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Diet-induced obesity (DIO) is a leading health concern for the 
world’s population, in light of effects on healthcare costs, morbid-
ity, and mortality.1,4,28 Although a regimen that combines caloric 
restriction with exercise appears to be the most effective treatment 
for DIO,16-18 research has not fully defined what aspects of exercise 
are most important. Mouse models for treating DIO represent an 
excellent opportunity to test various types of exercise that could 
be used for treating humans.

In addition to weight loss, exercise has been shown to elicit 
antiinflammatory properties that can be measured as changes in 
blood monocyte concentration and functional receptor expres-
sion.8,15,17 We previously found that forced treadmill running 
during DIO did not prevent weight gain or alterations in blood 
monocytes.8 Others have speculated that forced exercise in mice 
is an effective treatment modality due to unnecessary psychologic 
stress, thereby preventing the antiinflammatory effects that typi-
cally are associated with exercise training.2

Although many ways to assess innate immune status are avail-
able, our laboratory and others have focused on monocyte con-
centration and functional receptor expression.8,15,17 Our laboratory 
has monitored the Toll-like receptor (TLR) pathway as a means 
to track changes in systemic inflammatory capacity.17-19 The TLR 

pathway is considered to be a key mediator of the innate immune 
response14 and systemic inflammation.10,17 Subjects eating high-
fat diets show increased gene expression of TLR2 and TLR4 on 
blood monocytes with increases in blood fatty acids and hyperg-
lycemia.22,26 Cell-surface expression of TLR4 and TLR2 in vitro on 
blood monocytes increases in response to increased blood glucose 
concentration.5 Elevated fasting glucose and high cholesterol lev-
els, which often occur during weight gain, are known risk fac-
tors for several obesity-associated diseases; therefore increases 
in TLR4 and TLR2 are believed to be part of the inflammatory 
process that leads to disease.

In addition, TLR4 has been shown to influence body compo-
sition in mice. TLR4-knockout mice fed a high-fat diet gained 
less body fat than did wildtype mice.12 In another study,26 TLR4 
knockout mice weighed 15% less on average than did wildtype 
controls after 8-wk of high-fat feeding. In addition, adipocytes 
were 30% smaller in the TLR4-knockout mice, indicating that lack 
of TLR4 affected fat accumulation.26 Furthermore, TLR4-knockout 
mice had decreased expression of the proinflammatory cytokines 
IL6 and TNFα,26 consistent with other studies that reported a re-
duction in the inflammatory status of mice that lacked TLR4.14,24 
Considering these results together led us to hypothesize that TLR 
may play a role in weight gain and inflammatory status that leads 
to disease progression.

The costimulatory molecules CD80 and CD86 also are known 
to be part of the inflammatory process. Both CD80 and CD86 are 
present on antigen presenting cells and interact with T cells to 
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Forced exercise treatment. In the FEX group, mice ran on a 
motorized treadmill (Columbus Instruments, Columbus, OH) 
5 d each week (Monday through Friday). Each exercise session 
consisted of 60 min of treadmill running (22 m/min) during the 
first 2 h of the dark cycle (1000 to 1200). Treadmills have been 
successful as a means of aerobic intervention in murine research, 
because mice will run with little to no motivation.8,20 If mice did 
become unwilling to run, they were pushed gently by hand to 
encourage them.

Voluntary exercise treatment. The mice in the VEX group were 
housed individually in commercially available wheel-running 
cages (Tecniplast) with 24 h access to an exercise wheel 5 d each 
week (Monday through Friday), to match the days on which the 
FEX group ran. The exercise wheel (circumference, 73 cm) was 
connected to a computer, which recorded the time of day and 
number of wheel rotations completed by individual mice. From 
these data, we calculated the distance run each day.

Nonlethal blood collection. Blood collection was completed 
at baseline, week 4, and week 8 of the study by using a nonle-
thal technique.8 Briefly, during the last 2 h of the light cycle (0700 
to 0900) and after overnight (at least 8 h) fasting and abstention 
(more than 48 h) from exercise, mice were placed in a modified 
50-mL centrifuge tube with their hindlimbs accessible. A hindlimb 
was shaved with electric clippers, a thin layer of petroleum jelly 
was applied to the skin, and the saphenous vein was punctured 
by using a 5-mm sterile lancet (Medipoint, Mineola, NY). Ap-
proximately 60 µL of blood was collected into an appropriately la-
beled lithium-heparin–treated microvette capillary tube (Sarstedt, 
Nümbrecht, Germany).

Flow cytometry staining and acquisition. Two-color flow cy-
tometry was used to analyze monocyte concentration and cell-
surface expression of TLR2, TLR4, CD80, and CD86 as described 
previously.3 All antibodies and solutions were purchased from 
the same vendor (eBioscience, San Diego, CA) unless otherwise 
noted. Briefly, an aliquot of whole blood (5 µL) was combined 
with an FC receptor blocking cocktail (1:50 dilution of unlabeled 
antiCD16/32) to minimize nonspecific binding. A 2-color anti-
body cocktail (PECy5-labeled CD14 and either PE-labeled TLR2, 
TLR4, CD80, or CD86) was added to each blood sample and in-
cubated for 30 min in the dark at room temperature. An isotype-
control tube was used to identify a negative population. PMT 
voltages were set by using the isotype controls to ensure that 
negative populations were within the first logarithmic decade for 
all colors. RBC were lysed with a commercial lysing buffer and 
washed prior to a final suspension in staining buffer (100 μL) and 
1% paraformaldehyde solution (100 μL; Electron Microscopy Sci-
ences, Hatfield, PA). Signals were acquired within 48 h of fixation 
on a flow cytometer (Guava EasyCyte Mini, Millipore, Billerica, 
MA) equipped with a 20-mW, 488-nm solid-state laser. Uncom-
pensated FCS 2.0 data files were exported for further analysis.

Flow cytometry analysis. Acquired FCS data files were electroni-
cally compensated for spectral overlap and analyzed offline by 
using FCS Express (version 3, De Novo Software, Los Angeles, 
CA). Monocytes were identified and quantified by using a side 
scatter (SSC) compared with CD14 dot plot. Cell-surface expres-
sion of TLR2, TLR4, CD80, or CD86 as geometric mean fluores-
cence intensity was quantified by using individual histograms 
gated on CD14+ events. In the Results section, percentages were 
used to illustrate the changes, but data were not analyzed as per-
centage change.

prime them against antigenic attack.21 These molecules have been 
shown to increase with inflammatory states such as cardiovascu-
lar disease and obesity7 and may decrease after an antiinflamma-
tory process such as exercise.15

Here we evaluated weight loss in DIO mice treated for 8 wk 
with voluntary compared with forced exercise. We also evaluated 
the effects of these regimens on blood monocyte concentration 
and the expression of TLR2, TLR4, CD80, and CD86. We hypoth-
esized that, in mice that became obese after consuming high-fat 
diet, voluntary exercise combined with a low-fat diet would cause 
greater alterations in inflammation than would low-fat diet either 
alone or combined with forced exercise.

Materials and Methods
Animals. All procedures described in this report were reviewed 

and approved by the University of Houston IACUC (Houston, 
TX). CD1 male mice were purchased from Charles River Labo-
ratories (Wilmington, MA), tattooed (AIMS Tattoo System, Bing-
hampton, NY) on the tail for identification purposes, and kept on 
a reverse 12:12-h light:dark cycle (lights off, 1000). Mice were 12  
to 14 wk of age at the start of the weight-gain phase and 64 to 66 wk  
of age at the start of the active intervention stage. Mice were 
housed individually in standard microisolation caging (Tecni-
plast, Exton, PA) for the duration of the study. Body weight and 
food consumption were measured weekly by using a digital scale 
(MyWeigh, Phoenix, AZ). Food was presented to mice on wire 
cage lids. Twice each week, food was changed and residual (food 
left in cage lid) and wasted (food in bottom of cage) were com-
bined and weighed. Food consumed was determined by subtract-
ing residual or wasted food from the total amount of food given.

Determination of sample size. The sample size of 24 for this 
current study was selected based on an a priori sample size cal-
culation that used the outcome variable with the smallest effect 
size (in this case, monocyte TLR4 expression).8 This calculation 
indicated that, if using a repeated-measures model, we needed a 
minimum of 5 mice per treatment group to detect statistical sig-
nificant differences between the 3 DIO treatment groups.

DIO in mice. DIO was established in CD1 mice by using a 
weight-gain protocol developed in our laboratory and document-
ed elsewhere.3 Briefly, to elicit DIO, mice were provided ad libi-
tum access to a high-fat, high-calorie diet (5.24 kcal/g: 60% from 
fat, 20% from protein, and 20% from carbohydrates) for 12 mo; 
CN mice were provided ad libitum access to a low-fat, reduced-
calorie diet (3.85 kcal/g; 10% from fat, 20% from protein, and 70% 
from carbohydrates) for 12 mo. Both diets were purchased from 
Research Diets (New Brunswick, NJ). The fat source in both diets 
was soybean oil and lard (cholesterol content, 0.95 mg/g). All 
groups had ad libitum access to water.

Group assignment. After the 12-mo DIO phase, each mouse was 
assigned randomly to 1 of 3 treatment groups (n = 6 per group) 
according to diet composition and exercise treatment: voluntary 
exercise (VEX), forced treadmill exercise (FEX), and sedentary (S). 
After assignment, mice in the 3 treatment groups began consum-
ing the low-fat diet, on which CN mice remained. S and CN mice 
were restricted to normal daily activity within their cages; these 
mice were sedentary in the sense that they did not undergo any 
structured physical activity. Body weight and food intake were 
measured weekly by using a digital scale. All groups were pro-
vided ad libitum access to food and water for the duration of the 
weight-loss phase.
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Discussion
Compared with forced exercise in mice, voluntary exercise 

caused greater reductions in body weight and monocyte TLR2 
and TLR4 cell-surface expression. In fact, the forced exercise treat-
ment actually increased monocyte TLR2 and TLR4 expression, 
a counterproductive effect in terms of the intended goal of re-
versing DIO.5,22 Similar increases in TLR2 and TLR4 expression 
occurred in mice that lost weight but did not exercise, suggest-
ing that forced treadmill running is not an effective weight loss 
treatment in mice. We did not observe any treatment-specific 
improvements in monocyte CD80 or CD86 expression, suggest-
ing that regardless of the mode, exercise does not necessarily 
improve these outcome measures. More research is needed to de-
termine whether the observed changes in monocytes are strictly 
a function of differential weight loss that occurred. Controlling 
for weight loss differences statistically does not fully account for 
their biologic and immunologic implications.

All mice in the intervention group lost weight, but those treat-
ed with voluntary exercise lost significantly more body weight 
than did mice that underwent either forced exercise or sedentary 
treatments. Differential weight loss is likely due to the differences 
in exercise volume and resultant caloric expenditure between 
groups. In the present study, mice that voluntarily exercised ran 
almost 5 times farther, thus resulting in greater caloric expendi-
ture and weight loss, than did those forced to exercise. How to 
administer exercise-training programs in mice is a topic of con-
siderable debate in the scientific literature. Some researchers be-
lieve forced exercise may cause unnecessary physical stress to an 
animal, resulting in subsequent increases in inflammatory status 
in and of itself.20 Other investigators have argued that voluntary 
exercise provides a stress-free stimulus that forced exercise does 
not. For example, when allowed free access to a running wheel, 
C57BL/6 mice exercise an average of 10,000 m daily.6 This volume 
of exercise would be considered extreme in humans, but the activ-
ity patterns of humans and rodents differ significantly. In terms of 
inflammatory status, 16 wk of free wheel running reduced plasma 
TNFα and increased antioxidant capacity compared with mice 
that completed treadmill running. Free-wheel mice ran an average 

Statistical analysis. All statistical analyses were completed by 
using SPSS version 17.0 (SPSS, Chicago, IL). Data was examined 
before formal analysis to assess their normal distribution. Non-
normal data were log-transformed prior to analysis. Body weight, 
food intake, and distance run were analyzed by using 4 (group) 
× 8 (time) ANOVA with repeated measures on the second factor. 
Monocyte measurements were analyzed by using 4 (group) × 
3 (time) ANOVA with repeated measures on the second factor. 
Statistical significance was set at a P value of less than 0.05. Loca-
tion of significant differences was completed by using a Tukey 
post hoc test. Data were presented as either group mean ± 1 SD or 
percentage change from baseline, depending on the nature of the 
outcome measurement.

Results
Body weight. DIO mice gained an average of 53% of initial body 

weight, compared with an average of 35% for CN, thus making 
body weight at baseline 28% lower in CN than in FEX, VEX, and 
S mice (F24,144 = 16.024, P < 0.0001; Figure 1). This effect was due to 
the 12-mo pretreatment phase, when CN mice consumed a low-
fat diet but the FEX, VEX, and S groups consumed a high-fat diet. 
Body weight decreased each week during the weight-loss phase, 
leading to a significant time effect (F8,144 = 190.414, P < 0.0001). 
Significant group × time interactions (F24,144 = 16.024, P < 0.0001) 
emerged for VEX and FEX mice between baseline and weeks 3 
through 8. By week 8, VEX and FEX had lost 36% and 27% of 
baseline body weight, respectively.

Caloric intake. Caloric intake did not differ statistically. Dur-
ing the 8-wk weight-loss period, CN mice consumed 798 ± 5 kcal 
each, VEX mice consumed 812 ± 29 kcal each, FEX mice consumed 
753 ± 20 kcal each, and S mice consumed 694 ± 8 kcal each.

Distance run. During the 8-wk treatment, VEX mice ran sig-
nificantly (F1,9 = 29.521, P < 0.0001) farther than did FEX mice. 
Whereas VEX mice ran 25,405 ± 8179 m each week per mouse, 
FEX mice ran 5728 ± 1796 m each week per mouse.

Monocyte concentration. Significant (F3,18 = 6.244, P = 0.004) 
group effects were found between VEX (0.06 ± 0.05 cells/mL) 
and both CN (0.03 ± 0.01 cells/mL) and FEX (0.03 ± 0.01 cells/mL) 
groups but not S (0.09 ± 0.08 cells/mL).

TLR2 and TLR4 expression. A significant group × time inter-
action (F6,36 = 4.206, P = 0.003) was found for cell-surface TLR2 
expression (Figure 2). At week 8, VEX had 60% to 78% less TLR2 
expression than did the other 3 groups. A similar significant 
group × time interaction (F6,36 = 3.394, P = 0.009) was found for 
cell-surface TLR4 expression. At week 8, TLR4 expression in VEX 
was 130% lower than in CN and 88% lower than in FEX. In ad-
dition, significant (F3,18 = 8.189, P = 0.001) group interaction was 
present for TLR4 expression at baseline. TLR4 expression in CN 
was 20% higher than in VEX and 47% higher than in S at baseline.

CD80 and CD86 expression. A significant (F2,34 = 30.832, P < 
0.001) time effect emerged for monocyte cell-surface expression of 
CD80 (Figure 3); that is, expression at baseline was significantly 
different than that at week 4, and expression at week 4 was sig-
nificantly different than that at week 8. In addition, significant 
(F2,34 = 11.599, P < 0.001) time effect was present in cell-surface 
expression of CD86. No significant group differences or interac-
tions were found for either CD80 or CD86.

Figure 1. Body weight (g). *, Significant main effect for time; #, signifi-
cant group × time interaction between VEX and FEX from baseline; +, 
significant group effects from CN. Significance defined as a P value of 
0.05 or less.
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The results of the current study add another factor supporting 
the idea that exercise, voluntary exercise in particular, can attenu-
ate inflammatory markers in mice. Although a previous study2 
measured inflammatory markers in the adipose tissue (TNFα, 
MCP1, and so forth), we noted a decrease in the expression of 
monocyte receptors that may be indicative of inflammatory po-
tential; these cells migrate to the peripheral tissues and mature 
into resident macrophages. In a previous study,11 16 wk of volun-
tary exercise in a range similar to that in the present study was 
associated with a decrease in plasma TNFα, an outcome that is 
consistent with the antiinflammatory action of exercise. An in-
crease of proinflammatory markers in the blood likely translates 
to a proinflammatory state in the tissues as well.27 Decreased 
TNFα mRNA expression with chronic (12 to 20 m/min for 60 
min/d on 5 d/wk for 16 wk) exercise training in mice.13 In hu-
mans, as little as 9 wk of exercise training was associated with a 
decrease in systemic inflammation as well as decreased monocyte 
expression of TLR2 and TLR4.9,23,25 Therefore, the antiinflamma-
tory effect in the present study is consistent with previous reports 
involving mouse and human subjects.

Whereas the changes in monocyte TLR2 and TLR4 expression 
in response to weight loss and exercise training were clear, those 
in CD80 and CD86 expression was less obvious. TLR2 and TLR4 
play roles in inflammation, whereas CD80 and CD86 affect T-cell 
priming. These different physiologic roles in the immune system 
may be related to the varied responses we noted. In the current 
study, monocyte expression of CD80 and CD86 did not change 
significantly. To our knowledge, the current study is the first to 
examine monocyte expression of CD80 and CD86 after a period 
of weight loss with exercise training. More research is needed to 
fully understand how body weight and exercise training influ-
ence the expression of these markers in mice. Upregulation of 
costimulatory molecules for the subsequent production of cy-
tokines is a key function of TLR.15 In humans, stimulation with 
ligands for TLR2 and TLR4 led to increases in CD86 expression 
and decreases in CD80 expression after strenuous exercise in hu-
mans.15 These previous results15 contrast with those of the present 
study, a difference that may reflect the subject population, that is, 
humans compared with mice. Further investigation into changes 

of 22 km/wk, which is similar to the 25 km/wk average for VEX 
mice in the current study.11 Clearly, mice will exercise significantly 
more when they are provided free access to a running wheel than 
when they are forced to run.

In addition to treatment-associated differences in weight loss, 
we noted different responses in monocytes. The VEX treatment 
resulted in a greater decrease in monocyte TLR2 and TLR4 ex-
pression than did either the FEX or S treatments. In fact, forced 
exercise actually induced a slight increase in cell surface expres-
sion of these markers, although the increase was less pronounced 
than that in the S group. In addition, these changes may be at-
tributed to the magnitude of the energy expenditure, which is 
greatest during voluntary exercise, followed by forced exercise, 
and least during sedentary activity. In light of previous studies, 
the differential ability of exercise training to attenuate increased 
expression of TLR2 and TLR4 is likely due to the volume of train-
ing (that is, distance per week). In another study,8 forced exercise 
similar in volume to that of the FEX treatment in the current study 
during a period of diet-induced weight gain blunted increases in 
monocyte TLR4 expression, suggesting that forced exercise was 
sufficient to oppose changes associated with diet-induced weight 
gain. In the present study, however, increased exercise volume (as 
seen with voluntary exercise) was needed to counter the short-
term disturbances of weight loss.

Previous literature has shown that increases in TLR2 accom-
pany increases in triglycerides and blood glucose, which are com-
mon in sedentary subjects eating a high-fat diet.5 Even though 
weight loss occurred in S group mice, perhaps the extensive pe-
riod of high-fat feeding was too long for them to achieve the at-
tributes of the low-fat controls. The changes in weight loss and 
inflammatory status we noted in mice are consistent with find-
ings from humans after exercise training.10 Because neither the 
present study nor other published studies have matched forced 
and voluntary exercise groups on training volume, we are unsure 
whether the volume or the mode of exercise actually caused the 
differences we found. Future research should compare forced and 
voluntary exercise at equal exercise volumes to determine the 
underlying mechanism.

Figure 2. Cell-surface expression (geometric mean fluorescence intensity, gMFI) of (A) TLR2 and (B) TLR4 in monocytes. *, Significant main effect for 
time; #, significant group × time interaction; +, significant group effects from CN. Significance defined as a P value of 0.05 or less.
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in monocyte expression in mice is warranted. To our knowledge, 
this current study is one of the first to examine changes in CD80 
and CD86 expression by using a longitudinal mouse model.

In conclusion, the differences between voluntary and forced 
exercise treatments in mice most likely can be attributed to dif-
ferences in the volume of training, given that VEX mice exercised 
more than did FEX mice. From an applied standpoint, the cur-
rent study demonstrates the importance of exercise at mitigat-
ing transient disruptions in monocytes that may occur during 
the treatment of DIO. More research is needed to understand the 
subtle differences between forced and voluntary exercise modes, 
but the present study provides critical data demonstrating that 
exercise during weight loss is beneficial, decreasing inflammatory 
biomarkers, regardless of mode. Our current findings as well as 
future studies likely will provide additional insight regarding 
improved treatment for obesity.
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