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Endurance exercise training ameliorates insulin resistance
and reticulum stress in adipose and hepatic tissue in obese rats
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Abstract Obesity-induced endoplasmatic reticulum (ER)

stress has been demonstrated to underlie the induction of

obesity-induced JNK and NF-jB activation inflammatory

responses, and generation of peripheral insulin resistance.

On the other hand, exercise has been used as a crucial tool

in obese and diabetic patients, and may reduce inflamma-

tory pathway stimulation. However, the ability of exercise

training to reverse endoplasmatic reticulum stress in adi-

pose and hepatic tissue in obesity has not been investigated

in the literature. Here, we demonstrate that exercise train-

ing ameliorates ER stress and insulin resistance in DIO-

induced rats. Rats were fed with standard rodent chow

(3,948 kcal kg-1) or high-fat diet (5,358 kcal kg-1) for

2 months. After that rats were submitted to swimming

training (1 h per day, 5 days for week with 5% overload of

the body weight for 8 weeks). Samples from epididymal fat

and liver were obtained and western blot analysis was

performed. Our results showed that swimming protocol

reduces pro-inflammatory molecules (JNK, IjB and NF-

jB) in adipose and hepatic tissues. In addition, exercise

leads to reduction in ER stress, by reducing PERK and

eIF2a phosphorylation in these tissues. In parallel, an

increase in insulin pathway signaling was observed, as

confirmed by increases in IR, IRSs and Akt phosphoryla-

tion following exercise training in DIO rats. Thus, results

suggest that exercise can reduce ER stress, improving

insulin resistance in adipose and hepatic tissue.

Keywords ER stress � Insulin resistance � Exercise

training � Inflammatory pathway

Introduction

Obesity is associated with chronic low-grade inflammation

(Bray 2004; Hotamisligil 2008). Activation of serine

kinases in obesity and their involvement in insulin action

illustrates the close relationship between metabolic and

immune pathways; in particular, c-jun N-terminal kinase

(JNK) (Hotamisligil 2008) and I kappa b kinase (IKKb)

(Hirosumi et al. 2002; Shoelson et al. 2003). Together,

JNK and IKKb might serve as an inhibitor of insulin sig-

naling, by inducing inhibitory serine 307 (Ser307) phos-

phorylation of IRS1 (Aguirre et al. 2000). IKK is a serine

kinase; and its activation phosphorylates I kappa b kinase

(IKKb)/inhibitor of jB (IjB). After phosphorylation, IjB

is ubiquitinated and degraded in the proteaosome, releasing

nuclear factor jB (NF-jB) for the translocation to the

nucleus and activation of gene expression (Cai et al. 2004).

It has been proposed that increased NF-jB activation may
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do Extremo Sul Catarinense, Criciúma, SC 88806-000, Brazil
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play an important role in the pathogenesis of insulin

resistance (Ragheb et al. 2008).

Recent studies provide an intriguing link between met-

abolic inflammation, endoplasmic reticulum (ER) stress

and insulin resistance. It has been proposed that JNK and

IKKb activation was associated with altered endoplasmatic

reticulum function and insulin resistance (Ozcan et al.

2004; Zhang et al. 2008). The two major molecules/

markers of ER stress are PERK and eIF2a. Ozcan et al.

(2004) showed that, in obesity, the damage to ER function

results in insulin resistance and type 2 diabetes, which are

dependent upon JNK activation. In contrast, the enhance-

ment of ER function in transgenic mice or the use of

chemical chaperones protects against diet-induced insulin

resistance. In addition, the forced activation of IKKb/NF-

jB increased ER stress and interrupted central insulin/

leptin signaling (Zhang et al. 2008). Thus, strategies to

reduce the aberrant activation of inflammatory signaling

and ER stress are of great interest to improve insulin action

and glucose homeostasis.

Physical exercise has been linked to improved glucose

homeostasis and enhanced insulin sensitivity in humans

(Zierath 2002; Frosig et al. 2007) and rodents (Ropelle

et al. 2006; Pauli et al. 2008). The improvement in insulin

sensitivity was associated with the reduction in JNK

activity in the skeletal muscle in humans after a single bout

of exercise (Schenk and Horowitz 2007). JNK phosphor-

ylation was reduced after resistance exercise in old men

(Williamson et al. 2003). Several studies have examined

the effects of exercise on inflammatory signaling.

Sriwijitkamol and colleagues showed that 8 weeks of aer-

obic exercise training reduced IjB/NF-jB signaling in

muscle from subjects with type 2 diabetes (Sriwijitkamol

et al. 2006). However, the impact of exercise on ER stress

remains to be better understood. Thus, the current study

was designed to investigate the effects of exercise training

on inflammatory signaling, ER and insulin resistance in the

adipose, and hepatic tissue of obese rats.

Materials and methods

Experimental animals and diet

Male Wistar rats bred in the University of Southern Santa

Catarina were used in the investigation. All experiments

were approved by the Ethics Committee of the University

of Southern Santa Catarina, UNESC. The 4-week-old

Wistar rats were divided into four groups: control rats

(C) fed on standard rodent chow, control rats submitted to

8-week-endurance training with workload (C ? ET), obese

rats fed on an obesity-inducing diet for 2 months (DIO)

(Table 1), and DIO rats submitted to 8-week endurance

training with workload (DIO ? ET). The control rats were

maintained sedentary throughout the experimental period

and the trained rats were submitted to 1 h daily swimming

sessions in water at 32�C, with an attached weight corre-

sponding to 5% of body weight. Training occurred 5 days/

week for 8 weeks. The rats were allowed free access to

standard rodent chow or high-fat diet and water.

Fasting glucose, insulin tolerance test (ITT),

serum insulin and TNFa quantification

After 24 h of the last exercise session and 6 h of fasting,

eight (8) rats per group were submitted to an insulin tol-

erance test (ITT; 1.5 U/kg). Briefly, 1.5 IU/kg of human

recombinant insulin (Humulin R) from Eli Lilly (India-

napolis, IN, USA) was injected intraperitoneally in anes-

thetized mice and blood samples were collected from the

tail at 0, 5, 10, 15, 20, 25 and 30 min for serum glucose

determination. The rate constant for plasma glucose dis-

appearance (KITT) was calculated using the formula 0.693/

biological half life (t1/2) (Bonora et al. 1989). Plasma

glucose level was determined by a colorimetric method

using a glucose meter (Advantage, Boehringer Mannheim,

Irvine, USA). Plasma was separated by centrifugation

(1,500g) for 15 min at 4�C and stored at -80�C until assay.

Radioimmunoassay (RIA) was employed to measure serum

insulin, according to a previous description (Scott et al.

1981). Serum TNFa concentration was measured by

ELISA (Pierce Biotechnology, Rockford, IL, USA), fol-

lowing the manufacturer’s recommendations.

Killing of the animals

The rats were anesthetized with an intraperitoneal (i.p.)

injection of sodium thiopental (40 mg kg-1). In all

Table 1 Components of high fat and chow diet

Ingredients Standard chow High-fat diet

(g kg-1) (kcal kg-1) (g kg-1) (kcal kg-1)

Cornstarch (QSP) 398 1,590 116 462

Casein 200 800 200 800

Sucrose 100 400 100 400

Dextrinated starch 132 528 132 528

Lard – – 312 2,808

Soybean Oil 70 630 40 360

Cellulose 50 – 50 –

Mineral mix 35 – 35 –

Vitamin mix 10 – 10 –

L-Cystine 3 – 3 –

Choline 2.5 – 2.5 –

Total 1,000 3,948 1,000 5,358
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experiments, the appropriateness of anesthesia depth was

tested by evaluating pedal and corneal reflexes, throughout

the experimental procedure. Following the experimental

procedures, the rats were killed under anesthesia (thio-

pental 200 mg kg-1), following the recommendations of

the NIH publication no. 85–23.

Protein analysis by immunoblotting

As soon as anesthesia was assured by the loss of pedal

and corneal reflexes, the abdominal cavity was opened,

the cava vein exposed, and 0.2 mL of normal saline (-)

(5 rats per group) or insulin (10-6 mol L-1) (?) were

injected (5 rats per group). After insulin injection (only

for insulin pathway analysis), hepatic and adipose tissue

fragments were excised. The tissues were homogenized

immediately in extraction buffer (mM) (1% Triton X-100,

100 mM Tris, pH 7.4, containing 100 mM sodium pyro-

phosphate, 100 mM sodium fluoride, 10 EDTA, 10

sodium vanadate, 2 PMSF and 0.1 mg of aprotinin/ml) at

4�C with a Polytron PTA 20S generator (Brinkmann

Instruments, Westbury, New York, USA) operated at

maximum speed for 30 s. The extracts were centrifuged at

11,000 rpm and 4�C in a Beckman 70.1 Ti rotor (Palo

Alto, CA, USA) for 40 min to remove insoluble material,

and the supernatants of these tissues were used for protein

quantification, using the Bradford method (Bradford

1976). Aliquots of the resulting supernatants containing

2.0 mg of total protein were used for immunoprecipitation

with antibodies against IR, IRS1, IRS2 at 4�C overnight,

followed by SDS-PAGE, transfer to nitrocellulose mem-

branes and blotting with anti-phosphotyrosine (PY). In

direct immunoblot experiments, 0.2 mg of protein extracts

were separated by SDS-PAGE and transferred to nitro-

cellulose membranes. Membranes were blocked, probed

and developed, as described previously De Souza et al.

2005). Antibodies used for immunoblotting were anti-

phospho-PERK, anti-phospho-eIF-2a (Cell Signaling

Technology, Beverly, MA, USA), anti-IR, anti-IRS1, anti-

IRS2, anti-Phosphotyrosine (PY), anti-phospho-JNK, anti-

NF-jB, anti-phospho-IjB, and anti-b-actin (Santa Cruz

Biotechnology, Santa Cruz, CA, USA). Chemiluminescent

detection was performed with horseradish peroxidase-

conjugate secondary antibodies. Visualization of protein

bands was performed by exposure of membranes to

RX-films. The protein loading of immunoblots was

always evaluated by two methods: before blotting, nitro-

cellulose membranes were stained with Coomassie blue,

and after blotting membranes were reprobed with a

b-actin antibody.

Statistical analysis

All numeric results are expressed as the mean ± standard

error of mean (SEM) of the indicated number of experi-

ments. The results of blots are presented as direct compar-

isons of bands or spots in autoradiographs and quantified by

optical densitometry (Scion Image). Statistical analysis was

performed using the ANOVA test with Tukey post test.

Significance level was established as p \ 0.05. Data were

analyzed using the Statistical Package for the Social

Sciences (SPSS) version 18.0 for Windows.

Results

Physiological and metabolic parameters

Table 2 shows comparative data for control and DIO rats,

when sedentary and after training exercise. The DIO group

demonstrated a significant increase in body weight, epi-

didymal fat and fasting serum insulin; however, fasting

glucose was not altered. No significant variations were

found in body weight, epididymal fat and fasting glucose in

DIO rats after exercise training. However, the rate constant

for plasma glucose disappearance and fasting serum insulin

were increased (95%) and decreased (52.8%), respectively,

in the exercise training group, when compared with DIO

sedentary group. In addition, the levels of insulin were

reduced after exercise in DIO rats (53%) compared with

DIO sedentary group. The obesity-induced high-fat diet

caused a significant increase in serum TNFa levels

(35.15%, p = 0.02), when compared with C group. On the

other hand, the exercise-trained DIO group showed a

Table 2 Physiological and metabolic parameters

Groups (n = 8) Body weight (g) Epididymal fat (g) Plasma glucose (mg dL-1) Insulin (ng mL-1) KITT (% min-1) TNFa (p g mL-1)

C 407.8 ± 25.1 5.18 ± 0.65 78.5 ± 5.3 2.46 ± 0.4 4.65 ± 0.21 48.3 ± 5.91

C ? ET 399.2 ± 19.8 4.91 ± 0.79 84.4 ± 4.2 2.31 ± 0.6 4.98 ± 0.17 45.7 ± 3.94

DIO 500.5 ± 37.5* 13.06 ± 1.4* 92.7 ± 5.8 6.95 ± 0.79* 2.3 ± 0.2* 74.5 ± 6.68*

DIO ? ET 467.6 ± 31.9* 9.81 ± 1.2* 91.4 ± 6.5 3.28 ± 1.5# 4.16 ± 0.3# 58.2 ± 5.02#

* p \ 0.05, DIO ? ET and DIO sedentary rat versus C and C ? ET
# p \ 0.05, DIO ? ET versus DIO sedentary
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reduction of 21.9% in TNFa levels (p = 0.04), when

compared with sedentary DIO.

Effects exercise training on JNK and IkBa
phosphorylation and NF-jB expression

An increase in JNK phosphorylation in the adipose (53%)

and hepatic (120%) tissue was observed in DIO rats,

when compared with control rats (Fig. 1a, d). In the DIO

trained group, JNK phosphorylation decreased in both

adipose (48%) and hepatic (40%) tissue, when compared

with DIO sedentary (Fig. 1a, d). No difference was

observed in JNK protein level in either the adipose or the

hepatic tissue.

Subsequently, we examined the IKK/NF-jB pathway in

the liver and adipose tissues of lean and obese rats after the

exercise protocol. In the DIO group, we observed an

increase in IjBa phosphorylation in the adipose (75%) and

hepatic (100%) tissues, when compared with control rats

(Fig. 1b, e, respectively). In the adipose tissue of

DIO ? ET rats, IjBa phosphorylation decreased by 65%

(Fig. 1b), while a 48% decrease was observed in hepatic

tissue (Fig. 1e), when compared to DIO sedentary. The

high-fat diet-increased NF-jB expression in adipose

(104%) and hepatic (107%) tissues, when compared with

the control (Fig. 1c, f, respectively). On the other hand,

exercise training in the DIO group decreased NF-jB

expression in adipose (40%) and hepatic (41%) tissues,

when compared with DIO sedentary (Fig. 1c, f, respec-

tively). No difference was observed in IjB protein level in

either the adipose or hepatic tissue.

Exercise training reduces phospho PERK

and phospho eIF2a

We determined the phosphorylation status of PERK

(Thr980) and eIF2a (Ser51) in adipose and hepatic tissues.

The DIO group demonstrated increases of 80% and 135%

in PERK phosphorylation, when compared to the C group

(Fig. 2a, c adipose and hepatic tissues, respectively). In the

DIO group, exercise training reduced PERK phosphoryla-

tion by 58 and 47% (Fig. 2a, c adipose and hepatic tissues,

respectively). No difference was observed in PERK

expression in either the adipose or hepatic tissue.

The DIO sedentary rats demonstrated increases of 98

and 138% in eIF2a phosphorylation, when compared with

the control group (Fig. 2b, d adipose and hepatic tissues,

respectively). Exercise training in DIO rats reduced eIF2a
phosphorylation by 64 and 58% (Fig. 2b, d adipose and

hepatic tissues, respectively). No difference was observed

in eIF2a expression in either the adipose or hepatic tissue.

In all experiments, b-actin was used as a loading protein

(data not shown).

Improve insulin signaling by exercise training

In adipose tissue, insulin induced increases in IR tyrosine

phosphorylation in both the C and C ? ET groups, when

compared with basal (B)/saline injection group (Fig. 3a).

Similar results were observed in the hepatic tissue

(Fig. 3d). In the DIO group, IR phosphorylation was

reduced by 105% in the adipose and 98% in the hepatic

tissues, respectively, when compared with the respective

C? group (Fig. 3a, d). In the adipose and hepatic tissues of

DIO ? ET, IR phosphorylation increased by 72 and 70%,

respectively, when compared to the respective DIO sed-

entary group (Fig. 3a, d). There were no differences in

basal levels of IR tyrosine phosphorylation between the

groups (data not shown), and IR protein levels did not

differ between the groups (Fig. 3a, d lower panels).

IRS1 phosphorylation in the adipose tissue and IRS2

phosphorylation in the hepatic tissue increased after insulin

injection in both C and C ? ET groups, when compared

with group B (Fig. 3b, e, respectively). In the DIO group,

IRS1 tyrosine phosphorylation was reduced by 56% in

adipose tissue and IRS2 was reduced by 60% in hepatic

tissue, when compared with the respective control group

(Fig. 3b, e). In the adipose tissue of DIO ? ET, IRS1

phosphorylation increased by 57%, while IRS2 phosphor-

ylation increased by 60% in the hepatic tissue, as compared

with DIO groups (Fig. 3b, e). There was no difference in

the basal levels of IRS1 and IRS2 tyrosine phosphorylation

between the groups (data not shown). The IRS1 and IRS2

protein levels did not differ between the groups (Fig. 3b, e

lower panels).

Insulin induced increases in Akt serine phosphorylation

in both the C and C ? ET groups, when compared with

group B (Fig. 3c). Similar results were observed in hepatic

tissue (Fig. 3f). In the DIO group, Akt phosphorylation was

reduced by 61% in the adipose and 50% in the hepatic

tissues, when compared with the respective control group

(Fig. 3c, f). In the adipose and hepatic tissues of

DIO ? ET, Akt phosphorylation increased by 44 and 59%,

respectively, in comparison with the DIO group (Fig. 3c,

f). There was no difference in basal levels of IR tyrosine

phosphorylation between the groups (data not shown). The

Akt protein levels did not differ between the groups

(Fig. 3c, f lower panels).

Discussion

The reports indicate that ER stress, induced by obesity, is

associated with inflammation and established a link

between inflammatory responses, particularly through the

JNK and IKK signaling pathways (Hu et al. 2006;

Hotamisligil 2008), with abnormal insulin action (Ozcan
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et al. 2004; Wellen and Hotamisligil 2005). Ozcan and

colleagues found that obesity is associated with the

induction of chronic ER stress, predominantly in the liver

and adipose tissues (Ozcan et al. 2004). The molecular

mechanisms linking ER stress to glucose intolerance in

trained obese animals has not been investigated yet.

Therefore, this study sought to verify whether exercise

training reduces ER stress in hepatic and adipose tissues of

obese animals and whether this is relational with a reduc-

tion of insulin resistance of these tissues.

In this study, we demonstrate that high-fat diet lead to an

increase in JNK protein level. It is interesting to note that

Fig. 1 Effects of training exercise on NF-jB protein levels and JNK

and IkBa phosphorylation. Adipose and hepatic extracts from rats

were prepared as described in ‘‘Materials and methods’’. a, d Adipose

and hepatic (respectively) extracts were IB with anti-phospho JNK.

b, e adipose and hepatic (respectively) extracts were IB with anti-NF-

jB. c, f Adipose and hepatic (respectively) extracts were IB with anti-

phospho IjBa. Bars represent mean ± SEM of n = 5 rats. *p \ 0.05,

DIO rats versus control groups; #p \ 0.05, DIO ? ET group versus

DIO sedentary rats
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chronic exercise reverses these parameters in parallel with

a reduction in JNK activity and IjBa degradation. In

accordance with this, our results show increased

phosphorylation of PERK and eIF2a in animals fed with a

high-fat diet. However, the activity of these proteins was

observed to drop in animals submitted to exercise training.

This decrease was accompanied by increased insulin sen-

sitivity and correlates with the increase in phosphorylation

of IR, IRS1 and IRS2 and serine phosphorylation Akt in

liver and adipose tissues. More importantly, the changes

occur in the absence of changes in adiposity or body

weight.

Several mechanisms may be involved in the pathogen-

esis of insulin resistance in peripherals tissues. Neverthe-

less, it is well known that some of the molecular

mechanisms leading to insulin resistance involve altera-

tions in key molecules due to their intracellular signaling

pathways, such as JNK and NF-jB (Aguirre et al. 2000;

Hirosumi et al. 2002; Lee et al. 2003). Moreover, current

evidence has demonstrated that one of the pathological

mechanisms of insulin resistance is derived from impair-

ment of endoplasmic reticulum function, a process known

as ER stress.

JNK has been linked to the regulation of insulin sig-

naling by several studies (Aguirre et al. 2000; Hirosumi

et al. 2002; Lee et al. 2003; Gao et al. 2002; Cai et al. 2004;

Ragheb et al. 2008). In addition, recent works linked JNK

activation, ER stress and insulin resistance (Ozcan et al.

2004; Zhang et al. 2008). Thus, the role of exercise in JNK

activation is more important, and deserves to be investi-

gated in more detail. Several studies suggest that the

activity of JNK intracellular signaling cascade is increased

following prolonged running exercise (Boppart et al. 2000;

Thompson et al. 2003). In contrast, JNK phosphorylation

was reduced after resistance exercise in elderly men

(Williamson et al. 2003). In this study, we observed that

exercise training inhibited high-fat diet-induced JNK

activity.

Activation of inflammatory signaling, including of the

IjB–NF-jB pathway may also contribute to mediate ER

Fig. 2 Effects of exercise training on reticulum stress. Liver and

adipose extracts from rats were prepared as described in ‘‘Materials

and methods’’. a Adipose tissue extracts were immunoblotted (IB)

with anti-phospho PERK or anti b-actin antibodies (upper and lower
panels, respectively). b Adipose tissue extracts were immunoblotted

(IB) with anti-phospho eIF2a or anti-b-actin antibodies (upper and

lower panels, respectively). c Liver extracts were immunoblotted (IB)

with anti-phospho PERK or anti-b-actin antibody (upper and lower
panels, respectively). d Liver extracts were immunoblotted (IB) with

anti-phospho eIF2a or anti-b-actin antibodies (upper and lower
panels, respectively). b-Actin was used as protein load. The results of

scanning densitometry are expressed as arbitrary units. Bars represent

mean ± SEM of n = 5 rats. *p \ 0.05, DIO group versus sedentary

control rats; #p \ 0.05, DIO ? ET versus DIO sedentary rats
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Fig. 3 Insulin signaling. Liver and adipose extracts from rats,

injected with saline (B, Basal group) or insulin (?), were prepared

as described in ‘‘Materials and methods’’. a, d Adipose and hepatic

(respectively) tissue extracts were immunoprecipitated (IP) with anti-

IR antibody and blotted (IB) with anti-PY antibody (upper panels) or

anti-IR antibody (lower panels). b, e Adipose and hepatic (IRS1 and

IRS2, respectively) tissue extracts were IP with anti-IRS1 antibody

and IB with anti-PY (upper panels) and anti-IRS1 antibodies (lower
panels) for adipose tissue, and IP with anti-IRS2 antibody and IB with

anti-PY (upper panels) and anti-IRS2 antibodies (lower panels) for

hepatic tissue. c, f Adipose and hepatic tissue extracts were IB with

anti-phospho Akt or anti-Akt antibody (upper and lower panels,

respectively). The results of scanning densitometry are expressed as

arbitrary units. Bars represent means ± SEM of n = 5 rats.

*p \ 0.05, control and control plus exercise training stimulated-

insulin (?) versus Basal [no insulin control (-)]; #p \ 0.05 DIO rats

versus control sedentary rats; and &p \ 0.05, DIO ? ET group versus

DIO sedentary rats

Eur J Appl Physiol (2011) 111:2015–2023 2021
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stress (Gao et al. 2002). However, a few studies have

examined the effect of physical exercise on the IjB–NF-

jB pathway. In rats, exercise activates IjB–NF-jB sig-

naling in muscle (Ji et al. 2004), and acute fatiguing

exercise in humans reduces NF-jB activity. Similarly, a

recent study showing that 8 weeks of aerobic exercise

training reduced IjB–NF-jB signaling in vastus lateral is

muscle from subjects with type 2 diabetes (Sriwijitkamol

et al. 2006), our results show that animals submitted with a

high-fat diet has pronounced reduction of IjBa in liver and

adipose tissue. This finding is an indication of IKK acti-

vation and suggests that endurance exercise training is able

to reduce IKK activation and restore IjBa expression.

Recently, it has been shown that obesity induces chronic

ER stress, which, in turn, plays a central role in the

development of insulin resistance and diabetes (Ozcan

et al. 2004). The phosphorylation status of PERK and

eIF2a is, therefore, a key indicator of the presence of ER

stress. In this study we found an increase in these indicators

of ER stress in liver and adipose tissues of obese rats. Thus,

we suggest that a high-fat diet-induced endoplasmic retic-

ulum stress. In hepatic cells, ER stress inhibits the action of

insulin (Ozcan et al. 2004); however, there are no reports

demonstrating that exercise training decreases ER stress in

liver and adipose tissues in DIO-induced obesity. In the

present study, we showed that exercise training reduces

phosphorylation of PERK and eIF2, indicating a decrease

in ER stress and an improvement in insulin signal trans-

duction. Although the present study does not produce direct

evidence that changes in the PERK pathway are linked to

changes in insulin signaling, many works in the literature

have observed this outcome (Ozcan et al. 2004; Wellen and

Hotamisligil 2005; Hu et al. 2006; Hotamisligil 2008).

Elegant reports indicate that ER stress, induced by

obesity, is associated with inflammation and established a

link between inflammatory responses, particularly through

the JNK and IKK signaling pathways (Hu et al. 2006;

Hotamisligil 2008), with abnormal insulin action (Ozcan

et al. 2004; Wellen and Hotamisligil 2005). Thus, we

suggest that exercise training reduces markers of ER stress

by changing inflammatory pathways. Hu and colleagues

reported that ER stress is induced in a NF-jB-dependent

manner. In addition, the inhibition of NF-jB suppresses ER

stress-induced cell death in MCF-7 cells (Hu et al. 2006).

Jiang and colleagues showed that, during ER stress,

phosphorylation of the alpha subunit of eIF2 by PERK

is required for activation of NF-jB (Jiang et al. 2003).

A cause-effect relationship between inflammatory path-

ways and ER stress is not totally clear. In the present study,

NF-jB expression was elevated in obese rats, and reduced

in trained obese rats. In addition, the activity of JNK was

also increased and appears to be involved in ER stress (for

review see Hotamisligil 2008). On the order hand, our data

show that the activity of JNK was largely decreased in

trained obese rats. Thus, these effects may reduce ER

stress.

In this context, cytokines contribute to the activation of

intracellular inflammatory signal transduction. Further-

more, our group has reported that obese animals present

high cytokine levels (De Souza et al. 2005; Barbuio et al.

2007; Cintra et al. 2008; Pauli et al. 2008; Prada et al.

2009; Romanatto et al. 2009). Thus, we evaluated serum

TNFa concentrations. We observed increased TNFa levels

in DIO rats, which may explain the modification of pro-

inflammatory molecules (JNK, IjB and NF-jB) induced by

high-fat diet (as previously demonstrated). After endurance

exercise training, DIO rats demonstrated a reduction in

TNFa levels.

In this sense, the liver should, therefore, be considered

as a working organ during exercise and thus some of the

beneficial effects of physical activity on insulin sensitivity

and metabolism occur in the liver. Insulin signaling plays

an important role in controlling gluconeogenic gene

expression, including that of phosphoenolpyruvate car-

boxykinase (PEPCK), which catalyzes the rate-limiting

step of hepatic gluconeogenesis (Sutherland et al. 1996).

More specifically, in the hepatic tissue this improved

insulin signaling may decrease glucose production by liver.

Collectively, our data provide evidence that exercise

training improves insulin signaling and this mechanism

involved a decrease in inflammation and ER stress in liver

and adipose tissue of diet-induced obesity rats.

Unfortunately, the present study has limitations, espe-

cially, of secondary proof and isolated tissues analysis.

Currently, we are unable, in our laboratory, to use

4-phenylbutyric acid (for inhibition ER stress) or tunica-

mycin (for induction ER stress). In addition, it is not yet

clear whether exercise training improves ER stress by

reducing the inflammatory pathway or by a direct action on

endoplasmic reticulum stress. Although the literature

shows that a reduction in ER stress results in improved

insulin resistance, we could not demonstrate this in the

present study, and the two events may occur in parallel.

However, while this is a descriptive study, the discovery

that exercise training reduces markers of ER stress may be

one possible explanation, among several others, as how

exercise has beneficial effects on obesity and diabetes.
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