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Editorial on the Research Topic

Immune Regulation of Metabolic Homeostasis

The worldwide prevalence of obesity, non-alcoholic fatty liver disease (NAFLD) and type 2 diabetes
is reaching epidemic proportions, not only in Western societies but also in developing countries (1,
2). Among various pathophysiological underlying mechanisms, the obesity-associated chronic low-
grade inflammation, also called meta-inflammation or metaflammation, contributes to the
development of insulin resistance and dysregulated glucose/lipid metabolism, ultimately leading
to type 2 diabetes, non-alcoholic steatohepatitis (NASH), and associated cardiovascular diseases
such as atherosclerosis (3-5). During the last decade, landmark studies in the emerging field of
immunometabolism have highlighted the central role played by the immune system in the
regulation of metabolic homeostasis in both rodent and humans. Indeed, a growing repertoire of
innate and adaptive immune cells have been reported to populate metabolic organs, including
adipose tissue, liver, pancreas, skeletal muscle, intestine and some brain areas, and to contribute to
tissue-specific maintenance of insulin sensitivity and/or biological functions through complex but
yet incompletely understood crosstalk with metabolic cells. Furthermore, the tissue
microenvironment (nutrients, metabolites, oxygen,...) also play an important role in the
regulation of intrinsic metabolism and functions of resident and/or recruited immune cell
subsets within metabolic organs (6, 7). This finely-tuned and dynamic homeostatic system is
altered in the context of obesity and metabolic disorders, bringing up the idea that modulation of
immune environment in metabolic organs could constitute an attractive new therapeutic approach
for alleviating metaflammation and cardiometabolic diseases (8, 9).

The present Research Topic provides a collection of high-quality manuscripts focused on
different aspects of the immune regulation of metabolic homeostasis, notably in the context of
obesity and type 2 diabetes. This issue comprises twelve manuscripts, including 6 original research
articles and 6 reviews, that could be divided in 3 interrelated parts.

The first section is mainly dealing with the role of tissue-resident immune cells, especially from
the myeloid lineage, in the pathophysiological regulation of nutrient metabolism and insulin
sensitivity in various metabolic organs. As the first one of a series of state-of-the-art reviews, Khan
et al. summarize the current knowledge on the changes in immune cell composition in visceral
adipose tissue during obesity and aging, and discuss the respective contribution of innate and
adaptive immune cell types to tissue dysfunction. In the light of the recent development of single cell
technologies that have revealed heterogenous immune cell populations within metabolic organs
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(10-15), Remmerie et al. provide an overview of the distinct
macrophage subsets identified in both adipose tissue and liver,
and their putative functions during the development of obesity
and fatty liver disease. In an extensive review, Orliaguet et al.
describe the main underlying molecular mechanisms by which
tissue-resident macrophages can be reprogrammed by
obesogenic micro-environment in pancreatic islets, adipose
tissue and the liver, and how changes in their polarization state
can affect organ functions and systemic insulin sensitivity. The
role of micro-environment in shaping myeloid cell functions is
expanded to dendritic cells by Brombacher and Everts who
dissect how changes in local nutrients or oxygen tension could
modulate intrinsic metabolic pathways and affect cell
differentiation and immunogenicity in pathological conditions
like cancer and type 2 diabetes. Focusing on the interaction
between adipocytes and invariant natural killer T (iNKT) cells
within adipose tissue, van Eijkeren et al. highlight the putative
role played by local adipocyte-derived lipids in shaping tissue-
resident iNKT cell functions. In an original study, Surendar et al.
investigate the role of adipose tissue and liver macrophages in
CD8" T cell functions during weight loss in diet-induced obese
mice. Finally, in the last article of this section, Koc et al. report
some differences in the transcriptional metabolic signatures of
CD14" and CD14 peripheral blood mononuclear cells isolated
from control subjects and age/weight-matched first-degree
relatives of patients with type 2 diabetes.

In a second part, three original manuscripts describe various
interventional approaches leading to improvements of
metaflammation, insulin sensitivity and/or glucose homeostasis
in mouse models of obesity and type 2 diabetes. Parasitic
helminths are known to be master regulators of host immune
responses through secretion of a portfolio of unique
immunomodulatory molecules (16, 17). Interestingly, Khudhair
et al. show that gastrointestinal helminth infection with the
nematode Nippostrongylus brasiliensis induces a potent type 2
immune response in metabolic organs, and reduces body weight,
systemic inflammation and hyperglycemia in high-fat diet-fed
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with immunomodulatory properties, on both systemic and tissue-
specific inflammatory parameters in diet-induced obese mice.
Finally, Permyakova et al. describe how AN1284, a novel indoline
derivative with antioxidant and anti-inflammatory activities,
improves whole-body insulin sensitivity, reduces hepatic and
renal inflammation and preserves kidney functions in BSK-db/db
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Finally, the last section of this Research Topic comprises two
review articles focused on bone homeostasis. Benovaand Tencerova
summarize the current knowledge on the impact of obesity and
lifestyle interventions on bone marrow microenvironment and
subsequent remodelling of both hematopoietic and mesenchymal
stem cells. In a mini-review, Cooney et al. discuss the role played by
gut microbiota in the regulation of bone mass, notably through
modulation of osteoclastogenesis by local immune cells, and how
probiotics may influence this gut-bone axis.

Overall, the studies presented in this Research Topic highlight
the central role played by the immune system in the (dys)
regulation of many aspects of metabolic homeostasis, at both
organ and systemic levels, especially during the development of
obesity, type 2 diabetes and associated inflammatory-driven
comorbidities. The expanding field of immunometabolism is
expected to i) contribute to a better understanding of the role and
functions of a growing numbers of tissue-specific innate and
adaptive immune cell subsets, and ii) pave the way to the
development of new immunomodulatory therapeutic strategies
for the treatment of cardiometabolic diseases.
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Mechanisms of Macrophage
Polarization in Insulin Signaling and
Sensitivity

Lucie Orliaguet’, Elise Dalmas’, Karima Drareni ™2, Nicolas Venteclef' and Fawaz Alzaid ™*

' Centre de Recherche des Cordeliers, INSERM, Sorbonne Université, USPC, Université Paris Descartes, Université Paris
Diderot, Paris, France, ? Institute for Diabetes, Obesity and Metabolism, University of Pennsylvania, Philadelphia, PA,
United States

Type-2 diabetes (T2D) is a disease of two etiologies: metabolic and inflammatory. At
the cross-section of these etiologies lays the phenomenon of metabolic inflammation.
Whilst metabolic inflammation is characterized as systemic, a common starting point is
the tissue-resident macrophage, who's successful physiological or aberrant pathological
adaptation to its microenvironment determines disease course and severity. This
review will highlight the key mechanisms in macrophage polarization, inflammatory and
non-inflammatory signaling that dictates the development and progression of insulin
resistance and T2D. We first describe the known homeostatic functions of tissue
macrophages in insulin secreting and major insulin sensitive tissues. Importantly we
highlight the known mechanisms of aberrant macrophage activation in these tissues
and the ways in which this leads to impairment of insulin sensitivity/secretion and the
development of T2D. We next describe the cellular mechanisms that are known to dictate
macrophage polarization. We review recent progress in macrophage bio-energetics,
an emerging field of research that places cellular metabolism at the center of
immune-effector function. Importantly, following the advent of the metabolically-activated
macrophage, we cover the known transcriptional and epigenetic factors that canonically
and non-canonically dictate macrophage differentiation and inflammatory polarization.
In closing perspectives, we discuss emerging research themes and highlight novel
non-inflammatory or non-immune roles that tissue macrophages have in maintaining
microenvironmental and systemic homeostasis.

Keywords: macrophage, inflammation, type-2 diabetes, adipose tissue, liver, pancreas, immunometabolism

INTRODUCTION: INFLAMMATION IN INSULIN SECRETION,
SENSITIVITY AND RESISTANCE

Type-2 diabetes (T2D) is a disease with dual etiologies, inflammatory, and metabolic. Over the
past 20 years, inflammation has gained increasing recognition for the important role it plays in
increasing risk of insulin resistance and can be seen as an aetiological starting point for metabolic
decline. Several studies have attempted to define the kinetics between inflammation and insulin
resistance, where some report local insulin resistance preceding inflammation (1) and others
reporting inflammation prior to insulin resistance (2). However, blunting inflammatory responses
has consistently been reported as metabolically protective, mitigating the development of insulin
resistance and T2D. Thus, inflammation is seen decisive factor in losing tolerance to metabolic
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dysregulation. Insulin resistance in the liver, adipose tissue and
skeletal muscle is initially met with a burst of activity from the
pancreas that maintains normal levels of glycaemia (the pre-
diabetic stage) (3-5). When this stage is prolonged and insulin
production can no longer meet demands, frank T2D develops
and predisposes individuals to a variety of complications and
comorbidities (Figure 1). These complications and comorbidities
are broadly hepatic and cardiovascular in nature and are
directly related to increasing inflammation, hyperglycaemia,
and dyslipidemia. The following review addresses the various
mechanisms and roles of inflammation in the development of
T2D with a particular focus on the liver, adipose tissue and
the pancreas.

Inflammation and Metabolic Health
The first evidence linking inflammation to metabolic health
dates back to 1993 when Gokhan Hotamisligil and Bruce

Abbreviations: 2-DG, 2-deoxyglucose; ABCA/G1, ATP-binding cassette
transporter; ACLY, ATP citrate lyase; AMPK, AMP-activated protein kinase;
AP-1, Activator protein 1; APOAI, Apolipoprotein Al; ARGI, Arginase 1; AT,
Adipose tissue; ATM, Adipose tissue macrophage; ATP, Adenosine triphosphate;
CARKL, carbohydrate kinase like (sedoheptulose kinase); CCL2, Chemokine (C-C
motif) ligand 2/monocyte chemoattractant protein 1; CCR2, C-C chemokine
receptor 2; CD, Cluster of differentiation; Clec4F, C-type lectin domain family
4 member F; CLS, Crown-like structure; COX2, Cyclooxygenase 2; DAMP,
Damage-associated molecular pattern; ETC, Electron transfer chain; EZH2,
Enhancer of zeste homolog 2; FA, Fatty acid; FAS, Fatty acid synthase; FATP, Fatty
acid transporter protein; FOXO, Forkhead box protein O; GC, Glucocorticoids;
GLUT1, Glucose transporter 1; GPS2, G Protein Pathway Suppressor 2; GR,
Glucocorticoid receptor; GRIP1, Glutamate receptor interacting protein 1; HDAC,
Histone deacetylase; HFD, High-fat diet; HIF1, Hypoxia inducible factor 1;
HK, Hexokinase; HRE, Hypoxia response element; HSC, Hepatic stellate cell;
IFN, Interferon; IGFBP-7, Insulin-like growth factor binding protein 7; IKK,
IkB Kinase; IL, Interleukin; iNOS, inducible nitrous oxide synthase; IRAK,
Interleukin-1 receptor associated kinase; IRF, Interferon regulatory factor; IRS,
Insulin receptor substrate; JAK, Janus Kinase; JNK, c-Jun N-terminal kinase;
KC, Kupffer cell; KDMé6B, Lysine demethylase 6B; KLF4, Kruppel-like factor
4; LPL, Lipoprotein lipase; LPS, Lipopolysaccharides; LXR, Liver-X-receptor;
Lyé6c/g, Lymphocyte antigen 6 c/g; MAPK, Mitogen activated protein kinase;
miRNA/miR, Micro RNA; Mme, metabolically activated macrophage; MSR,
Macrophage scavenger receptor; MyD88, Myeloid differentiation primary
response 88; NADH, Nicotinamide adenine dinucleotide 4+ hydrogen; NADPH,
Nicotinamide adenine dinucleotide phosphate; NAFLD, Non-alcoholic fatty
liver disease; NASH, Non-alcoholic steatohepatitis; NCoR, Nuclear receptor
corepressor; NFkB, Nuclear factor-kB; NLRP3, NACHT, LRR and PYD
domains-containing protein 3; NO, Nitrous oxide; NR, Nuclear receptor;
OPN, Osteopontin; OXPHOS, Oxidative phosphorylation; PAMP, Pathogen
associated molecular pattern; PD1, programmed cell death protein 1; PDGF-
R, Platelet-derived growth factor receptor; PDH, Pyruvate dehydrogenase;
PFK/uPFK, Phosphofructokinase/ubiquitous Phosphofructokinase; PGC-1a,
Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; PKM2,
Pyruvate kinase isozyme M2; PPAR, Peroxisome proliferator-activated receptor;
PPP, Pentose phosphate pathway; PRR, Pattern recognition receptor; ROS,
Reactive oxygen species; SDH, Succinate dehydrogenase; SLC1A5, Solute carrier
family 1 member 5; SMRT, Silencing mediator for retinoid or thyroid-hormone
receptor; SOCS, Suppressor of cytokine signaling; SREBP, Sterol regulatory
element binding protein; STAT, Signal transducer and activator of transcription;
T2D, Type-2 diabetes; TCA, Tricarboxylic acid; TGF, Transforming growth factor;
Th, T-helper; TIRAP, Till-interleukin 1 receptor domain containing adaptor
protein; TLR, Toll-like receptor; TNE, Tumor necrosis factor; TRAM, TRIF-
related adaptor molecule; Treg, Regulatory T-cell; TREM2, Triggering receptor
expressed on myeloid cells 2; TRIF, Toll-interleukin receptor adaptor inducing
interferon-B; UDP-GlcNac, Uridine diphosphate N-acetylglucosamine; VASP,
Vasodilator-stimulated phosphoprotein; VLDL, Very-low density lipoproteins.

Spiegelman discovered the increasing expression of pro-
inflammatory cytokine tumor necrosis factor (TNF)-« in adipose
tissue (AT) of rodent models of obesity (6). Neutralizing TNF-
a in obese rats led to a significant increase in glucose uptake
in response to insulin. Their study showed that blocking a
single cytokine can restore insulin sensitivity. A decade later,
macrophages were identified as the main source of TNF-a and
other pro-inflammatory molecules (IL-6 and iNOS) in obesity
(7). Moreover, macrophages drastically accumulate in adipose
tissue during obesity and at the onset of insulin resistance. These
early studies brought-to-light the contribution of inflammation
to metabolic decline associated with insulin resistance and T2D.

Since these findings, the immune system has gained
considerable attention as a major regulator of metabolic
homeostasis. Innate immune cells, namely macrophages, reside
in all the metabolic tissues that coordinate glycemic homeostasis,
namely AT, liver, and pancreas. Tissue-resident innate immune
cells form a bona fide tissue-specific immune niche, with each
niche having its particularities to cope with microenvironmental
cues. Macrophages are by far the most studied and proportionally
numerous innate immune cell type [25% of AT innate immune
cells (8), 20-35% of the non-parenchymal hepatic cells in the liver
(9), up to 90% of immune cells in pancreatic islets (10)].

Macrophage Polarization: Regulation of

Acute and Chronic Inflammation

Macrophages were firstly identified by Ellie Metchnikoft as
phagocytic cells. They form part of the myeloid lineage and
are capable of rapidly mounting non-specific responses to a
wide range of pathogens. Phagocytosis is a cellular process
associated with innate immune responses to pathogens, is critical
in the clearance of cellular debris, tissue repair, and maintaining
tissue homeostasis throughout the organism. Tissue-resident
macrophages develop from progenitors in the yolk sac, fetal
liver, and from circulating monocytes that originate in bone
marrow (11). Under physiological conditions, tissue-resident
macrophages play a key role in the maintenance of the integrity
and homeostasis of their respective tissues.

Macrophages quickly respond to environmental cues and
consequently adapt their function, they sense changes in their
microenvironment through cell surface receptor engagement.
The main receptors relaying environmental signals are toll-like
receptors (TLRs), which form part of the larger family of pattern
recognition receptors (PRRs). Ligation of TLRs/PRRs by damage-
or pathogen-associated molecular patterns (DAMP/PAMPs)
present in the microenvironment activates transcriptional
programs in macrophages to mount an adapted functional
phenotype (12). Whilst these transcriptional mechanisms have
been well-described (and are addressed in this review),
macrophages also extensively adapt their cellular metabolism to
meet the bioenergetic needs and optimize effector function (13).
The latter has gained much attention in recent research.

A dichotomy is currently used to describe macrophage
polarization states: M1 as pro-inflammatory or classically
activated vs. M2 as anti-inflammatory or alternatively activated
(Figure 2). The nomenclature of these subsets derives from
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FIGURE 1 | Evolution of Type-2 Diabetes. Following a metabolic hit, inflammation is at the initial steps of developing type-2 diabetes (T2D). Peripheral insulin
resistance develops in tandem with increasing inflammation. Insulin resistance is initially met by a compensatory response from the pancreas, producing more insulin
to maintain normoglycemia (pre-diabetes). Over time, insulin producing B-cells can no longer cope with increased demand, and insulin production ceases (B-cell

B-cell failure

the type-1 or type-2 immune responses canonically associated
with signaling molecules released upon polarization. Macrophage
signaling also polarizes the adaptive immune compartment to
maintain a chronic T helper (Th)1/17 or Th2 response. The
M1 polarization state is associated with a type-1 response
(Th1/17) and the production of pro-inflammatory mediators
associated with bacterial or viral responses. M1 macrophages
have strong microbicidal and antigen presenting capacities. They
produce powerful pro-inflammatory cytokines such as TNF-a,
IL-6, IL-1pB, and reactive oxygen species (ROS). M2 macrophages
elicit type-2 signaling, typically in response to extracellular
pathogens (helminths, parasites), producing anti-inflammatory
mediators such as IL-10 and TGF-B. M2 polarization is also
considered a pro-resolution response, associated with later
stages of resolving inflammation. The adaptive immune system
appropriately undergoes Th2 polarization producing regulatory
and remodeling cytokines such as IL-4, IL-5, and IL-13.
Accordingly, the immunoregulatory response has been attributed
to the specialized regulatory T-cells (Treg) subpopulation. The
pro-resolution response can manifest as scarring or tissue
remodeling, which when aberrant causes tissue fibrosis, type-
2 effector molecules also exacerbate allergic responses (14).
Whilst the discrete M1 and M2 classification remains in
use today, underlying this dichotomy exists a continuum of
diverse responses and intermediate macrophage phenotypes.
Novel functional classifications represent polarized macrophages
along a sliding scale between M1 and M2 depending on
chemokine/cytokine secretion, transcription factor engagement
and more recently on the cellular metabolic phenotype (15). The
rise of single-cell sequencing and of mass cytometry (CyTOF) are

coming a long way to deciphering the functional diversity and
plasticity of macrophages (16).

TISSUE MACROPHAGES IN METABOLIC
PHYSIOLOGY AND PHYSIOPATHOLOGY

Efficient communication between insulin secreting and insulin
target tissues (the pancreas, adipose tissue, the liver, and
skeletal muscle) maintains metabolic homeostasis in response
to physiological challenges that transiently vary glycaemia or
lipaemia, such as feeding or fasting (3-5). Insulin resistance
represents a partial breakdown in communication between these
tissues, where insulin target tissues become resistant to insulin
signaling, despite initial compensation by the pancreas. T2D
represents a stage of complete to near-complete breakdown
of communication where production of insulin no longer
meets the body’s requirement to regulate glycaemia. Each of
these tissues has its specialized niche of macrophages with
important physiological functions maintaining tissue integrity,
more importantly the tissue macrophage population undergoes
adaptation at each stage of developing T2D (3-5, 17, 18).
The tissue macrophage responses have been shown to be
extremely powerful mediators of insulin signaling, sensitivity,
and resistance (Figure 3).

Pancreatic Islets Macrophages

Pancreatic islets, distributed within the exocrine pancreas, are
micro-organs essential for systemic glucose homeostasis. f cells
form the majority of the islet and respond to glucose, within

Frontiers in Endocrinology | www.frontiersin.org

10

February 2020 | Volume 11 | Article 62


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

M1 macrophage

Bacterial, viral particles,

Nucleotides, RNA/DNA, \_\%

ROS, hypoxia, G-MCSF, IFNy,

o
6o

Quiescent = Mme

-

-
== = M2
Glucolipotoxicity » e
= M2b

]
OO =
= M2c

-
- M2d

Extracellular pathogens,
Chitin, allergens, MCSF,
TGF-B, IL-4, IL-10, IL-13...

o
o5

M2 macrophage

FIGURE 2 | Macrophage polarization and chronic inflammation. A variety of stimuli are known to induce either M1-like pro-inflammatory or M2-like anti-inflammatory
polarization. These polarization states represent the extremes of a spectrum of activation profiles, dependent on nature of the stimulus and microenvironmental
factors. Self-resolving inflammation is transient and considered a necessary physiological response in maintaining homeostasis and host-defense. If polarization is
persistent, downstream signaling from macrophages also leads to lymphocyte polarization. Sustained dysregulated macrophage activation and lymphocytic

polarization are important parts of a number of pathologies.

Th1/17
Type-1 effectors
IL-1B, IL-6, TNF... »
Physiology Pathology

Chronic inflammation
Auto-immunity
Insulin resistance
Aging, graft rejection

Inflammation
Monocyte recruitment
Microbicidal
Antigen presentation

Physiology .
Resolution of inflammation * .
; : Immunosuppression
Tissue remodeling
Allergy
Immune tolerance
Type-2 effectors
TGF-B, IL-10, VEGF... »
Th2/Tpeg

seconds, by secreting the appropriate amount of insulin required
for optimal energy supply to insulin-sensitive tissues. Innate
immune cells also form part of the pancreatic islet. Under steady-
state, macrophages are the major innate immune cell in both mice
and humans (10, 19-21). Over 20 years after their discovery, islet
macrophage phenotype remains unclear. Unlike ATMs and liver
macrophages, islet macrophages do not adhere to the M2 vs. M1
polarization paradigm associated with metabolic protection and
dysfunction, respectively. Indeed, M1 markers (CD11c, MHC-
II) are constitutively expressed by macrophages in healthy islets,
they also highly express IL-18, TNF-a, and the pro-inflammatory
transcription factor interferon regulatory factor (IRF)-5 (10, 19,
22). Moreover, they do not express M2 markers (CD206), in
contrast to stromal macrophages of the exocrine pancreas (19).
The role of macrophages in islet homeostasis has only begun
to draw attention. In situ islet imaging revealed that macrophages
are in close contact with both f cells and vasculature, in mice (23).
Islet macrophages monitor p cell insulin secretion in response
to glucose by detecting endogenous ATP that is co-released with
insulin (24). In turn, macrophages may also directly provoke or
enhance insulin secretion through production of factors such as
retinoic acid (10). Interestingly, relative to any other tissue,
cells have the highest expression of the signaling IL-1 receptor
1 (IL-1R1), strongly indicating a physiological role for IL-1f
in B cell function (25, 26). It is well-established that acute,
but not chronic, exposure to IL-18 stimulates insulin secretion

in mice and humans (27, 28). Underlying mechanisms remain
unclear, but may involve an increase in insulin granule docking
at the plasma membrane allowing enhanced exocytosis (27). Two
studies confirm this hypothesis with transgenic murine models.
B cell-targeted deletion of IL-1R1 impairs peripheral glucose
tolerance via reduced glucose-stimulated insulin secretion (29).
Other studies report that feeding induces a physiological rise
in circulating IL-1p, potentiating postprandial insulin secretion
(30). IL-1P secretion was attributed to peritoneal macrophages
responding to glucose metabolism and bacterial products,
released IL-1f in-turn acts on B cells (30). It has not been
ruled out that islet-resident macrophages may also produce IL-
18 post-prandially, indeed these macrophages may be the main
source of IL-1f in the islet microenvironment. Taken together,
these previous reports show that physiological IL-1f levels play a
critical role in amplifying insulin secretion.

During obesity, increased production of insulin is required to
maintain normal blood glucose levels. As a result, the number
of B cells and islet size increase, mainly by local proliferation
of pre-existing B cells (Figure 3). Therein, macrophages slowly
accumulate and may play an important role in § cell adaptation
to early weight gain and the development of insulin resistance. In
that context, islet macrophages may license p cell mass expansion
and the required angiogenesis during the first weeks of high fat
diet and in early islet adaption of young Db/Db mice. Indeed,
macrophage-depleted mice showed lower f cell replication rate,
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FIGURE 3 | Break down of insulin secretion and sensitivity in type-2 diabetes. At the physiological state glycaemic homeostasis is maintained by efficient
communication between the insulin secreting organ, the pancreas, and insulin target organs (adipose tissue and liver). All tissues are populated by their respective
tissue macrophages that participate in maintaining tissue homeostasis and physiological function. Insulin resistance is a breakdown of communication at insulin target
tissues. At the onset of insulin resistance, macrophages accumulate in adipose tissue and pancreatic islets. Crown-like structures develop in adipose tissue with
heterogeneously polarized macrophages and a decrease in adipocyte insulin sensitivity. Pancreatic islet size increases with increased -cell number and increased
macrophages. Increase in B-cell number allows compensatory insulin release to overcome insulin resistance. Increasing insulin resistance and systemic inflammation
result in B-cell failure when insulin secretion no longer compensates for resistance and persistent hyperglycaemia develops. At the stage of type-2 diabetes, a
complete breakdown in inter-organ communication occurs, insulin secretion drops and inflammatory macrophages permeate adipose tissue and the liver. Chronic
inflammation, hyperglycaemia and dyslipidemia lead to the development of non-alcoholic steatohepatitis.

decreased insulin secretion and impaired glucose tolerance  T2D patients revealed an inflammatory signature associated with
compared to controls (31). The promotion of § cell proliferation B cell dysfunction relative to islet cells from healthy controls,
by islet macrophages could be mediated by the platelet-derived  this result was attributed not only to immune cells but also
growth factor receptor (PDGF-R) signaling pathway (32). to endocrine cells fuelling local inflammation (38, 39). These
When obesity becomes chronic, insulin secretion eventually — results, somewhat contradictory, suggest that islet macrophages
no longer compensates for increased insulin demands, resulting  are not solely responsible for islet inflammation in obesity. More
in hyperglycemia and T2D. This f cell failure is associated with  studies are required to fully define their phenotypes and to
local islet inflammation and production of inflammatory  investigate the roles that other innate immune cells may play,
effectors (IL-18, TNF-a, CCL-2) (20, 26, 32-37). This  such as innate lymphoid cells (ILC) and their potential role in
phenomenon is associated with increased macrophages in  regulating insulin secretion and f cell mass expansion (10).
the islet in diet-induced or genetically obese rodents and in
patients with T2D (20, 31-33, 35, 37). Two distinct subsets Adipose Tissue Macrophages in Metabolic
of macrophages have been identified in the islet: resident Homeostasis

macrophages and  pro-inflammatory macrophages. Islet- AT is one of the first responders to alterations in energy
resident macrophages (CD11b*Ly6C™ or F4/80"€"CD11c*™)  palance. Physiologically AT regulates long term energy stores,
predominate at steady-state and pro-inflammatory macrophages  appetite (through endocrine signaling) and body temperature
(CD11b*Ly6C* or F4/80'°"CD11c"e") accumulate during the (by providing insulation or even increasing thermogenesis in
course of obesity (32, 33). While CD11b+LY6C+ macrophages  the case of brown adipose tissue). Adipose tissue macrophages
are recruited from monocytes, F4/801°VCD11c8" macrophages (ATMs) generally present an M2 profile at steady state
proliferate in situ. In this context, chlodronate liposome  ynder physiological circumstances. They are characterized by
macrophage depletion rescues glucose-induced insulin secretion  expression of the mannose receptor CD206, CD301 alongside
in models of genetic obesity and in palmitate-infused mice (33).  pan-macrophage markers such as F4/80 (in mice) CD14 (in
Interestingly, despite increasing islet macrophage number, diet-  humans) CD68 and CD11b. ATM homeostatic signaling includes
induced obesity does not markedly alter macrophage phenotype expression of arginase 1 (ARG1), IL-10, and other type-2 effectors
(19, 32). Another source of inflammatory factors that may a5 well as catecholamines. The transcription factor peroxisome
participate in islet inflammation are endocrine cells themselves, proliferator-activated receptor (PPAR)-y is highly expressed
including B cells. Indeed, RNA sequencing of islet cells from  jp these cells and controls ATM oxidative metabolism and
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capacity to cope with a lipid-rich environment. In this niche,
ATMs interact with other immune cells and provide signals for
activation or repression of B and T cells, neutrophils, natural
killer cells, and ILCs (40).

ATMs maintain tissue homeostasis by removing dying
adipocytes and debris from dead cells; this efferocytotic process
maintains an anti-inflammatory environment. Indeed, murine
adipose tissue presenting an excessive rate of dying adipocytes
due to targeted activation of caspase 8 are characterized by an
increased number of alternatively activated anti-inflammatory
macrophages (M2, CD206%), surrounding dead and dying
adipocytes (41). This grouping of cells surrounding adipocytes
in a ring-like structure are named crown-like structures
(CLS). CLS are only occasionally found in lean AT. Under
physiologic variation, AT homeostasis is challenged daily with
periods of feeding, thus expansion and storage of lipids, or
mobilization of stored-lipids during fasting or cold exposure.
ATMs have enhanced lipid buffering capacities and this enables
capturing lipids released from the dead adipocytes, also during
physiological process such as weight loss, fasting-induced
lipolysis (42), or thermogenesis (43). Interestingly, in obesity
macrophage-mediated capture of excess lipids regulates systemic
glucose tolerance. Lipids are stored within the macrophages and
released into circulation in a controlled manner (44).

ATM lipid-buffering processes limit ectopic lipid storage,
pro-inflammatory accumulation of lipids and systemic
lipotoxicity/dyslipidemia. A program of lysosomal activity
is activated in M2 ATMs to cope with environmental lipid
overload. Interestingly, inhibition of lysosome biogenesis and
consequently lipid accumulation and catabolism in ATMs
decreases adipocyte lipolysis (45). More recently, novel pathways
of lipid release independent of canonical lipolysis, have been
described. Adipocytes release exosome-sized lipid-filled vesicles
to be taken-up and stored by ATMs (46). The capture of lipids is
facilitated by ATM expression of fatty acid transporter (CD36)
and the lipid scavenger receptor MSRI1 (45).

Much of the knowledge with regards to macrophage
interactions with environmental lipids and their mechanisms of
activation has come from the fields of atherosclerosis and the
study of foam cells. Indeed, early studies carried out by Nagy
et al. (47) brought to light the importance of such receptors as
CD36, allowing macrophages to internalize oxidized lipids, which
in turn act as nuclear receptor ligands (PPARYy in this case). The
mechanisms described by Nagy et al. were amongst the earliest
to elucidate links between metabolic stress, transcriptional
regulation, and macrophage phenotypic plasticity.

The role of ATMs in thermogenesis is an emerging topic
and pathways leading to the activating of ATMs are still
under investigation (40). A novel population of macrophages
involved in adipose tissue thermogenesis has been identified:
sympathetic neuron associated macrophages (SAM) (48). These
cells are morphologically different from ATMs and are located at
fibers of the sympathetic nervous system in AT. Unlike ATMs,
SAMs have the molecular machinery to uptake and catabolize
norepinephrine which blunts catecholamine-induced lipolysis.

ATMs have also been associated with iron homeostasis, where
intracellular iron is a source of free radicals and a cofactor for a

number of proteins. Twenty-five percent of macrophages from
lean adipose tissue are considered as ferromagnetic, i.e., iron-
loaded and this proportion decreases with obesity (49). ATM iron
recycling contributes to AT homeostasis, where an up-regulation
of iron-related genes occurs during adipogenesis and an excess of
iron contributes to adipocyte insulin resistance (50, 51).

ATMs play a more direct role in adipogenesis where
alternatively activated macrophages form a niche for the
development of adipocytes and in the vascularization of adipose
tissue (52, 53). The accumulation of M2 ATMs in the CLS
surrounding dead adipocytes leads to the recruitment of pre-
adipocytes in response osteopontin (OPN). However, a recent
study demonstrated that M2-like ATMs inhibit the proliferation
of adipocyte progenitors through TGF-§ signaling. A hallmark
study by Buorlier et al. (53) characterized subcutaneous ATMs
as being predominantly CD206%, and to be the major source
of matrix degrading enzymes, making them an essential part
of tissue remodeling. In this same study, secreted factors
from ATMs were found to promote angiogenesis and inhibit
adipogenesis in stromal-vascular fraction progenitor cells (53,
54). Controlling angiogenesis is a key factor in the maintenance
of tissue homeostasis as it limits the formation of hypoxic
areas and insures appropriate irrigation supplying nutrients and
oxygen to the microenvironment. In the light of the above work,
the physiological phenotype of ATMs can be largely seen as
protective and may, in the early stages of caloric excess, act to
coordinate adipose tissue adaptation (53).

Finally, alternatively activated ATMs are characterized by their
production of IL-10, an anti-inflammatory cytokine known for
its important role as a modulator of insulin sensitivity (55).
Indeed, acute IL-10 treatment improves global insulin sensitivity
in vivo (56) and its expression is positively correlated with insulin
sensitivity in humans (57). Surprisingly, the hematopoietic
deletion of IL-10 does not promote obesity nor insulin resistance,
suggesting that other factors and pathways are involved in the
maintenance of AT metabolic health (58). Furthermore, ATMs
can release exosomes containing miRNA, such as miR-155, that
regulate insulin sensitivity. Such ATM-derived exosomes from
lean mice improve glucose intolerance and insulin sensitivity
when delivered to obese mice (59).

Adipose Tissue Macrophages and

Metabolic Inflammation

Obesity is a complex pathology and a factor in the etiology of
insulin resistance and T2D. The fundamental cause of obesity
is chronic imbalance between energy expenditure and food
intake leading to low-grade inflammation. Chronic low-grade
inflammation is what is generally referred to when discussing
metabolic inflammation, the starting point of which is the
adipose tissue macrophage. An accumulation of inflammatory
ATMs occurs in obesity and plays a key role in the
pathogenesis of obesity-induced insulin resistance (Figure 3)
(6, 7). Inflammatory ATMs correspond to the M1 subtype and
are identified as F4/80TCD11b™ cells, also positive for CD11c
and overexpressing IL-6, TNF-a, iNOS and the C-C chemokine
receptor 2 (CCR2).
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ATM accumulation in obesity occurs first due to in situ
proliferation at CLS, and then by recruitment of circulating
monocytes that differentiate into inflammatory macrophages
(60). The first proliferative phase is driven by IL-4 signaling
through Signal Transducer and Activator of Transcription
(STAT)-6. Infiltrating macrophages increase upon CCL2
signaling to monocytes, several studies have demonstrated
the importance of the CCR2/CCL2 axis in the recruitment of
circulating monocytes (61). In addition, migratory capacity of
macrophages is affected by obesity. Indeed, netrin-1, a laminin-
related molecule known for its chemo-attractant/-repulsive
properties, is induced by palmitate. It inhibits ATM migration to
lymph nodes and consequently promotes ATM accumulation in
situ (62).

The lipid-buffering capacity of ATMs is beneficial in early
dysmetabolism and enhances a lysosomal program associated
with M2 polarization (45), the abundance of lipids within ATMs
impacts their polarization toward an M1 phenotype (63). Single-
cell transcriptomic approaches confirm the heterogeneity of the
ATMs, identifying three different macrophage populations in
obese AT. Resident macrophages (F4/80M°) expressing CD206 are
maintained in obese AT, whereas Ly6c expression characterizes
the newly recruited macrophages (also F4/80™). The pro-
inflammatory subset of lipid-laden macrophages in CLS is
characterized by the expression of CD9 (64). More recently,
Jaitin and colleagues confirmed the phenotype and presence
of CD9" lipid-laden macrophages at CLS. They report that
CD9* cells counteract inflammation and adipocyte hypertrophy
via the lipid receptor TREM2 (8). Proteomics analyses also
identified specific ATM markers induced by stimuli reproducing
the adipose tissue microenvironment with palmitate, insulin,
and high levels of glucose (65). Such activation of ATMs gives
rise to the metabolically activated macrophage (MMe), which is
functionally and phenotypically distinct from classically activated
M1 macrophages.

The importance of the pro-inflammatory capacity of the
newly-recruited ATMs in the etiology of obesity is well
established. Activated macrophages surround dead adipocytes
and fuse to form multinucleate giant cells (66), an hallmark
of chronic inflammation that correlates to insulin resistance
(67). In 2008, Patsouris and colleagues demonstrated that
the ablation of CD11c" cells during obesity restored insulin
sensitivity by decreasing inflammatory markers (68). Interferon
regulatory factor IRF5 is a pro-inflammatory transcription factor,
commonly restricted to CD11c" cells, driving macrophage
polarization toward an M1 phenotype (69), and is notably
induced in ATMs in diet-induced obesity (70, 71).

Liver Macrophages in Metabolic

Homeostasis

Liver resident macrophages, also called Kupfter cells (KCs),
represent up to 80-90% of the whole body macrophage
population and are characterized by the expression of canonical
macrophage markers (F4/80, CD14, CD68, CD11b) as well
as the C-type Lectin (Clec)-4F (5). Clec4f is the marker of
bona fide KCs that are functionally distinct, specialized and

self-renewing tissue-resident macrophages (72). KCs belong to
the reticuloendothelial system of the liver, they are located
close to blood vessels in lumen of hepatic sinusoids, they
regulate hepatocyte proliferation and apoptosis upon injury
and at steady-state they clear blood of aged erythrocytes and
recycle iron by degrading hemoglobin (73). Their location is
adapted to their function of clearance of the portal blood
flow from pathogens, micro-organisms and cellular debris (74).
KCs select and eliminate debris from blood through scavenger
receptors and canonical PRRs expressed on the cell surface.
Importantly, KCs impose immune tolerance in the liver, an organ
constantly exposed to antigens and bacterial endotoxins from the
intestine and portal blood. KCs maintain an anti-inflammatory
environment by several mechanisms, secretion of IL-10, low
expression of MHC-II and high expression of PDL-1, limiting
antigen-presentation capacity and a powerfully inhibiting T-cells,
respectively (75). Interestingly, even upon IFN-y priming, KCs
promote differentiation of Tregs, a specialized immunoregulatory
subset of T-cells that maintains immune tolerance (75, 76).
At steady-state, KCs have limited interactions with distant
non-immune cell types, because they are not typically motile
cells. When microenvironmental communication is required,
KCs secrete cytokines or signal to circulating monocytes to
differentiate in situ (73).

Liver Macrophages in Metabolic

Inflammation

Systemic extension of inflammation from AT is associated
an increase of pro-inflammatory mediators in circulation
and an increase in adiposity. Insulin resistance, persistent
glucolipotoxicity, and systemic inflammation coincide in ectopic
fat deposition, a major site of which is the liver. In obesity
and T2D, the liver undergoes a spectrum of changes that
range from benign steatosis to fibrosis and cirrhosis (77).
This range of pathologies is known as non-alcoholic fatty
liver disease (NAFLD), where lipotoxicity, inflammation and
fibrogenesis characterize the more advanced stages of non-
alcoholic steatohepatitis (NASH). Liver macrophages, KCs, are
key actors in the progression of NASH, due to their pro-apoptotic
and pro-inflammatory responses to lipotoxic hepatocytes and
their capacity to activate matrix producing hepatic stellate
cells (HSCs).

Ectopic fat deposition triggers activation of immune cells and
an inflammatory environment which favors insulin resistance.
Surprisingly, unbiased transcriptomic analysis revealed no
differences in terms of expression of genes associated with a
pro-inflammatory signature, between liver macrophages from
lean and obese patients (similar data were obtained from
mice fed an HFD for 9 weeks). Metabolic impairments are
not associated with a pro-inflammatory activation of liver
macrophages (78). However, the transcriptomic inflammatory
signature is indeed variant between the stages of benign steatosis
and NASH. At the transition between steatosis and NASH,
liver macrophages target lipotoxic hepatocytes inducing their
apoptosis and signal to HSCs to induce their activation (77).
Chronic insults on the liver will result in fibrosis as an exuberant
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scarring response to dead or dying hepatocytes, sustained
fibrogenesis will in-turn affect liver function (77). Interestingly
at the NASH stage, the liver macrophage pool is extremely
heterogenous, with M1-like macrophages inducing hepatocyte
apoptosis and M2-like macrophages promoting HSC activation
and fibrogenesis (77, 79).

The pro-inflammatory transcription factor IRF5 has been
shown to play a critical role in liver macrophages, mediating
the transition between benign steatosis and NASH. Blunting
IRF5 expression results in hepatoprotection through early
upregulation of anti-apoptotic and immunoregulatory signaling,
increasing Treg differentiation and IL-10 secretion upon
hepatocellular stress (79). Recent research is delving into
potential non-inflammatory or non-immune signaling efferent
from KCs, notably effector molecules such as insulin-like growth
factor-binding protein (IGFBP)-7, regulates insulin sensitivity in
the context of obesity (80).

INITIATING AND SUSTAINING
MACROPHAGE POLARIZATION IN T2D

Defining the extracellular metabolic and molecular signals
associated with macrophage polarization in metabolic
inflammation and insulin resistance is an area of active
research. Candidate “metabolic” immunogens include lipids,
hypoxia, cell death, and stress (42, 66, 81).

Ninety percent of ATMs are surrounding dead adipocytes
in fat depots of genetically obese mice (82) suggesting that
dead adipocytes are sources of DAMPs that lead to CLS
formation and/or the accumulation of ATMs. Obese AT is also
characterized by hypoxic areas and the expression of hypoxia-
related genes, including HIF-1a. This transcription factor also
promotes the pro-inflammatory capacities of ATMs in the
context of obesity (83). Furthermore, lipolysis products and
more generally lipids whose circulating levels are elevated in
obesity, are extremely attractive candidates for the induction of
an inflammatory response in ATMs. TLR-4 has been shown to
be activated by nutritional fatty acids in macrophages, inducing
pro-inflammatory signaling pathways (84). Macrophages can be
activated by triglyceride-rich lipids, such as palmitate or very-low
density lipoproteins (VLDL) which upregulate intracellular levels
of ceramides and potentiate the pro-inflammatory response (85).
Activation of the NLRP3-inflammasome by these mechanisms
induces caspase-1-mediated cleavage of pro-IL-1p and pro-IL-18
into their active forms. Interestingly, saturated fatty acids such as
palmitate have been shown to activate the NLRP3-inflammasome
through an AMPK-autophagy-mitochondrial ROS signaling axis,
leading to secretion of IL-1p and IL-18 (86). Importantly, IL-
1B secretion per se is associated with insulin resistance. Indeed,
IL-1B prevents insulin signaling through TNF-a-dependent
and independent mechanisms (87). Once established, this
pro-inflammatory environment favors the production of pro-
inflammatory cytokines recruiting monocytes and other immune
cells that sustain low-grade chronic inflammation.

Pro-inflammatory cytokines are key actors of the disruption
of insulin signaling leading to insulin resistance (88). They act

through paracrine mechanisms on insulin sensitive cells such as
adipocytes. Physiologically, upon insulin binding to its receptor,
the phosphorylation of tyrosine residues of insulin receptor
substrate (IRS)-1 activates intracellular signaling pathways
mediating insulin action (89). In the context of metabolic
inflammation, JNK-1 and IKK are capable of interfering with
insulin signaling by phosphorylating inhibitory serine/threonine
residues of IRS-1. Insulin signaling is therefore disrupted
(90). Similar pathways involving JNK-1 and IKK can be
activated through the binding of fatty acids to TLRs. Moreover,
IL-1B, which also signals through IKKP and NFkB, favors
insulin resistance by repressing IRS-1 expression at both
transcriptional and post-transcriptional levels (91). Interestingly,
IL-6 signaling inhibits insulin sensitivity through distinct
mechanisms involving the JAK-STAT pathway that controls
the transcription of its own suppressor, known as suppressors
of cytokine signaling (SOCS), notably SOCS3. High levels of
circulating IL6 induce increased expression of SOCS3 which
physically interacts with tyrosine phosphorylated residues, and
consequently inhibits IRS-1 binding to the insulin receptor (92).

METABOLIC MECHANISMS OF
MACROPHAGE POLARIZATION

As with any other cell, macrophages have their own metabolic
requirements and depend on the same well-characterized
bioenergetic pathways as non-immune cells; these pathways are
broadly classified into glycolytic or mitochondrial (Figure 4).
In addition to pro-inflammatory signaling and transcriptional
control, cellular metabolism is gaining recognition for the key
role it plays in macrophage terminal differentiation. Mobilizing
metabolic pathways does not solely produce energy but also
dictates the magnitude of macrophage effector function (13).
Early studies in immunometabolism characterized fundamental
mechanisms fuelling macrophage function in model systems
with canonical activators. Such foundation studies allowed
clear association of bioenergetic profiles to polarization states.
Current research is expanding on these paradigms through
investigating bioenergetic profiles and metabolic adaptation
of tissue-specific macrophage niches under physiological and
pathological conditions and in response to diverse stimuli.
Interestingly, the metabolic classification of macrophages was
one of the first to be made, with the initial observation that M2
macrophages are able to metabolize arginine (93).

Metabolic Adaptation of Pro-inflammatory

Macrophages

The enhanced glycolytic activity of the pro-inflammatory
macrophages was observed decades ago (94) but the mechanisms
underlying this process and its physiological significance were
only recently described. It is a hallmark metabolic response
in the polarization of macrophages toward an M1 phenotype
(Figure 4). Glycolysis corresponds to the metabolic pathway
responsible for the conversion of glucose into pyruvate, through
10 sequential enzyme-catalyzed reactions. This pathway gives rise
to the production of ATP and NADH.
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FIGURE 4 | Metabolic mechanisms of macrophage polarization. M1 macrophages are characterized by predominantly glycolytic metabolism. Glycolysis consists of
breaking down a 6-carbon glucose molecule (where each carbon is depicted as a blue circle, white when phosphorylated) into 3-carbon sugars then into pyruvate,
ATP, NADH, and H*. The transcriptional programme that supports glycolysis is mediated by HIF1 and at least in part by IRF5. A Glucose substrate is provided by
increased expression of the glucose transporter GLUT1. Meanwhile several glycolytic enzymes undertake non-canonical roles to support M1 effector functions. The
mitochondrial tricarboxylic acid (TCA) cycle is disrupted, leading to accumulation of citrate and succinate which also enhance M1 effector function. The M2
macrophage has a fully intact TCA cycle, enhanced OXPHOS and increased mitochondrial biogenesis. ATP citrate lyase (ACLY) is activated downstream of IL4
signaling and enhances M2 effector functions through epigenetic mechanisms and producing substrates for lipogenesis. The sedoheptulose kinase (CARKL)
represses the pentose phosphate pathway (PPP). Transcriptional programmes for M2 macrophage metabolism are mediated by PPARy and LXR. GLUT1, Glucose
transporter-1; HK, Hexokinase; NLRP3, NACHT, LRR, and PYD domains-containing protein; OXPHOS, oxidative phosphorylation; TCA, tricarboxylic acid cycle; PPP,
pentose phosphate pathway; uPFK2, ubiquitous phosphofructokinase2; PKM2, pyruvate kinase isozyme 2; G6P, glucose-6-phosphate; F6P, fructose-6-phosphate;
F1,6BiP, Fructose-1,6-biphosphate; G3P, glyceraldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate; NO, nitrous oxide; ROS, reactive oxygen species; COA,
Coenzyme A; HIF1, hypoxia-inducible factor 1; IRF5, interferon regulatory factor 5; IL-4, interleukin 4; IL-4Ra, IL-4 receptor alpha; ACLY, ATP-citrate lyase; CARKL,
carbohydrate kinase like/sedoheptulose kinase; Ac, acetylation mark; PPARYy, peroxisome proliferator-activated receptor gamma; LXR, liver X receptor; SREBP, sterol

Glycolytic ~ metabolism  facilitates ~ pro-inflammatory
differentiation to enable efficient bacterial killing (95) and
the secretion of pro-inflammatory mediators. Experimental
inhibition of glycolysis with 2-deoxy-glucose (2-DG) limits
the pro-inflammatory macrophage response to LPS (96). The
rapid induction of glycolysis is enhanced by the upregulation
of glucose transporter (GLUT)-1 expression (97). The switch
toward glycolytic metabolism is dependent on the transcription
factor HIF-low (98). Its stabilization in hypoxic conditions
promotes anaerobic metabolism and enhanced transcription
of genes encoding glycolytic enzymes, such as pyruvate
dehydrogenase kinase (PDK) and hexokinase (HK) which
catalyse glucose phosphorylation. By HIF-la-independent
mechanisms, the ubiquitous isoform of phosphofructokinase-2
(uPFK2) is induced in M1 macrophages. Whilst uPFK2 is a more

active isoform of PFK2, its induction enhances glycolytic flux
and favors the formation of fructose-2,6P, which allosterically
activates PFK1, the enzymes catalyzing commitment to glycolysis
(99). As well as HIF-1a-dependent mechanisms, studies of IRF5
risk-variants report that gain-of-function single nucleotide
polymorphisms of IRF5 (associated with auto-immune disease)
increase glycolysis and inflammatory signaling, basally and in
response to LPS (100).

Some glycolytic enzymes have non-canonical roles in
macrophages. Notably, pyruvate kinase isoenzyme 2 (PKM2),
induced by LPS (101), can be found as a dimer. This dimer can
translocate to nuclei and act as a coactivator for HIF-1 (Figure 4).
Consequently, PKM2 participates in a positive feedback loop
with the up-regulation of pro-inflammatory and glycolytic genes
in response to HIF-1 activation (102). Moreover, HK1 can be
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inhibited by bacterial products and then dissociate from the
mitochondria, which activates the NLRP3 inflammasome and the
downstream production of pro-inflammatory cytokines (103).
Mechanisms of resolution of glycolytic programming have not
yet been brought to light; however, a recent study by Ip et al.
demonstrates that IL-10 signaling exerts its anti-inflammatory
effects by inhibiting the translocation of GLUT1 to the membrane
(104). As well as being a substrate for glycolysis, glucose also fuels
the pentose phosphate pathway (PPP), required for the synthesis
of nucleotides and NADPH destined for ROS production by
NADPH oxidase. The PPP is also induced upon LPS stimulation
and M1 polarization (105).

The Krebs/tricarboxylic-acid (TCA) cycle is a mitochondrial
metabolic pathway enabling ATP production and provision of
substrates for the electron transport chain (ETC) that supports
oxidative phosphorylation (OXPHOS) (Figure 4). In the context
of pro-inflammatory macrophages, the TCA cycle is disrupted
at two key steps: (i) accumulation of citrate due to a decrease
in isocitrate lyase expression and (ii) the accumulation of
succinate. Mitochondrial efflux of citrate is enhanced in Ml
macrophages. Citrate accumulation has functional relevance to
inflammatory polarization, being required for the production
of ROS, NO, and prostaglandins (106). Citrate also acts a
substrate for transformation into acetyl-CoA, feeding fatty
acid synthesis through the ATP-citrate lyase (ACLY) (107).
Interestingly, inhibiting fatty acid synthesis by silencing fatty acid
synthase (FAS) in myeloid cells, has been shown protective in
diet-induced insulin resistance, hindering ATM recruitment and
chronic inflammation in mice. This underlies the importance
of lipid metabolism in the polarization and function of
macrophages, and notably synthesis and composition of the
plasma membrane (108). Finally, the accumulation of citrate
leads to a decrease in the levels of cis-aconitate which is
the precursor of itaconate, a well-described anti-inflammatory
intermediate. Itaconate exerts its anti-inflammatory effects by
inhibiting succinate dehydrogenase (SDH), ROS production, and
the release of pro-inflammatory cytokines.

An itaconate negative feedback loop has been described in the
context of LPS and IFNy stimulation, where itaconate shuts down
the inflammatory response (109, 110). On the other side, the
accumulation of succinate favors SDH activity and production of
mitochondrial ROS (111). Succinate can trigger the expression
of IL-1f through stabilizing HIF-1a (112). Consequently, pro-
inflammatory macrophages are characterized by an increase of
glycolytic activity and decreased OXPHOS. Interestingly, acute
LPS treatment induces a burst of oxidative metabolism in
macrophages which increases the pool of available of acetyl-CoA.
This process supports histone acetylation and the downstream
transcription of pro-inflammatory genes (113). The shutdown
of oxidative metabolism, a hallmark of M1 macrophages, occurs
following longer LPS treatments.

Finally, amino acids, the immunometabolism of which is
relatively less known, can also be metabolized and influence
macrophage polarization. For example, glutamine catabolism
feeds the TCA cycle by giving rise to a-ketoglutarate, which
acts as a co-factor for histone modifying enzymes implicated in
macrophage differentiation (114). Arginine is also metabolized

into L-citrulline simultaneously to the production of NO by
iNOS, favoring the killing of bacteria.

Metabolic Adaptation of Anti-inflammatory

Macrophages

Mitochondrial respiration dominates the M2 polarized state. M2
macrophages are characterized by an intact, fully functional TCA
cycle and enhanced OXPHOS (Figure 4). Fatty acid oxidation
(FAO) and mitochondrial biogenesis are increased in a PPAR-
y-coactivator-1p (PGC-1p)-dependent manner (115). With FAO
being the main source of substrates, glycolysis-fuelled OXPHOS
is not required to maintain the M2 phenotype (116).

The molecular mechanisms linking the metabolic adaptations
of M2 macrophages to their functions in tissue homeostasis
remain largely unexplored. Interestingly, IL-4 is known to
activate  ACLY enhancing substrate formation for histone
acetylation. This epigenetic modification enables the
transcription of specific M2-genes (117). Other proposed
mechanisms implicate the carbohydrate kinase-like protein
(CARKL), a sedoheptulose kinase that regulates PPP. CARKL is
down-regulated in response to LPS and highly expressed upon
IL-4 stimulation (118). CARKL activity inhibits the PPP in the
M2 state (Figure 4).

Glutamine metabolism also plays an important role in M2
polarization. The expression of Slcla5, a glutamine transporter, is
increased upon IL-4 stimulation (119). Glutamine catabolism, in
addition to glucose metabolism, leads to the formation of UDP-
GlcNAc that supports N-glycosylation, a process required for the
expression of several M2 markers (120).

Lipid synthesis, mediated by LXR, is central to M2 effector
function and resolution of inflammation (121). Upon pro-
inflammatory activation, LXR-dependent lipogenesis is inhibited.
LXR being a the pro-lipogenic nuclear receptor and transcription
factor later engages the master regulator of lipogenesis, SREBP1
to mediate the production of anti-inflammatory lipids (i.e.,
eicosanoids, resolvins) (122).

Deciphering Metabolic Adaptations of
Tissue Resident Macrophages and Insulin

Resistance
The above fundamental findings in macrophage bioenergetics
were largely established using ex vivo modeling systems
(such as murine bone marrow- or human monocyte-derived
macrophages) and in response to known polarizing agents.
Whilst these mechanisms apply to a large proportion of
macrophages, typically infiltrating macrophages, responses to
complex metabolic stimuli and the heterogeneity of tissue
resident macrophages remains to be addressed. Tissue-resident
macrophages face nutrient competition, normoxic and hypoxic
areas and interactions with other cells. They respond to complex
stimuli rather than unique stimuli. The bioenergetic adaptations
of tissue-resident macrophages in obesity and insulin resistance
remain to be thoroughly elucidated.

Interestingly, ATM:s in obesity have a unique hypermetabolic
profile with both increased glycolysis and OXPHOS compared
to lean ATMs, whilst maintaining a pro-inflammatory phenotype

Frontiers in Endocrinology | www.frontiersin.org

17

February 2020 | Volume 11 | Article 62


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

V —
MCSF
Cytokine
receptor

IL-4 _y w—
IL-10
TREM2

TLR2
Q
M1 macrophage P \(\\Qy IRFs
DAMPs > —
% -
PAMPs i@‘b \Pro-mflammatory
INK/AP1 i
SFAS‘\ e transcriptome
a4 « TRAFs " IRF3/5
TLR4 S Ui
f mi ' e
Other ——"’ B e -
? Endosome
Late phase NF-«kB
MCSF-R

mmm- » mTORC2

P

»
|

Anti-inflammatory
- i
A /' —— transcriptome

M1 TF |STAT3/6 |IRF4
L . ]

d
Lipid /
R
Other//

M2 macrophage

factors (M1 TF).

FIGURE 5 | Transcriptional mechanisms of macrophage polarization in T2D. M1 macrophages polarize in response to TLR2 or TLR4 ligation, downstream signaling is
dependent of two adaptor complexes: Mal/TIRAP-MyD88 (TLR2 and TLR4) and TRAM-TRIF (TLR4). IRAK and TRAF signaling then dictate which transcriptional
programmes are engaged, IRF3 IRF5, AP1, and NF«B have been shown to induce inflammatory polarization in T2D. M2 macrophages polarize downstream of
cytokine and fatty acid receptor stimulation (also possible through other molecules such as TREM2). Intermediate signaling is largely through STATs and nuclear
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(123). More precisely, the pro-inflammatory capacity of the
obese ATMs is mediated by glycolysis independently of HIF-1a
(123). This bioenergetic profile is also distinct from peritoneal
macrophages, despite the shared systemic glucolipotoxicity
brought on by obesity. These observations underlie the specificity
of metabolically activated macrophages and ATMs.

Hypoxic areas develop in AT upon inappropriate expansion
in obesity and insulin resistance. Hypoxia and inadequate
angiogenesis are attractive mechanisms leading to macrophage
metabolic activation and their inflammatory polarization.
Alternatively, the abundance of free fatty acids or lipolysis
products in adipose tissue makes for a nutrient-/substrate-
rich microenvironment. The effect of such lipid loading
on macrophage metabolism and polarization remains to be
investigated under iso- or hyper-caloric conditions. For example,
the effect of obesity on macrophage glutamine metabolism
remains to be investigated. Glutaminolysis is decreased in the
AT of obese patients compared to lean subjects and glutamine
levels in serum are decreased in patients with obesity or diabetes,

suggesting an influential role for glutamine metabolism in ATM
polarization (124).

TRANSCRIPTIONAL CONTROL OF
MACROPHAGE POLARIZATION

Transcriptional control of macrophage polarization is well-
characterized downstream of TLR ligation. Hallmark studies
identified major TLR ligands as well as the key transcription
factors that mediate inflammatory responses. Many of these
pathways have been investigated in metabolic disease and are key
mediators of macrophage activation in obesity, insulin resistance
and T2D (Figure 5).

TLR-Dependent Inflammation in T2D

TLRs are highly-conserved transmembrane receptors expressed
in and on macrophages. Their conservation is attributed to the
evolutionary requirement to recognize structurally conserved
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molecules and pathogens (125). Each TLR, from TLR1 to
TLR13 recognizes specific ligands ranging from LPS, to nucleic
acids, viral particles and chitin. Alongside their canonical
roles in host-defense, several TLRs are implicated in metabolic
inflammation and insulin resistance (126, 127). In this light,
TLRs recognize not only infectious pathogens (through PAMPs)
but also metabolic stressors or DAMPs associated with sterile
inflammation and glucolipotoxicity.

The main TLRs implicated in diabetogenesis are TLR2
and TLR4. Engaging these two TLRs gives rise to chronic
inflammation and insulin resistance through direct interference
with insulin signaling (127-129). In macrophages TLRs 2 and
4 share common adaptor proteins, the myeloid differentiation
primary response (MyD88) protein and Mal/TIRAP, that recruit
IRAK kinases upon TLR engagement and dimerization. IRAK
1, 2, and 4 downstream signaling activates NFkB and Activator
Protein (AP)-1. TLR4 also activates other downstream signaling.
It is the only TLR that forms complexes with all adaptor
proteins, Mal/TIRAP and MyD88, to initiate the early-phase
NFkB response, the complex is then endocytosed and endosomal
TLRs associate with TRAM and TRIF adaptors. Canonically,
TRAM and TRIF set in motion the type-1 interferon response,
transcriptionally mediated by Interferon Regulatory Factors
(IRFs), AP-1 and late-phase NFkB activation. Both early and late
phase action is required to sustain production of inflammatory
cytokines (127-129). Co-ordinated action of TLRs, adaptor
proteins and kinases result in the sustained activation of three
major transcriptional programmes, headed by IRFs, AP-1, NF«B,
and JAK-STAT.

Interferon Regulatory Factors

Initially characterized for their binding to virus-inducible
enhancer elements on interferon coding regions, interferon
regulatory factors (IRFs) are renowned for their control over
innate immunity and type-1 interferon signaling. Also forming
part of JAK-STAT signaling, IRFs respond to a number of
DAMPs and PAMPs, mediate sterile inflammation (metabolic
and auto-immune) and are also active in non-immune cells (e.g.,
adipocytes) (130, 131).

IRF family members are 300-500 amino acids long, share a
conserved N-terminal DNA binding domain allowing binding
to interferon sensitive regulatory elements. The C-terminal IRF
association domain is variable and allows dimerization between
the different IRFs (132). IRFs 1-5 and IRF9 control macrophage
differentiation and polarization in response to PRR ligands, IRFs
3, 4, and 5 have been reported to play a role in metabolic
inflammation (131).

IRF5 is responsible for M1 macrophage polarization, it is
implicated in sterile inflammation and auto-immunity, namely
rheumatoid arthritis where risk-variants contributing to the over-
expression of IRF5 have been reported (131). In T2D, IRF5
contributes to macrophage activation and metabolic decline in
both adipose tissue and in the liver.

In ATMs, IRF5 is highly expressed by CD11ct macrophages
at CLS. Both CLS formation and IRF5 expression are strongly
associated with AT inflammation, maladaptive adipocyte
expansion and both local and systemic insulin resistance (70).

Upon diet-induced obesity, mice with a myeloid-deficiency
of IRF5 remain insulin sensitive despite increased adiposity.
Visceral white adipose tissue in IRF5-deficiency is characterized
by adaptive remodeling mediated by a de facto type-2 immune
response, limiting adipocyte expansion and preventing loss of
sensitivity to insulin’s anti-lipolytic effect (70). Dysregulated
expression of IRF5 is also causal in the progression to
NASH. Throughout NAFLD, IRF5 mediates pro-apoptotic
and inflammatory signaling from liver macrophages toward
lipotoxic hepatocytes. Sustained inflammatory signaling and
hepatocyte apoptosis result in scarring fibrogenesis in the
liver (79).

IRF5 is the active transcription factor canonically downstream
of TLR4. Interestingly, although the phenotypes of TLR4-
deficiency and IRF5-deficiency are near identical under
diet-induced obesity, the TLR4-IRF5 axis remains to be
experimentally confirmed in the pathogenesis of T2D and its
complications (133). Similarly downstream of TLR4, IRF3
promotes AT inflammation upon diet-induced obesity and
inhibits adipose tissue browning. IRF3-deficient mice retain
insulin sensitivity upon high-fat feeding and enhance AT
browning (134).

In opposition to IRF3 and IRF5, IRF4 promotes macrophage
M2 polarization and the resolution of inflammation (135).
The metabolic phenotype observed in IRF4-deficient mice on
HED is accordingly aggravated (136). Myeloid-deficiency of
IRF4 results in increased insulin resistance and adipose tissue
inflammation when compared to IRF4-competent mice (136).
Interestingly, IRF4 is nutritionally regulated by insulin signaling
and by canonical transcription factors involved in metabolic
signaling (e.g., FOXOI1). Additionally, IRF4 regulates lipid
handling in adipocytes, promoting lipolysis by facilitating lipase
expression (130).

Activator Protein 1

AP-1 is a complex formed of the proto-oncogenes
c-Jun and c-Fos that are essential for DNA binding. AP-1
activation responds to cytokine signaling and growth factors;
it controls apoptosis, cell growth, and macrophage terminal
differentiation to an M1-like phenotype (137).

AP-1 activity is dictated by post-translational modifications,
notably translocation and/or dimerization of its subunits, by
signaling from c-Jun N-terminal (JNK) and mitogen-activated
protein kinases (MAPK). AP-1 activity is also regulated by
the composition of its DNA binding dimer (Jun/Jun, Jun/Fos,
bZIP) and through binding partners (138). AP-1 is canonically
activated in response to PRR ligation, cytokine signaling
and growth factors. In the case of metabolic inflammation
AP-1 is responsive to saturated fatty acids (SFAs), namely
palmitate (128). Macrophages exposed to palmitate release pro-
inflammatory mediators in an AP-1 dependent manner (128).

AP-1 activity is also responsive in response to hormone
signaling, where leptin increases binding of nuclear proteins
to the AP-1 consensus sequence of the lipoprotein lipase
(LPL) gene promoter. This activity increases macrophages
expression of LPL, giving mechanistic insight into the

Frontiers in Endocrinology | www.frontiersin.org

19

February 2020 | Volume 11 | Article 62


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

role of AP-1 in foam cell formation, atherogenesis and
T2D (139).

The upstream kinases that activate AP-1 subunits have been
extensively investigated in metabolic disease, namely JNKs.
Mice-deficient for JNK1 and/or JNK2 remain metabolically
healthy upon diet-induced obesity, mice gain less weight,
are protected from insulin resistance and inflammation
(140, 141). Interestingly, myeloid-specific deficiency of
JNK, results in non-inflammatory obesity and a decrease in
serum fatty acids. Studies indicate that myeloid-AP-1 is a
key mediator of adipose tissue lipolysis upon diet-induced
obesity (142).

Nuclear Factor-xB

NFkB is a transcription factor that promotes M1 polarization,
it responds to a variety stress signals including: cytokines,
redox stress, oxidized lipids, bacterial, or viral antigens (143-
146). Dysregulated NFkB signaling occurs in a number of
inflammatory conditions including T2D. NFkB is highly
expressed in ATMs upon their M1/MMe differentiation and
throughout the onset of insulin resistance. Furthermore,
cytokines released by M1/MMe macrophages form an amplifying
loop that recruits and polarizes other leukocytes at the site
of inflammation.

Mice with a myeloid-deficiency of Inhibitor of NFk B Kinase
(IKK-B), NFkB’s canonical activator protein, display a diminished
inflammatory response in diet-induced obesity and maintain
systemic insulin sensitivity (147). Interestingly, hepatic deficiency
of IKK-B only retains insulin sensitivity in the liver (not in muscle
nor AT), indicating that the myeloid-derived IKK-B/NFkB is the
main regulator of systemic metabolic homeostasis (147).

Signal Transducers and Activators of

Transcription

A family of 7 transcription factors that regulate interferon
signaling, Signal Transducers and Activators of Transcription
(STATs), have well-established roles in apoptosis, proliferation,
and differentiation of innate immune cells. Of note, STAT activity
is particularly important in maintaining immune tolerance.
STATs are activated downstream of cytokine, chemokine,
and growth factor signaling. STAT dimerization and nuclear
translocation is dependent on phosphorylation mediated Janus
Kinase (JAK), together forming the JAK-STAT pathway.

STATs 1 and 5 promote M1-like signaling whereas STATs 3
and 6 promote M2-like signaling in macrophages (148-152).
Interestingly the more recently described Mme phenotype is
polarized independently of STAT1 activity (153).

STAT1 in macrophages is activated in response to high glucose
and exerts pro-inflammatory signaling through epigenetic
mechanisms. Of note, glucose-responsiveness of STAT1 has been
reported in in vitro and ex vivo modeling, with little-to-no
evidence being reported in vivo or from human studies of obesity,
insulin resistance, and T2D (154, 155). To date no evidence
links STATS5 activation per se to diabetic pathogenesis despite its
known roles in inflammatory polarization.

STATS3 is strongly linked to the development of T2D and
its complications, mainly with anti-inflammatory, metabolically
protective properties. For example, STAT3 is a downstream
target of the first-line T2D treatment, metformin. Metformin
inhibits the differentiation of monocytes to macrophages and
decreases their infiltration into atherosclerotic plaques through
AMPK-mediated inhibition of STAT3 (156). Similarly, in
insulin resistance and diet-induced obesity, protective effects of
ABCA1/APOAL1 activity are STAT3-dependent, as is the anti-
inflammatory adipose tissue phenotype of mice with a myeloid-
deficiency of JAK2 (157, 158).

STATS6, on its own, or in concert with the vasodilator-
stimulated phosphoprotein (VASP) has immunoregulatory
properties in the context of metabolic inflammation. The VASP-
STAT axis has been described in mice with a myeloid-specific
deficiency of VASP, mice were prone to hepatic inflammation
and insulin resistance in a STAT6-dependent manner (159).
Whereas, STAT6 deficiency predisposes mice to diet-induced
obesity, oxidative stress, and adipose tissue inflammation (160).

Peroxisome Proliferator-Activated

Receptors (PPARs)

PPARa, v, and 8/, are expressed at different levels in different
tissues and vary across developmental stages. Highest expression
levels are in the liver, skeletal, and cardiac muscle and in
the spleen. PPARs are implicated in cellular metabolism,
differentiation, development and more recently emerged as key
regulators of inflammation.

In M1 macrophages PPAR-a inhibits the expression of pro-
inflammatory mediators by negative regulation of AP-1 and
NFkB. Several studies report the beneficial effects of PPAR-
a activation in T2D and its complications. PPAR-a agonists
have been applied in T2D patients and are beneficial in
atherosclerosis, through inhibiting foam cell formation and
inflammatory signaling. Beneficial effects are mediated by
interfering with c-Fos and c-Jun interactions and by limiting lipid
accumulation through repressing Fatty Acid Transport Protein
(FATP)-1 (161-163).

PPAR-B/3 also acts on macrophage metabolism, regulating
lipid efflux, fatty acid catabolism and beta-oxidation. PPAR-
B/8 in macrophage regulates whole body energy dissipation and
systemic responses to cholesterol; PPAR-B/8 activation occurs
in response to dyslipidemia (164-166). In the pathogenesis of
T2D, PPAR-B/3 plays a protective role controlling macrophage
infiltration in adipose tissue and liver and promoting immune
tolerance (M2 polarization) in ATMs acting downstream
of STAT6 (167). Mice with a myeloid-deficiency of PPAR-
B/8 display an aggravated metabolic phenotype upon diet-
induced obesity.

PPAR-y plays an important role in adipose physiology,
adipocyte differentiation and maturation. Of the two known
isoforms, PPAR-y1 is expressed in macrophages and adipocytes
whilst PPAR-y2 is restricted to adipocytes (168). PPAR-y1
enhances monocyte differentiation into M2 macrophages and
is an inhibitor of inflammatory polarization, repressing MMP9,
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IL-6, TNF-a, and IL-1f expression (161, 169, 170). In in
vitro and ex vivo modeling, PPAR-y inhibits M1 signaling
associated with LPS+IFNy stimulation, including iNOS, COX-
2, and IL-12 (171-173). Importantly, macrophage PPAR-y is
also a downstream target of internalized lipids, and mediates
expression scavenger receptors required for foam cell formation
(47). Accordingly, PPAR-y-deficient mice display impaired M2
maturation and develop exacerbated insulin-resistance and
metabolic inflammation in diet-induced obesity (174, 175).
Enhancing PPAR-y activity with thiazolidinediones (TZDs)
improves the metabolic phenotype in diet-induced obesity (176).
Interestingly, reports of PPAR-y overexpression demonstrate that
mature adipocyte PPAR-y is in-fact the main insulin-sensitizing
component (overexpression phenotype is comparable to TZD
treatment) (177). Little-to-no beneficial effects are observed
upon diet-induced obesity when PPAR-y is overexpressed in
macrophage (177). Such over-/under-expression studies reveal
divergent functions of PPAR-y. Further mechanistic work is
needed to precisely characterize the roles and regulation of this
nuclear receptor and its different isoforms in different cell types
and microenvironments.

With regards to mechanism of action, multiple mechanisms
have been proposed, with the main one being transrepression,
whereby PPAR-y binds to active pro-inflammatory transcription
factors and represses their function. Repressive mechanisms
through interactions with nuclear receptor corepressor (NCoR)
complexes have also been proposed (178).

Liver X Receptors

Liver X receptors (LXRs) exist in 2 isoforms, LXRa and LXRp,
both of which are lipid-activated and regulate macrophage
inflammatory responses. To regulate transcription LXRs
heterodimerise with Retinoid X Receptor (RXR) and bind
to LXR response elements on the genome (179). LXRs, play
important roles in T2D and in cardiovascular disease, promoting
anti-inflammatory polarization and regulating macrophage
lipid content.

LXR activation by oxysterol species and synthetic compounds
allows cholesterol efflux from macrophages through the lipid
transporters ACBCA1 and ACG1 (180). LXRs also directly
repress transcription of pro-inflammatory genes and enhance
transcription of anti-inflammatory genes in response to
polarizing stimuli (181). Mechanistically, LXRs exert their
effects by transrepression once they are sumoylated. This
modification prevents LPS-dependent exchange of corepressors,
thus maintaining LXR-mediated repression of inflammatory
transcription factor activity (182). Several reports show the
protective roles that LXRs have in metabolic inflammation
and insulin resistance. Namely, LXR agonists act as insulin
sensitizers and regulators of glycaemia through repressing
hepatic gluconeogenesis (183-185).

Hypoxia Inducible Factor 1

Hypoxia inducible factor (HIF)-1 is a transcription factor
with two subunits, o and B. HIF-la is stabilized and its
expression is increased in response to hypoxia, whereas HIF-1 is
constitutively expressed and stabilized independently of oxygen

levels (186). Under hypoxic conditions, HIF-1a translocates to
the nucleus and dimerises with HIF-1f8 allowing binding to
hypoxia response elements (HREs) on the genome and regulation
of target gene expression (187). Under oxygen-poor conditions,
HIF1 activation mediates a shift toward anaerobic respiration in
cells where bioenergetic requirements are supported by glucose
metabolism (188).

Myeloid-specific overexpression of HIF-1a leads to increased
M1 polarization, inflammation and glycolysis in macrophages.
Conversely, myeloid-specific deletion of HIF-la impairs
macrophage glycolysis and inflammatory polarization. In
murine models of obesity, mechanisms of M1 polarization
in adipose tissue macrophages are only partly dependent on
HIF1 activation. Myeloid-specific deletion of HIF-1a results in
decreased inflammatory signaling, decreased CLS formation and
an ameliorated metabolic phenotype upon diet-induced obesity
(189, 190).

EPIGENETIC CONTROL OF MACROPHAGE
POLARIZATION

Epigenetic mechanisms control chromatin structure and
conformation, factors that dictate the accessibility of genetic
loci to transcription factors. Epigenetic remodeling, through
transcriptional coregulators and epigenetic modifying enzymes
(such as histone deacetylases or HDACs), regulates transcription
factor activity. Understanding underlying epigenomic regulatory
mechanisms can help develop new therapies, for example, by
blocking an unwanted pathway or reprogramming macrophages
to a more beneficial phenotype.

Rapid induction of an inflammatory transcriptional profile is
a hallmark of macrophage activation required for an effective
immune response. Under steady state, coregulator complexes
bind to genomic regions of a broad repertoire of inflammatory
genes to maintain macrophages in a quiescent state, this
mechanism avoids deregulated inflammatory gene induction.

Coregulators function by first recognizing transcription
factor activity and they then modulate this activity by
establishing interactions with transcriptional machinery
and chromatin (191, 192). Coregulators can be categorized
as either coactivators or corepressors. Coactivators recognize
and promote active transcription; corepressors however
recognize and repress inactive transcription. However,
this categorization of coregulator activity does not truly
reflect the physiological or physiopathological situation, since
coregulator activating or repressive function is highly context
dependent. Coregulators establish cell type-dependent and
ligand-dependent epigenomes by forming large multiprotein
complexes that “write,” “erase,” or “read” reversible chromatin
modifications associated with transcriptional activity (Figure 6).
Although underlying mechanisms remain to be elucidated,
convincing evidence places altered function or expression of
coregulators at the center of dysregulated transcription inherent
to disease-specific epigenomes.

Two such corepressors are the Nuclear Receptor Corepressor
(NCoR1) and silencing mediator of retinoic acid and thyroid
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FIGURE 6 | Epigenetics of macrophage polarization in T2D. Epigenetic mechanisms that modulate transcription act on chromatin remodeling and altering DNA
accessibility to transcriptional machinery. Modifications are in dynamic exchange where methylation and acetylation status of H3K27 dictate repression or activation of
transcription, respectively. When chromatin is closed, methylation is dynamically altered by EZH2 (adding methyl groups) and KDMB6 (removing methyl groups), and
the active transcription mark (H3K27ac) is removed through HDAC3 activity. GPS2-SMRT also participate in gene repression. During active transcription, the active
transcription mark (H3K27ac) is maintained whilst EZH2-KDM6B play smaller roles. GPS2-SMRT are not present to exert repressive effects.

hormone receptor (SMRT or NCoR2) that interact with
inflammatory transcription factors such as AP-1 and NF«B and
in-turn bind to specific genomic regions to regulate transcription
(192, 193). The classical view was that upon TLR4 stimulation,
the NCoR complex is released from promoter/enhancer regions
of inflammatory genes to promote, or de-repress, their
transcription (194). However, in many cases this distinction
does not truly reflect the in vivo situation, with context-specific
microenvironmental cues dictating coregulator properties. In
the context of macrophage polarization and T2D, the specific
deletion of NCoR in macrophages caused the transcriptional
activation of LXR, leading to the induction of lipogenic
genes, which in-turn causes local anti-inflammatory effects by
repressing NFkB (185). NCoR exerts pro-inflammatory actions
in macrophages. Similarly, to NCoR, it was surprising that
macrophages from HDAC3-deficient phenotypes were anti-
inflammatory in two independent studies (195, 196). These
findings are not consistent with earliest studies showing that
HDAC3 and NCoR were shown to assemble a repressive complex
via interaction with the NFkB subunit p50, necessary for the TLR
tolerance phenomena where sustained TLR4 activation represses
inflammatory gene expression (192). More mechanistic insights
are required to better understand the specific action of NCoR1
and HDACS3.

In contrast, anti-inflammatory functions have been
attributed to the SMRT/GPS2  (G-protein  pathway
suppressor-2) subunit/complex. In our recent study, we
demonstrated that macrophage specific knockout of the GPS2

subunit exacerbates metabolic inflammation, aggravating
glucose homeostasis under metabolic stress (197). The
phenotype is associated with genomic features of the
GPS2-repressive pathway, involving direct repression of
the c-Jun subunit of AP-1. Considering all the recent
studies, 2 sub-complexes may have different functions:
GPS2/SMRT may have anti-inflammatory actions whilst
NCoR/HDAC3 may act as pro-inflammatory machinery.
This could explain the contradictory phenotypes of the
respective KO models, despite both being initially classified as
corepressor complexes.

Subcomplex  specificities ~ would allow  controlling
transcription of distinct gene clusters in response to a variety
of signals and likely result from differential interactions with
TFs, coregulators, and chromatin components (e.g., histones).
This is exemplified by GPS2 actions in others cell types. In
fact, the anti-inflammatory action of GPS2 is conserved in
adipocytes by repressing CCL2 and IL6 (198, 199). While the
main action of GPS2 in hepatocytes is to repress the metabolic
nuclear receptor PPAR-a action (200). Hepatocyte-specific KO
of GPS2 is then protective upon inflammatory stimulus while
adipocyte- or macrophage-specific GPS2 deficiency is deleterious
for whole body glucose homeostasis and exhibits exacerbated
inflammation. These opposite functions are also observed in
humans (197, 200, 201). These correlations are of importance
because they point at the possibility that inappropriate GPS2
function could be linked to macrophage pathways that drive
adipose tissue dysfunction and insulin resistance.
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Other coregulators, such as Glutamate receptor-interacting
protein (GRIP)-1, regulate macrophage programmed responses
to IL-4 by acting as a coactivator for Kruppel-like factor (KLF)-4,
a known driver of tissue-resident macrophage differentiation
(202). Obese mice with conditional macrophage-specific
deletion of GRIP1 develop inflammation and substantial
macrophage infiltration in metabolic tissues, fatty livers,
hyperglycemia and insulin resistance; recapitulating metabolic
disease through GRIP-1’s glutamate receptor-independent
actions. Thus, coregulators such as GPS2, GRIP-1, NCoRs, and
HDACS3 are critical regulators of macrophage reprogramming
in metabolic disease. Their co-ordinated actions engage
transcriptional mechanisms that coordinate the balance between
macrophage polarization states and subpopulations to maintain
metabolic homeostasis.

Epigenetic remodeling of specific histones is also a mark
of macrophage activation states. Macrophage activation can be
regulated by trimethylation of lysine residue 27 on histone
3 (a modification annotated as H3K27me3) via the action of
lysine-specific demethylase 6B (KDM6B; also known as JMJD3).
The histone mark H3K27me3 is represses transcription and
is deposited by histone-lysine N-methyltransferase (EZH)-2,
a subunit of the Polycomb Repressive Complex 2. Whereas,
removal of this histone mark is mediated by the H3K27me3
demethylases KDM6A and KDM6B. Zhang et al. reported the
critical role of the EZH2 histone methyltransferase modification
in altering macrophage phenotype (203). EZH2 controls
H3K27me3 deposition on the promoter of SOCS3, that
encodes a cytokine signaling repressor. Accordingly, mice
with a myeloid-specific deficiency of EZH2 exhibit attenuated
macrophage activation and reduced inflammation under models
of autoimmune disease. These findings make EZH2 an attractive
target for other inflammatory diseases such as T2D.

The role of KDM6B in macrophage polarization is unclear.
Pioneer studies have proposed that KDM6B is not necessary
for the polarization of the pro-inflammatory macrophage
phenotype in mice but is required for a proper anti-inflammatory
response via the removal of H3K27me3 from the IRF4
promoter (204, 205). The absence of KDM6B completely
blocks the induction of M2 macrophages in mice challenged
with helminths or chitin, indicating that the role of KDM6B
must be greater in M2 than in M1 macrophages (206). In
contrast, Pro-inflammatory TLR4 gene activation was decreased
in KDM6B-deficient macrophages. In line with these results,
targeting KDM6B H3K27me3 demethylases with small-molecule
inhibitors impairs inflammatory responses in human primary
macrophages and could thus be of high pharmacological interest
for the treatment of inflammatory diseases including T2D
(207, 208). Interestingly, KDM6B also modulates expression of
chemokines dependent of GM-CSF stimulation, which normally
acts via STAT5-mediated and IRF5-mediated induction of a
pro-inflammatory phenotype. Epigenetic signatures differ in
disease states of chronic inflammation, such as T2D. KDM6B
is one of the few epigenetic modifiers that could be directly
involved in altering the epigenetic signature of macrophages.
Gallagher et al. were the first to report on the role of
KDMS6B in controlling macrophage expression of IL-12 in a

diabetic context (208). Proof-of-principle of these findings was
achieved in a recent study where macrophages treated with a
selective KDM6B inhibitor showed altered expression of pro-
inflammatory cytokines (209). What remains to be determined
are the degrees of contribution of nutrient overconsumption
and obesity, insulin resistance, or hyperglycaemia to observed
changes in histone methylation. A recent study proposes that
altered DNA methylation is predominantly a consequence of
adiposity, rather than a cause (210).

CONCLUSIONS: TOWARD FUNCTIONAL
CLASSIFICATION, BIOENERGETICS AND
NON-IMMUNE SIGNALING

Important advances have been made in the past decades
characterizing the role of tissue macrophages in the development
of insulin resistance. Indeed, macrophages are now seen as
central actors in maintaining tissue and organism homeostasis
in response to daily challenges of transient over- and under-
nutrition; from inflammatory signaling necessary for insulin
secretion, to the housekeeping roles they play in buffering AT
lipolysis and their non-inflammatory signaling in NAFLD.

To date studies have largely focused on deciphering the
molecular mechanisms that control macrophage responses to
dysmetabolism, with a relatively restrictive categorization into
M1-like vs. M2-like macrophages. Recent technological advances
of single cell sequencing have allowed a much more in-depth
characterization of tissue macrophage subsets that do not neatly
adhere to the previously proposed dichotomies. Indeed in
other fields of study, namely immune cell ontogeny, single cell
sequencing has led to a thorough functional reclassification of
innate immune subtypes (16). Such studies have particular value
in characterizing macrophages in tissue niches that have been
overlooked until recently, like pancreatic islet macrophages or
sympathetic nervous system associated macrophages.

Such a shifting paradigm in macrophage functional
classification can also be extended to their metabolic
characterization, their  bioenergetic ~requirements and

adaptations to the specific challenges of insulin resistance.
Numerous studies in infection and immunity have largely
embraced bioenergetic adaptation as bona fide immune cell
activation. Tissue macrophage bioenergetics remains to be
elucidated, at the developmental stage, at steady state and at the
onset of insulin resistance. Macrophage metabolism represents
an attractive therapeutic target that will modulate inflammation
without drastically altering effector functions by turning the
immune response “on” or “oft.”

Following recent discoveries of non-immune and non-
inflammatory signaling from macrophages, the scientific
community has gained insight into non-canonical roles of
the innate immune system. Further investigation into such
homeostatic non-inflammatory signaling must be carried out
in macrophages as well as related innate immune cells, such
as dendritic cells, NK cells, and ILCs. As innate immunity,
in all its diversity, is known to maintain homeostasis without
necessarily engaging inflammation, steady state characterization,
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and responses to physiological variation must be mapped to
gain more basic insight into the deregulation of innate immune
effector function that leads to metabolic pathology.

Despite consistently strong associations and mechanistic links
between inflammation and insulin resistance there have been
relatively few successful translational advances. Current anti-
diabetic treatments aim to normalize glycaemia through various
mechanisms and have been shown to also buffer systemic
inflammation (e.g., TZDs, DPP-4 inhibitors, GLP-1 RAs). Such
positive effects attribute improvement in the inflammatory
profile to improved metabolic responses (211). Considering
the overwhelming evidence that macrophage polarization is
central to T2D pathology seemingly few clinical trials target
inflammation in T2D.

To date anti-inflammatory strategies in clinical trials have
targeted cytokines with neutralizing antibodies (e.g., anti-
TNE anti-IL1) or have applied agents with uncharacterised
mechanisms (e.g., chloroquine, diacerein). Studies on these
drugs have been promising, improving insulin sensitivity,
secretion, or fasting blood glucose (212-214). The main
obstacles to their routine application are the lack of long-
term studies to evaluate efficacy and safety. Other hurdles
to the translatability of anti-inflammatory approaches is the
fact that inflammation in T2D is multifactorial, and the
disease itself predisposes patients to a slew of complex
complications and comorbidities (in which case the rise of
precision medicine aims to identify mechanisms of response
or those at-risk). Technical barriers also affect translational
potential, for example clinical trials evaluate inflammation
based on relatively non-specific circulating markers, such as
CRP, which at best reflect systemic inflammation. Whereas,
in preclinical studies scientists tend to evaluate tissue-specific
inflammation, the extrapolation of which to human studies

REFERENCES

1. Shimobayashi M, Albert V, Woelnerhanssen B, Frei IC, Weissenberger D,
Meyer-Gerspach AC, et al. Insulin resistance causes inflammation in adipose
tissue. J Clin Invest. (2018) 128:1538-50. doi: 10.1172/JCI96139

2. Johnson AM, Olefsky JM. The origins and drivers of insulin resistance. Cell.
(2013) 152:673-84. doi: 10.1016/j.cell.2013.01.041

3. Wu H, Ballantyne CM. Skeletal muscle inflammation and insulin
resistance in obesity. J Clin Invest. (2017) 127:43-54. doi: 10.1172/JCI
88880

4. Rosso M, Kimbrough DJ, Gonzalez CT, Glanz BI, Healy BC, Rocca MA,
et al. Cross-sectional study of smoking exposure: no differential effect on
OCT metrics in a cohort of MS patients. Mult Scler ] Exp Transl Clin. (2019)
5:2055217319828400. doi: 10.1177/2055217319828400

5. Jager J, Aparicio-Vergara M, Aouadi M. Liver innate immune cells and
insulin resistance: the multiple facets of Kupfter cells. J Intern Med. (2016)
280:209-20. doi: 10.1111/joim.12483

6. Hotamisligil GS, Shargill NS, Spiegelman BM. Adipose expression of tumor
necrosis factor-alpha: direct role in obesity-linked insulin resistance. Science.
(1993) 259:87-91. doi: 10.1126/science.7678183

7. Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW
Jr. Obesity is associated with macrophage accumulation in adipose tissue. |
Clin Invest. (2003) 112:1796-808. doi: 10.1172/JCI1200319246

8. Jaitin DA, Adlung L, Thaiss CA, Weiner A, Li B, Descamps H,
et al. Lipid-associated macrophages control metabolic homeostasis

represents a substantial technical hurdle. Specific drug delivery to
macrophages also represents a technical challenge and bypassing
the cell-specificity leaves the door open to unexpected or
unwanted side-effects. In light of the above work, promising
approaches are slowly but surely increasing the translational
potential of targeting inflammation in metabolic disease, for
example the repurposing of well-tolerated drugs from other
pathologies or fields, as was the case with anti-malarial
chloroquine and hydroxychloroquine, and diacerein used to
treat arthritis. In basic research, increasing attention is being
placed earlier in disease course, where mechanisms that
may delay or negate the natural course of T2D are being
described and will soon provide bases for novel therapeutic
targets. The development of small-molecule inhibitors or anti-
sense oligonucleotides are increasingly attractive when targeting
epigenetic or transcriptional pathways and are proving of
increasing value to the clinical research community. Similarly,
the search for metabolic immunogens or characterization of
circulating immune cell populations will allow the development
of predictive biomarkers of susceptibility to disease or risk-
proxies of disease progression once insulin resistance has
been established.

AUTHOR CONTRIBUTIONS

LO, ED, KD, NV, and FA wrote the review.

FUNDING

This work was supported by ATIP-AVENIR (2018) funding
to ED, ERC (EpiFAT) and ANR (GlutaDiab) funding to NV,
and EFSD and ANR-JCJC (MitoFLAME, ANR-19-CE14-0005)
funding to FA.

in a Trem2-dependent manner. Cell. (2019) 178:686-98.e14.
doi: 10.1016/j.cell.2019.05.054

9. Dong X, Liu J, Xu Y, Cao H. Role of macrophages in experimental

liver injury and repair in mice. Exp Ther Med. (2019) 17:3835-47.

doi: 10.3892/etm.2019.7450

Dalmas E, Lehmann FM, Dror E, Wueest S, Thienel C, Borsigova M, et al.

Interleukin-33-activated islet-resident innate lymphoid cells promote insulin

secretion through myeloid cell retinoic acid production. Immunity. (2017)

47:928-42.¢7. doi: 10.1016/j.immuni.2017.10.015

. Perdiguero EG, Geissmann F. The development and maintenance of resident

macrophages. Nat Immunol. (2016) 17:2-8. doi: 10.1038/ni.3341

Stout RD, Jiang C, Matta B, Tietzel I, Watkins SK, Suttles J. Macrophages

sequentially change their functional phenotype in response to changes

in  microenvironmental influences. ] Immunol. (2005) 175:342-9.

doi: 10.4049/jimmunol.175.1.342

. O'Neill LA, Kishton RJ, Rathmell ]J. A guide to immunometabolism

for immunologists. ~Nat Rev  Immunol.  (2016)  16:553-65.

doi: 10.1038/nri.2016.70

Martinez FO, Gordon S. The M1 and M2 paradigm of macrophage

activation: time for reassessment. FI1000Prime Rep. (2014) 6:13.

doi: 10.12703/P6-13

Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M.

The chemokine system in diverse forms of macrophage activation

and polarization. Trends Immunol. (2004) 25:677-86. doi: 10.1016/j.it.

2004.09.015

Frontiers in Endocrinology | www.frontiersin.org

24

February 2020 | Volume 11 | Article 62


https://doi.org/10.1172/JCI96139
https://doi.org/10.1016/j.cell.2013.01.041
https://doi.org/10.1172/JCI88880
https://doi.org/10.1177/2055217319828400
https://doi.org/10.1111/joim.12483
https://doi.org/10.1126/science.7678183
https://doi.org/10.1172/JCI200319246
https://doi.org/10.1016/j.cell.2019.05.054
https://doi.org/10.3892/etm.2019.7450
https://doi.org/10.1016/j.immuni.2017.10.015
https://doi.org/10.1038/ni.3341
https://doi.org/10.4049/jimmunol.175.1.342
https://doi.org/10.1038/nri.2016.70
https://doi.org/10.12703/P6-13
https://doi.org/10.1016/j.it.2004.09.015
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Ginhoux F, Schultze JL, Murray PJ, Ochando ], Biswas SK. New insights
into the multidimensional concept of macrophage ontogeny, activation and
function. Nat Immunol. (2016) 17:34-40. doi: 10.1038/ni.3324

Amouzou C, Breuker C, Fabre O, Bourret A, Lambert K, Birot O, et al.
Skeletal muscle insulin resistance and absence of inflammation characterize
insulin-resistant Grade I obese women. PLoS ONE. (2016) 11:e0154119.
doi: 10.1371/journal.pone.0154119

Bhatt M, Rudrapatna S, Banfield L, Bierbrier R, Wang PW, Wang KW, et al.
Evaluating the evidence for macrophage presence in skeletal muscle and its
relation to insulin resistance in obese mice and humans: a systematic review
protocol. BMC Res Notes. (2017) 10:374. doi: 10.1186/s13104-017-2686-6
Calderon B, Carrero JA, Ferris ST, Sojka DK, Moore L, Epelman S, et al.
The pancreas anatomy conditions the origin and properties of resident
macrophages. ] Exp Med. (2015) 212:1497-512. doi: 10.1084/jem.20150496
Ehses JA, Perren A, Eppler E, Ribaux P, Pospisilik JA, Maor-Cahn R,
et al. Increased number of islet-associated macrophages in type 2 diabetes.
Diabetes. (2007) 56:2356-70. doi: 10.2337/db06-1650

Banaei-Bouchareb L, Gouon-Evans V, Samara-Boustani D, Castellotti
MC, Czernichow P, Pollard JW, et al. Insulin cell mass is altered in
Csflop/Csflop macrophage-deficient mice. J Leukoc Biol. (2004) 76:359-67.
doi: 10.1189/j1b.1103591

Carrero JA, McCarthy DP, Ferris ST, Wan X, Hu H, Zinselmeyer BH, et al.
Resident macrophages of pancreatic islets have a seminal role in the initiation
of autoimmune diabetes of NOD mice. Proc Natl Acad Sci USA. (2017)
114:E10418-27. doi: 10.1073/pnas.1713543114

Zinselmeyer BH, Vomund AN, Saunders BT, Johnson MW, Carrero
JA, Unanue ER. The resident macrophages in murine pancreatic
islets are constantly probing their local environment, capturing beta
cell granules and blood particles. Diabetologia. (2018) 61:1374-83.
doi: 10.1007/s00125-018-4592-4

Weitz JR, Makhmutova M, Almaca J, Stertmann J, Aamodt K, Brissova
M, et al. Mouse pancreatic islet macrophages use locally released
ATP to monitor beta cell activity. Diabetologia. (2018) 61:182-92.
doi: 10.1007/s00125-017-4416-y

Benner C, van der Meulen T, Caceres E, Tigyi K, Donaldson CJ, Huising
MO. The transcriptional landscape of mouse beta cells compared to
human beta cells reveals notable species differences in long non-coding
RNA and protein-coding gene expression. BMC Genomics. (2014) 15:620.
doi: 10.1186/1471-2164-15-620

Boni-Schnetzler M, Boller S, Debray S, Bouzakri K, Meier DT, Prazak
R, et al. Free fatty acids induce a proinflammatory response in islets
via the abundantly expressed interleukin-1 receptor Endocrinology. (2009)
150:5218-29. doi: 10.1210/en.2009-0543

Hajmrle C, Smith N, Spigelman AE Dai X, Senior L, Bautista A, et al.
Interleukin-1 signaling contributes to acute islet compensation. JCI Insight.
(2016) 1:€86055. doi: 10.1172/jci.insight.86055

Zawalich WS, Zawalich KC. Interleukin 1 is a potent stimulator of islet
insulin secretion and phosphoinositide hydrolysis. Am ] Physiol. (1989)
256:E19-24. doi: 10.1152/ajpendo.1989.256.1.E19

Burke SJ, Batdorf HM, Burk DH, Martin TM, Mendoza T, Stadler K, et al.
Pancreatic deletion of the interleukin-1 receptor disrupts whole body glucose
homeostasis and promotes islet beta-cell de-differentiation. Mol Metab.
(2018). doi: 10.1016/j.molmet.2018.06.003

Dror E, Dalmas E, Meier DT, Wueest S, Thevenet ], Thienel C, et al.
Postprandial macrophage-derived IL-1beta stimulates insulin, and both
synergistically promote glucose disposal and inflammation. Nat Immunol.
(2017) 18:283-92. doi: 10.1038/ni.3659

Chittezhath M, Gunaseelan D, Zheng X, Hasan R, Tay VS, Lim ST,
et al. Islet macrophages are associated with islet vascular remodeling and
compensatory hyperinsulinemia during diabetes. Am ] Physiol Endocrinol
Metab. (2019) 317:E1108-120. doi: 10.1101/584953

Ying W, Lee YS, Dong Y, Seidman JS, Yang M, Isaac R, et al. Expansion
of islet-resident macrophages leads to inflammation affecting beta cell
proliferation and function in obesity. Cell Metab. (2019) 29:457-74 e5.
doi: 10.1016/j.cmet.2018.12.003

Eguchi K, Manabe I, Oishi-Tanaka Y, Ohsugi M, Kono N, Ogata F, et al.
Saturated fatty acid and TLR signaling link beta cell dysfunction and islet
inflammation. Cell Metab. (2012) 15:518-33. doi: 10.1016/j.cmet.2012.01.023

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Hasnain SZ, Borg DJ, Harcourt BE, Tong H, Sheng YH, Ng CP, et al. Glycemic
control in diabetes is restored by therapeutic manipulation of cytokines that
regulate beta cell stress. Nat Med. (2014) 20:1417-26. doi: 10.1038/nm.3705
Richardson SJ, Willcox A, Bone AJ, Foulis AK, Morgan NG. Islet-
associated macrophages in type 2 diabetes. Diabetologia. (2009) 52:1686-8.
doi: 10.1007/s00125-009-1410-z

Maedler K, Sergeev P, Ris E Oberholzer J, Joller-Jemelka HI, Spinas GA,
et al. Glucose-induced beta cell production of IL-lbeta contributes to
glucotoxicity in human pancreatic islets. J Clin Invest. (2002) 110:851-60.
doi: 10.1172/JCI200215318

Jourdan T, Godlewski G, Cinar R, Bertola A, Szanda G, Liu J, et al.
Activation of the Nlrp3 inflammasome in infiltrating macrophages by
endocannabinoids mediates beta cell loss in type 2 diabetes. Nat Med. (2013)
19:1132-40. doi: 10.1038/nm.3265

Segerstolpe A, Palasantza A, Eliasson P, Andersson EM, Andreasson AC,
Sun X, et al. Single-cell transcriptome profiling of human pancreatic
islets in health and Type 2 diabetes. Cell Metab. (2016) 24:593-607.
doi: 10.1016/j.cmet.2016.08.020

Mahdi T, Hanzelmann S, Salehi A, Muhammed SJ, Reinbothe TM, Tang
Y, et al. Secreted frizzled-related protein 4 reduces insulin secretion
and is overexpressed in type 2 diabetes. Cell Metab. (2012) 16:625-33.
doi: 10.1016/j.cmet.2012.10.009

Kane H, Lynch L. Innate immune control of adipose tissue homeostasis.
Trends Immunol. (2019) 40:857-72. doi: 10.1016/j.it.2019.07.006
Fischer-Posovszky P, Wang QA, Asterholm IW, Rutkowski JM, Scherer
PE. Targeted deletion of adipocytes by apoptosis leads to adipose tissue
recruitment of alternatively activated M2 macrophages. Endocrinology.
(2011) 152:3074-81. doi: 10.1210/en.2011-1031

Kosteli A, Sugaru E, Haemmerle G, Martin JF, Lei ], Zechner R, et al. Weight
loss and lipolysis promote a dynamic immune response in murine adipose
tissue. J Clin Invest. (2010) 120:3466-79. doi: 10.1172/JCI142845

Nguyen KD, Qiu Y, Cui X, Goh YP, Mwangi J, David T, et al
Alternatively activated macrophages produce catecholamines to sustain
adaptive thermogenesis. Nature. (2011) 480:104-8. doi: 10.1038/nature
10653

Aouadi M, Vangala P, Yawe JC, Tencerova M, Nicoloro SM, Cohen JL,
et al. Lipid storage by adipose tissue macrophages regulates systemic
glucose tolerance. Am ] Physiol Endocrinol Metab. (2014) 307:E374-83.
doi: 10.1152/ajpendo.00187.2014

Xu X, Grijalva A, Skowronski A, van Eijk M, Serlie MJ, Ferrante AW Jr.
Obesity activates a program of lysosomal-dependent lipid metabolism in
adipose tissue macrophages independently of classic activation. Cell Metab.
(2013) 18:816-30. doi: 10.1016/j.cmet.2013.11.001

Flaherty SE 3rd, Grijalva A, Xu X, Ables E, Nomani A, Ferrante AW Jr.
A lipase-independent pathway of lipid release and immune modulation by
adipocytes. Science. (2019) 363:989-93. doi: 10.1126/science.aaw2586

Nagy L, Tontonoz P, Alvarez ]G, Chen H, Evans RM. Oxidized LDL regulates
macrophage gene expression through ligand activation of PPARgamma. Cell.
(1998) 93:229-40. doi: 10.1016/S0092-8674(00)81574-3

Pirzgalska RM, Seixas E, Seidman JS, Link VM, Sanchez NM, Mahu I,
et al. Sympathetic neuron-associated macrophages contribute to obesity by
importing and metabolizing norepinephrine. Nat Med. (2017) 23:1309-18.
doi: 10.1038/nm.4422

Orr JS, Kennedy A, Anderson-Baucum EK, Webb CD, Fordahl SC, Erikson
KM, et al. Obesity alters adipose tissue macrophage iron content and tissue
iron distribution. Diabetes. (2014) 63:421-32. doi: 10.2337/db13-0213

Festa M, Ricciardelli G, Mele G, Pietropaolo C, Ruffo A, Colonna A.
Overexpression of H ferritin and up-regulation of iron regulatory protein
genes during differentiation of 3T3-L1 pre-adipocytes. J Biol Chem. (2000)
275:36708-12. doi: 10.1074/jbc.M004988200

Gabrielsen ]S, Gao Y, Simcox JA, Huang ], Thorup D, Jones D, et al.
Adipocyte iron regulates adiponectin and insulin sensitivity. J Clin Invest.
(2012) 122:3529-40. doi: 10.1172/JCI44421

Lee YH, Petkova AP, Granneman JG. Identification of an adipogenic niche
for adipose tissue remodeling and restoration. Cell Metab. (2013) 18:355-67.
doi: 10.1016/j.cmet.2013.08.003

Bourlier V, Zakaroff-Girard A, Miranville A, De Barros S, Maumus
M, Sengenes C, et al. Remodeling phenotype of human subcutaneous

Frontiers in Endocrinology | www.frontiersin.org

25

February 2020 | Volume 11 | Article 62


https://doi.org/10.1038/ni.3324
https://doi.org/10.1371/journal.pone.0154119
https://doi.org/10.1186/s13104-017-2686-6
https://doi.org/10.1084/jem.20150496
https://doi.org/10.2337/db06-1650
https://doi.org/10.1189/jlb.1103591
https://doi.org/10.1073/pnas.1713543114
https://doi.org/10.1007/s00125-018-4592-4
https://doi.org/10.1007/s00125-017-4416-y
https://doi.org/10.1186/1471-2164-15-620
https://doi.org/10.1210/en.2009-0543
https://doi.org/10.1172/jci.insight.86055
https://doi.org/10.1152/ajpendo.1989.256.1.E19
https://doi.org/10.1016/j.molmet.2018.06.003
https://doi.org/10.1038/ni.3659
https://doi.org/10.1101/584953
https://doi.org/10.1016/j.cmet.2018.12.003
https://doi.org/10.1016/j.cmet.2012.01.023
https://doi.org/10.1038/nm.3705
https://doi.org/10.1007/s00125-009-1410-z
https://doi.org/10.1172/JCI200215318
https://doi.org/10.1038/nm.3265
https://doi.org/10.1016/j.cmet.2016.08.020
https://doi.org/10.1016/j.cmet.2012.10.009
https://doi.org/10.1016/j.it.2019.07.006
https://doi.org/10.1210/en.2011-1031
https://doi.org/10.1172/JCI42845
https://doi.org/10.1038/nature10653
https://doi.org/10.1152/ajpendo.00187.2014
https://doi.org/10.1016/j.cmet.2013.11.001
https://doi.org/10.1126/science.aaw2586
https://doi.org/10.1016/S0092-8674(00)81574-3
https://doi.org/10.1038/nm.4422
https://doi.org/10.2337/db13-0213
https://doi.org/10.1074/jbc.M004988200
https://doi.org/10.1172/JCI44421
https://doi.org/10.1016/j.cmet.2013.08.003
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

adipose  tissue  macrophages.  Circulation. ~ (2008)  117:806-15.
doi: 10.1161/CIRCULATIONAHA.107.724096

Pang C, Gao Z, Yin J, Zhang J, Jia W, Ye J. Macrophage infiltration
into adipose tissue may promote angiogenesis for adipose tissue
remodeling in obesity. Am ] Physiol Endocrinol Metab. (2008) 295:E313-22.
doi: 10.1152/ajpendo.90296.2008

Lumeng CN, Bodzin JL, Saltiel AR. Obesity induces a phenotypic switch in
adipose tissue macrophage polarization. J Clin Invest. (2007) 117:175-84.
doi: 10.1172/JCI129881

Kim HJ, Higashimori T, Park SY, Choi H, Dong J, Kim Y]J, et al. Differential
effects of interleukin-6 and—10 on skeletal muscle and liver insulin action in
vivo. Diabetes. (2004) 53:1060-7. doi: 10.2337/diabetes.53.4.1060

Bluher M, Fasshauer M, Tonjes A, Kratzsch ], Schon MR, Paschke
R. Association of interleukin-6, C-reactive protein, interleukin-10 and
adiponectin plasma concentrations with measures of obesity, insulin
sensitivity and glucose metabolism. Exp Clin Endocrinol Diabetes. (2005)
113:534-7. doi: 10.1055/5-2005-872851

Kowalski GM, Nicholls HT, Risis S, Watson NK, Kanellakis P, Bruce CR, et al.
Deficiency of haematopoietic-cell-derived IL-10 does not exacerbate high-
fat-diet-induced inflammation or insulin resistance in mice. Diabetologia.
(2011) 54:888-99. doi: 10.1007/s00125-010-2020-5

Ying W, Riopel M, Bandyopadhyay G, Dong Y, Birmingham A, Seo JB,
et al. Adipose tissue macrophage-derived exosomal miRNAs can modulate
in vivo and in vitro insulin sensitivity. Cell. (2017) 171:372-84.e12.
doi: 10.1016/j.cell.2017.08.035

Zheng C, Yang Q, Cao ], Xie N, Liu K, Shou P, et al. Local proliferation
initiates macrophage accumulation in adipose tissue during obesity. Cell
Death Dis. (2016) 7:€2167. doi: 10.1038/cddis.2016.54

Amano SU, Cohen JL, Vangala P, Tencerova M, Nicoloro SM, Yawe
JC, et al. Local proliferation of macrophages contributes to obesity-
associated adipose tissue inflammation. Cell Metab. (2014) 19:162-71.
doi: 10.1016/j.cmet.2013.11.017

Ramkhelawon B, Hennessy EJ, Menager M, Ray TD, Sheedy FJ, Hutchison
S, et al. Netrin-1 promotes adipose tissue macrophage retention and insulin
resistance in obesity. Nat Med. (2014) 20:377-84. doi: 10.1038/nm.3467
Prieur X, Mok CY, Velagapudi VR, Nunez V, Fuentes L, Montaner D, et al.
Differential lipid partitioning between adipocytes and tissue macrophages
modulates macrophage lipotoxicity and M2/M1 polarization in obese mice.
Diabetes. (2011) 60:797-809. doi: 10.2337/db10-0705

Hill DA, Lim HW, Kim YH, Ho WY, Foong YH, Nelson VL, et al
Distinct macrophage populations direct inflammatory versus physiological
changes in adipose tissue. Proc Natl Acad Sci USA. (2018) 115:E5096-105.
doi: 10.1073/pnas.1802611115

Kratz M, Coats BR, Hisert KB, Hagman D, Mutskov V, Peris E, et al.
Metabolic dysfunction drives a mechanistically distinct proinflammatory
phenotype in adipose tissue macrophages. Cell Metab. (2014) 20:614-25.
doi: 10.1016/j.cmet.2014.08.010

Cinti S, Mitchell G, Barbatelli G, Murano I, Ceresi E, Faloia E, et al.
Adipocyte death defines macrophage localization and function in adipose
tissue of obese mice and humans. J Lipid Res. (2005) 46:2347-55.
doi: 10.1194/j1r.M500294-JLR200

McNally AK, Anderson JM. Macrophage fusion and multinucleated
giant cells of inflammation. Adv Exp Med Biol. (2011) 713:97-111.
doi: 10.1007/978-94-007-0763-4_7

Patsouris D, Li PP, Thapar D, Chapman J, Olefsky JM, Neels JG. Ablation of
CD11c-positive cells normalizes insulin sensitivity in obese insulin resistant
animals. Cell Metab. (2008) 8:301-9. doi: 10.1016/j.cmet.2008.08.015

Weiss M, Byrne AJ, Blazek K, Saliba DG, Pease JE, Perocheau D, et al. IRF5
controls both acute and chronic inflammation. Proc Natl Acad Sci USA.
(2015) 112:11001-6. doi: 10.1073/pnas.1506254112

Dalmas E, Toubal A, Alzaid F, Blazek K, Eames HL, Lebozec K,
et al. Irf5 deficiency in macrophages promotes beneficial adipose tissue
expansion and insulin sensitivity during obesity. Nat Med. (2015) 21:610-8.
doi: 10.1038/nm.3829

Sindhu S, Thomas R, Kochumon S, Wilson A, Abu-Farha M, Bennakhi
A, et al. Increased adipose tissue expression of interferon regulatory factor
(IRF)-5 in obesity: association with metabolic inflammation. Cells. (2019)
8:E1418. doi: 10.3390/cells8111418

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Scott CL, Zheng F, De Baetselier P, Martens L, Saeys Y, De Prijck S, et al. Bone
marrow-derived monocytes give rise to self-renewing and fully differentiated
Kupfer cells. Nat Commun. (2016) 7:10321. doi: 10.1038/ncomms10321

Ju C, Tacke F. Hepatic macrophages in homeostasis and liver diseases:
from pathogenesis to novel therapeutic strategies. Cell Mol Immunol. (2016)
13:316-27. doi: 10.1038/cmi.2015.104

Burt AD, Ferrell LD, Hiibscher SG. MacSween’s Pathology of the Liver, 7th
ed (2018).

Heymann E Peusquens J, Ludwig-Portugall I, Kohlhepp M, Ergen
C, Niemietz P, et al. Liver inflammation abrogates immunological
tolerance induced by Kupffer cells. Hepatology. (2015) 62:279-91.
doi: 10.1002/hep.27793

Yan ML, Wang YD, Tian YE Lai ZD, Yan LN. Inhibition of allogeneic T-cell
response by Kupffer cells expressing indoleamine 2,3-dioxygenase. World ]
Gastroenterol. (2010) 16:636-40. doi: 10.3748/wjg.v16.i5.636

Morrison MC, Kleemann R. Role of macrophage migration inhibitory factor
in obesity, insulin resistance, type 2 diabetes, and associated hepatic co-
morbidities: a comprehensive review of human and rodent studies. Front
Immunol. (2015) 6:308. doi: 10.3389/fimmu.2015.00308

Morgantini C, Jager J, Li X, Levi L, Azzimato V, Sulen A, et al. Liver
macrophages regulate systemic metabolism through non-inflammatory
factors. Nat Metab. (2019) 1:445-59. doi: 10.1038/s42255-019-0044-9
Alzaid F, Lagadec E Albuquerque M, Ballaire R, Orliaguet L, Hainault I,
etal. IRF5 governs liver macrophage activation that promotes hepatic fibrosis
in mice and humans. JCI Insight. (2016) 1:e88689. doi: 10.1172/jci.insight.
88689

Xiao C, Stahel P, Morgantini C, Nahmias A, Dash S, Lewis GF. Glucagon-
like peptide-2 mobilizes lipids from the intestine by a systemic nitric
oxide-independent mechanism. Diabetes Obes Metab. (2019) 21:2535-41.
doi: 10.1111/dom.13839

Rausch ME, Weisberg S, Vardhana P, Tortoriello DV. Obesity in C57BL/6]
mice is characterized by adipose tissue hypoxia and cytotoxic T-cell
infiltration. Int ] Obes. (2008) 32:451-63. doi: 10.1038/sj.ij0.0803744
Murano I, Barbatelli G, Parisani V, Latini C, Muzzonigro G, Castellucci M,
et al. Dead adipocytes, detected as crown-like structures, are prevalent in
visceral fat depots of genetically obese mice. J Lipid Res. (2008) 49:1562-8.
doi: 10.1194/j1r.M800019-JLR200

Boutens L, Stienstra R. Adipose tissue macrophages: going off track during
obesity. Diabetologia. (2016) 59:879-94. doi: 10.1007/s00125-016-3904-9
Shi H, Kokoeva MV, Inouye K, Tzameli I, Yin H, Flier JS. TLR4 links innate
immunity and fatty acid-induced insulin resistance. J Clin Invest. (2006)
116:3015-25. doi: 10.1172/JCI28898

Shin KC, Hwang I, Choe SS, Park J, Ji Y, Kim JI, et al
Macrophage VLDLR mediates obesity-induced insulin resistance
with adipose tissue inflammation. Nat Commun. (2017) 8:1087.

doi: 10.1038/541467-017-01232-w

Wen H, Ting JP, O’'Neill LA. A role for the NLRP3 inflammasome in
metabolic diseases and did Warburg miss inflammation? Nat Immunol.
(2012) 13:352-7. doi: 10.1038/ni.2228

Wen H, Gris D, Lei Y, Jha S, Zhang L, Huang MT, et al. Fatty acid-induced
NLRP3-ASC inflammasome activation interferes with insulin signaling. Nat
Immunol. (2011) 12:408-15. doi: 10.1038/ni.2022

Hotamisligil GS, Peraldi P, Budavari A, Ellis R, White ME, Spiegelman BM.
IRS-1-mediated inhibition of insulin receptor tyrosine kinase activity in
TNF-alpha- and obesity-induced insulin resistance. Science. (1996) 271:665-
8. doi: 10.1126/science.271.5249.665

Haeusler RA, McGraw TE, Accili D. Biochemical and cellular properties
of insulin receptor signalling. Nat Rev Mol Cell Biol. (2018) 19:31-44.
doi: 10.1038/nrm.2017.89

Kanety H, Feinstein R, Papa MZ, Hemi R, Karasik A. Tumor necrosis
factor alpha-induced phosphorylation of insulin receptor substrate-
1 (IRS-1). Possible mechanism for suppression of insulin-stimulated
tyrosine phosphorylation of IRS-1. J Biol Chem. (1995) 270:23780-4.
doi: 10.1074/jbc.270.40.23780

Jager J, Gremeaux T, Cormont M, Le Marchand-Brustel Y, Tanti JF.
Interleukin-1beta-induced insulin resistance in adipocytes through down-
regulation of insulin receptor substrate-1 expression. Endocrinology. (2007)
148:241-51. doi: 10.1210/en.2006-0692

Frontiers in Endocrinology | www.frontiersin.org

26

February 2020 | Volume 11 | Article 62


https://doi.org/10.1161/CIRCULATIONAHA.107.724096
https://doi.org/10.1152/ajpendo.90296.2008
https://doi.org/10.1172/JCI29881
https://doi.org/10.2337/diabetes.53.4.1060
https://doi.org/10.1055/s-2005-872851
https://doi.org/10.1007/s00125-010-2020-5
https://doi.org/10.1016/j.cell.2017.08.035
https://doi.org/10.1038/cddis.2016.54
https://doi.org/10.1016/j.cmet.2013.11.017
https://doi.org/10.1038/nm.3467
https://doi.org/10.2337/db10-0705
https://doi.org/10.1073/pnas.1802611115
https://doi.org/10.1016/j.cmet.2014.08.010
https://doi.org/10.1194/jlr.M500294-JLR200
https://doi.org/10.1007/978-94-007-0763-4_7
https://doi.org/10.1016/j.cmet.2008.08.015
https://doi.org/10.1073/pnas.1506254112
https://doi.org/10.1038/nm.3829
https://doi.org/10.3390/cells8111418
https://doi.org/10.1038/ncomms10321
https://doi.org/10.1038/cmi.2015.104
https://doi.org/10.1002/hep.27793
https://doi.org/10.3748/wjg.v16.i5.636
https://doi.org/10.3389/fimmu.2015.00308
https://doi.org/10.1038/s42255-019-0044-9
https://doi.org/10.1172/jci.insight.88689
https://doi.org/10.1111/dom.13839
https://doi.org/10.1038/sj.ijo.0803744
https://doi.org/10.1194/jlr.M800019-JLR200
https://doi.org/10.1007/s00125-016-3904-9
https://doi.org/10.1172/JCI28898
https://doi.org/10.1038/s41467-017-01232-w
https://doi.org/10.1038/ni.2228
https://doi.org/10.1038/ni.2022
https://doi.org/10.1126/science.271.5249.665
https://doi.org/10.1038/nrm.2017.89
https://doi.org/10.1074/jbc.270.40.23780
https://doi.org/10.1210/en.2006-0692
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Wunderlich CM, Hévelmeyer N, Wunderlich FT. Mechanisms of chronic
JAK-STAT3-SOCS3 signaling in obesity. JAKSTAT. (2013) 2:e23878.
doi: 10.4161/jkst.23878

Munder M, Eichmann K, Modolell M. Alternative metabolic states in
murine macrophages reflected by the nitric oxide synthase/arginase balance:
competitive regulation by CD4+ T cells correlates with Th1/Th2 phenotype.
J Immunol. (1998) 160:5347-54.

Oren R, Farnham AE, Saito K, Milofsky E, Karnovsky ML. Metabolic
patterns in three types of phagocytizing cells. J Cell Biol. (1963) 17:487-501.
doi: 10.1083/jcb.17.3.487

Pavlou S, Wang L, Xu H, Chen M. Higher phagocytic activity of
thioglycollate-elicited peritoneal macrophages is related to metabolic status
of the cells. J Inflamm. (2017) 14:4. doi: 10.1186/s12950-017-0151-x

Kellett DN. 2-Deoxyglucose and inflammation. J Pharm Pharmacol. (1966)
18:199-200. doi: 10.1111/j.2042-7158.1966.tb07853.x

Freemerman AJ, Johnson AR, Sacks GN, Milner JJ, Kirk EL, Troester
MA, et al. Metabolic reprogramming of macrophages: glucose transporter
1 (GLUT1)-mediated glucose metabolism drives a proinflammatory
phenotype. ] Biol Chem. (2014) 289:7884-96. doi: 10.1074/jbc.M113.522037
Blouin CC, Page EL, Soucy GM, Richard DE. Hypoxic gene activation by
lipopolysaccharide in macrophages: implication of hypoxia-inducible factor
lalpha. Blood. (2004) 103:1124-30. doi: 10.1182/blood-2003-07-2427
Rodriguez-Prados JC, Traves PG, Cuenca ], Rico D, Aragones J, Martin-
Sanz P, et al. Substrate fate in activated macrophages: a comparison between
innate, classic, and alternative activation. J Immunol. (2010) 185:605-14.
doi: 10.4049/jimmunol.0901698

Hedl M, Yan J, Witt H, Abraham C. IRF5 is required for bacterial clearance
in human MI-polarized macrophages, and IRF5 immune-mediated disease
risk variants modulate this outcome. ] Immunol. (2019) 202:920-30.
doi: 10.4049/jimmunol.1800226

Palsson-McDermott EM, Curtis AM, Goel G, Lauterbach MA, Sheedy
FJ, Gleeson LE, et al. Pyruvate kinase M2 regulates Hif-lalpha activity
and IL-1beta induction and is a critical determinant of the warburg
effect in LPS-activated macrophages. Cell Metab. (2015) 21:65-80.
doi: 10.1016/j.cmet.2014.12.005

Luo W, Hu H, Chang R, Zhong ], Knabel M, O’Meally R, et al. Pyruvate
kinase M2 is a PHD3-stimulated coactivator for hypoxia-inducible factor 1.
Cell. (2011) 145:732-44. doi: 10.1016/j.cell.2011.03.054

Wolf AJ, Reyes CN, Liang W, Becker C, Shimada K, Wheeler ML, et al.
Hexokinase is an innate immune receptor for the detection of bacterial
peptidoglycan. Cell. (2016) 166:624-36. doi: 10.1016/j.cell.2016.05.076

Ip WKE, Hoshi N, Shouval DS, Snapper S, Medzhitov R. Anti-inflammatory
effect of IL-10 mediated by metabolic reprogramming of macrophages.
Science. (2017) 356:513-9. doi: 10.1126/science.aal3535

Baardman J, Verberk SGS, Prange KHM, van Weeghel M, van der
Velden S, Ryan DG, et al. A defective pentose phosphate pathway reduces
inflammatory macrophage responses during hypercholesterolemia. Cell Rep.
(2018) 25:2044-52 e5. doi: 10.1016/j.celrep.2018.10.092

Infantino V, Convertini P, Cucci L, Panaro MA, Di Noia MA, Calvello R, et al.
The mitochondrial citrate carrier: a new player in inflammation. Biochem J.
(2011) 438:433-6. doi: 10.1042/BJ20111275

Infantino V, Iacobazzi V, Palmieri F Menga A. ATP-citrate lyase is essential
for macrophage inflammatory response. Biochem Biophys Res Commun.
(2013) 440:105-11. doi: 10.1016/j.bbrc.2013.09.037

Wei X, Song H, Yin L, Rizzo MG, Sidhu R, Covey DE et al. Fatty acid
synthesis configures the plasma membrane for inflammation in diabetes.
Nature. (2016) 539:294-8. doi: 10.1038/nature20117

Hooftman A, O'Neill LAJ. The immunomodulatory potential
of the metabolite itaconate. Trends (2019) 40:687-98.
doi: 10.1016/;.it.2019.05.007

Lampropoulou V, Sergushichev A, Bambouskova M, Nair S, Vincent EE,
Loginicheva E, et al. Itaconate links inhibition of succinate dehydrogenase
with macrophage metabolic remodeling and regulation of inflammation. Cell
Metab. (2016) 24:158-66. doi: 10.1016/j.cmet.2016.06.004

Quinlan CL, Orr AL, Perevoshchikova IV, Treberg JR, Ackrell BA, Brand
MD. Mitochondrial complex II can generate reactive oxygen species at
high rates in both the forward and reverse reactions. J Biol Chem. (2012)
287:27255-64. doi: 10.1074/jbc.M112.374629

Immunol.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

Tannahill G, Curtis A, Adamik J, Palsson-McDermott E, McGettrick A, Goel
G, et al. Succinate is a danger signal that induces IL-1f via HIF-1a. Nature.
(2013) 496:238-42. doi: 10.1038/nature11986

Langston PK, Nambu A, Jung J, Shibata M, Aksoylar HI, Lei
J, et al. Glycerol phosphate shuttle GPD2  regulates
macrophage inflammatory responses. Nat Immunol. (2019) 20:1186-95.
doi: 10.1038/541590-019-0453-7

Liu PS, Wang H, Li X, Chao T, Teav T, Christen S, et al. alpha-ketoglutarate
orchestrates macrophage activation through metabolic and epigenetic
reprogramming. Nat Immunol. (2017) 18:985-94. doi: 10.1038/ni.3796

Vats D, Mukundan L, Odegaard JI, Zhang L, Smith KL, Morel CR,
et al. Oxidative metabolism and PGC-1beta attenuate macrophage-mediated
inflammation. Cell Metab. (2006) 4:13-24. doi: 10.1016/j.cmet.2006.05.011
Wang E, Zhang S, Vuckovic I, Jeon R, Lerman A, Folmes CD, et al. Glycolytic
stimulation is not a requirement for M2 macrophage differentiation. Cell
Metab. (2018) 28:463-75.e4. doi: 10.1016/j.cmet.2018.08.012

Covarrubias AJ, Aksoylar HI, Yu J, Snyder NW, Worth A]J, Iyer SS, et al.
Akt-mTORC1 signaling regulates Acly to integrate metabolic input to
control of macrophage activation. Elife. (2016) 5:e11612. doi: 10.7554/eLife.
11612.024

Haschemi A, Kosma P, Gille L, Evans CR, Burant CE Starkl P,
et al. The sedoheptulose kinase CARKL directs macrophage polarization
through control of glucose metabolism. Cell Metab. (2012) 15:813-26.
doi: 10.1016/j.cmet.2012.04.023

Tavakoli S, Downs K, Short JD, Nguyen HN, Lai Y, Jerabek PA,
et al. Characterization of macrophage polarization states using combined
measurement of 2-deoxyglucose and glutamine accumulation: implications
for imaging of atherosclerosis. Arterioscler Thromb Vasc Biol. (2017)
37:1840-8. doi: 10.1161/ATVBAHA.117.308848

Jha AK, Huang SC, Sergushichev A, Lampropoulou V, Ivanova
Y, Loginicheva E, et al. Network integration of parallel metabolic
and  transcriptional ~ data  reveals metabolic = modules  that
regulate macrophage polarization. Immunity. (2015)  42:419-30.
doi: 10.1016/j.immuni.2015.02.005

Schulman IG. Liver X receptors link lipid metabolism and inflammation.
FEBS Lett. (2017) 591:2978-91. doi: 10.1002/1873-3468.12702

Oishi Y, Spann NJ, Link VM, Muse ED, Strid T, Edillor C, et al.
SREBP1 contributes to resolution of pro-inflammatory TLR4 signaling
by reprogramming fatty acid metabolism. Cell Metab. (2017) 25:412-27.
doi: 10.1016/j.cmet.2016.11.009

Boutens L, Hooiveld GJ, Dhingra S, Cramer RA, Netea MG, Stienstra
R. Unique metabolic activation of adipose tissue macrophages in
obesity promotes inflammatory responses. Diabetologia. (2018) 61:942-53.
doi: 10.1007/s00125-017-4526-6

Ren W, Xia Y, Chen S, Wu G, Bazer FW, Zhou B, et al. Glutamine metabolism
in macrophages: a novel target for obesity/Type 2 diabetes. Adv Nutr. (2019)
10:321-30. doi: 10.1093/advances/nmy084

Brennan JJ, Gilmore TD. Evolutionary origins of toll-like receptor signaling.
Mol Biol Evol. (2018) 35:1576-87. doi: 10.1093/molbev/msy050

Ermis Karaali Z, Candan G, Aktuglu MB, Velet M, Ergen A. Toll-like
receptor 2 (TLR-2) gene polymorphisms in type 2 diabetes mellitus. Cell J.
(2019) 20:559-63. doi: 10.22074/cellj.2019.5540

Gupta S, Maratha A, Siednienko ], Natarajan A, Gajanayake T, Hoashi
S, et al. Analysis of inflammatory cytokine and TLR expression
levels in Type 2 diabetes with complications. Sci Rep. (2017) 7:7633.
doi: 10.1038/s41598-017-07230-8

Haversen L, Danielsson KN, Fogelstrand L, Wiklund O. Induction
of proinflammatory  cytokines by long-chain saturated fatty
acids in human macrophages. Atherosclerosis. (2009) 202:382-93.
doi: 10.1016/j.atherosclerosis.2008.05.033

Rubartelli A, Lotze MT, Latz E, Manfredi A. Mechanisms of sterile
inflammation. Front Immunol. (2013) 4:398. doi: 10.3389/fimmu.2013.00398
Eguchi J, Wang X, Yu S, Kershaw EE, Chiu PC, Dushay ], et al
Transcriptional control of adipose lipid handling by IRF4. Cell Metab. (2011)
13:249-59. doi: 10.1016/j.cmet.2011.02.005

Zhao GN, Jiang DS, Li H. Interferon regulatory factors: at the crossroads of
immunity, metabolism, and disease. Biochim Biophys Acta. (2015) 1852:365-
78. doi: 10.1016/j.bbadis.2014.04.030

enzyme

Frontiers in Endocrinology | www.frontiersin.org

February 2020 | Volume 11 | Article 62


https://doi.org/10.4161/jkst.23878
https://doi.org/10.1083/jcb.17.3.487
https://doi.org/10.1186/s12950-017-0151-x
https://doi.org/10.1111/j.2042-7158.1966.tb07853.x
https://doi.org/10.1074/jbc.M113.522037
https://doi.org/10.1182/blood-2003-07-2427
https://doi.org/10.4049/jimmunol.0901698
https://doi.org/10.4049/jimmunol.1800226
https://doi.org/10.1016/j.cmet.2014.12.005
https://doi.org/10.1016/j.cell.2011.03.054
https://doi.org/10.1016/j.cell.2016.05.076
https://doi.org/10.1126/science.aal3535
https://doi.org/10.1016/j.celrep.2018.10.092
https://doi.org/10.1042/BJ20111275
https://doi.org/10.1016/j.bbrc.2013.09.037
https://doi.org/10.1038/nature20117
https://doi.org/10.1016/j.it.2019.05.007
https://doi.org/10.1016/j.cmet.2016.06.004
https://doi.org/10.1074/jbc.M112.374629
https://doi.org/10.1038/nature11986
https://doi.org/10.1038/s41590-019-0453-7
https://doi.org/10.1038/ni.3796
https://doi.org/10.1016/j.cmet.2006.05.011
https://doi.org/10.1016/j.cmet.2018.08.012
https://doi.org/10.7554/eLife.11612.024
https://doi.org/10.1016/j.cmet.2012.04.023
https://doi.org/10.1161/ATVBAHA.117.308848
https://doi.org/10.1016/j.immuni.2015.02.005
https://doi.org/10.1002/1873-3468.12702
https://doi.org/10.1016/j.cmet.2016.11.009
https://doi.org/10.1007/s00125-017-4526-6
https://doi.org/10.1093/advances/nmy084
https://doi.org/10.1093/molbev/msy050
https://doi.org/10.22074/cellj.2019.5540
https://doi.org/10.1038/s41598-017-07230-8
https://doi.org/10.1016/j.atherosclerosis.2008.05.033
https://doi.org/10.3389/fimmu.2013.00398
https://doi.org/10.1016/j.cmet.2011.02.005
https://doi.org/10.1016/j.bbadis.2014.04.030
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Chen W, Royer WE Jr. Structural insights into interferon regulatory factor
activation. Cell Signal. (2010) 22:883-7. doi: 10.1016/j.cellsig.2009.12.005
Orr JS, Puglisi MJ, Ellacott KL, Lumeng CN, Wasserman DH, Hasty AH.
Toll-like receptor 4 deficiency promotes the alternative activation of adipose
tissue macrophages. Diabetes. (2012) 61:2718-27. doi: 10.2337/db11-1595
Kumari M, Wang X, Lantier L, Lyubetskaya A, Eguchi J, Kang S, et al.
IRF3 promotes adipose inflammation and insulin resistance and represses
browning. ] Clin Invest. (2016) 126:2839-54. doi: 10.1172/JCI86080
Gunthner R, Anders HJ. Interferon-regulatory factors determine
macrophage phenotype polarization. Mediators Inflamm. (2013)
2013:731023. doi: 10.1155/2013/731023

Eguchi ], Kong X, Tenta M, Wang X, Kang S, Rosen ED. Interferon regulatory
factor 4 regulates obesity-induced inflammation through regulation of
adipose tissue macrophage polarization. Diabetes. (2013) 62:3394-403.
doi: 10.2337/db12-1327

Ameyar M, Wisniewska M, Weitzman JB. A role for AP-1 in
apoptosis: the case for and against. Biochimie. (2003) 85:747-52.
doi: 10.1016/j.biochi.2003.09.006

Vesely PW, Staber PB, Hoefler G, Kenner L. Translational regulation
mechanisms of AP-1 proteins. Mutat Res. (2009) 682:7-12.
doi: 10.1016/j.mrrev.2009.01.001

Takahashi M, Yagyu H, Tazoe F, Nagashima S, Ohshiro T, Okada K, et al.
Macrophage lipoprotein lipase modulates the development of atherosclerosis
but not adiposity. ] Lipid Res. (2013) 54:1124-34. doi: 10.1194/jlr.M035568
Hirosumi J, Tuncman G, Chang L, Gorgun CZ, Uysal KT, Maeda K, et al.
A central role for JNK in obesity and insulin resistance. Nature. (2002)
420:333-6. doi: 10.1038/nature01137

Tuncman G, Hirosumi J, Solinas G, Chang L, Karin M, Hotamisligil
GS. Functional in vivo interactions between JNK1 and JNK2 isoforms in
obesity and insulin resistance. Proc Natl Acad Sci USA. (2006) 103:10741-6.
doi: 10.1073/pnas.0603509103

Solinas G, Vilcu C, Neels JG, Bandyopadhyay GK, Luo JL, Naugler W,
et al. JNK1 in hematopoietically derived cells contributes to diet-induced
inflammation and insulin resistance without affecting obesity. Cell Metab.
(2007) 6:386-97. doi: 10.1016/j.cmet.2007.09.011

Solinas G, Becattini B. JNK at the crossroad of obesity, insulin
resistance, and cell stress response. Mol Metab. (2017) 6:174-84.
doi: 10.1016/j.molmet.2016.12.001

Baker RG, Hayden MS, Ghosh S. NF-kappaB, inflammation, and metabolic
disease. Cell Metab. (2011) 13:11-22. doi: 10.1016/j.cmet.2010.12.008
D’Ignazio L, Bandarra D, Rocha S. NF-kappaB and HIF crosstalk in immune
responses. FEBS J. (2016) 283:413-24. doi: 10.1111/febs.13578
Xanthoulea S, Curfs DM, Hofker MH, de Winther MP.
factor kappa B signaling in macrophage function and atherogenesis.
Curr Opin Lipidol. (2005) 16:536-42. doi: 10.1097/01.mo0l.0000180167.15
820.ae

Arkan MC, Hevener AL, Greten FR, Maeda S, Li ZW, Long JM, et al.
IKK-beta links inflammation to obesity-induced insulin resistance. Nat Med.
(2005) 11:191-8. doi: 10.1038/nm1185

Wang N, Liang HW, Zen K. Molecular mechanisms that influence the
macrophage M1-M2 polarization balance. Front Immunol. (2014) 5:614.
doi: 10.3389/fimmu.2014.00614

Kovarik P, Stoiber D, Novy M, Decker T. Statl combines signals derived
from IFN-gamma and LPS receptors during macrophage activation. EMBO
J. (1998) 17:3660-8. doi: 10.1038/sj.emb0;j.7591120

Yamaoka K, Otsuka T, Niiro H, Arinobu Y, Niho Y, Hamasaki N,
et al. Activation of STAT5 by lipopolysaccharide through granulocyte-
macrophage colony-stimulating factor production in human monocytes. |
Immunol. (1998) 160:838-45.

Yin Z, Ma TT, Lin Y, Lu X, Zhang CZ, Chen S, et al. IL-6/STAT3
pathway intermediates M1/M2 macrophage polarization during the
development of hepatocellular carcinoma. J Cell Biochem. (2018) 119:9419-
32. doi: 10.1002/jcb.27259

Gong M, Zhuo XZ, Ma AQ. STAT6 upregulation promotes M2 macrophage
polarization to suppress atherosclerosis. Med Sci Monit Basic. (2017) 23:240-
9. doi: 10.12659/MSMBR.904014

Coats BR, Schoenfelt KQ, Barbosa-Lorenzi VC, Peris E, Cui C, Hoffman
A, et al. Metabolically activated adipose tissue macrophages perform

Nuclear

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

detrimental and beneficial functions during diet-induced obesity. Cell Rep.
(2017) 20:3149-61. doi: 10.1016/j.celrep.2017.08.096

Filgueiras LR, Brandt SL, Ramalho TR, Jancar S, Serezani CH. Imbalance
between HDAC and HAT activities drives aberrant STAT1/MyD88
expression in macrophages from type 1 diabetic mice. J Diabetes
Complications. (2017) 31:334-9. doi: 10.1016/j.jdiacomp.2016.08.001
Reardon CA, Lingaraju A, Schoenfelt KQ, Zhou G, Cui C, Jacobs-El
H, et al. Obesity and insulin resistance promote atherosclerosis through
an IFNgamma-regulated macrophage protein network. Cell Rep. (2018)
23:3021-30. doi: 10.1016/j.celrep.2018.05.010

Vasamsetti SB, Karnewar S, Kanugula AK, Thatipalli AR, Kumar JM,
Kotamraju S. Metformin inhibits monocyte-to-macrophage differentiation
via AMPK-mediated inhibition of STAT3 activation: potential role in
atherosclerosis. Diabetes. (2015) 64:2028-41. doi: 10.2337/db14-1225

Tang C, Houston BA, Storey C, LeBoeuf RC. Both STAT3 activation
and cholesterol efflux contribute to the anti-inflammatory effect of apoA-
I/ABCAL1 interaction in macrophages. ] Lipid Res. (2016) 57:848-57.
doi: 10.1194/jlr.M065797

Desai HR, Sivasubramaniyam T, Revelo XS, Schroer SA, Luk CT, Rikkala
PR, et al. Macrophage JAK2 deficiency protects against high-fat diet-induced
inflammation. Sci Rep. (2017) 7:7653. doi: 10.1038/541598-017-07923-0

Lee WJ, Tateya S, Cheng AM, Rizzo-DeLeon N, Wang NE, Handa P, et al. M2
macrophage polarization mediates anti-inflammatory effects of endothelial
nitric oxide signaling. Diabetes. (2015) 64:2836-46. doi: 10.2337/db14-1668
Ricardo-Gonzalez RR, Red Eagle A, Odegaard JI, Jouihan H, Morel CR,
Heredia JE, et al. IL-4/STAT6 immune axis regulates peripheral nutrient
metabolism and insulin sensitivity. Proc Natl Acad Sci USA. (2010)
107:22617-22. doi: 10.1073/pnas.1009152108

Shu H, Wong B, Zhou G, Li Y, Berger ], Woods JW, et al. Activation of
PPARalpha or gamma reduces secretion of matrix metalloproteinase 9 but
not interleukin 8 from human monocytic THP-1 cells. Biochem Biophys Res
Commun. (2000) 267:345-9. doi: 10.1006/bbrc.1999.1968

Nakamachi T, Nomiyama T, Gizard F, Heywood EB, Jones KL, Zhao Y, et al.
PPARalpha agonists suppress osteopontin expression in macrophages and
decrease plasma levels in patients with type 2 diabetes. Diabetes. (2007)
56:1662-70. doi: 10.2337/db06-1177

Ye G, Gao H, Wang Z, Lin Y, Liao X, Zhang H, et al. PPARalpha and
PPARgamma activation attenuates total free fatty acid and triglyceride
accumulation in macrophages via the inhibition of Fatpl expression. Cell
Death Dis. (2019) 10:39. doi: 10.1038/s41419-018-1135-3

Lamichane S, Dahal Lamichane B, Kwon SM. Pivotal roles of peroxisome
proliferator-activated receptors (PPARs) and their signal cascade for cellular
and whole-body energy homeostasis. Int ] Mol Sci. (2018) 19:E949.
doi: 10.3390/ijms19040949

Riserus U, Sprecher D, Johnson T, Olson E, Hirschberg S, Liu A,
et al. Activation of peroxisome proliferator-activated receptor (PPAR)delta
promotes reversal of multiple metabolic abnormalities, reduces oxidative
stress, and increases fatty acid oxidation in moderately obese men. Diabetes.
(2008) 57:332-9. doi: 10.2337/db07-1318

Vosper H, Patel L, Graham TL, Khoudoli GA, Hill A, Macphee CH,
et al. The peroxisome proliferator-activated receptor delta promotes lipid
accumulation in human macrophages. J Biol Chem. (2001) 276:44258-65.
doi: 10.1074/jbc.M 108482200

Kang K, Reilly SM, Karabacak V, Gangl MR, Fitzgerald K, Hatano B,
et al. Adipocyte-derived Th2 cytokines and myeloid PPARdelta regulate
macrophage polarization and insulin sensitivity. Cell Metab. (2008) 7:485-
95. doi: 10.1016/j.cmet.2008.04.002

Lefterova MI, Steger DJ, Zhuo D, Qatanani M, Mullican SE, Tuteja G, et al.
Cell-specific determinants of peroxisome proliferator-activated receptor
gamma function in adipocytes and macrophages. Mol Cell Biol. (2010)
30:2078-89. doi: 10.1128/MCB.01651-09

Jiang C, Ting AT, Seed B. PPAR-gamma agonists inhibit production
of monocyte inflammatory cytokines. (1998)  391:82-6.
doi: 10.1038/34184

Meier CA, Chicheportiche R, Juge-Aubry CE, Dreyer MG, Dayer JM.
Regulation of the interleukin-1 receptor antagonist in THP-1 cells by ligands
of the peroxisome proliferator-activated receptor gamma. Cytokine. (2002)
18:320-8. doi: 10.1006/cyt0.2002.1945

Nature.

Frontiers in Endocrinology | www.frontiersin.org

February 2020 | Volume 11 | Article 62


https://doi.org/10.1016/j.cellsig.2009.12.005
https://doi.org/10.2337/db11-1595
https://doi.org/10.1172/JCI86080
https://doi.org/10.1155/2013/731023
https://doi.org/10.2337/db12-1327
https://doi.org/10.1016/j.biochi.2003.09.006
https://doi.org/10.1016/j.mrrev.2009.01.001
https://doi.org/10.1194/jlr.M035568
https://doi.org/10.1038/nature01137
https://doi.org/10.1073/pnas.0603509103
https://doi.org/10.1016/j.cmet.2007.09.011
https://doi.org/10.1016/j.molmet.2016.12.001
https://doi.org/10.1016/j.cmet.2010.12.008
https://doi.org/10.1111/febs.13578
https://doi.org/10.1097/01.mol.0000180167.15820.ae
https://doi.org/10.1038/nm1185
https://doi.org/10.3389/fimmu.2014.00614
https://doi.org/10.1038/sj.emboj.7591120
https://doi.org/10.1002/jcb.27259
https://doi.org/10.12659/MSMBR.904014
https://doi.org/10.1016/j.celrep.2017.08.096
https://doi.org/10.1016/j.jdiacomp.2016.08.001
https://doi.org/10.1016/j.celrep.2018.05.010
https://doi.org/10.2337/db14-1225
https://doi.org/10.1194/jlr.M065797
https://doi.org/10.1038/s41598-017-07923-0
https://doi.org/10.2337/db14-1668
https://doi.org/10.1073/pnas.1009152108
https://doi.org/10.1006/bbrc.1999.1968
https://doi.org/10.2337/db06-1177
https://doi.org/10.1038/s41419-018-1135-3
https://doi.org/10.3390/ijms19040949
https://doi.org/10.2337/db07-1318
https://doi.org/10.1074/jbc.M108482200
https://doi.org/10.1016/j.cmet.2008.04.002
https://doi.org/10.1128/MCB.01651-09
https://doi.org/10.1038/34184
https://doi.org/10.1006/cyto.2002.1945
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The peroxisome
proliferator-activated receptor-gamma is a negative regulator of macrophage
activation. Nature. (1998) 391:79-82. doi: 10.1038/34178

Chung SW, Kang BY, Kim SH, Pak YK, Cho D, Trinchieri G, et al.
Oxidized low density lipoprotein inhibits interleukin-12 production
in  lipopolysaccharide-activated ~mouse macrophages via direct
interactions  between  peroxisome  proliferator-activated  receptor-
gamma and nuclear factor-kappa B. ] Biol Chem. (2000) 275:32681-7.
doi: 10.1074/jbc.M002577200

Welch JS, Ricote M, Akiyama TE, Gonzalez FJ, Glass CK. PPARgamma
and PPARdelta negatively regulate specific subsets of lipopolysaccharide and
IFN-gamma target genes in macrophages. Proc Natl Acad Sci USA. (2003)
100:6712-7. doi: 10.1073/pnas.1031789100

Odegaard JI, Ricardo-Gonzalez RR, Goforth MH, Morel CR, Subramanian V,
Mukundan L, et al. Macrophage-specific PPARgamma controls alternative
activation and improves insulin resistance. Nature. (2007) 447:1116-20.
doi: 10.1038/nature05894

Hevener AL, Olefsky JM, Reichart D, Nguyen MT, Bandyopadyhay G,
Leung HY, et al. Macrophage PPAR gamma is required for normal skeletal
muscle and hepatic insulin sensitivity and full antidiabetic effects of
thiazolidinediones. J Clin Invest. (2007) 117:1658-69. doi: 10.1172/JCI31561
Chinetti G, Fruchart JC, Staels B. Peroxisome proliferator-activated receptors
(PPARs): nuclear receptors with functions in the vascular wall. Z Kardiol.
(2001) 90(Suppl. 3):125-32. doi: 10.1007/s003920170034

Sugii S, Olson P, Sears DD, Saberi M, Atkins AR, Barish GD,
et al. PPARgamma activation in adipocytes is sufficient for systemic
insulin sensitization. Proc Natl Acad Sci USA. (2009) 106:22504-9.
doi: 10.1073/pnas.0912487106

Ricote M, Glass CK. PPARs and molecular mechanisms of transrepression.
Biochim Biophys Acta. (2007) 1771:926-35. doi: 10.1016/j.bbalip.2007.02.013
Kiss M, Czimmerer Z, Nagy L. The role of lipid-activated nuclear
receptors in shaping macrophage and dendritic cell function: from
physiology to pathology. J Allergy Clin Immunol. (2013) 132:264-86.
doi: 10.1016/j.jaci.2013.05.044

Repa JJ, Berge KE, Pomajzl C, Richardson JA, Hobbs H, Mangelsdorf DJ.
Regulation of ATP-binding cassette sterol transporters ABCG5 and ABCG8
by the liver X receptors alpha and beta. J Biol Chem. (2002) 277:18793-800.
doi: 10.1074/jbc.M109927200

Fuentes L, Roszer T, Ricote M. Inflammatory mediators and insulin
resistance in obesity: role of nuclear receptor signaling in macrophages.
Mediators Inflamm. (2010) 2010:219583. doi: 10.1155/2010/219583

Ghisletti S, Huang W, Ogawa S, Pascual G, Lin ME, Willson TM,
et al. Paralle] SUMOylation-dependent pathways mediate gene- and signal-
specific transrepression by LXRs and PPARgamma. Mol Cell. (2007) 25:57-
70. doi: 10.1016/j.molcel.2006.11.022

Baranowski M, Zabielski P, Blachnio-Zabielska AU, Harasim E, Chabowski
A, Gorski J. Insulin-sensitizing effect of LXR agonist T0901317 in high-fat
fed rats is associated with restored muscle GLUT4 expression and insulin-
stimulated AS160 phosphorylation. Cell Physiol Biochem. (2014) 33:1047-57.
doi: 10.1159/000358675

Steffensen KR, Gustafsson JA. Putative metabolic effects of the liver X
receptor (LXR). Diabetes. (2004) 53(Suppl. 1):S36-42. doi: 10.2337/diabetes.
53.2007.S36

Li P, Spann NJ, Kaikkonen MU, Lu M, Oh DY, Fox JN, et al. NCoR repression
of LXRs restricts macrophage biosynthesis of insulin-sensitizing omega 3
fatty acids. Cell. (2013) 155:200-14. doi: 10.1016/j.cell.2013.08.054

Wang GL, Jiang BH, Rue EA, Semenza GL. Hypoxia-inducible factor
1 is a basic-helix-loop-helix-PAS heterodimer regulated by cellular O2
tension. Proc Natl Acad Sci USA. (1995) 92:5510-4. doi: 10.1073/pnas.92.
12.5510

Lewis JS, Lee JA, Underwood JC, Harris AL, Lewis CE. Macrophage
responses to hypoxia: relevance to disease mechanisms. J Leukoc Biol. (1999)
66:889-900. doi: 10.1002/j1b.66.6.889

O’Neill LA, Pearce EJ. Immunometabolism governs dendritic cell and
macrophage function. J Exp Med. (2016) 213:15-23. doi: 10.1084/jem.
20151570

Fujisaka S, Usui I, Ikutani M, Aminuddin A, Takikawa A, Tsuneyama K, et al.
Adipose tissue hypoxia induces inflammatory M1 polarity of macrophages

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

in an HIF-1lalpha-dependent and HIF-1alpha-independent manner in obese
mice. Diabetologia. (2013) 56:1403-12. doi: 10.1007/s00125-013-2885-1
Takikawa A, Mahmood A, Nawaz A, Kado T, Okabe K, Yamamoto S, et al.
HIF-1alpha in myeloid cells promotes adipose tissue remodeling toward
insulin resistance. Diabetes. (2016) 65:3649-59. doi: 10.2337/db16-0012
Treuter E, Fan R, Huang Z, Jakobsson T, Venteclef N. Transcriptional
repression in macrophages-basic mechanisms and alterations in
metabolic inflammatory diseases. FEBS Lett. (2017) 591:2959-77.
doi: 10.1002/1873-3468.12850

Glass CK, Saijo K. Nuclear receptor transrepression pathways that regulate
inflammation in macrophages and T cells. Nat Rev Immunol. (2010) 10:365-
76. doi: 10.1038/nri2748

Huang W, Ghisletti S, Perissi V, Rosenfeld MG, Glass CK. Transcriptional
integration of TLR2 and TLR4 signaling at the NCoR derepression
checkpoint. Mol Cell. (2009) 35:48-57. doi: 10.1016/j.molcel.2009.
05.023

Treuter E, Venteclef N. Transcriptional control of metabolic and
inflammatory pathways by nuclear receptor SUMOylation. Biochim
Biophys ~ Acta.  (2011)  1812:909-18. doi:  10.1016/j.bbadis.2010.
12.008

Chen X, Barozzi I, Termanini A, Prosperini E, Recchiuti A, Dalli J, et al.
Requirement for the histone deacetylase Hdac3 for the inflammatory gene
expression program in macrophages. Proc Natl Acad Sci USA. (2012)
109:E2865-74. doi: 10.1073/pnas.1121131109

Mullican SE, Gaddis CA, Alenghat T, Nair MG, Giacomin PR, Everett L],
et al. Histone deacetylase 3 is an epigenomic brake in macrophage alternative
activation. Genes Dev. (2011) 25:2480-8. doi: 10.1101/gad.175950.111

Fan R, Toubal A, Goni S, Drareni K, Huang Z, Alzaid F, et al. Loss of
the co-repressor GPS2 sensitizes macrophage activation upon metabolic
stress induced by obesity and type 2 diabetes. Nat Med. (2016) 22:780-91.
doi: 10.1038/nm.4114

Drareni K, Ballaire R, Barilla S, Mathew M], Toubal A, Fan R, et al.
GPS2 deficiency triggers maladaptive white adipose tissue expansion
in obesity via HIFIA activation. Cell Rep. (2018) 24:2957-71 e6.
doi: 10.1016/j.celrep.2018.08.032

Toubal A, Treuter E, Clement K, Venteclef N. Genomic and epigenomic
regulation of adipose tissue inflammation in obesity. Trends Endocrinol
Metab. (2013) 24:625-34. doi: 10.1016/j.tem.2013.09.006

Liang N, Damdimopoulos A, Goni S, Huang Z, Vedin LL, Jakobsson
T, et al. Hepatocyte-specific loss of GPS2 in mice reduces non-alcoholic
steatohepatitis via activation of PPARalpha. Nat Commun. (2019) 10:1684.
doi: 10.1038/s41467-019-09524-7

Toubal A, Clement K, Fan R, Ancel P, Pelloux V, Rouault C, et al
SMRT-GPS2 corepressor pathway dysregulation coincides with obesity-
linked adipocyte inflammation. J Clin Invest. (2013) 123:362-79.
doi: 10.1172/JC164052

Coppo M, Chinenov Y, Sacta MA, Rogatsky I. The transcriptional
coregulator GRIP1 controls macrophage polarization and metabolic
homeostasis. Nat Commun. (2016) 7:12254. doi: 10.1038/ncomms
12254

Zhang X, Wang Y, Yuan J, Li N, Pei S, Xu J, et al. Macrophage/microglial Ezh2
facilitates autoimmune inflammation through inhibition of Socs3. ] Exp Med.
(2018) 215:1365-82. doi: 10.1084/jem.20171417

De Santa F, Totaro MG, Prosperini E, Notarbartolo S, Testa G, Natoli
G. The histone H3 lysine-27 demethylase Jmjd3 links inflammation to
inhibition of polycomb-mediated gene silencing. Cell. (2007) 130:1083-94.
doi: 10.1016/j.cell.2007.08.019

Satoh T, Takeuchi O, Vandenbon A, Yasuda K, Tanaka Y, Kumagai Y,
et al. The Jmjd3-Irf4 axis regulates M2 macrophage polarization and host
responses against helminth infection. Nat Immunol. (2010) 11:936-44.
doi: 10.1038/ni.1920

De Santa F, Narang V, Yap ZH, Tusi BK, Burgold T, Austenaa L, et al. Jmjd3
contributes to the control of gene expression in LPS-activated macrophages.
EMBO J. (2009) 28:3341-52. doi: 10.1038/emboj.2009.271

Kruidenier L, Chung CW, Cheng Z, Liddle ], Che K, Joberty G,
et al. A selective jumonji H3K27 demethylase inhibitor modulates
the proinflammatory macrophage response. Nature. (2012) 488:404-8.
doi: 10.1038/nature11262

Frontiers in Endocrinology | www.frontiersin.org

February 2020 | Volume 11 | Article 62


https://doi.org/10.1038/34178
https://doi.org/10.1074/jbc.M002577200
https://doi.org/10.1073/pnas.1031789100
https://doi.org/10.1038/nature05894
https://doi.org/10.1172/JCI31561
https://doi.org/10.1007/s003920170034
https://doi.org/10.1073/pnas.0912487106
https://doi.org/10.1016/j.bbalip.2007.02.013
https://doi.org/10.1016/j.jaci.2013.05.044
https://doi.org/10.1074/jbc.M109927200
https://doi.org/10.1155/2010/219583
https://doi.org/10.1016/j.molcel.2006.11.022
https://doi.org/10.1159/000358675
https://doi.org/10.2337/diabetes.53.2007.S36
https://doi.org/10.1016/j.cell.2013.08.054
https://doi.org/10.1073/pnas.92.12.5510
https://doi.org/10.1002/jlb.66.6.889
https://doi.org/10.1084/jem.20151570
https://doi.org/10.1007/s00125-013-2885-1
https://doi.org/10.2337/db16-0012
https://doi.org/10.1002/1873-3468.12850
https://doi.org/10.1038/nri2748
https://doi.org/10.1016/j.molcel.2009.05.023
https://doi.org/10.1016/j.bbadis.2010.12.008
https://doi.org/10.1073/pnas.1121131109
https://doi.org/10.1101/gad.175950.111
https://doi.org/10.1038/nm.4114
https://doi.org/10.1016/j.celrep.2018.08.032
https://doi.org/10.1016/j.tem.2013.09.006
https://doi.org/10.1038/s41467-019-09524-z
https://doi.org/10.1172/JCI64052
https://doi.org/10.1038/ncomms12254
https://doi.org/10.1084/jem.20171417
https://doi.org/10.1016/j.cell.2007.08.019
https://doi.org/10.1038/ni.1920
https://doi.org/10.1038/emboj.2009.271
https://doi.org/10.1038/nature11262
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Orliaguet et al.

Insulin Signaling, Sensitivity and Inflammation

208.

209.

210.

211.

212.

213.

Gallagher KA, Joshi A, Carson WE Schaller M, Allen R, Mukerjee S,
et al. Epigenetic changes in bone marrow progenitor cells influence the
inflammatory phenotype and alter wound healing in type 2 diabetes.
Diabetes. (2015) 64:1420-30. doi: 10.2337/db14-0872

Ntziachristos P, Tsirigos A, Welstead GG, Trimarchi T, Bakogianni
S, Xu L, et al. Contrasting roles of histone 3 lysine 27 demethylases
in acute lymphoblastic leukaemia. Nature. (2014) 514:513-7.
doi: 10.1038/nature13605

Wahl S, Drong A, Lehne B, Loh M, Scott WR, Kunze S, et al. Epigenome-wide
association study of body mass index, and the adverse outcomes of adiposity.
Nature. (2017) 541:81-6. doi: 10.1038/nature20784

Pollack RM, Donath MY, LeRoith D, Leibowitz G. Anti-inflammatory agents
in the treatment of diabetes and its vascular complications. Diabetes Care.
(2016) 39(Suppl. 2):5244-52. doi: 10.2337/dcS15-3015

Stanley TL, Zanni MV, Johnsen S, Rasheed S, Makimura H, Lee H, et al.
TNF-alpha antagonism with etanercept decreases glucose and increases
the proportion of high molecular weight adiponectin in obese subjects
with features of the metabolic syndrome. J Clin Endocrinol Metab. (2011)
96:E146-50. doi: 10.1210/jc.2010-1170

Larsen CM, Faulenbach M, Vaag A, Ehses JA, Donath MY, Mandrup-
Poulsen T. Sustained effects of interleukin-1 receptor antagonist treatment

in type 2 diabetes. Diabetes Care. (2009) 32:1663-8. doi: 10.2337/dc
09-0533

Rekedal LR, Massarotti E, Garg R, Bhatia R, Gleeson T, Lu B, et al.
Changes in glycosylated hemoglobin after initiation of hydroxychloroquine
or methotrexate treatment in diabetes patients with rheumatic diseases.
Arthritis Rheum. (2010) 62:3569-73. doi: 10.1002/art.27703

214.

Conlflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

The reviewer A-FB declared a shared affiliation, with no collaboration, with
all of the authors, to the handling editor at the time of the review.

Copyright © 2020 Orliaguet, Dalmas, Drareni, Venteclef and Alzaid. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Endocrinology | www.frontiersin.org

30

February 2020 | Volume 11 | Article 62


https://doi.org/10.2337/db14-0872
https://doi.org/10.1038/nature13605
https://doi.org/10.1038/nature20784
https://doi.org/10.2337/dcS15-3015
https://doi.org/10.1210/jc.2010-1170
https://doi.org/10.2337/dc09-0533
https://doi.org/10.1002/art.27703
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

1' frontiers

in Endocrinology

ORIGINAL RESEARCH
published: 06 March 2020
doi: 10.3389/fendo.2020.00103

OPEN ACCESS

Edited by:

Tony Jourdan,

INSERM U1231 Lipides, Nutrition,
Cancer (LNC), France

Reviewed by:

Zoltan Varga,

Semmelweis University, Hungary
Joseph Tam,

Hebrew University of Jerusalem, Israel
Grzegorz Godlewski,

National Institutes of Health (NIH),
United States

*Correspondence:

Isabel Gonzalez-Mariscal
isabel.gonzalez@ibima.eu
Francisco J. Bermtdez-Silva
Jjavier.bermudez@ibima.eu

T These authors have contributed
equally to this work

Specialty section:

This article was submitted to
Clinical Diabetes,

a section of the journal
Frontiers in Endocrinology

Received: 20 November 2019
Accepted: 18 February 2020
Published: 06 March 2020

Citation:

Romero-Zerbo SY,

Garcia-Fernandez M,
Espinosa-Jiménez V, Pozo-Morales M,
Escamilla-Sanchez A,

Sanchez-Salido L, Lara E,
Cobo-Vuilleumier N, Rafacho A,
Olveira G, Rojo-Martinez G,

Gauthier BR, Gonzalez-Mariscal | and
Bermudez-Silva FJ (2020) The
Atypical Cannabinoid Abn-CBD
Reduces Inflammation and Protects
Liver, Pancreas, and Adipose Tissue in
a Mouse Model of Prediabetes and
Non-alcoholic Fatty Liver Disease.
Front. Endocrinol. 11:103.

doi: 10.3389/fendo.2020.00103

Check for
updates

The Atypical Cannabinoid Abn-CBD
Reduces Inflammation and Protects
Liver, Pancreas, and Adipose Tissue
in a Mouse Model of Prediabetes and
Non-alcoholic Fatty Liver Disease

Silvana Y. Romero-Zerbo'', Maria Garcia-Fernandez?', Vanesa Espinosa-Jiménez’,
Macarena Pozo-Morales', Alejandro Escamilla-Sanchez?®, Lourdes Sanchez-Salido,
Estrella Lara?, Nadia Cobo-Vuilleumier*, Alex Rafacho®, Gabriel Olveira'®,

Gemma Rojo-Martinez ", Benoit R. Gauthier*¢, Isabel Gonzalez-Mariscal ™ and
Francisco J. Bermudez-Silva ¢

" UGC Endocrinologia y Nutricion, Instituto de Investigacion Biomédica de Malaga-IBIMA, Hospital Regional de Malaga,
Universidad de Malaga, Malaga, Spain, ? Departamento de Fisiologia Humana, Facultad de Medicina, Instituto de
Investigacion Biomédica de Malaga-IBIMA, Universidad de Malaga, Malaga, Spain, ° Plataforma de Microscopia, Instituto de
Investigacion Biomédica de Malaga-IBIMA, Mélaga, Spain, * Andalusian Center for Molecular Biology and Regenerative
Medicine (CABIMER), Seville, Spain, ° Laboratory of Investigation in Chronic Diseases - LIDoC, Department of Physiological
Sciences, Center of Biological Sciences, Federal University of Santa Catarina (UFSC), Florianépolis, Brazil, ° Centro de
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Background and Aims: The synthetic atypical cannabinoid Abn-CBD, a cannabidiol
(CBD) derivative, has been recently shown to modulate the immune system in different
organs, but its impact in obesity-related meta-infammation remains unstudied. We
investigated the effects of Abn-CBD on metabolic and inflammatory parameters utilizing
a diet-induced obese (DIO) mouse model of prediabetes and non-alcoholic fatty liver
disease (NAFLD).

Materials and Methods: Ten-week-old C57BI/6J mice were fed a high-fat diet for 15
weeks, following a 2-week treatment of daily intraperitoneal injections with Abn-CBD
or vehicle. At week 15 mice were obese, prediabetic and developed NAFLD. Body
weight and glucose homeostasis were monitored. Mice were euthanized and blood,
liver, adipose tissue and pancreas were collected and processed for metabolic and
inflammatory analysis.

Results: Body weight and triglycerides profiles in blood and liver were comparable
between vehicle- and Abn-CBD-treated DIO mice. However, treatment with Abn-CBD
reduced hyperinsulinemia and markers of systemic low-grade inflammation in plasma
and fat, also promoting white adipose tissue browning. Pancreatic islets from Abn-
CBD-treated mice showed lower apoptosis, inflammation and oxidative stress than
vehicle-treated DIO mice, and beta cell proliferation was induced. Furthermore, Abn-
CBD lowered hepatic fibrosis, inflammation and macrophage infiltration in the liver when
compared to vehicle-treated DIO mice. Importantly, the balance between hepatocyte
proliferation and apoptosis was improved in Abn-CBD-treated compared to vehicle-
treated DIO mice.
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Abn-CBD in Prediabetes and NAFLD

Conclusions: These

results

suggest that Abn-CBD exerts beneficial

immunomodulatory actions in the liver, pancreas and adipose tissue of DIO prediabetic
mice with NAFLD, thus protecting tissues. Therefore, Abn-CBD and related compounds

could represent novel
metabolic disorders.

pharmacological strategies for managing obesity-related

Keywords: cannabinoids, inflammation, prediabetes, NAFLD, obesity, liver, islets of Langerhans, adipose tissue

INTRODUCTION

Western diet and sedentary lifestyle increase prevalence of
obesity worldwide. Obesity is a risk factor for developing
diabetes and cardiovascular and liver diseases among others,
reducing disease-free years as obesity becomes more severe (1).
Obesity-related disorders arise progressively; prediabetes and
non-alcoholic fatty liver disease (NAFLD) are early stages of
pancreatic and liver damage. Although these pathologies can be
diagnosed, there are no treatments at the level of the underlying
molecular mechanisms. Current biomedical research focuses
on the study of the early stages of obesity-related diseases for
the generation of treatments aimed at stopping its progression
and complications.

It is becoming evident that dysfunction of the molecular
integration of the immune and metabolic systems underlies
metabolic diseases such as type 2 diabetes (2). In fact, low-
grade chronic inflammation (meta-inflammation) that occurs
in obesity is considered an important factor in many disorders
related to obesity, including type 2 diabetes (3). Several studies
have detected changes in inflammatory cytokines in people
with prediabetes (4-6). The adipose tissue has been determined
to be the source of a plethora of inflammatory signals that,
once in circulation, induce activation of lymphocytes. Indeed,
accumulation of triglycerides in non-adipose tissues triggers
inflammation, macrophages infiltration and apoptosis. Sustained
high blood glucose level is associated with an increase in oxidative
stress and intracellular inflammation that ultimately leads to loss
of beta cell mass (7, 8). In the liver, accumulation of triglycerides
leads to NAFLD that eventually ends in liver failure (9).

Cannabinoids are known to modulate the metabolism of lipids
and glucose as well as inflammatory processes (10). In fact
rimonabant, a cannabinoid type 1 receptor (CB1R) antagonist,
has been in the market for the treatment of complicated obesity,
although central side effects finally led to its withdrawal (11).
Since then, the development of a second-generation family
of cannabinoid-based drugs without side effects for treating
metabolic diseases has been the focus of intense research.
Atypical cannabinoids are ligands that do not target the canonical
cannabinoid receptors CB1R and CB2R. The prototype of
this kind of molecules is the phytocannabinoid cannabidiol
(CBD) that lacks psychoactive effects and is one of the main
components of Cannabis sativa plant. Most synthetic atypical
cannabinoids derive ultimately from CBD and include abnormal
CBD (Abn-CBD), 0-1602, O-1918, and O-1821 (12). CBD and
some synthetic atypical cannabinoids have been reported to
display anti-inflammatory and anti-oxidant properties, including

potential anti-diabetic actions (13-16). Unfortunately, clinical
trials with CBD have failed to demonstrate improvements in
glycemic and lipid parameters in patients with type 2 diabetes
(17). However, effects of synthetic atypical cannabinoids on
obesity-related inflammation and early stages of related diseases
remain largely unexplored.

Abn-CBD results from the transposition of the phenolic
hydroxyl group and the pentyl side chain of CBD (18). In vitro
findings point to Abn-CBD displaying modulatory actions on
neutrophils in inflammatory conditions such as experimental
colitis and atherogenesis (19, 20). Indeed, Abn-CBD was found
to improve glucose tolerance in streptozotocin-induced diabetic
mice (15). In agreement with these findings we recently reported
that Abn-CBD decreases cytokine-induced apoptosis in mouse
and human isolated islets while promoting beta cell proliferation
(21). However, the impact of Abn-CBD on obesity-related meta-
inflammation and its relationship with prediabetes and NAFLD
remains unstudied.

Here we aimed to investigate the metabolic effects and
the anti-inflammatory properties of Abn-CBD in the liver
and pancreas of a mouse model of diet-induced prediabetes
and NAFLD.

MATERIALS AND METHODS

Study Design and Generation of
Diet-Induced Prediabetic and NAFLD Mice

The European Union recommendations (2010/63/EU) on animal
experimentation were followed. All animal experimentations
were approved by the Ethic Committee of the University of
Malaga (authorization no. 2012-0061A), and followed the 3R’s
principle. Ten-week-old C57BL/6] male mice were purchased
from Charles River (France) and were acclimatized to the
animal facility for one week with food and water available ad
libitum and lights on between 8:00 and 20:00h. Mice were
then fed a 10% fat diet (control) or a 45% fat diet (45%
of Kcal from lard, saturated fats, HFD) for 15 weeks (n
10 and 30 mice, respectively). Body weight was monitored
twice a week and glucose and insulin tolerance assessed by
intraperitoneal glucose tolerance (GTT) and insulin tolerance
test (ITT), respectively. Briefly, GTT was performed after
overnight fasting by injecting 2 g/kg D(+)glucose (Sigma-
Aldrich, St. Louis, MO). Blood glucose was monitored from
the tail vein at baseline and 15, 30, 60, and 90 min using a
glucose meter (Accu-check, Roche Diagnostic). For the ITT,
mice were fasted for 6 hours and then injected with 0.5
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U/kg of insulin (Humulin, Lilly, France). Blood samples were
collected from the tail vein as above and blood glucose was
measured at the same time points with the glucometer. Glucose
and insulin area under the curve (AUC) was calculated from
their corresponding graphs using IMAGE] software (National
Institutes of Health, Bethesda, MA, USA). Once HFD-fed
mice showed greater body weight than control mice, glucose
intolerance and insulin resistance, animals were randomized
to vehicle or treatments and 10 mice were treated with the
synthetic cannabinoid Abn-CBD. The herein study with Abn-
CBD represents a subset of a larger study that also included the
cannabinoid ligand LH-21. The pre-diabetic phenotype of these
mice (HFD-vehicle vs. SD-vehicle) has been previously described
(22). A detailed scheme of Abn-CBD study design is depicted in
Figure 1A.

Subchronic Treatment With Abn-CBD and
Monitoring of Body Weight and Food Intake

HFD mice were treated daily for the last 2 weeks of the
experimental design with 0.05 mg/kg of Abn-CBD (Cayman
Chemical, Ann Harbor, MI) or vehicle. Dosage was selected
based on previous literature (15, 23). The stock solution of
Abn-CBD was dissolved in ethanol, aliquoted, and stored at
—20°C until use. Every day the dose to inject was freshly
prepared by diluting an aliquot in saline-Tween80 (1% final
ethanol content, 5% Tween80) and then intraperitoneally
administered. Body weight and food intake were monitored
daily, and the amount of food ingested was converted to
kilocalories. Food efficiency was calculated as body weight
variation (in grams) over caloric intake (in Kcals). Five days
before euthanasia all groups of mice were also daily injected
with 75 mg/kg of 5-bromo-2’-deoxyuridine (BrdU) dissolved
in saline (Sigma-Aldrich). At the end of the treatment period,
mice were euthanized by cervical dislocation and tissues collected
for further histological and biochemical analysis. Samples
from adipose tissue, pancreas and liver were fixed in 4%
PFA by overnight immersion and then paraffin-embedded for
histochemistry and immunohistochemistry. In parallel, plasma,
adipose, pancreatic and hepatic samples were also snap-
frozen and stored at —80°C for biochemistry analysis. The
number of animals used for each experiment is detailed in
figure legends.

Adipokines and Cytokines Determination
Plasma was obtained by centrifuging (2,000 x g, 4°C, for
10 min) whole blood in EDTA-coated tubes. Plasma levels
of insulin and several inflammatory cytokines (IFN-y, IL-5,
IL-6, CXCL1, IL-10) were measured using the Meso Scale
Discovery Multi array (Meso Scale Diagnostics, Rockville, MA,
USA) in an MSD instrument (SECTOR S 600) equipped
with multi-array electrochemiluminescence detection technology
(Meso Scale Diagnostics). Plasma levels of leptin (BioVendor,
Czech Republic) and HMW Adiponectin (Shibayagi Co.,
Japan) were measured by ELISA assay in accordance with
manufacturer’s instructions.

Biochemical Analysis in Plasma Samples
The plasma lipid profile (Triglycerides, total cholesterol, HDL-
¢, LDL-c, NEFA, and glycerol), blood glucose level and the
liver marker alanine transaminase (ALT) were determined by
routine laboratory methods using a Cobas Mira autoanalyzer
(Roche Diagnostic System, Basel, Switzerland) and reagents
from Spinreact (Spinreact S.A.U., Girona, Spain) and Biosystems
(Biosystems S.A., Barcelona, Spain). Plasma insulin levels
were measured using a commercial ELISA assay according to
manufacturer’s instructions (Mercodia, Uppsala, Sweden).

Lipid Peroxidation Measurement

Lipid peroxidation was determined by measuring thiobarbituric
acid-reactive substances (TBARS). Malondialdehyde (MDA),
a natural Dbi-product of lipid peroxidation reacts with
thiobarbituric acid (TBA) to generate a MDA-TBA adduct
that can be easily quantified at 532 nm in a spectrophotometer.
Tissue samples were homogenized with ice-cold Tris-HCI buffer
(150 mM KCl, 50 mM Tris, pH 7.4) supplemented with butylated
hydroxytoluene to avoid artificial peroxidation during the test.
The supernatant was incubated with MDA to obtain the TBARS.
The absorbance was measured (VERSAmax, Molecular Devices
LLC, San Jose, CA, USA) and interpolated in a standard curve
using malondialdehyde-bisdiethyl-acetal (MDA, Sigma-Aldrich).
The final values were expressed as nanomoles of TBARS per
milligram of tissue.

Glucose-Stimulated Insulin Secretion
(GSIS)

Islets of Langerhans were isolated from two mice in each group by
using the collagenase digestion method, as previously described
(24). Islets were then cultured for 20-24 h in RPMI-1640 medium
supplemented with 11 mM glucose (Invitrogen, CA, USA), 2 mM
glutamine, 200 IU/ml penicillin, 200 pg/ml streptomycin and 8%
fetal bovine serum stripped with charcoal-dextran (Invitrogen).
For GSIS experiments islets were pre-incubated at 37 °C for 2h
in Krebs-bicarbonate buffer solution containing 14 mM NaCl,
0.45mM KCl, 0.25 mM CaCly, 0.1 mM MgCl,, 2 mM HEPES and
3mM glucose, and equilibrated with 95% O;: 5% CO, at pH
7.4. Size-matched islets, five in each well from a 24-well plate,
were seeded in 0.5 mL fresh buffer containing 3 mM glucose or
11 mM glucose. Then islets were incubated for 1h at 37°C, 5%
CO,. After incubation, 1% bovine albumin was added to each
well, and the plate was cooled at 4°C for 15 min to stop insulin
secretion. Media were then collected and stored at —20°C until
insulin measurement by ELISA (Mercodia, Uppsala, Sweden),
according to the manufacturer’s instructions.

Islet Morphometric Analysis

Number of islets and islet area were assessed by morphometric
analysis in pancreatic sections. Paraffin-embedded pancreases
from each mouse were cut at four different levels and stained with
haematoxylin and eosin. Low-magnification photomicrographs
were taken in an Olympus BX41 microscope (Olympus
Corporation, Tokyo, Japan) and analyzed by the Image]J software.
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FIGURE 1 | Effect of Abn-CBD on body weight and food intake. Mice fed a standard diet (SD) or high fat diet (HFD) for 15 weeks were randomized to vehicle or
Abn-CBD for further 2 weeks (A). Body weight was measured weekly during the first 15 weeks and daily during treatment (B). (C) Body weight after the 2-week
treatment with vehicle or Abn-CBD. (D) Average of daily calorie intake per mouse and (E) per Kg of weight during the 2-week treatment and (F) food efficiency. Leptin
(G) and adiponectin (H) plasma levels at the end of the study. Data show mean + S.E.M except (C) that shows median &+ min to max. n = 6 SD-Vehicle, n =7
HFD-Vehicle and n = 8 HFD-Abn-CBD. *p < 0.05, **p < 0.01, and **p < 0.001 compared to SD-Vehicle; #p < 0.05 compared to HFD-Vehicle.
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Liver Glycogen Measurement

Determination of hepatic glycogen was performed according
to previous reports with some modifications (25, 26). Briefly,
the liver samples (300-500 mg) were transferred to test tubes
containing 30% KOH (w/v) and boiled for 1h until complete
homogenization. Na;SO4 was then added, and the glycogen was
precipitated with ethanol. The samples were centrifuged at 800 g
for 10 min, the supernatants were discarded, and the glycogen
was dissolved in hot distilled water. Ethanol was added and the
pellets obtained after a second centrifugation were dissolved in
distilled water in a final volume of 25 ml. Glycogen content was
measured by treating a fixed volume of sample with phenol
reagent and H,SO4. Absorbance was then read at 490 nm with
a spectrophotometer (VERSAmax, Molecular Devices LLC).

RNA Isolation and Real Time PCR

Tissues (100 mg of adipose tissue) were dissected and mRNA
isolated using Trizol Reagent (Sigma-Aldrich) and RNeasy
Mini Kit (Qiagen) following manufacturer’s instructions.
Retrotranscription was performed using SuperScript IV RT
(Thermo Fisher Scientific Inc., Waltman, MA, USA) and mRNA
expression were analyzed in an Applied Biosystems® 7500
fast using Fast Advanced Master Mix (all from Thermo Fisher
Scientific) and appropriate FAM-labeled Taqgman primers and
probes for Cxcll, 1110, and Ucpl. VIC-labeled primers and probe
were used for housekeeping genes.

Oil Red O Staining of Liver Ectopic Lipid
Deposition

Frozen liver samples were sliced in a cryostat, attached to
microscope slides, and air-dried at room temperature for 30 min.
Liver sections were then stained in fresh Oil red O for 10 min,
rinsed in distilled water and immediately counterstained with
haematoxylin for 1 min. Photomicrographs were taken on an
Olympus BX41 microscope and the Oil red O staining intensity
was quantified by using Image J software.

Masson’s Trichrome Staining of Liver

Fibrosis

Liver fibrosis was evaluated at the histological level by
staining collagen fibers with Masson’s trichrome staining.
For that purpose, paraffin-embedded sections were hydrated
and stained by using the Masson’s trichrome kit (Casa
Alvarez Material Cientifico S.A., Madrid, Spain) according to
manufacturer’s instructions.

Immunohistochemistry and

Immunofluorescence Staining

Paraffin-embedded tissue sections (3um) were dewaxed,
hydrated, and treated with antigen unmasking solution,
citric acid based (Vector Laboratories Inc., Burlingame,
CA, USA) for 20min in a steamer and then 20 min to cool
down. Sections were washed thrice with phosphate buffered
saline (PBS). Endogenous peroxidase was quenched with
2% H,O, in PBS for 30 min with agitation and endogenous
biotin, biotin receptors, and avidin binding sites were blocked
by avidin/biotin blocking kit according to manufacturer’s

instructions (Vector Laboratories Inc.). Immunohistochemistry
was performed by incubating overnight at 4°C with primary
antibody 1/100 (anti-insulin, Sigma-Aldrich; anti-F4/80,
Abcam, Paris, France; anti-pNFKB, Abcam), rinsed thrice
with PBS, followed by HRP polymer-conjugated Goat anti-
Rat/Mouse polyclonal antibody (1h) and finally rinsed thrice
again and developed with diaminobenzidine substrate. Slides
were rinsed in tap water, lightly counterstained with Mayer’s
haematoxylin, rinsed in ammonium chloride dehydrated
and mounted with DPX medium (Shandon, Pittsburgh,
Pennsylvania, USA). Specific primary antibodies
substituted with PBS or non-immune isotype-matched sera
as the negative control.

For immunofluorescence primary antibody (anti-insulin
1/100 overnight, Santa Cruz Biotechnology Inc., Dallas TX,
USA; anti-5-bromo-2'-deoxyuridine 1/100 overnight, Sigma-
Aldrich; anti-aSMA, 1/100 overnight, Santa Cruz Biotechnology)
incubation was followed by anti-rabbit IgG-AlexaFluor488
and/or anti-mouse 1gG-AlexaFluor568 (1/1000; Thermo Fisher
Scientific), for 1 h at room temperature. Slides were coverslipped
and protected from photobleaching by Fluoroshield Mounting
Media (Sigma-Aldrich). Photomicrographs were taken on an
Olympus BX41 and further processed by Image ] software to
quantify signal intensity.

were

Apoptosis Assessment

Apoptosis was evaluated by the TUNEL technique using the in
situ apoptosis detection kit (Roche) according to manufacturer’s
instructions. Images were analyzed using Image] software.
Number of TUNEL-positive cells were normalized to islet area.

Data Analysis

Data are expressed as mean =+ standard error of the mean
(S.E.M.) for data fitting a normal distribution and median
+ min to max for non-normal distributions. The statistical
significance of differences in mean or median values was assessed
by Student t-test or analysis of variance (ANOVA) followed
by Tukey’s multiple comparison test for normal distributions
and by Mann-Whitney test or Kruskal-Wallis test followed by
Dunn’s multiple comparison test for non-normal distributions.
All analyses were performed with GraphPad Prism 6.07 or 7.04
(GraphPad Software, San Diego, CA, USA). A p < 0.05 was
considered significant.

RESULTS

ABN-CBD Does Not Affect Body Weight

Ten-week-old male C57Bl/6] mice were fed a high fat diet
(HFD) or standard diet (SD) for 15 weeks. Mice fed HFD
weighed significantly more than SD-fed mice (37.9 + 0.9
vs. 32.6 = 1.2g respectively; Figure 1B). Diet induced obese
(DIO) mice were glucose intolerant and insulin resistant but
they did not show impaired fasting glucose [103 £ 7 wvs.
108 £+ 4 mg/dl, SD- and HFD-mice, respectively (22)]. DIO
mice were then randomized to daily intraperitoneal injections
of vehicle (HFD-vehicle mice) or 0.05 mg/kg of Abn-CBD
(HFD-Abn-CBD mice) for 2 weeks (Figure 1A). Dosage for
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TABLE 1 | Systemic lipid markers.

Systemic lipid SD HFD-vehicle HFD-Abn-CBD
markers

Triglycerides (mg/dl) 1046 £7.9 103.4+95 ns. 1124+£996 n.s.
Total cholesterol 136.4 + 10.7 1748 +126* * 170.3+138 *
(mgy/dl)

HDL-c (mg/dl) 424+ 3.3 64.0 + 4.1 = 65.1 £ 4.6 =
LDL-c (mg/dl) 147+1.4 16.8+282 ns. 16.8+25 ns.
NEFA (mM) 21+03 3.5+ 0.1 * 3.6 +0.1 *
Glycerol (mg/l) 57+29 100+ 4.4 n.s. 129+28 ns.

*p < 0.05 and **p < 0.01 compared to SD-vehicle. n.s., non-significant.

Abn-CBD was selected based on an ipGTT on lean mice
(Supplementary Figure 1) and previous literature (15). After 2
weeks of treatment, body weights of HFD-vehicle and HFD-
Abn-CBD mice were comparable (36.5 = 0.8 and 389 =+
1.7 g, respectively), while SD-fed mice weighed 29.8 + 1.8¢g
(Figures 1B,C). Both HFD-Abn-CBD and HFD-vehicle mice
remained glucose intolerant (Supplementary Figure 2). Calorie
intake per mouse was significantly higher in the HFD-Abn-
CBD than in the HFD-vehicle group (Figure 1D), although
calorie per gram (Figure 1E) and food efficiency was comparable
in both groups (Figure 1F). In obesity, adiposity positively
correlates with leptin plasma levels. HFD-vehicle mice had a
2.8-fold increase in plasma leptin levels compared to lean mice
(Figure 1G). In agreement with their increased body weight and
food consumption (Figures 1C,D), HFD-Abn-CBD mice had
greater leptin levels (4.2-fold higher compared to lean mice)
although differences found between HFD-vehicle and -Abn-CBD
mice did not reach statistical significance (p = 0.07) (Figure 1G).
Adiponectin, a hormone secreted from the adipose tissue to
regulate glucose homeostasis, is known to be reduced in obesity
(27). Plasma adiponectin levels were significantly lower in HFD-
fed mice compared to SD-fed mice, independently of treatment
(Figure 1H).

Abn-CBD Does Not Alter the Plasma Lipid

Profile

As DIO is associated with elevated triglycerides, free-fatty acids
and cholesterol in circulation, we therefore analyzed the plasma
lipid profile of SD-fed, HFD-vehicle, and HFD-Abn-CBD mice.
Although plasma triglyceride levels in HFD-fed mice were
similar to those found in SD-fed mice, total cholesterol was 1.3-
fold higher in HFD-fed compared to SD-fed mice (Table 1).
High density lipoprotein (HDL) and non-esterified fatty acid
(NEFA) content in plasma were also significantly higher in
HFD-fed mice than in plasma from SD-fed mice (1.5- and 1.6-
fold, respectively; Table 1). There were no significant differences
in low density lipoprotein (LDL) levels in plasma, neither of
glycerol levels between HFD-fed and SD-fed mice (Table 1). The
lipid profile found in plasma from HFD-Abn-CBD mice was
comparable to the one found in HFD-vehicle mice, including
high cholesterol, elevated HDL and NEFA (1.25-, 1.5- and 1.6-
fold higher, respectively, than in SD-fed mice; Table 1).

ABN-CBD Ameliorates Hyperinsulinemia,
Protects Beta Cells From DIO-Induced
Apoptosis, Decreases Inflammation, and

Stimulates Beta Cell Proliferation

After 2 weeks of treatment with vehicle or Abn-CBD, HFD-
vehicle mice were hyperinsulinemic compared to SD-fed
mice (Figure 2A) while blood glucose levels were comparable
(Figure 2B). These data suggest that mice remained insulin
resistant as before starting the treatment but had not yet
developed diabetes. Remarkably, mice treated with Abn-CBD
had a similar insulinemia than SD-vehicle (Figure2A) while
maintaining blood glucose at the same level as SD- and HFD-
vehicle mice (Figure 2B). We analyzed the pancreatic islets
of Langerhans both at the morphometric and functional level
(Figures 2C-F). No changes in number of islets were detected
among groups (Figure 2E). However, mice fed a HFD showed
a strong tendency toward larger islets than SD-fed mice (p
= 0.06) while this hypertrophy was absent in HFD-Abn-CBD
islets (Figure 2D). Treatment with Abn-CBD had no effect
on total insulin secretory capacity, as shown by a static in
vitro glucose-stimulated insulin secretion assay (Figure 2F).
In DIO, loss of beta cell mass is associated with increased
inflammation and oxidative stress in beta cells that leads
to beta cell death. Accordingly, we found increased intra-
islet apoptosis (Figure 3A), phosphorylation of p65 (p-NF«B)
(Figure 3B) and a slight non-significant increase in pancreatic
TBARS (Figure 3D) in HFD-vehicle when compared to SD-
Vehicle. Importantly, Abn-CBD significantly reduced pancreatic
content of TBARS (Figure 3D), intra-islet pNFkB staining
(Figure 3B) and macrophage infiltration (Figure 3C), greatly
lessening apoptosis (Figure 3A). Moreover, Abn-CBD induced
beta cell proliferation, as measured by BrdU positive staining of
beta cells, compared to SD-fed mice (Figure 3E). Thus, Abn-CBD
protected beta cell mass without altering beta cell function.

Abn-CBD Reduces DIO-Induced

Meta-Inflammation

Low-grade chronic inflammation is associated with DIO-related
complications. Accordingly, plasma of HFD-vehicle mice showed
significantly higher levels of interleukin 6 (IL-6; 3.2-fold increase;
Figure 4A) and CXCL-1 (2.4-fold increase; Figure 4B) compared
to SD-fed mice, while interleukin 5 (IL-5) levels trended to be
1.6-fold higher (Figure 4C). Of importance, treatment with Abn-
CBD restored the levels of IL-6, CXCL-1, and IL-5 to those
found in SD-fed mice (Figures 4A-C). HFD-fed mice did not
show any change in either interferon gamma (IFNy; Figure 4D)
nor interleukin 10 (IL-10; Figure 4E) compared to SD-fed mice,
independently of the treatment.

Since obesity is strongly associated to inflammation at white
adipose tissue (WAT) (28), we analyzed the inflammation
occurring in visceral (VAT) and subcutaneous adipose tissue
(SAT). HFD-fed mice showed an expected increase in adipocyte
size compared to SD-fed mice, independently of treatment
(Figure 5A). We found an increase in the presence of crown-like
structures in HFD-vehicle WAT upon staining with F4/80, which
was significantly decreased in WAT from Abn-CBD-treated mice
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end of the study. (C) Representative photomicrographs of islets. (D,E) Morphometric analysis of islets. Data show mean + S.E.M. except (D,E) that show median +
min to max. n = 6 SD-Vehicle, n = 7 HFD-Vehicle and n = 8 HFD-Abn-CBD except (D), n = 51-66 islets from 4 mice each group, (E) n = 52-81 islets from 4 mice
each group. *p < 0.05 and **p < 0.01 compared to SD-Vehicle. (F) Static glucose-stimulated insulin secretion in HFD-Vehicle and HFD-Abn-CBD isolated islets. N =
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FIGURE 4 | Effect of Abn-CBD on circulating inflammatory cytokines. Plasma levels of IL-6 (A), CXCL1 (B), IL-5 (C), IFN-y (D), and IL-10 (E) after the 2-week
treatment of mice. n = 6 SD-Vehicle, n = 7 HFD-Vehicle and n = 8 HFD-Abn-CBD. *p < 0.05, compared to SD-Vehicle; #p < 0.05 and ##p < 0.01 compared
to HFD-Vehicle.

(Figure 5B). Analysis of cytokine expression showed a significant
reduction of 1110 expression in VAT (Figure 5C), and a significant
increase in the expression of Cxcll in both VAT (p = 0.07)
and SAT from HFD-vehicle mice (Figures 5D,E, respectively).
Interestingly, treatment with Abn-CBD prevented the alterations
observed in cytokine expression in VAT (Figures 5C,D) and SAT
(Figure 5E), showing that Abn-CBD protects WAT from diet-
induced inflammation. We also wanted to explore whether Abn-
CBD could promote a shift toward browning in WAT. For this
purpose we analyzed Ucpl expression in BAT, VAT, and SAT.
While no significant differences were found in brown adipose
tissue among groups (Figure 5F), HFD-vehicle mice showed a
significant decrease in Ucpl expression in VAT and SAT that was
counteracted by Abn-CBD (Figures 5G,H).

Abn-CBD Does Not Protect Against NAFLD
In the liver the accumulation of triglycerides leads to NAFLD
that eventually leads to liver failure (9). Herein, DIO mice
accumulated triglycerides in liver independently of treatment,
displaying 2-fold increase in lipid content compared to lean
mice, as shown by oil red-O staining (Figure 6A). Furthermore,
liver from HFD-vehicle mice exhibited fibrosis, as determined

by a significant increase in collagen content compared to SD-fed
mice (Figure 6B) as well as early makers of liver fibrosis, such
as a-SMA (Figure 6C). Interestingly, the liver from HFD-Abn-
CBD mice had significantly lower collagen than HFD-vehicle
mice (Figure 6B) and reduced staining of a-SMA (Figure 6C).
Moreover, liver glycogen content was comparable in both HFD-
and SD-fed vehicle-treated mice (Figure 6D). Although not
reaching statistical significance (p = 0.07), HFD-Abn-CBD mice
displayed a 2.2-fold higher content of hepatic glycogen than
HFD-vehicle mice (Figure 6D). In order to assess liver damage,
we measured plasma levels of alanine aminotransferase (ALT).
Levels of ALT in DIO mice were comparable to those found in
lean mice, independently of treatment (Figure 6E).

Abn-CBD Protects Hepatocytes From

DIO-Induced Immune Cell Infiltration

As HFD-Abn-CBD mice displayed reduced liver fibrosis
concomitant with lower levels of several circulating pro-
inflammatory cytokines compared to HFD-vehicle mice, we
further assessed the degree of liver inflammation. Liver from
HFD-vehicle mice had increased p-NFkB compared to liver
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FIGURE 5 | Effect of Abn-CBD on inflammation in white adipose tissue. Representative photomicrographs and quantification of (A) adipocyte size and (B) crown-like
structures in white adipose tissue. Relative expression of (C) //70 and (D) Cxcl1 in visceral adipose tissue and of (E) Cxc/7 in subcutaneous adipose tissue. Relative
expression of Ucp-1 in (F) brown adipose tissue, (G) visceral adipose tissue, and (H) subcutaneous adipose tissue. B-actin was used as reference gene. *p < 0.05,
**n < 0.01, and **p < 0.001 compared to SD-Vehicle; #p < 0.05 and ##p < 0.01 compared to HFD-Vehicle.
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from SD-fed mice, while liver from HFD-Abn-CBD mice had
significantly reduced p-NFkB levels comparable to those in
liver from SD-fed mice (Figure 7A). Additionally, liver from
HFD-vehicle mice showed a significant 3.3-fold increase in the
number of macrophages (F4/80% cells) compared to SD-fed
mice (Figure 7B). Treatment with Abn-CBD greatly reduced
the number of macrophages to the levels found in SD-fed
mice (Figure7B). We then determined hepatocytes viability
measured as apoptosis and proliferation. Hepatocytes from
HFD-vehicle mice were undergoing significantly more apoptosis
than those from SD-fed mice, which was reverted upon Abn-
CBD treatment (Figure 7C). In addition, Abn-CBD increased
hepatocytes proliferation when compared to HFD-vehicle, but
not over those levels found in hepatocytes from SD-fed mice
(Figure 7D).

DISCUSSION

CBD and Abn-CBD lack psychoactive effects, and therefore
bestow them as attractive candidates in medicinal cannabis
research. Here, we investigated the in vivo actions of Abn-
CBD in the metabolic and inflammatory dysfunctions that arise
in the context of obesity, prediabetes, and NAFLD. At the
biochemical and cellular level, C57Bl6/] mice fed a 45% HFD
(saturated fats from lard) for 15 weeks displayed, dyslipidaemia,
hyperleptinemia, hypoadiponectinemia, hyperinsulinemia, and
increased islet cell apoptosis. In addition, mice developed
fatty liver with macrophage infiltration, increased hepatocyte
apoptosis and decreased hepatocyte proliferation. However, we
did not detect impaired liver function, underlining the validity of
this mouse model to assess new therapies tackling early stages of
obesity comorbidities.

Overall, subchronic treatment with Abn-CBD in this
mouse model improved low-grade inflammation, reverted
hyperinsulinemia and decreased liver fibrosis without altering
body weight or ectopic accumulation of fat in the liver.

Although Abn-CBD did not impact either body weight or the
lipid profile, it increased leptin levels. CBD has been described
to decrease food intake in acute tests (29, 30) but its impact on
body weight is poorly investigated and controversial (31, 32).
Previous data using a streptozotocin (STZ)-induced diabetic
mouse model showed that Abn-CBD lowered food intake (15),
which was associated with restored plasma insulin levels. The
discrepancies of our results with these findings may lay on the
obvious differences between STZ-model and DIO-model. Indeed
STZ-model does not induce obesity, insulin resistance and
hyperinsulinemia, suggesting that underlying mechanisms for
Abn-CBD-driven changes in food intake are different in insulin
resistant model and in the insulin production deficient model.

Inflammation and insulin resistance are intimately related
processes, and currently there are evidence suggesting that
inflammation is driven by insulin resistance (33). Unfortunately,
we could not measure insulin tolerance or insulin sensitivity
after Abn-CBD treatment, but the absence of hyperinsulinemia
without increase in fasting glucose levels indirectly suggest
that Abn-CBD might improve insulin sensitivity in our

mouse model. However, gold-standard techniques such as
euglycemic hyperinsulinemic clamp would be necessary in
order to unequivocally establish the impact of Abn-CBD in
insulin tolerance/sensitivity. Given that direct anti-inflammatory
properties have been ascribed to Abn-CBD and other GPR55
agonists (19, 34, 35), decreased inflammation in our model
could be related to improved insulin sensitivity, direct actions on
receptors such as GPR18 and GPR55, or both. Further studies
in this regard would be required to decipher the molecular
mechanism that underlies the role of Abn-CBD in insulin
sensitivity toward inflammatory processes.

We and others have previously demonstrated that Abn-CBD
can directly stimulate insulin secretion in vitro (21, 23) as well as
in vivo in a mouse model of mild type 1 diabetes (15). However,
to the best of our knowledge it has not been assayed in a mouse
model of obesity and prediabetes. Herein, Abn-CBD did not seem
to interfere with islet function as it did not change islet sensitivity
to glucose as assessed by GSIS ex vivo experiments. Although
subchronic Abn-CBD treatment in prediabetes does not enhance
insulin secretion, we report here that hyperinsulinemia as well
as the trend to increase islet area in HFD-vehicle mice were
reverted, suggesting that subchronic Abn-CBD treatment in
prediabetes reduces the inflammatory state that leads to beta
cell death.

Notwithstanding, immunohistological analysis of pancreas
showed that treatment with Abn-CBD greatly lowered islet cell
apoptosis while induced beta cell proliferation, thus promoting
preservation of beta cell mass. These findings are in agreement
with our previous work showing a proliferative and protective
role of Abn-CBD against cytokine-induced apoptosis on isolated
islets from lean mice and human (21). Similar observations were
also obtained in STZ-induced diabetic mice by another group
(15). Importantly, cannabinoids and cannabinoid receptors have
been previously shown to modulate islet viability in DIO
mice (36, 37). Herein, we also found a significant reduction
in oxidative stress in pancreas isolated from HFD-Abn-CBD
mice compared to HFD-vehicle mice. Moreover, Abn-CBD
significantly lowered levels of phosphorylated (i.e., active) NFkB
corroborating with lower cell apoptosis in islets from HFD-
Abn-CBD treated mice. Thus, Abn-CBD preserves islet viability
and beta cell mass in vivo by reducing islet cell apoptosis and
enhancing beta cell proliferation.

Importantly, the pro-adiposity effect found with Abn-CBD
treatment was not only devoid of an extra pro-inflammatory
component but rather accompanied by decreases in plasma levels
of cytokines involved in systemic low-grade inflammation such
as IL-6, IL-5, and CXCL1 levels. In fact, IL-6 is one of the
primary mediators of low-grade inflammation in obesity (3) and
both CXCL-1 as well as IL-5 have been found to be altered
in prediabetes (6, 38). There are some evidence pointing at
Abn-CBD as a modulator of the inflammatory response (19)
and the two main G-protein coupled receptors (GPCRs) that
so far have been related to Abn-CBD effects, i.e., GPR18 and
GPR55, have been widely involved in inflammation and related
processes (39, 40). Comparable to our data, the GPR55 agonist O-
1602 significantly reduced the levels of IL-6 both in plasma and
pancreas tissue in mice with cerulein-induced pancreatitis (34).
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Therefore, our results support an anti-inflammatory effect of
Abn-CBD in prediabetes and NAFLD. The putative involvement
of Abn-CBD in browning processes has not been explored so
far. Our results show that Abn-CBD potently increases Ucpl
expression in VAT, also counteracting HFD-induced decrease in

SAT. This is suggestive of Abn-CBD promoting browning in
WAT, what potentially could be contributing to decreased meta-
inflammation. This first evidence warrants further investigation
on the role that Abn-CBD may have on energy expenditure.
NAFLD is an increasing concern in obesity-related comorbidities
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as it worsens metabolic syndrome, development of insulin
resistance and cardiovascular disease (41). As expected, HFD
induced a prominent increase of ectopic fat in the liver of our
mouse model. Although Abn-CBD treatment did not resorb fat
depot, it decreased collagen staining, suggesting a reduce fibrosis,
most probably by reducing the pro-inflammatory environment.
Importantly, Abn-CBD treatment did not affect liver function
since both its capacity to store glycogen and the marker of
liver function ALT were not compromised. Previously, CBD
has been found to protect the liver from both alcohol-induced
and non-alcohol-induced steatosis by mechanisms including
inhibition of oxidative stress, increase in autophagy and decrease
of lipid accumulation (42, 43). In contrast, a recent report
found a deleterious effect of chronic administration of the
atypical cannabinoids O-1918 and O-1602 in the liver of
DIO Sprague-Dawley rats (44). However, administered doses
were 100-fold higher than those used in our study, which
could account for increased off-target effects and chemical
toxicity. We also found that Abn-CBD decreased apoptosis and
preserved proliferation in liver cells. An enhanced hepatocyte
proliferation could carry the risk of developing hepatocellular
carcinoma, which is related to the onset of NAFLD (45). In
fact, high levels of IL-6 suppress hepatocyte proliferation in
obesity (46), maybe as a protective mechanism. However, Abn-
CBD increased hepatocyte proliferation only when compared
to HFD-vehicle but proliferative levels were not above those
found in healthy mice (SD-fed mice). This agrees with Abn-
CBD preserving hepatocytes proliferation without inducing
tumorogenesis. Interestingly, Abn-CBD has been reported to
have anti-tumoral activity rather than promoting uncontrolled
proliferation (47, 48). Given that Abn-CBD also decreased IL-
6 levels in our mice, the beneficial effects of Abn-CBD on
preserving hepatocytes proliferation might be mediated through
reductions in IL-6 levels. The number of macrophages infiltrating
the liver and activation of p-NFkB pathway was also diminished,
suggesting a reduced intra-liver inflammation. Interestingly, IL-
6, for which DIO-mediated increases were reverted by Abn-
CBD in our study, has been found to play an important role
in obesity-induced liver inflammation (49, 50). CBD was also
shown to protect the liver by modulating inflammation, oxidative
stress and cell death (51). Of note, CBD acts as a functional
antagonist of CBIR (52), whose blockade was reported to revert
liver steatosis in DIO mice (53). Moreover, O-1918, considered
an antagonist of the Abn-CBD receptor, increased the levels of
circulating pro-inflammatory cytokines in DIO rats (44). Taken
together, these results point to Abn-CBD promoting a healthier
cellular environment also in the liver.

In summary, we herein provide evidence that the atypical
cannabinoid Abn-CBD is able to induce beneficial metabolic
and anti-inflammatory actions at both systemic and tissue level
in a mouse model of diet-induced prediabetes and NAFLD.
Considering the sex limitation of our study -performed in males
only-, further studies to confirm these effects in females are
warranted. These results warrant further investigation on the
potential this compound and/or related molecules may have to
treat early stages of obesity-induced metabolic diseases.
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Both diabetes and obesity (diabesity) contribute significantly to the development of
chronic kidney disease (CKD). In search of new remedies to reverse or arrest the
progression of CKD, we examined the therapeutic potential of a novel compound,
AN1284, in a mouse model of CKD induced by type 2 diabetes with obesity. Six-week-old
BKS Cg-Dock 7M+/+ Leprd®/J mice with type 2 diabetes and obesity were treated with
AN1284 (2.5 or 5mg kg~ per day) via micro-osmotic pumps implanted subcutaneously
for 3 months. Measures included renal, pancreatic, and liver assessment as well as
energy utilization. AN1284 improved kidney function in BSK-db/db animals by reducing
albumin and creatinine and preventing renal inflammation and morphological changes.
The treatment was associated with weight loss, decreased body fat mass, increased
utilization of body fat toward energy, preservation of insulin sensitivity and pancreatic
B cell mass, and reduction of dyslipidemia, hepatic steatosis, and liver injury. This
indoline derivative protected the kidney from the deleterious effects of hyperglycemia by
ameliorating the metabolic abnormalities of diabetes. It could have therapeutic potential
for preventing CKD in human subjects with diabesity.

Keywords: obesity, diabetes, chronic kidney disease, indoline derivative, insulin resistance, fatty liver

INTRODUCTION

Over the past decades, diabetes and obesity have evolved into global epidemics, affecting social
groups and ages in both developed and developing countries. Diabesity, a new term used to
describe the co-existence of these two conditions (1), results in the death of over a million people
worldwide each year, and its global prevalence exceeds 347 million. It is also the principal cause
of cardiovascular disease, stroke, dementia, cancer, non-alcoholic fatty liver disease (NAFLD), and
chronic kidney disease (CKD) (2). The latter remains the leading cause of end-stage renal disease
(1) and is responsible for the rise in mortality among diabetic patients (3, 4). CKD is characterized
by a decrease in glomerular filtration rate, glomerular and tubular hypertrophy, albuminuria, renal
inflammation, and tubulo-interstitial fibrosis (5). While current treatments have been shown to
delay the progression of the disease and temporarily improve the patients quality of life, CKD
eventually results in dependence on dialysis or kidney transplantation (6). Therefore, there is a
critical need to develop more effective, long-lasting treatments for CKD.
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Recently, we described a novel series of indoline derivatives
with potent antioxidant and anti-inflammatory activities (7).
These compounds act by inhibiting p38 MAPK, reducing the
degradation of IkBa and the nuclear translocation of NF-«kB
and AP-1 (8, 9) and have been shown to prevent cellular
damage in a mouse model of acute liver disease (10). The aim
of the current study was to examine the effect of AN1284 in
ameliorating the development of CKD in a murine model of
diabesity and its potential to mitigate metabolic abnormalities.
Our data show that the compound was able to preserve kidney
morphology, ameliorate the development of inflammation and
fibrosis, and decrease proteinuria. In addition, AN1284 improved
the metabolic profile of the mice, resulting in weight loss
via increased fat oxidation, decreased hepatic steatosis, and
enhanced insulin sensitivity.

MATERIALS AND METHODS

Animals

The experimental protocols were approved by the Institutional
Animal Care and Use Committee of the Hebrew University
of Jerusalem (AAALAC accreditation #1285; Ethic approval
number MD-17-15302-3) and are in compliance with the
ARRIVE guidelines (11). All the animals used in this study
were housed under specific pathogen-free conditions, up to
five per cage, in standard plastic cages with natural soft
sawdust as bedding. The animals were maintained under a
controlled temperature of 22-24°C, humidity at 55 & 5%, and
alternating 12-h light/dark cycles and provided with food and
water ad libitum.

Induction of Type 2 Diabetes

Male 6-week-old BKS Cg-Dock7m+/+Leprdb/] mice (BKS db;
Jackson Laboratory, Cat# 00642) were randomly divided into
the experimental groups, 8-10 mice per group, and treated
chronically (3 months) with AN1284 [2.5 or 5mg kg™ ! per
day; Figurel; prepared as described by Zeeli et al. (7)],
by a subcutaneously implanted micro-osmotic pump (Model
1004; alzet®). A new pump was implanted each month. One
group of obese BKS.Cg-Dock7™ +/+ Lepr®®/J mice and non-
obese controls underwent sham surgery in an identical manner
to the treatment groups but without pump insertion. Body
weight and glucose levels were monitored weekly. Twenty-
four-hour urine output and water consumption were measured
using the CCS2000 Chiller System (Hatteras Instruments).
Body composition was determined by EchoMRI-100H™ (Echo
Medical Systems). Mice were euthanized by cervical dislocation
under anesthesia; trunk blood, kidneys, pancreas, liver, muscle,
and fat pads were collected, and samples were either snap-frozen
or fixed in buffered 4% formalin for further analyses.

Multi-Parameter Metabolic Assessment

Mice with free access to food and water were housed under a
standard 12-h light/12-h dark cycle, which consisted of a 48-
h acclimation period followed by 24h of sampling. Measures
of mouse activity and respirometry were made with the
Promethion High-Definition Behavioral Phenotyping System

2HCI

NH

)~

AN1284

FIGURE 1 | The chemical structure of AN1284.

(Sable Instruments, Inc., Las Vegas, NV, USA) as described
previously (12). Respiratory gases were measured with a GA-3 gas
analyzer using a pull-mode, negative-pressure system. Airflow
was measured and controlled by FR-8, with a set flow rate of
2,000 ml/min. Water vapor was continuously measured, and its
dilution effect on O, and CO, was mathematically compensated.
Total energy expenditure (TEE) was calculated as VO, x (3.815
+1.232 x RQ), normalized to effective body mass, and expressed
as kcal/h/kgo'75 . Fat oxidation (FO) was calculated as FO = 1.69
x VO, - 1.69 x VCO, and expressed as g/d/kg””>. Ambulatory
activity and position were monitored simultaneously with the
collection of the calorimetry data using XYZ beam arrays with
a beam spacing of 0.25 cm. Meal size and total food intake during
a period of 24 h were measured automatically by the system.

Blood, Kidney, and Urine Biochemistry
Serum insulin and urine albumin were measured by ELISA
(Millipore and Bethyl Laboratories, respectively). Serum urea,
glucose, alanine transaminase (ALT), alkaline phosphatase
(ALP), urine glucose and creatinine, total triglycerides,
cholesterol, and high- and low-density lipoprotein (HDL
and LDL, respectively) were determined using the Cobas C-111
bio-analyzer (Roche, Switzerland). Blood urea nitrogen (BUN)
was calculated by serum urea levels (BUN mg/dl = Urea mM x
2.801). Blood glucose was measured with the Elite glucometer
(Bayer, Pittsburgh, PA). Glucose and insulin levels were used to
calculate the homeostasis model assessment-insulin resistance
index (HOMA-IR) as glucose (mg/dl) x insulin (U/L) 22.5.
Whole kidney proteins were extracted and the levels of the
following markers (MCP1, TNFa, TGEf, and IL18) were
measured using ELISA kits (Abcam; Cat# ab100721, ab46105,
ab119557, and ab216165, respectively). Liver proteins were
extracted and the levels of TNFo were measured using the same
ELISA kit used for the kidney.

Hepatic Triglyceride and Cholesterol

Contents
The liver was extracted as described previously (13), and its
triglyceride and cholesterol contents were determined using the
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Cobas C-111 bio-analyzer (Roche, Switzerland) and normalized
to wet tissue weight.

Histopathology

Paraffin-embedded kidney sections (2m) from each mouse
were stained with Periodic Acid-Schiff (PAS), followed by
hematoxylin. Paraffin-embedded liver sections (5pum) from
each mouse were stained with H&E. Kidney and liver
images were taken from 10 random 40x and 20x fields
with an AxioCam ICc5 color camera mounted on an Axio
Scope.Al light microscope (Zeiss, Germany). The mesangial
expansion, glomerular, and Bowman’s space cross-sectional
areas were quantified in a blinded manner using ZEN
BLUE software (Zeiss, Germany). The hepatic fat area was
quantified in the same manner, using Adobe Photoshop
CS3 software.

Immunohistochemistry

Kidney and liver tissues were fixed in buffered 4% formalin for
48 h and then embedded in paraffin. Sections were deparaffinized
and hydrated. Heat-mediated antigen was retrieved with
10mM citrate buffer pH 6.0 (Thermo Scientific, IL, USA).
Endogenous peroxide was inhibited by incubating with a freshly
prepared 3% H,O, solution in MeOH. Unspecific antigens
were blocked by incubating sections for 1h with 2.5% horse
serum (VE-S-2000, Vector Laboratories). For assessment of
inflammation and fibrosis, the sections were stained with
rabbit anti-mouse MCP-1 (Abcam; Cat# ab25124, 1:5,000),
IL-18 (Abcam; Cat# ab71495, 1:2,000), TNFa (Abcam; Cat#
ab6671, 1:800), TGFB (Abcam, Cat# ab66043, 1:2,000), Collagen-
1 (Abcam; Cat# ab34710, 1:1000), and a-SMA (Abcam; Cat#
ab5694, 1:5000) antibodies, followed by incubation with horse
anti-rabbit HRP conjugate (MP-7401, ImmPRESS™, Vector
laboratories). Color was developed after an incubation with 3,3’-
diaminobenzidine (DAB) substrate [ImmPACT DAB Peroxidase
(HRP) Substrate, SK-4105, Vector Laboratories], followed by
hematoxylin counterstaining and mounting (Vecmount H-
5000, Vector laboratories). Stained sections were photographed
as mentioned above. Positive areas for each marker were
calculated using color thresholding and measuring area fractions
by Image] software, with a minimum of 10 random kidney
and liver sections per mouse. Images are presented in
the figures showing the animal with the median value for
each group.

For assessing the number of Langerhans p-islets and their
composition, pancreatic sections were stained with guinea pig
anti-insulin (Dako; Cat# A0564, 1:1,600) antibody, followed by
biotinylated secondary antibody and VECTASTAIN ABC reagent
(VECTASTAIN ABC-Peroxidase Kit, Vector laboratories). Color
was developed as described in the preceding section followed
by hematoxylin counterstaining and mounting (Vecmount H-
5000, Vector Laboratories). Stained sections were photographed
as described above. Panoramic images were taken for the
entire section using ZEN BLUE software (Zeiss, Germany)
and the islets-to-pancreas ratio and the p-cell-to-islet ratio
were calculated.

Real-Time PCR

Total mRNA from liver and muscle was extracted with Bio-Tri
RNA lysis buffer (Bio-Lab, Israel) followed by DNase I treatment
(Thermo Scientific, IL, USA) and reverse transcribed using
the Qscript cDNA Synthesis Kit (Quanta Biosciences, MA).
Real-time PCR was performed using iTaq Universal SYBR
Green Supermix (Bio-Rad, CA) and the CFX connect ST system
(Bio-Rad, CA), and gene expression quantification was done
using the 2A(-AACT) method. The primers were as follows:
Collal (forward-5'-TTCTCCTGGCAAAGACGGACTCAA-3/,
reverse-5-GGAAGCTGAAGTCATAACCGCCA-3'), TgfB1
(forward-5'-GCGGACTACTATGCTAAAGAGG-3/, reverse-5'-
GTAGAGTTCCACATGTTGCTCC-3'), Glut4 (forward-5'-AT
TTGGGGCCCTAGGTTGTT-3/,  reverse-5'-ATACAGCAGC
CCTTGGGTTT-3'), Cxcli0 (forward-5-GGATGGCTGTCC
TAGCTCTG-3/, reverse-5-TGAGCTAGGGAGGACAAGGA-
3, Stat6 (forward-5-AGCCCAGAAACAAAGCCTCTT-3,
reverse-5'-TTCGAGCATTAACACCCCACT-3'), KIf4 (forward-
5-AGAAGTGTGACAGGGCCTTTT-3', reverse-5-TCGTGG
GAAGACAGTGTGAAA-3"), Acc (forward-5'-GGACCACTGC
ATGGAATGTTAA-3,  reverse-5-TGAGTGACTGCCGAAA
CATCTC-3'). QuantiTect Primer (Qiagen) was used to evaluate
the expression of Scdl (QT00291151), and Cd36 (QT0105825).
Normalization was performed against Ubc (forward-5-GCCC
AGTGTTACCACCAAGA-3/,  reverse-5'-CCCATCACACCC
AAGAACA-3') and Gapdh (forward-5-AGGTCGGTGTGA
ACGGATTTG-3, reverse-5'-TGTAGACCATGTAGTTGAG
GTCA-3).

Extraction of AN1284 From Liver and
Kidney

Liver and kidney samples from db/db mice treated for 3 months
with AN1284 were homogenized (100mg ml~!, Polytron,
Kinematiea GmbH, Germany) in 1x PBS. To 180 pl of tissue
homogenate was added 20 I of rivastigmine (750 ng ml~!)
as an internal standard. Proteins were precipitated with 300 pl
of ice-cold HPLC-grade MeOH; the mixture was vortexed for
5min and then allowed to stand for 5 min. This procedure was
repeated three times. The samples were centrifuged at 20,800
x g at 10°C for 15min. The supernatant (200 pl) was filtered
through 0.25 uM GHP membranes and stored at —80°C until
analyzed. Calibration curves for the compounds in liver and
kidney homogenates were prepared from untreated mice.

Quantification of AN1284 by Mass

Spectroscopy

Tandem liquid chromatography-mass spectrometry (LC-
MS/MS) enables the analysis of complex mixtures and
therefore can be applied in pharmacology research. Herein,
we analyzed and quantized indoline along with his oxidative
major indole metabolite, revealed in the spectrum of the
organisms’ extractions. A similar indoline-to-indole metabolic
conversion has been reported earlier (14). To verify the identity
of this metabolite, the compound was prepared as shown in Zeeli
etal. (7) (compound 19a).
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The targeted molecules were quantified by extracted-ion
chromatogram (EIC) of exhibited characteristic parent ions
MH™" 219.185 and 217.169 m/z, respectively, sharing identical
product ion of 132.080.

Analytical system: UHPLC system: Agilent 1260 Technologies
consisted of a quaternary pump (G4204A), autosampler
(G4226A), column heater (G1316C). System control and data
analysis were made by Mass Hunter software. Mass Spectrometer
was an Agilent 6545 QTOF LC-MS with “AJS ESI” ion source
in ESI + ve mode. Quantitation was performed by monitoring
the product ions of the parent molecular ions for the different
analytes. LC conditions: column, Poroshell EC-C18, 4.6 x
50 mm, 2.7-micron LC column (Agilent); column temperature,
ambient; flow rate, 0.5 ml/min; injection volume, 20 pl; mobile
phase, A: water with 0.1% formic acid, B: acetonitrile with 0.1%
formic acid.

Statistics

Values are expressed as the mean £ SEM. Unpaired two-tailed
Student’s f test was used to determine differences between saline
and drug-treated groups. Results in multiple groups and time-
dependent variables were compared by ANOVA, followed by
Tukey’s post hoc analysis (GraphPad Prism v6 for Windows).
Significance was set at P < 0.05.

RESULTS

AN1284 Preserves Kidney Morphology and

Function in Type 2 Diabetic Mice

At the beginning of the experiment, the db/db mice exhibited
higher body weight and blood glucose levels than did their
healthy controls (Figures 2A,B), indicating an early onset of
obesity and type 2 diabetes, which further progressed during
the experiment. At the end of 3 months, the diabetic mice
developed complete CKD, manifested by renal dysfunction and
morphology. AN1284 treatment lessened the renal damage, as
seen by a reduction in albuminuria and albumin-to-creatinine
(ACR) ratio (Figures 2C,D). AN1284 treatment prevented the
severe glomerular enlargement and that of Bowman’s capsule
in the diabetic mice (Figures 2G-I), but not the rise in urine
glucose levels (Figure2E) or the polyuria (Figure2F). We
showed that type 2 diabetes in this model is associated with renal
inflammation, as indicated by the increased protein expression of
inflammatory markers MCP1, TNFa, TGFf, and IL-18. This up-
regulation was significantly reduced by AN1284 (Figures 3A-H).

AN1284 Mitigates the Increased Body

Weight via Increasing Fat Oxidation

Although AN1284-treated mice were significantly heavier than
the normal controls, they did not reach the same level of obesity
as the untreated BSK db mice (Figure4A) and their weight
no longer increased after 8 weeks of treatment (Figure 4B).
As a result, analysis of body composition confirmed that the
arrested weight gain is due to a lower body fat accumulation
with no change in lean body mass (Figures 4C,D). Full metabolic
assessment revealed that AN1284 increased TEE due to increased
fat oxidation during both the light and dark periods without

affecting the animals’ activity (Figures 4E-G). Interestingly,
meal size was significantly reduced in db/db mice treated
with the lower dose of AN1284 (Figure 4H); however, it did
not significantly affect total daily food intake measured while
the animals were housed in the metabolic chambers for 24h
(Figure 4I).

AN1284 Increases Insulin Sensitivity

All the db/db mice displayed extreme hyperglycemia (Figure 5A),
but a reduction in hyperinsulinemia and HOMA-IR was found
in the AN1284-treated groups (Figures5B,C). Histological
analysis of the pancreas revealed an increase in the area of
the Langerhans islet in the untreated BSK db mice. This
was completely normalized by treatment with the higher dose
of AN1284 (Figure5D). A diabetic pancreas also undergoes
massive p cell degeneration (15). AN1284-treated mice exhibited
a higher percentage of functional B cells and the ability to
secrete insulin than the untreated animals (Figures 5E,F). One
reason for the development of a loss of insulin sensitivity is
the downregulation of expression of the GLUT4 transporter,
as shown in db/db mice (16). This was demonstrated in the
skeletal muscle of the untreated diabetic mice, and GLUT4
mRNA and protein expression levels were improved by AN1284
treatment (Figures 5G,H). Taken together, these findings suggest
that AN1284 has the ability to increase insulin sensitivity.

AN1284 Ameliorates Hepatic Steatosis,

Liver Injury, and Fibrosis

AN1284 was able to decrease hepatocellular damage and hepatic
steatosis, as manifested by a lower liver weight (Figure 6A),
serum levels of ALT and ALP (Figures 6B,C), as well as hepatic
triglyceride and cholesterol contents (Figures 6D,E). AN1284
reduced serum triglyceride levels and increased HDL/LDL ratio,
but did not affect total serum cholesterol (Figures 6F-H).
AN1284-treated db/db mice showed a reduced accumulation
of fat in hepatocytes (Figures 6L]). The latter was most likely
mediated through the ability of AN1284 to downregulate the
hepatic expression of several key genes involved in de novo
lipogenesis (Acc and Scdl; Figures 6K,L, respectively) and fatty
acids transport (Cd36; Figure 6M). Although only a trend toward
reduction in hepatic TNFa levels was noted in db/db mice treated
with AN1284 (Figure 6N), the levels of protein expression of IL-
18 and MCP1 were significantly decreased (Figures 60,P). This
effect is most likely mediated by the ability of AN1284 to induce
a shift in macrophages toward a predominantly M2 phenotype
(Figures 6Q,R). Moreover, AN1284 also reduced the elevated
mRNA and protein expression of the hepatic fibrogenic markers,
a-SMA, and Collagen 1 (Figures 7A-D), suggesting that AN1284
has anti-fibrogenic activity in the liver.

DISCUSSION

Obesity commonly precedes type 2 diabetes and results in the
metabolic syndrome and hypertension, which increases pressure
on the kidney. Following weight gain, hyper-filtration develops
to meet the increased metabolic demand (17). About half of
the patients with type 2 diabetes and one third of those with

Frontiers in Endocrinology | www.frontiersin.org

50

March 2020 | Volume 11 | Article 91


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Permyakova et al.

AN1284 Ameliorates Diabesity-Induced Nephropathy

A 40- BZ2s00
C3 Eo T
* 1
2 ool *  E 200
0 @
$ S 150-
>
H Control %‘ 20+ ™0
O db/db S -§ 100
H Control T 10+ =S
ldg/r:ﬂ;oControl = f 50
[ db/db AN1284 (2.5 mg/kg) S 8
db/db AN1284 (5.0 mglkg) 0 =
. ‘e 0
E F
80cntr. _ dbidb . [Cntr. _ db/b
= 70- < 0.8
£ ~
E,, 60+ * T % 2 x ¥
o A g
A 9
o L
S 0.05T Q 0.4-
% 0.04 2
@ 0.03- a
i O nol
£ 0.02- = O
2 0.011 =
0.00- 0.0-

D

(¢

Cntr. __db/db X 5001cCntr. _ db/db

o 2004 * £ 400 x
r= g
= 1504 ‘S 3004
= LT it K
2 9
c 100 S 200+
g, z
T 50- 100
> £

=

0- <
G H
JOOOO-ML db/db — Cntr. _ db/db
~N N "
X

£ 8000 5 £
g =18
£ 6000+ <4
© Q
5 “
S 4000 =
- (5]
(]

£
€ 2000 3
[c] a

0-

non-diabetic mice, #P < 0.05 relative to db/db-Veh-treated control mice.

FIGURE 2 | AN1284 preserves kidney morphology and function in type 2 diabetic mice. Compared to the healthy controls, db/db mice exhibited increased body
weight (A) and hyperglycemia (B) at the beginning of the experiment. AN1284 significantly reduced the elevated levels of urine aloumin (C) and the
albumin-to-creatinine ratio (D), but not the urine glucose levels (E) and the urine secretion volume (F). AN1284-treated db/db animals exhibited a reduction in the
glomerular area (G,l), and in Bowman'’s space area (H,l). Scale bar, 20 um. Data represent the mean + SEM from 8 to 10 mice per group. *P < 0.05 relative to control

type 1 diabetes develop nephropathy (18, 19). Although the
molecular mechanisms contributing to the development of CKD
in diabetes and obesity are quite different, it is accompanied
in each condition by glomerular hypertrophy and transient
hyper-filtration, glomerular basement membrane thickening,
and mesangial matrix expansion, resulting in albuminuria (20,
21). Together with renal inflammation (22) and oxidative
stress (23), these changes may lead to renal fibrosis, and
ultimately to a progressive decline in glomerular filtration rate
(5). Normalization of blood pressure and glucose levels can
protect the kidneys and reduce the likelihood of developing
CKD. However, a significant number of patients with diabetes
may still progress to end-stage renal disease (24), stressing the
importance of developing novel drugs to treat CKD. Here, we
show that the indoline derivative, AN1284, has a therapeutic
potential to ameliorate CKD in type 2 diabetic conditions in mice.
The db/db mouse model of type 2 diabetes was chosen for this
study rather than a high-fat diet-induced model of metabolic

disorder because we were primarily interested in trying to prevent
the development of CKD, which is greater in db/db mice due to
hyperglycemia and hyperlipidemia.

We have previously reported that a series of novel indoline
derivatives possess antioxidant and anti-inflammatory properties
(7, 8). The therapeutic potential of these novel molecules (with
or without a carbamate moiety) was tested in murine models of
acute lung injury (9), ulcerative colitis (25), and acute liver injury
(10). The current study demonstrates that one of them, AN1284,
is also effective in mitigating the development of diabetes-
induced CKD, which is a chronic condition. Although we do not
know the identity of specific targets activated by AN1284, we
previously reported that AN1284 reduced the phosphorylation
of p38 MAP kinase and the nuclear translocation of activator
protein 1 in LPS-activated macrophages and in the liver of
mice with acute liver injury (10). We are currently performing
RNA seq analysis and high-throughput bioassay screening
including in silico and data-mining methodologies to try to
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decipher specific targets for AN1284. Here, we administered
AN1284 by subcutaneously implanting mini-pumps for 12
weeks, and the treatment was started after confirming the
presence of hyperglycemia. Although the drug was unable to
reduce blood glucose levels, it improved renal function and its
histopathological appearance and reduced renal inflammatory
and fibrogenic markers. The concentrations of the drug found
in the kidney and liver (Table 1) were sufficient to cause an
anti-inflammatory and antioxidant effect (7). AN1284 was very
effective in reducing renal inflammation in the kidney at both
doses tested here. The higher dose of AN1284 caused significantly

greater polyuria than that seen in the untreated mice. It is possible
that the added diuretic effect is mediated by another mechanism,
such as inhibition of sodium reabsorption in the renal tubule
cells, which is also seen in human subjects given Indapamide
(26) that also contains an indoline group. However, AN1284 lacks
the thiazide group of Indapamide and of other potent diuretics,
making this less likely.

Other current therapies for attenuating the progression
of diabesity-induced CKD focus on ameliorating risk factors,
such as visceral obesity, insulin resistance, and NAFLD.
Evidence shows that lifestyle modifications resulting in weight
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loss, bariatric surgery, and pharmacotherapy may arrest renal
dysfunction in patients with type 2 diabetes [reviewed in
Docherty et al. (27)]. Moreover, a modest weight loss has been
reported to decrease proteinuria in such patients (28). We also
observed a significant body weight loss, together with up to 11%
fat mass loss in the AN1284-treated mice. These effects can be
explained by the increased TEE and fat oxidation, and not by
drug-induced changes in the activity of the animals.

Insulin resistance, assessed by HOMA-IR, is present in
patients with mild to severe CKD (29). In a few cross-sectional
studies in humans, insulin resistance has been linked to the risk
of developing diabetes-induced CKD (30, 31). On a molecular
basis, both the direct and indirect effects of hyperinsulinemia play
a key role in kidney function. Under type 2 diabetic conditions,
pancreatic islets respond not only by increasing insulin secretion
but also by expanding f cell mass (32). The latter was completely

normalized by treatment with the AN1284 (5mg kg~! per day).
Hyperinsulinemia per se may induce glomerular hyperfiltration,
endothelial dysfunction, and increased vascular permeability,
which together may lead to albuminuria (33). In addition, insulin
resistance is associated with altered renal cellular metabolism,
mesangial expansion, renal inflammation, and lipid deposition
in the renal proximal tubule cells, all established contributors to
nephropathy (34). Together with the critical role of insulin in
secreting different adipokines and chemokines, which are known
to modulate kidney function, increased insulin sensitivity may
attenuate the development and progression of CKD. Tejada and
colleagues have shown that podocytes isolated from db/db mice
are unable to respond to insulin (35). Tiwari et al. reported
downregulation of the renal insulin receptor in several type
2 diabetes models (36), and that its complete deletion in the
proximal tubule cells results in albuminuria (37). AN1284 may
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FIGURE 5 | AN1284 increases insulin sensitivity in db/db mice. The db/db mice exhibit hyperglycemia and hyperinsulinemia (A,B, respectively), compared with
healthy controls. AN1284 treatment significantly reduced serum insulin levels without changing those of serum glucose. A reduced HOMA-IR (C) and Langerhans
islet-to-pancreas tissue ratio (D), and an increased B cell-to-Langerhans islet area (E) and Glut4 mRNA (G) as well as protein expression (H) were found in db/db mice
treated with AN1284. (F) Representative insulin staining of the pancreas from each treatment group. Original magnification, x40. Scale bar, 50 mm. Data represent the
mean + SEM from 8 to 10 mice per group. *P < 0.05 relative to control non-diabetic mice, #P < 0.05 relative to db/db-Veh-treated control mice.

improve renal function by reducing insulin levels and the
increase in pancreatic B-cell mass in db/db mice. Thus, AN1284
reversed renal insulin resistance by decreasing the direct effect of
insulin on podocytes or tubular cells, which express all elements

of the insulin-signaling cascade (38). Nevertheless, as the ability
of AN1284 to reverse insulin sensitivity directly was not fully
characterized here (by assessing whole-body glucose utilization
in live animals), we cannot conclude whether AN1284 suppresses
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FIGURE 6 | AN1284 ameliorates hepatic steatosis and inflammation in db/db mice. The db/db mice exhibit increased liver weight (A), serum ALT (B), and ALP

(C) levels as well as hepatic triglyceride and cholesterol contents (D,E). These parameters were prevented or ameliorated by AN1284 treatment. AN1284-treated mice
also displayed decreased serum triglyceride levels (F), increased HDL/LDL cholesterol ratio (G), without an effect on total cholesterol levels (H). Quantification of
hepatic fat content revealed an increase in db/db animals, which was normalized by AN1284 treatment (I). Representative liver images demonstrating macrovesicular
steatosis in H&E-stained sections from db/db mice. Scale bar, 100 um (J). The elevated hepatic mRNA expression levels of Acc (K), Scd? (L), and Cd36 (M) in db/db
mice were normalized by AN1284 treatment. Insignificant changes in hepatic TNFa protein levels were noted in non-treated and treated mice (N). Reduced protein
expression of IL-18 (0), and MCP1 (P) in AN1284-treated db/db mice was documented. Scale bar, 50 um. M1-to-M2 macrophage marker ratios displayed high
content of M1 macrophages in db/db animals, which was diminished by AN1284 treatment (Q,R). Data represent the mean + SEM from 8 to 10 mice per group.

*P < 0.05 relative to control non-diabetic mice, #P < 0.05 relative to db/db-Veh-treated control mice.
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FIGURE 7 | AN1284 mitigates hepatic fibrosis in db/db mice. Untreated db/db animals exhibited increased protein and mRNA expression levels of the fibrotic
markers a-SMA (A,C) and Collagen | (B,D), which were normalized in AN1284-treated mice. Scale bar, 50 um. Data represent the mean + SEM from 8 to 10 mice
per group. *P < 0.05 relative to control non-diabetic mice, #P < 0.05 relative to db/db-Veh-treated control mice.

TABLE 1 | Concentration of AN1284 and its metabolite in liver and kidney.

Dose (mg kg~! Concentration + STD (ng/g)

per day)
Kidney Liver
AN1284 Metabolite AN1284 Metabolite
2.5 140 + 69 116 + 30 36.2+7.3 13.7+27
5.0 298 + 52 181 + 17 40.5 £ 3.7 170+ 5.6

hepatic glucose production or improves skeletal or white adipose
tissue insulin sensitivity to improve HOMA-IR reported here.
These issues as well as the underlying molecular mechanisms
by which AN1284 ameliorates insulin tolerance are important
questions that will need to be addressed in the near future.
Several lines of evidence suggest that NAFLD promotes type
2 diabetes. While NAFLD is present in 20-30% of the general
population (39), it reaches a prevalence of 50-75% of patients
affected by diabesity (40). Conversely, insulin resistance, which
occurs in 66-83% of patients with NAFLD, increases the flux
of free fatty acids from adipocytes to the liver and promotes
hepatic lipid accumulation and liver injury. Once diabesity is
fully developed, it further contributes to the development of
steatosis and also to hepatic inflammation and fibrosis (41).

To date, there is evidence linking NAFLD, as a causative
player, to the development and progression of CKD (42).
Furthermore, several large cross-sectional studies of patients
with NAFLD show a prevalence of CKD between 4 and 40%
and a positive correlation between the severity of NALFD and
CKD [reviewed in (43)]. Whereas, the complex “crosstalk”
among adipose tissue, the liver, and kidneys makes it difficult
to decipher the specific pathway underlying NAFLD as a cause
of CKD, it is not surprising that these diseases may be linked,
and therefore the amelioration of NAFLD may also contribute
to the reversal of CKD. Importantly, hepatic steatosis, liver
injury, dyslipidemia, inflammation, and fibrosis present in db/db
mice were significantly ameliorated by chronic treatment with
AN1284. With its ability to mitigate acute liver injury via reduced
inflammation (10), our current data strongly support the idea
that an anti-inflammatory agent like AN1284 could provide
a therapeutic intervention for the treatment of NAFLD and
may also assist in the prevention of diabesity-induced CKD.
At present, we cannot differentiate between direct or indirect
effects of AN1284 since no specific target(s) have been identified.
AN1284 positively affects kidney, liver, muscle, and pancreatic
functions. Based on the very marginal effect that AN1284 had
on body weight (the animals still remained obese), we can only
postulate that the improvements in multiple processes may be
mediated via a general anti-inflammatory effect and specific
actions of AN1284 on various renal cells (podocytes, tubular,
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and mesangial cells), hepatocytes, myocytes, and pancreatic
beta cells. Further work is needed to be done to understand
the molecular mechanism(s) by which ANI1284 improves
diabesity-induced CKD.
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Even after successful weight reduction, obese adults tend to quickly regain the lost
weight. This raises the question of whether weight loss improves the underlying
chronic adipose tissue inflammation characteristic of obesity. In order to improve our
understanding of the mechanisms that reshape metabolic organs during weight loss,
we investigated the macrophage and T cell function of the liver and adipose tissue
on reversing high fat diet (HFD) mice to normal control diet (NCD). Obese mice that
were switched to NCD showed an improvement in their metabolic profile that included
enhanced glucose and insulin tolerance, decreased cholesterol, triglyceride, serum
glutamic-oxaloacetic transaminase (SGOT), and serum glutamic pyruvic transaminase
(SGPT) levels that were comparable to NCD controls. However, despite weight loss,
increased frequencies, but not total numbers, of IL-17+ and IL-224+ CD4+ T cells,
IFN-y+ and TNF+ CD8+ T cells and IL-17+ and IL-22+ CD8+ T cells were observed in
the adipose tissue of mice switched from HFD to NCD compared to NCD and even HFD
fed mice. Further, in the liver, IFN-y+ and TNF+ CD8+ T cell, IL-17+ and IL-22+ CD8+ T
cell, macrophage frequencies and their expression of antigen presenting molecules were
increased. To determine if macrophages are the major determinants of the sustained
inflammation observed during weight loss, we depleted macrophages, which significantly
reduced IFN-y+, TNF+, IL-17+4, and IL-22+ CD8+ T cell frequencies in the liver and the
adipose tissue. In conclusion, we show that although weight loss improves the metabolic
profile, there is an active and ongoing CD8+ T cell inflammation in liver and adipose tissue
mediated by macrophages.

Keywords: obesity, inflammation, T cell, macrophages, weight loss, adipose, liver, glucose

INTRODUCTION

Obesity is a major public health problem, which causes the death of at least 2.8 million people
every year worldwide. It is causally linked to type 2 diabetes, cardiovascular diseases and cancers
(1). In order to achieve weight reduction, various intervention strategies like anti-obesity drugs,
bariatric surgery, and lifestyle interventions exist (2). Among these, decreasing caloric intake
and physical exercise are by far the most widely adopted methods of choice to promote weight
reduction. However, despite successful weight reduction, there is often a quick regain of weight and
persistent inflammation in adipose tissue (3, 4). It is therefore important to delineate the underlying
mechanisms that contribute to disease risk despite successful weight reduction.
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Although it is well-known that obesity is a state of chronic
adipose tissue inflammation, little is known about the modulation
of this inflammatory state during weight loss. Particularly, the
question of how weight loss modulates the specific aspects of
obesity-associated inflammation like T cell inflammation is not
addressed in detail. A few earlier studies have shown that weight
loss did not improve the inflammatory markers’ gene expression
within the adipose tissue (5). Schmitz et al. (4) have shown
that despite improving glucose tolerance, weight loss could not
successfully ameliorate adipose tissue inflammation and improve
insulin sensitivity. Some reports have also demonstrated an
accentuated inflammatory profile after weight loss (6). However,
these results are controversial, as other studies have shown
that weight loss improves the inflammatory profile of obese
subjects (7) and attenuates inflammation in skeletal muscle and
liver, but not in adipose tissue (8). Effects may be proportional
to the degree of weight loss, as weight loss of 11-16%, but
not 5%, resulted in a decrease in adipose tissue inflammation.
Furthermore, the increase and persistence of liver and adipose
tissue inflammation was also shown to be gender-dependent,
with male mice showing a persistent inflammation (9). Of note,
weight loss resulted in dynamic effects on macrophages in
adipose tissue, with an initial increase followed by a decrease
in macrophage numbers (10). Taking into consideration the
crucial role of T lymphocytes in obesity related inflammation
and the existing literature stating an incomplete resolution of
inflammation after weight loss, we investigated the effects of
weight loss on type-1 (IFN-y and TNF) and type-17 (IL-17 and
IL-22) cytokines from T cell subsets in the liver and adipose
tissue. We report a potent increase in frequencies of cytokine
producing CD8T cells during weight loss from the liver and
adipose tissue, which was in part mediated by macrophages.

MATERIALS AND METHODS

Mice

All mice were maintained in ventilated cages with a 12-h
day/night cycle, food and water ad libitum. The experiments were
carried out on male C57BL/6] mice purchased from Janvier Labs
(Le Genest-St.-Isle, France). Mice were maintained at the animal
facilities of the University Hospital Bonn. Starting at 6 weeks of
age, mice received either a normal control diet (NCD, 15% fat),
a high fat diet (HFD, 60% kilocalories from fat; Research Diets,
Inc., Brogaarden, Denmark), or a HFD which was switched after
16 weeks to NCD for an additional 4 weeks (Figure 1A). All mice
in the comparative studies were age matched within individual
experiments. Animal housing conditions and the procedures
were conducted according to European Union animal welfare
guidelines. Study protocols were approved by the Landesamt fiir
Natur, Umwelt und Verbraucherschutz, Cologne, Germany (84-
02.04.2016.A331).

In a separate experiment, after switching to NCD,
macrophages were depleted by intravenous (i.v.) injection
of 150 pl of clodronate liposomes (Clodronate Liposomes
Foundation; Netherlands; http://clodronate.liposomes.com) and
the control mice received equal volumes of PBS liposomes.

Glucose Tolerance and Insulin Tolerance

Test, Lipid Profile and Liver Enzymes

Glucose tolerance tests (GTTs) and insulin tolerance tests (ITTs)
were carried out as described elsewhere (11). In brief, 6 h after
fasting, mice were intraperitoneally (i.p.) injected with 1 g/kg
body weight of glucose solution. At 0, 30, 60, and 120 min
blood glucose levels were measured by a glucometer (AccuCheck
Advantage; Roche Diagnostics GmbH, Mannheim, Germany).

Four hours after fasting, ITT was performed. Briefly, human
insulin (Sanofi-Aventis, Frankfurt, Germany) 1U of insulin/kg
body weight was i.p. injected and at 0, 30, 60, and 120 min blood
glucose levels were measured. The area under the curve (AUC)
was derived by calculating the area between the x-axis and a given
curve using GraphPad Prism software (version 8.3; GraphPad
Software, San Diego, Calif., USA).

Lipid profiles and liver enzymes—serum glutamic-oxaloacetic
transaminase (SGOT) and serum glutamic pyruvic transaminase
(SGPT)—were measured using Reflotron (Roche Diagnostics
GmbH) according to the manufacturer’s protocol.

Isolation of Stromal Vascular Fraction From

Adipose Tissue and Leucocytes From Liver
Mice were deeply anesthetized by i.p. injection of 10 mg/kg
xylazin (Rompun® Bayer, Germany) + 100 mg/ml ketamine
(Ratiopharm GmbH Germany). Mice were intracardially
perfused with 1x PBS for 5min to remove circulating and
non-adhered blood leukocytes from the organs (12).

After perfusion, adipose tissue stromal vascular fraction
(SVF) and liver lymphocytes were isolated. In brief, the excised
epididymal adipose tissue from the mice was digested with 0.2
mg/ml of collagenase (Sigma-Aldrich; Taufkirchen, Germany) in
DMEM medium at 37°C for 40 min. After the digestion, the
adipocytes were removed and SVF pellet was filtered by passing
through a 40 um filter after red blood cell lysis (Invitrogen,
Thermo Fisher Scientific; Carlsbad, CA, USA).

To isolate cells from the liver, the liver was minced into
small pieces followed by digestion with 0.5 mg/ml collagenase
A (Roche, Basel, Switzerland) at 37°C for 30 min. After the
digestion single cell suspension was generated by passing the
digested tissue through a 70pum filter. Lymphocytes were
enriched from the homogenate using a percoll gradient.

Cell Culture

After cell enumeration from SVF and liver single cell suspension,
isolated cells were cultured in 12-well tissue culture at
concentrations of 1 x 10° cells/ml in the presence of phorbol
myristate acetate (PMA) (50 ng/ml) and ionomycin (1 pg/ml) for
6h in RPMI-1640 medium (Gibco, Thermo Fischer scientific)
at 37°C. After 2h, Golgi Stop/Golgi Plug (BD Biosciences,
Heidelberg, Germany) was added and cells were harvested
4 h later.

Flow Cytometry

After in vitro stimulation, cells were harvested and incubated
in fixation/permeabilization buffer overnight (eBiosciences;
Darmstadt, Germany). Next, cells were blocked with PBS/1%
BSA including 0.1% rat IgG for 30 min (Sigma-Aldrich). After
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FIGURE 1 | Weight loss in formerly obese mice improves the metabolic profile. (A) Schematic experimental design. (B) Change in body weight, (C) adipose tissue,
and (D) liver weight 4 weeks after switching from a high fat diet (HFD) to a normal control diet (NCD). (E,F) Blood glucose levels over time after i.p. glucose (GTT, E) or
insulin (ITT, F) challenge. *p < 0.05, *p < 0.01, ***p < 0.001 compared to NCD. p < 0.05, $3p < 0.01, ¥$8p < 0.001 compared to HFD to NCD. (G) Serum lipid
profile and (H) and liver function enzymes between NCD, HFD and HFD to NCD groups. Pooled data from n = 2-3 experiments, 3-5 mice each. Statistical
significance was tested by Kruskal-Wallis followed by Dunn'’s test (C,D,G,H) or 2-Way ANOVA followed by Tukey’s multiple comparisons test (B,E,F).
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a washing step, the cells were incubated with permeabilization
buffer (eBioscience) for an additional 20 min. After washing, cells
were stained for flow cytometry with antibodies against CD4-
PE/Cy7, CD8-PerCP/Cy5.5 and intracellular cytokines IFN-y-
PE, TNF-FITC or IL-17A-PE, IL-22-APC. For quantification of
regulatory T cells, cells were permeabilized and stained with
CD4-PE/Cy7 and FoxP3-FITC for 30 min. For identification of
macrophages, the whole cell population was selected and doublet
cells were excluded by FSC-W and SSC-A characteristics followed
by gating of F4/80-PerCP/Cy5.5+ and CD11b-APC/Cy7+ cells
as macrophages. Macrophages were shown as percentage of
total SVF cells. All antibodies were purchased from eBioscience
(Darmstadt, Germany) or Biolegend (Fell, Germany). Data were
acquired with a BD FACS Canto System (BD Biosciences)
and analyzed using FlowJo 10 (Flowjo LLC; Ashland, Oregon)
software. During analysis, gates were set using the FMO
(fluorescence minus one) approach.

Real Time PCR

From adipose tissue RNA was extracted using the RNeasy mini
kit (Qiagen). RNA was reverse transcribed with the Omniscript
RT Kit (Qiagen) according to the manufacturer’s instructions
with oligo-d(T) primers (Roche; Penzberg, Germany). Real-time
PCR was performed with the Thermo Fisher QuantStudio 5
using the TagMan universal PCR master mix (Thermo Fisher
Scientific). TagMan probes for arginase-1 (Arg-I), resistin-
like molecule alpha (RELM-«) and Tnf were analyzed and
hypoxanthine-guanine phosphoribosyltransferase (hprt) was
used as an endogenous control (Thermo Fisher Scientific).
The relative CT (threshold cycle at the exponential phase of
amplification) method was used to calculate the qPCR results.
Delta CT was calculated as CT (gene of interest)—CT (hprt). The
fold change was calculated as 272€T,

Statistics

GraphPad Prism software version 8.3 was used for statistical
analyses (GraphPad Software, San Diego, CA, USA). Data were
analyzed for statistical significance by Kruskal Wallis followed by
Dunn’s test for multiple comparisons and Mann Whitney U-test
for comparison of two groups. Changes in GTT and ITT as well as
body weight over time were analyzed by 2-Way ANOVA followed
by Tukey’s multiple comparisons test. P < 0.05 were considered
statistically significant.

RESULTS

Weight Loss Improves Insulin Sensitivity,

Lipid Profile and Liver Enzymes

Mice were fed a high fat diet (HFD) for a period of 16
weeks to induce weight gain and were then maintained
on HFD or switched to normal control diet (NCD) for
4 weeks to induce body weight reduction (Figure 1A).
HFD to NCD switching (formerly obese mice) resulted
in a significant reduction in body weight (Figure1B),
adipose tissue weight (Figure1C), and liver weight
(Figure 1D).

After 20 weeks of HFD, impaired glucose and insulin
tolerance were observed, whereas formerly obese mice that
were switched to a NCD for the last 4 weeks had a glucose
and insulin tolerance that was comparable to NCD controls
(Figures 1E,F). Further, circulating levels of cholesterol
(Figure 1G), triglycerides (Figure 1G) and the liver enzymes
SGOT (Figure 1H) and SGPT (Figure 1H) were significantly
increased in HFD fed mice compared to NCD control mice and
formerly obese mice.

Increased Relative Numbers of
Pro-inflammatory Cytokine-Producing T
Cells in Adipose Tissue and Liver Are
Sustained Despite Weight Loss

We next investigated the effect of weight loss on frequencies
of type-1 and type-17 cytokine positive CD4+ and CD8+ T
cells in the liver and adipose tissue. The gating strategy for T
cells is shown in Supplementary Figure 1. In the adipose tissue,
switching from HFD to NCD resulted in decreased frequencies of
IFN-y+ (p > 0.05) and TNF+ CD4+ T cells (p<0.05) compared
to HFD controls (Figure 2A). On the contrary, frequencies
of IL-17+ and IL-22+ CD4+4 T cells (Figure 2B), IFN-y+
and TNF+ CD8+ T cells (Figure2C) and IL-17+ and IL-
22+ CD8+ T cells (Figure 2D) were highest in the HFD to
NCD group. In the liver, frequencies of TNF+ CD4+ and IL-
174 CD4+ T cells were found to be decreased (Figures 2E,F),
whereas the percentages of IFN-y+ and TNF+ CD8+ T cells
(Figure 2G) and IL-17+ and IL-22+ CD8+ cells (Figure 2H)
were highest in the formerly obese group. With regard to total
numbers, HFD significantly increased the number of CD4+4
type-17 (IL-17 and IL-22) (Supplementary Figure 2B), CD8+
type-1 (IFN-y+ and TNF) (Supplementary Figure 2C), CD8+
type-17 (Supplementary Figure 2D) and by trend CD4+ type-
1 (Supplementary Figure 2A) cytokine positive cells compared
to the NCD group in adipose tissue. Reversal of the diet
from HFD to NCD significantly reduced IFN-y+ CD8+ T cell
(Supplementary Figure 2C) and IL-174+ CD8+ cell numbers
(Supplementary Figure 2D) in adipose tissue. Total numbers
of liver CD4+ type-1 and type-17 cytokine positive T cells
increased in the HFD group compared to the NCD group
and switching diet from HFD to NCD significantly reduced
CD4+ type-1 and type-17 cytokine positive T cells compared
to the HFD group (Supplementary Figures 2E,F). HFD further
increased liver CD8+ type-1 and type-17 cytokine positive T cells
compared to the NCD group (Supplementary Figures 2G,H).
Frequencies of FoxP3+ regulatory T cells were significantly
reduced after HFD in both adipose tissue and liver and remained
low after the reversal of the diet (Supplementary Figures 3A,B).

Macrophage Depletion Attenuates CD8+ T
Cell Cytokine Production in Adipose Tissue
and Liver

Intriguingly, the frequencies of CD11b+4 adipose tissue
macrophages (Figure 3A) and the expression of MHCI
and MHCII on adipose tissue macrophages were highest
in HFD animals that were switched to a NCD (Figure 3B).

Frontiers in Endocrinology | www.frontiersin.org

62

April 2020 | Volume 11 | Article 257


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Surendar et al.

T Cell Inflammation and Obesity

N
o

Adipose CD8 (%)
D
o

A IFN-y TNF
:\';40 —
ol M e
(&)
320
é§1o . ‘!‘
<
NCD HFD HFD NCD HFD 1FD
(o]
NCD NCD
c IFN-y TNF
*kk
60
—E* Fekk
P

T;‘

= i
NCD HFD HFD NCD HFD HFD
to to
NCD NCD
IFN-y TNF
E
I *kk
40 *kk
&\°’ 30 *k%k
3 —
Bu = L
>
L =
NCD HFD ﬂ#D NCD HFD HFD
o)
NCD NGD
G IFN-y TNF
60 ' *k%k
§ *%
gol  wm B
) p———
S
g20 jii iﬁi ===
-

NCD HFD HFD
to
NCD

followed by Dunn’s test.

NCD HFD HFD
to
NCD

B IL-17 IL-22
— *k%k
3
[m]
(&)
e _ -t
¢, m
T
<
NCD HFD HFD NCD HFD HFD
to to
NCD NCD
D
IL-17 IL-22
*kk
<8
&\’ *kk
© 6 p————
3 =
9 4
Q
(7]
S == ﬁ
2 -
NCD HFD HFD NCD HFD HFD
NCD NCD
IL-17 IL-22
F
5 *%
S |
<
3
3 M == i
w2
g ?
51
0 T T T T T T
NCD HFD HFD NCD HFD HFD
to to
NCD NCD
H IL-17 IL-22
ke **
5 | A
L4
(&)
g’ i = -
%1
0

NCD HFD HFD
to
NCD

FIGURE 2 | Switching obese mice to a normal control diet increases frequencies of pro-inflammatory cytokine producing CD8+ T cells in adipose tissue and liver.
Animals were fed for 20 weeks on a high fat diet (HFD), normal control diet (NCD) or were switched after 16 weeks of a HFD to a NCD for 4 weeks. Frequency of
IFN-y+ and TNF+ (A,C), IL-17+ and IL-22+ (B,D) CD4+ T cells (A,B), and CD8+ T cells (C,D) within the adipose tissue. Frequency of IFN-y+ and TNF+ (E,G),
IL-174 and IL-22+ (F,H) CD4+ T cells (E,F), and CD8+ T cells (G,H) within the liver. Cytokine expression of T cells was determined following PMA/lonomycin

stimulation. *o < 0.05, *p < 0.01, **p < 0.001. Pooled data from n = 2-3 experiments with 3-5 mice each. Statistical significance was tested by Kruskal-Wallis

NCD HFD HFD
to
NCD

Frontiers in Endocrinology | www.frontiersin.org

April 2020 | Volume 11 | Article 257


https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
https://www.frontiersin.org/journals/endocrinology#articles

Surendar et al.

T Cell Inflammation and Obesity

antigen presenting molecules. Animals were fed for 20 weeks on a high fat diet (H
for 4 weeks. (A) Frequency of macrophages in the visceral adipose tissue and (B)
macrophages. (C) Frequency of macrophages in liver and (D) MFI of MHCI, MHCI

fat diet, HFD to NCD-HFD switched to NCD.

A B MHC | MHCIl  CD86
L Fkk i
=30 100 —
S " =
: = -
s £ m T
X 20 [ S 10 —2 sy
N o - *
3 ix LT - -
5 oL | =
%) 10' g. 1'
o T
©
* 0.1
NCD HFD I-tIFD NCD HFD I-LI;D NCD HFD I-LI;D NCD HFD I-{(I;'D
0
NCD NCD NCD NCD
(o] D
MHC | MHC II CD86
~ 6 | |
;—g 100
£ o ——
o o —
§4- 'g.No [ L — == i + |**—|
3 § % =
- ® _10' - i i
5, [— ECT|= -
o 52
o 2
g | == -
18
[1} T T T 1+— T T T T T T T T
NCD HFD HFD NCD HFD HFD NCD HFD HFD NCD HFD HFD
to to to to
NCD NCD NCD NCD

FIGURE 3 | Switching obese mice to a normal control diet leads to an increased frequency of adipose tissue and liver macrophages and increased expression of
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A similar pattern on macrophages was observed in the
liver as shown by increased liver macrophage frequencies
(Figure 3C) and the elevated expression of MHCI on liver
macrophages (Figure 3D). The total number of macrophages
in adipose tissue and liver were highest in the animals that
were maintained on a HFD and remained significantly
increased following reversal of the diet in comparison to the
NCD group (Supplementary Figures 4A,B). The macrophage
gating strategy is shown in Supplementary Figure5. The
expression of the alternatively activated macrophage markers
Arginase-1 and RELM-a were reduced in the adipose tissue
of the HFD group in comparison to the NCD group (p >
0.05) and tended to increase after the reversal of the diet
(p > 0.05 Supplementary Figures 6A,B). HFD increased
the TNF expression in adipose tissue compared to the NCD
group and switching the diet reduced the TNF expression
(Supplementary Figure 6C). Collectively, there was no clear
increase of alternatively activated macrophage-associated gene
expression in adipose tissue macrophages 4 weeks after the
reversal of diet.

As we observed that frequencies of T cell cytokine positive
cells are in parallel with macrophage accumulation and
their expression of antigen presenting molecules in adipose
tissue and liver, we set out to determine if macrophages are
a major determinant of sustained inflammation observed
during weight loss. Macrophage depletion was confirmed by
flow cytometry (Supplementary Figure 5), but did not affect
frequencies of CD4+ cytokine positive cells (Figures 4A,B),
but significantly diminished the frequency of IFN-y+, TNF+
(Figure 4C) as well as IL-17+ and IL-224+ CD8+ T cells
(Figure 4D) in the adipose tissue. Similar to adipose tissue,
depletion of macrophages had no effect on frequencies of
IFN-y+, TNF+ (Figure4E) as well as IL-174 and IL-22+
CD4+ T cells (Figure 4F) in the liver. However, frequencies of
IFN-y+, TNF+ (Figure 4G) and IL-17+ and IL-22+ CD8+
T cells (Figure 4H) in the liver were significantly decreased
upon macrophage depletion compared to the control group.
Macrophage depletion did not affect any of the metabolic
parameters such as body weight (Supplementary Figure 7A),
adipose  (Supplementary Figure 7B), and liver weight
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(Supplementary Figure 7C), GTT (Supplementary DISCUSSION

Figures 7D,E), and ITT (Supplementary Figures 7EG),

lipid profiles (Supplementary Figures 7H,I), and liver enzymes A combination of physical exercise and dietary changes is
(Supplementary Figures 7),K). considered as the most effective non-invasive intervention
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strategy for obesity. However, weight loss programs have been
shown to bring about only an average weight reduction of 10%
and despite the weight loss, the majority of patients quickly regain
the lost weight (13). This leads to the question of whether weight
loss improves the adverse metabolic and inflammatory profile
underlying obese conditions. In order to better understand the
biological mechanisms that reshape metabolic organs during
weight loss, we investigated the macrophage and T cell function
of the liver and adipose tissue on reversing HFD mice to NCD.
Although an improvement in insulin sensitivity, lipid profile,
and liver enzymes were evident after weight loss, the adipose
tissue, and liver macrophage frequencies were increased and the
expression of antigen presenting molecules on the macrophages
were also increased. Total macrophage numbers increased in
the metabolic organs during HFD and remained significantly
increased following the reversal of the diet. Depletion of
macrophages was sufficient to specifically limit the specific type 1
and type 17 CD8+ T cell frequencies, but not frequencies of type
1 and type 17 positive CD4+ T cells, from the adipose tissue and
liver. Our findings are in agreement with the results of Zamarron
et al. (5), who showed increased infiltration of macrophages in
the adipose tissue up to 6 months after diet intervention. Further,
Fischer et al. (14) have shown the presence of an inflammatory
imprint in liver and perigonadal fat even after normalization of
the metabolic parameters. Taken together these results argue in
favor of liver and adipose tissue intrinsic memory of previous
obesity. However, there are other reports that have shown that
weight loss improves the inflammatory profile of obese subjects
(7, 8).

When we probed into T cell alterations in our study, HFD
increased type 1 cytokine positive CD4+ T cell frequencies in
metabolic organs and switching HFD mice to NCD reduced
them. In contrast to our findings, Zamarron et al. showed that
HFD reduces frequencies of IFN-y+4+ CD4+ T cells in adipose
tissue and this phenotype was reversed after switching to a NCD
(5). Regarding type-17 cells, reversing HFD to NCD increased
the frequency of IL-174 and IL-224+ CD44 T cells in the
adipose tissue and IL-224 CD4+4 T cells in the liver. Nonetheless,
macrophage depletion did not rescue this effect of the reversed
diet. Therefore, further studies are needed to identify the factors
that regulate Th17 cells in the metabolic organs during weight
loss. Intriguingly, the frequencies, but not total numbers, of type 1
and type 17 cytokine positive CD8+ T cells increased after weight
loss. As increased macrophage accumulation was accompanied
by increased frequencies of cytokine positive T cells in liver
and adipose tissue, we depleted macrophages, which significantly
reduced the frequencies of IFN-y+, TNF+, IL-17+, and IL-22+
positive CD8+ T cells of the liver and the adipose tissue. It was
previously shown that formerly obese mice regain body weight
much faster than constantly lean counterparts (6). CD4+ T cells
could be essentially involved as H2A~/~ mice, which lack CD4+
T cells, did not develop an obesity memory and an accelerated
weight regain occurred when CD4+ T cells of formerly obese
mice were introduced to Ragl_/ ~ mice (6). However, we did not
see a significant impact of macrophages depletion on systemic
parameters in obese mice. In contrast to our finding, Feng
et al. showed that macrophage depletion modulates systemic

metabolic parameters even in lean mice (15). We speculate that
the reason for the lack of effect on metabolism in our study could
be the shorter follow up period of 4 weeks after macrophage
depletion and/or type of diet composition. There were slight but
non-significant reductions in body weight, adipose tissue weight,
and SGPT levels upon macrophage depletion. Thus, a longer
follow up time might have resulted in a significant improvement
of metabolic parameters.

One limitation of this study is that we have not validated our
findings in humans and further studies are needed to investigate
the impact of macrophages on adipose tissue inflammation and
systemic metabolic parameters during weight loss in humans. It
is not clear how and why weight loss leads to pro-inflammatory
T cell responses. It is possible that the inflammation might have
some beneficial effects as a low level of inflammation has been
shown to be a pre-requisite for metabolic homeostasis (16) and
the increased adipose tissue macrophages could help in resolving
the excess deposition of extracellular matrix (17).

In conclusion, we show that although weight loss improves
the metabolic profile, there is a robust increase in macrophage
frequencies and antigen presentation accompanied by an active
and ongoing/augmented CD8+ T cell inflammation both in liver
and adipose tissue for at least 4 weeks after stopping a HFD.
Depletion of macrophages reduced the expression of CD8+ T
cell cytokines, suggesting that macrophages are major mediators
of CD8+ T cell inflammation during weight loss. Therefore, it is
possible that the sustained, increased CD8+ T cell inflammation
in liver and adipose tissue could be the reason for the quick
regaining of body weight.
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The increasing prevalence of obesity is accompanied by a rising incidence in
metabolic syndrome and related pathologies such as non-alcoholic fatty liver disease.
Macrophages are hypothesized to play central roles in these diseases, through their role
as inflammatory mediators and as such are thought to be potential targets for future
therapies. Recently, single cell technologies have revealed significant heterogeneity within
the macrophage pool in both liver and adipose tissue in obesity. Thus current efforts
are focused on dissecting this heterogeneity and understanding the distinct functions
of the individual subsets. In this review, we discuss the current knowledge regarding
macrophage heterogeneity, ontogeny and functions in the context of obese adipose
tissue and fatty liver disease and attempt to align the distinct populations described
to date.

Keywords: macrophages, adipose tissue, non-alcoholic fatty liver disease (NAFLD), single-cell, heterogeneity,
liver, NASH (non-alcoholic steatohepatitis)

INTRODUCTION

The transition to a more sedentary lifestyle coupled with a higher caloric intake has led to an
enormous rise in incidences of obesity over the past decades. Simultaneously, this has led to a
dramatic increase in the number of patients suffering from numerous obesity-linked metabolic
disorders including insulin resistance and type 2 diabetes, cardiovascular disease and non-alcoholic
fatty liver disease (NAFLD). In fact, since 1975, obesity levels have almost tripled worldwide and
according to the World Health Organization (WHO) this accounted for ~8% of deaths in 2017
largely due to cardiovascular disease. Chronic low-grade inflammation has been suggested to be
related to many of the co-morbidities of obesity including type 2 diabetes, NAFLD, steatohepatitis
and cardiovascular disease [reviewed in (1)], leading to the concept of “metainflammation” (2).
This is characterized by abnormal cytokine production, activation of inflammatory signaling
pathways and increased acute phase reactants (3). Macrophages, as cells of the innate immune
system, are thought to contribute significantly to metainflammation across obese tissues [reviewed
in (4)]. Here, macrophages have been suggested to alter their phenotype toward a more
pro-inflammatory profile and this has been proposed to be detrimental in the long-term, driving
fibrosis and tissue damage (5, 6). More recently, the idea that these macrophages may be generated
as (initially) a tissue protective mechanism, to deal with the increased lipid load has also been
proposed (7). In recent years, it has become evident that there are multiple subsets of macrophages
present in both obese adipose tissue and the fatty liver that may contribute differently to the
pathogenesis of disease. What remains unclear is whether these represent an altered phenotype
of tissue-resident macrophages (Res-macs) or newly recruited populations of macrophages. In the
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latter case how these recruited macrophages relate to their tissue-
resident counterparts also remains unclear. Answering these
questions will be crucial to deciphering the different functions
of the macrophages and understanding how best to target
them therapeutically. While our understanding of macrophage
heterogeneity, has been greatly improved through the use of
single cell technologies including single cell RNA sequencing
(scRNA-seq), there is often little consensus between studies with
authors often using expression of different genes to identify
subsets and giving the subsets identified distinct names. In this
review, we will discuss what is currently known regarding the
macrophage subsets present in the liver in non-alcoholic fatty
liver disease and in obese adipose tissue, their origins and their
specific functions. In addition, where possible, we attempt to
align the different populations identified to date. For the most
part the studies discussed here have been conducted in murine
models unless stated otherwise (Table S1).

TISSUE-RESIDENT MACROPHAGES

Under homeostatic conditions, tissue-resident macrophages
(Res-macs) represent the majority of macrophages in the body.
These are generated alongside their tissue of residence, typically
during embryogenesis and as such derive, at least initially, from
embryonic progenitors including yolk-sac macrophages and fetal
liver monocytes [reviewed extensively in (8-10)]. As the tissues
grows in the Ist weeks of life, bone-marrow derived monocytes
can also engraft in some tissues and generate Res-macs (8, 11).
In most tissues, once organ growth has ceased, the Res-macs
are maintained independently from any significant input from
circulating progenitors, but rather through local proliferation of
existing macrophages, although there are a few exceptions to this
including the gut, dermis, heart and lung interstitial macrophages
which are continuously replaced from the BM throughout life
[reviewed in (8, 9, 12)]. Additionally, in old-age, BM monocytes
may also start to contribute again to the Res-mac pools in some
tissues, with a slight increase in BM-derived macrophages being
observed in the spleen and peritoneal cavity between 36 and 46
weeks after tamoxifen labeling (13). Notably, in the lung and liver,
the specific origin of the Res-macs, termed alveolar macs (Res-
AMs) and Kupfter cells (Res-KCs) respectively, whether yolk-sac
macrophages, fetal liver monocytes or bone marrow monocytes,
does not appear to significantly affect the transcriptional profile
of these macrophages or their ability to self-renew provided
they are generated under homeostatic conditions (11, 14). This
conditioning of progenitors enabling the development of Res-
macs under homeostatic conditions, is proposed to result from
the interactions between the progenitors/macrophages and the
specific cells in their local environment or “niche” including
stromal cells, endothelial cells and structural cells (8, 15)
and indeed crosstalk between macrophages and fibroblasts has
already been demonstrated in vitro under both healthy and
fibrotic conditions (16, 17), while in vivo, many of the signals
driving monocyte recruitment and differentiation into Kupfter
cells following depletion have already been elucidated including
1118, TNFa, DLL4, NOTCH, LXRa, and BMPs (18, 19).

Regarding their functions, Res-macs fulfill central roles
in tissue homeostasis and immunity through their constant
surveillance and their ability to clear foreign substances, dead
cells and debris. This clearance is mediated through recognition
of pathogen-associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs) by pattern recognition
receptors (PRRs) present on their cell surface. In addition to
physically clearing the tissue of pathogens, dead/dying cells and
other debris, Res-macs can also express multiple cytokines which
contribute to the activation of other innate immune cells and
the adaptive immune system. Notably, through their unique
transcriptomic profiles imprinted by signals from the local niche
(8, 15), Res-macs are also proposed to play additional roles in
maintaining tissue homeostasis, performing several “accessory”
functions depending on the needs of their tissue of residence (20).
These tissue-specific transcriptional profiles have been shown to
be driven through expression of “master” transcription factors,
which are imprinted in the macrophages by signals from their
local niche (21, 22). For example, the transcriptional profiles of
Res-KCs in the liver and Res-AMs in the alveolar space of the lung
are both enriched for genes associated with a lipid metabolism
function (21, 23), with the lipid metabolism profile of KCs being
driven at least in part through expression of LXRa (23), which is
imprinted on KCs by liver sinusoidal endothelial cells and hepatic
stellate cells (18, 19). Similarly, Res-macs in the liver and spleen
are enriched for genes necessary for iron processing, a function
regulated by the master transcription factor SpiC (23-25).

With the identification of the substantial role played by
the niche in regulating Res-mac gene expression and hence
functionality, one of the key questions in the macrophage
field today is how does the niche change in inflammation and
how does this impact Res-mac survival and function? Notably,
a population of microglia with a distinct transcriptional and
functional profile have recently been described in aged mice
(20 months). These microglia contain lipid droplets and were
hence termed lipid droplet-containing aged microglia (LDAMs)
(26). As there is limited input of HSCs to the microglia pool
46 weeks after tamoxifen administration (13) these LDAMs
are suggested to be a population of Res-microglia, suggesting
that Res-macs may indeed respond to changes in their local
environment as occurs in aging or inflammation. However, as
the origin of LDAMs was not formally tested in this study, it
remains to be seen if these are indeed altered Res-macs or a newly
recruited population (26). Nevertheless, understanding how the
niche changes and how this may alter the macrophages is relevant
question especially in the context of obesity and metabolic
disease, where, for example, changes in hepatic stellate cells and
myofibroblasts in the liver have been already been reported in
NASH and fibrosis in both mouse and human samples (27, 28).

RECRUITED MACROPHAGES

Alongside Res-macs, when homeostasis is perturbed, for example
due to inflammation and/or infection, bone marrow monocytes
are recruited to the tissue, where they subsequently differentiate
into macrophages. In some instances these cells represent a
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short-lived transient population that are recruited during the
inflammation/infection but are typically lost a few days after
return to homeostasis (29-32), thus from herein these will be
termed “temporary macrophages” (Temp-macs). However, bone
marrow monocytes can also engraft and become long-lived
resident macs under non-homeostatic conditions (32-36). When
this happens in the brain due to genetic models or irradiation
substantial differences are observed between the profiles of these
recruited Res-macs compared with the embryonically-derived
Res-microglia, including expression of the microglia-identity
gene Salll (33-35). Thus, we propose to call these Res-macs
recruited under non-homeostatic conditions inflammatory Res-
macs (infRes-macs). Whether these differences in brain microglia
are due to timing and hence a potentially altered niche (for
example adulthood vs. embryo) or due to intrinsic differences in
the progenitors remains to be investigated. Notably, BM-derived
KCs engrafting after genotoxic injury also display some (albeit
minor) differences in their transcriptional programs compared
with those engrafting under homeostatic conditions following
DT mediated depletion (11, 37), suggesting the altered niche
may be the most important factor at play. In the lung in
the context of influenza infection, Res-AMs were found to be
largely unchanged by the virus but reduced in numbers, which
led to the development of BM-derived infRes-AMs during the
infection with distinct functions, transcription and epigenetic
profiles as compared with the Res-AMs (36). Notably, with time
spent in the lung niche following recovery from infection, these
differences were gradually lost and thus the infRes-AMs more
closely resembled the Res-AMs with time (36). In the liver in a
model of NASH, we also observed BM-monocytes differentiating
into infRes-KCs that were maintained for at least 4 weeks after
return to homeostasis (32). However, how similar these infRes-
KCs were to the Res-KCs was not investigated (32) and remains
an open question. Given the observation that infRes-macs can
have significantly altered profiles and hence altered functionality
compared with Res-macs, these macs should be discriminated
from one another. This could be especially important in disease
settings where one might aim to promote Res-macs over
newly recruited infRes-macs or vice versa depending on their
specific functions.

The recruitment of both Temp-macs and infRes-macs
to supplement the original Res-macs in inflammation raises
multiple questions. For example, why do we recruit macrophages
in non-homeostatic conditions? Does this mean that Res-macs
are not plastic enough to be able to deal with the insult? Do
Res-macs alter their profiles as has been previously suggested
or are changes within the total macrophage pool due solely to
the recruitment of Temp-macs and infRes-macs? Indeed the
influenza study would suggest the original Res-macs are not
substantially altered by the virus but rather cannot maintain
their numbers and hence require input from the BM (36). Is
this true in obese tissues? Are infRes-macs required to maintain
macrophage numbers as some Res-macs are lost and proliferation
rates are not sufficient to replenish the pool? If so, how similar
are these infRes-macs to their original Res-mac counterparts?
Moreover, how distinct are infRes-macs and Temp-macs? Do
these represent distinct populations of macrophages entering

the tissue or can some Temp-macs also become infRes-macs?
In the context of obesity, it will be important to address these
questions to understand (i) which subsets are important in
the pathology, (ii) which signals drive the recruitment and
differentiation of the different subsets, and (iii) how we could
target the required subsets therapeutically. Crucially, it will be
important to understand which subsets are found across multiple
labs, models, and indeed species to be able to understand which
populations could be clinically relevant. With this in mind, below
we will discuss the current knowledge regarding the distribution
and origins of different macrophages subsets and their functions
in obese tissues and attempt to align the subsets identified by
different groups. However, as will become clear, this is not always
straight-forward and as a result there are still many unanswered
questions regarding these cells in obesity.

MACROPHAGE SUBSETS IN NAFLD AND
NASH

NAFLD is the hepatic manifestation of metabolic syndrome.
It currently represents the most common etiology of chronic
liver inflammation in the western world. Due to the lack of
treatment options available, it is predicted to be the primary
reason for liver transplantation in the western world by 2030
(38-41). The current lack of therapies for patients with NAFLD
stems from the fact that NAFLD is a complex disease, consisting
of different stages ranging from simple steatosis (retention of fat
in the liver) to non-alcoholic steatohepatitis (NASH), cirrhosis
and even hepatocellular carcinoma (HCC). While patients with
simple steatosis are largely asymptomatic, the progression to
NASH, fibrosis and eventual cirrhosis leads to the need for liver
transplantation. Notably, this progression from NAFLD to NASH
does not occur in all patients and the mechanisms underlying
this transition remain largely unknown. It has been proposed
that multiple “hits” coming from the gut and adipose tissue may
account for this progression (42), with one of the hits being
the ensuing inflammation potentially driven by macrophages in
response to the increased lipid load and hepatocellular death.
During steady state, the predominant macrophage population
present in the liver is the resident Kupffer Cells (Res-KCs). They
are one of the largest populations of Res-macs present in the
body and reside with part of their body in the liver sinusoids
where they are in close contact with liver sinusoidal endothelial
cells (LSECs) and part in the liver parenchyma where they are in
close contact with hepatic stellate cells (HSCs) and hepatocytes
(19). In mice, KCs can be identified by their specific expression
of the C-type lectin, CLEC4F (11). In addition, once resident
in the liver, KCs also express TIM4 and thus the combination
of CLEC4F and TIM4 is very useful to discriminate between
Res-KCs (CLEC4FTTIM4™) and recently recruited KCs, on their
way to becoming resident (CLEC4F*TIM4~) and Temp-macs
(CLEC4F~TIM4™) that can either differentiate into KCs or be
lost from the tissue upon return to tissue homeostasis (11, 32). In
humans, the best markers of Res-KCs compared with the other
mac populations present in the liver are still being elucidated,
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although CDI163, TIMD4, and MARCO expression have been
suggested to identify Res-KCs (28, 43).

In the context of NAFLD, Res-KCs have been proposed to
drive the progression from NAFLD to NASH through their
role as inflammatory mediators [recently reviewed in (6)].
This hypothesis stems from studies suggesting the balance
between M2- and Ml-like hepatic macrophages is altered
in NAFLD and that promoting more M2-like macrophages
may be beneficial in NAFLD (44-48). In addition, studies
depleting macrophages using models including LysM-driven
genetic models and clodronate liposomes have further fueled
the hypothesis that Res-KCs drive the development of hepatic
steatosis, insulin resistance, liver damage and inflammation (49-
53). However, two main findings are now altering this line of
thinking. Firstly, it is now clear that the M1/M2 polarization
states are not sufficient to describe the complex milieu of signals
which imprint macrophage phenotypes and functions in vivo
(54). Indeed, under homeostatic conditions, the transcriptional
profile of Res-KCs and other tissue Res-macs do not resemble
those of either M1 or M2 macrophages (Figure 1, Table S2).
Moreover, it has become clear that Res-KCs are not the only
population of macrophages in the fatty liver, with a number of
Temp-macs being recruited from the bone marrow in a CCR2-
dependent manner that are also thought to play a role in the
progression to steatohepatitis and fibrosis (56-58). Thus, it is
not yet clear if Temp-macs or Res-KCs are contributing to the
phenotypes observed when total macrophages are manipulated
using such non-KC-specific models as described above and hence
the exact roles played by Res-KCs in NAFLD/NASH remain to
be understood. In addition, in mice fed a methionine-choline
deficient (MCD) diet to induce NASH, we demonstrated that
CLEC4F~ Temp-macs are recruited to the liver and that some
of these give rise to CLEC4FTTIM4~ infRes-macs (32). Thus,
potentially, there could be at least 3 distinct subsets of macs with
different transcriptional profiles and functions in NAFLD/NASH.
However, as mice fed the MCD diet develop NASH symptoms
but do not gain weight (32), whether these infRes-Macs are also
found in more biologically relevant models of NAFLD/NASH
or indeed in human NAFLD/NASH remains to be seen as
discussed below.

With these caveats of earlier studies in mind, what have we
learnt in recent years regarding the subsets and roles of liver
macrophages in NAFLD/NASH? Intriguingly and contrary to
the widely accepted hypothesis, a recent study has found that
neither obese human macrophages nor high-fat diet fed (12
weeks) murine liver macrophages (purified as adherent cells
following tissue digestion, percoll gradient and plating) altered
their expression of a standard panel of activation associated genes
including Tnfa, Il1b, Il6, 1110, Tgfbl, Ccl2, Ccl5, Itgax, Cd80,
Socs3, Chil3, Argl, or Egr2 (59). This therefore raises the question
whether Res-KCs do respond to the fatty liver environment and
mediate the inflammation as originally proposed or if perhaps
they behave more like the Res-AMs in the lung during influenza
infection (36). However, as here there was no discrimination
between Res-KCs and other liver macs (59) it is difficult to draw
any conclusions regarding the roles of these cells, perhaps Res-
KCs are not activated or perhaps they are but their numbers are

Module 7 03
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Module 14 M2 Genes

Module 15
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Tissue Identity
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FIGURE 1 | No overt M1 or M2 activation profile in tissue resident
macrophages in homeostatic conditions. Expression of gene modules
associated with M1 (module 7, 8, 9) and M2 (module 13, 14, 15) human
macrophages (55) by microglia, splenic macrophages, colonic macrophages,
Kupffer cells and Alveolar macrophages isolated from mice under homeostatic
conditions (23). Expression of core identity genes of each tissue resident
macrophage population (23) were also visualized as a control (Genes
associated with each module and population can be found in Table $2). To
generate the heatmap, mouse gene symbols were used as input for the AUCell
R package. In brief, AUCell allows you to identify cells with active gene sets
(e.g., signatures, gene modules) in single cell RNA-seq data by first ranking the
genes from highest to lowest value per cell. Next, area under the curve (AUC)
is calculated to determine whether the gene set is enriched at the top of the
gene-ranking for each cell. The output is a matrix with an AUC score for each
gene set in each cell. For the heatmap we calculated the mean AUC of all cells.

reduced in NAFLD leading to the majority of total macs being
Temp-macs without an overtly activated profile. Thus, further
work is required to answer these questions.

The recent advances in scRNA-seq studies have started to
shed light on the heterogeneity of macrophages present in the
NAFLD/NASH liver. One recent study employing scRNA-seq of
CD45%Ly6G~ myeloid cells isolated from mice fed a western
diet supplemented with fat, sugar and cholesterol for 16 weeks
identified 3 distinct clusters of recruited macrophages (termed
Mo-MFs) and a cluster of likely Res-KCs (57). All of these
macrophage populations, as well as ¢cDC2s and bone marrow
monocytes in these mice expressed lower levels of S100a8
and S100a9 encoding the inflammatory protein Calprotectin
compared with the same populations in control mice fed
a normal diet, suggesting they may have anti-inflammatory
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properties (57). Fitting with this, challenge of these mice with an
overdose of paracetamol as a model of acute liver injury resulted
in attenuated disease compared with normal diet fed controls
(57). While a similar response of recruited macrophages and
Res-KCs as observed here (57), would be consistent with the
relative unresponsiveness of total liver macrophages observed
by the Aouadi lab (59), there are a few remaining questions
surrounding this study. The presence of recruited macrophage
populations in the control mice (albeit at lower frequencies than
the NAFLD mice) is rather unexpected especially as some of these
populations seem to be more abundant than the KCs (57). This
raises the question if the control mice are completely healthy? If
so, the question becomes what are these recruited macrophage
populations in the control mice and where are they located?
In addition, a key question is whether the distinct clusters of
recruited macrophages identified truly represent distinct subsets
of macrophages or rather one population existing along a
gradient of activation and/or developmental stages? Regarding
the relative paucity of Res-KCs, while the authors attribute this
to digestion and cell isolation, it raises the question as to whether
the Res-KCs isolated are representative of the total Res-KC pool
in NAFLD/NASH? Moreover, as the origins of these cells were
not studied it remains to be seen if these are truly Res-KCs or if
any infRes-KCs may also be found in the NAFLD/NASH liver.

A second recent study also employing scRNA-seq but this
time using mice fed an amylin (ALMN) diet for 20 weeks to
induce NASH identified distinct clusters of macrophages in the
NASH liver (27). Here one population of recruited macrophages
alongside two KC subsets were identified. The two KC subsets
were identified as KCs based on expression of Cd5l and the two
subsets were distinguished from each other based on expression
of Trem2, Cd9, and Gpnmb (27). The KC population expressing
all of these genes was only present in the NASH condition and
was therefore termed NASH-associated macrophages or NAMs
(27). The expression profile of these NAMs was significantly
different from healthy Res-KCs (27), but the healthy Res-KC
profile was largely maintained in the non-NAM KCs in the
ALMN diet (27), further supporting the idea that at least some
of the Res-KCs may not be altered in NAFLD/NASH. As the
relationship between the two KC subsets identified in the ALMN-
fed mice was not studied (27), it is not clear if the NAMs
represent a recruited population of infRes-KCs, while the non-
NAM KCs represent Res-KCs that do not alter their phenotype
in NASH or if the NAMs are a population of Res-KCs that
have altered their transcriptome due to the NASH environment.
This will of course be important to address as targeting such
macrophages either to assess their functions or later on in the
clinic would require different approaches in each case. Notably
while further study is required to understand the nature of these
macrophage subsets, macrophages with a phenotype similar to
the NAMs have also recently been identified in fibrotic human
livers (28) indicating the potential relevance of these macs in
human disease although not necessarily restricted to NASH as
the name NAMs would suggest. The macrophages identified in
fibrotic human liver tissue were rather termed scar-associated
macrophages (SAMs) and were specifically located around the
fibrotic scars (28). Interestingly the SAMs were distinct from KCs

further highlighting the need to investigate the designation of
NAMs as KCs in the mouse (27).

Despite the advances in understanding macrophage
heterogeneity, an unfortunate feature of these studies is
that it is not always easy to link the subsets identified in the
different studies. This is further complicated by each study
giving a different name to the macrophage populations they
identify. A crucial next step will therefore be to understand
what subsets and profiles are shared across NAFLD/NASH
models and between species and how best to identify them for
downstream functional studies which are still lacking. To try
to align these studies, we have downloaded the data from the
two reports and recreated the tSNE plots (27, 57). While the
tSNE plots are not exact replicates, the same clusters identified
by the two groups could be identified in our recreations based
upon the data provided and the gene lists published for each
population (Figure 2). Expression of a set of markers proposed
as Res-KC markers (Clec4f, Timd4, Cd5l), general macrophage
markers (Adgrel, Fcgrl), monocyte markers (Ccr2 and Ly6c2)
and the markers proposed by the studies (5100a8, S100a9, Cd9,
Trem2, and Gpnmb) were assessed (Figure 2). Interestingly,
the subsets identified in both studies as recruited macrophages
expressed relatively low levels of the macrophage markers
Adgrel (encoding F4/80) and Fcgrl (encoding CD64) while
still expressing the monocyte genes Ly6c2 (encoding Ly6C) and
Ccr2, thus perhaps some of these populations may represent
monocytes or monocytes transitioning to macrophages rather
than fully differentiated macrophages (Figure 2). This would
also explain their presence in the healthy controls in the study
from the Tacke lab (57). In terms of expression of the KC-specific
markers, it appears that some of the NAMs do not express
these genes suggesting they may indeed represent Temp-macs
(Figure 2). While further studies will be required to confirm
this, this could indeed suggest that Res-KCs are not significantly
altered in NAFLD/NASH but rather that recruited macs in
NASH have a distinct phenotype from Res-KCs. Regarding the
presence of infRes-macs, in both studies a population of KCs
exist that do not express Timd4 (encoding TIM4), a marker of
long-term residence of KCs in the liver (Figure 2). This could
suggest that like in the MCD-induced NASH model, infRes-KCs
may be generated with an altered profile to Res-KCs. However,
as coverage of Timd4 expression is not always 100% even in
homeostatic conditions (23) and we do not yet fully understand
the signals driving Timd4 expression in KCs, this will need to be
confirmed with fate-mapping studies. While $100a8 and S100a9
expression was not seen in the study from Xiong and colleagues
(Figure 2), what is notable is that the Trem2, Cd9, Gpnmb
signature of NAMs (27), that is also found in macrophages
from human fibrotic tissue (28) can also be found in some
cells in one of the recruited macrophage clusters (mo-mf-II) in
the study from Krenkel et al., notably, in the cells expressing
lower levels of Ly6c2 and higher levels of Adgrel and Fcgrl
compared with the other populations designated as recruited
macs (Figure 2), suggesting that this may be a truly conserved
signature of Temp-macs in fibrosis. Thus, understanding the
functions of these cells represents an important question for
future studies.
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Krenkel et al. 2019 (56); 16 weeks WD vs control
Adgrel Fegr1 Cdsl

tSNE-1

FIGURE 2 | Comparison of murine scRNA-seq datasets on macrophages in NAFLD/NASH. Publicly available sScRNA-seq datasets from (27, 57) were downloaded
and tSNE maps recreated as close to the original as possible with the information provided. The distinct clusters of macrophages and KCs as identified in the original
studies (27, 57) were identified and expression of the indicated markers assessed.

Another key question is if Res-KCs are not functioning  Res-KCs may function to metabolize the ectopic lipid in NAFLD,
as inflammatory mediators in NAFLD as these recent studies  as under homeostatic conditions Res-KCs have been shown
may suggest, do they play any role? One possibility is that to express a module of genes associated with lipid/cholesterol
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metabolism (11), although this remains to be tested directly. In
line with other roles for Res-KCs, Morgantini et al. proposed
that liver macrophages would function in NAFLD through
their production of non-inflammatory factors including Igfbp7
regulating liver metabolism (59). While an interesting concept
that should be followed up, it will also be important to determine
which of the liver macrophage subsets in NAFLD express Igfbp7
(Res-KCs or recruited macs) and how specific this expression is
across the liver. For example, do any of the niche cells of the
liver such as HSCs and LSECs which express higher levels of
Igfbp7 than Res-KCs under homeostatic conditions (unpublished
data) also express Igfbp7 in NAFLD/NASH and what role does
this play?

Taken together, this significant level of heterogeneity within
the macrophage pool in NAFLD/NASH (Figure 3) highlights
the need to understand the specific functions of the different
macrophage populations identified. In addition, with the
possibility that some monocytes infiltrating the liver in
NAFLD/NASH may give rise to infRes-KCs (Figure 3), this
brings into question the strategy to target all recruited cells in
NAFLD through CCL2 inhibitors (60), as potentially infRes-KCs
and Temp-macs may play distinct roles in disease pathology.
Thus, further investigation into the biology of this heterogeneity
is warranted, especially in terms of understanding the functional
contribution of the conserved subset of putative Temp-macs
expressing Cd9, Trem2, and Gpnmb found across multiple
models and in human fibrotic tissue as well as the location of
these subsets in the tissue and their interactions with the local
niche. Of note, one study in Trem2 KO mice fed a western diet
found reduced pathology in the KOs compared with WT controls
(61). While this was attributed to macrophages in the adipose
tissue (61) (see below) it is also possible that this phenotype was
due to the lack of Trem2-expressing macrophages in the fatty
liver, further highlighting the need for functional studies with
these populations.

MACROPHAGE SUBSETS IN OBESE
ADIPOSE TISSUE

The adipose tissue consists mainly of adipocytes and functions
as an energy store but also produces hormones, for example
those regulating lipid metabolism and hunger satiety. Adipose
tissue macrophages (ATMs) are spread throughout the adipose
tissue with a significant proportion in lean mice being found
associated with the vasculature and hence recently termed
vasculature-associated macrophages or VAMs (62). VAMs are
identified on the basis of their expression of CD206 and
CD11b and can be subdivided into two subpopulations (VAM1
and VAM2) based on MHCII and TIM4 expression, with
VAM2s expressing higher levels of TIM4 (62). In addition
a population of CD206™CDI11b+*CD64TCD11c™ pre-VAMs
and CD206™CD11b*CD11c¢*CD64% double positive (DP)
macrophages were also identified in this study although their
localization was not in