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A B S T R A C T

We previously reported that ubiquitin-specific protease (USP) 2 in macrophages down-regulates genes
associated with metabolic diseases, suggesting a putative anti-diabetic role for USP2 in macrophages. In this
study, we evaluate this role at both cellular and individual levels. Isolated macrophages forcibly expressing
Usp2a, a longer splicing variant of USP2, failed to modulate the insulin sensitivity of 3T3-L1 adipocytes.
Similarly, macrophage-selective overexpression of Usp2a in mice (Usp2a transgenic mice) had a negligible
effect on insulin sensitivity relative to wild type littermates following a three-month high-fat diet. However,
Usp2a transgenic mice exhibited fewer M1 macrophages in their mesenteric adipose tissue. Following a six-
month high-fat diet, Usp2a transgenic mice exhibited a retarded progression of insulin resistance in their
skeletal muscle and liver, and an improvement in insulin sensitivity at an individual level. Although conditioned
media from Usp2a-overexpressing macrophages did not directly affect the insulin sensitivity of C2C12
myotubes compared to media from control macrophages, they did increase the insulin sensitivity of C2C12
cells after subsequent conditioning with 3T3-L1 cells. These results indicate that macrophage USP2A hampers
obesity-elicited insulin resistance via an adipocyte-dependent mechanism.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a disease with globally
expanding incidence, and there is therefore much interest in the
medical field in the development of novel therapies for this condition.
In obese individuals, adipocytes release several soluble factors, which

cause insulin resistance in skeletal muscle and liver and inhibit insulin
secretion by pancreatic β cells [1,2]. Thus, control of communication
from adipose tissue to other metabolic organs is crucially important for
preventing obesity-induced T2DM. Accumulating evidence indicates
that chronic inflammation of adipose tissues accelerates the release of
diabetic adipocytokines and lipokines from adipocytes [1,2]. Of the

http://dx.doi.org/10.1016/j.bbrep.2017.01.009
Received 2 February 2016; Received in revised form 24 December 2016; Accepted 23 January 2017

⁎ Correspondence to: Laboratory of Veterinary Physiology, Department of Veterinary Medicine, Rakuno Gakuen University, 582 Bunkyodai-Midorimachi, Ebestsu, Japan.
E-mail addresses: s21361144@stu.rakuno.ac.jp (N. Saito), skimu@hokudai.ac.jp (S. Kimura), tomomi@med.nagoya-cu.ac.jp (T. Miyamoto),

sana_fukushima@brain.riken.jp (S. Fukushima), s21361055@stu.rakuno.ac.jp (M. Amagasa), shimamot@rakuno.ac.jp (Y. Shimamoto), chieko@brain.riken.jp (C. Nishioka),
shiki@nips.ac.jp (S. Okamoto), chitoku.toda@yale.edu (C. Toda), s21003068@stu.rakuno.ac.jp (K. Washio), atasano@vet.kagoshima-u.ac.jp (A. Asano),
ichirom@nagoya-cu.ac.jp (I. Miyoshi), etakahashi@brain.riken.jp (E. Takahashi), ktmr@rakuno.ac.jp (H. Kitamura).

Abbreviations: DMEM, Dulbecco's modified Eagle medium; ELISA, enzyme-linked immunosorbent assay; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; HFD, high-fat diet;
HOMA-IR, homeostatic model assessment as an index of insulin resistance; IL, interleukin; IR, insulin receptor; IRS, insulin receptor substrate; KD, knock down; KO, knockout; NCD,
normal chow diet; NEFA, nonesterified fatty acid; pAkt, phosphorylated Akt; PDK, phosphoinositide-dependent kinase; PI3K, phosphatidylinositol 3-phosphate kinase; pIRβ,
phosphorylated insulin receptor β chain; SOCS, suppressor of cytokine signaling; Tg, transgenic; T2DM, type 2 diabetes mellitus; USP, ubiquitin-specific protease

Biochemistry and Biophysics Reports 9 (2017) 322–329

Available online 26 January 2017
2405-5808/ © 2017 The Author(s). Published by Elsevier B.V.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/BY-NC-ND/4.0/).

MARK

http://www.sciencedirect.com/science/journal/24055808
http://www.elsevier.com/locate/bbrep
http://dx.doi.org/10.1016/j.bbrep.2017.01.009
http://dx.doi.org/10.1016/j.bbrep.2017.01.009
http://dx.doi.org/10.1016/j.bbrep.2017.01.009
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbrep.2017.01.009&domain=pdf


various types of inflammatory cells, macrophages constitute the largest
cellular population in adipose tissues and play a pivotal role in the
establishment of “meta-inflammation” [3]. They secrete a variety of
cytokines that modulate adipocytokine secretion from adipocytes and
control carbohydrate metabolism and tissue remodeling [3]. Thus,
therapeutic interventions targeting adipose tissue macrophages are
considered an effective approach to overcoming T2DM [4].

Molecular mechanisms underlying insulin signaling have been well
documented. After insulin binds insulin receptor (IR), IRα and -β
subunits dimerize and are auto-phosphorylated by their tyrosine kinase
domain. Subsequently, insulin receptor substrate (IRS) 1 is recruited to
the receptor complex, followed by sequential phosphorylation of
phosphatidylinositol 3-phosphate kinase (PI3K), phosphoinositide-
dependent kinase (PDK)-1, and Akt. Consequently, the IR/IRS1/
PI3K/PDK-1/Akt cascade controls glucose metabolism, protein synth-
esis, and lipolysis in myocytes, hepatocytes, and adipocytes [5]. In
T2DM patients, Akt phosphorylation is disrupted and thus inhibited
[5,6]. The phosphorylation state of Akt is therefore a useful index for
insulin resistance at both the cellular and individual levels.

Ubiquitination and deubiquitination are reversible processes reg-
ulating the digestion and functional modulation of target proteins. The
ubiquitin-specific proteases (USPs) are the largest family contributing
to deubiquitination [7]. Each USP affects different target proteins,
implying different cellular roles. USP2, which is expressed in a wide
range of cells, performs various cellular functions, such as carcinogen-
esis, sodium channel regulation, interferon production, and cell death
[8–11]. USP2 has two splicing variants, namely USP2A (USP2-69) and
USP2B (USP2-45) [12]. Both variants share a ubiquitin isopeptidase
domain at the C-terminus, but the first structure at the N-terminus
differs. So far, we have found that USP2A downregulates genes
associated with metabolic diseases, such as plasminogen activator
inhibitor-1 and adipocyte protein 2 in macrophages, in a relatively
selective manner [13]. Moreover, macrophage-selective Usp2a trans-
genic (Tg) mice showed a lower accumulation of total macrophages in
their visceral adipose tissues while on a high-fat diet (HFD), suggesting
that USP2A may have an anti-diabetic role in macrophages. However,
whether USP2 in macrophages is a key determinant of metabolic state
in obese individuals is still unclear. In this study, we assessed the
effects of macrophage USP2 on glucose metabolism and insulin
sensitivity using gene-engineered cells and mice.

2. Materials and methods

2.1. Cells

Mouse peritoneal macrophages were prepared as described pre-
viously [14]. USP2 knockdown (KD) and their control cells were
generated based on human myeloid HL-60 cells [13]. One day prior
to examination, the cells were treated with phorbol 12-myristate 13-
acetate (30 nM; Sigma-Aldrich, St Louis, MO, USA) to induce macro-
phage-like differentiation. Expression levels of Usp2 variants were
downregulated by ~20% relative to control cells [13]. Mouse 3T3-L1
cells were purchased from Takara Bio (Kusatsu, Japan) and were
differentiated into mature adipocytes by adding Adipoinducer cocktail
for one week (Takara Bio). Mouse C2C12 myoblasts were obtained
from RIKEN BioResource Center (Tsukuba, Japan), and were differ-
entiated into myotubes in Dulbecco's modified Eagle medium (DMEM)
(Nacalai, Kyoto, Japan) containing 4.5 g/L of glucose and 2% horse
serum (Thermo Fischer Scientific, Waltham, MA, USA) for five days.

2.2. Mice

Macrophage-selective Usp2a Tg mice were described previously
[13]. The mice have a Usp2a transgene that is exclusively expressed in
macrophages under the control of an fms intronic regulatory element
[15].

Mice were fed a 60% kcal high-fat diet (HFD) (D12492; Research
Diets, New Brunswick, NJ, USA) or normal chow diet (NCD) (Oriental
Yeast, Tokyo, Japan) from age five weeks. All animal experiments were
approved by the Animal Ethics Committees of Nagoya City University
(Permit Number: H22M-54) and Rakuno Gakuen University (Permit
Number: VH15A10).

2.3. Preparation and treatment of macrophage- and adipocyte-
conditioned media

Peritoneal macrophages or HL-60 derivatives were cultured in
Opti-medium (Thermo Fisher Scientific) for five days, and the media
were diluted to half its original concentration with DMEM. These
macrophage-conditioned media were applied to 3T3-L1 cells or C2C12
cells for 10 h and three days, respectively. These cells were then
stimulated with insulin (200 nM) for 10 min. In some experiments,
the macrophage-conditioned media were harvested again 12 h after
addition to 3T3-L1, diluted to half its original concentration with
DMEM, and then added to C2C12 cells for three days.

2.4. Immunoprecipitation and Western blotting analysis

Cells and tissues were homogenized in a Radio-
Immunoprecipitation Assay buffer containing 50 mM Tris-HCl (pH
7.6), 150 mM NaCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholate,
0.1% sodium dodecyl sulfate, a complete protease inhibitor cocktail
(Roche Diagnostics, Mannheim, Germany) and phosphatase inhibitor
cocktail (Sigma-Aldrich). In some experiments, lysate of insulin-
treated 3T3-L1 cells was subjected to immunoprecipitation using an
anti-insulin receptor antibody (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and Pierce protein-G magnetic beads (Thermo Fisher
Scientific, Waltham, MA, USA). The homogenates or immunoprecipi-
tants were then subjected to sodium dodecyl sulfate -polyacrylamide
gel electrophoresis and transferred to an Immobilon-P polyvinylidene
difluoride membrane (EMD Millipore, Billerica, MA, USA). After
blocking with Blocking One (Nacalai) or Blocking One-P (Nacalai)
solution, the first antibodies dissolved in Hikari enhancer solution
(Nacalai) were added to the membrane. Anti-phosphorylated Akt
(pAkt) (Ser473) and Akt were purchased from Cell Signaling
Technology (Danvers, MA, USA). Anti-phosphorylated IRβ chain
(pIRβ) (Tyr1162/1163), IRβ, and glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) were purchased from Santa Cruz Biotechnology.
After washing, horseradish peroxidase-conjugated anti-rabbit antibody
(Cell Signaling Technology) was added. Immunocomplexes were
visualized using Chemilumi One Super reagent (Nacalai), and the
images were captured using bioimage analyzers BAS-3000 (Fuji Film,
Tokyo, Japan) and EZ-capture (Atto, Tokyo, Japan).

2.5. Blood tests

Blood glucose, triglycerides, nonesterified fatty acids (NEFAs), and
total cholesterol were measured using Test Wako kits (Wako, Osaka,
Japan). Blood insulin was measured using an enzyme-linked immuno-
sorbent assay (ELISA) kit purchased from Shibayagi (Gunma, Japan).
Mouse homeostasis model assessment-insulin resistance (HOMA-IR)
was calculated using plasma from 12 h-fasting mice using the following
formula: [blood glucose (mg/dL)×plasma insulin (μU/mL)]/405, as
described in [17].

2.6. Insulin tolerance test

An insulin tolerance test was performed as previously described
[16]. Briefly, after 6 h of starvation, mice were intraperitoneally
injected with human insulin (2.0 U/kg; Eli Lilly, Indianapolis, IN,
USA). Blood was collected from the tail vein after the insulin applica-
tion and glucose levels were measured using a Free Style Freedom
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Light (Abbott Japan, Tokyo, Japan).

2.7. Histological analyses

Tissues were fixed with 10% formaldehyde neutral buffer solution
(Nacalai), and were dipped in 30% sucrose solution overnight at 4 °C,
embedded in OCT compound (Sakura Finetek, Tokyo, Japan). Frozen
sections, approximately 14 µm thick, were mounted on gelatin-coated
glass slides. After pretreatment with 0.3% Triton X-100-containing
PBS (pH 7.2) for 30 min and preincubation in 10% normal donkey
serum, the sections were incubated with a rat anti-F4/80 monoclonal
antibody (Biolegend) overnight at room temperature, followed by
incubation with horseradish peroxidase-labeled anti-rat IgG antibody
(Nichirei, Tokyo, Japan) for 2 h. The sites of the antigen-antibody
reaction were detected by 3,3′-diaminobenzidine staining in the
presence of hydrogen peroxide. Images were acquired using a DP70
digital camera mounted on a BX51 microscope (Olympus, Tokyo,
Japan). The average F4/80-positive area of each individual was
determined based on 10 microscope fields of the images using Image
J software [18].

2.8. FACS analysis

FACS analysis of the vascular stromal cell fraction of the adipose
tissue was performed as described previously [16]. Briefly, the adipose
tissue was cut into small pieces and digested with collagenase (Sigma
Aldrich). After centrifugation, hemolysis was conducted using a
hypotension buffer (150 mM ammonium chloride, 10 mM potassium
bicarbonate, 100 μM EDTA, pH 7.2). After filtration and washing with
PBS, the cells in the vascular stromal fraction were blocked with
TruStain FcX (Biolegend, San Diego, CA, USA) and then labeled with
phycoerythrin-conjugated anti-F4/80 and AlexaFluor488-conjugated
anti-CD11b, or AlexaFluor488-conjugated anti-CD11c and allophyco-
cyanin-conjugated anti-CD206 (all Biolegend). The labeled cells were
monitored using FACS Canto2 (BD Bioscience) and analyzed using
FlowJo software (Ashland, OR, USA).

2.9. Statistics

All statistical analysis was based on Student's t-test (for single-time-
point comparisons) or two-way analysis of variance (for time-course
experiments). For some experiments, the Holm-Bonferroni test was
also used.

3. Results

3.1. USP2-knockdowned macrophage-like cells but not Usp2a-
overexpressing macrophages modulate the insulin sensitivity of 3T3-
L1 cells

Since USP2 down-regulates meta-inflammation-associated genes in
macrophages, we hypothesized that macrophage USP2 might affect the
insulin sensitivity of adjacent adipocytes. To explore this idea, we
monitored insulin-elicited tyrosine phosphorylation of Akt (Ser473),
which is a major index of insulin signaling activation [19,20], in 3T3-
L1 adipocytes after treatment with conditioned media from USP2 KD
macrophage-like HL-60 cells. Western blotting showed that super-
natant from USP2 KD cells repressed insulin-elicited phosphorylation
of Akt in 3T3-L1 cells significantly more than media from control HL-
60 cells (Fig. 1A). Similar repression of phosphorylation of IRβ
(Tyr1162/1163), another index of insulin sensitivity [21], was observed
in 3T3-L1 cells pretreated with the conditioned media from USP2 KD
cell culture (Fig. 1B).

In our previous paper, we demonstrated that a longer splicing
variant of USP2, namely USP2A, overcame USP2 KD-elicited aberrant
expression of metabolic syndrome-associated genes in macrophages

[13]. Thus, overexpression of Usp2a in macrophages might modulate
the basal insulin activity of adipocytes. To examine this, we treated
3T3-L1 cells with media conditioned with macrophages isolated from
Usp2a Tg mice or control littermates. As shown in Fig. 1C, the Akt
phosphorylation state was almost identical in 3T3-L1 cells treated with
Usp2a-overexpressing and control macrophage-conditioned media.
Similar results were obtained regarding IRβ phosphorylation
(Fig. 1D). Therefore, excess USP2A in macrophages does not affect
the insulin sensitivity of nascent adipocytes in vitro.

USP2 is also expressed in a wide variety of cells, including
adipocytes. Thus, it is possible that USP2 expressed in adipocytes also
has the potential to modulate the insulin sensitivity of cells. To analyze
this, we generated three Usp2 knockout (KO) 3T3-L1-derived clones
using the CRISPR/Cas9 systems. None of the clones exhibited sub-
stantial changes in Akt phosphorylation after insulin stimulation
(Fig. 1). Hence, USP2 expressed in adipocytes is not a determinant
of the insulin sensitivity of cells.

Fig. 1. Effects of USP2 in macrophages on insulin signaling in adipocytes. Changes in
insulin-elicited Akt phosphorylation (pAkt; A, C) and insulin receptor β chain (pIRβ; B,
D) in 3T3-L1 cells conditioned by USP2 knockdown HL-60 cells (KD; A, B) or Usp2a
overexpression isolated mouse macrophages(C, D). 3T3-L1 cells were pretreated with
culture media from USP2 KD (A, B), Usp2a overexpression (C, D), or their respective
control (Ctrl) cells for 10 h. After insulin (100 nM) treatment, the 3T3-L1 cells were
subjected to Western blot (A, C) and immunoprecipitation Western blot (B, D) analyses.
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was also detected as reference.
Values presented are the mean ± SD of three experiments. *P < 0.05 vs. control cell-
conditioned cells.
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3.2. Adiposity and glucose metabolism marginally affected in
macrophage-selective Usp2a transgenic mice fed a three-month high-
fat diet

As shown in Fig. 1C and D, excess USP2A in macrophages did not
increase the insulin sensitivity of intact adipocytes. However, this result
does not exclude the possibility that USP2A expressed in macrophages
had beneficial effects with respect to T2DM in obese individuals. We
thus investigated whether overexpression of Usp2a in macrophages
impeded the progress of T2DM in HFD-induced obese mouse models.
After being fed an HFD for three months, there were no obvious
differences in food consumption between Usp2a Tg mice and control
littermates (Fig. 2A). However, body weight gain was slightly smaller in
HFD-fed Usp2a Tg mice (n=9–10; P=0.084, Student's t-test; P=0.025,
Holm-Bonferroni test). There was no significant difference in the wet
tissue weight of epididymal adipose tissue between the Usp2a Tg and
control mice (Fig. 2B). In contrast, the mesenteric adipose tissue mass
was slightly, but significantly, lower in Usp2a Tg mice. Blood glucose,
triglyceride, NEFAs, total cholesterol, and insulin levels were not
modulated in the obese Usp2a Tg mice (Fig. 2C). The HOMA-IR and
insulin tolerance test also suggested that overexpression of Usp2a in
macrophages had failed to improve insulin sensitivity in an HFD-

induced obese model at this point in the trial (Fig. 2D and E). Taken
together, these results indicate that overexpression of Usp2a in
macrophages has limited effects on glucose metabolism in the early
phases of obesity, although it slightly represses weight gain and
hypertrophy of mesenteric adipose tissue.

We also investigated the effects of macrophage-selective Usp2a-
overexpression on glucose metabolism in lean mice. Relative to control
littermates, Usp2a Tg mice did not exhibit changes in body weight gain,
blood glucose, lipids, insulin, or insulin sensitivity after being fed an
NCD for three months (Fig. 2A and C, and Fig. 2A-C).

3.3. Fewer inflammatory macrophages in the mesenteric adipose
tissue of Usp2a transgenic mice

Consumption of an HFD for three months had a significant effect on
mesenteric adipose tissue mass in Usp2a Tg mice (Fig. 2B). This agrees
with our previous report that overexpression of Usp2a in macrophages
affects total cell number and gene expression in mesenteric adipose
tissue macrophages after three months of an HFD [13]. Since
mesenteric adipose tissue mass is strongly correlated with T2DM
progression [22], we further characterized the macrophage subpopula-
tion in this tissue in obese Usp2a Tg mice. In agreement with previous

Fig. 2. Phenotypic changes in macrophage-selective Usp2a transgenic (Tg) mice after being fed a high-fat diet (HFD) or normal chow diet (NCD) for three months. Tg mice and their
control littermates were fed an HFD from the age of five weeks. (A) Body weight and food consumption of Usp2a Tg mice and control mice after a three-month HFD or NCD. (B) Wet
tissue weight of epididymal and mesenteric adipose tissues. (C) Plasma triglyceride, non-esterified fatty acids (NEFAs), total cholesterol, glucose, and insulin levels under normal feeding
conditions in the two diet treatments. Note that these blood indices were not affected by overexpression of Usp2a in macrophages during a once-off 12-h fast. (D) HOMA-IR and (E)
insulin tolerance in Usp2a Tg mice and control mice after a three-month HFD. Values presented are the mean ± SD of nine to 15 (A, E) or four (B-D) mice. *P < 0.05 vs. control mice.
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reports, overexpression of Usp2a in macrophages prevented the
infiltration of F4/80+, CD11b+ macrophages in mesenteric adipose
tissue (Fig. 3A). Further FACS analysis showed that there were fewer
F4/80+, CD11c+, CD206− inflammatory M1-like macrophages and F4/
80+, CD11c−, CD206+ anti-inflammatory M2-like macrophages in the
adipose tissue of Usp2a Tg mice. In contrast to the mesenteric adipose
tissue, there was no difference between Usp2a Tg mice and control
mice in the abundance of total, M1-like, or M2-like macrophages in the
epididymal adipose tissue. Moreover, Usp2a Tg mice fed an HFD did
not show obvious changes in the number of F4/80+ macrophages in the
gastrocnemius muscle or liver relative to control mice (Fig. 3B and C).
These results show that overexpression of Usp2a in macrophages
prevents chronic inflammation in the mesenteric adipose tissue.

3.4. Macrophage-selective Usp2a transgenic mice show an
improvement in metabolic disorders after being fed a high-fat diet for
a prolonged period

Based on the decrease in mesenteric adipose tissue weight and
repression of macrophage infiltration into the tissues of Usp2a Tg
mice, we suspected that HFD consumption for a longer period might
affect the glucose metabolism of the mice. We thus extended the HFD
period to one year and monitored their glucose metabolism. As shown
in Fig. 4A, body weight gain attenuated in the Usp2a Tg mice after six
months of HFD consumption. After the full year, the body weight of the
Tg mice was ~13% lower than that of the control mice, even though
there was no difference in food consumption. As with the three-month
HFD, the wet tissue weight of the mesenteric adipose tissue, but not the

epididymal adipose tissue (~111%), was smaller (~84%) in the Usp2a
Tg mice than in the control mice (Fig. 4B). There were no differences
between the blood glucose, triglyceride, NEFAs, or total cholesterol
levels of the Usp2a Tg mice and the control mice (Fig. 4C and D),
although plasma insulin levels were slightly lower during fasting (but
not under normal feeding conditions) in the Usp2a Tg mice (Fig. 4E).
The HOMA-IR values indicated a significant improvement in insulin
resistance in the Usp2a Tg mice (Fig. 4F), and the insulin tolerance test
showed that their insulin sensitivity was also greater (Fig. 4G). Taken
together, these results show that overexpression of Usp2a in macro-
phages improves insulin resistance in individuals consuming a high-fat
diet for a prolonged period.

We also monitored the metabolic state of Usp2a Tg mice and their
control littermates after being fed an NCD for a prolonged period. The
Usp2a mice did not exhibit differences in body weight gain, blood
glucose, lipids, or insulin sensitivity after NCD consumption for six
months (Fig. 2D-G).

We next examined whether overexpression of Usp2a in macro-
phages improves insulin sensitivity in the glucose metabolism-compe-
tent organs, namely the adipose tissues, skeletal muscle, and liver, in
obese individuals fed an HFD for six months. After brief (~8 min)
stimulation with insulin, there was no difference in the proportion of
pAkt to total Akt in the mesenteric adipose tissue or the epididymal
adipose tissue between Usp2a Tg mice and their control littermates
(Fig. 5A). The Usp2a Tg mice also did not exhibit changes in the
cellular size of adipocytes in the adipose tissues (Fig. 3). In sharp
contrast, Akt phosphorylation was strongly promoted in the gastro-
cnemius muscle (~301%) and liver (~164%) of Usp2a Tg mice relative

Fig. 3. Macrophages in adipose tissues, skeletal muscle, and liver in macrophage-selective Usp2a transgenic (Tg) mice after three months of a high-fat diet (HFD). Usp2a Tg mice and
control C57BL/6 littermates were fed a 60% kcal HFD from age five weeks to four months.(A) FACS analysis data for F4/80+, CD11b+ total macrophages, F4/80+, CD11c+, CD206− M1-
like macrophages, and F4/80+, CD11c−, CD206+ M2-like macrophages in mesenteric and epididymal adipose tissues. Values presented are the mean ± SD of three experiments. *P <
0.05 vs. control mice. (B) Immunohistochemical detection of F4/80+ macrophages in gastrocnemius muscle and liver. Representative images of three replicates are shown. Arrowheads
indicate macrophages. Scale bar represents 100 µm (muscle) and 200 µm (liver). (C) Average macrophage-positive area. The areas in 10 microscope fields were measured for each
sample. Values presented are the mean of the mean ± SD for three individuals.
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to control mice. The ratio of pIRβ to total IRβ was also higher in the
gastrocnemius muscle and liver of Usp2a Tg mice (Fig. 5B). These
results show that macrophage USP2A hampers obesity-elicited insulin
resistance in skeletal muscle and liver.

3.5. Macrophage USP2 controls insulin sensitivity in myotubes via
adipocyte-derived factors

Although Usp2a Tg mice exhibited no obvious changes in the
number of macrophages in their skeletal muscle, macrophages forcibly
expressing Usp2a might directly potentiate insulin sensitivity in
myocytes. To elucidate this, we collected conditioned media from
macrophages isolated from Usp2a Tg mice or control mice, and applied
these media to C2C12 myotubes. After stimulation with insulin, the
ratio of pAkt to total Akt was comparable among the two groups of
myotubes (Fig. 6A). Likewise, conditioned media from USP2 KD HL-60
cells failed to modulate Akt phosphorylation in C2C12 cells (Fig. 6B).
From this we conclude that macrophages exhibiting aberrant expres-
sion of USP2 do not directly regulate the insulin sensitivity of adjacent
myocytes.

Growing evidence indicates that mild inflammation of the adipose

tissue is a triggering event for insulin resistance in major glucose
metabolism organs, such as skeletal muscle, via adipocyte-derived
factors [1,2]. Thus, we hypothesized that macrophage USP2 controls
the insulin signaling in skeletal muscle that is mediated by the
modulation of adipocytes. To check this possibility, we treated C2C12
cells with media collected from 3T3-L1 cells conditioned with Usp2a-
overexpressing or control macrophages. As we expected, Akt phosphor-
ylation was significantly higher in the cells treated with media from
3T3-L1 cells with Usp2a-overexpressing macrophages (Fig. 6C).
Conversely, C2C12 myocytes treated with conditioned media from
3T3-L1 cells with USP2 KD HL-60 cells had a lower proportion of pAkt
than those treated with media from 3T3-L1 cells with control HL-60
cells (Fig. 6D). We also examined the effects of conditioned media from
Usp2 KO adipocytes on insulin-elicited Akt phosphorylation in C2C12
cells. As shown in Fig. 4, however, these media did not affect the ratio
of pAkt to Akt. These results collectively indicate that macrophage
USP2 indirectly controls the insulin sensitivity of myocytes by mod-
ulating the release of certain adipocyte-derived soluble factors.

Fig. 4. Phenotypic changes in macrophage-selective Usp2a transgenic (Tg) mice after being fed a high-fat diet (HFD) for one year. The Tg mice and their control C57BL/6 littermates
were fed an HFD from the age of five weeks to one year. (A) Changes in body weight and food consumption. (B) Wet tissue weight of epididymal and mesenteric adipose tissues. (C)
Plasma triglyceride, non-esterified fatty acids (NEFAs), and total cholesterol levels under normal feeding conditions in high-fat diet treatment. (D, E) Blood glucose (D) and insulin (E)
were measured during both feeding and fasting conditions. (F) HOMA-IR. (G) Insulin tolerance test. Values presented are the mean ± SD of four mice. *P< 0.05 vs. control mice.
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4. Discussion

In this study, overexpression of Usp2a in macrophages resulted in
lower blood insulin levels during fasting after a one-year HFD,
suggesting improved T2DM. Moreover, the insulin tolerance test and
Western blot analysis of pAkt in muscle and liver tissues demonstrated
increased insulin sensitivity in the Usp2a Tg mice. Macrophage USP2A
thus potentiates insulin sensitivity during an HFD. Previously, hepatic
USP2B, a shorter variant of USP2, was shown to contribute to diurnal
glucose metabolism [23]. Furthermore, expression of USP2 in epithe-
lial and breast cancer cells, and in the hypothalamus and cerebral
cortex, has been shown to be modulated by adiponectin and hypogly-
cemia, respectively [24,25]. USP2 can also determine the turnover of
low-density lipoprotein receptors in HepG2, A431, and HeLa cells [26].
These observations collectively indicate that USP2 is closely related to
carbohydrate and lipid metabolism, and they thus highlight its
regulatory roles in energy homeostasis.

Our current cellular experiments suggest that macrophage USP2
inhibits the insulin resistance of myocytes in an adipocyte-dependent
manner. However, it is still unclear which adipocyte-derived factor(s) is
regulated by macrophage USP2A and in turn modulates the insulin

response of distant myocytes. Previously we demonstrated that USP2
KD HL-60 cells increase the expression of interleukin (IL)-6 in 3T3-L1
cells [13]. Since IL-6 induces insulin resistance in muscle and liver
tissues through the induction of suppressor of cytokine signaling
(SOCS) 3 [27,28], we considered that Usp2a-overexpressing macro-
phages repress IL-6 production by adipocytes, resulting in a decrease in
the insulin resistance of skeletal muscle and liver. However, our
preliminary studies indicated that neither the levels of circulating IL-
6 nor SOCS3 expression in skeletal muscle were affected in Usp2a Tg
mice after HFD consumption for one year. Further studies are thus
required to clarify the adipocyte molecule(s) that is controlled by
macrophage USP2 and regulates the insulin sensitivity of myocytes.

In this study, the Usp2a Tg mice exhibited a more gradual increase
in body weight than the control mice while being fed an HFD. This
difference might be attributable to a decrease in some of the visceral
adipose tissues, including the mesenteric adipose tissue. To date,
several lines of research indicate that adipose tissue macrophages
stimulate adipogenesis [29–31]. A decrease in macrophage abundance
in the mesenteric adipose tissue might repress adipose tissue remodel-
ing and consequently suppress hypertrophy of the tissue. Alternatively,
energy consumption might increase in Usp2a Tg mice when they
become obese. Macrophages are known to induce increases in the beige
cell population in subcutaneous adipose tissue [32]. It is possible that
USP2 confers this beige cell-inducing activity to macrophages. The
relationship between USP2 in macrophages and the number of beige
adipocytes is therefore an issue to address in future studies.

The change in glucose metabolism we observed in the macrophage-
selective Usp2a Tg mice was relatively slight, especially when mice
were young. Despite this, the differences in insulin sensitivity between
the Usp2a Tg and control mice became significant after six months.
Growing evidence demonstrates that the production of proinflamma-

Fig. 5. Effects of macrophage USP2 on the insulin sensitivity of glucose metabolism-
competent organs. Macrophage-selective Usp2a Tg mice and control littermates were fed
an HFD for six months. (A) Ratio of phosphorylated Akt (pAkt) to total Akt in mesenteric
and epididymal adipose tissues, liver, and gastrocnemius muscle. (B) Ratio of phos-
phorylated insulin receptor β chain (pIRβ) to total IRβ in gastrocnemius muscle and
liver. Values presented are the mean ± SD of five mice. *P < 0.05 vs. control mice.

Fig. 6. Direct and indirect effects of macrophage USP2 on the insulin-elicited phos-
phorylation of Akt in C2C12 myotubes. Conditioned media from peritoneal macrophages
isolated from Usp2a transgenic (Tg) mice or their control littermates (A, C), or USP2 KD
HL-60 cells or control cells (B, D) were collected. (A, B) C2C12 cells were treated with the
macrophage-conditioned media for three days. (C, D) The macrophage-conditioned
media were added to 3T3-L1 cells. After culturing for 12 h, the media from the 3T3-L1
cells were collected and applied to the C2C12 cells for three days. The C2C12 cells were
then stimulated with insulin (200 nM) for 10 min and subjected to Western blot analyses.
Values presented are the mean ± SD of three experiments. *P < 0.05 vs. control cell-
conditioned C2C12 cells.
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tory cytokines changes in an age-and adiposity-dependent manner
[33]. These observations indicate that age-and adiposity-dependent
factors accelerate the production of proinflammatory cytokines by
leukocytes. Macrophage USP2 may therefore selectively prevent age-
and/or adiposity-related chronic inflammation and subsequent insulin
resistance.

5. Conclusions

USP2A expressed in macrophages slightly but significantly im-
proved insulin sensitivity in obese individuals. Macrophage USP2A
therefore has potential as a therapeutic target in T2DM.
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