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Background: Obesity and type 2 diabetes mellitus are world-wide health problems, and lack of understanding of their linking
mechanism is one reason for limited treatment options. We determined if genetic deletion of vimentin, a type 3 intermediate fila-
ment, affects obesity and type 2 diabetes mellitus.

Methods: We fed vimentin-null (Vim™") mice and wild-type mice a high-fat diet (HFD) for 10 weeks and measured weight
change, adiposity, blood lipids, and glucose. We performed intraperitoneal glucose tolerance tests and measured CD36, a major
fatty acid translocase, and glucose transporter type 4 (GLUT4) in adipocytes from both groups of mice.

Results: Vim™ mice fed an HFD showed less weight gain, less adiposity, improved glucose tolerance, and lower serum level of
fasting glucose. However, serum triglyceride and non-esterified fatty acid levels were higher in Vim™" mice than in wild-type
mice. Vimentin-null adipocytes showed 41.1% less CD36 on plasma membranes, 27% less uptake of fatty acids, and 50.3% less
GLUTY4, suggesting defects in intracellular trafficking of these molecules.

Conclusion: We concluded that vimentin deficiency prevents obesity and insulin resistance in mice fed an HFD and suggest vi-

mentin as a central mediator linking obesity and type 2 diabetes mellitus.
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INTRODUCTION

Recently, the Global Burden of Disease study estimated that 2
billion people—30% of the world population—are overweight
or obese [1]. Obesity is associated with an increased risk of
type 2 diabetes mellitus [2]. Although much research has fo-
cused on finding the mechanisms of obesity-induced insulin
resistance, treatment for type 2 diabetes mellitus is still limited
by insufficient knowledge of the link between the two disor-
ders. New research revealing how obesity and insulin resis-
tance are related should aid in development of innovative strat-
egies for treatment of obesity-induced insulin resistance.
Vimentin is a type 3 intermediate filament expressed in cells
of mesenchymal origin, including adipocytes. Vimentin plays

a key role in positioning of organelles within the cytoplasm
and regulates numerous cellular processes including cell mi-
gration, autophagy, and plasticity of mesenchymal cells [3-5].
Recently, several studies have revealed the functions of vimen-
tin in adipocytes. Heid et al. [6] reported that vimentin com-
prises lipid droplets, generating a vimentin-perilipin cortex in
adipocytes. Vimentin also participates in lipolysis through di-
rect interaction with hormone-sensitive lipase (HSL) [7]. Vi-
mentin binds to insulin-responsive aminopeptidas , a major
cargo protein of glucose transporter type 4 (GLUT4) vesicles
in 3T3-L1 adipocytes [8]. These in vitro studies support the
hypothesis that vimentin is involved in obesity and type 2 dia-
betes mellitus. A recent study reported that vimentin-null mice
on a chow diet have lower body weight and less body fat com-
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pared with wild-type mice, suggesting a role of vimentin in
normal accumulation of body fat [9]. However, there have
been no animal studies verifying the role of vimentin in high-
fat diet (HFD)-induced obesity and type 2 diabetes mellitus. In
the current study, we evaluated if genetic deletion of vimentin
in mice affects HFD-induced obesity and insulin resistance.
We found that Vim™ mice fed an HFD showed less adiposity
and less weight gain compared with wild-type mice, resulting
in improved glucose tolerance. Our data suggest that further
investigation of the functions of vimentin may lead to new
therapeutic strategies for treatment of obesity and type 2 dia-
betes mellitus.

METHODS

Reagents

The subcellular protein fractionation kit, preadipocyte isola-
tion kit, and fatty acid uptake assay kit were obtained from Ab-
cam (Cambridge, UK). CD36 antibody conjugated with allo-
phycocyanin (APC) and appropriate control antibodies were
purchased from BioLegend (San Diego, CA, USA). Antibodies
for CD36, caveolin-1, GLUT4, and B-actin were obtained from
Abcam. Sodium dodecyl sulfate (SDS) and CuSO. were ob-
tained from Duchefa Biochemie (Haarlem, the Netherlands).
Rabbit immunoglobulin G (IgG) and IgM were purchased
from Bethyl Laboratories (Montgomery, TX, USA).

Mice and animal protocols

Pathogen-free male C57BL/6 mice, 6 to 8 weeks old, were pur-
chased from OrientBio (Seongnam, Korea). Vimentin-null
(Vim™") mice on a 129 background were provided by Dr. John
E. Eriksson (Abo Akademi University, Turku, Finland) and
backcrossed seven times to C57Bl/6. All experiments used age-
matched (7 to 10 weeks old) mice that were fed a chow diet for
5 weeks and then fed an HFD for 10 weeks. The Institutional
Animal Care and Use Committee (JACUC) of Ewha Womans
University School of Medicine approved the experimental pro-
tocol (IACUC approval No. ESM-12-0198). Mouse serum was
obtained by centrifugation of blood at 1,000 x g for 7 minutes.
Mouse serum was analyzed using a high density lipoprotein
(HDL) and low density lipoprotein/very low density lipopro-
tein (LDL/VLDL) cholesterol assay kit (Cayman Chemical,
Ann Arbor, MI, USA), triglyceride (TG), non-esterified fatty
acid (NEFA) assay kit (Wako Chemicals, Richmond, VA,
USA), and a free glycerol assay kit (Dogenbio, Seoul, Korea)
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following the manufacturers’ instructions. An insulin enzyme-
linked immune sorbent assay (ELISA) kit (Millipore, Temecu-
la, CA, USA) was used to measure insulin concentration in

mouse serum.

Immunohistochemistry

The entire epididymal fat pad, subcutaneous fat, and liver were
excised from all experimental animals. Tissues were fixed in
10% formalin and paraffin-embedded. We performed hema-
toxylin and eosin (H&E) staining with 5 um sections from each
formalin-fixed, paraffin-embedded tissue. Antigen retrieval
specific to each antibody was performed. Blocking was per-
formed with rabbit or goat serum, and slides were incubated
with the primary antibody for 1 hour at room temperature (an-
ti-F4/80 Clone C1:A3-1 [Abcam] 1:50 dilution). Sections were
incubated with secondary antibodies using the Vectastain ABC
kit (Vector Laboratories Ltd., Peterborough, UK), and 3,3"-di-
aminobenzidine chromogenic detection was performed.

Cell culture

Adipocytes differentiated from stromal-vascular fraction cells
were used in the current study. We collected mouse preadipo-
cytes from epididymal fat following the preadipocyte isolation
kit instructions. Confluent preadipocytes were treated for 2
days with insulin (10 pM), isobutyl-methylxanthine (IBMX)
(0.5 mM), and dexamethasone (0.25 uM) in Dulbecco’s Modi-
fied Eagle Medium (DMEM) containing 10% fetal bovine se-
rum (FBS) and 1% penicillin/streptomycin (p/s) followed by
treatment for another 2 days with insulin (10 pM) in DMEM
containing 10% FBS and 1% p/s. Cells were replenished with
DMEM containing 10% FBS and 1% p/s every other day.

Flow cytometry

Cells were incubated in 6-well plates with appropriate media
containing 10% FBS. After rinsing twice with phosphate-buft-
ered saline (PBS) cells were harvested gently with a scraper or
trypsin solution (Welgen, Worcester, MA, USA) and moved to
round-bottom glass tubes. After centrifugation at 1,000 xg in
glass tubes, cells were incubated with 5% bovine serum albu-
min (BSA) for 30 minutes at 4°C and then with APC-conjugat-
ed anti-CD36 antibody or isotype control (BioLegend) diluted
in PBS containing 3% BSA for 1 hour at 4°C. After three wash-
es with PBS, cells were analyzed with flow cytometry.
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Fatty acid uptake assay

Cells were incubated in 6-well plates with media containing
10% FBS and then incubated with TF2-C12 fatty acid 40 pg/
mL for 30 minutes. Cells were harvested gently with trypsin
solution and moved to round-bottom glass tubes. Cells were
fixed with 4% paraformaldehyde. After rinsing twice with PBS,
fluorescence intensity of the cells was measured using flow cy-
tometry.

Western blotting

Cells were lysed with buffer containing 1% Triton X-100, 20
mM Tris-hydrochloric acid (pH 7.5), 150 mM sodium chloride,
1 mM EDTA, 1 mM EGTA, protease inhibitor cocktail (Roche,
Mannheim, Germany), and phosphatase inhibitors (2 mM so-
dium vanadate, 1% sodium pyrophosphate, 10 mM sodium
fluoride, and 10 mM phenylmethylsulfonyl fluoride [PMSF]).
The lysates were separated by SDS—polyacrylamide gel electro-
phoresis, transferred to polyvinylidene fluoride membranes
(Millipore), and analyzed by immunoblotting. Membranes
were probed with anti-CD36, anti-Caveolin-1, and anti-B-actin
antibodies. Antibodies for 3-actin were used for normalization.
Band intensities were quantified using the Image ] program
(National Institutes of Health, Bethesda, MD, USA).

Intraperitoneal glucose tolerance test

After 16 hours of fasting, the mice were intraperitoneally in-
jected with 20% glucose solution (D-glucose G75; Sigma-Al-
drich, St. Louis, MO, USA) at 2 g/kg. Blood glucose was mea-
sured using a glucometer. Mouse blood was collected from the
tail vein just before glucose injection and at 15, 30, 60, and 120
minutes after injection. Each experiment was repeated twice
with a week interval using the same mice.

RNA isolation and real-time polymerase chain reaction

Total RNA was extracted from macrophages using Trizol re-
agent (Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s instruction. We used the iScript cDNA synthesis kit
(Bio-rad, Hercules, CA, USA) to synthesize cDNA. Quantita-
tive real-time reverse transcriptase polymerase chain reaction
(qRT-PCR) was performed with Power SYBR Green PCR
Master Mix (Applied Biosystems, Foster City, CA, USA) and
an ABI real-time PCR thermocycler. RNAs were analyzed by
qRT-PCR with the following primers: 5'-GAT CGG AAC
TGT GGG CTC AT-3" and 5'-GGT TCC TTC TTC AAG
GAC AAC TTC-3’ for CD36, 5'-TCC ATG ACA ACT TTG

https://e-dmj.org  Diabetes Metab J 2021;45:97-108

dmj

GCA TTG-3" and 5'-TCA CGC CAC AGC TTT CCA-3" for
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and
5'-AGAGTCTAAAGCGCCT-3" and 5'-CCGAGACCAAC-
GTGAA-3" for GLUT4. GAPDH was used as an internal con-
trol.

Statistical analysis

Data are expressed as meantstandard error of the mean
(SEM). Student’s t-test was used for comparisons of two sample
means. A P value less than 0.05 was considered statistically sig-
nificant. All experiments were repeated at least three times.
Analyses were performed using GraphPad Prism Software ver-
sion 5.00 for Windows (GraphPad Software, San Diego, CA,
USA).

RESULTS

Vimentin deficiency prevented HFD-induced obesity

To investigate the role of vimentin in HFD-induced obesity, we
fed 5-week-old Vim™ mice and wild-type (control) mice an
HEFD for 10 weeks and observed weight changes. The average
weight of Vim™™ mice was 26.6+1.7 g after 10 weeks of HFD,
which was 26% less than the average weight of the control
group (33.7+3.8 g) (Fig. 1A). After sacrificing the mice, we
separated epididymal fat, subcutaneous fat, and brown fat to
measure their weights. The weight of the epididymal fat of
Vim™" mice was 30.8% less than that of the control group
(1.02+0.35 g vs. 1.48+0.15 g), and the weight of the subcuta-
neous fat of Vim™™ mice was 23.7% less than that of the control
group (1.1940.35 g vs. 1.55+£0.49 g) (Fig. 1B).

We stained adipose tissues with H&E and measured the sizes
of adipocytes. Epididymal adipocytes of Vinm ™~ mice were 1.28
times bigger than those of the control mice. In contrast, subcu-
taneous adipocytes of Vim™™ mice were 0.46 times smaller
than those of the control mice (Fig. 1C and D).

We sectioned the livers of wild-type and Vim™™ mice fed an
HEFD for 10 weeks (Fig. 1C). Histological assessment of the liver
sections revealed that Vim ™™ mice presented much lower levels
of hepatic steatosis compared with wild-type mice (Fig. 1C).

Concentrations of TG and NEFA in serum were higher in
Vim™~ mice than in wild-type mice

We analyzed blood of Vim™ mice and control mice after 10
weeks of the HFD and found that plasma concentrations of
VLDL/LDL and HDL were not significantly different between
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Fig. 1. Vimentin deficiency prevents diet-induced obesity. (A) Vim™™ mice (n=10) and control wild-type mice (n=10) were fed a
high-fat diet (HFD) for 10 weeks. Body weight changes of control and Vim™ mice on an HED. Bars indicate mean+standard error
of the mean (SEM). (B) Weights of adipose tissues from the experimental mice in (A). Bars indicate mean+SEM. (C) Representa-
tive images of adipose tissues and livers harvested from the experimental mice in (A) with hematoxylin-eosin staining. Scale bar:
100 pm. (D) The graph shows comparisons of adipocyte sizes between Vim ™~ mice and wide-type mice. Adipocytes from three tis-
sue sections per mouse type were measured. Each bar denotes the mean+SEM. (E) Concentrations of very low density lipoprotein/
low density lipoprotein (VLDL/LDL), high density lipoprotein (HDL), triglyceride (TG), non-esterified fatty acid (NEFA), and free
glycerol in the sera of the Vim™ and control mice in Fig. 1A. The graph shows mean+SEM. (F) Representative images of adipose
tissues from the experimental mice in (A), stained with antibody for the macrophage marker F4/80. Scale bar: 100 pm. (G) Mea-
surements of the area stained with F4/80 antibody in the crown-like structures of adipose tissues from the experimental mice in
(A). WAT, epididymal white adipose tissue; SC, subcutaneous fat; NS, non-significant. *P<0.05, "P<0.01, “P<0.001.
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Fig. 2. Vim™ mice exhibit enhanced glucose tolerance and lower fasting glucose. (A) Glucose tolerance after a 10-week high-fat
diet (n=8 for control, n=38 for Vim™' mice). (B) Area under the curve (AUC) of (A). (C) Blood glucose levels after 16 hours of fast-
ing (n=10 for control, n=10 for Vim™ mice). (D) Serum insulin concentrations after 16 hours of fasting (n=6 for control, n=6 for
Vim™~ mice). The graph shows mean +standard error of the mean). NS, non-significant. *P<0.01, >P<0.001.

the two groups (Fig. 1E) (VLDL/LDL: 135.05+13.56 mg/dL vs.
137.14+10.81 mg/dL; HDL: 39.87+5.27 mg/dL vs. 40.42+2.21
mg/dL). However, serum TG of Vim™ mice was 82.02+9.83
mg/dL, which was 40% higher than the control group
(58.54+4.64 mg/dL) (Fig. 1E). Similarly, serum NEFA concen-
tration was 42.1% higher in Vim ™" mice than in controls (65.58 +
5.43 mg/dL vs. 45.25+3.62 mg/dL). However, serum glycerol
was lower in Vim™™ mice than in controls (14.43+3.01 mM vs.
19.37+3.56 mM).

Vimentin deficiency reduced adipose tissue inflammation
We stained the epididymal fat of control and Vim™ mice fed a
HED for 10 weeks with F4/80 antibody, a macrophage marker
(Fig. 1F). We found that total macrophage number was lower
in the adipose tissues of Vin ™~ mice than in those of wild-type
mice (Fig. 1G).

Vimentin deficiency improved glucose tolerance and
lowered fasting glucose in HFD-induced obesity

HFD-induced obesity in mice is known to be associated with

https://e-dmj.org  Diabetes Metab J 2021;45:97-108

glucose intolerance [10]. To identify the effect of vimentin in
glucose tolerance, we performed an intraperitoneal glucose tol-
erance test. In both Vim™™ and wild-type mice, plasma glucose
level reached the maximum at 30 minutes after glucose chal-
lenge; thereafter, first-order kinetics activity of glucose elimina-
tion occurred until minute 120 in Vim™~ mice. In contrast,
there was hardly any glucose elimination between minutes 30
and 60 in wild-type mice. The KG between minutes 30 and 60
was 1.08+0.51/min in wild-type and 2.52+1.56/min in Vim™"~
mice (n=8, P=0.0186) (Fig. 2A). Analysis of the plot in Fig. 2A
revealed that the glucose area under the curve (AUC) of the
Vim™" mice was 26.3% lower than that of the wild-type mice
(AUC: 1,670.25+253.10 [control] vs. 1,229.75+210.20 [Vim™~
], P=0.002), suggesting that Vim™~ mice had less impaired glu-
cose tolerance than wild-type mice (Fig. 2B). The fasting glu-
cose level of the Vim™ group was 82.4+11.0 mg/dL, which was
27.6% lower than that of the control group (113.8+12.04 mg/
dL) (Fig. 2C). Blood insulin levels were not significantly differ-
ent between Vim™ and control mice (Fig. 2D).
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Fig. 3. Vimentin deficiency reduces CD36 and glucose transporter type 4 (GLUT4) trafficking to the plasma membrane in adipo-
cytes. (A) Representative flow cytometry data of control and Vim™ mouse adipocytes (left panel). Adipocytes were exposed to
TF2-C12 fatty acid 40 pg/mL for 30 minutes. Fluorescence intensity of these cells was measured using flow cytometry (red:
control+TF2-C12, green: Vim™~+TF2-C12, light blue: untreated control adipocytes, yellow: untreated vimentin-null adipocytes).
Geometric mean fluorescence intensity (right panel). (B) Western blot analysis for CD36 using the fractionated lysate from con-
trol and Vim™" murine adipocytes. Cytosolic and membrane fractions were separated using a buffer-based protocol. Caveolin-1
was used as a marker for the plasma membrane fraction, and 3-actin was used as a marker for the cytosolic fraction. (C) Quanti-
tative real-time polymerase chain reaction to measure CD36 and GLUT4 expression in control and Vim™~ murine adipocytes.
The values are normalized to the expression level of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (D) Plasma mem-
brane-localized CD36 was measured by flow cytometry using allophycocyanin (APC)-conjugated CD36 antibody. Mean fluores-
cence intensities representing CD36 expression were compared between control and Vim™ adipocytes. (E) Western blot analysis
for GLUT4 using the fractionated lysates from control and Vim™ murine adipocytes. Cytosolic and membrane fractions were
separated using a buffer-based protocol. Caveolin-1 was used as a marker for the membrane fraction, and B-actin was used as a
marker for the cytosolic fraction. Quantitation of band intensities (right graph). Cyto, cytosol fraction; Mem., membrane fraction;
NS, non-significant. *P<0.01, °P<0.001.
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Fig. 4. Vimentin deficiency decreased lipolysis via hormone-sensitive lipase (HSL) activity. (A) Western blot analyses for HSL and
phosphorylated HSL (p-HSL; Ser563, Ser660, Ser565) using homogenized epididymal fat lysates from the experimental mice in
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ses for fatty acid synthase and perilipin using fat lysates from the experimental mice in Fig. 1A (control, n=3; Vim™", n=3). Quan-
titation of the band intensities in Western blots (graphs below). The graph shows mean=+standard error of the mean. FAS, fatty

acid synthase; NS, non-significant. *P<0.05.

Vimentin deficiency reduced expression of CD36 and
GLUT4 in the plasma membrane of adipocytes
Dysregulation in adipose fatty acid metabolism is a significant
contributing factor to development of obesity and metabolic
diseases, including type 2 diabetes mellitus [11]. To see if vi-
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mentin deficiency affects fatty acid uptake in adipocytes, we
isolated preadipocytes from epididymal fats of Vim™~ and wild-
type mice and experimentally induced differentiation into adi-
pocytes. We confirmed no expression of vimentin in the adipo-
cytes differentiated from stromal-vascular fraction cells of the
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Vim™~ mice with Western blot (Supplementary Fig. 1).

We evaluated fatty acid uptake of these adipocytes using the
fluorescence detector TF2-C12 fatty acid. Our flow cytometry
data showed that the mean fluorescence intensity of macro-
phages representing TF2-C12 fatty acid uptake was 27% less in
Vim™~ adipocytes than in control cells (Fig. 3A).

CD36 is a fatty acid translocase in adipocytes [12]. Our
Western blot for CD36 showed that CD36 protein level in cell
lysates was not different between Vim™ and control adipo-
cytes (Fig. 3B). Analysis of gene transcriptional level using
quantitative PCR also showed no difference in CD36 mRNA
between Vim™ and control adipocytes (Fig. 3C). However, ex-
pression of CD36 in the plasma membrane was significantly
different. Western blots using the cytoplasmic and membrane
fractions of macrophages revealed that the amount of mem-
brane-localized CD36 in Vim™ adipocytes was 58% smaller
than in control adipocytes (Fig. 3B). In accordance, flow cy-
tometry for plasma membrane CD36 showed 41.1% fewer in
Vim™~ adipocytes than control adipocytes (Fig. 3D).

We also observed expression of GLUT4, the insulin-regulat-
ed glucose transporter in adipocytes [13]. Western blots using
total cell lysates showed that Vim™ adipocytes had 22% less
expression of GLUT4 than control adipocytes. Q-PCR using
cDNA of adipocytes differentiated from the stromal-vascular
fraction showed that GLUT4 expression levels of Vim™™ and
control adipocytes were not significantly different (Fig. 3C).
However, Western blots using the membrane faction revealed
50.3% less GLUT4 in Vim™~ adipocytes compared with control
adipocytes. The cytosolic fraction of Vim™" adipocytes had
17.8% less GLUT4 than the cytosolic fraction of control adipo-
cytes (Fig. 3E).

Vimentin deficiency decreased lipolysis via decreased HSL
activity

We measured expression levels of molecules important for li-
pogenesis and lipolysis in the epididymal fats of Vim™" and
wild-type mice fed a HFD for 10 weeks. To determine whether
vimentin deficiency influences expression of HSL, we mea-
sured the expression by Western blotting. HSL expressed in
adipose tissues did not differ between Vim™ and control
groups (Fig. 4A).

HSL activity is regulated by site-specific phosphorylation on
several serine residues [14]. We found smaller amounts of ac-
tive forms of HSL phosphorylated on Ser563, Ser565, and
Ser660 in vimentin-null adipose tissues compared with control
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adipose tissues (Fig. 4A). Fatty acid synthase and perilipin,
which are involved in lipogenesis, were were not different in
expression level between Vim™~ and control groups (Fig. 4B).

DISCUSSION

Previous studies of vimentin, a type III intermediate filament,
have focused on its role in maintenance of cellular structures
and epithelial-mesenchymal transition. However, the biologi-
cal role of vimentin in the context of living organisms has been
limited [15]. A recent study revealing that both male and fe-
male Vim™™ mice on a normal chow diet had lower body
weight and less fat accumulation compared with wild-type
mice is inspiring since it suggests that vimentin plays a role in
normal fat accumulation and metabolism [9]. In addition,
there are studies showing that vimentin is a constituent of lipid
droplets in human adipocytes [6], and that vimentin is linked
to lipid metabolism, including stability of TG, and to insulin-
sensitive translocation of GLUT4 in adipocytes [8]. These
studies suggest that vimentin plays an important role in meta-
bolic abnormalities; however, there have been no animal stud-
ies on the role of vimentin in the course of diet-induced obesi-
ty and type 2 diabetes mellitus. Our studies seek novel func-
tions of vimentin in metabolic processes by evaluating the ef-
fects of vimentin deficiency on HFD-induced obesity and type
2 diabetes mellitus.

Our current study is the first to report the phenotypic differ-
ences between Vim™™ and wild-type mice fed an HFD for 10

~~ mice were lower than those

weeks. Body weights of the Vim
of the control mice and comprised less epididymal white adi-
pose tissue (Fig. 1). Serum TG and NEFA levels were higher in
Vim™™ mice (Fig. 1). These results suggest that vimentin defi-
ciency may influence metabolism of TG and fatty acids. Fred-

-~ adre-

ric B. Kraemer’s group found that lipid droplets in Vim
nal cells are smaller than in control cells [16], and their pro-
teomic research revealed that vimentin is an HSL-interacting
partner. Adipose cells from Vim™ mice show lower efficiency
of lipolysis despite the same amounts of lipases and droplet-as-
sociated proteins. However, maximally stimulated lipolysis in
these Vim™ cells was not altered [7]. These experiments were
conducted on mice fed a chow diet and thus with no patholog-
ical conditions. In our experiments using mice fed an HFD,
epididymal Vim™" adipocytes were bigger than wild-type cells,
and Vim™" adipocytes in subcutaneous fat tissues were smaller
than wild-type cells (Fig. 1C). In obesity, adipocyte size in-
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creases to neutralize and store nutritional overload. When the
adipocytes are eventually unable to store excess lipids, they in-
crease lipolysis and redirect fatty acids to the liver [16]. Based

on this, Vim™~

adipocytes in epididymal fat appear to have im-
proved function to store lipids and decreased adipolysis (Fig.
1C and D) [7]. Adipocyte size may be dependent on the bal-
ance between fatty acid uptake and lipolysis, and contrary
findings of the sizes of adipocytes between epididymal fat and
subcutaneous fat suggest differential functions of different adi-
pose depots. It has been reported that epididymal adipocytes
have more mitochondria than subcutaneous adipocytes and
are more prone to lipolysis [17].

The higher TG and NEFA levels in the blood of Vim™ mice

_/-

are explained by reduced fatty acid uptake of Vim™~ adipocytes
(Fig. 3A). Transcription of CD36, a major fatty acid translo-
case, was not affected by vimentin deficiency (Fig. 3C). How-
ever, the subcellular fractionation technique and flow cytome-
try revealed a 41% to 58% reduction in the amount of CD36 in
the plasma membrane of vimentin-null adipocytes (Fig. 3B
and D). Therefore, we posit that vimentin plays a role in traf-
ficking of CD36 and regulates fatty acid uptake of adipocytes.
Regarding the various functions of CD36 and its clinical impli-
cations in physiologic or pathological conditions including
obesity [18], atherosclerosis [15,19], malaria infection [20], di-
abetes [21], and Alzheimer’s disease [22], it is important to
clarify the regulatory mechanism of CD36 expression. For this,
several recent reports found that CD36 transcription is regu-
lated by activated peroxisome proliferator-activated receptors-
v [23]. In the current study, we report that Vim ™" mice fed an
HFD showed a phenotype similar to that of CD36™~ mice. It
has been reported that CD36™" mice have elevated serum TG
concentration and lower body weights compared with wild-
type mice [24-26]. According to the Furuhashi et al. [27], se-
rum TG level is significantly elevated in CD36-deficient peo-
ple. Elevated free fatty acid uptake via CD36 promotes epithe-
lial-mesenchymal transition in hepatocellular carcinoma cells
[28]. Overall, expression of CD36 and vimentin seem to be
linked; thus, further studies should be performed to determine
the mechanism by which vimentin is involved in membrane
localization of CD36 and how CD36 expression reciprocally
regulates vimentin expression.

We also evaluated if vimentin affects insulin resistance in
HFD-fed obese mice and found that Vim™ mice had signifi-
cantly lower fasting glucose level and improved glucose toler-
ance compared to control mice. In contrast, there was no dif-
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ference in blood insulin level between the two groups (Fig.
2D). GLUT4, the predominant insulin-responsive glucose
transporter isoform, plays a key role in the transport of extra-
cellular glucose into insulin-sensitive cells in vivo [29-31].
There have been several studies revealing the role of GLUT4 in
diabetes in mice. Overexpression of GLUT4 in fat reversed in-
sulin resistance in muscle-GLUT4”~ mice [32]. GLUT4 over-
expression improved insulin sensitivity and fasting triglyceri-
demia in HFD-fed transgenic mice [33]. In our study, GLUT4
was 22% lower in total cell lysates and 50.3% lower in the
membrane fraction of vimentin-null adipocytes (Fig. 3E). Our
finding corresponds to a previous report that vimentin medi-
ates insulin-sensitive GLUT4 translocation in 3T3-L1 adipo-
cytes [8]. Therefore, it seems that improved glucose tolerance
in Vim™™ mice does not depend on GLUT4 expression of adi-
pocytes. Glucose homeostasis is controlled by various mecha-
nisms; thus, the role of vimentin in different regulatory mecha-
nisms should be studied. Vimentin expression in pancreatic o
and B cells is related to pancreatic islet dysfunction and insulin
resistance [34]. A recent study revealed that vimentin filament
assembly is required for B3 adrenergic receptor (33AR) func-
tion in adipocytes. Depletion of vimentin by small hairpin RNA
(shRNA) completely inhibits B3AR-mediated extracellular-sig-
nal-regulated kinase (ERK) activation and significantly reduces
lipolysis [35]. In addition, deficiency of B-adrenoceptors (31/
[32/B3-adrenoceptors) results in enhanced insulin sensitivity in
mice [36]. Vimentin is involved in secretion of neurotransmit-
ters and affects the functions of the autonomic nervous system,
which regulates glucose homeostasis [37]. Therefore, further
studies using tissue-specific Vim™~ mice would be beneficial to
clarify the mechanism.

Our data show that vimentin-null adipocytes have less
membrane-localized CD36 and thus less uptake of fatty acid
via CD36. CD36 plays an important role in modulating lipid
homeostasis. Fatty acid binding to CD36 increases level of
cAMP. One report showed that fatty acid binding to CD36
couples AMP-activated protein kinase (AMPK) activation to
fatty acid availability [38]. In addition, CD36 deficiency in
3T3-L1 adipocytes decreased lipolysis [39]. HSL Ser563,
Ser659, and Ser660 are major cyclic AMP-dependent protein
kinase phosphorylation sites, and HSL Ser565 is phosphorylat-
ed by AMPK. Our data showed that HSL phosphorylation on
Ser563, Ser659, and Ser660 was reduced in Vim ™™ adipose tis-
sues. Therefore, vimentin deficiency seems to affect lipolysis
via reduced phosphorylation of HSL, which may be related to
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deficient CD36-mediated signaling.

On the other hand, vimentin deficiency does not affect the
expression of fatty acid synthase or perilipin, two major mark-
ers for lipogenesis. It is remarkable that the phenotypes of
Vim™" mice are similar to those of CD36™'~ mice, and the met-
abolic phenotypes of Vim™" mice seem to be related to the role
of vimentin in CD36 trafficking, as focused on in this study. A
recent paper revealed that the adipose tissue of CD36™~ mice
showed less lipolytic activity and thus less free glycerol release
when stimulated with isoproterenol (ISO) [24]. When CD36
of the plasma membrane was reduced by ISO in 3T3L1 cells,
phosphorylation of HSL at Ser660 also decreased. These results
suggest that CD36, which mediates uptake of fatty acid, pro-
motes lipolysis and consequently maintains intracellular fatty
acid homeostasis.

In summary, we report that Vim™ mice fed a HFD showed
less adiposity and improved glucose tolerance with higher lev-
els of serum TG and NEFA. We also found that adipocytes
from Vim™ mice had less plasma membrane expression of
CD36 and GLUT4, suggesting that vimentin functions in in-
tracellular trafficking of CD36 and GLUT4 in adipocytes. Our
study proposes vimentin as a new therapeutic target for obesity
and diabetes.
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Control Vimentin null

+/+ +/+ -/- -/=
— 60 kDa

Vimentin a— ~
(54 kDa) . s50kDa

Supplementary Fig. 1. The Western blot for vimentin using
lysates of adipocytes differentiated from stromal-vascular frac-
tion cells from Vim™~ and wild-type mice shows no detectable
vimentin in Vim ™~ adipocytes (molecular weight 54 kDa).
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