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ABSTRACT 

Fish oil (mainly omega 3 polyunsaturated fatty acids), differently from lard (mainly saturated fatty acids) has been sug- 
gested to have anti-inflammatory effects associated with amelioration of insulin sensibility. An important role in skele- 
tal muscle insulin resistance development has been recently attributed to mitochondrial dynamic behavior. Mitochon- 
dria are dynamic organelles that frequently undergo fission/fusion processes and a shift toward fission process has been 
associated with skeletal muscle mitochondrial dysfunction and insulin resistance development. The present work aimed 
to evaluate if the replacement of lard with fish oil in high-fat diet positively affect skeletal muscle mitochondrial dy- 
namic behavior in association with the improvement of insulin-resistance. Body weight gain, systemic insulin-resistance 
(glucose/insulin ratio), serum TNFα levels and skeletal muscle lipid content were assessed in rats fed a high-lard or 
high-fish-oil diet for 6 weeks. In skeletal muscle sections, immunohistochemical analysis were performed to detect the 
presence of insulin receptor substrate 1 (IRS1) and tyrosine phosphorylated IRS1 (key factor in insulin signalling path- 
way) as well as to detect the main proteins involved in mitochondrial fusion (MFN2 and OPA1) and fission (DRP1 and 
Fis1) processes. Skeletal muscle mitochondrial ultrastructural features were assessed by electron microscopy. High-fish 
oil feeding induced lower body weight gain, systemic inflammation and insulin-resistance development as well as 
skeletal muscle lipid accumulation compared to high-lard feeding. Skeletal muscle sections from high-fish oil fed rats 
exhibited a greater number of immunoreactive fibers for MFN2 and OPA1 proteins as well as weaker immunostaining 
for DRP1 and Fis1 compared to sections from high-lard fed rats. Electron microscopy observations suggested a promi- 
nent presence of fission events in L rats and fusion events in F rats. The positive effect of the replacement of lard with 
fish oil in high-fat diet on systemic and skeletal muscle insulin sensibility was associated to changes in mitochondrial 
dynamic behavior.  
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1. Introduction 

The debate on the roles played by different type of die- 
tary fat (saturated or unsaturated) in obesity development 
and associated diseases, such as insulin resistance, is still 
ongoing with controversies in finding on both positive 
and negative contribution of fatty acids to these diseases. 
It is however well known that among high fat diets, both 
safflower oil and lard induce obesity, whereas fish oil 
does not [1-3]. In addition, omega-3 polyunsaturated 
fatty acids (ω-3 PUFAs) from fish oil enhance insulin  

sensitivity and glucose homeostasis in rodent models of 
insulin resistance. In fact, whether insulin resistance de- 
velops depends upon the type of dietary fat: the replace- 
ment of a small proportion of the diet with omega-3 fatty 
acids from fish oil completely prevents the development 
of skeletal muscle insulin resistance [4-6]. These benefi- 
cial effects have been linked with anti-inflammatory 
properties, but emerging data suggests that the mecha- 
nisms may also converge on mitochondria, given that 
defects in mitochondrial performance has been suggested 
to contribute to the development of insulin resistance [7,  
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8]. In fact, defective mitochondrial function in skeletal 
muscle, the main tissue involved in insulin resistance 
development, has been reported in type II diabetes and 
other insulin-resistant states [7,9,10]. New emerging 
evidence suggests that the maintenance of correct mito- 
chondrial function is strictly associated with the maint- 
nance of normal mitochondrial morphology by tilting the 
balance between fusion and fission processes (dynamic 
behavior) [9,11,12]. In fact, mitochondria are dynamic 
organelles which, in response to both cellular energy 
demand and environmental challenges, may undergo to 
frequently changes in their distribution and morphology 
by an alteration in recurrent fission and fusion events 
[9,11,12]. The main proteins involved in fusion processes 
are mitofusin 1 and 2 (Mfn1, Mfn2) and autosomal 
dominant optic atrophy-1 (OPA1) [9,13,14], which are 
associated with the mitochondrial outer and inner mem- 
branes, respectively. Whereas fission events are coordi- 
nated by fission 1 protein (Fis1), an integral outer mito- 
chondrial membrane protein, which mediated the re- 
cruitment of the cytosolic dynamin-related protein 1 
(DRP1) to complete fission activities [9,11]. There is 
growing evidence that a reduction in the proteins in- 
volved in mitochondrial fusion is associated with skeletal 
muscle mitochondrial dysfunction in the development of 
obesity, insulin resistance and type II diabetes [9,15], 
while enhanced fission machinery has been found in 
skeletal muscle in genetically obese and diet-induced 
obese mice [16]. Furthermore, fission inhibition and/or 
fusion activation have been found to counteract many of 
the disease phenotypes related to IR and diabetes [17].  

As regards the effects of omega-3 PUFA on mito- 
chondrial dynamic behavior, it has been found that, in 
steatotic hepatocytes “in vitro”, omega-3 PUFAs may 
change mitochondrial morphology and have beneficial 
effects on recovery of mitochondrial function by in- 
creasing the expression of Mfn2 [18]. 

At present, to our knowledge, we do not have a global 
view of the proteins directly involved in mitochondrial 
fusion (MFN2, OPA1) or in fission (DRP1, FIS1) in 
skeletal muscle during high fat induced obesity and insu- 
lin resistance in animal models of disease, neither it has 
been performed a study to evaluate the effects of fish oil 
on the skeletal muscle mitochondrial dynamic behavior 
in the whole. Therefore, the aim of the present study was 
to perform a study to compare the effects of high-lard 
(HL) (mainly saturated fatty acids) vs. high-fish oil (HFO) 
(mainly omega-3 polyunsaturated fatty acids) diet on 
mitochondrial morphology and dynamic behavior in rat 
skeletal muscle as well as to evaluate the association be- 
tween these features and insulin-resistance development. 
To this end, we analyzed systemic and skeletal muscle 

insulin resistance (by evaluating glucose/insulin ratio and 
IRS1 phosphorylation, respectively) and we evaluate 
morphological features and the presence of fusion/fission 
protein, by electron microscopy and immunoistochemical 
approaches, respectively. The results showed that high- 
lard feeding elicited mitochondrial fission morphotype 
with enhanced presence of fission proteins and reduced 
presence of Mfn2 in skeletal muscle associated with sys- 
temic insulin resistance and obesity development, whereas 
high-fish oil feeding evocated a prevalence of skeletal 
muscle mitochondrial fusion events associated with an 
higher systemic insulin sensibility and anti-obesity ef- 
fects. These findings open new perspectives on the role 
of mitochondrial dynamic behavior in the study of fatty 
acids effects in obesity and associated disease develop- 
ment.  

2. Experimental Procedures 

Before you begin to format your paper, first write and 
save the content as a separate text file. Keep your text 
and graphic files separate until after the text has been 
formatted and styled. Do not use hard tabs, and limit use 
of hard returns to only one return at the end of a para- 
graph. Do not add any kind of pagination anywhere in 
the paper. Do not number text heads—the template will 
do that for you.  

2.1. Materials  

Analytical grade chemicals were used, from Sigma (St 
Louis, MO, USA). The fish oil used was cod-liver oil 
(New.Fa.Dem. srl, Giugliano, Naples, Italy).  

2.2. Animals and Diets 

Male Wistar rats aged 60 days (Charles River Italia, 
Calco, Como, Italy) were caged singly in a temperature- 
controlled room at 24˚C with a 12 h light-dark cycle. 
They were divided into 3 groups (8 rats each), in each of 
which mean body weight was about 400 g. For 6 weeks, 
the first group (N) received a standard diet (10.6% fat 
J/J), the second group (L) the HL diet (40% fat J/J) and 
the third group (F) the HFO diet (40% fat J/J). Diet 
compositions are shown in Table 1. The high-fat diets 
was formulated to differ from the standard diet only in 
the fat and carbohydrate contribution to the energy value 
but to be identical in terms of protein, vitamins, minerals, 
and fiber, as previously reported [19]. The experimental 
design was repeated three times (different rats being used 
each time) for all the required measurements to be made. 
In particular, groups of rats were fasted overnight to de- 
termine basal glucose and serum insulin levels. For the 
measurements of insulin-dependent phosphorylation of 
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Table 1. Composition of diets. 

High-Fat Diet 

High-Lard  
(HL) 

High-Fish-Oil 
(HFO) 

Component 
Control 

Diet 

g/100g diet g/100g diet 

Standard feed g 100 51.03 51.03 

Caseina g - 9.25 9.25 

Lard g - 21.8 - 

Fish oilb g - - 21.8 

Sunflower oil g - 1.24 1.24 

AIN 76Mineral mixc g - 1.46 1.46 

AIN 76Vitamin mixd g - 0.42 0.42 

Choline bitartrate g - 0.08 0.08 

Methionine g - 0.12 0.12 

Energy density, kJ/g diet 15.88 20.00 20.00 

Energy (J/100J)    

Protein % 29 29 29 

Lipid % 10.6 40 40 

Carbohydrate % 60.4 31 31 

aPurified high-nitrogen casein, containing 88% protein; bFish oil = Cod-liver 
Oil; cAmerican Institute of Nutrition (1977); dAmerican Institute of Nutri- 
tion (1980). 

 
insulin receptor substrate 1 (IRS1), rats that had fasted 
for five hours, were euthanized 15 min after an i.p. injec- 
tion of insulin (homolog rapidacting, 10 units/kg body wt; 
Novartis, Basel, Switzerland). Moreover, groups of fed 
rats were used to analyze mitochondrial dynamics. All 
animals received humane care according to the criteria 
set by the National Institutes of Health. 

At the end of the dietary treatment, rats were anaesthe- 
tized by injection of chloral hydrate (40 mg/100g body 
weight, i.p.) and blood was taken via the inferior vena 
cava. Skeletal muscles (gastrocnemius) were removed 
and immediately processed for morphological analysis.  

2.3. Determination of Serum Parameters and 
Skeletal Muscle Lipid Content 

Serum TNFα levels were measured using ELISA kits 
(Thermoscientific, Rockford, IL). Serum levels of glucose 
and insulin were determined by means of a glucose 
monitor (BRIO, Ascensia, NY), calibrated for use with 
rats and ELISA (Mercodia rat insulin; Mercodia, Uppsala, 
Sweden), respectively.  

Lipid content was determined by the gravimetric 

method of Folch [20].  

2.4. Light Microscopy and  
Immunohistochemistry 

Small pieces of skeletal muscles (gastrocnemius) were 
fixed in Bouin’s fluid, embedded in paraplast and cut at 4 
- 5 μm. Immunohistochemical reactions were performed 
using serial sections that were immunostained by PAP 
(peroxidase-antiperoxidase) reaction and by Polymer- 
based method using mammalian polyclonal antibodies 
(Sternberger, 1974). Polyclonal antibodies against Mfn2 
(1:200) (Abcam, Cambridge, UK), OPA1 (1:200) (Novus 
Biologicals, Cambridge, UK), DRP1 (1:200) (Santa Cruz, 
CA), hFIS1 (1:400) (Santa Cruz, CA), IRS1 (1:400) and 
phosphorylated IRS1 (pIRS1 Tyr 632) (1:400) (Santa 
Cruz, CA). The following control procedures were per- 
formed to test the specificity of the reagents: 1) omission 
of the primary antiserum and incubation of the sections 
either with immune or nonimmune serum (1:10 and 1:20); 
2) absorption of the primary antiserum with its specific 
peptide (10 nmol/mL of optimally diluted antiserum) for 
24 h at 4˚C. When specific peptides were used, the stain- 
ing was abolished [21]. Images of sections were acquired 
using a Zeiss Axioskop microscope equipped with a TV 
camera.  

2.5. Electron Microscopy (EM) and  
Morphometric Analyses 

Conventional EM technique was used, as previously de- 
scribed [22]. Briefly, thin strips of muscle were placed 
immediately into cold 2.5% glutaraldehyde in 0.1 M 
phosphate buffer solution (pH 7.4) at 4˚C for 2 h. After a 
brief rinsing in the phosphate buffer solution, they were 
postfixed in 1 % OsO4 in 0.1 M phosphate buffer solu- 
tion (pH 7.4) at 4˚C for 2h, dehydrated in an ascending 
concentration of alcohol, and embedded in Epon. All 
embedded specimens were sectioned with diamond 
knives on an LKB ultramicrotome. Thin sections mounted 
on grids were stained with uranyl acetate and with lead 
citrate, and examined with CM 12 Philips electron mi- 
croscope at the interdepartmental center for electron mi- 
croscopy (CISME).  

Fifteen electron microscopy images/animals were ana- 
lyzed by Zeiss Axiovision image analysis system to score 
the number of fusion/fission events.  

2.6. Data Analysis 

ANOVA followed by the Newman-Keuls test to correct 
for multiple comparisons. Differences were considered 
statistically significant at P < 0.05. All analyses were 
performed using GraphPad Prism (GraphPad Software, 
San Diego, CA).  
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3. Results 

3.1. Body-Weight Gain and Serum Metabolite 
Levels  

L rats exhibited the highest body weight gain among the 
three experimental groups, even if both L and F rats 
showed a similar increases in energy intake over the in- 
take of control group (Table 2). As regards inflammatory 
markers, we assayed serum TNFα levels and Table 2 
showed that it markedly increased in L rats (+97%) 
compared to N ones. On the other hand, F rats showed no 
significant increased serum TNFα levels (+11%) com- 
pared to N, and this increase was significantly lower 
compared to that found in L rats (Table 2). We then 
evaluated systemic insulin resistance development by 
calculating fasting serum glucose/insulin (G/I) ratio. 
Fasting serum glucose levels was higher in L (+33%) and 
F (26%) rats compared to controls (Table 2). On the 
other hand, L rats exhibited the highest values of fasting 
serum insulin levels, whereas insulin levels in F rats was 
no significantly increased compared to controls. The de- 
termination of G/I ratio values, as index of insulin resis- 
tance development, showed that L rats exhibited a sig- 
nificantly decreased ratio compared to N and F rats, sug- 
gesting development of insulin resistance only in L rats 
(Table 2). 

3.2. Immunohistochemical Analysis of the  
Proteins Relevant to Insulin Resistance  
and Mitochondrial Dynamics  

IRS1 phosphorylation on tyrosine632 plays a key role in 
insulin signalling pathway. Therefore, in order to evalu-  
 
Table 2. Body-weight gain, energy intake, serum parame- 
ters and skeletal muscle lipid content in rats fed a normal, 
HL or HFO diet. 

 N L F 

Body-weight gain, g 102 ± 8 168 ± 9* 123 ± 7# 

Energy intake (KJ) 13,124 ± 300 19,867 ± 602* 19,306 ± 405*

Serum parameters:    

TNF-α, ng/ml 0.120 ± 0.01 0.236 ± 0.02* 0.143 ± 0.01*#

Insulin mU/L 9.53 ± 0.99 26.69 ± 2.9* 11.63 ± 1.5#

Glucose mg/dL 79.2 ± 1.3 105.5 ± 4.3* 100.1 ± 6.2*

G/I ratio 8.31 ± 0.78 3.95 ± 0.52* 8.61 ± 0.93#

Skeletal muscle lipid 
content, mg/g 

1.27 ± 0.13 1.81 ± 0.14* 1.36 ± 0.12#

Data are means ± SE for 8 rats in each experimental group. *P < 0.05 com- 
pared to N rats, #P < 0.05 compared to L rats N = rats fed normal low-fat 
diet; L = rats fed HL diet; F = rats fed HFO diet. G/I ratio = Glucose 
(mg/dL)/Insulin (mU/L)]. 

ate skeletal muscle insulin resistance development, we 
assessed the presence of both IRS1 and pIRS1 (tyr632) by 
immunohistochemical analysis in skeletal muscle sec- 
tions. The immunostaining for IRS1 was detected in N 
and F groups while in L rats the immunostaining was 
reduced. The immunoreactivity for pIRS1 (tyr632) was 
also absent or very weak only in L sections, while it was 
evident in N and F rats (Figure 1). 

To evaluate the mitochondrial fusion and fission proc- 
esses, we investigated at light microscopy level the pres- 
ence of the four main proteins involved in these proc- 
esses, (Mfn2 and OPA1 for fusion and DRP1 and Fis1 
for fission), by the means of immunohistochemistry in 
skeletal muscle sections. The immunoreactivity for Mfn2 
showed a different localization in N and in L fibers. In- 
fact, in N skeletal muscle sections, the immunostaining 
for Mfn2 was essentially peripheral in most of the fibers 
with some fibers also immunoreactive in the central part, 
whereas only very few fibers were immunostained in 
central part in L sections. F skeletal muscle sections 
showed an intermediate distribution of immunoreactivity 
between N and L with a great number of fibers immu- 
nostained in the central part. The immunostaining for 
Opa1 was heavily present at the periphery and weakly in 
the central part of the fibers in N and F rats with some 
fibers more labeled than others. L fibers did not shown 
any difference in the distribution of OPA1 immunostain- 
ing among the fibers which seemed less immunoreactive 
compared to N and F (Figure 2). The immunostaining 
for DRP1 was also mainly localized at the periphery of 
the fibers. In L rats some fibers appeared to be more 
heavily labelled. The immunoreactivity for Fis1 was su- 
perimposed on that of DRP1 (Figure 2).  

3.3. Electron Microscopy 

The ultrastructure features of skeletal fibers showed the  
 
 

IRS

p-IRS

N L F

 

Figure 1. Skeletal muscle insulin resistance markers. IRS: 
three sections of N, L and F gastrocnemius fibers immu- 
nostained for this protein. Note that the labeling is strong 
for N rats and very weak for L rats, while F animals showed 
an immunostaining similar to N. pIRS (Tyr632): the immu- 
nostaining showed a very reduced tyrosine insulin receptor 
substrate-1 phosphorylation in L rats. 
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N L F

MFN2

OPA1

DRP1

FIS1 

 

Figure 2. Proteins involved in mitochondrial dynamic be- 
havior. MFN2: three sections of N, L and F gastrocnemius 
fibers immunostained for MFN2. The immunostaining is 
localized at the periphery for the most the fibers, and also 
in central part for some fibers of the control skeletal muscle 
(N). It was essentially peripheral in L where only few fibers 
were strongly immunostained in the central part, while F 
skeletal fibers showed an intermediate distribution of im- 
munoreactivity between N and L, with a greater number of 
fibers that exhibited heavy immunostaining in the central 
part. OPA1: the immunostaining for Opa1 was strongly 
present at the periphery of the fibers and lightly in the cen- 
tral part. In N and F rats some fibers were more labeled 
than others. In L there was no difference among the fibers. 
DRP1: The immunostaining for this protein followed that of 
previous described proteins, in fact it was mainly localized 
at the periphery of the fibers. In L rats some fibers ap-
peared more heavely labeled. Fis1: labeling for Fis1 was 
superimposed on that of DRP1. 
 
three types of fibers were present in gastrocnemius. The 
main ultrastructural differences among the fibers were 
due to the thickening of Z line, the abundance and size of 
mitochondria, the glycogen content, and depth of sub- 
sarcolemmal (SS) mitochondria aggregation (Figure 
3(a)). In N rats, the intermyofibrillar (IMF) mitochondria 
exhibited a clear matrix, tubular cristae and glycogen 
content intermediate between L and F rats. In L rats, 
many mitochondria presented a clear matrix with disor- 
ganized cristae. In some images it could be noted a deep 
furrow which extend into the organelle, suggesting a fis- 
sion process. In F the mitochondrial matrix was some- 
what more dense with some dilated cristae (Figure 3(b)). 

 N

(b)

(c)

(d)

L F

(a)

 

Figure 3. Skeletal muscle mitochondrial ultrastructural fea- 
tures. (a) three ultrathin sections of N, L and F gastrocne- 
mius fibers. Note the differences, among the fibers, in size of 
mitochondria (arrow), in Z line thickening (arrowhead) and 
glycogen content (double arrow), presumably due to dif- 
ferent fiber types type I (slow-twitch oxidative red fibers), 
type IIA (fast-twitch fibers glycolytic oxidative) and IIB 
(fast-twitch fibers glycolytic white fibers); (b) Three ultra- 
thin sections of N, L and F skeletal muscle. Intramyofibril- 
lar (IMF) mitochondria exhibited different ultrastructural 
features, the cristae were mainly tubular, the matrix was 
meanly electron lucent in N rats, in F the matrix was 
somewhat more dense with some dilated cristae. In L rats 
among the IMF mitochondria, many presented a clear ma- 
trix with disorganized cristae. In the rectangle a furrow 
(white arrow) was forming suggesting a fission process; (c) 
Subsarcolemmal mitochondria (SS). Note the differences in 
the quantity of mitochondria close to sarcolemma. In L, the 
white arrow points to a budding formation from a mito- 
chondrion suggesting a fission event. The black arrow indi- 
cates a T tubule. In F, the white double arrow points to a 
probable mitochondrial fusion event; (d) in F, the arrow 
indicates two mitochondria ongoing to fission/fusion event; 
either mitochondria showed a myelinic figure-like feature. 
L1 it could be noted the presence of some swollen mito- 
chondria (asterisk). L2 some myofilaments in the sarcomere 
presented a distortion in their arrangement (interrupted 
arrow). Sr = sarcoplasmatic reticulum, T = triad, the black 
arrow indicates a T tubule. 
 

As regards the SS mitochondria, subsarcolemmal ag- 
gregations of large, closely packed mitochondria are 
moderately abundant particularly in F and to a lesser ex- 
tent in L rats. 
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In L rats, fission events could be suggested by the 
presence of budding formation from mitochondrion. In 
images suggesting probable mitochondrial fusion event 
could be seen (Figure 3(c)). In particular, SS myelin 
figure-like mitochondrion in close apposition with an- 
other one suggested on-going fission/fusion process. 
Some swollen mitochondria could be seen in L rats. Fi- 
nally in a sarcomere of L rats some myofilaments pre- 
sented a distortion in their arrangement (Figure 3(d)). 

4. Discussion  

The main aim of the present work was to evaluate 
whether high-lard (mainly saturated fatty acids) and 
high-fish oil (mainly omega-3 polyunsaturated fatty acids) 
diets differently affect mitochondrial morphology and 
dynamic behavior in skeletal muscle associated with 
obesity and insulin-resistance development in experi- 
mental animal model. 

We firstly evaluated the development of obesity, sys- 
temic inflammation and insulin resistance and, as ex- 
pected, we found that 6 weeks high-lard feeding elicited 
higher body weight gain and serum TNFα levels as well 
as insulin-resistance development (as showed by the 
lower G/I ratio) compared to the standard feeding. On the 
other hand, the replacement of lard (saturated fatty acids) 
with fish oil (ω-3 fatty acids) in high-fat diet elicited 
lower increase in body weight gain and serum TNFα 
levels associated with normal G/I ratio. These findings 
suggested that dietary omega-3 fatty acids (fish oil), even 
when administrated as source of fat in chronic high fat 
feeding, have preventive effects on obesity and systemic 
inflammation and insulin resistance development, dif- 
ferently from dietary saturated fatty acids (lard). 

Given that the main tissue involved in insulin resis- 
tance development is skeletal muscle, we evaluate skele- 
tal muscle insulin resistance by performing immunoisto- 
chemical analysis of IRS1 and pIRS (Tyr632), a key 
molecule in insulin signalling pathway: in fact, insulin 
signalling involves IRS1 phosphorilation on Tyr632. Ac- 
cordingly with systemic insulin resistance development, 
high-lard feeding induced also a defect in insulin signal- 
ling pathway with a lower immunoreactivity to IRS1 and 
pIRS (Tyr632). As regards the low immunoreactivity for 
IRS1 in L rats, this result agreed with Yuzefovych et al. 
(2013) [23] who found a significantly reduced IRS1 con- 
tent in skeletal muscle of high-fat diet fed mice. In line 
with our finding, Yaspelkis et al. (2009) [24] described a 
decreased in pIRS (Tyr632) in high-fat fed rats. On the 
other hand, the replacement of lard with fish oil in 
chronic overfeeding elicited IRS1 and pIRS (Tyr632) im- 
munoreactivity similar to control diet, in agreement with 
the normal G/I ratio. We also showed that high-lard 

feeding induced less phosphorylation of PKB/AKT, an- 
other key protein in insulin signalling in skeletal muscle, 
whereas high-fish oil feeding does not (unpublished 
data).  

The present work was then focused on the analysis of 
proteins involved in mitochondrial dynamic behavior, 
fusion and fission processes, since these processes have 
been recently suggested to play an important role in insu- 
lin resistance development associated to obesity [9,15]. 
We chose to utilize electron microscopy and immuno- 
histochemical approach to observe mitochondrial mor- 
photype and the relative abundances (related to the inten- 
sity of the immunostaining) of proteins involved in fu- 
sion (Mfn2 and OPA1) and fission (DRP1 and Fis1) 
processes, respectively. 

The results showed that immunoreactivities for fusion 
proteins (Mfn2 and OPA1) were weaker in L skeletal 
muscle sections compared to N ones, whereas L sections 
exhibited the strongest immunoreactivity for protein in- 
volved in fission processes (DRP1 and Fis1) among the 
three experimental groups. Moreover, F rats showed an 
immunostaining for fusion proteins similar but more 
pronounced compared to that of N rats. For fission pro- 
teins, F skeletal muscle fibers were behaving like N ones, 
but the immunoreactivity was less intense. These results 
confirmed a reduced fusion process and increased fission 
events in obese-insulin resistant rats, in agreement with 
previous finding [9,15-17], while the contrary happens 
for high-fish oil fed rats. These findings suggested for the 
first time that the anti-obesity and beneficial effects of 
fish oil feeding on insulin resistance development may be 
associated to changes in mitochondrial dynamic behavior 
in skeletal muscle. In fact, given that we also found a 
different skeletal muscle insulin resistance development, 
as showed by IRS1 and pIRS1 immunostaining, it could 
be suggested that changes in mitochondrial dynamic be- 
havior were associated with different skeletal muscle 
insulin sensibility in L and F rats. 

As for electron microscopy observations, they confirm 
the trend to a shift towards fission for L skeletal muscle 
mitochondria, as suggested by the images of furrow 
cleaving an organelle and budding formation. In some 
cases mitochondria seemed impaired as shown by the 
presence of disorganized cristae and swollen organelle. 
In one case the myofilaments presented distortion. In F 
skeletal muscle, instead, the images of fusion were pre- 
vailing.  

Our finding on the effects of different dietary fatty ac- 
ids on skeletal muscle mitochondrial dynamic behavior 
may be associated with effects on inflammatory proc- 
esses involved in insulin resistance development. In- 
flammatory markers, such as tumor necrosis factor 
(TNF)-α, are involved in obesity related-insulin resis- 
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tance [25]. In fact, several animal models of obesity and 
insulin resistance show significantly higher levels of 
TNF-α mRNA and protein compared with their lean 
counterparts [26,27]. Moreover, neutralization of TNF-α 
with a soluble TNF-α receptor-IgG fusion protein ame- 
liorates insulin sensitivity [28]. Regards the correlation 
between inflammatory markers and mitochondrial dy- 
namic behavior, Bach and coll. obtained some evidence 
indicating that TNF-α inhibits Mfn2 gene expression in 
cells in culture [29], suggesting that inflammatory pa- 
rameters may play a regulatory in vivo role on Mfn2. 

Our data gave support to the hypothesis of inflamma- 
tory parameters involvement in the reduced fusion proc- 
ess associated with obesity and insulin-resistance in vivo. 
In fact, pro-inflammatory dietary fatty acids (such as that 
found in lard), which were characterized by an increased 
systemic inflammatory parameters, such as TNF-α, re- 
duced Mfn2 and induced fission phenotype. On the other 
hand, the anti-inflammatory effect of omega-3 dietary 
fatty acids (such as that found in fish oil which elicited 
systemic TNF-α levels comparable to that found in N rats) 
was associated with no reduction in skeletal muscle 
Mfn2 content and a tendency to mitochondrial fusion. 

It is interesting to notice that fusion process has been 
suggested to rescue cellular stress by allowing functional 
mitochondria to complement dysfunctional mitochondria 
by diffusion and sharing of components between organ- 
elles [30]. Therefore, the shift toward fusion observed 
during high-fish oil feeding may be an adaptive mecha- 
nism to counteract the cellular stress induced by chronic 
high-fat diet. 

All together, the results of the present works gave an 
interesting impulse to the research on the involvement of 
mitochondrial dynamic fusion/fission processes in the 
positive effect of dietary ω-3 polyunsaturated fatty acids 
on systemic and tissue insulin resistance prevention as- 
sociated with anti-inflammatory and anti-obesity effects. 
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