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Abstract

The present dissertation aims at broadening current knowledge regarding the im-
portance of bodily or tissue status of bioactive compounds that are highly abundant
in the Mediterranean diet (carotenoids and polyphenols) and vitamin A on chronic
and communicable disease. The current literature does not extensively speak to the
association between carotenoid intake and fat intake on plasma concentrations of
these bioactive compounds. In addition, the association of dietary carotenoids and
polyphenols with health outcomes have mainly been investigated based on intake,
and less on actual circulating or excreted concentrations. Lastly, vitamin A cell biol-
ogy has been thoroughly studied within the liver but is less well studied in the lungs,
where it is important for mounting responses to external injuries.

We investigated the relationship between intake and plasma concentrations of carot-
enoids in a cross-sectional study of a senior free-living population at high risk of
developing cardiovascular disease and with no dietary restrictions. High consumption
of fruits and vegetables was associated with higher systemic levels of total carote-
noids, particularly when fat intake was low-to-moderate, but contrary to what we
were expecting, not when fat intake was very high. In this same population, circulat-
ing carotenoid concentrations correlated with lower plasma triglycerides and fitter
fatty acid profile (higher polyunsaturated fatty acids and lower saturated fatty acids).
In women, carotenoid concentrations were also correlated with higher plasma HDL-
cholesterol and in men with lower fasting plasma glucose. In a similar population, we
found that urinary hydroxybenzoic acid glucuronide was associated with a lower like-
lihood of developing type 2 diabetes when baseline plasma glucose was not consid-
ered. Following the COVID-19 outbreak, we performed experiments in mice to un-
derstand the cell biology of vitamin A within the lung, where it might have a role in
the maintenance of lung functions when the tissue is injured. We discovered that
local, but not systemic, retinoid stores in the lung are critical in the metabolic mainte-
nance of this tissue during acute lung injury. Based on their transcriptional signatures,
we also identified ten distinct cell-types that store retinoids. In addition, we estab-
lished that dietary retinol supplementation during acute lung injury reduces lethality.

The results of the studies presented in this work suggest that carotenoids, polyphe-
nols, and vitamin A may be early markers of disease risk or prognosis.
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Introduction

Global burden of disease

The concept of health burden is one of the simplest ways to assess the health status
of a population. It provides a measure of what people die from, their mortality, and
also provides information regarding illness(es) that cause them suffering while they
are alive, a concept known as morbidity (1). Nowadays there are three categories of
health burden: communicable diseases, that spread from one individual to another;
non-communicable diseases, also known as chronic diseases; and injuries, caused by

an external force.

Many diseases are preventable or can, at least, be alleviated to reduce the burden they
pose. Studying the underlying causes of disease and addressing modifiable risk factors
is the most powerful tool in the hands of health professionals for preventing the

health burden from growing worse.
Cardiovascular disease and type 2 diabetes

The last Global Burden of Disease report, published in 2019, showed that more than
65 % of the global burden was due to non-communicable diseases, with cardiovas-
cular disease being the leading one by far (2). In addition, following a significant in-
crease of 70 % since the year 2000, type 2 diabetes entered the list of the top 10
causes of death (3).

Cardiovascular disease is actually a cluster of diseases that affect the heart and blood
vessels. The most common forms of this disease, coronary heart disease and stroke,
are caused by a lack of blood flowing into the heart and brain, leading to an insuffi-
ciency of oxygen supply to those essential organs (4—6). This situation is usually
caused by a vessel blockage arising from the deposit and accumulation of fat in the
inner walls of the vessels, a process known as atherosclerosis (7,8). Bleeding from the
vessels or heart malfunction are other common reasons of oxygen insufficiency in a

tissue (9).

Poverty, stress, and hereditary factors are underlying determinants in the develop-
ment of cardiovascular diseases, but the major recognized risk factors are behavioral,
related to the diet, substance abuse and physical activity (4). In the Global Burden of
Disease 2019 report, high blood pressure, elevated fasting plasma glucose, obesity

and overweight were also highlighted as risk factors which may increase the risk of
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death by weakening the immune system and increasing the risk of inflammation. This
process is seen as a quiet pandemic that poses a great threat to future health progress
(10,11). Indeed, high blood pressure and elevated plasma glucose, among others, are
known as intermediate risk factors because they are often the clinical manifestation
of unhealthy behaviors that contribute to the development of atherosclerosis and

vessel leakage.

High systolic blood pressure has long been known to be the risk factor that accounts
for almost half of the healthy years of life lost worldwide (11). Related to this, vascular
inflammation (12), endothelial disfunction (13) and osmotic imbalance related to the
renin-angiotensin system (12,14) are different mechanisms that have been proposed
to account for the rise in peripheral resistance. Obesity and overweight are them-

selves inflammatory states that can also contribute to these conditions (15-18).

Disturbances in the blood lipid profile can also play a role in the development of
cardiovascular diseases. Elevated circulating triglycerides and low-density lipoprotein
(LDL)-cholesterol contribute to the progression of atherosclerosis, infiltrating into
the intima layer of arteries and accumulating there (19,20). In the intima, they become
oxidized and create a proinflammatory environment that can result in the generation

of a necrotic core and the narrowing of the lumen of the vessel (7).

Elevated fasting plasma glucose is both a key risk factor of cardiovascular disease and
a risk factor and marker for a separate disease directly related to glucose: diabetes.
Like obesity and overweight, uncontrolled diabetes creates an inflammatory environ-

ment that weighs in the development of cardiovascular disease (21).

Diabetes is defined as the impairment of glucose metabolism due to a malfunctioning
of insulin, the hormone that regulates blood glucose levels. This defect leads to an
increase in circulating glucose that, when prolonged in time, increases the suscepti-
bility of cells to oxidative stress, which creates a proinflammatory and prothrombotic
environment (22,23). There are different types of diabetes depending on where the
problem in insulin action occurs: when the body is unable of synthetizing it, the dis-
ease is known as type 1, while type 2 diabetes is the condition where the body cannot
respond to insulin effectively. There is also a gestational form of diabetes that appears
during pregnancy because of hormonal alterations that block the binding of insulin

to its receptor, as well as other minor forms known as secondary diabetes (24).

22



Introduction

Type 2 diabetes is, by far, the diabetes form with the highest incidence worldwide
(25). Although the precise causes of this disease are not yet fully understood, both a
number of genetic variations as well as impaired molecular mechanisms have been
proposed to be associated with a decrease in insulin responsiveness (26—28). Inter-
estingly, this type of diabetes is the only one that largely arises from poor behavioral
practices (25).

Acute lung injury

Returning to the global health burden, more than 25 % is due to communicable dis-
eases. Neonatal disorders were the most frequent communicable diseases, closely fol-
lowed by lower respiratory tract infections that were, in fact, the first cause of death
in this category (2). In early 2020, though, the world was shaken by SARS-CoV-2, a
new coronavirus (29). Which, although there is still much data to process, will likely
be the leading communicable disease in that year (30,31). This is due to globalization
but also because of the lack of preparation and coordination of all health-care systems

worldwide, independent of national public health strategies (32).

The acute lung injury and respiratory distress elicited by lower respiratory tract infec-
tions are usually the cause of death related to these communicable diseases (33), the
bacterial genus St#reptococcus pnenmoniae being the infectious organism that causes the
highest morbidity and mortality worldwide. Another bacterium (Haemophilus influen-
zae) and the viruses that cause the flu also play an important role (34). In addition,
although minor up until now, some species from the coronavirus family, which is
mostly involved in the development of the common cold, have proven their lethality
by targeting the lower respiratory tract (35,36). The last and most lethal outbreak of
these kind of viruses, SARS-CoV-2, is still placing a great burden on humankind, for
more than two years now (37,38).

The lower respiratory tract, specifically, the alveoli -a structure composed of a mix-
ture of cell types that perform different functions (39)- is the area of the respiratory
system where gas exchange between air and blood takes place. Figure 1 depicts the
cellular diversity of alveolar cell types adapted and simplified from Travaglini et al.
(40). Endothelial cells line the blood capillaries, and their basement membranes are
fused for maximum efficiency of gas exchange with the ones from epithelial type 1

cells, which line most of the alveolar surface. Type 2 cells, also located in the alveolar
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surface, produce surfactant, a mix of phospholipids and proteins that reduce the sur-
face tension in the alveoli, thus preventing them from collapsing. Fibroblasts reside
in the interstitium between capillaries and alveoli; macrophages and immune cells can

be found in the alveolar space (40,41).

Epithelial type 2 cell

Macrophage

Fibroblast

Epithelial type 1 cell

Figure 1. Diagram of a section of the alveolus (adapted and simplified from Travaglini et
al. 2020 (40)).

When the lower respiratory tract is insulted, either by one of the aforementioned
infective species or by other physical insults, the cells release inflammatory mediators.
These signal the immune system, which responds with a migration of immune cells
to the tissue, an event that contributes to the amplification of the phenomenon, that
is, both the immune cascade and the injury. If the insult is not reversed or eliminated
in a timely manner, breathing is compromised resulting in a ubiquitous oxygen defi-

ciency that can result in death (42).

Although great part of the risk for developing and dying from acute lung injury is due
to environmental factors and behavioral habits unrelated to diet, malnutrition still
accounts for a percentage of the burden (43). In addition, nutrition in an intensive

care patient can impact their prognosis, since a high nutritional risk has been seen to
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Introduction

be associated with a significantly higher mortality in cases of acute respiratory distress

(44,45).

When the COVID-19 pandemic started, it was treated as a comorbidity, together
with non-communicable diseases. Rather, COVID-19 is, in fact, a syndemic; where
both previously mentioned types of diseases are combined: a viral communicable
infection and an array of non-communicable diseases (46,47). Their adverse effects
are combined to become one, so tackling the associated non-communicable diseases

is a prerequisite for containing the effects of the virus in a successful way.
Preventive nutrition: the Mediterranean diet

For a long time, all efforts in health management have been put into diagnosing and
finding cures for diseases, affairs for which medicine is the spearhead. Every year,
immense resources are utilized to alleviate or to cure a range of diseases. In the sec-
ond half of the 19" century the contributions of Pasteur, Lister and others led to the
use of surgical masks to prevent infections, profoundly changing global health burden
causes (48). Soon after, the emergence of clinical epidemiology in the 20™ century
shifted the paradigm, smoking was associated with lung cancer (49) and investigators
from large cohorts like the Framingham Study determined a set of factors that were
associated with a higher risk of developing heart disease (50). Growing out of these
early epidemiological studies, interest in identifying and addressing such factors be-

fore they were strong enough to produce disease increased exponentially.

Some risk factors, namely age, gender, or genetics are beyond our control, hence they
are called non-modifiable risk factors. On the other hand, nutrition is one of the
largest behaviorally modifiable risk factor that contributes to the development and
prognosis of non-communicable and communicable diseases, respectively, together
with tobacco and alcohol abuse and physical activity (11). While substance abuse is
always detrimental (51-53) and physical activity mainly favorable (54,55), diet can act
both as friend or foe, depending on its composition. For instance, an unhealthy diet
rich in trans and saturated fats and sugar has been associated with the development
of metabolic syndrome, cardiovascular disease, type 2 diabetes, and many more non-
communicable diseases (56,57). Conversely, diets rich in fruits and vegetables and
polyunsaturated fats have shown to have the completely opposite effects, preventing

these diseases (58—60). Consequently, similar to political strategies like the regulation
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of tobacco usage which has proven to ameliorate the chances of developing non-
communicable diseases arising from use of this substance (61), the promotion of a
healthy and balanced diet is also central to maintaining good health throughout the

lifespan.

Diets such as the Dietary Approaches to Stop Hypertension (IDASH), Traditional
Asian Diet, Nordic Diet and the Mediterranean Diet differ from the widespread
Western diet in that they are largely plant based with some, albeit low, animal protein
and fat content and have been associated with positive health outcomes (58,62—64).
All share a similar macronutrient distribution, the difference comes, mainly, from the
food sources available in the different geographical regions. Coupled to this, the con-
sumption of in-season and local provisions is being promoted as a way for taking
care of both health and the environment at the same time, by reducing the carbon

emissions associated with long distance shipping and monocultures (65).

For years, the Mediterranean Diet has been recognized as a healthy approach for
nourishing the inhabitants of the Mediterranean basin (66). Shown in Figure 2, are
the updated recommendations for this diet which transcend the nutrient content and

introduce social and environmental elements, thus becoming a lifestyle proposal.

Mediterranean Diet Pyramid: a lifestyle for today Serving size based on frugality
and local habits

Guidelines for Adult population

Potatoes < 3s Red meat < 2s
Processed meat < 1s

White meat 2s Eggs 2-4s
Fish/Seafood = 2s Legumes > 2s =

Dairy 2s
(preferably low fat)

Olives / Nuts / Seeds 1-: 3 lerbs / Spices / Garlic / Onions
\ (less added salt)

Variety of flavours

Olive Oil

Bread / Pasta / Rice / Couscous/
Other cereals 1-2s

(preferably whole grain)

Every day

this pyramid is

Fruits 1-2 | Vegetables = 2s
Variety of colours / textures
(Cooked / Raw)

Every Main
Meal

Water and herbal
infusions

2010 Fundacién Dieta Mediterranea

E
£

o

Biodiversity and seasonality
Traditional, local

and eco-friendly products
Culinary activities

Regular physical activity
Adequate rest
Conviviality

2010 edition s=Serving

Figure 2. Mediterranean diet pyramid.
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Introduction

These dietary recommendations propose a diet rich in fruits and vegetables and the
famed virgin olive oil as its main source of healthy fat. All these dietary components
are also rich in bioactive non-nutrients, some of them at highly variable concentra-
tions depending on the climate and stress to which the plants are subject and to the

culinary techniques applied to the foods prior to their ingestion (67—70).

Experimental approaches in human health and nutrition research

Advances in understanding human metabolism, physiology and pathophysiology
have been traditionally achieved from a combination of different types of studies.
Numerous experiments have been undertaken in animals and human beings, prior to
the institution of national and international regulations that were instituted to protect
the wellbeing of the experimental subjects (71,72). Even though new technologies
and approaches are being developed in order to reduce and rationalize the use of
animals in research and development, animal models are still a reliable source of
knowledge regarding molecular mechanisms in the context of a whole organism and

hence scientific progress depends on their use in research.
In vitro and animal model studies

Known as basic or molecular biology, this area of investigation, based on 7 vitro cell
culturing and animal model usage, comprises the study of the precise mechanisms by
which different molecules are internalized by the body, taken up by the different tis-
sues and how they induce a response at the cellular level. This is possible because of
the tight control that the researcher has over the study: animals are housed in a closed
space and cells cultured in defined media. What is more, in both cases, the individuals
share their genetic background to a large degree (73). Once the experiment is finished,
all types of samples can be collected, extracted, and analyzed. For this reason, most

variables can be controlled when performing experiments and interpreting results.

The development of genetic engineering in the 1970s allowed for the generation of
transgenic animal models, with modifications in one or several genes. Newer tech-
niques, like the Cre-loxP system, broadened these possibilities by enabling the control

of these genetic modifications in space and time (74). Nowadays, scientists worldwide
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can generate and use genetically modified animal models with alterations in specific

tissues, cell types, and even starting from a precise timepoint in life.

When using animal models, the genetically modified animals are compared with their
wild type counterparts (often littermates) in order to understand the responses to
specific treatments. In the field of nutrition, animal models are usually either subject
to a control (usually chow) diet in order to study the role of a gene of interest, or fed
particular diets in order to gain understanding of specific molecules, including of their
absorption or to assess their bioactivity (75,76). The animal models can also be sub-
ject to disease-mimicking insults that can affect their well-being and survival depend-

ing on the genetic modification (77).

From these animals, one can also obtain cells and specific cell types from specific
tissues for cell culture studies. These, which closely resemble the original cell 7 situ,
can be used to ascertain mechanisms that are difficult to study within the whole body.
This is referred to as primary culture, as opposed to the more conventional study of

immortalized cell lines.

The most common techniques used in basic research are to study gene expression by
the polymerase chain reaction (PCR), quantitation of proteins by Western blot, and
characterization of metabolic responses such as plasma insulin and fatty acids levels
by enzyme linked immune assay (ELISA) or other traditional colorimetry methods

after subjecting the animals to a glucose charge (78).

Aside from for culturing, cells can also be sorted according to selected characteristics
and undergo processing by new methodologies that allow for the precise characteri-
zation of each individual cell. With single cell transcriptomics, which is one of these
modern technologies, single cells are tagged and all of their genetic expression (tran-
scriptome) is obtained for study (40,79,80). This information can also be used to
create clusters of cells that share certain traits and to assess if they may come from a

common progenitor.
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Introduction

Human interventions: the PREDIMED and PREDIMED Plus clini-

cal trials

Unlike in basic biology, it is nearly impossible to control all variables in large inter-
ventions in humans. In the field of nutrition, study individuals are, most of the time,
volunteers under free living conditions. Even when they are kept under observation
in a closed facility, there is a high variability in their genetics and environmental input
since birth. Besides, not all types of samples can be obtained from a living person,
the main reason why animal models are still very much needed. Nevertheless, as new
techniques are developed, more and more information may be gathered from easily
obtainable samples like blood and urine (81,82).

There are two broad possibilities when examining the effects of a particular molecule
(be it a macronutrient, a micronutrient, or a non-nutrient), food, or even dietary pat-
terns in the general population. One is to simply observe the whole sample. This is
known as descriptive epidemiology and is based on the calculation of frequencies
(83). These studies assess the incidence of diseases or other events and are useful for
detecting trends in the population and developing prevention programs. They may
also lead to the formulation of hypotheses that can be tested in analytic studies where
the assessment is performed with the presence of a predetermined exposure variable
and the population is subject to monitoring with the use of questionnaires and sample
data collection. This second possibility in epidemiology has two procedural modes:
observational and interventional studies. In observational studies the exposure varia-
ble is random or present in the environment, and the researcher follows the popula-
tion, assessing its response to the exposure variable by the analysis of events and
biological samples (84,85). Interventional studies, involve administration of an expo-
sure variable by the investigator in a population with the intent of proving causality

of the intervention (80).

In 2003, after some observational studies proposed the hypothesis that a Mediterra-
nean dietary pattern was beneficial for good cardiovascular health (87), investigators
from different parts of Spain started a large interventional trial for the primary pre-
vention of cardiovascular events, the PREDIMED Study (Prevencién con Dieta
Mediterranea). The population of the study, 7447 people aged 55 — 80, disease free

but at high risk of developing cardiovascular disease, were randomized into three
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groups: a Mediterranean diet supplemented with extra virgin olive oil, a Mediterra-
nean diet supplemented with nuts or a low-fat diet. The final results of this trial,
republished in 2018 after some corrections, showed that both Mediterranean supple-
mented diet groups had a significantly lower incidence of major cardiovascular events
(88). The success of this intervention led to the design of the PREDIMED-Plus
study, that started in 2013, in which the intervention group implemented a whole
healthy Mediterranean lifestyle adding physical activity and behavioral changes to an
energy-restricted Mediterranean diet. This intervention, still ongoing, was designed
to evaluate the effect of weight loss on cardiovascular health in comparison with a
regular Mediterranean diet (89). For this trial, 6874 people between 55 and 75 years
old with similar risk conditions as the previous one were recruited. The inclusion
criteria for both interventional trials are summarized below (Table 1). All risk factors
of cardiovascular disease listed in the introduction and the established limit values for

these interventions can be seen in the following table.

Table 1. Inclusion criteria of the PREDIMED and PREDIMED-Plus trials.

PREDIMED

PREDIMED-Plus

Age Women
Men

Risk factors

Smoking habit

Blood pressure

Plasma cholesterol

Plasma triglycerides
Fasting plasma glucose
Waist circumference
Body mass index

Family history of prema-
ture cardiovascular history

60-80
55-80

Type 2 diabetes or at least three of
the following:

> 1 cigarette/day in the last month

systolic 2 140 mmHg or
diastolic 2 90 mmHg or
antihypertensive medication

HDL-cholesterol < 50 mg/dL in
women or < 40 mg/dL in men;
LDL-cholesterol = 160 mg/dL, ot
lipid-lowering therapy

= 25 Kg/m?

Coronary heart disease

60-75
55-75

Overweight or obesity and at
least three of the following:

systolic 2 130 mmHg or
diastolic = 85 mmHg or
antihypertensive medication

HDL-cholesterol < 50 mg/dL
in women or < 40 mg/dL in
men, or drug treatment for
low HDL -cholesterol

2 150 mg/dL or drug treat-
ment for elevated triglycerides

2 100 mg/dL or drug treat-
ment for hyperglycemia

> 88 cm in women and
> 102 cm in men

2 27 and < 40 Kg/m?
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Introduction

In both trials, participants received advice for following their assigned diet and were
periodically asked to fill out several forms, under the supervision of a professional,
to monitor their socioeconomic situation, physical activity, and dietary habits (89,90).
To assess the latter, two questionnaires were used: a Mediterranean diet adherence
questionnaire composed of 14 items (91) and a food frequency questionnaire con-
taining 137 food items in the PREDIMED Study (92); and extended versions of these
questionnaires comprising 17 items (93) and 143 food items in the PREDIMED-Plus
(89). Trained personnel also took anthropometric and blood pressure measurements,

and collected blood, urine and nail samples for future analyses (89,90).

The biological samples obtained from these large interventional studies are very val-
uable because the molecules that they contain are compounds that are (or have been)
present inside the body. These molecules can potentially exert a biological activity
different from simply serving as energy sources (94). When they present this trait,
they are known as bioactive compounds (95). The measurement of substances re-
flects tissue exposure in a more accurate and objective way than inference based on
questionnaires and hence allows for the association with health outcomes. If an as-
sociation is proven, the bioactive compound can then be used as a biomarker of risk
for a certain disease or health status (96). Some biomarkers of risk are recognized risk
factors, like blood pressure or cholesterol levels. These are not only associated with
cardiovascular disease development (biomarkers of risk) but they also participate in

the causal pathway of the disease development (risk factors) (97).

Sometimes, aside from their potential bioactivity, the molecules present in biological
samples can be associated specifically with the intake of different foods, and they are
called food biomarkers or biomarkers of intake (98). Because of the variety of bioac-
tive compounds in foods, it is not easy to find distinct biomarkers of intake of specific
foods. For this reason, food biomarkers work as complementary tools for traditional

food intake assessments and not as a replacement for the traditional assessments.

Genes, glucose, lipid profile and different metabolites present in blood or urine from
the PREDIMED, and the PREDIMED-Plus trials have been successfully linked to
outcomes that range from dietary intake of different foods to disease risk (99-103).
When both exposure and outcome variables are from the same timepoint, these as-
sociations are cross-sectional, with no possibility of inferring causality. When the out-

come comes after the exposure, the association can have predictive value.
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Bioactive compounds abundant in the Mediterranean Diet (carotenoids
and polyphenols) and vitamin A

As stated before, the Mediterranean Diet is not only interesting for its macro and
micronutrient value but also because of its non-nutrient composition. Non-nutrients
or bioactive compounds are substances that are not essential for maintaining good
health, although they can be sources of essential nutrients, like provitamin A carote-
noids, or they may have a positive effect on health due to their transcriptional, anti-

oxidant or yet to be discovered biological activities (104,105).
Carotenoids and vitamin A

Carotenoids are lipophilic compounds synthetized by plants and other autotroph or-
ganisms that, because of their ability to absorb light in the visible part of the spec-
trum, give them their yellow to reddish color (106). When ingested and absorbed,
these pigments can have different effects on human health. Some of them have pro-
vitamin A activity, which means that the product of their centric cleavage is retinalde-
hyde, a form of vitamin A, which is an essential micronutrient (107). Some others do
not have this trait but have been proven to be very important for eye health due to
their antioxidant activity (108), which has been their main recognized trait for a while
now, together with their anti-inflammatory action (109). Carotenoids can also be clas-
sified based on their chemical composition: xanthophylls contain oxygen whereas
carotenes are exclusively hydrocarbon chains (110). Figure 3 shows these two clas-

sifications for the main carotenoids found in human plasma.
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Figure 3. Main carotenoids found in plasma and their two classifications.

a. B-carotene, b. a-carotene, c. lycopene, d. zeaxanthin, e. lutein and f. 3-cryptoxanthin.
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Introduction

Because humans cannot synthetize them, carotenoid appearance in plasma has been
used as biomarker of consumption of the foods they come from: either from the
direct sources, the photosynthetic organisms that synthetize them, or from animals
that have ingested and accumulated them. In this way, a-carotene has traditionally
been used as a carrot ingestion biomarker (111,112), lycopene has been defined as a
biomarker for tomato (113) and watermelon consumption (114), cryptoxanthin for
orange and grapefruit consumption (112), and lutein for green leafy vegetables (113).
Astaxanthin is quite common in fish and crustaceans because it is mainly synthetized
by certain types of marine algae (115). Canthaxanthin, on the other hand, comes
mainly from fungi, cyanobacteria and green algae and is usually ingested as a supple-
ment or because of its addition as a food additive or food colorant (1106), rather than
as a component of a regular human diet where it is present at only very low concen-
trations. Nevertheless, because they are all present in a wide variety of foodstuffs,
most of these molecules are specific biomarkers when other sources of the same

carotenoid are absent.

Carotenoids must be released from the food matrix to be absorbed. At this point
being in crystalline form within crystalloid chromoplasts, where they are found in
photosynthetic organisms, makes them more difficult to release than when they are
in a lipid-dissolved form, as usually is the case in animal-based foods. The latter has
been described for the more studied carotene group rather than the xanthophyll
group (117). Being embedded within the vegetal fibrous structure or sometimes at-
tached to proteins is also a hindering factor for their release and uptake following
ingestion. Simple culinary methods such as cutting, homogenization and cooking

with oils improve carotenoid availability from the food matrix (70).

Once released from the food matrix, carotenoids are solubilized into oil droplets and
further integrated into mixed micelles, which are composed by dietary fats and bile
salts released by the liver in response to the increase of fats in the intestine (118). In
these, there are also lipases that hydrolyze phospholipids, triglycerides, and esters -all
three cholesterol, retinoid, and carotenoid- into their free forms. Figure 4 depicts
the processes that take place from the moment these micelles reach the apical surface
of the enterocyte where they interact with brush border proteins. There, the carote-
noids can be absorbed in two ways: by active uptake or by passive diffusion, the latter

is believed to happen only in supra-physiological concentrations. The membrane
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transporters that are responsible for the active internalization of carotenoids are the
Scavenger Receptor-class B type I (SR-BI), Niemann-Pick C1-Like 1 (NPC1L1) and
the Cluster Determinant 36 (CID306), all three being fat transporters (119).

Bile salts

RE CE Fats
Carotenoids

4
H .
/’RE d Hepatic stellate cell
ROH Other tissues
SR-B1
N

CD36 PC1L1 ll

Carotenoids

- / e \ ALDH1As
BCO1 LRAT REHs U
< Hepatocyte

Enterocytes lining the gut

\ Lymph
Figure 4. Known absorption and distribution pathways of carotenoids and vitamin A.

CE: cholesterol ester; RE: Retinyl ester; REH: retinyl ester hydrolase; ROH: retinol; CD36:
Cluster Determinant 36; SR-B1: Scavenger Receptor-class B type I; NPC1L1: Niemann-Pick
C1-Like 1; BCO1: B-carotene-15,15-oxygenase; RalR: retinaldehyde reductase; LRAT: leci-
thin:retinol acyltransferase; CM: chylomicron; LPL: lipoprotein lipase, RBP4: retinol-binding
protein 4; STRAG: stimulated by retinoic acid 6; RDH: retinol dehydrogenase; ALDHI1A:
aldehyde dehydrogenase.

Immediately after absorption, carotenoids and vitamin A circulate in the lymph and
blood in chylomicrons, from where they are distributed throughout the body both
for performing their biological actions but also for storage; more hydrophilic dietary

carotenoids like the apocarotenals can move directly to the portal blood system (100).

Due to their lipophilic nature, co-ingestion with fat has been proposed to increase
their intestinal absorption, however studies investigating this have mainly been per-
formed /n vitro and with rather low fat quantities (120—122). Some studies have com-
pared different populations and described their differences in plasma concentrations

of carotenoids, mainly due to study subjects’ dietary habits (123,124). Nevertheless,
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Introduction

similar to other dietary components, there is great inter-individual variability in carot-
enoid plasma concentrations even after the same type of meal. Overall, two types of
factors influence the appearance of carotenoids in plasma. One is bioaccesibility, the
facility with which carotenoids are released from the food matrix, mixed with other
food and bolus components and attainable for uptake. The main factors involved in
this regard are dietary habits and seasonality; culinary techniques and processing of
the foodstuffs; the composition of the food (fat, dietary fiber, proteins and even the
mixture of carotenoids) and the gastric and intestinal environment. The second factor
is bioavailability, the facility with which carotenoids are taken up and reach the circu-
lation. This is mainly affected by intrinsic host factors such as health and nutritional
status, genetic polymorphic variants, and the gut microbial population. In the follow-
ing chapter the current state of the art regarding these different factors that affect
plasma levels of carotenoids in different populations and even within the same pop-

ulation are considered (125).

A review of factors that affect carotenoid concentrations in human

plasma: differences between Mediterranean and Northern diets

Maria Marhuenda-Muifoz, Sara Hurtado-Barroso, Anna Tresserra-Rimbau and
Rosa M. Lamuela-Raventés. Ewr | Clin Nutr., 2019, 72(Suppl 1), 18-25. DOI:
10.1038/s41430-018-0305-9
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Abstract

Carotenoids are naturally occurring pigments of autotroph organisms that have been related to many health benefits and this
is not only because some of them are precursors of vitamin A. Individual or whole carotenoid consumption has been
associated with a lower risk of developing cancer, cardiovascular and metabolic diseases among others. However, the blood
levels of carotenoids vary largely from person to person due to different factors. Diet is the most important one because of
the dietary patterns that different populations follow, the time of the year of consumption or the personal preferences.
Nevertheless, the intrinsic host factors such as the absorption, distribution, metabolism and excretion genetic
polymorphisms, the volume of distribution and the person’s microbiota and others such as carotenoid interactions are
also inducing this so called inter-individual variability. Besides, culinary methods and processing produce changes in the
foods that directly affect carotenoid content and hence their blood profile. Different types of studies have been performed to
understand the between-subject variation of the carotenoid profile in human plasma. This research is focused on this matter
as levels of carotenoids in human plasma could be useful for the prediction of some diseases. The Mediterranean diet is
probably the most carotenoid rich diet stemming from its high proportion of fruits and vegetables. Its differences with other
diets and the effect on the carotenoid blood profile of the consumers are currently a very interesting topic of study.

Introduction present in vegetable products but might be also found in

animal origin foods depending on the livestock diet [2].

Carotenoids are a numerous class of naturally occurring
pigments synthesized by autotrophs (plants, algae and
photosynthetic bacteria) that are associated with the yellow,
orange and red colors of many plants [1]. They are mainly
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There are more than 700 carotenoids in nature; however,
only a few, from fruits and vegetables, are ingested in
sufficient quantity to be detected in human plasma; the most
abundant being lycopene, B-carotene, lutein, a-carotene, -
cryptoxanthin, and zeaxanthin, along with their more
common cis-isomers and some degradation products. Fig. 1
shows the chemical structures of the major carotenoids that
are present in human plasma (see Fig. 1). Approximately
10% of them can be converted by the body to retinol,
provitamin A, mainly a-carotene and B-carotene and some
xanthophylls such as f-cryptoxanthin; and some apo-
carotenoids are provitamin A, having f-carotene the great-
est vitamin A activity [2]. Other carotenoids cannot produce
retinoids (i.e., zeaxanthin and lycopene). However, they all
have in common a long carbon chain terminated at each end
by an ionone ring, with the exception of lycopene, that has
not the terminal rings [3].

Consumption of carotenoid-rich foods is important since
vitamin A deficiency is associated with blindness, reduced
immune function [4] and increased risk of mortality [5].
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M. Marhuenda-Mufioz et al.

Fig. 1 Chemical structures of the
major carotenoids present in ~
human plasma
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Fig. 2 Proteins involved in carotenoid transport across the human
enterocyte

Through other mechanisms, zeaxanthin and lutein also
contribute to maintain eye health and they can prevent age-
related macular degeneration [6]. Besides the provitamin
classific