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ABSTRACT

Characterization of gut microbiota
and adipose tissues
in the regulation of obesity-induced insulin resistance

Injae Hwang

Chronic energy imbalance leads to obesity, which has been considered as one
of a critical risk factor for insulin resistance. Both of gut and adipose tissues have
contributed to the regulation of whole body energy homeostasis. For example, small
intestine controls the absorption of nutrients and the adipose tissues store extra
energy. Recent findings have suggested that gut microbiota is closely linked to
adiposity, insulin sensitivity, and glucose metabolism. Studies using germ-free (GF)
mice, which are resistant to diet-induced obesity (DIO), have suggested that gut
microbiota could play an essential role in the control of host energy homeostasis.
Among various phyla in the gut, the abundance ratio of Firmicutes and Bacteroidetes,
two major phyla, is altered in the progression of obesity. However, the contribution
of Firmicutes and Bacteroidetes in the regulation of insulin resistance has not been
i

thoroughly understood in obesity.
Adipose tissue inflammation has been implicated in obesity. Among various fat
depots, the mass of visceral adipose tissues is correlated with obesity-associated
metabolic disorders. On the other hand, subcutaneous adipose tissue is recognized
as a beneficial adipose tissue in the regulation of energy homeostasis. Although the
physiological differences between visceral and subcutaneous adipose tissues have
been documented in clinical and epidemiological studies, the underlying
mechanisms elucidating the differential regulation of adipose tissue inflammation in
different fat-depots remain unclear.
In chapter one, I have established the diet-induced obese (DIO) mice model
which exhibited selective and significant reduction of Firmicutes and Bacteroidetes.
Mice with altered gut microbiota ameliorated insulin resistance via increase of
glucagon-like peptide 1 (GLP-1), a major gut hormone elevating insulin secretion
and insulin sensitivity. Furthermore, alteration of the gut microbiota increased a bile
product, taurocholic acid (TCA) which significantly activates GLP-1 secretion in
human L-cell (NCI-H716). This study suggests that alteration of gut microbiota
would act as an important regulator of obesity-induced insulin resistance. Thus, these
findings enhance our understanding of how gut microbiota could interact with host
energy homeostasis.
In chapter two, I have examined the underlying mechanisms of fat-depot
specific inflammatory responses in obesity. It is of interest to observe that mouse
inguinal adipose tissue (IAT) shows the apparent resistance of adipose tissue
ii

macrophage (ATM) infiltration contrast to epididymal adipose tissue (EAT). In this
study, I have shown that differential regulations of ATM infiltration between IAT and
EAT are due to the intrinsic characteristics of two fat-depots. Gamma (γ)aminobutyric acid (GABA) signaling pathway was shown to be differentially
regulated in EAT and IAT. Pharmacological modulations of GABAB receptor
signaling were solely efficient on ATM infiltration in IAT. Here, I have shown that
adipose-derived stem cells (ADSCs) in IAT were responsive to GABA signaling. In
accordance with anti-inflammatory roles of GABA in IAT, GABA treatment
improved whole body insulin resistance, accompanied by attenuated adipose tissue
inflammation in IAT. These data suggest that differential response to GABA between
EAT and IAT would contribute to fat-depot specific characteristics in obesity-linked
adipose tissue inflammation.
Taken together, I suggest that gut microbiota and IAT are crucial in the
regulation of glucose metabolism in obesity. This study provides cellular and
physiological understandings how obesity could be linked to systemic insulin
resistance. Therefore, it appears that appropriate modulation of gut microbiota and
adipose GABA responses might be a prominent strategy for amelioration of insulin
resistance associated with various types of metabolic disorders.

Keywords: obesity, gut microbiota, GLP-1, fat-depot specificity, adipose tissue
macrophage, gamma-aminobutyric acid
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BACKGROUNDS

1. Obesity, insulin resistance, diabetes, and inflammation
1) Obesity-induced insulin resistance and diabetes
The incidence of obese population has been rapidly grown in last decades. 39%
of adults are overweight (BMI>25) and 13% are obese (BMI>30) globally (WHO,
2017). The mortality correlated with overweight or obesity becomes increased which
leads to severe social costs to deal with the issues (Christakis and Fowler, 2007).
Obesity-insulin resistance has been intensively studied to be a major risk factor of
metabolic diseases such as type 2 diabetes (Saltiel and Kahn, 2001). Insulin
resistance

associated

hyperglycemia

is

manifested

by

elevated

hepatic

gluconeogenesis, aggravated lipolysis in adipose tissue, and reduced muscle glucose
disposals (Kahn and Flier, 2000). In the early stage of obesity, high level of blood
insulin maintains normal blood glucose level in spite of presence of insulin resistance.
However, chronic hyperinsulinemia induces β-cell failure leading to lack of insulin
production and sustained high blood glucose in prolonged obesity (Guilherme et al.,
2008). Type 2 diabetes causes various metabolic complications such as
cardiovascular disease, renal failure, and retinopathy (Alberti et al., 1998). Thus,
obesity is tightly correlated with insulin resistance to induce the pathogenesis of type

1

2 diabetes.

2) Insulin resistance and inflammation
After the discovery of adipose-derived tumor necrosis factor α (TNFα)
secretion in obesity (Hotamisligil et al., 1993), a number of studies suggested that
adipose tissues is considered as an immunosensitive organ (Rosen and Spiegelman,
2006). In obesity, adipose tissues increase the expression of pro-inflammatory
adipokines and chemokines which recruit and activate immune cells (Kanda et al.,
2006). Pro-inflammatory cytokines such as TNFα, interleukin 1β (IL1β), and IL6 in
adipose tissues are strongly correlated with insulin resistance (Dandona et al., 2004;
Ehses et al., 2009; Hotamisligil et al., 1995). Additionally, these adipokines are
linked to insulin resistance of other metabolic organs such as liver, muscle, heart, as
well as adipose tissues (Donath and Shoelson, 2011; Olefsky and Glass, 2010b). Proinflammatory signaling kinases such as inhibitory κB kinase β (IKKβ) and c-Jun Nterminal kinase (JNK) have been known to suppress insulin signaling cascade via
inhibitory serine phosphorylation of insulin receptor substrate 1 (IRS1) and IRS2,
one of the most essential downstream mediators of insulin receptor (Chawla et al.,
2011; Ferrante, 2007). Moreover, increased phosphorylation of NF-κB and
inflammatory kinases stimulate pro-inflammatory genes, which accelerate insulin
resistance (Chawla et al., 2011; Wellen and Hotamisligil, 2003). Inhibition or
depletion of IKKβ or JNK ameliorates insulin resistance accompanied with distinct
2

mitigation of inflammatory responses (Austin et al., 2008; Hirosumi et al., 2002;
Yuan et al., 2001).

2. Gut, gut microbiota, and host energy metabolism
1) Gut microbiota and obesity
The gut microbiota is a designation of microorganisms such as bacteria, archaea,
fungi, and viruses which are colonized at the surface of gut tract (Savage, 1977). It
has been perceived intuitively to be necessary for host health (Figure 1). In 1908,
Elie Metchnikoff hypothesized that the fermented lactic acid consuming bacteria
called ‘probiotics’ would be beneficial to host health (Metchnikoff, 1908). If this
mutualism between the host and its microbiota disappeared, dysbiosis can ensue.
Barry Marshall and Robin Warren introduced a concept of dysregulated Helicobacter
pylori in the stomach would cause a noninfectious condition of peptic ulcer disease
(Warren and Marshall, 1983). Recently, it has been reported that eating meats
induces gut microbiota alteration, and their metabolites, trimethylamine N-oxide,
one of the metabolites increasing the risk of atherosclerosis (Tang et al., 2013; Wang
et al., 2011). Since most of gut microbiota is anaerobes and uncultivable, there had
been a technical limitation of gut microbial studies until the development of nextgeneration sequencing. In the early 2000s, 16s rDNA metagenome sequencing has
revealed that Firmicutes and Bacteroidetes occupy 90% of total gut microbiota
3

Figure 1.
Interaction between gut microbiota and host. A variety of host factors such as
environmental and nutritive condition, lifestyle, genotypes, gender, and disease lead
to alteration of the compositions in gut microbiota. Simultaneously, gut microbiota
is able to affect various aspects of hosts. Gut microbiota assists the maintenance of
host physiology, pathobiology, and immune system via regulation of mucosal
immunity, angiogenesis, neuronal activities, and energy metabolism as well as
nutrient digestion.
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(Ley et al., 2005b). Intriguingly, the relative abundances of Firmicutes and
Bacteroidetes denote shifts correlated with the development of obesity (Ley et al.,
2005b). In genetically obese mice, obesity is associated with a reduction in the
abundance of Bacteroidetes and a relative increase in Firmicutes. The abundance
shifts between Firmicutes and Bacteroidetes have been shown in the study of lean
and obese human twins (Turnbaugh et al., 2009). In addition, it has been shown that
both of germ-free (GF) and pharmacological gut flora depleted mice are resistant to
diet-induced obesity (DIO) with improved insulin resistance (Backhed et al., 2004a;
Cani et al., 2008a; Murphy et al., 2013b). In DIO mice, treatment of norfloxacin and
ampicillin results in a decrease of cecal aerobic and anaerobic bacteria, concurrent
with improved insulin resistance and lipid metabolism (Membrez et al., 2008b). Thus,
it is of interest to observe whether Firmicutes and Bacteroidetes might be involved
in the regulation of body weight and energy metabolism in obesity.

2) Gut microbiota and energy metabolism
In the past two decades, gut microbiota has been recognized as a crucial player
interacting with host physiology and pathophysiology (Becattini et al., 2016). The
human gut microbiota consists of an estimated one hundred trillion bacteria
belonging to hundreds of different species (Rajilic-Stojanovic and de Vos, 2014).
Among commensal bacteria in gut, Firmicutes and Bacteroidetes occupy about 90%
of total bacterial population (Walter and Ley, 2011). In obesity, it has been well5

studied that relative abundance in Firmicutes increases whereas the occupancy of
Bacteroidetes are reduced (Ley et al., 2005b). Additionally, gut microbiota has
emerged as an extrinsic factor contributing to host metabolism on the basis of the
initial finding that GF mice have reduced adiposity and insulin resistance (Backhed
et al., 2004a). Given that gut microbiota is associated with host energy metabolism,
several lines of evidence have suggested how gut microbiota has influenced on
obesity and insulin sensitivity. First, gut microbiota enhances calories absorption in
gut. In obesity, Firmicutes is correlated with increased level of short-chain fatty acids
such as acetate, propionate, and butyrate (Turnbaugh et al., 2006). This report has
suggested that elevated such short-chain fatty acids could be utilized as extra calories
to induce obesity. Second, it has been demonstrated that activations of AMPactivated protein kinase (AMPK) and peroxisome proliferator-activated receptor
gamma coactivator 1-α (PGC1α) would accelerate fatty acid oxidation in GF mice.
(Backhed et al., 2007). In this report, GF mice gain less body weights upon high-fat
diet (HF) feeding, Fiaf-/- GF mice exhibit a similar level of obesity compared to
conventionalized wild-type control. Third, gut microbiota in obese mice is a source
of adipose tissue inflammation which could induce insulin resistance. Upon HF, the
serum level of endotoxin increases with elevated insulin resistance (Cani et al., 2007).
The endotoxemia in obesity is able to aggravate inflammation via activation of
CD14+ monocytes and macrophages. However, the eliminations of gut microbiota
by

antibiotic-cocktails

reduce

gut-permeability

and

rescue

endotoxemia

accompanied with enhanced insulin sensitivity (Cani et al., 2008a). Lastly, gut
microbiota seems to be associated with adipose tissue browning which is responsible
6

for calories consuming thermogenesis. In antibiotic-treated mice, uptakes of 2-14C
deoxyglucose (2-[14C]DG) and 18F fluorodeoxyglucose ([18F]FDG) are increased in
inguinal adipose tissue (IAT) and epididymal (EAT) in spite of similar degree of the
2-[14C]DG and [18F]FDG uptakes in interscapular brown adipose tissue (BAT)
(Mestdagh et al., 2012; Suarez-Zamorano et al., 2015). These antibiotic-treated mice
present significant changes of browning gene expressions such as uncoupling protein
1 (UCP1), cell death activator CIDE-A (CIDEA), PGC1α, peroxisome proliferatoractivated receptor γ (PPARγ), and PR domain containing 16 (PRDM16).
Consistently, alteration of gut microbiota by intermittent fasting to facilitate
browning via elevation of SCFAs (Li et al., 2017).

3) Gut hormones
Primary functions of the gastrointestinal tract are stimulated by nutrient
supplements. In response to nutrients, gut produces various hormones involved in
digestion, metabolism, and appetite. In stomach, ghrelin secreted from stomach acts
as a nutrient sensor for brain to increase appetite (Muller et al., 2015) whereas
cholecystokinin (CCK), neurotensin and peptide YY (pYY) inhibit appetites
(Svendsen and Holst, 2016). Incretin hormones such as a glucose-dependent
insulinotropic polypeptide (GIP), glucagon-like peptide 1 (GLP-1) and 2 (GLP-2)
have been isolated and characterized (Campbell and Drucker, 2013b). Among these
incretin hormones, GLP-1 is synthesized and secreted by intestinal L-cells
7

(Campbell and Drucker, 2013b; Lee et al., 1990). Upon nutrients, L-cells increase
the expression of proglucagon genes and induce the cleavages of proglucagon into
the active form of GLP-1 (7-36 amide) by PKA signaling (Drucker and Brubaker,
1989; Lim and Brubaker, 2006) (Figure 2 and Figure 3). In blood, GLP-1 activates
pancreatic β-cells to secrete insulin via GLP-1 receptor (Willms et al., 1996). In
addition to the insulinotropic function, GLP-1 also enhances insulin sensitivity
(Jinnouchi et al., 2015; Parlevliet et al., 2010). Although beneficial effects of GLP-1
on energy balance in obesity, endogenous GLP-1 is rapidly converted into the
inactive form of GLP-1 (9-36 amide) which cannot bind to the GLP-1 receptor
(Deacon et al., 1995b). The roles of GLP-1 (9-36 amide) to maintain glucose
metabolisms is controversial (Deacon et al., 2002a; Vahl et al., 2003).

4) Bile acids
Bile acids are major constituents of bile. Bile is synthesized and secreted from
hepatocytes and stored in gallbladder. Ingested foods enter duodenum elevating the
secretion of CCK, which stimulates bile acid secretion in the gallbladder. Bile acids
are amphipathic molecules essential for solubilization of lipids and hydrophobic
vitamin A, D, E and K. Most of the bile acids are reabsorbed from the intestine and
transported back to liver via portal vein. Bile acids are able to activate farnesoid X
receptor (FXR) (Makishima et al., 1999; Tu et al., 2000). Bile acids can stimulate
FXR to activate fibroblast growth factor 15/19 (FGF15/19)
8

Figure 2.
Tissue-specific processing of proglucagon produces different proglucagonderived proteins. Proglucagon convertase 2 releases glicentin-related pancreatic
peptide (GRPP), glucagon, intervening peptide-1 (IP1), and major proglucagon
fragment. In the L-cell of distal gut, proglucagon is separated into glicentin, GLP-1,
IP2, and GLP-2.
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Figure 3.
Various intracellular pathways in the regulation of GLP-1 secretion. Binding of
GIP to GIP receptor (GIPR) is associated with stimulation of adenylyl cyclase.
Activation of GPR119 via oleoylethanolamide and bile components binding to
TGR5/GPR131 activate adenylyl cyclase via stimulatory Gα (Gαs) proteins.
Elevation of the cyclic AMP (cAMP) induces PKA phosphorylation to enhance GLP1 synthesis and secretion. In contrast, somatostatin receptor is coupled with
inhibitory Gα (Gαi) protein, which inhibits adenylyl cyclase to suppress PKA
activation. Solid arrows; known pathway, dashed arrows; unknown pathway.
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(Holt et al., 2003; Inagaki et al., 2005). FGF15/19 binds to FGF receptor 4 (FGFR4),
leading to inhibition of cholesterol 7α-hydroxylase (CYP7A1), the rate-limiting
enzyme of bile acid synthesis. The composition of bile acids are heterogeneous (Fang
et al., 2015; Russell, 2003). Primary bile acids such as cholic acid and
chenodeoxycholic acid are synthesized in liver. When these bile acids are secreted,
gut microbiota conjugates glycine and taurine to form variable forms of secondary
bile acids. Recently, it has been reported that these bile acids are able to activate Gprotein coupled receptor 131 (GPR131/TGR5) which accelerate secretion of GLP-1
via PKA activation (Hwang et al., 2015; Pols et al., 2010). Additionally, bile acids
agonist (fexaramine) treatment enhances thermogenesis via browning of white
adipose tissues (WAT) (Fang et al., 2015).

3. Adipose tissue inflammation and fat-depot specificity
1) Adipose tissue immunity
Adipose tissue is composed of heterogeneous cell types such as adipocytes,
fibroblasts, endothelial cells, and innate and acquired immune cells. Innate immune
cells are composed of macrophage, neutrophil, eosinophil, and mast cells whereas
acquired immune cells include various types of T and B cells. In lean individual,
anti-inflammatory immune cells such as alternatively activated (M2) macrophages,
eosinophil, and regulatory T cells prevail and regulate energy balance (Ding et al.,
11

2016; Feuerer et al., 2009; Odegaard et al., 2008). However, in the progression of
obesity, pro-inflammatory immune cells such as classically activated (M1)
macrophages, cytotoxic T cells, and neutrophil are increased as well as adipocyte
hypertrophy. These pro-inflammatory immune cells exacerbate immune imbalance
in adipose tissue and promote insulin resistance (Lumeng et al., 2007a; Nishimura et
al., 2009; Talukdar et al., 2012) (Figure 4). Among various type of immune cells in
adipose tissue, adipose tissue macrophages (ATMs) have been intensively studied to
be a major risk factor for obesity-induced insulin resistance.

2) Adipose tissue macrophages
Macrophage is a predominant cell type. In lean animals, M2 macrophages
maintain insulin sensitivity in adipose tissues by secretion of anti-inflammatory
cytokines such as IL10 and Ym-1 (Chawla et al., 2011; Choe et al., 2016). However,
in the progression of obesity, the number of M1 macrophages is increased (Lumeng
et al., 2007a). CD11c+ M1 macrophages express inducible nitric oxide synthase
(iNOS), TNFα, and IL1β contributing to pro-inflammatory responses in adipose
tissues. Further, transplantation of CD11c- bone marrow into γ-irradiated mice
attenuates inflammatory responses and improved body weight gains and insulin
resistance supporting the idea that roles of pro-inflammatory ATMs are crucial in
the regulation of obesity-induced insulin resistance (Patsouris et al., 2008). Proinflammatory ATMs are activated by stimulation of toll-like receptors (TLRs) to
12

Figure 4.
Alteration of immunity in lean versus obese adipose tissues. Lean adipose tissue
harbors various types of anti-inflammatory immune cells such as M2 ATM, helper T
type 2 (TH2) cell, and Treg cells. These immune cells are involved in maintaining
insulin sensitivity and store extra energy in the form of triglycerides in adipocytes.
In obese animals, the number of pro-inflammatory immune cells including
neutrophil, M1 ATM, cytotoxic T (Tc) cell, and neutrophil are elevated.
Simultaneously, anti-i6nflammatory immune cells are decreased, leading to
aggravation of adipose tissue inflammation and dysfunction.
13

induce pro-inflammatory responses. Once TLRs are activated, mitogen-activated
protein kinases (MAPKs) are phosphorylated to induce inflammatory responses.
Representative MAPKs under TLR signaling pathways are extracellular signalregulated kinases (ERK), JNKs, and the p38 MAP kinases (Bode et al., 2012; Herlaar
and Brown, 1999). Simultaneously, nuclear factor κB (NF-κB) also plays crucial
roles in the regulation of inflammatory responses (Baeuerle and Henkel, 1994; Xie
et al., 1994). In the resting status, inhibitory κB tethers NF-κB components in the
cytoplasm. However, upon inflammatory stimuli, IKKβ phosphorylates IκB for
ubiquitin-dependent degradation to release NK-κB into nucleus for transcription of
various inflammatory genes. In addition to regulation of energy metabolism, several
lines of evidence have suggested that ATMs are crucial for development of adipose
tissues. First, M2 ATMs contribute to tissue repair and angiogenesis (Nguyen et al.,
2007). Second, ATMs are reported to be recruited into the tips of the gonadal adipose
tissue to promote tissue outgrowth (Cho et al., 2007). Third, ATMs surrounding
adipogenic progenitors are important for adipogenesis (Lee et al., 2013). Accordantly,
a mouse with suppression of inflammatory responses showed less adipogenic
activity in vivo (Asterholm et al., 2014).

3) Fat-depot specific characteristics in obesity
Adipose tissues are present in whole body and store excess energy in the form
of lipid metabolites. In human and rodents, there are two different adipose-depots
14

with physiological roles, WAT and BAT. Anatomically, WAT is largely divided into
two major depots, subcutaneous and visceral adipose tissues. Visceral adipose tissues
are located in the abdominal cavity and can be further subdivided into mesenteric,
omental, perirenal, and perigonadal depots in mice. Although both subcutaneous and
visceral adipose tissues belong to WAT, they are fundamentally different. For
instance, the expression profiles of lipid metabolism-related genes and inflammatory
genes between human omental and subcutaneous adipose tissues are significantly
different (Montague et al., 1998). Subcutaneous adipose tissue is highly vascularized
compared to visceral adipose tissue (Gealekman et al., 2011). In addition, the number
of adipose-derived stem cells (ADSCs) and their characteristics are differentially
regulated (Chau et al., 2014; Jeffery et al., 2015; Joe et al., 2009). Since the degree
of visceral obesity is positively correlated with the incidence of diabetes, visceral
adipose tissue has been intensively subjected to study (Gesta et al., 2007; Kissebah
and Krakower, 1994). In contrast, subcutaneous adipose tissue has been considered
against metabolic complications. It has been shown that in HF feeding, the
subcutaneous adipose tissue transplanted mice exhibit resistance to DIO and less
insulin resistance (Hocking et al., 2014; Tran et al., 2008). Another report has
revealed that subcutaneous adipose tissue plays crucial roles in the prevention of
atherosclerosis (Siviero-Miachon et al., 2015). Moreover, cold exposure induces
vigorous browning of subcutaneous adipose tissue compared to visceral adipose
tissue (Cohen and Spiegelman, 2015). It has been demonstrated that browning of
subcutaneous adipose tissues could facilitate fatty acid consumption to improve
obesity and energy metabolisms (Kim and Plutzky, 2016). However, the underlying
15

mechanisms how subcutaneous adipose tissue contributes to obesity-induced insulin
resistance are largely unknown.

4. Purpose of this study
Insulin resistance is a crucial risk factor for most metabolic disorders.
Particularly, obesity-induced insulin resistance is accompanied by numerous
physiological changes which are mechanically linked to alteration of energy
metabolism. Gut microbiota and adipose tissues undertake dynamic changes in
response to excess nutrients. Gut microbiota in host gut epithelial cells has been
implicated in the regulations of energy homeostasis and inflammation in obesity.
However, it has not been verified whether and how specific gut phyla would affect
obesity-induced insulin resistance. In parallel, visceral adipose tissue undertakes
rapid changes in fat-components, adipocyte size, and structures in obesity. The
clinical and epidemiological clues led to focus on the role of visceral adipose tissue
rather than subcutaneous adipose tissue. However, the previous reports of adipose
tissue transplantation led me to investigate the roles of subcutaneous fat-depot in the
regulation of metabolic disorder.
In the first chapter, I have established a model of DIO mice with depletion of
Firmicutes and Bacteroidetes by using antibiotics. With these antibiotics treated
animal model, I was able to test the involvement of those two major phyla in the
regulation of obesity and insulin resistance. Unexpectedly, alteration of gut
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microbiota did not change the progression of obesity compared to control group.
However, ablation of Firmicutes and Bacteroidetes significantly improved insulin
resistance. Further, GLP-1 was discovered to be a key mediator between gut
microbiota alteration and amelioration of insulin resistance in DIO animals
In the second chapter, I have examined IAT and EAT in obesity. Among
numerous changes, inflammation and the number of ATM accumulation were the
most obvious differences between subcutaneous IAT and visceral EAT. To explore
which factor might be involved in fat-depot specific ATM accumulation,
transcriptome analyses have been conducted. Interestingly, I have discovered that
gamma (γ)-aminobutyric acid (GABA) signaling would be considerably distinct in
IAT compared to EAT. Modulation of GABAergic signaling improved insulin
resistance in subcutaneous IAT. Taken together, I would like to propose the idea that
Firmicutes and Bacteroidetes and GABA response in subcutaneous adipose tissue
would be crucial to regulate energy metabolism in obesity.
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CHAPTER ONE:
Alteration of gut microbiota by antibiotics
improves insulin resistance via GLP-1 in
diet-induced obesity

18

Summary
Firmicutes and Bacteroidetes, two major phyla of gut microbiota, are
involved in lipid and bile acid metabolism to maintain systemic energy
homeostasis in host. Recently, accumulating evidence has suggested that
dietary changes promptly induce the alteration of abundance of both
Firmicutes and Bacteroidetes in obesity and its related metabolic diseases.
Nevertheless, the metabolic roles of Firmicutes and Bacteroidetes on such
disease states remain unclear. The aim of this study was to determine the
effects of antibiotic-induced depletion of Firmicutes and Bacteroidetes on
dysregulation of energy homeostasis in obesity. Treatment of C57BL/6J mice
with the antibiotics (vancomycin and bacitracin; V + B), in the drinking water,
before diet-induced obesity (DIO) greatly decreased both Firmicutes and
Bacteroidetes in the gut as revealed by pyrosequencing of the microbial 16S
rRNA gene. Concomitantly, systemic glucose intolerance, hyperinsulinemia,
and insulin resistance in DIO were ameliorated via augmentation of GLP-1
secretion (active form; 2.03 fold, total form; 5.09 fold) independently of
obesity as compared with untreated DIO controls. Furthermore, there were
increases in metabolically beneficial metabolites derived from the gut.
Together, my data suggest that Firmicutes and Bacteroidetes potentially
mediate insulin resistance through modulation of GLP-1 secretion in obesity.
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Introduction
Obesity and obesity-related metabolic diseases including cancer, type 2
diabetes, and cardiovascular diseases impose a high social burden in terms of
quality of life (Christakis and Fowler, 2007; Ludwig, 2002; Schulz et al.,
2014). Many groups have investigated the effects of genetic and
environmental factors on the development of obesity and demonstrated that
several factors such as adipose tissue inflammation and hepatic lipid
metabolism are associated with the etiology of obesity (Jo et al., 2013;
Olefsky and Glass, 2010a).
A number of studies suggest that gut microbiota is closely linked to
adiposity, insulin sensitivity, and glucose metabolism (Backhed et al., 2004b;
Ley et al., 2005a). Studies performed in germ-free (GF) mice, which are
resistant to diet-induced obesity (DIO), suggested that gut microbiota plays a
key role in the regulation of adiposity and host energy homeostasis (Backhed
et al., 2004b; Backhed et al., 2007). Furthermore, modulation of gut
microbiota with the antibiotic treatment leads to a reduction of glucose
intolerance, adiposity and adipose tissue inflammation (Cani et al., 2008a).
For instance, treatment of a combination of norfloxacin and ampicillin to
obese mice resulted in a decrease in the number of cecal aerobic and anaerobic
bacteria followed by improved glucose tolerance and liver lipid metabolism
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independently of obesity (Membrez et al., 2008a). Among the various phyla
in the gut, it has been noted that a shift in the abundance of two major phyla,
Firmicutes and Bacteroidetes, correlates with the development of obesity
(Hildebrandt et al., 2009; Ley et al., 2005a). In genetically obese ob/ob mice,
the development of obesity is associated with a reduction in the abundance of
Bacteroidetes and a proportional increase in Firmicutes (Ley et al., 2005a).
Moreover, analogous differences in gut microbiota have been reported in
studies of lean versus obese humans (Turnbaugh et al., 2009). However,
accumulating evidence has suggested that there is no correlation between the
proportions of Firmicutes and Bacteroidetes and obesity (Collado et al., 2008;
Schwiertz et al., 2010). Schwietz et al., reported that there is more
Bacteroidetes in the gut of overweight and obese humans as compared to lean
humans (Schwiertz et al., 2010). Another group also suggested that higher
abundance of Firmicutes is present in lean people relative to obese people
(Collado et al., 2008). Therefore, there is controversy regarding changes in
the relative abundance of Firmicutes and Bacteroidetes in gut microbiota are
related to obesity. Intriguingly, Firmicutes and Bacteroidetes have been
implicated in the regulation of lipid and bile acid metabolism, maintaining
energy homeostasis in the host (Martin et al., 2007; Turnbaugh et al., 2006;
Van Eldere et al., 1996). Notably, both phyla are enriched with genes
encoding multiple enzymes that govern carbohydrate and lipid metabolism
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(Turnbaugh et al., 2006). In addition, both Firmicutes and Bacteroidetes
promptly engage in the regulation of bile acid (BA) modification and govern
BA-controlled endocrine functions including triglyceride, cholesterol, and
glucose homeostasis (Van Eldere et al., 1996). Importantly, it has been
demonstrated that perturbations of BA-mediated signaling pathway influence
risk of metabolic complications such as obesity and diabetes (Martin et al.,
2007). In spite of of such common features shared by Firmicutes and
Bacteroidetes, it has not been precisely elucidated the possible roles of
Firmicutes and Bacteroidetes in dysregulation of energy homeostasis in
obesity and its related disorder.
Gut hormones, glucose-dependent insulinotropic polypeptide (GIP),
glucagon-like peptide 1 (GLP-1) and 2 (GLP-2), are crucial regulators of
processes that contribute to whole body energy metabolism, including satiety,
gut motility, insulin secretion, and glucose uptake (Campbell and Drucker,
2013a). Among the three hormones, GLP-1 is known to have anti-diabetic
effects and secreted by several cell types such as L-cells in the posterior gut
tract and neurons in the brain (Brubaker, 2006; Pols et al., 2010). Although
short-chain fatty acids produced by certain types of gut microbiota stimulate
GLP-1 secretion through G-protein-coupled receptor signaling (Tolhurst et al.,
2012), it is largely unknown whether changes in gut microbiota in response
to nutrient cues would modulate GLP-1 secretion.
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In this study, I demonstrated that treatment with the antibiotics,
vancomycin (V) and bacitracin (B), before DIO depleted Firmicutes and
Bacteroidetes in the gut and ameliorated insulin resistance. Notably, I found
that such beneficial effect on systemic energy homeostasis in the host was
mediated by stimulation of GLP-1 secretion. Furthermore, there were
increments of gut metabolites, which positively regulate host energy
metabolism.
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MATERIALS AND METHODS

Animal experiments
C57BL/6J mice were obtained from Central Lab Animal Inc. (Seoul, South
Korea) and were housed in colony cages under a 12 hour (h) - light/12 h - dark cycle
with free access to food and water. Mice were allowed for acclimate for 2 weeks
before the study. To assess the impact of antimicrobial strategies on metabolic
changes in DIO mice, 8-week-old male mice were fed normal chow (NC) for 4 weeks
and then fed a high fat diet (HF) for 4 weeks (NH group). For mice with changes in
gut microbiota (Ab-NH group), these mice were administered drinking water
containing vancomycin hydrochloride (0.5 g/L; v2002; Sigma, St. Louis, MO, USA)
and bacitracin zinc salt (1.0 g/L; B5150; Sigma). After 4 weeks, NH and Ab-NH
mice were switched from a NC to a HF comprising 60% kcals from fat composed of
soybean oil and lard (Research Diets Inc., New Brunswick, NJ, USA). Ab-NH group
continued to receive water with vancomycin + bacitracin (V + B). Age-matched NC
fed mice were maintained without antibiotics (V + B) and HF. In the experimental
set, glucose tolerance tests, insulin tolerance tests, and plasma insulin measurements
were performed for each group (NC, NH, and Ab-NH groups). After 2 weeks of
recovery, on the day of sacrifice, various metabolic parameters of Ab-NH group were
compared with NC and NH group. 3 to 10 mice were used for each experimental
group. All experiments were approved by the Seoul National University Institutional
Animal Care and Use Committees (IACUC).
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Body weight, food intake, and water consumption
Body weight, food intake, and water consumption were measured every week
after the start of antibiotics or HF treatment during the indicated time periods. Premeasured amounts of food were placed in the cage. After 24 h, food was reweighted
and the amount of consumed food was calculated by difference. The average food
consumption was calculated from four repeated experiments. To measure water
consumption, the volume of water consumed was quantified once a week for eight
weeks after the start of antibiotics (V + B) administration. Water (100 mL) with or
without antibiotics was provided in a sterile bottle. After 24 h, the remaining water
was measured by mass cylinder.

Pyrosequencing data analyses
The basic analyses were performed on cecal contents according to procedures
described in other studies (Chun et al., 2010). The obtained reads from the different
samples were sorted by the unique barcodes of each PCR product. The sequences of
the barcode, linker, and primers were removed from the original sequencing reads.
Any reads containing two or more ambiguous nucleotides, a low quality score
(average score < 25), or reads shorter than 300 bp were discarded. The taxonomic
classification of each read was assigned using the EzTaxon-e database
(http://eztaxon-e.ezbiocloud.net), which contains the 16S rRNA gene sequence of
type strains that have valid published names and representative species level
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phylotypes of either cultured or uncultured entries in the GenBank database with
complete hierarchical taxonomic classification from the phylum to species level
(Kim et al., 2012). This experiment was performed at Chunlab Inc. (Seoul, South
Korea).

Glucose tolerance test
As described previously (Lee et al., 2011), mice fasted for 7 h were
administered a glucose solution (2 g/kg glucose, 20% glucose solution) through
intraperitoneal injections or oral gavages. Blood samples were collected at 15, 30,
60, 90, 120, and 150 minutes (min) after injection and blood glucose level was
measured. For exendin 9-39 amide injection study using NH and Ab-NH mice, these
groups were intraperitoneally injected with either glucose alone or glucose mixed
with exendin 9-39 amide (25 nmol/kg; ab141101; Abcam, Cambridge, UK). Glucose
tolerance test was performed by intraperitoneal injection of glucose at 2 g/kg body
weight, followed by measurement of blood glucose at 0, 15, 30, 45, 60, 75, 90 and
120 min after intraperitoneal injection.

Insulin tolerance test
As described previously (Lee et al., 2011), mice fasted for 7 h were injected
with insulin (I-5500; Sigma) via the peritoneal cavity at a dose of 0.4 U/kg. Blood
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was sampled at 15, 30, 60, 90, and 120 min after injection by drawing 3 µL of blood
from the tip of the tail vein.

Western blot analyses
Muscle tissues and livers isolated from each mouse were homogenized with
modified immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.4], 150
mM NaCl, 1 mM EDTA, 1 mM PMSF, 1% (v/v) NP-40, 0.25% (w/v) Nadeoxycholate, and protease inhibitor cocktail with 1 mM NaF and 10 mM Na3VO4
as phosphatase inhibitors) and subjected to 8% SDS-PAGE. As previously described
(Kim et al., 2009), membranes were blotted with antibodies against the following
proteins: phospho-Akt (Ser473) (Cell Signaling Technology, Beverly, MA, USA),
Akt (Cell Signaling Technology), phospho-GSK3β (Ser 9) (Cell Signaling
Technology), GSK3β (BD, NJ, USA), GAPDH (AbFrontier, Gasan-dong, Seoul,
Korea), and β-actin (Sigma, St. Louis, MO, USA).

RNA isolation and quantitative real-time PCR (qPCR)
As described previously (Kim et al., 2009; Lee et al., 2011), each tissue was
homogenized with TRI Reagent (Molecular Research Center, Cincinnati, OH, USA).
cDNA was synthesized using M-MuLV reverse transcriptase (Fermentas, Glen
Burnie, MD, USA). Q-RT-PCR was performed using the MyiQ quantitative realtime PCR detection system (Bio-Rad Laboratories Inc.) with SYBR Green I
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(BioWhittaker Molecular Applications; Rockland, ME, USA). The level of each
mRNA was normalized to the level of 18S rRNA or cyclophilin mRNA. The primer
sequences are available upon request.

Micro-computed topography (CT) image acquisition
Each mouse was maintained under anesthesia with isoflurane (2.5% flow rate)
for the duration of the scan. Animals were positioned prone in the standard mouse
bed. Limbs were positioned laterally to the body to acquire uniform CT images.
Whole body CT images were obtained with a Micro-SPECT/CT scanner
(NanoSPECT/CT, Bioscan Inc., Washington DC, USA). For CT image acquisition,
the X-ray source was set to 200 µA and 45 kVp with 0.5 mm. The CT images were
reconstructed using cone-beam reconstruction with a Shepp filter with the cutoff at
the Nyquist frequency and a binning factor of 4, resulting in an image matrix of 480
× 480 × 632 and a voxel size of 125 µm.

Adipose tissue volume measurement and lean body mass measurement
To measure lean body mass (LBM), the weight of each mouse was measured
before image acquisition. On the whole, body image, total adipose tissue and visceral
adipose tissue volume were measured as reported previously (Judex et al., 2010).
LBM was defined as the weight of the body excluding the weight of fat. In this study,
LBM was calculated as follows:
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where 0.9 g/cm3 is the density of fat. Detailed methods were described in a previous
report (Judex et al., 2010).

Adipose tissue fractionation and flow cytometry analyses
Adipose tissue was fractionated as previously described (Huh et al., 2013).
Briefly, EAT were weighed, chopped, and incubated in collagenase buffer for 30
min at 37°C with shaking. After centrifugation, adipocytes in the supernatant were
removed. The pelleted stromal vascular cell (SVC) fraction was used for flow
cytometry. Adipose tissue SVC pellets were incubated with red blood cell lysis
buffer (a 1:9 mixture of 0.17 M Tris (pH 7.65) and 0.16 M NH4Cl), centrifuged at
1300 rpm for 5 min, and resuspended in PBS. For macrophage analyses, SVCs were
stained with CD11b (BD Bioscience, San Jose, CA, USA), F4/80 (eBioscience, San
Diego, CA, USA), and CD11c (eBioscience) monoclonal antibodies for 30 min at
4°C. Cells were gently washed with and resuspended in PBS. SVCs were analyzed
using a FACS Canto II (BD Bioscience).

Gut permeability test in vivo
This examination is based on the intestinal permeability to 4000-Da
fluorescent-dextran (46944; Sigma) as previously described (Cani et al., 2008a). 4
h-fasted mice were orally administered with fluorescein isothiocyanate (FITC)29

dextran (600 mg/kg body weight, 125 mg/mL). After 1 h, 300 μL of the blood were
collected from the heart. The blood was centrifuged at 4°C, 6,000 rpm, for 10 min.
Collected serums were diluted with same volume of PBS and analyzed for FITC
concentration at excitation wavelength of 485 nm and the emission wavelength of
535 nm. Standard curves of the FITC-dextran concentration were obtained by
continuous diluting FITC-dextran solution with PBS (0 – 12.5 μg/mL).

Liver triglyceride measurement
Liver triglycerides were measured according to the manufacturer’s protocol
(Bioassay Systems, Hayward, CA, USA). Liver tissue samples (90 – 120 mg) were
homogenized in 500 μL of 5% Triton X-100 with a tissue homogenizer. Total tissue
extracts were incubated in a water bath to 80°C and cooled to room temperature.
This step was repeated. After centrifugation of the total tissue extract, the supernatant
was collected and measured optical density at 570 nm using spectrophotometer
(infinite M200; TECAN, Männedorf, Switzerland) in 96-well plates as previously
described (Jo et al., 2013).

Cell culture experiments
NCI-H716 L-cell line was kindly provided by Dr. Young Min Cho in Seoul
National University. Cells were grown in suspension in RPMI-1640 medium
supplemented with 10% fetal bovine serum. Cells were treated with fresh medium
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every 2-3 days at a 1:3 dilutions. NCI-H716 cells were seeded in 24-well plates (105
cells, 1 mL per one well) with fresh RPMI-1640 medium without serum
supplementation. To test GLP-1 secretion, NCI-H716 cells were treated with or
without taurocholic acid sodium salt hydrate (1 mM; T4009; Sigma), putrescine
dihydrochloride (1 mM; P5780; Sigma) and creatine monohydrate (1 mM; C3630;
Sigma) followed by 2 h incubation. H-89 dihydrochloride hydrate (40 μM; B1427;
Sigma) was either treated alone or co-treated with taurocholic acid sodium salt
hydrate for 2 h incubation. Each conditioned medium from cells treated with
different metabolites was carefully harvested and centrifuged. 200 μL supernatant
was collected for GLP-1 measurement as described below.

Biochemical analyses for metabolic markers
Serum insulin, endotoxin, TNFα, and cholesterol were measured using a mouse
insulin ELISA kit (AKRIN-011T; Shibayagi, Gunma Pref., Japan), ToxinSensorTM
Chromogenic Endotoxin Assay Kit (L00350; Genscript, Piscataway, NJ, USA),
mouse TNFα detection kit (KMC3011; Invitrogen, Carlsbad, CA, USA), and
cholesterol detection reagent (TR13421; Thermo Scientific, Waltham, MA, USA),
respectively, following the manufacturers’ instructions. Active GLP-1 and total
GLP-1 in serum were measured using GLP-1 ELISA (Active 7-36) (43-GP1HU-E01;
ALPCO, Salem, NH, USA) and Total GLP-1 (7-36 and 9-36) ELISA (43-GPTHUE01; ALPCO), respectively. In order to measure endotoxin, serums were diluted in
PBS 1/50 to 1/100 ratio (v/v). For measurement of the GLP-1 active form, glucose
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solution (2 g/kg) was administered to mice by oral gavage. Mice rested 30 min before
sacrifice and blood collection. To inhibit dipeptidyl peptidase IV (DPP-IV) activity,
blood samples were placed in BD P700 tubes containing DPP-IV inhibitors (BD
Bioscience) immediately. Blood samples were centrifuged at 2500 rpm for 10 min
at 4°C to isolate serum. Serum samples were used for measurement of active GLP-1
in samples that were never frozen.

Immunohistochemistry
After isolation from NC, NH, and Ab-NH mice, ileum was dissected and
washed with PBS (0.1 M). They were then fixed in 10% neutral buffered formalin
overnight at room temperature. After dehydration with a graded alcohol series and
clearing, tissues were embedded in paraffin. Tissue sections were cut to a thickness
of 4 µm and were immunostained with anti-rabbit GLP-1 antibody (1:1000; Abcam,
Cambridge, UK). Before heat-induced antigen retrieval with Tris-EDTA, pH 9.0
(Thermo-Scientific, Rockford, IL, USA) for 15 min, endogenous peroxidase activity
was blocked with 0.3% H2O2 in methanol. Sections were blocked in normal goat
serum and incubated in primary antibody overnight at 4°C. They were then incubated
in Alexa Fluor 488 donkey anti-rabbit IgG (1:300; Invitrogen, Carlsbad, CA, USA)
for 2 h at room temperature and mounted in Vectashield containing DAPI.
Immunoreactivity was visualized with a confocal microscope system (LSM 510;
Carl Zeiss, Oberkochen, Germany).
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Capillary ethanol-mass spectrometry (CE-MS)-based metabolomics
Frozen ileal and cecal contents were homogenized with Dulbecco’s phosphatebuffered saline (D-PBS) immediately after thawing. Supernatants were collected
without precipitation. Supernatants (100 μL) were centrifuged and filtered using
Ultrafree-MC filter units (Millipore, Billerica, MA, USA). Samples were analyzed
by CE-MS at Human Metabolome Technologies, Inc. (Yamagata, Japan). Detailed
methods were described in a previous report (Matsumoto et al., 2012).

Statistical analyses
Data are presented as the mean with SEM. Differences between two groups
were assessed by using the Student’s t-test. Data involving more than two groups
were analyzed by ANOVA (GraphPad Prism; GraphPad, San Diego, CA, USA).
Significant ANOVA results were followed by post hoc tests (one-way; Tukey, twoway; Bonferroni). A value of p < 0.05 was considered significant.
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RESULTS
Treatment with vancomycin (V) and bacitracin (B) depletes Firmicutes and
Bacteroidetes in the mouse gut
To investigate whether the modulation of intestinal microbial communities,
with selective reduction of two major gut phyla, Firmicutes and Bacteroidetes,
protects against obesity and insulin resistance, I challenged mice with antibiotics
before DIO. Eight-week-old C57BL/6J male mice were fed NC for 4 weeks and then
fed a high-fat diet (HF) for 4 weeks (NH). As shown in Figure 5, one NH group (AbNH) was given free access to drinking water containing a V + B cocktail throughout
the experiment to alter the gut microbiota. V and B were selected because of their
strong sterilizing effects, especially on Gram-positive bacteria and anaerobes, which
include major gut phyla such as Firmicutes and a considerable number of species
belonging to Bacteroidetes (Bacon et al., 1991; Hall, 1994; Wolf et al., 2004).
Moreover, V and B are minimally absorbed by the host gastrointestinal tract after
oral administration (Eng et al., 1993; Rao et al., 2011). I verified the depletion of
Firmicutes and Bacteroidetes at 4 weeks of antibiotic (V + B) treatment NC fed mice
before HF feeding (data not shown). In agreement with previous reports (de La Serre
et al., 2010), there was a downward trend in the absolute abundance of gut microbiota
upon HF challenge as compared to NC fed group Figure 6. Furthermore, the absolute
abundance of bacterial DNA in the Ab-NH was significantly reduced relative to the
NH group, suggesting that absolute richness of gut microbiota is altered by V + B.
As shown in Figure 7, HF increased the proportion of Firmicutes and decreased the
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Figure 5.
Illustration depicting the experimental strategies used in this study. C57B6L/J 8
week-old male mice were given drinking water with or without V + B for 4 weeks.
In next 4 weeks, NC group was fed NC. Meanwhile, HF fed mice were separated
into vehicle (NH) and V + B treated group (Ab-NH).
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Figure 6.
Relative amounts of gut microbiota by analyses of 16s rDNA. Each cecal contents
of NC, NH, and Ab-NH mice were collected to isolate bacterial DNA. 16s rDNA
levels of the experimental groups were measured and compared. Each bar

represents the mean ± S.E. of the individual samples.
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Figure 7.
Gut microbiota metagenomics compositions of NC, NH, and Ab-NH mice.
Bacterial 16s rDNA pyrosequencing analyses of the cecal contents of the NC, NH,
and Ab-NH groups. Upper bar-graphs imply gut microbiota in individual mouse and
group average values are indicated in the lower panel. The percentage of the
community contributed by each phylum is indicated. Each phylum is denoted by a
color, as shown beside the graph.
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proportion of Bacteroidetes, compared to the populations in NC group while V + B
greatly reduced the proportions of Firmicutes and Bacteroidetes in DIO. With the
substantial decrease in these phyla, the proportion of Proteobacteria increased
markedly Figure 7. Furthermore, at the class and species levels, Escherichia coli
comprised more than half of the total bacteria (52.95%), whereas the population of
EF098132_g_uc, belonging to the family Lachnospiraceae of Firmicutes, and
Porphyromonadaceae_uc_s, belonging to the family Porphyromonadaceae of
Bacteroidetes, decreased considerably in the Ab-NH group Figure 8.

Gut microbiota alteration with V + B treatment ameliorates insulin resistance
in DIO mice
To examine the effects of V + B-mediated modulation of gut microbiota on
insulin sensitivity in DIO mice, a glucose tolerance test (GTT) and an insulin
tolerance test (ITT) were performed. As expected, the NH group displayed impaired
glucose tolerance and insulin tolerance compared to the NC group. In contrast, both
of glucose and insulin intolerance were improved in the Ab-NH group as compared
to NH group (Figure 9). Furthermore, the serum insulin levels in the Ab-NH group
were lower than those in the NH group (Figure 10). Also, upon insulin treatment,
phosphorylation of Akt (Ser 473) and GSK3β (Ser 9), two major components of the
insulin-signaling cascade, slightly increased in the muscle and liver in the Ab-NH
group (Figure 11). Since obesity-induced insulin resistance is closely associated with
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Figure 8.
Comparison of cecal microbial species compositions in NH and Ab-NH mice. In
NH group, the prevalence (%) of each species, from top to bottom, was 21.72%,
9.79%, 9.15%, 9%, 8.48%, 6.07%, 5.43%, 1.93%, 1.76%, 1.73%, and 24.91%.

In the Ab-NH group, the prevalence (%) of each species, from top to bottom,
was 52.95%, 22.35%, 7.33%, 6.85%, 4.13%, 0.36%, 0.29%, 0.29%, 0.25%,
0.25%, and 4.93%.
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Figure 9.
Improvement of insulin resistance in NC, NH, and Ab-NH mice. A, at the end

of the experimental period, mice were given an intraperitoneal glucose
tolerance test. N=4 per time point for NC group and N=5 per time point for
NH and Ab-NH group. B, the same mice tested in panel A were given an
insulin tolerance test (ITT) after two weeks of recovery. N=4 per time point
for NC group and N=5 per time point for NH and Ab-NH group.
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Figure 10.
Comparison of serum insulin level by V + B treatment. Blood samples were
collected from the tail vein of each mouse after 7 h or fasting or normal feeding to
measure the serum insulin concentration.
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Figure 11.
Improvement of insulin signaling in V + B treated mice. Western blot images (left)
and bar-graphs (right) showing quantitative analyses of western blot data using
ImageJ software of insulin signaling marker proteins p-Akt (s473) and p-GSK3β (S9)
in the muscle and liver. Total Akt, total GSK3β, GAPDH in muscle and β-actin in
liver were used as controls.
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pancreatic islet hypertrophy (Lingohr et al., 2002), the size of pancreatic islets was
investigated. As shown in Figure 12, treatment with V + B alleviated pancreatic islet
hypertrophy in Ab-NH mice. Together, these data suggest that the prominent
reduction in the abundance of Firmicutes and Bacteroidetes with V + B would
ameliorate insulin resistance in DIO.

Depletion of Firmicutes and Bacteroidetes does not affect body weight gain and
adiposity in DIO
Because it has been reported that the relative abundance of Firmicutes and
Bacteroidetes is correlated with obesity (Backhed et al., 2004b), I have asked
whether depletion of Firmicutes and Bacteroidetes with V + B changed the body
weight gain in DIO. Interestingly, as shown in Figure 13, body weight gain in the
Ab-NH group was comparable to that in the NH group. When I examined the mass
of several different fat depots, there was no significant difference between the NH
and Ab-NH groups (Figure 14). In addition, adiposity, abdominal fat area, whole
body fat volumes, and lean body mass were similar in the NH and Ab-NH groups
(Figure 15). Further, food intake and water consumption were not affected by V + B
in DIO mice (Figure 16). These data propose that significant reduction of Firmicutes
and Bacteroidetes by V + B would not be associated with obesity and adiposity.

Reduction of Firmicutes and Bacteroidetes by V + B treatment does not affect
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Figure 12.
Reduction of the islet hypertrophy by gut microbiota alteration. Pancreatic islets
from mice in the NC, NH, and Ab-NH groups were isolated and stained with
hematoxylin and eosin. Representative images of the pancreas are shown, with
enlarged images of pancreatic islets displayed in the upper right. Islet diameters (μm)
(N = 33, 31, and 35 for NC, NH, and Ab-NH, respectively) and density were
measured by ImageJ software. Each bar represents the mean ± standard error (S.E.)
of the individual samples. Mean values with *p < 0.05 were considered significant
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Figure 13.
Antibiotic treatment does not affect body weight change in DIO. Body weights
were measured every week from zero to eight weeks during the experimental period.
‘*’ exhibits difference between NC and NH group. Each bar represents the mean ±
standard error (S.E.) of the individual samples. Mean values with *p < 0.05 and **p
< 0.01 were considered significant. N.S., not significant.
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Figure 14.
Antibiotic-treatment did not influence fat-depot mass changes in DIO mice. (A)
Major adipose tissue depots, including EAT, IAT, renal adipose tissue (RAT), and
BAT, were isolated and weighed after the experimental period. (B) Representative
images of EAT, IAT, RAT, and BAT in NC, NH, and Ab-NH are shown (scale; 1
mm). Each bar represents the mean ± standard error (S.E.) of the individual samples.
Mean values with *p < 0.05 and **p < 0.01 were considered significant.
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Figure 15.
Total body adiposity and lean mass were not altered in V + B treatment. A,
representative transverse cross-sectional micro-computed tomography (micro-CT)
images of NC, NH, and Ab-NH abdominal areas. B, total fat volume (left) and lean
body mass (right) were quantified from Micro-CT scans. Mean values with *p < 0.05
and **p < 0.01 were considered significant.
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Figure 16.
Antibiotic treatment did not affect food and water consumption in DIO mice.
A, Daily food intake was measured once a week for eight weeks after the start of
antibiotics administration to the Ab-NH group. Mice in the Ab-NH group consumed
2.85, 2.7, 3.15, 2.4, 2.05, 2.05, 2, and 2.35 g of food per day, respectively, similar to
mice in the NH group. The average daily food intake over 8 weeks is shown. B,
Water consumption was quantified once a week for eight weeks after the start of
antibiotics administration to the Ab-NH group. Water (100 mL) with or without
antibiotics was provided in a sterile bottle. After 24 h, the remaining water was
measured by mass cylinder. Ab-NH mice drank 2.65, 2.75, 3.65, 2.35, 1.9, 1.9, and
2.1 mL of water in each 24 h period sampled, similar to mice in the NH group. The
average daily water consumption is shown. Each bar represents the mean ± standard
error (S.E.) of the individual samples.
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the risk factors related to insulin resistance in DIO mice
In severe obesity, chronic adipose tissue inflammation is closely associated with
insulin resistance (Patsouris et al., 2008; Permana et al., 2006). In particular, an
increase in pro-inflammatory macrophages (F4/80+, CD11b+, and CD11c+) in the
adipose tissue of obese mice aggravates systemic insulin resistance (Patsouris et al.,
2008). To test the hypothesis that adipose tissue inflammation contributes to
improved insulin resistance in the Ab-NH group, inflammatory gene expression and
macrophage infiltration were analyzed in adipose tissue. The expression of proinflammatory genes such as Tnfα and Il6 in EAT was higher in the NH and Ab-NH
groups than in the NC group (Figure 17). Similarly, the expression of macrophage
surface marker genes such as F4/80, Cd11b, and Cd11c was comparable in the AbNH and NH groups (Figure 17). Consistent with the changes in gene expression
profiling data, the number of F4/80+ and CD11b+ macrophages in the adipose
tissues of the HF-treated groups (NH and Ab-NH) was higher than that in the NC
group (Figure 18).
It is well recognized that a complex interplay between the host and the bacteria
modulates systemic inflammation in obesity (Cani et al., 2007). For instance, in
addition to structural imbalance and perturbation of the function of gut microbiota,
disruption of gastrointestinal barrier integrity has been reported to be a critical
change in the host to aggravate inflammation induced by dysbiosis of gut microbiota
(Cani et al., 2007). However, there were no significant changes in the extent of gut
inflammation indicated by retained expression of Tnfα and Il10 in the Ab-NH group
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Figure 17.
Inflammatory gene expressions in antibiotic-treated mice. A, Relative mRNA
levels in EAT were measured. Pro-inflammatory cytokines, Tnfα and Il6, and
macrophage markers, F4/80, Cd11b, and Cd11c, were measured by quantitative real
time-PCR. Mean values with *p < 0.05 was considered significant. N.S., not
significant.
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Figure 18.
Comparison of ATM accumulation in adipose tissue. A, flow cytometry of
adipose tissue macrophages (F4/80+ and CD11b+) in EAT. Total ATM number in
EAT, (left) and ATM number per fat mass (right) are calculated based on total SVC
cell counts. B, flow cytometry of M1 type macrophages (F4/80+, CD11b+, and
CD11c+) in EAT. Total cell numbers are indicated in the left graph, and the number
of cells per gram of adipose tissue is shown in right graph. Mean values with *p <
0.05 was considered significant. N.S., not significant.
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relative to NH group (data not shown). Furthermore, the expression of the gut barrier
gene mucin 6 and tight junction genes such as occludin (Ocln) and claudin 10
(Cldn10) was not greatly different between the NH and Ab-NH group (Figure 19).
Also, HF-mediated elevation of gut leakage was substantially reduced in the Ab-NH
group (Figure 20). In turn, serum endotoxin and serum TNFα, markers of systemic
inflammation were similar in the NH and Ab-NH groups (Figure 21).
Previous studies demonstrated that dysregulation of lipid metabolism in liver
was associated with obesity and its related disorders (Jo et al., 2013; Petersen et al.,
2005). In the present study, the levels of serum cholesterol and hepatic triglyceride
were trended upward regardless of V + B treatment upon HF feeding indicating that
HF-induced dysregulation of lipid metabolism in the liver would not be affected by
the modulation of the gut microbiota by V + B treatment (Figure 22). Thus, these
results suggest that amelioration of insulin resistance in the Ab-NH group is not
related to the alleviation of chronic inflammation or hepatic lipid dysregulation.

V + B-mediated alteration of gut microbiota improves glucose tolerance via
stimulating GLP-1 secretion in DIO mice
GLP-1 is a prominent gut hormone that modulates whole body insulin
sensitivity (Baggio and Drucker, 2007). To investigate whether GLP-1 was involved
in the improvement of insulin resistance in the Ab-NH group, serum levels of GLP1 (7-36 amide and 9-36 amide) were measured. Intriguingly, the level of total GLP52

Figure 19.
Gut barrier gene expressions in NC, NH, and Ab-NH mice. Relative expression
of gut barrier genes in the intestine: occludin (Ocln), claudin 1 (Cldn1), claudin 10
(Cldn10), and Mucin 6 (Muc6). Mean values with *p < 0.05 was considered
significant. N.S., not significant.
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Figure 20.
Alteration of gut microbiota alters gut leakages. After oral administration of DX4000, serum levels of DX-4000 were measured in NC, NH and Ab-NH group. Mean
values with *p < 0.05 and **p < 0.01 was considered significant.
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Figure 21.
V + B treatment does not alter serum endotoxemia and TNFα in DIO. Serum of
each group was isolated to measure (A) endotoxin and (B) TNFα. Mean values with
*p < 0.05 and **p < 0.01 was considered significant. N.S., not significant.
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Figure 22.
V + B mediated gut microbiota alteration does not affect metabolic profiles in
DIO mice. Serums and liver of NC, NH, and Ab-NH were extracted to measure (A)
cholesterol and (B) hepatic triglyceride. Mean values with **p < 0.01 was considered
significant. N.S., not significant.

56

1 in fasting status increased in the Ab-NH group to an extent comparable to NC mice
(Figure 23). To determine whether the increase in total GLP-1 in basal status of the
Ab-NH group was resulted from the different ability of L-cells to secret GLP-1 upon
glucose challenge, GLP-1 release was examined after oral glucose administration.
As shown in Figure 23, the levels of active GLP-1 in the serum were significantly
higher in the Ab-NH group than in the NH group. The reduction in active GLP-1
upon HF feeding (Figure 23) is consistent with previous report that GLP-1 secretion
is suppressed in obese humans (Ranganath et al., 1996). In addition, the degree of
GLP-1 staining in the ileum increased in the Ab-NH group compared to NH group,
suggesting that the production of GLP-1 in the ileum was augmented in the Ab-NH
group (Figure 24).
I next examined the involvement of GLP-1 in the enhancement of glucose
tolerance in Ab-NH group. Treatments of exendin 9-39 amide (Ex(9-39)), a wellknown GLP-1 receptor antagonist, led to aggravation of glucose intolerance in NH
mice relative to the NH mice treated with vehicle (Figure 25). Additionally, Ab-NH
group with Ex(9-39) exhibited significantly impaired glucose intolerance to an
extent comparable to NH mice treated with Ex(9-39) (Figure 25). These data imply
that amelioration of obesity-induced glucose intolerance in Ab-NH mice would be
attributable to GLP-1-mediated beneficial effects on energy metabolism.

Modulation of two major phyla stimulates production of metabolically
beneficial metabolites
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Figure 23.
GLP-1 is elevated in serum of Ab-NH group. A, Measurement of total (7-36 and
9-36 amide) GLP-1 under fasting status in the NC, NH, and Ab-NH groups. N=5 per
group. B, Measurement of active (7-36 amide) GLP-1 after oral glucose
administration (2 g/kg, 20% glucose solution). Mean values with *p < 0.05 and **p
< 0.01 were considered significant. N.S., not significant.
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Figure 24.
Intestinal GLP-1 measurement in NC, NH, and Ab-NH mice. Representative
immunofluorescence images of L-cells in the ileum (left) stained with anti-GLP-1
(green) and DAPI (blue). GLP-1 positive area (right) were measured using ImageJ
software. Mean values with **p < 0.01 were considered significant.
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Figure 25.
GLP-1 receptor antagonism diminishes the insulin sensitization effect on AbNH group. Mice were given glucose tolerance test with exendin (9-39) amide (Ex(939)) in NH and Ab-NH group. Blood glucose levels of Ex(9-39) treated groups
showed statistical significance against vehicle treated groups from the 30 min to 120
min after glucose administration (#). ‘*’ exhibited difference between NH and AbNH group. Each bar represents the mean ± S.E. of the individual samples. Mean
values with *, #p < 0.05 was considered significant. N.S., not significant.
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Microbial communities actively produce various metabolites, which have the
potential to affect energy homeostasis (Matsumoto et al., 2012). As shown in Figure
26, capillary ethanol mass spectrometry (CE-MS) analyses revealed distinct gut
metabolite patterns in the NH and Ab-NH groups. In contrast, serum metabolite
profiles were not markedly different in the NH and Ab-NH groups (Figure 27).
Among the metabolites selectively up-regulated in the Ab-NH group (Table 1), eight
metabolites including succinic acid, creatine, putrescine, sulfotyrosine, taurocholic
acid (TCA), mucic acid putrescine, and 1-methylnicotinamide (Figure 28) were
known to benefit host energy metabolism ('t Eijnde et al., 2001; Desmarais et al.,
1998; Enrique-Tarancon et al., 2000; Kobayashi et al., 2007; Macdonald and Fahien,
1988; Mendez and Balderas, 2001; Rose, 1911; Watala et al., 2009). Given previous
studies reported that gut-derived metabolites are able to stimulate GLP-1 secretion
(Lauffer et al., 2009; Wu et al., 2013a), I tested the effects of gut metabolites induced
by removal of Firmicutes and Bacteroidetes on GLP-1 section in L-cells. Among
three metabolites prominently induced in the Ab-NH group, TCA overtly enhanced
GLP-1 secretion in L-cells, indicating that alteration of gut metabolites in Ab-NH
group, in part, contributes to an increase in GLP-1 secretion in DIO (Figure 29).
Further, PKA was appeared to be engaged in TCA-mediated GLP-1 secretion as
treatment of H-89 dihydrochloride hydrate (H-89), a well-known PKA inhibitor,
substantially reduced the positive effect of TCA on GLP-1 secretion (Figure 30).
Collectively, these results suggest that depletion of Firmicutes and Bacteroidetes
with V + B in DIO would alter gut metabolites and subsequently augments insulin
sensitivity via increasing GLP-1 secretion.
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Figure 26.
Ileal metabolomes were analyzed in NC, NH, and Ab-NH group. A, heat-maps
of the relative amounts of metabolites identified in the ileal contents by capillary
ethanol-mass spectrometry (CE-MS). B, the relative amount of each individual
metabolite was indicated by color intensity: red for positive correlation and green for
inverse correlation.
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Figure 27.
Serum metabolomes were analyzed in NC, NH, and Ab-NH group. Heat-maps

of the relative amounts of metabolites identified in serum contents by
capillary ethanol-mass spectrometry (CE-MS). The relative amount of each
individual metabolite was indicated by color intensity: red for positive
correlation and green for inverse correlation.
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Table 1. Metabolites exclusively up-regulated in the Ab-NH group

Compound
No.
Name

KEGG
ID

Relative Folds of Inductions

P-value

(Average ± standard error, Log2 scale, N=3)

Student’s ttest
(NH vs AbNH)

NC

NH

Ab-NH

1

Succinic acid

C00042

-0.585±0.075

0.583±0.075

1.167±0.548

0.082969

2

Creatine

C00300

-0.679±0.046

-0.501±0.213

1.180±0.483

0.056252

-0.689±0.003

-0.527±0.103

1.216±0.455

0.05556

-0.660±0.062

-0.573±0.075

1.233±0.426

0.0475

C00148
3

Pro

C00763
C16435

4

N-Acetylputrescine

C02714

5

XC0065

-

-0.623

-0.623

1.246±0.412

0.04535

6

Sulfotyrosine

No ID

-0.633

-0.633

1.266±0.362

0.034368

7

XA0036

-

-0.634

-0.634

1.267±0.359

0.033863

8

3-Methyladenine

C00913

-0.638

-0.638

1.276±0.335

0.029358

9

Imidazolelactic acid

C05568

-0.651

-0.625±0.026

1.276±0.332

0.02857

10

Glucuronic acid

C00191

-0.885

-0.380±0.261

1.265±0.043

0.021719

11

Putrescine

C00134

-0.638±0.018

-0.655±0.004

1.294±0.278

0.019725

12

Taurocholic acid

C05122

-0.648

-0.648

1.296±0.273

0.019123

13

Homovanillic acid

C05582

-0.331±0.479

-0.810

1.141±0.264

0.017773

14

Mucic acid

-0.649

-0.649

1.299±0.262

0.017548

C00879
C01807
15

1-Pyrroline 5-carboxylic acid

C03912

-0.650

-0.650

1.300±0.255

0.016711

16

1H-Imidazole-4-propionic acid

No ID

-0.724

-0.566±0.081

1.289±0.272

0.014741

17

S-Hexylglutathione

C02886

-0.655

-0.655

1.310±0.216

0.011908

C05843

-0.655

-0.655

1.310±0.214

0.011624

1

N -Methyl-4-pyridone
18
-5-carboxamide
19

7-Methylguanine

C02242

-0.740

-0.514±0.226

1.254±0.300

0.010997

20

XC0126

-

-0.657

-0.657

1.313±0.200

0.010143

21

XA0035

-

-0.657

-0.657

1.314±0.198

0.009986
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22

Urea

C00086

23

Carboxymethyllysine

No ID

24

1-Methylnicotinamide

25

-0.657

-0.657

1.314±0.196

0.009728

-0.503±0.024

-0.789±0.062

1.291±0.240

0.009505

C02918

-0.661

-0.661

1.322±0.147

0.005459

Cadaverine

C01672

-0.722±0.014

-0.602±0.017

1.324±0.121

0.003372

26

Gluconolactone

C00198

-0.664

-0.664

1.329±0.094

0.002235

27

Creatinine

C00791

-0.760±0.069

-0.547±0.164

1.307±0.098

0.001635

28

Gluconic acid

C00257

-0.292±0.173

-0.937±0.160

1.229±0.204

0.001428

C05123

-0.654±0.073

-0.666±0.068

1.320±0.130

0.000838

C02997

-0.673±0.149

-0.636±0.093

1.309±0.128

0.000425

Isethionic acid
29
( 2-hydroxyethanesulfonic acid )
30

N-Acetylhistidine
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Figure 28.
Target metabolite candidates upregulated in Ab-NH group. The cecal levels of
eight metabolites metabolically beneficial in diabetes are shown. These metabolites
only increased in the Ab-NH group. CE-time-of-flight/MS (CE-TOF/MS) scans of
cationic and anionic metabolites covered a 50–1000 m/z range. The y-axis represents
the relative peak area (metabolite peak area / (internal standard peak area × sample
amount) or (measured value − theoretical value) / (measured value × 106) in the case
of putative metabolites) converted to log2 ratio.

66

Figure 29.
A bile component activates secretion of GLP-1. The levels of GLP-1 in
conditioned media. NCI-H716 cells were treated with taurocholic acid, putrescine
and creatine in a time- and concentration- dependent manner.
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Figure 30.
Taurocholic acid mediated GLP-1 secretion is mediated by PKA activation. The
levels of GLP-1 in conditioned media. TCA and H-89 dihydrochloride hydrate (H89) were either treated alone or co-treated. Each bar represents the mean ± S.E. of
the individual samples. Mean values with **p < 0.01 were considered significant.
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DISCUSSION
Compelling evidences indicate that Firmicutes and Bacteroidetes, two major
phyla of gut microbiota, play a significant role in the regulation of host energy
metabolism (Backhed et al., 2004b; Cani et al., 2008b), although the association of
relative abundance of Firmicutes and Bacteroidetes with obesity and its related
metabolic diseases has been controversial. To elucidate the roles of Firmicutes and
Bacteroidetes on obesity and its related metabolic complications, I developed a
mouse model in which gut microbiota is altered by treatment with an antibiotic
cocktail of V + B before the establishment of DIO. V + B treatment in DIO altered
gut microbiota, selectively by reducing the population of Firmicutes and
Bacteroidetes, and improved insulin resistance, without affecting obesity. Of note,
serum GLP-1 levels and GLP-1 expression in intestinal L-cells were significantly
augmented upon the V + B-mediated alteration of gut microbiota. Additionally,
depletion of Firmicutes and Bacteroidetes increased production of particular
metabolites in the gut, which would contribute to beneficial changes in the host
energy metabolism including GLP-1 secretion. These data suggest that distinct shifts
in gut microbial composition by V + B treatment would ameliorate insulin resistance
in DIO by stimulating GLP-1 secretion.
Gut microbiota, particularly Firmicutes and Bacteroidetes, are involved in the
control of host energy metabolism including carbohydrate, lipid and bile acid
metabolism (Swann et al., 2011; Turnbaugh et al., 2006). More importantly,
Firmicutes and Bacteroidetes share roles to regulate the response of host to dynamic
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changes in diets (Muegge et al., 2011). Previously, it has been suggested that there
is a correlation between obesity and relative proportion of Firmicutes and
Bacteroidetes (Ley et al., 2005a). However, several lines of evidence indicated that
such correlation is not always implicated in obesity and changes in the relative
abundance of Firmicutes and Bacteroidetes may not be sufficient for the onset of
obesity (Arumugam et al., 2011; Vijay-Kumar et al., 2010). In present study, I
observed that body weight gains and adiposity upon HF were not attenuated when
Firmicutes and Bacteroidetes were concurrently depleted. On the other hand, I
observed that obesity-induced insulin resistance was improved in parallel with the
reduction in the abundance of Firmicutes and Bacteroidetes, indicating a potential
role of Firmicutes and Bacteroidetes in the regulation of insulin sensitivity in DIO.
Previously, it has been reported that patients with type 2 diabetes are relatively
enriched with Gram-negative bacteria belonging to the phyla Bacteroidetes and
Proteobacteria (Larsen et al., 2010; Suez et al., 2014). Additionally, it has been
shown that such increases in gut microbiota are associated with metabolic
endotoxemia through increasing plasma LPS, leading to oxidative stress,
macrophage infiltration markers and most inflammatory markers inducing insulin
resistance (Cani et al., 2007). In particular, disruption of gastrointestinal barrier
integrity appeared to cause a critical change in the host to aggravate inflammation
induced by dysbiosis of the microbiome (Bode and Bode, 2005; Cani et al., 2007).
In the present study, there was an increase in the relative abundance of Proteobacteria
in conjunction with the reduction of Firmicutes and Bacteroidetes in Ab-NH group.
However, my data suggest that such modulation in gut microbiota would have
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limited effects on obesity-mediated increment of gut leakage as well as endotoxemia
(Figure 20 and 21). Nevertheless, future studies are required to reveal the extent to
which Proteobacteria modulate changes in the systemic energy homeostasis in
response to V + B in DIO.
Various biological pathways facilitate the crosstalk between host energy
homeostasis and gut microbiota. Here, my data suggest that V + B-induced alteration
of gut microbiota modulates insulin sensitivity by promoting GLP-1 secretion. GLP1 is a gut hormone mainly secreted from L-cells in the gut in response to nutrient
status (Baggio and Drucker, 2007; Campbell and Drucker, 2013a). Particularly, the
active form of GLP-1 (7-36 amide) governs systemic energy homeostasis by
regulating satiety in brain, insulin secretion in pancreatic islets, and glucose uptake
in muscle (Holst, 2007). Although previous report has shown that GLP-1 secretion
is reduced in patients with type 2 diabetes (Muscelli et al., 2008), the dynamics of
GLP-1 secretion in non-diabetic obese rodent models have not been well
documented. In Figure 23B, the level of active GLP-1 in the NH group was lower
than that in the NC group. Notably, treatment of Ex(9-39) aggravated glucose
intolerance in Ab-NH group, indicating the significance of GLP-1-mediated
beneficial effects on energy metabolism in the improvement of glucose intolerance
in the Ab-NH group. Previous studies showed that several kinds of prebiotics
stimulate GLP-1 secretion and that gut microbiota acts as a mediator by fermenting
indigestible prebiotics to short-chain fatty acids (Cani et al., 2009; Musso et al.,
2010). Consequently, short chain fatty acids induce GLP-1 release from L-cells and
modulate systemic energy homeostasis (Tolhurst et al., 2012). Here, I demonstrated
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that depletion of Firmicutes and Bacteroidetes in DIO increased production of gutderived metabolites including TCA, creatine, and protein tyrosine phosphatase 1B
(Figure 28). In consistent with previous studies demonstrating that TCA stimulates
GLP-1 secretion in humans (Wu et al., 2013a; Wu et al., 2013b), TCA treatment
promoted GLP-1 secretion in L-cells. Thus, findings both in my results and from
those human data suggest that an increase in TCA after depletion of Firmicutes and
Bacteroidetes would be associated with GLP-1 dependent amelioration of insulin
resistance in DIO. In addition to TCA, other metabolites have been reported to have
beneficial effects on host energy metabolism ('t Eijnde et al., 2001; Desmarais et al.,
1998; Enrique-Tarancon et al., 2000; Macdonald and Fahien, 1988; Mendez and
Balderas, 2001; Rose, 1911; Watala et al., 2009). For instance, sulfotyrosine
represses protein tyrosine phosphatase 1B and contributes to the regulation of insulin
signaling (Desmarais et al., 1998) and creatine is linked with increased GLUT4
expression in muscle ('t Eijnde et al., 2001). Therefore, it is of particular interest to
investigate the potential roles of these metabolites in the alleviation of insulin
resistance mediated by alteration of Firmicutes and Bacteroidetes in DIO in the
future.
In this study, the serum insulin levels of the Ab-NH group were lower than
those in the NH group in fasting and feeding conditions, implying that alternative
mechanisms might enhance insulin sensitivity, independent of active GLP-1mediated stimulation of insulin release. In the pancreas, active GLP-1 (7-36 amide)
binds to GLP-1 receptor to activate protein kinase A signaling, induces insulin
secretion, and promotes β-cell survival (Baggio and Drucker, 2007). However, after
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secretion into the blood, active GLP-1 is rapidly degraded into the inactive GLP-1
(9-36 amide) metabolite within 1~2 min by dipeptidyl peptidase IV (Deacon et al.,
1995a). Although the role of inactive GLP-1 in glucose metabolism is still unclear,
it has been recently suggested that inactive GLP-1 may be involved in the regulation
of glucose homeostasis (Deacon et al., 2002b; Nikolaidis et al., 2005). For instance,
inactive GLP-1 alone lowers the blood glucose level in anesthetized pigs (Deacon et
al., 2002b). In dogs, inactive GLP-1 significantly increases myocardial glucose
uptake with dilated cardiomyopathy (Nikolaidis et al., 2005). Furthermore, inactive
GLP-1 is highly stable in blood, which would prolong the effects of active GLP-1 to
improve insulin resistance (Wu et al., 2013a). These findings are consistent with my
data that an increment of insulin sensitivity in V + B-treated DIO mice is potentially
attributable to increased levels of both active and inactive forms of GLP-1.
Increased adipose tissue inflammation correlates with insulin resistance in
obese individuals. Moreover, depletion or aggravation of gut microbiota with various
antibiotics alleviates insulin resistance and obesity by reducing inflammatory
responses (Cani et al., 2008b; Murphy et al., 2013a). In this study, adipose tissue and
whole body inflammation were similar between NH and Ab-NH groups. However,
in a recent study, mice treated with sub-therapeutic levels of antibiotics displayed
increased adiposity and insulin resistance with subtle but significant changes in gut
microbiota (Cho et al., 2012). These conflicting results might be derived from the
selection and concentration of antibiotics, which would influence metabolic changes
and adipose tissue dysregulation.
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In conclusion, I demonstrated that alteration of gut microbiota, with significant
depletion of Firmicutes and Bacteroidetes, by treatment with V + B would improve
insulin resistance in DIO mice. Apparently, such modulation in gut microbiota alters
profiles of gut-derived metabolites and consequently augments GLP-1 secretion.
Taken together, these findings may provide an insight into the understanding of
biological mechanisms involved in the regulation of insulin sensitivity in obese
subjects.

74

CHAPTER TWO:
Gamma (γ)-aminobutyric acid response
mediates resistance to adipose tissue
inflammation in obese IAT
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Summary

Obesity is one of risk factors for insulin resistance, which leads to most of the
metabolic syndromes such as type 2 diabetes. Studies in both human and animal
models reveal that metabolic disorders are positively correlated with an increase of
visceral fat tissues including EAT. On the contrary, subcutaneous adipose tissues
including IAT have been proposed to play beneficial roles in the regulation of host
metabolism. In this study, I have demonstrated that macrophage infiltration was
significantly reduced in IAT, versus EAT in the progression of obesity. Further, the
different degrees of macrophage recruitment between two fat-depots were derived
from the intrinsic characteristics of each fat tissue rather than the microenvironment
of adipose tissues. Through transcriptome analyses, the pathway of gamma (γ)aminobutyric acid (GABA) response was proposed as one of the potential etiologies
to exhibit differential inflammatory responses between IAT and EAT. In IAT, GABA
signaling modulated monocyte chemotaxis implying that GABA response might be
a causality to determine fat-depot specific inflammatory responses. Moreover, I have
demonstrated that IAT originated adipose-derived stem cells (ADSCs) seemed to be
the primary cell type to mediate GABA response against macrophage recruitment.
Taken together, these data suggest that differential GABA responses in IAT would
contribute to less-inflammatory responses in obesity.
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INTRODUCTION

The obese population has grown rapidly worldwide in last several decades
(Christakis and Fowler, 2007; Ludwig, 2002). A considerable number of obese
population is closely associated with metabolic disorders such as hyperlipidemia,
type 2 diabetes, and cardiovascular diseases (Grundy, 2004; Ludwig, 2002; Meigs et
al., 2005). Insulin resistance induced by obesity is known to be a major factor to
stimulate most metabolic diseases, and is linked with increased reactive oxygen
species (ROS), endoplasmic reticulum (ER) stress, mitochondrial dysfunction,
hypoxia, and low-grade chronic inflammation in obesity (Guilherme et al., 2008;
Saltiel and Kahn, 2001).
In clinical viewpoints, obesity is largely subdivided into two types, visceral
obesity and subcutaneous obesity and two types of obesity exhibit different outcomes
in metabolic diseases (Kissebah and Krakower, 1994; Pouliot et al., 1992).
Enlargement of visceral adipose tissue shows a strong correlation with metabolic
syndromes and mortality (Gesta et al., 2007; Kissebah and Krakower, 1994). On the
other hand, subcutaneous adipose tissue contributes to metabolic benefits in obesity
(Siviero-Miachon et al., 2015; Tran et al., 2008). For instance, activation of
adipogenesis with pioglitazone results in a reduction of visceral adipose tissue and
improves metabolic index. At the same time, pioglitazone selectively increases
subcutaneous adipose tissue (Miyazaki et al., 2002). MitoNEET is a protein located
in outer mitochondrial membrane, and is named according to its C-terminal amino
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acid sequence, Asn-Glu-Glu-Thr (NEET) (Colca et al., 2004). Leptin deficient
(ob/ob) mice is a model of obesity, but overexpression of mitoNEET in ob/ob mice
has shown further increase of body weights upon HF feeding (Kusminski et al.,
2012). Intriguingly, mitoNEET transgenic ob/ob mice exhibit significant
improvement of insulin resistance accordant with increased IAT weight. Also,
metabolic parameters were improved by overexpression of adiponectin in spite of
extra body weight gains (Kim et al., 2007). These results indicate the beneficial roles
of subcutaneous adipose tissue in the regulation of energy metabolism. Numerous
studies have shown the different degrees of cold-induced thermogenic- (Seale et al.,
2011), angiogenic- (Gealekman et al., 2011) and adipogenic properties (Jeffery et al.,
2015; Joe et al., 2009) between visceral and subcutaneous adipose tissue. Although
inflammatory responses are the most distinct in subcutaneous adipose tissue
compared to visceral adipose tissue in obesity (Cartier et al., 2008; Miller et al., 2011;
Montague et al., 1998; Xu et al., 2012), it still remains unclear why and how
subcutaneous and visceral fat-depots are different in metabolic regulation
particularly in obesity-induced inflammation.
After a discovery of increased adipose-derived TNFα secretion in obesity
(Hotamisligil et al., 1993), numerous studies have supported the idea that adipose
tissue is one of the immunosensitive organs (Schaffler et al., 2006). In obesity,
adipose tissue immune cells have been reported to orchestrate adipose tissue
inflammatory responses (Donath and Shoelson, 2011). For instance, neutrophil,
CD8+ effector T-, mast- and B-cells are increased and induce pro-inflammatory
responses in adipose tissues (Liu et al., 2009; Nishimura et al., 2009; Talukdar et al.,
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2012; Winer et al., 2011). In contrast, regulatory T cells contribute to antiinflammatory responses in obesity (Feuerer et al., 2009). Among the various kind of
immune cells, adipose tissue macrophages (ATMs) have been intensively studied to
mediate obesity-induced insulin resistance (Lumeng et al., 2007a; Patsouris et al.,
2008; Weisberg et al., 2003). In lean subjects, alternatively activated M2
macrophages in adipose tissue contribute to metabolic homeostasis by lowering fat
tissue inflammation via HIF-2α, IL10, and Arginase (ARG) I (Choe et al., 2014;
Odegaard and Chawla, 2011). In obesity, adipose tissues show elevated classically
activated CD11c+ M1 macrophages (Lumeng et al., 2007a). M1 ATMs promote proinflammatory cytokines such as TNFα, IL1β, and IL6, which are strongly associated
with systemic insulin resistance (Despres and Lemieux, 2006; Lumeng et al., 2007a).
Consistently, CD11c+ cell deficient mice restore abnormal metabolic parameters in
obesity (Patsouris et al., 2008) demonstrating that pro-inflammatory ATMs are
crucial in obesity-induced insulin resistance.
In obesity, pro-inflammatory macrophages produce various inflammatory
cytokines to inhibit insulin signaling pathway in adipocytes (Chawla et al., 2011;
Ferrante, 2007). In obesity, the origin of ATMs has previously been attributed to the
recruitment of blood monocytes into adipose tissues (Lumeng et al., 2007b; Oh et
al., 2012). However, several lines of evidence have suggested that other possibilities
of the ATM origins would be possible in obesity. First, the number of Ki67+
proliferative ATMs are increased in obesity (Amano et al., 2014). Second, netrin-1,
a secreted laminin-related molecule is elevated in obesity and contribute to retention
of ATMs (Ramkhelawon et al., 2014). Last, the survival rates of ATMs are increased
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in obesity (Hill et al., 2015). Since these studies have demonstrated that ATMs are
increased in visceral EAT, it has not been thoroughly studied how subcutaneous
ATMs and inflammatory responses are regulated in subcutaneous IAT in obesity.
Given that subcutaneous IAT has shown beneficial roles in the regulation of
energy metabolism and resistance to inflammatory responses in obesity, I decided to
investigate why and how subcutaneous IAT and visceral EAT exhibits a different
degree of adipose tissue inflammation in obesity. In the progression of obesity, the
number of ATMs was significantly lower in IAT compared to EAT. Notably, I found
that gamma (γ)-aminobutyric acid (GABA) response was differentially regulated in
IAT, unlike EAT in obesity. Furthermore, I have shown that chemotactic activity of
ATMs was reduced in IAT originated adipose-derived stem cells (ADSCs) in
response to GABA stimulation. Subsequently, GABA dependent regulation of ATM
infiltration in IAT improved insulin resistance in DIO. Taken together, these data
suggest that fat-depot selective GABA responses would contribute to regional
differences in adipose tissue inflammation and whole body energy metabolism.
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MATERIALS AND METHODS

Animal experiments

Six-week-old C57BL6/J and C57BLKS/J-Leprdb/Leprdb (db/db) male mice
were obtained from Central Lab Animal Inc (Seoul, Korea). Ds-Red+ transgenic mice
were generously provided by Gou Young Koh (KAIST, Daejeon, South Korea).
These mice were housed in colony cages for 12 hours (h) light/12 h dark cycles with
free access to food and water. C57BL6/J wild-type mice were allowed for
acclimation for 2 weeks before the start of HF feeding. The eight-week-old male
mice were fed 60% kcals of fat contained HF (Research Diets Inc., New Brunswick,
NJ, USA) with free drinking water. On the day of sacrifice, all of the experimental
groups of mice were compared to age-matched control (NC) group mice. All
experiments were approved by the Seoul Natl. Univ. Institutional Animal Care and
Use Committees (IACUC).

Chemicals
For animal experiments, 50 mg/kg of GABA (A2129; Sigma-Aldrich, St. Louis,
MO, USA) and 1.5 mg/kg of saclofen (Sac) (0246; Tocris, Bristol, UK), GABAB
selective antagonist were used to be intraperitoneally injected in animal. For ex vivo
condition, GABA (100 nM) and baclofen (Bac; 10 μM) were used to stimulate
81

GABA(B) receptor signaling. Sac (20 μM and CGP35348 (CGP; 50 μM) (1245;
Tocris) was treated to inhibit GABAB responses. Bicuculline methiodide (Bicu; 50
μM) (2503; Tocris) was tested to repress GABAA receptor mediated signaling.

GABA measurement
Each of adipose tissue was homogenized in 2 mL of PBS. After centrifugation
in the condition of 12000 rpm and 4°C for 10 min, the middle layer was carefully
isolated. The tissue extracts in PBS were mixed with 10% trichloroacetic acid in cold
acetone (1:4 ratio v/v) and incubated for overnight in -20°C freezer. To remove
proteins, the samples were centrifuged in the condition of 14000 rpm and 4°C for 30
min. The supernatants were carefully taken and dried using SpeedVacTM (Thermo
Fisher Scientific, Waltham, MA, USA). Each dried sample is reconstituted with 0.1%
formic acid in distilled water. The reconstituted samples were analyzed by liquid
chromatography-mass spectrometry (LC-MS) in National Instrumentation Center
for Environmental Management (Seoul, South Korea).

Serum metabolome analyses by capillary ethanol-mass spectrometry (CE-MS)
Blood by heart puncture was collected and centrifuged to isolate serum. The
serum was centrifuged and filtered using Ultrafree-MC filter units (Millipore,
Billerica, MA, USA). Samples were analyzed by CE-MS at Human Metabolome
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Technologies, Inc. (Yamagata, Japan). Detailed methods were described in a
previous report (Matsumoto et al., 2012).

Adipose tissue transplantation
10-week NC fed and HF littermates were used as recipients. Age matched DIO
mice were used as donors. Fat transplantation was performed using fat-pads from
EAT and IAT. Extracted fat-pads were cleaved into approximately 0.6 g for visceralor 0.3 g and kept in 37°C incubator with 3 mL of phosphate-buffer saline (PBS) until
transplantation. The recipient mice were anesthetized with muscle by injection with
0.2 mL/kg with Rompun and 0.4 mL/kg of Zoletil up to 200 μL with addition of PBS.
Each fat-slices were transplanted into visceral EAT and subcutaneous IAT (Tran et
al., 2008). Adipose tissues were not added in NC and HF sham group. The recipient
mice were fed either NC or HF up to 3 weeks. Body weight and blood glucose were
measured until the sacrifice of the recipients.

RNA-sequencing analyses
All libraries were sequenced with 101-bp paired-ends on an Illumina HiSeq
instrument. Read pairs were aligned using RSEM v.1.2.25 (Li and Dewey, 2011) and
Bowtie 2.2.6 (Langmead and Salzberg, 2012) to the Mus musculus genome
(GRCm38/mm10) (Waterston et al., 2002). I estimated the expected number of
fragments from each transcript and gene with RSEM. Limma (Voom) (Law et al.,
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2014) was used to perform statistical tests for pairwise differential expression
between samples (EAT and IAT; NC and HF), calculate log2 fold change (log2FC)
values and select differentially expressed genes (DEGs) with adjusted p-value cutoff
<0.05.

Pathway analyses
SPIA (Tarca et al., 2009) was used for pathway analysis. 314 pathways
annotated in Kyoto Encyclopedia of Genes and Genomes (KEGG) database
(Kanehisa and Goto, 2000) were analyzed. Among three statistics (pNDE: P-value
from the number of differentially expressed genes, pPERT: P-value from
perturbation factor, pINT: Integrated p-value of pNDE and pPERT) generated by
SPIA, significance of pathways was determined by pINT. Average absolute log fold
change (FC) of pathway genes and pINT are used to generate half-volcano plots of
pathways.

In vivo ATM migration
Leukocyte pools from Ds-Red+ transgenic mice, blood by heart puncture were
collected in 1.5 mL-tube and mixed with 20 μL of 0.5 M EDTA to prevent blood
clotting. Each blood samples were pooled to 3 mL of Greiner Leucosep tube
(GN163290; Sigma Aldrich) with pre-equilibration of 3 mL of NycoPrep 1.077
(1114550; Axis-Shield PoC AS, Oslo, Norway). In room temperature, after a
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centrifugation of 2500 rpm and 10 min condition, middle layer was carefully isolated
and washed with RoboSep buffer (20104; STEMCELL, Vancouver, Canada). 1 × 106
mononuclear cells (MNCs) in RoboSep buffer were intravenously injected to
recipient mice. After resting period, each fat-depots were extracted from the recipient
mice to test exogenous MNC infiltration into adipose tissues.

Adipose tissue fractionation
Adipose tissue was fractionated as previously described (Huh et al., 2013).
Briefly, EAT and IAT were chopped and incubated in collagenase buffer for 30 min
at 37°C with shaking. After centrifugation, adipocytes in the supernatant were
collected separately. Simultaneously, the pelleted stromal vascular cells (SVCs)
were incubated with red blood cell lysis buffer (a 1:9 mixture of 0.17 M Tris (pH
7.65) and 0.16 M NH4Cl), centrifuged at 1300 rpm for 5 min, and resuspended in
PBS to remove red blood cell derived components.

Flow cytometry analyses
The SVCs were stained with CD11b (BD Bioscience, San Jose, CA, USA),
F4/80 (eBioscience, San Diego, CA, USA), and CD11c (eBioscience) monoclonal
antibodies for 30 min at 4°C. After staining of the ATM surface markers, Ki67
(eBioscience) or Annexin V (BD Bioscience) were stained by following
manufacturer’s protocols. For the analyses of ADSCs, SVCs were incubated with
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CD31 (eBioscience), CD34 (eBioscience), and Sca-1 (eBioscience). After
incubation, cells were gently washed and resuspended in PBS. The stained cells were
analyzed or sorted for ADSCs using the fluorescence-activated cell sorting (FACS)
Canto IITM or Aria IITM instrument (BD Bioscience). The primary adipocyte size was
measured by using BioSorterTM (Union Biometrica, Holliston, MA, USA)

Whole mount immunohistochemistry
Adipose tissues were mounted after fixation by vascular perfusion of 1%
paraformaldehyde in PBS. The whole-mounted tissues were incubated for 1 h in
room temperature with a blocking solution containing 5% goat serum (005-000-121;
Jackson ImmunoResearch, West Grove, PA, USA) in 0.3% PBS-T. After blocking,
the whole-mounted adipose tissues were incubated overnight at 4 °C with antibodies
against CD31 (MAB1398Z; Merck, Billerica, MA, USA), CD11b (14-0112-81;
eBioscience), and CD11c (14-0114-81; eBioscience). After several washes with
PBS-T, the whole-mounted tissues were incubated for 1 h at room temperature with
secondary antibodies, namely FITC, Cy3- or Cy5-conjugated anti-Armenian hamster
antibody, anti-rat antibody or anti-rabbit antibody (diluted 1:500; Jackson
ImmunoResearch). The lipid droplet of adipocytes was visualized by coherent antistrokes Raman scattering (CARS). Pump and Strokes lasers were tuned to 14140 cm1

(or 707nm) and 11300 cm-1 (or 885nm), respectively, to be in resonance with the

CH2 symmetric stretch vibration at 2840 cm-1. Glucose Bioprobe (GB-Cy3) was
stained as previously studied (Kim et al., 2015). The signals were visualized, and
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digital images were obtained using Zeiss (LSM700, Carl Zeiss, Oberkochen,
Germany) and Leica microscope (TCS SP8 CARS, Leica Microsystems, Wetzlar,
Germany).

hematoxylin and eosin (H&E) staining
Adipose tissues dissected from the mice were incubated with 4%
paraformaldehyde in PBS solution for one day. Paraffin-embedded tissues were
sliced into 4 μm (Probe-On-Plus Slides; Fisher Scientific). After drying, Xylene,
100%, 95%, 80% and 70% alcohol were used step by step to wash the slides to
remove paraffin. Harris hematoxylins were stained for 10 min. 1% HCl and 0.5%
ammonia was treated with slides progressively. Eosins were stained followed by
dehydration with treatment of 70% to 100% concentration of xylene gradually. The
staining processes were carried out at ABION CRO, Inc. (Seoul, Korea).

Monocyte chemotaxis
The conditioned medium from each group was loaded to lower layer of 8 μm
pore size trans-well (CLS3428; Sigma Aldrich), and THP-1 cells stained with 2 μM
of Cell TrackerTM-CMPTX (C34552; Thermo Fisher Scientific, Waltham, MA, USA)
in 37°C incubator for 1 h were washed with PBS. In each sample, 3×105 cells were
loaded on the upper surface of 8 μm pore size trans-well (upper layer). After 12 h
incubation, upper layer was removed to remain chemotactic cells. The chemotactic
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cells were stained with Hoechst dye (H3570; Thermo Fisher Scientific) for 30 min.
After removal of the staining dye with washing, 10% FBS DMEM-high glucose
medium were filled, and the plates were read with a confocal microscope (LSM700,
Carl Zeiss, oberkochen, Germany). In randomized microscope images, Cell
TrackerTM (Red) and Hoechst (Blue) positive cells were counted and quantified.

RNA isolation and Q-PCR
As described previously (Huh et al., 2013; Jeong et al., 2010), each tissue was
homogenized with TRIzol reagent (Molecular Research Center, OH, USA). cDNA
was synthesized with M-MuLV reverse transcriptase (Fermentas, MD, USA). Then,
the cDNA was mixed with TOPrealTM qPCR 2X PreMIX (RT500M; Enzynomics,
Daejeon, South Korea). Quantitative real-time PCR was performed using the
CFX96TM real-time system (Bio-Rad Laboratories, CA, USA). The threshold cycle
(Ct) values of each mRNA were normalized to Ct value of cyclophilin. The
quantitative real time-PCR primers used in this study were synthesized from Bioneer
(Daejeon, South Korea).

Glucose tolerance test
As described previously (Lee et al., 2011), 4 h fasted mice were administered
with glucose through intra-peritoneal (IP) injections or oral gavages (2 g/kg glucose,
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20% glucose solution). Blood samples were drawn at 15, 30, 60, 90, and 120 min
after injection by taking 3 μL of blood collected from the tip of the tail vein.

Western blot analyses
EAT and IAT extracted from each groups were homogenized with modified
immunoprecipitation assay (RIPA) buffer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl,
1 mM EDTA, 1 mM PMSF, 1% (v/v) NP-40, 0.25% (w/v) Na-deoxycholate, protease
inhibitor cocktail with 1 mM NaF and 10mM Na3VO4 as phosphatase inhibitor) and
subjected to 10% SDS-PAGE. As previously described (Kim et al., 2009), separated
proteins were blotted with antibodies followed: phosphorylation of c-Jun N-terminal
kinase (p-JNK) (SC6254; Santa Cruz Biotechnology, Dallas, TX, USA), JNK
(SC474; Santa Cruz Biotechnology), phosphorylation of p38 mitogen-activated
protein kinase (p-p38) (9211; Cell Signaling Technology, Danvers, MA, USA) , p38
(9212; Cell Signaling Technology), and β-actin (A5316; Sigma-Aldrich, St. Louis,
MO, USA) were used.

Statistical analyses
Data are presented as the mean with standard error means (S.E.). All statistical
analyses were performed using Student’s t-test.
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RESULTS

IAT exhibits resistance to obesity-induced ATM infiltration in obesity
To investigate changes of subcutaneous IAT and visceral EAT in obesity,
C57B6L/J mice were fed HF. While body weights were gradually increased upon HF
periods, the pattern of fat mass in IAT versus EAT was significantly different (Figure
31A and 31B). In addition, there were different in population of fat cell size and
degree of vascularization (Figure 31C and 31D). Given that expression of
inflammatory cytokines in EAT and IAT are dissimilar in obesity (Cartier et al., 2008;
Miller et al., 2011; Montague et al., 1998; Xu et al., 2012), I have investigated
whether IAT and EAT might differentially express inflammatory genes in DIO.
Whereas IAT expressed a relatively lower level of pro-inflammatory genes than EAT,
the level of anti-inflammatory gene expression in IAT was higher than that of EAT
(Figure 32). Consistent with differential expression of inflammatory gene in IAT and
EAT in DIO, I examined macrophage accumulation in IAT and EAT. As shown in
Figure 33A and 33B, ATMs (CD11b+ and F4/80+) and M1 ATMs (CD11b+, F4/80+,
and CD11c+) macrophage number was gradually elevated in EAT. However, IAT
showed significant less level of ATM accumulation compared to EAT in the
progression of obesity. In addition to DIO mice, I also observed db/db, genetically
obese mice, exhibited less accumulation of ATM and M1 ATM in IAT than EAT
(Figure 33C). These data imply that pro-inflammatory ATMs are accumulated
differentially between IAT and EAT.
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Figure 31
Multiple analyses of differential fat-depots in obesity. (A) Body weight changes
in NC- and HF-fed mice. Each mouse was measured body weight at 0, 8, 16, 20, and
24 weeks after NC- or HF-feeding (B) Weights of EAT and IAT upon HF feeding
period. Individual adipose tissues were isolated from mice above. (C) Measurement
of adipocyte size upon NC- or HF-feeding. Primary adipocytes isolated from NC and
HF fed mice were counted and separated into small (40~80 μm), large (80~130 μm),
and super large group (130~260 μm) upon cell size by using BioSorterTM. (D) Whole
mount immunohistochemistry of CD31+ endothelial cells in EAT and IAT.
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Figure 32
Fat-depot specific patterns of inflammatory gene expression. (A) Relative
mRNA level of inflammatory genes such as TNFα, CD11b, IL6, TLR4, and MCP1.
(B) Relative mRNA level of anti-inflammatory genes such as adiponectin and ARG
I.
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Figure 33
Distinct patterns of ATM accumulation in the progression of obesity. (A) Flow
cytometry analyses of CD11b+ and F4/80+ ATMs (upper panel) and CD11b+, F4/80+,
and CD11c+ M1 ATM in EAT and IAT at 0, 8, 16, 20, and 24 weeks of HF feeding.
(B) Relative mRNA level of anti-inflammatory genes such as adiponectin and ARG
I. (C) Representative whole mount images (×400) of CD11b+ (Red) and CD11c+
(Green) in EAT and IAT of NC and HF fed mice. (D) Fat-depot specific accumulation
of ATM (upper panel) and M1 ATM (lower panel) in db/db mice.
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As ATM accumulation in obesity could be increased by three processes such as
proliferation (Amano et al., 2014), apoptosis (Hill et al., 2015), and infiltration
(Lumeng et al., 2007b; Oh et al., 2012), I decided to test these processes in IAT and
EAT of DIO. First, the ratio of Ki67+ proliferative macrophage was not different
between IAT and EAT implying that proliferation of ATM might not be a major factor
to exhibit fat-depot specific ATM accumulation in obesity (Figure 34A). In addition,
while the number of annexin V+ apoptotic macrophages was significantly reduced in
DIO group, the annexin V+ macrophage counts were similar both in EAT and IAT
(Figure 34B). Next, when exogenous Ds-Red+ mononuclear cells (MNCs) were
injected into recipient mice (Figure 35A), there was a significant difference of DsRed+ macrophage numbers in IAT and EAT. As shown in Figure 35B, in DIO mice,
exogenous ATM and M1 ATM infiltration were significantly elevated in EAT
whereas the number of Ds-Red+ ATM and M1 ATM were not altered in IAT. These
data suggest that subcutaneous adipose tissues would be less susceptible to ATM
accumulation probably via reduced macrophage infiltration rather than proliferation
or apoptosis.

Intrinsic characteristics of adipose tissues affect fat-depot specific ATM
infiltration
IAT is localized under dermis with abundant extracellular matrix whereas EAT
is surrounded by internal organs. To distinguish whether the source of dissimilar
ATM infiltration might be originated from tissue environments or intrinsic tissue
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Figure 34
Degrees of proliferative- and apoptotic ATM ratios between EAT and IAT. The
ratio of (A) proliferative (Ki67+), and (B) dead (Annexin V+) ATM was measured in
EAT and IAT of NC and HF fed mice.
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Figure 35
Fat-depot specific exogenous ATM infiltration in EAT and IAT of obesity. (A)
An experimental strategy of in vivo ATM infiltration. The recipient mice were
intravenously injected with either PBS or Ds-Red+ MNC isolated from Ds-Red
transgenic mice. These mice were rested for 24 h and analyzed the number of ATM
infiltration in EAT and IAT. (I) Flow cytometry analyses of Ds-Red+ ATM and M1
ATM in EAT and IAT.
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inherency, I separated IAT and EAT into two pieces, and transplanted each of these
adipose fragments into HF fed recipient mice (Figure 36). Again, the recipient mice
are subdivided as ‘EAT transplantation; (1)’, and ‘IAT transplantation; (2)’ group. As
previously reported (Foster et al., 2013; Tran et al., 2008), I observed the beneficial
effects on metabolic parameters such as glucose metabolism in a (2) group. (Figure
37). To investigate whether macrophage infiltration into exogenous transplanted
adipose tissue might be dependent on the location of transplantation, Ds-Red+ MNCs
were intravenously injected into (1) and (2) group mice. As shown in Figure 38A,
donor EAT transplanted to the IAT locus (EAT→IAT), donor EAT to the EAT locus
(EAT→EAT), donor IAT to the IAT locus (IAT→IAT), and donor IAT to the EAT
locus (IAT→EAT) were well-vascularized in recipient mice. I observed a higher
number of Ds-Red+ ATMs in EAT→EAT and EAT→IAT groups than IAT→EAT and
IAT→IAT groups (Figure 38B) without any significant effect on Ds-Red+ ATM
infiltration in recipient adipose tissues of (1) and (2) group mice (Figure 38C).
Meanwhile, anatomical location of transplantation did not affect exogenous Ds-Red+
macrophage infiltration (Figure 38B). Consistent with these findings, H&E staining
of transplanted donor adipose tissues showed no differences by the location of
transplantation (Figure 39). Together, these results demonstrated that the origin of
fat-depot specific ATM infiltration would be mainly associated with certain intrinsic
adipose factors rather than the environmental effect surrounding adipose tissues.

In obesity, GABAergic response is differentially regulated in IAT versus EAT.
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Figure 36
An experimental strategy of adipose tissue transplantation. An illustration of
adipose tissue transplantation. Donor adipose tissues (EAT and IAT) were
transplanted into either subcutaneous or visceral location of the recipient mice. The
EAT transplanted recipients are symbolized as ‘group (1)’ and the IAT transplanted
recipients are denoted as ‘group (2)’. Information for each fat-depot is indicated in
the panel below.
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Figure 37
Metabolic phenotypes by adipose tissue transplantation. (A) In each group, body
weights changes were denoted until 20 days of adipose tissue transplantation. (B)
After 2 weeks of the surgery, 6 h fasted mice were tested for glucose tolerance.
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Figure 38
Phenotypes of donor fat-depots and exogenous ATM infiltration test in each fatdepot. (A) Representative images of transplanted adipose tissues in recipient mice.
(B) Comparison of exogenous Ds-Red+ ATM infiltration (left) and M1 ATM (right)
in donor adipose tissues. (C) Flow cytometry analyses of Ds-Red+ ATM (left) and
M1 ATM (right) in adipose tissues of (1) and (2) groups.
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Figure 39
H&E staining of donor adipose tissues. Representative images (×150) of H & E
staining of donor adipose tissues.
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Adipose tissue is composed of adipocytes and SVCs with various cell types. In
order to distinguish the different capacity to recruit macrophages into each fat-depot
or SVCs between adipocytes and SVCs from each fat-depot, I tested monocyte
chemotaxis in conditioned media of adipocytes and SVC. As shown in Figure 40,
differential extent of monocyte chemotaxis was observed in conditioned media of
SVCs. Given that different degree of macrophage infiltration was intrinsically
originated in adipocytes and SVCs from EAT and IAT, I decided to examine the
transcriptomes of adipocyte and SVC from EAT and IAT. By the comparative
analyses of adipocyte and SVC from each fat-depot in DIO mice (Figure 41A and
41B), I discovered that expression profiles of ‘GABAergic synapse’ among the lists
of KEGG pathways were dissimilarly regulated in IAT versus EAT (Figure 41C and
41D). Further, it appeared that the GABAergic synapse pathway showed significant
differences in transcriptomes of SVCs compared with adipocytes.
In the central nervous system, gamma (γ)-aminobutyric acid (GABA) is well
known inhibitory neurotransmitter synthesized by glutamate decarboxylase 1
(GAD1) and 2 (GAD2) (Bu et al., 1992; Roberts and Frankel, 1950). When GABA
is secreted by pre-synaptic neuron, the post-synaptic signal is regulated via binding
of GABA to either GABAA or GABAB receptor (Kerr and Ong, 1995; Macdonald
and Olsen, 1994). Given that both of GABA receptors could regulate activities of
neuronal synapse, I have asked whether GABA receptor mediated cellular signaling
might be present in adipose tissues. As shown in Figure 42A and 42B, GABAB
receptor, a heterodimer composed of GABAB receptor 1 (GABBR1) and GABAB
receptor 2 (GABBR2), showed notable levels of gene expression in adipose tissues
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Figure 40
Fat-depot specific monocyte migration in adipocytes and SVCs fraction. EAT
and IAT of NC and HF fed mice were fractionated into adipocytes and SVCs. Each
sample was cultured in media. The conditioned media was used to test THP-1 human
monocyte chemotaxis by using 8 μm pore sized trans-well. Chemotactic cells were
analyzed in the group of (A) SVC and (B) adipocyte (Adi) derived conditioned media.
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Figure 41
Transcriptome analyses of IAT and EAT in DIO mice. (A) An algorithm of RNAsequencing data analyses. (B) Each heat-map displays expression patterns of
differentially expressed genes (DEGs) between EAT and IAT in adipocytes and
SVCs. Genes are represented as horizontal lines and hierarchically clustered by ztransformed expression patterns. (C) Volcano plots from DEG patterns between EAT
and IAT in adipocyte (left) and SVCs (right). Differentially expressed GABAergic
pathway genes in KEGG pathway are shown in red. (D) Half-volcano plots show
significance of KEGG pathway comparing EAT and IAT in SVCs (left) and
adipocytes (right). The x axis indicates the average absolute log2 fold change of
pathway genes. The y axis represents the negative log10 p value (pINT) from the
SPIA analyses result. Circular dots (blue) designate the pathways involved in
inflammation and energy metabolism. The rhombus dot (red) indicates ‘GABAergic
synapse’.
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Figure 42
GABAergic gene expressions in mice. mRNA level (Ct values) of (A) GABAB
receptor genes and (B) GABAA receptor subunits. (C) Relative mRNA level of
GABAergic gene expressions in EAT and IAT of obesity.
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whereas subunits of GABAA receptor were rarely expressed. In obese mice, I also
observed that GABA related genes such as GABBR1, glutamate decarboxylase 1
(GAD1), glutamate decarboxylase 2 (GAD2), and GABA transaminase (GABA-T)
were differentially expressed between EAT and IAT of DIO mice (Figure 42C). Since
GAD1 is a rate-limiting enzyme synthesizing GABA (Roberts and Frankel, 1950), a
functional difference of GABAergic responses between EAT and IAT was tested by
measurement of GABA concentrations. As shown in Figure 43A, the level of GABA
was significantly higher in IAT of DIO mice. Consistently, GABA concentration was
still higher in IAT of genetically obese mice (Figure 43B). Furthermore, I found that
the level of circulating GABA was reduced in DIO mice (Table 2). These data
proposed the idea that dissimilar patterns of GABAergic actions between obese IAT
and EAT might be involved in fat-depot specific ATM infiltration in obesity. To test
whether GABA stimulation would influence fat-depot specific ATM infiltrations,
each of adipose tissue was stimulated by GABA and measured monocyte chemotaxis
(Figure 44A). As shown in Figure 44B, the number of migrated monocytes was
significantly reduced in IAT. However, such effect was not observed in EAT. These
results indicate that GABA responses in IAT might contribute to fat-depot selective
ATM infiltration in obesity.

GABA dependent regulation of ATM infiltration is associated with GABAB
receptor signaling in IAT.
Since GABAergic response to ATM infiltration appeared to be differentially
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Figure 43
GABA concentration in adipose tissues. Fat-depot specific GABA concentration
of (A) DIO and (B) db/db mice.
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Table 2. A list of serum metabolites significantly changed in HF fed mice

No
.

Compound
KEGG ID

Relative Folds of Inductions

P-value

(Average ± standard error, Log2
scale, N=3)

Student’s ttest
(NH vs AbNH)

Name
ND

1

10-Hydroxydecanoic
acid

C02774

2

2-Aminobutyric acid

3

HD

-1.301

0.735±0.179063

0.00765

C02261,C02356

-1.102±0.342555

0.909±0.103344

0.020523

2-Hydroxybutyric
acid

C05984

-1.074±0.246211

0.511±0.062588

0.018239

4

2-Oxobutyric acid

C00109

-1.277

0.339±0.096665

0.00356

5

2-Oxoglutaric acid

C00026

1.241±0.308649

-0.635±0.222267

0.010018

6

3-Hydroxy-3methylglutaric acid

C03761

-1.304

0.731±0.143139

0.004911

7

3-Indoxylsulfuric
acid

No ID

1.233±0.248622

-0.400±0.19012

0.007716

8

3-Ureidopropionic
acid

C02642

-1.255

0.642±0.177242

0.008615

9

4-Methyl-2oxovaleric acid
3-Methyl-2oxovaleric acid

C00233
C00671,C03465

-1.168±0.054497

0.537±0.111277

0.000976

10

5-Aminovaleric acid

C00431

1.281±0.321594

-0.640

0.026904

11

Arg

C00062,C00792

1.073±0.507148

-0.367±0.201478

0.089629

12

Asn

C00152,C01905,C16
-0.951±0.477486
438

1.066±0.055302

0.050031

13

Carboxymethyllysine

No ID

1.315±0.191113

-0.657

0.009258

14

Cholic acid

C00695

1.240±0.425

-0.620

0.048517

15

Creatine

C00300

1.166±0.451162

-0.500±0.132408

0.056357

16

Cystine

C00491,C01420

-1.106±0.500199

0.758±0.225108

0.047695

17

GABA

C00334

1.320±0.165462

-0.660

0.006915

18

Hippuric acid

C01586

1.311

-0.588±0.135389

0.000715

19

Imidazolelactic acid

C05568

-1.029±0.143103

0.517±0.114921

0.001327

20

Myristoleic acid

C08322

1.254±0.384909

-0.653±0.039178

0.037227

21

N1-Methyl-4pyridone-5-

C05843

-1.005±0.215923

0.779±0.406116

0.029496
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carboxamide
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5

N -Ethylglutamine

C01047

1.328±0.086448

-0.704±0.02503

0.000875

23

N6-Methyllysine

C02728

1.137±0.396193

-0.725±0.285309

0.022517

24

N-Acetylalanine

No ID

-1.048±0.156148

0.869±0.284556

0.008803

25

N-Acetylleucine

C02710

1.245±0.350648

-0.546±0.170946

0.02089

26

N-Acetyllysine

C12989

1.326±0.118029

-0.663

0.003501

27

Nicotinamide

C00153

1.109±0.197933

-0.334±0.096073

0.008064

28

Ophthalmic acid

No ID

1.244±0.414723

-0.622

0.045988

29

Perillic acid

C11924

-1.328

0687±0.044241

0.000482

30

Phenaceturic acid

C05598

-0.663

1.326±0.124414

0.003892

31

Phosphorylcholine

C00588

-1.164±0.120911

0.421±0.162235

0.001968

32

SDMA

No ID

-1.201±0.383463

0.800±0.197099

0.019046

33

S-Methylcysteine

No ID

-1.226±0.018734

0.703±0.259049

0.017151

34

Stachydrine

C10172

1.327±0.108758

-0.664

0.00297

35

Trigonelline

C01004

1.322±0.152799

-0.661

0.005888

36

Trimethylamine Noxide

C01104

1.304±0.188833

-0.585±0.036175

0.008041

37

Trp

C00078,C00525,C00
-1.005±0.303209
806

-0.585±0.036175

0.014791

38

Tyr

C00082,C01536,C06
-0.831±0.314284
420

1.216±0.23614

0.007945

39

XA0027

-

1.250±0.260321

-0.782±0.032557

0.014889

40

β-Ala

C00099

1.227±0.332601

-0.473±0.151706

0.021858
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Figure 44
Monocyte chemotaxis by GABA stimulation in EAT and IAT. (A) An illustration
of THP-1 chemotaxis upon GABA treatment. (B) Microscopic images of migrated
cells in IAT (left) and EAT (middle). The quantification of chemotaxis of GABA
stimulated IAT (upper right) and EAT (lower right).
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regulated in IAT versus EAT, I examined the involvement of GABA responses in the
regulation of fat-depot specific macrophage infiltration by selective modulation of
GABAA and GABAB receptor signaling. Among GABA receptor modulating
chemicals, baclofen (Bac) has been known to selectively activate GABAB receptor
(Cook and Nathan, 1967; Drew et al., 1984). On the other hand, saclofen (Sac) and
CGP35348 (CGP) were developed as specific antagonists of GABAB receptors (Kerr
et al., 1988; Olpe et al., 1990). As shown in Figure 45A, selective stimulation of
GABAB receptor signaling by Bac treatment inhibited monocyte chemotaxis in
conditioned media from IAT. Inversely, specific inhibition of GABAB responses by
pre-treatment of GABAB receptor selective antagonists, Sac and CGP, elevated the
capacity of monocyte migration in conditioned media of IAT (Figure 45B). However,
these GABAB signaling effects were not observed in EAT (Figure 45C and 45D). As
GABA binds to GABAA receptor as well as GABAB receptor, I have further tested
whether GABAA receptor selective blockage by bicuculline methiodide (Bicu)
would affect monocyte migration. In contrast to GABAB responses in IAT, neither
IAT nor EAT did not alter the capacity of monocyte recruitment by GABAA receptor
signaling antagonism (Figure 46). To verify fat-depot specific GABAB signaling
effects in vivo, the recipient mice were either intraperitoneally injected GABA or Sac
prior to intravenous injection of Ds-Red+ MNCs (Figure 47A). As shown in Figure
47B and 47C, I observed selective suppression of ATM and M1 ATM infiltration in
IAT by GABA stimulation. Simultaneously, inhibition of GABAB receptor with Sac
augmented ATM and M1 ATM infiltration of IAT even in the presence of GABA.
Together, these data indicate that GABAB signaling of IAT would contribute to fat111

Figure 45
Selective regulation of monocyte chemotaxis in IAT by modulation of GABAB
signaling. The effect of either activation of GABAB signaling via (A and C) Bac
treatment or inhibition of GABAB signaling using (B and D) Sac and CGP on THP1 monocyte chemotaxis. The adipose-derived conditioned media were individually
collected from IAT (A and B) and EAT (C and D).
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Figure 46
GABAA antagonism does not affect monocyte chemotaxis in adipose tissue. The
effect of inhibition of GABAA signaling using Bicu on THP-1 migration. The
adipose-derived conditioned media were individually collected from IAT and EAT.
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Figure 47
The effect of GABAB response on in vivo exogenous ATM infiltration in IAT
versus EAT. (A) An experimental scheme of in vivo ATM migration of GABAB
signaling modulated DIO mice. Vehicle, GABA, and Sac were intraperitoneally
injected twice prior to intravenous injection of Ds-Red|+ MNCs. These mice were
sacrificed after 12 h of chemical injection. (B) ATM and (C) M1 ATM infiltration
into IAT (left) and EAT (right) in response to alteration of GABAB signaling
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depot selective ATM infiltration in obesity.

In obesity, GABA response in IAT is involved in adipose tissue inflammation.
Since ATM infiltration is closely linked with pro-inflammatory responses in
obesity (Turner et al., 2014), I have asked whether GABAB signaling in IAT would
suppress inflammatory responses in obesity. As shown in Figure 48A, mRNA levels
of pro-inflammatory cytokine genes were reduced by GABA treatment in IAT.
Conversely, the mRNA levels of anti-inflammatory genes such as ARG I, and IL10
showed a reverse correlation by Sac (Figure 48B). In accordance with inflammatory
gene expression profiles upon GABA signaling modulation, the level of JNK and
p38 phosphorylation was increased by inhibition of GABAB receptor in IAT (Figure
49). These results imply that IAT selective GABA response would play key roles in
the regulation of adipose tissue inflammation as well as monocyte recruitment.

GABA treatment improves glucose metabolism via reduced inflammatory
responses in IAT
Since accumulated reports have suggested that inflammatory macrophage
infiltration is strongly associated with insulin resistance (Kirk et al., 2008; Lumeng
et al., 2007a; Patsouris et al., 2008), I asked the question whether prolonged
modulation of GABA signaling might affect glucose metabolism in DIO. Two-week
daily administration of GABA or Sac in DIO mice did not alter body weights and fat
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Figure 48
The effect of GABAB response on the gene expressions of adipose tissue
inflammatory response. Relative mRNA levels in EAT and IAT were measured by
modulation of GABA signaling. (A) Relative mRNA level of pro-inflammatory
cytokine expressions such as TNFα, IL6, and MCP1. (B) Relative mRNA level of
CD11b and F4/80. (C) anti-inflammatory genes such as IL10 and ARG I were
measured by quantitative real time-PCR.
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Figure 49
The effect of GABAB response on adipose tissue inflammatory signaling.
Western blot images of inflammatory signaling. p-JNK and p-p38 were measured in
EAT and IAT upon modulation of GABA. Total JNK, total p38, and β-actin were
used as controls.
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mass (Figure 50A and 50B). However, the levels of blood glucose were modulated
within 3 days of GABA administration (Figure 50C). More importantly, GABA
treated DIO mice improved glucose tolerances whereas inhibition of GABAB
receptor with Sac slightly but significantly aggravated glucose tolerance (Figure
50D). In IAT, I found that adipose tissue inflammation was selectively altered upon
GABA signaling agonist or antagonist (Figure 51). To examine whether the effects
of GABA on glucose metabolism might be associated with improved insulin
resistance, I performed glucose uptake by using of fluorescent glucose bioprobe
(GB-Cy3), and radio-labeled 2-deoxyglucose in EAT and IAT. As shown in Figure
52, the level of insulin dependent glucose uptakes in IAT was significantly enhanced
by GABA stimulation (Figure 52A and 52C) while such effects were not observed
in EAT (Figure 52B and 52D). These data propose that GABA dependent mitigation
of macrophage recruitment in IAT would contribute to amelioration of glucose
metabolism in obesity.

In IAT, GABA stimulated ADSCs contribute to suppression of ATM infiltration
To confirm whether SVCs would respond to GABA than adipocytes in IAT,
fractionated adipocytes and SVCs from EAT and IAT were tested for monocyte
migration (Figure 53A). The degree of monocyte migration in conditioned media of
SVC was significantly reduced in IAT (Figure 53B). On the other hand, the number
of migrated cells was not reduced in adipocytes group (Figure 53C). These data led
me further investigate which cell type(s) in SVC would participate in the reduction
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Figure 50
The prolonged effects of GABA signaling on obesity and glucose metabolism.
GABA and Sac were daily injected into DIO mice. (A) Body weights and (B) adipose
tissue weight of GABA and Sac treated DIO mice. (C) Blood glucose was measured
in every 3 days during the experimental period. (D) At the 7 days of GABA and Sac
treatment, mice were given an intraperitoneal glucose tolerance test.
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Figure 51
The prolonged effects of GABA signaling on adipose tissue inflammation.
Relative mRNA levels of ATM markers (CD11b and F4/80) and inflammatory
cytokines (TNFα and IL6) in EAT and IAT upon GABA treatment for 2 weeks.
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Figure 52
Fat-depot specific amelioration of insulin resistance by modulation of GABA
signaling. At the end of experimental period, EAT and IAT were isolated and
stimulated with insulin. Glucose uptakes in (A) IAT and (B) EAT were visualized by
glucose bioprobe (GB-Cy3; Red). Adipose tissue lipid droplets (Green) were
envisioned by CARS microscopy. (F) Measurement of insulin dependent 2-14C
deoxyglucose (2-[14C]DG) uptake in (C) IAT and (D) EAT upon modulation of
GABA signaling.
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Figure 53
Monocytes chemotaxis of adipocytes and SVCs of EAT and IAT upon
modulation of GABA responses. (A) An experimental strategy of THP-1
chemotaxis in adipocyte and SVC upon GABA. Measurement of monocyte
migration in (B) SVCs and (C) adipocytes of EAT and IAT. Quantification of the
number of cells is indicated in the right panel of each figure.
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of THP-1 migration. Intriguingly, I found that CD31-, CD34+, and Sca-1+ ADSCs
expressed high levels of GABBR1 and other GABA related genes (Figure 54A).
Among those genes, the mRNA level of GABBR1 was significantly greater in IAT
derived ADSCs than EAT derived ADSCs (Figure 54A). Since IAT derived SVCs
are more likely to differentiate into adipocytes than EAT derived SVCs (Joe et al.,
2009), the number of ADSCs between two fat-depots was measured. Consistent with
the previous report (Joe et al., 2009), IAT had more CD31-, CD34+, and Sca-1+
ADSCs than EAT (Figure 54B). These findings led me to investigate whether IAT
derived ADSCs would respond to GABA and suppress monocyte migration. As
shown in Figure 54C, IAT derived ADSCs were likely to repress monocyte
chemotaxis upon GABAB receptor signaling agonism. Meanwhile, treatment to IAT
derived ADSCs elevate the number of migrated monocytes. However, EAT
originated ADSCs did not exhibit any difference in monocyte migration in the
presence of GABA agonist or antagonist. (Figure 54D). Due to the high level of
GABBR1 in adipose-derived CD4+ T cells, I estimated the level of monocyte
migration by using conditioned media from these cells with GABA stimulation.
However, conditioned media of GABA activated CD4+ T cells did not alter the level
of monocyte chemotaxis (Figure 54E). Therefore, these data imply that ADSCs
might contribute to fat-depot specific difference in ATM infiltration and
inflammatory responses in obesity.
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Figure 54
Identification of ADSCs as GABA responsive cell. (A) Relative mRNA levels of
GABBR1, GABBR2, and GAD1 in SVC comprising cells such as ADSCs,
endothelial cells (EC; CD31+), ATM, CD4+ T cells (CD3+, CD8-, and CD4+), CD8+
T cells (CD3+, CD4+, and CD8+), and B cells (CD3- and B220+). Each cell group was
pooled from six individual mice. (B) Flow cytometry of ADSC in adipose tissues.
Total ADSC numbers are counted and calibrated by gram fat mass in each fat-depots
of NC and HF fed mice. (C and D) Measurement of THP-1 chemotaxis in the
conditioned media of ADSCs by modulation of GABA signaling. In DIO mice, Each
of IAT (C) and EAT (D) derived ADSC was pre-treated with GABA, Bac and Sac
for the conditioned media prior to loading of THP-1 cells to trans-wells.
Representative images are exhibited (left), and quantifications are indicated (right)
of each figure. (E) Measurement of chemotactic activity by CD4+ T cells upon
GABA treatment. Mean values with *p < 0.05 and **p < 0.01 were considered
significant. N.S., not significant.
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DISCUSSION

Epidemiological and clinical approaches have reported that visceral and
subcutaneous fat tissues are differentially associated with metabolic disorders
(Alfadda et al., 2012; Kovacova et al., 2012). Accumulated evidence has shown that
visceral adipose tissues are prone to be pro-inflammatory in obesity (Cartier et al.,
2008; Miller et al., 2011; Qiang et al., 2016). For instance, the level of TNFα and
IL6 in plasma is positively correlated with visceral adiposity in human (Cartier et al.,
2008). Recently, it has been reported that visceral adipose tissue appears to regulate
pro-inflammatory responses via TRIP-Br2 (Qiang et al., 2016). On the other hand,
the findings from fat tissue transplantation have suggested that subcutaneous adipose
tissue would play crucial roles against metabolic complications unlike visceral fat
tissues (Foster et al., 2013; Tran et al., 2008). These findings led me to investigate
the underlying mechanisms of subcutaneous adipose tissues in the regulation of
energy metabolism. In this study, I have observed different effects of subcutaneous
adipose tissue versus visceral adipose tissue on the regulation of macrophage
infiltration and inflammatory responses via fat-depot selective GABA responses.
Consistent with previous reports, I have shown that IAT recruited less macrophage
infiltration than EAT. In obesity, the fat-depot specific ATM numbers were due to
ATM infiltration rather than proliferation or apoptosis of resident ATMs Here, I have
tried to elucidate cellular origins or populations that would mediate less fat-depot
selective macrophage infiltration, particularly in obese IAT. Current transplantation
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approaches indicated that fat tissue environmental factors would not be crucial factor
to confer different degrees of macrophage infiltration at EAT and IAT. Rather,
obesity induced fat-depot specific ATM infiltration would be due to the intrinsic
characteristics of selective fat-depot composing specific cell populations. Although
it has been demonstrated that IAT transplantation improves metabolic parameters in
recipients, ATM infiltration in recipient fat tissues was not largely affected by
transplanted fat depots. Since metabolic parameters were not observed in
transplanted IAT, it remains to be investigated the potential mechanisms of donor
IAT in the regulation of recipient metabolic abnormalities.
GABA is one of the principal neurotransmitters in central nervous system
(Roberts and Frankel, 1950). This inhibitory neurotransmitter is essential in normal
brain functions such as information processing, neuronal plasticity, and activity
(Magnaghi et al., 2008; Schuler et al., 2001). GABA transmits the neuronal signaling
via GABA receptors, GABAA receptor and GABAB receptor. GABAA receptor is a
chloride ion channel composed of 19 subunits (Macdonald and Olsen, 1994). On the
other hand, GABAB receptor, a member of G-protein coupled receptor, controls postsynaptic neurons via regulation of various kinase activities (Kerr and Ong, 1995). In
pathophysiological conditions, GABAergic medications targeting GABA receptors
have been utilized to treat psychological disorders such as nervous anxiety, alcohol
withdrawal, and epilepsy (Bowery et al., 2002; Cryan and Kaupmann, 2005). In
contrast to its well-known functions in brain, the roles of GABA in peripheral tissues
has been recently reported (Ben-Othman et al., 2017; Bhat et al., 2010; Soltani et al.,
2011; Xie et al., 2014). For example, GABA stimulation reduces inflammatory
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response and oxidative stress in immune cells (Bhat et al., 2010; Xie et al., 2014). In
pancreas, GABA has been associated with proliferation of β-cells on type 1 diabetes
(Ben-Othman et al., 2017; Soltani et al., 2011). In this study, I have demonstrated
that fat-depot selective GABA sensitivity would be involved in the suppression of
ATM infiltration in IAT. By analyses of transcriptomes between EAT- and IATderived adipocytes and SVCs, I noticed that GABAergic signaling and its
downstream cascades might be distinct in IAT and EAT. In obese IAT,
pharmacological stimulation or inhibition of GABAB receptors reduced or
aggravated, respectively, macrophage infiltration. Moreover, insulin dependent
glucose uptake capacity was enhanced in IAT of GABA stimulated DIO mice. These
data revealed that fat-depot selective GABA responses, at least in part, would
contribute to improvement of whole body glucose metabolism and insulin resistance
associated with reduced pro-inflammatory response in IAT. Recently, it has been
reported that oral administration of GABA improves whole body glucose
metabolism and ATM accumulation in visceral adipose tissue, associated with
decreased body weight gains (Tian et al., 2011). Although this study exhibits similar
results of GABA effects on the energy metabolism, the response of GABA in visceral
fat tissue seems to conflict with my results. There are several possibilities to explain
this discrepancy. Firstly, Tian et al., orally administered GABA from the beginning
of HF feeding whereas I used intraperitoneal injections of GABA to mice after longterm HF feeding. Secondly, because GABBR1 expressions between EAT and IAT
were comparable in NC and early DIO (data not shown), I have speculated that fatdepot specific GABA responses might be developed in the progression of obesity. In
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this regard, precise role of GABA in the regulation of energy metabolism has to be
elucidated in further study.
Recently, it has been reported that ADSCs are able to secrete GABA (Urrutia et
al., 2016), which is consistent with my observation in adipose tissue level. Although
high level of GABA is present in brain, it appears that low level of circulating GABA
and fat tissue producing GABA might influence fat-depot selective macrophage
recruitment in obesity. Since direct effects of GABA on macrophage recruitment
were not observed, it needs to be investigated by which GABA sensitive IAT could
reduce macrophage recruitment in obese IAT.
Mesenchymal stem cells (MSCs) have multipotency to differentiate into
osteoblasts, myocytes, and adipocytes with self-proliferative activity (Friedenstein
et al., 1974). MSCs also contribute to maintenance and wound healing in several
tissues such as bone, muscle, and adipose tissue (Campagnoli et al., 2001; Im et al.,
2005). Moreover, MSCs have been subjected to investigate inflammatory responses
in addition to their pluripotency (Bernardo and Fibbe, 2013). ADSCs are known to
be quite similar with mesenchymal stem cells with marker gene expressions
including Sca-1, CD73, CD90, and CD105 (Banas et al., 2007). Among the other
cell types comprising SVCs, I found that ADSCs abundantly expressed GABBR1
and GABAergic gene expressions. In particular, the mRNA levels of GABBR1 were
significantly higher in ADSCs from IAT than ADSCs from EAT. Several lines of
evidence support the idea that fat-depot specific characteristics of ADSCs would be
different in subcutaneous and visceral adipose tissues. Firstly, early onset of obesity
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is associated with rapid proliferation of ADSCs in EAT (Jeffery et al., 2015).
Secondly, IAT has a higher potency of adipogenesis than EAT (Joe et al., 2009).
Lastly, Wilms’ tumor 1, an important transcription factor for development, is
specifically expressed in SVCs of EAT (Chau et al., 2014). In addition to the previous
findings, I found a novel function of depot-specific ADSCs to suppress macrophage
recruitment associated with GABA stimulation in IAT. Although the molecular
mechanisms to suppress macrophage recruitments in ADSCs from IAT are not yet
elucidated, I would like to propose that potential pathways might be eligible to
explain GABA signaling in ADSCs from IAT. For instance, it has been shown that
GABA binding to GABAB receptors activates Gαi/o subunit in neuronal synapse. In
turn, Gαi/o inhibits adenylyl cyclase to repress PKA phosphorylation (Gassmann and
Bettler, 2012). In parallel, GABAB receptors are able to modulate Akt/PKB and PKC
signaling (Tu et al., 2010; Zhang et al., 2015). Here, I discovered that IAT derived
ADSCs could inhibit macrophage recruitment and inflammation in response to
GABA signals. However, it remains to be investigated downstream signaling of
GABAB receptor in ADSCs derived from IAT due to their signaling complexity.
Together, I demonstrate that adipose tissue macrophage recruitment would be
differentially regulated by GABA responses in IAT. Moreover, ADSCs from IAT
inhibited macrophage infiltration in response to GABA stimulation in DIO. Thus,
these findings may provide an insight into the understanding of fat-depot specific
roles on the metabolic control via regulation of macrophage infiltration and
inflammatory responses in obesity.
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CONCLUSION AND PERSPECTIVES
Insulin resistance is an important risk factor for metabolic diseases such as
hyperlipidemia, hyper tension, type 2 diabetes, certain cancers, and cardiovascular
diseases. Since obesity and insulin resistance are tightly associated, enormous efforts
have been made to elucidate underlying mechanisms the two phenomena. Among
several causal factors of insulin resistance, gut microbiota and adipose tissue
inflammation have been raised as key factors. Nonetheless, the precise roles of gut
microbiota and fat-depot specific contribution in the regulation of insulin resistance
have not been thoroughly understood. In the first chapter, I have developed a mouse
model of gut microbiota alteration to elucidate how Firmicutes and Bacteroidetes
could affect glucose metabolism. In the second chapter, I have demonstrated out that
fat-depot specific ATM infiltration and inflammatory responses would be resulted
from GABA sensitivity in subcutaneous ADSCs. Together, these results provide new
insights to understand novel mechanisms how insulin resistance could be modulated
in obesity.

1. Gut microbiota and obesity-induced insulin resistance
Compelling evidences demonstrate that Firmicutes and Bacteroidetes, two
major phyla are correlated with host energy metabolism in obesity (Ley et al., 2005b).
To understand potential roles of those two major phyla in the regulation of energy
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metabolism, a mouse model that depletion in Firmicutes and Bacteroidetes is
required. Thus, I established a mouse model of gut microbiota alteration with V and
B in drinking water to alter gut microbiota. Although many studies have shown that
GF and pharmacological gut microbiota depletion are associated with reduced body
weight gain in obesity, V + B treated DIO mice did not change body weight gains
upon HF. Meanwhile, glucose metabolism and insulin resistance were significantly
improved in Firmicutes and Bacteroidetes depleted DIO mice. Furthermore, I
discovered that a novel mediator between commensal bacteria and host insulin
resistance. In serum and intestine, the level of gut hormone a gut hormone, GLP-1
was significantly augmented in Firmicutes and Bacteroidetes depleted DIO mice.
Additionally, in DIO, depletion of Firmicutes and Bacteroidetes increased TCA,
which led to stimulate GLP-1. Although I have not been able to find the specific
intestinal microbial species involved in the regulation of TCA synthesis in gut, it is
plausible to propose a novel mechanism by which certain intestinal microbial groups
might contribute to the regulation of host energy metabolism in DIO (Figure 55).
Previously, it has been reported that GF mice and gut microbiota depleted mice
alleviate insulin resistance as well as inflammatory response (Cani et al., 2008b;
Murphy et al., 2013a). In this study, I demonstrated that there no significant changes
in adipose tissue mass, body weight gains, and inflammatory responses between NH
and Ab-NH groups. Also, I could not observe any improvement of gut leakage which
has been a crucial phenomenon of mitigation of endotoxemia and inflammation in
obesity (Cani et al., 2007). Although combination of V and B significantly reduced
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Figure 55
A schematic model in the regulation of glucose metabolism by alteration of gut
microbiota. Reductions in Firmicutes and Bacteroidetes enhance bile component,
TCA, which activates L-cells in distal gut via PKA dependent and independent
manner. TCA stimulated L-cells increase synthesis and secretion of GLP-1 to
ameliorate glucose metabolism in DIO mice.
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total abundance of gut microbiota, I could not exclude the possibility that
considerable amounts of other gut microorganisms might be present in my gut
microbiota altered mouse model. Thus, it is feasible that other gut microbial
populations might be involved in the control of gut barrier integrity.
Previously, patients with type 2 diabetes are relatively enriched with Gramnegative bacteria which belong to Bacteroidetes and Proteobacteria phyla (Larsen et
al., 2010; Suez et al., 2014). Additionally, such increases in gut microbiota are
associated with endotoxemia via enhanced plasma LPS leading to oxidative stress
and inflammation in host (Cani et al., 2007). In particular, gastrointestinal integrity
appears to aggravate host inflammatory response via dysbiosis of gut microbiota
(Bode and Bode, 2005). Although there was a significant elevation in abundance of
Proteobacteria interlocking to reduction of Firmicutes and Bacteroidetes, the effects
of such alteration in gut microbiota would be limited to obesity-mediated gut leakage
and endotoxemia. To identify which gut microbial populations might be involved in
the regulation of host gut barrier integrity, it is necessary to develop various mouse
models of selective depletion of individual gut microbial species or phylum.
It has been shown that prebiotics stimulate GLP-1 secretion, and gut microbiota
acts as a mediator by fermenting the prebiotics into short chain fatty acids to induce
GLP-1 (Cani et al., 2009; Musso et al., 2010; Tolhurst et al., 2012). In this study, AbNH group augmented gut metabolites including creatine, sulfotyrosine, and TCA,
which stimulate secretion of GLP-1 in human L-cell line. Thus, I suggest that an
increase in TCA would be a crucial factor in elucidating improved glucose
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metabolism in host. In addition to TCA, other gut metabolites have been reported
that certain metabolite would be beneficial for host energy homeostasis. For instance,
sulfotyrosine represses protein tyrosine phosphatase 1B (Desmarais et al., 1998).
Since insulin receptor belongs to receptor tyrosine kinase, sulfotyrosine might
contribute to insulin signaling. Furthermore, creatine is linked to increased GLUT4
expression in muscle and thermogenesis in beige adipocytes ('t Eijnde et al., 2001;
Kazak et al., 2015). As Firmicutes and Bacteroidetes were deeply associated with
alteration of gut metabolites which could modulate GLP-1 in L-cells, I would like to
propose underlying mechanisms how specific gut populations interact with hosts in
the regulation of energy homeostasis. These findings would enhance our
understandings of the interaction between commensal bacteria and host upon
nutritional status.

2. Fat-depot specific inflammation and insulin resistance
The clinical description of obesity has been based on measurements, such as
body fat mass, that estimate total body fat contents. Adipose tissues are anatomically
and functionally divided into brown adipose tissues and WAT (Choe et al., 2016).
Unlike brown adipose tissue, WAT is prone to store extra energy in the form of lipids.
When adipose tissues are inflamed in obesity, the storage functions appeared to shift
into the release of free fatty acids (Faty et al., 2012; Zhang et al., 1996). In addition
to increased lipolysis in obesity, insulin resistance is further aggravated by adipose
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tissue inflammation (Chawla et al., 2011; Ferrante, 2007). Accumulating evidence
has revealed that not all of adipose tissues are alike and metabolic risks are deeply
correlated with the anatomical location as well as whole body adiposity (Arner, 2005;
Montague et al., 1998). The major anatomical white fat-depots are largely divided
into visceral and subcutaneous adipose tissues and different fat-depots are distinct
with respect to unique roles in metabolic regulation in addition to fat-storage
function. In obesity, visceral adipose tissues are prone to be inflammatory than
subcutaneous adipose tissues (Harman-Boehm et al., 2007). I have studied the
distinct patterns of ATM accumulation between EAT and IAT in DIO and genetically
obese mice. Although the degrees of ATM proliferation and apoptosis were
significantly elevated in obese mice, Ki67+ and Annexin V+ ATM were similar
between EAT and IAT. However, in vivo tracing of exogenous monocytes has
revealed that Ds-Red+ ATMs were increased in EAT, but not in IAT. Thus, these data
prompted me to propose that fat-depot specific ATM accumulation might be due to
the difference in the capacity of infiltration rather than ATM proliferation or
apoptosis. Accordantly, in transplantation experiments I found that the number of
ATM infiltration was higher in transplanted donor EAT than IAT regardless of
recipient adipose loci. Therefore, it is plausible to speculate that intrinsic
characteristics of adipose tissues would be important in the regulation of ATM
infiltration than microenvironmental factors surrounding each fat-depot.

3. GABA responses in the regulation of immunity and energy
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metabolism
In physiological process, GABA is well studied as an inhibitory
neurotransmitter. Although many studies have revealed the roles of GABA in
neuronal signaling, recent reports have shown that GABA signaling would play roles
in peripheral organs such as the testes, gastrointestinal tract, ovaries, placenta, uterus
and adrenal medulla (Gladkevich et al., 2006). Also, it has been shown that
GABAergic genes such as GAD1, GAD2, GABA-T, GABA co-transporters,
GABAA and GABAB receptor subunits are detected in various types of immune cells
(Bhat et al., 2010; Crowley et al., 2015; Tian et al., 2004). Although underlying
mechanisms are still unknown, most GABAergic stimulation in immune cells is
converged to anti-inflammatory responses (Bhat et al., 2010; Crowley et al., 2015;
Duthey et al., 2010; Soltani et al., 2011). With RNA-sequencing data, I proposed that
‘GABAergic synapse’ in KEGG pathway might be differentially regulated in EAT
and IAT. In DIO, IAT reduced monocyte migration upon GABA stimuli whereas such
effect was considerably diminished in EAT. Additionally, selective agonism and
antagonism of GABA receptors exhibited that GABAB signaling would be
considered as a crucial mediator for fat-depot specific ATM infiltration.
Among various SVC cells including ADSCs, ECs, ATMs, T and B lymphocytes,
the level of GABAergic gene expressions were abundant in ADSCs whereas most
other isolated cells comprising SVC did not express GABAergic genes. Further,
ADSCs originated from IAT could selectively repress monocyte migration upon
GABA signaling. Consequently, I would like to suggest a novel finding that fat-depot
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specific ADSCs would be able to regulate immune responses as well as adipogenesis
in fat tissues.
In conclusion, I suggest that alteration of gut microbiota and the roles of
subcutaneous adipose tissue would be crucial factors to regulate obesity-induced
insulin resistance together. The first chapter showed that Firmicutes and
Bacteroidetes would provoke insulin resistance in obesity via a negative regulation
of GLP-1. Alteration of gut microbiota with antibiotics is associated with complexed
changes of metabolites in intestine. In obesity, a bile derivative, TCA would
stimulate GLP-1 secretion which would mitigate insulin resistance. In the second
chapter, I have elucidated a novel mechanisms how subcutaneous adipose tissues
would be less inflammatory in obesity. In subcutaneous adipose tissue, selective
GABAB signaling in ADSCs ameliorated ATM infiltration and inflammatory
responses which are risk factors for insulin resistance in obesity. Therefore, I believe
that this work would broaden our understanding of pathophysiological regulators in
the control of glucose metabolism and insulin sensitivity in obesity.
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국문 초록

주요 소화기관인 소장은 외부에서 흡수한 영양분의 분해 및 체내 흡
수를 통하여 체내 에너지를 공급하는 역할을 담당하며, 지방조직은 외부
에서 유입된 잉여 에너지를 지질 형태로 저장함으로써 체내 에너지 항상
성을 조절한다. 또한, 소장과 지방조직은 체내 영양 상태에 따라 다양한
호르몬을 분비하여 전신적 에너지 대사를 능동적으로 조절하는데 관여한
다. 최근 연구결과에 따르면, 장내 미생물은 비만 및 인슐린 민감도 조절
에 중요한 요인 중 하나로 연구되고 있다. 다양한 장내미생물 중 대부분
을 차지하는 Firmicutes 및 Bacteroidetes 문(門)은 비만이 유도되면 상대적
비율이 변화한다. 선행연구결과에서 장내미생물이 없는 생쥐는 대조군과
대비하여 고지방식이 투여시 비만 및 인슐린 저항성이 대조군 대비 개선
됨이 보고되었다. 그럼에도 불구하고 Firmicutes 및 Bacteroidetes 두 門에
의한 비만 및 에너지 대사 조절에 대한 분자수준의 기전 연구는 명확하
게 규명된 바가 없다.

비만이 유도되면 지방조직 내 염증반응이 증가한다. 지방조직내 염
증반응 증가는 인슐린 저항성 유도의 주요 원인 중 하나로 알려져 있다.
다양한 지방조직 가운데 내장지방조직 비대화는 대사성 질환 발병률과
높은 양의 상관관계를 가진다. 반면 피하지방조직은 에너지 대사 항상성
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조절에 긍정적 역할로 기여한다. 흥미롭게도 비만 개체에서 내장지방조
직과 피하지방조직은 염증반응의 양상이 다르게 나타남이 알려져 있다.
그럼에도 불구하고 내장지방조직과 피하지방조직 간 상이한 염증반응의
원인에 대한 기전 연구는 부족한 상황이다. 본 학위논문 연구에서는 대
사성 질환 유발에 중요한 인슐린 저항성 조절 기전을 다각적 측면에서
규명하기 위하여 장내미생물 및 지방조직의 역할과 조절 기전을 연구하
고자 하였다.

본 논문의 1장에서는 Firmicutes와 Bacteroidetes에 의한 비만 및 인슐
린 민감도 조절을 조사하기 위하여 Firmicutes와 Bacteroidetes가 선택적으
로 감소된 생쥐 모델을 구축하였다. 이 생쥐 모델은 전체 장내미생물이
제거된 (germ-free) 생쥐와 달리, 고지방성 식이 투여에 의한 비만이 개선
되지 않았음에도 불구하고 인슐린 저항성은 현저히 개선되었다. 또한 장
내 미생물의 변화와 맞물려 담즙 성분 가운데 taurocholic 산이 증가하였
다. 흥미롭게도 taurocholic 산은 장 호르몬 glucagon-like peptide 1 (GLP-1)
을

증가시킴으로써

인슐린

저항성을

완화시켰다.

이상의

결과들은

Firmicutes 및 Bacteroidetes가 소장의 GLP-1 분비를 조절함으로써 체내 에
너지 대사 조절에 기여할 수 있음을 제시하였다.

본 논문의 2장에서는 비만 개체에서 지방조직 위치 특이성에 따른
염증반응 차이를 관찰하고 그 원인을 분석하였다. 비만 유도시 피하지방
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조직은 내장지방조직 대비 대식세포 침투율이 낮았다. 지방조직 이식수
술 실험을 통해 지방조직 위치 특이성에 따른 대식세포 침투 차이는 지
방조직 고유의 내재적 특성에 기인할 수 있음을 추론하였다. 나아가 내
장 및 피하 지방조직은 Gamma (γ)-amino butyric acid (GABA)의 신호전달경
로가 다르게 조절됨을 발견하였다. 피하 및 내장지방조직에 GABA 자극
을 가했을 경우 피하지방조직 특이적으로 대식세포 및 지방조직 염증반
응이 억제되었고 동시에 인슐린 저항성이 개선됨을 관찰함으로써 지방조
직 위치 특이적 대식세포 침투 조절에 GABA 신호가 관여하여 체내 에
너지 대사 조절이 가능함을 규명하였다. 이와 더불어 피하지방조직 특이
적 GABA 신호에 대한 대식세포 침투 억제효과는 피하지방조직 내 지방
줄기세포와 연관되어 있음을 관찰하였다.

본 연구를 통하여 장내 미생물과 피하지방조직은 비만에서 유도된
인슐린 저항성 및 당 대사를 조절할 수 있음을 새로이 제안하였다. 이를
통하여 비만으로부터 유도되는 인슐린 저항성의 기전적 이해를 도모하였
다. 그러므로 장내미생물 및 피하지방조직의 GABA 신호전달 조절은 인
슐린 저항성으로 인한 대사성 질환 극복의 새로운 표적이 될 수 있음을
제안한다.
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