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Cessation of daily exercise dramatically alters precursors
of hepatic steatosis in Otsuka Long-Evans Tokushima
Fatty (OLETF) rats
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The purpose of this study was to delineate potential mechanisms initiating the onset of hepatic
steatosis following the cessation of daily physical activity. Four-week-old, hyperphagic/obese
Otsuka Long-Evans Tokushima Fatty rats were given access to voluntary running wheels for
16 weeks to prevent the development of hepatic steatosis. The animals were then suddenly
transitioned to a sedentary condition as wheels were locked (wheel lock; WL) for 5 h (WL5),
53 h (WL53) or 173 h (WL173). Importantly after the cessation of daily exercise (5–173 h), no
changes occurred in body weight, fat pad mass (omental and retroperitoneal), food intake, serum
insulin, hepatic triglycerides or in the exercise-suppressed hepatic stearoyl-CoA desaturase-1
and peroxisome proliferator-activated receptor-γ protein content. However, complete hepatic
fatty acid oxidation and mitochondrial enzyme activities were highest at WL5 and WL53
and dropped significantly to SED levels by WL173. In addition, cessation of daily exercise
quickly increased the hepatic protein contents of fatty acid synthase and acetyl-coenzyme A
carboxylase (ACC), reduced ACC phosphorylation status, and dramatically increased hepatic
malonyl-CoA concentration. This study is the first to show that the sudden cessation of daily
exercise in a hyperphagic/obese model activates a subgroup of precursors and processes known to
initiate hepatic steatosis, including decreased hepatic mitochondrial oxidative capacity, increased
hepatic expression of de novo lipogenesis proteins, and increased hepatic malonyl CoA levels;
each probably increasing the susceptibility to non-alcoholic fatty liver disease.
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Westernized societies are experiencing a weight gain
epidemic, and recent epidemiological studies suggest
an increased risk of coronary heart disease, type 2
diabetes and non-alcoholic fatty liver disease (NAFLD) in
overweight and obese individuals. NAFLD is considered
the hepatic manifestation of the metabolic syndrome
(Farrell & Larter, 2006) and prevalence rates are as high
as 75–100% in obese and morbidly obese individuals
(Bellentani et al. 2000).

The Otsuka Long-Evans Tokushima Fatty (OLETF) rat
is a commonly studied model of obesity and type 2 diabetes
(Kawano et al. 1992). OLETF rats are selectively bred for
null expression of the cholecystokinin-1 receptor and,
thus, exhibit a within-meal feedback defect for satiety,
resulting in hyperphagia and obesity (Moran & Bi, 2006),

insulin resistance and type 2 diabetes (Moran & Bi, 2006),
and multiple components of the metabolic syndrome
(Miyasaka et al. 2003). In addition, our group and others
have demonstrated that OLETF rats develop elevated liver
mass (Miyasaka et al. 2003) and hepatic steatosis (Yeon
et al. 2004; Rector et al. 2008).

Importantly, OLETF rats exhibit an inherent ability
to maintain daily physical activity levels using voluntary
running wheels, a quality which is absent in most obese
animal models (Stern & Johnson, 1977; Bi et al. 2005).
In the OLETF rat, voluntary wheel exercise suppresses
increases in body weight (Miyasaka et al. 2003; Bi
et al. 2005; Rector et al. 2008), enhances whole body
insulin sensitivity (Shima et al. 1993), and prevents the
development of type 2 diabetes (Shima et al. 1993). We
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have recently expanded these observations by reporting
that daily physical activity on voluntary running wheels
also significantly attenuates the development of hepatic
steatosis in the OLETF rat by increasing hepatic fatty acid
oxidation and reducing key de novo lipogenesis proteins
acetyl-CoA carboxylase (ACC) and fatty acid synthase
(FAS) (Rector et al. 2008).

Daily exercise prevents most chronic diseases and
is commonly recommended for individuals diagnosed
with NAFLD (Farrell & Larter, 2006). Conversely, recent
cross-sectional studies in humans show that reduced
habitual physical activity (Perseghin et al. 2007) and
reduced cardiorespiratory fitness (Church et al. 2006) are
associated with NAFLD. More importantly, while the lack
of regular exercise or physical inactivity is an ‘actual’ cause
of death (Mokdad et al. 2004), the effects of transitioning
from high to low daily physical activity in a model known
to develop hepatic steatosis is to our knowledge unknown.

The purpose of the current investigation was to
determine if, and by which initiating molecules, the
sudden removal of daily physical activity for 173 h in
the OLETF rat would cause hepatic alterations in lipid
metabolism implicated in the development of steatosis. We
hypothesized that the sudden cessation of daily physical
activity for 173 h in the OLETF rat would rapidly result
in initiation of unique systemic and hepatic factors
responsible for promoting hepatic steatosis.

Methods

Animal protocol

The animal protocol was approved by the Institutional
Animal Care and Use Committee at the University of
Missouri-Columbia. OLETF male rats at 4 week of age
were kindly supplied by the Tokushima Research Institute,
Otsuka Pharmaceutical (Tokushima, Japan). Upon arrival,
each rat was randomly designated as either a runner or
non-runner. The average initial body weights for runners
and non-runners were 79.2 ± 2.5 g and 80.0 ± 3.9 g,
respectively. The runners were immediately housed (at the
age of 28 days) in cages equipped with voluntary running
wheels outfitted with a Sigma Sport BC 800 bicycle
computer (Cherry Creek Cyclery, Foster Falls, VA, USA)
for measuring daily running activity. Voluntary running
was selected to approximate the more natural activity
state of the animal. Cages were in temperature-controlled
animal quarters (21◦C) with a 06.00–18.00 h light−18.00
− 06.00 h dark cycle that was maintained throughout the
experimental period. All animals were provided standard
rodent chow (Formulab 5008, Purina Mills, St Louis, MO,
USA) in new cages at the beginning of each week when
cages were changed and body weights obtained between
08.00 and 10.00 h. Body mass and food intake were
measured weekly throughout the investigation. Running

activity was obtained daily between 08.00 and 10.00 h,
and rats in the running groups had daily access to wheels
and food and water ad libitum until 20 week of age. At
20 week of age, runners were evenly divided by body
weight into three additional experimental groups: wheel
lock for 5 h (WL5), wheel lock for 53 h (WL53; which
equals the cessation of running for ∼2 days), and wheel
lock for 173 h (WL173; which equals the cessation of daily
running for ∼7 days). The timing of 173 h of exercise
cessation was based upon our previous work in this animal
model (Morris et al. 2008). Also, additional age-matched,
sedentary OLETF (SED) rats did not have access to
running wheels throughout the duration of the study. Rat
chow was removed on the day of kill at 06.00 h. At 20 weeks
of age, rats were anaesthetized (ketamine (80 mg kg−1),
xylazine (10 mg kg−1) and acepromazine (4 mg kg−1)) and
killed by exsanguination by removal of the heart either
5 h, 53 h or 173 h after locking of wheels; the sedentary
rats (SED) were killed at the same time. All animals were
fasted for 5 h prior to kill.

Fat pad collection and serum assays

Retroperitoneal and omental adipose tissue fat pads
were removed from exsanguinated animals and weighed.
Serum glucose (Sigma, St Louis, MO, USA), TG (Sigma),
free fatty acids (FFA; Wako Chemicals, Richmond,
VA, USA), insulin (Linco Research, St Charles, MO,
USA) and β-hydroxybutyrate (Stanbio, Boerne, TX,
USA) were measured using commercially available kits
according to the manufacturer’s instructions. Serum
alanine aminotransferase (ALT) concentrations were
determined as reported previously (Rector et al. 2008).

Tissue homogenization procedure

Livers were quickly excised from anaesthetized rats
and either flash frozen in liquid nitrogen, placed in
10% formalin, or placed in ice-cold isolation buffer
(100 mM KCl, 40 mM Tris-HCl, 10 mM Tris-Base, 5 mM

MgCl2.6H2O, 1 mM EDTA and 1 mM ATP; pH 7.4). Fresh
tissue hepatic fatty acid oxidation assays were performed
as previously described by our group (Rector et al. 2008).

Fatty acid oxidation

Fatty acid oxidation was measured with radiolabelled
1-14C palmitate (American Radiochemicals) in fresh
liver homogenate preparations as reported previously
(Rector et al. 2008). Briefly, the oxidation rate of 14C
palmitate was measured by collecting and counting
the 14CO2, representing complete fatty acid oxidation,
and 14C-labelled acid-soluble metabolites, representing
incomplete fatty acid oxidation.
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Citrate synthase, β-hydroxyacyl-CoA dehydrogenase
(β-HAD) and cytochrome c oxidase activity

Citrate synthase and β-HAD activities were determined
using the methods of Srere (1969) and Bass et al. (1969),
respectively, as previously described by our group (Rector
et al. 2008). Cytochrome c oxidase activity was measured
colourimetrically by a commercially available kit (Sigma).
The assay measures the oxidation of ferrocytochrome c to
ferricytochrome c by cytochrome c oxidase, and enzyme
activity is expressed as units ml−1 (g protein)−1.

Intrahepatic lipid content, Oil-Red O staining and
liver histology

Intrahepatic lipid content was extracted, quantified and
expressed as nmol (g wet weight)−1 as previously described
by our group (Rector et al. 2008). Oil-Red O staining
was performed in frozen liver sections as previously
described (Rector et al. 2008). The area of positive
staining for Oil-Red O was calculated as a percentage of
total section area, and an average lipid droplet size was
calculated utilizing ImagePro Plus (Media Cybernetics,
Bethesda, MD, USA) from five to seven views per
animal. To examine liver morphology, formalin-fixed
paraffin-embedded sections of liver were stained with
haematoxylin and eosin (H&E).

Hepatic glycogen and malonyl-CoA concentrations

Liver glycogen was extracted as previously described
(Aschenbach et al. 2002; Rector et al. 2008) and content
was assessed in the samples using a glucose reagent kit
(Thermo Electron, Louisville, CO, USA) and expressed as
mg (g wet wt)−1. Hepatic malonyl-CoA was determined
in extracts homogenized in deionized water as previously
described (Chakravarthy et al. 2005). CoA esters were
separated using reversed-phase HPLC on a 5 μm Supelco
C18 column with a Waters HPLC system, monitoring
254 nm as the maximal absorbance for CoA. Buffers,
gradients and flow rates were those previously described
(Pizer et al. 2000).

Western blotting

AMP-activated protein kinase-α (AMPKα), AMPKα

Thr172 phosphorylation-specific, cytochrome c, acetyl-
coenzyme A carboxylase (ACC), ACC Ser79 phospho-
rylation-specific, peroxisome proliferator-activated
receptor γ (PPARγ), and fatty acid synthase (FAS) poly-
clonal antibodies were from Cell Signalling (Beverly, MA,
USA). Stearoyl-CoA desaturase-1 (SCD-1) polyclonal
antibody was from Alpha Diagnostics International (San
Antonio, TX, USA). Content of phospho-proteins (using

phospho-specific antibodies) was calculated from the
density of the band of the phospho-protein divided by
the density (content) of the protein (total) using the
appropriate antibody.

Liver samples were homogenized using lysis buffer.
Protein (20–40 μg) was loaded in SDS-PAGE gel
and probed with primary antibodies. After washing,
the membrane was incubated with HRP-conjugated
secondary antibodies. Protein bands were quantified using
a laser densitometer (Molecular Dynamics, Sunnyvale,
CA, USA). In order to control for equal protein loading
and transfer, the membranes were then stained with 1%
amido-black (Sigma) as previously described (Rector et al.
2008).

Statistics

Each outcome measure was examined in six to
eight animals. For each outcome measure, a one-way
analysis of variance was performed (SPSS/15.0, SPSS,
Chicago, IL, USA). A significant main effect (P < 0.05)
was followed-up with Student–Newman–Kuel post hoc
comparisons. Values are reported as means ± standard
error of the mean (S.E.M.), and a P value less than 0.05
denotes a statistically significant difference.

Abbreviations

ACC, acetyl-coenzyme A carboxylase; ALT, alanine
aminotransferase; AMPK, AMP-activated protein kinase;
β-HAD, β-hydroxyacyl-CoA dehydrogenase; FAS, fatty
acid synthase; FFA, free fatty acids; NAFLD, non-alcoholic
fatty liver disease; OLETF, Otsuka Long-Evans Tokushima
Fatty rats; TG, triglycerides; SCD-1, stearoyl-coA
desaturase-1; PPARγ, peroxisome proliferator-activated
receptor γ.

Results

Animal characteristics

Average daily running distance during the entire
study did not differ among WL5, WL53 and WL173
groups (7.13 ± 0.27 km day−1, 7.11 ± 0.33 km day−1 and
8.04 ± 0.32 km day−1, respectively). Consistent with our
previous report (Rector et al. 2008), voluntary running
suppressed (P < 0.001) body mass and fat pad mass
(omental and retroperitoneal) gain compared with SED
(Table 1); however, body mass and fat pad mass did
not differ among the WL groups and was unchanged
during the 173 h of wheel lock. Absolute food intake
did not differ among groups, but food consumption
relative to body weight was significantly higher in the
running (WL groups) animals compared with SED
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Table 1. Animal characteristics

Variable WL5 WL53 WL173 SED

Body weight 449.2 ± 9.7b 450.0 ± 12.5b 451.2 ± 10.6b 631.1 ± 14.7a

(g)
Absolute food consumption 210.0 ± 2.9 209.5 ± 2.8 214.5 ± 2.5 219.5 ± 5.5
(g week−1)
Relative food consumption 0.47 ± 0.006b 0.47 ± 0.009b 0.44 ± 0.008b 0.35 ± 0.003a

(g per week (g body weight)−1)
Fat pad mass 14.7 ± 1.7b 15.3 ± 2.4b 19.9 ± 1.4b 44.3 ± 1.7a

(g)
Serum glucose 633.7 ± 36.2b 594.8 ± 40.2b 678.5 ± 50.3a,b 745.8 ± 35.1a

(mg dl−1)
Serum insulin 0.49 ± 0.03b 0.52 ± 0.04b 0.46 ± 0.01b 1.77 ± 0.59a

(ng ml−1)
Serum TG 48.1 ± 5.5b 60.4 ± 4.0b,c 64.3 ± 4.9c 208.7 ± 42.7a

(mg dl−1)
Serum FFA 164.0 ± 21.9a,b 129.5 ± 16.6b 172.4 ± 27.5a,b 187.0 ± 16.3a

(μmol l−1)
Serum β-hydroxybutyrate 342.9 ± 27.8a,b 293.0 ± 32.6b 388.6 ± 17.7a 399.9 ± 30.4a

(μmol l−1)
Serum ALT 55.2 ± 3.1 53.3 ± 3.4 62.4 ± 4.3 63.6 ± 6.6
(U l−1)
Heart weight/body weight 3.69 ± 0.23b 3.67 ± 0.15b 3.53 ± 0.08b 2.67 ± 0.04a

(mg g−1)

Values are means ± S.E.M. (n = 6–8). Values with different superscripts are significantly different (P < 0.05). TG,
triglycerides; FFA, free fatty acids; ALT, alanine aminotransferase. Fat pad mass was the combination of omental and
retroperitoneal fat pads.

(Table 1); however, during the wheel lock period, daily
food intake also did not differ among the WL animals.
In the WL53 and WL173 animals, daily food intake
during the respective wheel lock periods did not differ
from daily food intake during the preceding week
(WL53: 30.4 ± 2.0 g day−1 versus 32.7 ± 0.89 g day−1,
respectively, P = 0.319; WL173: 33.7 ± 1.4 g day−1 versus
34.1 ± 1.2 g day−1, respectively, P = 0.550).

Serum TGs increased by 15% from WL5 to WL173
(Table 1), but still were 69% less than SED, while serum
measures of glucose, insulin, FFA,β-hydroxybutyrate, ALT
(Table 1) and insulin sensitivity as assessed by homeo-
stasis model assessment (HOMA) (Matthews et al. 1985)
(data not shown) were unchanged from WL5 to WL173
with several of these measures significantly below the
SED values (Table 1). A marker of exercise training,
higher heart weight to body weight ratio, was found in
all WL animals compared with SED (Table 1). In addition,
liver glycogen content was significantly elevated at WL53
(Table 2).

Hepatic steatosis

Representative images of randomly selected sections of the
liver stained for H&E and Oil-Red O are shown in Fig. 1
at a 40× magnification. There were notable histological

differences between the WL and the SED animals
(Fig. 1), including significantly elevated numbers of
vacuoles in the SED images (P < 0.001; Fig. 1H ;
see arrows), most probably indicating lipid moieties.
Although dramatically reduced compared with the SED
animals, cessation of daily physical activity did not
significantly alter percent positive staining for neutral
lipid, lipid droplet size or hepatic TG accumulation among
the WL groups (Fig. 1 and Table 2).

Fatty acid oxidation

Hepatic citrate synthase and β-HAD activities were
significantly higher at WL5 compared with SED, whereas
the values for WL53 and W173 were intermediate and
not significantly different from SED (Fig. 2A and B).
The activity of the electron transport chain enzyme
cytochrome c oxidase at WL5 and WL53 was significantly
higher compared with SED, whereas activity in the
WL173 group was not significantly different from the
SED (Fig. 2C). However, liver cytochrome c protein
content remained significantly elevated in all WL groups
compared to the SED (Fig. 2D). Reductions in these
enzymatic activities were associated with reductions in
percent palmitate oxidized completely to CO2 such that at
WL173 there was no significant difference compared with
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Table 2. Hepatic responses to daily exercise cessation

Variable WL5 WL53 WL173 SED

Hepatic TG 1.79 ± 0.15b 1.62 ± 0.42b 1.68 ± 0.10b 2.99 ± 0.69a

(nmol (g wet wt)−1)
Hepatic Oil-Red O 1.25 ± 0.86b 0.41 ± 0.33b 1.38 ± 0.79b 7.44 ± 0.96a

(% staining)
Hepatic Oil-Red O 26.8 ± 3.6b 20.3 ± 2.8b 22.7 ± 1.9b 45.8 ± 3.4a

(droplet size, pixels)
Hepatic glycogen 31.4 ± 2.8a 45.6 ± 4.7b 37.7 ± 3.3a,b 30.8 ± 2.9a

(mg g−1)

Values are means ± S.E.M. (N = 5–8). Values with different superscripts are significantly different
(P < 0.05). TG, triglycerides.

SED (Fig. 2E). Total (incomplete (label incorporation into
chain-shortened acid soluble metabolites, which provide
an index of incomplete β-oxidation) + complete to CO2)
palmitate oxidation did not differ significantly among SED
and WL groups (data not shown).

Key protein intermediates in lipid metabolism

WL173 animals exhibited a ∼35% increase in hepatic
ACC and FAS protein content when compared with
WL5 (Fig. 3A and D), but their WL173 levels still were
significantly less than SED. In addition, there was a robust
decline in ACC Ser79 phosphorylation (pACC/ACC) in
WL53 and WL173 animals compared with WL5 such
that WL173 values were not statistically different from
SED (Fig. 3B). Hepatic malonyl-CoA content showed the
appropriate reciprocal pattern: content was dramatically
increased in WL53 and WL173 animals compared with
WL5 and overshot SED at WL173 (Fig. 3C). The protein
contents of liver SCD-1 and PPARγ were not significantly
altered between WL5 and WL173 (Fig. 3E and F),
but all WL animals were markedly lower than SED.
Hepatic AMPKα total protein (α1 and α2) or AMPKα

Thr172 phosphorylation did not differ among groups
(representative Western blots are shown in Fig. 3G).

Discussion

While the global benefits of exercise on NAFLD are
becoming more apparent in animal models and humans
(Ueno et al. 1997; Gauthier et al. 2003; Tamura et al. 2005;
Rector et al. 2008), little is known about initial detrimental
hepatic alterations that probably ensue after ceasing daily
physical activity and undertaking a sedentary lifestyle.
Here we provide novel mechanistic insight into initial
detrimental effects of the cessation of daily exercise on
hepatic lipid metabolism in a hyperphagic/obese animal
model. This is the first study to report that cessation of
daily exercise dramatically activates specific precursors
linked in other reports to hepatic steatosis. Intriguingly, a

number of peripheral factors previously associated with
hepatic steatosis were not changed in the early days
after exercise cessation including body weight, fat pad
mass, food intake or serum insulin levels. Unexpectedly,
numerous hepatic factors also potentially playing a role
in initiating hepatic steatosis also were not changed: they

Figure 1. Representative images of haematoxylin and eosin
(H&E) and Oil-Red O staining
Oil-Red O staining in WL5 (A), WL53 (C), WL173 (E) and SED (G). Red
droplets indicate neutral lipid staining. Quantification of Oil-Red O
lipid staining is shown in Table 2. H&E staining from WL5 (B), WL53
(D), WL173 (F) and SED (H).
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are PPARγ, SCD-1 and cytochrome c protein as well as
AMPK protein content and phosphorylation status; on
the other hand, hepatic fatty acid oxidation decreased and
key mediators in hepatic fatty acid synthesis increased
independently of those factors in the initial 173 h after
exercise cessation, providing key insights into the early
events that acutely follow exercise cessation. These data
have important clinical significance as the OLETF rat
model might be assimilated to hyperphagic/obese humans
who continually stop and start exercise programs.

In the current investigation, there was a rapid decline
in the complete oxidation of palmitate in liver and hepatic
mitochondrial enzymes (citrate synthase, β-HAD and
cytochrome c oxidase activities) in the days after the

Figure 2. Effects of 5 h, 53 h and 173 h of physical inactivity on liver citrate synthase (A), β-HAD (B) and
cytochrome c oxidase (C) activities, cytochrome c protein content (D), and the complete oxidation of
palmitate (E)
Values (means ± S.E.M.; n = 6–8) with different letters are significantly different (P < 0.05).

cessation of daily exercise. However, cytochrome c protein
content remained elevated above SED, suggesting there
was not a generalized decrease in hepatic mitochondrial
content, but rather a decrease in mitochondrial quality
and function within the first 173 h after exercise cessation.
With the apparent uncoupling and reductions in complete
fatty acid oxidation, incomplete oxidation products (acetyl
CoA and acetyl-carnitine) are probably being directed to
fatty acid biosynthesis pathways (Aureli et al. 1999).

To our knowledge this is the first report to
demonstrate that cessation of daily exercise results in
the up-regulation of the rate-limiting steps in hepatic
fatty acid synthesis and malonyl-CoA formation prior to
hepatic TG accumulation. Malonyl-CoA is formed by the
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carboxylation of acetyl-CoA by ACC and its intracellular
accumulation is associated with increased lipid deposition
and reduced fatty acid oxidation by two mechanisms: (1)
malonyl-CoA is the substrate for the synthesis of long
chain saturated fatty acids by FAS; and (2) increased
formation of malonyl-CoA allosterically inhibits carnitine
palmitoyltransferase 1 (CPT-1) and reduces fatty acid
entry into the mitochondria for oxidation. With exercise
cessation, FAS was reduced to the greatest degree at
WL5, but hepatic malonyl-CoA had not accumulated,
suggesting that daily exercise reduces the synthesis or
increases the oxidation of lipogenic substrates. There
upon, malonyl-CoA and de novo fatty acid synthesis
increased with duration of exercise stoppage, suggesting
that reduced hepatic fatty acid oxidation with exercise
cessation could probably be due, in part, to an increased

Figure 3. Effects of 5 h, 53 h and 173 h of physical inactivity on liver ACC (A), pACC (B), malonyl-CoA
(C), FAS (D), SCD-1 (E) and PPARγ (F) protein content
Representative Western blots for each and AMPKα and pAMPK are shown in G. Values (means ± S.E.M.; n = 6–8)
with different letters are significantly different (P < 0.05).

malonyl-CoA-induced inhibition of CPT-1 leading to
reduced entry of fatty acids into the mitochondria.

These suggested explanations for alterations in fatty
acid oxidation from WL5 to WL173 occurred in
the absence of changes in AMPK protein content or
phosphorylation status, which previously has been shown
to channel acyl-CoAs towards β-oxidation and away
from biosynthetic pathways in liver (Muoio et al. 1999).
In addition, SCD-1 and PPARγ protein contents were
unchanged with 173 h of inactivity. SCD-1, through the
conversion of saturated fatty acids to monounsaturated
fatty acids, contributes to abnormal partitioning of fatty
acids by increasing ACC activity and decreasing fatty acid
oxidation, shunting substrate towards fatty acid synthesis
(Dobrzyn et al. 2004; Hulver et al. 2005). Furthermore,
increased liver PPARγ activity is known to promote
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hepatic steatosis development (Gavrilova et al. 2003).
Surprisingly, the lack of increase in SCD-1 and PPARγ

protein or decrease in AMPK phosphorylation from WL5
to WL173 suggests that such changes are not an initial
event on the pathway to hepatic steatosis in our model of
exercise cessation.

In the current investigation, despite the significant
increase in malonyl-CoA levels at WL53 and WL173,
hepatic TG accumulation was not apparent with 173 h
of exercise cessation. These findings are consistent with
previous reports where 14 days of exercise cessation
following 8 weeks of treadmill running did not result
in significant hepatic lipid accumulation in female
Sprague–Dawley rats being fed a normal chow diet
(Yasari et al. 2006). The authors did, however, observe
a significant increase in hepatic TG accumulation after
6 weeks of exercise cessation (Yasari et al. 2006). We
attribute our novel findings to the sustained reduction
in protein concentration below SED of factors known
to increase TG synthesis and promote hepatic steatosis
(FAS, SCD-1 and PPARγ) over the 173 h period (Evans
et al. 2004; Reddy & Rao, 2006; Semple et al. 2006).
However, it is unlikely that the beneficial effects of daily
physical activity on hepatic TG accumulation will persist
indefinitely, particularly in a hyperphagic/obese model.
Exercise cessation may provide an opportunity to under-
stand the time course of molecular/biochemical events
that lead to excessive hepatic fat deposition and steatosis,
and thus future time course studies in both healthy and
obese models are warranted.

We postulate that the dramatic reduction in daily
physical activity was responsible for the observed changes
in hepatic lipid metabolism based on the following
rationale. Daily food intake was not different in the
wheel lock period compared with the preceding week;
however, because energy expenditure was reduced during
the wheel lock period, we cannot entirely eliminate the
possibility that the positive energy balance caused by the
reduced physical activity may have partially contributed
to our findings. An exclusive contribution by positive
energy balance seems less likely though as many traditional
responses to caloric excess, including serum insulin,
glucose and FFAs, and body and fat pad mass, were
unaltered with the imposition of less physical activity.
This is supported by previous findings from our group
demonstrating the negative consequences of exercise
cessation on gaining intra-abdominal fat even after the
removal of excess food intake through pair feeding in
Fischer–Brown Norway hybrid rats (Laye et al. 2007).
Furthermore, it has been demonstrated that short-term
high-fat feeding increases hepatic peroxisomal fatty acid
oxidation and mitochondrial enzyme activities (Ishii et al.
1980), opposite to the responses observed in the current
report. Collectively, these findings suggest that reduced
physical activity, probably independent of a positive energy

balance, is associated with rapid alterations in hepatic
factors involved in NAFLD development.

In summary, exercise cessation in hyperphagic/obese
rats allowed for the first time the separation of candidate
molecules for the development of hepatic steatosis into
those that change early in the non-steady-state period
and those with delayed responses. In spite of no changes
in body weight, fat pad mass or food intake, exercise
cessation for 173 h appears to uncouple β-oxidation, TCA
cycle and electron transport chain activities, resulting in
reduced complete oxidation of fatty acids in the liver.
In addition, several hepatic lipogenesis intermediates
that also inhibit fatty acid oxidation were up-regulated
following only 173 h of exercise cessation, whereas others
were not altered. These data strongly suggest that a sudden
transition to a sedentary lifestyle increases susceptibility
to NAFLD. These findings also have important health
and clinical applications as many populations have
adopted increasingly intermittent weekly sedentary
intervals at the same time that NAFLD is reaching
epidemic proportions in the United States and westernized
societies.
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