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Stressors contribute to thrombosis and insulin resistance. Since
obesity-related adipose inflammation is also involved in these
pathological states, we assumed that stress correlates with adipose
inflammation. Male mice were subjected to 2-week intermittent
restraint stress. Expression of plasma lipids, monocyte/macrophage
markers (CD11b, CD68, and F4/80), proinflammatory cytokines
(monocyte chemoattractant protein-1 [MCP-1], tumor necrosis
factor-a, and interleukin-6), adiponectin, heat shock protein 70.1
(HSP70.1), and coagulation factors (plasminogen activation
inhibitor-1 [PAI-1] and tissue factor [TF]) in blood and inguinal
white adipose tissue (WAT) was determined using immu-
nohistochemistry, enzyme-linked immunosorbent assay, and
RT-PCR, respectively. Glucose metabolism was assessed
by glucose tolerance tests (GTTs) and insulin tolerance tests,
and expression of insulin receptor substrate-1 (IRS-1) and
glucose transporter 4 (GLUT4) in WAT. To examine effects of
MCP-1 blockade, animals were treated with control or neutralizing
antibody, or transplanted with control or 7ND (dominant-negative
form of MCP-1)-overexpressing adipose-derived stromal cells
(ADSCs). Stress increased monocyte accumulation, free fatty
acids, proinflammatory cytokine, and HSP70.1 and reduced
adiponectin. Adipose stromal cells highly expressed MCP-1.
The stress-induced adipose inflammation increased PAI-1
and TF but did not give rise to thrombus formation. Without
any changes in GTT, stress worsened insulin sensitivity and
decreased IRS-1 and GLUT4 in WAT. Neutralizing antibody
and 7ND-ADSCs reversed stress-induced adipose inflammation,
procoagulant state, and insulin resistance. Stress evoked adi-
pose inflammation to increase coagulation factors and impair
insulin sensitivity through adipose-derived MCP-1. Diabetes
61:1552–1561, 2012

T
he organic response to stress implicates two
major components of the stress system: the
sympathetic nervous system and the hypothalamic-
pituitary-adrenal axis. Activation of both systems

promotes the secretion of adrenal catecholamines and glu-
cocorticoid to the alternate systemic hormonal and immune
responses (1,2). Chronic psychological stress has been linked
to a number of negative health consequences, including
effects on the cardiovascular, endocrine, and immune sys-
tems. As stress is known to induce thromboembolism and
perturb glucose metabolism, leading to the onset of type 2
diabetes (3–5), it is important to understand how stressors
perturb homeostasis of the coagulation system and glu-
cose metabolism.

Adipose tissue has long been known to act as a heat
insulator and storage site of excess free fatty acids (FFAs)
for release when needed. However, adipose tissue is also a
regulatory organ that plays a critical role in various ab-
normalities such as dyslipidemia, insulin resistance, type 2 di-
abetes, and cardiovascular disease (6). Obesity and metabolic
syndrome are associated with dysfunctional adipose
tissue composed of enlarged adipocytes and chronic in-
flammation, resulting in insulin resistance and a pro-
thrombotic state (7). Macrophage accumulation in white
adipose tissue (WAT) plays a role in the chronic low-grade
inflammatory response via secretion of FFAs followed by
lipolysis (8) and inflammatory molecules including tumor
necrosis factor-a (TNF-a) (9), interleukin-6 (IL-6) (10),
monocyte chemoattractant protein-1 (MCP-1) (11), and
plasminogen activation inhibitor-1 (PAI-1) (12). These
adipose tissue–derived proinflammatory cytokines act
synergistically to produce a state of imbalance in both
the coagulation system and glucose metabolic pathways.
In particular, adipose-derived MCP-1 is critical in exac-
erbating insulin resistance and a prothrombotic state in
the adipose tissue of obese individuals (13,14). Thus,
chronic adipose inflammation evoked by MCP-1 is one of
the most important mechanisms underlying obesity-related
diseases.

There are common consequences of the pathological
reactions to stressors and obesity-induced adipose in-
flammation, including a decline in insulin sensitivity, pro-
thrombotic state, and increased plasma MCP-1 levels (15).
Under stressful conditions, heat shock proteins (HSPs),
which function as a molecular chaperone intercellularly,
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are also released as a “danger signal” to immune cells to
promote immune responses and protect cells. Indeed we
reported that restraint stress induced HSP70.1 in adipose
tissue (16). Furthermore we also reported that acute re-
straint stress causes a thrombotic tendency with the in-
duction of PAI-1 and tissue factor (TF) derived from
inguinal WATs (16,17). Based on this finding, we tested the
hypothesis of the involvement of adipose inflammation in
the pathological reactions to stress.

The current study showed that chronic restraint stress
evoked an inflammatory response in adipose tissue, resulting
in perturbation of glucose metabolism and a procoagulant
state. We focused on the effects of adipose tissue–derived
MCP-1 and examined whether 7ND, a deletion mutant of
human MCP-1 (lacking the amino-terminal amino acids
2–8) (18), could suppress the stress-induced inflammatory
responses in adipose. To provide stable 7ND secretion in
vivo, we implanted 7ND-overexpressing, adipose-derived
stromal cells (7ND-ADSCs), which are capable of in-
traperitoneal engraftment and are a reliable carrier of 7ND
(19,20). Furthermore, we examined whether MCP sup-
pression with 7ND-ADSCs improved insulin resistance and
the prothrombotic state.

RESEARCH DESIGN AND METHODS

Animals and restraint stress procedure. Eight-week-old male C57BL/6J
mice (Chubu Kagaku Shizai Co. Ltd., Nagoya, Japan) were housed two per
cage under standard conditions (236 1°C, 506 5% humidity), with a 12-h light/
dark cycle in a viral pathogen–free facility and handled properly according to
our previous study (16). Animals were randomly assigned to the control or
stress group (n = 12, respectively). Control mice were left undistributed and
allowed contact with each other, while stressed mice were individually sub-
jected to 2 h/day of immobilization stress for 1 or 2 weeks (between 10:00 A.M. and
12:00 P.M., 6 days/week), as described previously (16). In brief, chronic stress
was applied using a 50-mL conical centrifuge tube with multiple punctures that
allowed for a close fit to mice. Body weight and food intake were monitored
during this period. After the 2-week restraint, the mice were killed to collect
blood, inguinal adipose, and skeletal muscle samples for total RNA extraction
and paraffin embedding. Plasma total cholesterol, triglyceride, and FFA levels
were measured with a commercially available enzymatic kit (Wako, Osaka,
Japan) (21). All studies were completed between 10:00 A.M. and 12:00 P.M. The
animals were handled in accordance with the guidelines of the Institutional
Animal Care and Use Committee of Nagoya University.
Anti–MCP-1 treatment with neutralizing antibody. To determine the
effects of blocking MCP-1, nonstressed and stressed mice (n = 5, respectively)
received three intraperitoneal injections of 50 mg per dose of anti–MCP-1
monoclonal antibody (MAB479) or the nonspecific, isotype-matched control
antibody (both obtained from R&D Systems) at day 0, 4, and 8.
Quantitative PCR. Total RNA extraction, reverse transcription, and quanti-
tative PCR were performed as described previously (22). The primer sequences
used in this study are listed in Supplementary Table 1. RNA amounts were
each normalized to their respective b-actin mRNA.
Histological analysis of inguinal adipose tissue. The inguinal WAT was
processed, and sections (5-mm thickness) were stained with hematoxylin-eosin
according to standard histological procedures. Stained slides were viewed
blindly and independently by two investigators under a microscope at 3200
magnification. The size of inguinal adipocytes was estimated using Win ROOF
version 5.02 (MITANI Co., Fukui, Japan).
Immunohistochemistry and enzyme-linked immunosorbent assay. Im-
munohistochemistry using antibodies for CD11b (1:100; Abcam), MCP-1 (1:200;
RSD), fibrin (10 mg/mL) (22), and FLAG (1:500; CST) was performed on the
adipose tissue using standard protocols (23).Two investigators blindly and
independently counted CD11b-positive and -negative cells under a microscope
at 3200 magnification. The rate of CD11b-positive cells was calculated as the
sum of the number of nuclei of CD11b-positive cells divided by the total
number of nuclei in a slide. Ten microscopic fields were chosen in three dif-
ferent sections per mouse for examination.

Mouse MCP-1, 7ND, insulin, TNF-a, and IL-6 levels in the serum were
quantified using mouse and human CCL2 ELISA Ready-SET-Go! (human CCL2
for detection of 7ND; eBioscience, Kobe, Japan), mouse insulin (Mercodia),
and TNF-a and IL-6 ELISA kits (R&D Systems), respectively, according to the
instructions provided by the manufacturer.

Intraperitoneal glucose and insulin tolerance tests. After 2 weeks of daily
stress, the mice were subjected to intraperitoneal glucose and insulin tolerance
tests (GTTs and ITTs) according to standard methods. In brief, for GTT, mice
were fasted overnight and then challenged with 2 g/kg D-glucose (Sigma-
Aldrich, St. Louis, MO), followed by serial assessment of blood glucose up to
120 min using a blood glucose level monitor (Glutest Ace; Sanwa Kagaku
Kenkyusho Co., Nagoya, Japan). For ITT, the mice were fasted for 16 h before
testing. Insulin (0.75 units/kg; Actrapid Penfill, NovoNordisk) was injected
intraperitoneally, and blood glucose was measured.
Preparation of control and 7ND-ADSCs.Mouse ADSCs were established as
described previously (24). Primary ADSCs were maintained in a-minimal es-
sential medium (aMEM; Gibco-BRL, Carlsbad, CA) containing 10% FBS. Cul-
tures at passages four to eight were used. Lentiviral construct (EGFP-pBGJR,
a gift from Dr. S. Rivella, Cornell University, New York, NY) containing mouse
FLAG-tagged deletion mutant MCP-1 (7ND; a gift from K.E.) or control vector
was transduced into ADSCs. Transfection was confirmed by the presence of
EGFP or 7ND production before use. Control and 7ND-ADSCs were cultured
in aMEM containing 10% FBS and 1% penicillin/streptomycin. Control ADSCs
and 7ND-ADSCs (1 3 106 cells) were suspended in 200 ml PBS and injected
intraperitoneally into control and stressed mice on days 0 and 7 (n = 8–10).
Statistical analysis. Data are expressed as mean 6 SD in all other analyses.
Differences were compared by one-way ANOVA followed by Fisher least
significant differences test and considered significant at P , 0.05. Fre-
quencies were analyzed with the x2 test.

FIG. 1. Monocytes accumulated in inguinal adipose of stressed mice.
The stressed mice were individually subjected to 2 h/day of immobili-
zation stress for 2 weeks. Inguinal adipose tissues from stressed and
control mice were analyzed by hematoxylin-eosin staining, CD11b
immunostaining, and quantitative RT-PCR for CD68 and F4/80. A: Mono-
nuclear cells accumulated in inguinal adipose tissues after the 2-week
restraint stress. Original magnification 340; bar, 250 mm (top). Origi-
nal magnification 3 200; bar, 50 mm (bottom). B: Accumulation of
CD11b-positive cells (monocytes) increased in adipose tissue from the
stressed mice (original magnification 3200; bar, 50 mm) (top). Quan-
titative analysis of CD11b-positive cells relative to total nuclear num-
ber (bottom). Data are expressed as mean 6 SD. *P < 0.05, compared
with the control mice; n = 12 in each group. C: Quantitative analysis of
CD68 and F4/80 expression in adipose tissue. Data are expressed as
mean 6 SD. **P < 0.01, compared with the control mice; n = 12, respec-
tively. (A high-quality digital representation of this figure is available
in the online issue.)
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RESULTS

Stress induces monocyte accumulation in the adipose
tissue. To determine whether restraint stress evokes an
inflammatory response in WAT, we subjected 8-week-old
male C57BL/6J mice to 1 or 2 weeks of daily restraint
stress. Acute restraint stress increased mononuclear cells
in WAT within 2 h, but this effect was transient. Negligible
accumulation of mononuclear cells was observed in the
adipose tissues of control mice and mice stressed for 1
week (data not shown). However, mononuclear cell in-
filtration was noted in adipose tissues from the mice that
underwent restraint stress over 2 weeks (Fig. 1A). Sub-
sequent expression analysis of macrophage surface markers
demonstrated that 2 weeks of stress significantly increased
the proportion of CD11b-positive cells in adipose tissues
compared with tissues from control mice (Fig. 1B). Simi-
larly, the expression levels of CD68 and F4/80 were also
significantly increased in the adipose tissue of stressed
mice (Fig. 1C).

Body weight gain was significantly reduced in the
stressed mice compared with the control, even after 1
week of daily stress (Fig. 2A), even though the mice in
both groups consumed the same amount of food (Fig. 2B).
Analysis of plasma lipid composition in stressed mice
showed increase in FFA concentration and no change in
total cholesterol and triglyceride levels (Fig. 2C). The weight
of inguinal adipose tissue was significantly lower in the
stressed mice (weight, 182 6 46 vs. 252 6 58 mg; n = 12 for
each group) (Fig. 2D). The stressed mice also showed a
higher frequency of smaller adipocytes in the inguinal adi-
pose tissue compared with the control mice (average adi-
pocyte diameter, 36.4 6 11 vs. 46.3 6 10 mm) (Fig. 1A and
Fig. 2E). Subcutaneous adipose tissue was hardly detectable

in inguinal subcutaneous fat pad, and visceral inguinal adi-
pose shrank in the stressed mice (Fig. 2F). The results in-
dicate that restraint stress increases FFAs followed by
lipolysis and evokes an inflammatory response in adipose
tissue of nonobese subjects without alterations in diet.
Stress induces MCP-1 and proinflammatory cytokines
in adipose tissues. Expressions of MCP-1, TNF-a, and
IL-6 were significantly increased in adipose tissues after
the 2-week restraint stress compared with the control
animals (MCP-1, 100 6 61 vs. 440 6 120%; TNFa, 100 6 20
vs. 732 6 110%; IL-6, 100 6 50 vs. 493 6 92%, respectively)
(Fig. 3A and D). Plasma MCP-1, TNF-a, and IL-6 levels
were also elevated in the stressed group over those in
control mice (Fig. 3B and E). MCP-1 was highly expressed
in stromal cells and monocytes in adipose tissue from the
stressed mice (Fig. 3C). However, the expression of the
anti-inflammatory adipokine, adiponectin, was significantly
reduced in the stressed mice compared with the control
(100 6 17 vs. 64.9 6 4.6%) (Fig. 3F). The expression of
HSP70.1 was increased in adipose of stressed mice, which
is concordant with our previous report (Fig. 3G) (16).
These data indicated that adipose tissues of the stressed
mice produced high levels of proinflammatory cytokines,
including MCP-1.
Stress causes deterioration of glucose metabolism
and increase in procoagulant factors. There was no
significant difference in glucose tolerance between the
control and stressed groups (Fig. 4A). However, insulin
tolerance was significantly worse in the stressed mice at
all time points after 30 min (Fig. 4B). We examined the
mechanism underlying this effect on insulin tolerance in
the stressed mice by measuring the expressions of insulin
receptor substrate-1 (IRS-1) and glucose transporter 4

FIG. 2. Restraint stress reduced weight gain and adipose. Body weight and inguinal adipose of the control and stressed mice were accurately
weighed, and cell sizes in the collected adipose were estimated under a microscope at 3200 magnification using image analysis software. A: Body
weight gain of the control and stressed mice. B: Food intake was comparable between the control and stressed mice; n = 12 in each group. C: Plasma
fat and fatty acid composition of control and stressed mice. D: Weight of inguinal adipose tissue was decreased in the stressed mice. E: Distribution
of adipocyte size in inguinal adipose from the control and stressed mice. Adipose cell size was decreased in the stressed mice. F: Subcutaneous and
inguinal fat pad. Circle dot lines denote adipose tissue. Data are expressed as mean 6 SD. *P < 0.05 and **P < 0.01, compared with the control
mice; n = 12 in each group. (A high-quality digital representation of this figure is available in the online issue.)
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(GLUT4) in adipose tissue and skeletal muscle. Restraint
stress reduced both expressions in adipose tissues com-
pared with the levels in control mice (IRS-1, 100 6 32% in
control vs. 60.6 6 18%; GLUT4, 100 6 23% in control vs.
63.6 6 21%), but not in skeletal muscle (Fig. 4C). Plasma
insulin concentrations were unchanged after repeated stress
(control and stressed, 143 6 53 and 150 6 55 pg/mL).

We next analyzed the expressions of PAI-1 and TF in the
mouse adipose tissue and showed that daily restraint stress
significantly increased the expression levels of prothrom-
botic factors in adipose tissues over those in control tis-
sues (PAI-1, 100 6 26 vs. 998 6 180%; TF, 100 6 63 vs.
494 6 65%, respectively) (Fig. 4D), similar to acute re-
straint stress (16). However, thrombus formation was not
detected in adipose tissue and kidney using immunohis-
tochemistry for fibrin (data not shown). These results
indicate that a 2-week daily restraint stress regimen could
induce adipose inflammation that worsens insulin toler-
ance and increases procoagrant factors, which did not
give rise to thrombus formation.
MCP-1–neutralizing antibody suppresses adipose
inflammation in stressed mice. To determine the effects
of blocking MCP-1 on adipose inflammation, we quantified
monocyte infiltration in adipose tissues of the nonstressed
and stressed mice. Neither control nor MCP-1 antibody
altered monocyte infiltration in adipose tissues of non-
stressed mice (data not shown). Control antibody treatment
did not suppress monocyte accumulation induced by the

stress. Meanwhile, MCP-1 antibody treatment reduced stress-
induced accumulation of CD11b-positive cells (control vs.
MCP-1 antibody, 24.8 6 2.8 vs. 14.7 6 1.5%; P , 0.05).
7ND-ADSCs intraperitoneally implanted continuously
release 7ND in vivo. PBS, control ADSCs, or 7ND-ADSCs
were intraperitoneally injected on day 0 and 7 of the daily
restraint stress. The release of 7ND in vivo was then ex-
amined in the stressed and control mice on day 14. These
treatments did not affect body weight gain, food intake, or
weight of adipose tissues (data not shown). In addition,
expression of 7ND was detectable in inguinal adipose tis-
sues and peripheral blood of 7ND-ADSC–treated mice with
or without daily restraint stress. Meanwhile, the PBS- and
control ADSC–treated groups showed a minimal back-
ground (Fig. 5A and B). A few FLAG tag–positive cells were
detected in perivascular areas of inguinal adipose tissue of
7ND-ADSC–implanted mice (Fig. 5C). The results indicate
that the transplanted 7ND-ADSCs release 7ND in vivo dur-
ing the stress period.
7ND-ADSC provides protection against adipose in-
flammation in stressed mice. To determine the effects of
blocking MCP-1 with the 7ND mutant, we quantified mono-
cyte infiltration in adipose tissues of the nonstressed and
stressed mice. The 7ND-ADSC treatment reduced stress-
induced accumulation of CD11b-positive cells in the adipose
tissues compared with the PBS- and control ADSC–treated
mice, respectively (PBS, control ADSCs, and 7ND-ADSCs,
23.8 6 1.8 vs. 21.8 6 2.0 vs. 13.6 6 1.2%, respectively)

FIG. 3. Restraint stress induced proinflammatory cytokine expression and reduced adiponectin expression in adipose tissue. Inguinal adipose
tissues from the stressed and control mice were analyzed by quantitative RT-PCR for MCP-1, TNF-a, IL-6, and adiponectin, and by immunohis-
tochemistry for MCP-1. Plasma level of MCP-1 from both groups was also analyzed using a mouse CCL2 ELISA kit. A: Quantitative analysis of MCP-1
expression in adipose tissue. Data are expressed as mean 6 SD. **P < 0.01, compared with the control mice; n = 12 in each group. B: Plasma MCP-1
level was elevated in the stressed group. Data are expressed as mean 6 SD. *P < 0.05, compared with the control mice. C: MCP-1 was highly
expressed in stromal cells (arrow) and monocytes (arrowheads) in adipose tissues from the stressed mice. Original magnification 3400; bar,
25 mm. D: Quantitative analysis of TNF-a and IL-6 expression in adipose tissue. Data are expressed as mean 6 SD. **P < 0.01, compared with the
control mice.E: Plasma TNF-a and IL-6 levels were elevated in the stressed group. Data are expressed as mean6 SD. *P< 0.05, compared with the control
mice. F: Quantitative analysis of adiponectin expression in adipose tissue. Data are expressed as mean6 SD. **P< 0.01, compared with the control mice.
G: Quantitative analysis of HSP-70.1 expression in adipose tissue. Data are expressed as mean 6 SD. *P < 0.05, compared with the control mice.
(A high-quality digital representation of this figure is available in the online issue.)
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(Fig. 6A and B). Meanwhile, neither the PBS nor ADSC
treatment affected monocyte accumulation induced by the
stress. Indeed, the expression levels of CD68 and F4/80
were significantly decreased in adipose tissues of the 7ND-
ADSC–treated mice in parallel with the CD11b-positive

cell result (PBS, control ADSCs, and 7ND-ADSCs: CD68,
1006 2.3 vs. 82.26 0.8 vs. 43.76 6.5%; F4/80, 1006 6.3 vs.
99.0 6 3.2 vs. 41.1 6 4.1%) (Fig. 6 C). Surprisingly, the
7ND-ADSC treatment reversed the stress-induced mono-
cyte accumulation up to the level of the nonstressed group.
Each treatment did not alter monocyte count in adipose
tissues of the nonstressed group (data not shown).

We also examined the effects of 7ND-ADSC on the ex-
pressions of stress-induced proinflammatory cytokines in
adipose tissues. The expression levels of MCP-1, TNF-a,
and IL-6 were significantly decreased in the 7ND-ADSC–
treated mice compared with the PBS- and control ADSC–
treated mice (P , 0.01, respectively) (Fig. 7A and B). In
contrast, the expression level of adiponectin was signifi-
cantly increased in the 7ND-ADSC–treated mice compared
with the PBS- and control ADSC–treated mice (Fig. 7C).
Among the nonstressed mice, treatment with PBS, control
ADSCs, and 7ND-ADSCs hardly affected the expression
levels of proinflammatory cytokines and adiponectin
(data were not shown). These results suggest that MCP-1

FIG. 4. Restraint stress worsened glucose metabolism and promoted a
prothrombotic state. After 2 weeks of daily stress, intraperitoneal glucose
tolerance and insulin tolerance testing were performed according to
standard methods. The expressions of IRS-1, GLUT4, PAI-1, and TF in
adipose tissues were analyzed with quantitative RT-PCR. A: Glucose tol-
erance was comparable between the control and stressed mice. B: Insulin
tolerance was significantly deteriorated in the stressed mice after 30 min.
Data are expressed as mean6 SD. *P< 0.05 and **P< 0.01; n = 12 in each
group. C: Quantitative analysis of IRS-1 and GLUT4 expression in adipose
tissue and skeletal muscle. Data are expressed as mean 6 SD. *P < 0.05,
compared with the control mice; n = 12, respectively. D: Quantitative
analysis of PAI-1 and TF expression in adipose tissue. Data are expressed
as mean 6 SD. **P < 0.01, compared with the control mice.

FIG. 5. Intraperitoneally implanted 7ND-ADSCs continuously released
7ND in vivo. PBS, ADSCs, and 7ND-ADSCs (10

6
cells) were injected

into control and stressed mice on day 0 and 7 intraperitoneally (n = 8–10
in each group.). 7ND mRNA in inguinal adipose tissues was detected by
RT-PCR using 40 cycles. Plasma level of 7ND was analyzed with human
CCL2 ELISA kit. 7ND-ADSCs were detected in inguinal cells using im-
munohistochemistry for FLAG. A: 7ND mRNA was detected in inguinal
adipose tissues from the 7ND-ADSC–treated mice but not from PBS- or
ADSC-treated mice. B: 7ND protein was solely detected in peripheral
blood from the 7ND-ADSC–treatedmice. Data are expressed as mean6 SD.
C: FLAG tag–positive cells were detected in inguinal fat of 7ND-ADSC–
implanted mice. Arrowheads denote FLAG tag–positive cells. Original
magnification 3400; bar, 25 mm. (A high-quality digital representation
of this figure is available in the online issue.)
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antagonism with 7ND reduced the stress-induced in-
flammatory reaction in adipose tissues.
7ND-ADSC treatment rescues the stress-induced
decline in insulin sensitivity and the prothrombotic
state. To examine whether the anti-inflammatory effect of
7ND improves stress-induced insulin resistance and in-
crease in procoagrant factors, we analyzed GTT, ITT, and
expression levels of IRS-1, GLUT4, PAI-1, and TF in adipose
tissues. There was no significant difference in glucose
tolerance among the three groups after stress (Fig. 8A).
However, insulin tolerance improved significantly at 45
min after the 7ND-ADSC therapy (Fig. 8A). Indeed, 7ND-
ADSCs restored the expression levels of IRS-1 and GLUT4
in adipose tissues up to the levels in control mice (Fig. 8B).
The expression levels of IRS-1 and GLUT4 in skeletal
muscle were not altered by these treatments (data not
shown).

The expression levels of PAI-1 and TF in adipose tissue
were significantly reduced in 7ND-ADSC–treated mice,
compared with those treated with PBS or control ADSCs,
in the same manner as monocyte accumulation and proin-
flammatory cytokine induction (Fig. 8C). GTT, ITT, and
expression levels of IRS-1, GLUT4, PAI-1, and TF in adipose
tissues were unchanged in the nonstressed mice after
treatment with PBS, control ADSCs, and 7ND-ADSCs (data
not shown).

Considered together, the above findings highlight the
important role of MCP-1 expression in adipose tissue in the
stress-induced decline of glucose metabolism and pro-
thrombotic state.

DISCUSSION

The current study demonstrated for the first time that
despite a decrease in both body weight gain and adipose
tissue weight, chronic restraint stress administered over 2

weeks evoked low-grade inflammation in murine adipose
tissue, similar to that seen in obesity-related disease. This
inflammatory change involved the induction of HSP70.1 and
proinflammatory adipokines and a decrease in adiponectin.
Further stress-induced adipose inflammation resulted in
low insulin sensitivity with reduced adipose IRS-1 and
GLUT4, and increased PAI-1 and TF, which did not induce
thrombus formation. As the MCP-1–neutralizing antibody
treatment suppressed stress-induced adipose inflammation,
we focused on the effects of adipocyte-derived MCP-1
among the synergic effects of proinflammatory adipokines.
Inhibiting MCP-1 by implanting 7ND-ADSCs suppressed
the stress-induced adipose inflammatory changes, reversing
both the prothrombotic state and decline in insulin
sensitivity.

The inflammatory changes in the mouse adipose tissue
were reversible within the 1-week regimen of daily stress,
but not after 2 weeks of daily stress administration. The
same stressful stimuli applied repetitively enhance activity
of the sympathetic system and hypothalamic-pituitary-
adrenal axis similarly (25,26) to increase both plasma
catecholamine and cortisol levels. A similar pattern of
neuroendocrine adaptation might take place with the
localized adipose tissue immune response. The synergetic
effects of the b-adrenergic pathway and cortisol on adi-
pocytes are inextricably linked and inseparable. As both
sympathetic nerve endings and cortisol stimulate lipolysis
(27,28), adipose tissues are shrunk to release FFAs after 2
weeks of daily stress administration. Indeed we observed
atrophic adipose tissue with reduced cell size and elevated
FFA levels after restraint stress without any alteration in
food intake. Recently it has been reported that large adi-
pocytes have increased lipolytic capacity and are sensitive
to lipolytic stimuli (29). Stress hormone–mediated lipolysis
would reduce adipose cell size and increase FFA concen-
tration. As dysregulation of adipose tissue lipolysis results

FIG. 6. The 7ND-ADSC implant reduced stress-induced monocyte accumulation in the inguinal adipose. A: Mononuclear cellular accumulation was
not obvious in inguinal adipose tissues from the 7ND-ADSC–treated mice (original magnification 3200 magnification; bar, 50 mm). B: Accumulation
of CD11b-positive cells remarkably decreased in adipose tissue from the 7ND-ADSC–treated mice compared with control mice. Data are expressed
as mean 6 SD. *P < 0.05, compared with the PBS- and ADSC-treated mice, respectively; n = 8–10 in each group. C: CD68 and F4/80 expression was
significantly reduced in adipose tissues from the 7ND-ADSC–treated mice. Data are expressed as mean 6 SD. **P < 0.01, compared with the PBS-
and ADSC-treated mice, respectively; n = 8–10 in each group. (A high-quality digital representation of this figure is available in the online issue.)
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in increased FFAs in diet-induced obese individuals, which
activates TLR4 signaling to promote adipose inflammation
(8), increased lipolysis and FFAs would also be involved in
stress-induced adipose inflammation. The restraint-stressed
mice revealed low-grade chronic inflammation without
showing an obesity-related phenotype. As far as we know,
this is the first report of a lean murine model with low-grade
adipose inflammation. Because adipose inflammation is an
independent risk factor for evoking low insulin sensitivity
and the prothrombotic state followed by metabolic syn-
drome, this study highlighted that the susceptibility to var-
ious stressors would impair health to the same extent as
obesity.

The mechanism by which psychological stress evokes
a systemic inflammatory reaction with cross-talk between
the central nervous system and immune system remains
unknown. HSPs, which are induced by stress to protect
organs, would be one of the most potential mediators
because they target various immune and vascular cells
and augment inflammatory reactions that lead to cytokine
production (30,31). Indeed we observed restraint stress
induced HSP70.1 in adipose tissue in this study, which is
concordant with our previous report (16). Furthermore we

observed an increase in inflammatory adipokine and a de-
crease in adiponectin, indicating that adipose tissue is one
of the major target organs of the stress-induced inflamma-
tion that exacerbates the systemic reaction. MCP-1 is a
trigger of inflammation in adipose tissue, resulting in mono-
cyte accumulation and inflammatory cytokines (11,32). In
this study, chronic restraint stress altered pro- and anti-
inflammatory adipokines in accordance with MCP-1 induction
in adipose stromal cells and accumulated monocytes. Fur-
ther, the MCP-1–neutralizing antibody and 7ND treatments
suppressed monocyte accumulation in adipose tissue, re-
storing the adipokine expression. Indeed, TNF-a and IL-6
stimulate adipocytes and endothelial cells in the adipose
tissue itself to produce MCP-1 (33). Monocytes, recruited
into adipose tissue by adipocyte-derived MCP-1, also se-
crete TNF-a, IL-6, and MCP-1 in response to CC chemokine
receptor-2 activation (34). Thus, adipose-derived MCP-1
enhances the amplification cascade underpinning continu-
ous adipose inflammation through autocrine and paracrine
interactions between monocytes and adipocytes under stress
conditions as well as obese ones.

Overexpression of MCP-1 in adipose tissue evokes
chronic inflammation to impair insulin sensitivity system-
ically (35), and MCP-1 inhibition recovers obesity-induced
insulin resistance (36). Therefore, MCP-1 plays a critical
role in insulin resistance, which exists in the downstream
mechanism of adipose inflammation in obese individuals.
We focused on adipose and skeletal muscle to analyze the
mechanism of systemic insulin resistance caused by
stress-induced MCP-1 because adipose tissue accounts for
;15–20% of insulin-stimulated glucose uptake, and skele-
tal muscle is responsible for ;80% of whole-body, insulin-
mediated glucose metabolism (37). As previously described,
MCP-1 expression in adipose tissue increases macrophage
infiltration and induces TNF-a secretion by interactions
between macrophages and adipocytes (38). Reportedly,
TNF-a downregulates IRS-1 and GLUT4 expression in ad-
ipose tissue, resulting in insulin resistance in terms of adi-
pocyte glucose uptake (39,40). Thus, MCP-1 exacerbates
obesity-induced insulin resistance in adipose tissues. In
this study we also observed similarly increased expression
of MCP-1 and TNF-a, reduced expression of IRS-1 and
GLUT4, and declining insulin sensitivity in adipose tissue
after restraint stress. This would also alter systemic insulin
sensitivity because GLUT4 deficiency in adipose impairs
insulin sensitivity in skeletal muscle and liver (41). Fur-
thermore plasma IL-6 would functionally impair insulin
signaling in skeletal muscles at IRS-1 function by three
mechanisms that involve 1) serine phosphorylation by JNK,
2) impairment on tyrosine phosphorylation by SOCS3,
and 3) tyrosine dephosphorylation by PTP1B, which is
independent from IRS-1 and GLUT4 expression (42). De-
creased adiponectin levels in adipose tissue would also
impair systemic insulin sensitivity (43). These effects were
recovered by MCP-1 inhibition together with the 7ND
treatment. It thus seems that stress-induced adipose in-
flammation has a similar consequence on insulin sensitiv-
ity to that observed in obese subjects, and that MCP-1
could be one of the most important mediators of stress-
induced insulin resistance.

Obesity is involved in the prothrombotic state and
increases the risk of thrombosis (17,44,45). This is because
proinflammatory adipokines, including MCP-1 and TNF-a,
induce prothrombotic factors in adipose tissues of obese
subjects (17,45). We reported previously that adipose-
derived PAI-1 and TF, which stabilize thrombi and initiate

FIG. 7. The 7ND-ADSC implant suppressed adipose inflammation in the
stressed mice. A: Quantitative analysis of MCP-1 expression in adipose
tissue. B: Quantitative analysis of TNF-a and IL-6 expression in adipose
tissue. C: Quantitative analysis of adiponectin expression in adipose tis-
sue. Data are expressed as mean 6 SD. **P < 0.01, compared with the
PBS- and ADSC-treated mice, respectively; n = 8–10 in each group.
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the coagulation cascade, respectively, participate in the
stress-induced thrombus formation in aged mice (16,17,46).
In this study we showed that MCP-1 would play a critical
role in stress-induced procoagulant factor production in
adipose tissue. Our findings might suggest a new mecha-
nism of stress-induced cardiovascular disease, and it is
possible that obesity and stress share common patho-
logical machinery for adipose inflammation. In this study
setting, we could not detect thrombus formation itself
using immunohistochemistry for fibrin, although we pre-
viously reported thrombus formation in adipose and kidney

of stressed 24-month-old mice (16). This is because we ob-
served younger mice to exclude the influence of aging and
suggest that stress-induced thrombosis requires a severe
condition (i.e., aging) more than PAI-1 and TF induction by
stress (17).

ADSCs would be an ideal candidate for autologous cell
therapy because they are readily accessible and an abun-
dant source of pluripotent adult stem cells, enabling re-
petitive cell therapy. Reportedly, ADSCs can be settled
down in vivo after an intraperitoneal injection (19,47) to
work as a cellular vector delivering various bioactive

FIG. 8. 7ND treatment rescued the stress-induced decline in insulin sensitivity and coagulability. A: Glucose tolerance was comparable among the
mice treated with PBS, ADSCs, and 7ND-ADSCs (top). Insulin tolerance was significantly recovered in the 7ND-ADSC–stressed mice (bottom).
Data are expressed as mean 6 SD. *P < 0.05 at 60 min and **P < 0.01 at 45 and 60 min, compared with the PBS- and ADSC-treated mice, re-
spectively; n = 8–10 in each group. B: Quantitative analysis of IRS-1 and GLUT4 expression in adipose tissue. Data are expressed as mean 6 SD.
*P < 0.05, compared with the PBS- and ADSC-treated mice, respectively; n = 8–10 in each group. C: Quantitative analysis of PAI-1 and TF ex-
pression in adipose tissue. Data are expressed as mean6 SD. **P< 0.01, compared with the PBS- and ADSC-treated mice, respectively; n = 8–10 in
each group.
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substances for cell-based gene therapy (20). In the current
study, we detected a few FLAG-positive cells in perivascular
areas of inguinal adipose tissue and observed efficient ex-
pression of 7ND derived from the ADSC cellular vectors in
adipose tissue and plasma. Injected ADSCs run through
blood and lymphatic flow, migrate, and settle down to adi-
pose tissues because ADSCs themselves express a macro-
phage-lineage marker and show similar cellular behavior.
Furthermore the delivery of 7ND-ADSCs once a week de-
creased stress-induced adipose inflammation. Thus our re-
sults provide preclinical support for a model of 7ND-based
anti-inflammatory therapy based on the use of ADSCs as
cellular vectors (24).

In conclusion, daily restraint stress over a 2-week period
evoked the expression of MCP-1 and other inflammatory
adipokines in adipose tissue and a low-grade chronic state
of adipose inflammation that exacerbated insulin resistance
and induced the procoagulant factors. MCP-1 inhibition
with 7ND-ADSCs reversed adipose inflammation and these
pathological consequences. Stress-induced pathological
machinery may therefore be common among obesity-
related diseases in terms of the inflammatory response in
adipose tissue.
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