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Abstract High-fat (HF) diet regular intake along life
highly contributes to vascular dysfunction and to an
increment in prevalence of metabolic syndrome
(MetS) and erectile dysfunction (ED), a surrogate symp-
tom of occult vascular disease, in the elderly. However,
little is known about the effects of energy restriction
(ER) alone/or after an HF-feeding period. We show here
that inmale Sprague–Dawley rats, 16months of HF-diet
consumption led to an increase in body adiposity, blood
pressure, lipidemia, C-reactive protein, and insulin re-
sistance and to hypoadiponectinemia, conditions that
cluster in MetS. In addition, this treatment strongly
favored collagen deposition in cavernous tissue and
myocardium. Conversely, for the same time period, the
ingestion of 75 % of ad libitum energy intake by

controls (ER) extensively counteracted these outcomes.
The impact of 6-month ER after 10-month HF period
was also analyzed, and despite the decrease in body
weight, adiposity, blood pressure, lipidemia, and C-
reactive protein and improvement of insulin sensitivity,
no differences were observed either in adiponectin
blood levels or in retroperitoneal fat pad mass. More-
over, this treatment led to a reduction in cavernous tissue
collagen deposition, but not in the myocardium, and
evidenced differential mobilization of adipose tissue
accretions. The data show the ability of HF diet to cause
MetS and produce unwanted effects on myocardium
and corpora vascular structure. They also indicate that
these consequences are preventable upon ER diet start-
ing early, but not later, in life.
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Introduction

Human life expectancy increased enormously in the last
century. Since normal aging results in compromised
biological functions of the organism and enhanced sus-
ceptibility to disease, age-related health complications
gained an increased importance during this period. In
addition, the shift in demographic curves towards elder-
ly population bound to the rise in regular intake of
energy-rich diets tends to exacerbate the epidemic obe-
sity that currently exists (Picard and Guarente 2005).
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In fact, the increased prevalence of metabolic syn-
drome (MetS), the cluster of cardiometabolic risk fac-
tors, such as insulin resistance/diabetes, hypertension,
dyslipidemia, and abdominal obesity, has been associ-
ated with increased cardiovascular disease (CVD)
incidence and overall mortality in the elderly people
(Grundy 2007; Lakka et al. 2002). In addition, aging
was recently considered an independent risk factor for
cardiovascular disorders (Camici et al. 2011).

Most of those CVD risk factors are shared by
erectile dysfunction (ED) (Shin et al. 2011), a common
entity defined as the consistent or recurrent inability to
achieve and/or maintain a penile erection sufficient for
satisfactory sexual performance (NIH Consensus
Conference 1993). Since ED often precedes vascular
disease diagnosis in patients, several authors consider
ED as a surrogate symptom of occult vascular disease
(Kirby et al. 2001) and as a predictive marker for CVD
(Billups et al. 2008; Jackson et al. 2006; Kirby et al.
2001) and even acute cardiac events (Chew et al.
2010; Jackson 2008; Kostis et al. 2005). Recently,
ED itself was also considered an independent risk
factor of CVD (Dong et al. 2011).

Normal penile erectile function results from a com-
plex interaction between vascular, hormonal, neuro-
logic, and psychological factors. Erection attainment
and maintenance require an adequate inflow of arterial
blood and efficient trapping of venous outflow.
Consequently, even small interferences in penile vas-
cular flow could lead to any degree of ED. The early
event shared by this condition and CVD is endothelial
dysfunction (Marx and Grant 2007).

Endothelial dysfunction develops in the presence of
the aforementioned cardiovascular risk factors. At the
subcellular level, the underlying mechanism is based on
the impaired bioavailability of nitric oxide (NO) that
compromises normal NO-mediated vasodilatation. This
condition favors vasoconstriction, deregulates inti-
ma proliferation, and promotes a proinflammatory
environment that cause plaque destabilization
(Rodriguez et al. 2005). Endothelial dysfunction
is thus considered a basic initiator in the formation
of atheroma plaque (Marx and Grant 2007), and
therefore, it precedes the clinical manifestations of
atherosclerosis (Boneti et al. 2003). In this setting,
ED is a manifestation of endothelial dysfunction
and also a part of the spectrum of atherosclerotic
disease that culminates in arterial insufficiency
(Jackson et al. 2006; Montorsi et al. 2006).

The artery size hypothesis proposes ED as a silent
clinical marker for vascular disease (Montorsi et al.
2003). This theory states that, albeit atherosclerosis is
a systemic condition, it affects all arteries in a time-
and arterial diameter-dependent fashion. Thus, in the
small penile vessels, the same level of plaque burden
has a greater effect on blood flow compared with the
coronary, carotid, or femoral arteries.

The vascular consequences of high-fat (HF) diet, a
condition favoring CVD risk, have been a subject of
intense research. However, focus has been put on large
conduit arteries as the aorta of animal models with estab-
lished obesity. Although these studies documented well
the most dramatic end-effects of obesity in large vessels,
the nature of vascular derangements in small diameter
vessels, consequent to high-energy intake but prior to
overt obesity, attracted less attention. They contrast well
with the effects of energy restriction (ER). In fact, in
rodents, in nonhuman primates, and possibly in humans
too, the ER regimen extends lifespan, decreases inflam-
mation (Ye and Keller 2010), and reduces incidence of
CVD and other age-related diseases (Camici et al. 2011).
However, despite the potential impact that changed diet
patterns may have on human’s CVD, little research has
been conducted examining vascular system effects of ER
after an HF-feeding period.

HF-diet conditions highly favor adipose tissue accre-
tion, which leads to metabolic dysregulation. In fact,
adiponectin, an adipose tissue-derived peptide, plays
an important role in glucose and lipid metabolism
(Karbowska and Kochan 2006), and its secretion is
markedly downregulated in obesity-related conditions,
such as insulin resistance and diabetes (Kern et al.
2003). Furthermore, clinical observations have demon-
strated that hypoadiponectinemia has a close relationship
with endothelial dysfunction of peripheral arteries
(Shimabukuro et al. 2003) and that plasma total adipo-
nectin levels are inversely related to the risk of cardio-
vascular events (Kumada et al. 2003). Despite the wealth
of knowledge on adiponectin in established obesity and
CVD, long-term studies on the effect of diet are lacking.

Therefore, the present study was designed to examine
the impact of diet-induced cardiometabolic risk on cav-
ernous tissue, along aging. Our specific goals were: (1) to
verify whether long-term HF-diet consumption leads to
MetS, increment in adiposity, and changes in adiponectin
plasma levels; (2) to evaluate in what extent ER counter-
acts the effects of HF-diet chronic intake on MetS onset;
and (3) to study how such dietary conditions affect the
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cellular organization of cavernous tissue, in contrast with
the myocardium, a usual target of MetS derangement.

Materials and methods

All animal procedures were undertaken according to
the European Community Guidelines (86/609/EEC)
and the Portuguese Act (129/92) for the use of exper-
imental animals.

Experimental groups and diets

Two-month-old male Sprague–Dawley rats (n050),
weighing 200–250 g (Charles River, Barcelona, Spain),
were individually housed and maintained under con-
trolled standard laboratory conditions (12:12 h light–
dark cycle; 20–22 °C temperature; 40–60 % humidity).
After acclimatization, rats were randomly divided into
three experimental groups: control group (C, n015), rats
with free access to a standard laboratory diet with 4 % of
energy from fat mainly derived from fish (A04, Panlab®
SL, Barcelona, Spain); high-fat diet group (HFD,
n020), rats with free access to a purified rodent diet
with 45 % of energy from fat derived from lard (#58V8
TestDiet®, Purina Mills®, LLC/PMI Nutrition Interna-
tional®, Richmond, USA); energy-restricted group (ER,
n015), animals submitted to energy restriction,

correspondent to 75 % of daily standard rodent chow
individual intake of C rats. Food was restored every 2–
3 days. All animals had free access to tap water and
maintained the same diet pattern during experiments,
except a group of five randomly selected rats which after
10 months of HF-diet was subjected to a 6-month ER
period (HF/ER group, n05). Rats were sacrificed by
decapitation, when they reached 6, 12, or 18 months
(n05 for each subgroup of age). The experimental group
design and the composition of the diets are shown in
Fig. 1 and Table 1, respectively.

Rats’ body weight (BW) and food intake were mon-
itored weekly to assess the effect of the diets on weight
gain. The mean weekly energy intake (kilojoules per
week) was calculated as follows: food intake (grams) ×
diet energy value (kilojoules per gram).

Blood pressure assessment

Heart rate and systolic (SBP) and diastolic blood pres-
sures (DBP) were measured using the tail-cuff method
in conscious rats (LE5008-05PL, Panlab S.I., Barce-
lona, Spain) at the beginning of treatment (2 months)
and when rats completed 6, 12, and 18 months of age.
Measurements were made 10–15 min after acclimati-
zation under restraining conditions and were repeated
in three consecutive days. Data from day 3 were
considered valid.

Biochemical and hormonal determinations

Plasma glucose concentrations were determined using
a glucose analyzer (OneTouch® Ultra™, Lifescan,
Inc., Milpitas, CA, USA) at different time points (2,

Fig. 1 Time course of experimental procedures for studied
animal groups. C control group, HFD high-fat diet-fed group,
ER energy-restricted group, HF/ER energy-restricted rats high-
fat diet-fed until complete 12 months; arrows 6, 12, and
18 months endpoints

Table 1 Major macronutrient constituents and total energy of
high-fat and standard laboratory diets

High-fat diet Standard diet

Protein (g 100 g−1) [%]a 21.3 [18.3] 14.6 [20.2]

Carbohydrate (g 100 g−1) [%]a 41.9 [36.0] 55.1 [76.0]

Lipid (g 100 g−1) [%]a 23.6 [45.7] 1.2 [3.8]

Fiber (g 100 g−1) 5.8 3.9

Total energy (kJ g−1)b 19.5 12.1

a Percentage of energy content as protein, carbohydrate and fat (w/w)
b Total energy (kilojoules per gram): sum of decimal fractions of
protein, carbohydrate, and lipid, calculated on the basis of
16.7 kJg−1 protein and carbohydrates and 37.7 kJg−1 lipid
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6, 12, and 18 months) after a 16-h fasting. At the same
time, rat tail vein or trunk blood samples were collected
for biochemical and hormonal determinations. Plasma
fractions were separated by centrifugation at 1,000×g
for 30 min at 4 °C and maintained at −80 °C until
analysis. Plasma total cholesterol (TC), high-density
lipoprotein cholesterol (HDL-c), and triglyceride (TG)
concentrations were determined by enzymatic colorim-
etry in an Olympus® auto-analyzer (Olympus Amer-
ica, Inc., NY, USA) employing commercial kits
(OSR6516, OSR6587, and OSR61118, Olympus
America, Inc., for TC, HDL-c, and TG, respectively).
Low-density lipoprotein cholesterol (LDL-c) levels
were calculated by Friedewald’s formula (LDL-c 0

TC − [HDL-c − 1/5 TG], if serum TG is 400 mgdL−1

or less) (Friedewald et al. 1972).
C-reactive protein (CRP) levels in serum were ana-

lyzed with an immunoturbidimetric latex CRP assay,
normal set (OSR6199, Olympus America, Inc.). Plasma
testosterone levels were determined by electrochemilu-
minescence in an immunoassay analyzer (Cobas®,
Roche Diagnosis GmbH, Mannheim, Germany) with a
commercial kit (Testoterone II, #05200067, Roche
Diagnosis GmbH). Insulin and adiponectin levels were
evaluated using commercially available RIA kits
(Sensitive Rat Insulin RIA Kit #SRI-13K, Millipore
Co., Billerica, MA, USA, and Mouse Adiponectin RIA
Kit #MADP-60HK, Linco Research, Mo, USA, respec-
tively), according to the manufacturer’s instructions.

Insulin sensitivity was assessed by determination of
homeostasis model assessment of insulin resistance
(HOMA-IR) index for each animal. This index is
based on the fact that the relationship between glucose
and insulin in the basal state reflects the balance be-
tween hepatic glucose output and insulin secretion.
HOMA index was calculated as follows: HOMA-IR
index0G · I · 22.5−1, where G is fasting glucose
(millimoles per liter) and I is fasting insulin (milliunits
per liter) (Cacho et al. 2008).

Collection of samples

Rats were sacrificed after overnight fast and organ
harvest initiated with complete removal of epididymal,
mesenteric, and retroperitoneal fat pads as described
by Hausman et al. (2003). Each fat pad was weighted,
and the sum of mass of these three white adipose
tissue (WAT) deposits calculated. Onwards, WAT
refers to the sum of epididymal, mesenteric, and

retroperitoneal fat pads. In order to assess the effects
of the diet on body fat content, adiposity index (AI)
was calculated by WAT · BW−1 · 100 and expressed as
adiposity percentage (Fernandez et al. 2011).

The penises were removed after dissection from
skin and surrounding fat, fixed in 10 % buffered
formaldehyde, and paraffin-embedded, oriented along
its transversal axis. Similar procedure was used to the
proximal third of rat’s tail artery, considering that at
this level the diameter of this segment is compatible
with an NO-dependent conductance vessel (Souza et
al. 2008). The heart was excised and cut halfway
between the base and apex before fixation. Tissue
sections of 4–6 μm in thickness were cut in a micro-
tome (RM2145, Leica Microsystems GmbH,
Germany) and placed on 0.1 % poly-L-lysine-covered
microscopy slides for Masson’s trichrome staining and
immunohistochemical detection of alpha-actin.

Histomorphometric evaluation of connective tissue
content of rat myocardium and cavernous tissue

Two random selected slides of heart and penis of each
age, and from all experimental groups, were stained by
the laboratory routine method of Masson’s trichrome.
After observation, the images were captured in a
brightfield optical microscope connected to a digital
camera (Carl Zeiss MicroImaging GmbH, Göttingen,
Germany) and further subjected to computer-assisted
color histomorphometric analysis with ImageJ® soft-
ware (NIH, Maryland, USA). This allowed the assess-
ment of the connective tissue (CT, stained in blue)
proportion to total myocardial or corpora area under
analysis by pixel quantification. Areas belonging to
tunica albuginea were excluded from the analysis.

Histomorphometric evaluation of perivascular smooth
muscle layer density of rat cavernous tissue
and tail artery

Perivascular smooth muscle layer (SML) density of rat
cavernous tissue and tail artery was analyzed after
immunodetection of alpha-actin, a specific smooth
muscle cell (SMC) marker. Briefly, two penile and tail
artery randomly selected slides of each age, and from
all experimental groups, were deparaffinized, hydrat-
ed, treated with 3 % oxygen peroxide in methanol to
block endogenous peroxidase activity, exposed to 1 M
HCl for 30 min for epitope retrieval and neutralized
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with borax for 5 min, and incubated overnight with the
monoclonal antibody mouse anti-alpha-actin (Chemi-
con International, Temecula, CA, USA). After 30 min
of incubation with biotinylated secondary antibody,
followed by 30 min with streptavidin–horseradish per-
oxidase complex (Vectastain, Vector, CA, USA), sec-
tions were simultaneously reacted with DAB/H2O2

and counterstained with hematoxylin. Color images
of DAB-immunostained sections were captured in a
brightfield optical microscope connected to a digital
camera (Carl Zeiss MicroImaging) and then assessed
by quantitative histomorphometry using ImageJ® soft-
ware (NIH). Each image was analyzed after setting
thresholds for automated DAB selection. This allowed
the assessment of cavernous perivascular SML pro-
portion to total cavernous tissue (areas belonging to
tunica albuginea excluded) by pixel classification.
Identical procedure was used to evaluate the SML of
rat’s tail artery.

Statistical analysis

All descriptive data are expressed as mean value ±
SEM. Analysis of variance, followed by Bonferroni
multiple comparison test, was used to compare bio-
metrical, biochemical, and hormonal data, as well as
histomorphometrical results, within and between
groups. Student’s t test was also used when appropri-
ate. The correlation between serum adiponectin and
total testosterone, HOMA-IR, WAT, epididymal, mes-
enteric and retroperitoneal mass, as well as between
WAT and total testosterone, CRP, and HOMA-IR were
done based on correlation analysis (Pearson coeffi-
cients) between pairs. Statistical analysis was per-
formed using GraphPad Prism® software (GraphPad
Software Inc., La Jolla, CA, USA). A probability
value of P<0.05 was accepted as statistically signifi-
cant for all comparisons.

Results

Weight gain and food ingestion

Final BW, weight gain, food, and energy intake data
from all experimental animal groups are summarized
in Table 2. All the studied animals presented a linear
increase in BW during the study. As expected and
regardless of age, BW of HFD rats was significantly

higher than that observed for ER groups (P<0.001, for
6 and 12 months, and P00.002, for 18 months). De-
spite nutritional differences in diet, BW of HF-fed
animals did not differ from that of age-matched con-
trols (P00.232, P00.290, and P00.188, for 6, 12, and
18 months, respectively), nonetheless, HF-fed rats
presented an increased fat accretion. In contrast, ER
animals showed the lowest BW, when compared either
with C (P<0.001, P<0.001, and P00.002, for 6, 12,
and 18 months, respectively) or HFD groups (P<0.001,
P<0.001, and P00.007, for 6, 12, and 18 months, re-
spectively). In HF/ER rats, ER after HF-diet consump-
tion led to the attenuation of total BW gain along the
treatment (365.8 g) comparatively to age-matched HFD
(605.6 g,P00.045) but not to C rats (416.2 g,P00.348).
In general, the differences verified in BW gain were
higher from 6 to 12 or 18 months than from 12 to
18 months (Table 2), regardless of the type of diet.

The food intake of HFD rats was significantly
lower than those observed for C groups (P00.001,
P00.003, and P<0.001, for 6, 12, and 18 months,
respectively). Even though the energy value was
higher in HF diet compared to standard rat chow
(19.5 and 12.1 kJg−1, respectively), the total energy
intake of both groups was similar (Table 2). As
expected, in ER groups, either the quantity or energy
value of food was significantly lower than those ob-
served in age-matched C groups; nevertheless, only
energy intake differs from HFD animals. Note that the
amount of food provided to ER animals was predeter-
mined and fixed to achieve BW loss.

Blood pressure assessment

The highest heart rates were observed in HFD and HF/
ER groups comparatively to ER and C animals
(Table 3). Similarly, HFD groups presented the highest
SBP values, significantly increased towards C groups
at 12 and 18 months (P00.550, P00.006, and
P<0.001, for 6, 12, and 18 months, respectively). A
consistent and significant raise in SBP and DBP along
aging was observed in HF-treated animals (Table 3).
Conversely, this age-related variation was not ob-
served neither in C nor at ER rats, which presented
lower values of SBP than C (P00.024, P00.038, and
P00.054, for 6, 12, and 18 months, respectively) and
HFD groups (P00.013, P<0.001, and P00.019, for 6,
12, and 18 months, respectively). These rats also
exhibited lower DBP than that observed in C and
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HFD rats. Concerning HF/ER rats, they presented
higher SBP than C and ER at 18 months of age
(P00.001 and P00.004, respectively). For this
group, SBP do not differ from value observed in
18-month HFD (P00.245) despite the decrease in
DBP (P00.008).

Glucose metabolism and lipid profile

Fasting biochemical parameters concerning glucose me-
tabolism and lipid profile of rats from all experimental
groups are depicted in Table 3. Plasma glucose
levels presented low variations between groups
throughout the study (P00.251) despite the signifi-
cant increase observed from 6 to 18 months in HFD
animals (P00.019). In addition, 18-month HFD rats
had higher values of glycemia compared with ER
and HF/ER of same age (P00.004 and P00.013,
respectively), but no differences relatively to age-
matched C were found.

All experimental groups presented serum insulin
levels within the normal fasting range indicated by
the manufacturer for the method employed (0.5–
2.0 ngmL−1), excepting 12-month HFD rats (2.08 ng
mL−1) (Table 3). Nevertheless, HF-diet feeding (HFD
groups) led to an increase in insulin along aging,
particularly evident at 12 months (6 vs. 12 months,
P00.017; 6 vs. 18 months, P00.002; and 12 vs.
18 months, P00.320). Conversely, ER groups pre-
sented the lowest concentrations of insulin in
blood, inferior to those observed in C rats, though
significant difference was observed just at
18 months (P00.007). ER after HF-diet treatment
(HF/ER group) led to a decrease in this hormone
concentration when compared to 18-month HFD
animals (P00.038); nevertheless, relative to 18-
month ER rats, HF/ER group presents significantly
higher values (P00.022).

HOMA-IR, a valid predictor of insulin sensibility
(Cacho et al. 2008), was calculated individually for
each animal (Table 3). As verified for serum insulin
concentrations, HF diet led to an important elevation
in this index particularly in 12- and 18-month rats (6
vs. 12 months, P00.006; 6 vs. 18 months, P<0.001;
and 12 vs. 18 months, P00.807). No differences with
aging were verified either in ER or in C animals. ER
rats presented the lowest values of HOMA-IR, com-
paratively either to age-matched HFD (P00.104,
P00.004, and P<0.001, for 6, 12, and 18 months,

respectively) or C groups (P00.034, P00.172, and
P00.113, for 6, 12, and 18 months, respectively). An
important decrease was observed in this parameter when
HF/ER animals were compared to the 18-month HFD
group (P00.003); however, and accordingly to the ob-
servation for insulinemia, HF/ER present higher levels
of HOMA-IR than 18-month ER group (P00.007).

In what concerns lipid profile (Table 3), TC levels
were consistently elevated in HFD animals with aging,
relatively to other experimental groups. Additionally,
no differences were observed in HF/ER rats when
compared with 18-mo HFD group (P00.814). ER
and C animals presented similar TC levels at every
age (P00.278, P00.083, and P00.071, for 6, 12, and
18 months, respectively). HDL-c levels progressively
increased from the beginning of diet treatments in all
experimental groups, which was just significant in C
animals (6 vs. 12 months, P00.012; 6 vs. 18 months,
P00.036; and 12 vs. 18 months, P00.713). No differ-
ences were observed between ER and C groups at any
age. Although HFD animals presented the highest
levels of HDL-c, the major differences were seen
either between 6-month HFD animals and age-
matched ER and C rats (P<0.001 and P00.008,
respectively) or between 12-month HFD and 12-
month controls (P00.024). ER after HF-diet consump-
tion apparently did not affect this lipoprotein concen-
tration as no differences were verified between HF/ER
group and 18-month HFD (P00.796). No differences
were observed in LDL-c levels between groups, except
for the increase in 6-month HFD and ER animals com-
pared to age-matched C rats (P<0.001 and P00.022,
respectively).

As expected, plasma TG levels were high in HFD
animals and, in opposition, low in ER rats (Table 3).
However, due to inter-individual variation, significant
differences were only seen between 6-month ER rats
and age-matched HFD (P00.002) and C rats (P00.014),
and 18-month ER and HFD (P00.041). HF/ER animals
presented a decrease in TG levels comparatively to
18-month HFD (P00.247), similar to 18-month C
(P00.876), but almost double that seen in ER (P00.022).

Total testosterone

Regarding plasma total testosterone mean values
(Table 4), statistical significance was hard to establish
due to the relatively high inter- and intra-individual
variability. Nevertheless, our results suggest a
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physiological drop in this androgen concentration
along rat’s aging, as reported before (Neves et al.
2006). Note the lower total testosterone levels
evidenced by 6-month HFD animals in comparison
to age-matched C rats (P00.049). Although no statis-
tical significance was established, HF/ER animals pre-
sented an elevation of total testosterone levels
comparatively to other 18-month experimental groups.

CRP and circulating adiponectinemia

No differences in serum CRP levels were verified
along aging in any experimental group (Table 4).
However, a potential association with diet may exist,
considering the increase observed in 18-month HFD
rats CRP levels compared to age-matched C group
(P00.005). In addition, ER after HF feeding (HF/ER
group) led to an important decrease comparatively to
18-month HFD animals (P00.013). Unexpectedly, the
highest values of CRP were verified in ER rats, but
only different from C animals at 6 months (P00.024).

Concerning the adiponectin serum concentrations
(Table 4), ER groups presented the highest levels com-
paratively to either HFD animals (P<0.000, P00.017,
and P00.005, for 6, 12, and 18 months, respectively) or
controls (P00.010, P00.086, and P00.040, for 6, 12,
and 18 months, respectively). Indeed, the lowest adipo-
nectinemia levels were associated to HF-diet consump-
tion, but ER treatment after HFD failed to increase the
levels of this adipokine (HF/ER vs. 18-month HFD,
P00.465; HF/ER vs. 18-month ER, P00.021).

White adipose tissue mass and adiposity index

Immediately after euthanasia of each animal, epididy-
mal (Fig. 2a), mesenteric (Fig. 2b), and retroperitoneal
(Fig. 2c) fat pads were removed and weighted. The
sum of these three fat deposits (WAT) is also depicted
(Fig. 2d). HFD rats presented the highest values of
each adipose tissue fraction and WAT, comparatively
to the other experimental groups (ER, HF/ER, and C).
In HFD animals, neither mesenteric nor retroperitone-
al fat mass differed over the time of treatment, in
opposition to epididymal fat that decreased signifi-
cantly from 6 to 18 months (P00.008). Concerning
ER animals, the lowest WAT and respective fractions
were registered, and an age-related association was
found, considering that epididymal, mesenteric, and
retroperitoneal fat pads mass increased from 6 toT
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Table 5 Correlation coefficients of adiponectin, HOMA-IR, C-reactive protein, or plasma total testosterone with white adipose tissue
mass, epididymal, mesenteric and retroperitoneal fat pads mass, and insulin

Adiponectin HOMA-IR C-reactive protein Total testosterone

White adipose tissue mass −0.502* +0.420* +0.331** −0.039
Epididymal fat pad mass −0.427* +0.460* +0.084 −0.178
Mesenteric fat pad mass −0.491* +0.524* +0.024 −0.275**
Retroperitoneal fat pad mass −0.552* +0.353** +0.251 −0.144
Adiposity indexa −0.504* +0.534* −0.037 −0.234
Adiponectin n.a. −0.354** +0.103 +0.162

Insulin −0.362** +0.452* −0.142 −0.275**
HOMA-IRb −0.354** n.a. −0.067 −0.194
C-reactive protein −0.103 +0.067 n.a. −0.157
Plasma total testosterone +0.162 −0.194 −0.157 n.a.

n.a. not applicable

*P<0.01; **P<0.05
a Adiposity index 0 [(∑epididymal, mesenteric, retroperitoneal fat pads mass) (final body weight)−1 ] 100
b HOMA-IR 0 G (I 22.5−1 ), where G is fasting glucose (millimoles per liter) and I is fasting insulin (milliunits per liter)

Fig. 2 Graphical representation of adipose tissue fat pads mass
from all experimental groups. Bars represent the mean in grams
of epididymal (a), mesenteric (b), and retroperitoneal (c) fat
pads, as well as white adipose tissue (d), and error bars indicate
the standard error of the mean. C control group, HFD high-fat

diet-fed group, ER energy-restricted group, HF/ER energy-
restricted rats high-fat diet-fed until complete 12 months. * P<
0.05, significant differences between groups; a P<0.05 vs. 6-
month ER, b P<0.05 vs. 6-month HFD, c P<0.05 vs. 6-month C
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12 months (P00.001, P00.032, and P00.016, respec-
tively), and stabilized until 18 months (P00.390,
P00.408, and P00.463, respectively). With respect to
HF/ER rats, ER treatment from 12 to 18 months led to a
reduction in both epididymal (P00.046) and mesenteric
fat pads (P00.005) to levels similar to those observed in
18-month ER rats. However, WAT mass in HF/ER
group (70.0±4.6 g) was largely superior to 18-month
C (45.0±6.3 g, P00.012) and ER rats (39.0±3.2 g,
P00.001), despite the decrease relative to 18-month
HFD rats (106.6±15.2 g, P00.049).

To further understand the effect of HF diet and
ER on body adiposity, AI was determined as de-
scribed by Fernandez et al. (2011). As summarized
in Table 2, HFD animals presented the highest AI
when compared either with C (P00.001, P<0.001,
and P00.001, for 6, 12, and 18 months, respec-
tively) or ER rats (P00.003, P00.001, and P0
0.333, for 6, 12, and 18 months, respectively). A
significant increment in ER rats adiposity was found
between 6 and 12 months (P00.003), which further
tended to stabilize (P00.880). Concerning ER after
HF-diet feeding (HF/ER rats), it was observed a slight
not significant decrease in AI comparatively to 18-
month HFD rats (P00.212).

Correlation between serum adiponectin, HOMA-IR,
CRP, total testosterone, fat pads mass, adiposity index,
and insulin

Correlation coefficients determined for the parameters
aforementioned are depicted in Table 5. Although ER
animals presented increased levels of CRP and adipo-
nectin, no correlation between these variables was
found (r0+0.103, P00.291). Similarly, levels of total
testosterone did not correlate with serum adiponectin
(r0+0.162, P00.276) nor AI (r0−0.234, P00.114).
On the other hand, it was found that this adipokine
correlated inversely with HOMA-IR (r0+0.354,
P00.015), with epididymal, mesenteric and retroperi-
toneal fat pads mass, WAT, and AI (r0−0.423, P00.003;
r0−0.491, P<0.001; r0−0.552, P<0.001; r0−0.502,
P<0.001; and r0−0.504, P<0.001, respectively), sup-
porting that the increment of adiposity led to a diminution
of circulating adiponectin.

Statistical analysis also evidenced that serum total
testosterone correlated negatively with mesenteric fat
(r0−0.275, P00.036), despite the absence of correla-
tions with WAT, epididymal, or retroperitoneal fat pads
mass (r0−0.039, P00.666; r0−0.178, P00.231; and,
r0−0.144, P00.333, respectively).

Fig. 3 Histomorphometric analysis of connective tissue content
on rat myocardium. a Masson’s trichrome staining of rat myo-
cardium sections from all experimental groups. Smooth muscle
and connective tissues are stained in red and in blue, respec-
tively. b Graphical presentation of quantitative changes in con-
nective tissue content in all experimental groups, determined by
computer-assisted histomorphometry. Bars represent the mean

value in percentage of myocardium connective tissue content,
and error bars indicate the standard error of the mean. C control
group, HFD high-fat diet-fed group, ER energy-restricted group,
HF/ER energy-restricted rats high-fat diet-fed until complete
12 months. *P<0.05, significant differences between groups; a
P<0.05 vs. 6-month C group, b P<0.05 vs. 12-month C group
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It was verified that insulin resistance, evaluated by
HOMA-IR index, was directly correlated with WAT
(r0+0.420, P<0.001), as well as with the different

anatomic fat deposits (r 0−0.460, P < 0.001;
r0−0.524, P<0.001; and r0−0.353, P00.03, for epi-
didymal, mesenteric, and retroperitoneal, respectively)

Fig. 4 Histomorphometric analysis of connective tissue content
on rat cavernous tissue. a Masson’s trichrome staining of rat
cavernous tissue sections from all experimental groups. Smooth
muscle and connective tissues are stained in red and in blue,
respectively. b Graphical presentation of quantitative changes in
connective tissue content in all experimental groups, determined
by computer-assisted histomorphometry. Bars represent the

mean value in percentage of cavernous connective tissue con-
tent, and error bars indicate the standard error of the mean. C
control group, HFD high-fat diet-fed group, ER energy-
restricted group, HF/ER energy-restricted rats high-fat diet-fed
until complete 12 months. *P<0.05, significant differences be-
tween groups; a P<0.05 vs. 6-month C, b P<0.05 vs. 6-month
HFD

Fig. 5 Histomorphometric analysis of smooth muscle cells
density of rat cavernous tissue. a Immunohistochemical detec-
tion of alpha-actin in cavernous tissue transversal sections from
all experimental groups. Note brown stain of smooth muscle
cells. b Graphical presentation of quantitative changes in
smooth muscle layer, determined by computer-assisted histo-
morphometry of all experimental groups. Bars represent the

mean value in percentage of smooth muscle cells density, and
error bars indicate the standard error of the mean. C control
group, HFD high-fat diet-fed group, ER energy-restricted group,
HF/ER energy-restricted rats high-fat diet-fed until complete
12 months. *P<0.05, significant differences between groups; a
P<0.05 vs. 6-month ER
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and AI (r0−0.543, P<0.001). In addition, negative cor-
relations between insulin levels and adiponectin or tes-
tosterone (r0−0.362, P00.01 and r0−0.275, P00.04,
respectively), and positive correlation betweenCRP levels
and WAT mass (r0+0.331, P00.018) were found.

Connective tissue content in myocardium

Similarly to human tissue, rat myocardium is mainly
composed by cardiomyocytes (striated cardiac muscle),
with small vessels lined by endothelial cells and
delimited by a thin SML. Surrounding myocytes, sparse
CT is also present. Observation of Masson’s trichrome
staining of myocardium sections (Fig. 3a) did not evi-
dence marked differences between HFD and ER groups
along aging or between 6 and 18-month C rats. On the
other hand, CT content (stained blue) varied in accor-
dance with rats’ diet composition (P<0.000). Histomor-
phometric analysis (Fig. 3b) demonstrated an increase in
CT content in myocardium of HFD groups, when com-
pared with age-matched ER animals (P00.001, P00.004,
and P00.003, for 6, 12, and 18 months, respectively) and
C groups (P00.003, P00.464, and P00.011, for 6, 12,
and 18 months, respectively). The percentage of CT pres-
ent in the myocardium of ER animals was significantly
inferior to that observed in C rats at 6 and 12 months

(P00.023 and P<0.001, respectively) but similar at
18 months (P00.468). ER after HF-diet consumption
(HF/ER) did not produce changes in the heart CTcontent
(P00.219 relative to 18-mo HFD). No correlations were
found between CT content in myocardium neither with
circulating levels of total testosterone, adiponectin, and
CRP nor with HOMA-IR (data not shown).

Connective tissue density in cavernous tissue

Rat cavernous tissue is a mesh of interconnected cav-
ernous spaces, lined by endothelium surrounded by
SML, and separated by trabecula mainly composed
by CT (collagen fibers and fibroblasts), as previously
reported (Neves et al. 2006, 2010). Masson’s tri-
chrome staining (Fig. 4a) showed that CT content
(stained blue) in cavernous tissue varied between
groups (P<0.000), as confirmed by quantitative
computer-assisted histomorphometric analysis
(Fig. 4b). HFD rats’ cavernous tissue presented higher
CT density when compared to that of ER (P00.001, P0
0.036, and P00.001, for 6, 12, and 18 months, respec-
tively), C (P00.032, P<0.001, and P00.352, for 6, 12,
and 18 months, respectively), and HF/ER groups
(P<0.000). In fact, ER treatment after HF diet led to
CT values similar to those observed in 18-month ER

Fig. 6 Histomorphometric analysis of smooth muscle layer of
rat’s tail artery. a Immunohistochemical detection of alpha-actin
in tail artery transversal sections from all experimental groups.
Note brown stain of smooth muscle cells. b Graphical presen-
tation of quantitative changes in smooth muscle layer of rat’s tail
artery, determined by computer-assisted histomorphometry of
all experimental groups. Bars represent the mean value in

percentage of smooth muscle cells content , and error bars
indicate the standard error of the mean. C control group, HFD
high-fat diet-fed group, ER energy-restricted group, HF/ER
energy-restricted rats high-fat diet-fed until complete 12 months.
*P<0.05, significant differences between groups; a P<0.05 vs.
6-month C
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and C rats (P00.091 and P00.152, respectively). In ER
animals, although CT percentage almost doubled from 6
to 12 months, and from 12 to 18 months, no statistical
significance was found.

Perivascular smooth muscle cells density of cavernous
tissue

In rat cavernous tissue, SMC are restricted to endothe-
lium periphery (Neves et al. 2006, 2010). Subsequent to
immunostaining of alpha-actin (Fig. 5a), differences in
perivascular SML density between experimental groups
were evaluated by histomorphometry (Fig. 5b). As
depicted in the graph, although no significant differ-
ences were detected in SMC content in HFD and C
groups along aging, a decrease in perivascular SMC
density were observed in ER animals from 6 to
12 months (P00.045), and to 18 months (6 vs.
18 months, P00.019). No differences in cavernous
SML density were observed between 18-month HFD
rats and age-matched ER and C rats (P00.177 and P0
0.066, respectively). However, 6 and 12-month ER rats
evidenced lower SML percentage comparatively to their
paired controls (P00.012 and P<0.001, respectively).
HF/ER rats presented similar SMC density to either 18-
month HFD (P00.139) or 18-month C (P00.850) but
clearly augmented comparatively to 18-month ER rats
(P00.006). Although aging and HF-diet regular intake
are both associated with increased fat mass deposition
around the vessels (Barandier et al. 2005), in this study,
no adipocytes were observed in perivascular areas of
cavernous tissue.

Tail artery smooth muscle cells density

SMC density of the proximal third of rat tail artery
was studied after immunodetection of alpha-actin
(Fig. 6a). Alpha-actin immunoreactivity was found
in the tunica media that consists of concentrically
arranged SMC layers. No differences in SMC den-
sity were verified along aging (Fig. 6b), except for
the significant increase observed in C animals
from 6 to 18 months (P00.009). In addition, it
was found that 18-month ER animals presented
thinner SMC layer than age-matched C rats (P0
0.011) but similar to 18-month HFD animals (P0
0.059).

Discussion

MetS affects at least one quarter of the population in
industrialized countries. Its prevalence is strongly as-
sociated with aging (Ford et al. 2002) and, in turn,
with age-associated diseases such as ED and CVD
(Jacobs et al. 2011). These clinical conditions result
from complicated atheroma plaque, which stems from
previous endothelial dysfunction. Therefore, age and
other genetic and environmental factors that lead to
endothelial dysfunction, and persistent low-grade in-
flammation, are key features in the pathophysiology of
atherosclerosis and exhibit high incidence in MetS
patients (Feldman et al. 1994; Kressel et al. 2009;
Rizvi 2009).

We had hypothesized that long-term HF-diet con-
sumption is sufficient to result in MetS. Such HF diet,
lard-derived, especially rich in saturated fatty acids, is
recommended for induction of obesity-related meta-
bolic changes, as dyslipidemia and insulin intolerance
(Pajvani and Scherer 2003); it contrasts with diets
containing fish oils, particularly rich in polyunsaturated
ω-3 fatty acids, which have beneficial effects on body
composition and insulin action (Buettner et al.
2006). Beyond the ability to mimic human MetS,
previous reports demonstrated that in rats, HF-fed
related changes also extend to cardiovascular com-
plications (Buettner et al. 2006).

Opposed to lard-derived HF diets, ER is the most
adequate strategy to reduce BW and improve the met-
abolic profile (Aziz et al. 2009). In rodents, daily food
intake reduction of 20–40 % significantly reduces
WAT (Blüher et al. 2003), the risk to develop CVD,
or other age-associated diseases (Martin et al. 2010)
and extends life span by up to 40 % (Barzilai et al.
1998). Equivalent findings were observed in humans
considering that 1 year of low-energy diet reduces
markedly atherosclerosis risk factors such as high
body mass index, blood pressure, blood levels of
glucose, insulin, CRP, TG, and LDL-c, and increases
the levels of HDL-c (Fontana et al. 2004).

In the current investigation, postmortem evaluation
provided evidence that body composition and body fat
distributions were quantitatively affected by nutrition-
al quality of diet despite the similarity in final BW of
HFD and age-matched C rats. When compared to
controls and ER, HFD animals presented a significant
increase in adiposity, probably accompanied by loss of
lean body mass, BW, AI, and WAT. In addition, the
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results agree with the expected findings regarding
hypertension (SBP and DBP), hyperinsulinemia, and
insulin resistance (evidenced by higher HOMA-IR).
Within the lipid profile of HFD animals, beyond the
expected hypercholesterolemia and hypertriglyceride-
mia, some surprising results were obtained, e.g., the
rise in HDL-c, also noticed in ER rats and controls
along aging. This change is rather unexpected in view
of the well-known association of atherosclerosis and
lower circulating level of HDL-c in humans (Onat et
al. 2010). It is possible however that HDL-c may be
showing a chameleon-like lipoprotein feature: the
capacity to be anti-inflammatory in the basal state (as
HDL-c protects LDL-c from oxidation) and to be
proinflammatory/atherogenic, injurious to the vascular
system during the acute-phase responses, or chronic
inflammation (G et al. 2011; Navab et al. 1996). Such
inflammatory state has been associated with condi-
tions as aging and HF diets too (Kim et al. 2008;
Kressel et al. 2009; Ye and Keller 2010).

In the context of HFD and blood chemistry changes
in favor of MetS, testosterone level indicates its associ-
ation as well. Indeed, it declines in older animals, com-
pared to younger ones, and also in HFD rats, compared
to controls and ER. These changes appear to parallel
previous human observations that recently attracted
more attention, not only concerning sexual perfor-
mance, but in a wider context of male health. That is
so because experimental research supports the point that
testosterone deficiency profoundly affects angioarchi-
tecture of cavernous tissue and impairs the erectile
capacity (Tomada et al. 2011; Traish et al. 2007) and
also because hypogonadism associates with MetS and is
a risk factor for CVD (Jones 2007; Frederiksen et al.
2012; Laughlin et al. 2008; Vikan et al. 2009).

The change in adiposity deserves additional com-
ments on the location of the age-related WAT
accumulation (epididymal, mesenteric, or retroper-
itoneal). As expected, on account of the known
accretion in intra-abdominal fat upon high-energy
high-fat diet intake (Sinclair 2005), pad mass and
AI were higher in HFD compared to controls and
ER animals. This difference was especially notable
in 6-month-old animals but not as sharp in the
succeeding ages.

However, whereas fat deposition at all locations
exhibited a minor, age-related trend to increase in
controls, considerably different results were noticed
when HFD and ER were compared. In fact, while

ER animals trends were similar to controls, HFD ani-
mals presented an age-related downward trend in ep-
ididymal and mesenteric fat but an upward trend in
retroperitoneal fat deposition. The data suggest that
aging was able to modulate epididymal and mesenteric
fat deposition but not retroperitoneal, which seems
more diet dependent. These different modulatory pat-
terns of fat deposition reflect the general view that
obesity is a complex disorder, dependent on genetic
and environmental factors.

Besides energy storage function, WAT is an impor-
tant endocrine organ that regulates many biological
processes and is involved in derangements that may
lead to pathological conditions. Indeed, as obesity
develops, secretory activity of WAT increases and
cardiometabolic risk rises (Matsuda et al. 2002).
Moreover, recent studies demonstrate that adipocytes
are highly active in the secretion of hormonal factors,
including adiponectin, a major bioactive molecule
with recognized cardiovascular beneficial properties.
This peptide increases glucose uptake, reduces gluco-
neogenesis and lipogenesis, and enhances fat β-
oxidation (Kadowaki et al. 2008). In contrast, circu-
lating levels of adiponectin are reduced in obesity and
MetS (Di Chiara et al. 2012), antedating insulin resis-
tance (Blouet et al. 2006; Pajvani and Scherer 2003), a
consequence also related to the consumption of diets
rich in saturated fatty acids (Razny et al. 2011).
Coherently with this point, adiponectin levels were
decreased in HFD animals and substantially increased
in ER animals at all ages; they inversely correlated
with WAT and respective different fractions, and with
AI and HOMA-IR as well.

Beyond anti-atherosclerotic properties (Matsuda et
al. 2002), it is believed that adiponectin possesses anti-
inflammatory effects too (Ye and Keller 2010), which
would favor endothelial dysfunction prevention
(Sweazea et al. 2010; Pearson et al. 2003). It is uncer-
tain however that adiponectin may be used to assess
inflammation, which is not the case for CRP, an usual
marker of inflammatory conditions. Interestingly, at all
time points, hypoadiponectinemia accompanied by
high levels of CRP were evidenced in HFD rats com-
pared to controls, although we did not find a notewor-
thy correlation between both concentrations.

These general biometric and biochemical changes
observed in HFD rats indicate a trend towards the
establishment of MetS and the enhancement of cardio-
vascular risks in a fashion similar to humans. They
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thus render relevance to the lard-derived HF-diet-fed
rat as a model for the study of age-related metabolic
derangements and consolidate the ER regimen as a
contrasting companion of this experimental procedure.

Some of the observed structural features in tissues are
also compatible with this trend for MetS. In fact, beyond
a significant elevation in blood pressure (both SBP and
DBP), HFD rats had an increased perivascular CT in the
myocardium. This finding corroborates a previous report
that relates hypertension to cardiac fibrosis (Berk et al.
2007) and contrasts well with the findings in ER rats,
where the lowest BW, blood pressures, and myocardium
CT content were verified. Still, they showed an age-
related trend too.

Similarly to the heart, an enhanced CT deposition
was noticed in the arterial bed of the penis in HFD
rats, particularly the older ones. Although starting at a
lower level of CT deposition, ER animals also
evidenced an age-related trend to its increase, to reach
control values at older age, further adding to age as an
independent factor for CT deposition. This condition
leads to vascular stiffness, compromises cavernous
SM vasodilatation, and modifies the cell–cell commu-
nication. The sinusoidal spaces will become narrower,
less able to retain blood, and thus the inflow of blood
into cavernous spaces to elevate the pressure within
the penis decreases (Jiang et al. 2005) contributing to
veno-occlusive ED (Shen et al. 2001).

In contrast with that clear age-related trend for CT
deposition in HFD rats’ cavernous tissue, the SMC
reduction did not appear to vary when compared to
controls. Also unclear is the apparent downward trend
in ER animals which loose a substantial amount of SMC
along aging. The meaning is uncertain, especially when
it is compared with the SMC density at the tail artery, a
muscular vessel widely used in the study of vascular SM
(Leal et al. 2008), whose age-related features under
controlled and dietary experimental conditions are here
described for the first time. Loss of SMC and increment
of CT deposition along aging have been repeatedly
reported in corporal tissue either in animal models
(Burchard et al. 2000; Carrier et al. 1997) and humans
(Tomada et al. 2011). These changes provoke mechan-
ical alterations of the penis, as reduction in its elasticity
and compliance, which lead to erectile function impair-
ment (Ferrini et al. 2009). We are convinced that the
observed features in the cavernous tissue, either the CT
or the vascular SMC, reflect a specific sensitivity of this
reproductive tissue to reduced energy intake as well.

The group of animals that was submitted to ER
after a long period of HF-diet consumption (HF/ER
group) addresses a recurrent question about the value
of changing dietary lifestyles after a prolonged inges-
tion of HF food. The rats in this experiment showed
some changes that deserve a particular attention. Both
BW and AI decreased to levels below HFD animals
but remained above ER and controls. Diastolic blood
pressure, but not systolic, presented a similar change,
as well as most common blood chemistry data, includ-
ing lipids, glucose, and insulin. Interestingly, circulat-
ing adiponectin, an adipocyte originated peptide,
remained as if HFD had continued; in addition,
while epididymal and mesenteric WAT reduced to
levels similar to ER rats, retroperitoneal fat did not,
indicating that biological features of such fat depos-
its set at younger ages are not lost later, indepen-
dently of changes in its environment. Conversely,
ER treatment after HF-diet feeding (HF/ER group)
resulted in an important decrease of CRP, which
indicates that decrease in fat depots observed in
these rats reduces chronic systemic inflammation
and suggests that visceral fat makes an important
contribution to that. These observations suggest
that different fat deposits have different, subtle
regulatory mechanism and are in favor of their
functional heterogeneity. For example, retroperito-
neal fat appears a more diet dependent and implied
in adiponectin regulation, whereas epidydimal and
mesenteric are contributors to age-related inflam-
mation and are sentinelled by CRP.

Specific unknown tissue specificities may also un-
derlie the CT and SMC changes in the HF/ER animals.
These exhibited a lower CT deposition in cavernous
tissue, when compared to HFD, in contrast with CT
deposition in the heart which remained similar to HF-
diet-fed rats at all times. It suggests that beneficial
functional effects derived from lesser energy intake
may be more expected in penile vasculature, in compar-
ison with the heart. Moreover, apparent replacement of
corpora CT by SMCs favors an improved cavernous
tissue performance. However, other studies are neces-
sary to ascertain this point.

Conclusions

Taken together, the findings emphasize the importance
of the diet composition and its energy value along
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aging; they also evidence metabolic consequences of
HF-diet intake and their effect on specific target
organs. HF long-term consumption increases WAT
accretion, blood pressure, lipids, and CRP in plasma
while reduces insulin sensibility and adiponectin se-
cretion, and strongly favors CT increment in cavern-
ous tissue and myocardium. These changes and the
underlying endothelial dysfunction are likely to be
avoided by ER implementation early in life, hoping
to prevent cardiovascular events in the future. Con-
versely, when low-fat low-energy diet is adopted later
in life, despite the improvement on insulin sensibility
and lipid profile, adiponectin secretion ability is com-
promised, the retroperitoneal fat mobilization is limit-
ed, and the CT deposition in the myocardium is
unaltered. Nevertheless, tissue structural modifications
in cavernous tissue can be reversed by HF-diet with-
drawal, which reinforces the role of diet in the preven-
tion and reversion of ED.
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