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ABSTRACT

Metabolically triggered inflammation is termed “meta-inflammation,” which underlies the
pathological processes of many metabolic dysfunctions. In both inflammatory processes
of chronic inflammation and bacterial endotoxin-induced acute inflammation,
macrophages have been shown to exhibit critical regulatory activity at all stages of
inflammatory tissue responses. The ghrelin receptor, a.k.a. growth hormone secretagogue
receptor (GHS-R), mediates the stimulatory effects of ghrelin on food intake and fat
deposition. In this study, we investigated the roles of macrophage GHS-R in macrophage
programming and meta-inflammation under physiological and pathological conditions.
We generated myeloid-specific GHS-R knockout mice (LysM-Cre; Ghsr”/) and
tested the mice under different inflammatory conditions; normal physiological condition,
lipopolysaccharide (LPS)-induced acute inflammatory condition, and high fat diet (HFD)-
induced low grade chronic inflammatory condition. Under physiological conditions,
myeloid-specific GHS-R did not alter body weight, tissue weight, or metabolic profile.
Interestingly, systemic pro-inflammatory cytokines were down-regulated in RD-fed
myeloid-specific GHS-R deleted mice. Therefore, we further studied the role of GHS-R
under pathological conditions; LPS-induced acute inflammation and HFD-induced
chronic inflammation. We found that myeloid-specific GHS-R deletion protects against
LPS-induced lethal endotoxemia and pro-inflammation in serum and macrophages by
reducing M1-macrophage polarization. In addition, myeloid-specific GHS-R deletion

reduces hepatic inflammation in a paracrine manner. Under chronic inflammatory
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conditions, fewer infiltrated macrophages were found in epididymal white adipose tissue
(eWAT) and liver of HFD-fed LysM-Cre;Ghsr/ mice, which suggests a down-regulated
inflammatory state in these tissues. Reduced lipolysis in eWAT and serum-free fatty acid
(FFA) was detected in HFD-fed LysM-Cre; Ghs¥/ mice, which indicates ameliorated liver
steatosis in HFD-feeding. The regulatory effect of macrophage GHS-R on hepatic
inflammation was in a paracrine manner by reducing M 1-macrophage polarization, which
is regulated by IRS2-PI3K3-AKT2 through PKA-CREB. Consistent with the macrophage
phenotype change, elevated mitochondrial respiration, fatty acid oxidation (FAO), and
reduced glycolysis were detected in GHS-R deleted macrophages.

These findings reveal that GHS-R is an important immune-metabolic regulator of
macrophages. GHS-R governs macrophage infiltration, polarization, and cellular
metabolic-programming, thus moderating tissue inflammation and systemic insulin
sensitivity. Our findings suggest that GHS-R antagonists may present a novel therapeutic

strategy for metabolic disorders such as endotoxemia and insulin resistance.
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CHAPTER 1

INTRODUCTION

Inflammation and energy metabolism
Inflammation underlies a wide variety of inflammatory processes. The predominating
historical concept of immunity and energy metabolism is considered to be different
processes in different cells. However, current studies revealed that there is intersection
between immunity and metabolism in the specific metabolic programs of distinct
molecular, cellular, and organelle level. Meta-inflammation is a term describing
metabolically triggered inflammation associated with many immune-related metabolic
dysfunctions, tissue damage and chronic diseases such as obesity, diabetes, NAFLD, and
autoimmune diseases (1-4). In both inflammatory processes, bacterial endotoxin (LPS)-
induced inflammation and chronic inflammation increase circulating inflammatory
mediators and induce the activation of various immune cells that together regulate the
tissue damage and/or repair (5). Although many immune cells involved in the processes
of tissue damage/repair (6), macrophages have been shown to involved in all stages of
inflammatory and tissue reparative responses in different organ systems (7). Among many
immune cells, macrophages are a crucial source of inflammatory mediators such as
chemokines and cytokines that elicit their effects in an autocrine and/or paracrine manner
and drive the initial cell response following tissue injury (7). Under metabolic stress,
macrophages undergo extensive changes in glycolysis and oxidative phosphorylation,

correlating inflammatory cytokine production (8).



From bone-marrow progenitor cells to tissue macrophages

Macrophages are one of the major professional phagocytic cells generated from
committed HSCs located in the BM. In the BM where they are maintained before being
released into the bloodstream, HSCs initially give rise to MPPs which then rise to the CLP
and the CMP, which then advance into MEPs and GMPs (9-12). Further downstream,
GMPs give rise to granulocytes and to macrophage and dendritic cell precursor (MDP),
which generates the common dendritic cell precursors, as well as the monoblasts that are
the precursors of pro-monocytes (13, 14). Next, monocytes are rised from pro-monocytes
and released into the bloodstream (15). After circulating in the bloodstream for a few days
after leaving the bone marrow environment, monocytes extravasate through the
endothelium into tissues using adhesion molecules such as CD62L, PSGL1, LFA1, and
PECAMI, together with chemotactic factors such as CSF1 and the chemokines CX3CLI1
and CXCLI12 (16-20). Once in tissues, monocytes differentiate into macrophages under
control of CSF1 or under mediating inflammatory events in response to chemoattractant.
All these stages of macrophage differentiation are manipulated by growth factors and

transcription factors such as Notchl and Runx1 (19, 21).

Resident and infiltrated macrophages in tissues

Subpopulations of tissue-resident macrophages are divided based on the anatomical
location. Tissue-resident macrophages are derived in utero in the yolk sac and resided in

tissues; the microglia (brain), Kupffer cells (liver), alveolar macrophage (lung),
2



osteoclasts (bone), and splenic, adipose, and cardiac macrophages (22-24). They are
regarded as cells with limited mobility within the reside tissue, which plays a key role in
tissue remodeling and homeostasis. While conventional approaches exam macrophage
activation in vitro with the measurement of inflammatory stimuli-induced cytokine
secretion and changes in gene expression, current studies highlight macrophage
responsiveness in vivo with 6interaction between tissue-resident macrophages and innate
immune cells (25-27). These tissue-resident macrophages engulf the foreign substance and
recruit monocytes from circulation to the inflamed tissue (28). For example, tissue-
specific macrophages dismantle dead cells into small particles and recruit peritoneal
macrophages and neutrophils within an hour on the injured location (29). Publications
various tissues, including liver, heart, and intestine, also report that tissue-resident
macrophages become activated and release pro-inflammatory cytokines during the early
phase of injury and inflammation, which in turn causes recruitment of circulating
monocytes in the injury site (26, 28, 30). To be specific, in the liver, depletion of Kupffer
cells results in reduced neutrophil recruitment, suggesting Kupffer cells potentially play
an important role in healing liver injury by orchestrating neutrophile recruitment (29).
Recruiting extra immune cells is through the process of generating large pools of
neutrophils and monocytes in a process that is dependent on cytokines and chemokines
(31). Several studies report that monocytes that exit bone marrow are diverse into two
types, characterized by high expression of CX3CR1 and low expression of the LY6C
which cannot respond to CCL2 (17, 32, 33). Under tissue injury, the NLR protein NOD2

in activated tissue-specific macrophages is accountable for the production of CCL2, which



induces the recruitment of monocytes to the injured site and differentiates to inflammatory
macrophages (32). The described process shows that tissue-resident macrophages provide
the first line of defense against invading pathogens via crosstalk between the damaged

tissue and the bone marrow to increase the number and activation of tissue macrophages.

During embryonic development, tissue-resident macrophages are defined by
expression of the cell surface marker (FcyRI (CD64) and MERTK) and the transcription
factors (PU.1, CEB, MAF, and MAFB) (21). Interestingly, based on the location they
engraft, macrophages become specialized by receiving specific signals that are produced
in the local environment to regulate the expression of tissue-specific transcription factor
according to the needs of their specific organ of residence (21, 34-36). In the brain,
microglial cells are exposed to locally produced TGF-f3, which drives SMAD transcription
factor and generates genes specific to microglia, and IL-34, which is produced by neurons
in several locations of the brain for microglia maintenance (25, 27). Microglia conversely
interacts with surrounding environment by producing BDNCF and IGF1, which is crucial
for the survival of layer V cortical neurons. In the lung, fetal monocytes are differentiated
into alveolar macrophages by exposing them to epithelial cell-derived CSF2 which
promotes the expression of PPARy (37). Maturated alveolar macrophages are required to
maintain lung homeostasis by clearing excess surfactant and regulating surfactant
catabolism. In the spleen, SPIC transcription factor expression is regulated by heme which
controls the maintenance of spleen red pulp macrophages and the expression of splenic
red pulp macrophages-specific molecule, VCAM (38). Splenic macrophage maintenance

depends on LXRao-mediated signals and trap circulating particulates and affects local B
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cell maintenance in the marginal location of the spleen (39, 40). Microbial products in the
intestine drive the production of IL-1f that stimulates ILC3s (41). CSF2 production
mediated by ILC3 is necessary for the survival of intestinal immune cells (macrophages
and DCs), and their production of IL-10 and retinoic acid are essential substrates for
intestinal T (Treg) cell homeostasis. In the skin, IL-34 and TGF-B produced by
keratinocytes drive the expression of the transcription factors in Langerhans cells which
promotes skin tolerance and immunity (27, 42). In the liver, Kupffer cells are exposed to
CSF1 and regulate LXRa to erythrocyte or clearance of antigen from portal circulation
(43). Cardiac macrophages in the heart are exposed to CFS1 secreted locally (26) but the

exact mechanism by which CFS1 drives cardiomyocyte homeostasis is unclear.

Macrophage infiltration in metabolic diseases
Tissue macrophages are important for maintaining the homeostasis of tissues (44, 45).
Macrophages in tissues are classified into two categories: tissue-resident macrophages and
infiltrated macrophages. Most resident macrophages of tissues are derived from progenitor
cells generated from the yolk sac during development and control homeostasis in their
reside tissue in the steady-state (46, 47). On the other hand, infiltrated macrophages are
derived from monocytes (a.k.a. inflammatory monocytes) found in an inciting pathology,
such as obesity and metabolic diseases (48, 49). It has been reported that blockade of
macrophage infiltration inhibits activation of tissue-resident macrophages and leads to
suppression of tissue injury (50). However, the role of macrophages in tissue injury is still

controversial; both deleterious and protective functions of tissue macrophages have been



reported (51-53). This discrepancy could be a result of the heterogeneity of macrophages
in tissues and difficulty in distinguishing between resident and infiltrated macrophages.
Yet, the recent progress in multiparameter flow cytometry facilitated the ability to
distinguish between macrophage subsets more accurately, which helps to unravel the high
complexity of the macrophages in different organs (33, 54, 55). We propose to use flow
cytometry and other cutting-edge techniques in this study to perform in-depth phenotypic
and functional characterization of tissue macrophages at steady-state and pathological

settings.

Macrophage polarization
Macrophages are a vital player in the immune system. They play a dynamic role in the
maintenance of tissue homeostasis as well as innate immunity in various diseases (56).
Their unique functions lead to corresponding feedbacks to environmental stimuli.
Macrophage polarization is known to consist of classical M 1- and alternative M2-subtypes
according to their apparent phenotypes and functions. MIl-like macrophages are
stimulated by LPS and/or IFN-y, associated with increased levels of glycolysis
metabolism, decreased levels of OXPHOS, and production of pro-inflammatory cytokines
involved in infectious and inflammatory diseases (57, 58). On the other hand, M2-like
macrophages are activated by IL-4 and/or IL-13, associated with reduced pro-
inflammatory response and wound healing, immunomodulation, as well as elevated
OXPHOS (58-61). Polarized macrophages can reprogram their energy metabolism;

glycolytic metabolism and mitochondrial OXPHOS (57, 61, 62). Metabolic activation of



macrophages in chronic or acute inflammatory diseases has been implied based on in vitro
stimulation and was demonstrated to be related to classic M1 metabolism and the M1-to-

M2 ratio (63-65).

Ghrelin/GHS-R actions and energy metabolism
Ghrelin, a 28-amino acid peptide mainly from the stomach duodenum, is a well-known
orexigenic hormone that stimulates food intake. In the normal states, plasma ghrelin levels
alternate based on the energy intake (66). When energy intake is low, circulating ghrelin
levels increase. The ghrelin levels fall in response to a meal and decrease in diet-induced
obesity (67). It is unexpected for an orexigenic hormone that over-nutritional status such
as obesity induces ghrelin resistance and decreases ghrelin level (68). Several lines of
evidence potentially explain this phenomenon in DIO. This downregulated secretion of
ghrelin observed in obesity may be due to the elevation of insulin or leptin, which
negatively correlated with levels of ghrelin as a physiological adaptation (69, 70).
Research with gastric mucosal cells indicates that those from obese mice do not produce
or reduce ghrelin upon physiological signals such as norepinephrine or glucose, which
suggests obesity desensitizes ghrelin-promoting cells (71, 72). DIO increases duodenal
somatostatin cells which is responsible for ghrelin secretion. Increased fatty acids and
lactate in DIO also can decrease serum ghrelin level by directly engaging short- and long-
chain fatty acid receptor, GPR43 and GPR120, respectively, which are located on the
plasma membrane of gastric ghrelin cells (73). It is reported that amino acids increased

during obesity also can directly interact with ghrelin cells by activating the calcium-



sensing receptor to decrease ghrelin release (74, 75). Moreover, circulating levels of
ghrelin do not decrease after consumption of a meal in obese humans (76). These changes
in ghrelin release may due to ghrelin cells from obese mice showing resistance to
noradrenaline-mediated stimulatory action of the sympathoadrenal system on
B1-adrenergic receptors in obesity (77). Furthermore, ghrelin resistance in the
hypothalamus is observed in obese mice due to the impaired transport ability of ghrelin
across the BBB (78). Consistently, ghrelin injection in obese mice fails to induce
NPY/AgRP responsiveness, raising another aspect that reduced NPY/AgRP expressing
neurons contribute to ghrelin resistance and suppressing the neuroendocrine ghrelin axis

(79, 80).

Ghrelin/GHS-R actions in the macrophage
Ghrelin is ubiquitously expressed (81), whereas GHS-R expresses more locally; high
expression of GHS-R is detected in the hypothalamus of the brain and low expression is
detected in peripheral tissues such as adipose tissue and liver (82-84). Ghrelin and GHS-
R are expressed highly in macrophages, and the expression increases during macrophage
differentiation (85). Ghrelin signaling in macrophages regulates insulin pathways and
inflammation both in vitro and in vivo (86, 87). The ghrelin/GHS-R signal has been
reported to be involved in cholesterol release in human macrophages (86). Elevated
cholesterol causes low-grade inflammation in humans (88), and the links between lipid

metabolism and immune responses have been documented (86, 89). These observations



suggest that ghrelin signaling has important roles in immunity and inflammation, but the

direct effects of ghrelin signaling need to be investigated.

Ghrelin/GHS-R reactive in inflammatory disease states
The effects of ghrelin on inflammation are controversial. Both pro- and anti-inflammatory
effects have been reported under different metabolic/inflammation states (86, 90, 91). In
early skin inflammation, ghrelin levels are reduced but then increase with tissue repair
(92). Ghrelin shows protective effects during the early phase of sepsis but impairs immune
responses during the latter phase, and its adverse effects are more detrimental in lean mice
than obese mice (93). Also, pharmacological doses of ghrelin are shown to be anti-
inflammatory (94-96), but the effects of physiological doses of ghrelin on inflammation
remain unclear. Several studies have reported that ghrelin has anti-inflammatory effects
(90, 94). In contrast, a recent study also showed that antagonism of GHS-R decreases pro-
inflammatory gene expression in macrophages D. et al. showed ghrelin increases 1L.-8
production in GHS-R transgenic colonic epithelial cells (91). Our recent study showed
that antagonism of GHS-R decreases pro-inflammatory gene expression in macrophages
in vitro (97). It is known that GHS-R affects downstream signaling and physiological
processes and causes high constitutive activity (98, 99). It has been suggested that there
might be unknown or orphaned receptors binding ghrelin due to the observation that
ghrelin induces the release of GH and food intake via GHS-R (100, 101) but stimulates
osteoblast growth and liver glucose production by mechanisms independent of GHS-R

(102-104). In addition, GHS-R signaling can be activated in the absence of ghrelin (105).



We reported that ghrelin null mice and GHS-R null mice have different thermogenic
phenotypes and susceptibility for diet-induced adipose inflammation (102, 106, 107).
Thus, the investigation is much needed to determine whether the effect of GHS-R is pro-
or anti-inflammatory under a physiological and pathological condition in the early and late

stages of inflammation.

Innovative aspects of the study
This study has the following innovative aspects: 1) Research on ghrelin mostly focused
on the roles of ghrelin signaling, primarily with its orexigenic function; very few studies
have been done with its non-orexigenic roles. Studying the role of ghrelin in macrophages
and different tissues directly challenges the established dogma. A large amount of work
has been done with ghrelin or GHS-R, but accurate information for regulating their effects

remains an enigma. This study is innovative because the effect of GHS-R in macrophages

has been studied, which will help to fill the knowledge gap regarding the role of GHS-R
in macrophages and may also help to explain the multifaceted roles of GHS-R. 2) This
study adopted a new technology that will provide an ideal way in determining the role of
GHS-R in macrophage and underlying mechanisms by using newly generative tissue-
specific knockout mice. We have generated a novel myeloid-specific GHS-R knockout
model, which will allow us to study the role of macrophage GHS-R in inflammatory
diseases in both chronic and acute conditions. 3) It has been reported that blockade of
macrophage infiltration inhibits activation of tissue-resident macrophages and leads to

suppression of tissue injury (50). However, the role of macrophages in tissue injury is still
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controversial with studies reporting on both sides; deleterious and protective functions of
tissue macrophages (51-53). This discrepancy could be a result of the heterogeneity of
macrophages in tissues and difficulty in distinguishing between resident and infiltrated

macrophages. This study is innovative because multiparameter flow cytometry allowed to

clearly distinguish between infiltrated macrophages and tissue-resident macrophages
more accurately, which would help to unravel the high complexity of macrophage
compartmentalization in different organs. 4) Macrophage reprogramming has emerged as
an exciting novel concept for the prevention/treatment of inflammation and metabolic
diseases, but the regulatory mechanisms of macrophage polarization are largely unclear.

This study is innovative because the investigation into the role and mechanism of GHS-R

in macrophages will help to shed light on a novel paradigm regarding how nutrient-sensing
signal metabolically reprograms macrophage polarization. Furthermore, it will provide
“proof-of-concept” evidence as to whether targeting GHS-R in macrophages would be a
unique strategy for combating meta-inflammation. 5) Recent advance suggests that
metabolism is crucial for macrophage activation (108, 109). Insulin signaling is one of the
most fundamental metabolic regulatory mechanisms which alters inflammatory tissues,
but the role of GHS-R in insulin signaling in macrophage is not clear. This study is

innovative because it will provide novel insight into the role of GHS-R in reprograming

macrophage polarization by activating insulin signaling. 6) Further, this study is

innovative because of a wide range of experimental approaches (e.g., in vivo integrative
physiology, ex vivo primary cultures, GHS-R overexpressed macrophages, GHS-R

antagonist, separating infiltrated macrophages with tissue-resident macrophages) will
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allow us to test our hypothesis robustly. This project seeks to address this paucity in a
comprehensive and physiologically relevant fashion, and therefore, it is both novel and

Iinnovative.

Overview of the dissertation
In this dissertation, I explored the role of macrophage GHS-R in driving metabolic
dysfunction under different inflammatory states. In Chapter 2, I found that myeloid-
specific GHS-R regulates systemic inflammation without altering phenotypic or metabolic
characterization in normal physiological conditions (RD feeding). I used myeloid-specific
GHS-R knockout mice (LysM-Cre; Ghsr/) to show that myeloid-specific GHS-R is an
essential immune regulator diminishing pro-inflammatory cytokines in macrophages
which could lead to the reduction of circulating pro-inflammatory cytokine levels.
However, macrophage infiltration to insulin target tissues such as eWAT and liver was
not affected by ablation of GHS-R in myeloid-specific cells under physiological
conditions. With our unique myeloid-specific GHS-R deleted model, I further explored
the role of the macrophage GHS-R in endotoxemia in acute (Chapter 3) and chronic low-
grade (Chapter 4) inflammatory conditions by regulating macrophage infiltration and
meta-inflammation. In Chapter 3, I determined the role of macrophage GHS-R in the
bacterial-induced endotoxemia model. First, myeloid-specific GHS-R deletion reduces the
fatality rate by protesting tissue damage in the LPS-induced endotoxemia model. This
protection resulted from the alleviation of systemic and macrophage pro-inflammatory
cytokine levels by diminishing M1-like macrophage polarization. Furthermore, the

regulatory role of GHS-R in macrophage in pro-inflammatory cytokine levels was
12



confirmed by gain (GHS-R overexpression)- and loss (GHS-R antagonist)-of-studies. In
Chapter 4, I examined the role of macrophage GHS-R in the control of insulin resistance
by macrophage infiltration and polarization under pathological conditions; the chronic
low-grade inflammatory conditions induced by HFD feeding. While myeloid-specific
GHS-R did not alter glucose homeostasis and insulin sensitivity in physiological
conditions, myeloid-specific GHS-R played an essential role in maintaining glucose
homeostasis and alleviating insulin resistance and liver steatosis via attenuating
macrophage infiltration to insulin target tissues and maintaining tissue homeostasis under
chronic inflammatory conditions. Using the DIO mouse model and PA-induced
inflammation in macrophages, I found that macrophage GHS-R deletion could attenuate
systemic inflammation, M 1-macrophage polarization, and pro-inflammatory signaling. I
demonstrated that GHS-R, a key regulator of macrophage infiltration and polarization,
controlled chronic inflammation-induced metabolic disorders such as NAFLD and insulin
resistance. In Chapter 5, 1 explored the mechanism by which GHS-R regulated
macrophage polarization. I demonstrated that macrophage GHS-R deficiency decreased
LPS-induced superoxide in macrophages. As a result of regulating the macrophage
polarization, macrophage GHS-R deficiency protected mitochondrial function but reduced
glycolysis in LPS-induced M1-like macrophages. FAO was promoted by macrophage
GHS-R deficiency under PA-induced M1-like macrophages. With the GHS-R deficient
macrophages from our LysM-Cre;Ghs¥”/ mice, 1 found that GHS-R affects macrophage
polarization by regulating PKA-CREB signaling, which promotes gene transcription of

IRS2 and AKT signaling. In the final chapter, I discussed conclusions and future directions
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regarding the role of macrophage GHS-R as a driver of macrophage programing and

metabolic dysregulation.
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CHAPTER II

MYELOID-SPECIFIC GHS-R IS AN IMPORTANT IMMUNE REGULATOR

Introduction
Inflammation underlies a wide variety of inflammatory processes. Metabolically triggered
inflammation is termed “meta-inflammation,” which underlies the pathological processes
of many immune-associated metabolic dysfunctions. Macrophages are important cells of
the immune system, consisting of two subtypes designated M1 and M2 type (48, 97). M1-
like macrophages are characterized by expressing both F4/80, CD11c but not CD206 and
responsible for producing pro-inflammatory cytokines such as TNF-a, IL-1f, and IL-6.
These M1 type macrophages are associated with obesity and insulin resistance. In contrast,
M2-like macrophages express both F4/80, CD206 but not CDl11c and release anti-
inflammatory cytokines, including IL-10 and Argl (48, 97). They are mainly implicated
in lean and insulin sensitivity. Thus, M1/M2 macrophage ratio is considered a critical

determinant for the state of pro-/anti-inflammatory.

Ghrelin, an endogenous ligand for GHS-R, is the only known circulating
orexigenic hormone known to stimulate appetite and promote obesity and insulin
resistance (110-113). GHS-R is highly expressed in the hypothalamus but relatively lower
in peripheral tissues (83, 114). Historical view of research on ghrelin mainly focused on
the roles of ghrelin signaling, primarily with its orexigenic function; very few studies have
been done with its non-orexigenic roles. Emerging evidence shows that GHS-R is also

expressed in immune cells, including macrophages and monocytes (94, 97). However, the
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role of ghrelin signaling in systemic inflammation is controversial (86, 90, 91). The
ghrelin/GHS-R signal has been reported to be involved in cholesterol release in human
macrophages (86). Elevated cholesterol causes low-grade inflammation in humans (88),
and the links between lipid metabolism and immune responses have been documented (86,
89). These observations indicate that ghrelin signaling has important roles in immunity
and inflammation, but the direct effects of ghrelin signaling need to be investigated. Here,
we have studied the role of GHS-R in myeloid cells using our newly generated myeloid-
specific GHS-R deleted mice (LysM-Cre;Ghsr”/) and assessed the myeloid-specific

functions of GHS-R under normal physiological condition.

Material and Methods

Animals

Previously we reported the generation of fully backcrossed GHS-R floxed mice on
C57BL/6J background (115). Using a Cre-Lox system, we generated myeloid-specific
GHS-R deficient (LysM-Cre; Ghs¥f) mice by breeding Ghs¥/ mice with widely used
myeloid-specific LysM-Cre (JAX stock 4781) (116). Mice were housed in the animal
facility of Texas A&M University (college station, Texas), maintained on 12-hour light
and 12-hour dark cycles (lights on at 6:00 AM) at 75 F £+ 1. Food and water were available
ad libitum. RD diet was obtained from Harlan Teklad with the following composition (Fig.

1): RD (2920X): 6.5% fat, 60% carbohydrates, 19.1% protein. All experiments were
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conducted in accordance with the NIH guidelines and approved by the institutional animal

care and use committee.

Macronutrients

Crude Protein % 19.1
Fat (acid hydrolysis) % 6.5
Carbohydrate (available) % 47.0
Crude Fiber % 2.7
Neutral Detergent Fiber % 12.3
Ash % 5.1
Selected Nutrient Information

Energy Density Kcal/g (kl/g) 3.1
Calories from Protein % 24
Calories from Carbohydrate % 60
Calories from Fat % 16
Fatty Acids

Total Saturated Fat % 0.8
Total Monounsaturated Fat % 1.1
Total Polyunsaturated Fat % 2.9
C16:0 Palmitic Acids % 0.6
C18:0 Stearic Acids % 0.1
C18:1 Oleic Acids % 1.1
C18:2 Linoleic Acids % 2.6
C18:3 Linolenic Acids % 0.3

Figure 1. The formula and selected nutrient information RD used in this study.
Body composition, indirect calorimetry, and functional tests
All body composition and metabolic parameters data were obtained as we previously

described (117). All GTT and ITT were performed as we previously described (117).
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Plasma insulin was measured using RIA assay kit (SRI-13K, EMD Millipore, Billerica,
MA) or multiplex according to manufactory instruction.

Blood chemistry analysis

Blood was collected by retroorbital bleeding during anesthesia. The blood samples were
allowed to clot at room temperature for 30 min before centrifugation (13,000 rpm, 4°C,
15 min), and the serum was collected and stored at -80°C until analyzed for cytokine levels
using a commercially available Mouse adipokine kit (Milliplex Map kit, cat#
MHSTCMAG-70K, Billerica, MA, USA) and Luminex reader according to the
manufacturer’s instructions. The serum adiponectin and FFA analysis used Adiponectin
Elisa kit (Millipore-Sigma) and FFA Elisa kit (Cayman Chemical) respectively.

eWAT SVF and liver NPC isolation

SVF was isolated as described previously (118, 119). Briefly, 1g of epididymal adipose
tissue was dissected and minced in RPMI 1640 media (Gibco) containing 1 mg/ml
collagenase Type I (Worthington Chemicals). The solution was incubated in 37°C water
bath for 30 minutes. The tissue slurry was then filtered through nylon mesh to remove
undigested tissue and centrifuged at 2200 rpm to fractionate adipocytes and SVF.

Liver NPCs were isolated as described previously (120). Briefly, anesthetize the
mouse using isoflurane, then perfuse and digest the liver with perfusion buffer via the
portal vein. Collect the digested liver and make cell suspension. Purify the cells using
Percoll (Sigma) gradient.

Collected SVF cells and NPCs (1 x 10° in a volume of 100 pl of PBS) were

incubated with antibodies for flow cytometry analysis.
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PM isolation

PMs were obtained from the peritoneum of Ghsr” or LysM-Cre,; Ghsr/”/mice as described
(121). Briefly, mice were euthanized by rapid cervical dislocation after anesthetization
with isoflurane. Then, 3 mL ice-cooled PBS with 2% fetal bovine serum was injected into
the abdominal cavity. After gentle shaking for 3 minutes, abdominal fluid was collected
into tubes using a syringe with 18G needle. Red blood cells were lysed with ACK lysis
buffer for 5 min and quench the reaction by adding two times the volume of PBS. PMs
were then collected by centrifugation at 450 g for 10 minutes. The equal number of PMs
(2 X 10° cells/well) was seeded into 96 well plates in RPMI 1640 media with antibodies
for flow cytometry analysis.

Flow cytometry

Cell preparation for flow cytometry was performed as described above. For the cell surface
staining, the cells were washed twice with FACS buffer (PBS, pH 7.4, with 2% BSA) and
incubated with nonspecific IgG to assess background fluorescence and then stained with
a mixture of fluorescently labeled antibodies for 30 min on ice against BV510 anti-mouse
CD45 antigen, Alexa Fluor700 anti-mouse Ly6G antigen, APCCy7 anti-mouse CD11b
antigen, PeCy7 anti-mouse F4/80 antigen, PE anti-mouse CD38 antigen, Alexa Fluor488
anti-mouse CD206 antigen, and BV421 anti-mouse CX3CRI1, and labeled with 7AAD to
distinguish live/dead. For the intracellular staining, cells were incubated with BD
GolgiPlug for 4 hrs before labeled against live/dead aqua in PBS. Cells were then washed
with PBS and then FACS buffer and incubated with nonspecific IgG before labeling

against PerCP anti-mouse CD45 antigen, Alexa Fluor700 anti-mouse Ly6G antigen,
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APCCy7 anti-mouse CD11b antigen, PeCy7 anti-mouse F4/80 antigen. The cells were
washed with FACS buffer and fixed in 2% PFA for 30 min and permeabilized in
perm/wash buffer (BD bioscience) for 30 min on ice before labeling against PE-Dazzle594
anti-mouse TNFa antigen for 30 min on ice. Cells washed before data acquisition on
ASTRIOS flow cytometry (Beckman Coulter, Indianapolis, IN, USA) and FACS analysis
was performed using Flowjo software (Tree Star Inc., OR USA).

Statistical Analysis

Statistical analyses were performed with Graphpad Prism 6.01. Data are presented as the

means + SEM. *p< 0.05, **p< 0.01, ***p< 0.001 vs. LysM -Cre; Ghs¥'/ | #p<0.05,

##p<0.01, ####p<0.001 vs. treatment using t-test or two-way ANOVA.

Results

Generation of myeloid-specific GHS-R ablated mice

In order to investigate the role of GHS-R in myeloid cells, we first generated myeloid-
specific GHS-R deletion mouse model by breeding lysozyme (LysM-Cre) mice (JAX stock
4781) with our fully backcrossed Ghsr¥”/ mice (control) (116, 122, 123). Heterozygous
LysM-Cre;Ghsr’* mice from this breeding were used as a breeder to further generate
homozygous LysM-Cre; Ghsr/ mice as the gene targeting strategy shown in diagram Fig.
2A. In LysM-Cre; Ghsr”/ mice, GHS-R expression was significantly decreased ~74% in
the PM and ~57% SVF of eWAT, the fraction contains adipose tissue macrophages, but

not in the brain, Hypo and other peripheral tissues including MA of eWAT, liver, and
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GAS (cq value: 37~39) (Fig. 2B). This result demonstrates that GHS-R deletion in LysM-

Cre;Ghsr”/ mice is restricted to myeloid cells.
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Figure 2. Generation of myeloid-specific GHS-R deleted mice and preliminary validation.

(A) Schematic diagram of the loxP-flanked Ghsr allele before and after Cre-derived recombination.
Exons 1 and 2 deleted during recombination. Triangle represents loxP sites.

(B) Ghsr gene expression in whole brain, hypothalamus (Hypo), peritoneal macrophages (PM), stromal
vascular fraction (SVF) from epididymal white adipose tissue, mature adipocytes (MA) from epididymal
white adipose tissue, liver, and gastrocnemius muscles (GAS) (n=3-4 mice/group).

Data are presented as the means + SEM. **p< 0.01 vs. LysM -Cre;Ghsr”/ using t-test.

Mpyeloid-specific GHS-R deficiency does not affect metabolic characterization

Under RD, we found that myeloid-specific GHS-R deletion had no significant effect on
serum active ghrelin level (Fig. 3A). In line with the active ghrelin level which is involved
in meal initiation and appetite stimulation causing weight gain (66), control and LysM-
Cre,; Ghs¥’/ mice exhibited indistinguishable weight curves, body fat and lean content,
tissue/body weight percentage (Fig. 3B-3E). Additionally, food intake, physical activity,
and energy expenditure did not show any difference between both genotypes (Fig. 3F-

3H).
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Figure 3. Physiological characterization of myeloid-specific GHS-R knockout mice.

(A) Serum active ghrelin level in RD-fed control and RD-fed LysM-Cre; Ghsr”/ mice (n=7 mice/group).
(B-D) Monthly body weight (B), fat body composition (C), and lean body composition (D) of RD-fed
control and RD-fed LysM-Cre; Ghs¥”/ mice under fed condition (n=11 mice/group).

(E) Tissue/body weight percentage of RD-fed control and RD-fed LysM-Cre; Ghs¥/ mice under fed
condition (n=6-7 mice/group).

(F-H) Food intake (E), physical activity (F), and energy expenditure (G) level of RD-fed control and RD-
fed LysM-Cre; Ghs¥"/ mice (n=4-12).

Data are presented as the means = SEM. *p< 0.05 vs. LysM -Cre;Ghs’/ using two-way ANOVA or t-test.

Mpyeloid-specific GHS-R deficiency does not affect energy homeostasis
Similarly, fed and fasting blood glucose, plasma insulin level, glucose tolerance, and

insulin sensitivity were comparable between both groups under RD (Fig. 4A-4D). Taken
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together, these data reveal that myeloid-specific GHS-R deficiency does not require

metabolic regulation and energy homeostasis under RD feeding.
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Figure 4. Metabolic characterization of myeloid-specific GHS-R knockout mice.

(A) Blood glucose level under fed or 16 hrs fasting condition in RD-fed control and RD-fed LysM-Cre; Ghsi'”
mice (n=8-12 mice/group).

(B) Plasma insulin level in RD-fed control and RD-fed LysM-Cre; Ghs#”/ mice after 3 hrs fasting (n=3

mice/group).

(C) GTT in RD-fed control and RD-fed LysM-Cre; Ghsr¥/ mice after 16 hrs fasting (n=7 mice/group).
(D) ITT in RD-fed control and RD-fed LysM-Cre; Ghsr”/ mice after 4 hrs fasting (n=7-8 mice/group).
Data are presented as the means £ SEM. *p< 0.05 vs. LysM -Cre,; Ghs¥/ using two-way ANOVA or t-test.

Mpyeloid-specific GHS-R deficiency shows a profile of reduced inflammation

Although there was no effect of myeloid-specific GHS-R in metabolic characterization or

energy homeostasis, significantly alleviated serum pro-inflammatory cytokine level was

found in RD-fed LysM-Cre; Ghs¥”/ mice comparing with RD-fed control mice (Fig. 5A).

In line with the alleviated serum pro-inflammatory cytokine level, the mRNA level of pro-

inflammatory cytokines in PMs was reduced by GHS-R deficiency (Fig. 5B). PMs were

labeled against fluorophore-conjugated antibodies and analyzed by following the gating
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strategies (Fig. 5C and 5D). Similarly, myeloid-specific GHS-R deletion showed a mild
decrease of TNFa (p<0.083) in PMs without altering the percentage of macrophage subset,

M1- or M2-type macrophage subsets (Fig. 5E-5G).
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Figure S. Inflammatory characterization of myeloid-specific GHS-R knockout mice.

(A) Serum inflammatory cytokine level in RD-fed control and RD-fed LysM-Cre,; Ghs#/ mice (n=3-4).

(B) mRNA level of macrophage signature and pro-inflammatory cytokine/chemokine related genes in PMs
of RD-fed control and RD-fed LysM-Cre; Ghsr”/ (n=5-8 mice/group).

(C and D) Flow cytometry gating strategies in PMs

(E-G) Percentage of macrophage subset (E), MFI of CD38 and CD206 (F), and TNFa (G) in PMs of RD-
fed control and RD-fed LysM-Cre; Ghsr”/ mice (n=3 mice/group).

Data are presented as the means + SEM. *p< 0.05, **p< 0.01 vs. LysM -Cre; Ghsr/ using two-way ANOVA
or t-test.
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Myeloid-specific GHS-R deficiency does not affect macrophage infiltration in eWAT
and liver

Tissue macrophages were labeled against fluorophore-conjugated antibodies and analyzed
by following the gating strategies (Fig. 6A and 6B). Under RD condition, percentage of
macrophage subset in SVF of eWAT showed a decreased trend (p<0.053) in line with
mildly decreased in the percentage of IM subset in RD-fed LysM-Cre; Ghs¥”/ mice
comparing with RD-fed control mice (Fig. 6C and 6D). Interestingly, the percentage of
KC subset was increased in RD-fed control while myeloid-specific GHS-R deletion
reduced the KC subset (Fig. 6F and 6G). However, the changes of macrophage infiltration
to the eWAT (Fig. 6E) and liver (Fig. 6H) were very mild which is confirmed by Mac-2

staining.
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Figure 6. Tissue macrophages in eWAT and liver of myeloid-specific GHS-R knockout mice.

(A and B) Flow cytometry gating strategies in tissue macrophages.

(C and D) Percentage of macrophage subset (B) and IM and RM (C) in eWAT SVF of RD-fed control and
LysM-Cre; Ghs'” mice (n=3 mice/group).

(E) Immunohistochemistry staining of MAC-2 in eWAT (n=3 mice/group).

(F and G) Percentage of macrophage subset (D) and IM and KC (E) in liver NPCs of RD-fed control and
LysM-Cre; Ghs?” mice (n=3 mice/group).

(H) Immunohistochemistry staining of MAC-2 in the liver (n=3 mice/group).

Data are presented as the means = SEM. *p< 0.05 vs. LysM -Cre; Ghsi” using two-way ANOVA or t-test.
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Discussion

We previously reported that GHS-R global null mice protect age-associated low-grade
inflammatory responses in both WAT and BAT by shifting macrophage phenotype from
MI-like to M2-like macrophages (83). To eliminate the possibility of secondary effect
from central or other immune cells, the current study using myeloid-specific GHS-R
deleted mice has been conducted to examine whether GHS-R in myeloid cells mediates
adipose inflammation by regulating macrophage phenotype under physiological
conditions.

In physiological conditions, approximately 10% of the cells in adipose tissue stain
positive for macrophage marker in humans (CD68) and mice (F4/80) (124). Macrophages
play a crucial role in host defense and inflammatory microenvironment (125). Research
has shown that macrophages work in efferocytosis, angiogenesis, lipid buffering, and
eliminating damaged cells in a lean state (126). The complex crosstalk between adipocytes
and macrophages is found in numerous reports, including the ability of preadipocytes to
differentiate into macrophages (127) and vice versa (macrophages to differentiate into
preadipocytes) (128).

Although there was no difference between genotypes in phenotypical
characteristics, energy consumption, and insulin sensitivity on RD feeding (Fig. 3 and 4),
myeloid-specific GHS-R deficiency reduced pro-inflammatory cytokines in serum and
PMs on RD (Fig. 5A). This data demonstrates that GHS-R deletion in myeloid cells
reduces systemic inflammation without changing the insulin sensitivity of RD-fed mice,

possibly due to insufficient levels of inflammation on RD to cause insulin resistance to
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demonstrate the effect of myeloid-specific GHS-R. Therefore, we further conduct the

study in pathological conditions, inducing inflammation using endotoxin LPS.

28



CHAPTER III
THE ROLE OF MYELOID-SPECIFIC GHS-R IN LPS-INDUCED ACUTE

INFLAMMATION (ENDOTOXEMIA)

Introduction

Sepsis and septic shock are unusual systemic inflammatory responses to infection, causing
high mortality in intensive care units (129-131). Sepsis is a common condition associated
with acute systemic inflammation and oxidative stress, leading to massive terminal organ
dysfunction. Under LPS-induced sepsis, the liver plays a vital role in immunological
homeostasis and energy (133, 134), and therefore, LPS-induced liver injury in mice has
been employed to simulate the course of liver failure in septic endotoxemia (132-134).
Although the specific mechanism remains unclear, a consensus has been well reached that
hepatic apoptosis caused by inflammatory oxidative stress might make a significant
contribution to liver failure.

Growth hormone secretagogue receptor (GHS-R) is the only endogenous receptor
for the gut hormone ghrelin identified to date (135). Our previous studies suggest GHS-R
to be a driver of inflammatory responses (97, 107). We showed global ablation of GHS-R
in mice decreases liver steatosis, adipose inflammation, and GHS-R knockdown in
macrophage cells reduces the expression of pro-inflammatory cytokine genes, possibly
through regulation of macrophage polarization.

To explore the role of myeloid GHS-R in the pathogenesis of sepsis, we subjected

myeloid-specific GHS-R knockout mice (LysM-Cre;Ghsr”) to an experimental model of
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sepsis, induced by the bacterial toxin LPS and monitored mortality rate and liver

inflammation which may regulate by macrophage GHS-R.

Material and Methods
Animals
Previously we reported the generation of fully backcrossed GHS-R floxed mice on
C57BL/6J background (115). Using a Cre-Lox system, we generated myeloid-specific
GHS-R deficient (LysM-Cre; Ghs¥’f) mice by breeding Ghsr”/ mice with widely used
myeloid-specific LysM-Cre (JAX stock 4781) (116). Mice were housed in the animal
facility of Texas A&M University (college station, Texas), maintained on 12-hour light
and 12-hour dark cycles (lights on at 6:00 AM) at 75 F = 1. Food and water were available
ad libitum. All diets were obtained from Harlan Teklad with the following composition:
RD (2920X): 6.5% fat, 60% carbohydrates, 19.1% protein.
Endotoxin-induced model of sepsis
Sepsis was induced in age-matched male Ghs#” (control) and LysM-Cre; Ghs¥”/ mice (3
month-old, 22-27 g) by i.p. injection of bacterial endotoxin (LPS, Escherichia coli 055:BS5;
Sigma-Aldrich) given at a single acute does of 5 mg/kg. Mortality was recorded for up to
72 hours after the onset of sepsis. Blood, PMs, and liver are collected after 24 hrs of LPS
administration. All experiments were conducted in accordance with the NIH guidelines
and approved by the institutional animal care and use committee.

Blood chemistry analysis
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Blood was collected by retroorbital bleeding during anesthesia for serum cytokine
analysis. The blood samples were allowed to clot at room temperature for 30 min before
centrifugation (13,000 rpm, 4°C, 15 min) and the serum was collected and stored at -80°C
until analyzed for cytokine levels using a commercially available Mouse adipokine kit
(Milliplex Map kit, catH MHSTCMAG-70K, Billerica, MA, USA) and Luminex reader
according to the manufacturer’s instructions.

PM isolation

PMs were obtained from the peritoneum of Ghsr”/ or LysM-Cre; Ghs¥’/ mice after ip.
injection of bacterial endotoxin (LPS, Escherichia coli 055:B5; Sigma-Aldrich) given at
a single acute does of 5 mg/kg as described (121). Briefly, mice were euthanized by rapid
cervical dislocation after anesthetization with isoflurane. Then, 3 mL ice-cooled PBS with
2% fetal bovine serum was injected into the abdominal cavity. After gentle shaking for 3
minutes, abdominal fluid was collected into tubes using a syringe with 18G needle. Red
blood cells were lysed with ACK lysis buffer for 5 min and quench the reaction by adding
two times the volume of PBS. PMs were then collected by centrifugation at 450 g for 10
minutes. The equal number of PMs (1 X 10° cells/well) was seeded into 96 well plates in
RPMI 1640 media containing L-glutamine, 10% fetal bovine serum, 100U/ml penicillin,
100pg/ml streptomycin as described at 37 °C in a humidified, 5% CO: incubator for 4 hr.
BMDM isolation, culture, and treatment

Bone marrow cells were isolated from the tibias and femurs of mice as previously
described (136). Cells were seeded into 6-well plates at a density of 1.5 X 10° cells/well

and cultured in a humidified incubator at 37 and 5% COaz. The culture medium was RPMI
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1640 medium containing L-glutamine, 10% fetal bovine serum, 100U/ml penicillin, and
100 pg/ml streptomycin supplemented with 10 ng/mL macrophage colony-stimulating
factor (M-CSF) for 7 days. At the end of the 7 days culture period, >95% of the cells were
positive for macrophage markers and bone marrow-derived macrophages (BMDMs) were
subjected to inflammatory assays. On the seventh day, cells were counted and replated
with either LPS (100 ng/mL) or saline for 4 hours.

Quantitative real-time PCR. Total RNA was isolated using TRIzol® Reagent
(Invitrogen, Carlsbad, CA) or Aurum Total RNA mini kit (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA) according to the manufacturer’s instructions. RNA samples were
treated with RNase-free DNase (Ambion, Austin, TX) to remove genomic DNA before
reverse transcription. Reverse transcription was performed using Superscript III First
Strand Synthesis System (Invitrogen, Carlsbad, CA) according to the manufacturer’s
instructions. Quantitative real-time PCR reaction was performed as we previously
described (117). Ghsr-1a primers designed including the intron for distinguishing from
the expression of  GHS-R 1B as below: sense  primer 5-
GGACCAGAACCACAAACAGACA-3, anti-sense primer 5-
CAGCAGAGGATGAAAGCAAACA-3" (82). The rest of the primer information is
available upon request.

Statistical Analysis

Statistical analyses were performed with Graphpad Prism 6.01. Data were presented as

mean + SEM. Data are presented as the means £ SEM. *p< 0.05, **p< 0.01, ***p< 0.001
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vs. LysM -Cre; Ghsr'!, #p<0.05, ##p<0.01, ###p<0.001 vs. treatment using t-test or two-

way ANOVA.

Results

Myeloid-specific GHS-R deletion protects against lethal endotoxemia and systemic
inflammation

To investigate the role of macrophage GHS-R during acute pro-inflammatory responses,
we evaluated the effects against lethal endotoxemia in an LPS-induced in vivo model.
Mice were treated i.p. with LPS at 5 mg/kg and mortality was monitored over a 70 hrs
period. This high dose of LPS was chosen because it led to a mortality rate of >90% in
control mice. Surprisingly, we found significant protection against lethal endotoxemia in
myeloid GHS-R deficiency protected against lethal endotoxemia in LysM-Cre;Ghsr/
mice (Fig. 7A). Myeloid-specific GHS-R deficiency simultaneously reduced the serum
levels of pro-inflammatory cytokines without affecting serum levels of anti-inflammatory

cytokines under LPS-induced endotoxemia (Fig. 7B and 7C).
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Figure 7. Myeloid-specific GHS-R deletion protects against lethal endotoxemia and attenuates
systemic inflammation in LPS-induced endotoxemia.

(A) Survivability rate after LPS (5 mg/kg) i.p. administration in control and LysM-Cre; Ghs#/ mice (n=13-
17 mice/group).

(B and C) Serum pro- (B) and anti- (C) cytokine level after 24 hrs of LPS (5 mg/kg) ip. administration in
control and LysM-Cre; Ghs#/ mice.

(n=3-8 mice/group).

Data are presented as the means = SEM. *p< 0.05 vs. LysM -Cre; Ghsr/ | #p< 0.05, ##p< 0.01, ###p< 0.001
vs. treatment using two-way ANOVA.

Mpyeloid-specific GHS-R deletion attenuates inflammatory responses in liver and
hepatocytes

The liver is a major organ that plays a crucial role in immunological homeostasis and
metabolism while the system is impaired by a bacterial infection (132, 137). Inducing liver

injury with a high dose of LPS in the murine model has been employed as a model for
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studying failure or death in septic endotoxemia (132, 134). A currently predominant
concept of the underlying mechanism is increased oxidative stress and apoptosis from the
hepatic inflammatory response. To investigate the inhibitory effect of macrophage GHS-
R against liver failure in LPS-induced endotoxemia, mRNA level of pro-inflammatory
cytokines in the liver has been examined. As shown in Fig. 8A, pro-inflammatory
responses were dramatically increased by LPS administration in control mice while
myeloid-specific GHS-R deficiency protected against the LPS-induced pro-inflammatory
response. To explore the direct communication between macrophages and hepatocytes,
primary hepatocytes from control mice were co-cultured with conditional media from
LPS-treated BMDM s of control and LysM-Cre; Ghsi#/ mice. In agree with the result from
liver tissue, hepatocytes cultured with conditional media from LysM-Cre,; Ghsr’/ BMDMs

showed significantly lower pro-inflammatory cytokine expression (Fig. 8B).
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Figure 8. Myeloid-specific GHS-R deletion attenuates inflammation in liver and hepatocytes of LPS-
induced endotoxemia and LPS-induced inflammation.

(A) mRNA level of pro-inflammatory cytokine related genes in liver of control and LysM-Cre; Ghs#/ mice
after LPS (5 mg/kg) i.p. administration (n=3-5 mice/group).

(B) mRNA level of pro-inflammatory cytokine related genes in control-hepatocytes incubated with
conditional media from 4 hrs of 100 pg/mL LPS treated BMDMs of control and LysM-Cre; Ghs¥”/ (n=4-6
mice/group).

Data are presented as the means = SEM. #*p< 0.05 vs. LysM -Cre; Ghsi, #p< 0.05, ##p< 0.01, ###p< 0.001
vs. LPS using two-way ANOVA.

Mpyeloid-specific GHS-R deletion attenuates pro-inflammatory responses in PMs

To further validate the role of macrophage GHS-R in the inflammatory response under
LPS-induced endotoxemia, PMs were obtained from the peritoneum of control or LysM-
Cre;Ghsr/ mice after 24 hrs of LPS administration. qPCR analysis revealed that the
mRNA of TNFa, IL-1f, and IL-6 was significantly upregulated in PMs upon LPS
stimulation in PMs of control mice and dampened by GHS-R deletion PMs of LPS-
injected LysM-Cre;Ghs¥/ mice (Fig. 9A). The reduced protein level of the pro-
inflammatory cytokines measured by flow analysis (Fig. 9B and 9C) further supports the
regulatory role of myeloid-specific GHS-R in pro-inflammatory response.
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Figure 9. Myeloid-specific GHS-R deletion attenuates inflammation in PMs in LPS-induced
endotoxemia.

(A) mRNA level of pro-inflammatory cytokine related genes in PMs of control and LysM-Cre; Ghsr/ mice
after LPS (5 mg/kg) i.p. administration (n=3-6 mice/group).

(B) Flow cytometry gating strategies in PMs .

(C) Percentage of pro-inflammatory cytokine subsets in PMs of control and LysM-Cre; Ghsr/ mice after
LPS (5 mg/kg) i.p. administration (n=3 mice/group).

Data are presented as the means = SEM. *p< 0.05, * p< 0.001 vs. LysM -Cre; Ghsr”/, ###p< 0.001 vs.
treatment using two-way ANOVA or t-test.

Mpyeloid-specific GHS-R deletion attenuates LPS-induced pro-inflammatory responses

and M1-like polarization in BMDMs

To further study the inflammatory response at a cellular level, we used BMDMs from
control and LysM-Cre; Ghsr’/ mice. BMDMs were exposed to LPS for 4 hrs and were
lysate for mRNA study. The conditional media was collected to measure the cytokine
levels. In both control and LysM-Cre; Ghsr”/ BMDMs, LPS stimulation led to increased
pro-inflammatory cytokine levels in both cells and conditional media (Fig. 10A and 10B).
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However, those from LysM-Cre; Ghsr’/ mice showed attenuated inflammatory response
against LPS exposure which was in agreement with the in vivo findings. According to the
flow analysis, this is possibly due to the reduction of M1-like macrophage polarization

regulated by GHS-R in macrophages (Fig. 10C-10E).
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Figure 10. Myeloid-specific GHS-R deletion reduces inflammatory responses in BMDMs against
LPS stimulation.

(A) mRNA level of pro-inflammatory cytokines in BMDMs of control and LysM-Cre; Ghsr¥”/ mice after
4 hrs of 100 ng/mL LPS stimulation (n=3-4/group).

(B) Cytokine/chemokine level in the conditioned media from BMDMs of control and LysM-Cre; Ghsr/
mice after 4 hrs of 100 ng/mL LPS stimulation (n=3-5/group).

(C) Flow cytometry gating strategies in BMDMs (n=4 /group).

(D and E) Percentage of CD38 and CD 206 subsets (D) and M1-like/M2-like macrophage ratio.

Data are presented as the means £ SEM. *p< 0.05, **p< 0.01, ***p< 0.001 vs. LysM -Cre,; Ghs1'”, #p<
0.05, ##p< 0.01, ###p< 0.001 vs. LPS using two-way ANOVA or t-test.
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Macrophage GHS-R is an important immune regulator in LPS-induced pro-
inflammatory responses and M1-like polarization in BMDMs

In this set of experiments, we sought to determine the role of GHSR in LPS-induced
inflammation in the aspects of gain- or loss-of-function achieved by using GHS-R
antagonist (JMV2959) in BMDMs and GHS-R overexpression in cultured murine
macrophages (Raw264.7 cells). The GHS-R antagonist yield a 60% reduction of Ghsr
expression compared with saline-treated cells (control) (Fig. 11A). It clearly shows that
pre-treatment with GHS-R antagonist reduced LPS-induced expression of pro-
inflammatory markers 7NFa, IL-1f, IL-6 and MCPI (Fig. 11B). Experiment using GHS-
R in Raw264.7 cells (Fig. 11C) confirmed the reduced mRNA level of pro-inflammatory
cytokines (Fig. 11D). These data suggest that GHS-R directly affects the inflammatory
response of macrophages, and a GHS-R antagonist mitigates LPS-induced macrophage

inflammation.
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Figure 11. GHS-R affects inflammatory responses in macrophages in vitro.

(A and B) mRNA level of Ghsr (A) and pro-inflammatory cytokines (B) in BMDMs of control mice with or
without 3 uM GHS-R antagonist IMV2959 after 4 hrs of 100 ng/mL LPS stimulation (n=5-6/group).

(C and D) mRNA level of Ghsr (C) and pro-inflammatory cytokines (D) in Raw264.7 cells with or without
GHS-R overexpression after 4 hrs of 100 ng/mL LPS stimulation (n=2-6/group).

Data are presented as the means + SEM. **p< 0.01, ***p< 0.001 vs. LysM -Cre,; Ghsr'”, ###p< 0.001 vs. LPS
using two-way ANOVA.
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Discussion
Sepsis, caused by the acute systemic inflammatory response (138), requires further study
for elucidating the mechanism of mortality to provide promising clinical strategies (139).
A recent study suggested that LPS-induced liver damage is associated with inflammatory
mediators such as TNFa, IL-1B, and superoxide, contributing to mitochondrial
dysfunction (140).

Mitochondrial function is a central determinant of clinical outcome since it is the
primary target of acute inflammation-induced oxidative stress. Based on the cellular
microenvironment, diverse stress conditions increase ROS generation from prooxidants
and NO (141, 142). Several lines of evidence showed that ROS plays a leading role in
septic shock and organ failure (143, 144).

Here, we characterized the functional role of GHS-R in macrophages in LPS-
induced endotoxemia. We found LysM-Cre;Ghs#/ mice displayed a significantly longer
survival time, reduced circulating inflammatory cytokine levels, and lower inflammation
in liver tissues and hepatocytes in a paracrine manner. To understand the cellular
mechanism of macrophage GHS-R in local and systemic inflammation under LPS-induced
endotoxemia, we conducted ex vivo and in vitro studies using bone marrow-derived
macrophages (BMDMs) and Raw264.7 cells. GHS-R deficient BMDMs showed reduced
pro-inflammatory polarization and decreased expression of pro-inflammatory cytokine
genes. This pro-inflammatory effect of GHS-R in macrophages is confirmed in loss- and

gain-of-function.
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Taken together, our data demonstrated that GHS-R has cell-autonomous effects in
macrophages in modulating mitochondrial function and inflammatory response, which in
turn modulate systemic inflammation. Our studies suggest GHS-R may be a novel

therapeutic target in inflammatory disorders such as sepsis.

Lpg

Inflammatory
cytokines

----% Death

Figure 12. Diagrammatic conclusion of chapter III.

Macrophage GHS-R augments systemic inflammation by programing macrophage polarization to M1.
Increased inflammatory cytokines impairs liver in paracrine manner which may lead to liver failure and
cause deceases.
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CHAPTER IV
THE ROLE OF MYELOID-SPECIFIC GHS-R IN DIET-INDUCED CHRONIC

INFLAMMATION

Introduction

Inflammation correlates with increased obesity, which is known to induce low-grade
chronic inflammation in adipose tissue and liver tissues. Obesity-associated meta-
inflammation can elicit the development of obesity-related insulin resistance (3, 4),
dysregulation of fatty acid metabolism (145, 146) and chronic diseases such as NAFLD
(1, 2). In the inflammatory processes, chronic inflammation increases circulating
inflammatory mediators and induces the recruitment, proliferation, and activation of
various immune cells that together regulate the cellular response that orchestrates tissue
damage and/or repair (5). Although many immune cell types are involved in tissue damage
or repair processes (6), macrophages have been shown to exhibit critical regulatory
activity at all stages of inflammatory and tissue reparative responses in different organ
systems (7).

Macrophages are a crucial determinant of meta-inflammation and are present as
monocytes in circulation or as infiltrated or resident macrophages in tissues (147-149).
Phenotypic and functional changes of recruited and resident macrophages play critical
roles in local tissue microenvironment and tissue homeostasis (54, 150). Depending on the
signals to which macrophages are exposed, they can be polarized into two subtypes; M1

or M2 subtype (48, 97). M1-like macrophages are characterized by expressing both F4/80,
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CD38 but not CD206 and responsible for producing pro-inflammatory cytokines such as
TNF-a, IL-1pB, and IL-6. These M1-like macrophages are associated with obesity and
insulin resistance. In contrast, M2-like macrophages express both F4/80, CD206 but not
CD38 and release anti-inflammatory cytokines, including IL-10 and arginase 1 (48, 97).
They are mainly implicated in lean and insulin sensitivity. Thus, M1/M2 macrophage ratio
is considered as a critical determinant for the state of pro-/anti-inflammatory.

Our previous study demonstrated that GHS-R deletion mitigates the effects of high
fructose corn syrup (HFCS) on adipose inflammation and liver steatosis (106). Our recent
study further demonstrated that antagonism of GHS-R decreases pro-inflammatory gene
expression in macrophages in vitro (97). These observations suggest that ghrelin signaling
may have important roles in immunity and inflammation, but the direct effects of GHS-R
in macrophages are unknown. Here, we have studied the role of GHS-R in macrophages
using our newly generated myeloid-specific GHS-R deleted mice (LysM-Cre; Ghsr) and
assess the myeloid-specific functions of GHS-R in macrophage infiltration and

polarization under chronic DIO-induced inflammation.

Material and Methods
Animals
Previously we reported the generation of fully backcrossed GHS-R floxed mice on
C57BL/6J background (115). Using a Cre-Lox system, we generated myeloid-specific
GHS-R deficient (LysM-Cre; Ghs¥f) mice by breeding Ghs¥/ mice with widely used

myeloid-specific LysM-Cre (JAX stock 4781) (116). Mice were housed in the animal
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facility of Texas A&M University (college station, Texas), maintained on 12-hour light
and 12-hour dark cycles (lights on at 6:00 AM) at 75 F = 1. Food and water were available
ad libitum. All diets were obtained from Harlan Teklad with the following composition:
HFD (TD 88137): 42% fat, 42.7% carbohydrates, 15.2% protein calories. All experiments
were conducted in accordance with the NIH guidelines and approved by the institutional

animal care and use committee.
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Casein go/kg 195.0
DL-Methionine go/kg 3.0
Sucrose go/kg 341.46
Corn Starch go/kg 150.0
Andydrous Milkfat go/kg 210.0
Cholesterol o/kg 1.5
Cellulose o/kg 50.0
Mineral Mix o/kg 35.0
Calcium Carbonate o/kg 4.0
Vitamin Mix o/kg 10.0
Ethoxyquin o/kg 0.04

Selected Nutrient Information

Energy Density Kcal/g (kJ/g) 4.5
Calories from Protein % 15.2
Calories from Carbohydrate % 42.7
Calories from Fat % 42.0
Fatty Acids

Total Saturated Fat % 12.8
Total Monounsaturated Fat % 5.6
Total Polyunsaturated Fat % 1.0
C16:0 Palmitic Acids % 28.9
C18:0 Stearic Acids % 12.5
C18:1Oleic Acids % 20.9
C18:2Linoleic Acids % 23
C18:3 Linolenic Acids % 0.7

Figure 13. The formula and selected nutrient information HFD used in this study.

Body composition, indirect calorimetry, and functional tests

46



All body composition and metabolic parameters data were obtained as we previously
described (117). All GTT and ITT were performed as we previously described (117).
Plasma insulin was measured using RIA assay kit (SRI-13K, EMD Millipore, Billerica,
MA) or multiplex according to manufactory instruction.
Blood chemistry analysis
Blood was collected by retroorbital bleeding during anesthesia. The blood samples were
allowed to clot at room temperature for 30 min before centrifugation (13,000 rpm, 4°C,
15 min) and the serum was collected and stored at -80°C until analyzed for cytokine levels
using a commercially available Mouse adipokine kit (Milliplex Map kit, cat#
MHSTCMAG-70K, Billerica, MA, USA) and Luminex reader according to the
manufacturer’s instructions. Serum adiponectin and FFA analysis used the Adiponectin
Elisa kit (Millipore-Sigma) and FFA FElisa kit (Cayman Chemical).
eWAT SVF and liver NPC isolation
SVF was isolated as described previously (118, 119). Briefly, 1g of epididymal adipose
tissue was dissected and minced in RPMI 1640 media (Gibco) containing 1 mg/ml
collagenase Type I (Worthington Chemicals). The solution was incubated in 37°C water
bath for 30 minutes. The tissue slurry was then filtered through nylon mesh to remove
undigested tissue and centrifuged at 2200 rpm to fractionate adipocytes and SVF.

Liver NPCs were isolated as described previously (120). Briefly, anesthetize the
mouse by using isoflurane, then perfuse and digest the liver with perfusion buffer via the
portal vein. Collect the digested liver and make cell suspension. Purify the cells using

Percoll (Sigma) gradient.
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Collected SVF cells and NPCs (1 x 10° in a volume of 100 pl of PBS) were
incubated with antibodies for flow cytometry analysis.
PM isolation
Peritoneal macrophages (PMs) were obtained from the peritoneum of Ghsr” or LysM-
Cre;Ghsr// mice as described (121). Briefly, mice were euthanized by rapid cervical
dislocation after anesthetization with isoflurane. Then, 3 mL ice-cooled PBS with 2% fetal
bovine serum was injected into the abdominal cavity. After gentle shaking for 3 minutes,
abdominal fluid was collected into tubes using a syringe with 18G needle. Red blood cells
were lysed with ACK lysis buffer for 5 min and quench the reaction by adding two times
the volume of PBS. PMs were then collected by centrifugation at 450 g for 10 minutes.
The equal number of PMs (2 X 10° cells/well) was seeded into 96 well plates in RPMI
1640 media containing L-glutamine, 10% fetal bovine serum, 100U/ml penicillin,
100pg/ml streptomycin as described at 37 °C in a humidified, 5% CO2 incubator for 4 hr.
BMDM isolation, culture, and treatment
Bone marrow cells were isolated from the tibias and femurs of mice as previously
described (136). Cells were seeded into 6-well plates at a density of 1.5 X 10° cells/well
and cultured in a humidified incubator at 37 and 5% COz. The culture medium was RPMI
1640 medium containing L-glutamine, 10% fetal bovine serum, 100U/ml penicillin, and
100 pg/ml streptomycin supplemented with 10 ng/mL macrophage colony-stimulating
factor (M-CSF) for 7 days. At the end of the 7 days culture period, >95% of the cells were

positive for macrophage markers and bone marrow-derived macrophages (BMDMs) were
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subjected to inflammatory assays. On the seventh day, cells were counted and replated
with either PA 150 uM or BSA for 24 hours.

Flow cytometry

Cell preparation for flow cytometry was performed as described above. For the cell surface
staining, the cells were washed twice with FACS buffer (PBS, pH 7.4, with 2% BSA) and
incubated with nonspecific IgG to assess background fluorescence and then stained with
a mixture of fluorescently labeled antibodies for 30 min on ice against BV510 anti-mouse
CD45 antigen, Alexa Fluor700 anti-mouse Ly6G antigen, APCCy7 anti-mouse CD11b
antigen, PeCy7 anti-mouse F4/80 antigen, PE anti-mouse CD38 antigen, Alexa Fluor488
anti-mouse CD206 antigen, BV421 anti-mouse CX3CR1, and APC anti-mouse CD36
antigen and labeled with 7AAD to distinguish live/dead. For the intracellular staining,
cells were incubated with BD GolgiPlug for 4 hrs before labeled against live/dead aqua in
PBS. Cells were then washed with PBS and then FACS buffer and incubated with
nonspecific IgG before labeling against PerCP anti-mouse CD45 antigen, Alexa Fluor700
anti-mouse Ly6G antigen, APCCy7 anti-mouse CD11b antigen, PeCy7 anti-mouse F4/80
antigen. The cells were washed with FACS buffer and fixed in 2% PFA for 30 min and
permeabilized in perm/wash buffer (BD bioscience) for 30 min on ice before labeling
against PE-Dazzle594 anti-mouse TNFa antigen, PE anti-mouse IL-1f antigen, APC anti-
mouse IL-6 antigen, and Alexa Fluor488 anti-mouse iNOS antigen for 30 min on ice. Cells
washed before data acquisition on ASTRIOS flow cytometry (Beckman
Coulter,Indianapolis, IN, USA) and FACS analysis was performed using Flowjo software

(Tree Star Inc., OR USA).
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Immunohistochemistry staining

For detection of Mac-2, 5 um paraffin-imbedded eWAT or liver sections were fixed and
processed for immunohistochemistry using the avidin-biotin peroxidase complex (ABC,
ThermoFisher, Waltham, MA) method and diaminobenzidine (DAB)-nickel reactions
(Abcam, Cambridge, UK) as previously described (151). Briefly, sections were de-
paraffinized and dehydrated. Sections were incubated sequentially with 3% H202 to block
peroxidase, Mac-2 antibody (Abcam), then followed by secondary antibody (anti-rabbit)
and ABC solution. After the DAB-nickel reaction, the sections were counterstained with
0.1% neutral red solution, and analyzed using a light microscope (Olympus DX 51,
Olympus, Tokyo) and a charge-coupled device camera (Olympus DP12).

Quantitative real-time PCR

Total RNA was isolated using TRIzol® Reagent (Invitrogen, Carlsbad, CA) or Aurum
Total RNA mini kit (Bio-Rad Laboratories, Inc., Hercules, CA, USA) according to the
manufacturer’s instructions. RNA samples were treated with RNase-free DNase (Ambion,
Austin, TX) to remove genomic DNA before reverse transcription. Reverse transcription
was performed using Superscript III First Strand Synthesis System (Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. Quantitative real-time PCR reaction
was performed as we previously described (117). Ghsr-1a primers designed including the
intron for distinguishing from the expression of GHS-R 1 as below: sense primer 5-
GGACCAGAACCACAAACAGACA-3, anti-sense primer 5-
CAGCAGAGGATGAAAGCAAACA-3" (82). The rest of the primer information is

available upon request.
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Statistical Analysis

Statistical analyses were performed with Graphpad Prism 6.01. Data were presented as

mean = SEM. Data are presented as the means + SEM. *p< 0.05, **p< 0.01, ***p< 0.001

vs. LysM -Cre; Ghsr'/, #p<0.05, ##p<0.01, ###p<0.001 vs. treatment using t-test or two-

way ANOVA.

Results

Myeloid-specific GHS-R deletion alleviates diet-induced insulin resistance and
impairment of glucose

To examine the contribution of myeloid-specific GHS-R to metabolic regulation on diet-
induced obesity, we fed control and LysM-Cre;Ghs¥”/ mice HFD for 5- to 7-months
starting at 8-weeks of age. Similar to RD feeding, serum active ghrelin level, body weight,
body fat mass, and tissue/body weight percentage were indistinguishable between control
and LysM-Cre;Ghsr/ mice under HFD (Fig. 14A-14E). Myeloid-specific GHS-R deletion
did not alter food intake, physical activity, and energy expenditure under HFD feeding

(Fig. 14F-14H).
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Figure 14. Myeloid-specific GHS-R deletion does not alter phenotypical characterization in HFD-fed
mice.

(A) Serum active ghrelin level in HFD-fed control and HFD-fed LysM-Cre; Ghsr”/ mice (n=4 mice/group).
(B-D) Monthly body weight (B), fat body composition (C), and lean body composition (D) of HFD-fed
control and HFD-fed LysM-Cre; Ghsr/ mice under fed condition (n=11-14 mice/group).

(E) Tissue/body weight percentage of HFD-fed control and HFD-fed LysM-Cre; Ghs¥”/ mice under fed
condition (n=9-14 mice/group).

(E-G) Food intake (E), physical activity (F), and energy expenditure (G) level of HFD-fed control and HFD-
fed LysM-Cre; Ghs#/ mice (n=4-12 mice/group).

Data are presented as the means = SEM. *p< 0.05 vs. LysM -Cre; Ghsr/ using two-way ANOVA or t-test.

In addition to the metabolic change, obesity is a causative factor for type 2 diabetes
through induction of insulin resistance (152). Interestingly, fed or fasting glucose level
and plasma insulin concentration under HFD feeding showed lower blood glucose and

insulin concentration in LysM-Cre;Ghsr”/ mice compared to control mice (Fig. 15A and

15B). We further calculated homeostasis model assessment of insulin resistance (HOMA-
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IR) in the HFD-fed mice. Consistent with decreased blood glucose and plasma insulin
levels, the HOMA-IR values of obese LysM-Cre;Ghsr”/ mice were <58% lower than those
of control mice (Fig. 15C). LysM-Cre;Ghsr/ mice were less hyperglycemic with lower
plasma insulin concentration during an intraperitoneal glucose tolerance test (Fig. 15D) in
line with increased insulin sensitivity as measured by serum insulin level during GTT and

insulin tolerance test (Fig. 15E and 15F).
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Figure 15. Myeloid-specific GHS-R deletion attenuates insulin resistance in HFD-fed mice.

(A) Blood glucose level under fed or 16 hrs fasting condition in RD-fed control and RD-fed LysM-
Cre; Ghsr”’ mice (n=6-9 mice/group).

(B) Plasma insulin level in HFD-fed control and HFD-fed LysM-Cre; Ghs¥”/ mice after 3 hrs fasting
(n=4 mice/group).

(C) HOMA-IR was calculated using the following formula: fasting glucose (mg/dl) % fasting insulin
(ng/ml) (n=6 mice/group).

(D and E) GTT (D) and serum insulin level (E) from GTT in HFD-fed control and HFD-fed LysM-
Cre; Ghsr’" mice after 16 hrs fasting (n=7-8 mice/group).

(F) ITT in HFD-fed control and HFD-fed LysM—Cre;Ghsrf‘/fmice after 4 hrs fasting (n=5-6 mice/group).
Data are presented as the means + SEM. *p< 0.05, *p< 0.01, *p< 0.001 vs. LysM-Cre;Ghs¥”/ using
two-way ANOVA or t-test.
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However, pyruvate tolerance showed no difference between genotypes (Fig. 16A).
We next examined the gluconeogenesis-related genes in the liver of HFD-fed control and
LysM-Cre;Ghsr”/ mice but the expression of gluconeogenesis genes was comparable (Fig.
16B). These results indicate that improvement of glucose utilization in the liver may not

be the predominant factor causing insulin sensitivity in HFD-fed LysM-Cre;Ghsr”/ mice.
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Figure 16. Myeloid-specific GHS-R deletion does not alter gluconeogenesis in liver of HFD-fed
mice.

(A) PTT in HFD-fed control and HFD-fed LysM—Cre;Ghsrf'/f mice after 16 hrs fasting (n=7-8

mice/group).

(B) mRNA level of gluconeogenesis related genes in liver of HFD-fed control and HFD-fed LysM-

Cre; Ghsr’f (n=8 mice/group).

Data are presented as the means + SEM. *p< 0.05 vs. LysM-Cre; Ghsr”/ using t-test.
Mpyeloid-specific GHS-R deletion reduces systemic inflammation and circulating
monocytes with high infiltrative capacity
It is well known that obesity leads to inflammation which further triggers for the
development of insulin resistance (153, 154). When exposed to HFD, control mice
significantly elevated serum pro-inflammatory cytokine levels over those exposed to RD
(Fig. 5A and 17A). Moreover, HFD-fed LysM-Cre;Ghs#/ mice showed lower serum levels
of TNFa, IL-1pB, IL-6, and MCP1 compared to HFD-fed control mice (Fig. 17A). The

other measured serum anti-inflammatory cytokines, IL-4, IL-10, and IL-13, were not
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significantly different between genotypes on HFD (Fig. 17B). Collectively, these suggest
that under RD or HFD feeding, GHS-R deletion in myeloid cells reduces pro-

inflammatory cytokine profile and prevents HFD-induced insulin resistance.
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F igur‘e 17. Myeloid-specific GHS-R deletion attenuates serum inflammatory cytokine level in HFD-
{eAdalrlll(;cP; Serum pro- (A) and anti- (B) inflammatory cytokine level in HFD-fed control and HFD-fed LysM-
Cre; Ghsr’ mice (n=4-6).
Data are presented as the means = SEM. *p< 0.05, *p< 0.01 vs. LysM -Cre;Ghsr”/ using t-test.
Mpyeloid-specific GHS-R deletion attenuates obesity-associated macrophage
recruitment and inflammatory response in eWAT

Because deletion of GHS-R in myeloid cells reduced migratory and infiltrative
capacity of monocytes to tissues (data not shown), we next investigated the contribution
of myeloid-specific GHS-R to obesity-related accumulation of macrophages and
inflammation in eWAT. Ghsr expression was significantly down-regulated in myeloid-
specific GHS-R deleted eWAT comparing with control eWAT under HFD-feeding (Fig.
18A). Compared to HFD-fed control mice, HFD-fed LysM-Cre;Ghs¥”/ mice had reduced
CLS and macrophage infiltration in eWAT as measured by Mac-2 staining (Fig. 18B). To

further study phenotypic polarization and inflammation of adipose tissue macrophages,

we interrogated the F4/80"° and F4/80" populations for macrophage phenotypic
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polarization as described in Fig. 18C. We used the established markers CD38 for M 1-like
and CD206 for M2-like macrophages (155, 156). The current finding showed that
myeloid-specific GHS-R reduced the percentage of macrophages and macrophage
infiltration to the eWAT (Fig. 18D and 18E). The previous study demonstrated that within
the CD11b"F4/80" ATM population, two distinct populations (F4/80"™ and F4/80'°) were
distinguished by CX3CR1 expression which indicates that resident ATMs are
predominantly F4/80°CX3CR1" and that ATMs infiltrating during obesity are primarily
F4/80MCX3CR17 (157) as we showed in Fig. 18F. We found that MFI of CX3CR1 was
down-regulated by myeloid-specific GHS-R deletion (Fig. 18G).

In addition HFD-fed LysM-Cre;Ghsr”/ mice showed reduced expression of pro-
inflammatory cytokines in eWAT (Fig. 18H). Together, the dynamics of macrophage
infiltration was shown over the course of HFD-induced cell infiltration into the SVF of

adipose tissue which alleviates inflammation in eWAT.
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Figure 18. Myeloid-specific GHS-R deletion reduces infiltrated macrophages in eWAT of HFD-fed
mice.

(A) mRNA level of Ghsr in eWAT of HFD-fed control and HFD-fed LysM-Cre; Ghs’f (n=6-9 mice/group).
(B) Immunohistochemistry staining of Mac-2 in eWAT of HFD-fed control and HFD-fed LysM-Cre; Ghsr/
(n=3 mice/group).

(C) Flow cytometry gating strategies in eWAT.

(D) Percentage of macrophage subset (CD45'Ly6GCD11b"F4/80") in eWAT SVF of HFD-fed control and
HFD-fed LysM-Cre; Ghs#”f (n=3-4 mice/group).

(B) Percentage of IM (CD45"Ly6GCD11b"F4/80") and RM (CD45*Ly6G CD11b*F4/80'°) subset in eWAT
SVF of HFD-fed control and HFD-fed LysM-Cre; Ghsr”/ (n=3-4 mice/group).

(F and G) Percentage of CX3CR1 from IM and RM subset (F) and MFI of CX3CR1 from IM (G) in eWAT
SVF of HFD-fed control and HFD-fed LysM-Cre; Ghs¥/ mice (n=3-4 mice/group).

(H) mRNA level of pro-inflammatory cytokine/chemokine related genes in eWAT of HFD-fed control and
HFD-fed LysM-Cre; Ghsr”/ (n=6-9 mice/group).

Data are presented as the means + SEM. *p< 0.05, *** p< 0.001, vs. LysM -Cre;Ghsr”/ using two-way
ANOVA or t-test.
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Myeloid-specific GHS-R deletion attenuates serum free fatty acids and elevates serum
adiponectin concentration

As obesity-associated low-grade inflammation results in insulin resistance which has been
demonstrated to arise from reduced circulating adiponectin concentrations (158, 159) and
increased serum FFAs (160-162), we determined the parameters in HFD-fed control and
HFD-fed LysM-Cre;Ghs¥”/ mice. Myeloid-specific GHS-R deletion reduced the size of
adipocyte and significantly elevated serum adiponectin concentration (Fig. 19A-19C). In
HFD, significantly reduced serum FFA concentration along with suppressed lipolysis as
measured by lipolysis-related genes was observed in LysM-Cre;Ghsr/ mice compared to
control mice (Fig. 19D and 19E). Collectively, these data demonstrate that myeloid-
specific GHS-R deficiency promotes adiponectin production and suppresses FFA
secretion into the blood by reducing lipolysis in eWAT which together leading to insulin

sensitivity.
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Figure 19. Myeloid-specific GHS-R deletion promotes healthy phenotype of adipose tissues.

(A) Immunohistochemistry staining of H&E in eWAT of HFD-fed control and HFD-fed LysM-Cre; Ghsr'!
mice (n=3 mice/group).

(B) Adipocyte size distribution in eWAT of HFD-fed control and HFD-fed LysM-Cre; Ghsr¥/ mice (n=3
mice/group).

(C and D) Serum adiponectin level (C; n=3 mice/group) and serum FFA level (D; n=7-8 mice/group) in
HFD-fed control and HFD-fed LysM-Cre; Ghsr”/ mice.

(E) mRNA level of lipolysis related genes in eWAT of HFD-fed control and HFD-fed LysM-Cre; Ghs”
(n=9-11 mice/group).

Data are presented as the means = SEM. *p< 0.05, **p< 0.01, ***p< 0.001, vs. LysM-Cre; Ghs'/ using t-
test.

Mpyeloid-specific GHS-R deletion attenuates diet-induced NAFLD by attenuating the
hepatic inflammatory response

It has been established that the liver plays a crucial role in lipid metabolism by
taking up serum-free fatty acids and storing them as TG (163). Myeloid-specific GHS-R
deficiency reduced diet-induced hepatic steatosis, as measured by H&E and Oil-Red-O
staining (Fig. 20A). While increased expression of beta-oxidation-related genes was
found, the expression of lipid synthesis and storage genes is reduced in the liver of HFD-

fed LysM-Cre; Ghs¥”/ comparing with HFD-fed control (Fig. 20B).
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Figure 20. Myeloid-specific GHS-R deletion reduces liver steatosis in liver of HFD-fed mice.

(A) Immunohistochemistry staining of H&E, Oil red O, Mac-2 in liver of HFD-fed control and HFD-fed
LysM-Cre; Ghsr”/ (n=3 mice/group).

(B) mRNA level of lipid metabolism related genes in liver of HFD-fed control and HFD-fed LysM-
Cre; Ghsr”/ (n=7-11 mice/group).

Data are presented as the means + SEM. *p< 0.05 vs. LysM-Cre,; Ghs’/ using t-test.

Further, we observed that Ghsr expression was reduced in the liver of HFD-fed
LysM-Cre;Ghs¥”/ mice compared to HFD-fed control mice (Fig. 21A). Inflammation is
the key factor that drives the progression of simple steatosis to NAFLD. When liver
inflammatory status was examined, liver sections from HFD-fed LysM-Cre;Ghsr/ mice
contained fewer Mac-2-positive cells (infiltrated macrophages and Kupffer cells)
compared to those of HFD-fed control mice (Fig. 21B). Percentage of macrophages
showed a reduced trend (p<0.064) in HFD-fed liver mainly due to the reduction of
infiltrated macrophages (Fig. 21C and 21D). Similar to the result of eWAT, CX3CR1
expression in IM showed a decreased trend (p<0.088) in liver NPC of HFD-fed LysM-

Cre;Ghs¥”/ mice comparing with HFD-fed control mice (Fig. 21E and 21F). mRNA levels
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of F4/80, TNFa and IL-6 in the liver of HFD-fed LysM-Cre;Ghsr”/ mice were significantly

lower compared to HFD-fed control mice (Fig. 21G).

A B C
Ghsr LysM-Cre;Ghsr ’o Macrophages
5 T AT g NN
0.8 Ty A WL R B Q 30
2 06 3 LysM-Cre;Ghs”' 2 . “ % Srse’ :'E p<0.064
@ o & . 9 2t AT o - 20 a
s [ g 5 5 a
5 04 s R g \‘ o
&g o o=
® j y et 3
F SR 8 1
§ 02 Ry A i ¥ p
2 A v ey o gy SR o
0.0 )
=
3 3 —_ Ghst"
D K] E 2 CX3CR1 =
N z ———  LysM-cre;Ghsr’”
Ghsr* LysM-Cre;Ghsr* ® ® 7
1 .47 1 hd b ]
KC a ‘a o
7.16% = = LR
g 3 S 3
: ¢ S
5 M o © S
961% | = ES 1
peailodl ¥ 2 I .
} |0‘ wﬁ - g Cx3cR1
» O P-)
» o 3]
= B
G
& 2.0
S .- . .
o154 ° . . -
2 . ® .. .
g . . s os. ¢ o ey *
s 10 H . - . - s
g . K 2 ®|n . s |* L]
£ 05 .
g
0014 . - . - : : : :
O S & N o N > ‘,\Q N R
S & &Y EY I e
Macrophage si Pro-i y Anti-inflammatory

Figure 21. Myeloid-specific GHS-R deletion reduces macrophage infiltration and inflammation in
liver of HFD-fed mice.

(A) mRNA level of Ghsr in liver of HFD-fed control and HFD-fed LysM-Cre; Ghs#/ (n=7-9 mice/group).
(B) Immunohistochemistry staining of H&E, Oil red O, Mac-2 in liver of HFD-fed control and HFD-fed
LysM-Cre; Ghs¥/ (n=3 mice/group).

(C) Percentage of macrophage subset (CD45"Ly6GCD11b*F4/80") in liver NPC of HFD-fed control and
HFD-fed LysM-Cre; Ghsrf (n=4-5 mice/group).

(D) Percentage of IM (CD45'Ly6G-CD11b*F4/80"°") and RM (CD45'Ly6G CD11b"F4/80") subset in
liver NPC of HFD-fed control and HFD-fed LysM-Cre; Ghsr/ (n=4-5 mice/group).

(E and F) Percentage of CX3CR1 from IM and RM subset (E) and MFI of CX3CR1 from IM (F) in liver
NPC of HFD-fed control and HFD-fed LysM-Cre; Ghs#/ mice (n=4-5 mice/group).

(G) mRNA level of inflammatory cytokine/chemokine related genes in liver of HFD-fed control and HFD-
fed LysM-Cre; Ghs¥"/ (n=7 mice/group).

Data are presented as the means = SEM. *p< 0.05 vs. LysM-Cre; Ghs'/ using two-way ANOVA or t-test.
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Next, we performed macrophage and hepatocyte co-cultures to address whether
GHS-R facilitates macrophage generation of factors to promote aspects of NAFLD. We
incubated control hepatocytes with BMDM-CM (Fig. 22A). When pro-inflammatory
response and lipid utilization were examined, hepatocytes incubated with CM of PA-
treated LysM-Cre;Ghs’/ BMDMs showed significantly decreased mRNA levels of TNFa,
IL-6, and MCP1I (Fig. 22B), while those related to beta-oxidation is promoted compared
to hepatocytes incubated with PA-treated WT BMDM-CM (Fig. 22C). Together these
results suggest that GHS-R activation enables macrophages to generate factors that can

enhance hepatocyte pro-inflammatory response and use fatty acids via beta-oxidation.
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Figure 22. Myeloid-specific GHS-R deletion attenuates inflammatory response and promotes beta-
oxidation in hepatocytes.

(A) Diagram of hepatocyte and BMDM-CM co-culture method.

(B and C) mRNA level of pro-inflammatory cytokine/chemokine (B) and beta-oxidation (C) related genes in
control-hepatocytes incubated with conditional media from 24 hrs of 150 uM PA/BSA treated BMDMs of
control and LysM-Cre; Ghsr¥”f (n=4-6 mice/group).

Data are presented as the means + SEM. *p< 0.05 vs. LysM-Cre; Ghs¥’f , ##p< 0.01, ###p< 0.001 vs. PA
using two-way ANOVA.
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Myeloid-specific GHS-R deletion attenuates HFD-induced pro-inflammatory response
in peritoneal macrophages

We examined alteration of Ghsr mRNA expression in peritoneal macrophages (PMs) by
HFD-feeding and found that Ghsr expression was significantly upregulated under HFD-
feeding compared to the level in RD-feeding in control mice (Fig. 23A), indicating that
macrophage GHS-R may contribute to the reprogramming of immune microenvironment
in DIO. To further validate the role of macrophages GHS-R in response to inflammation,
PMs were obtained from the peritoneum of HFD-fed control or HFD-fed LysM-Cre;Ghsr”/
mice and analyzed following Fig. 23B. We have found that PMs in the circulatory system
did not show the difference in the percentage of macrophage subset between genotypes
(Fig. 23C). However, the MFI of CD38 was significantly reduced in PMs of HFD-fed
LysM-Cre;Ghsr”/ compared to HFD-fed control, which is in line with a decreased
percentage of CD38 (Fig. 23D and 23E), explaining reduced M1/M2 like macrophage
ratio (Fig. 23F). As expected, HFD-fed LysM-Cre;Ghs¥/ PMs exhibited significantly
decreased pro-inflammatory cytokine markers in protein and pro-inflammatory gene
expression in mRNA levels of IL-6 (Fig. 23G and 23H), suggesting myeloid-specific

GHS-R diminished M1 polarization of PMs.
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Figure 23. Myeloid-specific GHS-R deletion attenuates inflammatory responses in PMs.

(A) mRNA level of Ghsr in PMs of RD-fed and HFD-fed control mice (n=6-9 mice/group).

(B) Flow cytometry gating strategies in PMs.

(C) Percentage of macrophage subset (C) in PMs of HFD-fed control and HFD-fed LysM-Cre; Ghsr”/ mice
(n=4 mice/group).

(D-F) Percentage (D) and MFI (E) of M1- and M2-like macrophage subsets and ratio of M1-like/M2-like
macrophage (F) in PMs of HFD-fed control and HFD-fed LysM-Cre; Ghsr”/ mice (n=4-5 mice/group).

(G) Percentage of pro-inflammatory cytokine subsets in PMs of HFD-fed control and HFD-fed LysM-
Cre; Ghsr”’ mice (n=4-5 mice/group).

(H) mRNA level of pro-inflammatory cytokine/chemokine related genes in PMs of HFD-fed control and HFD-
fed LysM-Cre; Ghsr'”.

Data are presented as the means = SEM. *p< 0.05, **p< 0.01, ***p< 0.001 vs. LysM-Cre;Ghsr"/ using t-test.
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Moreover, HFD-fed LysM-Cre;Ghsr’/ PMs exhibited significantly reduced production
CD36 according to flow analysis (Fig. 24A) and gene expression (Fig. 24B). Macrophage
GHS-R deficiency down-regulated lipid synthesis gene and upregulated beta-oxidation
and lipolysis-related genes, validating that GHS-R suppression in macrophages decreases
lipid accumulation in macrophages by reducing lipid uptake and synthesis gene and
increasing beta-oxidation and lipolysis genes. Less accumulation of lipid in macrophages
further diminishes the pro-inflammatory response of HFD-fed LysM-Cre;Ghsr”/ PMs.
These data are consistent with previous findings, which suggest that the pro-inflammatory

effects of DIO are GHS-R dependent.
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Figure 24. Myeloid-specific GHS-R deletion attenuates PA-related pathway in PMs.

(A) Percentage of CD36 subset in PMs of HFD-fed control and HFD-fed LysM-Cre;Ghs#/ mice (n=4
mice/group).

(B) mRNA Ievel of CD36 and lipid metabolism-related genes in PMs of HFD-fed control and HFD-fed
LysM-Cre; Ghsr”f (n=4-6 mice/group).

Data are presented as the means + SEM. *p< 0.05, **p< 0.01, ***p< 0.01 vs. LysM-Cre; Ghs/ using t-
test.

Mpyeloid-specific GHS-R deletion attenuates PA-induced pro-inflammatory response in
BMDMs
To recapitulate our in vivo findings and gain mechanistic insights, we sought to validate

GHS-R regulation of macrophage activation ex vivo in BMDMs treated with PA to mimic
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the HFD condition as described (Fig. 25A). In control BMDMs, PA treatment caused an
increase in pro-inflammatory polarization and response (Fig. 25B and 25C). Strikingly, in
LysM-Cre;Ghsr”/ BMDMs, it showed significantly decreased pro-inflammatory activation

in PA-induced macrophages in mRNA levels compared with BMDM:s control.
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Figure 25. Myeloid-specific GHS-R deletion attenuates PA-induced M1-like polarization and pro-
inflammatory response in BMDMs.

(A) Flow cytometry gating strategies in BMDMs.

(B) Percentage of Ml-like subset in 24hrs 150 pM PA/BSA-treated BMDMs of control and LysM-
Cre;Ghsrf'/f mice (n=4 mice/group).

(C) mRNA level of pro-inflammatory cytokine/chemokine genes in PA/BSA-treated BMDMs of control
and LysM-Cre, Ghsi'" mice (n=6 mice/group).

Data are presented as the means = SEM. *p< 0.05 vs. LysM-Cre; Ghs¥'”, #p< 0.05, ##p< 0.01, ###p< 0.001
vs. PA using two-way ANOVA.
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Discussion

Our current data showed that myeloid GHS-R played crucial roles in macrophage
accumulation and polarization in adipose tissues of DIO mice. This conclusion is
supported by several lines of evidence: First, GHS-R is highly expressed in adipose tissue
SVF of DIO mice. Second, studies of GHS-R deletion in vivo or overexpression in vitro
demonstrated that myeloid GHS-R contributed to macrophage infiltration and polarization
in adipose tissues. Third, monocytes and macrophages of myeloid-specific GHS-R deleted
mice expressed lower levels of chemokine receptors, which may reduce macrophage
migration.

The adipose tissue is a central metabolic organ in storing excess lipids in the body
and suppling free fatty acids as energy. The white adipose tissue functions as a critical
endocrine organ, secreting various hormones and cytokines, which are key mediators in
normal metabolism and obesity-associated dysfunctions (164, 165). It is well known that
obesity induces chronic local inflammation in adipose tissue and increased pro-
inflammatory cytokines (124, 166, 167). It has been reported that food intake and body
weight are reduced in HFD-fed global GHS-R knockout mice, which may affect insulin
sensitivity and inflammatory status. However, it has also been studied that increased fat
mass is not always correlated with increased inflammation (168, 169). We have previously
reported that GHS-R ablation neither inhibits weight loss nor food intake in aged mice
(170), while adipose tissue inflammation and insulin resistance were alleviated (97). In
HFCS-feeding mice, severely increased adipose inflammation and insulin resistance were

found without causing obesity; interestingly, knockout of GHS-R attenuates HFCS-
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induced adipose inflammation and insulin resistance (106). Consistent with the results
from GHS-R ablation mice, our current study had shown that myeloid-specific GHS-R
ablation mice did not affect the body weight, food intake, or energy expenditure. Thus, the
involvement of tissue-infiltrated macrophage polarization might be the critical point in the

improvement of insulin sensitivity of GHS-R knockout mice fed with HFD.

A large body of research has provided ample evidence for multiple points of
intersection between activation of pro-inflammatory signaling cascades and inhibition of
insulin action in different, tissue-specific extent (171-173). A recent study shows that
FGF21 enhances insulin sensitivity by regulating the release of adiponectin and fat
expansion, accompanied by an increase of M2-like macrophage polarization (174). In our
current data, myeloid GHS-R deletion increased serum FGF21 and adiponectin levels
while showing no difference in subcutaneous fat mass and polarization of M2-like
macrophage, suggesting insulin sensitivity phenotype in myeloid-specific GHS-R deleted
mice may not proactively from subcutaneous fat. When hepatic glycogen is depleted by
overnight fasting, pyruvate is converted to glucose in the liver to buffer blood glucose
(175). Since insulin suppresses hepatic gluconeogenesis, one possible method to assess
the hepatic insulin sensitivity is examining the rate of hepatic glucose production in
response to pyruvate administration. Here, when sodium pyruvate was administrated after
overnight fasting, no differences in hepatic glucose production were observed by myeloid
GHS-R ablation. A question raised from here is why epidydimal fat is the major insulin
target tissue regulating obesity-induced insulin resistance. This might be explained by the

findings that in WT mice the obesity-induced macrophage infiltration is several multitudes
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higher in eWAT compared to liver and skeletal muscle (176). In addition, our finding
indicated GHS-R expression, which is expected to be expressed mainly by macrophages
in tissues, is 3~6-fold higher in eWAT than in other insulin target tissues (data not shown).
Therefore, the effect of myeloid GHS-R ablation may be particularly predominant in
eWAT to regulate the biogenesis and function of the tissue, which results in enhanced
insulin sensitivity.

The dynamic change of stromal cells in the adipose tissue during chronic
inflammation has led to the coinage of the term “adipose tissue remodeling,” indicating
the changes in number and phenotype of the stromal cells. Whereas neutrophils with short
life spans due to apoptosis transiently infiltrate into adipose tissue early in the course of
HFD feeding (177, 178), macrophages have longer life spans and comprise about 50% of
the total SVF cells in obese adipose tissues (124, 179, 180). Notably, it is published that
the chronic state of insulin resistance from long-term exposure to HFD is heavily related
to macrophage-mediated pro-inflammation, while the initial stage of insulin resistance is
related to acute tissue lipid overload (181). Over the course of chronic pro-inflammatory
state during the development of obesity, excessive macrophage infiltration into WAT
influences metabolic disorder by secreting the majority of adipose tissue-derived
cytokines and chemokines such as TNFa, IL-1B, IL-6, and MCP-1 (179, 182-185). We
found that an increase in total ATMs during HFD feeding (data not shown) and myeloid
GHS-R ablation decreased the ratio of MIl-like/M2-like macrophages and pro-
inflammatory cytokines that decreases macrophage-mediated adipose tissue inflammation

during HFD feeding.
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Moreover, our current data showed that GHS-R expression in PMs was highly
upregulated under HFD feeding compared to RD feeding. PMs of HFD-fed mice or PA
stimulated BMDMs were tested in vivo and ex vivo respectively to investigate direct
macrophage inflammatory response to chronic low-grade inflammation. Ablation of GHS-
R in PMs and BMDMs reduced M 1-like/M2-like macrophage ratio and expression of pro-
inflammatory cytokines without changing M2 macrophage marker and anti-inflammatory
cytokines, which is in line with the trend of circulating cytokines in plasma. This new data
underscores that GHS-R in macrophages is an important regulator of macrophage
polarization, and GHS-R ablated macrophages exhibit characteristics of alternative

activation by reducing M1-like macrophage polarization.
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Figure 26. Diagrammatic conclusion of chapter IV.

Macrophage GHS-R impairs tissue homeostasis by increasing macrophage infiltration and M1 polarization
in insulin target tissues. Hypertrophy and lipolysis increased in eWAT which promotes FFA secretion in
serum and lead liver steatosis. Together, dysfunction in insulin target tissues cause systemic insulin
resistance.
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CHAPTER V
MECHANISMS UNDERLYING GHS-R ACTIONS IN MACROPHAGE

POLARIZATION

Introduction
Macrophage activation and lipid metabolism are intimately linked to metabolic
reprogramming in the activation of both M1-like and M2-like macrophages by activating
inflammatory pathways (186). Recent publications highlighted the concept that pro-
inflammatory M1-like macrophages rely on glycolysis, while anti-inflammatory M2-like
macrophages demand fatty acid oxidation (FAO). Recent studies have found that saturated
fatty acids (SFAs) polarize macrophages to M1-like by activating NLRP3 inflammasome
mediated by activated endoribonuclease inositol-requiring kinase 1o (IREla) in myeloid
cells (187). Our current findings show that GHS-R deficient BMDMs indicate increased
FAO under palmitic acid (PA) treatment comparing with control BMDMs. This result
indicates that under the same amount of SFA substrates, GHS-R deficient macrophages
possess a higher potential to utilize FAs via FAO and decrease M1-polarization by
activating pro-inflammatory pathways with the overload of FA. The beneficial effects
were found that enhancing FAO which promotes macrophage FA catabolism attenuates
inflammatory and ER stress responses to palmitate (188, 189). However, the role of
oxidative metabolism, in particular FAO in macrophage polarization, is less well clarified

as compared to the impact of glycolysis.
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Early studies demonstrated that insulin receptors, mainly IRS2 but not IRS1 (190,
191), are expressed in macrophages (192). However, the physiological function of these
receptors in macrophages is unclear. Among the different signaling cascades, the
PI3K/AKT pathway, downstream of IRS1/2, has emerged as a central regulator of
macrophage polarization. Predominant isoforms of PI3K are PI3Kd and PI3KYy in cells of
the hematopoietic lineage (193). AKT is three serine/threonine-specific protein kinases
(AKT1, AKT2, and AKT3) that regulate multiple cellular processes, including cell
proliferation, migration, and intermediary metabolism (194-196). Although it is not yet
elucidated that individual AKT isoforms are activated by specific PI3K in macrophages,
isoform-specific effects on macrophage function have been reported for both AKT and
PI3K. In the recent study, AKT isoforms differentially contribute to macrophage
polarization; AKT1 and AKT2 ablation result in M1 and M2 phenotype, respectively

(197).

Material and Methods
Animals
Previously we reported the generation of fully backcrossed GHS-R floxed mice on
C57BL/6J background (115). Using a Cre-Lox system, we generated myeloid-specific
GHS-R deficient (LysM-Cre; Ghs¥f) mice by breeding Ghs¥/ mice with widely used
myeloid-specific LysM-Cre (JAX stock 4781) (116). Mice were housed in the animal

facility of Texas A&M University (college station, Texas), maintained on 12-hour light
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and 12-hour dark cycles (lights on at 6:00 AM) at 75 F =+ 1. Food and water were available
ad libitum. All diets were obtained from Harlan Teklad with the following composition:
RD (2920X): 6.5% fat, 60% carbohydrates, 19.1% protein. All experiments were
conducted in accordance with the NIH guidelines and approved by the institutional animal
care and use committee.

BMDM isolation, culture, and treatment

Bone marrow cells were isolated from the tibias and femurs of mice as previously
described (136). Cells were seeded into 6-well plates at a density of 1.5 X 10° cells/well
and cultured in a humidified incubator at 37 and 5% COz. The culture medium was RPMI
1640 medium containing L-glutamine, 10% fetal bovine serum, 100U/ml penicillin, and
100 pg/ml streptomycin supplemented with 10 ng/mL macrophage colony-stimulating
factor (M-CSF) for 7 days. At the end of the 7 days culture period, >95% of the cells were
positive for macrophage markers and bone marrow-derived macrophages (BMDMs) were
subjected to inflammatory assays. On the seventh day, cells were counted and replated
with either 4 hrs of LPS (100 ng/mL) for glycolysis, OXPHOS, and mitochondrial
superoxide experiments or 24 hrs of PA (150 uM) for FAO experiment.

Measurement of glycolysis and OXPHOS

An XF96 analyzer (Seahorse Biosciences, North Billerica, MA, USA) was used to
measure bioenergetics function in intact BMDMs in real-time. BMDMs were seeded into
Seahorse Bioscience XF 96 cell culture plates at the seeding density of 80,000 cells in 200
uL medium and allowed to adhere and grow for 24 h in a 37 °C humidified incubator with

5% CO2. Measurements of extracellular flux were made in unbuffered media. ECAR was
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calculated at baseline to compare the rate of glycolysis. OCR was used to analyze
OXPHOS by sequentially adding pharmacological inhibitors of oxidative
phosphorylation. The resultant bioenergetics profile provides detailed information on
individual components of mitochondrial bioenergetics components.

Fatty acid oxidation (FAQO) measurement

FAO was measured by adding XF Palmitate-BSA FAO substrate (Seahorse Bioscience,
North Billerica, MA, USA) and monitoring OCR of cells without exogenous glucose or
glutamine. The experiments were performed according to the manufacturer’s protocol
(#102720-100 Seahorse Bioscience) to determine the ability of cells to oxidize added
exogenously added fatty acids. Analysis of results utilized XFe Wave software (Seahorse
Bioscience). The number of cells in each well is measured using a DNA-based stain
(CyQUANT Cell Proliferation Assay Kit, Invitrogen) to normalize the data.
Measurement of mitochondrial superoxide in BMDMs

The mitochondrial superoxide was determined using MitoSOX and MitoTracker Green.
BMDMs were cultured in 35 mm round dish at a density of 800,000 cells per dish. After
1 hr of LPS treatment, the medium was changed and MitoTracker Green (final
concentration 175 uM) and MitoSOX (final concentration 2.5 uM) were added. After the
staining, cells were washed twice and suspended in live-cell solution and fluorescence was
read at ex 510/em 580 nm for MitoSOX and ex 490/em 516 nm for MitoTracker Green.
The Mitochondrial superoxide data were normalized to the nuclear stain and quantified.

Western blotting
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BMDMs (3 x 10° per well in six-well cell culture plates) or Raw 264.7 cells (2 x 10°) were
treated with LPS 100 or 10 ng/mL respectively for 30 min and washed twice with DPBS
before making the lysate. The total cellular lysate was prepared using RIPA buffer (50
mM Tris-HCI, pH 7.4/150 mM NaCl/1%TritonX-100/1% deoxycholate/0.1% SDS/1%
aprotinin) with protease and phosphatase inhibitor (Roche, Nutley, NJ). Samples were
centrifuged at 12,000 x g for 10 min at 4°C. The concentrations of the protein samples
were measured by the BCA-protein assay. Western blot analyses were performed using
65 pg of cell lysate. Proteins were resolved by 10-15% SDS-PAGE gel and transferred to
NC membranes. Blots were blocked 5% bovine serum albumin (BSA) (5% BSA were
dissolved in phosphate-buffered saline with 0.1% Tween 20) for 1 hr, and then incubated
with primary antibody (anti-phospho-S133 CREB, anti-phospho-S247 AKT, anti-CREB,
anti-AKT, anti-IRS2, and anti-GAPDH antibodies were purchased from Cell Signaling
Technology). in BSA-PBST for overnight. Blots were washed with PBST three times (10
min each time) and then incubated in HRP-coupled secondary antibody for 1hr. Blots
were washed with PBST three times (10 min each time) and then subjected to ECL
(Amersham Biosciences) before detecting the chemiluminescence. The intensity of the
signal was analyzed and quantified by Image J software.

Statistical Analysis

Statistical analyses were performed with Graphpad Prism 6.01. Data were presented as

mean + SEM. Data are presented as the means £ SEM. *p< 0.05, **p< 0.01, ***p< 0.001

vs. LysM -Cre; Ghsr” , #p<0.05, ##p<0.01, ###p<0.001 vs. treatment using t-test or two-

way ANOVA.
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Results

Myeloid-specific GHS-R deletion attenuates glycolysis and enhances OXPHOS in
BMDMs

In the previous chapters, we have shown that macrophage GHS-R deficiency attenuates
pro-inflammatory response by regulating M1/M2 macrophage polarization under different
inflammatory circumstances. As macrophage polarization is highly regulated by GHS-R
in macrophages, we explored the mechanism by which macrophage GHS-R deletion in
myeloid-specific GHS-R ablated mice reduces inflammatory response. Since M1-like and
M2- like macrophages display distinct functions and regulates different genes, specific
metabolic activities are involved (198). Ml-like macrophages are associated with
increased glycolysis and production of ROS (199, 200). On the other hand, the M2 macs
rely on fatty acid oxidation and OXPHOS for generating ATP (201). It is shown that
LysM-Cre;Ghsr’” BMDMs showed reduced glycolysis and enhanced OXPHOS under LPS
stimulated inflammation (Fig. 27). This suggests that GHS-R ablation in macrophages
protects LPS-induced mitochondrial dysfunction and utilizes energy via mitochondrial

involved pathways.
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Figure 27. Macrophage GHS-R deficiency suppressed LPS-induced glycolysis and protects LPS-
induced mitochondrial dysfunction in BMDMs.
(A-C) ECAR indicating glycolytic rate in LPS-treated BMDMSs of control and LysM-Cre;Ghsr/ (n=4-

9/group).

(D-F) OCR indicating mitochondrial bioenergetic rate in LPS-treated BMDMs of control and LysM-
Cre;Ghsr” (n=3-5/group).

Data are presented as the means + SEM. *p< 0.05, **p< 0.01, ***p< 0.001 vs. LysM-Cre; Ghsr”, #p< 0.05,
###p=< 0.001 vs. LPS using two-way ANOVA.

Mpyeloid-specific GHS-R deletion enhances fatty acid oxidation in BMDMs
Mitochondria provide the main source of energy to eukaryotic cells, oxidizing fats and
sugars to generate ATP. Mitochondrial fatty acid B-oxidation (FAO) and oxidative
phosphorylation (OXPHOS) are two metabolic pathways which are central to this
process.

To understand the role of mitochondrial function in the inflammatory response, we
investigated fatty acid oxidation (FAO) by measuring oxygen consumption rate (OCR) in
LysM-Cre;Ghs¥” and control BMDMs using a Seahorse Biosciences extracellular flux
analyzer. We observed higher OCR in LysM-Cre;Ghsr”/ BMDMs compared to control

(Fig. 28A). We analyzed the basal and maximal respiration rate that both of which were
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significantly higher in PA-treated BMDMs of LysM-Cre;Ghsr/ than those of control (Fig.
28B and 28C). These results indicate a higher metabolic rate in LysM-Cre;Ghsr”/ BMDMs,
which correlates with higher beta-oxidation in PMs of HFD-fed LysM-Cre;Ghs¥” (Fig.

24B).
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Figure 28. Macrophage GHS-R deficiency increased FAO in BMDMs.

(A-C) FAO measured as OCR in LPS-treated BMDM s of control and LysM-Cre;Ghsr”f (n=4-8/group).
Data are presented as the means = SEM. *p< 0.05, **p< 0.01 vs. LysM Cre; Ghsr”, #p< 0.05, ##p< 0.01 vs.
PA using two-way ANOVA.
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Myeloid-specific GHS-R deletion decreases LPS-induced mitochondrial superoxide in
BMDMs

To compare the difference in oxidant levels in GHS-R deficient and control BMDMs, we
measured mitochondrial ROS after LPS exposure. Control BMDMs showed a significant

increase in mitochondrial ROS level but not the cells from LysM-Cre;Ghsr”/ mice (Fig.
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Figure 29. Macrophage GHS-R deficiency attenuates LPS-induced mitochondrial superoxide in
BMDMs.

(A) Immunofluorescence staining with MitoTracker and MitoSox in BMDM s of control and LysM -Cre; Ghsr/
mice. Image with confocal microscopy and quantified using ImagelJ software. (n=10-14/group).

Data are presented as the means £ SEM. **#p< 0.001 vs. LysM-Cre; Ghs’”, #p< 0.05, ###p< 0.001 vs. LPS
using two-way ANOVA.
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Myeloid-specific GHS-R deletion attenuates PKA and insulin signaling and blunts the
inflammatory response to inflammatory challenge via PKA signaling. 1t is known that
PKA-CREB signaling pathway is one of the major G protein-coupled receptor (GPCR)
pathways, which activates the insulin pathway (202). As a member of GPCRs, the PKA-
CREB signaling pathway of GHS-R has been studied, but the mechanism by which GHS-
R in macrophages activates PKA remains poorly understood. We investigated the role of
GHS-R in macrophages in PKA-CREB signaling by stimulating BMDMs with LPS. Data
showed that deletion of GHS-R in BMDMs significantly decreases IRS2, p-CREB, and p-
AKT (Fig. 30A).

Moreover, we examined the involvement of PKA signaling in macrophage pro-
inflammatory response induced by LPS or PA. In inhibiting the PKA signaling group,
LPS-stimulated BMDMs of WT mice showed significantly reduced pro-inflammatory
cytokine expression comparing with scramble, while those of LysM-Cre;Ghs¥”/ mice did
not show the difference (Fig. 30B). Next, we also challenged mice with PA then
determined inflammatory sensitivity change in PKA inhibition. In line with PA-induced
inflammation, pro-inflammatory cytokines of LysM-Cre;Ghsr/ mice reduced compared
to that of control mice (Fig. 30C). Taken together, these results indicate that myeloid-
specific GHS-R deletion suppresses macrophage pro-inflammatory response in the

challenge of LPS or PA insult via inhibiting PKA signaling pathways.
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Figure 30. Macrophage GHS-R blunts the inflammatory response to LPS or PA challenge via PKA
signaling.

(A) CREB and IRS2 signaling in LPS-stimulated BMDMs of control and LysM-Cre;Ghs#/ mice.

(B) Inhibiting PKA signaling with siPKA in LPS-stimulated BMDMs of control and LysM-Cre;Ghsr¥”/ mice
(4-6/groups).

(C) Inhibiting PKA signaling with siPKA in PA-stimulated BMDMs of control and LysM-Cre;Ghs#” mice
(6/groups).

Data are presented as the means = SEM. *p< 0.05, **p< 0.01, ***p< 0.001 vs LysM-Cre;Ghsr”, ##p<0.01,
###p=< 0.001 vs. treatment two-way ANOVA.

Mpyeloid-specific GHS-R deletion blunts the inflammatory response to inflammatory
challenge and attenuates inflammatory response via PKA signaling

To further examine whether myeloid-specific GHS-R deletion on response to
inflammation regulated by PKA signaling, we stimulated Raw264.7 murine macrophages
with LPS to induce inflammation. We have observed that GHS-R overexpression
promoted the mRNA level of IRS2 but not IRS1 (Fig. 31A). The expression of AKT1 and
AKT2 was upregulated by GHS-R overexpression in macrophages (Fig. 31A). In the

protein level, overexpressing GHS-R in macrophages enhanced LPS-stimulated IRS2 and
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PI3K p1106 and phosphorylation of CREB, AKT, and AKT2 but not AKT1 (Fig. 31B).
These results indicate that GHS-R deletion regulates PKA-CREB and insulin signaling,

especially IRS2-PI3K 11056-AKT2 in macrophages.
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Figure 31. Overexpressing GHS-R in macrophages increase CREB and IRS2 signaling in
macrophages.
(A) mRNA level of insulin insulin signal related genes (n=2-6/groups).
(B) CREB and IRS2 signaling in BMDM s of control and LysM-Cre;Ghs¥/ mice (n=3 mice/groups).
Data are presented as the means £ SEM. *p< 0.05, **p< 0.01, ***p< 0.001 vs LysM-Cre;Ghsr’/, #p< 0.05,
###p< 0.001 vs. LPS using two-way ANOVA.

Discussion

Under metabolic stress, macrophages undergo extensive changes in glycolysis and
oxidative phosphorylation, resulting in inflammatory cytokine production (8). The

activation of macrophages by pro-inflammatory signals, such as LPS, results in metabolic
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reprogramming of macrophages by exhibiting a glycolytic burst and a suppressed
OXPHOS (199). To achieve these phenotypes, LPS activates two metabolic regulators,
the mTOR and HIF1a, and suppresses AMPK (203). (i) Under LPS or LPS/IFNy-induced
inflammation, TLR4 activates hypoxia regulator HIF1a, which in turn activates Glutl,
resulting in increased glycolysis and decreased oxidative phosphorylation (8, 204, 205).
This metabolic switch from OXPHOS towards glycolysis results in an increase of NADPH
levels which can be used as a substrate for NO and iNOS to generate ROS and NO,
respectively (200). The metabolic shift in macrophages under inflammatory conditions
results in robust electron donors entering the ETC, thus causing electron leakage and
formation of ROS (206). NO reacts with superoxide to form peroxynitrite, which causes
the accumulation of ROS (200). NO also suppresses OXPHOS in mitochondria, while
ROS stabilizes HIF-1a, which further enhances glycolysis. (ii) AMPKa2 deficiency
results in altered mitochondrial structure, decreased oxidative capacity, and hyper-
physiological ROS (207, 208). The recent study shows that IRS2 inhibits AMPK activity
to reduce FAO in the muscle (209) and contributes to mitochondrial functions in aging
neurons (210). However, the role of IRS2 in macrophages as a metabolic regulator is
currently not clear.

It has also been reported that cAMP regulates IRS2 in pancreatic B-cells (68) and
critical features of macrophages via PKA, such as macrophage recruitment and
reprogramming (69). Myeloid insulin receptor deficiency has a protective effect against
inflammation and insulin resistance (70). PI3K-Akt—ERK signaling promotes macrophage

differentiation and polarization (71). Macrophage reprogramming and meta-inflammation
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are major metabolic signatures causing macrophage response during macrophage
polarization (72). Our current study showed that GHS-R deficient macrophages have
reduced FAO and inflammatory regulator CD36 (Fig. 24). We found that GHS-R
modulates inflammation and FAO and ultimately reprograms macrophages, possibly via
IRS2-PI3K 1106-AKT2 pathway regulated by PKA-CREB signaling (Fig. 31). IRS2
expression in B-cells is stimulated by the transcription factor CREB (73), which is
downstream of Gas/cAMP/PKA signaling pathway employed by GHS-R.

Lack of IR-mediated downregulation of IRS2 expression in macrophages was
observed (191), while myeloid-specific IR deficiency reduces pro-inflammatory response
and systemic insulin resistance (176). A recent concept suggests that AKT/mTORCI1
signaling in macrophages modulates polarization, and the M 1-like phenotype is generated
by a switch to high anaerobic glycolysis, while oxidative phosphorylation is specific for
M2 macrophages (211, 212). This is in line with our findings that macrophage GHS-R
ablation showed a reduction in pro-inflammatory response and glycolysis and an
enhancement of mitochondrial OXPHOS and FAO. Collectively, macrophage GHS-R
could potentially serve as a critical mediator that links the dysregulations of the meta-
inflammatory diseases by regulating macrophage polarization and energy metabolism via

PKA-CREB mediated IRS2- PI3K 1105-AKT?2 signaling.
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Figure 32. Diagrammatic conclusion of chapter V.

Macrophage GHS-R programs macrophage polarization towards M1-like macrophages via activating PKA-
CREB signaling. CREB increases the mRNA level of IRS2 and activates downstream signaling such as
PI3K-AKT, a central regulator of activation phenotype in macrophages. This phenotype change in
macrophages regulates energy metabolism to prefer glycolysis over OXPHOS and FAO by promoting
mitochondrial ROS production.
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CHAPTER VI
CONCLUSIONS
In this study, we first provided genetic and biochemical evidence, demonstrating the
critical role of myeloid-specific GHS-R served as an essential immunological regulator
that causes insulin resistance by promoting macrophage infiltration to tissue and impairing
tissue homeostasis. We demonstrated that 1) Myeloid-specific GHS-R deficiency
suppresses systemic and macrophage inflammatory response in physiological conditions
without altering phenotypic and metabolic characterization. 2) Myeloid-specific GHS-R
protects against LPS-induced lethal endotoxemia and liver injury by alleviating
inflammatory response and regulating M1 polarization. 3) Myeloid-specific GHS-R
deficiency maintains glucose homeostasis and insulin sensitivity via downregulating
inflammatory response in insulin target tissues which have reduced macrophage
infiltration in diet-induced obesity. 4) Ablation of GHS-R in myeloid cells suppresses
TLR4- and CD36-mediated inflammatory response and inhibits fat accumulation by
reducing de novo lipogenesis in the liver. 5) Ablation of macrophage GHS-R, a novel
therapeutic target to regulate the inflammatory response in macrophages, diminishes the
onset of M1 polarization, which downregulates glycolysis while enhancing OXPHOS and
FAO by reducing ROS production. This may via PKA-CREB signaling, which is
downstream of GHS-R. Taken together, our study showed that myeloid-specific GHS-R
deletion improves systemic insulin sensitivity by reducing macrophage infiltration and

suppressing inflammatory response, possibly by regulating IRS2-AKT signaling.
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Furthermore, these novel findings can provide fundamental information in
pharmaceutical aspects. Most of the studies on GHS-R signaling are for its primary
function, stimulating appetite. Although a few research discovered the role of GHS-R in
immune response, the studies are examined in the global GHS-R ablated system, and the
specific mechanism remains to be elucidated. Recent studies highlighted macrophage
programming as an exciting concept, especially crosstalk with tissues. Our observations
in this study suggest that suppressing GHS-R signaling in macrophages may serve as a
novel strategy for alleviates pro-inflammatory response and tissue dysfunction. Since
about 40% of medicaments in the pharmaceutical market target GPCRs, GHS-R

antagonists may serve as a novel therapeutic means of meta-inflammatory diseases.

We have examined myeloid-specific GHS-R deletion by employing LysM-
Cre;Ghsr”: which showed prevention of pro-inflammatory response leading to healthy
inflammatory states. Given that LysM-Cre affects immune cells derived from myeloid
cells, we cannot rule out the possibility that other immune cells contribute to the regulation

of systemic inflammation and metabolic homeostasis such as neutrophils.

Another limitation of this study is that the role of macrophage GHS-R in regulating
macrophage infiltration was mainly studied in male mice. Whether macrophage GHS-R
could regulate macrophage infiltration and polarization in female mice is unclear. Our
previous study showed that female LysM-Cre; Ghsr/ mice displayed normal body weight
and body composition during HFD feeding in line with the results from the male.
Therefore, to reduce animal usage, we used only male mice for the rest of the study. The

recent study shows that GHS-R and ER are co-expressed in the hypothalamic site, and
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ghrelin binding to GHS-R increases intracellular Ca®* content in the estrogen-dependent
manner (213). However, studies of GHS-R and estrogen/estrogen receptor are not known
in macrophages/myeloid-cells. Our preliminary study has shown that myeloid-specific
GHS-R regulates a sub-population in myeloid linage differently between males and
females, suggesting that there is a possibility that estrogen/estrogen receptor affects GHS-

R activity in terms of the myeloid cell differentiation.

The traditional view of metabolism and immunity is recognized as two separate
fields, but burgeoning evidence supporting an interaction has resulted in the emerging
concept of immunometabolism. Metabolically triggered inflammation is termed “meta-
inflammation,” which underlies pathological processes of many immune-associated
metabolic dysfunctions. Early studies with disrupted NF«xB pathway in myeloid cells and
CCR?2 ablated mice reported alleviated obesity-induced insulin resistance due to reduced
WAT pro-inflammatory phenotype, highlighting the association between activation of
innate immune response and obesity-induced insulin resistance (214, 215). More recent
and in-depth studies of adipose tissue macrophages (ATMs) distinguish two populations
of ATMs (CD45'CD11b'F4/80") based on differential F4/80 and CX3CR1 expression
(216,217). CX3CRI1 is considered a marker of monocyte-derived macrophages and highly
expressed in F4/80" ATMs. The F4/80™ population significantly increased in number after
HFD feeding, identifying them as the infiltrating population by chronic low-grade
inflammation (218). The present results exhibit that PBMC of myeloid-specific GHS-R
deleted mice exhibited a reduction of CCR2 expression (data not shown), which could

thus be central to the decreased CR1 expression of infiltrated macrophages in eWAT. This
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was shown with a decreased infiltrating population of ATMs which included fewer M1-
like macrophages. This was accompanied by a relatively less number of monocytes in
PBMC, as well as adipose tissues of myeloid-specific GHS-R deleted mice (data not
shown). This defined potential mechanisms: increased apoptosis and decreased
proliferation of myeloid lineage cells. Since the presence and frequency of immune cells
in tissues are an important indicator of metabolic health, two mechanisms are heavily
associated with dramatic changes affecting immuno-metabolism. Therefore, further
studies are needed to investigate the role of myeloid-specific GHS-R in cell apoptosis or

proliferation.
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Figure 33. Diagrammatic conclusion of the dissertation.

Macrophages GHS-R accelerates meta-inflammatory diseases by increasing macrophage infiltration and
pro-inflammatory response in tissues by promoting M1 polarization, possibly via activating PKA-CREB,
which regulates IRS2-PI3K p1103-AKT?2 signaling.
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