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ABSTRACT Adipocytes have unique morphological traits in insulin sensitivity con-
trol. However, how the appearance of adipocytes can determine insulin sensitivity
has not been understood. Here, we demonstrate that actin cytoskeleton reorganiza-
tion upon lipid droplet (LD) configurations in adipocytes plays important roles in
insulin-dependent glucose uptake by regulating GLUT4 trafficking. Compared to white
adipocytes, brown/beige adipocytes with multilocular LDs exhibited well-developed fila-
mentous actin (F-actin) structure and potentiated GLUT4 translocation to the plasma
membrane in the presence of insulin. In contrast, LD enlargement and unilocularization
in adipocytes downregulated cortical F-actin formation, eventually leading to decreased
F-actin-to-globular actin (G-actin) ratio and suppression of insulin-dependent GLUT4 traf-
ficking. Pharmacological inhibition of actin polymerization accompanied with impaired
F/G-actin dynamics reduced glucose uptake in adipose tissue and conferred systemic in-
sulin resistance in mice. Thus, our study reveals that adipocyte remodeling with different
LD configurations could be an important factor to determine insulin sensitivity by mod-
ulating F/G-actin dynamics.
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Adipocytes from different fat depots have distinct morphological and functional
traits. White adipocytes usually contain a single (unilocular) lipid droplet (LD),

whereas brown adipocytes contain numerous (multilocular) small LDs (1). White adi-
pocytes primarily store excess energy sources in the form of neutral lipids, while brown
adipocytes dissipate the energy sources as heat. Recent studies have revealed that
brown adipose tissue (BAT) absorbs higher levels of glucose than white adipose tissue
(WAT) in the basal and insulin-stimulated states (2, 3), which is important for efficient
thermogenesis in brown adipocytes. Beige adipocytes exhibit morphological and func-
tional characteristics of brown adipocytes. The emergence of beige adipocytes in
subcutaneous fat depot upon cold or �-adrenergic stimuli has metabolically beneficial
effects (4, 5). Although functional and morphological differences of white adipocytes
and brown/beige adipocytes have been well documented concerning energy utiliza-
tion and LD morphology (6, 7), the direct relationship between adipocyte function and
LD configuration is unclear.

Depending on environmental and nutritional stimuli, adipose tissue (AT) can dynami-
cally remodel its morphology and function. For instance, in pathological conditions such as
obesity, unhealthy remodeling of AT accompanied with adipocyte hypertrophy, proinflam-
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matory response, and hypoxia eventually leads to insulin resistance (8). Likewise, in phys-
iological conditions such as thermoneutrality, BAT undergoes WAT-like remodeling and
becomes prone to obesity-induced insulin resistance (9, 10). Conversely, after cold
exposure or physical exercise, WAT can acquire brown-like morphology and functions,
improving systemic insulin resistance in part by potentiating insulin-dependent glu-
cose uptake (11, 12). Together, these findings imply that there might be certain relation-
ships between adipocyte morphology with different LD configurations (size and locularity)
and insulin-dependent glucose uptake ability.

In adipocytes, glucose transporter 4 (GLUT4) is the major insulin-dependent glucose
transporter for uptake glucose. GLUT4 can travel along the actin cytoskeleton since it
is contained in GLUT4 storage vesicles (GSVs) (13, 14). During the basal state, GLUT4 is
mostly present in intracellular GSVs, the trans-Golgi network, and recycling endosomes.
However, GSVs quickly translocate to the plasma membrane (PM) along actin cytoskel-
eton upon insulin stimulation (13, 15). In insulin-treated adipocytes, Akt phosphorylates
AS160, a Rab GTPase-activating protein, followed by Rab-mediated membrane traffick-
ing of GSVs, eventually leading to uptake glucose (16, 17). Genetic ablation of GLUT4
in the whole body or adipose tissue impairs systemic glucose tolerance and insulin
sensitivity (18). In contrast, overexpression of GLUT4 in the whole body or adipose
tissue augments glucose utilization in lean mice and ameliorates diabetic phenotypes
of db/db mice (19, 20). Thus, it has been suggested that adipose GLUT4 is essential in
regulating systemic insulin sensitivity. Despite of these findings, the underlying mech-
anisms of intracellular translocation of GLUT4 in adipocytes with different LD config-
urations under pathophysiological conditions such as obesity or �-adrenergic stimuli
are poorly understood.

Evolutionarily well conserved actin is the most abundant intracellular cytoskeletal
protein (21). Actin exists as a globular monomer called G-actin and as F-actin, a filamentous
polymer that is a linear chain of G-actin subunits. The dynamics of the intracellular ratio
between F-actin and G-actin (F/G-actin) are crucial for actin remodeling. Actin is indispens-
able for numerous cellular functions, including cell movement, intracellular vesicle trans-
port, and maintenance of cell shape (22, 23). Actin remodeling plays a crucial role for the
LD formation and morphological maturation during adipocyte differentiation (24, 25).
Moreover, it has been proposed that F/G-actin dynamics in adipocytes are associated with
several metabolic functions such as glucose uptake, fat utilization, and insulin signaling,
indicating the potential significance of actin cytoskeleton in adipocytes (26–28). However,
it is largely unknown which factors might modulate F/G-actin dynamics in adipocytes in
pathophysiological circumstances.

In this study, we demonstrate that different LD configurations and F/G-actin dy-
namics determine insulin sensitivity in adipocytes. Using a variety of pathophysiolog-
ical stimuli, we investigated GLUT4 trafficking, glucose uptake, and F/G-actin ratio of
adipocytes with different LD configurations. To find key mediator(s) in the regulation of
insulin sensitivity during adipocyte remodeling, transcriptomic and functional analyses
were conducted. The collective data suggest that adipocyte remodeling with different
LD sizes and locularities could determine insulin sensitivity through the regulation of
F/G-actin dynamics and GLUT4 trafficking.

RESULTS
Warm and cold stimuli regulate LD locularity and insulin-dependent glucose

uptake reversibly in adipocytes. In inguinal WAT (iWAT), brown-like adipocytes
appear upon cold exposure (12). In contrast, a thermoneutral condition suppresses the
thermogenic program and induces white adipocyte-like morphology in BAT (10). To
test the morphological and functional changes of each fat depot during different
temperature stimuli, mice were exposed to thermoneutral (30°C), cold (4°C), and room
temperature conditions. Consistent with previous reports (29, 30), unilocular LDs in
white adipocytes were converted to multilocular LDs upon cold exposure, whereas
multilocular LDs in brown adipocytes were converted to unilocular LDs in the thermo-
neutral condition (Fig. 1A). To examine the different insulin sensitivities in morpholog-
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FIG 1 Differential regulation of insulin-dependent glucose uptake in adipocytes upon different temperatures.
Eight-week-old male C57BL/6J mice were placed under thermoneutral (30°C), room temperature (25°C), or cold
(4°C) conditions for 1 week. (A) Hematoxylin-eosin-stained paraffin sections of inguinal white adipose tissue (iWAT)
and brown adipose tissue (BAT). Insets show �2 magnifications of the indicated areas. Scale bars, 50 �m. (B) Ex vivo

(Continued on next page)
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ically different adipocytes, we assessed the uptake of the insulin-dependent cyanine 3
fluorescence-labeled glucose bioprobe (GB-Cy3) as previously described (31, 32). Sur-
prisingly, in iWAT, multilocular adipocytes induced by cold exposure exhibited greater
absorption of glucose than unilocular adipocytes at room temperature (Fig. 1B, yellow
box 1 versus box 2 and yellow box 5 versus box 6). Furthermore, in BAT, unilocular-
ized brown adipocytes induced in the thermoneutral condition displayed diminished
insulin-dependent glucose uptake compared to multilocular brown adipocytes at the
room temperature condition (Fig. 1B, yellow box 3 versus box 4 and yellow box 7 versus
box 8). To confirm this in primary adipocytes from each group, we performed insulin-
dependent isotope-labeled 2-deoxy-glucose uptake assay. As shown in Fig. 1C, primary
white adipocytes isolated from iWAT exposed to the cold stimulus upregulated
insulin-dependent glucose uptake compared to those exposed to the room tem-
perature condition. On the contrary, primary brown adipocytes isolated from BAT
exposed to the thermoneutral stimulus displayed markedly downregulated insulin-
dependent glucose uptake compared to those exposed to the room temperature
condition. However, there were no significant changes in Akt phosphorylation in the
presence of insulin (Fig. 1D), implying the possibility of an alternative regulatory
mechanism of insulin-dependent glucose uptake, which likely bypasses canonical
insulin signaling pathways. Together, these data suggested the provocative idea that
reversible adipocyte remodeling with different LD configurations might play a crucial
role in the regulation of glucose uptake.

Transformation of LD locularity during adipocyte remodeling is associated
with insulin-dependent glucose uptake. Adipocytes dynamically remodel their mor-
phologies concerning LD size and locularity depending on the physiological and
pathological conditions. We investigated whether reversible transformation of adi-
pocyte morphology modulates insulin-dependent glucose uptake using a cell culture
system that can induce unilocularization or multilocularization of LD in adipocytes.
During oleic acid (OA) challenge, adipocytes displayed a gradual increase of LD volume
and mostly became unilocular (Fig. 2A, OA group). In contrast, treatment of OA-
overloaded adipocytes with the �-adrenergic agonist isoproterenol (OA�ISO group)
stimulated lipolysis, which resulted in reduced size and volume of LDs and increased
numbers of LDs (Fig. 2A and B). In accordance with the data presented in Fig. 1, adipocytes
with large unilocular LDs in the OA group showed decreased insulin-dependent glucose
uptake, while this decrease was restored in adipocytes with small multilocular LDs in the
OA�ISO group (Fig. 2C; see also Movie S1 in the supplemental material), without
significant changes in insulin downstream signaling cascades (Fig. 2D). These results
suggested that the insulin-dependent glucose uptake ability of adipocytes is reversibly
regulated by LD size and locularity.

F/G-actin ratio in adipocytes with different LD configurations is crucial for
GLUT4 translocation. Given that insulin downstream signaling was not largely altered
by adipocyte remodeling (Fig. 1D and 2D), the level of insulin-stimulated GLUT4
trafficking to the plasma membrane (PM) was assessed in adipocytes with different LD
configurations by total internal reflection fluorescence microscopy (TIRFM). Upon in-
sulin, adipocytes with multilocular LDs (CTL group) exhibited an �6-fold increase of
GLUT4 signals in the PM (Fig. 3A and B). In contrast, adipocytes with unilocular large
LDs (OA group) displayed severely downregulated insulin-dependent GLUT4 translo-
cation to the PM (Fig. 3A and B). In adipocytes, reversible transformation of unilocular
LD to multilocular LD upon the stimulation of lipolysis (OA�ISO group) restored the

FIG 1 Legend (Continued)
insulin-dependent glucose bioprobe (GB-Cy3, red) uptake assay. iWATs and BATs from mice were cultured with
GB-Cy3 (5 �M) in the absence or presence of insulin (1 �M, 30 min). Lipid droplets (LDs, blue) were visualized by
TCS SP8 CARS microscopy. Scale bars, 50 �m. Insets show �5 magnifications of the indicated areas. (C and D)
Insulin-dependent glucose uptake (C) and immunoblot of insulin signaling cascade (D) in primary adipocytes
isolated from iWAT (1= ing wAD) and BAT (1= bAD) with or without insulin (100 nM, 30 min). Data represent
means � the standard deviations (SD). *, P � 0.05 (Student t test).
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insulin-dependent translocation of GLUT4 to the PM (Fig. 3A and B). Moreover, fatty
acid oxidation-induced LD multilocularization exhibited similar amelioration of insulin-
dependent GLUT4 trafficking (data not shown). As we and others have previously
reported that cortical F-actin is important to mediate GLUT4 translocation to the PM
(32, 33), we examined the degree of cortical F-actin development in adipocytes with
different LD configurations. The cortical F-actin structure of adipocytes was reversibly
altered according to the LD configuration (Fig. 3A, C, and D). For instance, OA-induced

FIG 2 LD configuration is associated with insulin-dependent glucose uptake ability during adipocyte remodeling. Differentiated
3T3-L1 adipocytes were cultured for 6 days with oleic acid (OA; 500 �M) followed by isoproterenol (ISO, 2 �M, 12 h). CTL denotes
control (BSA � DMSO). (A) Microscopic images of adipocytes with different LD locularities (top). Scale bar, 25 �m. A quantification of
the LD volume (bottom) is also shown. (B) Glycerol release. Data represent means � the SD. **, P � 0.01 (Student t test). (C)
Insulin-dependent GB-Cy3 (5 �M, red) uptake assay. The fluorescence intensities of GB-Cy3 were monitored after stimulation with
insulin (100 nM) using Deltavision time-lapse imaging (left) and quantified using ImageJ (right). Scale bars, 25 �m. Data represent
means � the SD. **, P � 0.01 (CTL versus OA) and ##, P � 0.01 (CTL versus OA�ISO), determined using two-way ANOVA with the
Bonferroni post hoc test. (D) Immunoblot of insulin signaling cascade in adipocytes with or without insulin (10 nM, 30 min).
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LD enlargement and unilocularization resulted in the approximately 50% reduction of
the cortical F-actin signal (Fig. 3C), while reacquisition of LD size reduction and
multilocularization similar to control adipocytes (OA�ISO group in Fig. 2A) restored the
cortical F-actin signal intensity to the control level (Fig. 3A and C). Intriguingly, the total
amount of actin protein in adipocytes was not altered, although adipocytes exhibited
different quantities of cortical F-actin depending on the LD configuration (Fig. 3E). As
shown in Fig. 3E and F, transition of F-actin to G-actin was facilitated by LD unilocu-
larization, resulting in a reduced F/G-actin ratio, whereas LD multilocularization accel-
erated the transition of G-actin to F-actin, to increase the F/G-actin ratio. Together,
these data indicated that reversible transformation of LD configuration in adipocytes
modulates GLUT4 trafficking and F/G-actin dynamics, which influences the insulin-
dependent glucose uptake.

In ATs, insulin-dependent GLUT4 translocation is differently regulated by
warm and cold stimuli. In contrast to unilocular white adipocytes, brown adipocytes
contain innate multilocular LDs. However, under the thermoneutral condition, multilocular
brown adipocytes remodeled into unilocular adipocytes similar to white adipocytes. To test
the relationship between reversible LD locularity and insulin-dependent GLUT4 trafficking

FIG 3 F/G-actin ratio upon LD locularity in adipocytes is crucial for GLUT4 translocation to the plasma membrane (PM). 3T3-L1
adipocytes were challenged with oleic acid (OA; 500 �M) for 6 days, followed by isoproterenol (ISO; 2 �M; 12 h). (A) Insulin-stimulated
PM insertion examined using TIRFM. The data are representative microscopic images of adipocytes in each indicated group: F-actin
(phalloidin-TRITC, red), GLUT4 (green). Scale bar, 20 �m. (B and C) TIRF intensities of PM GLUT4 (B) and cortical F-actin (C) from the
indicated groups were quantified using ImageJ. Data represent means � the SD. **, P � 0.01 versus CTL; #, P � 0.05 versus OA; ##,
P � 0.01 versus OA. (D) The F-actin structures (phalloidin-TRITC, red) of each group were visualized using confocal microscopy. The
nucleus (Hoechst, blue) and perilipin (cyan) are shown. Scale bar, 20 �m. (E and F) Immunoblot analysis of F-actin and G-actin (E) in
the indicated groups was quantified (F) using ImageJ. WCL, whole-cell lysates. Data represent means � the SD. **, P � 0.01 versus
CTL; ##, P � 0.01 versus OA (Student t test).
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ability, primary brown and white adipocytes were isolated from mice exposed to different
temperature conditions. As expected, primary brown adipocytes from the room tem-
perature group mainly displayed multilocular LDs, while primary brown adipocytes
from the thermoneutral group often exhibited unilocular LDs (Fig. 4A). Under the
thermoneutral condition, the size of brown adipocytes became slightly, but substan-
tially, increased, accompanied with unilocular LDs (Fig. 4B). Consistent with the data
from the cell culture system (Fig. 3), LD unilocularization in brown adipocytes under the
thermoneutral condition reduced insulin-dependent GLUT4 translocation to the PM
(Fig. 4A and C). Furthermore, F-actin organization and the F/G-actin ratio were down-
regulated in BAT from the thermoneutral group (Fig. 4D and E). In contrast, upon cold
exposure, the emergent small and multilocular beige adipocytes in iWAT displayed
upregulated insulin-dependent GLUT4 translocation to PM (Fig. 5A to C). Multilocular
beige adipocytes showed increased F-actin and F/G-actin ratio compared to unilocular
white adipocytes from the room temperature condition (Fig. 5D and E). Collectively,

FIG 4 In BAT, thermoneutral condition-induced LD unilocularization downregulates insulin-dependent GLUT4 translocation to the PM.
Primary brown adipocytes were isolated from BATs of 8-week-old, male, C57BL/6J mice housed under thermoneutral (30°C), room
temperature (25°C), or cold (4°C) conditions for 1 week. (A to C) F-actin (phalloidin-TRITC, red) and PM-anchored GLUT4 (green) of
primary brown adipocytes were assessed by immunohistochemistry in the absence or presence of insulin (100 nM, 30 min). Scale bar,
50 �m (A). The average diameters (B) and intensities of PM-anchored GLUT4 (C) of isolated primary brown adipocytes were
determined. (D) F-actin structure (phalloidin-TRITC, red) of BAT. Scale bars, 50 �m. Insets show �4 magnifications of the indicated
areas (nucleus [Hoechst, blue]). (E) F/G-actin ratios in primary brown adipocytes isolated from BAT. WCL, whole-cell lysates. Data
represent means � the SD. *, P � 0.05; ***, P � 0.001 (Student t test).
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these in vivo data suggested that distinct LD configurations in white and brown/beige
adipocytes would be attributable to insulin-dependent glucose uptake.

Obesity-induced LD enlargement in WAT suppresses insulin-dependent GLUT4
translocation. It has been well accepted that adipocyte size inversely correlates with
insulin sensitivity. For instance, adipose-specific overexpression of MitoNEET, which
plays key role in mitochondrial iron transport, results in massive de novo differentiation
of small adipocytes (hyperplasia) in iWAT of obese mice, leading to improved insulin
sensitivity despite of their increased adiposity (34). On the other hand, it has been
demonstrated that adipocyte enlargement (hypertrophy) per se can attenuate insulin-
dependent glucose uptake in in vitro lipid-overloaded adipocytes (32, 35). Given that LD
size primarily dictates the mass of adipocytes, we investigated whether LD expansion
in primary white adipocytes would affect insulin-dependent GLUT4 trafficking and actin
dynamics. Isolated primary white adipocytes were used to examine the levels of GLUT4
translocation to the PM and F-actin with or without insulin. Upon short-term (1 week)

FIG 5 In WATs, cold-induced LD multilocularization upregulates insulin-dependent GLUT4 translocation to the PM. Primary white
adipocytes were isolated from iWATs of 8-week-old, male, C57BL/6J mice housed under thermoneutral (30°C), room temperature
(25°C), or cold (4°C) conditions for 1 week. (A to C) F-actin (phalloidin-TRITC, red) and PM-anchored GLUT4 (green) of primary white
adipocytes were assessed by immunohistochemistry in the absence or presence of insulin (100 nM, 30 min). Scale bar, 50 �m. The
average diameters (B) and intensities of PM-anchored GLUT4 (C) of isolated primary white adipocytes were determined. (D) F-actin
structure (phalloidin-TRITC, red) of iWAT. Scale bars, 50 �m. Insets show �4 magnifications of the indicated areas (nucleus [Hoechst,
blue]). (E) F/G-actin ratios in primary white adipocytes isolated from iWAT. WCL, whole-cell lysates. Data represent means � the SD.
*, P � 0.05; **, P � 0.01 (Student t test).
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high-fat diet (HFD) feeding, the sizes of primary white adipocytes were significantly
increased (Fig. 6A and B). Next, to examine whether the size of unilocular LD in primary
white adipocytes could be crucial in determining F-actin formation and GLUT4 traffick-
ing, F-actin- and PM-associated GLUT4 in nonpermeabilized adipocytes were stained

FIG 6 In WATs, obesity-induced LD enlargement suppress insulin-dependent GLUT4 translocation to the PM. Primary white adipocytes were
isolated from eWATs of 8-week-old male C57BL/6J mice fed the HFD for 1 week. (A) F-actin (phalloidin-TRITC, red) and PM-anchored GLUT4 (cyan)
of primary white adipocytes were assessed by immunohistochemistry in the absence or presence of insulin (100 nM, 30 min). Scale bar, 50 �m.
(B) The diameters of isolated primary white adipocytes were quantified using ImageJ. (C and D) Size-dependent fluorescent intensities of
PM-anchored GLUT4 (C) and F-actin (D). (E) Total GLUT4 fluorescence intensities were measured in primary adipocytes after permeabilization. (F)
F/G-actin ratios. WCL, whole-cell lysates. (G) Fluorescence intensities of F-actin and PM-anchored GLUT4. r, correlation coefficient. Data represent
means � the SD. *, P � 0.05 and ***, P � 0.001 versus NCD (Student t test).
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with phalloidin-tetramethyl rhodamine isothiocyanate (TRITC) and antibody against the
external epitope of GLUT4, respectively (Fig. 6A). The F-actin and PM GLUT4 fluorescent
signals displayed strong negative correlations with the size of adipocytes (Fig. 6C and
D), even though there was no significant reduction of total GLUT4 protein levels (Fig.
6E). Compared to relatively small adipocytes, large adipocytes (diameter � 100 �m)
exhibited a strongly augmented negative correlation between F-actin and fat cell size
(Fig. 6C) (r � – 0.57 ¡ r � – 0.81). In addition, the negative correlations between PM
GLUT4 fluorescent intensity and fat cell size were further potentiated in large adi-
pocytes (� 100 �m) compared to small adipocytes (� 100 �m) (Fig. 6D) (r � – 0.28 ¡
r � – 0.81). It is of interest to note that large adipocytes in obese WAT exhibited not
only reduced PM GLUT4 and F-actin signals but also reduced F/G-actin ratio (Fig. 6F).
In accordance with the positive correlation between F-actin and PM GLUT4 (Fig. 6G)
(r � 0.49), it seems that reduced F-actin and PM GLUT4 in hypertrophic adipocytes
would result in decreased insulin-dependent glucose uptake in obese WAT (Fig. 7A and
B). Furthermore, we observed that short-term HFD-induced whitening of BAT showed
a reduction of F-actin development, F/G-actin ratio (Fig. 7C and D), and insulin-
dependent glucose uptake along with LD enlargement and unilocularization (Fig. 7E).
Therefore, these data indicated that the LD enlargement and unilocularization that
occur in obesity could impair insulin-dependent glucose uptake in hypertrophic adi-
pocytes by downregulating the F/G-actin ratio and GLUT4 translocation to the PM.

Impairment of F-actin formation in adipose tissue induces systemic insulin
resistance. The preceding in vivo and in vitro results supported the view that insulin-
dependent glucose uptake in adipocytes were attributable to actin dynamics during

FIG 7 In ATs, obesity-induced LD enlargement and unilocularization suppress insulin-dependent GLUT4 translo-
cation to the PM. eWATs and BATs from short-term (1 week) HFD-fed male C57BL/6J mice were ex vivo cultured.
(A) F-actin structure (phalloidin-TRITC, red) of eWAT. Scale bars, 50 �m. (B) Ex vivo GB-Cy3 (5 �M, red) uptake assay
with or without insulin (1 �M, 30 min). LDs (blue) were visualized by TCS SP8 CARS microscopy. Scale bar, 50 �m.
(C) F-actin structure (phalloidin-TRITC, red) of BAT. Scale bar, 50 �m. (D) F/G-actin ratios in isolated primary brown
adipocytes. WCL, whole-cell lysates. Data represent means � the SD. **, P � 0.01 versus NCD (Student t test). (E)
Ex vivo GB-Cy3 (5 �M, red) uptake assay with or without insulin (1 �M, 30 min). LDs (blue) were visualized by TCS
SP8 CARS microscopy. Scale bar, 50 �m.
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adipocyte remodeling under various pathophysiological conditions. To further validate
the role of F/G-actin dynamics in the regulation of insulin-dependent glucose uptake in
adipocytes, we disrupted F/G-actin dynamics in ex vivo-cultured WAT by treatment with
cytochalasin D (CytD), which inhibits actin polymerization and actin-dependent GLUT4
trafficking (33). In the presence of CytD, the formation of F-actin in WAT was greatly
downregulated (Fig. 8A). Furthermore, the degree of insulin-dependent glucose uptake
in ex vivo-cultured WAT was markedly diminished by CytD (Fig. 8B). To examine the
effects of F/G-actin dynamics on insulin sensitivity in vivo, CytD was administered to
mice. As shown in Fig. 8C and D, CytD clearly decreased F-actin formation and the
F/G-actin ratio in WAT. More importantly, CytD-treated mice exhibited glucose intol-
erance (Fig. 8E) and insulin intolerance (Fig. 8F), indicating that disruption of F/G-actin
dynamics in WAT could downregulate insulin-dependent glucose uptake. In parallel, to
test whether acute treatment of CytD might influence insulin secretion in � cells, we
measured glucose-stimulated insulin secretion. As shown in Fig. 8G, serum insulin levels
of insulin were not significantly altered in CytD-treated mice. Notably, BAT also exhib-
ited significant reduction of F-actin organization after treatment with CytD (Fig. 8H),
resulting in alleviated insulin-dependent glucose uptake (Fig. 8I). Moreover, mice
exposed to CytD displayed severe hypothermia after cold exposure, which was likely
due to the insufficient uptake of energy sources such as glucose for heat generation
(Fig. 8J). The collective ex vivo and in vivo data implicated F/G-actin dynamics in
adipocytes as a key factor to decide systemic insulin sensitivity.

Actin-associated genes are altered during adipocyte remodeling by patho-
physiological conditions. The close association of adipocyte morphology and insulin-
dependent glucose uptake ability (Table 1) prompted us to hypothesize that F/G-actin
dynamics would be induced by reversible changes of LD configuration and mediate
insulin-dependent GLUT4 trafficking. To verify this, we took advantage of transcrip-
tomic analysis approaches to find the key modulator(s) for actin dynamics. Public
microarray and our RNA-sequencing data sets, which could reflect genetic reprogram-
ming of adipocytes exposed to several physiological and pathological conditions, were
scrutinized by following criteria (Fig. 9A). First, for the analysis of the intrinsic differ-
ences of adipocytes, the transcriptomes of white and brown adipocytes from epidid-
ymal white adipose tissue (eWAT) and BAT were compared. Second, for the analysis of
distinct features during adipocyte remodeling in the physiological conditions, adi-
pocytes from thermoneutral and cold-exposed iWAT were compared. Third, for the
analysis of the differences resulting from pathological stimulus-induced adipocyte remod-
eling, adipocytes from eWAT of normal chow diet (NCD)- and HFD-fed mice were com-
pared. As shown in Fig. 9A, 124 intersectional differentially expressed genes (DEGs)
were identified. The expression patterns of DEGs were further analyzed and classified
into distinct clusters (Fig. 9B). Among them, evidently distinct gene sets from clusters
1 and 6 were used for gene ontology (GO) enrichment analysis. Actin binding GO
(GO:0003779) was distinctively downregulated in multilocular brown adipocytes and
beige adipocytes, while being upregulated in enlarged unilocular white adipocytes (Fig.
9C). The findings implied that direct actin-associated factors might have important roles
in adipocyte remodeling under various pathophysiological conditions. The genes iden-
tified in actin binding GO included gelsolin, cofilin 1, and Arpc4, which are enzymes that
participate in F-actin breakdown and branching (Fig. 9D) (36). Consistent with these
transcriptomic analyses, the mRNA levels of gelsolin and cofilin 1 were downregulated
in BAT and iWAT under cold conditions (Fig. 9E). In contrast, the mRNA and protein
levels of gelsolin and cofilin 1 were elevated and the inhibitory phosphorylation of
cofilin 1 was decreased in obese eWAT (Fig. 9F and G). Together, these data imply that
transcriptional and posttranslational modifications of actin severing genes might be
responsible for different F/G-actin dynamics in adipocyte remodeling.

In adipocytes, actin severing protein regulates insulin-dependent GLUT4 trans-
location through dynamic remodeling of actin. It has been reported that ectopic
overexpression of gelsolin but not cofilin 1 markedly accelerates F-actin dissociation
(37). To explore whether modulation of actin dynamics affects insulin-dependent glucose
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FIG 8 F-actin disruption in AT induces systemic insulin resistance. Eight-week-old male C57BL/6J mice were
not (CTL) or were challenged with CytD (1 mg/kg) via intraperitoneal injection. (A) F-actin structure (phalloidin-
TRITC, red) of eWATs with or without CytD (200 nM). Scale bar, 50 �m. Lipid droplets (LDs, blue) were visualized by
TCS SP8 CARS microscopy. (B) Ex vivo GB-Cy3 (2 �M, red) uptake assay with or without insulin (1 �M, 30 min). LDs

(Continued on next page)
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uptake, we overexpressed gelsolin in differentiated 3T3-L1 adipocytes. As shown in
Fig. 10A, gelsolin overexpression disrupted the cortical structure of F-actin in adipocytes.
Consistent with the imaging data, gelsolin overexpression decreased the level of F-actin
and increased the level of G-actin, resulting in a reduced F/G-actin ratio in adipocytes
(Fig. 10B). Next, to test whether gelsolin-induced F-actin disruption might affect GLUT4
trafficking and glucose uptake capacity in the presence of insulin, we tested GLUT4-
mCherry-expressing 3T3-L1 adipocytes. Although insulin-dependent phosphorylation
levels of Akt and GSK3� were not significantly altered by gelsolin overexpression (Fig.
10C), insulin-dependent GLUT4 translocation to the PM was decreased in enhanced
green fluorescent protein (EGFP)-positive gelsolin-overexpressing adipocytes (green
box) compared to EGFP-negative adipocytes (Fig. 10D, yellow box). When the effect of
gelsolin on insulin-stimulated GLUT4 translocation was tested by TIRFM, we found that
the levels of PM-translocated GLUT4 were significantly downregulated in gelsolin-EGFP-
expressing adipocytes (Fig. 10E and F). Furthermore, live real-time imaging of GB-Cy3
uptake revealed significantly decreased insulin-dependent glucose uptake in gelsolin-
overexpressing adipocytes (Fig. 10G). Together, these data suggested that actin mod-
ulation in adipocytes could alter insulin-dependent glucose uptake ability.

DISCUSSION

Adipocytes are flexible and morphologically dynamic according to their anatomical
locations, nutritional states, and environmental conditions. For energy homeostasis,
adipocytes can efficiently assimilate and store circulating glucose in response to insulin
(38, 39). Despite accumulating evidence that adipocytes with different shapes have
distinct insulin sensitivities (40, 41), the physiological significance of adipocyte remod-
eling remains unclear. In this study, we show that LD configurations in adipocytes play
crucial roles in modulating insulin sensitivity. Different physiological stimuli, such as

FIG 8 Legend (Continued)
(blue) were visualized by TCS SP8 CARS microscopy. Scale bar, 50 �m. (C to F) Eight-week-old male C57BL/6J mice
were administered or not administered CytD (1 mg/kg, 1 h) via intraperitoneal injection. (C) F-actin structures of
eWAT. Scale bar, 50 �m. (D) F/G-actin ratio. WCL, whole-cell lysates. (E) Glucose tolerance test. (F) Insulin tolerance
test. (G) Glucose-stimulated insulin secretion. (H) F-actin structure (phalloidin-TRITC, red) of BAT with or without
CytD (200 nM). LDs (blue) were visualized by TCS SP8 CARS microscopy. Scale bar, 50 �m. Insets show �4
magnifications of the indicated areas. (I) Ex vivo GB-Cy3 (5 �M, red) uptake assay with or without insulin (1 �M,
30 min). LDs (blue) were visualized by TCS SP8 CARS microscopy. Scale bar, 25 �m. (J) Eight-week-old male
C57BL/6J mice were exposed to cold (4°C) with or without CytD (0.5 or 1 mg/kg) injection, and the rectal
temperature was measured. Data represent means � the SD. **, P � 0.01; ***, P � 0.001; n.s., not significant (versus
CytD [1 mg/kg]); and ###, P � 0.001 (versus CytD [0.5 mg/kg]), as determined by two-way ANOVA with a Bonferroni
post hoc test.

TABLE 1 Characteristics of adipocytes with distinct LD locularity upon different pathophysiological conditions

Variable Adipocyte

Findings for various pathophysiological conditionsa

Cold Lean/RT TN Obese

LD configuration eWAT Uni/small Uni/small Uni/small Uni/large
iWAT Multi-like/small Uni/small Uni/small Uni/large
BAT Multi/small Multi/small Uni-like/small Uni-like/large

F/G-actin ratio eWAT – – – 2
iWAT 1 – – 2
BAT 11 1 – –

Insulin-dependent GLUT4 translocation eWAT 1 1 1 2
iWAT 11 1 1 2
BAT 111 11 1 2

Insulin-dependent glucose uptake eWAT 1 1 1 2
iWAT 11 1 1 2
BAT 111 11 1 2

aUni, unilocular LD; multi, multilocular LD; RT, room temperature; TN, thermoneutral. Symbols indicate the relative levels of variables as follows: 111 to 1, highest
to high; –, moderate; 2, low.
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FIG 9 Actin-associated genes are altered during adipocyte remodeling. Gene ontologies were analyzed from microarray and RNA-sequencing data. (A) Venn
diagram of the number of differentially expressed genes (DEGs). (B) Heat map of clustered DEGs. (C) Network of gene ontologies (GOs). (D) List of screened
actin-modulating genes (the values indicate the fold changes of gene expression). (E) mRNA levels of actin severing genes in ATs. (F) mRNA levels of actin severing
genes in ATs from NCD and HFD (1-week)-fed mice. Data represent means � the SD. *, P � 0.05; **, P � 0.01 (Student t test). (G) Immunoblot analysis of actin
severing proteins. Data represent means � the SD. *, P � 0.05 versus NCD (Student t test).
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cold or thermoneutral conditions, induced reversible adipocyte remodeling accompa-
nied with the change of LD configuration and F/G-actin dynamics. In adipocytes, LD
multilocularization upregulated F-actin organization with increased insulin-dependent
GLUT4 trafficking to the PM, whereas unilocularization and/or enlargement of LD
downregulated F-actin organization with decreased insulin-dependent GLUT4 traffick-
ing to the PM. These data suggest that adipocyte remodeling with different LD
configurations is crucial in determining insulin sensitivity through F/G-actin dynamics.

It has been reported that the 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
(41–43). In this regard, it is conceivable that different LD configurations in white and

FIG 10 In adipocytes, actin severing protein regulates insulin-dependent GLUT4 translocation through dynamic remod-
eling of actin. EGFP-N1-gelsolin plasmid vector was transfected to differentiated 3T3-L1 adipocytes. (A) F-actin structure
(phalloidin-TRITC, red) of gelsolin-EGFP-overexpressing adipocytes. The nucleus (Hoechst, blue) and EGFP (EGFP only or
gelsolin-EGFP, green) are evident. Scale bar, 50 �m. (B and C) Immunoblot analyses of F/G-actin (B) and insulin signaling
with or without insulin (10 nM) (C). WCL, whole-cell lysates. (D to F) mCherry-GLUT4 (red)-expressing 3T3-L1 adipocytes
were transfected with gelsolin-EGFP (green). Insulin-dependent GLUT4 translocation to the PM in both gelsolin-EGFP-
negative and gelsolin-EGFP-positive adipocytes was examined. Insulin treatment: 100 nM for 30 min. (D) Confocal micros-
copy images. Scale bar, 50 �m. Insets show �2 magnifications of the indicated areas. The nucleus is indicated by Hoechst
(blue) staining. (E and F) TIRF microscopy images (E) and PM GLUT4 intensity (F). Scale bar, 20 �m. (G) Insulin-dependent
GB-Cy3 (red) uptake assay. Green, differential interference contrast (DIC). Insulin treatment: 100 nM for 30 min. Scale bar,
50 �m. Data represent means � the SD. ***, P � 0.001 versus EGFP negative (Student t test).
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brown adipocytes might be closely involved in the ability of insulin-dependent GLUT4
trafficking. We investigated this idea in several in vivo and ex vivo experiments. As
shown in Fig. 4A, LD unilocularization in brown adipocytes upon thermoneutral stim-
ulus reduced insulin-dependent GLUT4 trafficking to the PM. Conversely, �-adrenergic
receptor agonist- or cold-induced LD multilocularization in white adipocytes was associated
with elevated insulin-stimulated GLUT4 trafficking without significant changes in the total
amounts of GLUT4 protein (Fig. 3, 5, and 6E). Thus, it is likely that differences in LD
locularity between white and brown/beige adipocytes would affect insulin-dependent
GLUT4 trafficking.

In adipocytes, the activation of phosphatidylinositol 3-kinase (PI3K)–Akt axis stimu-
lates GLUT4 translocation to the PM, and the cytoskeleton plays an important role as a
molecular railroad for GSVs during this process (44, 45). A recent study reported that
acute (4-h) cold exposure or treatment with �-3 adrenergic agonist CL316,243 pro-
moted glucose uptake and phosphorylation of Akt in WAT and BAT, due in part to the
acute increase of plasma insulin (46). In contrast, we found that in cold-induced beige
adipocytes with multilocular LDs, insulin-dependent glucose uptake was markedly
elevated without significant alterations of the insulin signaling pathway (Fig. 1). Thus,
it seems that there might be another mechanism(s), which could detour canonical
insulin signaling to modulate insulin-dependent glucose uptake in adipocytes. As insulin
sensitivity describes the degree of responsiveness of target cells or tissues to insulin (47, 48),
adipocyte insulin sensitivity can be determined, at least partly, by the extent of absorbed
glucose upon insulin. Thus, the translocation of GLUT4, a key glucose transporter in
adipocytes, to the PM is important to determine insulin sensitivity in adipocytes. Given that
not only the insulin signaling pathway but also the actin cytoskeleton is indispensable for
insulin-dependent trafficking of GSVs in adipocytes (32, 33), actin dynamics would also
contribute to determine insulin sensitivity. In this study, chemical inhibition of actin
polymerization by CytD treatment downregulated the ratio of F/G-actin and decreased
insulin-dependent glucose uptake in adipocytes (Fig. 8). Furthermore, the reduction of
F/G-actin ratio by overexpression of gelsolin, which catalyzes actin disruption, impaired
insulin-dependent GLUT4 trafficking and glucose uptake in adipocytes (Fig. 10). Hence, our
data are consistent with the idea that actin dynamics, regulated by the F/G-actin ratio, are
crucial in regulating insulin-stimulated trafficking of GSVs in adipocytes, which might be
independent of the canonical insulin signaling cascade.

The concept that adipocyte remodeling modulates insulin sensitivity via F/G-actin
dynamics could be at least partially explained by the kinetics of GSVs and cyto-
skeletal tracks. Theoretically, if there were no differences in the overall amounts of
GSVs, it is feasible to speculate that greater access to the cytoskeletal tracks will
enable increased trafficking of GSVs. In agreement with this suggestion, multiloc-
ular LD-containing adipocytes exhibited higher glucose uptake capacity, accompa-
nied by potentiated insulin-stimulated trafficking of GSVs, compared to unilocular LD-
containing adipocytes (Fig. 2 and 3). More importantly, analysis of primary adipocytes from
lean and obese ATs indicated that the level of PM localized GLUT4 upon insulin was
strongly and positively correlated with cortical F-actin structure (Fig. 6). The collective
findings suggest that proper actin cytoskeleton formation and remodeling might be
crucial for insulin-stimulated GLUT4 trafficking to the PM according to the configura-
tions of LDs in adipocytes.

The transcriptome analyses revealed the upregulation of the actin severing genes
gelsolin and cofilin 1 in HFD-induced hypertrophic adipocytes and the downregulation
of these genes in brown/beige adipocytes. It has been reported that cofilin 1 knockout
mice are embryonic lethal and that gelsolin knockout mice are viable with severe
defects in platelet, leukocyte, and fibroblast functions due to uncontrolled F/G-actin
dynamics (49, 50). Considering the enzymatic activity of gelsolin and cofilin 1, it appears
that upregulation of actin severing activity in hypertrophic adipocytes might be responsible
for the downregulation of the F/G-actin ratio and subsequent attenuation of insulin-
dependent glucose uptake ability. Conversely, it is possible that the downregulation of
actin-severing enzymes in brown/beige adipocytes results in the intrinsic features of
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well-organized F-actin and potentiation of insulin-dependent glucose uptake ability
compared to white adipocytes. Thus, it seems that distinct F/G-actin profiles in white
and brown/beige adipocytes might result from different levels of expression of the
genes involved in the severing of F-actin. Although the mRNA and protein levels of
actin severing genes in adipocytes were altered by LD configurations upon different
pathophysiological stimuli, further studies are necessary to definitively determine
whether LDs directly modulate actin cytoskeleton dynamics in adipocytes.

Here, we propose a unique role of LD configuration in adipocytes in determining the
capacity of insulin-dependent glucose uptake. In adipocytes, LD size and locularity are
variable and reversible depending on the adipocyte type and pathophysiological condi-
tions. Differences in LD configuration could affect adipocyte morphology and F/G-actin
dynamics, leading to the control of insulin-stimulated GLUT4 trafficking and glucose uptake
in adipocytes. Consequently, in adipocytes, LD multilocularization would increase insulin-
dependent glucose uptake, whereas LD unilocularization would decrease it (Fig. 11).
Collectively, these data provide a novel insight to understand how adipocyte shape with
different LD configurations could govern the insulin-dependent glucose utilization by
modulating actin dynamics.

MATERIALS AND METHODS
Animals and treatments. Seven- to eight-week-old male C57BL/6J, db/�, and db/db mice were

obtained from Central Lab Animal, Inc. (Seoul, South Korea). All mice were maintained under specific-
pathogen-free conditions and housed in solid-bottom cages with wood shavings for bedding in a room
maintained at 25°C and with alternating 12-h cycles of light and dark (lights on at 07:00). After a
stabilization period of at least 1 week, 8-week-old mice were initially fed a normal chow diet (NCD) and
then a 60% high-fat diet (HFD) for the indicated times (Research Diets, Inc., New Brunswick, NJ). HFD-fed
mice were compared to age-matched NCD-fed mice. The average initial body weights in each group of
mice were not different. For the glucose tolerance test and glucose-stimulated insulin secretion, the mice
were fasted for 12 h, basal blood samples were taken, and glucose was administered by intraperitoneal
injection (2 g/kg). Blood samples were collected at 15, 30, 45, 60, 90, and 120 min after injection. For
treatment with cytochalasin D (CytD), 8-week-old C57BL/6J mice were intraperitoneally injected with
CytD (0.5 or 1 mg/kg; Sigma-Aldrich, St. Louis, MO) for 1 h. All animal procedures were performed in
accordance with Seoul National University research guidelines for the use of laboratory animals.

FIG 11 Graphical abstract.
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Cell culture. 3T3-L1 preadipocytes were grown to confluence in Dulbecco modified Eagle medium
(DMEM; Invitrogen Life Technologies, Carlsbad, CA) supplemented with 10% bovine calf serum (BCS;
Invitrogen Life Technologies). Two days after the cells reached confluence (day 0), cell differentiation was
induced for 48 h in DMEM containing 10% fetal bovine serum (FBS; Invitrogen Life Technologies),
methylisobutylxanthine (520 �M), dexamethasone (1 �M), and insulin (167 nM). The culture medium was
replaced on alternate days with DMEM containing 10% FBS and 167 nM insulin.

Oleic acid treatment. Oleic acids (OAs; 500 �M; Sigma-Aldrich) were conjugated with bovine serum
albumin (BSA) in the absence of free fatty acid and administered to cells. This was done by dissolving OAs
in ethanol and diluting the solution in DMEM containing 1% FBS and 2% (wt/vol) BSA for 10 min at 55°C.
Adipocytes were cultured in the medium containing the BSA-conjugated OAs for 6 to 7 days.

Cell sorting from adipose tissue. Adipocytes and stromal vascular cells (SVCs) in epididymal white
adipose tissues (eWATs), inguinal white adipose tissues (iWATs), or BAT from C57BL/6J mice (n � 3 to 5)
were isolated as described previously (51). The fractions were pooled, and SVC pellets were prepared.

F/G-actin fractionation. Adipocytes from differentiated 3T3-L1 cells or fractionated ATs were lysed
in actin stabilizing lysis buffer [50 mM piperazine-N,N=-bis(2-ethanesulfonic acid) (PIPES; pH 6.9), 50 mM
NaCl, 5 mM MgCl2, 5 mM EGTA (pH 8), 5% (vol/vol) glycerol, 0.1% (vol/vol) Nonidet P-40, 0.1% (vol/vol)
Triton X-100, 0.1% (vol/vol) Tween 20, 1 mM ATP, and protease inhibitor cocktail (product code P8340);
Sigma-Aldrich]. Volumes (200 �l) of lysates were centrifuged at 350 � g and room temperature for 5 min
to pellet unbroken cells. Supernatants were centrifuged at 100,000 � g and 37°C for 1 h. Supernatants of
the G-actin-containing extracts were then collected. F-actin-containing pellets were resuspended in
200 �l of ice-cold lysis buffer containing 10 �M CytD and then incubated on ice for 1 h to depolymerize
F-actin. The resuspended pellets were gently mixed every 15 min. Then, 10-�l portions of pellet (F-actin)
and supernatant (G-actin) fractions were subjected to immunoblot analysis. The F-actin and G-actin ratios
were determined by densitometry by using ImageJ (National Institutes of Health, Bethesda, MD). The
measurement of [F-actin in the pellet]/[actin in the whole-cell lysates] was divided by [G-actin in the
supernatant]/[actin in the whole-cell lysates].

Quantitative RT-PCR. Quantitative reverse transcription-PCR (qRT-PCR) was performed as previ-
ously described (52). Briefly, total RNA was extracted from 3T3-L1 adipocytes and primary adipocytes
were isolated from eWAT, iWAT, and BAT. cDNA was synthesized using an Moloney murine leukemia
virus reverse transcriptase kit according to the manufacturers’ instructions (Thermo Fisher Scientific,
Waltham, MA). The primers used for quantitative real-time PCR were obtained from Bioneer (South
Korea).

Immunoblot analysis. 3T3-L1 adipocytes or primary adipocytes isolated from eWATs, iWATs, and
BATs were lysed with NETN buffer (20 mM Tris [pH 7.9], 1 mM EDTA, 100 mM NaCl, 0.5% NP-40, 1 mM
Na3VO4, 100 mM NaF, and protease inhibitor cocktail tablets [Roche Diagnostics, Basel, Switzerland]).
Total cell lysates were centrifuged at 12,000 rpm at 4°C for 15 min to remove fat debris. The protein
concentration was determined using a BCA assay kit (Pierce, Rockford, IL). Immunoblot analyses were
conducted as previously described (53). Akt (9272S), phospho-Akt/PKB (4051S), phospho-GSK3� (9336S),
cofilin 1 (5175S), phospho-cofilin 1 (3311S), and panactin (4968S) antibodies were purchased from Cell
Signaling Technology. GSK3� (610201) antibody was purchased from BD Bioscience. GAPDH
(glyceraldehyde-3-phosphate dehydrogenase; G8795) antibody was obtained from Sigma-Aldrich (San
Jose, CA).

Glucose uptake assay. 3T3-L1 adipocytes or primary adipocytes isolated from eWATs, iWATs, and
BATs were incubated in low-glucose DMEM containing 0.1% BSA for 4 to 16 h at 37°C. Cells were
stimulated with 100 nM insulin for 20 min at 37°C or not stimulated. Glucose uptake was initiated by the
addition of [14C]deoxyglucose at a final concentration of 3 mol/liter for 10 min in HEPES-buffered saline
(140 mM NaCl, 5 mM KCl, 2.5 mM MgCl2, 1 mM CaCl2, and 20 mM HEPES [pH 7.4]). The reaction was
terminated by separating the cells from HEPES-buffered saline and [14C]deoxyglucose. After washes with
ice-cold PBS, the cells were extracted using 0.1% sodium dodecyl sulfate, and scintillation counting was
used to measure the 14C radioactivity. The protein concentration was determined, and the radioactivity
was normalized to the protein concentration.

Lentivirus packaging and infection. The lentiviral shuttle vectors containing the GLUT4-EGFP,
myc-GLUT4-mCherry, or HA-GLUT4 constructs and three helper plasmids (encoding HIV-1 Gag-Pol, HIV-1
Rev, and vesicular stomatitis virus protein G [VSV-G] envelope protein) were cotransfected into HEK-293T
cells by using the calcium phosphate coprecipitation method. The medium was removed and replaced
with fresh medium 12 h after transfection. The medium containing the viral particles was harvested 48 h
later and filtered through 0.45-�m-pore size filters. The virus-containing medium, along with 8 mg/ml of
Polybrene (Sigma-Aldrich), was added to 3T3-L1 cells for overnight infection, and the medium was
replaced with fresh 10% BCS–DMEM the following day.

GLUT4 translocation. 3T3-L1 adipocytes stably expressing HA-GLUT4 were fixed without permea-
bilization, stained with GFP-conjugated secondary anti-HA antibody, and imaged using TIRFM in the
presence or absence of insulin (100 nM, 30 min).

Gelsolin overexpression. The gelsolin-EGFP-N1 or gelsolin-PCDNA3.1 plasmid (1 �g of DNA per
105 cells) was transfected into fully differentiated 3T3-L1 adipocytes (7 to 8 days after differentiation
induction) by electroporation (1,100-V single pulse for 30 ms). Fresh medium was chased 15 h after
transfection. Experimental assays were conducted 24 h after a medium chase (�40 h after transfec-
tion).

Immunocytochemistry. 3T3-L1 adipocytes were fixed with 4% formaldehyde in Dulbecco PBS
(DPBS). The adipocytes were stained with primary antiperilipin antibody (20R-PP004; Fitzgerald, Acton,
MA), anti-GLUT4 antibody (N-20; Santa Cruz Biotechnology, Dallas, TX), followed by cyanine 5-conjugated
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anti-goat antibody and fluorescein isothiocyanate-conjugated anti-goat antibody, and Hoechst 33342
(H3570; Life Technologies), respectively. The stained adipocytes were mounted with Vectashield solution
(H-1000; Vector Laboratories, Inc., Burlingame, CA) and images were obtained using an LSM700 confocal
microscope (Carl Zeiss, Oberkochen, Germany).

Total internal reflection fluorescence microscopy (TIRFM). TIRFM imaging was performed using
an inverted microscope system equipped with a 60 � 1.49 NA (numerical aperture) lens objective
(Olympus, Tokyo, Japan). Images were collected using the DeltaVision OMX SR imaging system (GE
Healthcare, Buckinghamshire, UK). All experiments were performed at 36°C.

CARS imaging. ATs were mounted with DPBS after vascular perfusion of DPBS. LDs in adipocytes
were visualized by coherent anti-Stokes Raman scattering (CARS) imaging using a model TCS SP8 CARS
microscope (Leica Microsystems, Wetzlar, Germany). Pump and Stokes lasers were tuned to 14,140 cm	1

(or 707 nm) and 11,300 cm	1 (or 885 nm), respectively, to be in resonance with the CH2 symmetric
stretch vibration at 2,840 cm	1.

In vitro glucose bioprobe uptake assay. 3T3-L1 adipocytes were cultured in Lab-Tek II 8-well
chamber plates (Thermo Fisher Scientific). After differentiation, the culture medium was removed and
replaced with a low-glucose FBS-free medium. The cells were maintained in this medium for 4 h and then
incubated for 1 h in glucose-deficient FBS-free DMEM. For continuous monitoring of cellular glucose
uptake using the DeltaVision imaging system (GE Healthcare), each eight-well chamber plate was loaded
on the stage of the microscope and cotreated with GB-Cy3 (5 �M) (31) and insulin (100 nM). The
temperature of the chamber was maintained at 37°C. Fluorescence images were recorded every 2 min.
The images were digitized and saved on a computer for further analysis. The region of interest was drawn
along the cell surface in optical images.

Ex vivo glucose bioprobe uptake assay. eWATs, iWATs, and BATs were removed and sliced into
sections measuring 5 by 5 by 2 mm. The sections were incubated in glucose-deficient DMEM (11966-025;
Life Technologies) containing 0.1% BSA for 30 min at 37°C, followed by incubation with GB-Cy3 (5 �M)
for 30 min in the absence or presence (1 �M) of insulin. After several washes with DPBS, the ATs were
stained with Hoechst33342 (H3570; Life Technologies) and observed using the aforementioned LSM 700
or TCS SP8 CARS microscopes.

Statistical analysis. Results represent data from multiple (three or more) independent experiments.
Error bars represent standard deviation and P values were calculated using Student t test or analysis of
variance (ANOVA).

Data availability. Public microarray data were analyzed for gene ontology study. RNA-sequencing
data sets used are available under Gene Expression Omnibus (GEO) accession numbers GSE8044 (6),
GSE84860 (54), GSE74899 (55), and GSE13432 (56) (https://www.ncbi.nlm.nih.gov/geo).
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