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Abstract: Sarcopenia and sarcopenic obesity are currently considered major global threats for
health and well-being. However, there is a lack of adequate preclinical models for their study.
The present trial evaluated the suitability of aged swine by determining changes in adiposity, fatty
acids composition, antioxidant status and lipid peroxidation, development of metabolic disturbances
and structural changes in tissues and organs. Iberian sows with clinical evidence of aging-related
sarcopenia were fed a standard diet fulfilling their maintenance requirements or an obesogenic diet for
100 days. Aging and sarcopenia were related to increased lipid accumulation and cellular dysfunction
at both adipose tissue and non-adipose ectopic tissues (liver and pancreas). Obesity concomitant
to sarcopenia aggravates the condition by increasing visceral adiposity and causing dyslipidemia,
insulin resistance and lipotoxicity in non-adipose tissues. These results support that the Iberian swine
model represents certain features of sarcopenia and sarcopenic obesity in humans, paving the way
for future research on physiopathology of these conditions and possible therapeutic targets.
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1. Introduction

Sarcopenia is a syndrome characterized by loss of skeletal muscle mass and function [1], causing
negative health outcomes like functional decline and disability [2–4] and increased mortality [5]. This
may be further aggravated in case of obesity and increases in fat mass (sarcopenic obesity; [6]) which
increases mobility and disability problems [7]. Currently, around 20 and 30% of elderly women and
men, respectively, may have sarcopenic obesity [8]. Sarcopenic obesity is also related to metabolic
disturbances, like metabolic syndrome and type-2 diabetes [9]; it is, therefore, considered a major
global threat to health and well-being [10].

There are currently no drugs for the treatment of sarcopenia [7,11] and the recommended
therapeutic interventions are based on lifestyle changes [9], with limited effects and with difficult
implementation in elderly individuals with chronic diseases or different disabilities. Hence, there is
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a strong need for research efforts on pathogenesis and possible treatments. The results will contribute
to relevant improvements of individual life-quality and savings in health-care resources.

Almost all the available studies are observational (with their inherent constraints),
and interventional research is, therefore, necessary. Such research should be based on adequate
translational animal models as elegantly reviewed by Palus in 2017 [12]. Most of the interventional
trials on sarcopenia have been performed in rodents and have been based on induced acute muscle
atrophy. These models do not represent sarcopenia by ageing [9], which needs long time to be
achieved (around 20–24 months [13]). Moreover, the study of metabolic implications of sarcopenic
obesity in rodents is constrained by their marked differences in metabolic and endocrine pathways
with humans [14]. There is, consequently, a need for complementary preclinical animal models.
The use of non-rodent mammals is essential to develop more relevant and predictive models of human
disease. In this way, large animals have close similarities to humans in size and in many anatomical,
physiological and pathological features. Moreover, large animal models of human diseases can be
studied employing the same clinical approach used for human patients. In this sense, the pig has more
similar patho-physiological features to humans than rodents [15].

Pigs used for biomedical research can be either random- or purpose-bred. Pigs from random-bred
are typically farm animals (e.g., Landrace, Large White, Pietrain), where genetic selection is focused
on animal production parameters. Purpose-bred pigs for biomedical research originate from closed
colonies selected for a specific phenotype. The most commonly used swine breeds for research on
obesity and metabolic diseases are Göttingen, Yucatan and Ossabaw Island pigs. However, all these
breeds have a common ancestor: the Iberian pig.

The Iberian pig has an ancient origin, being traced back approximately to year 1000 Before Christ,
and has been traditionally reared under extensive free-range conditions, using natural resources like
pastures and acorns. Maintenance in semi-feral conditions has induced the pigs to develop an adaptive
mechanism to the environment, which is known as thrifty genotype and which was firstly described in
humans [16]. The thrifty genotype facilitates accommodation to seasonal cycles of feasting and famine
because the ability to store fat in excess during food abundance enables survival during periods of
scarcity. However, these individuals become obese in case of food-excess. Iberian pigs arise therefore
as good model for studies on obesity and associated morbidities, since they develop cardiovascular
and metabolic disorders in case of obesity, either during juvenile development [17] or adulthood [18].

The Iberian pig may be also useful for studies focused on sarcopenia, since the breed is reared
under extensive traditional systems which facilitates the finding of older animals than in the case of
breeds used for meat production under intensive management conditions (e.g., Landrace, Large-White,
Pietrain). Intensive animal production systems are associated to intense genetic and productive
selection and sows identified as having lower performance than the herd average are early culled,
as early as age as 3–4 year-old [19]. Conversely, genetic and productive demands are not so
strong in extensive traditional systems and culling is more related to either reproductive failures
or musculoskeletal and locomotive disorders associated to age (which are similar to those associated
with human sarcopenia).

Hence, the present study aimed to characterize a large-animal model for preclinical studies on
sarcopenia and sarcopenic obesity, based on the use of old Iberian sows with aging-related sarcopenia
and exposed or not to obesogenic diets. The validity of the models was assessed by determining
possible links among adiposity, fatty acids composition, antioxidant status and lipid peroxidation,
development of metabolic disturbances and structural changes in tissues and organs.

2. Results

2.1. Body-Weight and Adiposity

All the animals fed with the obesogenic diet showed a significant increase in body-weight
(123 ± 6.1 to 202.3 ± 4.9 kg, p < 0.0001) and adiposity (16.1 ± 2.4 to 45.6 ± 2.9 mm of back-fat depth,
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p < 0.0001) from Day 0 to 100 (Figure 1). The values in control sows were similar to the initial values
in obese sows (127.9 ± 4.0 kg and 19.3 ± 1.3 mm, respectively). The macroscopic findings during
necropsy indicated a severe intraabdominal fattening in obese sows, with large amounts of mesenteric
fat covering all viscerae and mesenteric tissues. However, intramuscular fat content was similar in
obese and non-obese sows (12.9 ± 1.1% vs. 12.8 ± 0.7%).
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Figure 1. Mean (±S.E.M.) values in body-weight (A) and back-fat depth (B) in control sows (white dot;
n = 17) and changes in such values over time after starting differential feeding with a diet enriched with
saturated fat in treated sows (black line and dots; n = 11). Asterisks (*) denote significant differences
between obese and non-obese sows (p < 0.05).

2.2. Fatty Acid Composition of Subcutaneous and Visceral Fat and Muscle

The composition of fatty acids (FA) was similar at the outer and inner layers of subcutaneous fat
(Supplementary Tables S1 and S2). Overall, when compared to non-obese sows, obese females showed
a higher monounsaturated FA (MUFA) content (p < 0.05) and lower contents of polyunsaturated
FA (PUFA), n-3 and n-6 PUFA (p < 0.005 for all). Visceral fat in obese sows also evidenced a higher
MUFA content (p < 0.0001; Supplementary Table S3) and a lower content of PUFA, n-3 and n-6 PUFA
(p < 0.0001 for all) than non-obese females. There were no differences at subcutaneous fat, but visceral
fat of obese females showed higher ratios of MUFA/saturated FA (SFA) and C18:1/C18:0 (p < 0.05
for both).

The analysis of the fatty acid composition in the longissimus dorsi showed major effects at the polar
lipid fraction (Supplementary Table S4). Obese sows showed a higher MUFA content and a lower
content of SFA and PUFA than the controls and, as a consequence, higher MUFA/SFA and C18:1/C18:0
ratios (p < 0.005 for all). The content of n-3 and n-6 PUFA were lower, with a higher Σn-6/Σn-3 ratio,
in obese than in control sows (p < 0.005 for all). The effects from obesity were minor at the neutral
fraction (Supplementary Table S5), with MUFA content being lower in obese than in control females
(p < 0.01).

2.3. Hepatic Architecture, Fatty Acid Composition and Function

The total fat content in the liver was similar in control and obese groups (15.3 ± 0.2% vs.
14.5 ± 0.4%). Histological evaluation of the liver (Figure 2) indicated lipid accumulation in all
the obese and in 82.4% of the control sows, with degrees varying from mild (63.6% and 76.5%,
respectively) to moderate (36.4% and 23.5%, respectively). Increased presence of lipocytes (also known
as perisinusoidal fat-storing cells, stellate cells or Ito cells) was found in all the obese and in 88.2% of
the control sows. There were no evidences of inflammation or fibrosis, but hydropic degeneration
was observed in 23.5% of the controls and all the obese animals (p < 0.05). All the controls had mild
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degeneration, whilst the obese sows showed mild (27.3%), moderate (63.7%, p < 0.05) or even severe
degeneration (9.0%, p < 0.05).
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Figure 2. Histological images of liver and pancreas in obese sows. Upper pictures represent mild (A)
and moderate (B) infiltration of lipids, stained in red, in the liver (oil red-O, 400×) Bar 50 µm. Pictures
(C) and (D) of the liver represent mild and severe hydropic degeneration, respectively, whilst picture E
exemplifies increased presence of lipocytes or Ito cells indicated with arrows (hematoxylin-eosin HE,
400×) Bar 50 µm. Picture F represents infiltration of adipocytes with intracytoplasmic accumulation of
lipids, stained in red, in the pancreas (oil red-O, 100×) Bar 200 µm.

The major effects of obesity on fatty acids composition of the liver, like in the muscle, were found
at the polar fraction (Supplementary Table S6), with higher MUFA/SFA, C18:1/C18:0 and Σn-6/Σn-3
ratios in the obese than in the control females (p < 0.0001 for all). The neutral fraction (Supplementary
Table S7) was characterized by a higher SFA content (p < 0.01) and a higher Σn-6/Σn-3 ratio (p < 0.0001)
in the obese animals.

The obese sows showed no major changes in the plasma biomarkers of liver function throughout
the study, excepting a significant increase in the concentrations of alkaline-phosphatase (56.5 ± 8.7
to 76.8 ± 10.1 IU/L, p < 0.05) and leucine-aminopeptidase (16.5 ± 1.9 to 21.4 ± 0.7 IU/L, p < 0.01).
Conversely, albumin concentration decreased over time (4.6 ± 0.1 to 4.1 ± 0.1 g/dL; p < 0.05), from
initial values similar to controls (4.7 ± 0.1 g/dL).

2.4. Plasma Lipid Profile

Plasma concentrations of triglycerides and cholesterol increased with time of treatment in the
obese group (p < 0.05; Figure 3), starting from values similar to those of control sows at Day 0.
The increase in total cholesterol was accompanied by a similar increase in low-density lipoproteins
cholesterol (LDL-c) levels (p < 0.01) but not in high-density lipoproteins cholesterol (HDL-c). Hence,
total cholesterol/HDL-c, LDL-c/HDL-c and atherogenic dyslipidemia ratios increased with time
(p < 0.05).
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Figure 3. Mean (±S.E.M.) plasma concentrations of triglycerides (A), cholesterol (B), HDL-c (C) and
LDL-c (D) in control sows (white bar; n = 17) and changes in such values over time after starting
differential feeding with a diet enriched with saturated fat in treated sows (black bars; n = 11). Asterisks
(*) denote significant differences between obese and non-obese sows (p < 0.05).

2.5. Plasma Antioxidant Capacity and Lipid Oxidation

The plasma antioxidant capacity (measured by FRAP; ferric reducing antioxidant power assay)
decreased in the obesogenic-diet group (from 23.6 ± 2.7 at Day 0 to 16.9 ± 2.6 µmol/mL at Day 100,
p < 0.05), starting from values similar to those of control animals (24.6 ± 4.0 µmol/mL). Concomitantly,
the values for total lipid oxidation (assessed as MDA; malondialdehyde) increased with time of
treatment in the obese group (from 10.7 ± 0.6 at Day 0 to 12.3 ± 0.3 µmol/mL at Day 100, p < 0.05),
starting from values similar to those of controls (10.6 ± 0.4 µmol/mL).

2.6. Pancreatic Architecture and Exocrine Function

Microscopic evaluation of the pancreas showed increased lipid accumulation in all the obese
sows. Around half of them showed severe infiltration (>66% of the cells; 45.5%), whilst the remaining
obese females showed moderate (34–66%; 27.3%) or mild infiltration (5–33%; 27.3%). Conversely,
lipid accumulation was found in 12 of the 17 controls (70.6%, p < 0.05), with degrees varying from
mild (47.1%) to moderate (23.5%), but not severe (p < 0.01 with obese sows). On the other hand,
no inflammation, fibrosis or cellular injury were observed in any of the animals. Concomitantly,
the assessment of plasma biomarkers of exocrine pancreatic function (lipase and amylase) showed no
major changes during the period of study.
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2.7. Pancreatic Endocrine Function and Insulin Resistance

Mean plasma concentrations of glucose and insulin, and HOMA-IR (Homeostatic Model
Assessment for Insulin Resistance) and HOMA-β (Homeostatic Model Assessment for β-cell function)
values were similar in controls and obese sows at Day 0. Afterwards, plasma glucose concentrations
in obese females were maintained by changes in insulin secretion throughout the period of study
(Figure 4). Insulin and HOMA-β index increased at Day 45 (p < 0.05 and p < 0.01, respectively)
and decreased again at Day 90 (p < 0.05 and p < 0.01, respectively). On the other hand, HOMA-IR
increased throughout the study (p < 0.05), evidencing insulin resistance (IR). Changes in insulin
secretion and glucose elimination were confirmed when analyzing the OGTTs (Oral Glucose Tolerance
Tests) performed during the study (Figure 5). In this way, the areas under the curve (AUCs) for glucose
and insulin were similar in control and treated sows at Day 0. Afterwards, at 45 and 90 days, AUCs for
glucose remained almost stable whilst AUCs for insulin increased 55.7% at Day 45 and 28.3% at Day
90 when compared to Day 0 (p < 0.01 and p < 0.05, respectively).
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Figure 4. Mean (±S.E.M.) plasma concentrations of glucose (A) and insulin (B) and values for
HOMA-IR and HOMA-β indexes (C and D, respectively) in control sows (white bar; n = 17) and
changes in such values over time after starting differential feeding with a diet enriched with saturated
fat in treated sows (black bars; n = 11). Asterisks (*) denote significant differences between obese and
non-obese sows (p < 0.05).
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Figure 5. Changes in plasma concentration of glucose (continuous line with black circles) and insulin
(discontinuous line with white circles) over time after oral administration of 2 g/kg live weight of
D-glucose in control sows (A; n = 17) and at 0 (B), 45 (C) and 90 days (D) after starting differential
feeding with a diet enriched with saturated fat in treated sows (n = 11). Areas under the Curve (AUCs)
for glucose and insulin were similar in control and treated sows at Day 0. AUCs for glucose remained
almost stable at 45 and 90 days but AUCs for insulin increased and were higher at both Day 45 and 90
than at Day 0 (p < 0.01 and p < 0.05, respectively).

3. Discussion

The present study characterizes aged Iberian pigs as a robust, amenable, and reliable translational
model for studies on sarcopenia and sarcopenic obesity. The model represents certain characteristics
of the human disease, since aging and sarcopenia were related to increased lipids accumulation and
cellular dysfunction, not only at the adipose tissue but also at non-adipose ectopic tissues (liver and
pancreas). The food-intake excess leading to sarcopenic obesity worsened the condition by increasing
visceral adiposity, dyslipidemia, insulin resistance and lipotoxicity in non-adipose tissues.

3.1. Similarities of the Model with Human Sarcopenia

In the pigs of the current study, aging was characterized, like in humans, by a significant reduction
in muscle mass; even 50% when compared to values obtained in younger adults. This sarcopenic state
was related to systemic dyslipidemia, insulin resistance (IR) and lipotoxicity in adipose tissue, liver
and pancreas (i.e., increased lipids accumulation and cellular dysfunction).

The comparison of lipid profiles in the current trial with data obtained in younger adult
pigs in previous studies [18] shows that plasma concentrations of triglycerides and total- and
LDL-cholesterol are significantly higher in aged than in young adult sows (around 50 vs. 25 mg/dL
for triglycerides, around 95 vs. 55 mg/dL for total cholesterol and around 55 vs. 25 mg/dL for
LDL-c). Conversely, increases in HDL-c were smaller (around 35 vs. 25 mg/dL). These data indicate
that in our model, ageing and sarcopenia induce a dyslipidemic profile similar to that described in
humans [20], resembling the so-called “lipid triad” (elevated triglycerides and LDL-c with normal
HDL-c; [21]). In consequence, aged sows have an increased atherogenic dyslipidemia ratio evidencing
cardiometabolic risk like human beings [22].
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In human medicine, elevated triglycerides in blood and tissues have been largely linked to
establishment of glucose intolerance and IR [23,24] and there is a well-known connection between
aging, sarcopenia and IR [20]. Concomitantly, in our sows, assessment of the glycemic index
showed that HOMA-IR and HOMA-β indexes are higher in aged and sarcopenic individuals than in
younger individuals.

The states of dyslipidemia and IR were accompanied by histological evidences of lipotoxicity in
the liver, with morphological alterations similar to those found in the early nonalcoholic fatty liver
disease (NAFLD) in humans. This finding indicates the main roles of IR and abnormal lipoprotein
metabolism in the pathogenesis of NAFLD in swine, like in humans [25]. Around 80–90% of the
non-obese sarcopenic sows evidenced lipids infiltration and increased presence of lipocytes (mostly
known as Ito cells). This finding supports the relationship between ageing and proliferation of Ito cells
previously described in human patients [26]. In 24% of our sows, the presence of ballooning injury,
if extrapolated to humans, would be indicative of predisposition to a later development of nonalcoholic
steatohepatitis (NASH) [25,27], a condition also known as lipotoxic liver disease [28]. The primary
role of Ito cells is the intracytoplasmic storage of fat and vitamin A [29]. However, damage of the liver
tissue is associated with proliferation of Ito cells, which plays an important role in the pathogenesis of
chronic liver disease [30] since the cells are subsequently transformed in myofibroblasts. Such a process
results in fibrogenesis and, in consequence, the normal hepatic tissue is replaced by fibrotic tissue in
advanced stages. There was no evidence of hepatic fibrosis in the current study, which indicates early
stages of liver disease. This assumption is reinforced by the lack of significant changes in most of the
enzymes used as markers of hepatic function that remained within physiological ranges during the
whole study [31,32].

Hence, the state of sarcopenia induced by aging in the Iberian sows of the present study represents
certain clinical and histological evidences of dyslipidemia, IR, lipotoxicity, NAFLD, and ultimately
prodrome of NASH, in human medicine.

3.2. Similarities of the Model with Human Sarcopenic Obesity

The obesogenic diet offered to sarcopenic sows affected body weight and adiposity very early
after starting the differentiated feeding, like previously described for younger pigs [18].

In the obese sows of the current study, increases in fat accretion were mainly observed at
subcutaneous and visceral compartments. In human medicine, it is well-known that aging-related
increases in visceral fat favor the development of dyslipidemia and IR [33]. In our model, increases in
visceral fat were similarly related to significant changes in the plasma lipids profile, which supports
that the lipidomic profile of swine is mainly determined by the visceral fat, as found in humans [33].
The increase in total cholesterol and LDL-c (indicating hyperlipidemia type-2) concurrently with
maintained low HDL-c levels found in our obese sarcopenic sows, if extrapolated to human medicine,
would be considered as indicative of type 2 of diabetes mellitus (T2DM; [34]. In our pigs, such diagnosis
was confirmed by the evidence of impaired glucose regulation throughout the study, with altered
β-cell function and IR. However, there were no changes in plasma glucose concentrations, like in the
first stages of the human disease [35], and our sows were able to counterbalance the prodrome of
T2DM at Day 90. These findings may be related to the short duration of the experiment and/or to
the high plasticity of the swine pancreas, in agreement with previous studies [36]. Hence, the data
obtained so far pave the way for further studies assessing IR in longer experimental trials.

An elegant revision of Mlinar and Marc [37] analyzes the different factors and steps in the link
between adiposity and IR. In brief, a triglyceride overload in non-adipose ectopic tissues occurs when
the capacity of the adipose tissue for storing lipids is exceeded. At the same time, the failure of the
vasculature to expand together with the adipocyte hypertrophy causes hypoxia of the adipose tissue
and, therefore, oxidative stress; in turn, oxidative stress is reinforced by an altered metabolism of the
non-adipose tissue. Systemic oxidative stress and steatosis in non-adipose tissues induce low-grade
inflammation. Finally, the concurrence of hypertriglyceridemia and ectopic lipid deposition, increased
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oxidative stress and inflammation trigger IR. All these factors described in humans were also found in
the obese sarcopenic sows of the current study.

Moreover, in our study, the assessment of fatty acid composition of subcutaneous and visceral fat,
where more than 95% were neutral lipids (triglycerides), offers outstanding information on its changes
during sarcopenic obesity. In brief, obesity increases MUFA content and decreases PUFA content
(specifically n-3 and n-6 PUFA) at both compartments, but also increases the ratios of MUFA/SFA and
C18:1/C18:0 in visceral fat (i.e., increases desaturation index and Stearoyl-CoA desaturase 1 activity;
SCD1). In humans, increased desaturation index and SCD1 activity have been related to metabolic
disorders, like alterations in lipogenesis and insulin regulation [23,38]. Similar results have been found
in the Iberian pig in previous studies [39,40].

In the present study, we observed major effects of obesity on fatty acid composition of the polar
fraction of cell membranes at non-adipose ectopic tissues (muscle and liver). Specifically, obese sows
showed higher MUFA/SFA, C18:1/C18:0 and Σn-6/Σn-3 ratios than control sows. The implications
of the two first ratios have been previously considered, but the changes in the Σn-6/Σn-3ratio also
indicate important metabolic impairments. In the skeletal muscle, the n-3 PUFA content of cellular
membranes plays a main role favoring the action of insulin; a high Σn-6/Σn-3ratio seems to be
deleterious to insulin sensitivity [41] and ultimately results in IR [42]. In the liver, the increase of
Σn-6/Σn-3ratio indicates also a pro-inflammatory state related to increased peripheral lipolysis and,
therefore, enlarged flux of fatty acids [43].

The histological evidence of lipotoxicity at the liver previously described in a high percentage of
the non-obese sarcopenic sows of the current study were also observed in the obese sows. All of them
(100%) evidenced lipid infiltration, increased presence of Ito cells and presence of ballooning injury
indicating nonalcoholic fatty liver disease (NAFLD) and later development of NASH. These data again
mimic results found in aged humans. The increasing prevalence of NAFLD with age was highlighted
in the Rotterdam study [44] while its relationship with sarcopenia has been reported, two years ago,
in the Korean Sarcopenic Obesity Study [45]. Further analysis of this last database highlighted that
this association is independent of obesity [46]. However, these studies are precluded by the inherent
limitation in conducting invasive experimentation in humans; hence, animal models for NAFLD are
necessary to better understand this pathogenesis. A recent comprehensive review of studies with
rodent models of NASH [47] states that the ideal model should encompass all the defining features
of the human condition (obesity, IR, steatohepatitis, and ultimately fibrosis). However, no single
murine model currently represents all subsets of human NASH. In this scenario, swine models have
an outstanding translational value.

In humans, the fatty liver is also closely associated with increased pancreatic fat content (a disorder
also known as nonalcoholic fatty pancreas disease, NAFPD) [48]. NAFPD is associated with visceral
obesity, dyslipidemia, IR and ultimately T2DM [49,50], which is similar to data from swine models [51].
A similar relationship was found in our current study, where pancreatic steatosis was severe in half of
the obese sows and moderate or mild in the remaining animals; conversely, only 70% of the controls
showed steatosis and most of them showed it to a mild degree. Moreover, all the obese sows showed
pancreatic lipomatosis, defined as fat accumulation around and within the pancreas. This is a condition
associated with aging and IR and known to worsen pancreatic dysfunction caused by steatosis [52].
Hence, these results also reinforce the translational value of our model for studies on the effect of
aging, obesity and IR on the development of NAFPD.

4. Materials and Methods

4.1. Ethics Statement

The experiment was performed in agreement with the Spanish Policy for Animal Protection
RD1201/05, which meets the European Union Directive 86/609. The experiment was specifically
assessed and approved by the Committee of Ethics in Animal Research of the National Institute
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of Agricultural and Food Research and Technology (INIA) (report CEEA 2012/012, 28 January
2012). The sows were housed at the animal facilities of INIA, which meet local, national and
European requirements.

4.2. Animals and Management

The experiment involved 28 Iberian sows (8–10 years-old) with established sarcopenia. Presence
of sarcopenia was assessed by ultrasonographic evaluation of muscle mass (cross-sectional diameter
of the longissimus dorsi), with a 5–8 MHz lineal-array probe (SonoSite Inc., Bothell, WA, USA), since
ultrasonography is accepted as a reliable method for evaluating muscle mass and sarcopenia [53].
Muscle diameter had a mean value of 21.9 ± 3.2 mm, which is 50% lower than values obtained in
adults (2 years-old; around 38–40 mm) and similar to data from young individuals (6 months-old;
around 20 mm) of the same breed reared at our facilities.

All the sows were fed, prior to the experimental procedure, with a standard diet (2.8%
of polyunsaturated fat and 3.08 Mcal/kg of metabolizable energy) fulfilling their maintenance
requirements (2.5 kg/animal/day). For 100 days, seventeen sows (control group) continued being
fed with the same diet and amount whilst 11 sows randomly chosen (obese group) were fed with
an obesogenic diet (6.8% of saturated fat and 3.36 Mcal/kg of metabolizable energy) for inducing
obesity [18]. Meal intake in the obese group was 4 kg/animal/day for the first 45 days and
5 kg/animal/day for the following 55 days.

4.3. Evaluation of Body Weight and Subcutaneous Adiposity

Changes in body-weight and subcutaneous fat-depth in the obese group were measured every
15 days, from Day 0 to 90, and finally at Day 100 together with the control group. Fat depth was
evaluated with the ultrasound probe previously described, at the right-side at 4 cm from the midline
and the head of the last rib.

4.4. Blood and Tissue Sampling

Plasma samples for assessment of glucose and lipids metabolism were drawn, after fasting,
at Days 0, 45, 90 and 100 in the obese group and at Day 100 in the control group and immediately
biobanked at −80 ◦C. Samples obtained at Days 0 and 100 in the obese group and at Day 100 in
the control group were also used to determine redox status. In addition, oral glucose tolerance tests
(OGTTs) were performed at Days 0, 45 and 90 in the obese and at Day 90 in the control sows by serial
blood samplings (0, 15, 30, 60, 90 and 120 min) after giving 2 g/kg live-weight of D-glucose by gavage
through a gastric tube.

At the end of the study (Day 100), a systematic necropsy was performed in all the animals,
assessing the macroscopic appearance of the organs. Immediately, two portions of subcutaneous
and visceral (perirenal) fat, muscle (longissimus dorsi), pancreas and left lobe of the liver were
collected in 2-mL cryotubes and biobanked at −80 ◦C for assessment of fatty acids and/or oil red-O
staining. A third portion of each tissue was fixed in 10% neutral-buffered-formalin and processed for
hematoxylin-eosin (HE).

4.5. Assessment of Plasma Lipid Profiles

Plasma concentrations of triglycerides, total cholesterol and high-density and low-density
lipoproteins cholesterol (HDL-c and LDL-c, respectively) were measured with a clinical chemistry
analyzer (Saturno 300-plus; Crony Instruments s.r.l., Rome, Italy). Plasma HDL-c ratio and LDL-c ratio
were calculated by dividing total cholesterol by HDL-c and LDL-c concentrations, respectively; plasma
LDL-c/HDL-c ratio was obtained by dividing LDL-c by HDL-c concentrations. Finally, the atherogenic
dyslipidemia ratio was calculated as log(triglycerides)/HDL-c.
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4.6. Assessment of Plasma Antioxidant Capacity and Lipid Peroxidation

Values for total antioxidant capacity were determined by FRAP (ferric reducing antioxidant power
assay) [54] whilst lipids oxidative damage was assessed by MDA (malondialdehyde) [55].

4.7. Assessment of Hepatic and Exocrine Pancreatic Function

Plasma concentrations of alanine-transaminase, albumin, alkaline-phosphatase, amylase,
aspartate-aminotransferase, total and direct bilirubin, creatinine, γ-glutamyl-transpeptidase,
leucine-aminopeptidase, lipase and urea were measured with the Saturno 300-plus analyzer (Crony
Instruments s.r.l., Rome, Italy).

4.8. Assessment of Glucose Metabolism and Endocrine Pancreatic Function

Plasma concentrations of glucose and insulin were measured, respectively, with the Saturno
300-plus analyzer and with a Porcine Insulin ELISA kit (Mercodia AB, Uppsala, Sweden; 0.26 IU/L
of assay sensitivity and 3.5% of intra-assay variation coefficient). Insulin sensitivity/resistance were
determined, concomitantly with data from OGTTs, throughout the study of the HOMA-IR index
[(FINS × FGLU)/22.5], whilst possible changes in β-cell function were assessed by the HOMA-β index
[(20 × FINS)/(FGLU − 3.5)]. FINS accounts for fasting plasma insulin concentration in U/L and FGLU
for fasting plasma glucose in mmol/L.

4.9. Histological Assessment of Liver and Pancreas

The stains of liver and pancreas tissue were examined by light microscopy and blindly scored for
the presence and severity of histological features indicating fat infiltration, steatosis, inflammation,
ballooning injury, fibrosis and vacuolization. Evaluation was based on the scoring developed by
Kleiner et al. [56], considering none (<5%), mild (5–33%), moderate (34–66%) and severe degree (>66%).

4.10. Evaluation of Fatty Acids Composition

Fatty acid composition was analysed in subcutaneous (after differentiation of outer and inner
layers) and visceral fat, longissimus dorsi muscle and liver. Fat was extracted using the Ball-mill
procedure [57] and gas-chromatography was used for identification and quantification of fatty acids
(FA) in total lipid extracts at subcutaneous and visceral fat, and separately for neutral (triacylglycerols
or triglycerides) and polar (phospolipids) lipids at muscle and liver [58]. Total saturated FA (SFA),
monounsaturated FA (MUFA) and polyunsaturated FA (PUFA) and total content of n-3 and n-6 PUFA
and their ratio (Σn-6/Σn-3) were calculated from individual FA percentages. Finally, the desaturation
index was obtained from the ratio MUFA/SFA and the activity of the stearoyl-CoA desaturase enzyme
1 (SCD1) was inferred from the proportions of oleic and stearic acids (C18:1n-9 and C18:0; product and
precursor of SCD1 activity, respectively).

4.11. Statistical Analysis

Effects of diet on body-weight, adiposity, fatty-acid composition, metabolic and
antioxidant/oxidative status were assessed by ANOVA for repeated measures (split-plot ANOVA),
whilst changes over time were determined by Pearson correlation procedures. Histological features were
assessed by one-way ANOVA or by a Kruskall–Wallis test if a Levene’s test showed non-homogeneous
variables; Duncan’s post-hoc test was performed to contrast the differences among groups. Statistical
analysis of results expressed as percentages was performed after arc-sine transformation of the values
for each individual percentage, while the response to OGTTs was compared after calculating the Area
under the Curve (AUC). All results were expressed as mean ± SEM and statistical significance was
accepted from p < 0.05.
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5. Conclusions

The present study shows that the Iberian swine model represents features of sarcopenia and
sarcopenic obesity in humans, paving the way for future research on physiopathology of the condition
and possible therapeutic targets. The strength of the model is increased by the availability and low-price
of aged individuals of this breed and the short time necessary for inducing obesity. The present study
was performed on female individuals, since availability of aged sows is higher than aged boars
and because management is easier in females, but sex-related effects may be studied on males in
further studies.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/19/3/823/s1.

Acknowledgments: The authors thank the INIA animal staff for his assistance with animal care and P. Cuesta
and I. Cano (Department of Research Support, Universidad Complutense de Madrid) for statistical analyses.
Esteban Porrini is aresearcher of the program Ramón y Cajal (RYC-2014-16573). Consolación García-Contreras,
Marta Vázquez-Gómez, Laura Torres-Rovira, Susana Astiz and Antonio González-Bulnes are members of the EU
COST-Action BM1308 “Sharing Advances on Large Animal Models (SALAAM)”.

Author Contributions: Consolacion Garcia-Contreras, Marta Vazquez-Gomez, Esteban Porrini, Magali Gonzalez-Colaço,
Susana Astiz and Antonio Gonzalez-Bulnes designed the experiments; Consolacion Garcia-Contreras,
Marta Vazquez-Gomez, Laura Torres-Rovira, Jorge Gonzalez, Beatriz Isabel, Susana Astiz and Antonio Gonzalez-Bulnes
performed the experiments and analyzed samples; Consolacion Garcia-Contreras, Marta Vazquez-Gomez, Jorge Gonzalez,
Susana Astiz, Beatriz Isabel and Antonio Gonzalez-Bulnes analysed the data; Consolacion Garcia-Contreras,
Marta Vazquez-Gomez, Esteban Porrini, Magali Gonzalez-Colaço and Antonio Gonzalez-Bulnes wrote the
original draft; Susana Astiz, Laura Torres-Rovira, Jorge Gonzalez and Beatriz Isabel revised the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Fielding, R.A.; Vellas, B.; Evans, W.J.; Bhasin, S.; Morley, J.E.; Newman, A.B.; Abellan van Kan, G.; Andrieu, S.;
Bauer, J.; Breuille, D.; et al. Sarcopenia: An undiagnosed condition in older adults. Current consensus
definition: Prevalence, etiology, and consequences. International working group on sarcopenia. J. Am. Med.
Dir. Assoc. 2011, 12, 249–256. [CrossRef] [PubMed]

2. Delmonico, M.J.; Harris, T.B.; Lee, J.S.; Visser, M.; Nevitt, M.; Kritchevsky, S.B.; Tylavsky, F.A.; Newman, A.B.
Alternative definitions of sarcopenia, lower extremity performance, and functional impairment with aging
in older men and women. J. Am. Geriatr. Soc. 2007, 55, 769–774. [CrossRef] [PubMed]

3. Morley, J.E. Anorexia, sarcopenia, and aging. Nutrition 2001, 17, 660–663. [CrossRef]
4. Castillo, E.M.; Goodman-Gruen, D.; Kritz-Silverstein, D.; Morton, D.J.; Wingard, D.L.; Barrett-Connor, E.

Sarcopenia in elderly men and women: The Rancho Bernardo study. Am. J. Prev. Med. 2003, 25, 226–231.
[CrossRef]

5. Metter, E.J.; Talbot, L.A.; Schrager, M.; Conwit, R. Skeletal muscle strength as a predictor of all-cause mortality
in healthy men. J. Gerontol. A Biol. Sci. Med. Sci. 2002, 57, B359–B365. [CrossRef] [PubMed]

6. Malafarina, V.; Úriz-Otano, F.; Iniesta, R.; Gil-Guerrero, L. Sarcopenia in the elderly: Diagnosis,
physiopathology and treatment. Maturitas 2012, 71, 109–114. [CrossRef]

7. Burton, L.A.; Sumukadas, D. Optimal management of sarcopenia. Clin. Interv. Aging 2010, 5, 217–228.
[PubMed]

8. Batsis, J.A.; Mackenzie, T.A.; Lopez-Jimenez, F.; Bartels, S.J. Sarcopenia, sarcopenic obesity, and functional
impairments in older adults: National Health and Nutrition Examination Surveys 1999–2004. Nutr. Res.
2015, 35, 1031–1039. [CrossRef] [PubMed]

9. Cleasby, M.E.; Jamieson, P.M.; Atherton, P.J. Insulin resistance and sarcopenia: Mechanistic links between
common co-morbidities. J. Endocrinol. 2016, 229, R67–R81. [CrossRef] [PubMed]

10. Batsis, J.A.; Mackenzie, T.A.; Barre, L.K.; Lopez-Jimenez, F.; Bartels, S.J. Sarcopenia, sarcopenic obesity and
mortality in older adults: Results from the National Health and Nutrition Examination Survey III. Eur. J.
Clin. Nutr. 2014, 68, 1001–1007. [CrossRef] [PubMed]

11. Bouchonville, M.F.; Villareal, D.T. Sarcopenic obesity: How do we treat it? Curr. Opin. Endocrinol. Diabetes Obes.
2013, 20, 412–419. [CrossRef] [PubMed]

www.mdpi.com/1422-0067/19/3/823/s1
http://dx.doi.org/10.1016/j.jamda.2011.01.003
http://www.ncbi.nlm.nih.gov/pubmed/21527165
http://dx.doi.org/10.1111/j.1532-5415.2007.01140.x
http://www.ncbi.nlm.nih.gov/pubmed/17493199
http://dx.doi.org/10.1016/S0899-9007(01)00574-3
http://dx.doi.org/10.1016/S0749-3797(03)00197-1
http://dx.doi.org/10.1093/gerona/57.10.B359
http://www.ncbi.nlm.nih.gov/pubmed/12242311
http://dx.doi.org/10.1016/j.maturitas.2011.11.012
http://www.ncbi.nlm.nih.gov/pubmed/20852669
http://dx.doi.org/10.1016/j.nutres.2015.09.003
http://www.ncbi.nlm.nih.gov/pubmed/26472145
http://dx.doi.org/10.1530/JOE-15-0533
http://www.ncbi.nlm.nih.gov/pubmed/26931135
http://dx.doi.org/10.1038/ejcn.2014.117
http://www.ncbi.nlm.nih.gov/pubmed/24961545
http://dx.doi.org/10.1097/01.med.0000433071.11466.7f
http://www.ncbi.nlm.nih.gov/pubmed/23974769


Int. J. Mol. Sci. 2018, 19, 823 13 of 15

12. Palus, S.; Springer, J.I.; Doehner, W.; von Haehling, S.; Anker, M.; Anker, S.D.; Springer, J. Models of
sarcopenia: Short review. Int. J. Cardiol. 2017, 238, 19–21. [CrossRef] [PubMed]

13. Bollheimer, L.C.; Buettner, R.; Pongratz, G.; Brunner-Ploss, R.; Hechtl, C.; Banas, M.; Singler, K.; Hamer, O.W.;
Stroszczynski, C.; Sieber, C.C. Sarcopenia in the aging high-fat fed rat: A pilot study for modeling sarcopenic
obesity in rodents. Biogerontology 2012, 13, 609–620. [CrossRef] [PubMed]

14. Russell, J.C.; Proctor, S.D. Small animal models of cardiovascular disease: Tools for the study of the roles of
metabolic syndrome, dyslipidemia, and atherosclerosis. Cardiovasc. Pathol. 2006, 15, 318–330. [CrossRef]
[PubMed]

15. Roura, E.; Koopmans, S.J.; Lalles, J.P.; Le Huerou-Luron, I.; de Jager, N.; Schuurman, T.; Val-Laillet, D. Critical
review evaluating the pig as a model for human nutritional physiology. Nutr. Res. Rev. 2016, 29, 60–90.
[CrossRef] [PubMed]

16. Neel, J.V. Diabetes mellitus: A “thrifty” genotype rendered detrimental by “progress”? Am. J. Hum. Genet.
1962, 14, 353–362. [PubMed]

17. Torres-Rovira, L.; Gonzalez-Anover, P.; Astiz, S.; Caro, A.; Lopez-Bote, C.; Ovilo, C.; Pallares, P.;
Perez-Solana, M.L.; Sanchez-Sanchez, R.; Gonzalez-Bulnes, A. Effect of an obesogenic diet during the
juvenile period on growth pattern, fatness and metabolic, cardiovascular and reproductive features of Swine
with obesity/leptin resistance. Endocr. Metab. Immune Disord. Drug Targets 2013, 13, 143–151. [CrossRef]
[PubMed]

18. Torres-Rovira, L.; Astiz, S.; Caro, A.; Lopez-Bote, C.; Ovilo, C.; Pallares, P.; Perez-Solana, M.L.;
Sanchez-Sanchez, R.; Gonzalez-Bulnes, A. Diet-induced swine model with obesity/leptin resistance for the
study of metabolic syndrome and type 2 diabetes. Sci. World J. 2012, 2012, 510149. [CrossRef] [PubMed]

19. Friendship, R.M.; Wilson, M.R.; Almond, G.W.; McMillan, I.; Hacker, R.R.; Pieper, R.; Swaminathan, S.S. Sow
wastage: Reasons for and effect on productivity. Can. J. Vet. Res. 1986, 50, 205–208. [PubMed]

20. Karakelides, H.; Nair, K.S. Sarcopenia of aging and its metabolic impact. Curr. Top. Dev. Biol. 2005, 68,
123–148. [PubMed]

21. Temelkova-Kurktschiev, T.; Hanefeld, M. The lipid triad in type 2 diabetes—Prevalence and relevance of
hypertriglyceridaemia/low high-density lipoprotein syndrome in type 2 diabetes. Exp. Clin. Endocrinol.
Diabetes 2004, 112, 75–79. [CrossRef] [PubMed]

22. Hermans, M.P.; Ahn, S.A.; Rousseau, M.F. The atherogenic dyslipidemia ratio [log(TG)/HDL-C] is associated
with residual vascular risk, beta-cell function loss and microangiopathy in type 2 diabetes females.
Lipids Health Dis. 2012, 11, 132. [CrossRef] [PubMed]

23. Roden, M.; Price, T.B.; Perseghin, G.; Petersen, K.F.; Rothman, D.L.; Cline, G.W.; Shulman, G.I. Mechanism
of free fatty acid-induced insulin resistance in humans. J. Clin. Investig. 1996, 97, 2859–2865. [CrossRef]
[PubMed]

24. Koyama, K.; Chen, G.; Lee, Y.; Unger, R.H. Tissue triglycerides, insulin resistance, and insulin production:
Implications for hyperinsulinemia of obesity. Am. J. Physiol. 1997, 273, E708–E713. [CrossRef] [PubMed]

25. Angulo, P. Nonalcoholic fatty liver disease. N. Engl. J. Med. 2002, 346, 1221–1231. [CrossRef] [PubMed]
26. Kim, I.H.; Kisseleva, T.; Brenner, D.A. Aging and liver disease. Curr. Opin. Gastroenterol. 2015, 31, 184–191.

[CrossRef] [PubMed]
27. Chitturi, S.; Farrell, G.C. Etiopathogenesis of nonalcoholic steatohepatitis. Semin. Liver Dis. 2001, 21, 27–41.

[CrossRef] [PubMed]
28. Cusi, K. Role of obesity and lipotoxicity in the development of nonalcoholic steatohepatitis: Pathophysiology

and clinical implications. Gastroenterology 2012, 142, 711–725. [CrossRef] [PubMed]
29. Sankin, A. Discovering Biomarkers within the Genomic Landscape of Renal Cell Carcinoma. J. Kidney 2016, 2.

[CrossRef]
30. Flisiak, R. Role of Ito cells in the liver function. Pol. J. Pathol. 1997, 48, 139–145. [PubMed]
31. Rückert, I.-M.; Heier, M.; Rathmann, W.; Baumeister, S.E.; Döring, A.; Meisinger, C. Association between

markers of fatty liver disease and impaired glucose regulation in men and women from the general
population: The KORA-F4-study. PLoS ONE 2011, 6, e22932. [CrossRef] [PubMed]

32. Sanyal, D.; Mukherjee, P.; Raychaudhuri, M.; Ghosh, S.; Mukherjee, S.; Chowdhury, S. Profile of liver
enzymes in non-alcoholic fatty liver disease in patients with impaired glucose tolerance and newly detected
untreated type 2 diabetes. Indian J. Endocrinol. Metab. 2015, 19, 597–601. [CrossRef] [PubMed]

33. Despres, J.P. Dyslipidaemia and obesity. Baillieres Clin. Endocrinol. Metab. 1994, 8, 629–660. [CrossRef]

http://dx.doi.org/10.1016/j.ijcard.2017.03.152
http://www.ncbi.nlm.nih.gov/pubmed/28465116
http://dx.doi.org/10.1007/s10522-012-9405-4
http://www.ncbi.nlm.nih.gov/pubmed/23065329
http://dx.doi.org/10.1016/j.carpath.2006.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17113010
http://dx.doi.org/10.1017/S0954422416000020
http://www.ncbi.nlm.nih.gov/pubmed/27176552
http://www.ncbi.nlm.nih.gov/pubmed/13937884
http://dx.doi.org/10.2174/1871530311313020002
http://www.ncbi.nlm.nih.gov/pubmed/23094796
http://dx.doi.org/10.1100/2012/510149
http://www.ncbi.nlm.nih.gov/pubmed/22629144
http://www.ncbi.nlm.nih.gov/pubmed/3756675
http://www.ncbi.nlm.nih.gov/pubmed/16124998
http://dx.doi.org/10.1055/s-2004-815753
http://www.ncbi.nlm.nih.gov/pubmed/15031770
http://dx.doi.org/10.1186/1476-511X-11-132
http://www.ncbi.nlm.nih.gov/pubmed/23046637
http://dx.doi.org/10.1172/JCI118742
http://www.ncbi.nlm.nih.gov/pubmed/8675698
http://dx.doi.org/10.1152/ajpendo.1997.273.4.E708
http://www.ncbi.nlm.nih.gov/pubmed/9357799
http://dx.doi.org/10.1056/NEJMra011775
http://www.ncbi.nlm.nih.gov/pubmed/11961152
http://dx.doi.org/10.1097/MOG.0000000000000176
http://www.ncbi.nlm.nih.gov/pubmed/25850346
http://dx.doi.org/10.1055/s-2001-12927
http://www.ncbi.nlm.nih.gov/pubmed/11296694
http://dx.doi.org/10.1053/j.gastro.2012.02.003
http://www.ncbi.nlm.nih.gov/pubmed/22326434
http://dx.doi.org/10.4172/jok.1000115
http://www.ncbi.nlm.nih.gov/pubmed/9401406
http://dx.doi.org/10.1371/journal.pone.0022932
http://www.ncbi.nlm.nih.gov/pubmed/21850244
http://dx.doi.org/10.4103/2230-8210.163172
http://www.ncbi.nlm.nih.gov/pubmed/26425466
http://dx.doi.org/10.1016/S0950-351X(05)80289-7


Int. J. Mol. Sci. 2018, 19, 823 14 of 15

34. Goldberg, R.B. Lipid disorders in diabetes. Diabetes Care 1981, 4, 561–572. [CrossRef] [PubMed]
35. Kahn, S.E.; Prigeon, R.L.; McCulloch, D.K.; Boyko, E.J.; Bergman, R.N.; Schwartz, M.W.; Neifing, J.L.;

Ward, W.K.; Beard, J.C.; Palmer, J.P.; et al. Quantification of the relationship between insulin sensitivity
and beta-cell function in human subjects. Evidence for a hyperbolic function. Diabetes 1993, 42, 1663–1672.
[CrossRef] [PubMed]

36. Koopmans, S.J.; Schuurman, T. Considerations on pig models for appetite, metabolic syndrome and obese
type 2 diabetes: From food intake to metabolic disease. Eur. J. Pharmacol. 2015, 759, 231–239. [CrossRef]
[PubMed]

37. Mlinar, B.; Marc, J. New insights into adipose tissue dysfunction in insulin resistance. Clin. Chem. Lab. Med.
2011, 49, 1925–1935. [CrossRef] [PubMed]

38. Poudyal, H.; Brown, L. Stearoyl-CoA desaturase: A vital checkpoint in the development and progression of
obesity. Endocr. Metab. Immune Disord. Drug Targets 2011, 11, 217–231. [CrossRef] [PubMed]

39. Barbero, A.; Astiz, S.; Lopez-Bote, C.J.; Perez-Solana, M.L.; Ayuso, M.; Garcia-Real, I.; Gonzalez-Bulnes, A.
Maternal malnutrition and offspring sex determine juvenile obesity and metabolic disorders in a swine
model of leptin resistance. PLoS ONE 2013, 8, e78424. [CrossRef] [PubMed]

40. Gonzalez-Bulnes, A.; Astiz, S.; Ovilo, C.; Lopez-Bote, C.J.; Sanchez-Sanchez, R.; Perez-Solana, M.L.;
Torres-Rovira, L.; Ayuso, M.; Gonzalez, J. Early-postnatal changes in adiposity and lipids profile by
transgenerational developmental programming in swine with obesity/leptin resistance. J. Endocrinol.
2014, 223, M17–M29. [CrossRef] [PubMed]

41. Corcoran, M.P.; Lamon-Fava, S.; Fielding, R.A. Skeletal muscle lipid deposition and insulin resistance: Effect
of dietary fatty acids and exercise. Am. J. Clin. Nutr. 2007, 85, 662–677. [PubMed]

42. Li, Y.; Xu, S.; Zhang, X.; Yi, Z.; Cichello, S. Skeletal intramyocellular lipid metabolism and insulin resistance.
Biophys. Rep. 2015, 1, 90–98. [CrossRef] [PubMed]

43. Valenzuela, R.; Videla, L.A. The importance of the long-chain polyunsaturated fatty acid n-6/n-3 ratio in
development of non-alcoholic fatty liver associated with obesity. Food Funct. 2011, 2, 644–648. [CrossRef]
[PubMed]

44. Koehler, E.M.; Schouten, J.N.; Hansen, B.E.; van Rooij, F.J.; Hofman, A.; Stricker, B.H.; Janssen, H.L.
Prevalence and risk factors of non-alcoholic fatty liver disease in the elderly: Results from the Rotterdam
study. J. Hepatol. 2012, 57, 1305–1311. [CrossRef] [PubMed]

45. Hong, H.C.; Hwang, S.Y.; Choi, H.Y.; Yoo, H.J.; Seo, J.A.; Kim, S.G.; Kim, N.H.; Baik, S.H.; Choi, D.S.;
Choi, K.M. Relationship between sarcopenia and nonalcoholic fatty liver disease: The Korean Sarcopenic
Obesity Study. Hepatology 2014, 59, 1772–1778. [CrossRef] [PubMed]

46. Lee, Y.H.; Jung, K.S.; Kim, S.U.; Yoon, H.J.; Yun, Y.J.; Lee, B.W.; Kang, E.S.; Han, K.H.; Lee, H.C.; Cha, B.S.
Sarcopaenia is associated with NAFLD independently of obesity and insulin resistance: Nationwide surveys
(KNHANES 2008–2011). J. Hepatol. 2015, 63, 486–493. [CrossRef] [PubMed]

47. Ibrahim, S.H.; Hirsova, P.; Malhi, H.; Gores, G.J. Animal Models of Nonalcoholic Steatohepatitis: Eat, Delete,
and Inflame. Dig. Dis. Sci. 2016, 61, 1325–1336. [CrossRef] [PubMed]

48. Van Geenen, E.J.; Smits, M.M.; Schreuder, T.C.; van der Peet, D.L.; Bloemena, E.; Mulder, C.J. Nonalcoholic
fatty liver disease is related to nonalcoholic fatty pancreas disease. Pancreas 2010, 39, 1185–1190. [CrossRef]
[PubMed]

49. Tushuizen, M.E.; Bunck, M.C.; Pouwels, P.J.; Bontemps, S.; van Waesberghe, J.H.; Schindhelm, R.K.; Mari, A.;
Heine, R.J.; Diamant, M. Pancreatic fat content and beta-cell function in men with and without type 2
diabetes. Diabetes Care 2007, 30, 2916–2921. [CrossRef] [PubMed]

50. Lee, J.S.; Kim, S.H.; Jun, D.W.; Han, J.H.; Jang, E.C.; Park, J.Y.; Son, B.K.; Kim, S.H.; Jo, Y.J.; Park, Y.S.;
et al. Clinical implications of fatty pancreas: Correlations between fatty pancreas and metabolic syndrome.
World J. Gastroenterol. 2009, 15, 1869–1875. [CrossRef] [PubMed]

51. Yin, W.; Liao, D.; Kusunoki, M.; Xi, S.; Tsutsumi, K.; Wang, Z.; Lian, X.; Koike, T.; Fan, J.; Yang, Y.; et al.
NO-1886 decreases ectopic lipid deposition and protects pancreatic beta cells in diet-induced diabetic swine.
J. Endocrinol. 2004, 180, 399–408. [CrossRef] [PubMed]

52. Noel, P.; Patel, K.; Durgampudi, C.; Trivedi, R.N.; de Oliveira, C.; Crowell, M.D.; Pannala, R.; Lee, K.;
Brand, R.; Chennat, J.; et al. Peripancreatic fat necrosis worsens acute pancreatitis independent of pancreatic
necrosis via unsaturated fatty acids increased in human pancreatic necrosis collections. Gut 2016, 65, 100–111.
[CrossRef] [PubMed]

http://dx.doi.org/10.2337/diacare.4.5.561
http://www.ncbi.nlm.nih.gov/pubmed/6751732
http://dx.doi.org/10.2337/diab.42.11.1663
http://www.ncbi.nlm.nih.gov/pubmed/8405710
http://dx.doi.org/10.1016/j.ejphar.2015.03.044
http://www.ncbi.nlm.nih.gov/pubmed/25814261
http://dx.doi.org/10.1515/CCLM.2011.697
http://www.ncbi.nlm.nih.gov/pubmed/21892913
http://dx.doi.org/10.2174/187153011796429826
http://www.ncbi.nlm.nih.gov/pubmed/21831035
http://dx.doi.org/10.1371/journal.pone.0078424
http://www.ncbi.nlm.nih.gov/pubmed/24205230
http://dx.doi.org/10.1530/JOE-14-0217
http://www.ncbi.nlm.nih.gov/pubmed/25107535
http://www.ncbi.nlm.nih.gov/pubmed/17344486
http://dx.doi.org/10.1007/s41048-015-0013-0
http://www.ncbi.nlm.nih.gov/pubmed/26942223
http://dx.doi.org/10.1039/c1fo10133a
http://www.ncbi.nlm.nih.gov/pubmed/22008843
http://dx.doi.org/10.1016/j.jhep.2012.07.028
http://www.ncbi.nlm.nih.gov/pubmed/22871499
http://dx.doi.org/10.1002/hep.26716
http://www.ncbi.nlm.nih.gov/pubmed/23996808
http://dx.doi.org/10.1016/j.jhep.2015.02.051
http://www.ncbi.nlm.nih.gov/pubmed/25772036
http://dx.doi.org/10.1007/s10620-015-3977-1
http://www.ncbi.nlm.nih.gov/pubmed/26626909
http://dx.doi.org/10.1097/MPA.0b013e3181f6fce2
http://www.ncbi.nlm.nih.gov/pubmed/20871475
http://dx.doi.org/10.2337/dc07-0326
http://www.ncbi.nlm.nih.gov/pubmed/17666465
http://dx.doi.org/10.3748/wjg.15.1869
http://www.ncbi.nlm.nih.gov/pubmed/19370785
http://dx.doi.org/10.1677/joe.0.1800399
http://www.ncbi.nlm.nih.gov/pubmed/15012594
http://dx.doi.org/10.1136/gutjnl-2014-308043
http://www.ncbi.nlm.nih.gov/pubmed/25500204


Int. J. Mol. Sci. 2018, 19, 823 15 of 15

53. Minetto, M.A.; Caresio, C.; Menapace, T.; Hajdarevic, A.; Marchini, A.; Molinari, F.; Maffiuletti, N.A.
Ultrasound-Based Detection of Low Muscle Mass for Diagnosis of Sarcopenia in Older Adults. PM R 2016, 8,
453–462. [CrossRef] [PubMed]

54. Benzie, I.F.; Strain, J.J. The ferric reducing ability of plasma (FRAP) as a measure of “antioxidant power”:
The FRAP assay. Anal. Biochem. 1996, 239, 70–76. [CrossRef] [PubMed]

55. Larstad, M.; Ljungkvist, G.; Olin, A.C.; Toren, K. Determination of malondialdehyde in breath condensate by
high-performance liquid chromatography with fluorescence detection. J. Chromatogr. B Anal. Technol. Biomed.
Life Sci. 2002, 766, 107–114. [CrossRef]

56. Kleiner, D.E.; Brunt, E.M.; Van Natta, M.; Behling, C.; Contos, M.J.; Cummings, O.W.; Ferrell, L.D.;
Liu, Y.C.; Torbenson, M.S.; Unalp-Arida, A.; et al. Design and validation of a histological scoring system for
nonalcoholic fatty liver disease. Hepatology 2005, 41, 1313–1321. [CrossRef] [PubMed]

57. Segura, J.; Lopez-Bote, C.J. A laboratory efficient method for intramuscular fat analysis. Food Chem. 2014,
145, 821–825. [CrossRef] [PubMed]

58. Olivares, A.; Rey, A.I.; Daza, A.; Lopez-Bote, C.J. High dietary vitamin A interferes with tissue
alpha-tocopherol concentrations in fattening pigs: A study that examines administration and withdrawal
times. Animal 2009, 3, 1264–1270. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.pmrj.2015.09.014
http://www.ncbi.nlm.nih.gov/pubmed/26431809
http://dx.doi.org/10.1006/abio.1996.0292
http://www.ncbi.nlm.nih.gov/pubmed/8660627
http://dx.doi.org/10.1016/S0378-4347(01)00437-6
http://dx.doi.org/10.1002/hep.20701
http://www.ncbi.nlm.nih.gov/pubmed/15915461
http://dx.doi.org/10.1016/j.foodchem.2013.08.131
http://www.ncbi.nlm.nih.gov/pubmed/24128551
http://dx.doi.org/10.1017/S175173110900487X
http://www.ncbi.nlm.nih.gov/pubmed/22444902
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Body-Weight and Adiposity 
	Fatty Acid Composition of Subcutaneous and Visceral Fat and Muscle 
	Hepatic Architecture, Fatty Acid Composition and Function 
	Plasma Lipid Profile 
	Plasma Antioxidant Capacity and Lipid Oxidation 
	Pancreatic Architecture and Exocrine Function 
	Pancreatic Endocrine Function and Insulin Resistance 

	Discussion 
	Similarities of the Model with Human Sarcopenia 
	Similarities of the Model with Human Sarcopenic Obesity 

	Materials and Methods 
	Ethics Statement 
	Animals and Management 
	Evaluation of Body Weight and Subcutaneous Adiposity 
	Blood and Tissue Sampling 
	Assessment of Plasma Lipid Profiles 
	Assessment of Plasma Antioxidant Capacity and Lipid Peroxidation 
	Assessment of Hepatic and Exocrine Pancreatic Function 
	Assessment of Glucose Metabolism and Endocrine Pancreatic Function 
	Histological Assessment of Liver and Pancreas 
	Evaluation of Fatty Acids Composition 
	Statistical Analysis 

	Conclusions 
	References

