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Habitual physical activity protects against lipopolysaccharide-induced
inflammation in mouse adipose tissue
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ABSTRACT
Sepsis is a systemic inflammatory response to infection, with no preventative strategies. In this
study, we identify a role for habitual physical activity in the prevention of adipose tissue
inflammation induced by a model of sepsis, lipopolysaccharide (LPS). Male C57BL/6J mice (8 weeks
old) were housed with access to voluntary wheel running (VWR) or sedentary (SED) for 10 weeks.
Mice were then injected with LPS (2 mg/kg) or saline (SAL), and tissues were removed 6 hours post-
injection. VWR attenuated body, epididymal adipose tissue (eWAT), and subcutaneous inguinal
adipose tissue (iWAT) mass gain, improved glucose tolerance, increased markers of mitochondrial
biogenesis in iWAT and eWAT, and increased UCP-1 protein content in iWAT. In iWAT, VWR
attenuated the LPS induced increase in mRNA expression of TNF-a, MCP-1, and follistatin, along
with phosphorylation of STAT3. In addition, VWR had a main effect for reducing iWAT mRNA
expression of IL-1b, IL-6, and SOCS3. In eWAT, VWR had a main effect for reducing mRNA expression
of IL-1b, MCP-1, IL-6, and follistatin. Further, VWR increased SOCS3 mRNA expression and
phosphorylation of STAT3 in SAL mice, thus the relative change in response to LPS for these
markers was attenuated. The protective effect of prior physical activity occurred in conjunction with
increases in the protein content of a component of the LPS binding complex, MyD88. Overall, the
results from this study demonstrate that habitual physical activity can attenuate the LPS induced
inflammatory response in adipose tissue and this occurs to a greater extent in iWAT compare with
eWAT.
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Introduction

Lipopolysaccharide (LPS) is a component of the cell
wall of gram-negative bacteria and is used to model
sepsis, which is a systemic inflammatory response to
infectious stimuli.1,2 LPS induces an inflammatory
cascade by binding to the toll like receptor 4 (TLR4)
protein complex, which initiates a response through a
myeloid differentiation primary response gene 88
(MyD88) dependent or independent pathway.3 This
leads to rapid increases in systemic inflammatory fac-
tors such as tumor necrosis factor a (TNF-a), inter-
leukin 6 (IL-6), and interleukin 1-b (IL-1b).4,5 This
systemic pro-inflammatory environment induces
increases in inflammation at the organ level, including
in adipose tissue.6 As adipose tissue is a key contribu-
tor in the inflammatory response to numerous meta-
bolic stimuli,7 it is important to understand the
etiology of sepsis-induced inflammation in adipose
tissue and if there are potential preventative strategies.

In this regard, regular physical activity is known to
have numerous beneficial effects on the body,8 many of
which occur to adipose tissue. Physical activity and exer-
cise training increase indices of mitochondrial biogenesis
in adipose tissue9-12 and induce a thermogenic gene pro-
gram that is characterized by increases in uncoupling
protein 1 (UCP-1) mRNA expression and/or protein con-
tent in some9,13,14 but not all studies.15,16 While physical
activity can protect against adipose tissue inflammation
induced by obesity,15,17 this beneficial anti-inflammatory
effect is likely mediated, at least in part, through reducing
the accretion of adipose tissue.18 Thus, as the inflamma-
tory cascade induced by sepsis manifests without signifi-
cant changes in the accretion of adipose tissue, it is
important to determine if physical activity or exercise pro-
tect against sepsis induced inflammation in adipose tissue.

There is data to suggest that physical activity19-21 or
acute exercise22 can modulate the response to LPS. For
example, we have recently shown that mice given access
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to a voluntary running wheel, a model of physical activity,
were protected against LPS induced inflammation in the
liver.21 This effect was predominantly evident at 6 hours
versus 12 hours post LPS, which is a time frame at which
systemic levels of pro-inflammatory factors peak.5 Despite
these studies,19-22 little is known if a similar protective
effect is evident in adipose tissue. Recently, using a cross
sectional design, it was reported that persons who were
exercise trained (VO2max >55 ml¢kg¡1¢min¡1) had an
altered response to a low dose (0.3 ng/kg) of LPS over
2 hours of exposure when compare with those who were
untrained.6 In subcutaneous adipose tissue from exercise
trained individuals, the induction of inducible nitric oxide
synthase (iNOS) and TLR4 mRNA expression was
decreased, while the induction of IL-6 mRNA expression
was increased, and TNF-a mRNA expression was unal-
tered.6 While this study did not directly assess the protec-
tive effects of exercise training per se, the results indicate
that training status may alter the response of adipose tis-
sue to LPS-induced inflammation. As this dose of LPS
does not elicit a peak inflammatory response, but is
required for tolerability in humans, it is possible that a
greater protective effect of physical activity or exercise
against higher doses of LPS may be found.23 Further,
whether there are differences in the effect of physical
activity or exercise on the response of subcutaneous and
visceral adipose tissue depots to LPS is not known.

In this report, our objective was to determine if habit-
ual physical activity, via VWR, could protect against adi-
pose tissue inflammation induced by LPS in C57BL/6J
mice, and if this occurs in a depot specific manner. We
hypothesized that both subcutaneous inguinal adipose
tissue (iWAT) and visceral epididymal adipose tissue
(eWAT) would be protected against LPS-induced
inflammation. As it has been suggested that the beneficial
effects of physical activity on metabolic health are modu-
lated, at least in part, through alterations in iWAT,9 we
postulated that a protective effect of prior physical
activity would be more apparent in iWAT.

Methods

Ethics

All procedures in this study adhere to the guidelines of the
Canadian Council on Animal Care and were approved by
the University of Guelph Animal Care Committee.

Animals

C57BL/6J mice (8 weeks old, male, n D 40) were pur-
chased from The Jackson Laboratory (Bar Harbor, ME).
Mice were individually housed with access to voluntary

wheel running (VWR) or in standard cages as sedentary
controls (SED) for 10 weeks. The mice used in this study
represent a subset of a prior publication from our
group.21 All mice had ad libitum access to standard
rodent chow from Teklad (Madison, WI; Cat # 7004)
and water, were on a 12-hour light dark cycle (9 A.M. to
9 P.M.), and were housed at »22�C. Running wheel dis-
tances were counted daily using a wheel mounted rota-
tion counter (VDO M3 wired bike computer, Mountain
Equipment Co-Op Vancouver, Canada). Food intake
was measured weekly during the 10 week period using
the amount consumed from the hopper.

Glucose tolerance test

During the final week of VWR, an intraperitoneal glu-
cose tolerance test (GTT) was performed (10 A.M.) on
6 hour fasted mice using an i.p. weight adjusted bolus
(2 g¢kg¡1) of D-glucose. Mice in the VWR group had the
wheels removed from their cage at the time of fasting
and did not have access to wheels during the GTT. It
should be noted that this experimental design allowed
the VWR mice access to the wheel from lights off until
the time of fasting, and as exercise increases glucose
uptake24 it is possible that there may be residual effects
of this last bout of wheel running. Blood glucose was
measured via tail snip immediately prior to the glucose
injection and at 15, 30, 45, 60, 90, and 120 minutes post
injection using a handheld Freestyle Lite glucometer and
glucose strips (Abbott Laboratories; Abbott Park, IL.).

Lipopolysaccharide injection and tissue collection

LPS, purchased from Sigma-Aldrich (St. Louis, MO; Cat #
L2630), was injected (i.p.) at a dose of 2 mg/kg into
awake, non-anesthetized mice starting at 9 A.M. and con-
trol mice were injected with saline (SAL). This dose has
been shown to elicit a near peak inflammatory response,
at least in the liver,23 and has been used by other groups
to induce an inflammatory response.25 VWR mice had
wheels locked 24 hours before the LPS injection. After
LPS injection, all mice had ab libitum access to food and
water, and were monitored for signs of septic shock. At
6 hours post-LPS injection, a time frame at which this
dose induces near peak inflammation in circulation,5 tail
blood glucose was measured and then a 0.5 U¢kg¡1 dose
of insulin was injected and blood glucose was monitored
for 20 minutes.25 These results have been published, and
demonstrate that VWR attenuated LPS induced impair-
ments in insulin tolerance.21 Given this short exposure to
insulin it seems unlikely that this would have influenced
the changes in inflammatory markers in the current
study. Mice were then anesthetized with sodium
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pentobarbital (»5 mg¢100 g bw¡1) upon which iWAT
and eWAT were removed and immediately frozen in liq-
uid nitrogen, then stored at ¡80�C.

Western blotting

Homogenization of tissue was completed using a
FastPrep-24 instrument (MP Biomedicals, Santa Ana,
CA) in a 3 x cocktail of cell lysis buffer supplemented
with phenylmethylsulfonyl fluoride and protease inhibi-
tor cocktail (Sigma-Aldrich, Oakville, ON, Canada).
Western blotting procedures were completed as previ-
ously described.26 Briefly, proteins were transferred onto
a nitrocellulose membrane, incubated with indicated pri-
mary antibodies overnight, the corresponding secondary
antibody for 1 hour, and imaged using enhanced chemi-
luminescence on a FluorChem HD imaging system
(a Innotect, Santa Clara, CA). Antibodies used were pur-
chased from AbCam (Toronto, ON, Canada; b-actin Cat
# 8227; Citrate synthase (CS) Cat # ab129095; Anti-
Ubiquinol-Cytochrome C Reductase (CORE1) Cat #
110252; Cytochrome C Oxidase Subunit IV (COXIV)
Cat # ab16056; GAPDH Cat # 8245; uncoupling protein
1 (UCP-1) Cat # 10983), Millipore (Etobicoke, ON,
Canada; Peroxisome proliferator-activated receptor
gamma coactivator 1-a (PGC-1a) Cat # AB3242, Mito-
sciences (Toronto, ON, Canada; Cytochrome C (CytC)
Cat # MSA06; Pyruvate dehydrogenase subunit E1a
(PDH-E1a) Cat # MSP03); and Cell Signaling (Danvers,
MA; MyD88 Cat # 4283; pSTAT3 Cat # 9138; STAT3
Cat # 8768). b-actin, GAPDH, and/or ponceau staining
were used to verify equal loading (where depicted),27

whereas pSTAT3 was expressed relative to STAT3. In
addition, it should be noted that the specificity of the
PGC-1a antibody has been validated using samples from
PGC-1a knockout mice.28

Real-time quantitative PCR

RNA was extracted using an RNeasy Mini Kit
(Cat # 74104, QIAGEN Toronto, ON). cDNA was syn-
thesized using the Superscript II Reverse Transcriptase
kit (Cat # 18064–014, from Thermo Fisher Scientific
Waltman, MA) and diluted 1:15 using RNase free water.
PCR plates were prepared using PerfeCTa qPCR FastMix
II Low ROX (Cat # 95120 Quantabio Beverly, MA),
RNase free water, TaqMan Gene Expression Assays for
each gene of interest (Cat # in Table 1 from Thermo
Fisher Scientific Burlington, ON CAN) and 5 ul of
cDNA. Analysis was completed using the 2¡DDCT

method,29 with samples expressed relative to the endoge-
nous control GAPDH, which did not change with VWR
or LPS. Data was normalized to the SED SAL group and

analyzed using a 2-way ANOVA (large figure). In addi-
tion, to account for the basal difference between SED
and VWR mice, we calculated the relative change to LPS
by normalizing the SED LPS and VWR LPS group to the
respective SAL group (small figure).

Statistical analysis

Data were analyzed using an unpaired t-test, 2-way
ANOVA, or 2-way ANOVA with repeated measures.
Data was first assessed for normality and homogeneity of
variance, and when not met the data was transformed
(log10) or for t-tests a Mann-Whitney U-test was used.
The Fisher’s LSD post-hoc test was used for 2-way
ANOVA interactions. All data are presented as mean §
standard error at a significance level of p < 0.05. For
two-way ANOVA results, significance is shown as main
effect, or for post-hoc testing following a significant
interaction. Statistical tests were completed using Sigma
Plot version 11.0 (San Jose, CA) and graphing was done
using Graph Pad version 6.2 (La Jolla, CA).

Results

VWR attenuates body mass gain, improves glucose
tolerance, and induces indices of mitochondrial
biogenesis in adipose tissue

Mice in the VWR group ran an average of 3.68 § 0.32
km/day over the 10-week period. Despite greater food
intake, mice in the VWR group weighed less and had
reduced eWAT and iWAT mass, along with improved
glucose tolerance (Fig. 1A–E). As previous data from our
group and that from others have shown that exercise
training (swimming,11 treadmill running30) and VWR9

increase indices of mitochondrial biogenesis, we mea-
sured the protein content of PGC-1a, a transcriptional
co-activator and master regulator of mitochondrial pro-
teins,31 as well as other mitochondrial proteins in iWAT
and eWAT. In iWAT, there was main effect of VWR for
increasing the protein content of numerous markers of
mitochondrial biogenesis including PGC-1a (p < 0.001),
CytC (p < 0.01), COXIV (p < 0.001), PDH-E1a

Table 1. TaqMan gene expression assays. Purchased from
Thermo Fisher Scientific (Cat # 4331182).

Target TaqMan probe

Gapdh Mm99999915_g1
TNF-a Mm00443258_m1
IL-1b Mm00434228_m1
Ccl2 (MCP-1) Mm00441242_m1
IL-6 Mm00446190_m1
Socs3 Mm00545913_s1
Adgre1 (F4/80) Mm00802529_m1
Tlr4 Mm00445273_m1
FST Mm00514982_m1
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(p < 0.001), CORE1 (p < 0.001), and CS (p < 0.001)
(Fig. 2A). In eWAT, there was a main effect of VWR for
increasing the protein content of PGC-1a (p < 0.001),
CytC (p < 0.05), COXIV (p < 0.001), PDH-E1a
(p < 0.001), and CORE1 (p < 0.001) (Fig. 2B). Next, as
exercise training and VWR are able to increase UCP-1
mRNA expression and/or protein content in
iWAT,9,14,32 we measured the protein content of UCP-1.
UCP-1 protein content was higher in iWAT with VWR
(2-way ANOVA main effect p < 0.0001) (Fig. 2C). We
were unable to detect UCP-1 in eWAT (data not shown).
There was no effect of LPS injection in either depot for
markers of mitochondrial biogenesis or UCP-1.
Together, this demonstrates that VWR increases indices

of mitochondrial biogenesis in iWAT and eWAT, and
shows an effect of physical activity on adipose tissue in
our VWR model.

VWR attenuates LPS induced increases in
inflammatory marker gene expression to a greater
degree in iWAT vs. eWAT

As TNF-a, IL-1b, and MCP-1 are markers of adipose tis-
sue inflammatory status,33 changes in the mRNA expres-
sion of these genes were assessed in iWAT and in eWAT
following SAL or LPS injection. In iWAT, VWR attenu-
ated the LPS induced increase in TNF-a (p < 0.001)
(Fig. 3A), and there was a main effect of VWR for reduc-
ing IL-1b (p < 0.05) with no differences in the response
to LPS (Fig. 3B). In addition, there was an attenuation of
the LPS induced increase in iWAT MCP-1 mRNA
expression with VWR (p < 0.001), which was also signif-
icant when comparing the relative change within each
group (p < 0.01) (Fig. 3C). In contrast to this anti-
inflammatory effect of VWR observed in iWAT, there
was no difference in the mRNA expression of TNF-a or
IL-1b in eWAT (Fig. 3D and Fig. 3E), and only a main
effect of VWR for reducing the mRNA expression of
MCP-1 (p < 0.01) (Fig. 3F).

VWR alone, and in response to LPS, alters indices of
IL-6 signaling in both iWAT and eWAT

The IL-6 signaling pathway has been reported to be
upregulated in adipose tissue in response to LPS,34 there-
fore we assessed the mRNA expression of IL-6 and
SOCS3, along with the phosphorylation of STAT3
(downstream effector of IL-6 signaling). LPS induced
increases in all indices of IL-6 signaling in both iWAT
and eWAT. In iWAT, there was a main effect of VWR
for reducing IL-6 and SOCS3 mRNA expression
(p < 0.001 and p < 0.05, respectively) (Fig. 4A and
Fig. 4B), and for attenuating the increase in phosphoryla-
tion of STAT3 when comparing the relative change
within each group (Fig. 4C). In eWAT, there was a main
effect of VWR for reducing IL-6 mRNA expression
(p < 0.05) (Fig. 4D). VWR led to higher eWAT SOCS3
mRNA in SAL mice (p < 0.05), and only a trend for
attenuating the LPS induced increase (p D 0.06)
(Fig. 4E). When comparing the relative change of SOCS3
mRNA expression within each group, VWR mice had an
attenuated response to LPS (p < 0.0001) (Fig. 4E). VWR
led to an increase in phosphorylation of STAT3 in SAL
injected mice (p < 0.01) but did not alter the absolute
response to LPS, thus when comparing the relative
change within each group the response to LPS was atten-
uated (p < 0.0001) (Fig. 4F).

Figure 1. Effects of 10 weeks of VWR. A) Average food intake
(g/week) and B) final body mass (g) (n D 20/group). C) eWAT
mass (mg), D) iWAT mass (mg), and D) glucose tolerance test
curve with inset indicating the area under the curve (n D 10/
group). All data are presented as mean § sem. Significance is dis-
played as yp < 0.05 and yyyyp < 0.0001 for an effect of VWR and
#p < 0.05 for an effect of time. Where a 2-way ANOVA was used
a flat bar indicates a main effect.
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VWR increases the protein content of MyD88,
attenuates the LPS induced increase in FST mRNA
expression in iWAT and eWAT, and reduces mRNA
expression of F4/80 in eWAT

To identify potential mechanisms that may be mediating
the altered inflammatory and IL-6 signaling in the VWR
group in response to LPS, we measured components of
the TLR4-MyD88 complex. The mRNA expression of
TLR4 was not different in any group (Fig. 5A–B). Both
VWR and LPS increased the protein content of MyD88,
such that in iWAT and eWAT there was a main effect of
VWR and LPS for increasing levels of MyD88 (p < 0.01
and p < 0.05 respectively) (Fig. 5C–D). There was no
effect of VWR on the response to LPS.

Follistatin (FST) is increased in circulation after LPS
exposure21 and has been shown to inhibit inflammation,35

thus we wanted to determine if FST mRNA expression in

adipose tissue was altered by LPS and/or VWR. In iWAT,
LPS induced an increase in FST mRNA expression in
SED mice (p < 0.001), whereas VWR completely attenu-
ated this response (p < 0.001) (Fig. 5E). In eWAT, both
SED and VWR mice had LPS induced increases in FST
mRNA expression (p < 0.001), and there was a main
effect for reductions in FST mRNA expression with VWR
(p < 0.05) (Fig. 5F). When comparing the relative change
within each group, VWR mice had an attenuated increase
in eWAT FST mRNA expression (p < 0.05) (Fig. 5F).

LPS is known to activate macrophage-mediated
inflammation36 and thus as an additional analysis, we
assessed gene markers of macrophage content in adipose
tissue. In iWAT, VWR led to overall lower mRNA
expression of F4/80, however this was not significant
(2 way ANOVA main effect of VWR, p D 0.05)
(Fig. 5G). In eWAT, there was a main effect of VWR
(p < 0.0001) and LPS (p < 0.001) to reduce F4/80

Figure 2. Effects of VWR on indices of mitochondrial biogenesis and adipose tissue browning. VWR induces increases in the protein con-
tent of markers of mitochondrial biogenesis in A) iWAT and B) eWAT. C) UCP-1 protein content in iWAT, with representative western
blots including annotations for brown adipose tissue (BAT) as a positive control. D) Representative western blots for A) and B). Data is
presented as mean § sem (n D 7–10/group). A two-way ANOVA main effect of VWR (indicated by flat bar) has significance displayed as
yyp < 0.01, yyyp < 0.001, and yyyyp < 0.0001.
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mRNA expression (Fig. 5H). When comparing the rela-
tive change in response to LPS between SED and VWR
mice, VWR attenuated the LPS mediated reduction in
F4/80 (p < 0.01) (Fig. 5H).

Discussion

We demonstrate that habitual physical activity, in the
form of VWR, attenuates LPS induced inflammation in
iWAT and eWAT of C57BL/6J mice. When VWR mice
were challenged with LPS, the protective effects in iWAT
appeared to be slightly more pronounced than those in
eWAT. In iWAT, VWR was able to attenuate the LPS
induced increase in TNF-a and MCP-1 mRNA expres-
sion, whereas this was not apparent in eWAT. We also
assessed indices of IL-6 signaling and in iWAT there was
a general trend for VWR mice to have lower levels of
these markers, however in eWAT this signaling pathway
appeared to be increased in VWR mice injected with
SAL and attenuated in LPS injected mice. These depot
specific effects do not appear to be explained by a lack of
a physical activity effect in eWAT, as the induction of
mitochondrial proteins was readily apparent in both adi-
pose tissue depots. In our previous publication21 we

measured the levels of systemic inflammatory markers in
this sub-set of mice, and found that VWR only attenu-
ated the LPS induced increase in IL-1b, but not IL-6,
MCP-1, IFN-g, TNF-a, or IL-10, suggesting that VWR
altered the inflammatory response directly in adipose tis-
sue. If this protective effect of VWR on adipose tissue
inflammation occurs across multiple doses of LPS, or if it
leads to improved mortality and beneficial effects on
other clinical outcomes, is not known.

To our knowledge only a single study has assessed the
protective effect of physical activity against LPS induced
inflammation in adipose tissue of humans.6 In a cross-
sectional study design, Olesen et al.6 observed an increase
in IL-6 mRNA expression in response to LPS in subcuta-
neous adipose tissue of trained subjects, an effect that
was not recapitulated, albeit in mice, in the current
investigation. Although the results of our study and that
of Olesen et al.6 are divergent, it is difficult to directly
compare this study to ours due to differences in species
examined.37 Further, we used a significantly larger dose
of LPS (2 mg/kg vs 0.3 ng/kg), which at least in mice is
known to induce near peak inflammation,23 and the time
of assessment post–LPS treatment was also slightly dif-
ferent between studies.

Figure 3. Inflammatory gene expression in iWAT and eWAT. iWAT A) TNF-a mRNA expression, B) IL-1b mRNA expression, and C) MCP-1
mRNA expression. eWAT D) TNF-a mRNA expression, E) IL-1b mRNA expression, and F) MCP-1 mRNA expression. The inset figure in
each panel indicates the relative change in mRNA expression induced by LPS within SED and VWR groups. Data is presented
as mean § sem (n D 5–8/group). A two-way ANOVA main effect (indicated by a flat bar), post-hoc testing of significant interactions
(indicated by lines with ticks), or results of unpaired t-test (relative change inset) have significance displayed for LPS as ��p < 0.01,
���p < 0.001, and ����p < 0.0001 and for VWR as yp < 0.05, yyp < 0.01, yyyp < 0.001.
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In our study, we observed that iWAT from VWR
mice appeared to be more protected against LPS inflam-
mation than eWAT. The reason why this occurred is
likely not explained by a lack of physical activity effect,
as both depots had reductions in adiposity and increases
in indices of mitochondrial biogenesis. Moreover, VWR
increased MyD88 and reduced F4/80 expression to a
similar degree in both depots. While we currently do not
have an explanation for the depot specific protective
effect of prior physical activity, others have reported
greater beneficial effects of physical activity in iWAT
compared with eWAT. For example, Stanford et al.
found that the transplantation of iWAT but not visceral
adipose tissue into the abdominal cavity improved glu-
cose homeostasis in the recipient animals.9 Together
these findings highlight an intriguing depot specific effect
of physical activity on adipose tissue metabolism that
warrants further investigation.

In support of our data, others have shown that 6
weeks of VWR38 and exercise training30 protect against
acute stressors. For example, our group has shown that
exercise training offers protection against adipose tissue
inflammation induced by the b-3 adrenergic agonist CL
316, 243.30 In this study, protective effects were primarily
observed in eWAT for indices of IL-6 signaling as
marked by the mRNA expression of IL-6 and SOCS3,
along with the mRNA expression of TNF-a, yet a similar
effect did not occur in iWAT. Others38 have demon-
strated that 6 weeks of VWR alters the response to acute

tail shock stress in rats. They found that VWR led to an
increase in the protein content of MCP-1, IL-6, and IL-
10, and a decrease in the ratio of pro-inflammatory to
anti-inflammatory proteins (e.g. IL-1b and TNF-a to IL-
10). Together, these findings suggest that physical activ-
ity and exercise, offers protection against a variety of
acute stressors.

The results of our study add to a large body of evi-
dence suggesting that physical activity and exercise
have anti-inflammatory properties.39 For instance, 12
weeks of VWR lowered the mRNA expression of
inflammatory markers (TNF-a, IL-6, and MCP-1) in
adipose tissue from obese rats, with a slightly greater
effect reported in visceral compared with subcutaneous
adipose tissue.15 As these effects occur in parallel with
a reduction in adiposity, it is likely that at least a por-
tion of the reductions in inflammatory markers are sec-
ondary to alterations in adipose tissue accretion.15,17 In
this regard, a recent study from Welly and colleagues
demonstrated that caloric restriction as a means to
match the reduction in adiposity induced by VWR, led
to similar effects on inflammatory gene expression
when rats were fed a high fat diet.16 The results from
our current study support and add to these previous
studies, as we observed that VWR attenuated the LPS-
mediated induction of TNF-a and MCP-1 mRNA
expression in iWAT providing some evidence that the
effects of VWR go beyond the attenuation of weight
gain. Intriguingly, the effects of physical activity are

Figure 4. IL-6 signaling in eWAT and iWAT. iWAT mRNA expression of A) IL-6, B) SOCS3, along with the protein content of C) pSTAT3/
STAT3. eWAT mRNA expression of D) IL-6, E) SOCS3, along with the protein content of F) pSTAT3/STAT3. Representative blots for pSTAT3
and STAT3 are shown beside each panel, and the inset figure indicates the relative change induced by LPS within SED and VWR groups.
Data is presented as mean § sem (n D 5–10/group). A two-way ANOVA main effect (indicated by a flat bar), post-hoc testing of signifi-
cant interactions (indicated by lines with ticks), or results of unpaired t-test (relative change inset) have significance displayed for LPS as
���p < 0.001, and ����p < 0.0001 and for VWR as yp < 0.05, yyp < 0.01, yyyp < 0.001, and yyyyp < 0.0001.
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transient as cessation of VWR for only 1 week leads to
an increase in body mass and adiposity, along with
promotion of a pro-inflammatory environment in adi-
pose tissue.40

The potential mechanistic basis for the protective
effects of VWR against LPS induced adipose tissue
inflammation are likely multifaceted. We hypothesized
that VWR would modulate the LPS binding complex,
namely TLR4 and MyD88. We found that there were no
differences in the mRNA expression of TLR4, but VWR
led to increases in the protein content of MyD88 in both
iWAT and eWAT. These results initially appear to be
counter intuitive, as MyD88 null mice have a blunted
response to endotoxin41 and are protected from hin-
dlimb unloading induced glucose intolerance and
inflammation.42 Furthermore, myeloid and endothelial
cell specific deletion of MyD88 attenuates some of the
deleterious effects of a high fat diet.43 However this is
not always the case, as there is evidence to suggest
MyD88 null mice have an exaggerated response to high
fat diet-induced increases in leptin, insulin, cholesterol
and indices of liver inflammation.44 To our knowledge,
there is no other report of the effects of physical activity
or exercise on the protein content of MyD88 in adipose
tissue, and therefore the physiological relevance of the
increased MyD88 in both iWAT and eWAT with VWR
warrants future investigation. As a secondary assessment,
we considered the role of FST as a potential molecular
mediator as others have shown that FST increases in cir-
culation after LPS exposure and can act to reduce inflam-
mation.35 While we did not observe differences in the
circulating levels of FST between SED and VWR mice
after LPS (previously published21), we found an attenu-
ated mRNA expression of FST in response to LPS in
VWR mice, particularly in iWAT. As FST levels are
increased by, and have been shown to protect against,
LPS-induced inflammation35 we speculate that the
blunted induction of FST mRNA expression is secondary
to an attenuation of LPS-induced inflammation in
adipose tissue from VWR mice.

In addition to the protective effects of physical
activity against LPS induced inflammation, we dem-
onstrate that VWR increases markers of mitochon-
drial biogenesis in both depots. Interestingly, this
included an increase in the protein content of PGC-
1a, a transcriptional co-activator that has been sug-
gested to possess anti-inflammatory properties. In one
report, 3 d of treadmill exercise were completed after
LPS injection as a treatment approach.45 They found
that this protected mice against the deleterious effects
of LPS, and occurred in parallel with increases in
PGC-1a. Similarly, loss of PGC-1a, albeit in muscle,
potentiates the pro-inflammatory environment of
aging.46 Therefore, as VWR increased PGC-1a in
both iWAT and eWAT, it is possible that this may
have mediated some of the protective effects we see
against LPS induced inflammation. Clearly further

Figure 5. Potential molecular targets that may mediate the pro-
tective effects of VWR against LPS induced inflammation. TLR4
mRNA expression in A) iWAT and B) eWAT. MyD88 protein con-
tent in C) iWAT and D) eWAT with representative blots shown
below. FST mRNA expression in E) iWAT and F) eWAT. F4/80
mRNA expression in G) iWAT and H) eWAT. The inset figure
within each panel indicates the relative change induced by LPS
within SED and VWR groups. Data is presented as mean § sem
(n D 6–10/group). A two-way ANOVA main effect (indicated by a
flat bar) and post-hoc testing of significant interactions (indicated
by lines with ticks) have significance displayed for LPS as
�p< 0.05 and ���p< 0.001 and for VWR as yp< 0.05, yyp< 0.01,
yyyp < 0.001, or yyyy.0001.

8 W. T. PEPPLER ET AL.



work is needed to elucidate the mechanisms through
which prior physical activity protects against
LPS-induced inflammation.

Although we provide novel data for the protective
effect of VWR against LPS induced inflammation in
adipose tissue, we must note some potential limita-
tions. First, the removal of running wheels 24 hours
prior to LPS injection creates a possible stressful envi-
ronment for mice, and as some have suggested that
acute stress may lead to an immunoprotective effect,47

there is a possibility that this acts in combination
with VWR to attenuate LPS induced inflammation.
Second, while we measured the protein content of
UCP-1 and PGC-1a in iWAT and observed that this
was increased with VWR, we did not assess other
measures of adipose tissue browning / thermogenesis
or mitochondrial function. This would be an interest-
ing avenue to explore as others have shown that
transplantation of iWAT from trained into sedentary
mice preserves body temperature upon exposure to
cold,9 and that UCP-1 may be involved in the ther-
mogenic response to LPS.48

Overall, we demonstrate that habitual physical activ-
ity, in the form of VWR, is able to protect against acute
inflammation in adipose tissue of C57BL/J mice. This
effect occurs with modest depot specificity, such that the
effects are greater in iWAT vs. eWAT. This work, cou-
pled with our previously published findings in the liver,21

suggests that VWR is able to protect against LPS induced
inflammation across multiple tissues.
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