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RESUMEN

Esta claramente demostrada la estrecha relacién entre la dieta y la salud
tanto a largo como a corto plazo. De hecho, varios estudios han descrito que los
habitos alimentarios tradicionales pueden tanto incrementar como reducir la
prevalencia de determinadas enfermedades. Dietas ricas en grasa y reducidas
en vegetales y frutas se asocian frecuentemente con el desarrollo de sobrepeso
y obesidad que a su vez se relacionan con un incremento en el riesgo de
desarrollar enfermedades cardiovasculares, diabetes y otras. Sin embargo, los
mecanismos por los cuales esto ocurre y como estos efectos podrian ser

invertidos necesitan aln ser aclarados.

Por otro lado, se ha descrito que algunos vegetales y frutas, ademas de
su valor nutricional convencional, tienen compuestos funcionales capaces de
ofrecer beneficios para la salud. Se conoce que estos compuestos activos
presentes en productos naturales tienen actividad anti-cancer, anti-obesidad,
anti-diabetes y otras. Entre los compuestos descritos en la literatura por su efecto

como reguladores del metabolismo de la glucosa estan las antocianinas




encontradas en los frutos del bosque. A pesar de algunos estudios prometedores
describiendo los efectos beneficiosos de estos frutos, todavia no se conoce el
mecanismo por el que afectan al metabolismo. En esta Tesis, hemos evaluado
los efectos de la ingesta de una dieta rica en grasa, la denominada “dieta de
cafeteria”, en ratas hembra y macho, y tras un periodo de ingesta de dieta
control. Adicionalmente, estudiamos los efectos de las moras (Rubus fruticosus),
un fruto del bosque rico en antocianinas, en ratas hembra y macho alimentadas

con dieta de cafeteria.

Para el desarrollo de esta Tesis se llevaron a cabo dos protocolos
experimentales. En el experimento |, ratas Sprague-Dawley hembra y macho de
21 dias de edad fueron aleatoriamente asignadas a dos grupos experimentales:
grupo estandar alimentadas con dieta control y grupo cafeteria alimentadas con
dieta de cafeteria, rica en grasa, durante 90 dias. Tras este periodo, los animales
fueron sometidos al test de tolerancia oral a la glucosa (OGTT) y la mitad de los
animales fueron sacrificados para recogida de plasma, higado y tejido adiposo.
La otra mitad de los animales de ambos grupos comenzaron a recibir dieta
control hasta el dia 200 de experimento, cuando fueron sometidos a otro OGTT

y sacrificados para recogida de plasma, higado y tejido adiposo.

Laingesta de alimentos y el peso corporal fueron medidos semanalmente.
Tras el sacrificio, el peso de los tejidos adiposos e higado también fueron
registrados. En plasma se evaluo el perfil de acidos grasos, niveles de glucosa,
insulina, triglicéridos, glicerol, &cidos grasos no esterificados, colesterol, leptina,
adiponectina y resistina. En los tejidos (higado y tejidos adiposos) se valoré el
perfil de acidos grasos y el contenido de triglicéridos y colesterol. La actividad de
las enzimas lipoproteina lipasa y glicerol quinasa fue evaluada en los tejidos

adiposos recogidos.

Para el experimento Il, ratas Sprague Dawley hembras y machos de 70

dias de edad fueron aleatoriamente asignadas a cuatro grupos experimentales:




grupo estandar alimentadas con dieta control, grupo estandar con Rubus
alimentadas con dieta estandar suplementada con extracto de Rubus, grupo
cafeteria alimentadas con dieta de cafeteria y grupo cafeteria con Rubus
alimentadas con dieta de cafeteria suplementada con extracto de Rubus durante
80 dias. Tras ese periodo todos los animales fueron sacrificados para recogida
de plasma, higado y tejidos adiposos. Los pesos de los tejidos adiposos e higado
fueron registrados. En plasma, se evalud el perfil de acidos grasos, los niveles
de glucosa, insulina, triglicéridos, glicerol, acidos grasos no esterificados,
colesterol y B-hidroxibutirato. En los tejidos (higado y tejido adiposo) se

determinaron el perfil de acidos grasos, el contenido de triglicéridos y colesterol.

En el experimento |, los pesos de los diferentes tejidos adiposos y de
higados resultaron méas altos en las ratas hembra alimentadas con dieta de
cafeteria que con dieta control a los 90 dias de experimento. Este efecto
desaparecié cuando tras esa alimentacion las ratas hembra fueron alimentadas
con dieta control durante 110 dias. Sin embargo, en los machos alimentados con
dieta de cafeteria no se observo ese incremento de los pesos de tejido adiposo
o de higado. La respuesta de los parametros metabdlicos a la alimentacion con
dieta de cafeteria resulté ser mayor en machos que en hembras. Las actividades
de la lipoproteina lipasa y de la glicerol quinasa fueron mayores en algunos
tejidos adiposos de ratas hembra alimentadas con cafeteria que en los machos.
La dieta de cafeteria cambio el perfil de acidos grasos en plasma, higado y tejido
adiposo, tanto en hembras como en machos, con incrementos en la
concentracion de acidos grasos saturados y monoinsaturados. Los tests de
tolerancia oral a la glucosa mostraron un disminuido indice de sensibilidad
insulinica en las ratas hembra que fueron alimentadas con dieta de cafeteria,

mientras que no se observaron cambios en los machos.

En el experimento Il, la administracion de una dieta de cafeteria a machos
y a hembras durante 80 dias produjo un aumento de la adiposidad. El

suplemento de la dieta con extracto de Rubus a las ratas hembra y macho




alimentadas con dieta control incrementé la concentracion de B -hidroxibutirato
en el plasma de estos animales ademas de incrementar su sensibilidad
insulinica. Por otro lado, la respuesta al suplemento de extracto de Rubus en las
ratas alimentadas con dieta de cafeteria no fue tan evidente como en las ratas
alimentadas con dieta control. En cuanto a los perfiles de acidos grasos, el
suplemento de la dieta control con extracto de Rubus también produjo un
incremento de acidos grasos poliinsaturados en el higado de las hembras y de
los machos a los 80 dias de tratamiento con dieta control pero no en los grupos

alimentados con dieta de cafeteria.

Globalmente, los efectos de la dieta de cafeteria fueron mas manifiestos
en hembras que en machos, y desaparecieron tras la ingesta de dieta control
durante 110 dias. El suplemento de la dieta control con extracto de Rubus
produjo en las ratas un estado catabdlico a pesar de tener una ingesta calorica
normal. Sin embargo, los efectos del extracto de Rubus desaparecieron cuando
eran administrados en la dieta de cafeteria, y esta falta de respuesta la
interpretamos en funcién de la intensa resistencia insulinica producida por esta

dieta.




INTRODUCTION

1. Diet and health

The close relationship between diet and health is clearly substantiated. The
influence of the diet in human health was first identified by epidemiological
observations. The results of these epidemiological studies showed that
environmental factors, especially food compounds, exert an important role in
hormones that act on the prevention and development of disease (1).

This research field is known as nutritional epidemiology and predominantly
focus on studying diseases and their relationship with a food or nutrient. These
studies are fundamentally limited by the methodology used since people are not
fed exclusively with a single nutrient or food. Thus, in the latest years,
complementary methods to analyse dietary patterns have been developed to

minimize these limitations (2, 3). Also, due to this fact a variety of studies using




more controlled methods are necessary to broaden the knowledge about food

and health especially those using animal models.

Multiple factors are able to affect the energy balance which could lead to
an increase of energy accumulation (4). The number of people with excess of
weight in the world is increasing in the last 40 years (5). Modifications on the food
industry producing energy-dense foods together with the expanding urbanization,
sedentary work positions and changes in the modes of transport contribute to the

increase of excess body weight worldwide (5, 6).

The consequences of overweight and obesity are also documented. An
excess of weight increases the risk of developing cardiovascular diseases, which
were the leading cause of death worldwide in 2021 (5). Moreover, the risk of
developing musculoskeletal disorders and certain types of cancers such as
breast, colon, kidney, gallbladder, liver, prostate, endometrial and ovarian are
increased in individuals with overweight and obesity. Apart from all these
situations, it is well known that diabetes and insulin resistance are also conditions

related to the excess of body weight (5, 7).

Furthermore, nutritional epidemiological studies not only found a
relationship between dietary patterns and disease development but also showed
that specific foods play an important role inducing or preventing certain diseases.
In fact, a low intake of fruits and vegetables is associated to a higher mortality
caused by cardiovascular diseases (8). Additionally, these studies have
described that beyond their traditional nutritional value, fruits and vegetables
could also collaborate improving specific metabolic conditions such as an
excessive inflammatory molecules production (9). Moreover, there are several
natural products identified such as flavones, xanthones and anthocyanins, that
are described to be able to regulate glucose metabolism and consequently

improve insulin resistance (10).




The forest fruits (raspberries, blueberries, blackberries and others) are
some of those natural products due to their high phytochemical levels that are
associated with numerous health benefits (11). When they are in high amounts,
the carotenes and anthocyanins present in these fruits show a relevant
antioxidant activity (12). Thus, in addition to being rich in vitamins and minerals,
forest fruits contribute to a high antioxidant activity due to the presence of extra

antioxidant compounds (13).

In fact, in the past, plants and fruits were often used to treat diseases rather
than preventing diseases. However, the biological activity of those fruits is not
always completely understood, because most of their active molecules are not
yet isolated and characterized. In particular, the blackberries are one of the fruits
that are known to be used as medicine from prehistory period, nevertheless there

is still a lack of knowledge about their benefits for health (14).

2. Metabolism in obesity and/or overweight

Overweight and obesity are defined by the World and Health Organization
(WHO) as an excess of a body fat accumulation (15). Fundamentally, the excess
of fat accumulation is associated to a higher energy intake rather than to a
reduced energy expenditure which results in a positive energy balance and
consequently weight gain (16). Apart from the energy imbalance, obesity
development has been described as a complex process involving genetic and
environmental factors that are able to modify the energy homeostasis system and
lead to overweight and obesity (17).

An important role is given to genetic factors for the individual susceptibility
to excess weight accumulation. Several studies have identified genes and
mutations that are responsible for some obesity cases (18). Most of these genes

are involved in the central signalling for the control of food intake and energy




expenditure in the hypothalamus (19). In the archeus nucleus of the
hypothalamus, orexigenic and anorexigenic neurons receive the peripheral signs
to control food intake. There are two populations of neurons that control food
intake. One of them expresses neuropeptide Y (NPY) and agouti-related protein
(AgRP) that when activated increase food intake (20). The second neuron
population expresses pro-opiomelanocortin (POMC) (21) and cocaine- and
amphetamine-related transcript (CART) that when activated inhibit food intake
(22). These neurons express receptors for peripheral molecules such as insulin,
leptin, ghrelin and others that are released accordingly to the fed state and body
adiposity. It is described that mutations of genes that codify these peripheral
molecules and their receptors as well as in POMC and its receptor (MC4R) cause

severe obesity that often starts from childhood (23).

An essential peripheral molecule that crosses the blood-brain barrier
described in 1994 is leptin (24). Leptin is an adipokine released to plasma by
adipose tissue proportionally to the size of this tissue, and it its related with a
reduction of food intake. Once in the blood leptin has as main target the neurons
from hypothalamus, midbrain and brainstem playing an important role on the
energy homeostasis. Leptin initiate its cellular effects binding leptin receptor
(LepRb), that is expressed in higher amounts in the brain, especially
hypothalamus. To produce its effects in the hypothalamus leptin demands an
intact melanocortin system (POMC neurons) through which leptin leads to a
reduction of food intake. Additionally, leptin acts through adrenergic system
stimulating an increase on the energy expenditure (25). All these effects taken
together made leptin be considered one of the most promising molecules for the
cure of obesity in the latest decades. However, it has been shown lately that a
small percentage of obese people could be cured by simply taking leptin as
medicine daily. In fact, mutations in leptin gene or its receptor (LepRb) have been
identified as a rare cause of obesity in humans (26, 27). However, an impaired

leptin anorexigenic effect is described even though no genetic mutation in genes




involved in leptin signaling occurs, and this effect is known as leptin resistance.
Although obese individuals show a high leptin plasma levels due to their high
adipose tissue size, it is described that the anorexigenic leptin effect is impaired.
The hyperleptinemia found in obese individuals could be related to modifications
in leptin receptor sensitivity, an impaired leptin cellular cascade activation and/or
a reduced leptin transportation throughout the blood-brain barrier. These
alterations may be caused mainly by elevated cellular inflammation and
increased plasma non-esterified fatty acids levels that occur in obese individuals.
It is important to point out that leptin resistance is a more common condition in

humans than mutations in leptin gene and leptin receptor (28, 29).

Despite that, it is known that monogenic severe obesity is rare in humans.
The most accepted hypothesis for genetic obesity is that an interaction of multiple
alleles with modest alterations on food intake and energy expenditure contribute
to increase the fat mass in some individuals. In fact, it is described that multiple

alleles obesity occurs more often in human population (30).

However, only genetic factors are not able to explain the high prevalence
of overweight and obesity worldwide. One of the environmental factors involved
in overweight and obesity development is the diet. Modifications in modern
western society through industrialization created novel food technologies that
increased the access to food significantly. Though, this available industrialized
food products are often highly caloric and rich in fat and refined carbohydrates
that are added in order to increase palatability which contribute to an excessive
food intake. On the other hand, modern society has also reduced physical activity
levels, which together with a high energy dense food intake, contribute to

increase overweight and obesity worldwide (31).

Indeed, most of the obese individuals show a high caloric intake and
reduced energy expenditure. Part of this excess of energy intake is due to an

increased fat intake which is known to increase the risk of obesity, coronary heart




disease and certain types of cancer (32, 33). Additionally, an elevated
consumption of saturated fatty acids by itself is considered a risk for
cardiovascular disease. Saturated fatty acids are also able to modify adipokine
release, such as adiponectin and leptin, by the adipose tissue favouring weight
gain (34). Also, it is described that trans fatty acids intake is able to inhibit the
central anorexigenic effect of insulin in rats leading to hyperphagia, that could
promote an energy imbalance and foment weight gain (35). Moreover, it is
described that the effects of specific diets on insulin secretion could contribute to
overweight and obesity development. Carbohydrate intake, especially refined
sugars, stimulate insulin release in order to reduce glucose plasma levels. The
high insulin plasma levels lead to a high glucose and fatty acid uptake in the
adipocyte contributing to increase the adipose tissue size and body weight (36,
37). On the other hand, n-3 fatty acids are known for their action reducing body
weight and improving plasma and liver lipid profile. Also, it is described that n-3
fatty acid intake is able to increase adiponectin (anorexigenic adipokine) plasma
levels and reduce leptin and insulin plasma levels which contribute for a reduction

on fat accumulation in adipose tissue (34).

3. Animal models to study the effects of fat rich diets

The use of animals for scientific purposes is considered relevant for
research investigations, even though the results may be not necessarily equal to
what occurs in humans (38). Thus, itis important to use a valid animal model that
would be able to mimic a specific human disease accordingly to the research
objectives of the study. Different animal models have been employed on the study
of overweight and obesity. They are fundamentally divided into two groups:
genetically modified models and obesity models induced by diet (39, 40). In the

present study we were interested on animal obesity model induced by diet.




For obesity and metabolic syndrome studies rodents are the animals
mostly used. There are a variety of dietary protocols described to produce
overweight and obesity by a similar process as it occurs in humans. However, the
results are controversial since the dietary composition and experiment length
varies remarkably among the studies (41). Thus, the profile of obesity and/or
diabetes produced by each protocol could be completely different among the
studies which makes comparison particularly difficult. For example, diets rich in
a specific carbohydrate such as fructose usually affect differently insulin
sensitivity when compared to sucrose rich diets (42, 43).

Another type of diet often used to produce overweight/obesity are the high
fat diets. As occurs with the carbohydrate rich diets, the source of lipids in
different high fat diets and the length of experiments vary among studies, and
also make the comparison of the results quite difficult. The majority of studies use
diets containing 45% to 60% of the dietary energy from fat (44-47). It is described
that male mice fed with control diet supplemented with lard for 12 weeks showed
higher body weight than control group from week 5 to week 12 of treatment (34).
In male rats fed with a high fat diet containing lard, an increased body weight was
described when compared to the control group after 4 weeks of experiment (48).

Beyond the effects on body weight, high fat diets are able to induce several
metabolic alterations. It is described a reduction on insulin sensitivity of rats fed
a high fat diet (20% of energy from fat) for five weeks (49). Modifications in
cardiovascular system such as arteriosclerosis, hypertension, vascular
endothelial tissue and others are described as an effect of high fat diet intake by
rats (50). Additionally, high fat diets could lead to non-alcoholic fatty liver
disease as well as modify lipid metabolism in liver and adipose tissue (51,
52). Central effects are also known as a result of a high fat diet intake affecting
spatial learning and memory acquisition in rats and mice (53, 54). Studies using
high fat diets also found diverse results accordingly to the type of the
lipid source used to prepare the diet. Diets rich in saturated fatty acids such as

the ones with high proportion of lard are described to produce more deleterious




effects than high fat diets rich in mono/polyunsaturated fatty acids (55-57). In fact,
when a high fat diet made with fish oil containing n-3 polyunsaturated fatty acids
Is offered to rats, these animals show an improvement of metabolic parameters
when compared to control group (58-62).

Although high fat diets are prone to produce overweight/obesity and its
metabolic effects, a single fat source in the diet is not compatible with the variety
of fat sources humans ingest on a daily basis. Thus, animal models that use a
“cafeteria diet” are able to reflect more accurately the human habits that lead to
overweight/obesity. This model consists in offering to rats or mice a diet
containing a variety of typical human food components that have been associated
to the development of overweight/obesity and a higher risk of developing type 2
diabetes (63, 64). This type of diet has been applied in different types of
experimental studies aiming to increase knowledge of metabolic characteristics
during overweight/obesity development and also to investigate treatment
possibilities (64).

Apart from the effects upon obesity, other metabolic effects have been
described after cafeteria diet consumption, including insulin resistance, liver and
adipose tissue inflammation (65). Also, some authors have described that after a
short-term cafeteria diet consumption there is a different gender response such
as an overall lower lipolytic activity in female than in male rats, although such
response didn’t have relationship with a different energy intake between both sex
groups (66). Thus, the understanding of the mechanisms by which the cafeteria
diet affects metabolism could contribute to new targets to understand

overweight/obesity development and its potential treatment.

4. Diabetes and insulin resistance

Diabetes is a chronic disease characterized by permanent increased

glucose plasma levels which can lead to damages in arteries and veins, retina,




nerve cells and kidney cells (67). The prevalence is increasing worldwide
especially in middle- and low-income countries. It is estimated that from 2019 to
2030, the number of people diagnosed with diabetes would rise about 10%, being
higher in urban areas than in rural areas (68). Diabetes is classified into two types
of disorders with different characteristics. Type 1 diabetes, also known as insulin-
dependent diabetes, occurs when B-pancreatic cells do not produce insulin or
produce a reduced amount of insulin which is not enough for reducing plasma
glucose levels. Then there is type 2 diabetes which is the most common type of
diabetes that occurs when individuals become resistant to insulin and/or when -
pancreatic cells produce lower amounts of insulin than the ones that are required
to maintain normoglycemia (69). In the present study we focused on type 2

diabetes that is mainly developed in adults having high body weight.

There are several factors involved in development of type 2 diabetes such
as diet, physical activity level, microbiota, obesity and genetic factors (70-72).
However as mentioned above, the main characteristic of type 2 diabetes is the
presence of insulin resistance. Insulin resistance is defined by a reduced insulin
ability to stimulate glucose uptake by different tissues causing hyperglycemia. At
the same time, these permanent increased glucose levels lead to increased

insulin secretion by pB-pancreatic cells that caused also hyperinsulinemia (73).

The exact mechanisms involved on insulin resistance are still unclear.
Nevertheless, there are some pathways that are known to contribute to a reduced
insulin effect. To start its cellular effects insulin binds insulin receptor (IR). When
insulin resistance occurs, it is observed a reduction in IR expression in skeletal
muscle, adipose tissue and liver and an IR reduced tyrosine kinase activity. Also,
changes in insulin receptor substrate 1 (IRS-1) seem to be a crucial part of the
mechanisms involved in insulin resistance (74). Modifications on the first steps of
insulin pathway in the cell culminates on a reduction of GLUT4 translocation to
plasma membrane and consequently a reduction on glucose uptake by the cell

(75). Moreover, development of insulin resistance is known to be related to




several conditions as hypertension, dyslipidemia, vascular alterations and
obesity. Some of these conditions are consistent with most of the definitions for
metabolic syndrome (76, 77). The criteria for the metabolic syndrome are
proposed for several different health organizations. The International Diabetes
Federation defined metabolic syndrome as central obesity plus two of the
following parameters: elevated triacylglycerols, reduced HDL cholesterol,

elevated blood pressure, and elevated fast plasma glucose (78-81).

Under normal conditions adipocytes are highly sensitive to insulin. When
prolonged hyperinsulinemia occurs adipose tissue continue to accumulate
triacylglycerols inside the adipocyte (82). In obese individuals with
hyperinsulinemia, the adipose tissue rich in triacylglycerols release protein
factors that attract macrophages which infiltrate in the adipose tissue. The
presence of macrophages triggers an inflammatory response that impairs fatty
acid deposition in adipocytes which then facilitates the fatty acid release to the
blood torrent in the form of non-esterified fatty acids (NEFA) (83-85). The NEFA
in plasma are then able to reach muscle and liver cells in increased amounts.
This excess of fatty acids released from adipose tissue enters muscle and liver
cells where they are converted again into triacylglycerols and then deposited as
lipid droplet in the cytoplasm of those cells. The triacylglycerol accumulation in
those tissues (i.e. liver and muscle) other than adipose tissue leads to a reduced
insulin sensitivity in liver and muscle which is one of the characteristics of type 2
diabetes (86). Additionally, it is described that an increased diacylglycerol
concentration in the cells (which is an intermediate of triacylglycerol production)
is associated with protein kinase C (PKC) activation (87). PKC pathways are
involved in several diabetic vascular alterations such as atherosclerosis,
cardiomyopathy, retinopathy and nephropathy. In endothelial cells PKC activation
lead to increased permeability of albumin (88, 89) as well as other
macromolecules and also modify nitric oxide bioavailability, which decrease its

vasodilator effect (90). The smooth muscle cells are also affected by PKC




activation since this protein reduce apoptosis in these cells impairing adjustments
in the vascular tone. The activated PKC in monocytes contributes to its initial
adhesion to the vasculature and also their differentiation in macrophages.
Additionally, PKC is involved in an increased production of extracellular matrix in
kidneys that contributes to diabetic nephropathy (91).

On the other hand, it is also described that insulin resistance development
is associated with diet-induced inflammation. Inflammatory diets such as the
Western-diet which is characterized by high intake of high-fat foods, refined
grains, high-sugar foods, high red meat intake and are able to contribute to
increase plasma and tissue concentrations of inflammatory mediators (36). In
normal conditions, these inflammatory mediators are responsible for tissue
repairing and immunity against infections. However, when cellular inflammation
is excessively increased it modifies IRS-1 phosphorylation which could interrupt
insulin signaling in the cell reducing its effects (92). In obese individuals
proinflammatory cytokines are expressed in adipose tissue together with the
macrophage infiltration as a response to the higher amounts of triacylglycerols
storage. These cytokines are released to plasma leading to a systemic
inflammation, thus the effects of increased inflammation in the adipose tissue are

able to reach other tissues (93, 94).

Another mechanism described to play a role on insulin resistance
development involves reactive oxygen species (ROS) (95). ROS are mainly
produced by mitochondria as a result of aerobic metabolic processes. Low ROS
levels work as a regulator of cellular growth and are also important for the
immunologic system. However, high ROS levels are associated with lipid
peroxidation, protein oxidation, enzymatic inactivation, excessive activation of
pro-inflammatory genes, as well as DNA damages (96). It is important to point
out that the amount of ROS present in the cells is not only a result of the internal
production but determined by the balance between production and the

antioxidant mechanisms such as the antioxidant enzyme activities (catalase and




superoxide dismutase for example) and the presence of antioxidant molecules
(ascorbic acid, tocopherols, phenolic compounds and others). Also, it is known
that oxidative stress caused by excessive ROS presence could activate serine
kinases and transcription factors that are associated with insulin signaling

impairment (95).

In fact, diabetic individuals show a higher production of ROS and a
reduced plasma antioxidant molecule level. Prolonged hyperglycemia generates
ROS that increase overall oxidative stress in diabetes due to an excess of
glucose flux through glycolysis and the tricarboxylic acid cycle (97, 98). Elevated
glucose levels also react with lipids and proteins through glycation reactions that
end up producing advanced glycosylation end products and ROS in each step of
these reactions (99). On the other side, antioxidant enzymes are also target for
glycation reactions which impair their action and consequently the efficiency of
the antioxidant defense system in diabetic individuals (99-101). Additionally, it is
known that antioxidant enzymes such as superoxide dismutase (SOD) and
catalase (CAT) are poorly expressed in B-cells. Thus, beta-cells are more
susceptible to oxidative stress (102). Moreover, it is described that oxidative
stress is crucial for apoptosis induction of pancreatic p-cells (103) reducing the
number of cells able to produce insulin in pancreas. As a result of this, chronic
hyperglycemia (as it occurs in type 2 diabetes) is able to damage pancreatic j3-
cells reducing pancreatic insulin production. Therefore, ROS and oxidative stress
are deeply involved in diabetes development specially in the case of type 2
diabetes (104).




5. White adipose tissue

5.1White adipose tissue metabolism

The white adipose tissue stores energy for the whole body as lipids (105).
Lipoproteins (chylomicrons and VLDL) containing triacylglycerols circulate in the
blood torrent and when these large particles reach the adipose tissue, the
triacyclglycerols are metabolised by the enzyme known as lipoprotein lipase
(LPL). LPL is an acylglycerol hydrolase which was first known as clearing factor
due to its action on reducing turbidity of elevated triglyceride plasma after heparin
administration (106). In the presence of heparin, LPL is released from tissues
without changing its activity so that LPL activity is able to be detected (107). LPL
is present in the endothelial cell lining capillaries of the adipose tissue and it is
also presentin heart, liver and skeletal muscle, but it is more active in the adipose
tissue. It is produced in the rough endoplasmic reticulum and it is activated in the
Golgi apparatus (108). The active LPL is secreted in secretory vesicles that reach
the membrane surface. In the case of adipose tissue, LPL leave the adipocyte to
a proteoglycan chain that is attached to the endothelium membrane where LPL
Is able to act on the triacylglycerols of the chylomicrons and VLDLSs present in the
circulation. These lipoproteins have in their surface the protein apo C — Il which
activates LPL catalytic activity to hydrolyse each triacylglycerol into three
molecules of fatty acids and one molecule of glycerol. The release of fatty acids
are then taken up by the adipose tissue, passing throughout the endothelial
membrane to reach the adipocytes. Most of the glycerol released by the action of
the LPL remains in the blood torrent and a small part of glycerol molecules is
metabolized by glycerol kinase activity in the adipocytes (109). The control of LPL
varies extensively from one type of tissue to another even though LPL structure
Is equal. In heart, LPL activity increase during fasting but decrease in adipose
tissue. Also, insulin is able to increase LPL activity in adipose tissue whereas it

decreases LPL activity in heart and lungs (110, 111).




It is known that LPL knockout mice die 48 hours after birth due to failure of
an effective triacylglycerol clearance (112, 113). Also, heterozygote mice for LPL
deficiency show hypertriglyceridemia and the same occurs to humans carrying a
mutation on LPL gene (112). These data demonstrate the importance of LPL for
the lipid metabolism. As lipid content vary throughout the day due to lipid intake
and the body requirements for energy, LPL is sensibly regulated by multiple

mechanisms including glucocorticoid and insulin (114, 115).

After a meal, insulin is liberated from p-pancreatic cells as a response to
higher glucose levels in plasma. Increased insulin levels up-regulate adipose
tissue LPL activity that stimulate fatty acid accumulation in the adipose tissue in
post-prandial period as described above. Once inside the adipocyte, fatty acids
are re-esterified into triacylglycerol for storage. Conversely, decreased insulin
levels inhibit LPL activity and consequently reduces fatty acid accumulation in
adipocyte (116, 117).

However, during fasting or strenuous exercise the fatty acids stored in the
adipose tissue are released to the plasma to be used as energetic fuel to the
whole body in a process called lipolysis. Lipolysis is strictly controlled by insulin,
catecholamines and also natriuretic peptides (115, 118, 119). Three enzymes are
involved in lipolysis: adipose triglyceride lipase (ATGL), hormone-sensitive lipase
(HSL) and monoglyceride lipase (MGL). The hormones involved in lipolysis
activate the ATGL that acts selectively hydrolysing triacylglycerol to generate
diacylglycerols and free fatty acids. The free fatty acids generated by ATGL
activity leave the adipocyte to plasma and the diacylglycerols are hydrolysed by
HSL. The HSL is a multifunctional enzyme that hydrolyse diacylglycerols and
other compounds (120). HSL activity is determined by several hormones.
Catecholamines and glucagon stimulate HSL activity through the increase of
intracellular levels of cAMP. On the other hand, HSL activity is inhibited by
prostaglandins, insulin and adenosine that results in reduced lipolysis (119, 121,

122). HSL acts preferentially against positions sn-1 and sn-3 position of




triacylglycerol mobilizing fatty acid to lately be released in the circulation mainly
linked to albumin. ATGL and HSL enzymes are a rate-limiting step on lipolysis
and are under strict regulation. Monoacylglycerol lipase (MGL) hydrolases only
monoacylglycerols to generate free fatty acid and a glycerol molecule that is

mainly released to circulation (119).

Although predominantly the glycerol molecules necessary for the
triacylglycerol formation in the adipose tissue are obtained from adipocyte
glucose metabolism, it is described that a small proportion of glycerol from
triacylglycerols breakdown could be used in the fatty acid re-esterification. This
process could occur due to the action of the enzyme known as glycerol kinase.
Glycerol kinase catalyses the transfer of the phosphate group from ATP to
glycerol producing glycerol-3-phosphate which is essentially an inversible
reaction. Glycerol-3-phosphate is important for triacylglycerol production and

consequently could collaborate on the increase of the adipose tissue size (123).

In 1957, Wieland & Suyter (124) described the lack of glycerol kinase in
adipose tissue and therefore it was accepted that adipose tissue was not able to
metabolize glycerol for triacylglycerol synthesis. Indeed, in vitro studies from that
year using C'* labelled-glycerol demonstrated an impaired C4-glycerol uptake by
adipose tissue. Ten years later using a more sensible radiochemistry assay,
Robinson & Newsholme (125) showed that glycerol kinase is present in the
adipose tissue although its activity is very low thus the authors concluded that
adipose tissue glycerol kinase activity could not be relevant for glycerol
metabolization. However, in 1970, our laboratory group demonstrated a higher
glycerol kinase activity in adipose tissue samples from rats (126). The
mathematical analysis of the experimental model was able to calculate the real
speed of glycerol metabolization in adipose tissue (127) and demonstrated that it
is affected by several factors as the nutritional state, albumin plasma levels,
presence of antilipolytic or lipolytic drugs and thyroid function of those animals
(127, 128).




5.2 White adipose tissue as an endocrine organ

In the past, white adipose tissue was considered only an organ for
triacylglycerol storage but in the last decades research advances have revealed
that adipose tissue is also an endocrine organ. In fact, adipose tissue is
responsible for releasing to the circulation several molecules that are essential
for body energy homeostasis (105). Thus, information about the level of lipid
storage is transmitted to the central nervous system that controls food intake

through several pathways including hormone release to circulation (129).

The molecules released by adipose tissue to the circulation are collectively
known as adipokines (130). As commented above, leptin was the first described
protein released by the adipose tissue (24). Leptin levels on the blood torrent are
not only proportional to the amount of body adipose tissue (131) but also vary
throughout the day due to energy intake and follow a circadian cycle (132). Lately,
leptin MRNA was identified in other tissues as skeletal muscle, lymphoid tissue
and others. Besides of its effects in the control of food intake as previously
commented, leptin affects reproductive system, immune function, insulin
resistance and others. Leptin is considered a mediator of inflammation in auto-
immune diseases and other diseases. Long-chain helical family of cytokines such
as interleukin 6 (IL-6), interleukin 11 (IL-11) and interleukin 12 (IL-12) has
structural homology with leptin. Moreover, Leptin receptor (LepRb) is similar to
the superfamily of class | cytokine receptor. Additionally, immune cells as
neutrophils, natural killer cells, macrophages and monocytes express LepRb
(133). Thus, leptin acts on regulation of oxidative stress in several immune cells
improving phagocytosis and stimulating the release of inflammatory cytokines
(134, 135). On the other hand, itis described that secondary inflammation caused
by several diseases could lead to leptin resistance impairing leptin control of food
intake. Therefore, inflammation and leptin affect each other in a bidirectional

manner (136).




A vyear after leptin discovery, other adipokine was described
simultaneously by four different research groups in both mouse and human
named adiponectin. Adiponectin is produced only by adipose tissue, both white
and brown. The adiponectin biological activity varies accordingly to its molecular
weight being greater in high molecular weight adiponectin molecules (137). In
human plasma, adiponectin levels represent 0.01% of the total amount of plasma
proteins and its concentration is not strongly influenced neither by the circadian
rhythms nor postprandial state (132, 138, 139). Additionally, total adiponectin
levels in women are higher than in men (140) and a higher proportion of high
molecular weight adiponectin is described in woman compared to men (141). This
effect is described to be due to an inhibitory effect of androgenic hormones on
adiponectin production (142), being also responsible for the differences in fat
distribution between genders (143).

To produce its effects plasma adiponectin needs to bind an adiponectin
receptor. Adipo R1 and Adipo R2 are the adiponectin receptors expressed in
skeletal muscle, liver and adipose tissues (144). The levels of mMRNA of both
adiponectin receptors are possibly negatively regulated by insulin via activation
of PI3-kinase and inactivation of Foxol (145). Tsuchida (145) et al. studied
insulin-resistant ob/ob mice with hyperglycemia and hyperinsulinemia and found
a decreased expression of Adipo R1 and R2 in muscle and adipose tissue in
these animals compared to control group. Moreover, in obese animals not only
the plasma adiponectin is decreased but also the quantity of adiponectin

receptors.

Obesity is the major factor that determine plasma adiponectin levels. The
increased lipid accumulation reduces adiponectin production by mature
adipocyte (146, 147). Itis described that adiponectin shows a protective effect in
the cardiovascular system, peripheric insulin resistance, systemic inflammation,
fatty liver and also in B-pancreatic cells function (148). However, the mechanisms

by which adiponectin exert these effects are not yet completely understood.




Opposite to the positive effects of adiponectin, the adipokine named
resistin is described to be involved in the development of insulin resistance and
also could lead to proinflammatory effects. Resistin was initially found in mouse
(149), being considered as a hormone that connects obesity to diabetes. Human
resistin is mainly produced by blood monocyte, macrophages and bone marrow
cells (150). Also, resistin seem to be produced by preadipocytes rather than
mature adipocytes (151). However, other studies have found resistin mRNA also
in mature adipocytes (152). In mouse, resistin is a 11kDa polypeptide with 94
amino acids and it is described that its main production occurs in the adipose
tissue although resistin mMRNA was also found in skeletal muscle and intestinal
epithelium (149, 150, 153). Moreover, mature resistin segment in mouse is 72%
identical to mature rat resistin (149). In fact, important differences are described
between human and animal resistin concerning gene expression, protein, the

main production site and its physiological effects (154).

In obese individuals resistin plasma levels are increased and it is described
to be related to type 2 diabetes and metabolic syndrome development. Resistin
increases glucose production in liver stimulating glycogen phosphorylase activity
and reducing glycogen synthase activity. Also, resistin decreases insulin receptor
which reduces glucose uptake in skeletal muscle regardless of insulin-activated
pathway (155). Moreover, resistin initiates inflammatory pathways and it is
involved in the differentiation of monocytes in macrophages. In animals and
humans, resistin produces vascular alterations that increases smooth muscle
proliferation (156) and promotes monocyte infiltration and adhesion in endothelial
cells. Although plasma resistin is described to be increased in the conditions cited
above, other research groups fail on identifying this connexion. Thus, resistin
relevance for the development of type 2 diabetes, obesity and metabolic

syndrome is still under debate (157).

Beyond these three adipokines, it is described that the adipose tissue

releases many other molecules. For example, it is known that tumor necrosis




factor alpha (TNF-alpha) is a multifunctional cytokine involved in inflammation,
apoptosis and cytotoxicity that is also expressed by subcutaneous and visceral
adipose tissue (158) although TNF-alpha is mainly released by immune cells
(159). Likewise, IL-6 is another pro-inflammatory cytokine released by the
adipose tissue. The adipose tissue IL-6 production corresponds from 10 to 30%
of the total amount of the IL-6 circulating plasma levels (160). There are several
other adipokines described by numerous studies such as angiotensin, omentin,
plasminogen activator inhibitor 1 and others with varied effects in different tissues
(161-163). However, it is outside of our experiment study to enter more deeply in

the description of these different adipokines.

5.3 Sex differences in adipose tissue

Body fat distribution is different between females and males in mammal
species including humans. These differences are driven mainly by sexual
hormones and their receptors. Women have more subcutaneous adipose tissue
while men have more visceral adipose tissue (164, 165). Also, women
predominantly accumulate fat in lower body (gluteal-femoral) while men
predominantly accumulate fat in upper body (central/abdominal) (166). The
adipose tissue distribution correlates with a higher or lower risk of developing
chronic diseases. Visceral fat (abdominal) is associated with elevated insulin,
non-esterified fatty acids (NEFA) and triglyceride (TG) plasma levels (167)
whereas subcutaneous fat has been described due to its protection against

adverse effects of obesity in both sexes (168, 169).

In laboratory animals such as rats and mice sex differences in adipose
tissue has also been reported. One of the potential reasons for expansion of
adipose tissue is the number of adipocyte precursor cells. Female C57BL/6J mice

fed with a low-fat diet showed more adipocyte precursor cells in inguinal and




gonadal white adipose tissue than males (170). However, other studies have
described that male mice on a high fat diet showed increased weight gain and
insulin resistance in relation to females fed with high fat diet (171). The possible
reason for these effects seems to be linked to estrogen. Female mice submitted
to ovariectomy show increased weight gain that is improved by estrogen
replacement (172). Rodent models knockout for estrogen receptor a are also
used in studies that aim to evaluate sex differences in white adipose tissue
metabolism. In fact, it is described that female and male mice knockout for
estrogen receptor o in adipose tissue showed elevated visceral adiposity and

alterations compatible with metabolic syndrome (173).

Additionally, it is described that some adipokines released by the adipose
tissue could interact with sex hormones and modify adipose tissue metabolism.
It is known that leptin signalling in the hypothalamus is modulated by estradiol
(174). Indeed, high estradiol levels in rodents improve leptin signalling including
the reduction of food intake (175). Also, it is described that estradiol prevent leptin
resistance in rodents fed with high fat diet (176). On the other hand, the literature
reports reveal contradictory results concerning adiponectin and estradiol plasma
levels. In adults, females show higher adiponectin concentrations than males
which indicates that estradiol may be involved in adiponectin However,
ovariectomized adult mice show elevated plasma adiponectin levels and mice at
the age of puberty when ovariectomized still show a rise in adiponectin plasma
levels (177).

In the case of overweight and obesity caused by a high fat diet exposure,
it is described that the increase in adipose tissue inflammation varies accordingly
to gender (178). In visceral adipose tissue there are more macrophage infiltration
than in subcutaneous adipose tissue in obesity. These macrophages are
responsible to produce proinflammatory cytokines that can be involved in insulin

resistance and several other vascular dysfunctions that could culminate in




atherosclerosis. Thus, as females predominantly accumulate subcutaneous
adipose tissue, they are more protected than males to develop the metabolic
disturbances caused by inflammation in obesity caused by high fat diet intake
(179-181).

6. Energy metabolism: glucose, lipids and fatty acids
6.1. Glucose metabolism

The carbohydrates ingested through the diet start to be digested in the
mouth by the action of salivary amylase. However, the major carbohydrate
digestion occurs in the small intestine by enzymatic action of pancreatic amylase
(182) and the membrane-bound intestinal brush border enzymes, called
glucosidases. Then, monomeric carbohydrates such as glucose resulting from
glucosidases action are absorbed by the enterocytes where subsequently are
transported to the blood. The glucosidase enzymes play an important role on
glucose availability for blood uptake; thus, they are used as a target for
antidiabetic drugs that reduce plasma glucose levels by inhibiting carbohydrate
digestion (183-185). Also, enterocytes glucose transporters are used as
pharmaceutical targets for plasma glucose reduction by blocking the passage of

glucose from the small intestine to the blood (186, 187).

Once in the blood, glucose reaches all tissues but to enter in the cells,
membrane transporters are necessary. Thus, glucose uptake is mediated by a
large family of glucose transporters, GLUT. Liver transporters (GLUT1, GLUT2)
and cerebral neurons transporters (GLUT3) are continuously present in the
plasma membrane. On the other hand, the main glucose transporter in skeletal
muscle, cardiac muscle, cerebral neurons and adipose tissue (GLUT4) are stored

in intracellular small vesicles that are released to the membrane upon insulin




stimulation. Therefore, glucose uptake in those tissues is dependant of insulin
(188).

Insulin is produced in pancreas as a large precursor protein that need to
be metabolized by proteases to release a mature functional insulin to the blood
torrent. While exists as a proinsulin peptide, this hormone is stored in B-cells
secretory granules. The most important stimulant for insulin release from these
secretory granules is the increased glucose levels in plasma. Hence, glucose
uptake through GLUT2 in B-pancreatic cell stimulate the conversion of proinsulin
to insulin by specific proteases that hydrolyses two peptide bonds of proinsulin
producing mature insulin and peptide C that are release to the blood by
exocytosis. This insulin release triggers insulin synthesis from transcription to
proinsulin production (189). Moreover, it is known that insulin pancreatic release
occurs in two phases: a fast phase that lasts about 5 — 10 min and a slow phase
that can lasts for hours. The fast phase releases insulin already present in the
secretory granules while during the slow phase the secretory granules release
insulin recently produced and it can last as long as glucose plasma levels are
maintained at high levels (190, 191).

Besides plasma glucose levels, other molecules and hormones also
control insulin release by pancreas. Some amino acids (leucine for example); -
adrenergic agonists and intestinal hormones (cholecystokinin and gastrin) are
able to stimulate insulin release. On the other hand, catecholamines (through o-
adrenergic receptors), cortisol and somatostatin are able to inhibit insulin release
form B-pancreatic cells (189, 190, 192).

Insulin starts its cellular effects by binding the insulin receptor (IR) in the
plasma membranes present in various organs. Liver and adipose tissue are
organs particularly rich in IR. The IR activation triggers a signal pathway that
culminate in a variety of biological effects from cellular metabolism to cell survival

and growth (193-195). In adipose tissue and muscles insulin lead to GLUT4




translocation to the membrane and glucose entrance into the cells (196, 197).
Also, in muscle insulin stimulates glycogen (form of carbohydrate storage)
synthesis and amino acid uptake for protein synthesis (198). As mentioned,
insulin lead to several effects but in the present study we will focus on its liver

and adipose tissue effects.

In liver, glucose is stored as a long carbohydrate molecule known as
glycogen and its metabolism is controlled by insulin as well as by glucagon and
catecholamines, the counterregulatory hormones (199, 200). When insulin binds
IR in liver it triggers a pathway that lead to glycogen synthase kinase 3 (GSK3)
inhibition through its phosphorylation. GSK3 inhibit the activity of glycogen
synthase, the enzyme responsible for producing glycogen in the liver, but when
GSK3 is phosphorylated, it does not inhibit glycogen synthase activity, that
culminates in a stimulus for glycogen production (201). The glycogen storage in
liver supplies other tissues of glucose during short-term fasting periods. However,
during long-term fasting periods when glycogen is depleted, liver cells are able to
synthesize glucose from glycerol, pyruvate, lactate and amino acids through a
process known as gluconeogenesis that is potentially inhibited by insulin. These
substrates for gluconeogenesis are produced by the liver and by other tissues
and reach the liver through the blood torrent. However, in a fed state when there

is a high plasma glucose level, hepatocytes convert glucose into fatty acids (202).

6.2 Fatty acid metabolism

Several cell types are able to use fatty acids as source of energy. They
can be obtained through the diet or synthesized by an organ (mainly liver) and
exported to others. Fatty acids from the diets are transported through the blood
torrent esterified in form of triacylglycerols in chylomicrons. Triacylglycerols that

reach the liver can be hydrolysed to release fatty acids that are oxidized by




hepatocytes to produce energy or used as precursors of ketone bodies synthesis.
In this way, part of the acetyl-CoA produced during fatty acid oxidation is
converted to acetone, acetoacetate and B-hydroxybutyrate, these compounds
are known as ketone bodies. Acetone is produced in small amounts when
compared to the other two ketone bodies. Acetoacetate and p-hydroxybutyrate
are transported through the blood torrent to extra-hepatic tissues (203, 204). In
tissues like skeletal muscle ketone bodies are converted to acetyl-CoA and then
oxidized in the citric acid cycle providing energy to these tissues.

However, when there is an excess of fatty acids arriving to liver not all of
them are oxidized. They are re-esterified to triacylglycerols and packed together
with cholesterol esters and specific apolipoproteins producing very-low density
lipoprotein (VLDL) and released to the blood torrent. Therefore these fatty acids
return to plasma to be metabolized by other tissues (205, 206). Moreover,
different fatty acids are also used as substrate for the synthesis of different types
of fatty acids.

Saturated fatty acids can be synthesized de novo in different tissues. This
process occurs in the cytosol of the cells from surplus citrate released by
mitochondria. Citrate is metabolized to acetyl-CoA by the action of citrate lyase.
Then acetyl-CoA is converted to malonyl-CoA by the acetyl-CoA carboxylase.
Malonyl-CoA is subsequently converted to palmitic acid (PA) (16:0) by the action
of fatty acid synthase (FAS) (figure 1). The reaction catalysed by acetyl-CoA
carboxylase is a rate-limiting step for fatty acid synthesis. Hence its action is
regulated by hormones, being activated by insulin and inhibited by glucagon and
adrenaline as well as by surplus palmitoyl-CoA. Fatty acid biosynthesis occurs
mainly in the liver and the adipose tissue (207). Also, it is known that a high intake
of specific polyunsaturated fatty acids could modify lipogenic enzymes
expression in liver throughout a family of nuclear transcription factors known as
peroxisome proliferator-activated receptor (PPAR) (208). Moreover, synthetic

fibers and thiazolidinediones that are often used in hypertriglyceridemia and




diabetes are PPAR ligands that are able to mediate glucose and lipid metabolism
(209).

Long chain saturated fatty acids are synthesized from PA by the action of
elongase 6 (ELOVLG6) that adds two carbons to PA (16:0) producing stearic acid
(SA) (18:0) (figure 1). PA and SA are precursors of two monounsaturated fatty
acids found in higher amounts in mammals that are oleic acid (OA, 18:1 n-9) and
in a minor amount palmitoleic acid (POA, 16:1 n-7). These two fatty acids are
produced by adding one double bound between carbon 9 and carbon 10 in a
process known as desaturation. The enzyme involved in the synthesis of OA is
A® desaturase (figure 1) (210).

Dietary saturated
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Figure 1: Fatty acid synthesis, elongation and desaturation.




Mammals are capable to introduce a double bound in the position A° of
fatty acids, however, they are incapable of introducing double bounds between
carbon number 10 and the methyl end of fatty acids. Thus, mammals cannot
synthesize linoleic acid (LA) (18:2 n-6) and a-linolenic acid (ALA) (18:3 n-3).
However, vegetables are able to synthesize these two fatty acids since they have
desaturases that add carbons in the positions A'? and A®. Therefore, these fatty
acids are considered essential fatty acids for mammals and must be acquired

through the diet, and are precursors of several other fatty acids (211, 212).

Once LA and ALA are ingested, they can be converted to other
polyunsaturated fatty acids as shown in figure 2. Long chain n-6 polyunsaturated
fatty acids are produced from LA throughout the action of several elongase and
desaturase enzymes as shown in figure 2 (212). Among them, the arachidonic
acid (AA, 20:4 n-6) is an essential precursor of regulatory lipids and eicosanoids
that plays an important role in inflammation, immunity, cell proliferation and others
(213). In the case of n-3 polyunsaturated fatty acid pathway, eicosapentaenoic
(EPA, 20:5 n-3) and docosahexaenoic (DHA, 22:6 n-3) acids are produced by the
action of the same enzymes that produce long chain n-6 fatty acids, but from ALA
as shown in figure 2 (212). N-3 fatty acid family plays an important role lowering
plasma lipids, preserving endothelial function and improving insulin sensitivity

among others (214).
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Figure 2: Biosynthesis pathway of long chain n-6 and n-3 polyunsaturated
fatty acid




7. Rubus berries and health

Rubus berries are known due to their high levels of phenolic compounds
that are involved in the health benefits reported in the literature (215). In plants
these compounds are responsible for the pigments of the fruits, to attract
pollinators, to protect against ultraviolet light and to function as an antioxidants
(216). In mammals, the compounds present in blackberries show a variety of
benefits (12).

The most important phenolic compounds present in the blackberries are
the anthocyanins. Anthocyanins are water-soluble pigments that are responsible
for the red, purple, blue and black colour of the fruit (217). Additionally, they show
an important antioxidant capacity due to the anthocyanin chemical structure.
Phenolic compounds usually contain an aromatic ring (figure 3) that are able to

delocalize and stabilize unpaired electrons (13).
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Figure 3: Phenolic components in berry fruits (218).

Antioxidant properties of blackberries due to their high amount of phenolic
compounds are relevant in mammals when there is an imbalance between free
radical production and antioxidant capacity. A high free radical production leads
to damage in a variety of molecules that result in impaired cell function (219). In
vivo studies analyzing the effects of different Rubus berries described attenuation
of oxidative stress throughout scavenging activity and improved activity of
antioxidant enzymes. On the contrary, high amounts of oxidant molecules are
associated with neurodegenerative and cardiovascular diseases and cancer
development (220).

Additionally, by reducing oxidative stress, the inflammatory response is
also reduced. Although inflammation is an important natural reaction of the

immune system, it is described that the excessive production of inflammatory




mediators is associated with chronic inflammatory state. And such state is related
to cancer, obesity and type 2 diabetes development. Thus, Rubus berries
collaborate on reducing the risk of developing several chronical diseases
although there are still unknown mechanisms related to the health benefits of
Rubus berries (12).

8. Blackberry fruit

Botanically blackberries are categorized in the rose family, genus Rubus
and subgenus Rubus. Rubus species are native in all continents but most of them
are native from the South Pacific Islands. The European blackberries, Rubus
fruticosus, were originated in the Caucasus though they were spread across the
entire European continent and also introduced into America, Asia and Oceania
(14).

Blackberries are considered, in botanic, a drupe fruit which is a fruit that
contains only one seed. Drupe fruits are originated from one single ovary of the
flower as well as cherries and olives. However, in the case of blackberries
approximately 50 to 100 ovaries in the same flower produces drupelets that end
up forming a blackberry fruit. The aggregate of drupelets occurs due to the
epidermal hairs that maintains several drupelets tangled to each other. When bad
cohesion among the drupes occurs, the quality of the blackberry is severely

reduced since the fruits become crumbly (221).

This fruitis consumed by humans in a diverse range of processed products
beyond as fresh fruits. The food products prepared from blackberries vary from
wine and beer to desserts and jams (220). Additionally, as mentioned above,
blackberries and their products are considered a highly nutritious food due to their

high levels of minerals, vitamins and phytochemical compounds (222).




OBJECTIVES

En la Introduccion de esta Tesis hemos descrito como la dieta
puede influir eficazmente en el desarrollo de sobrepeso/obesidad, asi
como en otras alteraciones metabdlicas, como son la diabetes y la
resistencia insulinica. En un intento de lograr una dieta semejante o
proxima a la utilizada frecuentemente por el hombre, aplicable a la
investigacion animal, se desarrollé la denominada “dieta de cafeteria”.
Algunos autores han encontrado que tras el consumo de la dieta de
cafeteria durante un periodo corto en la rata se observa una respuesta
distinta en funcion del género, con una menor actividad lipolitica en
hembras que en machos. Por otra parte, tal como describimos en la
Introduccion, el suplemento dietético con bayas de Rubus puede
contribuir a reducir el riesgo de padecer distintas enfermedades crénicas
mediante una disminucion del estrés oxidativo. A pesar de ello, existen
aun mecanismos desconocidos de los beneficios de esta fruta sobre la
salud.

En base a lo anterior, los objetivos concretos del presente estudio
son:

Evaluar los efectos de una dieta rica en grasas, como es la dieta de
cafeteria, en ratas hembras y en machos, asi como la respuesta a un

periodo posterior de dieta control o standard.




2. Evaluar los efectos de una dieta rica en grasas, como es la dieta de
cafeteria, suplementada con un extracto de Rubus, en ratas hembrasy en

machos.




MATERIAL AND
METHODS

1. Experimental Design

1.1 Animals

All the experimental protocols for this experiment were supervised and
approved by the Animal Research Ethics Committee from the Pharmacy Faculty
of the University San Pablo-CEU (reference 101112).

Sprague Dawley rats were obtained by the animal quarters of the
University San Pablo-CEU from its usual provider. The animals were housed
under a constant 12h light/dark cycle, with continuous ventilation, at 22+ 2°C and
55+ 10% of relative humidity.

The rats were separated in cages of 5 animals of the same gender

throughout all the experiment receiving experimental diets and water ad libitum.




1.2 Experimental groups

Two different experiments were carried out to develop this thesis, they were

named | and II.
1.2.1 Experiment |: Gender and long-term effects of cafeteria diet

Figure 4 shows the design of Experiment |I. Sprague Dawley rats weaned at
21 days of age weighing approximately 100g were fed with standard pellet diet
(Harlan Tekland Global 14% Protein Rodent Maintenance Diet 2014, Madison,
WI, USA) for a period of five days for adaptation. The rats were then randomly

separated into two groups:

1. Standard group (SD) that was maintained on the pellet diet

2. Cafeteria group (CD) which was given a cafeteria diet

For the whole experiment rats were allowed to eat the corresponding diet ad
libitum. The composition of the cafeteria diet is shown in table 1. The cafeteria
diet was prepared in our laboratory mixing the ingredients shown in table 1. The
solid ingredients were crushed mechanically to obtain a homogeneous blend and
then the liquid ingredients were added one after the other to the blend. Finally, a
homogeneous dough was obtained and pellets were formed with it. The pellets

were maintained at -20°C until use.
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Figure 4: Experimental design of experiment |

“OGTT"”: Oral glucose tolerance test carried out at days 0 (d0), 90 (d90) and 200 (d200)
of the experiment.

After 90 days of dietary treatment, the animals were subjected to an oral
glucose tolerance test (OGTT) as detailed in section 3.1. Half of the rats from
each experimental group were sacrificed (figure 4) and their plasma, liver and

adipose tissues collected for further analysis as detailed in section 2.

From day 90 of experiment the remaining rats from both groups were fed
with the pellet standard diet and at day 200 all rats were subjected to another
OGTT (figure 4). After the test the animals were sacrificed and their plasma, liver

and adipose tissues were collected for further analysis as detailed in section 2.




Table 1: Cafeteria diet composition (g/1009)

Ingredients Producer Quantity
Harlan
Pellets Tekland, 23
Madison Ml
Condensed Nestlé,
) 35
milk Barcelona
Azucarera,
Sucrose Madrid 7
Muffins Panrico SA, 6
Barcelona
Croissants Bimbo, 6
Barcelona
Central
Powdered Lechera 15
milk Asturiana,
Asturias
El Pozo,
Lard Murcia 8

The fatty acid composition of both diets were analysed as detailed in

section 4 and the results are shown in the section Results and Discussion.

1.2.2 Experiment |l: Effects of cafeteria diet supplemented with Blackberry extract

in female and male rats

Figure 5 shows experimental design of experiment Il. Female and male

Sprague Dawley rats of 70 days old were fed with standard pellet diet (Harlan
Tekland Global 14% Protein Rodent Maintenance Diet 2014, Madison, WI, USA)

for a period of five days for adaptation. Animals were randomly divided into four

experimental groups:

1. Standard group (SD) that was maintained on the pellet diet




2. Standard plus Rubus group (SD+R) that received standard diet
supplemented with Rubus extract
Cafeteria group (CD) which was given a cafeteria diet

4. Cafeteria plus Rubus group (CD+R) that received cafeteria diet

supplemented with Rubus extract

Standard plus Rubus diet (n=10)

Cafeteria plus Rubus diet (n=10)

Standard plus Rubus diet (n=10)

e LA
(=]

Cafeteria plus Rubus diet (n=10)

Figure 5: Experimental design of experiment I
“d80”: 80 days of experiment

For the whole experiment (80 days) rats received their corresponding diet
ad libitum. The composition of the diets is shown in table 2. The standard and
cafeteria diets were prepared in our laboratory mixing the ingredients shown in
table 2. For cafeteria diet, the solid ingredients were crushed mechanically to
obtain a homogeneous blend and then the liquid ingredients were added one
after the other to the blend. Finally, a homogeneous dough was obtained and
pellets were formed with it. The pellets were maintained at -20°C until use. The

pellets of the standard diet were crushed mechanically and mixed with water and




agar or Rubus extract, water and agar in order to enable to form the pellets again.

The pellets of both standard diets were also maintained at 20°C until use.

Table 2: Diets composition of experiment Il (g/100g)

Ingredients Producer Standard Standard Cafeteria Cafeteria
+ Rubus + Rubus
Harlan
Pellets Tekland, 58 58 19 19
Madison M
Cond_ensed Nestlé, 35 35
milk Barcelona
Azucarera,
Sucrose Madrid 7 7
Muffins Panrico SA, 6 6
Barcelona
Croissants Bimbo, 6 6
Barcelona
Central
Pow;lered Lechera 15 15
milk Asturiana,
Asturias
Lard El Pozo, 8 8
Murcia
Rubus 4 4
extract
Water 40 36 4
Sigma-Aldrich,
Agar Missouri, USA 2 2
Caloric
content 108 108 403 403
(Kcal)




Rubus extract

The blackberries (Rubus sp. var.Loch Ness) used in the present study
were kindly provided by Agricola El Bosque (Lucena del Puerto, Spain).
Blackberries were lyophilized and then the anthocyanins were extracted using
80% methanol in 0.1% HCI as previously described by Garcia-Seco et al. (223).
Afterwards, the extract was sonicated for 10 min and then centrifuged at 3000
rpm for 10 min at 4°C. Methanol was removed by evaporation using a rotavapor

at 40°C. Rubus extract was stored at -20°C until use.

Anthocyanins quantification

Quantification of total anthocyanins was performed by pH differential
method as previously described (224) with minor modifications. Diluted 1:9 (v/v)
extract sample was used for anthocyanin determination. 0.5 mL of sample was
diluted 1:14 (v/v) in a pH 1.0 solution (HCI 0.2M) and in a pH 4.5 acetate solution
(1M). The tubes were incubated in the dark for 15 min at room temperature. The
absorbances were measured at A510 and A700 nm, respectively in ultraviolet-
visible spectrophotometer (Shimadzu 300, Tokyo, Japan) and calculated using

the following equation:
A = (A510 — A700) pH 1,0 — (A510 — A700) pH 4

Where A is absorbance of the diluted sample. The concentration was
calculated applying the Lambert-Beer’s law using cyanidin-3-glucoside as
control. Our Rubus extract concentration of anthocyanins was 5.42 g of cyanidin-

3-glucoside per 100g of extract.

2. Sample collection

After 3 hours of fasting, the rats were anesthetised with CO2 for 30

seconds. They were then sacrificed by decapitation and had the trunk blood




collected into ice-chilled receptacles containing Na2EDTA. Plasma was
separated from fresh blood by centrifugation at 3000rpm for 30 min at 4°C and

stored at -80°C until analysis.

Liver and different fat depots were rapidly dissected and placed into liquid

nitrogen before weighing and were kept at -80°C until analysis.

3. Glucose overload test
3.1 Oral Glucose Tolerance Test

On the day specified in section 1.2.1 (90 days for half of the rats and 200
days for the other half of experiment 1), after three hours of fasting the rats were
weighed and had their tail blood collected in tubes containing 1g Na2EDTA/L for
plasma separation and analysis of basal insulin and glucose. Subsequently rats
received an oral 50% glucose solution at 2g glucose per Kg body weight.
Afterwards, tail blood was collected at 7.5, 15, 30 and 60 min for plasma

separation and later analysis.
3.2 Insulin Sensitivity Indexes

The glucose and insulin area under the curve (AUC) were calculated by
the trapezoid’s method. Additionally, the ratio between them (AUC glucose/AUC

insulin) was calculated as an index of glucose tolerance.

Other insulin sensitivity indexes were calculated with basal glucose and
insulin levels. The Insulin Sensitivity Index (ISI), Homeostasis Model Assessment
of Insulin Resistance (HOMA) and the Quantitative Insulin Sensitivity Check
Index (QUICKI) were calculated as previously described (225), by using the

following equations:




10000

ISI =
VFPG X FPI X meanG X meanl
HOMA- IR = FPG X FPI
T 2430
1
QUICKI =

logFPI + logFPB

Where FPG is fasting plasma glucose (mg/dL), FPI is fasting plasma
insulin (uL/mL), and mean G and mean | are the mean glucose and insulin

concentration values along the OGTT.

4. Diet analysis
4.1 Extraction of lipids from the diets

Lipids were extracted and purified according to the method of Folch et al.
(226). For this, 200 mg of a diet sample were added to tubes containing 3 mL of
chloroform:methanol 2:1 (v:v), butylhydroxytoluene (BHT) (50 mg/L) and 200 pL
of the fatty acid 19:1 n-9 (Sigma, St. Louis, MO, USA) as internal standard. The
tubes were agitated by inversion for 4 hours. Subsequently a piece of cotton wool
was added to the tubes to function as a filter when the liquid was aspirated and
transferred to another screw cap tube. Then other 3 mL of chloroform:methanol
2:1 were added to the first tube. The process was repeated twice but agitating by
inversion for 3 hours each time, and had its lipid extract volume completed to 10
mL with chloroform:methanol. 2.5 mL of distilled water were added to the tubes
and agitated for 15 minutes. Subsequently the tubes were centrifuged for 10
minutes at 2000 rpm at room temperature. The upper phase was discarded, and
the volume was completed up to 10 mL with methanol containing BHT (10 mg/L).
This process was repeated twice although using 2% NacCl instead of distilled

water. The tubes were stored closed with Teflon cap to avoid evaporation.




4.2 Fatty acids profile of diets

The fatty acids were identified and quantified using gas chromatography.
In order for this to occur, volatile methyl esters of each fatty acid were prepared
by submitting the samples to a trans-esterification reaction with acetyl chloride in
methanol (227).

The trans-esterification involves the evaporation of 0.5mL of each lipid
extract with a vacuum evaporator Speed-Vac Plus Savant (Thermo Fisher
Scientific, Waltham, MA, USA) followed by resuspension of the residual fat in
300uL of toluene containing BHT (10mg/L). 200uL of each resuspended sample
was added to a tube with 2 mL of methanol:toluene (4:1) (v:v) containing BHT
(50mg/L) and then 200pL of acetyl chloride was added (under a fume hood during
vortex agitation). The trans-esterification reaction was carried out at 80°C for 2.5
hours in a screw glass tube closed with teflon cap. The reaction products were
resuspended in 500uL of toluene containing BHT (10mg/L) and then the reaction
was stopped with 5mL of 6% potassium carbonate solution. 10 pL of a methylated
fatty acid (methyl 17:0 from Sigma, St Louis, MO, USA) was added to confirm the
efficiency of the injection in the chromatograph. The tubes were centrifuged at
2000 rpm at room temperature for 10 min and the upper phase was transferred
to another tube where it was dried using a vacuum evaporator Speed-Vac Plus
Savant. The residue was resuspended in 60uL of toluene containing BHT

(50mg/L), and this solution was stored in glass sealed vials at -20°C.

The samples stored in sealed vials were automatically injected into a
capillary column Omegawax (Supelco, Bellefonte, PA, USA) with 0.25mm of inner
diameter, coating of 0.25um and 30m in length. The gas chromatograph used
was a Perkin Elmer (Waltham, MA, USA) with split-splitless injection. The injector
was at 260°C and the flame ionization detector at 280°C. The oven start
temperature was 200°C, and after 20 minutes the temperature was increased at

the speed of four degrees per minute to 240°C. This temperature was maintained




for the final 15 minutes. Every sample analysis lasted for approximately 45
minutes. Nitrogen circulating through the column at a pressure of 17 psi was used
as mobile phase. The methylated fatty acid esters were identified comparing their
retention time with the ones from purified patterns (Sigma, St Louis, MO, USA).
They were quantified using as reference the area of the internal standard (19:1

n-9) and the concentration of it which was added at the beginning of the process.

An analysis of repeatability of the method was carried out and a relative
standard deviation lower than 10% was found in all cases in which the fatty acid
was found in a proportion higher than 1% in relation to total fatty acids.
Additionally, we checked the method linearity and found values higher than 0.999
in the fatty acids which were in a proportion higher than 1%.

4.3 Determination of the amount of fat in the diets

The gravimetric method was used to determine the fat content of the diets.
For this, a known volume of each lipid extract, obtained as described in the
section 4.1., was pipetted into a weighed vial and dried in an oven at 37°C. The

vials were weighed several times until reaching a constant mass.

5. Plasma and tissues analysis
5.1 Plasmatic parameters
5.1.1 Plasma lipid extraction and fatty acid profile analysis

The plasma samples were subjected to a process of lipid extraction,

methylation of fatty acids and analysis as previously described (227).

An aliquot of plasma (75 or 100 pL, depending on the amount of sample

available), were placed in tubes containing 2 mL of methanol:toluene (4:1) (v:v)




BHT (50mg/L) and 25 pL of the internal standard 19:1 n-9. 200 pyL of acetyl
chloride were added to the tubes under fume hood and vortex agitation. The
methylation reaction took place in a bath at 100°C for 1 hour. To stop the reaction,
5mL of 6% potassium carbonate were added followed by 500uL of toluene
containing BHT (10mg/L) and 10uL of the methylated fatty acid 17:0. The tubes
were centrifuged at 2000rpm for 10 minutes at room temperature. The upper
phase was collected and submitted to vacuum evaporation. The residue was
resuspended in 60uL of toluene containing BHT (50mg/L). The extract was stored
in sealed glass vials with an insert at -20°C. The fatty acid plasma profile was

analysed by gas chromatography as described above in section 4.2.
5.1.2 Determination of glucose in plasma

To quantify plasma glucose a commercial assay kit Glucose-Trinder GOD-
POD (Spinreact, Gerona, Spain) was used. The assay is based on the glucose
oxidase enzyme (GOD) which oxidises the glucose from the samples producing
gluconic acid and hydrogen peroxide. The hydrogen peroxide is detected when it
reacts with phenol-ampyrone by the action of peroxidase enzyme (POD). The
intensity of the colour was determined using a plate spectrophotometer (Bio-tek
Intruments, Winooski, VT, USA) at a wavelength of 500 nm and was proportional

to the glucose sample.

GOD
B-D-Glucose + O, + H,0 — Gluconic acid + H,0,

POD
H,0, + Phenol + Ampyrone — Quinone + H,0
A calibration curve was prepared with different glucose concentrations: O;
12.5; 25; 37.5; 50; 75 and 100 mg/dL. A typical calibration curve is shown in figure
6. Depending on the expected glucose concentration either 5 or 10 pL of each

sample were analysed together with the calibration curve and the controls.
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Figure 6: Typical calibration curve for glucose concentration

5.1.3 Determination of triacylgycerol in plasma

To quantify plasma triacylglycerol (TAG) concentrations the commercial kit
Triglycerides-GPO-POD (Spinreact, Gerona, Spain) was used. The method is
based on the activity of the enzyme lipoprotein lipase (LPL) that hydrolyzes
triacylglycerols present in the samples producing glycerol and free fatty acids.
Glycerol is phosphorylated by glycerol kinase reaction (GK) producing glycerol 3-
phosphate in the presence of adenosine 3’-phosphate (ATP). Glycerol 3-
phosphate by the action of glycerol phosphate dehydrogenase produces
dihydroxyacetone phosphate (DHAP) and hydrogen peroxide. The quantity of
hydrogen peroxide is determined through a reaction catalyzed by POD as
described in section 5.1.2. The intensity of the colour obtained is proportional to

the TAG concentration in the samples.




LPL
Triacylglycerols + H,0 — Glycerol + Free Fatty Acids
GK
Glycerol + ATP — G3P + ADP

GPO
GgP + 02 — DHAP + H202

POD
H,0, + p-chlorophenol + 4-aminophenazone — Quinone + H,0

A calibration curve was prepared using known concentration dilutions (0;
25; 50; 100 and 200 mg/dL) prepared from a triolein standard solution. A
characteristic calibration curve is shown in figure 7.
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0.5 y = 0.0042x + 0.0705

R?=0.9973

Absorbance at 500nm (AU)
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0 50 100 150 200 250 300 350 400
Triolein (mg/dL)

Figure 7: Typical calibration curve for plasma triacylglycerols analysis

5.1.4 Determination of the concentration of glycerol in plasma

To determine plasma free glycerol levels the commercial kit Free Glycerol
Determination Kit (Sigma, St. Louis, MO, USA) was used. Glycerol from the
samples is phosphorylated to glycerol-1-phosphate (GP1) by the action of GK in
the presence of ATP. GP1 is oxidized in the presence of GPO and DHAP and the

hydrogen peroxide produced reacts with POD producing a coloured product that




absorbs light at 550 nm. The intensity of the colour produced is proportional to

the glycerol concentration present in the samples.
GK
Glycerol + ATP — G1P + ADP

GPO
G1P + 0,— DAP + H,0,

H,0, + N —etyl— N — (3 — sulfopropyl) m — anisidina sodium + 4

POD
— aminoantypirin — Quinoneimine + H,0

From a glycerol standard solution several solutions were prepared (O;
0.034; 0.068; 0.136; 0.271; 0.543 and 1.086 mmol//L) and used as calibration
curve. The absorbance was determined at 550 nm in a plate spectrophotometer
(Bio-tek Instruments, Winooski, VT, USA). Figure 8 shows a typical calibration

curve of this analysis.
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Figure 8: Typical calibration curve for plasma glycerol analysis




5.1.5 Determination of the concentration of non-esterified fatty acids (NEFA) in

plasma
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Figure 9: Typical calibration curve for plasma non-esterified fatty acids
analysis

The kit Wako NEFA-HR (Wako Chemicals, Osaka, Japan) was used to
determine plasma non-esterified fatty acid concentrations (NEFA). The method
is based on the following reaction: NEFA from the samples react with coenzyme
A by the action of acyl-CoA-synthetase (ACS) in the presence of ATP which also
produces adenosine-5-phosphate (AMP) and pyrophosphoric acid (PPi). Acyl-
CoA produced is oxidized by the action of acyl-CoA-oxidase (ACOD) generating
hydrogen peroxide that produces a coloured product in the presence of POD. The
coloured product absorbs light at 500 nm proportionally to the amount of NEFA

in the samples.




ACS
NEFA + ATP + CoA — Acyl — CoA + AMP + PPi

ACOD
Acyl — CoA + 0, — 2,3 —trans — enoyl — CoA + H,0,

H,0, + 3 —metyl — N — etyl — N — (8 — hydroxyetyl) — aniline + 4

POD
— aminoantipiryn — Quinoneimine + 3H,0

The calibration curve was prepared from an oleic acid standard solution at
different concentrations: 0; 0.0625; 0.125; 0.25; 0.5 mmol/L. Depending on the
expected NEFA concentrations 5 or 10 pL of each sample was analysed. Plates
were incubated at 37°C for 10 minutes after adding 200 pL of the first reagent in
the kit. Afterwards, a first analysis was carried out in a microplate reader (Bio-tek
Instruments, Winooski, VT, USA) at 550 nm, in which the absorbance obtained
was (going to be) subtracted from the second read absorbance values. 100 pL of
the second reagent in the kit was added and the plate incubated at 37°C for 10
min before reading for a second time. Figure 9 shows a typical calibration curve
where the absorbance shown in the axis of ordinates correspond to the

absorbance difference between the first and second read.




5.1.6 Determination of cholesterol in plasma
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Figure 10: Typical calibration curve for plasma cholesterol analysis

Total cholesterol concentration in plasma samples was determined using
the Cholesterol-CHOD-POD kit (Spinreact, Gerona, Spain). In this assay, an
enzyme known as cholesterol esterase (ChE) hydrolyzes cholesterol esters from
the samples to free cholesterol and free fatty acids. Then, the cholesterol oxidase
(CHOD) enzyme catalyses the oxidation of these free cholesterol molecules into
4-cholestenone and hydrogen peroxide. The hydrogen peroxide reacts with
peroxidase and the reaction product is a coloured compound able to absorb light
at a wavelength of 500 nm, and its intensity is directly proportional to sample’s

cholesterol concentrations.
ChE ]
Cholesterol esters + H,O — Cholesterol + Fatty acids
CHOD
Cholesterol + 0O, — 4 — Cholestenone + H,0

. Peroxidase . L.
2H,0, + Phenol + 4 — aminophenazone ——— Quinonimine + 4H,0




To perform this analysis, a calibration curve was prepared (0; 50; 100; 150;
200mg/dL). A volume of 10 pL was collected from both samples and controls and
250 pL of the kit's reagent were added. They were incubated at room’s
temperature for 10 minutes and their absorbance measured at 500 nm (Bio-tek
Instruments, Winooski, VT, USA). A typical calibration curve of this analysis can

be observed in figure 10.
5.1.7 Determination of insulin in plasma

Insulin concentration was determined by using a rat insulin Enzyme-linked
Immunosorbent Assay kit (ELISA) (Mercodia, Uppsala, Sweden). This assay
presents a detection limit of 0.15 pg/L, and its intra-assay and inter-assay

coefficient of variation are 3.1% and 4.4%, respectively.

This assay is based on the sandwich technique, in which two monoclonal
antibodies are directed against different epitopes of insulin during a 2 hours
incubation. The first antibody is linked to the bottom of the plate wells while the
second antibody, peroxidase-conjugated, is added later. After the incubation with
both antibodies, several washing steps eliminate the antibodies that remain free
in those wells not attached to insulin. Then, 3,3’,5,5-tetramethylbenzidine (TMB)
iIs added and reacts with peroxidase, transforming it into a coloured product.
Sulfuric acid (0.5M) is introduced to stop this enzymatic reaction and the
absorbance is determined through spectrophotometry using a plate reader (Bio-
tek Instruments, Winooski, VT, USA) at 450 nm. The colour intensity is directly
proportional to the insulin concentration in the samples. A typical calibration curve

of this analysis can be observed in figure 11.
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Figure 11: Typical calibration curve for insulin analysis

5.1.8 Determination of leptin in plasma

Plasma leptin concentration was determined by a mouse and rat ELISA kit
(Biovendor, Czech Republic).

The technique is based on the sandwich technique in which the antigen
present in the sample attach an anti-leptin rat antibody. During several
incubations and washes, a second polyclonal anti-leptin rat antibody marked with
biotin was attached to a streptavidin-horseradish peroxidase conjugate. The
attached conjugate antibody was detected by the reaction with TMB substrate
that produces colour. The reaction was stopped using an acidic solution and the
leptin concentrations were measured spectrophotometrically with a plate reader
(Bio-tek Instruments, Winooski, VT, USA) at 450nm. The colour intensity is

directly proportional to the leptin concentrations in the samples.

A calibration curve (figure 12) was prepared using the calibrators from the
commercial kit. To perform the assay 100 pL of the diluted samples (1:20), 100
uL of diluted antibody marked with biotin, 100 pL of the enzymatic conjugate, 100
pL of TMB substrate and 100 pL of the stop solution was added to the plate.




4500
4000 y =23.58x% + 1522.2x - 138.81

3000
2500
2000
1500
1000

500

Absorbance at 450nm (AU

0 0.5 1 1.5 2 2.5 3
Leptin (pg/mL)

Figure 12: Typical calibration curve for leptin analysis

5.1.9 Determination of adiponectin in plasma

Plasma adiponectin concentration was determined using a rat adiponectin
ELISA kit (Milipore, USA).

This assay is based on the sandwich technique, in which a monoclonal
anti-adiponectin rat antibody present on the reaction plate attaches its antigen in
the samples. After several incubations and washes, a second biotinylated
monoclonal anti-adiponectin antibody binds the antigen in the plate and later a
streptavidin-horseradish peroxidase conjugate is added and binds the
immobilized biotinylated antibody. The bounded conjugate is detected due to its
reaction with the substrate TMB that produces colour. The reaction is stopped
with an acidic solution and the adiponectin concentration is quantified
spectrophotometrically using a plate reader (Bio-tek Instruments, Winooski, VT,
USA) at 450nm. The colour intensity is directly proportional to the adiponectin

concentration in the sample.
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Figure 13: Typical calibration curve for adiponectin analysis

A calibration curve was prepared with the calibrators from the commercial
kit. A typical calibration curve is shown in the figure 13. 20 pL of the diluted sample
(1:500), 80 pL of assay buffer, 100 pL of the antibody marked with biotin, 100 pL
of the enzymatic conjugate, 100 puL of TMB substrate and 100 pL of the stop
solution were added to the plate.

5.1.10 Determination of resistin in plasma

Plasma resistin concentration was determined using a Rat Resistin ELISA
kit (Biovendor, Czech Republic). 100 pL of standards, quality controls and
samples (diluted samples 1:20) were incubated in a microplate where the wells
were pre-coated with polyclonal anti-rat resistin antibody. Biotin labelled
polyclonal anti-rat resistin antibody (100 pL) was added after 60 min of incubation
under agitation at 300 rpm and then the plate was washed 3-times. A streptavidin-
HPR conjugate (100 pL) was added after washing. The substrate solution (TMB)
(100 pL) was added to react with the remaining conjugate from the last washing
step. To stop the reaction an acidic solution (100 pL) was added, and the plates

were read in a plate reader (Bio-tek Instruments, Winooski, VT, USA). First, the




plate was read at 450nm and then at 600nm. The readings at 600nm were
subtracted from the readings at 450nm. The absorbance is proportional to resistin
levels. A standard curve was prepared from concentrations of calibrators as

shown in figure 14.
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Figure 14: Typical calibration curve for resistin analysis

5.2 Tissue parameters
5.2.1 Tissue lipid extraction

Lipids from liver and adipose tissues were extracted and purified by the
Folch method (226) similarly as described for the diets in section 4.1. Depending
on the tissue an amount of sample (50 mg for adipose tissue and 200 mg for liver)
were added to tubes containing 3 mL of chloroform:methanol 2:1 (v:iv) and BHT
(50 mg/L). As internal standard either 100 or 200 pL (depending on the tissue) of
the fatty acid 19:1 n-9 (Sigma, St. Louis, MO, USA) was added. The tubes were
agitated by inversion for 4 hours and aspirating through a piece of cotton the
liquid was transferred to a new tube. This process was repeated twice and at the
end the volume of the lipid extract was completed to 10 mL with methanol

containing BHT (50mg/L). The lipid extracts were washed with distilled water and




NaCl at 2% as described in section 4.1. The tubes were stored sealed with a

screw and teflon cap.

5.2.2 Fatty acids profile analysis

To identify and quantify the fatty acids in the lipid extract from each tissue
through gas chromatography, the samples were submitted to a transesterification

reaction as described in section 4.1.

A volume (depending on the tissues) of lipid extract was evaporated and
the dry residue was resuspended in toluene with BHT (50mg/L). 200 uL of the
resuspended extract was added to 2 mL of methanol:itoluene (4:1) (viv)
containing BHT (50mg/L) and 200 pL of acetyl chloride. Esterification reaction
with a methyl group was carried out in a bath at 80°C for 2.5 hours. Afterwards,
500 pL of toluene containing BHT (10mg/L) and 5 mL of 6% potassium carbonate
were added. The methylated fatty acid 17:0 (Sigma, St. Louis, MO, USA) was
added (10 pL) as a reference standard. The tubes were centrifuged for 10
minutes at 2000 rpm at room temperature and the upper phase was collected into
another tube. The tubes were submitted to a vacuum evaporation and the
residue was resuspended in 60 pL of toluene containing BHT (50mg/mL). The

samples were stored in sealed vials at -20°C to further analysis.

The samples were processed in a gas chromatograph and the fatty acids
were identified and quantified using the internal standard 19:1 n-9 (Sigma, St.

Louis, MO, USA) as reference as described in section 4.1.




5.2.3 Determination of the triacylglycerols in tissues
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Figure 15: Typical calibration curve for tissue triacylglycerols analysis

To determine TAG in liver we first prepared a lipid extract as described in
section 5.2.1 and subsequently the extract was analysed with the kit used to
determine plasma TAG (section 5.1.3). However, since the chloroform in the lipid
extract could inhibit the enzyme present in the reagent of the kit, it was necessary
to eliminate the chloroform from the samples. In order to do so, Triton-X-100 was
used as a detergent to solubilize the lipids in deionized water and make the
samples soluble in water and compatible with the kit as previously described
(228).

For the calibration curve, dilutions of triolein of known concentration were
used (0; 12.5; 25; 50; 100; 200 pg/mL) (Sigma, St Louis, MO, USA). They were
prepared in chloroform and processed in parallel to the samples. 1% Triton-X-
100 in chloroform was added to either 0.2 or 0.4 mL of the samples (depending
on the expected TAG level) and 1 mL of standards, and all the solutions were
evaporated in a vacuum concentrator Speed-Vac Plus Savant (Thermo Fisher
Scientific, Waltham, MA, USA) at medium temperature. The dry residue was

resuspended in deionized water and the tubes were agitated in a bath at 37°C for




15 minutes. The TAG from the samples and standards (50 pL) were quantified in
a 96-well plate in duplicate, where 250 uL of the reagent from the commercial kit
was added. The plate was incubated for 10 minutes at room temperature and the
absorbance was read at 500 nm in a plate reader (Bio-tek Instruments, Winooski,

VT, USA). A typical calibration curve is shown in figure 15.
5.2.4 Determination of the cholesterol in tissues

Similarly to the method for TAG analysis in tissues described in section
5.2.3, lipids were extracted accordingly to the method described in section 5.2.1.
Subsequently, the chloroform was eliminated from the samples in order to
solubilize lipids in deionized water using Triton-X-100 (228). Different known
concentrations of a cholesterol standard (Sigma, St. Louis, MO, USA) were
prepared for the calibration curve in chloroform (0; 12.5; 25; 50; 100; 200 pg/mL).
Samples and standards were dried after the addition of the detergent and were
resuspended in water. 50 pL of the samples and standards were analysed using
the commercial kit described in section 5.1.6. A typical calibration curve is shown

in figure 16.
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Figure 16: Typical calibration curve for tissue cholesterol analysis




6. Determination of the activity of Glycerol kinase

Glycerol kinase activity was analysed in inguinal, lumbar, peri-renal and
mesenteric adipose tissues following the method described by Newsholme et
al.(229) For this about 200 mg of each tissue was weighed and homogenized in
0.8 mL of homogenate buffer (1% KCI 1 mM EDTA ). The samples were
centrifuged at 2000 g for 10 min at 4°C. After removal of the fat layer the

supernatant was placed into another tube.

For the enzymatic assay, 50 uL of these supernatants were added to 50
uL of a reaction mixture prepared with 1 mL of incubation buffer (200mM TRIS,
50mM 2-Mercaptoethanol, 49mM FNa,10mM Cl2Mg, 2mM EDTA, 1mM Glycerol
and 1% Albumin, adjusted to pH 7.5 using HCI), 50 uL of 4C-Glycerol, 0.3 mg of
phosphocreatine kinase, 6.6 mg of ATP and 2.5 mg of phosphocreatine. 100 pL
of ethanol was used as a blank and kept in cold. All the tubes were agitated with
Vortex and incubated at 37°C for 30 minutes under gently agitation, except the
blank tubes. 100 pL of 99% ethanol were added to stop the reaction. Then 75 puL
of each tube was filtered in a 96 well plate. The plate was washed 7 times with

150 uL of 1M glycerol and 7 times with distilled water.

The filters where removed from the plates and placed into radioactivity
vials and 5 mL of scintillation liquid was added for the radioactive counting in a
Pakard radioactive counter. A sample of the supernatant was separated for
further protein quantification. For this determination, 200 mL of the supernatant
were digested with 0.13N NaOH for 1 hour at 60°C. The protein analysis was
performed by following the Lowry method (8) and using a 0.5 mg/mL bovine
serum albumin solution as standard. A calibration curve was performed with the
following amounts of albumin: 0, 5, 10, 20, 30 and 40 pg/tube; and 10 uL of the

digested sample were used.




7. Determination of the activity of Lipoprotein lipase

To analyse the lipoprotein lipase (LPL) activity in adipose tissue the
method described by Nilsson-Ehle & Scholz (230) was adapted for its use in
tissues by Llobera et al. (231) through previous delipidation of the samples in

acetone-ether.

Around 0.2 g of each adipose tissue sample was weighed and
homogenized in Tris-HCI buffer. Then the samples were delipidated with cold
diethyl ether and acetone to obtain an acetone powder that was redissolved in
0.05M NHs-CINH4 buffer. To analyse the enzymatic activity 200 pL of the
redissolved solution were used. As substrate an emulsion containing cold triolein
(13.8 mg/mL of glycerol), !*C-triolein (2.5 Ci/mL of glycerol) and
phosphatidylcholine (0.66 mg/mL of glycerol); stabilized with glycerol and
prepared under sonication. This substrate was prepared at least, 24 h before the
enzymatic assay was carried out, because it is stable at room temperature

protected from the light for 3 months.

The reaction mixture contained one part of buffer made with 0.2M Tris pH
8.2, 6% fatty acid free bovine serum albumin and 0.15M sodium chloride, all
adjusted to pH 8.2 with 1N HCI. Additionally, the mixture contained another part
of the substrate and half part of pre-heated rat plasma (10 min at 60°C) in order
to add Apoprotein C-Il that function as an enzymatic cofactor. Since LPL is
inhibited by 1M NaCl and protamine sulphate, the assay was carried out in the

presence and absence of 1M NaCl to test its specificity and inhibition.
The enzymatic activity is based on the following reaction:
TG(**C — Trioleate 1) - Glycerol + FreeFattyAcids(**C — Oleatel)

The free fatty acids released (**C-Oleate 1) were separated by liquid-liquid

partition system. To stop the reaction 3.5 mL of a chloroform:heptane:methanol




(1.25:1:1.41) (v:viv) were added. After mixing, 1 mL of an alkaline buffer was
added to facilitate the extraction of marked free fatty acids (borate buffer/0.1M
K2COs3 pH 10.5). The radioactive counting was performed in 1mL of the

supernatant.

To show the enzymatic activity as function of the amount of protein in the
tissue (specific activity), we quantified the amount of protein in the adipose tissue
homogenates prepared for LPL analysis by the Lowry method (232) as described

in section 6.

8. Statistical analysis
In this study, the data are quoted as mean * standard error of the mean.

The statistical analysis was conducted using the GraphPad Prism software
version 6.00 to Windows (GraphPad Software, San Diego, CA, USA) or IBM
SPSS Statistics software version 20.0 to Windows (IBM Corporation, Armonk,
NY, USA).

Student’s t-distribution was applied to compare two different experimental
groups of animals. To determine the existence of significant differences between
a higher number of groups, a one-way or two-way analysis of variance (ANOVA)
was used, followed by a post hoc test (Newman-Keuls or Bonferroni,
respectively). Differences were considered as statistically significant if p-value
was less than 0.05. The measure of the association between two variables was
conducted using Pearson correlation coefficient test. Some variables were
expressed as their natural logarithms before they were analysed, and these

changes are indicated in the figures and tables captions.




RESULTS AND
DISCUSSION

1. Experiment I: Gender and long-term effects of cafeteria diet

The experimental design is detailed above in section 1.2.1. Summarizing,
female and male Sprague Dawley rats were fed with a cafeteria diet (CD group),
rich in fat and simple carbohydrates, for 90 days. Other female and male rats
were fed continuously with the standard diet (SD group) and studied in parallel.
Half of the animals were sacrificed at day 90 to have their tissues collected and
the second half from the CD group started to receive the same diet as the SD

group for 110 days more, making a total of 200 days of experiment.
1.1 Lipid composition of the experimental diets.

The figure 17 shows that there was a big difference in the amount of total
fat presentin the diets, because whereas the CD had 23% of fat the SD contained
only 5% of fat. Furthermore, the composition of the diets was very different, the

SD contained only standard pellets whereas the CD was made up of different




ingredients (table 1). Therefore, we analysed the fatty acid profile of both diets
and they are shown in figure 18. The cafeteria diet showed higher amounts of
both saturated and monounsaturated fatty acids, specifically the CD showed a
higher concentration of PA (palmitic acid, 16:0), POA (palmitoleic acid, 16:1n-7),
SA (stearic acid, 18:0) and OA (oleic acid 18:1n-9) when compared to the
standard diet. Nevertheless, there were no differences in the concentration of any
of the n-6 and n-3 polyunsaturated fatty acids, whose values were in similar

amounts in the standard diet and in the cafeteria diet.
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Figure 17: Total lipid content of the diets

Asterisks indicate statistically significant differences
between the groups (** = p < 0.01).
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Figure 18: Fatty acid profile of the experimental diets

Asterisks indicate statistically significant differences between the groups
(** =p <0.01).




1.2 Food intake and body and tissue weights

25~ Female daily food intake

20~
>
(1]
S
o
15=
1C 1 1 1 | 1
0 20 40 60 80 100
Days of experiment
-e- Standard Cafeteria

Figure 19: Effects of cafeteria and standard diets in daily food intake of
female rats for 90 days.

No statistical difference between the groups at any of the days studied.




Male daily food intake
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Figure 20: Effects of cafeteria and standard diets in daily food intake of
male rats for 90 days.

No statistical difference between the groups at any of the days studied.

Although there was no difference in daily food intake between the SD and
CD groups in female and male rats (figures 19 and 20), the energy intake was
higher in the CD groups than in the SD groups in both female and male rats as
shown in figure 21 and 22. In spite of the difference in the energy intake the body
weight (figures 23 and 24) did not show differences due to the dietary treatment
in female and male rats. Nevertheless, at 90-day, the weights of the different
adipose tissues were higher in the CD than in the SD females as shown in figures
25-29. However, these differences were not observed in males (figures 25-29).
Moreover, at 200 days of experiment, with the only exception of inguinal adipose
tissue weight in females that remained higher in the CD group than in the SD, all
the differences in adipose tissue weights between the two dietary groups in
female disappeared. Figure 30 shows liver weight of females and males from SD

and CD groups at 90 and 200 days of experiment. Likewise most adipose tissues




weights, CD females liver weight was higher than SD at 90 days but no difference
was seen between males from SD and CD. At 200 days those differences

disappeared.
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Figure 21: Effects of cafeteria and standard diets on female rats daily
energy intake for 90 days

Asterisks indicate statistically significant differences between the groups (* =p < 0.05).
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Figure 22: Effects of cafeteria and standard diets on male rats daily
energy intake for 90 days

Asterisks indicate statistically significant differences between the groups (* =p < 0.05).
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Figure 23: Effects of cafeteria and standard diets on female rats body
weight along the 200 days of experiment

No statistical difference between the groups at any of the days studied.
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Figure 24: Effects of cafeteria and standard diets on male rats body
weight along the 200 days of the experiment

No statistical difference between the groups at any of the days studied.




Lumbar adipose tissue weight

90 days
10+ . G
B a
" T
6_
o
4_
A
2- .
c | | | |
Female Male
Il Standard [ Cafeteria
200 days
10+ B
b
i T
6-
o) A
4~ a
-
2-
c | | | |
Female Male

Bl Standard [] Cafeteria

Figure 25: Effects of cafeteria and standard diets on female and male rats’
lumbar adipose tissue weight at 90 days (left) and 200 days (right) of
experiment
Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <
0.05). Different uppercase letters indicate statistical difference between female and male standard

groups and different lowercase letters indicate statistical difference between female and male cafeteria
groups.
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Figure 26: Effects of cafeteria and standard diets on female and male rats’
mesenteric adipose tissue weight at 90 days (left) and 200 days (right) of
experiment
Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <

0.05). Different uppercase letters indicate statistical difference between female and male standard
groups and different lowercase letters indicate statistical difference between female and male cafeteria

groups.
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Figure 27: Effects of cafeteria and standard diets on female and male rats’
inguinal adipose tissue weight at 90 days (left) and 200 days (right) of
experiment
Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <
0.05). Different uppercase letters indicate statistical difference between female and male standard

groups and different lowercase letters indicate statistical difference between female and male cafeteria
groups.
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Figure 28: Effects of cafeteria and standard diets on female rats’ peri-
ovarian plus periuterin adipose tissue weight at 90 days (left) and 200
days (right) of experiment

Asterisks indicate statistically significant differences between the cafeteria and standard groups ( ** =p
<0.01).
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Figure 29: Effects of cafeteria and standard diets on male rats epididymal
adipose tissue weight at 90 days (left) and 200 days (right) of experiment

No statistical difference between the groups at any of the days studied.
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Figure 30: Effects of cafeteria and standard diets on female and male rats’
liver weight at 90 days (left) and 200 days (right) of experiment

Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <
0.05). Different uppercase letters indicate statistical difference between female and male standard
groups and different lowercase letters indicate statistical difference between female and male cafeteria
groups.

From these results it clearly seems that the response to the cafeteria diet
in white adipose tissue and liver weights is much higher in females than in male

rats. The different gender response of adipose tissue weight to the CD may be




due to the known greater reduction in adipose tissue of the stimulatory effect of
adrenoceptors on the lipolytic activity in female rats fed a cafeteria diet compared
to male rats (66). It is known that the lipolysis regulation in white adipose tissues
through adrenergic signal transduction is a target for sex hormones (233). As
reviewed by Lafontan and Berlan (234), the control of fat cell function by
physiological lipolytic stimulants such as catecholamines involves different
adrenergic receptors. There are three B-adrenoceptors (B1, B2 and B3) that
activate lipolytic activity that coexist in the same fat cell with one az-adrenoceptor
that inhibit the lipolytic pathway. The functional importance of these receptors
varies according to the species, the sex and the nature of the fat depots, including
the response to the cafeteria diet (234). Although gender effects are not limited
to the adrenergic controlled lipolytic cascade, sex hormones influence adipose
tissue metabolic function through the adrenergic-controlled lipolytic cascade, as
found in adult male rats after castration and testosterone treatment (142).
Furthermore, it has been shown that the az-adrenoceptor is increased in fat-cell
hypertrophy and that the a2/ 33 adrenoceptor balance is correlated with the obese
state (234-236). Moreover, the protein levels of aza-adrenoceptor have been
shown to be up-regulated in rats fed cafeteria diet for just 15 days, the effect
being greater in male than in female rats, whereas those of Bz adrenoceptor were
down-regulated by cafeteria diet more in females (237). These findings agree
with the lower and the smaller increase in the weight of retroperitoneal adipose
tissue found in male than in female rats in response to the cafeteria diet feeding
(237). In fact, these results are in accordance with the reported greater body-
weight gain in high fat diet-induced obese female ax-transgenic mice in the
absence of B3 adrenergic than in their male counterparts (238). Therefore, our
findings on the changes found in white adipose tissue depot weights in female
versus male rats fed the cafeteria diet are in agreement with these different

gender adipose tissue responses to the hormonal control of the lipolytic cascade.




In addition, Lladé et al. studied the short-term effects of a cafeteria diet
(i.e. 15 days in adult rats) on adrenoceptors expression and lipolytic activity in
white adipose tissues in female and male rats and found an overall lower lipolytic
activity in female than in male rats which did not show relation to a different
energy intake between both sex groups (66). In our study, the cafeteria diet was
offered for 90 days to the rats, when adipose tissue samples were collected and
weighed. Thus, besides other factors that will be discussed below in this thesis,
the augmented white adipose tissue weights only in females but not in males fed
with the cafeteria diet compared to animals fed with a control diet could be related
to a lower stimulatory adrenoceptors effect on lipolytic activity in the tissue of the
formers. However, direct studies are needed to determine the comparative long-
term effects of a cafeteria diet in female and male rats in white adipose tissue
lipolytic activity.

In our study, from day 90 of being fed either a standard or a cafeteria diet,
all the groups were fed with a standard diet until day 200 of experiment. At that
moment, the adipose tissues and livers were collected and weighed. Also as
shown in the figures 25 — 29, female and male tissue weights did not show
differences between cafeteria and standard groups. Therefore, the lower energy
content of the standard diet compared to the cafeteria diet (table 1) lead to a
reduction of energy intake in animals previously fed cafeteria diet that resulted in
lumbar, mesenteric and peri-ovarian plus periuterin fat depots and liver weight

similar in CD than in SD female rats.

Even though only studied in male rats, Reynés et al. (239) determined the
effects of a cafeteria diet in male rats fed for 60 days followed by subsequent
replacement of the cafeteria diet to a control diet. The authors found a rapid
increase of body weight caused by the ingestion of a cafeteria diet and after the
replacement of it by a control diet they found a reduction in body weight although
it did not reach the body weight of the control group. Furthermore, the size of

different adipose tissues (excluding retroperitoneal) were completely recovered.




In our study, the higher adipose tissue weights found in female rats after 90 days
on cafeteria diet completely disappeared after 110 days of feeding the control
diet, which agrees with those reported findings in male rats (239). In conclusion,
as it was previously reported in male rats, the increased white adipose tissue
weight found in adult female rats on a cafeteria diet can be also reversed by

feeding ad libitum a balanced control diet.

1.3 Plasma and liver lipid components

As shown in figure 31, at day 90 of experiment, no difference was found in
plasma cholesterol concentrations in female rats between the two dietary groups.
However, male rats receiving the cafeteria diet showed lower plasma cholesterol
levels than those on standard diet (figure 31) whereas the reduction disappeared
after 110 days of being fed with a standard diet (i.e. 200 days of experiment).
Such reduction of plasma cholesterol in males fed the CD is in contrast to
previous reports by other authors where female and male rats fed the cafeteria
diet showed an increase in plasma cholesterol (240, 241). Therefore, we thought
that our findings in males fed CD could be the result of a retention of cholesterol
in the liver. In fact, as shown in figure 36 we found that liver cholesterol
concentration was higher in male rats fed the CD for 90 days whereas no
difference was seeing in females (figure 36). Since cholesterol is carried in
plasma associated to lipoproteins but plasma very low density lipoproteins
(VLDL), which are secreted by the liver, are specifically rich in triacylglycerols

(242) we also measured plasma triacylglycerol values.

As shown in figure 32 at day 90 of treatment, plasma triacylglycerol levels
did not differ between the two dietary groups in females, but they were higher in
males fed the CD than in their controls whereas this difference disappeared at
200 days of experiment. In order of knowing if these changes in plasma values

could be also related to liver triacylglycerol concentrations, they were also




measured in liver. As shown in figure 35 there were no differences between the
two dietary groups in females, but in males at day 90 liver triacylglycerols were
higher in those on CD than in their controls, the difference disappearing at 200

days.

These findings could be related to those of de Melo et al. (243) that studied
male adult rats fed a cafeteria diet for 21 days and found a higher concentration
of liver triacylglycerols that was associated to an increased liver VLDL secretion.
On the other hand, the accumulation of lipids in liver in spite of an enhanced
VLDL secretion could be the result of a reported increase in liver lipogenesis
(243) in the presence of an enhanced arrival to the liver of plasma non-esterified
fatty acids (NEFA). This latter possibility is supported by our results showing an
increased plasma level of NEFA in males fed with the cafeteria diet compared to
their controls without differences in females and this effect was maintained even

110 days after shifting the animals to a standard diet (figure 33).

This finding in males could be the result of an enhanced adipose tissue
lipolytic activity in these animals which would also fit with the lack of change found
in adipose tissue weight in male rats fed the CD in contrast to the increase found
in female rats (figures 25-29). An enhanced lipolytic activity in adipose tissue of
male rats is compatible with unchanged plasma levels of glycerol (figure 34),
since besides its efficient utilization as gluconeogenic substrate in the liver (244),
its plasma levels can be also influenced by its intracellular reutilization in adipose

tissue, as will be discussed below.
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Figure 31: Effects of cafeteria and standard diets on plasma cholesterol of
female and male rats at 90 days (left) and 200 days (right) of experiment

Asterisks indicate statistically significant differences between the groups (* =p < 0.05, ** = p < 0.01).
Different uppercase letters indicate statistical difference between female and male standard groups and
different lowercase letters indicate statistical difference between female and male cafeteria groups.

Furthermore, the liver accumulation of both cholesterol and triacylglycerols
in male rats fed the CD could be related to the development of the non-alcoholic
fatty liver disease (NAFLD) (245). The prevalence of this disease in humans has
been shown to increase among overweight and non-diabetic obese individuals
(246, 247) and is the leading cause of chronic liver disease (248). In fact, the
prevalence of NAFLD has been described to be more frequently detected in men
than in women (249, 250), although the opposite has been shown in post-

menopausal women (251).

Moreover, at 200 days of experiment, no differences were found in liver
triacylglycerols and cholesterol concentrations (figures 35 and 36). Therefore, a
shift from cafeteria diet to standard diet was able to restore the effects of the
cafeteria diet in liver triacylglycerols and cholesterol accumulation (figures 35 and
36).
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Figure 32: Effects of cafeteria and standard diets on female and male rats
on plasma triacylglycerols at 90 days (left) and 200 days (right) of
experiment
Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <

0.05). Different uppercase letters indicate statistical difference between female and male standard

groups and different lowercase letters indicate statistical difference between female and male cafeteria
groups.
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Figure 33: Effects of cafeteria and standard diets on female and male
plasma non-esterified fatty acids at 90 days (left) and 200 days (right) of
experiment.

Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <

0.05, **=p < 0.01)). Different uppercase letters indicate statistical difference between female and male

standard groups and different lowercase letters indicate statistical difference between female and male
cafeteria groups.




Plasma glycerol

90 days

~ 200 days
400- A 400
a
b a
300- T T 3001 T A 2
A T
A
= 200- = 200
100+ 100+
0 ] I 0- T T
Female Male Female Male

Il Standard [ Cafeteria Il Standard [ Cafeteria

Figure 34: Effects of cafeteria and standard diets on female and male rats
on plasma glycerol at 90 days (left) and 200 days (right) of experiment.

No statistical differences were found in rats on cafeteria diet versus standard diet. Different uppercase
letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.
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Figure 35: Effects of cafeteria and standard diets on female and male rats
on liver triacylglycerols at 90 days (left) and 200 days (right) of experiment
Asterisks indicate statistically significant differences between the cafeteria and standard groups (** = p <

0.01). Different uppercase letters indicate statistical difference between female and male standard groups
and different lowercase letters indicate statistical difference between female and male cafeteria groups.
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Figure 1: Effects of cafeteria and standard diets on female and male rats
on liver cholesterol at 90 days (left) and 200 days (right) of experiment.

Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <
0.05). Different uppercase letters indicate statistical difference between female and male standard groups
and different lowercase letters indicate statistical difference between female and male cafeteria groups.

1.4 Determination of the activity of adipose tissue glycerol kinase

For decades the glycerol kinase activity in adipose tissue was not
considered relevant due to its low activity (124, 125, 252). However previous
studies in our laboratory have demonstrated that the utilization of glycerol by rat
adipose tissue is higher than thought (126-128, 253, 254). Furthermore, Stern et
al. (255) found in genetically obese rats higher glycerol kinase activity in adipose
tissue when compared to lean rats. In this study, the effects of high carbohydrate
and high fat on adipose tissue cell size and glycerol kinase activity were analysed.
The authors found an elevated glycerol kinase activity in animals fed a high fat
diet than in rats fed a high carbohydrate diet in females and males. Moreover, an
overall significant correlation was found between glycerol kinase activity and

adipose tissue cell size which was independent of body weight (255).




Therefore, in the present study, the glycerol kinase activity was measured
in order to understand the mechanisms by which the cafeteria diet increases
adipose tissue weight in rats in a gender dependent manner. Thus, the glycerol
kinase activity of inguinal, lumbar, mesenteric and peri-renal tissues collected at
90 days were analysed (figures 37 — 40). Figures 37, 39 and 40 show that glycerol
kinase activity was statistically higher in inguinal, mesenteric and peri-renal
adipose tissues of CD female rats when compared with SD females. In males,
although in inguinal and lumbar fat pads glycerol kinase activity tended to be
higher in CD than in SD, the difference did not reach statistical difference (figures
37 - 40).

Inguinal glycerol kinase activity at 90 days
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Figure 37: Effects of cafeteria and standard diets on inguinal adipose
tissue glycerol kinase activity (GK) in female and male rats at 90 days of
experiment.

Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <

0.05). Different uppercase letters indicate statistical difference between female and male standard groups
and different lowercase letters indicate statistical difference between female and male cafeteria groups.




Lumbar glycerol kinase activity at 90 days
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Figure 38: Effects of cafeteria and standard diets on lumbar adipose
tissue glycerol kinase activity (GK) in female and male rats at 90 days of
experiment.

No statistically differences were found between values of Standard vs. Cafeteria diet in either female or

male groups No statistical differences were found between Male vs. Female rats on any of the dietary
treatment.




Mesenteric glycerol kinase activity at 90 days
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Figure 39: Effects of cafeteria and standard diets on mesenteric adipose
tissue glycerol kinase activity (GK) in female and male rats at 90 days of
experiment.

Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <
0.05). No statistical differences were found between Male vs. Female rats on any of the dietary treatment.




Peri-renal glycerol kinase activity at 90 days
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Figure 40: Effects of cafeteria and standard diets on peri-renal adipose
tissue glycerol kinase activity (GK) in female and male rats at 90 days of
experiment.

Asterisks indicate statistically significant differences between the cafeteria and standard groups (** = p <
0.01). Different uppercase letters indicate statistical difference between female and male standard groups
and different lowercase letters indicate statistical difference between female and male cafeteria groups.

An elevated glycerol kinase activity was found in the CD female rats in
which most of the adipose tissue weights were also increased as shown above
in figures 25 — 29. Therefore, we may suggest that in female rats fed with cafeteria
diet, the activity of glycerol kinase in adipose tissues produced an increase in the
intracellular glycerol utilization for TAG synthesis that would facilitate the
increased adipose tissue weight. Moreover, no significant differences were found
in plasma non-esterified fatty acids and glycerol between SD and CD female rats
at 90 days (figures 33 and 34). This lack of change in plasma glycerol found in
these animals could be explained by the increase in the glycerol utilization by the
glycerol kinase in the adipose tissue as it is explained above. Similarly, plasma
non-esterified fatty acids did not show statistical differences between CD and SD

female rats (figure 33) which could be due to their re-esterification in the adipose




tissues together with that of glycerol to form triacylglycerols in adipose tissue of
the rats fed CD for 90 days.

In males fed with a cafeteria diet, neither the adipose tissue weights nor
glycerol kinase activity showed statistical differences when compared to animals
fed with the standard diet at 90 days as commented above (figures 25 — 29 and
37 — 40). As it has been already commented, these findings fit with a lower
intracellular re-esterification activity of NEFA in CD males versus females

probably as a consequence of this unchanged glycerol kinase activity.

1.5 Determination of the activity of adipose tissue lipoprotein lipase (LPL)

Lipoprotein lipase (LPL) is present in the luminal surface of the capillary
endothelium of extrahepatic tissues and catalyses the hydrolysis of plasma
circulating TAG associated to chylomicrons and VLDL to release fatty acids and
glycerol that are taken up by the subjacent tissue (for reviews see (256, 257)).
This enzyme is especially active in adipose tissue. It is considered that LPL
activity plays a crucial role in the storage of plasma TAG in the adipose tissue
since the products of its action, non-esterified fatty acids, can be re-esterified
within the tissue as TAG for energy storage (258). In fact although glycerol-3-
phosphate for the esterification of fatty acids within adipose tissue is normally
synthesized from glucose as a deviation of glycolysis, we know that there are
circumstances where phosphorylated glycerol may be provided from the
hydrolysis of the glyceride glycerol from TAG-rich lipoproteins and taken up by
rat adipose tissue (259). Therefore, for a better understanding of the effects of
the cafeteria diets on adipose tissue metabolism we evaluated the LPL activity in
inguinal and lumbar adipose tissues at 90 and 200 days and in mesenteric
adipose tissue at 90 days of experiment. As shown in figure 41, at day 90 of
treatment, a higher LPL activity was found in inguinal adipose tissue in CD female

rats when compared with SD, the effect disappearing at 200 days. No difference




between the two groups was seen in males in this fat depot at 90 and 200 days
of treatment nor in any of the other groups or fat depots studied in male or female
rats (figures 41 — 43). It is therefore proposed that the high LPL activity found in
inguinal adipose tissue of CD female rats at day 90 of treatment together with the
above reported high glycerol kinase activity may contribute to the increased

adipose tissue mass found in these rats.

In this regard, a high adipose tissue LPL activity has been also reported in
both human and rat obese subjects (260, 261). In our study, the increased
adipose tissue LPL activity in the presence of increased glycerol kinase activity
in female rats fed the CD may justify not only the intracellular reutilization of
glycerol producing their augmented adipose tissue weight when compared with
rats fed the SD but also the lack of differences in plasma glycerol levels that were
found (figure 34). This effect stimulating the tissue utilization of circulating TAG
in females fed the CD may also contribute to the lack of increased plasma TAG
level in these animals at day 90 of treatment whereas values in CD males were
significantly augmented (see figure 32). However, more research is needed to

understand the mechanism involved in these changes.
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Figure 41: Effects of cafeteria and standard diets on inguinal adipose
tissue lipoprotein lipase (LPL) in female and male rats at 90 days (left) and
200 days (right) of experiment.

Asterisks indicate statistically significant differences between the cafeteria and standard groups (* =p <

0.05). Different uppercase letters indicate statistical difference between female and male standard groups
and different lowercase letters indicate statistical difference between female and male cafeteria groups.
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Figure 42: Effects of cafeteria and standard diets on lumbar adipose
tissue lipoprotein lipase (LPL) in female and male rats at 90 days (left) and
200 days (right) of experiment.

No statistical differences were found between Cafeteria vs. Standard dietary groups. Different uppercase

letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.
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Figure 43: Effects of cafeteria and standard diets on mesenteric adipose
tissue lipoprotein lipase (LPL) in female and male rats at 90 days of
experiment.

No statistical differences were found between Cafeteria vs. Standard dietary groups. Different uppercase
letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.

1.6 Fatty acids profiles in plasma and in different tissues

In order to have a complete understanding of the effect of the cafeteria diet
in the lipid metabolism of the rats we also analysed the fatty acid composition of
different tissues. Regarding the composition of fatty acids in adipose tissue, it is
known that most of the fatty acids stored in adipose tissue depots result from
lipogenic processes that occur predominantly in liver and adipose tissue but also
from fatty acids derived from the diet (262, 263). As described in section 1.2, not
only the amount of fat of the cafeteria diet offered in the present study was
different from the standard diet, but also the fatty acid profile was modified. As
shown in figure 18 in the cafeteria diet there was a much higher amount of
saturated and monounsaturated fatty acids than in the standard diet, whereas no

differences were found in polyunsaturated fatty acids. Thus, we analysed the




effects of both diets in plasma, liver and lumbar adipose tissue regarding the fatty
acid profiles in rats at day 90 of being fed with their corresponding diet and also

in plasma and liver at day 200 of experiment, when both groups had been
receiving SD for 110 days.

Plasma fatty acids profile at 90 days
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Figure 44. Effects of cafeteria and standard diets on plasma fatty acid
profile in female and male rats at 90 days of experiment.

Asterisks indicate statistically significant differences between the dietary groups (* =p < 0.05, * = p <
0.01).




Plasma fatty acids profile at 200 days
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Figure 45: Effects of cafeteria and standard diets on plasma fatty acid
profile in female and male rats after 110 days on standard diet (total 200
days of experiment).

Asterisks indicate statistically significant differences between the dietary groups (* =p < 0.05).

As shown in figure 44, in plasma, female and male rats fed for 90 days
with CD showed a higher concentration of saturated and monounsaturated fatty
acids as these were the fatty acids that were in a higher amount in the CD diet
(figure 18). Specifically, the concentrations of PA (palmitic acid 16:0), SA (stearic
acid 18:0) and OA (oleic acid 18:1 n-9) were higher in the group fed with CD than
those fed with SD. However, male rats fed CD showed lower levels of AA
(arachidonic acid 20:4 n-6) than those fed the SD, and this is a surprising result
since the concentration of this fatty acid is similar and very low in both diets.
Moreover, AA can be endogenously synthesized from its precursor LA (linoleic
acid 18:2 n-6) and also this precursor was in a similar concentration in both diets.
In relation with n-3 polyunsaturated fatty acids there were no differences in the
amount of any of these fatty acids in both males and females as a consequence
of the different diets.

The differences already commented above about the plasma fatty acid
profile between the cafeteria and standard groups completely disappeared at day
200 of experiment, when all the rats were fed with the SD for 110 days (figure




45). In liver at day 90 of experiment (figure 46) there were less differences in the
fatty acid profiles between the two dietary groups than in plasma. Only OA (oleic
acid 18:1 n-9) was higher in liver of females and males from the CD group when
compared to those fed with SD at 90 days. However, as shown in figure 47, in
females at 200 days, lower levels of PA, POA (palmitoleic acid 16:1 n-7), OA and
LA (linoleic acid 18:2 n-6) were found in CD than in SD group. In males, higher
levels of PA, SA and LA were found in the CD than in SD group and no differences
were found in the other fatty acids. In lumbar adipose tissue at 90 days on their
respective diet (figure 48) females and males showed lower concentrations of
POA, LA, AA and ALA (alpha-linolenic acid 18:3 n-3) in CD than in SD group and
higher concentrations of SA and OA in CD than in SD group. No differences were

found in other fatty acids.
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Figure 46: Effects of cafeteria and standard diets on liver fatty acids
profile in female and male rats at 90 days of experiment.

Asterisks indicate statistically significant differences between the dietary groups (* =p < 0.05, ** = p <

0.01).
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Liver fatty acids profile at 200 days
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Figure 47: Effects of cafeteria and standard diets on liver fatty acids
profile in female and male rats at after 110 days on standard diet (total 200
days of experiment).

Asterisks indicate statistically significant differences between the dietary groups (* =p < 0.05, * = p <
0.01).
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Figure 48: Effects of cafeteria and standard diets on lumbar adipose

tissue fatty acids profile in female and male rats at 90 days of experiment.
Asterisks indicate statistically significant differences between the dietary groups (* =p < 0.05, ** = p <
0.01).
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In order to understand better the fatty acid metabolism in the studied
samples, since long chain polyunsaturated fatty acids are synthesized from their
precursors we calculated the ratio of different fatty acids to have an index of the
different desaturases and elongases that have a role in their conversion: 20:4 n-
6/20:3 n-6 (as an index of A> desaturase), 18:3 n-6/18:2 n-6 (as an index of A®
desaturase), and 20:3 n-6/18:3 n-6 (as an index of elongase 5). On the other
hand, due to the fact that the A° desaturase index has been used as an indicator
of lipogenesis and is the desaturase involved in the endogenous synthesis of
oleic acid (18:1 n-9), we also calculated the 18:1 n-9/18:0 ratio in plasma, liver
and adipose tissue of all the animals studied. Also, in relation with the synthesis
of OA we calculated the 18:0/16:0 ratio as an index for elongase 6 activity in

plasma, liver and adipose tissue.

In plasma, a reduced A® desaturase activity index was found in females
and males fed with CD at 90 days (figure 49) with females showing higher values
than males in both dietary treatments. Those differences disappeared after 110
days of receiving both groups the standard diet (figure 49). No differences were
found between SD and CD in female and male rats on A® desaturase activity
index at 90 days and after 110 days on SD, although reduced values were found
in males compared to females fed with CD after 110 days on SD diet (figure 50).
On the other hand, A° desaturase activity index was significantly higher in males
from the CD group than those from the SD group, and in a similar way, this index
tended to increase in females from CD in comparison to the ones in the SD group
after 90 days on dietary treatment (figure 51). Besides, it showed higher values
in males than in females of both dietary groups (figure 51). After 110 days more,
when all the groups received the SD, both dietary groups did not differ in A°
desaturase activity index within the same gender, although males showed higher

values than females (figure 51).
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Figure 49: Effects of cafeteria and standard diets on A®> desaturase activity
index in plasma of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of
experiment).

Asterisks indicate statistically significant differences between the dietary groups (* =p < 0.05, ** =p < 0.01).

Different uppercase letters indicate statistical difference between female and male standard groups and
different lowercase letters indicate statistical difference between female and male cafeteria groups.
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Figure 50: Effects of cafeteria and standard diets on A® desaturase activity
index in plasma of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of
experiment).

No statistical differences were found between Cafeteria vs. Standard diet groups. Different uppercase

letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.
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Figure 51: Effects of cafeteria and standard diets on A° desaturase activity
index in plasma of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of
experiment).

Asterisks indicate statistically significant differences between the dietary groups (** = p < 0.01). Different

uppercase letters indicate statistical difference between female and male standard groups and different
lowercase letters indicate statistical difference between female and male cafeteria groups.
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Similarly to what we had found in plasma, liver A> desaturase activity index
decreased in males fed CD compared to those fed SD for 90 days, while in female
there was just a tendency to be reduced in the CD group (figure 52). When we
compared the values between males and females we found that females showed
higher values than males only in the CD groups. After the treatment of both
groups with SD for 110 days, no differences were found in liver A% desaturase
activity index between the groups (figure 52). Again similar to what occurred in
plasma, liver A® desaturase activity index did not show differences between SD
and CD in females nor in males at 90 days, but in this case A® desaturase activity
index was augmented in females vs males on CD (figure 53) as it occurred and
it has been already commented in the case of the A® desaturase activity index in
liver (figure 52). At 200 days of experiment, no differences were found neither
between dietary treatments nor gender comparison in A® desaturase activity
index in liver (figure 53). In relation with A° desaturase index, an increased A°
desaturase activity index was found in liver of males from CD group compared to
SD and no gender differences was found at 90 days of experiment (figure 54).
However, after receiving SD for 110 days females previously fed with CD showed
decreased A° desaturase activity index while no difference was found in male rats
(figure 54). Also, values were higher in males than in females from the same

dietary experimental group (figure 54).
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Figure 52: Effects of cafeteria and standard diets on A®> desaturase activity
index in liver of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of

experiment).

Asterisk indicates statistically significant differences between the dietary groups (* =p < 0.05). Different

uppercase letters indicate statistical difference between female and male standard groups and different
lowercase letters indicate statistical difference between female and male cafeteria groups.
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Figure 53: Effects of cafeteria and standard diets on A® desaturase activity
index in liver of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of

experiment).

No statistical differences were found between Cafeteria vs. Standard diet groups. Different uppercase

letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.
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Figure 54: Effects of cafeteria and standard diets on A® desaturase activity
index in liver of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of

experiment).

Asterisks indicate statistically significant differences between the dietary groups (* = p < 0.05, * = p <
0.01). Different uppercase letters indicate statistical difference between female and male standard groups
and different lowercase letters indicate statistical difference between female and male cafeteria groups.

In lumbar adipose tissue at 90 days on either SD or CD diet, female and
male rats fed with CD showed lower A% desaturase activity index than those on
SD, the same to what occurred with this desaturase in plasma. When we
compared the activity of A®> desaturase between females and males we found
again higher values in females than males from both dietary groups (figure 55).
Nevertheless, A® desaturase activity index was not affected by the dietary
treatments in females and males (figure 56). Males from SD group showed lower
values for A® desaturase activity than females while animals fed CD did not show
gender differences (figure 56). When we analysed the A° desaturase activity
index (figure 57) we found a lower desaturase activity in males fed CD for 90 days
than those on SD but we did not find such change in females. Additionally, in CD
groups male animals had lower values compared to females, although no

differences were observed in SD groups between females and males (figure 57).
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Figure 55: Effects of cafeteria and standard diets on A® desaturase activity
index in lumbar adipose tissue of female and male rats at 90 days of
experiment.

Asterisks indicate statistically significant differences between the dietary groups (** = p < 0.01). Different

uppercase letters indicate statistical difference between female and male standard groups and different
lowercase letters indicate statistical difference between female and male cafeteria groups.

109



Lumbar adipose tissue A® desaturase activity index

0.008
—_— a
® N
(= —
~ <. 0.0064 '|' T
O
® o0
=N 0
O w B
= £ 0.004-
O =
£
© 38 0.002-
w '
©
(&)
0.000 .

|
Female Male

Bl Standard [] Cafeteria

Figure 56: Effects of cafeteria and standard diets on A® desaturase activity
index in lumbar adipose tissue of female and male rats at 90 days of
experiment.

No statistical differences were found between Cafeteria vs. Standard diet groups. Different uppercase

letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.
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Figure 57: Effects of cafeteria and standard diets on A® desaturase activity
index in lumbar adipose tissue of female and male rats at 90 days of
experiment.

Asterisk indicates statistically significant differences between the dietary groups (* =p < 0.05). Different
uppercase letters indicate statistical difference between female and male standard groups and different
lowercase letters indicate statistical difference between female and male cafeteria groups.

To summarize all the results surrounding the fatty acid composition of the
tissues and the desaturase indexes we can point out that the cafeteria diet offered
in the present study modified the fatty acid profile of plasma, liver and lumbar
adipose tissue. The lower concentration of AA found in plasma and adipose
tissue of the CD group was surprising since there were no differences in the AA
concentrations in the diets and the amount of it in both diets was very low. A
possible explanation for this low concentration of AA in the CD groups could be
that a reduction on the AA (arachidonic acid, 20:4 n-6) precursor, LA (linoleic acid
18:2 n-6), occurred and impaired the AA endogenous biosynthesis. Nevertheless,
a similar amount of LA was offered through the diets and no differences were
found in LA concentrations in plasma, liver and adipose tissue between cafeteria

and standard groups. Furthermore, there is a possibility that AA production was
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reduced as a consequence of a decreased A® desaturase activity (enzyme
involved in the endogenous biosynthesis of AA from LA) as suggested by the low
A3 activity index found by us in plasma, liver and lumbar adipose tissue of animals
fed with cafeteria diet. This result is in accordance with a previous study carried
out in our laboratory that also found lower AA levels in tissues from rats fed with
cafeteria without changes in LA levels when compared to animals fed with
standard diet (264). The reason for a reduced A® desaturase activity could be
related with the higher amount of OA found in plasma and tissues of these
animals (figures 44 and 45). In fact, an inversely proportional association between
the concentration of OA and AA and the activity of the A®> and A® desaturases has
been described in humans (265) which could have occurred to our animals from
the CD groups since a high amount of OA was offered in the cafeteria diet (figure
18). Even though the mechanisms by which this association occurs remain

unknown.

Regarding the activity of the A° desaturase, it is known that the A°
desaturase activity index can be positively correlated with lipogenesis and
adipogenesis (266-269). Additionally, in our study in males fed with the CD the
A° desaturase activity index was higher in plasma and liver vs those on SD
(figures 51 and 54, respectively). Thus, it is possible that our CD caused an
increased lipogenesis in males fed with this diet. One of the reasons for the
increased A° activity index could be the higher amounts of OA in the CD used
here compared to SD (figure 18). This relationship agrees with the previously
described by Field et al. that found a higher A® activity index as consequence of
a diet rich in OA (270). However, more direct studied are necessary to confirm

this relation.
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Figure 58: Effects of cafeteria and standard diets on elongase 5 activity
index in plasma of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of
experiment).

Asterisks indicate statistically significant differences between the dietary groups (** = p < 0.01). Different

uppercase letters indicate statistical difference between female and male standard groups and different
lowercase letters indicate statistical difference between female and male cafeteria groups.
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Plasma elongase 6 activity index
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Figure 59: Effects of cafeteria and standard diets on elongase 6 activity
index in plasma of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of
experiment).

Asterisks indicate statistically significant differences between the dietary groups (* = p < 0.05). Different
uppercase letters indicate statistical difference between female and male standard groups and different
lowercase letters indicate statistical difference between female and male cafeteria groups.

Figure 58 shows increased elongase 5 activity index in plasma of CD
female and male rats at 90 days of experiment in comparison to those fed SD.
Additionally, whereas in animals fed with SD no differences were found between
males and females, male rats fed with the CD had higher elongase 5 activity index
than CD females (figure 58). At 200 days of experiment no differences were found
in dietary treatments nor between gender. Different to elongase 5, plasma
elongase 6 index was decreased in females from CD group but no change in
males was found at 90 days of experiment (figure 59). Moreover, females from
SD and CD showed higher values of elongase 6 index in plasma than males at
90 and 200 days of experiment, when no differences were seen in dietary

treatment (figure 59).

Similar to plasma, in liver, elongase 5 activity index is increased in females

and males fed with CD vs those on SD and males showed higher values than
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females (figure 60) at 90 days. After 110 days on SD, no differences were
observed in liver of female and male animals (figure 60). However, the liver
elongase 6 activity index in liver at 90 days did not show differences neither in
dietary treatment nor in gender comparisons (figure 61). However, after 110 days
on SD, females from the CD group showed higher elongase 6 activity index in
liver than females in SD group, and comparing genders we found higher values
in the elongase activity in females than in males on both dietary groups (figure
61).
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Figure 60: Effects of cafeteria and standard diets on elongase 5 activity
index in liver of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of

experiment).
Asterisks indicate statistically significant differences between the dietary groups (* = p < 0.05, * = p <

0.01). Different uppercase letters indicate statistical difference between female and male standard groups
and different lowercase letters indicate statistical difference between female and male cafeteria groups.
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Figure 61: Effects of cafeteria and standard diets on elongase 6 activity
index in liver of female and male rats at 90 days (left) and those rats
followed by 110 days on just standard diet (right) (total 200 days of

experiment).

Asterisks indicate statistically significant differences between the dietary groups (* = p < 0.05). Different
uppercase letters indicate statistical difference between female and male standard groups and different
lowercase letters indicate statistical difference between female and male cafeteria groups.

Also as plasma and liver, lumbar adipose tissue elongase 5 activity index
was increased in males fed CD but not significantly in females at 90 days of
experiment and no differences were found between females and males (figure
62). However, different to plasma and liver, in the case of elongase 6 activity
index in lumbar and adipose tissue, CD groups showed significantly higher values
in female and male animals at 90 days (figure 63). No differences were observed

in lumbar adipose tissue elongase 6 activity index in the SD groups between
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female and male, whereas in the CD groups, males showed higher values than

females at day 90 of experiment (figure 63).
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Figure 62: Effects of cafeteria and standard diets on elongase 5 activity
index in lumbar adipose tissue of female and male rats at 90 days of
experiment.

Asterisk indicates statistically significant differences between the dietary groups (* =p < 0.05). Different

uppercase letters indicate statistical difference between female and male standard groups and different
lowercase letters indicate statistical difference between female and male cafeteria groups.
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Figure 63: Effects of cafeteria and standard diets on elongase 6 activity
index in lumbar adipose tissue of female and male rats at 90 days of
experiment.

Asterisks indicate statistically significant differences between the dietary groups (* =p < 0.05, ** p < 0.01).
Different uppercase letters indicate statistical difference between female and male standard groups and
different lowercase letters indicate statistical difference between female and male cafeteria groups.

To summarize the results about elongases and as commented above, the
elongase 5 activity index in animals fed with CD was increased in plasma, liver
and lumbar adipose tissue at 90 days compared to those fed the SD. A previous
study also found in male rats that feeding a diet rich in carbohydrates caused an
increase of elongase 5 MRNA expression in liver compared to the standard diet
group (271). Also, itis described that LXRa-SREBP-1c in liver regulates elongase
5 expression (272) and that glucose is able to stimulate the transcriptional activity
of LXR (273). These findings are in agreement to the increased elongase 5
activity index found in the present study in rats fed the CD since this diet is rich
in both carbohydrate and fat.

However, we have to recognize that our results concerning the changes
found in the rats fed the CD in the calculated desaturases and elongases activity

indexes are not completely consistent as also has been described by other
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authors (271, 274, 275). In fact, these enzymatic activities seem to vary
accordingly to gender, tissue studied, the amount and type of fatty acids offered
by the experimental diets during the studied period. Additionally, in the present
study, at 200 days a rebound effect seems to occur in some of the calculated fatty

acid ratios when the CD was shift to SD.

1.7 Oral Glucose Tolerance Test (OGTT)

Type 2 diabetes is characterized by a failure on insulin secretion and action
that results in hyperglycaemia. Several authors have described a strong
relationship among diet, obesity and type 2 diabetes development (276). It is
known that diets rich in fat are a cause of obesity and also of insulin resistance.
This phenomenon is related to the fact that increased fat size in obesity,
especially visceral fat, plays an important role in the impaired insulin action on

reducing plasma glucose levels (277).

For a better understanding of the potential effects of CD on glucose
metabolism, some indexes related with insulin sensitivity (HOMA and QUICKI)
were calculated, and also an Oral Glucose Tolerance Test was performed in the
rats at 90 and 200 days of experiment. First of all, we measured the
concentrations of basal plasma glucose and insulin in the rats and found no
differences after both dietary treatments at 90 and 200 days of experiment in
basal glucose (figure 64) whereas basal insulin increased in CD vs SD females
at 200 days of experiment (figure 65). When compared by gender, males fed CD
showed higher concentrations of glucose than females at 90 and 200 days (figure
64). In relation with insulin, although no differences due to gender were found at
90 days of treatment at 200 days of experiment males from SD showed higher

insulin concentration than females (figure 65).
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Taking HOMA value as an indicator of insulin resistance (figure 66) and
QUICKI as index of insulin sensitivity (figure 67), no difference was found in both
HOMA and QUICKI values between CD and SD in female and male rats at 90
and 200 days of experiment. However, in relation with the gender effectin HOMA,
male rats fed CD showed higher HOMA values than females at 90 day, indicating
an increased insulin resistance of CD male rats when compared to female, but
no differences were found at day 200 when all groups received standard diet
(figure 66). In relation with the gender effect in QUICKI, SD males showed a lower
QUICKI value when compared to females at 90 and 200 days (figure 67) but this
effect disappeared in males vs females in the CD groups at 200 days of
experiment, indicating that when the cafeteria fed rats changed to a standard diet

for 110 days the differences in insulin sensitivity due to the gender disappeared.
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Figure 64: Effects of cafeteria and standard diets on female and male rats
on plasma glucose level at 90 days (left) and 200 days (right) of
experiment

Different uppercase letters indicate statistical difference between female and male standard groups and
different lowercase letters indicate statistical difference between female and male cafeteria groups.
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Figure 65: Effects of cafeteria and standard diets on female and male rats
on plasma insulin level at 90 days (left) and 200 days (right) of experiment
glucose
Asterisk indicate statistically significant differences between the groups (* =p < 0.05). Different uppercase

letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.
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Figure 66: Effects of cafeteria and standard diets on female and male rats
on HOMA at 90 days (left) and 200 days (right) of experiment glucose

Different uppercase letters indicate statistical difference between female and male standard groups and
different lowercase letters indicate statistical difference between female and male cafeteria groups.
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Figure 67: Effects of cafeteria and standard diets on female and male rats
on QUICKI at 90 days (left) and 200 days (right) of experiment glucose

Different uppercase letters indicate statistical difference between female and male standard groups and
different lowercase letters indicate statistical difference between female and male cafeteria groups.

In relation to the Oral Glucose Tolerance Test (OGTT), this is based on
the fact that plasma glucose level is regulated by both the amount of insulin
released by the pancreas and the insulin sensitivity of different tissues. Thus,
through this OGTT it is possible to identify an altered post-prandial glucose
metabolism and insulin resistance not revealed by the glucose and insulin basal

fasting conditions (278).

In our study, after the oral glucose load we calculated the concentrations
of glucose and insulin in the animals at different time points, expressed as the
area under the curve (AUC) and related this with the insulin resistance in the rats.
We found that the AUC for insulin of CD females at 90 days was higher than in
SD females but no differences were found between males (figure 68). When
females and males from the same dietary group were compared, SD males
showed higher insulin AUC than SD females whereas no differences were found
between females and males from CD (figure 68). For glucose, CD females
showed higher AUC than SD group at day 90 but males did not show differences

between dietary treatments (figure 69). When females and males receiving the
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same diet were compared, females showed lower glucose AUC than males in
both SD and CD groups (figure 69). These values allowed us to determine the
insulin sensitivity index (ISI) (225). When the ISI was calculated at day 90, CD
females showed lower values than SD but no differences were found between
males (figure 70). Comparing females and males in the same dietary group,
females from SD showed higher ISI than males but CD groups showed no

differences between females and males at 90 days.

Insulin resistance is often described as an inability of insulin to produce its
effects promoting glucose uptake and utilization by muscle and other tissues,
including an inhibition in triglyceride synthesis from glucose in adipose tissue and
other effects (279). There are several mechanisms described as possibly
responsible for insulin resistance development including dietary habits and
adiposity (280). An increased amount of body fat is normally associated to larger
adipocytes that are themselves resistant to insulin action. In the adipose tissue,
insulin acts inhibiting lipolysis and therefore a decrease in insulin signalling lead
to an increased fatty acids and glycerol release (281). In our study, at day 90 of
treatment, CD females showed higher adipose tissue weight than SD (figures 25
— 28). Additionally, the glycerol kinase activity in most adipose tissues was higher
in females fed the CD than in those fed a SD for 90 days (figures 37 — 40).
Therefore, it is possible that the insulin action inhibiting lipolysis in the presence
of increased glycerol kinase activity have caused an increased phosphorylation
of released glycerol and subsequently re-esterified within the tissue, contributing
to the increased adipose tissue size, as described above in section 1.4. More

direct studies are necessary to prove this hypothesis.

The reduced insulin sensitivity in females fed CD could be partially caused
by the reduced amount of polyunsaturated fatty acids present in the CD diet when
compared to SD diet (figure 18). It is described that polyunsaturated fatty acids
could act as ligands of PPARy (282) and also modulate its expression and

consequently increase insulin dependent glucose transporter GLUT4
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transcription and synthesis (283). A higher number of GLUT4 glucose transporter
is associated with an improvement of insulin resistance. In our study, a lower
polyunsaturated fatty acid content in the CD diet in comparison with the standard
diet could lead to a reduction on the GLUT4 transcription and synthesis stimulus
contributing to the insulin resistance shown in CD females at day 90 of treatment
(figure 18). However, the action of specific fatty acids on PPARY is not completely

understood and it is currently the aim of numerous investigations (284).

However, in the case of male rats fed CD for 90 days, no differences were
found concerning the fasting plasma glucose nor the response to the Oral
Glucose Tolerance Test. This could be due to the fact that male rats fed CD did
not increase their adipose tissue weight as shown in figures 25 — 27 and 29.
Additionally, male animals fed the SD showed lower insulin sensitivity than
females (figure 70). Since fat depots are regulated by sex hormones (285) female
rats are more sensitive to insulin than males of the same age even though
females showed a higher fat amount than males in both humans and rats. This
observation is in accordance with our results. Nevertheless, females fed a
cafeteria diet for 90 days showed insulin sensitivity similar to males (figure 70). It
Is therefore possible that, in our study, the higher adipose tissue amount (figures

25 — 28) shown by CD females reduced their insulin sensitivity to the male’s level.

From 90th day of experiment the cafeteria diet was replaced with a
standard diet up to 200 days. At 200 days, no differences were found in glucose
and insulin AUC of females and males between cafeteria and standard groups
(figure 69). Thus, ISI values did not change between dietary groups of females
and males as shown in figure 70. On the other hand, when compared by gender,
both glucose and insulin AUC in the OGTT were higher in males than in females
fed with SD and also higher in males than in females fed with CD. However, when
ISI values were compared by gender, females fed SD showed higher insulin
sensitivity than males fed the equal diet. Nevertheless, no difference was found

in I1SI values between females and males fed with CD, not even after 110 days of

124



shifting to the CD, this could indicate that the impairment in the insulin sensitivity

produced by the CD was not recovered at 200 days of experiment.

It is possible that our female animals did not recover from the effects of the
cafeteria diet on glucose metabolism due to the fact that the diet was given to
them too early in life. The metabolic programming is described as an adaptation
to a nutritional insult environment during a critical period of development that last
later in life even in the absence of the insult (286). Thus, it is possible that a
degree of metabolic programming occurred to our female rats which were fed a
CD since they were 35 days old, and such early age impaired the recovery of
certain metabolic parameters when the CD rats were fed with a SD for the
additional 110 days. A study that evaluated the effects of a post-cafeteria diet
using older animals (2 and 4 months old) found an improvement on insulin
resistance after 60 days on a control diet (239). However, the effects of metabolic
programming vary accordingly to the duration of the insult exposure and life
stage, i.e., too early or late in life. Boullu-Ciocca et al (287) programmed male
rats during the lactation period reducing the number of pups per mother. From
weaning, the pups received control diet to 5 months old. The authors found
metabolic disturbances in programmed animals that were fed control diet later in
life. Therefore, in our study, it is possible that using recent weaned animals (35

days old) a metabolic programming occurred.
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Figure 68: Effects of cafeteria and standard diets on female and male rats
on the Area Under the Curve for insulin throughout the Oral Glucose
Tolerance Test at 90 days (left) and 200 days (right) of experiment
Asterisk indicate statistically significant differences between the groups (* =p < 0.05). Different uppercase

letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.

126



Oral Glucose Tolerance Test
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Figure 69: Effects of cafeteria and standard diets on female and male rats
on the Area Under the Curve for glucose throughout the Oral Glucose
Tolerance Test at 90 days (left) and 200 days (right) of experiment

Asterisk indicate statistically significant differences between the groups (* =p < 0.05). Different uppercase
letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.
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Figure 70: Effects of cafeteria and standard diets on female and male rats
in Insulin Sensitivity Index at 90 days (left) and 200 days (right) of
experiment
Asterisks indicate statistically significant differences between the groups (* =p < 0.05). Different uppercase

letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.
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1.8 Plasma leptin

In 1994, the first adipokine was discovered indicating that the adipose
tissue produces several molecules responsible for the regulation of numerous
biological process (288). This first adipokine was named leptin by Halaas et al
(289). Leptin is a 16kD protein mainly produced and released by white adipose
tissue to plasma, but the lymphoid tissue, skeletal muscle, ovary, placenta and
bone marrow could also express leptin. Its blood concentrations are positively
correlated to body fat (131). The leptin secretion is influenced by estrogen,
insulin, glucocorticoids, glucose, fatty acids and other factors. Since leptin was
discovered, the scientific community had high expectations on curing obesity

throughout the understanding of leptin metabolism (290).

To exert its effects leptin binds a receptor which belongs to a long-chain
cytokines superfamily. Leptin receptor is widely distributed through the body and
intermediates leptin actions on body weight and energy homeostasis effects
which occurs in central nervous system (131). In the brain, leptin receptor is
highly expressed in the arcuate, dorsomedial, ventromedial and ventral
premamillary nuclei of hypothalamus. Therefore, leptin signalling acts directly in
those neurons reducing energy intake and stimulating energy expenditure

through neuroendocrine system and cognition (291).

Additionally, itis also known that leptin acts in peripheral tissues promoting
energy expenditure. Leptin inhibits glucagon and insulin secretion by the
pancreas (292, 293) and in the skeletal muscle it increases glucose uptake and
fatty acid oxidation (291). Also, leptin is able to improve insulin sensitivity in the
liver and protects mice fed a diet that could lead to glucose intolerance to develop

insulin resistance (294).
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Figure 71: Effects of cafeteria and standard diets on female and male rats
in plasma leptin at 90 days (left) and 200 days (right) of experiment

Asterisks indicate statistically significant differences between the groups (* =p < 0.05). Different uppercase
letters indicate statistical difference between female and male standard groups and different lowercase
letters indicate statistical difference between female and male cafeteria groups.

In our study, female rats fed the CD for 90 days showed both a higher
adipose tissue weights (figures 25 — 28) and higher plasma leptin (figure 71)
levels when compared to female rats fed the SD. In male rats fed the CD no
differences were found neither in adipose tissue weight nor in plasma leptin
concentration when compared to male rats fed the SD for 90 days. These results
are in accordance with the literature since it is described that leptin levels are
positively correlated to adipose tissue weight (131). When comparing female and
male rats fed with the same diet, males fed the SD showed higher leptin levels
compared to females (figure 71). However, no differences were found in leptin
concentrations between female and male fed the CD for 90 days because of the
higher increase caused by CD in females. It is interesting to point out that the
higher effect of CD on plasma leptin levels that we found in females as compared
to males agrees with the gender differences in serum leptin levels reported in
humans, where it is consistently found higher leptin levels in women than in men

per unit of mass of adipose tissue (295, 296).
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Although female rats fed the CD showed higher leptin levels compared
with SD, as commented above CD females showed reduced insulin sensitivity
during the Oral Glucose Tolerance Test (OGTT) as shown in figures 68 — 70. As
described above leptin effects in neuroendocrine system could ameliorate fat
accumulation, insulin sensitivity and control food intake (290). In fact, in humans
an analog of leptin was developed and was used as a treatment for obesity (297).
Nevertheless, leptin administration did not have a successful effect since most of
the obese individuals have increased leptin concentrations (298). This

phenomenon is known as leptin resistance.

Leptin resistance is described as a multifactorial disorder. Several
mechanisms have been described to elucidate how this phenomenon occurs
which includes impairment in leptin signalling in the cell, deficiency on leptin
transportation throughout the blood-brain-barrier and low-grade of chronic
inflammation that often occurs in obese individuals (299). Wilsey & Scarpace
studied obese rats induced by a high fat/high sucrose diet and found a reduction
in the levels of MRNA leptin receptor when compared with animals fed a standard
diet (300). However, further studies are necessary to access the possibility of

leptin resistance in rats fed a cafeteria diet.

In this study, we evaluate also the effects of shifting from feeding rats a
CD for 90 days to feeding a SD for 110 days more (i.e. 200 days of experiment).
At this time, no differences in plasma leptin levels were found in female or male
rats of the CD group versus the SD group (figure 71). Also, figures 25 — 29 show
no difference in adipose tissue weight of CD and SD female and male rats at 200
days of experiment, with values consistently higher in males than in females, as
it was so also for plasma leptin levels (figure 71). These findings are in
accordance with previous studies that found a positive correlation between the
amount of body fat and plasma leptin levels (131). Therefore, we may conclude

that the intake of the SD for 110 days was able to recover both adipose tissue
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weight and plasma leptin levels in female animals previously fed the CD for 90

days.
1.9 Plasma adiponectin and resistin

Adiponectin is an adipocytokine released exclusively by the adipose tissue
that was described for the first time by four different research groups in mouse
and human tissues (144). This adipokine is similar to complement factor C1q (or
complement component 1q) in terms of structure and it can exist as full-length or
globular fragment, though a smaller amount of globular adiponectin as found in

human plasma (139).

Concentration of adiponectin in plasma is reported to be associated with
obesity and diabetes in both mice and humans (301, 302). However, while
increased adipokines such as resistin and tumor-necrosis fator-a (TNF-a)) are
related to insulin resistance, adiponectin levels in plasma is reduced in obese and
insulin resistant rodent models and humans (302). Therefore, the main described
effect of adiponectin is the improvement of insulin sensitivity enhancing both

glucose uptake and fatty acid oxidation. (303)

Furthermore, it is known that a reduction in adiponectin plasma levels can
be caused by a high-fat diet or genetic factors (144). For this reason, we decided
to measure plasma levels of adiponectin in female and male rats fed with a CD
for 90 days and also after shifting to a SD for 110 days. At day 90, no significant
differences were found in adiponectin plasma levels between CD and SD in both
female and male rats and within the same dietary groups between female and
male rats (figure 72). Similarly, at 200 day of experiment when all the groups were
receiving standard diet no differences were found when comparing diets or

gender (figure 72).

Although CD female groups showed a higher adipose tissue weight, body

weight of female and male CD groups were not affected by feeding a cafeteria
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diet for 90 days. It is described that adiponectin plasma concentration is reduced
in individuals with increased body weight (303). In our study no differences in
adiponectin plasma concentrations were found between animals fed SD and CD
from female and male groups. The lack of differences in adiponectin plasma
concentrations between SD and CD groups could be due to the fact that the
animals fed with CD did not increased their body weight as shown in figures 23
and 24. Therefore, since CD animals were not obese, this could be the reason

for similar adiponectin concentration between CD and SD groups.

On the other hand, it is possible to suggest that a resistance to adiponectin
action occurred. Even though adiponectin levels are similar in rats fed the CD or
the SD, CD female rats showed decreased Insulin Sensitivity Index (ISI) when
compared to SD female rats at day 90 as shown in figure 70. It is known that
adiponectin acts regulating insulin sensitivity by several mechanisms. One of
them was reported by Yamauchi et al.(301) that studied mice treated with
adiponectin and found a higher tyrosine phosphorylation of insulin receptor,
insulin receptor substrate-1 and Akt induced by insulin when compared to non-
treated mice. In our female CD rats an impaired adiponectin signalling could
reduce insulin sensitivity without changes in adiponectin plasma levels when
compared to SD female rats at day 90. However, more direct studies are

necessary to confirm this possibility.
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Figure 72: Effects of cafeteria and standard diets on female and male rats
on plasma adiponectin at 90 days (left) and 200 days (right) of experiment

Different uppercase letters indicate statistical difference between female and male standard groups and
different lowercase letters indicate statistical difference between female and male cafeteria groups.

Resistin is another adipocytokine derived from adipose tissue. It was first
identified in 2001 (149, 304) and was initially shown to be up-regulated in rodent
models of obesity and insulin resistance and down regulated by an insulin-
sensitizer factor (149). These findings brought much scientific attention on
resistin that was initially characterized as a potential link between obesity and
diabetes, with a functional role contributing to the induction of insulin resistance,
being implicated in the pathogenesis of obesity-mediated insulin resistance and
type Il diabetes mellitus, as reviewed by Kusminski et al (305). However, despite
of those antecedents there was a considerable controversy surrounding this

adipocytokine in understanding its physiological relevance.

These considerations brought us to analyze plasma resistin levels in our
female and male rats fed for 90 days the CD or the SD as well as both groups
after 200 days of being fed the SD. The results are shown in figure 73. After 90
days on CD in female rats resistin levels did not differ to those found in rats fed
the SD, and as it would be expected, similar plasma resistin levels were found

between both groups in female rats fed the SD for 200 days. These findings
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contrast with the higher weight of most adipose tissues found in these female rats
90 days after the CD (see figures 25 — 28). However, this finding agrees with the
fact that although some studies have reported increased plasma resistin levels in
rodent models of obesity (149, 306, 307), other studies failed to demonstrate such
correlations between obesity and plasma resistin levels, reporting either reduced
(308-311) or no alteration (312, 313).
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Figure 73: Effects of cafeteria and standard diets on female and male rats
on plasma resistin at 90 days (left) and 200 days (right) of experiment

Asterisks indicate statistically significant differences between the groups (* =p < 0.05, ** =p < 0.01).
Different uppercase letters indicate statistical difference between female and male standard groups and
different lowercase letters indicate statistical difference between female and male cafeteria groups.

As also shown in figure 73, in male rats fed either the CD or the SD the
plasma levels of resistin were higher than in females, and this finding agrees with
the reported higher mRNA expression of resistin in male than in female rats (314,
315). However, as shown in figure 73 the effect of feeding CD for 90 days in
males was to decrease the plasma resistin levels, whereas 200 days of feeding
the SD caused a greater increase in those male rats that were under the CD

during the earlier stage. We don’t have an explanation for this rebound effect of
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SD after the CD treatment. This variety in the response, however, agrees with the
recognized conclusion recently attained that the significance of gender on the
degree of resistin expression in rodents and humans remains unclear (157, 305),
and we hope that current results would help to attain a better understanding of

the subject.
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2. Experiment Il. Effects of cafeteria diet supplemented with
Blackberry extract in male and female rats

As discussed in section 1, the effects of the cafeteria diet on experiment |
concerning insulin resistance (HOMA) and insulin sensitivity (ISI) were not
particularly different from animals fed standard diet for 90 days especially for
males. We think that the reason for these results is that the animals started to
receive the cafeteria diet when weaned, being 35 days old. It is known that when
rats receive an unbalanced diet from early life to adult phase a metabolic
adaptation occurs that could lead to normal metabolism even though the animals
were fed with an over/undernourished diet (316). Thus, in the experiment Il we
decided to offer cafeteria diet to 70 days old female and male rats. Additionally,
since anti-obesity and anti-diabetic effects of berries have been reported (317,
318), besides of offering a cafeteria diet to older rats we decided to evaluate the
effects of supplementing standard and cafeteria diets with blackberry extract
(Rubus) on lipid and glucose metabolism in female and male rats. For this, during
80 days, female and male Sprague Dawley rats were fed one of the following
diets: standard diet (SD), standard plus Rubus diet (SD+R), cafeteria diet (CD)
or cafeteria plus Rubus diet (CD+R) as detailed above in section 1.2.2 of Material
and Methods. The animals were then sacrificed to have their tissues and plasma

collected for further analysis (section 5 of Material and Methods).

2.1 Experimental diet lipid composition and body and fat pad weights

Figure 74 shows the lipid content of the experimental diets. A higher lipid
content was found in both CD supplemented or not with Rubus extract when
compared to both SD with and without Rubus extract. No differences were seen
in lipid content when Rubus extract was added. As shown in table 2, not only the

amount of fat of the cafeteria diets were different from the standard diets but also
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the source of fat used in each diet. Thus, we quantified the fatty acid profile of the
diets. As seen in figure 75, the addition of a Rubus extract to the experimental
diets did not modify the fatty acid profile of the diets since CD and CD+R diets
show a similar fatty acid profile as well as SD and SD+R diets. When comparing
the standards diets (SD and SD+R) versus the cafeteria diets (CD and CD+R),
the last ones showed higher levels of the saturated and monounsaturated fatty
acids PA, POA, SA and OA. And this is similar to what happened with the fatty

acid profile of the experimental diets used in experiment | (figure 18 and 75).
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Figure 74: Total lipid content of the diets

Significant differences by two-way ANOVA *, SD vs CD; * SD +R vs CD +R
(p <0.05). SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria
diet, CD+R: cafeteria diet + Rubus.
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Dietary fatty acid profile
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Figure 75: Fatty acid profile of experimental diets

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R (p < 0.05). SD:
standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet +
Rubus.

Daily food intake is shown in figure 76. Animals fed with standard diets
show higher amount of daily food intake than those fed with the cafeteria diets in
female and male groups, but no differences in the amount of daily food intake
between rats fed with Rubus supplemented diets and not supplemented in female
and male groups. However, since CD has a higher caloric content than SD (table
2), daily energy intake of animals fed with cafeteria diet supplemented or not with
Rubus extract showed higher caloric intake than those fed with the standard diets
(figure 77).
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Figure 76: Effects of standard and cafeteria diets supplemented or not
with Rubus extract in the food intake of females (left) and male (right) rats
at day 80 of experiment

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Figure 77: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in energy daily food intake of female (left) and male (right) rats for

80 days.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R (p < 0.05). SD:
standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Figures 78 and 79 shows daily fatty acid intake at day 42. Female and
male showed similar results concerning the fatty acid daily intake. Animals fed
with CD and CD + R showed higher intake of PA, SA and OA than SD and SD
+ R. Inversely, CD and CD+R groups of females and males showed lower LA
intake than SD and SD+R. Although no difference was seen in LA
concentrations among the diets (figure 75), animals from CD and CD+R groups
showed lower LA intake than SD and SD+R probably due to the lower food
intake of CD and CD+R compared to SD and SD+R as shown in figure 76.
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Figure 78: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in fatty acid daily intake of females at day 42 of experiment.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R (p < 0.05). SD: standard diet,
SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Male fatty acid intake
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Figure 79: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in fatty acid daily intake of males at day 42 of experiment.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R (p < 0.05). SD: standard diet,
SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.

Body weights throughout the experiment were measured and are shown
in figure 80. No differences were found in body weight between supplemented
and non-supplemented groups. However, animals fed cafeteria diets (CD and CD
+ R) showed higher body weight than those fed with standard diets (SD and
SD+R). In fact, females fed with CD and CD + R showed higher body weight than
those fed with SD and SD + R from week 5 to the end of experiment while males
fed with CD and CD+R showed higher body weight than rats fed with SD and SD
+ R only from week 9 to week 11 (day 80). Also, male body weight was higher

than female as shown in table 3 at day 80 of experiment.
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Figure 80: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in body weight of female (left) and male (right) rats for 80 days.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R (p < 0.05). SD: standard diet,
SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Table 3: Body, liver and adipose tissue of rats that were fed standard diet,
standard diet supplemented with Rubus extract, cafeteria diet or cafeteria
diet supplemented with Rubus extract for 80 days

Standard diet Cafeteria diet ANOVA (p-values)
No- No-
Rubus (Iglétlus) Rubus (ELE)EU;) D R DxR
(SD) (CD)
Females
body weight (g) 33818 294+7# 379+10* 381417 * 0.00 0.062 0.043
0
liver (g) 8.8£t0.3  6.1+0.1% 10.0+0.3* 9.7+0.5* 0.00 0.000 0.001
0
Adipose tissue
lumbar (g) 3.0£0.3  2.2+#0.3 6.1+0.6*  6.2+0.6* 0.00 0.451 0.297
0
inguinal (g) 2.6+0.4 1.540.2 5.9+0.9*  3.9+0.8** 0.00 0.018 0.454
0
mesenteric (g) 1.9+0.2 1.3+0.2 3.3t0.4*  2.8+0.4* 0.00 0.088 0.796
0
adiposity index 3.2+0.3 2.9+0.4 5.9+0.5* 5.4+0.4* 0.00 0.360 0.861
(%) 0
Males
body weight (g) 483+17 4897 580+29*  562+17* 0.00 0.749 0.532
0
liver (g) 14.3+0.4 11.2+0.3 17.5+1.6* 18.240.9* 0.00 0.211 0.063
# 0
Adipose tissue
lumbar (g) 2.9+04  4.2+05 11.8+2.2* 8.9+1.1* 0.00 0.562 0.116
0
inguinal (g) 2.8+0.3  2.9+0.3 8.8+1.6* 8.1+1.1* 0.00 0.752 0.703
0
mesenteric (g) 1.7+0.3  3.4%#05 6.9+1.4* 5.5+0.5 0.00 0.846 0.053
0
epididymal (g) 2.1+0.1  3.4+0.3 5.2+0.8* 4.310.3 0.00 0.675 0.022
0
adiposity index 2.1+0.2 3.1+0.2 5.8+0.7*  5.1+0.4* 0.00 0.737 0.064
(%) 0

Significant differences by two-way ANOVA *, SD vs CD, #, No-Rubus vs Rubus (p < 0.05). SD: standard
diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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To have a better perspective of the body composition of these animals, at
day 80 of treatment, when they were sacrificed, we collected and weighed their
liver and fat depots and calculated the adiposity index as shown in table 3.
Females fed with CD and CD + R when compared to SD and SD + R showed
higher body, liver, and lumbar, inguinal and mesenteric adipose tissue weights
and also higher adiposity index (table 3). Moreover, supplemented standard diet
with Rubus (SD+R) offered to females lead to a lower body and liver weights in
females when compared to the non-supplemented standard diet group. Between
CD and CD + R groups only inguinal adipose tissue weight was significantly
different being lower in CD + R than in CD. Therefore, in females the Rubus
extract supplemented to the standard diet reduced body and liver weights and
when offered with cafeteria diet, it reduced only inguinal weight after 80 days of

treatment.

Male rats fed with cafeteria diets supplemented or not with Rubus extract
showed higher body, liver and lumbar, inguinal, mesenteric and epididymal
adipose tissue weights and higher adiposity index than rats fed with standard
diets supplemented or not with Rubus extract (table 3), similarly to the results
found in females. Related to the supplementation of Rubus extract in the diets,
there was only an effect on liver weight that was lower in SD+R when compared

to SD male rats at 80 days of experiment as it was also the case in females.

In relation to the high weight of both adipose tissues and adiposity index
in female and male animals fed cafeteria compared to those fed the standard diet
it is important to point out that it is well know that the white adipose tissue
increases its size when a positive energy balance occurs due to either an excess
of food intake or to a reduced physical activity occurs. Fundamentally, one of
the typical functions of the white adipose tissue is to work as an energy store
that can release fatty acids for oxidation by other tissues when energy deprivation
occurs. The release of fatty acids leads to a decrease of the lipid droplet in the

adipocyte which could reduce the amount of adipose tissue. Moreover, adipose
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tissue is also considered an important endocrine organ that regulates different
metabolic pathways as well as inflammatory processes, food intake, insulin
sensitivity and others (319). It is also known that other factors rather than energy
deprivation/excess such as specific nutrients present in the diet could modify
the adipose tissue size and its endocrine function. There are key transcription
factors that act as nutrient sensors such as the peroxisome-proliferator-activated
receptors (PPARwsn), sterol regulatory element binding proteins (SREBP-1/2)
and liver X receptors (LXRaup). These transcription factors regulate genes
involved in glucose and lipid metabolism including lipolysis and lipogenesis
pathways (320).

Increased adiposity such as the one found in our cafeteria fed animals,
has been associated for decades with type 2 diabetes development mainly due
to the ability of obesity to lead to insulin resistance (321). Furthermore, insulin
resistance is related to several other metabolic conditions, i. e., hyperlipidemia,
atherosclerosis, hypertension and others (322). On the other hand, it is important
to consider that the liver plays an important role on energy metabolism together
with adipose tissue. Thus, in order to understand better the effects on lipid and
glucose variables of standard and cafeteria diets supplemented
with Rubus extract given to female and male rats for 80 days, we analyzed

plasma and liver parameters.

2.2 Plasma components

Adipose tissue lipolysis is a catabolic process that produces non-esterified
fatty acids (NEFA) and glycerol from triacylglycerols (323). It is strictly regulated
by humoral factors, such as catecholamines and glucocorticoids, natriuretic
peptides and insulin. Catecholamines regulate lipolysis in an unusual manner

since these molecules can both activate and inhibit lipolysis. The catecholamines
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adrenaline and noradrenaline are the main stress hormones that mediate the
adrenergic signalling in the adipocyte surface. When B-adrenergic receptors are
activated, lipolysis is stimulated whereas the activation of az-adrenergic receptors
in adipose tissue leads to lipolysis inhibition. The natriuretic peptides (such as
cardiac hormones atrial and B-type natriuretic peptide) regulate positively
lipolysis in the adipose tissue while insulin is a strong inhibitor of the lipolysis
pathway in the adipocyte (324). In the present study we measured circulating
lipolytic products, NEFA and glycerol, in order to evaluate the effects of Rubus

extract given with SD and CD to female and male rats on in vivo lipolytic activity.

Plasma NEFA concentration is shown in figure 81. In females, there were
no differences between animals fed with SD and CD, but comparing SD and SD
+R diets, SD+R showed higher NEFA concentrations than animals fed with SD.
However, in the cafeteria diet groups, CD + R female animals showed lower
NEFA concentration than CD. Additionally, figure 82 shows plasma glycerol
concentration. In females, CD rats showed higher plasma glycerol concentration
than SD animals. In animals supplemented with Rubus extract, SD + R females
showed higher plasma glycerol concentration than in SD (figure 82). These
findings of plasma glycerol levels follow the same trend as NEFA concentrations
in females, all of it indicating a significant effect of Rubus increasing the lipolytic
activity in rats fed the standard diet. This effect completely disappears when rats
were fed the cafeteria diet. It is well known that the main fate of circulating NEFA
Is the liver, where they are partially oxidized and used for ketone body synthesis.
Liver synthesized ketone bodies are secreted into the circulation, and therefore
we also quantified plasma 3-hydroxybutyrate. As shown in figure 83 the changes
in plasma 3-hydroxybutyrate levels parallel those commented for NEFA. No
differences were seen between SD and CD in plasma 3-hydroxybutyrate of
females but SD + R group showed higher plasma 3-hydroxybutyrate
concentration when compared to SD group. Comparing SD + R and CD + R

females rats we found lower plasma 3-hydroxybutyrate concentration in CD+R
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females at 80 days of experiment (figure 83). Other metabolites were measured
in those female animals, like plasma cholesterol concentration that is shown in
figure 84 and no differences were seen in female experimental groups. Likewise,
plasma triacylglycerol (TG) concentrations (figure 85) also did not show

differences among the female groups studied.

Plasma non-esterified fatty acids (NEFA)
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Figure 81: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in plasma non-esterified fatty acids of female (left) and male (right)

rats for 80 days.
Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, #, CD vs CD+R
(p < 0.05). SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet +
Rubus.
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Plasma glycerol
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Figure 82: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus

extract in plasma glycerol of female (left) and male (right) rats for 80 days.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, /, CD vs
CD+R (p < 0.05). SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria
diet + Rubus.
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Plasma 3-hydroxybutyrate
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Figure 83: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in plasma 3-hydroxybutyrate of female (left) and male (right) rats

for 80 days.
Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, #, CD vs

CD+R (p < 0.05). SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria
diet + Rubus.
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Figure 84: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in plasma cholesterol of female (left) and male (right) rats for 80
days.

No statistically differences were found among SD vs. CD, SD+R vs CD+R, SD vs SD+R, CD vs CD+R (p

< 0.05) by two-way ANOVA in either females and males groups. SD: standard diet, SD+R: standard diet
plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Plasma triacylglycerols
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Figure 85: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in plasma triacylglycerols of female (left) and male (right) rats for

80 days.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R (p < 0.05). SD: standard diet,
SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.

In males the pattern is similar to the one commented in females. To
summarize, in male rats fed with CD, NEFA concentration was statistically higher
than in those fed with SD (figure 81). When male animals SD were compared to
SD + R, the latest showed higher NEFA concentrations than SD male rats as they
did in females. Also, males fed CD + R showed lower NEFA concentrations than
SD + R. In relation to plasma glycerol concentration males showed equal results
as females: higher plasma glycerol in CD when compared to SD and higher
plasma glycerol concentrations in SD + R when compared to SD. Moreover,
plasma 3-hydroxybutyrate concentrations in males showed similar results to
those found in females in the comparison between SD and SD + R, being higher
in SD + R than in SD male animals. But differently from females, males fed CD +
R showed lower levels of plasma 3-hydroxybutyrate concentrations than CD male

rats. Comparing the supplemented groups, CD + R showed lower plasma 3-
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hydroxybutyrate concentrations than SD + R. As found in females, no differences
were seen in plasma cholesterol concentrations among the studied groups.
However, in the case of plasma triacylglycerol concentrations males fed CD
showed higher plasma TG concentrations than SD (figure 85). When males SD
+ R were compared to CD + R, the latest group showed higher TG concentrations
differently from the results found in females where no statistical differences were
found (figure 85).

To explain all these results, it is important to mention that the adipose
tissue is considered the most important source of plasma NEFA throughout
lipolysis that is mainly mediated by the enzyme hormone sensitive lipase (HSL)
action. It is described that NEFAs circulating in plasma bounded to albumin are
transported from adipose tissue to other tissues, mainly liver, to be used there as
a source of energy. Thus, in a fasted state, other tissues are able to use these
fatty acids as a source of energy (325). On the other hand, a previous study
suggests that in obesity, since circulating NEFA are derived mainly from adipose
tissue, an important increase in plasma NEFA occurs in fasted obese individuals
due to a high amount of adipose tissue shown by these obese individuals and
such change itself could lead to insulin resistance (326). However, Karpe et al.
(327) analysing data from two cohorts, Paris Prospective Study (5,790
individuals) and Oxford Biobank (1,591 individuals), described that plasma NEFA
concentrations did not increase in the same proportion as the adipose tissue
content. Therefore, the fasting plasma NEFA concentrations seem not to be
proportionally increased as a result of a high amount of adipose tissue in the
body, as discussed by Karpe et al. (327). Indeed, in the present study, no
differences were seen in NEFA levels between females from SD and CD groups
(figure 81), but males fed with CD showed NEFA concentrations slightly
augmented when compared to males fed with SD (figure 81). However, in the
case of the effects of the Rubus extract supplement we found that the Rubus

extract doubled NEFA plasma concentrations in SD + R compared to SD at day
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80 of experiment in both female and male rats but not in animals fed CD + R
compared to CD animals. Therefore, we may conclude that our Rubus extract
when offered with a balanced diet (SD) leads to an important increase in one of
the lipolytic products when compared to animals who received not supplemented
diet (SD vs SD + R).

Together with NEFA released from adipose tissue, plasma glycerol, which
forms part of the triacylglycerols, is also released to plasma by adipose tissue
lipolysis. The main fate of plasma glycerol is the liver where it could be used as
substrate for gluconeogenesis (that produces glucose to be released to plasma
in order to be used by extrahepatic tissues) (323, 325) or be used for the
synthesis of triacylglycerols. However, part of the glycerol formed by lipolysis
could be re-utilized by the adipocytes through the action of the enzyme glycerol
kinase (GK), which under normal conditions shows a low activity in the adipose
tissue (255). However, under conditions of an increased GK activity in the
adipose tissue, the increased amount of glycerol-3-phophate enhances the
intracellular re-esterification of fatty acids and consequently the TAG synthesis,
which could contribute to an increase in the adipose tissue weight. Indeed, in the
present study, female and male animals fed CD and CD + R showed higher body
weight (figure 80) and adiposity index (table 3) when compared to SD and SD +
R animals respectively. Therefore, the measurement of GK activity in adipose
tissue would be necessary to evaluate if glycerol from lipolysis in our animals was
being re-esterified intracellularly for TAG synthesis in the adipocytes and could

contribute to such changes in the adiposity index. Values are shown below.

As NEFA reach the liver, they could be either re-esterified with glycerol for
synthesis of triacylglycerols or phospholipids or be B-oxidized and broken down
into molecules of acetyl-CoA that are used to produce ATP for the hepatocyte.
However, it is known that liver mitochondria not only generate energy for liver
cells but also provide metabolic fuels for extra-hepatic tissues through fatty acid

oxidation and consequent ketone bodies production. Therefore, surplus acetyl-
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CoA (not used to generate energy to hepatocyte) is metabolized into ketone
bodies (3-hydroxybutyrate and acetoacetate) in the mitochondria and released
to plasma to be used as a source of energy for different extra-hepatic tissues
(328). As reported above, plasma 3-hydroxybutyrate concentrations in animals
fed SD + R was particularly higher than in SD in both females and males which
also fits with their increased adipose tissue lipolytic activity (329). In summary,
we found three lipolytic products in higher concentrations in plasma of animals
fed SD + R compared to SD: NEFA, glycerol and the ketone body 3-
hydroxybutyrate, and could conclude that in rats fed the standard diet the Rubus
extract has enhanced adipose tissue lipolysis, contributing to their lower adipose

tissue mass.

As commented, our findings showed for the first time that the dietary supplement
of Rubus extract given to rats on standard diet increased adipose tissue lipolytic
activity in both female and male rats. The massive increased 3-hydroxybutyrate
plasma concentration in females and males fed SD + R indicated an important
increase in lipolysis and B-oxidation (figure 83). It is possible that the female and
male animals receiving supplement of Rubus extract were in a catabolic state
despite of a normal caloric intake shown throughout 80 days of experiment (figure
77). Our findings agree with those reported by Park showing that a natural
phenolic compound from Rubus idaeus L. (Raspberry) was able to increase both
lipolysis and fatty acid oxidation in 3T3-L1 adipocytes in vitro (330). However, the
response in rats given a CD supplemented with Rubus extract was not as evident
as in those fed with SD. Although more studies are required, it is possible that
the hypercaloric content of the CD diet together with high body and adipose tissue
weights and high insulin resistance impaired the Rubus extract effect on lipolysis

in females and males.
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2.3 Liver lipid metabolism

As described above, the main fate of circulating NEFA and glycerol,
products of lipolysis, is the liver. Therefore, we decided to evaluate the total liver
lipid content and the amount of triacylglycerols (TAG) of female and male rats
given SD and CD supplemented or not with Rubus extract, rich in anthocyanins,

for 80 days.

Figure 86 shows total liver lipid content in females and males fed with the
experimental diets. Females fed with SD + R showed higher concentrations of
total lipids in liver than animals fed SD. And this difference coincides with the
concentration of liver triacylglycerol in the same groups (figure 87). At the same
time, in relation to liver triacylglycerol concentrations, females fed CD showed

higher concentrations than SD at 80 days of treatment (figure 87).

Following the same trend that we found in females, males total liver lipids
were higher in SD than in SD + R group (figure 86). Also, liver triacylglycerol
concentrations like in females were higher in SD + R than in SD, and in males
fed CD were higher than in those fed SD (figure 87). Differently from females,
males fed with CD + R diet showed higher liver triacylglycerol concentrations than
SD +R.

Therefore, when the animals received the cafeteria diet there was no
influence of the Rubus extract supplement in liver total lipids of females and
males whereas the Rubus extract increased liver lipids, mainly corresponding to
triacylglycerols in those animals fed with standard diet. These changes agree with

those described above where lipolysis is involved.
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Figure 86: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in liver total lipids content of female (left) and male (right) rats for

80 days.
Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, #, CD vs

CD+R (p < 0.05). SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria
diet + Rubus.
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Figure 87: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in liver triacylglycerol content of female (left) and male (right) rats

for 80 days.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, #, CD vs
CD+R (p < 0.05). SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria
diet + Rubus.

As described in section 2.2, when non-esterified fatty acids (NEFA) reach
the liver they are converted either to their acyl-CoA form to be re-esterified to
produce TAG and phospholipids or they B-oxidized inside the mitochondria. Our
results suggest that both pathways are enhanced in animals fed a standard diet

supplemented with Rubus extract.

The increased lipolytic activity shown by higher plasma NEFA, glycerol
and 3-hydroxybutyrate in the female and male rats fed the Rubus supplemented
diet together with the increased liver TAG content in these animals is consistent
with a catabolic state in the adipose tissue despite of the normal energy intake
(figure 77). In the present study, we found that the Rubus extract offered with

standard diet is able to lead the animals to a similar state as observed during
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fasting periods. In other words, our Rubus extract, rich in anthocyanins, increased
plasma glycerol, NEFA, ketone bodies (3-hydroxybutyrate) and liver TAG as well
as decreased insulin and glucose concentrations as shown below in section 2.4
in female and male rats fed with supplemented standard diet for 80 days of
experiment. To have a better understanding of the health benefits referred to

berries consumption we also analysed the glucose metabolism.

2.4 Glucose metabolism

In type 2 DM, it is described an important role of oxidative stress and
chronic nonspecific inflammation. Thus, due to the described effect of
hyperglycaemia-induced oxidative stress (331), in the present study, we also
evaluated the effect of the Rubus extract, rich in anthocyanins, in glucose

metabolism in rats fed standard and cafeteria diet.

As shown in figure 88 plasma glucose concentrations in female fed with
SD + R were lower than those on SD. When SD + R females were compared to
CD + R, glucose concentration was lower in animals fed with SD + R than in CD
+ R. Following the same trend, when we analysed plasma insulin concentrations
in these females (figure 89), we found that SD + R showed lower plasma insulin
concentrations when compared to CD + R and also SD + R showed lower plasma
insulin concentrations than SD. However, females fed with CD showed higher
plasma insulin concentration than SD. When we calculated HOMA values of
females as index of insulin resistance, we found higher values in calculated
HOMA of CD when compared to SD (figure 90). When the HOMA values of SD
females were compared to SD + R, SD showed higher HOMA values than SD +
R, indicating that Rubus supplement has caused an increased insulin sensitivity
in these animals. Finally, when comparing SD + R and CD + R HOMA values, SD
+ R females showed lower values than CD + R. Therefore, all these changes

indicated that the Rubus supplement reduces plasma insulin levels and increases
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insulin sensitivity in female rats fed the standard diet. However, the cafeteria diet
clearly enhanced insulin resistance and it exists the possibility that such
decreased insulin responsiveness impaired the response to the Rubus extract

supplement.

In male rats, the results concerning plasma glucose concentrations were
similar to the ones found in females, i. e., lower plasma glucose concentrations
in SD + R than in SD males and higher plasma glucose concentrations in CD +
R when compared to CD male group (figure 88). In plasma insulin concentrations
in males, the results were also similar to females (figure 89). SD + R male group
showed lower plasma insulin concentrations than in males from SD group. When
males fed with CD + R were compared to SD + R, CD + R males showed higher
plasma insulin concentrations than SD + R (figure 89). Figure 90 shows the
calculated HOMA values in males, and as it can be seen, they are similar to the
results found in female animals. When comparing SD and CD groups, CD male
animals showed higher HOMA values than SD animals. Also, CD + R males
showed higher HOMA values than SD + R animals (figure 90), and no differences

between CD + R in comparison to CD rats were found.
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Figure 88: Effects of standard diet, standard diet supplemented with

Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in plasma glucose of female (left) and male (right) rats for 80 days
Significant differences by two-way ANOVA *, SD+R vs CD+R, #, SD vs SD+R, /, CD vs CD+R (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Figure 89: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in plasma insulin of female (left) and male (right) rats for 80 days.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, //, CD vs

CD+R (p < 0.05). SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria
diet + Rubus.
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Figure 90: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract in HOMA value of female (left) and male (right) rats for 80 days.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, /, CD vs
CD+R (p < 0.05). SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria
diet + Rubus.

These findings of reduced plasma glucose and insulin levels in Rubus
supplemented rats fed the SD must be a consequence of increased insulin
sensitivity induced by the Rubus itself which was reflected in the calculated
HOMA values shown in figure 90. As commented, the effects of Rubus extract
on reducing insulin resistance were not seen in animals fed the cafeteria diet. In
the present study, the cafeteria diet consumption lead to an increased body and
adipose tissue depots weight besides of a very high insulin resistance that was
not improved by the Rubus extract consumption. In part, this result may be due
to the fact that CD consumption provokes itself an intense insulin resistance, in
agreement to previous results (65, 66). But on the other hand, it has been
reported that the bioavailability of blackberry anthocyanins in rats is very low

(817). Thus, it is possible that the positive effects described by other studies after
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blackberry consumption by obese animals used higher anthocyanins doses than

the one we used in the present study.

However, in animals fed the standard diet the Rubus extract used in the
present study was able to produce an important increase in insulin sensitivity in
female when compared to not supplemented animals on SD. This effect appeared
not to be sufficient to decrease adipose tissue lipolysis, but probably the low
levels of insulin present in these animals have been able to compensate for their
enhanced insulin sensitivity allowing them to maintain an enhanced lipolytic

activity.

The mechanisms by which anthocyanins show hypoglycaemic effects are
still not clear. In vitro studies showed that anthocyanins could work as anti-
diabetic drugs reducing glucose availability in gut (332, 333) such as acarbose
whose target is the carbohydrate digestion (334). This drug reduces glucose
absorption by intestinal absorptive cells and therefore prevents the increase of
plasma glucose concentrations (334). Akkarachiyasit et al (335) evaluated the
effects of certain anthocyanins in the activity of a-glucosidase and a-pancreatic
amylase and suggested that anthocyanins are extremely efficient inhibitors of
these enzymes that digest carbohydrates. Thus, it is possible that, in our study,
in animals fed SD the anthocyanins reduced glucose availability for intestine
absorption by decreasing carbohydrate digestion and that this effect could be
supressed by the ingredients of our cafeteria diet. In fact, as shown in figure 90
no differences were found in insulin resistance (HOMA) between animals fed with
supplemented and not supplemented CD. The higher amount of carbohydrates
and/or lipids of the CD when compared to SD could modify the carbohydrate
digestion limiting the inhibitory effect of the anthocyanins in animals fed CD diet.
In agreement with this interpretation, previous reported studies have shown that
the amount of anthocyanin absorbed also vary accordingly to the food matrix
(336, 337).
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Moreover, it is known that one of the diabetic complications is the
production of reactive oxygen species (ROS) mainly by neurons and vascular
cells but also by other tissues. One of the important targets of the ROS produced
by these tissues are the pancreatic B-cells that are responsible to produce and
release insulin to the blood torrent when hyperglycaemia occurs. Since
pancreatic p-cells express a reduced number of antioxidants enzymes, such as
catalase and superoxide dismutase, these cells become particularly sensitive to
damage caused by ROS (oxidative stress) (338, 339). In fact it is described that
B-pancreatic cells from type 2 diabetic mice when treated with antioxidants
reduce the glucose-stimulated insulin secretion and supress apoptosis of -
pancreatic cells without changing the rate of B-cells proliferation, i. e. preserving
pancreatic cell mass (281, 338, 339). Thus, it is possible that, in the present
study, our Rubus extract rich in anthocyanins protected B-pancreatic cells of SD
+ R female rats from glucose-induced oxidative stress leading to a reduction of
plasma glucose and insulin concentrations and HOMA value when compared to

not supplemented rats (SD) (figures 88 — 90).

Furthermore, Scazzocchio et al. studied PPARYy gene expression in human
omental and murine adipocytes and found that anthocyanin increased glucose
uptake through glucose transporter type 4 (GLUT4) that was caused by increased
PPARy activity (340). Although GLUT4 is a glucose transporter dependent of
insulin present mainly in skeletal muscle, adipose tissue and heart, such study
found out that PPARYy activation is also able to increase GLUT4 in plasma
membrane in absence of insulin and consequently reduce plasma glucose
concentration (340). It is possible that in our study in animals fed the standard
diet supplemented with Rubus extract the glucose uptake by tissues mediated by
GLUT4 was increased and this contributed to their glucose reduction in plasma

concentrations (figure 88). However, none of these mechanisms seemed to occur
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when the Rubus extract was offered with a cafeteria diet in both female and male

rats.

It is interesting to point out that, to our knowledge, the positive effects of
Rubus extract on glucose-insulin relationship found in the present study in healthy
rats fed the standard diet is the first time that it is described. In fact, the anti-
hyperglycemic effect of blackberry extract has been reported only in diabetic rats
(317). On the sight of the reduced HOMA values found in the present study, it
could be proposed that the hypoglycemic effects of Rubus extract in animals fed
SD could be related to an increased insulin sensitivity, though the exact
mechanisms involved needs further investigations. Another interesting result that
needs additional research is the fact that our CD completely blocked the Rubus

extract effect observed in animals fed with SD.

2.5 Fatty acids profiles

In the present study we analysed the fatty acid profile of plasma, liver and
lumbar adipose tissue of female and male rats fed SD, SD + R, CD and CD + R
diets. The cafeteria diets supplemented or not with Rubus extract were prepared
using not only a higher amount of fat than the standard diets with or without Rubus
extract, but also a different source of fat (table 2). Thus, the fatty acid profile of
the diets shown in figure 75 was different between the standard and cafeteria
diets. However, no differences were found in the fatty acid profile between SD
and SD + R likewise between CD and CD + R. The CD and CD + R diets showed
higher amounts of the saturated palmitic acid (PA) and stearic acid (SA) and
monounsaturated fatty acids, oleic acid (OA) and palmitoleic acid (POA) than in
SD and SD + R diets. On the other hand, no differences were found in any of the
polyunsaturated fatty acids present in the diets (figure 75). It is known that the
fatty acids from the diet could be metabolized by the liver and the adipose tissue

producing different fatty acid profiles. As shown in the experiment | (section 1.6),
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the cafeteria diet was able to modify the fatty acid composition in tissues of rats
fed the CD diet for 90 days.

Due to the effects of the Rubus extract in rats given a standard diet
reported in the previous section which involved mainly an increase in adipose
tissue lipolysis as well as an increase in insulin sensitivity, we wanted to
investigate whether these results were also related with changes in the fatty acid
profile. It is known that lipids are able to activate some kinases that could increase
serine-phosphorylation of insulin signalling, like the insulin receptor substrate 1
(IRS1), which can decrease insulin-dependent GLUT4 translocation to the
membrane and consequently glucose uptake (341). Additionally, fatty acids can
modify inflammatory pathways that are closely related to insulin sensitivity. It is
known that n-3 fatty acids are predominantly precursors of anti-infammatory
eicosanoids, whereas n-6 fatty acids are predominantly precursors of the
inflammatory ones (342). Thus, in the present section we discuss the effects of
the Rubus extract supplement on plasma, liver and lumbar adipose tissue fatty

acid profiles of female and male rats fed standard and cafeteria diets.
2.5.1 Liver fatty acid profile

Since we found a higher concentration of TAG in liver of SD +R compared
to SD in females and males (figure 87), we tried to find out which fatty acids were
mainly responsible for such change. Figure 91 shows liver fatty acid profile of
females. As it was expected due to the composition of the diets, the
concentrations of the saturated fatty acid palmitic acid (PA) and the
monounsaturated oleic acid (OA) were higher in females fed with CD than SD,
and also, we found a higher concentration of OA in CD + R than in SD + R.
However lower linoleic acid (LA) concentrations were found in CD + R when
compared to SD + R (figure 91). When SD female rats were compared to SD +
R, PA and LA were higher in animals fed with supplemented standard diet when

compared to non-supplemented standard animals. As shown in figure 92, in
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males, liver fatty acid profile was equal to female liver fatty acid profile except for
the higher concentrations of arachidonic acid (AA) in males fed SD + R compared
to SD and lower AA in males fed CD + R compared to those fed SD + R.

Female liver fatty acid profile
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Figure 91: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in female liver fatty acid profile.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Male liver fatty acid profile
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Figure 92: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in male liver fatty acid profile.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.

As commented above, female and male animals fed cafeteria diet showed
higher concentrations of specific fatty acids in liver (figure 92) when compared to
standard diet which corresponds to the higher fatty acid concentrations found in
the cafeteria diets when compared to standard diets (figure 75). However,
previous result of Rubus extract effects in plasma and liver of SD + R animals
(sections 2.2 and 2.3) showed a higher lipolytic activity in animals fed SD + R
compared to CD + R. These results suggest the possibility that the Rubus extract
could have modified intrinsic liver fatty acid metabolism in addition to those fatty

acids reaching the liver as result of the high lipolytic activity in SD + R animals.

There are many different types of fatty acids that can be synthesized by a

variety of cell types from the fatty acids obtained through the diet. The length and

168



saturation level of the aliphatic chains are able to modify the fatty acid function in
the cell as a result of desaturase and elongase enzyme activities (343). Since it
Is known that polyunsaturated fatty acids are synthetized from their
corresponding precursors, we calculated the quotient product/precursor of
different fatty acids to obtain an index of the different desaturases and elongases
in liver that play a role in their conversion: 20:4 n-6/20:3 n-6 (as an index of A®
desaturase), 18:3 n-6/18:2 n-6 (as an index of A® desaturase), 18:1 n-9/18:0 (as
an index of A° desaturase) 20:3 n-6/18:3 n-6 (as an index of elongase 5),
18:0/16:0 (as an index of elongase 6) and 16:1 n-7/16:0 (as an index of

desaturase Scdl).
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Figure 93: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days A® desaturase activity index in liver of female and male

rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Figure 94: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days A® desaturase activity index in liver of female and male

rats.

Significant differences by two-way ANOVA *, SD+R vs CD+R, #, SD vs SD+R, (p < 0.05). SD: standard
diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Liver A° desaturase activity index

Q ~
©
x

o
O n
? C o
c 35 *
- ®
o B T
-0
0T 4 -

0-—. I . T
Female Male

Bl SD OO0 SOD+R BB CD [J CD+R

Figure 95: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days A° desaturase activity index in liver of female and male

rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, (p < 0.05). SD: standard diet,
SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Liver elongase 5 activity index
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Figure 96: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days elongase 5 activity index in liver of female and male
rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Figure 97: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days elongase 6 activity index in liver of female and male
rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Figure 98: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days desaturase Scd1l activity index in liver of female and
male rats.

No significant differences were found by two-way ANOVA. SD: standard diet, SD+R: standard diet plus
Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.

The results concerning A® and A® desaturase activity indexes in liver allow
to have an idea of the activity of the enzymes involved in the endogenous
biosynthesis of n-6 and n-3 long chain polyunsaturated fatty acids from their
corresponding precursors, LA and LNA respectively. The calculated activity index
of these enzymes in females was higher in those fed with SD + R when compared
to SD (figures 93 and 94). Between both supplemented groups, females fed with
CD + R showed higher A® desaturase activity index than SD + R, whereas A®
desaturase activity index showed a lower value in CD + R than in SD + R females
(figures 93 and 94). However, elongase 5 and elongase 6 activity indexes were

lower in SD + R than in SD (figures 96 and 97). Thus, elongase 5 activity index
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in females was higher in CD + R than in SD + R (figure 96). Figure 97 shows that
elongase 6 activity index was lower in CD than in SD females.

On the other hand, CD female animals showed higher A° desaturase
activity index than SD (figure 95). This enzyme is involved in endogenous
biosynthesis of monounsaturated fatty acids that are frequently in higher amounts
in tissues, and also it is usually associated with lipogenesis (266-269). No
differences were seen between the groups in calculated Scd1 desaturase activity

index in females (figure 98).

In males, A® desaturase activity index in liver was similar to the values
calculated for females. Animals fed CD showed statistically lower A®> desaturase
activity index in liver than SD (figure 93). Males from SD + R showed higher A®
desaturase activity index when compared to SD as found in females. Also,
supplemented male animals showed lower A% desaturase activity index in CD +
R thanin SD + R (figure 93). Differently from females, A® desaturase activity index
in liver did not show significant differences among the groups (figure 94). Even
though, elongase 5 activity index in liver of males fed with CD was higher than in
those fed with SD. Likewise found in females, males fed SD + R showed lower
values of liver elongase 5 activity index than in SD and higher CD + R values
than in SD + R (figure 96). Elongase 6 activity index in males was partially the
same as calculated for females: lower values in CD compared to SD but also
lower values in CD + R when compared to SD + R. In other words, the cafeteria
groups showed lower elongase 6 activity index than the standard ones when

supplemented or not with Rubus extract (figure 97).

In the case of A° desaturase activity index in males, the results were again
similar to females: higher values in CD when compared to SD and also higher
values in CD + R compared to SD + R (figure 95). Likewise, in females no
differences were seen in calculated Scdl desaturase activity index in males
(figure 98).
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The higher amount of LA and AA acid found in liver together with the higher
A% and A® desaturase and reduced elongases activity indexes suggest that there
was an increase in the long chain polyunsaturated fatty acid biosynthesis from
their corresponding essential fatty acids in the liver of female and male animals
fed SD + R diet when compared to SD. However, this effect seems not to occur
in animals fed with cafeteria diet supplemented with Rubus extract compared to
the animals fed with not supplemented cafeteria diet. The regulation of
polyunsaturated fatty acid biosynthesis is still not completely understood.
Nevertheless, it is known that part of the fatty acid biosynthesis regulation occurs
due to a competition of fatty acid substrates, but it is also described that dietary

nutrients are able to regulate fatty acid biosynthesis (344).

On the other hand, it is known that a high A® desaturase activity index is
related to increased lipogenesis (266-269). In the present study we found a higher
A® desaturase activity index in female and males fed with CD when compared to
SD suggesting a higher lipogenic activity found in liver of animals fed with CD.
Additionally, in males fed CD + R the higher A° desaturase activity index
compared to SD + R shows that the Rubus extract was not able to reduce
lipogenesis in these animals, the effect of the cafeteria diet remains regardless
of the presence of Rubus extract in the diet. Our findings are in agreement with
those reported by Lépez et al. (345) concerning the higher A° desaturase
(stearoyl CoA) gene expression in liver of animals fed cafeteria diet compared to
the liver of control diet in rats. The authors found higher expression of genes
involved in lipid metabolism in diet-induced obese animals when compared to

animals fed with standard diet.
2.5.2 Plasma fatty acid profiles

As differences were found in liver fatty acid profiles, we were also
interested to know in which way plasma fatty acids were affected by the different

studied diets.
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As shown in figure 99, in females, a higher OA concentration was found in
CD animals when compared to SD. However, LA and AA were lower in plasma
of CD than in SD animals (figure 99). Also, females fed SD + R showed a higher
AA concentration than in SD. When comparing SD + R and CD + R groups, CD
+ R showed higher OA concentration than SD + R, but lower AA concentration in
CD + R than in SD + R (figure 99).

Males showed a different plasma fatty acid profile than females. As shown
in figure 100, male CD rats showed higher concentrations of PA and OA when
compared to SD. Male animals from SD + R group showed lower concentrations
of OA and AA when compared to SD animals (figure 100). Additionally, CD + R
males showed higher PA, OA and LA than SD + R but lower AA concentrations
in CD + R than in plasma of SD + R (figure 100).

Since plasma level of fatty acids are the result of those derived from the
corresponding diets and those released from adipose tissue, all of them
addressed to liver for their metabolization, we do not think that there is sense to
analyze their indexes of desaturases and elongases. In any case, as already
commented, the effects of Rubus supplement in females was small in what
plasma fatty acids is concerned whereas in males fed the standard diet the
supplement produced a significant decline in both OA and LA. We do not have

enough data to interpret this finding, which would require additional study.
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Figure 99: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in female plasma fatty acid profile.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Male plasma fatty acid profile
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Figure 100: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in male plasma fatty acid profile.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.

2.5.3 Lumbar adipose tissue

To have a better perspective of the effects of Rubus supplement given
together with standard and cafeteria diet in lipid metabolism, we have also
analyzed the fatty acid profile in lumbar adipose tissue of these animals. As
described in section 2.2 we found higher plasma NEFA and glycerol
concentrations in both female and male rats fed the standard diet and being
supplemented with Rubus, indicating an enhanced adipose tissue lipolytic
activity. In order to complete this study, we decided to investigate the adipose
tissue fatty acid profiles. Figure 101 shows lumbar adipose tissue fatty acid
profile in females. Similar to their concentrations in the diets, higher

concentrations of the saturated and monounsaturated fatty acids, PA, SA, OA
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were found in CD when compared to SD. However, even though LA concentration
among the diets were similar, LA concentration in lumbar adipose tissue was
lower in CD and CD+R than in SD and SD+R groups. Comparing SD and SD +
R, PA concentration was lower in SD + R than in SD. Between the supplemented
groups, a higher PA, SA and OA in CD + R than in SD + R but lower LA in CD +

R than in SD + R females were seen.

In males, lumbar adipose tissue fatty acid profile was similar to females.
The differences found in PA and OA in females were also found in males (figure
102). However, SA concentration in male lumbar adipose tissue was only higher
in CD + R compared to SD + R. In the case of LA, a lower concentration was
found in CD compared to SD in males, like in females but male animals fed with
SD + R showed higher LA concentration than SD. Additionally, CD + R males
showed lower LA concentration than SD + R (figure 102).

The effects of the cafeteria diets in lumbar adipose tissue fatty acid profile
of female and male rats seem to occur regardless of the Rubus extract presence
in the diet as it was found in liver (section 2.5.1). As described above, lumbar
adipose tissue fatty acid profile of animals fed with CD + R were not affected by
the presence of Rubus extract since no differences between CD and CD + R were
found. Moreover, with the exception LA concentration the differences in most fatty
acid concentrations in lumbar adipose tissue found between SD vs. CD and SD
+ R vs. CD + R are in agreement with the differences in the fatty acid profile of
the diets that the animals received for 80 days of experiment (figure 75),

indicating a direct uptake of dietary fatty acids in adipose tissue.

Since linoleic acid (LA) is an essential fatty acid and therefore it cannot be
synthesized by the liver, it was intriguing the fact that a higher LA concentration
was found in lumbar adipose tissue of both standard groups (SD and SD + R)
when compared to the cafeteria groups (CD and CD + R) in female and male rats

(figures 101 and 102). Even though the energy intake was higher in animals fed
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with the cafeteria diets than in those fed with standard diets (figure 77), the
absolute amount of food intake of animals fed with CD and CD + R was lower
thanin SD and SD + R (figure 76). After a week on a hypercaloric diet, rats reduce
the amount of food intake in order to maintain their energy balance. However, in
the present study, the reduction of cafeteria diets intake did not reduce the energy
intake of these animals to the same amounts of the standard groups as shown in
figures 76 and 77. Thus, it is possible that animals fed with SD and SD + R
consumed a greater amount of LA (figures 78 and 79) due to their higher food
intake than the CD and CD + R animals which lead the standard groups to a

higher lumbar adipose tissue accumulation of LA than the cafeteria groups.

Female lumbar adipose tissue fatty acid profile
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Figure 101: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in lumbar adipose tissue profile of female rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R; #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Male lumbar adipose tissue fatty acid profile
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Figure 102: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in lumbar adipose tissue profile of male rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R; #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.

In order to have a deeper understanding of the effects of the diets in the
adipose tissue metabolism, we also calculated desaturase and elongase activity
indexes in lumbar adipose tissues of females and males fed with standard and
cafeteria diets supplemented or not with Rubus extract. We calculated the
quotient product/precursor of different fatty acids to obtain an index of the
different desaturases and elongases as it was done in liver: 20:4 n-6/20:3 n-6 (as
an index of A® desaturase), 18:3 n-6/18:2 n-6 (as an index of A® desaturase), 20:3
n-6/18:3 n-6 (as an index of elongase 5), 18:0/16:0 (as an index of elongase 6),
18:1 n-9/18:0 (as an index of A® desaturase) and 16:1 n-7/16:0 (as an index of
desaturase Scdl). These indexes are shown in figures 103, 104, 105, 106, 107
and 108. Among them, the most consistent change appeared to be the A®
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desaturase index (figure 103), that was clearly lower in both female and male rats
fed the CD supplemented or not with Rubus as compared to those fed the SD.
Such change could be well related to the lower LA concentration seen in those

same animals commented above.

To summarize, in lumbar adipose tissue we found less differences in fatty
acid profile than the ones observed in liver probably due to the fact that the
adipose tissue reflects more directly fatty acid intake whereas the liver modify
most of the fatty acids that reach it from the diet or from those released from the

adipose tissue.

Lumbar adipose tissue A® desaturase activity index
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Figure 103: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in A® desaturase activity index in lumbar adipose
tissue of female and male rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, (p < 0.05). SD: standard diet,
SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Lumbar adipose tissue A® desaturase activity index
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Figure 104: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in A® desaturase activity index in lumbar adipose
tissue of female and male rats.

No significant differences were found by two-way ANOVA. SD: standard diet, SD+R: standard diet plus
Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Lumbar adipose tissue A° desaturase activity index
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Figure 105: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in A® desaturase activity index in lumbar adipose
tissue of female and male rats.

Significant differences by two-way ANOVA *, SD+R vs CD+R, (p < 0.05). SD: standard diet, SD+R:
standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Lumbar adipose tissue elongase 5 activity index
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Figure 106: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in elongase 5 activity index in lumbar adipose tissue of
female and male rats.

Significant differences by two-way ANOVA *, SD vs CD, (p < 0.05). SD: standard diet, SD+R: standard
diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Lumbar adipose tissue elongase 6 activity index
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Figure 107: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in elongase 6 activity index in lumbar adipose tissue of
female and male rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R; #, SD vs SD+R, (p < 0.05).
SD: standard diet, SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.
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Lumbar adipose tissue desaturase Scdl activity index
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Figure 108: Effects of standard diet, standard diet supplemented with
Rubus extract, cafeteria diet and cafeteria diet supplemented with Rubus
extract for 80 days in elongase 6 activity index in lumbar adipose tissue of
female and male rats.

Significant differences by two-way ANOVA *, SD vs CD; *, SD+R vs CD+R, (p < 0.05). SD: standard diet,
SD+R: standard diet plus Rubus, CD: cafeteria diet, CD+R: cafeteria diet + Rubus.

Taken together all these results show that Rubus extract offered as
supplement of the standard diet led to an increase of A> and A® desaturases
activity indexes in liver of females and males, when compared to not
supplemented animals fed with SD. As described above (sections 2.2 and 2.3),
SD + R compared to the SD group of female animals showed higher adipose
tissue lipolytic activity which can be connected to the high levels of A> and A®
desaturase activity indexes in the liver. Also, a high A®> and A® desaturase
activities are related to the high levels of polyunsaturated fatty acids (LA and AA)
found in liver of females and males animals fed with SD + R at day 80 of treatment
(figures 93 and 94). Furthermore, it is known that desaturase A° activity index is
positively correlated with lipogenesis and adipogenesis (266-269). In fact, in the

present study, A° activity index was higher in animals fed with CD when compared
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to SD in liver of females and males (figure 95). It is interesting to point out that
the presence of Rubus extract in the cafeteria diet did not reduced desaturase A°

activity index in liver, particularly in males (figure 95).

On the face of these results, we have to recognized that the effects of
Rubus extract offered together with standard and cafeteria diet were not
completely consistent. The changes in fatty acid profile in liver, plasma and
lumbar adipose tissue and the changes in enzymatic activity indexes were greater
in females than in males from SD + R groups when compared to SD groups. In
relation to the effects of the cafeteria diet supplemented with Rubus extract
concerning the fatty acids profile, the results found were not particularly different
from those found in the experiment | between SD and CD groups (section 1.6).
Thus, it seems that the cafeteria diet impairs the Rubus extract effect in fatty acid
metabolism. However, in the present study, we are not able to identify if these
effects were a direct effect of Rubus extract or a secondary effect of the reduced
insulin levels or reduced insulin resistance found in these groups (section 2.4).
The mechanisms by which Rubus extract affects lipid metabolism in a gender

dependent manner remains unclear and requires further investigation.
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CONCLUSIONES
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1. Los pesos de los diferentes tejidos adiposos y de higados resultaron mas altos
en las ratas hembra alimentadas con dieta de cafeteria que con dieta control
(estandar) durante 90 dias. Este efecto desaparece cuando tras esa
alimentacion las ratas hembra son alimentadas con dieta control durante 110
dias. Sin embargo, en los machos alimentados con dieta de cafeteria no se
observa ese incremento de los pesos de tejido adiposo o de higado. Esa
diferente respuesta a la dieta de cafeteria en funcion del género podria ser
consecuencia de la conocida disminucion del efecto estimulador de los
adreno-receptores en tejido adiposo de las ratas hembra tras la ingesta de

dieta de cafeteria, lo cual no ocurre en los machos.

2. La respuesta de los pardmetros metabdlicos (niveles plasméticos de
colesterol, triacilgliceroles y acidos grasos libres, asi como los triacilgliceroles
y colesterol en higado) a la alimentacion con dieta de cafeteria resulté ser
mayor en machos que en hembras. Esta diferente respuesta en funcién del
género de las ratas podria ser consecuencia de la mayor masa del tejido
adiposo en los machos que en las hembras, lo cual habria producido una

mayor respuesta lipolitica a la dieta de cafeteria en los primeros.

3. El mayor efecto de la dieta de cafeteria sobre el peso del tejido adiposo en
hembras frente a los machos podria relacionarse con el mayor efecto de dicha
dieta sobre la actividad gliceroquinasa en hembras en comparacion con su
efecto en los machos.,. La actividad basal de esta enzima en tejido adiposo
es baja y su incremento facilita que el glicerol intracelular sea reutilizado para
la sintesis de triacilgliceroles, contribuyendo al mayor incremento de masa del
tejido adiposo que hemos encontrado en las hembras alimentadas con dieta
de cafeteria.

4. El efecto de la dieta de cafeteria incrementando la actividad de la lipoproteina
lipasa en algunos tejidos adiposos resultdé ser también mayor en las ratas

hembra, pero no en los machos. Dicho efecto debe contribuir también al mayor
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efecto de la dieta de cafeteria sobre la masa del tejido adiposo en las hembras,
y no en los machos.

. La dieta de cafeteria cambi6 de forma evidente el perfil de acidos grasos en
plasma, higado y tejido adiposo, tanto en hembras como en machos, con
incrementos en la concentracion de &cidos grasos saturados vy
monoinsaturados. Cuando los acidos grasos fueron utilizados para calcular
los distintos indices de desaturasas y elongasas en plasma, higado y tejido
adiposo, resulté que la ingesta con dieta de cafeteria tenia efectos especificos
sobre ellos, la mayoria de los cuales desaparecieron tras 110 dia a dieta
control.

. Los tests de tolerancia a la glucosa oral mostraron un disminuido indice de
sensibilidad insulinica en las ratas hembra que fueron alimentadas con dieta
de cafeteria, mientras que no se observaron cambios en los machos. Este
dato es también acorde con la mayor respuesta a la dieta de cafeteria que
habiamos encontrado en tejido adiposo de hembras en relacion a los machos,
con un mayor incremento en los niveles de leptina en plasma de las ratas
hembras alimentadas con dieta de cafeteria, mientras que no es asi en los

machos.
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7. El suplemento de la dieta con extracto de Rubus a las ratas alimentadas con
dieta control incrementd la actividad lipolitica del tejido adiposo tanto en
hembras como en machos. Este resultado, junto al incremento de la
concentracion de 3-hidroxibutirato en el plasma de estos animales, indica que
tanto las hembras como los machos que recibieron el suplemento con extracto
de Rubus y dieta control durante 80 dias, presentaban un estado catabdlico,

a pesar de tener una ingesta cal6rica normal.

8. La administracion de una dieta de cafeteria a machos y a hembras durante 80
dias, les produjo un aumento de la adiposidad. Por otro lado, la respuesta al
suplemento de extracto de Rubus en las ratas alimentadas con dieta de
cafeteria no fue tan evidente como en las ratas alimentadas con dieta control.
Proponemos que el contenido hipercaldrico de la dieta de cafeteria junto a los
altos pesos corporales y de tejido adiposo que encontramos en estos grupos
impiden la respuesta lipolitica del extracto de Rubus tanto en ratas hembra
como en machos.

9. El efecto hipoglucémico del extracto de Rubus observado en los animales
alimentados con dieta control podria relacionarse con un incremento en la
sensibilidad insulinica, aunque el mecanismo implicado requiere de posterior
investigacion. Por otro lado, cuando el extracto de Rubus se administré junto
a la dieta de cafeteria, el efecto que habiamos observado con la dieta control
desaparecié completamente.

10. El suplemento de la dieta control con extracto de Rubus también produjo un
incremento de acidos grasos poliinsaturados (LA y AA) en el higado de las
hembras y de los machos a los 80 dias de tratamiento, lo cual podria
relacionarse con los altos indices de actividades desaturasas A® y A®
encontrados en el higado de estos animales. Estos cambios fueron mayores
en hembras que en machos.

11. A pesar del efecto de la dieta de cafeteria sobre los perfiles de acidos grasos

de los animales que la ingirieron, parece que en estas condiciones
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12.

desaparece el efecto del extracto de Rubus sobre el metabolismo de los
acidos grasos.

De forma global, el suplemento con extracto de Rubus en ratas alimentadas
con dieta control (estandar) incrementa la sensibilidad insulinica y la lipolisis
del tejido adiposo, modificando también el metabolismo de los acidos grasos
en los animales. Sin embargo, cuando dicho suplemento se administra junto
a la dieta de cafeteria, no se observa dicho efecto. Proponemos que esa falta
de efecto en las ratas alimentadas con dieta de cafeteria podria ser

consecuencia de la alta resistencia insulinica de estos animales.
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Abstract

Blackberries (Rubus sp. var. Loch Ness) contain large amounts
of anthocyanins and flavonols, which have several health
benefits. The present study was designed to determine the
effects of a methanolic blackberry extract in rats fed a cafeteria
diet. Weaned female rats were assigned to one of three dietary
groups: standard pellet diet (SD), cafeteria diet (CD) and
cafeteria diet supplemented with Rubus extract (CRD) for 90
days. Plasma metabolites and insulin were analyzed with
commercial kits and fatty acid profile was measured by gas
chromatography whereas other aliquots were subjected to
metabolomics fingerprinting analysis using ultra high efficiency
liquid chromatography. Lipoprotein lipase (LPL) activity was
determined in fat depots by a radiochemical method. In
comparison to the SD group, rats of the CD and CRD groups
had increased plasma myristic, palmitic and oleic acids and
those of the CD group had increased liver and different adipose
tissue weights; the area under the curve of glucose and insulin
after oral glucose load and inguinal adipose tissue LPL activity
were also increased. Any of these variables were lower in rats
of the CRD group, which also showed increased plasma
triacylglycerols. However, both the CD and CRD decreased the
insulin sensitivity index (ISl). The metabolomic variables
showed that most of the acyl-carnitines were up-regulated
whereas most of the phosphatidylcholines and
lysophosphatidylcholines ~ were  down-regulated when
comparing rats of the CD group versus those of SD, while
when comparing CRD versus CD, oleic acid and
lysophosphatidylethanolamines as well as phosphatidyiserine
and lysophosphatidylserine were up-regulated.

In conclusion, besides evidencing the obesogenic and
metabolic effects of a cafeteria diet in female rats, results show
that such effects are reduced when the same diet is
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supplemented with this Rubus extract, although it did not
modify the decreased IS| values.

Keywords: Blackberry fruit extract; Adipose tissue; Insulin
sensitivity; Lipoprotein lipase; Metabolomic profile; Rats

Introduction

Anthocyanins have several health benefits such as preventing
cholesterol-induced atherosclerosis [1], inhibiting platelet aggregation
[2] and having antiinflammatory [3] and anticarcinogenic [4]
activities. Blackberry has a high content of phenolic compounds,
which have been shown to inhibit oxidation of human LDL and
lecithin liposomes [5] in vitro. Furthermore, blackberry anthocyanins
suppress cancer cell growth by modifying cancer cell signaling
pathways [6,7] and have been shown to improve body weight and
body composition and to reduce obesity in mice [8]. Nevertheless, the
health benefits of blackberry have not been sufficiently explored [9].

Rodents fed a high-fat diet rapidly develop insulin resistance and
impaired activation of the insulin-signaling pathway [10-13].
However, high-fat feeding has been considered a radical dietary
intervention, whereas a cafeteria diet, which is a highly palatable
hypercaloric diet with a more balanced caloric composition, better
resembles a Western diet [14]. The cafeteria diet - composed of high-
fat and high-sugar supermarket products - results in obesity, glucose
intolerance and insulin resistance in rats [15,16] and hamsters [17],
and reduced insulin clearance in mice [18], and has been considered a
robust model of metabolic syndrome in humans [19].

Studies carried out in animal models generally focus on a series of
metabolic markers or parameters, previously defined as the best or
most studied indicators of a given disease. However, little is known
about other metabolites that are not considered in these studies. The
development of metabolomic techniques is enabling these gaps in
knowledge to be corrected; the huge amount of data provided by these
tools combined with multivariate analysis can reveal those factors
(metabolites) where the diseased condition differs from the normal
(healthy) condition [20]. The benefits of a holistic approach using
metabolomics may result in identification of new metabolic markers to
predict the development of some diseases [21] or in drawing
unexpected conclusions when correlations appear.

On the basis of the small amount of information available about the
metabolic effects of blackberry, we aimed to determine the effects of a
blackberry extract on some metabolic variables and on the lipophilic
metabolomics profile in rats fed a cafeteria diet. In order to determine
the actual response of the rats to the cafeteria diet, another group of
animals fed the standard diet was studied in parallel. Since different
sex responses to both high-fat diet [22] and cafeteria diet [23] in terms
of adiposity and lipid handling have previously been reported, the
present study was carried out exclusively in adult female rats.
Multivariate analysis of lipophilic metabolomic profiles was used to
integrate all the data.

The results show the expected increase in fat depots and in adipose
tissue lipoprotein lipase activity, as well as the low insulin sensitivity
index and changes in the metabolomics profile in the rats fed the
cafeteria diet. They also show that the dietary supplement with
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blackberry extract can reduce the impact of the cafeteria diet on all
these variables.

Materials and Methods

Preparation of the Rubus extract

Blackberries (Rubus sp. var. Lochness) were kindly provided by
Agricola El Bosque (Lucena del Puerto, Huelva, Spain). Rubus extracts
were obtained by lyophilization and extraction with 80% methanol in
water as previously described [24]. For determination of total
anthocyanin, the extract was diluted 1:9 (v/v) in methanol, and
anthocyanin content was determined quantitatively by the pH
differential method previously described [25] with minor
modifications. The concentration of anthocyanins was 542 g of
cyanidin-3-glucoside per 100 g of Rubus extract.

Flavonoid content was measured by the aluminum chloride assay
[26] using catechin (Sigma Chemical Co., St. Louis, MO) as standard;
(-)epicatechin was the predominant flavonoid as described in [27]
with a content of 499 + 8 mg of epicatechin per 100 g of Rubus extract.

Animals and experimental design

Female Sprague Dawley rats were obtained from the animal quarter
of University San Pablo CEU, Madrid, Spain. The experimental
protocol was approved by the Animal Research Committee of the
University San Pablo CEU. The rats were weaned at 21 days of age,
placed in collective cages (5 per cage) under controlled conditions (22
+2°C, 55 + 10% relative humidity and constant cycle light/dark of 12 h
with continuous ventilation). Rats were given a standard pellet diet
(Harlan Global Diet 2014, Madison, WI) for 5 days, after which they
were randomly assigned to one of three dietary treatment groups: the
standard diet group (SD) was maintained on the pellet diet, the
cafeteria diet group (CD) was given the cafeteria diet, and the cafeteria
plus Rubus diet group (CRD) was given the cafeteria diet
supplemented with the Rubus extract. The cafeteria diets were based in
those previously reported by others [28-30] and prepared as a
homogeneous paste by mechanically (Sammic, Guipuzcoa, Spain)
blending the components. Composition and fatty acid profile of the
diets are shown in Table 1 and 2 respectively.

. . Cafeteria  diet Cafeteria pl l‘us
Ingredient (g) Standard diet (SD) (CD) Rubus diet
(CRD)
Pellets' 100 23 23
Condensed milk? - 35 35
Sugar’ - 7 7
Muffins* - 6 6
Croissants’ - 6 6
Powder milk® - 15 15
Butter” - 8 8
Rubus  Fruticosus ~ _ 13
extract
Water - 13 -

Caloric  content

(kcal) 310 474 474

Harlan, Global Diet 2014, Madison, MI; 2Nestl¢, Barcelona; 3Azucarera, Madrid;
4Panrico SA, Barcelona; *Bimbo, Barcelona; SCentral Lechera Asturiana, Asturias;
7El Pozo, Murcia. Percentual macronutrient components of dry diets, according to the
suppliers were: 15.8% protein, 4.4% fat and 69.7% carbohydrate for the Standard diet,
and 13.0% protein, 23.1% fat and 63.9% carbohydrate for Cafeteria diet.

Table 1: Composition of the diets per 100 g
Fatty acid Standard  diet Cafeteria ~ diet Cafeteria plus
(SD) (CD) Rubus dict (CRD)

14:00 0.07 +0.03 4.80+0.10 4.81+0.02°

16:00 4.26 +0.39* 34.9+0.6 32.7+0.8°

18:00 0.69 = 0.09* 15.96 +0.27° 14.10+0.17¢

Sum of saturated | 5 33, ¢ 530 56.67+1.000 52.55+0.89°

fatty acid

18:1(n-9) 6.03 + 0.60° 46.1£0.7° 412£0.7¢
18:2(n-6) 157128 17.4+0.3* 16.7+0.7*
18:3(n-6) 0.02 +0.00% 0.09 + 0.00° 0.08 + 0.00°
22:5(n-6) 0.24 +0.08* 0.16 £0.03* 0.23 £0.03*
20:4(n-6) n.d. n.d. n.d.

Sum of n-6 acids 16.0 +1.3* 17.9+0.2* 17.3+0.8*
18:3(n-3) 1.03 £0.10° 1.34£0.02° 1.26 £ 0.02°
20:5(n-3) 0.02 +0.00% 0.13 +£0.02% 0.12 + 0.00°
22:5(n-3) 0.11+0.08% 0.20+0.01% 0.18 +0.02%

Sum of n-3 acids 116+ 0.17% 1.74 +0.03° 1.60 +0.03
Values correspond to mean = SEM of 3 samples; n.d: not detectable. For the fatty acid
profile analysis nonadecenoic acid (19:1) was added as internal standard to aliquots of
cach diet and they were analyzed in their lipid extracts by gas chromatography.
Different lowercase letters mean statistical significant difference between the groups
(p<0.05).

Table 2: Concentration of fatty acids in the experimental diets (mg/g)

The CD and CRD were stored at -20°C until use. Rats had free
access to the assigned diet and tap water. After 80 days on the
experimental diets, rats were subjected to an oral glucose tolerance test
(OGTT) that was performed as follows. Tests were conducted between
11:00 and 13:00 after a 3 h fast. After tail blood was collected (time 0),
rats received an oral load of 2 g glucose/kg body weight, and blood was
collected at 7.5, 15, 30 and 60 min into tubes containing 1 g
Na,EDTA/L. Plasma was separated by centrifugation at 1,500 g for
15 min at 4°C and stored at -80°C until analyzed for glucose and
insulin. The insulin sensitivity index (ISI) was calculated as previously
described [31] using the following equation: ISI = 10,000/V(FPG x FPI
x mean G x mean I) where FPG is fasting plasma glucose (in mg/dL),
FPI is fasting plasma insulin (in pL/mL) , and mean G and mean I are
the mean glucose and mean insulin concentrations in the same units
determined during the OGTT. One week after the OGTT, rats were
sacrificed using a guillotine while under CO, anesthesia and trunk
blood collected into ice-chilled tubes containing 1 g Na,EDTA/L.
Plasma was separated from fresh blood and stored as described above.
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Liver and different fat depots were rapidly dissected and placed into
liquid nitrogen for weighing, and fat depots were stored at -80°C until
analysis.

Processing of the metabolic variables

Plasma glucose, triacylglycerols (TAG) and cholesterol (Spinreact
Reactives, Spain) and non-esterified fatty acids (NEFA) (Wako
Chemicals, Germany) were determined with commercial kits by
enzymatic methods and insulin was analyzed by ELISA (Mercodia,
Sweden). For the analysis of the fatty acids profile, nonadecenoic acid
(19:1) (Sigma Chemical Co.) was added as the internal standard to
fresh aliquots of each diet and of frozen plasma, which were used for
lipid extraction and purification [32]. The final lipid extract was
evaporated to dryness under vacuum and the residue resuspended in
methanol/toluene and subjected to methanolysis in the presence of
acetyl chloride at 80°C for 2.5 h as previously described [33]. Fatty acid
methyl esters were separated and quantified on a Perkin-Elmer gas
chromatograph (Autosystem) with a flame ionization detector and a
20 m Omegawax capillary column (internal diameter 0.25 mm).
Nitrogen was used as carrier gas, and the fatty acid methyl esters were
compared with purified standards (Sigma Chemical Co.).
Quantification of the fatty acids in the sample was performed as a
function of the corresponding peak areas compared to that of the
internal standard. Lipoprotein lipase (LPL) activity was assayed in
inguinal and lumbar fat depots in acetone/diethyl ether extracts by the
conversion of triolein, [carboxyl-14C] (Perkin Elmer, Boston, MA) to
[1-14C]-oleic acid as previously described [34].

Metabolomic analysis

LC-MS grade organic solvents and reagents for the metabolomics
analysis were purchased from Fluka Analytical (Sigma -
AldrichChemie GmbH, Steinheim, Germany).

Plasma samples were thawed in ice. To remove proteins from the
samples, 3 volumes of ice-cold methanol/ethanol 1:1 (v/v) were added
to each plasma aliquot and incubated in ice for 5 min. After
centrifugation at 16,000 rpm and 4°C for 20 min, supernatants were
filtered through a 0.22 pum nylon filter. Quality control (QC) was
determined [35] in samples that were prepared independently by
following the same protocol by pooling equal volumes from each
plasma sample.

The metabolomic fingerprinting analysis of plasma was performed
using ultra-high efficiency liquid chromatography (UHPLC) (Agilent
1290 Infinity LC System) in 0.5 pL of extracted plasma samples that
were injected to a reverse-phase Zorbax Extend C18 column (2.1 x 50
mm, 1.8 um, Agilent Technologies) at 60°C. The composition of the
mobile phases was: A - water with 0.1% (v/v) formic acid, and B -
acetonitrile with 0.1% (v/v) formic acid. The chromatographic
gradient using a constant flow rate of 0.6 mL/min was started at 5%
phase B for the first minute, increasing to 80% from 1-7 min, then to
100% from 7-11.5 min, holding at 100% for 0.5 min, finally returning
to 5% of phase B from 12 until 15 min (system re-equilibration).
Samples were analyzed in positive ESI(+) and negative ESI(-)
ionization modes in separate runs of MS, MS/MS analysis, respectively
operated in full scan mode from 50-1000 m/z for positive and 50-1100
m/z for negative mode. Capillary voltage was set to 3 kV for positive
and negative ionization mode; fragmentor voltage was set to 175 V for
positive and 250 V for negative ionization mode; the drying gas flow
rate was 12 L/min at 250°C and gas nebulizer 52 psi. Samples were

injected in randomized order in two runs (for positive and negative
ion mode). At the beginning of each run, a batch of 10 injections of
QC samples was used to condition the column.

For the metabolomics study, MassHunter Workstation Software
LC/MS Data Acquisition version B.05.00 (Agilent Technologies) was
used for control, acquisition and processing of all data obtained with
UHPLC-QTOF/MS. The resulting data file was cleaned of background
noise and unrelated ions by the Molecular Feature Extraction (MFE)
tool. Alignment and data filtering were performed by Mass Profiler
Professional (MPP, version B.12.1, Agilent Technologies) software.
Accurate masses of features were searched for possible structure
against the online databases such as CEU mass mediator (http://
ceumass.eps.uspceu.es/mediator), METLIN (http://
metlin.scripps.edu), HMDB  (http://hmdb.ca), KEGG (http:/
genome.jp/kegg) and LipidMaps (http://lipidmaps.org). The identity
of compounds was confirmed by LC-MS/MS by using a QTOF (6550
system, Agilent Technologies) with the same chromatographic
conditions as used in the primary analysis. Ions were targeted for
collision-induced dissociation (CID) fragmentation on the fly, based
on the previously determined accurate mass and retention time.
Comparison of the structure of the proposed compound with the
obtained fragments as well as comparison with the retention time and
isotopic distribution of commercially available standards was used to
yield to final confirmation of the identity of metabolites.

Statistics and data processing

Statistical analysis for the metabolic variables was carried out using
GraphPad Prism 5.0. (GraphPad Software Inc. La Jolla, 115 CA). After
checking a normal distribution of the data using the Kolmogorov-
Smirnov test, one-way analysis of variance (ANOVA) was used to
compare different diets. Bartlett’s test was used to prove homogeneity
of the variance. When treatment effects were significantly different (p
<0.05), Newman-Keuls simultaneous tests were used to establish
statistical differences between individual dietary interventions.

For data provided by the metabolomics study, normality was
verified by evaluation of the Kolomgorow-Smirnov-Lillefors test and
variance ratio by the Levene’s test. Differences between experimental
groups were performed by one way ANOVA (equal or unequal
variance) or non-parametric Kruskal-Wallis test. The levels of
statistical significance were set at p<0.05. Statistical analysis were
performed using Matlab R2010a (Mathworks) software. The
multivariate analysis, statistical calculations and plottings were
obtained with SIMCA P+ 12.0 (Umetrics, Umea, Sweden).

Results

Metabolic changes

As shown in Figure 1a, daily food intake by rats of the three groups
was similar throughout all the experiment, although due to the higher
caloric content of the cafeteria diet the daily energy intake of rats in
groups CD and CRD was higher than those in the SD group (Figure
1b).
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supplemented with Rubus extract (CRD) for 90 days, when they were
sacrificed by decapitation after a 3 h fast.
a) b)

06 8 2 & ® = o
Days of experiment

n & 0 B W
Days of experiment

Figure 1: Mean + SEM of 5 rats/group for daily food (a) and energy
intake (b) at different days of experiment in rats fed standard diet
(SD), cafeteria diet (CD) or cafeteria plus Rubus extract diet (CRD).
Asterisks indicate statistical significant difference of the CD or
CRD groups versus the SD group whereas no difference was found
between these two groups for energy intake nor between the three
groups for food intake.

As well as having higher caloric content, cafeteria diets (i.e. both CD
and CRD) contain more saturated and monounsaturated fatty acids
than the standard diet (SD), whereas their content of n-6
polyunsaturated fatty acids (PUFA) mainly corresponding to linoleic
acid (18:2 n-6), is similar and that of n-3 fatty acids mainly
corresponding to a-linolenic acid (18-2 n-3), is slightly higher (Table
2). The different fatty acid composition of the diets affected the level of
specific fatty acids in plasma: myristic (14:0), palmitic (16:0) and oleic
(18:1, n-9) acids were higher in both the CD and CRD groups than in
the SD group, whereas no significant differences were found in the
plasma concentrations of either stearic acid (18:0) or any of the PUFA
between groups (Table 3).

Fatty acid SD CD CRD

14:00 10.9+3.8a 20.6 + 1.2ab 282+4.4b

16:00 280 +2la 448 + 36b 434 +47b

18:00 311+ 10a 368 + 14a 337+ 30a
18:1(n-9) 142+ 13a 318+ 73b 402 £ 59b
18:2(n-6) 311+23.2a 322+37a 403 + 50a
18:3(n-6) 7.07+0.75a 561+047a 7.23+0.60 a
20:4(n-6) 573 +49a 548 + 46a 501 +11a
22:5(n-6) 20.5+2.6a 17.5+1.3a 163+ 1.1a
18:3(n-3) 5.53+0.63a 499 +1.18a 7.90 + 1.88a
20:5(n-3) 4.89 +0.99a 422+0.73a 6.89 +1.22a
22:5(n-3) 8.88+0.33a 11.7+1.2a 12.0+ 1.6a
22:6(n-3) 71.5+4.0a 73.4+4.8a 64.8+22a

Mean + SEM of 5 rats per group. For the fatty acid profile analysis nonadecenoic acid
(19:1) was added as internal standard to aliquots of frozen plasma and they were
analyzed in their lipid extracts by gas chromatography Different lowercase letters
mean statistical significant difference (p<0.05) between the groups.

Table 3: Fatty acid concentration in plasma (mg/L) of female rats that
were fed with standard diet (SD), cafeteria diet (CD) or cafeteria diet

Body, liver and different fat depot weights and plasma metabolic
variables of the rats are shown in Table 4.

SD CD CRD
Body weight (g) 293 £ 10a 356 +27a 301 +2la
Liver weight (g) 7.99+0.27a 9.05+0.35b 7.87+ 0.39a
Weight of total adipose | ¢ 17, 0440 | 270145056 | 20.0723.09
tissue (g)
Weight ~of  inguinal | ) 3, 550 | 3.6720.61b 2.81 + 0.64ab
adipose tissue (g)
Weight of  perirenal | 6o, 06 | 2.19+0.220 146 +0.23b
adipose tissue (g)
Weight of = mesenteric | 355, 019, | 39340490 3.05 + 0.65ab
adipose tissue (g)
Weight of lumbar adipose | - )3, o 170 | 6.1220.81b 5.85+0.99b
tissue (g)
Weight of - periuterine- | 35, 19, | 7.2940.920 6.89+ 1.34b
periovaric fat (g)
Basal ~ plasma  glucose | -, ¢, 110+ 3a 113+ 4a
(mg/dL)
Basal - plasma insulin | ;5 50, 150+ 1.8a 258+4.1a
(nU/mL) ) : : : . .
Area under the curve
(AUC) for glucose in 7992 +243a 8819 + 144b 8753 +262b
OGTT!
Area under the curve
(AUC) for insulin in 94.1 +15.52 171 +26b 138 + 10ab
OGTT!
E‘SS;‘)““ sensitivity index |5 55 5824 6.6b 63.748.8b
Triacylglycerols (mg/dL) 222+4.1a 57.6 £ 16.3ab 68.9 + 12.0b
Non-esterified fatty acids

+ + +

(NEFA) (umoles/L) 314 +20a 405 +33a 369+ 27a
Cholesterol (mg/dL) 65.2+52a 76.8 +8.1a 57.6+4.1a
Mean + SEM of 5 rats per group. 1At 80 days on the diets rats were subjected to an
oral glucose tolerance test (OGTT) with 2 g of glucose/kg body weight and blood
collected at 0, 7.5, 15, 30 and 60 min. 2The insulin sensitivity index was calculated as
ISI= 10,000/V(FPG x FPI x mean G x mean I), where FPG is fasting plasma glucose
(mg/dL), FPI is fasting plasma insulin (pU/mL) and mean G and I are the
concentrations of glucose and insulin during the OGTT. Different lowercase letters
mean statistical significant difference (p<0.05) between the groups.

Table 4: Body, liver and different fat depots weights and plasma
metabolic variables in female rats that were fed with standard diet
(SD), cafeteria diet (CD) or cafeteria diet supplemented with Rubus
extract (CRD) for 90 days, when they were sacrificed by decapitation
after a 3 h fast.

The consumption of either CD or CRD did not increase body
weight, whereas liver weight was higher in the CD group than in SD (p
<0.05), the effect disappearing in the CRD group. All the adipose tissue
depots studied (inguinal, perirenal, mesenteric and lumbar adipose
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tissue) showed a significantly higher weight in the rats on CD than in . 423 | 14834 | 14206
those on SD, and this effect appeared lower in those rats fed the CRD - o §
. L o . . Oleic Acid 8 5.26 8.14 NS <0.05 NS
in the case of inguinal and mesenteric adipose tissues, the difference
compared to the SD was no longer significant (p >0.05). Basal plasma -10.8
. . . . Tetradecanoyl
glucose and insulin levels did not differ between the groups, whereas carnitine 371.304 9 +55.65 | 43871
the area under the curve (AUC) for both glucose and insulin after the (C14:0) 2 4.63 1282 | NS <0.05 NS
oral glucose load (OGTT) was higher in rats fed the CD than the SD.
The Rubus supplement (CRD) did not modify the augmented AUC '2“‘1 5535 138,07
for glucose seen in the CD rats but it decreased the AUC for insulin to f’?]mi'c"lyécgm 299335 i3 058 s 0 0'5 s ’
' <

values that were not significantly different from either of the other two itine (C16:0) : - :
groups. Values of plasma glucose and insulin, both basal and after the +1298 | +109.1
oral glucose load, were used to determine insulin sensitivity index Stearoyleamit | 427365 9.00 | 1 2
(ISI). The ISI values calculated were lower in the two groups fed the ine (C18:0) 2 5.59 7.67 NS <0.05 <0.05
CD than in those on SD, with no difference observed between those
receiving or not receiving the Rubus supplement (Table 4). Plasma ‘3“'6 3435 4108
triacylglycerols were higher in those rats fed the CD or the CRD than Linoleylcarnit | 423.334 ) ’
on those on the SD although the difference was only significant in the ine (C18:2) ? 496 1138 | NS <005 <005
case of the CRD group. However, neither NEFA nor cholesterol 4107
concentrations differed among the three groups. 467300 0 +45.80 | +61.40

PC(0-14:0) 7 4.83 7.41 NS NS <0.05

LPL activity was measured in both inguinal and lumbar adipose
tissue. As shown in Table 5, the LPL activity of inguinal adipose tissue 871 | 4406 3019
was higher in rats on the CD group than in those on SD; once again PCQI:O(CHO | 593.375

. . . ) 2 5.9 8.01 NS <0.05 <0.05
this variable decreased in rats on the CRD group to values that no )
longer differed from the SD group. A similar trend was found in LPL 281,560 233 | -22.11 -20.30
activity of the lumbar adipose tissue, although the differences among PC(36:4) 6 9.62 8.43 NS <0.05 <0.05
the groups did not reach statistical significance due to the high
standard error values. 839.616 191 -25.16 -23.73
PC(40:3) 1 9.62 8.54 NS <0.05 <0.05
Diet
-11.5
SD CcD CRD 859.603 3 -37.54 -44.74
. PC(42:7) 5 10.3 28.46 NS <0.05 <0.05
Inguinal LPL 277+ 51a 553 4+ 80b 367 + 47ab
+10.4
Lumbar LPL 543 £ 101a 899 + 192a 562 + 96a 267,301 3 +46.11 +61.34
Mean = SEM of 5 rats per group Different lowercase letters mean statistical LysoPC(14:0) 8 4.95 6.79 NS NS <0.05
significant difference (p<0.05) between the groups.
+22.2
Tabl Li n i LPL . K . . 509,348 0 +57.92 +92.98
Table 5: Lipoprotein ipase ( : ) activity (pkats/mg protein) in LysoPC(17:0) | 2 565 n3s | s NS <0.05
inguinal and lumbar adipose tissue of female rats that were fed
standard diet (SD), cafeteria diet (CD) or cafeteria diet supplemented $23.366 -7.44 +13.84 | +538
with Rubus extract (CRD) or 90 days, when they were sacrificed by LysoPC(18:0) | 4 6.17 39 NS <0.05 NS
decapitation after a 3 h fast.
551394 -5.54 -22.37 -26.67
Metabolomic variables LysoPC(20:0) | 7 678 | 564 | Ns NS <0.05
The common statistical approach used in metabolomics data 549378 +9.52 | -24.55 -17.37
analysis is based on univariate and multivariate analysis (MVA). To LysoPC(20:1) 9 6.29 6.03 NS <0.05 NS
evaluate the quality of controls (QC), samples were first tested by
unsupervised principal components analysis (PCA-X). QCs were 547.363 028 4371 4355
clustering together (data not shown), reflecting the system’s stability LysoPC(20:2) | 7 5.9 6.62 NS <0.05 <0.05
and performance, and the repeatabll}ty of the sample treatment w047 | 2asa | -1740
procedure [36]. The coefficient of variation (% CV) of QC samples was 571.360
. LysoPC(22:4) 1 6.29 14.92 NS <0.05 NS
calculated and values are shown in Table 6.
+5.63 -36.65 -33.08
Changes (%) and p-value 569.344
LysoPC(22:5) 3 59 13.42 NS <0.05 <0.05
CD
cv vs. CRD IS5
in CRD CD vs. | vs. 607.457 6 3412 2387
Compound Mass RT QC * sp™ SD™" LysoPC(24:0) | 3 8.06 9.65 NS <0.05 NS
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+25.9
LysoPE(P-16: 3 +22.08 +53.73
0) 453.287 4.95 7.25 NS NS <0.05
+12.9
479.305 4 -32.57 -23.84
LysoPE(18:1) 7 5.14 7.44 NS <0.05 <0.05
+19.3
507335 6 +7.85 +28.73
LysoPE(20:1) 9 5.72 7.58 NS NS <0.05
+18.6
567361 9 +10.84 +31.57
LysoPS(21:0) 4 5.72 8.04 NS NS <0.05
410,245 +2.70 -12.29 -9.92
LysoPA(16:0) 2 5.56 85 NS <0.05 NS
+26.7
PS(0-20:0/19: | 817.627 ’ R
1) 6 10.56 19.72 NS NS <0.05
-16.0
CerP(dI8:1/1 | 505354 3 2929 | 1857
8:0) 5 6.17 9.74 NS <0.05 NS
“regulation in CRD, *"CD and *"*CRD group. (+) (-) indicate direction of changes:
up-regulation or down-regulation. p value set as p<0.05. RT, Retention time, CV,
Coefficient of variation, QC, Quality control. PC- Phosphatidylcholines, LysoPC —
Lysophosphatidylcholines, LysoPE — Lysophosphatidylethanolamines, LysoPS —
Lysophosphatidylserine, =~ LysoPA -  Lysophosphatidic =~ Acid, PS -
Glycerophosphoserine, CerP - Ceramide-phosphate. Number of rats per group = 5.

Table 6: Most relevant metabolomics changes in plasma, related to
specified groups of the rats that were fed with standard diet (SD),
cafeteria diet (CD) or cafeteria died supplemented by Rubus extract.

In fact, the experimental variables can only be considered
significantly different when the percentage of change between groups
is higher than the %CYV for the corresponding QC.

Figure 2 (panels A and C), shows a trend to SD group clustering
independently from CD and CDR groups only in the negative MS
polarity when a not-supervised principal components analysis (PCA-
X) of the results was employed.

In the supervised models, a better separation among the three
groups (SD, CD and CDR) is seen (Figure 2, panels B and D), where
the variance explained was R2=0.77 (+) ESI, R2=0, 85 () ESI and
variance predicted Q2=0.14 (+) ESI, Q2=0.52 (-) ESIL Differences
between the groups became more obvious when they were compared
as pairs (CD vs. CRD, CD vs. SD and CRD vs. SD) as it is shown in
Table 6.

When comparing rats of the CD group vs. those of SD (Table 6), it
was found that oleic acid and most of the acylcarnitine derivatives,
especially stearoylcarnitine (C18:0) were up-regulated in the CD
group. Supplementation with Rubus extract to the CD group (CRD)
provides a clear metabolic change compared to both CD and SD
groups. Although, no significant changes between CD vs. CRD groups
were found, a clear tendency to down-regulate acylcarnitine
derivatives in the CRD group was observed. Interestingly, a
remarkable impact of the Rubus supplement to cafeteria diet (CRD) as
compared to the standard diet (CRD vs. SD) is evidenced, since the

significant effect of cafeteria diet (CD) vs. SD decreases when the
former is supplemented with the Rubus extract (CRD).

Figure 2: Panel A unsupervised principal component analysis
(PCA) for the data in electrospray inonization (ESI)(+) and Panel C
for the data in ESI(-). Panel B Partial Least Squares-Discriminat
Analysis (PLS-DA) plot of analyzed samples in ESI(+) and Panel D
in ESI(-). Legend: Standard diet (SD) (), Cafeteria diet (CD) (),
Cafeteria + Rubus diet (CRD) (). N= 5 rats/group.

In general, most of the glycerophospholipids including
phosphatidylcholines (PC), lysophosphatidylcholines (lysoPC) and
lysophosphatidylethanolamines (lysoPE) were significantly down-
regulated in both CD and CRD vs. SD, without any significant
differences between CD and CRD (Table 6). Some of the
lysophosphatidylcholines like lysoPC(14:0) and lysoPC(17:0) with
saturated fatty acid chain were up-regulated in the CD group as
compared to SD, although the differences were not significant.
However, when the same variables were compared between CRD and
SD, the differences were statistically significant. It’s worth mentioning
CerP, another compound that was elevated in CD in comparison to
SD, the difference disappearing when comparing CRD and SD.

Discussion

In this study it was found that a hypercaloric diet containing a high
proportion of saturated fatty acids to young female rats over 90 days
increased the mass of fat depots and plasma triacylglycerol
concentrations and decreased the insulin sensitivity index studied after
an oral glucose load. Further, the plasma profile of fatty acids in these
animals (again compared to standard diet controls) showed significant
increments in saturated fatty acids without a change in the level of
PUFA, and they had increased fat depots. These findings show that the
dietary model of energy-dense palatable food applied here (i.e. the so-
called cafeteria diet) to young female rats corresponds to a diet-
induced obesity that mimics metabolic syndrome in humans, in
agreement with a previous proposal [19]. The detected increase in
adipose tissue LPL activity in the rats fed the CD is consistent with the
increase in the sizes of fat depots, and indicates that their
hypertriacylglycerolemia did not result from reduced clearance of
circulating triacylglycerols by extrahepatic tissues, but more likely
from an increased production by the liver. Treatment of animals fed
the CD with an extract of Rubus (CRD) had a small effect on plasma
lipid components, probably as a consequence of their low insulin
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sensitivity, which was not modified by this treatment. However, some
consistent decline in liver and inguinal and mesenteric adipose tissue
mass could be detected in rats fed the CRD. Such a change in adipose
tissue mass is consistent with the decline in LPL activity found in these
animals, but the mechanism involved will require additional
investigation.

In order to understand further the metabolic changes caused by the
treatments, the highly sensitive and reproducible LC-QTOF-MS tool
for metabolomic analysis has been employed to study plasma aliquots.
The multivariate analysis carried out considering all data from the
lipophilic metabolic profiles demonstrated a clear separation of the
three groups (Figure 2) and indicated which metabolites were
responsible for the separation, with statistical significance (Table 6).
The main findings from the metabolomic fingerprinting in the case of
the cafeteria diet are related to phospholipids, mainly zwitterionic
glycerphospholipids, the related lysophospholipids as well as long-
chain acylcarnitines. The carnitine ester profiles
(tetradecanoylcarnitine ~ 14:0;  palmitoylcarnitine ~ 16:0  and
stearoylcarnitine 18:0) tended to be higher in the CD group than in the
SD, however, linoleylcarnitine 18:2 is observed to be down-regulated.
Acylcarnitines are ester derivatives of carnitine, the homeostasis of
which is maintained by dietary intake, a modest rate of endogenous
synthesis from lysine and methionine and by renal reabsorption. The
carnitine system, including free carnitine and acylcarnitines, is
essential for the transport of long-chain fatty acids from cytoplasm
into mitochondria for their subsequent oxidation [37]. Interestingly,
our findings fit to the one mass spectrometry based metabolic profiling
reported by Koves, et al. [38] showing that long-chain acylcarnitines
(16:0, 18:0 and 18:1) are increased in diet-induced obese rats. Higher
levels of long-chain saturated and monounsaturated acylcarnitine
species, analyzed by tandem mass spectrometry (MS/MS), in obese
and insulin-resistant subjects compared to lean controls have also been
shown in human obesity [39]. It may therefore be possible that, in the
circumstances of our rats on the cafeteria diet, an inefficient tissue
fatty acid beta-oxidation, due in part to a relatively low tricarboxylic
acid cycle capacity, generates acylcarnitine molecules that activate
proinflammatory pathways implicated in insulin resistance, as
hypothesized for type 2 diabetic women [40].

A specific accumulation of saturated acylcarnitines was found in
plasma of rats fed the cafeteria diet, indicating inefficient beta-
oxidation [41,42], which together with the abundance of these fatty
acids in the diet would contribute to their higher concentrations in
plasma.

The greatest difference in the metabolomic profiles found here
among the three studied groups (i.e. SD, CD and CRD groups) was in
the glycerophospholipids which biological properties are dependent to
differences of their structure and fatty acids composition (chain
length, position, degrees of saturation and double bond location). The
main group of identified glycerophospholipids, as lysoPC with the
shorter chain fatty acids (14:0, 17:0, 18:0) and lysoPE(P-16:0),
lysoPE(20:1)), showed up-regulation in rats fed the CD vs SD, whereas
those with the long chain fatty acids, mainly polyunsaturated, were
down-regulated in these same rats (i.e. in the CD group). It appears
that Rubus supplementation reduce these changes in rats fed with the
CD diet, making their comparison with the SD much less significant.

In general, a reduction in plasma lysoPC species in the rats fed the
CD was found (Table 6). Our data are similar to others’, which
demonstrated that plasma lysoPC concentrations are reduced in mice
fed a high fat diet [43] and in human obese subjects [44]. The

mechanism responsible for the reduction in circulating lysoPC in these
conditions is unknown, but could be related to an increase in either its
breakdown or its clearance from the circulation by metabolically active
tissues, as previously proposed for newly diagnosed type 2 diabetic
subjects [45].

Furthermore, recently lysoPC has also been shown to have a role in
the metabolism of glucose. It has been reported that lysoPC activates
glucose uptake by adipocytes and that after acute lysoPC
administration to mouse models of diabetes, there is an improvement
in their glycemia [46]. In agreement with this involvement of plasma
lysoPC in the glucose homeostasis, our rats fed the CD, with lower
lysoPC levels than the SD group, showed a glucose metabolism that
was somehow affected as revealed by their higher AUC for both
insulin and glucose in the OGTT, and the lower ISI values as
compared to those in rats fed the SD.

Knowledge about lysophosphatidylethanolamines (lysoPE) is not as
wide but, it seems that they can be synthesized in a similar way to
lysoPC [47]. In agreement with this view, our study shows that
changes in lysoPE levels in CD and SD rats were similar, being up-
regulated as in case of lysoPE(P-16:0) and lysoPE(20:1) or down-
regulated as lysoPE(18:1). Some of the changes induced by the CD
observed on the metabolomic parametres (Table 6) disappear after the
Rubus supplement, for example, LysoPCl18:0, LysoPC20:1,
LysoPC22:4, LysoPC22:5 LysoPC24:0, LysoPA16:0, CerP18:1
CerP18:0. Although their physiological meaning is not well known, the
changes in these compounds appear as putative indicators of the
metabolic alteration caused by a hipercaloric and fat rich diet.
Interestingly, the Rubus supplement revert these changes although the
mechanism of action remains to be elucidated.

The addition of Rubus extract to the CD produced some interesting
results. The supplement decreased some fat depot accumulation in the
rats fed the CD, although did not modify their low insulin sensitivity
index. However, the intake of the Rubus extracts increased plasma
TAG levels over the values found in rats of the SD group. This
hypertriacyglycerolemic effect of the Rubus supplement can’t be
related to any change in the LPL activity found in these animals when
compared to those fed the SD, despite of the known effect of this
enzyme controlling the clearance of circulating TAG [48,49]. The
effect could be related to an increased production of TAG by the liver
although the mechanism involved has not been established yet.

In view of the current results, it can be proposed that these effects of
the Rubus extract supplement could contribute to reducing the impact
on glucose metabolism in rats given the cafeteria diet as shown by the
reduction in the AUCs for insulin without any changes in glucose
levels observed in the OGTT.

As the main components of the Rubus extract are the flavonols and
anthocyanins, it is reasonable to assume that the effects observed are
due to these compounds, although small amounts of other
phytochemicals are also present and may also be involved in the effects
on health. In order to obtain reproducible results, extracts need to be
obtained from the same plant material which has been standardized in
terms of their contents of specific flavonols and anthocyanins, since
the contents of these phytochemicals are known to fluctuate
depending on environmental conditions [50]. Furthermore,
absorption is subject to microfloral activity [9] so this also needs to be
considered. Alternatively, studies using more purified extracts may
yield more information about the active compounds responsible for
these effects.
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In conclusion, the study reported here not only demonstrates the

obesogenic and metabolic effects of a cafeteria diet in female rats, but
also shows that some of those effects are reduced when the same diet is
supplemented with a Rubus extract. According to the current findings,
it appears that such positive effects occur even without a significant
change in insulin sensitivity, but additional research is needed to
establish whether it also appears in rats fed the standard diet and to
establish the mechanism involved.
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Abstract Blackbery (Rubus sp.) fruit has a high content of
anthocyanins, but its hedth benefits have not been aufficiently
explored in hedthy individuds Thus, the am of the study was
to determine the effects of blackberry extract on lipid and glu-
cose varigbles in female and mde rails Sprague Danley rds
weregiven astandard pdlet (SD) or cafeteria (CD) diet supple-
mented (SD+R and CD+R) or nat with Rubus extract for
80 days. Femnde rals given SDHR had lower body and liver
weights than 8D femdes, bath sexes given SDHR showed low-
er plasna glucose and inaulin, higher plasma NEFA, glycerd
and 3-hydroxybutyrate, and higher liver concentration of triac-
yiglycerds than SD rals The homeostasis madd of insulin
resistance (HOMA) was lower in SHR rds than in 8D rds,
but higher in CD rats. No effects of Rubus extract were ob-
served in CD rats. In condusion, Rubus extract, in rats given
8D, decreased glycemia and increased insulin ssitivity. It dso
increased lipid breakdown in adipose tissue. The effects were
gredler in femdes than in maes. No effect was seen in rds
given CD, probably as a result of their high insulin resistance.

Keywords Blackberry fruit extract - Hasmaglucose - Insulin
sensitivity - Adiposetissue - Cafeteriadiet

Introduction

Blackberry (Rubus sp.) fruit has a high content of anthocya
nins and dlagitannis and other phendlic compounds that can-
tribute to its high antioxidant capacity [1]. However, hedth
benefits of blackberry have not been sufficiently explored [2],
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even though itsantioxidant activity ishigh [3, 4] and has been
ranked second after bilberry (Vaccinium myrtillus) [5]. Black-
berry extract has been shown to have anti-hyperglycemic ef-
fedts in diabetic rals [6] and biotransformed blueberry juice
has been shown to have anti-obesity and anti-diabetic effects
in KKAY mice[7]. Furthermore, the anti-hyperglycemic effect
of different berry extracts on diabetic rats have been shown to
be quite variable [6]. Although some studies have addressed
the hedth benefits and metabolic effects of phendlic com-
pounds present in blackberry, shudies of blackbery extracts
in hedthy individuds are lacking. For that reason our aim was
to determine the effects of a blackberry extract on lipid and
gdlucose metabdlic variablesin ralsgiven a standad diet and to
compare them with itseffect in other ratls given acafdleriadiet,
which is consdered to be a modd of metabalic syndrome in
humans [8].

Materids and Methods
Blackberry Extract

Blackberries (Rubus sp. var. Loch Ness) were kindly provided
by Agricdla B Bosque (Lucena dd Puerto, Hudlva, Spain).
Rubus extractswere obtained by lyophilization and extraction
with 80 % methanal in 0.1 % HCI [9]. The tdid anthocyanin
and flavonoid contents were determined [ 10, 11].

Animas and Diets

Femde and mde Sprague Dawley ralsof 70to 75 daysof age
were obtained from the anima quarter of University San
Pablo CBJ, Madrid, Spain. The experimental protoca was
approved by the Anima Research Committee of the Univer-
sity San Pablo CBU (reference 101112). The rats were main-
tained in shared cages (5 per cage) under contralled canditions
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(2212 °C, 55+ 10 % relative humidity and 12-hourly cycling
of light and dark). Forty male and 40 female rats were select-
ed, matched for body weight and assigned at random (10 male
and 10 female per group) to one of four dietary treatment
groups:. the standard diet group (SD), the standard diet supple-
mented with Rubus extract (SD+R), the cafeteria diet group
(CD) and the cafeteria diet plus Rubus extract (CD+R). The
diets were prepared by blending the components shown in
Table 1. The diets were stored at —20 °C until use. Rats had
free accessto the assigned diet and tap water. After 80 dayson
the corresponding diet, rats were decapitated under CO, an-
esthesiaafter a3 hfast. Trunk blood from the neck wound was
collected into ice-chilled receptacles containing Na,EDTA.
Plasma was separated from fresh blood by centrifugation at
1,500x gfor 30 minat 4 °C and stored at -80 °C until analysis.
Liver and different fat depots were rapidly dissected and
placed into liquid nitrogen for weighing and liver was kept
at -80 °C until analysis.

Analytical Methods

Metabolites were determined enzymatically using commer-
cidly available kits as follows: plasma glucose, triacylglycer-
ols (TAG) and cholesteral with kits from Spinreact Reactives
(Girona, Spain), plasmaglycerol with akit from Sigma Chem-
ical Co. (St. Louis, MO) and non-esterified fatty acids (NEFA)
with a kit from Wako Chemicals (Germany). Insulin was an-
alyzed by an enzyme-linked immunoassay (Mercodia, Swe-
den). 3-Hydroxybutyrate was analyzed [12] in deproteinized
plasma[13]. Liver lipids were extracted and purified [14] for
gravimetric determination followed by TAG and cholesterol
analysis[15].

The homeostasis model assessment of insulin resistance
(HOMA) values was calculated [16] using the following

equation: HOMA=(FPGxFPI)/2,430, where FPG is fasting
plasmaglucose (expressed in mg/dl) and FPI isfasting plasma
insulin (expressed as pu/ml).

Statistical Analysis

The vaues are quoted as meanzstandard error of the mean.
The effect of the diet (D), Rubus extract supplement (R) and
interaction (D X R) weretested using two-way ANOVA. Con-
trast between means was assessed by the Bonferroni correc-
tion. Student’s t-test was performed for comparisons between
sexes. The statistical analyseswere performed with SPSS 20.0
for Windows (SPSS, Chicago, I1.).

Results and Discussion

During the 80 days of the study the energy intake was higher
inratsfed the cafeteriadiet (CD) than in those fed the standard
diet (SD), but there was no difference in food intake between
rats that received the Rubus extract supplement in their diet
and thosethat did not (datanot shown). At the end of the study
(day 80) maleand femaleratsthat fed on the CD had increased
body, liver and fat pad weights compared to those given the
standard diet (SD) (Table 2). Supplementing diets with Rubus
extract did not modify these variablesin males on the cafeteria
diet (CD+R) whereas in those given SD+R liver weight was
lower. In female rats on the cafeteria diet, the Rubus supple-
ment (CD+R) did not modify these variables except for a
small decrease in inguinal adipose tissue, whereas in the fe-
malesfed SD+R it decreased body and liver weightswithout a
significant change in any of the fat pads studied (Table 2).
Table 3 shows that in male rats on the CD there was no
differencein plasmaconcentrations of glucose and cholesterol

Tablel Composition of thediets

Composition (¢/100 g)  Diet
Standard (SD)  Standard plusRubus ~ Cafeteria(CD)  Cafeteria plus Rubus
(SD+R) (CD+R)

Pellets 58 58 19 19
Condensed milk 35 35
Sucrose 7 7
Muffins 6
Croissants 6 6
Powdered milk 15 15

. Butter 8 8

From Harlan, Globa Diet 2014,
) ' A 2 2

Madison, MI. ® The amount of o b

Rubus extract added to 100 g of Rubus extract 4 4

diet corresponded to 217 mg Water 40 36 4

anthocyanins and 12.3 mg Célories(kcal) 108 108 403 403

flavonoid
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Table2 Body, liver and adipose tissue (AT) of rats that were fed standard diet, standard diet supplemented with Rubus extract, cafeteria diet or

cafeteria diet supplemented with Rubus extract for 80 days

Standard diet (SD) Cafeteria diet (CD) ANOVA (p-values)
No-Rubus Rubus No-Rubus Rubus D R DxR
(SD) (SD+R) (CD) (CD+R)
Maes
body weight (g) 483+17 489+7 580+29* 562+17* 0.000 0.749 0532
liver (g) 14.3+04 11.2+0.3* 17.5¢1.6* 18.2+0.9* 0.000 0211 0.063
Adipose tissue
lumbar (g) 29404 42405 11.8+2.2* 8.9+1.1* 0.000 0562 0.116
inguinal (g) 2.8+03 29+03 8.8+16* 8.1+1.1* 0.000 0.752 0.703
mesenteric (q) 1.7+0.3 3.4+05 6.9+1.4* 55+05 0.000 0.846 0.053
epididymal (g) 21+0.1 34+03 5.2+0.8* 43403 0.000 0.675 0.022
adiposity index(%6) 2.1+02 3.1+02 5.8+0.7 5.1+0.4* 0.000 0.737 0.064
Females
body weight (g) 338+8° 204+7% 379+10°° 381+17*¢ 0.000 0.062 0.043
liver (g) 8.8+0.3° 6.1£0.1% 10.0£0.3° 9.7405° 0.000 0.000 0.001
Adipose tissue
lumbar (g) 3.0+03 22+03° 6.1+0.6*2 6.2+0.6? 0.000 0.451 0.297
inguinal (g) 2.6+0.4 15+0.2° 5.9+0.9* 39+0.8%P 0.000 0.018 0.454
mesenteric (q) 1.9+0.2 1.3+0.2° 33+047° 2.8+04°° 0.000 0.088 0.796
adiposity index(%6) 32+0.3° 29+04 5.9+05 5.4+04" 0.000 0.360 0.861

Mean+SEM of 10 animals per group. Significant differences were tested by two-way ANOVA (p<0.05): *, SD vs. CD; #, No-Rubus vs. Rubus; D, diet
effect; R, Rubus effect; D X R, diet and Rubus interaction. Comparisons between females and males by the Student’s t test are shown by superscript

letters: a p<0.05; b, p<0.01; ¢, p<0.001

compared to those on the SD, but plasma concentrations of 3-
hydroxybutyrate, NEFA, glycerol, TAG and insulin were all
higher than in the male rats fed the SD. In mae rats fed the
CD+R, the supplement did not modify plasma concentrations
of glucose, insulin, cholesterol, glycerol and TAG, but de-
creased 3-hydroxybutyrate; in those on the standard diet the
supplement (SD+R) significantly increased plasmaconcentra-
tions of NEFA, glycerol, and 3-hydroxybutyrate, and it de-
creased the concentrations of glucose without modifying the
concentration of insulin. In fact, when the two later variables
were used to caculate the HOMA vaue (Fig. 1), it was much
higher in male rats on the CD than those on the SD; further-
more, whereas the Rubus supplement did not modify the
HOMA vdue in mae rats on CD+R, it decreased the vdue
in the male rats on the SD+R. In female rats, plasma concen-
trations of glucose, cholesterol, TAG, NEFA and 3-
hydroxybutyrate did not differ between the two diets whereas
plasmaglycerol and insulin concentrations were higher on the
CD (Table 3). In femde rats on the CD the addition of the
supplement (CD+R) did not modify plasma cholesterol, glu-
cosg, glycerol, TAG or 3-hydroxybutyrate concentrations. In
contrast, in female rats on the SD, addition of the supplement
(SD+R) did not modify plasma cholesterol and TAG concen-
trations but did increase NEFA, glycerol and 3-
hydroxybutyrate concentrations and decrease both glucose

and insulin. Again, the calculated HOMA value was higher
in females on CD than on SD with no effect attributable to the
Rubus supplement (CD+R), but it waslower in the femaerats
on the SD+R than in those on the unsupplemented SD (Fig. 1).

The findings we report here show for the first time that
dietary supplements of Rubus extract given to rats on a stan-
dard diet increased adipose tissue lipolytic activity and de-
creased both glycemia and insulinemia to values that clearly
indicate increased insulin senstivity reflected in their lower
HOMA vaues. Moreover, these changes appeared greater in
femaethanin maerats. The responseto dietary Rubus extract
supplement was not evident when rats were given a cafeteria
diet, which was hypercaloric and resulted in increased body
weight and adipose tissue depot weights.

The decrease in plasma glucose levelsin rats fed the stan-
dard diet supplemented with Rubus extract is consistent with
the increased insulin sengitivity found in these animals and
agrees with the reported anti-hyperglycemic effect of black-
berry extract in diabetic rats [6]. However, to our knowledge,
the current study is the first one to report a hypoglycemic
effect of blackberry extract in hedlthy animals. On the basis
of the reduced HOMA values found in these animals, it could
be proposed that the hypoglycemic effect of the Rubus extract
in the rats fed the SD is related to the increased insulin sensi-
tivity in these animals, although the actual mechanism
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Table3 Concentrations of glucose, insulin and lipid componentsin plasmaof ratsthat were fed standard diet, standard diet supplemented with Rubus
extract, cafeteriadiet or cafeteria diet supplemented with Rubus extract for 80 days

Standard diet (SD) Cdfeteriadiet (CD) ANOVA (p-values)
No-Rubus (SD)  Rubus(SD+R)  No-Rubus(CD) Rubus(CD+R) D R DxR
Males
Plasma
glucose (mg/dL) 137+4 97+5# 141+4 141+6* 0.000 0.000 0.000
insulin (ug/L) 0.9+0.1 0.3+0.0 2.9+0.7* 2.4+04* 0.000 0186 0.921
non esterified fatty acids (NEFA, uM) 342+33 686+43# 508+42* 414+21* 0.147 0.001 0.000
glycerol (uM) 158+12 218+ 16# 226+12* 196+12 0.089 0261 0.001
3-hydroxybutyrate (M) 371449 3577+153# 857+149* 502+ 74#* 0.000 0.000 0.000
cholesterol (mg/dL) 84+4 7414 7916 754 0.638 0128 0.000
Triacylglycerols (mg/dL) 85+7 67+5 130+18* 141+13 0000 0747 0213
Liver
total lipids (mg/g) 9 59.5+2.5# 61.7+3.1* 73.4+11.0 0005 0012 0528
triaclyglycerols(mg/g) 5.5+0.6 16.1+1.9# 25.4+2.8* 29.3+5.3* 0.000 0036 0.329
Females
Plasma
glucose (mg/dL) 13442 101+8# 144+2 14542+ 0.000 0001 0.000
insulin (ug/ L) 1.1+0.2 0.3+0.0# 1.9+0.2% 1.8+0.3* 0.000 0.021 0.090
non esterified fatty acids (NEFA, uM)  474+34% 1050+624° 542+44 414+21* 0.000 0.000 0.000
glycerol (uM) 164+11 332+30#° 248+25* 288422 0395 0.000 0.009
3-hydroxybutyrate (uM) 517+59 2343+ 171#° 850+93 686+110* 0.000 0.000 0.000
cholesterol (mg/dL) 81+3 84+7 734 775 0.144 0546 0.928
Triacylglycerols (mg/dL) 66+4.0°7 7445 76+7° 91+13° 0109 0171 0646
Liver
total lipids(mg/g) 49.6+£2.9 65.9+2.7# 54.8+2.8 54.2+3.0 0267 0.010 0.006
triacylglycerols(mg/g) 9.0+0.9 21.9+2.0# 19.9+2.0* 21.3+27 0.024 0002 0.011

Mean+SEM of 10 animals per group. Significant differences were tested by two-way ANOVA (p<0.05): *, SD vs. CD; #, No-Rubus vs. Rubus; D, diet
effect; R, Rubus effect; D x R, diet and Rubus interaction. Comparisons between females and males by the Student’s t-test are shown by superscript

letters: a, p<0.05; b, p<0.01; ¢, p<0.001

6
*
*
T
Meles

Ea sb E3 sD+R EH CD [ CD+R

Fig. 1 Thehomeostasis model assessment of insulin resistance (HOMA)
of male and female rats that were fed standard diet (SD), standard diet
supplemented with Rubus extract (SD+R), cafeteriadiet (CD) or cafeteria
diet supplemented with Rubus extract (CD+R) for 80 days, when they
were sacrifies by deacpitation after a3 h fast. Mean + standard error of 10
rats per group. Statistical comparisons with ANOVA (p<0.05): *, SD vs.
CD; #, SD+R vs. SD; +, Student’s t-test SD vs. SD+R p<0.05

@ Springer

involved needs additional investigation. In fact, the hypogly-
cemic and increase in insulin sensitivity effects of the Rubus
extract completely disappeared when rats were fed the CD,
which by itsdf had an intense insulin resistant effect.

The purported health benefits of berries have been attribut-
ed to their bioactive phenolic compounds, such as anthocya-
nins [17, 18], but the bioavailability of blackberry anthocya
nins has been found to be very low in rats[19]. It is therefore
proposed that higher doses of Rubus extract would be neces-
sary in rats to decrease the insulin resistance caused by the
cafeteriadiet. In fact, preparations different to those used here
but containing higher doses of anthocyanins reduced insulin
resistance [20] or had anti-diabetic effects in obese rats [21].

The increased lipolytic activity of adipose tissue in rats
treated with the Rubus extract given the SD is shown by the
increased plasma concentrations of the two products of lipol-
ysis, NEFA and glycerol, the main fate of which is the liver.
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As also shown in Table 3, male rats on CD had higher liver
concentrations of total lipids and of TAG compared to male
rats on SD. While the Rubus extract supplement did not result
in any measured differencesin the livers of males on the CD+
R compared to unsupplemented CD, there were distinct
changes resulting from supplementation of the SD: male
SD+R rats had higher vaues for liver tota lipids and TAG
concentrations. Rubus extract supplements did not modify any
of the studied variablesin the livers of femde rats given CD+
R (compared to CD). However, in female rats given the stan-
dard diet, the supplement (SD+R) increased liver tota lipid
and TAG concentrations and despite these changes, the con-
centrations of cholesterol in liver showed no differences
among the studied groups (data not shown).

Featty acids reaching the liver are converted into their acyl-
CoA form to be either re-esterified for the synthesis of TAG
and phospholipids or to enter the mitochondria for 3-oxida
tion. The results here suggest that both routes were active in
the rats on the supplemented standard diet. The re-
esterification route is supported by the increased lipid and
TAG concentrationsfound in thelivers, whileliver cholesterol
concentrations remained unchanged. Increased liver synthesis
of TAG usudly results in an increase in its re-export to the
blood as very low-density lipoprotein (VLDL). Based on the
lack of an increase in plasma TAG, this process does not
appear to have occurred. This could be because a more
prolonged treatment time is required to detect such an effect
or that the clearance of TAG-rich lipoproteinsisalso increased
in these animals. Further investigation is required to resolve
this question. The second destination of NEFA reaching the
liver is the mitochondria where they are oxidized, and the
enormous increase in plasma concentrations of the ketone
body, 3-hydroxybutyrate, found in rats of both sexes on the
supplemented standard diet is indicative of greatly increased
[3-oxidation. Taken with the increased lipolytic activity, this
finding is consistent with these animals (supplemented stan-
dard diet) being in a (relatively) catabolic state despite having
a normal caloric intake. In fact, the metabolic condition of
these animals mimics that seen under fasting conditions when
plasmaincreases in NEFA, glycerol and ketone bodies occur
alongside decreased glucose and insulin concentrations and
increased liver TAG [22].

Differences in the responses to the Rubus extract supple-
ment by the two sexes deserve some comment, the effect
being decreased body and liver weights and increased lipolyt-
ic response in females compared to males. Different influ-
ences of sex hormones on adipose tissue metabolism have
been clearly defined [23-25]. Furthermore, different re-
sponses to dietary agents by the sexes in terms of adiposity
and lipid handling have previoudy been reported [26], and we
have aso previously found a sex-dependent nutritional pro-
gramming effect on neonates caused by fish oil intake during
pregnancy [27]. It follows that the sengitivity of each sex to

any nutritional factor varies according to the nature of the
intervention and additiona investigation is required to deter-
mine the precise mechanism involved in such a differentia
response.

In conclusion, dietary supplement with Rubus extract in
rats given a standard diet decreased plasma glucose and in-
creased insulin sengitivity, and also increased adipose tissue
lipalysis, as shown by higher concentrations of plasma glyc-
erol and NEFA aswell asby amorerapid arrival of fatty acids
at the liver causing an incresse in liver TAG concentrations
and an increased concentration of 3-hydroxybutyrate in plas-
ma. This response is sex-dependent, being greater in females
than in males. However, the same supplementation in rats
given a cafeteria diet to cause substantia insulin resistance,
failed to produce the same effects.
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Abstract

Purpose The aim was to determine the effects of cafeteria
diet (CD) and fish oil supplements given to pregnant and
lactating rats on the birth weight and fatty acid profiles of
their offspring.

Methods Female rats were given standard diet (STD) or
CD for 22 days before pregnancy. After mating, some ani-
mals remained on STD or CD; for some CD rats, the diet
was supplemented with 8.78 % fish oil (CD-FO). After
12 days, half the CD-FO group returned to CD (CD-FO12)
and the others remained on CD-FO.

Results At birth, body weights of pups of the three CD
groups were lower than STD, maintained until 21 days in
the CD-FO group only. At the end of lactation, dams of the
CD groups had increased plasma triacylglycerols (TAG),
non-esterified fatty acids, and glycerol concentrations,
whereas most n-6 long-chain polyunsaturated fatty acids
(LCPUFA) were decreased, the effect being greatest in the
CD-FO group, where most n-3 LCPUFA were increased
and indices of A% and A® desaturase activities decreased.
The 21-day-old pups of the CD group had increased plasma
TAG, not present in the CD-FO group, which had increased
3-hydroxybutyrate concentrations. In both 2- and 21-day-
old CD pups, plasma concentrations of ARA were lower
than STD, and even lower in the two CD-FO groups.
Conclusions The effect of CD and CD-FO decreasing
pups body weight could be related to decreased concentra-
tions of ARA, caused by the inhibition of the A% and A®
desaturases in the pathway of n-6 LCPUFA biosynthesis.
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Introduction

Obesity is a global public health problem that affects both
sexes at all ages. Women of reproductive age are particu-
larly at risk; obesity in pregnancy has several adverse con-
sequences. Women who are overweight or obese at concep-
tion are more likely to develop hypertension and diabetic or
thrombotic complications [1, 2] and have increased rates of
delivery complications, postpartum hemorrhage, and cesar-
ean section [1, 3, 4]. Fetal overgrowth is typical in pregnan-
cies of overweight and obese women [5-7], but an associa-
tion between obesity in pregnancy and intrauterine growth
restriction has been also reported [8, 9].

The influence of high-calorie-processed foods on
fetal development in experimental models remains to be
characterized [10]. A “cafeteria diet,” which is a highly
palatable and semi-purified diet containing high fat and
sugars, has been used in rodents to study the effects of
maternal obesity and its consequences for the offspring
[11, 12]. Previous studies using this diet during preg-
nancy in rats have shown that it consistently causes an
increase in both maternal body weight and fat depots in
offspring, but that the body weight of the offspring at
birth and at weaning [13, 14] either decreases or remains
unaffected [11, 15].

Altering the fat composition of the diet of a pregnant
or suckling mother could affect the availability of certain
fatty acids to the fetus or to the suckled newborn. The pos-
sibility exists therefore that the amount of essential fatty
acid reaching the fetus or the newborn could be reduced,
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Fig. 1 Experimenid design
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resulting in a compromised growth patemn. On the cther
hand, fish dil is rich in n-3 long-chan pdyunsauraed
faty acids (LCPUFA) such asei cosapentaenoi ¢ acid (BPA,
20:5n-3) and docosahexaenoic acid (DHA, 226n-3), and
these faty acids appear to be important for noma neu-
rond [16] and visud function [17]. Depletion of ditary
DHA is associded with adverse neurdogicd outcomes
in animas [18], and it has been suggested that increas-
ing the consumption of fish il could prevent certain dis-
eases [19, 20]. These considerations and the fact that fish
oil supplementation during pregnancy increases fetd n-3
LCPUFA content [21-23] have prompted the advice tha
women should supplement their diets with fish oil during
pregnancy and lactation [24-26]. However, in both women
[27-29] and rats [30], it has been shown that n-3 LCPUFA
supplementation is associaled with low arachidonic acid
(ARA, 20:4n-6) slalus, worrying because it has been pro-
posed tha ARA during early life has a growth-promoting
effect [31, 32].

The main objective of the current study wasto use the
cdieteria diet during pregnancy and lactaion to deter-
mine the potential associdion between the dtered faity
acid galus it causes [33] and decreased body weight in
newbon ras This approach was extended by supple-
menting the cafeteria diet with fish oil during either the
first 12 days of their 21.5-day pregnancy or throughout
pregnancy and lactaion. The results show tha the caf-
eleria diet caused a dedine in the plasma concentraions
of ARA in newborn and weaning pups, an effect which
was exaggerded by the indusion of fish ail in the diets,
and that such changes may be associaled with their lower
body weights.

13

Materials and methods
Animalsand diets

Femd e Sprague-Dawley ras aged 40-45 days and weigh-
ing 165175 g were obtained from the animd quarters of
University San Pablo CEU, Madrid, Spa n. The experimen-
td pratocol wasapproved by theAnima Research Commit-
tee of the University San Pablo CEU (reference 220113).
The ras were initidly fed a standard pdiet diet (Halan
Globd Diet 2014, Madison, WI) and mantained in shared
cages (5 per cage) under contralled conditions (22 + 2 °C,
55+ 10% rdadivehumidity and 12-hourly cyding of light
ad dark) for 5 days The study design is shown in Fig. 1.
Rats were randomly assigned to one of two dietary treal-
ment groups the dandard diet group (STD) and the caf-
eleria diet group (CD). After 22 days on their respective
diet, rats were mated with maes fed the standard diet, and
the day spermaozoa first appeared in vagind smears was
conddered day O of pregnancy. At thistime, pregnant ras
were placed in individud cages, and the CD group was
aibdivided into two subgroups one subgroup was man-
tained on its arigind (CD) diet, and the diet of the ather
aubgroup was supplemented with 878 % of fish dil (the
CD-FO group). On the 12th day of pregnancy, tal blood
from dl the ras was cdlected in Na,EHDTA and plasma-
separated by centrifugation a 1900x g for 30 min a 4 °C
and stored & — 80 °C until andyds At thistime, hdf of the
group on the diet supplemented with fish oil was returned
to the cafeteria diet without the fish oil supplement (CD-
FO12 group), and the ather hdf was maintained on the fish
oil-supplemented diet for the remainder of pregnancy and
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Table 1 Composition of the Diets

Diet
Standard (STD) Cafeteria (CD) Cafeteria plus Fish Oil (CD-FO)
Components (g/100 g)
Pellets® 100 25.2 252
Condensed milk (Nestlé, Barcelona) - 11.0 11.0
Sucrose (Azucarera, Madrid) - 17.2 17.2
Muffins (Panrico SA, Barcelona) - 6.58 6.58
Croissants (Bimbo, Barcelona) - 6.58 6.58
Powdered milk (Central Lechera Asturiana, Asturias) - 24.7 24.7
Lard (El Pozo, Murcia) - 8.78 -
Fish oil (Fagron Iberica, Barcelona) - - 8.78
Composition (g/100 g)
Water content 8.67 114 10.6
Fat content 3.90 17.1 16.9
Total fiber 15.1 3.38 3.10
Protein content 14.4 10.6 11.2
Ashes 3.79 247 2.70
Caloric content® (kJ/100 g) 1339 1863 1863
Energy derived from fat (%) 11.5 36.9 35.8
Energy derived from protein (%) 18.9 8.63 10.6
Energy derived from carbohydrates (%) 69.6 54.5 53.6
% From Harlan, Global Diet 2014, Madison, MI
® According to manufacturers
Table 2, Eatty ‘acid (FA) . Fatty acids (umol/g) Diet
composition of the experimental
diets Standard (STD) Cafeteria (CD) Cafeteria plus Fish Oil (CD-FO)
MA, 14:0 N.D.A 40.7 + 1.238 49.4 +1.6°
PAM, 16:0 282 + 1.6 185 +26° 151 + 3B
STA, 18:0 3.62 £0.134 735+238 36.8 + 1.0¢
PAO, 16:1n-7 0.611 £ 0.0424 15.1 £ 048 31.8 £ 0.6°
OLA, 18:1n-9 334 +£1.3 232 +6° 156 & 2¢
LNA, 18:2n-6 833 +£3.14 779 £0.74 63.4 +£2.28
DGLA, 20:3n-6 N.D. N.D. N.D.
GLA, 18:3n-6 NDA N.DA 0.69 £ 0.03®
ARA, 20:4n-6 N.D.A 0.835 & 0.024% 1.58 + 0.06°
DPAn-6, 22:5n-6 N.D.A N.DA 0.543 £ 0.008®
ALA, 18:3n-3 5.67 +£0.22% 6.35 £ 0.07° 7.49 £+ 0.18¢
EPA, 20:5n-3 N.DA 0.712 £ 0.0408 20.2 +0.3¢
DPAn-3, 22:5n-3 N.DA N.DA 3.32 £0.08"
DHA, 22:6n-3 N.D.A N.D.A 22.5+£0.28

Values correspond to mean of triplicate samples & SEM. Statistical comparisons between the diets are
shown by upper-case superscript letters (different letters indicate P < 0.05)

during lactation (CD-FO). The diets were prepared as a
homogeneous paste by mechanically blending the compo-
nents shown in Table 1. Table 1 also shows the gross com-
position of the diets, with the CD diets containing more

water and less protein, fiber, and ash, but having higher
fat and energetic contents. The fatty acid composition of
the diets shows (Table 2) that the CD diets contain more
fatty acids than the STD diet, with the greatest difference
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corresponding to changes in the amounts of saturated and
monounsaturated fatty acids. The CD-FO diet has higher
amounts of MA, PAO, GLA, ARA, DPA, ALA, EPA, DPA
and DHA but less LNA than the others. The diets were
stored at —20 °C until use. Rats had free access to the
assigned diet and tap water. On day 2 after delivery, litters
were reduced to eight pups per dam; the extra pups were
decapitated, and trunk blood from the neck wound was col-
lected into ice-chilled receptacles containing Na,EDTA.
Milk yield was estimated from pups’ weight and weight
gain on day 15-16 of lactation as previously described [34].
At weaning (day 21 of age), dams and pups were decapi-
tated under CO, anesthesia, and trunk blood from the neck
wound was collected into ice-chilled receptacles containing
Na,EDTA. Dams’ livers and lumbar fat pads were rapidly
dissected and placed into liquid nitrogen for weighing and
kept at —80 °C until analysis. Plasma from dams and pups
was separated by centrifugation at 1500x g for 30 min at
4 °C and stored at —80 °C until analysis.

Analytical methods

Plasma triacylglycerols (TAG), glycerol (Spinreact Reac-
tives, Spain), and non-esterified fatty acids (FFA) (Wako
Chemicals, Germany) were determined enzymatically using
commercial kits. Plasma 3-hydroxybutyrate was also meas-
ured [35]. Aliquots of diets were used for the gravimetric
analysis of lipids after lipid extraction and purification [36],
proteins, water, and ash by following the official methods
of AOAC International (method 995.04 for proteins, 934.01
for water, 991.42 for fiber, and 942.05 for ash) [36].

For the quantitative analysis of the fatty acids profile,
nonadecenoic acid (19:1n-9) (Sigma Chemical Co.) was
added as the internal standard to fresh aliquots of each diet,
frozen liver, frozen adipose tissue, and plasma that were
used for lipid extraction and purification [37]. The final
lipid extract was evaporated to dryness under vacuum and
the residue suspended in methanol-toluene and subjected
to methanolysis in the presence of acetyl chloride at 80 °C
for 2.5 h as previously described [38]. Fatty acid methyl
esters were separated and quantified on a Perkin-Elmer
gas chromatograph (Autosystem) with a flame ionization
detector and a 30-m Omegawax capillary column (internal
diameter 0.25 mm). Nitrogen was used as carrier gas, and
the fatty acid methyl esters were compared with purified
standards (Sigma Chemical Co.). Quantification of the fatty
acids in the sample was performed as a function of the cor-
responding peak areas relative to the internal standard.

Statistical analysis

Results are expressed as mean =+ standard error. Statistical
analysis was carried out using GraphPad Prism version 5.0

@ Springer

for Windows (GraphPad Software, San Diego, CA). One-
way analysis of variance (ANOVA) was used to compare
the changes due to the different diets. When treatment
effects were significantly different (P < 0.05), values were
analyzed by the Newman—-Keuls test. Correlations were
carried out by the Pearson test.

Results
Animal measurements

As shown in Table 3, during the pre-gestational period,
the daily dietary energy intake was higher in CD than
STD rats. During pregnancy (at day 10 of gestation) the
dietary energy intake was also higher in CD than in STD
rats, but the difference disappeared in the fish oil groups
(CD-FO12 and CD-FO). During lactation (at day 16 of
postpartum), there was an increase in the daily energy
intake in all the groups, with no significant differences
between the groups.

Table 4 shows the changes in body weight throughout
the experiment. At the onset of the experiment, there was
no difference between the groups. Rats given the cafete-
ria diet (all three CD groups) for 22 days before gestation
showed a higher body weight than those fed the standard
diet (STD group). However, at day 12 of pregnancy or at
day 21 postpartum, this difference disappeared regard-
less of whether or how long their diets were supplemented
with fish oil. The weight of lumbar adipose tissue at this
later time was higher in rats of the CD group than those
of the STD group; fish oil supplementation during the first
12 days of pregnancy (CD-FO12) did not modity this find-
ing in the CD rats, but supplementation for the whole of
pregnancy and lactation (CD-FO) removed the difference,
and the group was not statistically different from the STD

Table 3 Average daily maternal intakes of diet during the pre-gesta-
tional (12 days before the start of gestation), gestational (day 10 of
gestation) and lactational periods (day 16 of lactation)

Food intake ~ STD CcD CD-FO12  CD-FO
(kJ/day)

Pre-gestation 227 442 3344 8B _ -

n 6 19 - -
Gestation 302+ 14 398 4 118° 3364 124 330 4 8™
n 6 8 5 6

Lactation 733+ 72° 828 £48° 678+ 112° 841 & 109°
n 6 8 5 5

Values correspond to mean £ SEM. Statistical comparisons between
the groups are shown by upper-case superscript letters, and between
different periods within the same group by lower-case superscript let-
ters (different letters indicate P < 0.05)
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Table 4 Body weight at different time points of the experiment, lumbar and perirenal adipose tissue weights of dams at day 21 of lactation,
number and weight of pups and milk yield

STD CD CD-FO12 CD-FO n

Body weight

Day 0 of experiment 172+ 2 177+£3 178 £ 3 176 £ 2 5-8

Day 22 of pre-gestation 223 £ 24 246 + 58 242 + 38 243 + 58 5-8

Day 12 of pregnancy 284 £5 2927 308.4 6.3 3042+74 5-8

Day 21 of postpartum 281+8 262+ 7 292 £ 10 266 £ 7 5-8
Lumbar adipose tissue weight (day 21 of postpartum) 0.793 + 0.079* 1.83+0.31° 2.12 +£0.528 1.64+0.19"% 5.8
Perirenal adipose tissue weight (day 21 of postpartum) 1.08 £0.22 1.49 £0.25 2.18 £0.57 127 £0.24 5-8
Number of pups born per dam 115+£13 134+£04 133+£1.2 127£15 5-8
Pups body weight at birth 6.92 +£0.17% 6.17 £ 0.20° 5.78 £ 0.178 5.87 £0.198 32-45
Pups body weight (21 days old) 49.7 £ 0.9% 482 + 1.0 44.0 £ 1.8%8 43.1+1.28 18-31
Milk yield at 15-16 days of lactation 42240.24 4.594+0.28 3.28 £0.82 4.0040.48 5-8

Values correspond to mean = SEM (n = 5-8 dams). Statistical comparisons between the groups are shown by upper-case superscript letters (dif-

ferent letters indicate P < 0.05)

group. The weight of perirenal adipose tissue follows a
comparable trend among the groups as lumbar adipose
tissue although their differences were not statistically
different.

There was no difference in the number of pups born to
any group, but the body weights of pups at birth was lower
in those of CD, CD-FO12, and CD-FO compared to those
of the STD group. By the time of weaning (day 21 of age),
body weight values in pups of the CD or the CD-FO12
groups no longer differed from those of the STD group,
whereas body weight in those of the CD-FO remained
lower than those of both the STD and CD groups. Milk
yield, measured at day 15-16 of lactation, did not differ
between the groups.

Metabolic variables in dams at the end of lactation

As shown in Table 5, at the end of lactation (day 21 post-
partum), plasma concentrations of TAG, FFA, and glycerol
in rats of the CD group were higher than in those of the
STD group. Values for TAG and glycerol were also higher
than STD in the CD-FO12 and CD-FO groups, but FFA
values for the CD-FO12 group were different from neither
the STD nor the CD group.

At the same time the plasma fatty acid profile in the
dams was determined, and the results are summarized in
Table 5. For the saturated and monounsaturated fatty acids,
only myristic acid (MA, 14:0), which was higher in the CD,
CD-FO, and CD-FO12 groups than in the STD group, and
oleic acid (OLA, 18:1n-9), which was higher in the same
three groups but not significantly so in the CD-FO group,
showed any differences. Values for palmitic (PAM, 16:0),
stearic (STA, 18:0), or palmitoleic (PAO, 16:1n-7) acids
showed no differences.

There were no differences in the plasma concentra-
tions of any of the n-6 PUFA between either the CD or
the CD-FO12 groups and the STD group. However, in the
CD-FO group, compared to the three other groups, lower
concentrations of y-linolenic (GLN, 18:3n-6), dihomo-y-
linolenic (DGLA, 20:3n-6), arachidonic (ARA, 20:4n-6),
and n-6 docosapentaenoic (DPAn-6, 22:5n-6) acids were
observed.

Concentrations of the n-3 PUFA in plasma showed no
difference among the groups for a-linoleic acid (ALA), but
values of EPA and DHA in the CD-FO group were higher
than in any of the other groups. Values of n-3 docosapenta-
noic acid (DPAn-3, 22:5n-3) were higher in the CD-FO12
than in the STD group, and those of DHA (22:6n-3) were
higher in the CD-FO12 and CD-FO groups than in either
CD or STD groups, which had similar values.

To understand some of the observed changes, the prod-
uct/precursor ratios, which can give estimates of elon-
gase-5 and A3, AS, and A° desaturase activities, were
calculated. These results are also shown in Table 5. When
compared to values in the STD group, the index for the n-6
A’ desaturase (ARA 20:4n-6/DGLA 20:3n-6) was lower
in plasma of the CD group, whether or not it was supple-
mented with FO. The index of n-6 A® desaturase (GLN,
18:3 n-6/LA, 18:2 n-6), however, was lower only in rats
of the CD-FO12 group. The index of A desaturase (OLA,
18:1 n-9/STA, 18:0) was higher in the CD-FO group than
in any of the others and the index of elongase (DGLA, 20:3
n-6/GLN, 18:3 n-6) was higher in the CD and CD-FO12
groups than in either STD or CD-FO. The liver represents
the main organ contributing to fatty acids metabolism.
Therefore, it was decided to determine the liver fatty acid
profile in the dams at the end of lactation (day 21), and the
values are shown in Table 6. The concentrations of both
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Table 5 Plasma concentrations
of triacylglycerols (TAG),
non-esterified fatty acids (FFA),
glycerol, and fatty acids in dams
at day 21 of postpartum

STD CD CD-FOI12 CD-FO
TAG (umol/L) 0.513 +0.051*  0.872 + 0.099® 0.998 +0.128%  0.879 + 0.0628
FFA (umol/L) 183 + 314 321 + 358 262 4 1248 304 + 308
Glycerol (umol/L) 150 - 294 266 + 218 303 + 528 377 + 408
Fatty acids (umol/L)
MA, 14:0 63.6 4+ 10.8% 210 + 228 196 + 238 315 + 30¢
PAM, 16:0 1515 + 83 2282 =+ 290 2384 + 165 2035 + 98
STA, 18:0 908 -+ 49 1353 4 207 1366 + 90 806 + 21
PAO, 16:1n-7 167 + 36 229 423 213+ 16 267 £ 18
OLA, 18:1n-9 1081 & 1054 1958 + 216° 2068 + 186° 1534 &+ 16248
LNA, 18:2n-6 1676 + 92 1683 + 253 1847 + 144 1294 + 31
DGLA, 20:3n-6 71.9 £7.24 97.9 + 17.64 101 £ 64 319+ 1.18
GLN, 18:3n-6 734 £4.54 67.4 + 52.0"B 52.0 £ 3.548 492 +6.38
ARA, 20:4n-6 1048 £ 674 944 + 1034 846 4+ 474 320 + 188
DPAn-6, 22:5n-6 49.1 +£5.0° 533+ 15.8% 19.8 + 5.0°B 6.04 & 4.165
ALA, 18:3n-3 29.54+9.8 229443 292487 308+75
EPA, 20:5n-3 34.7 £ 4.6* 45.0+£9.1* 78.9 +30.4% 724 + 318
DPAn-3, 22:5n-3 24.3 +7.0° 50.6 & 13.1B 87.3 &+ 6.98 44.9 4 17.5B
DHA, 22:6n-3 497 & 524 59.8 + 16.0" 128 £ 68 345 + 33
Product/precursor indices
A’ d ARA/DGLA 158 +£2.64 10.8 4+ 1.2B 8.39 +0.47° 10.0 + 0.4
A® d GLN/LNA 0.0483 £ 0.0040"  0.0400 =+ 0.0027*E  0.0280 = 0.0037% 0.0383 + 0.0040"E
A° d OLA/STA 1.19 £ 0.09* 1.51 £ 0.08* 1.51 £0.08* 1.90 £ 0.19%
Elongase DGLA/GLN  0.909 + 0.0874 1.43 £0.128 1.98 £0.17¢ 0.749 4+ 0.1624

Rats were given either standard diet (STD), cafeteria diet during pre-gestation, gestation and lactation (CD)
cafeteria diet during pre-gestation, cafeteria diet supplemented with fish oil during the first 12 days of preg-
nancy and cafeteria diet during the remaining pregnancy and lactation (CD-FO12), or cafeteria diet during
pre-gestation and cafeteria diet supplemented with fish oil during pregnancy and lactation (CD-FO)

Values correspond to mean £ SEM (n = 5-8). Statistical comparisons between the groups are shown by

upper-case superscript letters (different letters indicate P < 0.05)

d Index of desaturase

MA and PAM, although not that of STA, were higher in
rats given the CD irrespective of whether they had received
the fish oil supplement. Of the monounsaturated fatty
acids, both palmitoleic (PAO, 16:1n-7) and OLA appeared
much higher in the three groups of CD than in the STD
group. Among the n-6 PUFA, it appears that the concentra-
tion of LNA was higher in rats of the CD-FO group than in
any of the others, whereas the concentration of ARA was
highest in the STD group and became progressively lower
in rats of the CD, CD-FO12, and CD-FO groups. All the
n-3 PUFA that were analyzed were higher in rats of the
CD-FO group than in any of the other groups, with no dif-
ferences between these other groups. The indices for A3
and A® desaturases were lower in the CD-FO group than in
any of the other groups although values for A5 desaturase
in the CD-FO group were not statistically different from
the CD-FO12 group. When compared to the STD group,
the index of the A® desaturase appeared higher in any of
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the CD groups, whereas the index of elongase showed the
opposite trend.

The fatty acid profile in adipose tissue could add addi-
tional information about the changes in the metabolic fate
of the different fatty acids. It can be seen in Table 7 that
the concentration of MA in adipose tissue of rats from
the CD, CD-FO12, and CD-FO was higher than from the
STD group as was STA in the CD and CD-FO12 groups
compared to the other two groups; no differences between
the groups was detected for the other saturated fatty acids.
OLA concentration was higher in the CD, CD-FO12, and
CD-FO groups than in the STD group, and all the n-6 fatty
acids appeared lower in the same three groups than in STD.
The n-3 fatty acids showed a more complicated pattern:
a-linolenic (ALA, 18:3n-3) was lower in CD, CD-FO12,
and CD-FO groups than in the STD one, EPA was high-
est in the CD-FO group and both DPAn-3 and DHA were
higher in both CD-FO12 and CD-FO groups than in either
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Table 6 Concentration of STD

) ntration CD CD-FO12 CD-FO
specific fatty acids in liver of
rats at day 21 of lactation that Fatty acids (umol/g)
were given either standard diet MA, 14:0 0.713 £ 0.026" 6.90 % 1.165 7.76 + 1.848 117 +£238
(STD), cafeteria diet during
pre-gestation, gestation and PAM, 16:0 203 £5.14 101 £+ 168 118 £ 258 128 + 238
lactation (CD), cafeteria diet STA, 18:0 2174+ 1.0 26.6 + 1.5 28.6 2.4 282422
during pre-gestation, cafeteria PAO, 16:1n-7 248 +0.314 142 +278 15.6 + 4.08 13.1+2.68
diet supplemented with fish ) A B B B
oil during the first 12 days of OLA, 18:1n-9 164 +0.8 90.1 + 14.1 109 + 26 99.6 & 20.1
pregnancy and cafeteria diet LNA, 18:2n-6 135+ 1.24 14.1 +0.6* 163+ 1.74 3224738
during the remaining pregnancy  DGLA, 20:3n-6 1.90 +0.194 1.64 +0.104 1.66 = 0.08" 0.886 = 0.135°
and lactation (CD-FO12), or GLN, 18:3n-6 075140092 0907 £ 0.129 1.04+0.18 0.851 + 0.140
cafeteria diet during pre- A B B c
gestation and cafeteria diCt ARA, 2024]‘[-6 159 + 09 13.2 + 07 1 16 + 06 467 + 032 :
supplemented with fish oil DPAn-6, 22:5n-6 2.00 4 0.174 1.26 +0.118 0.950 + 0.1025¢  0.605 & 0.116°
during pregnancy and lactation ALA, 18:3n-3 0.161 £0.0424  0.167£0.012% 0211 £ 0.055* 1.70 4+ 0.498
(CD-FO) EPA, 20:5n-3 0.424 + 0.070* 0.628 + 0.068* 0.712 4+ 0.073% 104 + 228
DPAn-3, 22:5n-3 0.827 £0.063*  0.628 + 0.038*  0.660 + 0.051* 9.02 4+ 2.618
DHA, 22:6n-3 2.56 4 0.20% 2.04 4+ 0.16% 3.10 +0.21* 19.2 4 3.58
Product/precursor indices
A’ d ARA/DGLA 8.76 + 1.11* 8.34 + 0.76" 7.03 £ 0.40%B 5.55 +0.398
A°® d GLN/LNA 0.0560 £ 0.0060*  0.0625 4 0.00774  0.0675 + 0.0118*  0.0283 + 0.0031"
A’ d OLA/STA 0.755 + 0.033* 3.26 + 0.408 3.65 4 0.68° 3.35 4 0.46°
Elongase DGLA/GLN ~ 2.84 & 0.224 1.85 + 0.08" 1.97 + 0.438 121 +0.148

Values correspond to mean = SEM (n = 5-8). Statistical comparisons between the groups are shown by
upper-case superscript letters (different letters indicate P < 0.05)

d Index of desaturase

STD or CD groups. In adipose tissue, when compared to
the STD group, the index for n-6 A’ desaturase was lower
in rats fed the CD diet with or without the FO supplement,
whereas the index for n-6 A® desaturase was higher in the
CD-FO12 group. The index of A° desaturase was higher
in the CD and CD-FO groups than in the STD group. No
differences among the groups were found for the elongase
index.

Plasma metabolites and fatty acid profile in offspring
plasma at day 2

Some of the pups were killed at day 2 after birth, and as
shown in Table 8, neither plasma TAG, FFA, glycerol
nor 3-hydroxybutyrate differed among the groups. Their
plasma fatty acid profile was also analyzed, as also shown
in Table 8. With the exception of MA, there were no
observed differences in the saturated fatty acids. The mono-
unsaturated fatty acids both showed differences with PAO
higher in the CD-FO group than in the other three groups
and OLA higher in the CD group than in the STD group
only. Two of the n-6 PUFA (ARA and DPAn-6) were lower
in CD pups than in STD, and they were even lower in the
CD-FO12 and CD-FO groups. Both of the major n-3 LCP-
UFA present in fish oil (EPA and DHA) were progressively
higher in pups of the CD-FO12 and CD-FO groups than in

either the STD or CD groups. There were no differences
among the four groups in the index for n-6 A°® desatu-
rase, but the index for A’ desaturase was lower in the CD,
CD-FO12, and CD-FO groups than in the STD, the great-
est difference appearing in the CD-FO group. The indices
of both A® desaturase and elongase were higher in the CD
groups, with or without fish oil supplementation, than in
the STD group.

Plasma metabolites and fatty acid profile in offspring
plasma at weaning

Similar variables were measured in the remaining pups at
the time of weaning (21 days old) and are shown in Table 9.
Plasma TAG, FFA, glycerol, and 3-hydroxybutyrate were
higher in the CD group than in the STD one. In the fish oil-
supplemented groups, both TAG and glycerol concentra-
tions decreased (relative to unsupplemented CD) to values
that were not different to those of the STD group, but both
FFA and 3-hydroxybutyrate remained significantly higher
than in the STD group.

The plasma fatty acid profile showed that PAM, STA,
PAO, and OLA (but not MA) were higher in the CD group
than in the STD group, although some of these differences
disappeared in pups of the fish oil-supplemented groups
(see Table 9).
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Table 7 Concentration of specific fatty acids in lumbar adipose tis-
sue of rats at day 21 of lactation that were given either standard diet
(STD), cafeteria diet during pre-gestation, gestation and lactation
(CD), cafeteria diet during pre-gestation, cafeteria diet supplemented

with fish oil during the first 12 days of pregnancy and cafeteria diet
during the remaining pregnancy and lactation (CD-FO12), or cafete-
ria diet during pre-gestation and cafeteria diet supplemented with fish
oil during pregnancy and lactation (CD-FO)

STD CcD CD-FO12 CD-FO
Fatty acids (umol/g)
MA, 14:0 54.6 +3.6% 112 £ 38 125 £9¢ 140 + 6
PAM, 16:0 815+ 65 853 + 21 850 =+ 58 860 =+ 37
STA, 18:0 128 + 94 159 + 58 159 4 28 141 + 47
PAO, 16:1n-7 146 + 19 12949 130 + 22 171+7
OLA, 18:1n-9 957 + 76" 1397 + 308 1301 + 458 1281 4 378
LNA, 18:2n-6 881 & 574 421+ 118 432+ 118 422 + 188
DGLA, 20:3n-6 4.60 £ 0.16* 3.02 +0.16° 3.01 £0.118 2.82+0.188
GLN, 18:3n-6 476 +0.32% 2.20 +0.508 2.53 +0.938 24240518
ARA, 20:4n-6 15.6 +1.94 6.30 + 0.468 5.71 +0.238 6.54 + 0.558
DPAn-6, 22:5n-6 6.93 £ 1.20* 233 +£0.578 1.68 + 0.568 1.60 + 0.56%
ALA, 18:3n-3 283 43.14 16.0 £ 0.98 194 +2.0° 212+ 188
EPA, 20:5n-3 2.00 +0.214 3.04 £0.224 4.90 & 1.14* 12.8 + 1.6°
DPAn-3, 22:5n-3 4.18 + 1.06"B 3.24 +0.554 6.33 +0.848 15.0 £ 1.6¢
DHA, 22:6n-3 3.29 +0.384 0.304 £ 0.1994 102+ 228 31.3+3.7°
Product/precursor indices
A’ d ARA/DGLA 3.39 4 0.394 2.10 +£0.128 1.91 +0.138 231 40.128
A® d GLN/LNA 0.00540 =+ 0.00030* 0.00694 =+ 0.0003148 0.00791 = 0.00128® 0.00692 = 0.0005548
A’ d OLA/STA 7.48 £0.174 8.86 + 0.36° 8.19 + 0.3048 9.06 + 0.33"
Elongase DGLA/GLN 0.99 £ 0.09 0.99 £ 0.07 0.96 +0.18 0.95 + 0.06

Values correspond to mean £ SEM (n = 5-8). Statistical comparisons between the groups are shown by upper-case superscript letters (different

letters indicate P < 0.05)
d Index of desaturase

Several changes in the concentrations of the n-6 PUFA
were observed: DGLA was lower in the CD-FO group
than in the other groups; GLN was higher in the CD
and CD-FO12 groups than in the others; both ARA and
DPAn-6 were lower in CD than in STD pups, and values
further decreased in the CD-FO12 group and even further
in the CD-FO group. An opposite trend was seen for the
n-3 LCPUFA where EPA, DPAn-3, and DHA were higher
in the CD-FO pups than in any of the other groups.

The indices of A3 desaturase progressively declined in
pups of the CD, CD-FO12, and CD-FO groups as com-
pared to those of the STD group, whereas the index for
A% desaturase was significantly lower only in the CD-FO
group than in any of the others. The index for A° desatu-
rase and the index for the elongase were higher in the three
CD groups as compared to the STD group.

Association of plasma PUFA concentrations and body
weights in pups

In order to study any potential correlation between plasma
PUFA concentrations and body weights of pups at 2 or
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21 days of age, regression analysis between pairs of vari-
ables was carried out. As shown in Table 10 it appears that
in 2-day-old pups, there was a significant linear correla-
tion between body weight and both LA and ARA, the lat-
ter being the most significant. At 21 days old, there were
significant linear correlations between body weight and (in
order of increasing statistical significance) LNA, ARA and
DPAn-6.

Discussion

The present study showed that newborns of rats given a
cafeteria diet from 22 days prior to pregnancy and through-
out pregnancy have lower body weights compared to those
from mothers on a standard control diet; this effect dis-
appeared when pups were studied at the time of weaning
even though the dams remained on the cafeteria diet dur-
ing lactation. We also tested the effects of a dietary sup-
plement with fish oil to the dams given the cafeteria diet,
but maintaining the same energy intake. We found that sup-
plementation did not affect the decreased newborns’ body
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Table 8 Concentration of

; STD CD CD-FO12 CD-FO

plasma triacylglycerols (TAG),

nﬁnl-emﬂflkg lflaléy aﬂf’s (FFA),  TAG (umol/L) 1.77 £0.29 1.81 £ 0.37 1.54 + 0.34 1.71 £0.26

cholesterol, S-hydroxybutyrate gy (umoliL) 731 £27 815 + 85 758 + 85 710 + 80

and specific fatty acids of

2-day-old pups of dams that Glycerol (umol/L) 490 + 44 559 £93 510+ 116 562 £73

were given either standard diet 3-Hydroxybutyrate (umol/L) 1883 + 313 2940 + 345 3229 + 425 2633 4 425

(STD), cafeter1a dlet. during Fatty acids (umol/L)

pre-gestation, gestation and ) A A A B

Jactation (CD). cafeteria diet MA, 14:0 793 +18.1 79.0 £ 13.6 57.1+15.9 140 + 11

during pre-gestation, cafeteria PAM, 16:0 2093 £ 103 2441 £ 255 2320 + 235 2603 £ 138

diet supplemented with fish STA, 18:0 797 £ 50 1071 £ 143 960 =+ 66 892 £ 70

oil during the first 12 days of PAO, 16:1n-7 183 + 16* 169 + 154 175 £ 274 288 4 348

pregnancy and cafeteria diet

during the remaining pregnancy OLA, 18:1n-9 1123 £ 118% 2273 £ 2878 1840 + 25548 1965 £ 11448

and lactation (CD-FO12), or LNA, 18:2n-6 1343 + 113 1111 £ 175 1097 + 89 1086 + 250

cafeteria dle(; d‘;mg szj DGLA, 20:30-6 912469 104 + 11 105 +7 105+ 6

gestatlon and cafeteria diet .

supplemented with fish oil GLN, 18:3n-6 75.6+7.9 543459 483+7.3 493+54

during pregnancy and lactation ARA, 20:4n-6 2411 + 827 2141 4+ 1978 1964 + 1238 1462 + 109¢

(CD-FO) DPAn-6, 22:5n-6 222 4 124 141 + 8B 21.8 +2.0¢ 16.6 & 2.5¢
ALA, 18:3n-3 259432 22.1+4.1 18.8 4 5.1 33.6+3.4
EPA, 20:5n-3 66.4 + 18.3* 79.5 +22.54 246 =+ 36° 654 4 103€
DPAn-3, 22:5n-3 116 + 94 109 + 144 216 + 128 334 4+ 18€
DHA, 22:6n-3 389 4 344 345 + 324 1011 + 328 1547 + 214¢

Product/precursor indices

A’ d ARA/DGLA 26.9 + 1.9 20.8 +0.98 18.9+0.78 14.0 +1.3€
A% d GLN/LNA 0.0561 +0.002  0.0526 4 0.0039  0.0430 + 0.0029  0.0711 % 0.0331
A’ d OLA/STA 1.44 +0.224 217 £0.148 1.89 +0.1848 2.2340.198
Elongase DGLA/GLN 1.35+£0.114 2.14 £0.148 2.52 £0.20° 2.47 +0.29°

Values correspond to mean = SEM (n = 6-9). Statistical comparisons between the groups are shown by
upper-case superscript letters (different letters indicate P < 0.05)

d Index of desaturase

weight on the CD, but that this effect was maintained until
weaning only when the supplementation of the maternal
diet was also maintained during that period. The decreased
body weight of the offspring could be related to decreased
plasma concentrations of ARA in the pups, which cor-
related to the pups’ body weights tested at days 2 and 21
postpartum. In fact, the decreased body weight in pups of
the CD-FO group was maintained until 41 days of age (data
not shown) despite their just being given the standard diet
from the time of weaning (day 21 of age).

Although in humans obese women are most likely
to give birth to macrosomic children [5, 39, 40], in rats
made obese by cafeteria or other high-fat diets, it has been
consistently reported that newborns have unchanged or
decreased body weight [14, 15, 41-43]. The reason for this
effect has not been so far adequately explained. One expla-
nation might be maternal protein intake. Despite increased
total energy intake, cafeteria-fed dams usually show a
decrease in their protein intake, which by itself could
reduce the offsprings’ birth weights [44, 45]. In the current
study, however, although the cafeteria diet had a lower pro-
tein content than the standard diet, the actual protein intake

was above the recommendations for growing and pregnant
animals [46].
Our attention was focused on the fatty acid status, and

we found for the first time a reduction in the ARA concen-
tration in liver and lumbar adipose tissue in dams given the
CD; this change was also found, and was even greater, in
the plasma of those dams given the cafeteria diet supple-
mented with fish oil (CD-FO). The decrease in ARA con-
centrations in the CD group and its further decrease in the
fish oil-supplemented group were also found in plasma
of pups, 2 and 21 days postpartum. Arachidonic acid (or
ARA) has been shown to be essential for fetal develop-
ment in humans [47, 48], being specifically involved in
fetal growth as shown by the significant linear correlation
coefficients previously observed between birth weight and
plasma ARA in preterm infants [31, 49].

The reasons for the decline in ARA levels in maternal
and pup plasma of the CD group is not clear because there
was more ARA in the CD than in the STD diets. Since this
fatty acid is quite low in both diets, a possible reason for
the decline in ARA concentrations could be a reduction in
the availability of LNA, the precursor for its endogenous
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Table 9 Concentrations of STD cD CD-FO12 CD-FO
plasma triacylglycerols (TAG),
ngﬂl-este”?e;' lflat;y aCIdbS (FFA),  TAG (umol/L) 1.19+£0.114 420+ 0.828 254 +£023%8 299 4+ 0.8748
C| st - tyrat
cholesterol, J-hydroxybutyrate FFA (umol/L) 256 + 214 612 + 69° 537 + 45° 520 + 728
and specific fatty acids of
21-day-old pups of dams that Glycerol (umol/L) 245 + 144 784 + 126" 506 + 75%° 648 £ 12748
were given either standard diet 3-Hydroxybutyrate (umol/L) 304 + 68* 563 + 41° 705 + 53° 611 +67°
(STD), ca‘teterla dlet- during Fatty acids (umol/L)
pre-gestation, gestation and )
Jactation (CD), cafeteria diet MA, 14:0 687 & 137 873 + 112 670 £ 75 710 £ 196
during pre-gestation, cafeteria PAM, 16:0 3888 + 3334 7399 4+ 796" 5708 + 42448 5340 4 79348
diet supplemented with fish STA, 18:0 1656 £ 106 2987 £ 244% 2599 + 199° 1773 £ 2214
oil during the first 12 days of PAO, 16:1n-7 160 + 324 538 4 768 226 & 784 588 & 1268
pregnancy and cafeteria diet
during the remaining pregnancy ~ OLA, 18:1n-9 1514 £ 544 7583 £ 12468 4504 £ 478" 3683 £ 768"
and lactation (CD-FO12), or LNA, 18:2n-6 3809 =+ 330 4469 + 336 3968 4 248 3248 + 421
cafeteria dle; du?“g szi DGLA, 20:3n-6 113 £ 104 957 £ 11.74 76.1 £ 12.24 24.6 + 4.98
gestanon and cafeteria diet . A B B A
supplemented with fish oil GLN, 18:3n-6 69.6 + 6.7 108 £ 6 121 +£9 ‘ 73.6 4+ 72
during pregnancy and lactation ARA, 20:4n-6 2059 4+ 296 2288 + 87° 1820 + 136¢ 772 + 42P
(CD-FO) DPAn-6, 22:5n-6 138 £9° 105 + 8B 350 + 3.2 182 +£22°
ALA, 18:3n-3 61.7+4.7 127 £ 19 858 £11.5 126 + 34
EPA, 20:5n-3 34.7 £3.6% 70.7 £ 6.8* 70.8 + 10.6* 1599 + 1918
DPAn-3, 22:5n-3 75.9 +£10.8* 81.8 +9.6* 77.6 £ 10.4* 344 4+ 788
DHA, 22:6n-3 523 4+ 2084 252 + 10 375 + 33" 1731 + 3638
Product/precursor indices
A’ d ARA/DGLA 43.0 £4.14 21.5+0.98 152 £ 1.5¢ 10.7 £ 0.6°
A% d GLN/LNA 0.0300 £ 0.00*  0.0214 £ 0.0026*  0.0200 + 0.0041*  0.0100 £ 0.00®
A’ d OLA/STA 091 £0.04* 24540248 1.71 £ 0.088 1.99 + 0.208
Elongase DGLA/GLN 0.68 + 0.04* 1.33 £0.148 1.89 + 0.29€ 271 +£0.17°

Values correspond to mean & SEM (n = 4-7). Statistical comparisons between the groups are shown by
upper-case superscript letters (different letters indicate P < 0.05)

d Index of desaturase

biosynthesis. However, the amount of LNA was similar
in the CD and STD diets and no differences were found
between these two groups in the plasma concentrations of
dams at day 21 of lactation or of pups at 2 or 21 days old.
The reason therefore could be a decreased capacity for the
synthesis of ARA at the level of the A’ and A® desaturases
as is suggested by the consistent decline in the A® desatu-
rase index ratio (ARA/DGLA) found here in the plasma
of CD dams at day 21 of lactation and in 2- and 21-day-
old pups of the same dams. One possible explanation for
the decreased A> desaturase activities in these CD animals
could be their higher concentrations of oleic acid, since
an inverse relationship between oleic acid and ARA at the
level of the A%/A® desaturases has been reported in healthy
human subjects [50], although its mechanism remains to be
established.

Pups of dams on the fish oil-supplemented cafeteria
diet during the first 12 days of pregnancy or throughout
pregnancy and lactation had even lower body weights
than pups from dams fed either the standard diet or just
the cafeteria diet, especially at day 21 of age. A similar
effect, together with a delay in neurodevelopment, had
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previously been seen in pups of dams given a fish oil-
supplemented standard diet throughout pregnancy and
lactation [30, 51]; the effect was explained by the low
concentrations of ARA [30] probably resulting from the
well-known effect of fish oil inhibiting the A and A®
desaturase activities [52, 53]. Decreased values of ARA
concentrations and of the ARA/DGLA ratio in the pres-
ence of increased concentrations of EPA and DHA were
consistently seen here in the groups that had received
fish oil supplements, which supports the hypothesis. It is
interesting to note that some of these changes have been
seen here in the dams’ adipose tissue at the end of the lac-
tation period; these changes were even evident in rats on
the cafeteria diet, supplemented with fish oil for only the
first 12 days of pregnancy, which corresponds to the ana-
bolic phase of the pregnant rat [54]. This finding together
with the increase in plasma DPAn-3 and DHA concentra-
tions in the same dams, as well as in plasma of the 2-day-
old pups, clearly agree with findings previously reported
in both pigs [55] and rats [56] showing the capacity of
adipose tissue to store dietary-derived fatty acids dur-
ing the first half of gestation, which are latterly (i.e., at
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Table 10 Linear correlations of body weight and specific plasma
polyunsaturated fatty acid concentrations in pups of dams that were
given either standard diet (STD), cafeteria diet during pre-gestation,
gestation and lactation (CD), cafeteria diet during pre-gestation, caf-
eteria diet supplemented with fish oil during the first 12 days of preg-
nancy and cafeteria diet during the remaining pregnancy and lactation
(CD-FO12), or cafeteria diet during pre-gestation and cafeteria diet
supplemented with fish oil during pregnancy and lactation (CD-FO)

Fatty acids n r P

Pups 2 days of age

LNA, 18:2n-6 24 0.543 0.0061
ARA, 20:4n-6 24 0.636 0.0008
DPAn-6, 22:5n6 24 0.334 0.1111
ALA, 18:3n-3 24 0.219 0.3033
EPA, 20:5n-3 23 0.003 0.9875
DHA, 22:6n-3 24 —0.111 0.6044
Pups 21 days of age

LNA, 18:2n-6 20 0.520 0.0187
ARA, 20:4n-6 20 0.615 0.0039
DPAn-6, 22:5n-6 20 0.685 0.0009
ALA, 18:3n-3 20 0.153 0.5188
EPA, 20:5n-3 20 —0.338 0.1453
DHA, 22:6n-3 20 —0.226 0.3381

late pregnancy and during early lactation) released into
plasma becoming available to the suckled neonates.

Some of the changes found in the plasma concentra-
tions of other lipid components deserve further comment.
It was seen here that plasma TAG, FFA, and glycerol lev-
els are higher at the end of lactation in rats on the cafete-
ria diet groups as compared to those of the standard diet.
This effect was expected on the basis of increased high-fat
dietary intake in the cafeteria-fed dams and is in agreement
with previous reports that found an increase in plasma TAG
concentrations in rats given cafeteria diets [57] although
not all reports agree [58, 59]. These different responses
may be the result of differences in the duration of treatment.
A hyperlipidemic condition was also seen here in the CD
pups at weaning. At the same time, they also showed that
the fish oil supplement had decreased the TAG and glyc-
erol concentrations while maintaining increased values for
both FFA and 3-hydroxybutyrate as seen in those from the
cafeteria diet. The plasma triacylglycerol-lowering effects
of fish oil supplements in rats is well known [60] and has
been associated with diminished fatty acid biosynthesis and
increased fatty acid oxidation and ketogenesis [61], which
fits with the maintained high levels of 3-hydroxybutyrate in
pups of the fish oil-supplemented cafeteria diet group at the
end of lactation seen here.

It has previously been reported that over-nutrition in
laboratory rats may affect milk production and composition

[62]; therefore, one cannot discard the possibility that
altered milk yield or composition in dams given the cafete-
ria diets, with or without supplementation, might cause the
metabolic changes found in pups at the time of weaning.
However, when a high-lipid diet, similar to the one used
here, was introduced at the time of conception (in the cur-
rent study it commenced 22 days prior to conception) and
consequently the rats were not obese (as occurred here),
milk lipid concentration was increased without changes in
other components [63]. This finding, together with the fact
that milk consumption by our litters did not differ between
the groups, is consistent with the hyperlipidemic condition
of the pups of CD dams.

At birth, newborns of dams given CD weighed less
than those on STD, but at the time of weaning, pups of the
CD group had a body weight that was similar to that of
the STD group. This indicates that those of the CD group
gained weight more rapidly, which also fits with the study
of Del Prado et al. [63]. However, the lower body weight,
seen also at weaning in pups of the group given the CD
supplemented with fish oil, could be related to the lower
concentrations of ARA in their plasma. In fact the signifi-
cant correlations found here between pups’ body weights
and plasma ARA and LNA in case of 2-day-old pups, or
between body weight and any of ARA, LNA and DPAn-6
in 21-day-old pups, points to the major role of ARA in
postnatal development in rats, as has previously been pro-
posed in humans [31]. Practically the only n-6 fatty acid
present in the diets in appreciable amounts is LNA; it is
therefore the main precursor for the endogenous synthe-
sis of ARA. DPAn-6 is also synthesized from LNA, and is
also a precursor of ARA via its retro-conversion [64]. The
growth-promoting effect of ARA could be related to its
function as a precursor of prostaglandins and other eicosa-
noids or to structural roles in membrane phospholipids.
Therefore, the amount of ARA during the perinatal stages
should be clearly preserved by the sufficient availability of
its EFA precursor, LNA, as well as by the active synthetic
n-6 pathway. This pathway can, however, be inhibited by
an excess of n-3 LCPUFA in the diet, as was the case when
supplements of fish oil were applied to the cafeteria diet.

In conclusion, this study shows that a moderate high-fat
and highly palatable diet, such as the cafeteria diet, given to
rats for 22 days prior to gestation and during pregnancy and
lactation decreases the pups’ newborn body weights, which
recover during lactation. However, the effect is maintained,
at least until weaning, in those pups whose mothers had
received a supplement of fish oil, and this phenomenon
could be related to the decreased concentration of ARA,
which seems to be caused by an inhibition at the A> and A®
desaturase reactions in the pathway for the biosynthesis of
the n-6 LCPUFA.
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ARTICLE INFO ABSTRACT

Keywonke We sadiod in rats the effects of cafeteria diet (CD) supplemented (or not) with fish oll (F0) durding jus the e

Cafetesta diet 12 days of pregnancy, or durisg the whole of pregmancy and lactation in 14-month old offipeing. Female nes

Dietary fish of supplement were given standard diet (STU) or CD and alfter muting some animals remalned on STD or CI; for some OO ey

Lengam cfcn the dlet was supplemented with 8.78% FO. After 12 dayx, half of the CD-FO group sesarned to CD (CD-H012) snd

::'_""" the others remained an CD-FO. From weaning ol offspring were given STD. The adiposity index of male off-

Conds oBinc spring of CD dams increased but was sormal i CD-FO ssalles. Plasma triacylglycerels (TAG) and individul Gy
acid concentrutions were similse among the groups. Liver total lipids, TAG, fatty acid concontrations, A% de-
saturase indices and the mRNA expression of fasty acld synthase wese higher in male effspring of (D dhas =
those of STD: most of these diferences digppemed in male offsprisg of CO-FOL2 and COFO dane. Fomale
offspring showed smalles changes. Thas, 0 moderate supplement with FO daring just the first half of gesacion o
during pregaancy and lactation in rats om CD decreases the liver saostosls in male adult offipeing.

1. Introduction Increasing the consumpeion of fish oll could prevent certaln diseases

(Hodgo ot al, 1995; Biack and Sharpe, 1997). These findings have
B s oow wellknown that matersal overnutrition durlay pre- prompted the isuing of sdvice 10 prognant and lactating women 0
pregnancy, pregrancy and lactation influences offspring development consume fish ol supplements (Escolano-Margacit et al, 201X Ribelro
and may cause permanent changes in adults, Including the suscope- et al, 2012 Palmer ot al, 2012),
ibility for chronic discases such as obesity, type-2 diabetes and cardi- It has also boen shown, however, that supplemonting dicts with 23
ovascular disoase; that is o say that the changes have boen peo- LCPUFA In adult subjects decreases asachidonic acid (ARA, 2040 6)
gmammed (Hull et al., 2011; Boney et al, 2005; Schack-Nielsen of al,  levels (Buckley et al, 2004; Grimsganrd et al.. 1997; Bums o al. 2007).
2010; Godérey and Barker, 2000; Liscas et al, 1999). In this sense, the It has been proposed that ARA has a growth-promoting effect dering the
composition of the dict muy play an important role, as is the case for the  perinatal stage (Koletzko asd Braun, 1991 Clandinin and VaoAerde,
polyensaturated farry acids (PUFA), which have a direct effeer reg-  2003). In fact, we found In racs that boch dictary fish ol (Amasguivar
ulating the gene expeession (Clarke, 2000) aed major dietary kmplica. ot al, 2000) or eafeteria diet with or without fish o supplement durieg
thons during pregnancy (Homers etal, 2012), To date there arc limited  progaancy docreases pups body welght thar could be relsied w0 de-
data on the longterm Influcnce of high calorie processed foods durlag  creased plasma ARA levels (Sanches Blanco of sl 2016 Amssquives
the perinacal stages. Recendy we have studied the influence of a cafe- o1 al, 2000). On the other hand, it has been shown in rats thae fish ol
teria diet, which s o highly palatable dict containleg high fat and sa-  alleviatod high st diet-indeced non-alcoholic fatty acid discase (Yean
gars, during pregnancy and lactasion oo pups’ body weight sad fany ot al, 2016) and we have previously Sound that fish oil supplements
acid proflies In rets, and also determined how » fish oll supplement rich duriag pregnancy and lactation in rats have a long-tcrm effect redocieg
in n-3 loag-chaln polyunsaturated fatty acids (LCPUFA) such as cico-  the age-dependent insulin resistance in male but sot female offspring
sapentaencic acid (EPA, 20:50-3) and docosshexaceolc ackd (DHA, 22.  (Sardinha et ul, 2019).
60-3) modified the response (Sancher-Blanco ot al, 2016). Dictay Stearoyh-CoA desaturase-]1 (SCD-1) is a lipogenic A9-desaturase
depletion of DHA is keown to catse adverse neurological ostcomes in - (Ntambi ¢ al., 2002) that & the mte-limiting enzyme in the Hosyadh-
animals (Caclson and Newrioger, 1999) and it has been suggested that  esis of mooounsaturated fatty acids, SCD-1 converts saturased fasty
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acids (16-carbon PAM, 16:0 and 18carbon STA, 18:0) w0 mono-
unsaturated farty acids (palmitoleic, PAO, 16:1n-7, and OLA, 18109,
respectively). The PAO/PAM and OLA/STA ratios have been widely
used as desaturation indices for SCD-1 in both human (Sjogren et al.,
2008; Warensjo ot al., 200%; Vessby ot al, 2013; Yoo et al, 2014) and
rat (Mofacer et al, 2012; Cedernacs et 2, 2013) tisswes. When female
rats were on a high-fat diet prior to and throughost pregaancy and
ctation, thelr 6-month oid male pups had Hver dessturation indices
that were higher than in controls (Sect e al., 2015).

In the current stedy we followad the same grotocol as before, where
rats were given the cafesoria diet supplemented or not with fish oil
during cither the fint 12 days of their 21.5day pregnancy or
throughowt pregnancy and lactation (Sanchez-Bianco ot al., 2016} The
main objective on this oocasion was to study the long-term effocts for
the offspring of chasging dictary composition during perinatal life.

2. Materials and methods
2.1. Animals

Female Spengue Dawley rats of 40-45 days of age were obtained
from the animal quarter of University San Pablo CEU, Madrid, Spain.
Rats were givens o standsed peliet dict (Hardan Global Dict, 2014;
Madisoa, WI) and maintained for 5 days in shared cages (5 per cage)
under controlled conditions (22 = 2°C, 55 = 10% relative humidity
and 12-hourly cycling of light aad dark). The experimental protocol
was approved by the Animal Research Committee of the University San
Pablo CEU (reference 220113),

Rats were then randomiy assigned to onc of two dietary treatment
groups: the standard diet group (STD) and the cafeteria diet group (CD).
After 21 days on thelr respective diet rats were mated with males that
had been given the standard dict and the day that spermatozoa ap-
peared in vaginal smeass was considered o be day 0 of pregnancy. At
this thme pregnant mis were placed In individunl cages asd the CD
group was subdivided into two, one maintalned on the same diet and
the other on a dict supplemented with fish ofl (CD and CD-FO groups),
On the 12th day of pregnancy half of the CD-FO group was retumod 1o
the cafeterta diet without the fish oil supplement (CD-FO12) and the
other hall remained on the fish ofl supplemented calcteria dict
ihroughout the whole of pregnascy and lactation (CD-FO). Rats had
free nccess to the assignod diet and tap wator, Pups wero makntained
with their mothers until weaning and all litters were culled to 9 pups
within 48h of delivery by sclecting the excess number of pups at
nndom and removing them. At weaning {day 21 post-natal) female and
male pups from cach cxperimental group were separated from cach
other and housed in collective cages (3-4 per cage) and given the
standasd dict uatl the end of the experiment.

When the offspring were 14 moaths old, they were fasted for 12h
then decapitated under CO, sedation; truak bloed from the neck wound
was collectod into icechilled roceptacies containing Na HDTA, Livers
and the different fat depots were rapidly dissected and placed into Ui
quid nitrogen for weighing and kept at —80 °C uneil analysis. Plasma
from fresh blood was separated by centrifugation at 1500xg for
30 min at 4 °C and stored a1 — 80 "C until analysis.

2.2. Diets

Each diet was prepared as o bomogencous paste by mechanically
blending the components shown in Table 1| and they were stored at
20 °C until wse. The amount of fish oil present in the diet of the €D -
FO group (8.782/1003) was based on previows studics by us (Sasches.
Blancn et al, 2016; Amusquivar et al., 200¢; Sandinha et al, 2013),
being lower than the amount used by others for high-fas diet in rats
(Nakashima, 2008; Vigglaco et al, 2016; Hemandez Casaer ot al,
2017

S

Dietary fish oll supplementation during earty pregnancy in rats on a caleteria-det prevents fatty iver in adult male offspring | Elsevier. .,

Food oad Chemiival Taxicolgy 127 (20199 546552

2.5, Analytical meshods

Plasma triacyiglycorols (TAG), cholosterol (Spinrosct Rosctivos,

Spain) and nom-esterified fatty acids (NEFA) (Wako Chemicals,
Germany) were determined by enzymatic methods using commercial
kits. Liver TAG and cholesterol were detenmined in purifiod lipdd ex-
tracts (Folch et al., 1957) as described elsewhere (Carr of ol 1993). For
the analysis of the fatty acids profile, nonadecenalc acid (19:1) (Sigma
Chemical Co.) was added as the internal standard to fresh aliquots of
coch dict, of frozen plasma and frozen livers, which were wed for lpid
extraction and purification (Folch o1 al, 1957), The final lipkl extract
was evaporsed to dryness under vacuum and the residue resuspended
in methanol/toluene and subjected 10 methanolysis (n the presence of
acctyl chlocide at 80°C for 2.5h as previowsly described (Amusquivar
et al, 2011). Fasty acid methyl esters were scparsted and quantified on
a Peckin-Elmer gas chromatograph (Autosystem) with a flame joniza-
tion detector and a 20m Omegawax cuplllary column (internal din-
meter 0.25mm), Nitrogen was used as camrier gas, and the farty acid
mothyl esters were compared with purified standands (Sigma Chemical
Co.). Quantification of the fatty acids ia the sample was performed as a
function of the comrespoading peak arcas compared to that of the In-
ternal standard.

To extract protein from the tissues, betwoen 50 and 60 mg of frozen
liver were homogenized in a lysis buffer using a Thsue-Lyzer (Qiagen,
Hilden, Germany) and after three thermiic shocks at 37 °C. The bomo-
genste was centrifisged a1 4 °C for 30 min a1 12000 rpm. After removing
the epper fat layer the supernatant was used for protein analysis wsing a
commercial kit (Pieree BCA Prosein Assay kis, Thermo Fisher Scientific,
Waltham, MA, USA) and stored at —20°C until wse for Westem blot

jected to electrophoresis in 10% polyacrylamide gel at 90 V. Proteins
were transferred %0 @ nitrocellslose membrane (Bio-Rab Laboratories,
Hercules, CA, USA) for the expeession of fatty acid synthase (FAS). The
membrancs were incubated with different antibodics and latterly with
sccondary antibody marked with horsoradish peroxidase (HRP),
Immunoreactive bands wero visualized by chembluminisoence wing a
commercial kit (Clarity Western BCL Kit, Bio-Rab Laboratoriocs,
Hercules, CA, USA) and quantified by dersitometry (Quantity Ome
Analysis Software, Bio-Rab Labormtories, Heseules, CA, USA).

2.4. Desanwration index

After determining the amounts of the different fatty acids, the A9
desaturation index (SCD-1) was calculated a8 the ratio of the mono-
unsaturnted fatty acld o the corresponding saturated fatty acéd PAO
(16:1n-7)/PAM (16:0) or OLA (18:1n9)/STA (18:0).

25. Adiposky index

Adiposity Index was determined by the sum of ieguinal, mesenteric,
poerfreonl, Jumbar and epididymal pad weights divided by body
weight x 100%, and expeessed as adiposity percentage.

2.6. Sistical analysis

Results are expressed as mean = standard error. Statistical analysis
was carried out wsing GraphPad Prism version 5.0 for Windows
(GraphPad Software, San Dicgo, CA, USA). Onc-way analysls of var
iance (ANOVA) was used 10 compare the changes due 1o the different
dicts. When treatmsent effects were significantly differemt (P < 0,05)
values were analyzed by the Newman-Kestls post hoc test. For TAG
concentrations, a Jog tracsformation was caried out bofore statistical
testing. When two grosps were compared the Student riest was ap-
plied.
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Values correspond w0 mean of triplicate samples = SEM. Statistical compar-
Bons between the diets are shown by sppercase superscript letters (different
letsers indicate P0.05). N.D. = ot detected.

3. Results

The fatty acid composition of the dicts is shown in Table 2 which
shows that the CD dicts have a higher content of fatty acids than the
STD dicy, the greatest differcace being in the total amounts of saturated
and moacunsatrated fatty acids. The CD- FO dict has higher amounts
of myrisic (MA, 14:0), palmitolele (PAO, 16c18-7), gamma-linolenic
(GLA, 18:3n-6), arachidonlc (ARA, 2(c4n-6), docosapentacnoic né
(DPAn-6, 22:50-6), alpha-linolenic (ALA, 18:3n.3), docosapentaenoic -
3(DPAn-3, 225n-3) acids, EPA, and DHA as well as total n-3 PUFA, bat
Jess linoleic ackd (LNA, 18:20-6) and total n'6 PUFA than the others,
Body and tissoe weights at different time paints during pregnancy and
lactation and of pups at binh and at weaning (21 days of age) have
previomly been reported (Sanches-Blanco e al, 2016). When paps
were studiod st 14 months of age there were no statistical differences
betwoen the groups In terms of the weights of thelr body, liver and
adipose tissues (data not shown). The adiposity index in males (Fig. 1A)
was higher in pups whoso mothors were given the cafeteria ot (CD)
than in those with mothers fed the standand diet (STD) (P < 0.05 by ¢
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Table 1
Compositica of the diets.

' Diet
Sundend (STD) Catbeteria {(CD) Caffensia phus Pl OF (CDFO)
Compomenits (g 100g)
Pvilen” 100 22 22
Comdermnd wuid (Nevi. Barvebona) - "o ne
Sucyuse (Azuceera, Bacwlona) - 172 1”2
Mudfinn (Pameico SA, Rarcelona) - 658 “ss
Croleants (Rimbo, Rascelona) - 6se s
Powdered milk (Central Lechess Asturiana, Astarias) - M7 247
Lard (X1 Powo. Murcia) - 78 -
Pish ol (Pegroa Bevion, Barcedona) - - L e ]
* From Harles, Globel Diet 2004, Madison, ML
Table 2 test), Pups from dams fed CD supplomonted with fish oil during the fiost
Yatty acid (FA) composition of the experimental diees. 12 days of pregnancy (CD-FO12) siso had higher adiposity indices thas
Poity sckbs Gemelg)  Dlet STD peps (P < 0.05 by t-test) and tha difference disappearsd in pops
from CD dams recciving the fish oil supplement for the whele pecg-
Stamdard (STD)  Cafeverfa (D) Cafeveria plus mancy and lactation (CD-FO). In females similar tendoncics were seen
sk Qi 1CDFO) (Fig. 1), although the difference was significan: only betwees CD sad
MA, 180 ot 0r s 12 4= L CD-FO groups.
PAM, 160 02 5 18" ez 20* Wy When studying the plasma concontrations of TAG, NEFA, glucose,
STA, 180 362z a1y 735z 29 %8 = 1.0° cholestcrol or any of the individual fasty ackds, including the sam of
PAQ, 3&in? ulls:gd* 154 :.r“ ﬂl=ru‘ saturated, mosounsaturated, n6 fatty acikds or 2-3 fatty acids, no &f-
OLA, Ixin® NazL s 1% 2
A, 18206 833 = 318 79 2 09 04 s 2P ferences betwoen the groups wore found, with the onlly excepuion of &
DGLA, 209046 XD, RA xn. higher concentration of gamma.finolenic acid (GLA, 1830-6) in those
GLA. 1E36 NDA ot s = ood* male pups of the CD, CDFO12 or CDFO groups vs. those of the STD
ARA, 20406 Not oms + ame' 158 2 006° group and a lower concentration of alpha-dinolenic acld (ALA, 18:30-3)
Mx‘ :3',.::‘ 3.”# ::o“:::n:.. - fa muse O, € S5 S GIM ipwag 3. S5 Wik 90 S
A, 2903 NDA 0712 = G0" 302 = OI° cnces in fomales (supplement Table 1). However, major differences
DPASS. 22303 NOA xot 133 = 008" between groups were found in Hver. As shown in Fig 2A, the tomal
DA, 22603 NDA ot ns = o concentration of Npids in kvers from males was higher in those pups
Sum of miurmed FA 328 = 170 3¢ = we e from dams fed the CD during pregaancy and lactation than these of the
=y Mys R My a2 STD group (p < 0.001). Pups of cafeterta diet dams that received
A dictary fish oil supplement for jus the flest 12 days of pregmancy (CD-
Sum of 34 g1 = 1t 72 = 25 6 = A7 FO12) had lower Liver lipid concentrations than those of the CD group
:Q--l (p < 0.001) snd no difference was found between CDFO12 and those
e of the STD group. This decrease In the Sver total lipid conceatration
"'"l” 4 aen sl e was even more proncunced in those male pups from CD dsms hat were

given the fish oll supplement during pregnancy and lnctation (CDF0)
(p < 0.001). These differences between the groups in males weore 8-
milar to those of liver TAG concentrations (Fig. 200, with valees in the
CD group being mech higher than in the STD growp (p < Q.001L
Again, these vales docrease in the CDFOI2 group (p < 0.01) and
even moree 30 & the CO-FO group (p < 0.001) where the valucs $id pot
diffcr from these in the STD group. As shown in Fig. 2C and D no sig-
nificant statistical difforonces between the groups wore found in the
female pups,

The concentrations of Individual faty ackds In Nver were de
termined (supplemcnt Table 2). In male pups, stearic ackd (STA, 18:0),
dihome-gamma-linolenic ackd (DGLA, 20:30-6), docosspentacooic ackd
o6 (DPARG, 22:50.6), EPA and DHA Nver concentrations showed 20
differcoces between the 4 groups, wheseas the conocatration of ARA
was lower in the CO-FO than in the rost of he groegs (p < Q.01)
However, the concontration of the remaining fatty acids was sig-
sificanty higher In Bver of CD than in the STD group, an effoct which
decreased or even disappeared in those of the CD-FOI2Z and CDFO
groups. In fomale pups these differences betwoen the groups were cooe
again much smaller for all the studied fatty ackds in lver. In Fig 5 the
sums of the concentrations of all sseursted, monounsaiunsed, 23 PUFA
and n-6 PUFA are sussmarized; [t can be seen that in males (Fig. JA) the
pattern for all the groaps of fatty acide again resembies that found for
the liver TAG (see above): Le., significant Incresses In CD v STD, 3
decline in CD-FO12 20d completely normalized in pups from the CO-FO

hitpe-firander alsadar.comireaderfad ipUS027560 1518308792 M0ken=ER31 220A8F FOCEEAESTBF IE854018BEDA2276EADTASF SACHOD34803 .. 37



2352018

€ Sdocher Shovo o ol

Adipoaity ingax
oMtspneg (%)
o w & s = 3

group. In the case of females (Fig. 58), the sum of all the n-6 PUFA was
lower in those of the CD-FO group than in CD, but no sigaificant dif-
ferences appeased botween the groups for the remsaining fatty acid
sroups.

The SCD-1 indices were derived from the liver fatty acld con-
centration profiles and, as shown In Fig, 4A and 8 (corvesponding to the
PAO/PAM and OLA/STA raties In males respoctivaly), they were sig-
pificantly higher in CD pups than in STD both for SCD-1 (p < 0.01),
These effects were lower or had completely disappeared in both CD-
FO12 and CD-FO pups. No dilfferences between the groups were found
ia females (Fig 4C and D). In order 10 relate these findings 1o lipo-
groesis, the expeession of fatry acid synthase (FAS) was determined in
the livers of males and as shown In Pig. 9, lts amoust changed between
the groups in pacaliel to the SCD-1 values, being higher in CD pups than
i STD (p < 0.05) and the cffect was completely abolishod in both CD.
FO12 and CD-FO pups.

4. Discussion

We had previously found that, when 21-day-old pups of dams that
were given a cafeteria dict during pre-gestation, gestation and lactation,

b
[}

Ligids In Bver (mo'y)
mudes
Gl 3 M RS

Lipids in biver (mp'g)

Dietary fish oll supplementation during early pregnancy in rats on a caleteria-diet prevents fatty iver i adult male offsprng | Elsever
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1ig ). Adiposity index of 14momdh ol
eule (A) and fermale (B) offspring of dams
that were gives cther stndard Set (STD)
of cafescria diet Suring peegemadion, go-
station sad Inctesion (C), or the cafieseria
diey during pre-pestation fellownd by cale-
tevie diet supplementod with fsh ol darmg
oaly the first 12 days of pregnancy =d o
foveria dhet thoreafter unell wessing (CO-
FOI2), ox the cafeveria St daring poe-gr-
sstion Sullowed by cobeieria du sppie
mented with fish oll (hrorghot prepmancy
and lactation (COHO0). AN pups were given
standard et from weaning Statteesd
comparisons by ANOVA between the poups
wre showe by the lower cae lottes (85
fesent Jetters Indicate P < 0.05) Namber
of 14 month old pups S 'preep.

they showed that compicsely disappesred
when the cafeteria diet was supplemented with fish off during just the
firss 12 days of pregnancy or throughout pregnancy and ciation
(Sunchee-8lanco of al.. 2016), Using the same protocol bere, we have
shown in 14-month old offspring that there were no diffcronces be-
twoen the studicd groups cither In plasmsa TAG concentrations or In
thelr plasma fatty ackd profiles. However, it was found thar 14-monh
old male pups from dams given a cafeteria dict during pregmancy and
Iactation have increased both hepatic TAG and concentrations of all the
groups of farty acids in the liver. Whes the cafeteria diet dams alio
received a dietary supplement with fish ol during just the first half of
pregsancy o throughoul pregnancy and lactation these variables were
completely mormalized back t0 the values found in STD groep, the of
fect being gender-dependent since it did not appear in females. The 14
month-old male pupe of dams given the cafcteria dict during peognascy
and lctation also showed higher liver SCD-1 indices and higher
amounts of FAS protein, which indicatod an increasod Bpogenic activity
that was normalized in those of dams that roccived the fish oll sup-
plement during just the first 12 days of pregnancy or throughout the
whale pregnancy and lactation. Since both SCD-1 and FAS have beea
positively associated to lpogonesis (Ntambi of 2l 2002 Seet o1 3l

Fig. 2. Yol Bplds and TAG i Ber of 14
month ol male (A and ¥) and female (C
and D) ofspring of damm that were given
cither standard diet (STD) or cafeseria dict
Guring pee gestation, gosaien sed lacu
Gien (CD), or the cafeteris Set during pre-
pretation followed by cafeveria Gt sapple
mented with fish oll during endy the fiest 12
days of pregnancy and cafeseria diet there-
afier untll weasing (CDIOIY), or the o
feseria dues during pre-pestation followed by
cafeteria et supplemented with b o)
Beoughost pregaancy and lactasion (CD-
FO). All paps were given scandard Siet from

ing . Satiitxd comp By ANOVA
between the groups are shown by Se lower
cae Jetters  (Gifferest lemems  indicoae
P < 005 No letsers in the graph lndicae
no satistical significance). Nomber of 14
mosth uld puge 5 5o
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2015; Strable and Neambl, 2010) current findings indicate that those FO
supplements fa dams on cafeteria diet during juss the first 12 days of
pregnaacy or throughout peegnancy and lactation peevented the in-
creased lpogenic effect in 14-month-old male pupe These findings
extend those previously recorded by others fa just 6-month old off-
spring of rats fed high fat diet during pregnancy and Iactation showing
Increased liver SCD-1 indices (Seet ot al, 2015) and in those of ras
showing that 4 months of fish ofl protects against the fatry liver de-
veloped by high-far diet (Yuan et al, 2016). Although fish oil supple-
mentation in rats during pregnancy bas been shown 1o reduce the risks
of adult discase [n offspeing (Joshil et al | 20005), this Is the first time that
the cffect has been shown to be produced with a dictary fish oil sup-
plement for jast the frst half of pregnancy,

The mochanism by which maternal fish oil supplements during just
the first haif of prognancy in rats fed the cafeteria diet during prognancy
and lactation reverses the increased liver concentration of TAG and of
most fatty ackds as well as lipogenesis in male offspring of 14 months of
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Food and Chemioad Tawioodngy 125 (2019) S46.582

Fig. 3. Groaps of fatty ack] (FA) concentrations In hver of
14-mcuh old male (A) aad female (B) offspring of dems tha
were fed either standard diet (ST1)) or cafeteria diet during

pee pestation and b (CD), o the exfeteria
diet during pre-gestation followed by caf dict sopple-
mentod with fid ofl during the omly the firt 12 days of
pregnancy and cafeteria diet thereufier until weaning (CD-
FD12), or the cafeteria diet during pre-pestation followed by
fetorin diet soppl d with fish ol throughont peog-

nancy and lactation (CD-FO). Al pups were given standard
diet from weaning. Stathstical comparisons by ANOVA be-
tween the groups are shown by the lower cise letsers (Alf-
ferent betrers indicate P < 0.05. No Jetiers in the graph in-
dicate no stntistical significance). Number of 14-mosth ol
peg S5/group.

age is unknown. However there is already eneugh experimental support
10 show that fatty acids, in particular polyussatursted {asty acids, can
modify the epigenome (Burdge and Lillyerop, 2014), and we bave
proviously shown that the type of fatty acid conssumed by the rat mother
duriag carly pregnancy dicits epigenstic mechanisms throegh miRNAs
modulation in male offspeing (Casas Agustench of al, 2015). The pre.
sent findings also show that the resposse (o fish oil during the perinatal

not in females. This finding agrees with previous findings in the sense
that there are sex &iffereaces in response to high-fat dict feeding in rats
(Amengual-Cladera et al, 2012) and that fish oil intake during carly
progaancy in rats reduces the ago-dopendent insulin resistance also in a
sex-dependent manner (Sardinha et al, 2013),

As a rosult of studics in both humans and rats it is well known thm
dicts with high fat contents, cspecially saturated fatty adds, promote
the development of non-alcobolic fasty liver discase and consequent

Fig. 4 Liver stearopl-CoA  desatuease-]
(SCD-1) indices of 14month old male (A
sad B) and female (C und D) offspeing of
dams that were fod either standasd diet
(STD) er cafeteria diet during pro gestation,
gestation and lactation (CD). o the cafe
terla diet during pre-gestution followed by
cafoteria diet supphomented with fish ol
during cnly the first 12 days of pregnancy
and cadeterfa diet thereafter umtll weaning
(CD-FOL2), cr the cafeveria Siet during pre-
gestuticn followed by cafeteria dict supple
memted with fish oll evoghout pregnancy
and lactation (CD-FO). All pugs were glven
standand diet from weaning. Susistical
comparisons by ANOVA between the groups
are shown by the lower cmse letion (dif-
fevent betters indicsse P < 0.05, No Jetters
In the graph indicste no satistical sig-
sificance). Number of 14-month okd peps:
S/group.

Co CoFONI2 COFO
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Fig. 5. Expeession of faty acid syathase ia Hver of 14.moath old male offspring
of dams St were fod elther standard dist (STD) or cafeteria diet during peo-
gestation, gestation and kaxctation (CD), er the cafeseria diet during pre-gesta-
tion followed by cafeteria diet supplemersed with fish ol during cnly tbe first
12 duys of pregrancy and oufeteria diet thereafier sntil weaning (CD-FO12), oc
e cafeteria diet during pre-pestation followed by coleteria diet supplemmnted
with fish oil theoeghout pregnancy and lectation (CD-FO)L All pups were given
sandard @et from weaning. Sudistical comparisons by ANOVA between the
grougs are shown by the lower case letrers (difforent lotters indicate P < 0.05),
Number of 14-menth old pups: S/group.

Increased hepatic TAG concentration (Yuan et al, 2016; Musso et al.,
2003; Gentile and Pagliassotti, 2008). This cffect bas boea maialy at-
tributed to a promotion of lipogencsis de nove associated with a high-fat
dict-induced overexpression of the sterol regulatory clement binding
protein.l (SREBP1) encoded by the gene sterol regulatery cloment
binding factor | (Srebfl), which is inhibited by fish oif consumption
(Yuan o al, 2016; Ou <t al, 2001; Levy ot al, 2004), The cwrent
findings in 14-month old offspring are akso consistent with reported
findings in adult rat offspring of dams given a high-fat dict during
peegnancy and lactation and then given a control diet from woaning;
they developed a metabolic syndrome-like phenotype (Srinfvasan of al.,
2006; Desal et al,, 2014) as well as Increased liver SCD-1 (Seet et al,
015), which has been posidvely correlated with lipogenesis and
adiposity (Ntambi ef al, 2002; Yoo ot al., 20344 Jeyskumar et al., 2009;
Kotronen et al., 2011)

n conclusion, although current findings cannot be extrapolated to
the human coodition by obvious reasons, we demoastrate for the first
time that a moderate supplement of dietary fish ol during just the first
12 days of peegnancy is able to decrease the development of liver
sieatosis in male adult offspring of rats given a cafeteria diet during
pregnancy and lactation; the effect was cvee groater when the fish oll
sspplement was maintained throughoot gestation and lactation and can
be related to a reduction in lipogonic activity.
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