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Sustained rise in triacylglycerol synthesis and increased
epididymal fat mass when rats cease voluntary
wheel running

David S. Kump1 and Frank W. Booth1,2,3

1Department of Medical Pharmacology and Physiology, 2Department of Biomedical Sciences, and 3Dalton Cardiovascular Center,
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Four-week-old, Fischer–Brown Norway F1-generation male rats were given access to voluntary
running wheels for 21 days, and then the wheels were locked for 5 (WL5), 10 (WL10), 29 (WL29),
or 53 (WL53) hours. Two other groups (SED5 and SED10) had no access to voluntary running
wheels and were killed at the same time as WL5 and WL10, respectively. Absolute and relative
epididymal fat mass, mean cell volume, and amount of lipid per cell increased in WL53 relative
to all other groups, with no change in cell number. C/EBPα protein levels in epididymal fat
were 30% greater in SED5 than in WL5. The rate of triacylglycerol synthesis in epididymal fat
was 4.2-fold greater in SED5 than in WL5, increased 14-fold between WLS and WL10, and was
79% lower in SED10 than in WL10. Triacylglycerol synthesis remained at this elevated level
(at least 3.5-fold greater than SED5) through WL53. Thus, the rapid increase in epididymal fat
mass with the cessation of voluntary wheel running is associated with a prolonged overshoot in
epididymal fat triacylglycerol synthesis. Moreover, rats without running wheels had a 9.4% lower
body mass after 21 days than those with running wheels. The individual mass of seven different
muscles from the hindlimb, upper forelimb, and back were each lower in animals without running
wheels, suggesting that physical activity in rapidly growing rats may be requisite for optimal
muscle development.
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Obesity is a burgeoning problem in the United States
and throughout the world (Popkin, 1998; Flegal et al.
2002), with the most disturbing increase occurring among
children and adolescents (U.S. Department of Health
& Human Services, 2001; Ogden et al. 2002). It is
generally agreed that the rampant rise in obesity is due
to a change in lifestyle factors interacting with a genetic
predisposition to accumulate body fat (Maffeis, 2000;
Booth et al. 2002; Shuldiner & Munir, 2003; Webber, 2003;
Thibault et al. 2004). Although several lifestyle factors
have been suggested to contribute to the development of
obesity, decreasing levels of physical activity are likely to be
a major underlying cause (Saris, 1998; Hu, 2003; Webber,
2003; Swinburn et al. 2004). One of the complications
frequently associated with obesity is insulin resistance
(Despres, 1993; Vollenweider, 2003); this relationship is
particularly true for abdominal obesity (Despres, 1993;
Frayn, 2000; Gan et al. 2003; Rattarasarn et al. 2004). There
exist strong associations between low physical activity
and obesity, between low physical activity and insulin
resistance, and between obesity and insulin resistance

(Booth et al. 2002; Ryan, 2003). Despite the strength
of these triadic associations, relatively few studies have
investigated their integration.

One approach to studying the effects of reduced physical
activity is to observe changes that occur when physically
active animals return to their regular sedentary cage
activity. Some (Dohm et al. 1977; Craig et al. 1983; Lambert
et al. 1994), but not all (Applegate & Stern, 1987), studies
have reported indices of fat content increasing 4–14 days
after ending physical training in rats. For example, there
is a 41% increase in epididymal fat mass (Dohm et al.
1977), a 53% increase in parametrial adipocyte volume
(Craig et al. 1983), and a 23% increase in epididymal
adipocyte diameter (Lambert et al. 1994) 14, 4 and 7 days,
respectively, following the cessation of exercise training.
None of these three studies reported indices of fat content
earlier than 4 days following the last bout of exercise.
Recently, we reported that rats that have had access to
voluntary running wheels for 21 days exhibit a decline in
submaximal insulin-stimulated 2-deoxyglucose transport
into the epitrochlearis muscle after their wheels have been
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locked for 53 h (Kump & Booth, 2005). Because of the
strong inverse association between insulin sensitivity and
abdominal fat (Despres, 1993; Frayn, 2000; Gan et al. 2003;
Rattarasarn et al. 2004), one purpose of the current study
was to test the hypothesis that an increase in the mass
and cellularity of epididymal adipose tissue would occur
53 h after reducing physical activity, coincident with the
previously reported loss of enhanced insulin sensitivity in
the epitrochlearis muscle (Kump & Booth, 2005).

Methods

Materials

Dulbecco’s phosphate-buffered saline (PBS) was
from Gibco (Grand Island, NY, USA). Nylon mesh
was from Sefar America (Kansas City, MO, USA).
2-[1,2-3H(N)]Deoxyglucose and [carboxyl-14C]
trioleoylglycerol were from American Radiolabeled
Chemicals (St Louis, MO, USA). [9,10-3H]Palmitic
acid was from Sigma (St Louis, MO, USA). Mouse
anti-CCAAT/enhancer binding protein-α (C/EBPα)
monoclonal and rabbit antiperoxisome proliferator-γ
(PPARγ ) polyclonal antibodies were from Affinity
Bioreagents (Golden, CO, USA). All other reagents were
either from Sigma or Fisher.

Animal protocol

The animal protocol was approved by the Institutional
Animal Care and Use Committee at the University of
Missouri–Columbia. Male Fischer 344 × Brown Norway
F1 hybrid rats (Harlan) were obtained at age 21–23 days
and allowed to acclimatize for 1 week. The animals
were housed in approved temperature-controlled animal

Figure 1. Experimental design
The top two lines represent the time line. The bar represents the light : dark cycle. Preliminary studies showed that
> 99% of the running occurred during the dark cycle (data not shown). Wheel lock (WL) groups were given access
to voluntary running wheels (VRW) at the start of day 0. Groups with regular sedentary cage activity (SED) were
housed without VRW. For WL groups, wheels were locked at 04.00 h on day 21 (bottom lines); arrows pointing
to bar indicate the time of kill. Access to food was denied at 04.00 h on the day of kill for a given group. See
Methods for more detail.

quarters (21◦C) with a 04.00–16.00 h light : 16.00–04.00 h
dark cycle that was maintained throughout the
experimental period.

After 1 week (day 0), the rats were randomly assigned to
one of six experimental groups: wheel lock 5 (WL5), wheel
lock 10 (WL10), wheel lock 29 (WL29), or wheel lock 53
(WL53), which consisted of 21 days of voluntary wheel
access followed by 5, 10, 29, or 53 h of wheel lock that
prevented access to voluntary running, respectively; or
SED5 or SED10, which were sedentary groups without
running wheel access for the entire 21 days, killed at the
same time points as WL5 and WL10, respectively (Fig. 1).
At this time (on day 0), the animals were separated into
individual cages of the same dimensions; cages for animals
in the running groups (WL5, WL10, WL29 and WL53)
were equipped with a voluntary running wheel outfitted
with a Sigma Sport BC 800 bicycle computer (Cherry Creek
Cyclery, Foster Falls, VA, USA) for measuring running
activity.

All animals were provided with 200 g of standard rodent
chow (Formulab 5008, Purina Mills, St Louis, MO, USA) at
the beginning of each week (days 0, 7 and 14) when cages
were changed. Running activity (for groups with wheel
access), body mass and food intake were measured daily
between 04.00 and 05.00 h. On day 21 (after 21 days of
running activity), the wheels were locked for all running
groups at 04.00 h. SED5 and WL5 were killed at 09.00 h,
and SED10 and WL10 were killed at 14.00 h. The WL29
group remained in their cages with locked wheels before
being killed the following day (on day 22) at 09.00 h (after
29 h of wheel lock), and WL53 remained in their cages with
locked wheels until day 23 when they were killed at 09.00 h
(after 53 h of wheel lock). All animals had ad libitum access
to food at all times until the day of kill, when food was
removed at 0400 h.

C© The Physiological Society 2005

) by guest on March 31, 2010jp.physoc.orgDownloaded from J Physiol (

http://jp.physoc.org/


J Physiol 565.3 Triacylglycerol synthesis overshoots with inactivity 913

At the time of kill, the animals were anaesthetized
with an intraperitoneal injection of 60 mg pentobarbital
per kg body mass. The animals were exsanguinated by
removal of the heart. Sixty-four animals (16 each from
WL5, WL29, WL53 and SED5) were used in a previous
study (Kump & Booth, 2005); epididiymal adipose tissue
from these animals was weighed and used for cellularity
experiments or for determination of 2-deoxyglucose
uptake as described below, and the mass of the soleus
muscle was obtained from 10 animals each in WL5 and
SED5. A second set of rats was used exclusively for the
current report (10 each from WL5, WL10, WL29, WL53,
SED5 and SED10); epididymal and omental adipose
tissue from these animals were weighed, quickly frozen
in liquid N2, and stored at −80◦C until homogenized
as described below and used for immunoblot analysis or
measurement of triacylglycerol synthesis. Masses of seven
skeletal muscles were also obtained from 7–10 animals each
in WL5 and SED5.

Adipocyte isolation

Adipocytes from epididymal fat pads were isolated by a
modification of the Rodbell method (Rodbell, 1964); see
Supplemental material). Packed isolated adipocytes were
used in experiments as described below.

Adipocyte size and number

Preparation of epididymal adipose tissue for
determination of cell size and number was performed
essentially as described by Cartwright (1987); see
Supplemental material.

Cellular lipid content

For determination of lipid content, 60 µl of packed isolated
epididymal adipocytes were added to 2.75 ml of Dole’s
solution (isopropanol : heptane : 1 N H2SO4, 80 : 20 : 5,
v:v:v) : heptane : H2O (27 : 18 : 10, v:v:v), vortexed, and
allowed to sit for 60 min at room temperature. Samples
were then re-vortexed and centrifuged at 450 g for 5 min;
2 ml of the upper phase was added to a preweighed
glass scintillation vial and allowed to dry uncovered in a
ventilated hood for 2 days. Vials were then weighed again
to determine the amount of lipid.

2-Deoxyglucose uptake

A packed cell volume of 60 µl was added to 290 µl
of Krebs-Ringer-HEPES buffer (KRHB: 130 mm NaCl,
4.7 mm KCl, 1.2 mm KH2PO4, 10 mm HEPES, 1 mm
CaCl2, 1.2 mm MgSO4, 0.25 µg ml free fatty acid-free
BSA, pH 7.4) containing either no additions, 0.4 nm
insulin, 12.8 nm insulin, or 70 µm cytochalasin B and
incubated at 37◦C for 45 min. At this time, 10 µl of
2-[3H]deoxyglucose was added to a final concentration of

200 µm (1.5 µCi ml−1) and incubated at 37◦C for 3 min;
the reaction was stopped by adding 300 µl of ice-cold cyto-
chalasin B in KRHB to a final concentration of 250 µm. The
cells were separated from the medium by centrifugation
through dinonyl phthalate oil at 1000 g for 10 s. The
infranatant layer containing the media was removed by
aspiration with a gel-loading tip, and the cells were washed
3 times with KRHB prior to scintillation counting. Values
from the samples containing cytochalasin B, representing
non-specific 2-deoxyglucose uptake, were subtracted from
each of the other values from the same animal to yield
carrier-mediated 2-deoxyglucose uptake. Non-specific
2-deoxyglucose uptake was < 10% of basal uptake in all
samples and did not differ among groups (14% coefficient
of variation; data not shown).

Triacylglycerol synthesis

Approximately 500 mg of frozen epididymal adipose
tissue was homogenized in 1.5 volumes of homo-
genization buffer (50 mm Tris-HCl, 225 mm sucrose,
1 mm EDTA-Na4, pH 7.4, 1 mm benzamidine, 1 µg ml−1

pepstatin, 1 µg ml−1 leupeptin, 1 µg ml−1 aprotinin, 1 mm
activated Na3VO4). The protein concentration of the
samples was determined with 5 µl of homogenate using
the CB-X protein assay kit (Genotech, St Louis, MO,
USA) according to the manufacturer’s instructions, except
that only one-half of the recommended volume of each
solution was used. Aliquots of samples were further
diluted in homogenization buffer to a concentration
of 2 µg protein µl−1. The incorporation of palmitic
acid into triacylglycerol was used as a measure of
triacylglycerol synthesis as adapted from Galton (1968);
see Supplementary material.

Immunoblots

Twenty micrograms of homogenate protein from
epididymal fat pads was subjected to immunoblotting as
previously described (Kump & Booth, 2005), and probed
for either PPARγ (1 : 6000 antibody dilution) or C/EBPα

(1 : 1000 antibody dilution). The epididymal fat homo-
genate of three non-experimental animals was combined
and used as a loading control, which was loaded in
triplicate on each blot. All results are expressed as arbitrary
densitometric units relative to the loading control.

Statistics

Statistical methods are described in the figure legends
with further explanations in the Supplemental material.
Significance for all tests was set at P < 0.05. All data are
presented as the mean ± standard error of the mean
(s.e.m.).
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Table 1. Comparison of body mass (BM), growth, running activity, and food intake variables across all groups

WL5 WL10 WL29 WL53 SED5 SED10

BM day 0 (g) 75.9 ± 1.9 74.1 ± 2.6 70.6 ± 1.6 70.3 ± 1.3 75.3 ± 2.3 76.6 ± 3.2
BM day 21 (g) 211.0 ± 2.7 206.8 ± 5.9 205.2 ± 3.3 208.5 ± 2.5 187.2 ± 3.4∗∗∗ 192.3 ± 3.0∗

BM on day of kill (g) 211.0 ± 2.7 206.8 ± 5.9 208.3 ± 3.3 215.7 ± 2.6 187.2 ± 3.4∗∗∗ 192.3 ± 3.0∗

Absolute increase in BM from day 0
to day 21 (g)

135.1 ± 1.6 132.7 ± 4.9 134.6 ± 2.4 138.3 ± 1.8 111.9 ± 1.8∗∗∗ 115.7 ± 2.3∗∗∗

Fold- increase in BM from day 0 to
day 21

2.81 ± 0.05 2.81 ± 0.09 2.92 ± 0.05 2.98 ± 0.04 2.51 ± 0.04∗∗ 2.54 ± 0.08∗

Total running distance (km) 98.46 ± 5.28 98.61 ± 5.36 98.68 ± 5.78 102.79 ± 4.46 — —
Running distance on last night (km) 5.87 ± 0.46 4.60 ± 0.8 5.53 ± 0.49 6.36 ± 0.52 — —
Total running time from day 0 to

day 21 (h)
41.5 ± 1.9 41.5 ± 2.1 41.6 ± 2.1 43.3 ± 1.7 — —

Running time on last night (h) 2.1 ± 0.1 1.7 ± 0.3 2.0 ± 0.2 2.3 ± 0.2 — —
Total food intake from day 0

to day 21
373 ± 5 361 ± 9 364 ± 5 370 ± 4 313 ± 4∗∗∗ 315 ± 4∗∗∗

Food intake (g) per body mass (g)
on day before kill × 1000

104 ± 1a 102 ± 1a,b 96 ± 1 100 ± 1b 89 ± 1∗∗∗ 87 ± 1∗∗∗

Data for all groups were compared using ANOVA, with the Student-Neuman-Keuls post hoc test. For body mass on day 21, initial body
mass (body mass on day 0) was used as a covariate. Values are means ± S.E.M. ∗, ∗∗ and ∗∗∗, significantly different (P < 0.05, 0.005 and
0.001, respectively) versus WL5, WL10, WL29 and WL53. Wheel lock groups not sharing a letter for relative food intake on the last
night are significantly different (P < 0.05). n = 26 each for WL5, WL29, WL53, and SED5. n = 10 each for WL10 and SED10.

Results

Running activity

There was no difference among wheel lock groups under-
going voluntary running in their total 21-day running
distance, in total 21-day time run, or in the distance or
time run on the last night of running (Table 1). The average
daily running distance for all groups is presented in Fig. 2.
There was a significant negative correlation between the
initial body mass (on day 0) and the total distance run
(r = −0.332, P = 0.002; data not shown).

Adipose mass and cellularity

Epididymal fat pad mass was significantly higher in
WL53 (1.311 ± 0.032 g) relative to all other groups
(1.047 ± 0.030 g for WL5, 1.160 ± 0.039 g for WL29, and
1.054 ± 0.041 g for SED5; Fig. 3A). The relative mass of
the epididymal fat pad ((g/g body mass) × 1000) was
significantly greater in all other groups (5.548 ± 0.133
for WL29, 6.069 ± 0.111 for WL53, and 5.595 ± 0.140 for
SED5) compared to WL5 (4.945 ± 0.088), and it was also
significantly greater in WL53 relative to WL29 and SED5
(Fig. 3B). There was a significant negative correlation
between total distance run and the relative epididymal
fat mass in WL5 and WL10 (r = −0.42, P = 0.01, data
not shown). Omental fat pad mass was greater in WL53
(0.172 ± 0.012 g) and SED5 (0.160 ± 0.010 g) than in WL5
(0.116 ± 0.016 g; Fig. 3A); WL29 (0.136 ± 0.009 g) was
intermediate between, but not different from, WL5 and
WL53. Relative omental fat mass ((g/g body mass) × 1000)
was significantly higher in WL53 (0.800 ± 0.055) and SED

(0.836 ± 0.054) than in WL5 (0.544 ± 0.072) or WL29
(0.616 ± 0.039; Fig. 3B).

The percentage of epididymal adipocytes with a
diameter between 25 and 60 µm was lower in WL53 than
in the other groups, while the percent of cells with a
diameter between 70 and 140 µm was greater in WL53
than in all other groups (Fig. 3C). The mean epididymal
adipocyte volume (µm3 × 105) was significantly higher in
WL53 (2.58 ± 0.94) than all other groups (2.09 ± 1.11 for
SED5, 2.18 ± 0.83 for WL5, and 2.22 ± 0.99 for WL29;
Fig. 3D). Mean epididymal adipocyte diameter (µm) was
also significantly higher (P < 0.005) in WL53 (70.6 ± 0.9)
than all other groups (65.7 ± 0.7 for WL5, 65.9 ± 1.0
for WL29, and 65.7 ± 1.0 for SED; data not shown).
The amount of lipid (ng) per cell was greater in WL53
(111.8 ± 4.2) than in all other groups (86.6 ± 3.8 for
WL5, 98.7 ± 5.5 for WL29, and 96.2 ± 4.2 for SED5;
Fig. 3E). Total epididymal adipocyte number (× 106) was
not significantly different between groups (4.88 ± 0.17 for
WL5, 4.95 ± 0.20 for WL29, 5.11 ± 0.21 for WL53, and
5.14 ± 0.32 for SED5; Fig. 3F).

2-Deoxyglucose uptake

There were no significant differences between groups
for 2-deoxyglucose uptake into isolated epididymal
adipocytes with either no insulin or at 0.4 nm or 12.8 nm
insulin (Fig. 4).

Triacylglycerol synthesis

Triacylglycerol synthesis was estimated by measuring
the incorporation of palmitic acid into triacylglycerol
(pmol (mg homogenate protein)−1 min−1). Triacylglycerol
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Figure 2. Running activity
The mean daily running distance (A) and time (B) of the combined
running groups are shown. Data points represent the mean ± S.E.M.
for each day’s running activity. n = 88.

Figure 3. Adipose mass and cellularity
Epididymal (EPID) and omental (OMEN)
absolute (A) and relative (B) fat mass;
C, relative epididymal adipocyte
distribution based on cell diameter;
D, mean epididymal adipocyte cell
volume; E, epididymal fat cellular lipid
content; and F, epididymal fat pad total
cell number for both left and right pads.
Bars represent the means ± S.E.M.
Legends for significance are shown
separately with each graph; D and E share
a significance legend to the right of E.
ANOVA with Student-Neuman-Keuls post
hoc test was used for all comparisons.
n = 26 for epididymal fat mass, 10 for
omental fat, and 13–16 for cellularity
measurements.

synthesis was greater in SED5 (395 ± 71) than in WL5
(76 ± 12; Fig. 5). Triacylglycerol synthesis was lower in
WL5 and SED 5 than in both WL29 (1379 ± 86) and WL53
(1475 ± 91). Since triacylglycerol synthesis in WL5 was
markedly suppressed relative to SED5, it was also measured
in WL10 and SED10. WL5 and SED10 (226 ± 35) were
less than WL10 (1072 ± 112); SED10 did not differ
significantly from SED5.

Immunoblots

PPARγ protein levels did not differ among groups (Fig. 6).
C/EBPα protein levels were 30%, 20%, and 41% higher
in SED5 than in WL5, WL29, and WL53, respectively
(Fig. 6).

Food intake

Food intake was lower in sedentary rats than in runners
beginning on day 5. Absolute food intake was greater in
the combined sedentary groups (SED) than the combined
running groups (RUN) on day 1, but was lower in SED
than RUN beginning on day 5 and extending through
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Figure 4. 2-Deoxyglucose uptake into isolated epididymal
adipocytes
2-Deoxyglucose uptake values in the presence of 70 µm cytochalasin
B for each animal were subtracted from the other values measured in
the absence of cytochalasin B (see Methods). Values within a given
insulin concentration were compared using ANOVA with the
Student-Neuman Keuls post hoc test. n = 12–16 per group.

day 21 (Fig. 7A, left panel). Relative food intake was greater
in SED than RUN on day 1, but was lower in SED than RUN
on all other days except for day 4 (Fig. 7B, left panel), such
that relative daily food intake was an average of 10.8%
(P < 0.001) lower in SED than RUN from days 4 to 21.
Feed efficiency, defined as the absolute increase in body
mass (g) per total amount of food ingested (g), was higher
in SED than in RUN (0.360 ± 0.003 and 0.352 ± 0.002,
respectively, Fig. 7C, left panel). Food intake data for
individual groups are presented in Table 1.

Absolute food intake and feed efficiency decreased in
runners when voluntary running ceased. Comparison 1
(before and after wheel lock comparison for WL29 and
WL53 groups; see Supplemental material): absolute food

Figure 5. Triacylglycerol synthesis in epididiymal fat
The capacity for triacylglycerol synthesis was measured in epididymal
fat homogenates and is expressed as pmol of palmitic acid
incorporated into triacylglycerol per mg of homogenate protein per
minute. Comparisons between WL5, WL29, WL53 and SED5 were
performed using ANOVA; comparisons between WL5, WL10, SED5
and SED10 were performed using a 2-way ANOVA (see Methods). The
Student-Neuman-Keuls post hoc test was used as follow-up for both
comparisons. ∗P < 0.005 versus WL5. ∗∗P < 0.001 versus SED5 and
WL5. ∗∗∗P < 0.001 versus SED10 and WL5. n = 10 in each group.

intake for wheel lock groups on days 22 and 23 after
running wheels were locked was 11% and 10% lower,
respectively, than their predicted values (Fig. 7A, right
panel). Relative food intake for wheel lock groups on day
22 was 3.4% lower than their predicted values, but was not
different from their predicted values on day 23 (Fig. 7B,
right panel). Feed efficiency for wheel lock groups on days
22 and 23 were 48% and 33% lower, respectively, than their
predicted values (Fig. 7C, middle panel).

Sedentary rats continued to eat less than runners when
voluntary running ceased. Comparison 2 (between SED
and the combined WL29 and WL53 groups after wheel
lock; see Supplemental material): the predicted absolute
food intake for SED on days 22 and 23 was 17% and
20% lower, respectively, than the observed values for the
wheel lock groups (Fig. 7A, right panel). The predicted
relative food intake for SED on days 22 and 23 was 17%
and 23% lower, respectively, than the observed values for
the wheel lock groups (Fig. 7B, right panel). The predicted
feed efficiency for SED on days 22 and 23 was 109% and
66% greater, respectively, than the observed values in the
wheel lock groups (Fig. 7C, right panel).

Growth rate

Sedentary rats grew more slowly than runners beginning
on day 4. There was no difference in the initial body
mass between RUN and SED (75.6 ± 1.8 and 72.5 ± 0.9 g,
respectively; Fig. 8A, left panel). On days 1–3, SED had a
greater absolute body mass than RUN (Fig. 8A, left panel).
This was due to greater absolute and relative growth rates
on day 1 in SED relative to RUN, but growth rates were
not different on days 2 or 3 (Fig. 8B and C, left panels).
However, beginning on day 4 both the absolute and relative
growth rates were less in SED than in RUN (Fig. 8B and
C, left panels); this was reflected in a significantly lower

Figure 6. PPARγ and C/EBPα protein levels in epididymal fat
Protein levels are relative to loading control (see Methods). A
representative immunoblot for each protein is located above the
graph. ∗Significantly different from all other groups (P < 0.05, ANOVA
with Student-Neuman-Keuls post hoc test). n = 10 in each group.
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Figure 7. Food consumption
Absolute food intake (A), relative food intake (B), and feed efficiency (C). Leftmost panels: comparison of combined
groups (WL5, WL10, WL29, and WL53) with unrestricted voluntary running wheel access (RUN, �) and sedentary
groups (SED, �). The group legend for the left panels of A and B is located at the top of A. Feed efficiency in the
left panel of C is the gain in body mass from days 0 to 21 relative to the total food intake for the same period.
Data points and bars represent the mean ± S.E.M. s, u and v; significant difference (P < 0.05, 0.005, and 0.001,
respectively; Student’s t test) between SED and RUN. n = 88 for RUN and 36 for SED. Right panels of A and B:
food intake before and after running wheels were locked. Voluntary running wheels were locked beginning on
day 21 (indicated by the arrow; see Supplemental material) so that the rats could not run. Predicted values for
days 22 and 23 for WL29 and WL53 (�) and for SED (�) were predicted from linear regression equations for
each animal based on actual values from days 4 to 21 for WL29 and WL53 (•) and SED (�). Only data starting
on day 15 are shown for clarity of the figure. The continuous lines represent the regression lines, and the dashed
lines represent the 95% confidence intervals. The dotted line connects the observed values for days 22 and 23.
Comparison 1 (see Supplemental material): the differences between the predicted and observed values for each
animal in WL29 and WL53 on days 22 and 23 were compared using Student’s t test. w and x, significant difference
(P < 0.005 and P < 0.001, respectively) between predicted and actual values for WL29 and WL53. Comparison 2
(see Supplemental material): the differences between predicted values for SED and the observed WL29 and WL53
values were compared using Student’s t test. z, significant difference (P < 0.001) between predicted values for
SED and actual values for WL29 and WL53. Data points represent the mean ± S.E.M. n = 52 for both the actual
and predicted values for the combined WL29 and WL53 on day 22, n = 26 for WL53 on day 23, and n = 36 for
SED for both the actual and predicted values. Middle panel of C: same presentation as for right panels of A and B,
except that SED values are not plotted and only Comparison 1 is made. Right panel of C: scatter plots of observed
feed efficiency values for WL29 (© in columns 1 and 3) and WL53 (� in columns 1 and 3) and predicted values for
SED (� in columns 2 and 4) during no voluntary wheel running (VWR) on days 22 and 23. Data points represent
the individual values for each animal. Comparison 2 (see Supplemental material): values for SED were predicted for
each animal using linear regression analysis and were compared to observed values for WL29 and WL53 with the
Mann-Whitney rank-sum test. z, significant difference (P < 0.001) between predicted values for SED and actual
values for WL29 and WL53. n = 26 each for WL29 and WL53 (total of 52 on day 22) and 36 for SED. For both
Comparison 1 and Comparison 2, WL29 and WL53 were combined for analysis of day 22; only WL53 was used
for analysis of day 23.
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Figure 8. Growth characteristics
A, growth curve; B, absolute growth rate; and C, relative growth rate. Absolute growth rate (B) is daily growth
expressed as the absolute change from the previous day’s mass. Relative growth rate (C) is the daily growth
rate expressed as percentage change relative to the previous day’s mass. Left panels: comparison of combined
groups with unrestricted voluntary running wheel access (RUN; �) and groups with regular sedentary cage activity
(SED;�) during 21 days of voluntary wheel running. Data points represent the mean ± S.E.M. s, t, u and v, significant
difference (P < 0.05, 0.01, 0.005 and 0.001, respectively, between SED and RUN; Student’s t test). n = 88 for RUN
and 36 for SED. Middle panels: growth characteristics for 7 days prior and 2 days after running wheels were locked.
Voluntary running wheels were locked beginning on day 21 (indicated by arrow; see Supplemental material) so
that the rats could no longer run. The legend for data points in the lower portion of A is for the middle panels
of A, B and C. Middle panel of A: the continuous line connects actual values of the combined WL29 and WL53
groups for days 15–23. No predicted values are displayed in this panel. Middle panels for B and C: Comparison 1
(see Supplemental material): expected values for days 22 and 23 for WL29 and WL53 were predicted from linear
regression equations for each animal based on values from days 4 to 21 (only data starting on day 15 are shown
for clarity of the figure). �, predicted values on days 22 and 23; •, actual values from days 15 to 23. The continous
line represents the regression line, and the dashed lines represent the 95% confidence intervals. The dotted line
in the lower right-hand corner connects the observed values for days 22 and 23. The differences between the
predicted and observed values for each animal were compared using Student’s t test. Data points represent the
mean ± S.E.M. w and x, significant difference (P < 0.05 and 0.001, respectively) between observed and predicted
values. n = 52 for day 22, and n = 26 for day 23. Right panels: Comparison 2 (see Supplemental material): scatter
plots of observed values for WL29 (© in columns 1 and 3) and WL53 (� in columns 1 and 3) and predicted values
for SED (� in columns 2 and 4) for absolute and relative growth rates on days 22 and 23. The legend for data points
is located above right panel B. Data points represent the individual values for each animal. Values for SED were
predicted for each animal using linear regression analysis and were compared to observed values for WL29 and
WL53 using the Mann-Whitney rank-sum test. y and z, significantly different (P < 0.005 and 0.001, respectively).
n = 26 each for WL29 and WL53 (total of 52 on day 22) and 36 for SED. For both Comparison 1 and Comparison
2, WL29 and WL53 were combined for analysis of day 22; only WL53 was used for analysis of day 23.
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body mass in SED than RUN beginning on day 12 and
remaining through day 21 (Fig. 8A, left panel), such that
SED weighed 9.4% less (P < 0.001) on day 21 than did
RUN. Over the 21-day experimental period, SED animals
gained an average of 113.0 ± 8.8 g and RUN animals
gained an average of 135.6 ± 10.7 g (P < 0.001 between
groups). This represented a fold-increase in body mass of
2.52 ± 0.04 in SED and 2.89 ± 0.03 in RUN (P < 0.001
between groups). There was no correlation between total
running distance and fold-increase in body mass (r = 0.15,
P = 0.16; data not shown). Body mass and growth data for
individual groups are presented in Table 1.

Growth rate decreased on the first day of no
voluntary running. Comparison 1 (before and after
wheel lock comparison for WL29 and WL53 groups; see
Supplemental material): upon the cessation of voluntary
wheel running, the absolute increase in body mass on days
22 and 23 was 56% and 43% less, respectively, than their
predicted growth values (Fig. 8B, middle panel). Relative
increase in body mass for wheel lock groups on days 22 and
23 was 47% and 26% less, respectively, than their predicted
values (Fig. 8C, middle panel).

Sedentary rats grew faster than runners when voluntary
running ceased. Comparison 2 (between SED and the
combined WL29 and WL53 groups after wheel lock; see
Supplemental material): the predicted absolute increase in
body mass for SED on days 22 and 23 was 73% and 33%
greater, respectively, than the observed values for the wheel
lock groups after running ceased (Fig. 8B, right panel). The
predicted relative change in body mass for SED on day 22
was 65% greater than the observed value for the wheel
lock groups, but on day 23, the predicted and observed
values were not significantly different (Fig. 8C, right
panel).

Skeletal and left ventricular muscle mass

Sedentary rats had smaller skeletal muscle mass than
runners. To determine whether the lower body mass in
SED than in RUN (Fig. 8A, left panel) could be due
to lower skeletal muscle mass, seven different muscle
masses were obtained from WL5 and SED5 groups. The
absolute wet mass of each muscle was significantly lower
in SED5 than in WL5 (Fig. 9A). Muscle wet mass relative
to body mass was not different for 6 of the 7 muscles
(Fig. 9B). Left ventricular mass was 16% lower (P < 0.001)
in SED5 than in WL5 (0.395 ± 0.017 and 0.472 ± 0.014 g,
respectively; data not shown). This relationship remained
true when left ventricular mass was expressed relative
to body mass (2.063 ± 0.023 and 2.203 ± 0.030 ((g/g
body mass) × 1000), respectively (P < 0.005; data not
shown).

Discussion

An important finding of the current study is that
epididymal fat mass increases 25% in just 48 h, from 5
to 53 h after cessation of 21 days of voluntary running.
The increase in epididymal adipose tissue led to a new
hypothesis that, relative to 5 h of no voluntary running,
triacylglycerol synthesis would be enhanced at 29 and 53 h
after cessation of 21 days of voluntary running, which
was then tested. The dramatic increase in triacylglycerol
synthesis between the 5th and 10th hour of no voluntary
running was unexpected, as well as the magnitude of
the increased triacylglycerol synthesis, a 3.5–4.7-fold over-
shoot between 10 and 53 h of no voluntary running relative
to the groups with regular sedentary cage activity. Other
potentially important findings in the present study include
the higher epididymal fat protein level of C/EBPα and
the lower muscle mass in pubertal male rats with regular
sedentary cage activity relative to 21 days of voluntary
wheel running. Another novel observation is the quick
decline in the accelerated growth rate of rapidly growing
rats with voluntary running wheels following a return to
regular sedentary cage activity.

Epididymal adipose tissue mass and cellularity

The epididymal and omental fat pads increased in mass by
25% and 48%, respectively, following 53 h of no voluntary
running compared to 5 h of no voluntary running

Figure 9. Skeletal muscle mass
Absolute (A) and relative (B) wet masses for the soleus (SOL),
gastrocnemius/plantaris complex (GP), quadriceps (QUAD), triceps
(TRI), epitrochlearis (EPIT), acromiotrapezius (TRAP), and latissimus
dorsi (LAT) muscles. Muscles were removed from the left side only; the
values shown demonstrate only the unilateral masses. Bars represent
the means ± S.E.M. ∗, ∗∗ and ∗∗∗, significant difference (P < 0.05, 0.01
and 0.001, respectively; Student’s t test) between WL5 and SED5 for a
given muscle. n = 20 for SOL; 10 for GP, QUAD, TRI and EPIT; and 7
for TRAP and LAT.
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(Fig. 3A). During this same period, mean epididymal
adipocyte volume increased 19% with no change in cell
number (Fig. 3D and F), suggesting that there is an increase
in the amount of cellular lipid. This implication was
further supported by the finding that the amount of lipid
per epididymal adipocyte increased 29% between 5 and
53 h of no voluntary running (Fig. 3E). Thus, increases
in epididymal pad mass, adipocyte volume, and lipid per
adipocyte occurred concurrently between 29 and 53 h of no
voluntary running, a coincident time frame during which
there is decreased submaximal insulin-stimulated glucose
uptake into the epitrochlearis muscle relative to 5 h of no
voluntary running (Kump & Booth, 2005).

Triacylglycerol levels in adipose tissue are a result
of the balance between storage and lipolysis; increased
storage could be affected by multiple factors, such
as increases in substrate (plasma glucose, free
fatty acids, and triacylglycerol) supply and uptake
(increased adipocyte insulin sensitivity and lipoprotein
lipase activity), enhanced de novo synthesis of fatty acids
in adipocytes, and augmented incorporation of fatty acids
or other substrates into triacylglycerol in adipocytes.
Triacylglycerol levels could also be increased by enhanced
re-incorporation rate of lipolysis-derived fatty acids into
triacylglycerol. Of the possible mechanisms regulating
triacylglycerol storage in adipose tissue when daily
exercise stops, previous studies have reported that glucose
uptake (Craig et al. 1983), lipoprotein lipase activity
(Applegate & Stern, 1987; Lambert et al. 1994), the
capacity for fatty acid synthesis (as measured by fatty
acid synthase activity (Tsai et al. 1981)), and glycerolipid
synthesis (Askew et al. 1973) are elevated 1–9 days, 84 h
to 7 days, 12 days and 24 h, respectively, following the
last exercise bout in exercise-trained animals relative to
sedentary controls. Exercise training in rats enhances
adrenaline-induced lipolysis (Askew et al. 1975), but basal
lipolysis is unchanged (Kawanami et al. 2002) relative
to sedentary controls up to 48 h after the last exercise
bout, and thus decreased lipolysis is not suggested as a
likely contributor to the increased epididymal fat upon
cessation of voluntary exercise. In addition to these
potential metabolic mechanisms, the transcription factors
PPARγ and C/EBPα are important positive regulators
of adipocyte differentiation and lipogenic metabolism
(Gregoire, 2001). Of these prospective mechanisms, we
considered that glucose uptake, triacylglycerol synthesis,
PPARγ and C/EBPα protein levels, and food intake might
be associated with the increased epididymal fat mass
observed with the cessation of voluntary wheel running,
although there are likely to be other mechanisms that
could be involved. In addition, to ascertain whether the
rapid increase in epididymal and omental fat masses
upon cessation of voluntary running were paralleled by
increases in body mass, we also determined the growth
rates of the animals.

Epididymal triacylglycerol synthesis

A new hypothesis was generated that an increase in the
capacity to synthesize triacylglycerol could contribute to
the increased epididymal adipose mass. This hypothesis
was based on findings showing that glycerolipid synthesis
in epididymal fat increased 59% 24 h after the last exercise
bout following 12 weeks of treadmill training in rats
relative to untrained controls (Askew et al. 1973). Our
findings (a) extend this earlier report (Askew et al. 1973)
by filling in some of the time points within the first 24 h of
ending voluntary running, and (b) suggest the existence of
a daily cycle of triacylglycerol synthesis with daily running,
both of which are discussed next.

Time points within the first 24 h of no voluntary running.
At 5 h of regular sedentary cage activity after 21 days of
voluntary running, triacylglycerol synthesis was 4.2-fold
greater in the group with regular sedentary cage activity
than in the 5-h wheel lock group. However, only 5 h later,
at the 10th hour of no voluntary running, triacylglycerol
synthesis rose to be 14-fold higher than after the 5th hour
of no voluntary running, so that regular sedentary cage
activity values were now only 21% of the triacylglycerol
synthesis rates in 10-h wheel lock rats (Fig. 5). Thus,
a dramatic rise and overshoot in the activity of the
triacylglycerol synthetic pathway occurs between the 5th
and 10th hour of no voluntary running, which remains
elevated above regular sedentary cage activity values at the
53rd hour of no voluntary running. The 3.5- to 4.7-fold
overshoot in triacylglycerol synthesis in epididymal fat at
the 10th, 29th, and 53rd hours of no voluntary running
could contribute to the concomitant increases in its mass
and cell size.

Daily cycle of triacylglycerol synthesis with daily running.
Since our observations were made in the first 12 h of no
voluntary running (the light cycle), these observations
imply what was likely to be occurring during each light
cycle of the third week of voluntary wheel running.
Triacylglycerol synthesis would have been ∼19% of the
value of regular sedentary cage activity at the 5th hour of
the light cycle, and then would have been ∼370% of the
value of regular sedentary cage activity at the 10th hour of
the light cycle, implying the potential existence of a cycle
of epididymal triacylglycerol synthesis in reoccurrence
with daily running. The triacylglycerol synthesis cycling
conjecture is supported by the findings of Park et al. (2002),
who demonstrated that the activity of the mitochondrial
form of glycerol-3-phosphate acyltransferase (GPAT) in
rat epididymal fat is repressed ∼50% following a single
30-min treadmill run. GPAT catalyses the initial and
committed step of glycerolipid synthesis (Coleman & Lee,
2004). Thus, an observation emerges that epididymal
triacylglycerol synthesis cycles when daily physical activity
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is employed. It is likely to be repressed during and
up to at least 5 h after physical activity in the animals
in the current report, and then overshoots (relative to
regular sedentary cage activity) until the dark cycle begins
and voluntary running resumes. The data from Park
et al. (2002) showing that mitochondrial GPAT activity
is repressed immediately after 30 min of exercise suggests
that triacylglycerol synthesis could be repressed early
in the dark cycle when nightly running first begins.
However, if running does not occur, such as took place
in the groups that had their wheels locked so that they
could not run, then triacylglycerol synthesis is at least
3.5-fold greater than sedentary for 10–53 h post-voluntary
running. We speculate that the overshoot in triacylglycerol
synthesis continues until the next bout of physical activity
or until enlargement of the adipocyte provides negative
feedback on triacylglycerol synthesis. Collectively, an
important concept materializes: daily physical activity is
associated with cycling of triacylglycerol synthesis in the
epididymal fat pad of rats, but the cycling vanishes when
physical activity ceases and triacylglycerol synthesis stalls
at its apparent zenith. The prolonged maintenance of
high triacylglycerol synthesis is associated with increased
deposition of lipid in epididymal fat.

PPARγ and C/EBPα protein levels

PPARγ and C/EBPα are important regulators of adipocyte
differentiation and lipid metabolism (Gregoire, 2001),
and PPARγ activators lead to increased deposition of fat
(Yamauchi et al. 2001). We therefore measured PPARγ

and C/EBPα protein levels in epididymal fat to determine
if they were associated with the increased fat mass
upon cessation of voluntary wheel running. Although
epididymal adipocyte number did not change in the
present study (Fig. 3F), the increased C/EBPα protein
levels in the sedentary group (Fig. 6) might suggest that if
a longer period of running were employed, there could be
an increase in epididymal adipocyte number with regular
sedentary cage activity compared to access to running
wheels. This concept is supported by data from Craig et al.
(1987), who showed that male rats with regular sedentary
cage activity had 108% more epididymal adipocytes than
rats who had voluntary wheel access from 6 to 12 months
of age, although the runners were subjected to an ∼8%
food restriction for approximately the last 2 months. In
addition, we have observed that 87-week-old female rats
with regular sedentary cage activity have 123% more fat
cells in the ovarian fat pad than do age-matched rats
that have had access to running wheels beginning at
4 weeks of age (D. S. Kump and F. W. Booth, unpublished
observation; n = 3 per group). It is also noteworthy
that C/EBPα mRNA in human adipose tissue has been
shown to higher in obese than in lean humans (Krempler
et al. 2000).

Food intake

Another possible cause of the increased epididymal and
omental fat mass when voluntary running ceases is the
maintenance of both absolute and relative food intake
above predicted sedentary values (Fig. 7A and B, right
panels). This is further supported by the finding that on
day 23, relative food intake in rats that had their wheels
locked for 53 h was not different from what was predicted
if they would have had continued unrestricted access to
the running wheel (Fig. 7B, middle panel). Thus, despite
a reduction in physical activity, relative food intake on
the second day of no voluntary running did not decrease,
suggesting a possible lingering increase in voluntary food
intake upon the cessation of voluntary running.

Growth rate

Because of the rapid increase in epididymal and omental
fat masses upon cessation of voluntary wheel running, we
examined the growth rate of the different groups before
wheel lock as a reference point for what occurred after
wheel lock. Remarkably, we found that rapidly growing
male rats with regular sedentary cage activity grew at a
slower rate than those with access to voluntary running
wheels, so that they gained 22.6 g less body mass than
the runners when body mass approximately tripled over
21 days (Fig. 8A, left panel). This phenomenon has been
observed in some (Yano et al. 1997), but not all (Collier
et al. 1969; Hokama et al. 1997; Johnson et al. 1977;
Zachwieja et al. 1997), studies using voluntary running
wheels with male rats of a similar age. One probable
contributing factor to the difference in body mass between
rats with regular sedentary cage activity and those with
running wheel access could be the lower food intake
observed in rats with regular sedentary cage activity
(Fig. 7A, left panel). Although a lower food intake might
be expected of the animals with regular sedentary cage
activity because of their lower body mass, their food intake
per body mass was also lower (Fig. 7B, left panel); this is
consistent with some (Yano et al. 1997; Zachwieja et al.
1997), but not all (Collier et al. 1969; Johnson et al.
1977) studies. Despite the lower food intake and body
mass in the group with regular sedentary cage activity,
there was a higher feed efficiency in this group relative
to the one with wheel access (Fig. 7C, left panel); this
is most likely a result of additional calories expended
on the running wheel by the group that had wheel
access. Intriguingly, in the current study the accelerated
rise in body mass in young male rats with voluntary
running was attenuated with 1 day of decreased physical
activity, whereas it took 4 days to accelerate growth rate
at the initiation of voluntary wheel running (Fig. 8B and
C, left and middle panels); this attenuation in growth
rate occurred, at least in part, as a result of a lower
feed efficiency (Fig. 7C, middle panel). In addition, the
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attenuated growth rate (Fig. 8B and C, middle panels) fell
to sedentary levels despite maintenance of food intake at
levels higher than sedentary values (Fig. 7A and B, right
panels). The attenuation in growth rate also occurred
during the same time frame in which epididymal fat
mass increased 25% and omental fat mass increased 48%,
indicating that although whole-body growth rate was
attenuated, these fat pad masses were increasing. Future
investigations, including measurement of water intake,
whole body composition analysis, and intestinal contents
are needed to follow up these observations.

Skeletal muscle mass

To determine whether differences in skeletal muscle mass
contributed to the difference in body mass between
rats with and without wheel access, the masses of
seven different muscles were measured (6 predominantly
type II and 1 predominately type I muscle (Delp & Duan,
1996; Nesher et al. 1985)). A lower skeletal muscle mass in
animals with regular sedentary cage activity accounts, at
least partly, for the lower growth rate (Fig. 9A). Rodnick
et al. (1989, 1990) have reported that 6 weeks of voluntary
running is associated with larger soleus (predominantly
type I), but not plantaris (predominantly type II), muscle
mass in male rats with initial body masses of 180 g; thus,
their time points did not encapsulate the period of body
mass increase from 70 to 200 g in male rats as reported
herein. The present report extends these findings to rapidly
growing rats and demonstrates for the first time that type II
muscles undergo increased growth in pubertal male rats in
response to voluntary wheel running. Hypertrophy of the
predominately type II extensor digitorum longus muscle
in adult and old female rats who had 5 or 23 months of
voluntary wheel running beginning at 4 months of age has
also been reported (Brown et al. 1992).

Our presumption is that the lower muscle mass in
animals with regular sedentary cage activity is a result
of not having access to running wheels during what is a
period of rapid growth. Human studies support a proposed
concept that physical inactivity during whole body growth
results in lower skeletal muscle mass. Physically inactive,
10-year-old children consumed 196 fewer kilocalaries per
day, had 3.5% more of their body as fat, had a lower fat-free
mass, and exhibited similar body mass index as compared
to more physically active children (Deheeger et al. 1997).
Wells (2003) cites reports that children in more current
times are more physically inactive with lower fat-free mass
as compared to the reference child (Fomon et al. 1982).
Wells (2003) suggests further investigation to test the
possibility that children are building up lower levels of
fat-free mass during childhood due to declining physical
activity levels, an idea supported by the current data. Taken
together, a concept is offered that physical inactivity in
childhood contributes to lesser growth of skeletal muscle
mass.

Clinical significance

There are several findings of the current study that, if
applicable to humans, might carry important implications
for human health. One of these implications is the
importance of regular physical activity to prevent increases
in abdominal fat (Hill et al. 2003), especially given the
strong evidence that regular physical activity protects
against obesity (Swinburn et al. 2004; U.S. Department of
Health & Human Services, 1996). This may be particularly
true for already overweight or obese individuals who are
trying to reduce body fat. It has been suggested that a
consistent element of successful weight loss programmes
is regular exercise (Saris et al. 2003; U.S. Department of
Health & Human Services (1996). Indeed, it is difficult for
overweight or obese individuals to reduce body weight
and prevent future weight regain. The current results
may provide one possible mechanism by which difficulty
in weight loss with irregular daily exercise might occur,
i.e. with regular exercise there is a cyclic repression of
triacylglycerol synthesis in adipose tissue; however, if
exercise frequency is irregular, an elevation above baseline
of triacylglycerol synthesis occurs that might tend to offset
any progress in body fat reduction. Additionally, it has been
suggested that pharmacological inhibition of components
of triacylglycerol synthesis may be a treatment for obesity
(Subauste & Burant, 2003; Thuresson, 2004). The findings
of the current study, in conjunction with those of Park et al.
(2002), would suggest that daily physical activity/exercise
may be an effective non-pharmacological intervention
to suppress triacylglycerol synthesis in adipose tissue.
Another implication is the further development and
elucidation of a model of physical inactivity and its
concomitant health implications, with multiple changes
occurring within 53 h of no voluntary running (decline in
insulin sensitivity in the epitrochlearis muscle (Kump &
Booth, 2005), increase in epididymal and omental adipose
tissue mass and epididymal adipocyte size, and overshoot
in triacylglycerol synthesis in epididymal fat). The rapid
increase in fat mass and cell size observed upon cessation of
voluntary running is analogous to the decreased physical
activity and resulting increase in adiposity occurring in
modern humans. As obesity is slow in developing, the
mechanisms responsible may only have small differences
between physically active and inactive humans, making
it difficult to detect the underlying pathophysiology.
However, with the locking of running wheels in highly
physically active rats, as undertaken in the current study,
a more rapid and pronounced increase in epididymal
fat allows for future mechanistic studies. The potential
implications have tremendous relevance to human health,
as ‘A shortage of credible information exists on physical
activity patterns that have the potential to reverse the
national obesity epidemic and reduce the risk of chronic
diseases’ (Prentice et al. 2004).
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The observation that there is a lower skeletal muscle
mass with regular sedentary cage activity compared to
voluntary wheel running in rapidly growing rats may
also have potential important implications for human
health. One potential implication is the possibility that
decreased physical activity during childhood and/or
adolescent growth might contribute to suboptimal
muscular development. Another implication of the lower
muscle mass in rats without wheel access is that skeletal
muscle accounts for 75–95% of insulin-mediated glucose
disposal in humans (Baron et al. 1988), so a smaller
mass of skeletal muscle would result in less tissue for
insulin-mediated glucose disposal. The lower mass of
the predominately type I soleus muscle in rats without
running wheel access may also have an important health
implication as a lower percentage of type I fibres in humans
is associated with lower measures of insulin sensitivity
(Lillioja et al. 1987; Hickey et al. 1995; Kriketos et al. 1996)
and greater adiposity (Lillioja et al. 1987; Wade et al. 1990;
Hickey et al. 1995; Kriketos et al. 1996; Tanner et al. 2002).

Conclusion

In summary, there is a rapid increase and overshoot in
triacylglycerol synthesis between 5 and 10 h of reduced
physical activity that is sustained at 29 and 53 h of reduced
physical activity. It is likely that the sustained overshoot
could contribute to an increase in epididymal fat mass
and adipocyte size between 29 and 53 h of no voluntary
running, although other mechanisms, such as increased
fatty acid synthesis (Tsai et al. 1981), and lipoprotein lipase
activity (Applegate & Stern, 1987; Lambert et al. 1994) may
also be involved. Further research is needed to investigate
mechanisms responsible for the increase and overshoot in
triacylglycerol synthesis and other possible mechanisms
responsible for increased body fat with reduced physical
activity.
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