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ABSTRACT

Roles of adipocyte lipid droplets in the regulation of

insulin-dependent glucose uptake

Jong In Kim

Adipose tissue (AT) is a major metabolic organ that regulates energy
homeostasis. AT can be largely categorized into visceral white adipose tissue,
subcutaneous white adipose tissue, and brown adipose tissue based on anatomical
location and functions. The major role of AT is to reserve excess energy sources in
lipid droplets (LDs) in form of triglycerides upon nutritional balance. Cellular
responsiveness to insulin is defined as “insulin sensitivity”, on the contrary,
insufficient response to insulin provokes “insulin resistance”, and insulin resistance

is considered as a key etiology of metabolic diseases.

Under various physiological or pathological conditions, adipocytes
accompany dramatic changes in insulin sensitivity and morphology. Given that, ATs
are largely divided into adipocytes and stromal vascular cells including various
immune cells, and exhibit complex cell-to-cell and tissue-to-tissue interactions, it
has been difficult to study intrinsic roles of adipocytes in the regulation of insulin

sensitivity in ATs. Thus, this dissertation study has been focused on the relationship
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between the morphology/shape and insulin responsiveness of adipocytes, and
investigated the mechanism by which alteration of adipocyte morphology could

affect its functions, particularly, in insulin sensitivity.

In the first chapter, in order to investigate the mechanism of adipocyte
hypertrophy-induced insulin resistance in obesity, I developed in vitro hypertrophic
adipocyte model system by challenging with various free fatty acids to differentiated
3T3-L1 adipocytes. Unlike long chain saturated- fatty acids-induced hypertrophic
adipocytes, mono unsaturated-fatty acid, oleic acid, -induced adipocytes
hypertrophy potentially provoked insulin resistance without any influences of
inflammatory responses and insulin signaling cascades. By adopting microscopic
approaches, I could determine the insulin sensitivity of adipocytes with several
morphologies at the single cell level. Notably, insulin-dependent glucose transporter
4 (GLUT4) translocation to plasma membrane was preferentially impaired in a
unilocular hypertrophic adipocyte-specific manner. In addition, I found that cortical
filamentous (F)-actin structure was disrupted compared to small and/or multilocular

adipocytes.

In the second chapter, to unveil the roles of adipocyte LDs locularity on insulin
sensitivity control, I investigated insulin-dependent GLUT4 trafficking and glucose
uptake ability in 1) oleic acids-induced hypertrophic adipocytes with unilocular and
enlarged LDs, and 2) reversibly multilocularized adipocytes from oleic acids-
induced hypertrophy. The extents of insulin-dependent GLUT4 trafficking and

glucose uptake were improved in most physiological conditions when LDs were

il



multilocularized and reduced in their size. On the contrary, physiological or
pathological conditions that exhibited LDs unilocularization and LD enlargement
decreased insulin-dependent GLUTA4 translocation and glucose uptake of adipocytes.
From these observations, I propose novel roles of F/G-actin dynamics as a modulator

of insulin-dependent glucose uptake upon different morphologies of adipocytes.

In this study, I discovered followings that 1) adipocyte hypertrophy per se
provoked insulin resistance via impaired GLUT4 trafficking, independent of
inflammatory responses, 2) LDs multilocularization and decrease in their sizes lead
to increase the ratio of F/G-actin dynamics, accompanied with improved insulin
sensitivity, while 3) LD unilocularization and increase in LD size downregulated the
ratio of F/G-actin dynamics, concurrently with impaired insulin sensitivity.
Collectively, these data clearly suggest that morphological changes of LDs could
affect insulin sensitivity of adipocytes in a cell autonomous manner. I believe that
this research provides a new insight that adipocytes morphology and their dynamic
regulation plays important roles in the regulation of insulin sensitivity upon

nutritional status.

Key words: Adipocyte, Lipid droplet, Actin cytoskeleton, GLUT4, Insulin

sensitivity, glucose uptake

Student number: 2009-20326
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BACKGROUND

1. Obesity, adipose tissue remodeling, and insulin

resistance

1) Obesity and insulin resistance

Obesity is a condition that is medically negative due to excessive
accumulation of body fat (WHO. January 2015). Obesity is induced by various
conditions such as excessive food intake, lack of physical activity, and genetic
susceptibility. For the sake of convenience, obesity is defined by the body mass
index (BMI), a measurement that divides the weight of a person by the square
of the height, over 30 kg/m” and overweight is in the range of BMI 25-30 kg/m?.
For decades, the link between obesity and type 2 diabetes has been well

recognized.

Insulin resistance commonly refers to reduced glucose lowering
effects of insulin. Insulin resistance in obesity and type 2 diabetes is manifested
by decreased insulin-dependent glucose transport and metabolism in adipocytes
and skeletal muscle and by impaired suppression of hepatic glucose
production'?. Insulin resistance is a fundamental risk factor for type 2 diabetes
and is also associated with various metabolic disorders including hypertension,

hyperlipidemia, and atherosclerosis®*. Although, it has been well established



that increased adiposity is a potential etiology of insulin resistance, the
molecular mechanisms by which increased adiposity would cause systemic

insulin resistance are not yet clearly understood.

2) Adipose tissue remodeling

Adipose tissue is a caloric reservoir playing an important role in the
regulation of systemic energy homeostasis. In response to excessive nutritional
state, adipose tissue stores excess energy sources in the form of neutral lipids,
whereas in nutritional deprivation, it supplies energy sources to other tissues
via lipolysis’. In obesity, adipose tissues dynamically increase the size
(hypertrophy) and/or number (hyperplasia) of adipocytes. Also, obese adipose
tissue suffers from pro-inflammatory responses with inflammatory tones in
stromal vascular cells (SVCs) including macrophages, T-cells, and B-cells.
These series of events are called “adipose tissue remodeling”, and are known
to cause obesity-induced insulin resistance’®. Because of these intricate events
of adipose tissue remodeling in obesity, the intrinsic roles of adipocytes on

insulin resistance have not been thoroughly studied.



2. Adipocyte and glucose homeostasis

1) White and brown adipocytes

Adipocytes are specialized cells to store energy sources in lipid
droplets (LDs) and are primarily compose adipose tissue’. During development,
adipocytes are originated from mesenchymal stem cells and differentiated
through adipogenesis. There are, at least, two types of adipocytes, white
adipocyte and brown adipocyte, compose anatomically different white adipose
tissue and brown adipose tissue, respectively. Recently, the existence of
beige/brite adipocytes whose gene expression pattern distinct from white or

brown adipocytes has been reported.

Mature white adipocytes usually contain one large (unilocular) LD
surrounded by a single phospholipid layer. In adipocytes, the stored LDs
contain semi-liquid lipid metabolites, mainly composed of triglycerides and
cholesteryl esters. Since large LDs in adipocytes occupy most cytoplasm, large
white adipocytes have small amounts of cytoplasm (Fig. 1). Accumulating data
have shown that white adipocytes secrete a variety of hormones called
adipokines, such as leptin, adiponectin, and resistin, that regulate systemic

energy metabolism in an endocrine manner.

Morphologically, brown adipocytes contain multiple small

(multilocular) LDs and are bumpy in their shape. As well as the LD locularity,



Shades of fat cells

White adipocyte Beige/brite adipocyte Brown adipocyte
Most common fat cell, Immature cell in white fat Converts chemical

used to store fat and tissue matures to burn fat energy to heat to protect
found beneath the skin against cold weather

and abdomen

Figure 1. Characteristics of adipocytes. Most white adipocytes have a single
lipid droplet (unilocular) and act primarily as energy reservoirs. Beige/brite and
brown adipocytes can produce heat (non-shivering thermogenesis) through fat
burning and are activated by adrenergic stimuli such as cold stimulation or

exercise.



brown adipocytes have plenty of mitochondria, compared to white adipocytes
(Fig. 1)®. The brown color comes from the large quantity of mitochondria.
Mitochondria from brown adipocyte have a large amount of protein called
uncoupling protein 1 (UCP1) which is a proton transporter in the inner
mitochondrial membrane and acts as an uncoupler of mitochondrial respiratory

chain®'®

. More importantly, brown adipocytes can produce heat (non-shivering
thermogenesis) by fuel oxidation. However, in spite of these profound

morphological differences, little is known about the effect of LD locularity on

adipocytes functions such as insulin sensitivity.

2) Insulin action in adipocytes

Insulin is a key anabolic hormone for whole body energy homeostasis.
Adipocytes are one of the most highly insulin-responsive cell types. Insulin
promotes adipocyte triglyceride storage by increasing glucose transport and
triglyceride synthesis (lipogenesis), and inhibiting lipolysis (Fig. 2)>. However,
in obesity-induced insulin resistance, decreased insulin-dependent glucose
uptake may result, in part, from impaired insulin signaling and/or
downregulation of glucose transporter 4 (GLUT4)"'. Other mechanisms also
contribute to insulin resistance in obesity. For instance, in morbid obesity, even

though GLUT4 expression is normal,
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Figure 2. Pleotropic effects of insulin to promote fat storage. Insulin
stimulates differentiation of adipocytes. In adipocytes, insulin-induced PI3K-
Akt activation promotes lipogenesis through glucose and fatty acid uptake.

Many metabolic pathways are regulated by PI3K signaling cascade.
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dysregulation of glucose transport appears to be attributable to impair
translocation, docking, and/or fusion of GLUT4-containing vesicles (GSVs)
with plasma membrane'>">. To date, the underlying mechanisms by which

adipocyte hypertrophy could affect GLUT4 trafficking remain elusive.

3. Purpose of this study

Adipocyte is one of the most important professional cell types
regulating systemic energy homeostasis. Increased adiposity in obesity has
been implicated in one of major causes of impaired insulin sensitivity.
Nevertheless, because of the complex phenomena such as inflammation
resulting from the interaction of adipocytes with SVCs including various
immune cells in adipose tissue, the significance of adipocyte-autonomous roles
in obesity-induced insulin resistance has not been fully understood. Although it
has been considered that adipocyte hypertrophy is associated with detrimental
aspects of adipocyte function including insulin sensitivity, the underlying
mechanisms how morphological changes of adipocytes affect insulin sensitivity

are largely unknown.

In this study, I have investigated the insulin responsiveness according

to the changes of LD size and locularity, which could directly affect adipocyte



size and morphology/shape, which would decipher the association of adipocyte

morphology and function in a cell-autonomous manner.

In the first chapter, I have established an in vitro hypertrophic
adipocyte model system by treating various free fatty acids to fully
differentiated 3T3-L1 adipocytes. With these hypertrophic adipocytes, I have
tested the effects of adipocyte hypertrophy on insulin resistance with the
exclusion of any association with other cells. As a readout for the degree of
adipocyte insulin sensitivity, insulin-dependent glucose uptake ability was
measured by various methods. Notably, I found that hypertrophic adipocytes
could provoke insulin resistance in an inflammation independent manner.
Consistent with in vitro data, high-fat diet (HFD)-fed immunocompromised
mice showed obesity-induced systemic insulin resistances independent of
adipose tissue inflammation. By using microscopic approaches, I also
demonstrated that over-growth of unilocular LD in adipocytes led to reduced
insulin-dependent glucose uptake ability in adipocytes, at least partly, via

impaired GLUT4 trafficking.

In the second chapter, to further investigate the role of LD number
(locularity) in the regulation of adipocyte insulin sensitivity, I have reversed
unilocular hypertrophic adipocytes into multilocular adipocytes and measured
their insulin-dependent glucose uptake abilities. Intriguingly, when compared

to unilocular hypertrophic adipocytes, morphologically reversed multilocular



adipocytes recovered their insulin sensitivity by elevating insulin-dependent
GLUT4 trafficking ability. Consistent with this in vitro findings, multilocular
brown adipocytes isolated from brown adipose tissue showed a higher level of
insulin-dependent glucose uptake ability compared to unilocular white
adipocytes. I also found that the ratio of filamentous (F)- to globular (G)-actin
was dramatically changed by LD locularity. These observations indicate that
there might be a strong involvement of actin dynamics in the relationship
between cell morphology and GLUT4 trafficking in adipocytes. Taken together,
I would like to propose that adipocytes morphology represented by LD size and
locularity affects GLUT4 trafficking, accompanied with modulation of actin
dynamics and is an important aspect in understanding the physiology and

pathology of adipose tissue.



CHAPTER ONE:

Lipid-overloaded enlarged adipocytes
provoke insulin resistance independent

of inflammation
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ABSTRACT

In obesity, adipocyte hypertrophy and pro-inflammatory responses are
closely associated with the development of insulin resistance in adipose tissue.
However, it is largely unknown whether adipocyte hypertrophy per se might be
sufficient to provoke insulin resistance in obese adipose tissue. Here, |
demonstrate that lipid overloaded hypertrophic adipocytes are insulin resistant
independent of adipocyte inflammation. Treatment with saturated or
monounsaturated fatty acids resulted in adipocyte hypertrophy, but pro-
inflammatory responses were only observed in adipocytes treated with
saturated fatty acids. Regardless of adipocyte inflammation, hypertrophic
adipocytes with large and unilocular lipid droplet (LD) exhibited impaired
insulin-dependent glucose uptake, associated with defects in GLUT4
trafficking to the plasma membrane. Moreover, toll-like receptor 4 mutant mice
(C3H/HeJ) with high fat diet-induced obesity were not protected against insulin
resistance, although they were resistant to adipose tissue inflammation.
Together, my data suggest that adipocyte hypertrophy alone would be crucial

to cause insulin resistance in obesity.
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INTRODUCTION

Adipose tissue is a key energy storage organ that regulates whole body
energy homeostasis. Its parenchymal function is storing excess energy in the
form of triglycerides and, is converting them into free fatty acids and glycerol
to provide energy upon demand. In addition, as an endocrine organ, adipose
tissue synthesizes various adipokines that affect food intake, insulin sensitivity,
and immune response'®. In obesity, adipose tissue expands as a result of
increases in adipocyte size (hypertrophy) and adipocyte number (hyperplasia)
and actively modulates the population of immune cells'>®.

Obese subjects exhibit pro-inflammatory responses, ER stress,
hypoxia, and/or mitochondrial defects as a result of unbalanced energy inputs
in adipose tissue, leading to consequent systemic insulin resistance'”". In
obese adipose tissue, chronic and low-grade inflammation have been implicated
in insulin resistance, with elevated F4/80°, CD11b", and CD11lc" M1-like
macrophages®*?'. M1-like macrophages secrete various cytokines that impair
insulin sensitivity through the induction of pro-inflammatory signaling,
including activation of JNK or NF-kB. Furthermore, several animal models
with genetic ablation of pro-inflammatory responses, such as JNK knockout
mice and IKK-[3 heterozygous mice, are resistant to diet-induced obesity and/or

insulin resistance because of decreased inflammation>%>,
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Since most metabolic complication studies have been performed using
severe and relatively late stage obese models, it is not fully understood which
factors or cell types in adipose tissues are primarily responsible for insulin
resistance at the early stage of obesity. Recently, I and others have reported that
body weight, adipose tissue mass, adipocyte hypertrophy, adipose tissue
inflammation, and insulin resistance would increase in mice fed short-term (less
than 1 week) high-fat diet (HFD)***°. Interestingly, depletion of macrophages
or lymphocytes by clodronate treatment or RAG1 knockout mice did not
attenuate insulin resistance in early obesity®®. These data imply that not only
adipose tissue immune cells but also adipocyte changes including adipocyte
hypertrophy may play a key role in the initiation of insulin resistance during
early obesity. In addition, intima media thickness (IMT), which is a prediction
marker of cardiovascular events and strongly associated with insulin
resistance’!, was increased with severe obesity but was not influenced by the
degree of systemic inflammation or adipose tissue macrophage accumulation®?.
Very recently, it has been reported that early B cell factor 1 (EBF1) reduction
caused adipocyte hypertrophy and insulin resistance but did not influence the
inflammatory pathways in both mouse and human adipocytes®. These
emerging evidences have suggested that adipose tissue inflammation, which is
one of the major factors of insulin resistance in severe obesity, might be
dissociated from adipocyte hypertrophy linked insulin resistance in certain
conditions of obesity. Although various studies have suggested a close

13



relationship between adipocyte hypertrophy, insulin resistance, and

inflammation in obesity>***

, it is largely unclear whether enlarged adipocyte
per se would initiate insulin resistance regardless of inflammation in obesity.
In this study, I have developed an adipocyte hypertrophy model with
or without inflammatory responses and investigated the effects of adipocyte
hypertrophy on insulin resistance. Collectively, my data suggest that adipocyte

hypertrophy is sufficient to provoke insulin resistance, independent of a pro-

inflammatory response, in early obesity.
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MATERIALS AND METHODS

Animals and treatments.

7-week-old male C3H/HeN, C3H/Hel, db/+, db/db, and C57BL/6J mice were
obtained from Central Lab Animal Inc. (Seoul, South Korea). All mice were
maintained under specific pathogen-free conditions and were housed in solid-
bottom cages with wood shavings for bedding in a room maintained at 25°C
with a 12:12-hour light:dark cycle (lights on at 07:00). After a stabilization
period of at least 1 week, mice (8 weeks old) were fed a normal chow diet (NCD)
until they were fed a 60% high fat diet (HFD) for the indicated times (Research
Diets, Inc., NJ). The HFD mice were compared with age-matched chow-fed
mice. The average initial body weights in each group of mice were not different.
For the oral glucose tolerance test, the mice were fasted for 6 hours, basal blood
samples were taken, and glucose was injected orally (2 g/kg). Blood samples
were drawn at 15, 30, 45, 60, 90, and 120 minutes after injection. For treatment
with rosiglitazone, 12-week-old db/+, and db/db mice were injected with
rosiglitazone (oral gavage, 15 mg/kg/day, Sigma-Aldrich, MO) for 1 month. All
animal procedures were in accordance with the research guidelines for the use

of laboratory animals of Seoul National University.

Cell culture.

3T3-L1 preadipocytes were grown to confluence in Dulbecco’s modified

15



Eagle’s medium (DMEM) supplemented with 10% bovine calf serum (BCS;
Invitrogen Life Technologies, Carlsbad, CA). 2 days after the cells reached
confluence (day 0), differentiation of the 3T3-L1 cells was induced in DMEM
containing 10% fetal bovine serum (FBS; Invitrogen Life Technologies,
Carlsbad, CA), methylisobutylxanthine (520 uM), dexamethasone (1 uM), and
insulin (167 nM) for 48 hours. The culture medium was replaced on alternate

days with DMEM containing 10% FBS and 167 nM insulin.

Free fatty acid treatment.

Free fatty acids (FFA) (Sigma-Aldrich, MO) were conjugated with FFA-free
bovine serum albumin (BSA) for administration to cells. Briefly, FFAs were
dissolved in ethanol and diluted in DMEM containing 1% FBS and 2% (w/v)
BSA for 10 minutes at 55°C. BSA conjugated FFAs containing media were

challenged to cells.

Quantitative RT-PCR

Total RNA was isolated from 3T3-L1 adipocytes, and epididymal white adipose
tissues (eWATs). cDNA was synthesized using the M-MulV reverse
transcriptase kit according to the manufacturers’ instructions (Thermo Fisher
Scientific, MA). The primers used for quantitative real-time PCR were obtained

from Bioneer (South Korea), and their sequences are provided in Table 1.
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Western blot analysis

3T3-L1 adipocytes were stimulated with or without 10 nM insulin for 20
minutes at 37°C. 3T3-L1 adipocytes were lysed with NETN buffer (20 mM Tris
[pH 7.9], 1 mM EDTA, 100 mM NaCl, 0.5% NP-40, 1 mM Na3;VO4, 100 mM
NaF, and protease inhibitor cocktail tablets [Roche Diagnostics]). Total cell
lysates were centrifuged at 12,000 rpm at 4°C for 15 minutes to remove fat
debris. The protein concentration was determined using a BCA assay kit
(Pierce). Western blot analyses were conducted according to the manufacturer’s
protocol (Cell Signaling Technology). IkBa, IRS1, Akt/PKB, and phospho-
Akt/PKB antibodies were purchased from Cell Signaling Technology; GSK3(
and phospho-GSK3 antibodies were from Transduction Laboratories; and the
phospho-IRS1 antibody was from Biosource; p65 antibody was from Santa
Cruz Biotechnology; Lamin B was from ab frontier; GAPDH antibody was

from BD Biosciences.

Glucose uptake assay
3T3-L1 adipocytes were incubated in low-glucose DMEM containing 0.1%
BSA for 16 hours at 37°C. Cells were stimulated with or without 100 nM insulin

for 20 minutes at 37°C. Glucose uptake was initiated by the addition of ['*C]-

17



GENE

FORWARD PRIMER

REVERSE PRIMER

Adiponectin ~ 5-GGCAGGAAAGGAGAACCTGG-3' 5-AGCCTTGTCCTTCTTGAAGA-3'
aP2 5’-AAGAAGTGGGAGTGGGCTTT-3” 5’-GCTCTTCACCTTCCTGTCGT-3’
ATGL 5'-TATCCGGTGGATGAAAGAGC-3' 5'-CAGTTCCACCTGCTCAGACA-3'
BIP/GRP78 5’-ACTTGGGGACCACCTATTCC-3’ 5-TTTCTTCTGGGGCAAATGTC-3’
CD11b 5'-GACTCAGTGAGCCCCATCAT-3' 5'-AGATCGTCTTGGCAGATGCT-3'
CDllc 5-CTGGATAGCCTTTCTTCTGC-3' 5'-GCACACTGTGTCCGAACTC-3'
CD36 5’-GAGCAACTGGTGGATGGTTT-3’ 5’-GCAGAATCAAGGGAGAGCAC-3’
Cyclophilin 5'-CAGACGCCACTGTCGCTTT-3' 5-TGTCTTTGGAACTTTGTCTG-3'
FAS 5'-GCCTACACCCAGAGCTACCG-3' 5'-GCCATGGTACTTGGCCTTG-3'
FATP1 5'-GGGAAGAGCCTCCTCAAGTT-3' 5'-TACCTGCTGTGCACCACAAT-3'
GLUT4 5-GATTCTGCTGCCCTTCTGTC-3' 5'-ATTGGACGCTCTCTCTCCAA-3'
HSL 5-GGAGCACTACAAACGCAACGA-3' 5'-TCGGCCACCGGTAAAGAG-3'
IL-6 5-AGTTGCCTTCTTGGGACTGA-3' 5'-TCCACGATTTCCCAGAGAAC-3'
PERILPIN 5'-CACACCGTGCAGAACACTCT-3' 5'-CCTCTGCTGAAGGGTTATCG-3'
PPARa 5’-ATGCCAGTACTGCCGTTTTC-3’ 5’-GGCCTTGACCTTGTTCATGT-3"
PPARy 5'-TCACAAGAGCTGACCCAATGG-3' 5'-GGCTCTACTTGATCGACTTTG-3'
RANTES 5'-CATATGGCTCGGACACCACT-3' 5'-CTCTGGGTTGGCACACACTT-3'
SAA 5'-AGCGATGCCAGAGAGGCTGT-3' 5'-ACCCAGTAGTTGCTCCTCTT-3'
SREBP-1c 5'-GGAGCCATGGATTGCACATT-3' 5'-CAGGAAGGCTTCCAGAGAGG-3'
TLR4 5-CAGTGGTCAGTGTGATTGTG-3' 5-TTCCTGGATGATGTTGGCAG-3'
TNFo 5'-CGGAGTCCGGGCAGGT-3' 5'-GCTGGGTAGAGAATGGATCA-3'
VEGF 5'-GGAGATCCTTCGAGGAGCAC-3' 5'-GGCGATTTAGCAGCAGATATA-3'

Table 1. List of PCR primer sequences
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deoxyglucose at a final concentration of 3 mol/l for 10 minutes in HEPES-
buffered saline (140 mM NaCl, 5 mM KCI, 2.5 mM MgCl,, 1 mM CaCl,, and
20 mM HEPES [pH 7.4]). The reaction was terminated by separating the cells
from HEPES-buffered saline and ['*C]-deoxyglucose. After washes in ice-cold
PBS, the cells were extracted using 0.1% SDS, and scintillation counting was
used to measure '“C radioactivity. The protein concentration was determined,

and the radioactivity was normalized to the protein concentration.

In vitro glucose bioprobe uptake assay

3T3-L1 adipocytes were cultured on an 8-well chamber plate (Lab-Tek II).
After differentiation, the cell culture medium was changed to a low-glucose
medium (without FBS), and the cells were maintained in the new medium for
4 hours. The cells were then incubated for 1 hour in glucose-deficient DMEM
(without FBS). For continuous monitoring of cellular glucose uptake with a
DeltaVision imaging system (GE Healthcare), the 8-well chamber plate was
loaded on the stage of the microscope. After pretreatment with 5 um GB-Cy3*¢,
100 nM insulin was administered. Fluorescence images were recorded every 2
minutes. The images were digitized and saved on a computer for further

analysis. The temperature of the chamber was maintained at 37°C.
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Ex vivo glucose bioprobe uptake assay

Adipose tissues were removed and sliced into sections of 5 X 5 x 2 mm. Sliced
samples were incubated in low-glucose DMEM containing 0.1% BSA for 30
minutes at 37°C. Sliced samples were incubated with 50 uM GB-Cy3 for 30
minutes in the presence or absence of 1 uM insulin. After several washes with
PBS-Tween 20, the adipocytes were stained with fluorescein isothiocyanate-
conjugated BODIPY. The samples were then stained with Vectashield solution
(Vector Labs Inc.) containing 4',6-diamidino-2-phenylindole (DAPI) and

observed using a Zeiss LSM 700 confocal microscope (Carl Zeiss).

Total internal reflection fluorescence microscopy

TIRFM imaging was performed using an inverted microscope system equipped
with a 100x 1.45 NA (numerical aperture) objective (Nikon). Images were
collected using the NIS-Elements AR software. All experiments were

performed at room temperature (22-25°C).

Statistical analysis

Results represent data from multiple (three or more) independent experiments.
Error bars represent standard deviation, and P values were calculated using

Student’s t-test or ANOVA.
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RESULTS

Treatment with long-chain fatty acids induces adipocyte hypertrophy

To characterize hypertrophic adipocytes, I developed a cell culture
model of adipocyte hypertrophy. Differentiated 3T3-L1 adipocytes were
challenged for 6 days with saturated fatty acids (SFAs) (palmitic acid, C16:0
and stearic acid, C18:0) and a monounsaturated fatty acid (MUFA) (oleic acid,
C18:1) that are abundantly present in the diet’’**, Long-chain fatty acid-treated
adipocytes became enlarged in time- and dose-dependent manners (Fig. 3A).
Oil red O staining revealed that lipid-overloaded hypertrophic adipocytes

contained enlarged unilocular-like LDs (Fig. 3B).

MUFA-challenged hypertrophic adipocytes lack inflammatory responses
Given that saturated fatty acids upregulate pro-inflammatory
pathways***, I asked whether SFA-treated or MUFA-treated adipocytes would
exhibit different inflammatory responses. Similar to TNFa-treated adipocytes,
SFAs-induced hypertrophic adipocytes showed increased nuclear NF-«B (p65),
JNK phosphorylation, and decreased cytosolic IkBa (Fig. 4A). However,
MUFA-induced hypertrophic adipocytes did not significantly alter pro-
inflammatory signaling cascades, unlike SFAs-induced hypertrophic

adipocytes. As shown in Fig. 4B, the mRNA levels of
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Figure 3. Long-chain fatty acids-induce adipocyte unilocularization and
hypertrophy. 3T3-L1 adipocytes were differentiated and then cultured for
another 6 days with various long-chain fatty acids at the indicated doses (250,
500, and 750 uM). CTL, control (BSA); PA, palmitic acid; SA, stearic acid;
OA, oleic acid. (A) Microscopic images were obtained on the indicated days.

(B) Oil red O staining of 3T3-L1 adipocytes treated with various fatty acids.
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Figure 4. SFA-treated adipocytes, but not MUFA-treated adipocytes,

promote pro-inflammatory responses. (A) After treatment of 3T3-L1

adipocytes with various long-chain fatty acids (500 uM), nuclear extracts and

cell lysates were subjected to immunoblot analysis. TNF-a concentration, 10

ng/ml. (B) mRNA levels of pro-inflammatory genes. *, P< 0.05 versus CTL
cells (Student’s t test). (C) Levels of TNF-a, MCP-1, and IL-6 secreted from

lipid-overloaded adipocytes. *, P< 0.05 versus CTL cells (Student's t test).
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pro-inflammatory cytokines such as IL-6, SAA, TNFo, and RANTES were
elevated in SFAs-treated adipocytes but not in MUFA-treated adipocytes. To
assess whether the gene expression profiles of lipid-overloaded adipocytes
were linked with cytokine secretion, ELISA and chemotaxis assay were
performed. As expected, conditioned media from SFAs-treated adipocytes
contained higher levels of pro-inflammatory cytokines including TNFo,, MCP-
1 and IL-6 than conditioned media from control adipocytes or MUFA-treated
adipocytes (Fig. 4C). Next, to confirm the idea that SFA treatment could indeed
potentiate inflammatory responses in hypertrophic adipocytes, chemotaxis
assays were performed. The migration of THP-1 monocytes was increased
when the cells were incubated with conditioned media from SFAs-treated
adipocytes (Fig. 5). In contrast, conditioned media from MUFA-treated
adipocytes had little effect on THP-1 migration (Fig. 5). These data indicate
that SFA-treated hypertrophic adipocytes tend to be pro-inflammatory, unlike

MUFA-treated hypertrophic adipocytes.

Hypertrophic adipocytes are insulin resistant independent of inflammation
To assess insulin sensitivity of hypertrophic adipocyte models, I
performed insulin-dependent glucose uptake assays. As shown in Fig. 6A,

insulin-dependent glucose uptake was attenuated in hypertrophic adipocytes,
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Figure 5. SFA-treated adipocytes, but not MUFA-treated adipocytes,
secrete chemoattractant factors. Migration of THP-1 monocytes. THP-1
monocytes were prestained with celltracker (red) and incubated for 6 hr in
transwell plates (8 um pore) with conditioned medium (CM).
Photomicrographs of migrated cells were taken (left). Cell migration was

assessed (right).
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Figure 6. Hypertrophic adipocytes are insulin resistant without any
changes in the insulin downstream signaling cascade. 3T3-L1 adipocytes
were differentiated and then cultured for another 6 days with various long-chain
fatty acids (500 uM). (A) Insulin-dependent glucose uptake assays using
['*C]deoxyglucose. *, P< 0.05 versus CTL cells (Student’s t-test). (B)
Immunoblot analysis of adipocytes treated for 6 days with long-chain fatty

acids, with or without insulin (10 nM).
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regardless of the kinds of treated fatty acids. Unexpectedly, in SFAs- and
MUFA-induced hypertrophic adipocytes, insulin downstream signaling were
not different from control cells (Fig. 6B). In addition, when freshly
differentiated 3T3-L1 adipocytes were challenged with conditioned media
collected from SFA- or MUFA-induced hypertrophic adipocytes, it appeared
that there was no significant reduction in insulin signaling cascades (Fig. 7).
These data imply that insulin resistance of hypertrophic adipocytes might be
dissociated from pro-inflammatory responses.

To explore the potential relationship between adipocyte morphology
and insulin resistance, I adopted single cell-based insulin-dependent glucose
bioprobe uptake assays*°. Consistent with radioisotope based insulin-dependent
glucose uptake assay (Fig. 6A), glucose bioprobe uptake analysis revealed that
SFA- or MUFA-induced hypertrophic adipocytes were insulin resistant (Fig. 8).
Compared with control adipocytes, reduced uptake rates of glucose bioprobe
were similar in SFAs or MUFA challenged adipocytes (Fig. 8). However, it is
of interest to note that some small adipocytes in lipid-overloaded adipocytes
showed relatively intense glucose bioprobe signals (Fig. 8). To examine
whether insulin-dependent glucose uptake was differentially regulated in
response to adipocyte cell size and/or LD morphology in an inflammation
independent manner, I classified morphologically heterogeneous populations of
MUFA-induced hypertrophic adipocytes into four categories. 1)
small/multilocular adipocytes (S/M-ADs), 2) large/multilocular adipocytes
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Figure 7. Hypertrophic adipocyte-secreted factors are dissociated with
insulin downstream signaling. Conditioned medium was collected from
adipocytes overloaded with long-chain fatty acids for 6 days and then treated
with newly differentiated 3T3-L1 adipocytes (top). Immunoblot analysis of
adipocytes treated with conditioned medium (CM) for 48 h, with or without
insulin (10 nM) (bottom).
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Figure 8. Adipocyte hypertrophy induce insulin resistance. 3T3-L1
adipocytes were differentiated and then cultured for another 6 days with various
long-chain fatty acids (500 uM). Hypertrophic adipocytes challenged with fatty
acids were incubated with a Cy3-labeled glucose bioprobe. After a 10 min
incubation, insulin was added, and the fluorescence intensity of the glucose
bioprobe was monitored every 2 min using a DeltaVision imaging system.
Arrows designate relatively small adipocytes. Scale bars, 80 pm. *** P<0.001

versus CTL cells (ANOVA).
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(L/M-ADs), 3) small/unilocular-like adipocytes (S/U-ADs), and 4)
large/unilocular-like adipocytes (L/U-ADs) (Fig. 9A). As shown in Fig. 9B, the
relative portion of L/U-ADs was predominantly increased by both SFAs and
MUFA overloaded hypertrophic adipocytes. Single cell based analyses with
glucose bioprobe revealed that insulin-dependent glucose bioprobe uptake in
S/M-ADs and L/M-ADs were comparably increased after insulin stimulation.
While the degree of insulin-dependent glucose bioprobe uptake in S/U-ADs
was slightly lower than that of S/M-ADs or L/M-ADs, the level of insulin-
dependent glucose bioprobe uptake in L/U-ADs was markedly attenuated (Fig.
9C). Together, these results suggest that adipocyte hypertrophy with unilocular-
like LDs would lead to adipocyte insulin resistance in a cell-autonomous

manner, independent of inflammatory responses.

Enlarged adipocytes with unilocular-like LDs showed defective GLUT4
trafficking

Unlike SFA-induced hypertrophic adipocytes, MUFA-induced
hypertrophic adipocytes did not alter the expression of pro-inflammatory genes
(Fig. 4B). Despite of this result, either SFA- or MUFA-induced hypertrophic
adipocytes greatly diminished insulin dependent glucose uptake ability (Fig. 6A
and 8). Thus, I asked the question whether GLUT4 trafficking might be
associated with decreased insulin-dependent glucose uptake in hypertrophic
adipocytes. Adipocytes expressing mCherry-GLUT4-Myc were immuno-

30



S/M-ADs L/M-ADs S/U-ADs L/U-ADs

C

-o-S/M-ADs -8-S/U-ADs

@

)

GTL Fa =6 BA 1l0 2b 3b 4b 5b Gb
Time (min)

S/M-AD 3

g UM ADsS S -o-L/M-ADs -®L/U-ADs
» [ S/U-ADs g
E L/U-ADs 2
(8] [7)]
Y— =
o [0
2 S
251 m
o
2
0 E:
&

Figure 9. Large/unilocular adipocytes are selectively insulin resistant. 3T3-
L1 adipocytes were differentiated and then cultured for another 6 days with OA
(500 uM). (A) Hypertrophic adipocytes were categorized into four groups: (i)
S/M-ADs, (ii) L/M-ADs, (iii) S/U-ADs, and (iv) L/U-ADs (B) Cellular
distributions of each categorized cell type were computationally calculated by
using Imagel. (C) Glucose bioprobe fluorescence intensity in each cell type was
detected every 2 min by using DeltaVision imaging system (bottom). ***, P<

0.001 versus CTL cells (ANOVA).
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stained with anti-Myc:GFP antibodies, and GLUT4-Myc:GFP signals on the
plasma membrane were detected using total internal reflection fluorescence
microscopy (TIRFM), in the presence or absence of insulin (Fig. 10A). As
shown in Fig. 5B, the amounts of plasma membrane GLUT4 in control
adipocytes were increased upon insulin exposure. Interestingly, SFA- or
MUPFA-treated L/U-ADs decreased GLUT4 plasma membrane translocation in
response to insulin exposure (Fig. 10B). In contrast, insulin-dependent GLUT4
translocation was intact in the other types of adipocytes (S/M-ADs, L/M-ADs,
and S/U-ADs) (Fig. 10C).

Since it is well known that cytoskeletal proteins are involved in
adipogenesis, LD formation, and GLUT4 trafficking', 1 hypothesized that
cytoskeleton development might be altered in hypertrophic adipocytes
containing unilocular-like LDs, thus impeding GLUT4 docking to the plasma
membrane. To test this hypothesis, lipid-overloaded hypertrophic adipocytes
were stained with phalloidin-TRITC to detect the cellular actin organization.
As shown in Fig. 11A, the cytosolic and cortical actin structures were markedly
disorganized in L/U-ADs while those of S/M-ADs, L/M-ADs, and S/U-ADs
were well organized. Consistent with the pattern of actin organization, insulin-
dependent plasma membrane GLUT4 translocation was decreased in L/U-ADs
when compared with S/M-ADs, L/M-ADs, and S/U-ADs (Fig. 11B). These data
suggest that the reduction of insulin-dependent glucose uptake in hypertrophic

adipocytes would be resulted, at least in part, from the dysregulation of cortical
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Figure 10. Impaired insulin-stimulated GLUT4 trafficking in
large/unilocular adipocytes. (A) Schematic drawing illustrating events
observed under the TIRF zone. (B) Insulin-induced GLUT4 membrane
insertion was examined by using TIRFM in nonpermeabilized cells. (C)
Insulin-induced GLUT4 membrane insertion was examined by using TIRFM
in nonpermeabilized cells. Data presented are microscopic images

representative of indicated groups. Scale bars, 20 um.
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Figure 11. Disruption of cortical F-actin structures in large/unilocular
adipocytes. 3T3-L1 adipocytes were treated with OA (500 uM) for 6 days. (A)
Cellular F-actin structures. Scale bars, 20 um. (B) Insulin-stimulated GLUT4

translocation to plasma membrane. Scale bars, 20 pum.
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actin remodeling and the consequent impairment of insulin-dependent GLUT4

plasma membrane translocation.

Toll-like receptor 4 (TLR4) mice fed short-term HFD exhibit adipose tissue
insulin resistance without adipose tissue inflammation

Pro-inflammatory responses and adipocyte hypertrophy are rapidly
induced in early obesity in C57BL/6J mice fed short-term (<1 week) HFD*?®,
To test whether adipocyte hypertrophy could promote insulin resistance in
adipose tissue independent of inflammatory responses, C3H/HeJ TLR4 mutant
mice defective in TLR4-dependent inflammation were tested. After 1-week of
HFD, body weight gain and the epididymal white adipose tissue (eWAT) mass
were increased in both C3H/HeN wild-type control and C3H/HeJ TLR4 mutant
mice (Fig. 12A). The adipocytes were also comparably enlarged in control and
TLR4 mutant mice upon HFD (Fig. 12B). Unlike HFD-fed control mice, HFD
fed TLR4 mutant mice did not show elevated adipose tissue inflammation,
despite of adipose tissue expansion (Fig. 12C). To evaluate the systemic insulin
sensitivity of control and TLR4 mutant mice, an oral glucose tolerance test was
administered. As shown in Fig. 12D and E, both control and TLR4 mutant mice
fed HFD were glucose intolerant. To test whether hypertrophic adipocytes
induced by short-term HFD feeding might be involved in glucose intolerance,
I isolated adipose tissues from control and TLR4 mutant mice and performed

ex vivo insulin-dependent glucose bioprobe uptake assays. Despite of decreased
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Figure 12. Systemic insulin resistance in short-term HFD-fed TLR4
mutant mice. 10-week-old C3H/HeN and C3H/HeJ mice were fed an NCD or

NCD, C3H/HeJ
HFD, C3H/HeJ

HFD for 1 week. (A) Metabolic parameters. (B) Distribution of adipocyte sizes
in eWAT. (C) mRNA levels of inflammatory genes from eWAT. (D and E) Oral

glucose tolerance test (D) and area under the curve (AUC). Each bar represents

the mean standard deviation (SD) for each group of mice (n=7). *, P<0.05; ***,

P<0.001; n.s., not significant.
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inflammatory responses in adipose tissue of TLR4 mutant mice, the degree of
insulin-dependent glucose bioprobe uptake ability in TLR4 mutant mice upon
HFD was similar to that of control mice (Fig. 13A and B). Taken together, these
results suggest that hypertrophic adipocytes primarily cause adipose tissue

insulin resistance in early obesity, independent of adipocyte inflammation.

Rosiglitazone generates small adipocytes and stimulates insulin-dependent
glucose uptake

As PPARYy agonists, thiazolidinediones (TZDs) have multiple roles
such as insulin sensitization, anti-inflammatory effects, and induction of new
adipogenesis in obese animals®*. To determine whether newly differentiated
small adipocytes might be more insulin sensitive than nearby hypertrophic
adipocytes, rosiglitazone, one of the TZD class of drugs, was administrated
orally to obese db/db mice. As expected, rosiglitazone restored the mRNA level
of adiponectin and insulin signaling accompanied with novel adipocytes
differentiation in the adipose tissue of db/db mice (Fig. 14A and B). In db/db
mice, ex vivo assays showed that insulin-dependent glucose bioprobe uptake
was greatly increased in rosiglitazone-induced, newly differentiated small
adipocytes compared to adjacent large adipocytes (Fig. 15). These in vivo and
ex vivo results indicate that hypertrophic adipocytes with large/unilocular LDs
in obese adipose tissue are important for the induction of adipose tissue insulin

resistance in obesity.
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Figure 13. AT insulin resistance in short-term HFD-fed TLR4 mutant mice.

eWATs from wild-type control C3H/HeN mice and TLR4 mutant C3H/HeJ
mice fed HFD for 1 week were ex vivo cultured. (A and B) Insulin-dependent
glucose bioprobe uptake assay. Adipose tissues were ex vivo cultured with or
without insulin (1 pM). Glucose bioprobe and BODIPY were incubated for 30
min. (A) Glucose bioprobe fluorescence from each group was visualized with
confocal microscopy. Scale bars, 200 mm. (B) The relative glucose bioprobe
intensity per cell was analyzed using ImageJ. Each bar represents the mean SD

for each group of mice (n 7). *, P<0.05; n.s., not significant.
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Figure 14. Decreased inflammatory gene expression and improved insulin
signaling in db/db mice by rosiglitazone treatment. For 1 month, 12-week-
old db/+ and db/db mice were treated without or with rosiglitazone (15 mg/kg)
by oral gavage. (A) Relative mRNA levels of adiponectin and TNF- from the
eWAT of rosiglitazone-treated db/+ and db/db mice. *,P<0.05; **, P<(.01. (B)
Immunoblot analysis of eWAT. Phosphorylation of Akt (Ser308) with or

without insulin (50 nM) treatment.
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Figure 15. Insulin sensitive small adipocytes in rosiglitazone-treated db/db
mice. For 1 month, 12-week-old db/+ and db/db mice were treated without or
with rosiglitazone (15 mg/kg) by oral gavage. Ex vivo glucose bioprobe uptake
assay. eWATs from rosiglitazone-treated db/+ or db/db mice were ex vivo

cultured with or without insulin (1 M). Scale bars, 100 um.
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DISCUSSION

In obesity, increased adiposity and immune cell infiltration into
adipose tissue contribute to insulin resistance in parallel with dysregulation of
glucose and lipid metabolism'”'®2*%’_ Given that adipose tissue is composed of
various cell types, including endothelial cells, macrophages, lymphocytes, and
preadipocytes in stromal vascular factions, as well as adipocytes, it has been
difficult to determine whether adipocyte hypertrophy per se might induce
adipose tissue insulin resistance independent of pro-inflammatory responses in
obesity. The recent findings that insulin resistance induced by short-term HFD

could occur in the absence of pro-inflammatory responses®’2%4

propose that
adipocyte dysfunction associated with hypertrophy would play a crucial role in
the incidence of adipose tissue insulin resistance. In this regard, the
characterization of hypertrophic adipocytes is important to decipher the
mechanisms of insulin resistance, especially in early obesity. Here, I
demonstrated that adipocyte hypertrophy could directly cause insulin resistance
in a cell-autonomous manner via dysregulation of cortical actin structures and
impairment of GLUTH4 trafficking.

4649 the molecular

Although there are many circumstantial evidences
mechanisms of adipocyte hypertrophy-induced insulin resistance are largely

unknown. One of the major impediments to investigate hypertrophic adipocytes

is the lack of proper model systems in vitro and in vivo. It is certain that primary
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adipocytes would be the best model to study adipocyte hypertrophy. However,
there are several technical obstacles to use primary adipocytes as a
representative of hypertrophic adipocytes model system. First, large primary
adipocytes are physically and chemically fragile. Because of the weakness,
collagenase digestion and isolation steps might decrease significant portions of
large adipocytes. Second, primary adipocytes cannot be free from
contamination of stromal vascular cells. In adipose tissue, adipocytes and other
cell types including macrophages and T-cells are physically stuck together. In
this regard, isolating “pure adipocytes” free from stromal cell contamination is
not technically feasible*®*. Third, since primary adipocytes were floating in
cell culture conditions, it is not technically practical to carry out various in vitro
experiments. Thus, I have utilized 3T3-L1 adipocytes as an alternative
approach to investigate adipocyte morphology and its functions. Although
differentiated 3T3-L1 adipocytes exhibit differences from in vivo adipocyte
such as multilocular LDs and lower responsiveness to LPS, it appears that 3T3-
L1 adipocyte has its own merits as a “pure” fat cell model without the
influences of other cells composed in adipose tissue.

To mimic insulin resistance in vitro, 3T3-L1 adipocytes have been
challenged with glucose oxidase, chronic insulin, TNF-a, dexamethasone, or
various free fatty acids’*%. However, because these protocols have been used
to study the relatively acute effects of the stimuli on adipocyte function, they
failed to reveal the roles of adipocyte hypertrophy and LD locularity. To
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overcome these limitations, I assessed the time- and dose-dependent effects of
long-chain fatty acid treatment on 3T3-L1 adipocytes and optimized the
conditions to generate hypertrophic adipocytes. In adipocytes, it has been
reported that SFAs stimulate pro-inflammatory responses through TLRs with
JNK and NF-xB activation and block the insulin signaling cascade®™. In
accordance with previous data, SFA-challenged hypertrophic adipocytes
increased pro-inflammatory responses (Fig. 4).

In this study, when adipocytes were chronically treated with free fatty
acids for 6 days, the enlargement in fat cell size and the defect in insulin-
dependent glucose uptake were similar in MUFA- and SFA-challenged
hypertrophic adipocytes (Fig. 3, 6A, and 8). To rule out the potential
involvement of SFA-induced inflammatory responses in the regulation of
insulin sensitivity, MUFA-induced hypertrophic adipocytes were subjected to
investigate the correlation between LD morphology and insulin sensitivity. I
observed that insulin-dependent glucose uptake was less efficient in L/U-ADs
than in S/M-ADs, S/U-ADs, and L/M-ADs. These results imply that impaired
insulin sensitivity would be induced by excess lipid accumulation with enlarged
LDs and cellular hypertrophy rather than inflammation.

Cortical actin assembly is essential for the maintenance of proper cell
shape, motility, and many other cellular functions®®’. In adipocytes, cortical
actin remodeling is associated with adipogenesis, triglyceride accumulation,
LD formation, and GLUT4 trafficking*'**. In particular, it has been shown that

43



cortical actin assembly is involved in GLUT4-storage vesicle (GSV) docking
and tethering to the plasma membrane, while microtubule organization is
associated with the approach of GSVs'?. GLUT4 is the major insulin-regulated
glucose transporter; it coordinates insulin action in adipose tissue and muscle®
60 Adipose tissue-selective ablation of GLUT4 impairs insulin sensitivity in
metabolic tissues, and adipose-selective overexpression of GLUT4 enhances
glucose disposal and increases fat cell number (hyperplasia)®'®>. Microarray
analysis of primary adipocytes from mice fed short-term HFD showed that
several cytoskeletal genes were upregulated or downregulated (Microarray data
is available under GEO accession number GSE65557). Thus, given that
adipocyte morphology is dramatically changed by cell size and/or LD locularity,
it is plausible to speculate that cortical actin structures and/or microtubules that
mediate GLUT4 translocation might be involved in adipocyte hypertrophy-
induced insulin resistance. Here, I demonstrated that the amounts of GLUT4
translocated to the plasma membrane upon insulin clearly decreased in L/U-
ADs (Fig. 10C). In addition, cortical actin structures were disrupted in L/U-
ADs, indicating that decreased GLUT4 trafficking to the plasma membrane in
L/U-ADs might be due to the disrupted cortical actin structure. However, I
cannot exclude the possibility that disruption in the membrane fusion of GSVs,
which can be modulated by SNARES, also may contribute to impaired GLUT4

trafficking and insulin resistance in L/U-ADs.
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TLR4 is a pattern-recognition receptor that plays a key role in the
innate immune system by activating pro-inflammatory signaling pathways.
C3H/HeJ mice which have a missense mutation in the third exon of the TLR4
gene have been widely used to investigate the role of TLR4 in the regulation of
innate immunity®%*. Several TLR4 defective animal models exhibit different
metabolic phenotypes in obesity, which are resulted from different HFD regime,
animal sex, background strain, and various TLR4 mutations such as null and
missense®> . Nonetheless, most reports have consistently shown that C3H/He]
mice are resistant to HFD-induced inflammation in adipose tissue. Here, to
avoid complex circumstances in severe obesity and minimize the influences of
immune cells, adipose tissues from short-term HFD fed mice with adipocyte
hypertrophy were assessed for ex vivo study. Although C3H/HeJ mice were
protective from pro-inflammatory responses upon short-term HFD, the degree
of adipocyte hypertrophy and insulin resistance was similar to that of the
control C3H/HeN mice (Fig. 12 and 13). These data indicate that adipocyte
enlargement might be a crucial factor for inflammation independent insulin
resistance in vivo.

Several lines of evidences support my idea that adipocyte hypertrophy
is associated with insulin resistance in vivo, regardless of inflammation. First,
in the case of Cushing’s syndrome, patients with excess glucocorticoid develop
central obesity and insulin resistance with suppressed immune responses.
Second, the reduction of early B cell factor 1 (EBF1) increases adipocyte size
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and provokes insulin resistance but does not influence the inflammatory
pathways*. Third, my previous study shows that short-term HFD challenge in
JNK1 knockout mice, Ragl knockout mice (T-cell and B-cell depletion), and
clodronate-treated mice (phagocytic macrophage depletion) induce adipocyte
hypertrophy and insulin resistance independent of inflammatory responses?®.
In adipose tissue, adipocytes have parenchymal functions by having
energy storage and energy release upon nutritional status. Unlike other cell
types, adipocytes are able to buffer certain range of energy fluctuation for
maintenance of whole body energy homeostasis. However, when chronic
energy surplus overcomes buffering capacity of adipocytes, it appears that
adipocyte would lose its parenchymal functions, resulting in insulin resistance
as well as lipid dysregulation. In agreement with this idea, I showed that the
changes of adipocyte size and LD morphology, which may represent the
flexibility of adipocyte capacity, are closely associated with insulin resistance,
probably, through cytoskeletal remodeling and GLUT4 trafficking. In
adipocyte, it is likely that the nature of lipid metabolites would differentially
affect the immune responses with different degree of inflammatory responses,
while the characters of stored lipid metabolites would not affect adipocyte
insulin resistance. I and others have proposed a provocative idea that initial
adipose tissue immune response may participate in adipose tissue remodeling
rather than insulin resistance to accommodate the changes of early obesity***>7°,

Instead, intense adipose tissue inflammation actively contributes to systemic
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insulin resistance in severe obesity when the parenchymal functions of adipose
tissue are rigorously impaired.

To date, most studies of adipose tissue insulin resistance have focused on
investigating causal factors in prolonged or severe obesity. This approach may
overlook the adipocyte-autonomous role in adipose tissue insulin resistance.
For instance, it appears that adipose inflammation may reflect compensatory
responses to a long-term imbalance in energy homeostasis. In this study, I
demonstrated that adipocyte hypertrophy indeed induced insulin resistance,
partly through impaired GLUT4 trafficking, concomitant with cortical actin
disorganization (Fig. 16). In addition, I observed that adipocyte hypertrophy-
induced insulin resistance appeared to be uncoupled from pro-inflammatory
responses at the early stage of obesity. In conclusion, my data suggest that
adipocyte hypertrophy per se would be a primary determinant of adipose tissue

insulin resistance in early obesity, independent of inflammatory responses.
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Figure 16. Graphical summary illustrating adipocyte hypertrophy-
induced insulin resistance. Hypertrophied adipocytes with unilocular-like
lipid droplets show decreased GLUT4 translocation to the plasma membrane
and disorganized cortical actin structures. Hypertrophy-mediated impairment
of GLUT4 translocation results in adipocyte insulin resistance regardless of

inflammation.
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CHAPTER TWO:

Adipocyte lipid droplets play a key role in
regulating insulin-dependent glucose uptake

via control of F/G-actin dynamics
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ABSTRACT

Different adipocytes have unique traits in their morphologies and
energy homeostasis according to their anatomical locations. However, it has not
been thoroughly understood whether adipocytes with different lipid droplet
shape could modulate insulin sensitivity. In this study, I demonstrate that
adipocyte remodeling with different lipid droplet configuration plays an
important role in insulin-dependent glucose uptake ability, accompanied with
actin cytoskeleton dynamics. Compared to white adipocytes, brown/beige
adipocytes with multilocular lipid droplets (LDs) exhibited relatively well-
developed filamentous (F)-actin structure and potentiated glucose transporter 4
(GLUT4) translocation to plasma membrane upon insulin. On the contrary, LD
enlargement and unilocularization in adipocytes downregulated the ratio of
F/G-actin and subsequently suppressed insulin-dependent GLUT4 trafficking.
Moreover, pharmacological inhibition of actin polymerization with impaired
F/G-actin dynamics reduced glucose uptake in adipose tissue and conferred
systemic insulin resistance in mice. Together, these results suggest that
adipocyte remodeling with different LD configuration would be a crucial factor

to determine insulin sensitivity by modulation of F/G-actin dynamics.

50



INTRODUCTION

White adipocytes primarily store excess energy sources in the form of
neutral lipids while brown adipocytes dissipate them into heat. Also, beige
adipocytes arise in subcutaneous adipose depot upon cold or B-adrenergic
stimuli and exhibit morphological and functional changes like brown

717 Adipocytes from different fat depots show distinct

adipocytes
morphological and functional traits. While white adipocytes usually contain a
single (unilocular) lipid droplet (LD), brown/beige adipocytes contain
numerous smaller (multilocular) LDs”. Recent studies have demonstrated that
brown adipose tissue (BAT) absorbs higher levels of glucose than white adipose

7680 \which would

tissue (WAT) in response to basal and insulin stimulated states
be crucial for efficient thermogenesis in brown adipocytes. However, it remains

elusive whether adipocyte morphology with different LD shapes might

contribute to insulin-dependent glucose uptake ability in adipocytes.

Adipose tissue (AT) dynamically remodels its morphology and
function upon environmental stimuli. For instance, in pathological condition
such as obesity, unhealthy remodeling of AT accompanied with adipocyte
hypertrophy, pro-inflammatory response, and hypoxia leads to insulin
resistance. Also, in physiological condition such as thermoneutrality, BAT
undergoes WAT-like remodeling and becomes prone to obesity-induced insulin

resistance®*2. On the contrary, after cold exposure or physical exercise, white
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adipocytes can acquire brown-like morphology and functions’ 74835,

Moreover, it has been reported that formation of beige adipocytes in
subcutaneous depot potentiates insulin-dependent glucose uptake in WATs and
improves systemic insulin resistance’***. Together, these findings imply that
there might be certain relationships between adipocyte morphology with

different LD configuration (size and locularity) and glucose uptake ability.

In adipocytes, glucose transporter 4 (GLUT4) is the major insulin-
stimulated glucose transporter to uptake glucose. GLUT4 can travel along actin
cytoskeleton as it is contained in GLUT4-storage vesicles (GSVs) ¥, During
basal state, GLUT4 is mostly located in intracellular GSVs, trans-Golgi
network, and recycling endosomes. On the other hand, GSVs quickly
translocate to plasma membrane (PM) along actin cytoskeleton in the presence
of insulin stimulation'**”*. Upon insulin, Akt phosphorylates AS160, a Rab
GTPase-activating protein, followed by Rab-mediated membrane trafficking of
GSVs, eventually leading to uptake glucose” ™. It has been shown that genetic
ablation of GLUT4 in whole body or adipose tissue impairs systemic glucose
tolerance and insulin sensitivity®"*>. On the contrary, overexpression of GLUT4
in whole body or adipose tissue improved glucose utilization in lean mice and
ameliorated diabetic phenotype of db/db mice’®”’. Thus, it has been suggested
that adipose GLUT4 would be an essential player to regulate systemic insulin
sensitivity. However, the underlying mechanisms of intracellular translocation

of GLUT4 in adipocytes with different LD configurations under
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pathophysiological conditions such as obesity or B-adrenergic stimuli are

poorly understood.

Evolutionarily well conserved actin is the most abundant intracellular

3031 Actin exists as a

cytoskeletal protein that forms filamentous structures
globular monomer called G-actin and as a filamentous polymer called F-actin,
which is a linear chain of G-actin subunits. The dynamics of intracellular G-
actin and F-actin ratio is key property of actin remodeling. Actin is
indispensable for numerous cellular functions including cell movement,
intracellular vesicle transport, and maintenance of cell shape’®”. In adipocyte ,
it has been reported that actin remodeling plays a crucial role for the LD
formation and morphological maturation during differentiation'®. Also, a
number of evidences of actin remodeling in the regulations of gene expression
and insulin signaling have recently been revealed, suggesting the physiological
significance of such regulation in adipocytes'®"'*. However, it is largely

unknown which factors could modulate F/G-actin dynamics in adipocytes upon

various circumstances.

While functional and morphological differences of white adipocytes
and brown/beige adipocytes in the aspect of energy utilization and LD
configuration have been well documented, the direct relationship between
adipocyte functions and morphology are largely unknown. In this study, I have

demonstrated that adipocyte remodeling with different LD configuration would
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be a key factor and determine insulin sensitivity, accompanied with dynamic
F/G-actin ratio. In the presence of physiological and pathological stimuli, I have
investigated GLUT4 trafficking and glucose uptake abilities of adipocytes in
different morphologies. Collectively, my data suggest that adipocyte
remodeling with different LD size and locularity could determine insulin-
dependent glucose uptake through the regulation of F/G-actin dynamics and

GLUTH4 trafficking.
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MATERIALS AND METHODS

Animals

8-week-old male C57BL/6J and db/+, db/db mice were obtained from Central
Lab Animal Inc. (Seoul, South Korea). All mice were maintained under specific
pathogen-free conditions and were housed in solid-bottom cages with wood
shavings for bedding in a room maintained at 25°C with a 12:12-hour light:dark
cycle (lights on at 07:00). For thermoneutral and cold-exposure experiments,
8—10-week-old male mice were placed at 30°C for 7 days and then split into
two groups: one group was exposed to thermoneutral condition and the other
group to cold (4°C) for 6 days. For diet-induced obesity (DIO) experiment, after
a stabilization period of at least 1 week, mice (8 weeks old) were fed a normal
chow diet (NCD) until they were fed a 60% high fat diet (HFD) for the indicated
times (Research Diets, Inc., NJ). The HFD mice were compared with age-
matched chow-fed mice. The average initial body weights in each group of mice
were not different. For the oral glucose tolerance test, the mice were fasted for
6 hours, basal blood samples were taken, and glucose was injected orally (2
g/kg). Blood samples were drawn at 15, 30, 45, 60, 90, and 120 minutes after
injection. All animal procedures were in accordance with the research

guidelines for the use of laboratory animals of Seoul National University.
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Cell culture.

3T3-L1 preadipocytes were grown to confluence in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% bovine calf serum (BCS;
Invitrogen Life Technologies, Carlsbad, CA). 2 days after the cells reached
confluence (day 0), differentiation of the 3T3-L1 cells was induced in DMEM
containing 10% fetal bovine serum (FBS; Invitrogen Life Technologies,
Carlsbad, CA), methylisobutylxanthine (520 uM), dexamethasone (1 uM), and
insulin (167 nM) for 48 hours. The culture medium was replaced on alternate

days with DMEM containing 10% FBS and 167 nM insulin.

In vitro/in vivo imaging system

3T3-L1 adipocytes were cultured on an 8-well chamber plate (Lab-Tek II).
After differentiation, the cell culture medium was changed to a low-glucose
medium (without FBS), and the cells were maintained in the new medium for
4 hours. The cells were then incubated for 1 hour in glucose-deficient DMEM
(without FBS). For continuous monitoring of cellular glucose uptake with a
DeltaVision imaging system (GE Healthcare), the 8-well chamber plate was
loaded on the stage of the microscope. After pretreatment with 5 um GB-Cy3
36100 nM insulin was administered. Fluorescence images were recorded every
2 minutes. The images were digitized and saved on a computer for further

analysis. The temperature of the chamber was maintained at 37°C.
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Adipose tissues were removed and sliced into sections of 5 x 5 x 2 mm. Sliced
samples were incubated in low-glucose DMEM containing 0.1% BSA for 30
minutes at 37°C. Sliced samples were incubated with 50 uM GB-Cy3 for 30
minutes in the presence or absence of 1 uM insulin. After several washes with
PBS-Tween 20, the adipocytes were stained with fluorescein isothiocyanate-
conjugated BODIPY. The samples were then stained with Vectashield solution
(Vector Labs Inc.) containing 4',6-diamidino-2-phenylindole (DAPI) and

observed using a Zeiss LSM 700 confocal microscope (Carl Zeiss).

Mouse primary adipocytes isolation

Adipose tissue was fractionated as previously described, with minor
modifications '®. Briefly, eWAT were digested with type I collagenase buffer
and filtered through nylon mesh. After centrifugation, the floating adipocytes
and pelleted stromal vascular cell (SVC) fractions were washed several times

and then collected for RNA extraction or imaging.

F/G-actin isolation and quantification

The tissues or cells used for F-actin/G-actin experiments were sonicated in a
cold lysis buffer containing 10 mM K2HPO4, 100 mM NaF, 50 mM KCI, 2
mM MgCl12, 1 mM EGTA, 0.2 mM dithiothreitol (DTT), 0.5% Triton X-100, 1
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mM sucrose (pH 7.0) and centrifuged at 15,000g for 30 min. The supernatant
was collected to measure the soluble form of actin (G-actin). The pellet
containing the insoluble form of actin (F-actin) was resuspended in lysis buffer
plus an equal volume of a second buffer containing 1.5 mM guanidine
hydrochloride, 1 mM sodium acetate, 1 mM CaCl2, 1 mM adenosine
triphosphate, 20 mM tris-HCI1 (pH 7.5) and incubated on ice for 1 hour with
gentle mixing every 15 min. The samples were centrifuged at 15,000 g for 30
min, and the supernatant containing F-actin was collected. Samples from the
supernatant (G-actin) and pellet (F-actin) were loaded in equal amount and

analyzed on Western blots.

Statistical analysis

Results represent data from multiple (three or more) independent experiments.
Error bars represent standard deviation, and P values were calculated using

Student’s t-test or ANOVA.

Microarray data accession number. Microarray data are available under
Gene Expression Omnibus (GEO) accession number GSE13432, GSE4899,

GSE84860, and GSE8044. (http://www.ncbi.nlm.nih.gov/geo)
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RESULTS

Warm and cold stimuli reversely regulate LD locularity and insulin-

dependent glucose uptake in adipocytes

In inguinal WAT (iWAT), adipocytes can acquire brown-like

phenotype and function upon cold exposure 1%,

On the contrary,
thermoneutral condition suppresses thermogenic program and induces white
adipocyte-like morphology in BAT®*'. To test the morphological and
functional changes of each fat depot upon different temperature stimuli, mice
were exposed to thermoneutral (30°C) and cold temperature (4°C) conditions
as well as room temperature. Consistent with previous reports’*, unilocular LD
in white adipocytes was converted into multilocular LDs upon cold exposure
while multilocular LDs in brown adipocytes became unilocular LD under
thermoneutral condition (Fig. 17A). Moreover, I found that iWAT under cold
condition upregulated insulin-dependent glucose uptake while BAT under
thermoneutral condition remarkably downregulated insulin-dependent glucose
uptake (Fig. 17B). Next, to examine whether the degree of insulin-dependent
glucose uptake might be resulted from altered insulin signaling cascade, I
assessed the phosphorylation events of insulin downstream signaling in each
fat depot. As shown in Fig. 17C, there were no significant changes in insulin

downstream cascades. To further affirm different insulin sensitivity in

morphologically transformed adipocytes, I performed insulin-dependent Cy3
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Figure 17. Changes in insulin-dependent glucose uptake of ATs from

different temperature conditions. 8§ week-old male C57B6L/J mice were

placed in thermoneutral condition (30°C) for 1 week then were transferred to

cold chamber (4°C) for another 1 week. (A) Adipocytes lipid droplet (LD)

locularity were detected in inguinal white adipose tissue (iWAT) and brown

adipose tissue (BAT) by hematoxylin and eosin (H&E) staining. (B) Insulin-

dependent glucose uptake assays using ['*C]deoxyglucose. *, P< 0.05; ** P<
0.01. (C) Immunoblot analysis of iWAT and BAT. Phosphorylation of Akt
(Ser308) with or without insulin (100 nM) treatment.
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fluorescent-labeled glucose bioprobe (GB-Cy3) uptake assay’®!%%1%7,

Surprisingly, I discovered that in iWAT, cold exposure-induced multilocular
adipocytes showed much higher extents of glucose absorption (Fig. 18; box 1
vs. 2). Furthermore, in BAT, thermoneutral condition-induced unilocularized
brown adipocytes exhibited diminished insulin-dependent glucose uptake
ability compared to multilocular brown adipocytes under room temperature
condition (Fig. 18; box 3 and 4), which is consistent with quantitative analysis
in isolated primary adipocytes (Fig. 17B). Together, it seems that these data
provide a provocative idea that reversible transformation of adipocyte LD
configuration might play a crucial role in the regulation of glucose uptake

ability in adipocytes.

In adipocytes, transformation of LD locularity is associated with insulin-

dependent glucose uptake ability

Adipocytes dynamically remodels their morphologies in the aspects
of LD size and locularity upon various physiological and pathological
conditions. To investigate whether reversible transformation of adipocyte
morphology would dynamically modulate glucose uptake capacity, I decide to
explorer cell culture model system that can switch unilocularization or
multilocularization of LDs in adipocytes. In differentiated 3T3-L1 adipocytes,

oleic acids (OA)-overloaded adipocytes (OA group) gradually increased the
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Figure 18. Changes in insulin sensitivity and adipocyte LD locularity of

different temperatures. 8 week-old male C57B6L/J mice were placed in

thermoneutral condition (30°C) for 1 week then were transferred to cold

chamber (4°C) for another 1 week. Ex vivo glucose bioprobe uptake assay.

1iWATs and BATs from mice housed in different temperature conditions were ex

vivo cultured with or without insulin (1 uM). Glucose bioprobe (GB-Cy3, 2

uM) was incubated for 30 min. Data presented are representative images.
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volume of LDs and became unilocular adipocytes (Fig. 19A). On the other hand,
subsequent treatment of B-adrenergic agonist, isoproterenol, in OA-overloaded
adipocytes (OA+ISO group) reduced the volume of LDs and increased the
number of LDs due to stimulated lipolysis (Fig. 19A). In accordance with above
data (Fig. 17), adipocytes with a large unilocular LD in OA group showed
decreased insulin-dependent glucose uptake ability while adipocytes with small
multilocular LDs in OA+ISO group restored the ability of insulin-dependent
glucose uptake (Fig. 19B) without significant changes in insulin downstream
signaling (Fig. 19C). These results suggest that, in adipocytes, insulin-
dependent glucose uptake ability would be reversibly regulated by LD size and

locularity.

The ratio of F/G-actin dynamics is responsible for the control of insulin-

dependent GLUT4 translocation in adipocytes with different LD locularity

Given that insulin downstream signaling was not altered by
transformation of adipocyte morphology, the level of insulin-stimulated
GLUT4 trafficking to PM was assessed in adipocytes with different LD
configurations by using TIRF microscope. Upon insulin, differentiated 3T3-L1
adipocytes with multilocular LDs (CTL group) exhibited ~6-fold increase of
GLUT4 signals in PM (Fig. 20A and B). On the contrary, adipocytes with
unilocular large LD (OA group) severely downregulated insulin-dependent
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Figure 19. Reversible changes of LD locularity and insulin-dependent
glucose uptake ability. 3T3-L1 adipocytes were differentiated and then
cultured for 6 days with OA (500 uM) followed by ISO (2 uM, 12 hr) treatment.
CTL, control (BSA); OA, oleic acid; and ISO, isoproterenol. (A) Microscopic
images were obtained. (B) Insulin-dependent glucose bioprobe uptake assay.
Cells were cultured with or without insulin (10 nM). Glucose bioprobe (GB-
Cy3) was incubated for 1 hr. (C) Immunoblot analysis of iWAT and BAT.
Phosphorylation of Akt (Ser308) and GSK3b with or without insulin (10 nM)

treatment.
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GLUT4 translocation to PM (Fig. 20A and 3B). In adipocytes, reversible
transformation of unilocular LD to multilocular LD by inducing lipolysis
(OA+ISO group) restored insulin-dependent translocation of GLUT4 to PM
(Fig. 20A and B). Given that I have previously discovered that cortical F-actin
is important to mediate translocation of GLUT4 to PM'”, I examined the
degree of cortical F-actin structure in adipocytes with different LD
configurations. As shown in Fig. 20C and D, cortical F-actin structure in
adipocytes was reversibly modulated according to the LD configurations. OA-
induced LD enlargement and unilocularization exerted ~50% reduction of
cortical F-actin signal (Fig. 20C) while reacquisition of LD configuration
similar to control adipocytes (OA+ISO group in Fig. 19A) restored cortical F-
actin intensity to control level (Fig. 20A and C). Although adipocytes exhibited
different degree of cortical F-actin upon LD configurations, total amounts of
actin protein in adipocytes were not altered (Fig. 20E). As shown in Fig. 20E
and 20F, transition of F-actin into G-actin was facilitated by LD
unilocularization, resulting in reduced F/G-actin ratio, whereas LD
multilocularization accelerated transition of G-actin into F-actin, to increase
F/G-actin ratio. Thus, these data propose that reversible transformation of LD
configuration in adipocytes would modulate GLUT4 trafficking and F/G-actin

dynamics, eventually leading to determine insulin-dependent glucose uptake.
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Figure 20. Reversible changes of insulin-stimulated GLUT4 trafficking in
multi- or unilocular adipocytes. 3T3-L1 adipocytes stably expressing HA-
GLUT4 were challenged with OA (500 uM) for 6 days followed by ISO (2 uM;
12 hr). The cells were fixed, stained with an anti-HA antibody and phalloidin-
TRITC, and imaged on a total internal reflection fluorescence microscopy
(TIRFM) in the presence or absence of insulin (100 nM). (A) Insulin-induced
GLUT4 membrane insertion was examined by using TIRFM. Data presented
are representative microscopic images of adipocyte in each indicated group. (B
and C) TIRF intensities of each group were measured by using Imagel. (E and

F) Dynamic changes of F/G-actin ratios were quantified.
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Thermoneutral condition-induced LD wunilocularization in BAT

downregulates insulin-dependent GLUT4 translocation

In contrast to unilocular white adipocytes, brown adipocytes contain
innate multilocular LDs. However, under thermoneutral condition, multilocular
brown adipocytes transformed into unilocular adipocytes. To test the
relationship between reversible LD locularity and insulin-dependent GLUT4
trafficking ability in adipocytes, primary brown adipocytes were isolated from
mice exposed under room temperature (RT group) or thermoneutral condition
(TN group). Primary brown adipocytes from RT group showed multilocularity
while primary brown adipocytes from TN group mostly exhibited unilocular
(Fig. 21A). In TN group, the size of brown adipocytes became slightly but
substantially increased, accompanied with unilocular LD (Fig. 21B). Consistent
with the data from cell culture system, LD unilocularization in brown
adipocytes showed the reduction in insulin-dependent GLUT4 translocation to
PM (Fig. 21A and C). Moreover, F-actin structure and F/G-actin ratio were
downregulated in BAT from TN group (Fig. 22A and B). In addition, upon cold
exposure (Cold group), newly emerged multilocular beige adipocytes in iWAT
exhibited elevated cortical F-actin structure (Fig. 22C) and upregulated F/G-
actin ratio compared to unilocular white adipocytes in RT or TN group (Fig.
22D). Together, these in vivo data suggest that intrinsic differences of LD
locularity and size in white and brown/beige adipocytes would be responsible

for different capacity of insulin-dependent glucose uptake in adipocytes.
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Figure 21. Higher insulin-dependent glucose uptake in multilocular brown
adipocytes in vivo. Primary brown adipocytes were isolated from BAT of 8
week-old male C57B6L/J mice which were housed in RT or TN 1 week. (A) F-
actin and plasma membrane anchored GLUT4 of primary cultured brown
adipocytes were assessed by immuhistochemistry in the presence or absence of
insulin (1 uM, 30 min). (B) Average diameters of isolated primary brown
adipocytes. (C) Average intensities of plasma membrane anchored GLUT4 of

isolated primary brown adipocytes.
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Figure 22. Dynamic changes of F/G-actin ratios in brown adipose tissues

upon different temperature stimuli in vivo. 8§ week-old male C57B6L/J mice

were housed in TN, RT, or Cold for 1 week. (A) F-actin structures in BAT. (B)

F/G-actin ratios in adipocytes from BAT were quantified. (C) F-actin structures

in iWAT. (D) F/G-actin ratios in adipocytes from iWAT were quantified.



Obesity-induced LD enlargement in WAT suppresses insulin-dependent

GLUT4 translocation

It has been previously reported that adipocyte hypertrophy per se
could attenuate insulin-dependent glucose uptake in lipid-overloaded
adipocytes'”’. Given that LD enlargement primarily decides adipocyte size, I
have investigated whether LD expansion would affect insulin-dependent
glucose uptake ability in primary white adipocytes. To tackle this, isolated
primary white adipocytes were subjected to examine GLUT4 translocation to
PM and cortical F-actin with or without insulin. After short-term high-fat diet
(HFD) feeding (1 week), the sizes of primary white adipocytes were
significantly increased (Fig. 23A and B). Next, to examine whether the size of
unilocular LD in primary white adipocytes would affect cortical F-actin
formation and GLUT4 trafficking ability, F-actin and PM GLUT4 were stained
with fluorescent dye and antibody against an external epitope of GLUT4,
respectively (Fig. 23C). Nonetheless, the degrees of PM GLUT4 and cortical
F-actin fluorescent signals showed negative correlations upon adipocytes size
(Fig. 23C and D). Compared to relatively small adipocytes, large adipocytes
with their diameters over 100 um exhibited enhanced negative correlation
between fat cell size and PM GLUT4 (Fig. 23C; r=-0.28 — r=-0.81). Moreover,
the negative correlations between F-actin fluorescent intensity and fat cell size

were also increased in large adipocytes (> 100 pwm) rather than small adipocytes
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(<100 pum) (Fig. 23D; r=-0.57 — r=-0.81). Along with the reduced PM GLUT4
and cortical F-actin signals in hypertrophic adipocytes, the ratio of F/G-actin
cytoskeleton was significantly decreased in obese WAT (Fig. 23F and G). In
accordance with the positive correlation between F-actin and PM GLUT4 (Fig.
23E; 1=0.49), it is very likely that reduced PM GLUT4 and cortical F-actin in
hypertrophic adipocytes would result in decreased insulin-dependent glucose
uptake in obese WAT (Fig. 23H). These data propose that LD enlargement could
deteriorate insulin-dependent glucose uptake in hypertrophic adipocytes via

downregulation of F/G-actin ratio and GLUT4 translocation to PM.

Impairment of F-actin formation in adipose tissue induces systemic insulin

resistance

To further elucidate the role of F/G-actin dynamics in the regulation of insulin-
dependent glucose uptake ability in adipocytes, I examined insulin-dependent
glucose uptake from ex vivo cultured WAT with or without cytochalasin D
(CytD), an inhibitor of actin polymerization. In the presence of CytD, the
formation of F-actin in WAT was greatly downregulated (Fig. 24A).
Furthermore, the degree of insulin-dependent glucose uptake in ex vivo cultured
WAT was markedly diminished by CytD (Fig. 24B). To examine the effects of

F/G-actin dynamics on insulin sensitivity in vivo, CytD was administrated onto
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Figure 23. Impaired insulin-dependent GLUT4 translocation in

hypertrophic adipocytes ir vivo. Primary white adipocytes were isolated from

eWAT of 8 week-old male C57B6L/J mice which were fed with HFD for 1 week.

(A) F-actin and plasma membrane anchored GLUT4 of primary cultured white
adipocytes were assessed by immuhistochemistry in the presence or absence of
insulin (1 pM, 30 min). (B) Diameter of isolated primary white adipocytes were
quantified. (C-E) Fluorescent intensities of plasma membrane anchored
GLUT4 and F-actin. (F) F/G-actin ratios were quantified. (G) F-actin structures

in eWAT of lean and obese mice. (H) Ex vivo glucose bioprobe uptake assay.
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mice. As shown in Fig. 24C and D, CytD clearly decreased F-actin formation
and reduced F/G-actin ratio in WAT. More importantly, CytD-treated mice
exhibited glucose intolerance (Fig. 24E) and insulin intolerance (Fig. 24F).
These ex vivo and in vivo data indicate that F/G-actin dynamics in adipocytes
would play important roles in the regulation of systemic insulin sensitivity.
CytD, the formation of F-actin in WAT was greatly downregulated (Fig. 24A).
Furthermore, the degree of insulin-dependent glucose uptake in ex vivo cultured
WAT was markedly diminished by CytD (Fig. 24B). To examine the effects of
F/G-actin dynamics on insulin sensitivity in vivo, CytD was administrated onto
mice. As shown in Fig. 24C and D, CytD clearly decreased F-actin formation
and reduced F/G-actin ratio in WAT. More importantly, CytD-treated mice
exhibited glucose intolerance (Fig. 24E) and insulin intolerance (Fig. 24F).
These ex vivo and in vivo data indicate that F/G-actin dynamics in adipocytes

would play important roles in the regulation of systemic insulin sensitivity.

Actin severing protein regulates insulin-dependent GLUT4 translocation

I found that insulin-dependent GLUT4 trafficking in adipocytes was
closely associated with reversible changes in LD configuration and F/G-actin
dynamics (Fig. 20). To elucidate the key modulator(s) for LD configuration in

adipocytes, transcriptomic analysis was performed. Differentially expressed
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Figure 24. Systemic insulin resistance by F-actin disruption. Ex vivo
cultured eWATs were treated with or without CytD (2 uM). (A) F-actin
structures of eWAT. (B) Ex vivo insulin-dependent GB-Cy3 uptake assay. (C to
F) CytD (200 nM/g) was administered to mice via intraperitoneal injection. (C)
F-actin structures of eWAT. (D) The amount of F-actin and G-actin in eWAT.

(E) Glucose tolerance test. (F) Insulin tolerance test.
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genes (DEGs) and corresponding gene ontologies (GOs) from several
transcriptomic datasets were analyzed by following criteria (Fig. 25A). As
shown in Fig. 25B, actin binding GO (GO:0003779) was commonly
downregulated in BAT compared to WAT, cold-stimulated WAT compared to
TN control, and lean WAT compared to obese WAT (Table 2). Among DEGs in
actin binding GO, several genes directly regulating F-actin elongation and
severing were included (Fig. 25C; red). Among them, it is well known that
activation Gelsolin and Cofilinl promotes breakdown of F-actin (Table 3)'*®,
Consistent with above transcriptomic analyses, the mRNA levels of Gelsolin
and Cofilinl were downregulated in BAT and iWATs under cold conditions (Fig.
25D). On the other hand, the mRNA and protein levels of Gelsolin and Cofilinl
were elevated in obese eWATs (Fig. 25E and F). Given that the actin severing
activity of Cofilin1 is regulated by its phosphorylation status'®, I also examined
the phosphorylation of Cofilinl in WATs from lean and obese mice. As

indicated in Fig. 25E, the levels of inhibitory phosphorylation of cofilinl were

relatively decreased in obese eWAT.

Next, to investigate the role of actin severing activity in the regulation
of GLUT4 trafficking in adipocytes, I decided to overexpress gelsolin in
differentiated 3T3-L1 adipocytes. Previously, it has been reported that ectopic
overexpression of Gelsolin but not Cofilinl markedly accelerates F-actin
disassembly110. The reason why Gelsolin has more potent effect on F-actin

could be, partly, explained by its higher affinity (picomolar Kd) for F-actin, as
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Figure 25. Elevation of actin severing genes in unilocular and enlarged

adipocytes. Gene ontologies were analyzed from microarray and RNA-

sequencing data. (A) Number of actin binding genes from indicated group. (B)

Network of screened gene ontologies from each group. (C) Fold of changes of

screened genes. (D and E) Relative mRNA levels of actin severing genes in

indicated tissues. (F) Protein levels of Cofilinl and Gelsolin in eWAT.
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BAT>EAT 2-fold

Tndex_Name P-value Adjusted p-value __ Z-score_Combined score
1 enoyl-CoA hydratase activity (GO:0004300) 0.00001893 0003444 297 3233
2 acetyl-CoA C-acyltransferase activity (GO:0003988) 0.0001235 001124 298 26.82
3 NADH dehydrogenase activity (GO:0003954) 0.0001063 001124 271 2478
4 NADH dehydrogenase (ubiquinone) activity (GO:0008137) 3.24E-07 0.00008848 1.6 24.77
5 ubiquinone binding (GO:0048039) 0.0001235 001124 258 2325
6 NADH dehydrogenase (quinone) activity (GO:0050136) 3.24E-07 0.00008848  -1.56 2324
7 3'5cyclic-nucleotide phosphodiesterase activity (GO:0004114) 0.0002359 00184 -228 19.06
8 long-chain fatty acid binding (GO:0036041) 0.002704 01476 3.02 17.86
9 oxidoreductase activity, acting on diphenols and related substances as donors, cytochrome as acceptor (GO:0016681) 0.006068 0.2001 17.78,
10_ubiguinol-cytochrome-c reductase activity (GO:0008121) 0.006068 02001 17.6
BAT<EAT2-fold
Tndex Name P-value Adjusted p-valie __Z-score _Combined score
1" cadherin binding (GO:0045296) 6.74E-15 323E12 2.04 66.54
2 integrin binding (GO:0005178) 339E-15 323E-12 145 4839
3/actin binding (GO:0003779) *67 genes 0.000002516 00006031 -2.41 31.06
4 collagen binding (GO:0005518) 1.76E-10 5.63E-08 133 2983
5 cadherin binding involved in cell-cell adhesion (GO:0098641) 0000005369 0.0008581  -2.07 2518
6 platelet-derived growth factor binding (GO:0048407) 0.00007574 0007287 -2.64 25.09
7 CD4 receptor binding (GO:0042609) 0.001267 005524 -3.69 24.64
8 phospholipid scramblase activity (GO:0017128) 001245 02251 514 2253
9 protein binding involved in cell-cell adhesion (GO:0098632) 0.00002048 0002806 -2.02 2185
10 idase activity (GO:0008238) 0000003827 0000734 -1.69 211
Cold 3 d>IN 2-fold
Tndex Name P-value Adjusted p-valie __Z-score _Combined score
1 NADH dehydrogenase (wbiquinone) activity (GO:0008137) 954E-15 20E-12] -1.66 5351
2 NADH dehydrogenase (quinone) activity (GO:0050136) 9.54E-15 221 -1.56 50.22
3 proton-transporting ATP synthase activity. rotational mechanism (GO:0046933) 0.009366 -6.41 29.96
4 telethonin binding (GO:0031433) 0.0001295 001498 313 28
5 ubiquinone binding (GO:0048039) 000006674 00103 26 25.04
6 long-chain fatty acid binding (GO:0036041) 0.001719 01137 3.03 1931
7 muscle alpha-actinin binding (GO:0051371) 0.0003345 003098 24 19.17
8 acetyl-CoA C-acyltransferase activity (GO:0003988) 0.001719 01137 297 18.94
9 phosphofructokinase activity (GO:0008443) 0002672 01237 -3.05 18.07
10 enoyl-CoA hydratase activity (GO:0004300) 0.003895 01503 292 1621
Cold 3 d<IN 2-fold
Tndex Name P-value Adjusted p-valie _Z-score _Combined score
1" platelet-derived growth factor binding (GO:0048407) 0.00001304 0003196 2 301
2T cell receptor binding (GO:0042608) 0.00002224 0003196 -2.47 26.44
3 phosphatidylinositol-4,5-bisphosphate 3-kinase activity (GO:0046934) 0.00002678 0003196 -1.85 19.45
4/actin binding (GO:0003779) 18 genes 0.0004535 0.01804] 236 18.18
5 CD4 receptor binding (GO:0042609) 00158 02356 -3.69 1531
6 non-membrane spanning protein tyrosine kinase activity (GO:0004715) 0.0002406 001231 -172 14.33
7 phosphatidylinositol 3-kinase activity (GO:0035004) 0.00007033 0005036 -1.46 13.99
8 phospholipase activator activity (GO:0016004) 0.0158 02356 -3.26 13.52
9 integrin binding (GO:0005178) 000008998 0005369 -143 1335
10_chemokine activity (GO:0008009) 0.0003666 00164 -1.69 13.34
Cold 5 w>N 2-fold
Tndex Name P-value Adjusted p-value __Z-score
1 NADH dehydrogenase (wbiquinone) activity (GO:0008137) T34E-15 580E-13 166
2 NADH dehydrogenase (quinone) activity (GO:0050136) 34E-15 5.80
3 NADH dehydrogenase activity (GO:0003954) 0.00001533 0.002652
4 proton-transporting ATP synthase activity, rotational mechanism (GO:0046933) 0.0102 03393
5 enoyl-CoA hydratase activity (G0:0004300) 0.000199 001565
6 4 iron, 4 sulfur cluster binding (GO:0051539) 00001814 001565
7 acetyl-CoA C-acyltransferase activity (GO:0003988) 0.0004585 0.03051
8 3-hydroxyacyl-CoA dehydrogenase activity (GO:0003857) 0000199 001565
9 2 iron, 2 sulfur cluster binding (GO:0051537) 0.0001814 001565
10 acyl-CoA dehydrogenase activity (GO:0003995) 000003034, 0.004373
Cold 5 w<IN 2-fold
Tndex Name P-value Adjusted p-value __Z-score
1 cadherin binding (GO:0045296) 9.10E-07 00002012 2.03
2 kinase binding (GO:0019900) 437E-07 00001933 -1.58
3 actin binding (GO:0003779) * 50 genes 0.00006967 0008798 -2.38
4.CD4 receptor binding (GO:0042609) 0004299 01605 3.7
5 dolichyl P y activity (GO:0004579) 0.002838 01605 327
6 RNA binding (G0:0003723) 9.10E-07 00002012 -1.36
7 cysteine-type endopeptidase activity (GO:0004197) 0000007859 000139 -1.6
8 actin filament binding (GO:0051015) 0.00002899 0004271 -1.75 1831
9 protein kinase binding (GO:0019901) 3.00E-07 0.0001933 111 16.65
10_transforming growth factor beta-activated receptor activity (GO:0005024) 0004299 01605 -294 16.04
HFD>NCD 2-fold
Tndex Name Pvalue Adjusted p-valie _ Z-score _Combined score
1actin binding (GO:0003779) *74 genes 9.81E-20 846E17 2.4
2[actin filament binding (GO:0051015) *41 genes 411E13 L77E10] -1.77
3 non-membrane spanning protein tyrosine kinase activity (GO:0004715) 3.99E-11 68TE-09 173
4 platelet-derived growth factor binding (GO:0048407) 0.0000018 0.00009125 2,61
5 phosphotyrosine residue binding (GO:0001784) 1.06E-07 0000007602 -2.01
6 integrin binding (GO:0005178) LI9E-07  -1.43
7 cadherin binding (GO:0045296) 0.0000142  -1.95
8 protein kinase activity (GO:0004672) -1.09
9 GT Pase activator activity (GO:0005096) 0.00001836  -1.94
10 protein phosphorylated amino acid binding (GO:0045309) 0.000001084 000005842 -2.08
HED<NCD 2-fold
Tndex Name Pvalue Adjusted p-value _ Z-score _Combined score
1 glutathione transferase activity (GO:0004364) 2.94E-10 2.18E-07 4347
2 enoyl-CoA hydratase activity (GO:0004300) 0002016 01492 182
3 transeription factor activity, RNA polymerase IT core promoter proximal region sequence-specific binding (GO:0000982) 0.00001626 0.006016 17.88
4 transeriptional activator activity, RNA polymerase I1 core promoter proximal region sequence-specific binding (GO:0001077) 0.000145 002682 17.01
5 RNA polymerase II regulatory region sequence-specific DNA binding (G0:0000977) 0.0001171 0.02682 16.73
6 RNA polymerase Il factor activity. sequence-specific regulatory region DNA binding (GO:0001133) 0001635 01345 15.03
7 protein homodimerization activity (GO:0042803) 0.001208 01117 14.43
8 neurotrophin binding (GO:0043121) 002608 05948 13.79
9 insulin-like growth factor receptor binding (GO:0005159) 0003315 0223 13.32
10 oxidoreductase activity, acting on the CH-OH group of donors, NAD or NADP as acceptor (GO:0016616) 00009018 01023 12.46

Table 2. Gene ontology analysis by EnrichR. DEGs form BAT/WAT, 3 d
Cold/TN, 5 w Cold/TN, and HFD/NCD WATs were cross analyzed.
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ID
TMSB10
COROIA
FLNA
TPM3
LCP1
MYOIE
CCR5
FXYD5
GSN
CXCR4
MYOIF
CFL1
WIPF1
COTL1
MYO9B
TMSB4X
ACTR3
WAS

ABL2

BAT>WAT

0.363623
0.415846959
0.41776013
0.459035921
0.503057097
0.536431708

0.619027165

Cold>TN 3D Cold>TN 5 W HFD>NCD eWAT HFD>NCD iWAT
0.555552479 0.606095427 6.394107783 2.719025799
0.846830063 7.98620521 2.382952377
0.604783128 0.475622333 2.774836968 3.671235901
0.581079961 0.637422148 2.33614064 2.093766147
0.458791166 0.565493548 10.47969371
0.744729669 0.706779762 4.959545892

0.43764949 0.765419092 5.870904694 3.162055763
0.529012511 0.447205392 8.351877105 2.750959156
0.80723113 0.802059887 4.034148141 2.002212686
0.8063109 0.585684031 7.613433152 4.091137729
0.627800089 0.517417136 9.516588457
0.668110759 0.610747631 2.432074395 1.819279339
0.540638777 0.548442236 2.387942465 3.26461755
0.354667075 0.585713818 7.599142175
0.611083576 0.875769067 3.295817268 1.998625356
0.813464498 0.769867935 5.498937947 2.091716418
0.644008762 0.72226417 5.237371697 2.720960903
0.39130368 0.652039657 7.459440219 2.62313287
0.74166707 0.832778145 2.810607034 2.394624198

Table 3. Gene expression profiles of 19-screened genes in GO:0003779

“actin binding”
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compared with Cofilinl (micromolar K4)'®*''°. Transient overexpression of
gelsolin led to decreased F/G-actin ratio in adipocytes (Fig. 26A and B). In
adipocytes,  gelsolin-overexpression or  CytD  treatment-induced
downregulation of F/G-actin ratio did not affect insulin signaling cascade (Fig.
26C). Nonetheless, insulin-dependent GLUT4 translocation to PM and glucose
uptake ability were significantly attenuated by gelsolin overexpression (Fig.
26D and E). Together, these data implicate in the potential roles of F/G-actin
dynamics, which is closely associated with LD locularity, in the regulation of

insulin-dependent GLUT4 trafficking in adipocytes.
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Figure 26. Gelsolin overexpression in adipocytes impairs F/G-actin
dynamics. EGFP-Gelsolin was transfected to fully differentiated 3T3-L1
adipocytes. (A) F-actin structure of EGFP-Gelsolin-overexpressing adipocytes.
(B) Immunoblot analysis of Gelsolin-overexpressed adipocytes.
Phosphorylation of Akt (Ser308) and GSK3b with or without insulin (100 nM)
treatment. (C) Changes of F/G-actin ratio by Gelsolin overexpression. (D)
Impaired GLUT4 translocation to plasma membrane in Gelsolin-expressing

adipocytes. (E) Insulin-dependent GB-Cy3 uptake assay.
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DISCUSSION

Adipocytes are flexible and morphologically dynamic upon nutritional
states. For energy homeostasis, adipocytes can efficiently uptake circulating

glucose through GLUT4 in response to insulin''

. However, it is not fully
understood whether adipocyte morphology with different LD configurations
would affect the degree of insulin-dependent glucose uptake ability. In this
study, a number of evidences of relationship between LD configuration and
GLUT4 trafficking ability have been observed, and the physiological
significance of such association is becoming clear. For instance, LD
multilocularization increased the insulin-dependent GLUT4 translocation
while LD enlargement and/or unilocularization decreased GLUT4 trafficking
even in the presence of insulin. In those processes, F/G-actin ratio was
dynamically altered upon transformation of LD configuration, suggesting that
actin cytoskeletal remodeling could mediate cell morphology and glucose
uptake ability in adipocytes. Furthermore, genetic or pharmacological
downregulation of adipocyte F/G-actin ratio resulted in impaired glucose
uptake in vitro and in vivo. Therefore, my data provide novel concept that
adipocyte LD configuration would be an important factor to control insulin
sensitivity.

Adipocyte morphology considerably varies depending on anatomical

locations and stimuli. Microscopically, LD configuration, the size and number
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of LD, make easy to distinguish different adipocyte morphologies such as
unilocular white adipocytes and multilocular brown/beige adipocytes. Here, I
found that reversible conversion of unilocular LD into multilocular LDs in
adipocytes potentiated insulin-dependent glucose uptake, implying that there
might be a close association between LD configuration and insulin sensitivity
in adipocytes. Considering that LD occupies most cytoplasmic portion in
adipocyte, it is plausible to speculate that LD multilocularization or size
reduction would provide increased cytoplasmic space to absorb more energy
sources such as glucose. In an agreement with above conjecture, the
fluorescence signals of glucose bioprobe (GB-Cy3) absorbed in multilocular
adipocytes were enhanced in throughout the cytoplasm. On the other hand, the
signals of absorbed GB-Cy3 in unilocular adipocytes were detected in the form
of rim between PM and LD (Fig. 18 and 19B). These results imply that
adipocyte LD configuration including size and locularity would be a key factor
to decide the storage capacity in adipocytes.

Recently, it has been reported that insulin-dependent glucose uptake
ability of brown adipocytes is significantly higher than that of white adipocytes
even though the levels of GLUT4 protein in brown and white adipocytes are
comparable at room temperature’®''>!'3, In this regard as well as the potential
roles of LD configuration in the regulation of glucose storage capacity, it is
feasible to hypothesize the idea that LD configuration might be associated with
insulin-dependent GLUT4 trafficking in adipocytes. This idea was proven with
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following in vivo and ex vivo data. As shown in Fig. 21A, thermoneutrality-
induced LD unilocularization in brown adipocytes reduced insulin-dependent
GLUT4 trafficking to PM. Reversely, [-adrenergic agonist-induced
multilocularization in 3T3-L1 adipocytes (Fig. 19A, 20A, and B) or cold-
induced multilocularization in white adipocytes (Fig. 27) exhibited elevated
insulin-stimulated GLUT4 trafficking without significant changes in the total
amounts of GLUT4 protein. These in vivo and in vitro findings implied a close
relationship between LD locularity and insulin-dependent GSVs trafficking
ability. Thus, it is plausible to speculate that intrinsic differences in LD
locularity between white and brown/beige adipocytes might be a key factor to
modulate insulin-dependent GLUT4 trafficking.

In adipocytes, activation of PI3K-Akt axis stimulates GLUT4
translocation to PM and cytoskeleton plays an important role as a molecular
railroad for GSVs in this process'**. Recent study has demonstrated that acute
(4 hours) cold exposure or CL316,243 treatment promotes glucose uptake and
phosphorylation of Akt in WAT and BAT, partly, due to acute increase of plasma
insulin level”. In this study, I found that in cold-induced white adipocytes with
multilocular LDs, insulin-dependent glucose uptake was markedly elevated
without significant alterations of insulin signaling (Fig. 17). Thus, it seems that
there might be another mechanism that potentially bypasses canonical insulin
signaling to modulate insulin-dependent glucose uptake in adipocytes. Given

that not only insulin signaling pathway but also actin

83



Primary white adipocytes
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F-actin DIC

GLUT4

Figure 27. Higher insulin-dependent glucose uptake in multilocular beige
adipocytes in vivo. Primary white adipocytes were isolated from iWAT of 8
week-old male C57B6L/J mice which were housed in RT or Cold 1 week. (A)
F-actin and plasma membrane anchored GLUT4 of primary cultured white
adipocytes were assessed by immuhistochemistry in the presence or absence of

insulin (1 uM, 30 min).
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cytoskeleton are indispensable for insulin-dependent GSVs trafficking in
adipocytes'®!""* T examined actin dynamics in adipocytes with different LD
configuration. Chemical inhibition of actin polymerization with CytD
downregulated the ratio of F/G-actin and decreased insulin-dependent glucose
uptake in adipocytes (Fig. 24). Furthermore, reduction of F/G-actin ratio by
overexpression of gelsolin, an actin-severing enzyme, showed impaired insulin-
dependent GLUT4 trafficking and glucose uptake in adipocytes (Fig. 26).
Hence, my data propose that F/G-actin dynamics would be an important factor
to regulate insulin-stimulated GSVs trafficking in adipocytes, which might be
independent of canonical insulin signaling.

Here, I observed that insulin-dependent glucose uptake ability of
adipocytes seemed to be closely related with LD configuration and F/G-actin
ratio rather than insulin downstream signaling cascade, which might, partly,
explained by the kinetics of GSVs and cytoskeletal tracks. Theoretically, if
there is no difference in the signal for trafficking of the GSVs, the more the
route, the more movement would be possible. In accordance with this
assumption, multilocular adipocytes exhibited higher glucose uptake ability
accompanied with potentiated insulin-stimulated GSVs trafficking than
unilocular adipocytes, despite of no differences in insulin signals (Fig. 19 and
20). More importantly, I observed that the level of insulin-stimulated PM
localized GLUT4 showed strong positive correlation with cortical F-actin by
analyzing primary adipocytes from lean and obese ATs (Fig. 23). Thus, these
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findings indicate that actin cytoskeleton would not only be a precondition for
GLUT4 trafficking ability but also its remodeling could actively modulate
insulin-dependent GLUT4 translocation in adipocytes according to LD
morphology.

From the transcriptome analyses, actin-severing genes such as
Gelsolin and Cofilinl were upregulated in HFD-induced hypertrophic
adipocytes but downregulated in brown/beige adipocytes. Considering the
enzymatic activity of Gelsolin and Cofilinl, it appears that continuous
upregulation of actin severing activity in hypertrophic adipocytes might be
responsible for the downregulation of F/G-actin ratio and subsequent
attenuation of insulin-dependent glucose uptake ability. Conversely, it is
possible that downregulation of actin severing enzymes in brown/beige
adipocytes might result in intrinsic features of well organized F-actin and
potentiated insulin-dependent glucose uptake ability than white adipocytes.
Thus, these data suggest that different insulin-stimulated glucose uptake ability
between white and brown/beige adipocytes would be derived from distinct F/G-
actin dynamics-mediated GLUT4 trafficking upon insulin. Nonetheless, further
studies are needed to identify the upstream transcriptional or post-translational
regulators for actin-severing genes in adipocytes.

Here, I propose a novel role of adipocyte morphology with different
LD configuration in the regulation of insulin-dependent glucose uptake. In
adipocytes, LD size and locularity are variable and reversible upon
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physiological and pathological conditions. Differences in LD configuration
could affect cytosolic space and modulate F/G-actin dynamics, leading to
control insulin-stimulated GSVs trafficking and glucose uptake in adipocytes.
Consequently, in adipocytes, LD multilocularization improves insulin-
dependent glucose uptake while LD unilocularization provokes insulin-
dependent glucose uptake (Fig. 28). Collectively, these data revealed the
physiological significance that dynamic LD transformation in adipocytes would
be a novel mechanism of adipocyte to determine its energy handling capacity

by modulating F/G-actin dynamics.
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Figure 28. Graphical summary illustrating LD morphology-dependent

insulin sensitivity control. Relationship among LD morphology, F/G-actin

dynamics, and GSVs trafficking in adipocytes.
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CONCLUSION AND PERSPECTIVES

Insulin resistance is a major risk factor for the etiology of metabolic
disecases such as type 2 diabetes, hyperlipidemia, hypertension, and
cardiovascular diseases. Since obesity-induced increase of adiposity and insulin
resistance are tightly associated, numerous studies have been conducted to
understand the relationship between the two phenomena. Of numerous causes
of insulin resistance, adipocyte hypertrophy and inflammatory responses in
adipose tissue remodeling have been recently considered as key factors for
insulin resistance. In particular, adipocyte hypertrophy has long been known to
be closely associated with metabolically negative phenomena. However, it is
not yet clear how adipocyte hypertrophy could cause insulin resistance in
obesity. Due to the interactions between various cells constituting adipose
tissues (ATs), it has been technically difficult to study underlying mechanisms
of adipocyte hypertrophy-induced insulin resistance. Furthermore, the question
of why enlarged adipocytes are metabolically bad has been remained elusive.
In the first chapter, I demonstrated that unilocularization of LD and enlargement
of LD in adipocyte hypertrophy per se could deteriorate insulin resistance
through repression of insulin-stimulated GLUT4 trafficking in an inflammation
independent manner. In the second chapter, I further investigated the roles of
adipocyte LDs in the regulation of insulin sensitivity and found that reversible

changes of LD locularity could affect insulin-dependent GLUT4 translocation
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to plasma membrane through modulation of F/G-actin dynamics. Together,
these results provide novel aspects of the roles of LD locularity and size in
adipocytes in the regulation of insulin sensitivity under physiological and

pathological conditions.

1. Adipocyte hypertrophy per se provoke insulin resistance

Despite of numerous studies, the answer to the simple question of why
big adipocytes are bad in terms of insulin sensitivity has not been properly
addressed. In obesity, ATs dynamically increase the size and/or number of
adipocytes. In addition, AT stromal vascular cells (SVCs), such as macrophages,
T-cells, and B-cells, dramatically change toward pro-inflammatory state in
obesity. These series of events are called “adipose tissue remodeling”, and have
been considered to confer insulin resistance’. In this study, adipocyte
hypertrophy accompanied with LD unilocularization and enlargement per se
could aggravate insulin resistance without any changes of insulin signaling
cascades (Fig. 3, 6A, and 8). These results suggest that there might be a
mechanism to regulate insulin sensitivity by intrinsic changes in the LD

morphology independent of insulin downstream signaling pathway.
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2.In early obesity, inflammation is dissociated from

insulin resistance

In obese ATs, chronic and low-grade inflammation have been
implicated in insulin resistance’’!. Recent studies have shown that insulin
resistance also appears in the early stages of obesity, and in this case, pro-
inflammatory changes in AT are not essential for insulin resistance’**’. In
accordance with the previous reports, I observed insulin resistance without pro-
inflammatory response in vitro and in vivo unilocular enlarged adipocytes.
Collectively, these emerging evidences suggest that AT inflammation, which is
one of the major factors of insulin resistance in severe obesity, might be
dissociated from adipocyte hypertrophy-induced insulin resistance in the early
stages of obesity. These data also indicate that adipocyte hypertrophy might
play crucial roles in priming of obesity-induced insulin resistance in a cell

autonomous manner.

3. Intrinsic reversibility of LD locularity and size affect
adipocyte insulin sensitivity
Current data suggest that insulin sensitivity of adipocytes is closely

related to the number and size of LDs in adipocytes (Fig. 9 and 10C). Recently,

it has been reported that active BAT is present in humans and that BAT absorbs
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large amounts of glucose compared to WAT’®"7. Morphologies of adipocytes in
different ATs are considerably distinct depending on their anatomical locations.
Most white adipocytes are unilocular while brown/beige adipocytes are
multilocular. In this regard, it is plausible to speculate that LD morphological
differences might be attributable to functional variations between white and
brown adipocytes. Here, I observed that adipocytes with small and multilocular
LDs exhibited better insulin-dependent glucose uptake ability, whereas
adipocytes with unilocular and enlarged LD showed less ability of glucose
uptake upon insulin. Together, I would like to propose that adipocytes LD
locularity and size, and insulin-dependent glucose uptake ability are
dramatically and modulated by physiological conditions such as cold-exposure

or thermoneutrality.

4. F/G-actin dynamics mediate insulin sensitivity control

upon LD locularity changes

In accordance with morphological and actin cytoskeletal differences,
multilocular adipocytes showed higher insulin-dependent glucose uptake
capacity with increased GLUT4 translocation than unilocular adipocytes,
implying that LD locularity and glucose uptake ability might be closely linked
each other through F/G-actin dynamics. Also, I observed that administration of

actin polymerization inhibitor, cytochalasin D, to mice resulted in
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downregulation of adipose tissue F/G-actin dynamics and provoked systemic
insulin resistance. In pharmacological actin disruption-induced insulin
resistance, insufficient insulin-stimulated glucose absorption in ATs would
contribute to systemic insulin resistance. These results indicate important roles
of actin cytoskeletal dynamics in mediating effects of morphological changes
of adipocytes on insulin sensitivity control. Taken together, these results
suggest that the close relationship between F/G-actin dynamics and LD
morphology would act as one of key factors determining adipocyte-

autonomous control of insulin sensitivity.
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