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Abstract

Hepatic mitochondrial adaptations to exercise are largely unknown.

PURPOSE—Here we sought to determine the effects of various exercise modalities on measures

of hepatic mitochondrial function and metabolism.

METHODS—Male Sprague Dawley rats were randomly assigned (n=8-10 per group) into

sedentary (SED), voluntary wheel running (VWR), VWR with food pulled during the dark cycle

(VMR-OF), treadmill endurance exercise (TM-END; 30 m/min, 12% gradient, 60 min/d, 5 d/wk),

or treadmill interval sprint training (TM-IST; 50 m/min, 12% gradient, 6×2.5 min bouts, 5 d/wk)

groups for a 4 week intervention.

RESULTS—Hepatic mitochondrial state 3 and maximal uncoupled respiration were significantly

(p<0.05) increased in all 4 exercise groups compared with SED animals. In addition, hepatic

mitochondrial [1-14C] pyruvate oxidation to CO2, an index of pyruvate dehydrogenase (PDH)

activity was significantly increased in VWR-OF, TM-END, and TM-IST rats (p<0.05); whereas,

exercise-induced increases in [2-14C] pyruvate oxidation and [1-14C] palmitate oxidation to CO2

did not reach statistical significance. Hepatic mitochondrial sirtuin 3 (SIRT3) protein content,

which putatively increases activity of mitochondrial proteins, was elevated in the VWR, VWR-OF

and TM-END groups (p<0.05). Additionally, only VWR-OF animals experienced increases in

hepatic cytochrome c protein content and PEPCK mRNA, while PGC-1α mRNA expression and

phospho-CREB protein content was increased in VWR-OF and TM-END groups.

CONCLUSION—Four weeks of exercise training, regardless of exercise modality, significantly

increased hepatic mitochondrial respiration and evoked other unique improvements in

mitochondrial metabolism that do not appear to be dependent on increases in mitochondrial

content.
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INTRODUCTION

Exercise is a stimulus capable of challenging mitochondria, causing adaptation to meet the

demand for adenosine triphosphate (ATP) production (8). It is well known that exercise

training can elicit increases in skeletal muscle mitochondrial content and function to

maximize oxidative capacity and substrate utilization for ATP synthesis (10, 11, 18, 21).

However, much less is known about the adaptations induced by exercise training on hepatic

mitochondria. In the liver, mitochondrial ATP production serves other functions during

exercise. The liver plays a vital role in maintaining circulating blood glucose levels through

the activation of gluconeogenesis during times of fasting or exercise. Hepatic mitochondria

fuel these energy costly gluconeogenic processes with ATP formation in part through the

oxidation of fatty acids that are lipolyzed from hepatic and adipose stores (6).

Emerging evidence suggests that exercise training can induce adaptations in markers of

hepatic mitochondrial content and function. Eight weeks of treadmill running has been

shown to increase hepatic cytochrome c oxidase activity (29) and increase the activity of

mitochondrial complexes I, IV, and V in the liver compared with sedentary rats (37). In

addition, ten weeks of resistance training in ovariectomized rats significantly increased

hepatic β-hydroxyacyl-CoA dehydrogenase (β-HAD) activity and CPT-1 mRNA expression

(12). Furthermore, we have previously shown that voluntary wheel running increased

several indices of hepatic mitochondrial content and function, including complete palmitate

oxidation, β-HAD and citrate synthase activities, and COX IV-Subunit I and cytochrome c

protein content in the Otsuka Long-Evans Tokushima Fatty (OLETF) rat model (31, 33). In

addition, we have also found similar results in lean Fischer 344 × Brown Norway F1 hybrid

rats who underwent 6 weeks of voluntary wheel running, where hepatic PGC-1α mRNA

expression and palmitate oxidation were increased in running compared with sedentary rats

(22). In addition, rats that are bred for high running capacity, and therefore have a phenotype

characteristic of a exercise trained animal, also display higher palmitate oxidation and

mitochondrial content compared to rats bred for low running capacity in a sedentary state

(38). In total, these studies suggests that daily exercise leads to enhanced hepatic

mitochondrial function; however, more thorough studies need to be conducted to elucidate

the different aspects of mitochondrial function that are influenced by exercise training.

The purpose of this investigation was to examine and compare the impact of voluntary

wheel running and daily treadmill exercise on hepatic mitochondrial content and function, as

assessed by mitochondrial respiration, palmitate and pyruvate oxidation, and mitochondrial

enzyme activities, in healthy Sprague Dawley rats. Endurance and interval sprint training

treadmill exercise, two common forms of exercise training, were used because these two

forms of exercise tend to rely on different substrate use (fatty acids vs. glucose,

respectively). Furthermore, we sought to maximize the hepatic gluconeogenic effect in one

of two voluntary wheel running groups by removing the food just before the dark cycle,
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therefore causing the rats to run nightly in the fasted state. We hypothesized that the

combination of exercise and fasting would maximize the need for hepatic gluconeogenesis

to maintain euglycemia, resulting in additional mitochondrial adaptations in the liver. We

also hypothesized that while all forms of training would have beneficial effects on hepatic

mitochondria, voluntary wheel running would have the greatest impact due to a higher

volume of daily exercise.

METHODS

Animal protocol

The animal protocol was approved by the Institutional Animal Care and Use Committee at

the University of Missouri-Columbia and adhered to the animal care standards of the

American College of Sports Medicine. Forty-six male Sprague Dawley rats (12 weeks of

age) were randomly assigned (n=8-10 per group) into sedentary (SED), voluntary wheel

running (VWR), voluntary wheel running with overnight fasting (VWR-OF), treadmill

endurance training (TM-END), or treadmill interval sprint training (TM-IST) groups for a 4

week intervention. All rats were individually housed during the intervention in temperature

controlled animal quarters (21°C) with a 0600-1800 light and 1800-0600 dark cycle. All

groups were provided standard rodent chow (Formulab 5008; Purina Mills, Brentwood, MO)

for ad libitum feeding in new cages at the beginning of each week. Rats assigned to the

voluntary wheel running groups (VWR, VWR-OF) were housed in cages equipped with

voluntary running wheels. Running wheel revolutions were monitored and counted

continuously through the 4 week intervention using VitalView software (VitalView, Version

4.2, 2007; Mini Mitter Company, Inc., Bend, OR). The food of the VWR-OF rats was pulled

at 1700 and returned the next morning at 0800. The TM-END and TM-IST animals were

acclimated to the treadmill for five days at a speed 15 m/min for 5-10 min. The first week

and a half of the intervention was a ramp-up phase for both treadmill groups. The TM-END

group started at 20 m/min for 10 minutes at a 12% gradient and gradually increased to

30m/min for 60 minutes (12% gradient), 5 days/week for the remainder of the 4 week

intervention. In a similar fashion, the TM-IST groups started with 6 sprints at 35 m/min, 1

minute in duration (12 % gradient), and 4.5 minutes rest in between sprints, then gradually

increased to six 2.5 minutes sprints at 50m/min (12% gradient) with 4.5 minutes rest in

between sprints. Both treadmill groups completed the exercise training in the morning hours

while still in the fed state. Body mass and food consumption were measured weekly

throughout the investigation. To calculate feeding efficiency, a measurement that allows for

the assessment of energy expenditure without direct or indirect calorimetry, the amount of

body weight gained was divided by the amount of food consumed (g gain/g intake). At 16

weeks of age, rats were anesthetized with pentobarbital sodium (100 mg/kg) and then

exsanguinated by removal of the heart 24 hours after locking of wheels (VWR, VWR-OF)

or the last bout of treadmill exercise (TM-END, TM-IST). Animals from each group (SED,

VWR, VWR-OF, TM-END, and TM-IST) were killed following an 18 hour fast.

Retroperitoneal, epididymal, and omental adipose tissue fat pads were excised from

exsanguinated rats and weighed.
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Tissue homogenization and mitochondrial isolation procedures

Livers were quickly excised from anesthetized rats and either flash-frozen in liquid nitrogen,

or placed in ice-cold isolation buffer (in mM: 220 Mannitol, 70 sucrose, 10 tris-base, 1

EDTA; pH 7.4). Hepatic mitochondria were prepared as previously described (23, 34).

Briefly, 1 gram of liver was minced in ice cold mitochondrial isolation buffer (220 mM

Mannitol, 70mM Sucrose, 10 mM Tris-base and 1 mM EDTA, pH 7.4), transferred to a

30ml glass tube, on ice, and homogenized with a teflon pestle. The homogenate was then

transferred to a 15-ml conical tube and centrifuged (1,500 g, 10 min, 4°C). The pellet was

discarded and the supernatant was centrifuged (8,000 g, 10 min, 4°C). The pellet was then

resuspended in mitochondrial isolation buffer, homogenized in a glass tube using a glass

pestle, and centrifuged (6,000 g, 10 min, 4°C). The pellet was again resuspended in

mitochondrial isolation buffer containing fatty acid-free 0.1% BSA, homogenized with glass

on glass homogenization, and centrifuged (4,000 g, 10 min, 4°C). Finally, the supernatant

was discarded and the mitochondrial pellet was then split and placed in either 1000μl of SET

buffer (250 mM Sucrose, 1 mM EDTA, 10 mM Trizma Hydrochloride, and 2 mM ATP, pH

7.4) for palmitate and pyruvate oxidation experiments, or resuspended in MiPO3 buffer (0.5

mM EGTA, 3 mM MgCl2·6H20, 60 mM K-lactobionate, 20 mM Taurine, 10 mM KH2P04,

20mM HEPES, 110 mM Sucrose, 1g/l BSA, 20 mM Histidine, 20 μM vitamin E succinate, 3

mM glutathione, 1 μM leupeptine, 2 mM glutamate, 2 mM malate, 2 mM Mg-ATP) for

mitochondrial respiration. Protein concentration was determined by BCA assay.

Palmitate and pyruvate oxidation

Oxidation of [1-14C] palmitate (American Radiochemicals; St. Louis, MO), [1-14C]

pyruvate (PerkinElmer; Boston, MA), and [2-14C] pyruvate (PerkinElmer; Boston, MA)

were measured in fresh isolated hepatic mitochondria preparations. The collection and

measurement of 14C palmitate oxidation allowed for the estimation of complete fatty acid

oxidation and was conducted as previously described (31) with the exception of a slight

modification with the addition of 2mM ADP. As previously described (23), pyruvate

([1-14C] and [2-14C]) were oxidized to 14CO2 by isolated hepatic mitochondria in the

appropriate reaction buffer. [1-14C] pyruvate oxidation was used as an index of pyruvate

dehydrogenase activity and [2-14C] pyruvate oxidation as an index of tricarboxylic acid

(TCA) cycle flux (25).

Mitochondrial respiration

Mitochondrial respiration was assessed using high-resolution respirometry (Oroboros

Oxygraph-2k; Oroboros Instruments; Innsbruck, Austria). Isolated mitochondria (100-150

μg protein) were initially placed in respiration chambers in respiration media (MiR05;

sucrose, 100 mM; K-lactobionate, 60 mM; EGTA, 0.5 mM; MgCl2, 3 mM; taurine, 20 mM;

KH2PO4, 10 mM; HEPES, 20 mM; adjusted to pH 7.1 with KOH at 37C; and 1 g/L fatty

acid free BSA) for assessment of basal respiration (Basal). Oxygen flux was measured by

addition of glutamate (5mM) and malate (2mM) to the chambers in the absence of ADP

(GM-State 2) for assessment of State 2 respiration. Oxidative phosphorylation (OXPHOS)

with electron flux through complex I was then quantified by titration of ADP (25-125 μM)

(GM+ADP: State 3-Complex I) for assessment of State 3 respiration. Maximal ADP
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respiration with electron flux through both complex I and complex II was assessed by the

addition of succinate (10 mM) (Succinate: State 3-Complex I+II). Finally, maximal capacity

of the electron transport system was assessed by uncoupling with the addition of FCCP

(Carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone, 0.25 μM) (Uncoupled).

Citrate synthase and β-hydroxyacyl-CoA dehydrogenase (β-HAD) activity

Hepatic citrate synthase and β-HAD activity were measured as previously described by

Srere (36) and Bass et al. (4), respectively, as well as previously described by our lab (31).

PEPCK, G6Pase, and PGC-1α mRNA expression

Phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase) mRNA

expression was quantified as previously described (32). Briefly, to examine PEPCK and

G6Pase, the primer dilution mix [nuclease-free water, and both forward and reverse primers

(Sigma), Fast Sybr Green Master Mix kit (ABI)], and cDNA sample (50 ng) were loaded to

a 96-well microplate and placed into the Roche Light Cycle 480 system (Roche, Rotkreuz,

Switzerland) for polymerization. PGC-1α gene expression was assessed by loading TaqMan

Master Mix (ABI), PGC-1α primers and probe (Life technologies), and cDNA samples (250

ng) into a 96-well microplate and placed into the ABI 7500 Fast Sequence Detection System

(Applied Biosystems, Carlsbad, CA) for polymerization. Once polymerization was

completed, results were quantified using the DdCT technique relative to the 18S

housekeeping gene.

Western blotting

Western blot analyses were performed to determine protein content of the following:

oxidative phosphorylation (OXPHOS) electron transport chain complexes I through V

(MitoProfile Total OXPHOS Rodent WB Antibody Cocktail; Abcam, Cambridge, MA.),

peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α; EMD

Millipore Corp., Billerica, MA), NAD-dependent deacetylase sirtuin-1 (SIRT1; Santa Cruz

Biotechnology, Santa Cruz, CA), NAD-dependent deacetylase sirtuin-3 (SIRT3; Cell

Signaling, Beverly, MA), cAMP-responsive Element-binding Protein (CREB and phospho-

CREB(Ser133); Cell Signaling), AMP-activated protein kinase(AMPK and phospho-AMPK

(Thr 172); Cell Signaling), and cytochrome c (Cell Signaling). Phosphorylation status (using

phosphospecific antibodies) was calculated from the density of the phosphoprotein band

divided by density of the total protein using the appropriate antibody (30, 31). Membranes

stained with 0.1% amido-black (Sigma) were quantified to control for differences in protein

loading or transfer of band densities as previously described (31).

Statistics

Each outcome measure was examined in eight to ten animals per group. Differences among

groups were examined by a one-way analysis of variance (IBM SPSS, version 20.0; SPSS,

Chicago, Illinois) and significant main effects (P< 0.05) were followed with Fisher LSD post

hoc comparisons. Values are reported as means ± standard errors (SE), and a P value of

≤0.05 denotes a statistically significant difference.
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RESULTS

Animal characteristics

VWR and VWR-OF groups ran ~4 km/day throughout the 4 week intervention and while

running distance did not differ between groups in weeks 1-3, the VWR-OF group

maintained daily running distance in week 4; whereas, the VWR running distance decreased

from weeks 3 to weeks 4 (p<0.05; Fig.1A). The TM-END and TM-IST groups ran 1.8 and

0.75 kilometers per day, respectively. Heart weight to body weight ratio was significantly

higher in VWR, VWR-OF, and TM-END groups compared with SED (p < 0.05; Fig.1B).

The SED and VWR groups both weighed significantly more than the VWR-OF, TM-END,

and TM-IST groups (Table 1). The SED group also developed significantly larger total fat

pad (retroperitoneal, epididymal, and omental) mass than any exercise group (VWR, VWR-

OF, TM-END, TM-IST; p≤0.05), with VWR also being greater than VWR-OF, TM-END,

and TM-IST groups (p≤0.05; Table 1). VWR rats consumed significantly more food per

week than all other groups, while the SED group consumed significantly more food than

VWR-OF, TM-END, and TM-IST; Table 1. In addition, food consumption relative to body

weight was significantly greater in the VWR rats compared to the SED, VWR-OF, TM-

END, and TM-IST groups. Furthermore, both the SED and VWR groups had significantly

higher feeding efficiency than either treadmill group (TM-END, TM-IST; Table 1).

Markers of hepatic mitochondrial function

Oxidative phosphorylation (OXPHOS) with electron flux through complex I (GM+ADP:

State 3-Complex I) and maximal uncoupled mitochondrial respiration (FCCP: Uncoupled)

were significantly (p<0.05) increased in all 4 exercise groups compared with SED animals

(Figure 2A). In addition, maximal ADP respiration with electron flux through both complex

I and complex II (Succinate: State 3-Complex I+II) was significantly increased in the VWR

and VWR-OF groups but not in the treadmill trained animals. [1-14C] pyruvate oxidation, an

index of pyruvate dehydrogenase activity, was significantly greater in the VWR-OF, TM-

END, and TM-IST groups compared to SED (p≤0.05; Fig.2B). Furthermore, [2-14C]

pyruvate oxidation, an index of TCA cycle flux, tended to be higher in the exercise groups

compared to the SED rats as reflected by 30-40% increases in the VWR, TM-END, and TM-

IST groups, but this did not reach statistical significance (p=0.075; Fig 2C). Moreover,

changes in [1-14C] palmitate oxidation did not reach statistical significance despite a 40%

increase in the VWR compared to the SED group (Fig 2D). Whereas, incomplete palmitate

oxidation was significantly reduced in VWR-OF, TM-END, and TM-IST animals compared

to the SED group (p<0.05; Fig.2E). Additionally, citrate synthase activity in whole liver

homogenate was significantly higher in the VWR group compared with SED (p<0.05, Table

1), while β-HAD activity did not differ among groups (Table 1).

Markers of hepatic mitochondrial content and biogenesis

Hepatic cytochrome c protein content, a marker of mitochondrial content, was significantly

increased in the VWF-OF group only (p<0.05 vs. SED; Fig. 3A). PCG-1α protein content

was assessed due to its role in mitochondrial biogenesis. Neither four weeks of voluntary

wheel running nor treadmill training was sufficient to alter hepatic PGC-1α protein content
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(Fig. 3B). In addition, no differences were detected among groups for hepatic SIRT-1

protein content (Fig. 3C), a protein responsible for deacetylating and increasing PGC-1α
activation. We then measured hepatic SIRT3, a mitochondrial deacetylase that activates

numerous mitochondrial proteins, to assess the potential activation of multiple mitochondrial

proteins in response to exercise. SIRT3 protein content measured in isolated mitochondria

was ~2-fold higher in the VWR, VWR-OF, and TM-END groups compared to the SED

group (p<0.05, Fig. 3D). Despite the increase in mitochondrial SIRT3, we found no

differences in the acetylation status of the mitochondrial proteins with a western blot for

acetylated-lysine (data not shown). There are reservations regarding sensitivity of this

technique and it is possible that the acetylation status of specific mitochondrial proteins was

changed but not detected using this method. Examination of the protein content of individual

complexes in the electron transport chain (OXPHOS), as they are markers of mitochondrial

content and potential targets of SIRT-3, revealed no significant effect of the various exercise

training interventions (Figure 3E). Finally, we also witnessed no differences in hepatic

AMPK activation (phosphorylation status) among any of the exercise groups (data not

shown).

Gluconeogenesis and the transcription factor CREB

To determine if the VWR-OF treatment was effective in stimulating a pathway unique to

gluconeogenesis, we measured the phosphorylation and activation of CREB, a transcription

factor that upregulates gluconeogenic genes. Voluntary wheel running with overnight fasting

and treadmill endurance running caused greater than 2-fold increases in the ratio of

phosphorylated CREB to CREB protein content compared with SED group (p≤0.05; Fig.

4A). PGC-1α, PEPCK, and G6Pase mRNA expression were measured to examine whether

the increases in phosphorylated CREB protein content resulted in upregulation of genes

important to mitochondrial biogenesis and gluconeogenesis. PGC-1α gene expression

followed a similar trend as phosphorylated CREB protein content, with increases seen in

VWR-OF and TM-END animals (p<0.05; Fig 4B). In addition, PEPCK mRNA expression

was significantly elevated only in the VWR-OF rats compared to the SED (Fig. 4C). G6Pase

mRNA expression did not differ among groups (Fig. 4D).

DISCUSSION

It is well known that exercise training increases mitochondrial content (11), as well as

improves mitochondrial function (10, 18, 21) in skeletal muscle. Surprisingly, little is known

about the effects exercise training has on hepatic mitochondria. To our knowledge, this is

the first study to examine the effects of multiple modalities of exercise training (voluntary

wheel running and treadmill training) on hepatic mitochondrial content and function in

healthy rats. A novel finding of this study is that different exercise modalities resulted in

greater hepatic mitochondrial respiration and that each modality elicits effects on different

indices of mitochondrial function. It also was found that exercise-induced increases in

indices of hepatic mitochondrial function were not dependent on increases in hepatic

mitochondrial content.
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One of the most accurate methods used to assess mitochondrial function is the measurement

of mitochondrial respiration (27). Here we report novel findings that regardless of the

training stimuli, the exercise intensity, or the fasting state of the animal, all 4 exercise

groups (VWR, VWR-OF, TM-END, and TM-IST) significantly increased ADP-stimulated

oxidative phosphorylation and maximal uncoupled hepatic mitochondrial respiration. These

findings contradict those by Ascensao et al. (3), who found that state 3 and state 4

respiration were lower after 5 weeks of treadmill training compared to the sedentary

condition. Discrepancies between findings may be due to differences in respiration

protocols. Furthermore, we found that mitochondrial respiration increased despite a lack of

change in protein content in the electron transport chain complexes for our treadmill training

groups compared to the SED group. These data suggest that complex activities increased

independent of content. Findings from Sun et al. (37) demonstrate that 8 weeks of treadmill

training increased the activity of complexes I, IV, and V in the liver compared with

sedentary rats. Unfortunately, OXPHOS protein content was not measured in their study to

determine if there is a correlation between complex content and function.

In the current study, palmitate oxidation tended to be elevated only in the VWR group

(+40%) compared to the sedentary rats; whereas, there was no apparent changes in the other

exercising groups. Given our previously observations with 6, 16, and 36 weeks of voluntary

wheel running showing increases in hepatic palmitate oxidation (22, 31, 33), it is possible

that 4 weeks of exercise training is insufficient to elicit increases in this index of hepatic

mitochondrial function. However, we found that voluntary wheel running in combination

with overnight fasting and treadmill training (END, IST) resulted in significant decreases in

incomplete palmitate oxidation. This is a unique observation given that it previously has

been demonstrated that incomplete fatty acid oxidation products are linked to metabolic

dysfunction and insulin resistance (19, 20).

Both carbohydrate and fatty acid sources are ultimately transformed to acetyl-CoA and feed

into the TCA cycle. Endurance exercise training has been shown to increase TCA cycle flux

in skeletal muscle (5). Here we found that VWR, TM-END, and TM-IST groups tended

(p=0.075) to increase [2-14C] pyruvate oxidation, an index of TCA cycle flux. In addition,

the VWR-OF, TM-END, and TM-IST groups exhibited significant increases in

[1-14C]pyruvate oxidation, an index of PDH activity, compared to the SED rats. The

increase in PDH activity in these groups suggests greater reliance on carbohydrate as an

energy source compared to the SED and VWR groups. The factors driving these differences

in substrate oxidation are unknown, but may be related to differences in substrate utilization

patterns due to the various exercise modalities and disparities in food intake. The ratio of

phosphorylated CREB to total CREB protein content is another sign of different metabolic

regulation between groups. Phosphorylated CREB was not elevated in the VWR rats (group

which had the greatest food intake) but was elevated in the VWR-OF and TM-END groups

compared to the SED rats. CREB is a transcription factor that, once phosphorylated, is

activated and upregulates gluconeogenic genes during times of metabolic stress (2, 16).

Therefore, the increased phosphorylated CREB protein content suggests that VWR-OF and

TM-END interventions resulted in greater reliance on gluconeogenic processes. This is

further supported by the finding that PEPCK mRNA expression was significantly elevated

in the VWR-OF groups. Conversely, G6Pase mRNA expression was not elevated in any
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group. This observation that some exercise stimuli (VWR-OF and TM-END) increase the

ratio of phosphorylated CREB to CREB protein content and PEPCK mRNA expression

(VWR-OF only), but not G6Pase may suggest that gluconeogenic genes do not all respond

in the same manner. Evidence of these differences in gluconeogenic enzyme responses to

different stimuli has been previously reported (14).

We found that voluntary wheel running led to increases in cytochrome c protein content as

well as citrate synthase activity (VWR group only). These findings are in agreement with

previous rodent exercise training studies (9, 14). Interestingly, Haase et al. (14) found that 5

weeks of treadmill training increased cytochrome c in wild-type mice. This effect was

abolished in PGC-1α knockout mice, indicating the potential necessity of PGC-1α for

increases in cytochrome c. However, in the current study, hepatic PGC-1α protein content

or protein content of the deacetylase SIRT-1 was not different among groups, yet protein

content of cytochrome c was elevated in the VWR groups. One possibility for this

discrepancy is that there was already enough SIRT-1 protein content in liver and that the

activity of this pre-existing deactylase increased and activated PGC-1α without a need for

increased PGC-1α protein levels. Future work is needed to examine the transcriptional

regulation of changes in hepatic mitochondrial function induced by exercise.

Post-translational modifications could be another factor playing a role in exercise-induced

hepatic mitochondrial changes. In response to metabolic stressors, Sirtuin 3 deacetylates and

activates certain complexes in the electron transport chain, as well as key proteins and

enzymes involved in ATP production (1, 7, 13, 17, 24). Furthermore, it has been shown that

in the absence of SIRT 3, hepatic ATP levels drop more than 50%, suggesting that SIRT 3 is

essential for maintaining ATP levels (1). There is also some evidence that SIRT3 is capable

of activating AMPK (26, 28, 35), which can initiate energy producing processes such as

fatty acid oxidation (15). Here, increases in Sirtuin 3 protein content in the VWR, VWR-OF

and TM-END groups, suggesting that these exercise interventions may be enhancing hepatic

mitochondrial function through SIRT3-dependent deacetylation of mitochondrial proteins.

However, western blot analysis for acetylated-lysine content in the mitochondrial proteins

failed to detect significant differences among the groups. Future investigation is warranted

to examine the role of SIRT3 in exercise-induced hepatic mitochondrial adaptations.

Hepatic gluconeogenesis is an energy costly process and requires increases in mitochondrial

respiration to generate ATP. The VWR-OF group was added to the current investigation to

determine whether fasting in combination with exercise training would invoke the need for

increased hepatic gluconeogenesis and further hepatic mitochondrial adaptations over VWR

alone. The VWR-OF and VWR both resulted in similar increases in hepatic mitochondrial

State 3-Complex I & II and maximal uncoupled respiration. However, VWR-OF animals

exhibited significant increases in [1-14C] pyruvate oxidation and significant reductions in

incomplete palmitate oxidation compared with SED animal, which were not apparent in the

VWR rats. Moreover, VWR-OF was the only intervention to significantly increase hepatic

cytochrome c protein content. Furthermore, the VWR-OF group had greater PEPCK and

PGC-1α mRNA expression than the VWR group, likely due to the greater increases seen in

CREB phosphorylation. These data suggests that 4 weeks of wheel running in a fasting
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condition evokes greater stimulation of gluconeogenic processes, likely leading to

enhancement of hepatic mitochondrial content and function.

In conclusion, results from the present investigation indicate that various forms of exercise

training increase indices of hepatic mitochondria metabolism and that these changes are not

entirely dependent upon changes in mitochondrial content. Regardless of the training

stimuli, the exercise intensity, or the fasting state of the animal, exercise significantly

improved hepatic mitochondrial respiration. Furthermore, exercise in the setting of a fasting

condition appeared to upregulate genes related to gluconeogenesis and mitochondrial

biogenesis, suggesting potentially greater hepatic mitochondrial adaptation with more

prolonged exercise training.
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Figure 1.
Weekly running distance (A) and heart mass to body mass ratio (B). SED, sedentary; VWR,

voluntary wheel running; VWR-OF, voluntary wheel running overnight fasted; TM-END,

treadmill endurance; TM-IST, treadmill interval sprint training. Values are means ± SE (n=

8-10). Values with different letters are significantly different (P<0.05).
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Figure 2.
Effects of various exercise modalities on hepatic mitochondrial respiration (A), [1-14C]-

pyruvate oxidation to CO2 (B), [2-14C]-pyruvate oxidation to CO2 (C), [1-14C]-palmitate

oxidation to CO2 (D), and incomplete [1-14C]-palmitate oxidation (E), in isolated

mitochondria. Values are means ± SE (n= 8-10). Values with different letters are

significantly different (P<0.05).
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Figure 3.
Effects of various exercise modalities on hepatic cytochrome c protein content (A), content

PGC-1α protein content (B), SIRT1 protein content (C), SIRT3 protein content measured in

isolated mitochondria (D) and oxidative phosphorylation (OXPHOS) complex I-V protein

content (E). Representative Western blots shown in (F). Values are means ± SE (n= 8-10).

Values with different letters are significantly different (P<0.05). AU, arbitrary units;

PGC-1α, peroxisome proliferator-activated receptor coactivator-1α.
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Figure 4.
Effects of various exercise modalities on hepatic cAMP-responsive element-binding protein

(CREB) protein content (A), PGC-1α mRNA expression (B), PEPCK mRNA expression

(C), and glucose 6 phosphatase mRNA expression (D). Values are means ± SE (n= 8-10).

Values with different letters are significantly different (P<0.05).
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