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Abstract

Nonalcoholic fatty liver disease (NAFLD) is characterized by fat accumulation in the liver and is associated with obesity and

insulin resistance. Activin A is a member of the transforming growth factor beta (TGF)-b superfamily and inhibits hepatocyte

growth. Follistatin antagonizes the biological actions of activin. Exercise is an important therapeutic strategy to reduce the

metabolic effects of obesity. We evaluated the pattern of activin A and follistatin liver expression in obese rats subjected to

swimming exercise. Control rats (C) and high-fat (HF) diet-fed rats were randomly assigned to a swimming training group (C-

Swim and HF-Swim) or a sedentary group (C-Sed and HF-Sed). Activin bA subunit mRNA expression was significantly higher

in HF-Swim than in HF-Sed rats. Follistatin mRNA expression was significantly lower in C-Swim and HF-Swim than in either

C-Sed or HF-Sed animals. There was no evidence of steatosis or inflammation in C rats. In contrast, in HF animals the severity

of steatosis ranged from grade 1 to grade 3. The extent of liver parenchyma damage was less in HF-Swim animals, with

the severity of steatosis ranging from grade 0 to grade 1. These data showed that exercise may reduce the deleterious effects

of a high-fat diet on the liver, suggesting that the local expression of activin-follistatin may be involved.
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Introduction

Nonalcoholic fatty liver disease (NAFLD) is the most

common type of chronic liver disorder and includes a

broad spectrum of liver damage, ranging from simple

steatosis to steatohepatitis (NASH) and cirrhosis (1,2).

Evaluation of these histopathologic characteristics is

possible through a liver biopsy (1,2). NAFLD is closely

associated with obesity and increased lipolysis due to loss

of insulin sensitivity and impaired antilipolytic action of

insulin, the main factor responsible for the development of

hepatic steatosis (2).

Activins, members of the transforming growth factor

beta (TGF-b) superfamily, are bioactive dimeric proteins

composed of two beta subunits. Activin A, a homodimer

composed of two beta A subunits, is involved in the

pathogenesis of a variety of inflammatory diseases

ranging from rheumatoid arthritis to inflammatory bowel

disease and atherosclerosis, and also in several liver

disorders, including NAFLD and liver fibrosis (3-5). Activin

A is considered to be a negative regulator of liver growth

by inhibiting the replication of hepatocytes and inducing

apoptosis (3). The biological actions of activin are

counteracted by follistatin, an unrelated glycoprotein that

binds mature dimeric activin A with high affinity and blocks

activin signaling (3,6). Follistatin is associated with liver

regeneration after partial hepatectomy (7).

Activin signal transduction occurs through transmem-

brane serine/threonine kinase receptors. Activin binds to

the activin type II receptors (ActRII), transphosphorylates

type I receptors (activin receptor-like kinases, ALKs) (1-7)

and forms the ActRII-IB/(ALK) 4 complex. This activated

activin receptor complex recruits the receptor-associated

Smads, which transmit the activin signals to the cell

nucleus where they regulate the transcription of target

genes (3,5,6).

Activin A seems to have multiple roles in NAFLD. It

has been demonstrated that serum levels of activin A

and follistatin and the activin A/follistatin mRNA ratio in

liver are increased in patients with NAFLD, potentially
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reflecting increased activin A bioactivity. Activin A

contributes to the pathogenesis of NAFLD by inhibiting

insulin sensitivity and metabolism of glucose and fatty

acids. It has been demonstrated that activin A promotes

collagen 3 and TGF-b1 expression and matrix metallo-

proteinase (MMP) activity, suggesting that activin A may

promote hepatic fibrosis. On the other hand, activin A

induces mitochondrial b-oxidation and downregulates de
novo fatty acid synthesis, suggesting that activin A may

reduce lipid accumulation in hepatocytes (4,6).

A recent review of the relationship between exercise

and the liver and its implications for the therapy of fatty

liver disorders concluded that the effect of exercise on

liver fat reduction compared favorably with most of the

available pharmacological therapies (8). Physical exercise

is linked to improved glucose homeostasis and enhanced

insulin sensitivity, and is a basic means for the prevention

of type 2 diabetes and the management of both type 1 and

type 2 diabetes (9). Physical exercise has also been

shown to have positive effects in the prevention and

attenuation of hepatic steatosis (10).

Studies in diabetic and obese rats have shown that

exercise can modulate follistatin in muscle and fat tissue

(11,12). A recent study also demonstrated that plasma

follistatin increased in response to exercise, most likely

originating from the liver (13). However, there is no

evidence of a relationship between exercise and activin.

We hypothesized that activin A/follistatin may partici-

pate in the beneficial effect of exercise on NAFLD, which

still has not been elucidated. In the present study, we

evaluated the patterns of activin A and follistatin expres-

sion in the livers of obese rats subjected to swimming

exercise.

Material and Methods

Animals and experimental groups
All procedures were approved by the Ethics Committee

of Universidade Federal de São Carlos (#048/2007). Male

Wistar rats (190±18.4 g) were acclimatized in individual

cages under controlled temperature, humidity and lighting

(12-h dark/light cycle) conditions, and with free access to

water and standard rodent chow. After 7 days, animals

were randomly assigned to two groups: control rats (C,

n=15) fed standard rodent chow, and high-fat diet-fed rats

(HF, n=15), fed 60% kcal as fat (Research Diets, USA).

Animals and food intake were weighed daily. After 12

weeks, animals in both groups were randomly divided into

two groups, a swimming training group (C-Swim and

HF-Swim) and a sedentary group (C-Sed andHF-Sed) with

6-7 rats/group.

Exercise protocol
Rats in the exercise groups (C-Swim and HF-Swim)

were exercised by swimming 1.5 h/day, 45 min at 9:00

am and 45 min at 5:00 pm, 5 days per week, for 4 weeks.

The swimming exercise was performed in 30 cm diameter

plastic barrels filled with water to a depth of 50 cm and

maintained at 326-366C. The protocol started with 3 days

of adaptation. On the first and second days of adaptation,

the rats swam for 1 h/day, 30 min at 9:00 am and 30 min

at 5:00 pm without the addition of a weight to the tail. On

the third day of adaptation, the rats swam for 1.5 h/day,

45 min at 9:00 am and 45 min at 5:00 pm again without

the addition of a weight. On the fourth day, an external

weight corresponding to 1% of the animal’s body mass

was attached to the base of the tail, and rats swam for

90 min/day. During the following weeks, rats swam for

90 min/day with the tail-weight increased weekly until

reaching 3% and then 5% of the animal’s body mass (14-

16). All animals were towel dried before being returned to

their cages. The sedentary groups were placed in shallow

water for 5 min, towel dried and then returned to their

cages at the same time as the exercised groups. Both the

control rats and the HF diet rats were able to carry out the

exercise protocol similarly.

After the training period, i.e., 48 h after the last

exercise session, rats were sacrificed by decapitation.

Blood plasma was collected and stored at ––206C; the liver

was dissected, weighed, frozen immediately in liquid

nitrogen, and stored at ––806C until analysis.

Glucose and insulin tolerance tests
Glucose tolerance tests (GTTs) were performed after

the acclimatization period, at 3, 4, 8, and 12 weeks of

dietary treatment, and after exercise training by the 16th

week. After an overnight fast, unanesthetized rats were

injected intraperitoneally (ip) with 50% glucose solution,

1.5 g/kg body weight (BW). Blood samples were obtained

from the tail vein before and at 30, 60, 90, and 120 min

after glucose injection. Insulin tolerance tests (ITTs) were

performed after the acclimatization period and at 8 and 12

weeks of dietary treatment. After an overnight fast,

unanesthetized rats were injected ip with Novolin R

human insulin (Novo Nordisk, Brazil), 0.75 U/kg BW.

Blood samples were obtained from the tail vein before

and at 15, 30, 60, and 90 min after the insulin challenge.

Blood glucose concentrations were measured with an

Accu-Check glucose meter (Roche Diagnostic, USA).

Histological analysis
Formalin-fixed and paraffin-embedded liver sections

were stained with hematoxylin and eosin (HE) and

Masson’s trichrome for histopathological examination.

The severity of steatosis was graded by the extent of

parenchymal involvement. Grade 0, ,5% of the parench-

yma was involved; grade 1, 5 to 33%; grade 2, 34 to 66%;

grade 3, .66%. Other parameters assessed were the

presence or absence of inflammation and fibrosis score

(17).

The histological slides were analyzed and photo-

graphed with an Olympus1 BX 51 optical microscope
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(Olympus Corporation, Japan). The pathologist who

evaluated the sections and performed the histological

assessments was unaware of the treatment groups.

Biochemical analysis
Alanine transaminase (ALT), aspartate transaminase

(AST), gamma-glutamyl transaminase (GGT), and

plasma lipids, including total cholesterol and triglycerides,

were measured enzymatically with commercially available

assay kits (Katal Biotecnológica, Brazil).

RNA extraction and quantitative real-time PCR
Frozen liver samples (40 mg) were homogenized on

ice in TRIzol reagent (Invitrogen Corporation, USA)

following the manufacturer’s instructions. The purity and

concentration of total RNA were determined by measuring

the absorbance of aliquots at a ratio of 260/280 nm. The

integrity of RNA was checked on 2% agarose gels by

inspecting the electrophoretic pattern of 28S and 18S

ribosomal RNA. Total RNA (1 mg) from each sample was

treated with DNase I (Invitrogen Corporation) to remove

contaminating genomic DNA and reverse transcribed to

synthesize cDNA using Moloney murine leukemia virus

reverse transcriptase (Promega Corporation, USA). For

real-time PCR, 20 ng cDNA and 0.4 mM of each primer

were used in a 25 mL reaction volume containing SYBR

Green PCR Master Mix (Applied Biosystems Inc., USA).

The primer sequences used were: beta-A activin (forward

primer: 59-ATGGACCTAACTCTCAGCCAGA-39; reverse

primer: 59-CTCTCCCCCTTCAAGCCCAT-39); follistatin

(forward primer: 59-GGCGTACTGCTTGAAGTGAA-39;

reverse primer: 59-GGGAAGCTGTAGTCCTGGTC-39);

GAPDH (forward primer: 59-GATGCTGGTGCTGAGTAT

GTCG-39; reverse primer: 59-GTGGTGCAGGATGCATT

GCTGA-39) (18,19). In addition, a rat liver cDNA standard

was run in duplicate for every plate to produce a standard

curve for quantification. The relative amounts of RNAs

were calculated using the comparative Ct method. The

expression of all genes was normalized to glyceralde-

hyde-3-phosphate dehydrogenase (GAPDH) expression.

Statistical analysis
Statistical analyses were performed by paired and

unpaired Student t-tests and analysis of variance

(ANOVA). The Tukey multiple comparisons test was used

for post hoc analysis of between-group comparisons.

Data are reported as means±SE. P,0.05 was consid-

ered to be statistically significant. Data analyses were

carried out using the STATISTICA data analysis software

system, version 7 (StatSoft Inc., USA).

Results

Body weight
The body weight of HF diet-fed animals was sig-

nificantly higher than that of control animals from week 6

until the end of the training period (Figure 1). At week 16,

exercised animals (both control and HF diet-fed) had

significantly lower body weights than sedentary animals

(both controls and HF diet-fed). In HF diet-fed animals,

post-exercise body weight at week 16 was significantly

lower than pre-exercise body weight at week 12. Exercise

training was thus able to prevent physiological weight gain

associated with the standard rodent chow.

GTT and ITT tests
Rats fed an HF diet had significantly higher glycemia

in response to both glucose and insulin injections than

Figure 1. Body weight (g) of control and high-fat

diet-fed rats. Data are reported as means±SE

for n=6-7 rats/group. *P,0.05, sedentary high-

fat diet group (HF-Sed) vs sedentary control

group (C-Sed); {P,0.05, C-Sed vs exercised

control group (C-Swim); {P,0.05, HF-Sed vs
exercised high-fat diet group (HF-Swim);
1P,0.05, C-Sed 12th week vs 16th week;
"P,0.05, HF-Sed 12th week vs 16th week;

**P,0.05, HF-swim 12th week (pre-exercise) vs
16th week (post-exercise) (t-test).
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control rats after 12 weeks of the diet regimen (Figure 2A

and B). The post-exercise glycemic response to glucose

injection was significantly lower than the pre-exercise test

response in HF-Swim rats (Figure 2C). No difference was

observed between pre- and post-exercise glycemia in

response to glucose injection in C-Swim rats.

Liver enzymes and lipids
ALT levels were significantly higher in HF-Sed animals

than in C-Sed animals (41.7±2.7 vs 26.9±1.4 U/L,

P,0.05) and significantly lower in HF-Swim animals than

in HF-Sed animals (31.6±2.1 vs 41.7±2.7 U/L, P,0.05).

Plasma AST, GGT, total cholesterol and triglycerides

levels did not vary among groups (data not shown).

Liver expression of mRNA
Activin A subunit mRNA expression was significantly

higher in HF-Swim than in HF-Sed animals, but no

difference was observed between C-Sed and C-Swim

animals. Follistatin mRNA was significantly lower in

C-Swim and HF-Swim animals than in either C-Sed or

HF-Sed animals (Figure 3).

Liver morphology
Liver morphology varied significantly among groups.

There was no evidence of steatosis or inflammation

(grade 0) in rats fed standard rodent chow. In contrast, the

severity of steatosis ranged from grade 1 to grade 3 in rats

fed the HF diet. This was not associated with inflammation

or fibrosis. After the training period, rats fed the HF diet

showed improvement in the extent of damage to the liver

parenchyma, with severity of steatosis ranging from grade

0 to grade 1. Representative images of liver sections are

shown in Figure 4.

Discussion

The present data showed that exercise reduced the

deleterious effects of an HF diet on the liver and altered

both hepatic activin beta A subunit and follistatin mRNA

expression in this rat model of NAFLD.

Decreased glucose tolerance has previously been

shown to accompany obesity induced by an HF diet (20).

Here, exercise training reduced insulin resistance in rats

fed an HF diet. It is well established that exercise is linked

to enhanced insulin sensitivity in diet-induced obese rats

by activation of components of the insulin-signaling

cascade pathway in both skeletal muscle and liver

(21,22). However, it is important to consider the intensity,

frequency and duration of the exercise. It has been

reported that exercise training was able to improve insulin

activity in fat tissue, and that a stronger effect was seen

with high- than with moderate-intensity exercise (23,24).

In this study, we also demonstrated that moderate

aerobic exercise reduces body weight and attenuates

hepatic steatosis. Previous studies have reported that

moderate aerobic exercise promotes a reduction of

body weight and adiposity, improves blood lipid profiles

and attenuates hepatic steatosis, suppressing HF

Figure 2. Glucose and insulin tolerance tests. Analysis of

glycemia profile by the A, glucose tolerance test (GTT) and the

B, insulin tolerance test (ITT) at the end of the 12th week in rats

fed a high-fat diet. C, Analysis of glycemia profile by the GTT

pre-exercise (12th week) and post-exercise (16th week) training.

Data are reported as means±SE for n=15 (C and HF groups)

and n=6-7 rats/subgroup. *P,0.05, high-fat diet group (HF) vs
control group (C). {P,0.05, exercised high-fat diet group pre-

exercise (HF-Pre-ex) vs exercised control group pre-exercise

(C-Pre-ex); {P,0.05, HF-Pre-ex vs exercised high-fat diet group

post-exercise (HF-Post-ex) (t-test).
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diet-induced steatosis (10,25,26). It has long been ob-

served that weight loss by caloric restriction alone or in

combination with exercise prevents NAFLD (27).

However, there is increasing evidence that exercise per
se beneficially reduces hepatic steatosis independent of

weight loss (28) and that exercise may offer additional

benefits related to hepatic mitochondrial function com-

pared to a restricted diet alone in rodents (29).

NAFLD comprises a continuum of liver diseases

ranging from simple fat deposition (steatosis) to inflam-

mation, extensive fibrosis and cirrhosis that develop in the

absence of excessive alcohol intake (1). NAFLD is

associated with obesity, insulin resistance and the

metabolic syndrome (30). In this study, we used a

previously described rodent model of NAFLD (11,31)

and a validated histological scoring system to describe the

histologic findings in this model (17). The results showed

that an HF diet produced different degrees of fat

accumulation but no inflammation or fibrosis. NAFLD is

a complex disorder whose main initial pathological

process is the accumulation of fat within the hepatocytes.

It is believed to result from an imbalance between hepatic

fatty acid synthesis/uptake and oxidation/export (6,30).

The results showed that swimming training minimized

the liver tissue damage caused by an HF diet as

previously demonstrated (10). The beneficial effects of

exercise have been attributed to increased insulin

sensitivity and fat oxidation and decreased lipid synthesis

by the liver through activation of the AMP-activated

protein kinase (AMPK) pathway (10,32). However,

mechanistically, the effect of exercise on the pathogen-

esis of NAFLD is not understood completely.

We showed for the first time that activin and follistatin

may be involved in the beneficial effects of exercise on

NAFLD. We observed that the expression of activin A and

follistatin mRNAs varied reciprocally in exercised and

sedentary HF-fed animals, suggesting a local adaptive

regulation promoting an increase in the biological effect of

activin A. Activin A has been previously reported to be

profoundly involved in liver function and in the pathogen-

esis of liver disease, including NAFLD (3,4,6). Follistatin is

a binding protein that acts as an extracellular factor to

bind and inactivate activin (33). It has recently been

demonstrated that in mice with global inactivating

Figure 3. Liver expression mRNA. A, Activin bA
and B, follistatin mRNA expression in liver of

Wistar rats. Data are reported as means±SE for

n=6-7 rats/group. {P,0.05, sedentary control

group (C-Sed) vs exercised control group (C-

Swim); {P,0.05, sedentary high-fat diet group

(HF-Sed) vs exercised high-fat diet group (HF-

Swim) (t-test).

Figure 4. Histological analysis of liver from rats

fed standard rodent chow and a high-fat diet.

Representative microphotographs of hematox-

ylin-eosin-stained sections (bar=20 mm) are

shown. Red arrows indicate fat accumulation.

C-Sed: sedentary control group; C-Swim: exer-

cised control group; HF-Sed: sedentary high-fat

diet group; HF-Swim: exercised high-fat diet

group.
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mutations that deplete the circulating activin antagonists

follistatin-like-3 or the follistatin 315 isoform, insulin

signaling in liver was enhanced, and paradoxically,

hepatic steatosis developed and phosphoenolpyruvate

carboxykinase (PEPCK) expression was not suppressed,

suggesting dual actions of activin in hepatocytes (34).

The activin/follistatin circuitry is complex, with local

autocrine/paracrine functions, and at the same time may

be self-modulated (35,36). Many studies have described

potential mechanisms to explain the role of activin/

follistatin in exercise-induced liver adaptation (4,5). In this

regard, activins have been shown to be associated with

insulin production and insulin sensitivity, as well as with fat

oxidation in liver and other tissues (37). In addition, activin

A can act as an anti-inflammatory cytokine (38), and

inflammation is an important mechanism involved in both

insulin resistance and NAFLD (5,39). Moreover, it has

recently been shown that exercise training reduces

hepatic inflammation, injury and fibrosis by suppressing

macrophage infiltration in diet-induced obesity in mice

(40).

In spite of their novelty, the data presented here

should be considered along with the study limitations. The

modulation of activin and follistatin expression by exercise

was shown only at the transcriptional level, thus post-

transcriptional regulation cannot be ruled out. In addition,

the mechanisms involved in the action of activin/follistatin

on hepatic steatosis were not investigated in the present

study. However, the findings may offer insight into the

development of pharmacological strategies contributing to

the control of obesity comorbidities such as NAFLD.

In conclusion, the results showed that exercise may

reduce the deleterious effects of an HF diet on the liver

and suggest that the local expression of activin and

follistatin may be involved. Further studies are necessary

to investigate the mechanisms of regulation of the activin/

follistatin circuitry in metabolic and liver diseases.
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