).
Barcodes were added to each sample using the Ion Xpress
Barcode Adapters kit (Thermo Fisher Scientific). Emul-
sion PCR and sequencing of the amplicon libraries was
performed on an Ion 520 chip (Ion 520TM Chip Kit) using
the Ion Torrent S5TM system and the Ion 520TM/530TM
Kit-Chef (Thermo Fisher Scientific) according to the
manufacturer’s instructions. After sequencing, the indi-
vidual sequence reads were filtered using Ion Reporter
Software V4.0 to remove low quality and polyclonal
sequences.

Sequences were further translated into amplicon
sequence variants (ASVs) using DADA2 with adapted
parameters for Ion Torrent data [37] within the micro-
biome analysis package QIIME2 (www.qiime2.org) [38],
which was also used for diversity analysis and subsequent
taxonomic analysis through clustering with vsearch [39]
and the reference base Greengenes version 13_8 at 97%
of identity. Further differential abundance analysis was
assessed with ANCOM [40].

Flow cytometry analysis

Epididymal adipose tissue (eWAT) was isolated, washed
with PBS and minced into small pieces with scissors. Tis-
sue was digested with type II collagenase (Sigma-Aldrich)
at 37°C for 1 h with vigorous shaking. After digestion, cell
suspension was filtered through a 100 um nylon filter and
centrifuged at 500 g to pellet the cells from the stromal vas-
cular fraction (SVF). Pellet was suspended in FACS buffer
(PBS 1x, 1% BSA, 1% FCS) to a concentration of 0.3 to
0.5% 10° cells in 100 ul. Cell suspension was incubated for
10 min with 0.5 pl of Fe-block (anti CD16/32) and then with
the different primary antibodies (F4/80-FITC, CD11b-APC,
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CD11c-PE, from eBiosciences) protected from light for
30 min. Pooled samples were used for the single stained
(8S) and florescence minus-one (FMO) controls. Cell viabil-
ity was tested with DAPI. FACSCanto II from Beckton and
Dickinson was used for the analysis of the samples.

Cell culture

Experiments on thioglycollate-elicited macrophages Mac-
rophages were recruited to the peritoneal cavity by thiogly-
collate injection, as previously described [41]. Thioglycol-
late-elicited peritoneal macrophages (TEPM) were isolated
from 12—16-week-old LysM-GRK2*"* and LysM-GRK2*'~
male mice by peritoneal lavage 5 days post-i.p. injection
with thioglycollate (Difco Laboratories). Macrophages were
centrifuged for 5 min at 300 g, cultured at 2x 10°well in
6-well flat-bottomed plates in RPMI-1640 medium supple-
mented with 10% FBS and purified by adherence to tissue
culture plates for 2 h. 24 h after isolation macrophages were
serum-starved overnight, and subsequently incubated or not
with 1ug/ml lipopolysaccharide (LPS) (Sigma-Aldrich) for
6 h. Supernatants were harvested for further experiments.
The GRK2/3-specific inhibitor Cmpd101 (30 pM; Hello
Bio) was added 20 min before LPS treatment when speci-
fied.

Differentiation and treatment of 3T3L1 preadipo-
cytes 3T3L1 preadipocytes were cultured in DMEM sup-
plemented with 10% FBS and differentiated as previously
described [42]. At day 10 post-differentiation, adipocytes
were serum starved (1% FBS) overnight and further incu-
bated with the conditioned medium of macrophages from
LysM-GRK2*"* or LysM-GRK2"'~ treated or not with 1ug/
ml LPS. 24 h later, 3T3L1 adipocytes were stimulated with
insulin at 10 nM for 10 min before lysis.

Isolation, differentiation and treatment of bone mar-
row-derived macrophages (BMDM) Total bone marrow was
obtained by flushing femurs and tibias from 10-12 weeks old
C57BL/6 J mice with DMEM containing 10%FBS (Gibco
41,966,029). Bone marrow mononuclear phagocytic pre-
cursor cells were propagated in suspension by culturing in
DMEM containing 10% FBS, 100 U/ml penicillin, 100 pg/
ml streptomycin and 20 ng/ml recombinant murine M-CSF
(PeproTech 315-02). The precursor cells became adher-
ent within 7 days of culture. Cells were then harvested and
seeded in 12 multi-well culture plates (10° cells per well) in
complete medium. Next day, cells were washed with PBS
and treated with the corresponding conditioned medium for
24 h. Finally, medium was collected for nitrite determina-
tion and plates were stored at -80°C until processing.
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Nitrite determination

Nitric oxide release was determined from the amount of
accumulated nitrites in cell supernatants, measured spectro-
photometrically according the Griess reaction. The absorb-
ance at 542 nm was compared with a NaNO, standard.

Western Blot analysis

Tissues were homogenized using metal beads in a Tissue
Lyser and cells were lysed in hypotonic lysis buffer as previ-
ously described [36]. 30-50 pg of total protein was resolved
per lane by SDS-PAGE and transferred to a nitrocellulose
membrane.

Blots were probed with specific antibodies against
cyclooxygenase-2 (COX-2) and heme oxygenase-1 (HO-
1) (Millipore), iNOS, and (GRK2) (Santa Cruz), phos-
pho (Ser473) and total AKT (Cell Signaling) p-actin and
GAPDH (Sigma) as previously described [43]. Immunore-
active bands were visualized using enhanced chemilumi-
nescence (ECL; Amersham Biosciences) or the Odyssey
Infrared Imaging System (Li-Cor Biosciences). Films were
scanned with a GS-700 Imaging Densitometer and analyzed
with Quantity One Software (Bio-Rad), or using an Odyssey
Classic reader and the Odyssey software package 3.0 (Li-Cor
Biosciences).

mRNA isolation and Real Time PCR

RNA was extracted using metal beads in a Tissue Lyser and
the RNeasy Mini Kit (Qiagen) following the instructions
provided by the supplier. Quantity and quality of RNA were
analyzed using Nanodrop ND-1000 (Thermo Scientific).

RT-PCRs were performed in the Genomic Facility at
CBMSO using Light Cycler equipment (Roche) and self-
designed probes purchased from Sigma with Syber Green
technology. Primers used are shown in Supplementary
Table 1. A geometric mean of three stably expressed and
commonly used reference genes (Ywhaz, Gapdh for the
liver; B2m, Ppia for eWAT) was used for data normalization.
gPCRs and statistical analysis of the data were performed
using GenEx software.

Multiplex analysis of cytokines

Experimental supernatants from LPS-treated TEPMs were
collected and centrifuged at 3,000 g for 5 min. Cytokine
concentration was determined for TNF-a, IL-6 and IL-10,
using an ELISA kit purchased from R&D systems. Superna-
tants were analyzed in duplicates using the manufacturer’s
protocol.

Data analysis

All data are expressed as mean values + SEM and n rep-
resents the number of animals. Statistical significance was
analyzed by using unpaired Student’s ¢ test or Mann-Withney
test depending on the distribution of the data, or one- or
two-way ANOVA followed by Bonferroni’s post-hoc test, or
Kruskal-Wallis test followed by Dunns post-hoc test when
the distribution of the samples was not normal. Differences
were considered statistically significant when P value < 0.05.

Results

Myeloid cell-specific decrease in GRK2 levels
protects against HFD-induced glucose intolerance

To evaluate the role of GRK2 in the crosstalk between
myeloid cells and other tissues during the development of
obesity-induced IR, LysM-GRK2** control mice, as well as
LysM-GRK2"/~ and LysM-GRK2 ™'~ littermates, were either
fed a standard diet (SD) or a HFD for 12 weeks. As shown
in Fig. 1a, both LysM-GRK2*'~ and LysM-GRK2~"~ mice
were protected against HFD-induced hyperglycemia while
they did not develop hyperinsulinemia, but rather presented
decreased fasting insulin levels compared with LysM-
GRK2*'* littermates after the HFD (Fig. 1b). Accordingly,
LysM-GRK2"~ and LysM-GRK2 ™~ mice showed improved
glucose homeostasis in the glucose tolerance test (GTT)
after the HFD without differences among genotypes on SD
(Fig. 1c, d). Indeed, the area under the curve (AUC) showed
a significant enhancement of glucose tolerance in LysM-
GRK2*~ and LysM-GRK2~'~ mice at the end of the HFD
feeding period (Fig. le) that was more evident when the
levels of GRK2 were lower as in the LysM-GRK2~/~ group.

The amelioration of glucose tolerance

in LysM-GRK2*/~ mice occurs in the absence
of important differences in systemic insulin
sensitivity or body weight gain

Despite the improvement in glucose tolerance observed in
LysM-GRK2"~ and LysM-GRK2~'~ mice on HFD, no sig-
nificant differences were found in the insulin tolerance test
(ITT) among genotypes on either SD or HFD, except for a
slight improvement at 60 min in LysM-GRK2~~ HFD-fed
mice (Fig. 2a,b) that did not reach significance when the
AUC was analyzed (Fig. 2c). Since muscle accounts for an
important percentage of insulin-induced glucose clearance,
these data suggested that the protection against HFD-induced
glucose intolerance observed in LysM-GRK2*~ and LysM-
GRK27™~ mice might not be due to important differences
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Fig.1 Decreasing GRK2 levels in myeloid cells protects against
the development of HFD-induced glucose intolerance. 8-week old
male mice from the LysM-GRK2'*, LysM-GRK2"~ or LysM-
GRK2™~ genotypes were either maintained on a SD or fed a HFD
for 12 weeks. At the end of this period, serum glucose (a) and insu-
lin (b) levels were measured upon an overnight fasting (~12 h).
Intraperitoneal GTTs in the SD-fed (¢) and the HFD-fed (d) groups

in muscle insulin sensitivity. Furthermore, the percentage
of body weight gain did not differ between groups in the
SD-fed mice (Fig. 2d) and no significant differences were
found between LysM-GRK2*"* and LysM-GRK2*~ dur-
ing the 12 weeks of HFD (Fig. 2e, f). In HFD-fed LysM-
GRK2~~ mice, however, we found a decreased body weight
gain. So, we cannot rule out the contribution of the leaner
phenotype to the improved glucose homeostasis detected in
these mice.

Low levels of GRK2 in myeloid cells protect mice
from HFD-induced increase in hepatic glucose
production

In order to evaluate hepatic regulation of glucose homeo-
stasis in our model, we performed a pyruvate tolerance
test. Pyruvate administration elicits a glycemic profile that
reflects the status of hepatic gluconeogenesis, and that
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were performed. e Histogram showing the GTTs area under the
curve (AUC) analysis. Results are means+SEM of 5-8 animals per
group. Statistical analysis was performed by one-way (a and b) or
two-way (e) ANOVA or by two-way repeated measures ANOVA (c
and d) followed by Bonferroni’s post-hoc test. (¥p <0.05; *¥p <0.01;
#%p <0.005 and #p<0.01; #¥p<0.005 for LysM-GRK2** vs
LysM-GRK2™~ comparison)

is increased in the insulin-resistant liver thus contribut-
ing to the characteristic hyperglycemia [44]. Lowering
GRK?2 levels in myeloid cells conferred protection against
HFD-induced dysregulation in the control of gluconeo-
genesis to the same extent in LysM-GRK2™~ and LysM-
GRK2™~~ mice, without differences between genotypes in
SD-fed mice (Fig. 2g—1i).

Since LysM-GRK2"~ mice show a very similar phenotype
to LysM-GRK2 ™'~ animals regarding glucose homeostasis and
systemic insulin sensitivity, we continued our study specifi-
cally the LysM-GRK2*'~ mice. This decision was driven by
the fact that body weight gain during a HFD strongly influ-
ences IR, so models in which body weight is comparable
after the HFD might be considered advantageous if the aim
is to specifically investigate the contribution of inflammation
to HFD-induced metabolic alterations. Moreover, a partial
decrease of GRK2 levels in macrophages rather than a com-
plete deletion would reflect in a more physiological manner
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Fig.2 Decreasing GRK2 levels in myeloid cells does not cause
important differences in systemic insulin sensitivity or body weight
gain, but significantly improves pyruvate tolerance in HFD-fed mice.
8-week old male mice from the LysM-GRK2™*, LysM-GRK2*~
or LysM-GRK2™~ genotypes were either maintained on a SD or
fed a HFD for 12 weeks. Intraperitoneal ITTs in the SD-fed a and
the HFD-fed b groups were performed. ¢ Histogram showing the
ITTs AUC analysis. Body weight evolution (expressed in %) dur-
ing the 12 weeks of standard (d) or high fat (e) feeding, and final

what may occur in health and disease, and also represents a
more faithful model to recapitulate the effect of a treatment
with a pharmacological GRK2 inhibitor that would not com-
pletely block GRK2 actions. Thus, we decided to focus our
study in mice with lower, but no completely absent, levels of
GRK2 in myeloid cells (LysM-GRK2 "~ mice).

body weight at the end of the 12 weeks are shown (f). Intraperito-
neal pyruvate tolerance tests (PTTs) in the SD-fed (g) and the HFD-
fed (h) groups were performed. i Histogram showing the PTTs AUC
analysis. Results are means +SEM of 5-8 animals per group. Statisti-
cal analysis was performed by two-way repeated measures ANOVA
followed by Bonferroni’s post-hoc test. (*p<0.05; **p<0.01;
% <0.005 and *p<0.05; #p<0.01; #p<0.005 for LysM-
GRK2** vs LysM-GRK2™~ comparison)

Lower GRK2 levels in myeloid cells limits
insulin resistance, inflammation and adipocyte
hypertrophy in eWAT upon a HFD

During obesity, white adipose tissue (WAT) may become
severely dysfunctional, leading to metabolic alterations and
to activation of pro-inflammatory macrophages. In fact, the
link between obesity, adipocyte hypertrophy, inflammation
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«Fig.3 HFD-fed LysM-GRK2*~ mice show increased insulin-
induced AKT phosphorylation in eWAT, together with reduced adi-
pocyte size and a less dysfunctional adipokine and cytokine expres-
sion profile upon a HFD. Following 12 weeks of HFD, control
(LysM-GRK2*™*) and LysM-GRK2*~ mice were injected vehicle
(NaCl 0.9%) or insulin (1 TU/kg body weight) and after 10 min tissue
lysates from eWAT were subjected to WB and probed with antibod-
ies against total and phosphorylated AKT (Ser473). Representative
immunoblots and densitometric analysis (a) of four mice per group
are shown and expressed as % of stimulation over vehicle-injected
mice (basal). Statistical significance was analyzed by unpaired two-
tailed t test *p<0.05. b Sections of epididymal fat pads from con-
trol and LysM-GRK2*~ mice stained with haematoxylin and eosin
(10xmagnification). Representative photomicrographs are shown.
Adipocyte size was calculated by determining individual adipocyte
areas using image analysis software (ImageJ) in 2-5 different ran-
domly chosen fields per mouse, in 6—7 mice per genotype. Statisti-
cal significance was analyzed by unpaired two-tailed ¢ test *p <0.05. f
Total macrophages in the adipose SVF were identified by FACS gat-
ing F4/80 and cd11b positive cells, and expressed as % from paren-
tal cells. f M1 macrophages were identified by flow cytometry, as
depicted by representative images, as the CD11c-positive cells within
the F4/80 and CD11b-positive cells, and expressed as % from paren-
tal cells. Data are represented as means +SEM of 5-6 mice per geno-
type. eWAT lysates were subjected to real-time qPCR to measure the
expression of Adiponectin and Leptin genes (c) Emrl (F4/80) gene
(d) as well as the expression of genes encoding TNFa, IL-1p, IL-6,
CCL-2 (MCP-1) and CCR2 in fed (g) or overnight fasted (~ 12 h) (h)
mice. qPCR results were normalized against Ppia and B2m mRNAs.
Statistical significance was analyzed by unpaired two-tailed t test (c)
or by one-way ANOVA followed by Bonferroni post-hoc test (f, g)
(*p <0.05; ***p <0.005)

and IR is well known. At the molecular level, binding of
insulin to its receptors in the cell surface causes subsequent
phosphorylation of the downstream target AKT, and this
phosphorylation is impaired in situations of IR. We found
that insulin-induced AKT phosphorylation in WAT of
LysM-GRK2*~ mice was significantly increased compared
to LysM-GRK2*/* littermates despite the HFD feeding
(Fig. 3a). This enhanced insulin sensitivity correlated with
a decreased adipocyte size in LysM-GRK2*'~ mice (Fig. 3b)
and an increased expression of Adiponectin concomitant
with a decreased expression of Leptin genes in adipose tissue
from these animals (Fig. 3¢). No differences were detected
between genotypes in GRK2 levels in whole WAT lysates
(Fig. S1).

Interestingly, the total number of macrophages in adi-
pose tissue was not different between genotypes neither in
terms of F4/80 mRNA levels (Fig. 3d) nor quantifying F4/80
cdl1b-positive cells by FACS (Fig. 3e). Nevertheless, the
percentage of M1 macrophages, as defined by CD11c expres-
sion, was clearly reduced in LysM-GRK2"~ mice (Fig. 3f).
We also observed a significant reduction in the expression of
the pro-inflammatory cytokine TNFa, the chemokine MCP-1
(CCL2) and of its receptor CCR2, together with an almost
significant tendency towards decreased IL1f and IL-6 gene
expression in WAT from HFD-fed LysM-GRK2"~ mice
(Fig. 3g). Fasting is a stimulus known to activate adipose

tissue lipolysis, increasing local levels of free fatty acids,
which activate classical inflammatory responses in mac-
rophages through engagement of pattern recognition recep-
tors, including TLR4 [18]. Despite no differences were
found in total circulating NEFA levels between genotypes
(Fig. S2), the mRNA expression of inflammatory cytokines
TNFa and IL1P as well as the mRNA of the chemokine
MCP-1 and its receptor CCR2 were also decreased in adi-
pose tissue from HFD-fed LysM-GRK2*'~ mice upona 12 h
fasting (Fig. 3h). Since macrophages within adipose tissue
are known to respond to obesity by a specific inflammatory
program that further stimulates disease progression, our data
suggested that the reduced inflammatory response of WAT
macrophages with decreased GRK2 levels may contribute
to the observed phenotype.

Insulin signaling is increased in the liver of HFD-fed
LysM-GRK2*/~ mice, together with decreased
steatosis and inflammation

Adipose tissue macrophages in the visceral compartment
not only promote local inflammation, but also contribute
to systemic glycemic control and have an important role in
the development of global and hepatic IR and in NAFLD
severity [10]. We thus analyzed the activation of the insulin
pathway in the liver as a key contributor to glucose home-
ostasis. In accordance to the profile observed in the GTT
and the PTT (Figs. 1d—e; 2h—i) and with data obtained in
WAT (Fig. 3a), LysM-GRK2*'~ mice displayed an improved
hepatic insulin response, since insulin-induced AKT phos-
phorylation was preserved in the liver of HFD-fed LysM-
GRK2*'~ animals compared to control littermates (Fig. 4a).

Because IR favors the accumulation of excessive hepatic
fat, we performed a histological analysis and observed
a marked steatosis in livers of HFD-fed control mice but
not of LysM-GRK2*~ animals (Fig. 4b). Coherently, the
TG content of the liver was significantly lower in HFD-
fed LysM-GRK2*'~ mice (Fig. 4c). Closely linked to both,
hepatic steatosis and IR, the activation of liver-resident
Kupffer cells helps recruit blood-derived monocytes. Both
differentiate into pro-inflammatory macrophages and further
promote NAFLD progression [10]. Therefore, the presence
of hepatic macrophages was assessed by immunostaining
(Fig. 4d) and mRNA expression analysis (Fig. 4e) for F4/80,
a macrophage and Kupffer cell marker. We found reduced
F4/80 protein and mRNA levels in the liver of HFD-fed
LysM-GRK2"~ mice, suggesting a decreased presence of
macrophages in the liver of these animals, together with a
decreased expression of mRNAs of the pro-inflammatory
cytokines TNFa, IL1f and IL6 or for CCL2 and CCR2
(Fig. 4f), known to contribute to hepatic IR in obesity [45].
Moreover, Ptgs2 mRNA was also reduced in the liver of
mice with lower levels of GRK2 (Fig. 4g), what is consistent
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Fig.4 Insulin signaling is increased in the liver of HFD-fed LysM-
GRK2*~ mice, accompanied by decreased steatosis and inflamma-
tion. Following 12 weeks of HFD, control (LysM-GRK2**) and
LysM-GRK2*~ mice were injected vehicle (NaCl 0.9%) or insulin
(1 IU/kg body weight) and after 10 min tissue lysates from liver were
subjected to western blot (WB) and probed with antibodies against
total and phosphorylated AKT (Ser473). Representative immunob-
lots and densitometric analysis (a) of four mice per group are shown.
Results are expressed as % of stimulation over vehicle-treated mice
(basal). b Liver sections from HFD-fed mice from both genotypes
were stained with haematoxylin and eosin (10Xxmagnification). ¢
Liver TG were extracted, measured and expressed as equivalent tri-
olein concentration (mg/ml). Data are means+SEM of 6 animals per
genotype. Statistical significance was analyzed by unpaired two-tailed
t test ¥p< 0.05 d Immunohistochemical analysis of liver sections

with its expression being mediated by TNFa and IL1,
and the expression of Nlrp3 inflammasome, which plays a
key role in the processing of bioactive IL1p and has been
involved in the progression of NAFLD to non-alcoholic stea-
tohepatitis (NASH) [46], showed a trend towards a decreased
expression. These results suggest that reducing GRK?2 levels
specifically in myeloid cells has substantial consequences
in the development of IR and inflammation in the liver, and
highlight an important role for myeloid GRK2 in the regula-
tion of the interplay between macrophages, adipocytes and
hepatocytes in HFD-induced conditions.

@ Springer

stained with F4/80 antibody and counterstained with haematoxylin
(magnificationx20). Representative photomicrographs are shown.
Positively stained area was quantified using Image J Software in at
least three different randomly chosen fields per mouse. Results are
expressed as % change over control (HFD-fed LysM-GRK2**) mice
and are means+SEM of 6 animals per genotype. Statistical signifi-
cance was analyzed by Mann Whitney test *p <0.05. Real-time quan-
titative polymerase chain reaction (qQPCR) was used to measure the
hepatic expression of the F4/80 gene (e) and genes encoding TNF- ,
IL-1beta, IL-6, CCL2, CCR2 (f) and NRLP3 and COX-2 (Ptgs2)
(g). Results were normalized against Ywhaz and Gapdh mRNAs.
Values are represented as fold change over control mice and are
means+ SEM of 5-6 animals per genotype. Statistical significance
was analyzed by unpaired two-tailed ¢ test (e) or by one-way ANOVA
followed by Bonferroni post-hoc test (£, g) (*p <0.05; **p <0.05)

Differences in microbiota do not play a major
role in the protection against glucose intolerance
conferred by decreased GRK2 levels in myeloid cells

Besides saturated fatty acids, another driver of pro-inflam-
matory macrophage activation within WAT is microbiota-
derived LPS [47]. Since changes in gut microbiota composi-
tion have been commonly observed during a HFD feeding
[16, 48] and contribute to the phenotype, we evaluated the
potential contribution of microbiota alterations in the pro-
tection observed in LysM-GRK2*"'~ mice. No significant
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Fig.5 Gut microbiota analysis from LysM-GRK2"* and LysM-
GRK2*~ mice under a HFD. a Comparison of Chaol and Shannon
diversity indexes between groups. Statistical differences were ana-
lyzed by Kruskal Wallis test. No differences were observed. b Princi-
pal coordinates analysis (PCoA) plot of Unweighted Unifrac distance
of fecal samples collected after 12w from LysM-GRK2*/* and LysM-

differences were found in Chaol or Shannon diversity
indexes (Fig. 5a) nor in their whole populations as meas-
ured through the Unweighted Unifrac distance of fecal
samples collected from control and LysM-GRK2*/~ mice
after 12 weeks of HFD (Fig. 5b). Accordingly, the heatmap
showing relative abundances of bacterial groups at the genus
level does not show significant differences between groups
upon 12 weeks of HFD (Fig. 5c¢). It should be noted how-
ever that, despite no differences being found in the whole
population (beta diversity, difference in taxonomic abun-
dance profiles from different samples), some significant
modifications in the abundance of specific bacterial groups
(alpha diversity) were detected. In fact, when analyzed
by the data test ANCOM, specialized for microbiome, an
increased abundance of Allobaculum, Bifidobacterium and
Lactobacillus genus was detected, as well as a decreased
abundance of Odoribacter and Dehalobacterium genus
in LysM-GRK2%~ mice when compared with control lit-
termates (Fig. S3a). On the other hand, when comparing
12 weeks of HFD vs 12 weeks of SD for each group, we
found a similar decrease in alpha diversity in both geno-
types, together with a significant increase in Lactococcus

16.0000

1.0000

0.0625

GRK2*'~ mice fed a HFD. PERMANOVA analysis did not show sta-
tistical differences between groups. ¢ Heatmap for the effect of genet-
ics on intestinal microbiota composition showing bacterial groups at
genus level. Relative abundances of the groups are color-coded from
less to more abundance

and decrease in Prevotella (Fig. S3b and c), suggesting that
the identified changes reflect the influence of the HFD, and
not so much of the genotype, on gut microbiota.

Since the HFD feeding induces a similar modulation
of the microbiota in both LysM-GRK2*'* and LysM-
GRK2*~ mice, we decided to analyze endotoxemia-induced
changes in the glycemic response in LysM-GRK2*/* vs
LysM-GRK2*'~ mice. For this aim we injected mice with
a low dose of bacterial endotoxin lipopolysaccharide (LPS,
1 mg/kg) and we found that the protection against glucose
intolerance achieved by decreasing GRK?2 levels in myeloid
cells was maintained also in this acute pro-inflammatory
model, at least at the level of LPS-induced hyperglycemia
(Fig. S4), thus suggesting that the same degree of endotox-
emia more severely impairs glucose metabolism in LysM-
GRK2** than in LysM-GRK2"~ mice.

Altogether these results suggested that the observed dif-
ferences in the inflammatory profile of tissues from HFD-fed
control or LysM-GRK2*'~ mice seem to depend on intrin-
sic properties of infiltrating macrophages with reduced
levels of GRK2, which would respond in a different way
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to pro-inflammatory stimuli, rather than to differences in
microbiota.

Decreasing GRK2 levels in myeloid cells impairs
pro-inflammatory responses in macrophages

In order to specifically study the inflammatory response of
macrophages with decreased levels of GRK2, we used thiogly-
collate-elicited peritoneal macrophages (TEPMs) from LysM
GRK2™* and LysM GRK2™~ mice. In agreement with with
previous results, LPS-induced enhancement of iNOS expression
was lower in TEPMs from LysM GRK2™~ mice compared with
GRK2"™* macrophages, as was also observed in TEPMs treated
with the GRK2 inhibitor Cpd101 (Fig. 6a, b). This decreased
expression of iNOS occurred in the absence of differences in
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Fig.6 Decreasing GRK2 levels diminishes pro-inflammatory acti-
vation of macrophages in vitro. a Thioglycollate-elicited peritoneal
macrophages (TEPMs) isolated from either LysM-GRK2** or LysM-
GRK2*'~ mice were cultured for 2 days in RPMI supplemented with
10% FBS, serum-starved overnight and stimulated with 1 pg/ml LPS
for 6 h. Lysates were analyzed by WB with the corresponding anti-
bodies against iNOS (NOS-2), COX-2, GRK2 and f-actin. b WB
results from TEPMs of control mice with the same treatment but
in the absence or presence of the GRK2 inhibitor Cpd101 (30 uM).
Lysates were analyzed by WB with the previously mentioned anti-
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LPS-induced COX2 expression, and was coincident with a
decreased secretion of the main pro-inflammatory cytokines
TNFa and IL-6, without differences in the secretion of the anti-
inflammatory cytokine IL-10 (Fig. 6¢). To explore whether this
decreased proinflammatory response would have an impact in
other cell types, we treated 3T3L1 adipocytes for 24 h with con-
ditioned media (CM) from GRK2** or GRK2*'~ macrophages
stimulated or not with LPS, and evaluated their response to insu-
lin by measuring the phosphorylation level of AKT. We found
that insulin signaling was impaired in 3T3L1 adipocytes treated
with the CM from LPS-stimulated GRK2** macrophages,
whereas CM from LPS-stimulated GRK2*~ macrophages did
not induce insulin resistance in these cells (Fig. 7a), what is in
agreement with the decreased secretion of key pro-inflammatory
cytokines by GRK2*'~ macrophages upon LPS stimulation.
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bodies. Representative immunoblots of 3—-6 independent experiments
and densitometric analysis are shown. Results are expressed as fold
change over LPS-stimulated control macrophages (control being
GRK2** macrophages (a) or macrophages untreated with Cpd101 in
(b). ¢ Cytokines in the supernatants of GRK2**+ or GRK2*"~ TEPMs
were measured after 6 h of LPS (1 pg/ml) stimulation. Cytokine
protein levels were normalized to the total amount of protein within
each well (in mg), and results are means + SEM of 4-6 experiments.
Statistical significance was analyzed by unpaired two-tailed ¢ test
(*p<0.05; **p<0.01)
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Fig.7 Effect of the conditioned medium from thioglycollate-elic-
ited peritoneal macrophages (TEPMs) isolated from either LysM-
GRK2*™* or LysM-GRK2*~ mice on adipocytes and naive bone-
marrow-derived macrophages (BMDM). a 3T3L1 adipocytes were
stimulated for 24 h with the conditioned medium (CM) obtained from
TEPM s isolated from either LysM-GRK2** or LysM-GRK2*'~ mice
previously treated or not with 1 ug/ml LPS for 6 h. 24 h later, 3T3L1
adipocytes were stimulated with insulin (Ins,10 nM) for 10 min and
cell lysates were subjected to WB using antibodies against total and
phosphorylated AKT (Ser473) and f-actin. Representative immuno-
blots (upper panel) and densitometric analysis (lower panel) of three
independent experiments are shown. Results are expressed as fold
change over basal (3T3L1 cells stimulated with CM from TEPMs
non-stimulated with LPS and in the absence of insulin). Statistical
significance was analyzed by two-way ANOVA followed by Bonfer-

Naive BMDM from WT mice were also stimulated for 24 h with
the CM from control or LPS-treated GRK2+* or GRK2*'~ mac-
rophages and nitrites accumulation in their culture medium was
measured (Fig. 7b). Stimulation with CM from LPS-treated
GRK2*~ macrophages induced NO synthesis by BMDM to
a lesser extent than stimulation with CM from LPS-treated
GRK2"* macrophages. Accordingly, iNOS and HO-1 expres-
sion were enhanced in BMDM stimulated with the CM from
LPS-treated GRK2™* macrophages compared with BMDM
stimulated with CM from LPS-treated GRK2*'~ macrophages
(Fig. 7¢). Collectively, these data suggest that, when stimulated
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roni post-hoc test (**p <0.01; ***p <0.005). b Relative nitrite levels
produced by BMDM upon 24 h-stimulation with CM obtained from
TEPMs isolated from either LysM-GRK2** or LysM-GRK2"~ mice
previously treated with 1 pug/ml LPS for 6 h. Results are expressed
as fold change of nitrite concentration in the supernatant of BMDM
stimulated with the CM of LPS-treated GRK2*/~ macrophages over
control (supernatant of BMDM stimulated with the CM of LPS-
treated GRK2™* macrophages). ¢ Representative immunoblots
(upper panel) and densitometric analysis normalized to GAPDH lev-
els (lower panel) of iNOS, COX-2, HO-1 and GAPDH from BMDM
exposed for 24 h to CM from LysM-GRK2** or LysM-GRK2*~
TEPMs stimulated or not with 1 pg/ml LPS for 6 h.. Graphs represent
fold change over control (supernatant of BMDM stimulated with the
CM of LPS-treated GRK2** macrophages). Statistical significance
was analyzed by unpaired two-tailed t test (*p <0.05; **p <0.01)

with LPS, the secretome of macrophages with decreased lev-
els of GRK?2 fails to induce the same degree of pathological
responses in other cell types, such as insulin resistance in adi-
pocytes or inflammation in naive macrophages.

Discussion
In this study, we show that decreasing GRK2 levels spe-

cifically in cells from the myeloid lineage protects against
the development of HFD-induced glycemic dysregulation.
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Notably, LysM-GRK2*~ mice were protected against HFD-
induced alterations including hyperglycemia and hyperinsu-
linemia, as well as from HFD-induced glucose intolerance,
in the absence of statistically significant differences in body
weight gain. Since this latter parameter strongly influences
IR, models in which body weight is comparable between
groups after the HFD might be considered advantageous to
specifically investigate the contribution of inflammation to
HFD-induced metabolic alterations without the confounding
factor of differences in obesity.

Interestingly, the improved glucose metabolism in LysM-
GRK2*~ mice was not associated with significant differ-
ences in systemic insulin sensitivity, but with an enhanced
repression of hepatic gluconeogenesis (as reflected by the
PTT), as well as with an enhanced adipose and hepatic
insulin sensitivity and decreased adipocyte size and hepatic
steatosis in the face of a HFD. Other works have shown an
improvement of glucose tolerance in a context of decreased
hepatic steatosis without differences in systemic IR [49, 50].
Our data support the hypothesis that systemic IR and obe-
sity are not necessarily linked, similar to studies showing
that obesity is not required for immune-mediated disrup-
tion in glucose tolerance [51] or those in which mice with
increased or the same degree of obesity are protected from
metabolic complications solely through an improved inflam-
matory profile in adipose tissue [18, 50]. Indeed, it has been
demonstrated that inflammation is regulated in a different
way in adipose tissue and in muscle [52], as is insulin sen-
sitivity [53].

Accordingly, there are two main consequences of
the HFD-feeding: IR, which might be more linked to a
decreased response to insulin in the muscle (that would
affect both groups of mice to the same extent), and a ham-
pered hepatic control of glucose homeostasis, which seems
to be more dependent on obesity-associated inflammation,
which appears attenuated in LysM-GRK2*~ mice, along
with an improved hepatic insulin response and decreased
steatosis. In this regard, innate immunity is considered a
major contributor to the pathophysiology of NAFLD, and
there is strong evidence for the involvement of macrophages
in the development of hepatic steatosis and inflammation
[10]. Several studies suggest direct associations between
adipose tissue and hepatic inflammation [54]. Specifically,
pro-inflammatory macrophages within WAT have been sug-
gested to fuel hepatic lipid accumulation (reviewed in [55]).
Moreover a causal relationship has been established between
macrophages within visceral WAT from obese animals and
increased hepatic inflammation during liver steatosis con-
ditions, since transplantation of donor visceral WAT from
obese mice, and not from lean animals, is per se able to
induce hepatic macrophage accumulation [56]. This fat-liver
axis is considered to explain that, during obesity, the polari-
zation of liver macrophages towards a pro-inflammatory
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phenotype is not the only important phenomenon for the
development of NAFLD. Rather, WAT macrophages, espe-
cially those in the visceral compartment, may contribute to
the development of hepatic IR and hepatosteatosis through
their effects on chronic inflammation [10]. Indeed, the liver
is the organ more exposed to cytokines released from vis-
ceral fat tissue, since these can be directly secreted into the
portal vein of obese subjects to directly reach the liver [57].
The existence of this fat-liver crosstalk during obesity is
also supported by data from several mouse models in which
the disruption of inflammatory pathways specifically in adi-
pocytes resulted in protection against diet-induced hepatic
steatosis and IR [58, 59], while, in humans, recent studies
have shown a relationship between IR in the adipose tis-
sue and activation of hepatic macrophages in patients with
NAFLD [60].

Interestingly, the visceral adipose tissue of LysM-
GRK2"~ mice displays an enhanced insulin sensitivity, a
decreased adipocyte size, increased expression of Adiponec-
tin together with a decreased expression of Leptin and an
attenuated inflammatory pattern compared to HFD-fed
control littermates. Obesity-associated alterations in the
aforementioned adipokines has been described to contribute
importantly to the development of a dysfunctional adipose
tissue as well as to directly impact on insulin sensitivity in
the liver [61], and the adiponectin to leptin ratio has been
suggested as a marker of adipose tissue dysfunction and IR
(reviewed in [62]). Adiponectin has been reported to reduce
inflammation, which may be associated with an amelioration
of IR [63], and, specifically in the liver, it plays an important
role in the inhibition of hepatic glucose production [64].
One of the characteristics of adipose tissue dysfunction is a
proinflammatory macrophage polarization. In fact, adipose
cell enlargement during obesity leads to an altered pattern
of expression and secretion of adipokines, favoring a pro-
inflammatory state with reduced levels of adiponectin and
increased production of cytokines and chemokines, which
impair insulin signaling [65, 66]. Importantly, we find that
the visceral adipose tissue of HFD-fed LysM-GRK2"/~ mice
exhibits a decreased expression of key pro-inflammatory
cytokines and an increased expression of adiponectin, sug-
gestive of a less dysfunctional WAT in these animals. The
expression of TNFa, one of the most important mediators of
inflammation secreted by macrophages [61, 66] is decreased
in adipose tissue from LysM-GRK2"/~ mice, along with that
of relevant markers of pro-inflammatory macrophages such
as CCR2 and MCP-1 (CCL2). Accordingly, although we
did not find significant differences in the total number of
macrophages within adipose tissue, we noted a decreased
presence of the pro-inflammatory M1 macrophages
(F4/80*CD11b™CD11c* cells). Thus, it is tempting to postu-
late that such decreased inflammatory pattern in WAT would
relate to a decreased input of inflammatory cytokines to the
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liver, in turn reducing activation of resident Kupffer cells
and subsequent recruitment of macrophages to the liver in
LysM-GRK2"~ mice, resulting in overall protection from IR
and steatosis and preserved overall metabolic homeostasis.

In this regard, during a HFD, Kupffer cells are activated
and initiate inflammation through the production of TNFa,
IL-1B, IL-6 and chemoattractants, helping recruit neutro-
phils and circulating monocytes, which rapidly acquire a
pro-inflammatory phenotype and further promote NAFLD
progression [10]. Accordingly, the protection from hepatic
steatosis that we find in LysM-GRK2*'~ mice is accom-
panied by a decreased expression of pro-inflammatory
cytokines as well as by a decreased presence of macrophages
within the liver. These data suggest that decreasing GRK2
levels in myeloid cells can cause a decreased pro-inflamma-
tory activation of Kupffer cells, a reduced recruitment and
activation of circulating monocytes or both.

GRK?2 has been shown to negatively regulate chemotactic
responses through its canonical inhibitory role of chemokine
GPCR signaling as occurs with classical chemokines as
MIP-2 [28] or CCL2 [67]. This would speak against a
reduced migratory capacity of macrophages as responsible
for the decreased presence of macrophages in the liver of
LysM-GRKZ” ~ mice. However, in certain contexts and cell
types GRK2 may enhance cell motility, as in migration of T
and B lymphocytes from blood into lymph nodes [68] or in
epithelial cell migration [69]. In addition, given the impor-
tant role for p-arrestin2-biased signaling in the regulation of
CCR2 expression and recruitment of leukocytes to different
tissues [70], a decrease in GRK2 levels may also impair
GPCR phosphorylation and subsequent -arrestin2 recruit-
ment, leading to impaired cell migration. Therefore, the fact
that decreased migration of macrophages inside the liver is
taking place in our model cannot be completely ruled out.

Of note, our data show significant differences in mac-
rophage number only in the liver, but not in WAT of LysM-
GRK2*'~ mice compared to control littermates. Thus, the
decrease in macrophages within the liver could be more
related to a decreased activation of resident Kupffer cells
and the concomitant reduction in the recruitment of pro-
inflammatory macrophages, rather than to an intrinsically
decreased migratory capacity of macrophages with lower
levels of GRK2. This notion is consistent with the trend to
decreased levels of mRNA expression of MCP-1 (CCL2)
and CCR2 in the liver of LysM-GRK2*"~ mice. Interestingly,
CCL2 mRNA expression has been described to be signifi-
cantly upregulated in liver tissue from patients with NAFLD,
and CCR2 antagonism reduces infiltration of CD11c"F4/80*
cells into the liver in HFD-fed mice, accompanied by
improvements in liver steatosis and glycemic control [71].

The observed differences in the inflammatory profile
of LysM-GRK2*~ mice upon a HFD seem to arise from
intrinsic properties of macrophages with reduced levels of

GRK?2. On the one hand, we did not find significant differ-
ences in the composition of gut microbiota between geno-
types upon a HED diet, suggesting that altered microbiota-
derived LPS, a known driver for macrophage inflammation
within WAT besides fatty acids, is not playing a major role.
On the other hand, the reduced inflammatory status of
LysM-GRK2*"~ WAT was not accompanied by a decrease
in macrophage abundance, consistent with the notion that
decreasing GRK?2 levels in myeloid cells per se impairs pro-
inflammatory responses. The fact that the glycemic response
to endotoxemia was differentially affected in LysM-GRK2**
vs LysM-GRK2*'~ mice also supports that the fact that the
underlying cause of the differences observed in the inflam-
matory profile between genotypes should depend on intrinsic
properties of macrophages with reduced levels of GRK2.

Consistent with this notion, the response to pro-inflam-
matory stimuli such as LPS is comparatively decreased
in LysM-GRK2*'~ macrophages both in terms of iNOS
induction and cytokine production. Moreover, in BMDM,
the decrease in NO production induced by the CM from
LysM-GRK2*'~ macrophages correlates with a decreased
expression of HO-1, which has been reported to be induced
via NO-induced nuclear translocation of Nrf2 in order to
counteract iNOS expression and activity [72].

Interestingly, whereas decreased GRK2 dosage or cata-
lytic inhibition attenuates LPS-induced iNOS expression, the
concurrent up-modulation in COX-2 levels is not affected.
LPS stimulates nuclear factor kB (NF-kB), an important
transcription factor for both iNOS and COX-2 [73]. How-
ever, the regulation of the expression of these proteins in
myeloid cell types in response to inflammatory stimuli is
very complex and involves a variety of additional signaling
networks, including MAPK cascades and STAT3 stimula-
tion. Our results suggest that differential regulation mech-
anism of these proteins take place in macrophages with
decreased levels of GRK2 upon LPS treatment that are yet
to be elucidated.

Interestingly, despite being considered a pro-inflamma-
tory enzyme, COX-2 also exerts biological activities that
resolve inflammation [74, 75] by producing pro-resolving
PGs such as PGD2, 15-deoxy-A12,14-PGJ2, and PGF2«a
[76]. Thus, it is tempting to speculate that downmodula-
tion of GRK2 levels in macrophages, by decreasing iNOS
while maintaining increased COX-2 levels, would favor an
increased production of prostaglandins and pro-resolving
derivatives. One of those, 15d-PGJ, has been reported to
downmodulate the inflammatory response [77] and shows
an inhibitory effect that is preferential over iNOS compared
with COX-2 expression in LPS-activated macrophages [78].
15d-PGlJ, has also been described to reduce pro-inflamma-
tory cytokine expression [79]. GRK2 down-modulation may
also foster the response to PGE2, which also has anti-inflam-
matory effects [80] mainly mediated by the EP4 receptor,
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Fig.8 Effect of lowering GRK2 levels in myeloid cells in the modu-
lation of the adipose-liver crosstalk. In obesity, chemokines stimulate
the infiltration of macrophages into the WAT promoting a pro-inflam-
matory phenotype in adipose tissue macrophages, which contrib-
ute to the development of a persistent, low-grade inflammation.
Pro-inflammatory mediators in WAT induce IR and further enhance
monocyte recruitment, perpetuating a self-fed cycle of inflammation
and altering adipokine expression pattern. The dysfunctional WAT
and its infiltrating pro-inflammatory macrophages fuel hepatic IR,
lipid accumulation and the activation of Kupffer cells within the liver.

which is desensitized by GRK2 [81]. Reduced GRK2 dosage
may also favor in vivo the action of endogenous catechola-
mines acting through f-adrenergic receptors in macrophages
that are able to counteract LPS-induced inflammation and
M1 polarization [82—-84]. Thus, either an increased pro-
duction of pro-resolving prostaglandin derivatives or an
increased response to anti-inflammatory PGE2 or catecho-
lamines may contribute to the reduced pro-inflammatory
capacity of macrophages with reduced levels of GRK2.
GRK?2 is highly expressed in different cell types of the
immune system, and its levels and activity are differen-
tially altered in a number of inflammatory pathologies [31],
what suggests that GRK2 is an important regulator of cell
responses during inflammation. However, the role of GRK2
specifically in macrophages is controversial, with reports
describing opposing LPS-driven outcomes in macrophages
with altered levels/activity of GRK2 [85-87]. This apparent
discrepancy can be explained by differences in the precise
degree of GRK2 inhibition or silencing, the experimental
model utilized (model cell lines or macrophages isolated
from the peritoneal cavity by different procedures), or the
dose and duration of LPS stimulation. Adding additional
complexity, GRK2 can modulate a variety of pathways
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Decreased levels of GRK2 in myeloid cells reduce the pro-inflamma-
tory response of macrophages in the face of a HFD, fostering a less
inflamed adipose tissue, a preserved adipokine secretion pattern, and
a decreased expression of inflammatory cytokines. This reduces acti-
vation of Kupffer cells and subsequent recruitment of macrophages in
the liver, protects from IR and steatosis and preserves overall meta-
bolic homeostasis. Arrows represent the effect of lowering GRK2 on
the different processes. Stars represent M2 (green) or M1 (brown)
macrophages

related to inflammation so the impact of its downmodula-
tion might be differentially integrated in distinct contexts.
Specifically in myeloid cells, decreased GRK?2 has been
reported to enhance stimulation of p38 MAPK [86, 87] or
to enhance ERK1/2 signaling [85]) to foster inflammation.
In other reports in line with our data, GRK2 knockdown
in macrophages inhibits TNFa-induced NFxB-dependent
gene transcription in macrophages, thus blocking expres-
sion of inflammatory genes [88], and the ablation/inhibition
of GRK2 prevented ROS generation and iNOS induction in
LPS-stimulated microglial cells by modulating STAT3 phos-
phorylation and IRF1 activity [89, 90]. In our experimental
contexts, the anti-inflammatory mechanisms triggered by
reduced GRK2 expression appear to predominate, helping
to maintain inflammation at bay in HFD-related pathologies.

In sum, our data uncover that partially decreasing GRK2
levels in myeloid cells, by modulating macrophage pro-
inflammatory ability, has an impact on inter-organ crosstalk
particularly between WAT and the liver that is able to pre-
vent obesity-related NAFLD and hepatic IR and to improve
systemic glucose homeostasis (see Fig. 8). Our data also
reinforce the key role of the innate immune system and its
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modulation by GRK?2 in metabolic homeostasis and tissue
coordination in obesity-related pathological contexts.
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