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Resumo 

As doenças crónicas não transmissíveis (DNTs) são responsáveis por 41 milhões de mortes 

anualmente e podem estar associadas a hábitos alimentares não saudáveis, razão pela qual levou a 

que várias organizações de nutrição e saúde recomendassem o consumo regular de frutas e vegetais. 

Os carotenoides e os seus metabolitos estão associados a benefícios para a saúde e são os 

fitoquímicos lipossolúveis mais prevalentes na dieta humana, encontrados em quantidades da ordem 

do micromolar no sangue e suscetíveis a múltiplas reações de oxidação e isomerização. 

Na natureza, os carotenoides têm uma biodisponibilidade reduzida, o que leva à sua acumulação 

no colon, que é colonizado por diversos microrganismos importantes para a digestão e saúde intestinal. 

A biodisponibilidade destes compostos é influenciada por vários fatores, com destaque para a 

importância da microbiota intestinal na sua absorção e metabolismo. A dieta desempenha um papel 

fundamental na regulação da microbiota, podendo afetar a eficácia de ação dos carotenoides. No 

entanto, a interação específica entre carotenoides e microbiota intestinal ainda não está bem 

documentada e carece de evidências claras. Para entender melhor a possível interação entre os 

carotenoides e a microbiota intestinal, três carotenoides (beta ()-caroteno, luteína e licopeno), uma 

mistura desses pigmentos e a alga Osmundea pinnatifida (como fonte de carotenoides) foram 

submetidos a uma simulação in vitro da digestão gastrointestinal. Após a caracterização do impacto 

desse processo em cada grupo testado, os carotenoides digeridos foram avaliados em amostras 

frescas de fezes humanas de dadores voluntários por fermentação para aferir o efeito destes sobre a 

dinâmica metabólica e populacional da microbiota intestinal. 

A digestão dos grupos testados originou diferentes tipos de carotenoides ao longo do trato 

gastrointestinal (TGI), sendo o -caroteno a única condição em que foi identificada a absorção de um 

caroteno (2,49%). Nenhum carotenoide foi detetado na O. pinnatifida, o que sugere que numa matriz 

complexa como algas, os carotenoides podem estar comprometidos na sua bioacessibilidade sem pré-

tratamento de lise da alga. A composição da microbiota intestinal foi analisada, e foi demonstrado que 

Bacteroidota, Bacillota, Pseudomonadota e Actinomycetota são os principais filos presentes, e que os 

carotenoides estimularam o aumento da abundância relativa (AR) da família Lachnospiraceae e a 

diminuição da AR das bactérias pertencentes aos géneros Lactobacillus, Enterococcus, Streptococcus 

e Bifidobacterium, o que é consistente com estudos anteriores. Em geral, também a produção de ácidos 

gordos de cadeia curta (AGCC) foi estimulada na presença dos carotenoides, o que mais uma vez 

corrobora resultados obtidos em estudos anteriores e apoia o papel positivo destes pigmentos na saúde 

intestinal. Em termos de propriedades funcionais, as soluções testadas apresentaram atividades 

antioxidante e antidiabética consideráveis, sendo os valores mais altos obtidos para a luteína na fração 

absorvida e para a mistura de carotenoides na fração retida no intestino. Por fim, foi demonstrado que 

as amostras de carotenoides apresentaram efeitos anti-mutagénicos, independentemente da 

concentração, mas não apresentaram citotoxicidade mesmo quando aplicadas nas concentrações mais 

altas. 

Palavras-chave: pigmentos naturais; trato gastrointestinal; metabolitos; microbiota intestinal; saúde. 
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Abstract 

Noncommunicable diseases (NCDs) are responsible for 41 million deaths annually and can be linked 

to unhealthy dietary habits, prompting various nutrition and health organizations to advocate for regular 

fruit and vegetable consumption. Carotenoids and their metabolites are associated with positive health 

benefits and are the most prevalent lipid-soluble phytochemicals in the human diet, found in small 

amounts in human blood, and susceptible to oxidation and isomerization reactions. 

In nature, carotenoids have reduced bioavailability, leading to their accumulation in the colon, which 

is colonized by a diverse population of microorganisms playing crucial roles in digestion, and maintaining 

intestinal health. The bioavailability of these compounds can be influenced by various factors, 

highlighting the significance of the intestinal microbiota in their absorption and metabolism. The diet 

plays a fundamental role in the regulation of the microbiota, which can affect the effectiveness of 

carotenoids' action. However, the specific interaction between carotenoids and intestinal microbiota is 

not well-documented yet and lacks clear evidence. 

To better understand the possible interaction between carotenoids and the intestinal microbiota, 

three carotenoids (beta()-carotene, lutein, and lycopene), a mixture of these pigments, and the algae 

Osmundea pinnatifida (as a source of carotenoids) were subjected to an in vitro simulation of the 

gastrointestinal digestion. After the characterization of the impact of this process on each tested 

condition, the digested carotenoids were evaluated on fresh human faecal samples from volunteer 

donors via fermentation to assess the effect on the intestinal microbiota's metabolic and population 

dynamics.  

The digestion of the carotenoids in the tested conditions, in a general way, originated different types 

of carotenoids along the gastrointestinal tract (GIT), being -carotene the only condition in which was 

identified the absorption of a carotene (2.49%). No carotenoids were detected in O. pinnatifida, which 

suggests that in a complex matrix like algae, carotenoids may be compromised in their bioaccessibility 

without prior lysis treatment of the algae. The intestinal microbiota composition was analysed, being 

demonstrated that the Bacteroidota, Bacillota, Pseudomonadota, and Actinomycetota are the main 

phyla present and that carotenoids stimulated the increase of the relative abundance (RA) of 

Lachnospiraceae family and the decrease of Lactobacillus, Enterococcus, Streptococcus and 

Bifidobacterium genera which was consistent with the previous studies. In general, the production of 

short-chain fatty acids (SCFAs) was also stimulated in the presence of carotenoids, which once again 

corroborates results obtained in previous studies and supports the positive role of these pigments in 

intestinal health. 

In terms of functional properties, the tested carotenoid solutions presented considerable antioxidant 

and antidiabetic activities, being the highest values obtained for lutein in the fraction absorbed and for 

the mixture of carotenoids in the fraction retained in the intestine. Finally, it was demonstrated the 

antimutagenic effect of these carotenoid samples regardless of the concentration and also the absence 

of cytotoxicity even when applied at the highest concentrations. 

Keywords: natural pigments; gastrointestinal tract; metabolites; intestinal microbiota; health. 
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1.1 Carotenoids 

1.1.1 General characteristics 
 

Carotenoids are colourful lipid-soluble pigments (1,2), responsible for a wide spread of colours 

present in various autotrophs such as microalgae, bacteria, fungi, and plants (2,3). These natural 

pigments are part of the tetraterpenes family, characterized by a central chain with 40 atoms of carbon 

and alternating single and double bonds and various cyclic or acyclic end groups, depending on the 

carotenoid (2).   

Carotenoids exhibit diverse molecular structures and are naturally occurring in various sources, 

existing in over 750 different carotenoids. However, unlike autotrophs, Humans and animals lack the 

ability to synthesize carotenoids on their own. Instead, only 40 carotenoids are commonly consumed 

through diet (1,4,5) and, a smaller subset is absorbed, stored, and consequently detected in our 

bloodstream and body tissues (2,6–9).  

According to their chemical constituents, carotenoids can be classified as carotenes or xanthophylls 

(10), existing as pure hydrocarbons in the first case (e.g., α-carotene, β-carotene, and lycopene) and, 

having oxygenated derivatives on their terminal rings in the case of xanthophylls (e.g., lutein, β-

cryptoxanthin, and zeaxanthin) (9).  

Xanthophylls are synthesized within the plastids and have an important function, as accessory 

pigments, to capture certain wavelengths of sunlight that are not absorbed by chlorophyll (5). The 

presence of a polar group in the chemical structure of xanthophylls can affect the polarity of the 

carotenoids as well as their biological functions (1,2,9,11).  

Carotenes are orange pigments responsible for transmitting the light energy they absorb from 

chlorophyll and absorbing the energy from singlet oxygen formed in photosynthesis to protect the plant 

tissues (5). 

 

 

Figure 1.1 - Chemical structures of the major carotenoids. 

 

 

carotene xanthophyll 
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In terms of physicochemical properties, carotenoids are associated with cytosolic lipid droplets and 

membrane lipid bilayers and, can modify some properties related to the permeability and fluidity of the 

membrane (12,13). Carotenoids can also be classified according to their functional properties into 

primary and secondary carotenoids, with the photosynthetic carotenoids included in the primary group 

and having an important role in photosynthesis (1,14).  

So far, only 50 carotenoids are known to have provitamin A activity (14). The most important 

precursors of vitamin A in humans identified were -carotene, β-carotene, gamma ()-carotene, and β-

cryptoxanthin (14–17). When exposed to light, heat, oxygen, or acids, carotenoids are very susceptible 

to multiple reactions such as oxidation and isomerization (5). 

Lutein, β-carotene, and lycopene are 3 of the 40 carotenoids present in a usual human diet (2). The 

natural pigment -carotene has the highest vitamin A activity, once is the only molecule that presents 

symmetry, and a unique molecule of -carotene is sufficient to be converted into two molecules of 

vitamin A (15). Since humans aren’t able to synthesize vitamin A de novo, it is necessary to obtain 

proper amounts of this nutrient through diet, in orange and yellow vegetables and fruits such as carrots 

and mangoes and, in vegetables with dark green leaves (15).  

 

 

 

 

 

Figure 1.2 - Chemical structure of -carotene (3). 

 

Lutein is a xanthophyll abundant in dark green vegetables (18) and in egg yolk (19) and is present 

in the eye’s lens, dispersed all over the retina (20,21). The nine double bonds that are characteristic of 

the structure of this xanthophyll are responsible to scavenge oxygen intermediates (22) and to absorb 

and emit certain light wavelengths that lead to the characteristic colour properties of lutein (23). 

Lutein as a xanthophyll is less hydrophobic than carotenes which makes this first pigment better 

absorbable into micelles and, with a higher bioaccessibility (13).  

 

 

 

 

 

Figure 1.3 - Chemical structure of lutein (3). 

 

Lycopene is a predominant unsaturated carotenoid present in fruits and vegetables and, is the 

pigment responsible for the red colour of tomatoes, apricots, papaya, watermelons, and red grapefruits 

(24,25). With the molecular formula C40H56, this hydrocarbon carotenoid has an acyclic open-chain 

structure with 13 double-bounds and is usually longer than the other carotenoids (11,24), contributing 

to its superior free radical-quenching abilities among carotenoids (1). 



   4 

This carotenoid doesn’t have symmetrical planarity, which justifies the absence of vitamin A-like 

activity (24). It is a lipophilic molecule that is transported in lipoproteins through the blood and, 

consequently, accumulated in the vasculature and the tissues (25). 

 

 

 

 

Figure 1.4 - Chemical structure of lycopene (3). 

 

While carotenoids are known for their vibrant colours and potential health benefits (1,2), their 

bioavailability plays a crucial role in determining their actual impact on human health (2,15). Since these 

natural pigments are fat-soluble compounds, they require the presence of dietary fats for optimal 

absorption (26,27), which means that consuming carotenoid-rich foods along with healthy fats can 

enhance their bioavailability. On the other hand, as the demand for natural and functional ingredients 

continues to rise (17), the development of efficient and sustainable extraction techniques for carotenoids 

(28) remains a focus of ongoing research and technological innovation. 

In addition, these natural pigments have several applications such as in feed, food, nutraceutical, 

and pharmaceutical industries (5), being applied as colourants in food, beverages and cosmetics, as 

nutrient supplements, feed additives, and animal feed supplements (17). 

 

1.1.2 Biological functions  
 

Carotenoids have several important biological functions such as antioxidant, antibacterial, 

immunological, and anti-inflammatory activities, and beneficial effects in the treatment of some cancers, 

and diabetes, as well as in eye infections, neurological disorders, and CVDs (1,24,29,30).  

Due to these bioactive properties that promote health, the use of carotenoids as food ingredients has 

increased exponentially (1).  

 

a) Antioxidant activity 
 

These natural pigments have antioxidant activity since they regulate the production of antioxidant 

enzymes, scavenge radicals produced in various pathologies and during aerobic metabolism (2,31,32) 

and, as they have conjugated double bounds, can accept electrons from the reactive species, 

neutralizing the free radicals (1,2,7,12,33). 

Carotenoids are able to absorb short wavelengths and high-energy blue light, protecting, for 

example, the retina from photochemical damage (9). In addition, as lipid-soluble molecules, they are 

present in lipid/water interfaces and in lipophilic environments, playing the important role of protecting 

cellular membranes and lipoproteins against the damage caused by radicals (34). At the lipid/aqueous 

interface of cellular membranes are found xanthophylls since they are less hydrophobic than carotenes. 

These pigments can scavenge, therefore, radicals of both lipid and aqueous phases. On the other hand, 

carotenes are present in the apolar core of lipidic membranes such as that of the outer cell membrane, 

mitochondrial membrane, and nucleus membrane, scavenging radicals of the lipid phase (34). 
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b) Anti-cancer properties 
 

Cancer is the second most frequent cause of death in the world, being oxidative stress responsible 

for deoxyribonucleic acid (DNA) mutations, unstable genome, and cell proliferation, which contributes 

to cancer development (35). 

Carotenoids have shown potential in treating certain cancers, such as lung, prostate, and colon 

cancer, acting as chemopreventive or chemotherapeutic agents (36,37). The protective effect of 

carotenoids against cancer may be associated with their antioxidant property (38). 

The intake of food that contains retinol and high blood levels of retinol or -carotene (precursor of 

vitamin A) are associated inversely with the risk of developing cancer in humans (37). Although high 

levels of vitamin A and retinoids can be prophylactic agents for the prevention of cancer, -carotene is 

not toxic, even if administered at high levels for a long period (37).  

Lutein, zeaxanthin, and lycopene are known to reduce the development of inflammatory mediators 

such as tumour necrosis factor-alpha (TNF-α), interleukine-1-beta (IL-1β), and interleukin 6 (IL-6) by 

blocking the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-B) pathway (9,39). 

These natural pigments can inhibit cell proliferation and dysregulation, enhance immune system 

functioning, signal the growth factor, and reduce the expression of metastasis regulators, being lycopene 

more effective than  -carotene in long-period treatments (36–38,40). 

 

c) Immunological role 
 

Carotenoids have several anti-inflammatory functions such as stimulating the expression of 

antioxidant genes and controlling signal pathways to induce inflammatory mediators, which have 

beneficial effects on inflammation and redox imbalances (28).  

These natural pigments can also activate the adaptive immune response, maintaining an adequate 

defence to protect against bacterial infection and radiation (28,41). 

Besides that, carotenoids can stimulate the proliferation of B and T-lymphocytes, the macrophages 

and cytotoxic T-cells activity, the function of effector T-cell, the production of cytokines, the induction of 

apoptosis and affect cell growth (2,15,25). 

 

d) Prevention of diseases 

i. CVDs 
 

CVDs are the leading causes of incapacity and death worldwide (42) and, are usually associated 

with an unhealthy diet, physical inactivity and tobacco and alcohol consumption, which lead to elevated 

blood pressure, blood glucose and blood lipids, overweight and obesity (42). CVDs are associated with 

atherosclerotic lesions and the formation of foam cells, provoked by low-density lipoproteins (LDL) 

altered by oxidation (35).  

Carotenoids, particularly lycopene, have been inversely associated with CVDs, protecting against 

atherosclerosis through the inhibition of the development of reactive oxygen species (ROS) and LDL 

oxidation (43–45). 
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Besides that, carotenoids can decrease the risk of these diseases through mechanisms such as 

lowering blood pressure, decreasing pro-inflammatory cytokines and markers of inflammation and 

enhancing liver, muscle, and adipose tissue’s sensitivity to insulin (2).  
 

ii. Eye disorders  
 

The most prevalent eye disorders in the elderly are cataracts, age-related macular degeneration 

(AMD), glaucoma and diabetic retinopathy (46), which are mainly caused due to oxidative stress (oxygen 

and light sensitivity), adverse environmental factors, high polyunsaturated fatty acids, exposure to blue 

and ultraviolet (UV) light, aging, and smoking (47).  

A deficit in Vitamin A is also a concern since it influences immunity, destroying receptors that are 

sensitive to light and can cause xerophthalmia that progresses to irreversible blindness (48,49). 

There are two xanthophylls present in the eye’s lens: in the central macula is concentrated 

zeaxanthin and all over the retina is dispersed lutein (20,21). Many clinical trials show that a diet 

containing a high proportion of lutein and zeaxanthin lowers the concentration of lutein and zeaxanthin 

in the retina, plasma, and tissue (50). These can be explained once the two natural pigments have 

antioxidant activity, filtering blue light to protect photoreceptor cells from light-generated oxygen radicals 

(51,52). Therefore, carotenoids can be used to prevent and treat a wide range of eye disorders such as 

age-related macular degradation, cataracts, and retinitis pigmentosa (9).  
 

iii. Neurological problems 
 

Neurodegenerative diseases such as Alzheimer, Parkinson, and lateral amyotrophic sclerosis (53) 

are associated with mutations in the mitochondrial DNA and oxidative stress, contributing to DNA 

damage accumulation. Carotenoids are antioxidant agents capable of scavenging free radicals (9), 

suppressing proinflammatory cytokines (54) and reducing oxidative stress (55). Carotenoids such as 

lycopene, zeaxanthin, and lutein were shown to limit neuronal damage, reducing cognitive decline (9). 

Below, in Table 1.1, are presented the principal biological functions of -carotene, lutein, and 

lycopene. 

 

Table 1.1 - Main biological properties of -carotene, lutein, and lycopene. 

Carotenoid Biological functions References 

-carotene 

Stimulates the proliferation of lymphocytes 

Reduces the LDL susceptibility to oxidation 

Activates cell communication 

Reduces inflammation 

(1,15,25) 

Lutein 

Scavenges oxygen intermediates 

Blue light filter 

Decreases the proliferation of breast cancer cells 

Reduces oxidative stress and apoptosis 

(2,23,25,56–

59)      

Lycopene 

Inhibits lipid peroxidation 

Eliminates ROS 

Reinforces the immune system 

Free radical quencher 

(1,25) 
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1.2 Bioaccessibility and bioavailability of carotenoids 

The maximum quantity of a carotenoid released from the food matrix that is available to be absorbed 

in the epithelial cells of the intestine is defined as bioaccessibility (60). Bioavailability is the fraction of 

an ingested compound that enters the bloodstream and plays its physiological functions (5,61). 

In nature, the bioavailability of carotenoids is reduced since there is a resistance to digestion and 

degradation from the protein complexes of carotenoids and the cell walls of plants to achieve adequate 

release (2,15). The bioavailability can be reduced depending on the localization of carotenoids within 

the chloroplasts and chromoplasts of plants (9,62). For example, although -carotene has a high activity 

and conversion to vitamin A, its absorption from plant sources is approximately 65%, being the 

recommended intake of 2-4 mg per day not achieved (15,63,64). 

The carotenoids' bioavailability and consequently absorption can be affected by several factors such 

as the dietary sources, season, food composition, the structure and breakup of the food matrix, the 

presence of lipids, the dosage, transport and rate of absorption, the presence of other soluble 

compounds/carotenoids, the cooking temperature and mode (11,24,65,66). These conditioning factors, 

when well designed, can help provide the release of the carotenoid from the food matrix, enhancing its 

bioavailability or transforming it into an isomer that is better absorbed by the human organism (11).  

The carotenoids’ release from the food matrix depends on their state, as the carotenoids immersed 

entirely in lipid droplets are more easily released than the ones in the microcrystalline form like lycopene 

in tomato and β-carotene in carrot, respectively (67). The bioavailability of carotenoids is also 

significantly influenced by dietary composition (68,69). Since carotenoids are lipophilic compounds, their 

bioavailability increases when it is consumed in food containing a fat source (26,27). On the other hand, 

the absorption of carotenoids can decrease with the simultaneous consumption of dietary fibre such as 

pectin at the same meal (70).  

Cooking, boiling, blanching and steaming disrupts the cellular membrane, facilitating the release of 

carotenoids from the matrix (2,15,25,66,71). Although this lowers the amount of carotenoid content, 

when compared to uncooked food, it increases the carotenoids’ bioavailability and absorption 

(2,9,15,71). For example, in cooked tomatoes, the lycopene availability is higher than in raw tomatoes, 

and the more prolonged the heat treatment, the lower the carotenoid content becomes(25,66). 

In Figure, 1.5 are presented the main variables influencing the bioavailability of the carotenoids, 

either increasing (left) or lowering (right) it. 

 

 

 

 

 

 

 

 

Figure 1.5 - Factors that condition the increase (↑) or decrease (↓) of the carotenoids’ bioavailability. 

Image from (72). 
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Therefore, different technologies are required to increase carotenoids’ solubility and bioavailability 

(28). The traditional methodology has been extracting carotenoids from food matrices using organic 

solvents such as hexane, acetone, and petroleum ether, once carotenoids are highly hydrophobic, 

meaning that they are insoluble in water and methanol (28). However, most of these organic solvents 

are toxic to human health and the extracts must be purified if they are to be used in the food industry 

(28). 

Alternative methods to recover carotenoids have been proposed, such as Super-critical fluid 

extraction (SFE), High-hydrostatic pressure (HHP), and, more recently, Ohmic Heating (OH) (73). The 

OH method uses an electric current that is passed through a conductor matrix such as food and 

generates heat from the electrical resistance of the matrix (74). The authors used this methodology to 

extract bioactive compounds from tomato by-products and only used a mixture of 70% water:ethanol 

absolute (v/v) as a solvent to obtain both carotenoids and polyphenols (73,74). The authors showed that 

OH is a selective method and that it is possible to extract these bioactive compounds without organic 

solvents, substituting the traditional methods (73,74). However, OH can’t extract those bioactive 

compounds that remain bound to dietary fibres, and it is still unknown how their potential antioxidant 

properties and main bioactive compounds are affected by the gastrointestinal tract during digestion (75). 
 

1.3 Carotenoids absorption mechanism  
 

The carotenoids’ pathway throughout the gastrointestinal tract (GIT) begins in the mouth, where they 

are released from the food matrices and, as they progress through the stomach and intestine, become 

susceptible to modifications such as solubilization by the intestinal fluids (75). Subsequently, the 

bioactive compounds within the intestine undergo a process of selection through permeation, making 

them accessible for absorption into the bloodstream (75). Meanwhile, the non-bioaccessible compounds 

are used directly by the intestinal microbiota (75,76). 

The mechanism of carotenoids’ absorption can be divided into release from the food matrix, transfer 

to the oil phase, formation of mixed micelles and absorption itself, as illustrated below in Figure 1.6. 

 

1.3.1 Release 
 

The carotenoids’ absorption pathway begins with mastication, which consists of the physical 

disruption of the food matrix that leads to their release (15). The physical form of these natural pigments 

is a limiting factor which conditions their release during digestion (15,77). For example,  -carotene 

within the food can be present in liquid crystalline form, such as in mango and papaya, or in solid 

crystalline form like in carrot and tomato (15,77), being the -carotene’s bioavailability higher in foods 

where this carotenoid is in liquid crystalline form (15,77). 

 

1.3.2  Transfer to the oil phase 

The next step consists of the carotenoids’ dissolution in the gastric emulsion (digest). If carotenoids 

aren’t completely digested from the food matrix, they cannot be transferred to the oily phase since there 

is no direct contact between them and the oil (15). The incorporation of carotenoids into the gastric 
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emulsion is also affected by several factors: soluble proteins, the surface charge of the gastric emulsion, 

the oil, and the amount of the carotenoid present (15).  

In the case of -carotene, soluble proteins (e.g., casein) can be highly surface-active molecules, and 

the particles that are formed tend to be highly negatively charged, which prevents lipid droplet 

aggregation and, consequently, inhibits the incorporation of these natural pigments into the gastric 

emulsion. However, if the pH is decreased, the concentrations of soluble proteins decrease, which 

means that the transfer of -carotene to oil increases (15). The adherence of oil to the carotene-

containing matrix and the -carotene solubilization increases when the surface charge of the gastric 

emulsion is decreased since it allows for higher adherence of oil to the carotene-containing matrix (15). 

In addition, the oil and the amount of the carotenoid present will affect the carotenoid’s solubility in the 

oily phase, determining the extension of the carotenoid transfer to the digesta (15,78).  

 
 

1.3.3 Micelle formation  
 

Bile salts are released during the passage through the small intestine, promoting the formation of 

mixed micelles (15). These micelles are composed of free fatty acids, monoglycerides, phospholipids, 

and the carotenoid, (79) and result from the action of bile salts as surfactants that reduce the size of the 

gastric emulsion to micelles with a diameter of approximately 80 Å (79). The amphiphilic structure of the 

micelles allows the lipophilic nutrients to remain soluble in the aqueous digesta (11). 

This step is crucial for the absorption of carotenoids since this only occurs if they are in the form of 

mixed micelles, meaning that the factors that affect the micelle formation also affect the bioavailability 

of carotenoids in the digestion process (15). Lipids are necessary for the incorporation into micelles and 

to stimulate the release of bile to form mixed micelles, being the dietary fat a factor that influences the 

formation of micelles (15,69). However, Roodenburg et al. (69) showed that an increase in dietary fat is 

only beneficial to the formation of micelles until an optimal threshold. Besides the amount, also the type 

of fat affects the micelle formation: the longer the fatty acyl chains, the more extensive the micelle 

formation, and the bioavailability of the carotenoids (15). 

In addition, plant-based foods contain fibres such as alginate, guar, and pectin that in the presence 

of -carotene act as limiting factors since they inhibit micelle formation and decrease the bioavailability 

of this carotenoid (80–82). 

 
 

1.3.4 Absorption  
 

Finally, the micelles containing the carotenoid come into contact with the apical side of the intestinal 

epithelial cells (15), enter the enterocytes, are incorporated along with other lipids of the diet into 

chylomicrons, are transported across the basolateral membrane (40) and, then go into the lymphatic 

system and are released into circulation and distributed throughout the body (11,40). 

It was initially believed that the absorption of carotenoids occurred through passive diffusions, such 

as dietary lipids, due to the concentration difference between the micelle and the plasma membrane of 

the intestinal cell (13,40). Although this mechanism is still believed to be partially valid, it has been 

discovered that the absorption of the carotenoids can be facilitated by membrane transporters (83), such 

as the scavenger receptor class B type 1 (SR-BI), the cluster determinant 36 (CD36), and NPC1- like 
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transporter 1 (NPC1L1) (13,40). While certain studies have demonstrated that these proteins enhance 

the absorption of carotenoids (84), the specific mechanisms responsible for these effects remain unclear 

(85). 

In addition, absorption can be affected by viscosity, since it inhibits the formation of micelles and 

consequently decreases the amount of carotenoid in a form that can be absorbed (15), by the 

individual’s genetic susceptibility and dose ingested (2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6 - Major steps of carotenoids absorption mechanism. Image from (72). 

 

1.4 Intestinal Microbiota 
 

The intestinal microbiota is composed of a complex community of microorganisms (86), which 

include bacteria, viruses, and some eukaryotes that colonize the digestive tract just after birth (87), and 

live in the digestive tracts of humans and animals (88). 

Even though more than 50 bacterial phyla have been identified so far (89), the human intestinal 

microbiota is primarily dominated by just two of them: Bacteroidota and Bacillota, while other phyla like 

Pseudomonadota, Verrucomicrobiota, Actinomycetota, Fusobacteriota, and Cyanobacteria are found in 

smaller amounts (90). The Bacillota phylum comprises over 200 different genera, including 

Lactobacillus, Bacillus, Clostridium, Enterococcus, and Ruminicoccus (90). On the other hand, the 

Bacteroidota phylum is primarily composed of dominant genera such as Bacteroides and Prevotella 

(90). 

The microbial composition of the intestinal microbiota is different along the GIT (86). Although in the 

stomach and small digestive tract are only present few species of bacteria (91), in the colon, the 

microbial population is very dense with approximately 1012 bacterial cells per gram of intestinal content 
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(86). Almost 99% of the bacteria present in the intestine are anaerobes, but the cecum which connects 

the small intestine to the colon is composed of a high density of aerobic microorganisms (86).  

Below, in Figure 1.7, are presented the principal microbial differences in abundance and composition 

along the entire GIT. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7 - Main differences across the GIT according to microbial abundance and composition. 

Adapted from (92). Image from (72). 
 

Some of the biological functions of the intestinal microbiota are protection against pathogens by 

colonizing mucosal surfaces (86), enhancement of the immune system (93), production and release of 

different antimicrobial substances (86), and control of epithelial cell proliferation and differentiation (94), 

among others. Therefore, the intestinal microbiota plays a significant role in digestion and metabolism 

(95) as well as in maintaining normal intestinal physiology and health (86). This consists of a mutualistic 

relationship since the host intestine provides the necessary conditions for the bacteria to survive and 

reproduce and the microbiota modulates the various physical functions like nutrient processing and 

digestion and immune cell growth and response (86). 

However, several factors can affect the composition and function of the intestinal microbiota (86). 

These can be individual intrinsic factors such as age, ethnicity and genetic markers or environmental 

factors like geographic area, lifestyle, diet, and drug intake (96,97). These factors can lead to an 

increment or decrease of some species, as well as modifications of their metabolites produced (98). In 

the case of diet, it plays a crucial role in modulating the intestinal microbiota, either in a useful or harmful 

way (86).  

 

1.5 Intestinal Microbiota Metabolites 

The intestinal microbiota is confined within the gastrointestinal lumen, leading to the potential for 

intestinal bacteria to translocate and trigger local or systemic inflammation (99,100). To overcome this 

spatial limitation, the intestinal microbiota releases numerous diverse metabolites (100), including bile 
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acids, vitamins, tryptophan, and SCFAs (101). These metabolites have far-reaching effects on various 

organs within the host's body, regulating local and systemic immune responses, nutrient absorption, 

host metabolism, and intestinal microbiota composition, all of which play a crucial role in maintaining 

health or contributing to the development of diseases (100). 

A diverse range of metabolites can be produced and released by the intestinal microbiota, which can 

either be originated directly from dietary compounds, be generated by the host and chemically 

transformed, or be newly synthesized by the intestinal microbiota itself (102). In addition, within the 

intestinal microbiota, millions of microbial genes facilitate the synthesis of numerous enzymes. These 

enzymes can ferment dietary compounds that remain undigested by human enzymes, such as fibre or 

primary bile acids (103). 

Carotenoids need to go through a series of processes to become biologically active and play their 

effects on the host: absorption, transfer to the circulating system, delivery to the target sites in the body, 

and metabolic conversion to the active vitamin form (100,104). Carotenoid cleavage products, like 

apocarotenoids, are formed through the action of specific enzymes, such as carotenoid cleavage 

dioxygenase (CCD) in plants (105) and β, β-carotene-15,15′-oxygenase (BCO) in vertebrates (104).  

On the other hand, depending on their chemical nature, these metabolites can also play significant 

roles in the development and progression of diseases such as cancer, hypertension, Parkinson's, and 

non-alcoholic fatty liver diseases (106–109). 

 
 

1.6 Interaction between carotenoids and the Intestinal Microbiota  

Although the relationship between carotenoids and the intestinal microbiota remains a subject with 

limited available information and conclusive evidence, some studies suggested that the intestinal 

microbiota could play a crucial role in determining the effectiveness of carotenoids' actions (110).  

Jalal et al. (111) found that excessive growth of harmful bacteria from the Pseudomonadota phylum 

led to damage to mucosal epithelial cells and increased intestinal permeability, resulting in decreased 

carotenoid absorption. Another study using colonic faecal samples demonstrated that carotenoids were 

metabolized by the intestinal microbiota, producing new compounds (112). Therefore, these studies 

have shown that the composition of the intestinal microbiota significantly influences the absorption and 

metabolism of carotenoids (110).  

In addition, dietary supplementation with carotenoids such as lycopene can regulate the intestinal 

microbiota composition, inhibiting harmful bacteria like Pseudomonadota while promoting the growth of 

beneficial bacteria like those belonging to the Bifidobacterium and Lactobacillus genera, thereby 

supporting intestinal immunity and alleviating symptoms related to anxiety, colitis, and depression (113). 

Supplementation with β-carotene has also shown positive effects on intestinal health by increasing 

Bacteroidota and Pseudomonadota while decreasing harmful bacteria like Dialister and Enterobacter 

(110). Moreover, the administered dose of β-carotene influenced the composition of the intestinal 

microbiota, with different doses impacting the abundance of specific bacterial strains (110). The impact 

of xanthophylls, such as lutein and zeaxanthin, on the intestinal microbiota composition appears to be 

more significant than that of carotenes, highlighting the structural differences among carotenoids and 

their varied effects on the intestinal microbiota (114).  
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These findings suggest a structure-activity relationship between carotenoids and the intestinal 

microbiota, making the latter a potential target for carotenoid utilization (114). However, a 

comprehensive understanding of the direct interaction between carotenoids and the intestinal microbiota 

and their relationship is still lacking (115). 

 

1.7 Aim of the thesis 
 

Carotenoids, in their natural state, tend to have reduced bioavailability without having undergone any 

processing or treatment. This phenomenon leads to their accumulation in the colon, which is colonized 

by a diverse community of microorganisms that play important functions such as digestion, metabolism, 

and overall intestinal health. The impact of diet on the intestinal microbiota is well-established, with diet 

acting as one of the most influential regulators. Surprisingly, despite the significance of carotenoids in 

human nutrition, there is limited information available about their relationship with intestinal microbiota.  

One of the challenges of carotenoids lies in their hydrophobic nature, and with their high susceptibility 

to light, heat, oxygen, or acids. Therefore, the formation of by-products with harmful or unknown effects 

may occur, impacting the overall bioaccessibility, bioavailability, and absorption of carotenoids. 

In this sense, the main objective of this thesis was to study the interaction between carotenoids and 

the intestinal microbiota and how such may impact on important functional properties. To do so, a set 

of specific objectives were established and included (i) the study and evaluation of the gastrointestinal 

delivery system for carotenoids, (ii) the evaluation of the processes occurring during digestion, from 

mastication to absorption, and (iii) the assessment of the impact of the intestinal microbiota and its 

metabolites on the stability and functionality of carotenoids. 
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2.1 Material and Methods 

2.1.1 Samples preparation 

For the preparation of the carotenoids’ samples, it was taken into account for the fact that pure -

carotene is rapidly degraded in the gastric phase during digestion, and for this reason, it is necessary 

to protect it from degradation without inhibiting the intestinal release (15,116). Therefore, since 

carotenoids are lipophilic compounds and it is known that their bioavailability increases when they are 

consumed with a fat source (26,27), the carotenoids samples were prepared with a solution containing 

polysorbate 20M (Tween 20) that is a lipidic additive frequently used in the food industry. 

Hence, the solution of β-carotene was prepared with 11.9 mg of β-carotene (Extrasynthese - Lyon, 

France), 19 mL of a phosphate buffer solution (PBS) at pH 7.4 and 1 mL of Tween 20 (Sigma-Aldrich, 

Missouri, USA). This solution was then submitted to solid-phase extraction to obtain better results in 

further analysis since it permits compounds to be extracted, cleaned up after, and concentrated before 

being quantified. The lutein and lycopene solutions (Extrasynthese - Lyon, France) were prepared 

similarly with 500 μL of the respective carotenoid (concentration: lutein = 1 mg/mL; lycopene = 2.5 

mg/mL), 19 mL of PBS pH 7.4 and 1 mL of Tween 20. 

In the case of the mixture of the three carotenoids (β-carotene, lutein and lycopene) it was prepared 

with 500 μL of each carotenoid (using the solutions previously prepared) and 1.5 mL of the solution of 

PBS pH 7.4 and Tween 20 (prepared before). 

For the algae Osmundea pinnatifida (Praia da Agudela, Portugal) solution, the first step was the 

algae grinding to homogenize the sample, which was done in a kitchen robot (Bimby TM6 Vorkwerk). 

Then, a suspension with 3 g of the algae and 3 mL of a solution with PBS pH 7.4 and Tween 20 was 

prepared. 

 
 

2.1.2 In vitro gastrointestinal digestion (INFOGEST) 

Simulated complete digestion of the carotenoid solutions was performed according to the 

standardized static digestion model INFOGEST 2.0 protocol described by Brodkorb et al. (117). The 

procedure consists of the simulation of the sequential phases that happen along the GIT. For each 

sample, one replica was performed and a negative control without carotenoid sample (PBS) was used. 

First, to simulate the oral phase, 3 mL of a carotenoid solution (previously prepared) was mixed with 2.4 

mL of Simulated Salivary Fluid (SSF), 0.015 mL of CaCl2 and 0.540 mL of α-amylase from human saliva 

(84 U/mg of powder; A1031-5KU; Sigma-Aldrich, Missouri, USA) and the mixture was incubated in an 

orbital (Orbital Shaker MaxQ 6000) for 2 min at 37°C at 200 rpm. Then, 4 mL of Simulated Gastric Fluid 

(SGF), 0.00250 mL of CaCl2 and 0.40 mL of RGE (resuspended rabbit gastric extract - lipase and pepsin 

at 15 U/mg of powder; Lipolytech, Marseille, France) were added and the resulting mixture incubated in 

the above mentioned orbital for 2 h at 37 °C at 130 rpm to simulate the gastric phase. The intestinal 

phase was simulated by adding 4 mL of Simulated Intestinal Fluid (SIF), 0.021 mL of CaCl2, 1.57 mL of 

bile salts (0.2 g/mL; bile extract porcine – B8631; Sigma-Aldrich, Missouri, USA) and 2.625 mL of 

pancreatin from porcine pancreas (6 U/mg of powder; P7545; Sigma-Aldrich, Missouri, USA) and then 

incubating in the orbital for 2 h and 30 min at 37 °C at 45 rpm. To understand the possible absorption of 

the carotenoids in the samples, upon digestion, a dialysis process was performed with 3.5 kDa 



   16 

membranes (Pre-wetted RC Tubbing, Spectra/Por®6 Dialysis Membrane; 734–0652; VWR Chemicals, 

Pennsylvania, USA). The final content of the simulated digestion process was placed inside the 

membrane and a significant volume of water was used in the outside (enough to cover all sample that 

is inside the membrane). The volumes inside and outside the membrane were measured. The dialyses 

samples were placed in the orbital to mimic the peristaltic movements, overnight at 37 °C at 50 rpm. At 

the end of the process, the proportion that was found outside (OUT) of the dialysis membrane 

represented the sample fraction that was available for absorption and the proportion that was left inside 

(IN) the dialysis membrane represented the non-absorbable fraction (75,118,119). During the 

gastrointestinal digestion simulation, aliquots of 1 mL in each step were collected: mouth, stomach, 

small intestine, colon, and basolateral fraction for further analysis.  
 

2.1.3 Bioaccessibility and recovery indexes of carotenoids compounds throughout the GIT 

Bioaccessibility was defined as the proportion of the bioactive compound that could become available 

for absorption into the blood system: 

Bioaccessibility index (%) = (BC/BCDSI) × 100 (1) 

where BC is the bioactive compound content (mg) in the digested sample after the dialysis step and 

BCDSI is the bioactive compound content (mg) in the digested sample after the small intestinal step. 

The recovery index determines the main compound concentration during each step of 

gastrointestinal digestion following the equation: 

Recovery index (%) = (BCDF/BCTM) × 100 (2) 

where BCDF represents the bioactive compound content (mg) in each digested fraction and BCTM is 

the initial bioactive compound content (mg). 

2.1.4 High-Performance Liquid Chromatography (HPLC) Analysis  

The identification and quantification of each component in the sample were obtained on HPLC-DAD 

Agilent 1260 InfinityII, according to the method proposed by Wright et al. (120). The samples were 

analysed in a reverse-column C18 (2.1 x 150 mm, 2.7 µm) and the solvents used with a flow rate of 1 

mL/min were: Solvent A – acetonitrile:water (90:10 v/v); Solvent B – ethyl acetate (100%); Solvent C – 

Methanol:ammonium acetate (80:20 v/v). The acetonitrile and ethyl acetate were from Merck (Algés, 

Portugal), methanol from Fischer Scientific (Portugal) and ammonium acetate from Sigma-Aldrich, 

Sintra, Portugal. The pigment detection was at 436 nm for carotenoids and the standard curves of β-

carotene, lutein, lycopene, β-cryptoxanthin, and zeaxanthin were performed, and the results expressed 

in mg/100 g of sample. Samples were analyzed in duplicate. 

All samples were first submitted to solid-phase extraction (SPE) according to the method described 

by Shen et al. (121). C18 cartridges (SEP-PAK Vac 3cc, 500 mg, Waters,) were conditioned with 3 mL 

of acetone and 3 mL of a mixed solvent (isopropanol + ethyl acetate + water, 1 + 1 + 1, v/v/v) in 

sequence, respectively. The sample solution was then loaded onto the cartridge at a 1 mL/min flow rate. 
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The cartridge was washed with 5 mL of a mixed solvent (ethanol + water, 1 + 1, v/v), and eluted with 

1 mL of acetone in sequence. The acetone, isopropanol and ethanol were from Merck (Algés, Portugal). 

The eluate was collected and passed through a 0.22 m mm filter from Millipore (Billerica, MA, U.S.). 

The final solution was ready for the HPLC analysis. Later, the same aliquots were analysed by UPLC-

qTOF MS to evaluate the metabolites that may have been generated during gastrointestinal digestion. 

 

2.1.5 UPLC-qTOF MS analysis  

The UPLC-qTOF MS analysis was used since HPLC doesn’t allow a complete elucidation of the 

structure and identification of fragmentation patterns of the compounds. The carotenoids’ analysis was 

performed according to the method described by Monforte et al. (122), with slight modifications in an 

Ultimate 3000 Dionex UHPLC coupled to an ultra-high resolution Qq-time of flight mass spectrometer 

(Impact II, Bruker Daltonics, Germany) with the separation of metabolites performed using a reversed-

phase column ACQUITY UPLC® BEH 130Å C18, 1.7 μm, 2.1×100 mm (Waters, Milford, MA). The 

mobile phases used were: A (acetonitrile:water (90:10 v/v)); B (ethyl acetate); Flow: 0.250 mL/min; 0-2 

min: 15 % A; 2-11.6 min: 15 to 0% A; 11.6-14 min: 0 to 15% A; 14-15 min: 15% A (123). For carotenoids, 

parameters for MS analysis were set using electrospray ionization (ESI) in positive ionization mode with 

spectra acquired over a range from m/z 50 to 2000 in an Auto MS scan mode (123). The selected 

parameters were as follows: capillary voltage, 4.5 kV (positive mode); drying gas temperature, 200 °C; 

drying gas flow, 8.0 L/min; nebulizing gas pressure, 2 bar; collision radio frequency (RF), 300 Vpp; 

transfer time, 120 μs; and pre-pulse storage, 8 μs. The post-acquisition internal mass calibration used 

sodium formate clusters, with sodium formate delivered by a syringe pump at the start of each 

chromatographic analysis. The data was then analysed with Metaboscape software.  

 

2.1.6 In vitro faecal fermentations  

a) Collection and preparation of faecal inocula  

A pool of fresh faecal samples was provided by 5 healthy unrelated anonymous volunteer donors (3 

men and 2 women with ages between 23 to 39 years old meeting the criterion of ≥18 and <50 years 

old), selected by established criteria according to health status and dietary habits, namely absence of 

chronic diseases and allergies,  no consumption of probiotics or prebiotics (food or supplements) in the 

preceding 6 months or had not received antibiotics in the preceding six months. Furthermore, an 

informed consent form was distributed among donors to provide information about the study and the 

consent certificate was signed individually by each participant. The faecal samples were maintained 

under anaerobic conditions for a maximum of 2 h before being used. The faecal inoculum was prepared 

by diluting the faecal matter in PBS pH 7,4 in an anaerobic workstation (Don Whitley Scientific, West 

Yorkshire, UK; 10% CO2, 5% H2 and 85% N2), and autoclaved in a stomacher bag at 230 rpm for 1 

min. The inocula were then preserved in DMSO at -80 ºC until use. 

 

b) Fermentation Medium preparation 

The fermentation medium comprised 5.0 g/L of tryptone Soya Broth (TSB) without dextrose (Fluka 

Analytical, St. Louis, Missouri, EUA), 5.0 g/L bactopeptone (Becton Dickinson Biosciences, New Jersey, 
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USA), 5.0 g/L yeast nitrogen base, 0.5 g/L cysteine hydrochloride (Merck, Darmstadt, Germany), 1.0% 

(v/v) of salt solution A [100.0 g/L NH4Cl (Merck, Darmstadt, Germany), 10.0 g/L MgCl2·6H2O (Merck, 

Darmstadt, Germany), 10.0 g/L CaCl2·2H2O (Carlo Erba, Chaussée du Vexin, France)], 0.2% (v/v) of 

salt solution B [200.0 g/L K2HPO4·3H2O (Merck, Darmstadt, Germany)], 0.2% (v/v) of a 0.5 g/L resazurin 

solution (Sigma-Aldrich Chemistry, St. Louis, USA) and 1% (v/v) of a 10 mL/L of trace mineral solution 

(ATCC, Virginia, USA). The medium final pH value was adjusted to 6.8 and was then bubbled with N2. 

Fructooligosaccharides (FOS; Nutripar, Matosinhos, Portugal) were used as a positive control and the 

digested carotenoids’ fluids retained inside the dialysis membrane were added to the respective flasks 

at a final concentration of 2%. The flasks were capped and autoclaved.  

 

c) Faecal fermentations  

The flasks prepared before (2.6.2) were inoculated at 2% (v/v) with faecal inocula and incubated for 

48 h at 37 ºC under an anaerobic atmosphere (10% CO2, 5% H2 and 85% N2). Samples were collected 

after 0, 6, 12, 24 and 48 h of incubation and the pH values were measured using a MicropH 2002 pH 

meter (Crison, Barcelona, Spain), equipped with a 52-07 pH electrode (Crison, Barcelona, Spain). The 

positive and negative controls were, respectively, designated as C+ (FOS) and C- (plain medium), while 

the digested carotenoids’ fluids were named β-carotene, Lutein, Lycopene, Mix and Algae. Afterwards, 

the samples were stored at -20 ºC until analysis. All the steps considered in this section were carried 

out inside an anaerobic workstation (Don Whitley Scientific, West Yorkshire, UK). 

 

d) Faecal fermentation samples’ processing 

Aliquots of each sample were centrifuged for 10 min at 4000 g at 4 ºC. The resulting supernatants 

were used to evaluate sugars organic acids, according to section 2.7, and the pellet was used to extract 

the genomic DNA, according to section 2.8.  

 

2.1.7 Sugars and organic acids analysis 

Sugar consumption and organic acid production during faecal fermentation were analyzed using an 

HPLC system comprised of a Knauer K-1001 pump (Berlin, Germany), an ion exchange Aminex 

HPX87H (300 x 7.8 mm) (Bio-Rad, Hercules, USA) column and two detectors assembled in series, 

namely a UV-vis detector (220 nm) and a refractive index detector, both from Knauer (Berlin, Germany) 

at a temperature of 65 ºC. An isocratic gradient was used (13 mM H2SO4 Merck, Darmstadt, Germany) 

at a 0.6 mL/min flow rate. The injection volume was 40 μL and the running time was 30 min. 

Fermentation supernatants were filtered through a 0.22 μm syringe filter and each sample was injected 

in duplicate.  

 

2.1.8 Bacterial population analysis 

Fresh human faeces samples were examined to determine the influence of various carotenoids on 

the metabolic and population dynamics of the intestinal microbiota after characterising the impact of the 

digesting process on each sample. In order to do that, a method based on DNA extraction and 16S 
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ribosomal RNA gene (rRNA) amplification was employed, which may be utilised with polymerase chain 

reaction (PCR) and metagenomics sequencing to characterise the dynamics of the microbes. 

 

a) DNA extraction 

An NZY Tissue gDNA Isolation kit (NZYTech, Lisbon, Portugal) was used to extract DNA with some 

modifications. Briefly, pellets were washed with TE buffer (pH 8.0; Tris EDTA buffer), vortexed and 

centrifuged at 4000 x g for 10 min at 4 ºC. Then, supernatants were discarded and 180 μL of a freshly 

prepared lysozyme solution (10 mg/mL lysozyme in TE buffer 1x) was added to the samples and 

incubated for a period of 2 h, at 37 ºC. Afterwards, samples were centrifuged at 4000 x g for 10 min at 

4 ºC and supernatants were discarded. The remaining steps were performed according to the 

manufacturer’s instructions. After extraction, DNA’s purity and concentration were assessed using a 

Thermo ScientificTM μDropTM Plate coupled with a Thermo ScientificTM MultiskanTM FC Microplate 

Photometer (Thermo Fisher Scientific, Waltham, USA). 
 

2.1.9 Total antioxidant capacity 

The total antioxidant capacity (AA) was measured through 2,2-azinobis-(3-ethylbenzothiazoline-6-

sulphonic acid) (ABTS), and 2,2-diphenyl-1-picrylhydrazyl (DPPH) methods. The ABTS scavenging 

method was performed in a black 96-well microplate, following the method described by (124) with some 

modifications. 20 μL of the sample, Trolox, or solvent were added to 180 μL of ABTS•+ working solution. 

The mixture was incubated for 5 min at 25 °C, and the absorbance at 734 nm was measured with a 

Multidetection plate reader (Synergy H1, Vermont, USA). 

The DPPH scavenging method was performed according to the method described by (125) with 

some modifications. The assay was performed in a 96-well microplate. To 25 μL of the sample, Trolox 

or solvent was added 175 μL of DPPH• working solution. The mixture was incubated for 30 min at 25 

°C, and the absorbance at 515 nm was measured with a Multidetection plate reader (Synergy H1, 

Vermont, USA). 

For the antioxidant capacity assessment, the DPPH reagent (free radical, 44150) was obtained from 

Alfa Aesar (Kandel, Germany). Methyl-β-cyclodextrin (332615), fluorescein (F6377), ABTS reagent 

(A1888), (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox, 238813) and 2,2′-

azobis-(2-methyl-propionamidine)-dihydrochloride (AAPH, 440914) were purchased from Sigma-

Aldrich. 

 

2.1.10  Antidiabetic activity 

The antidiabetic activity was quantified through the -glucosidase inhibition assay that consists of a 

colorimetric-based quantitative method as described by Oliveira et al. (2022). 50 μL of the solutions 

obtained after the dialysis phase (fraction available for absorption - outside the membrane - and the 

non-absorbable fraction - inside the membrane - of each carotenoid condition tested and 100 μL of 0.1 

M PBS (pH 6.9) containing α-glucosidase solution (1.0 U/mL) were incubated in 96-well plates at 25 ◦C 

for 10 min. After preincubation, 50 μL of a 5 mM ρ-nitrophenyl-α-D-glucopyranoside solution prepared 

in 0.1 M phosphate buffer (pH 6.9) was added to each well. The plate was incubated at 25 ◦C for 5 min, 

and absorbance readings were recorded at 405 nm with a microplate reader (Synergy H1, Vermont, 
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USA). The results were compared with the control, which contained 50 μL of buffer solution instead of 

an active extract. Acarbose was used as the positive standard in a concentration of 2,5 mg/mL. All 

assays were performed in triplicate. 
 

2.1.11  Mutagenic and Anti-mutagenic activity 

The Ames test was used to assess the mutagenicity and anti-mutagenicity of the carotenoids’ 

samples after the colon simulated digestive process, using Salmonella typhimurium (His-) strain TA-98 

following the method described by Coelho et al. (127). The positive control used was quercetin (Sigma, 

St. Louis, MO). without metabolic activation (without rat liver extract). The number of revertants was 

analyzed and compared with the negative control. All the assays were performed in triplicate.  
 

2.1.12  Cytotoxicity 

Human Caucasian colon carcinoma epithelial cells (Caco-2, ECACC 86010202) were acquired 

from the European Collection of Authenticated Cell Cultures. Cells were cultured at 37 °C in a humidified 

atmosphere of 95% air and 5% CO2 as monolayers. Caco-2 cells were grown in Dulbecco’s Modified 

Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum (FBS),1% (v/v) of Penicillin-

Streptomycin-Fungizone and 1% (v/v) Non-Essential Amino Acids.  

Cytotoxicity evaluation was performed according to the ISO 10993-5:2009 standard. Cells were 

grown to 80–90% confluence, detached using TrypLE Express (ThermoScientific, Waltham, MA, USA) 

and seeded at 1 × 104 cells/well in a 96-well microplate (Nunclon Delta, ThermoScientific, Waltham, MA, 

USA). After 24 h, the culture medium was carefully removed and replaced with culture medium 

supplemented with test samples (at the desired concentration). DMSO (Sigma, St. Louis, MI, USA) at 

30% (v/v) in culture medium was used as a death control, and plain culture medium was used as growth 

control. After 24 h of incubation, Presto Blue (ThermoFisher, Waltham, MA, USA) was added to each 

well and incubated. After this period, fluorescence (Ex: 560 nm; Em: 590 nm) was measured using a 

microplate reader (Synergy H1, Biotek Instruments, Winooski, VT, USA). All assays were performed in 

quadruplicate. 

 

2.1.13  Statistical analysis 

Data’s statistical analysis was done using IBM SPSS Statistics v21.0 (IBM, Chicago, USA). The 

normality of the data’s distribution was evaluated through Shapiro-Wilk’s test. As the data proved to 

follow a normal distribution, One-way ANOVA, coupled with Tukey’s post hoc test, was used to 

determine the significance of carotenoids’ effect on bacterial populations at each time point. Repeated 

Measures ANOVA was used to evaluate the effect of the carotenoids solutions on the bacterial 

population over time. Differences were considered significant for p-values ≤ 0.05. 
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3.1  Carotenoids throughout the GIT 

3.1.1 HPLC analysis 

An in vitro simulation of gastrointestinal digestion was performed on the five samples studied: -

carotene, Lutein, and Lycopene (in 0.1% of Tween solution), a combination of these carotenoids (Mix), 

and the Alga Osmundea pinnatifida. To evaluate the impact of this process on the stability and 

bioavailability of the carotenoid components, the samples obtained at each stage of the simulated 

digestion (simulated salivary phase - SSP; simulated gastric phase – SGP; simulated intestinal phase – 

SIP; dialysis phase inside the membrane – IM; dialysis phase outside the membrane – OM) were 

analysed through HPLC and the results are presented in Table 3.1. 

In Table 3.1, it is observed that -carotene is just detected in the final stages of the process - the 

dialysis phases (inside and outside the membrane) - which means that a fraction of this carotene 

remains in the dialysis membrane to be directly used by the intestinal microbiota, and another fraction 

is absorbed (2.49%), being distributed throughout the body. In the salivary, gastric and intestinal phases 

carotenoids such as -cryptoxanthin, lycopene and zeaxanthin are surprisingly detected, and their 

concentrations decrease throughout the GIT. This can be explained since carotenoids are very 

susceptible compounds that, in the presence of light, heat, oxygen, or acids exposure, suffer multiple 

reactions, particularly, conversion between carotenoids (128). These results obtained may indicate that 

during digestion, the carotenoids may be degraded by, for example hydrolytic enzymes, possibly 

originating different compounds from the original carotenoid, but also different carotenoids exposed to 

different conditions may lead to the synthesis of other carotenoids and/or compounds.  

In the case of lutein (Table 3.1), this xanthophyll is detected from the primary step (salivary phase) 

until the intestinal phase along with other carotenoids such as zeaxanthin, -cryptoxanthin, lycopene, 

and -carotene. This can be explained by the fact that a fraction of lutein remained intact (although the 

concentration decreased throughout the tract) and the other fraction was converted into different 

carotenoids. However, in the dialysis phases, lutein was no longer detected: inside the membrane only 

zeaxanthin and -cryptoxanthin were detected and outside the membrane, no type of carotenoid was 

detected, which can mean that lutein is lost for intestinal microbiota use inside the membrane but is also 

not absorbed. Nevertheless, other compounds generated from lutein can be released in circulation, 

acting in a beneficial way. 

Lycopene by itself is never detected throughout the GIT (Table 3.1). However, inside the membrane 

is detected the carotenoid zeaxanthin that can be generated from the possible reactions (cyclization into 

carotene rings and hydroxylation thereof) that lycopene suffered. In addition, lycopene can originate 

other types of compounds that remain in the membrane and/or are absorbed, playing its beneficial 

functions for the body.  

In the case of the Mix, none of the three carotenoids studied (-carotene, lutein, and lycopene) were 

detected along the GIT (Table 3.1). From the salivary phase until the dialysis phase inside the 

membrane carotenoids such as zeaxanthin and -cryptoxanthin were detected whose final 

concentrations were higher than in the primary phase (salivary phase), evidencing the possible 

occurrence of biosynthetic reactions across the GIT. In terms of the dialysis phase, it was observed that 

no carotene was absorbed (outside the membrane). Nevertheless, other metabolites that possibly were 
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generated throughout the digestion process, could have been absorbed and acted in a way that can 

provide benefits for human health.
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Table 3.1 – The carotenoids profile found in each tested condition at each simulated gastrointestinal (GIT) phase, with their respective concentrations (Mean  

standard deviation (SD)) in mg/L.  SSP - simulated salivary phase; SGP - simulated gastric phase; SIP - simulated intestinal phase; IM - dialysis phase inside 

the membrane; OM - dialysis phase outside the membrane; NI - not identified. 

 
 
 
 

 -carotene Lutein Lycopene Mix 

GIT phase Carotenoids identified Mean  SD (mg/L) Carotenoids identified Mean  SD (mg/L) Carotenoids identified Mean  SD (mg/L) Carotenoids identified Mean  SD (mg/L) 

SSP 

-cryptoxanthin 3x10-3  9x10-5 Lutein 9x10-6  3x10-7 

NI 

Zeaxanthin 2x10-6  3x10-8 

Lycopene 3x10-2  9x10-4 Zeaxanthin 1x10-6  1x10-8 -cryptoxanthin 6x10-6  1x10-7 

 

-cryptoxanthin 9x10-6  1x10-8 

 Lycopene 2x10-7  4x10-9 

-carotene 2x10-7  2x10-9 

SGP 

-cryptoxanthin 9x10-4  6x10-5 Lutein 4x10-4  6x10-5 

NI 

-cryptoxanthin 2x10-5  2x10-7 

Lycopene 5x10-3  6x10-5 Zeaxanthin 6x10-5  6x10-7 

 
 

-cryptoxanthin 5x10-4  4x10-7 

Lycopene 4x10-6  8x10-7 

-carotene 2x10-5  3x10-8 

SIP 

-cryptoxanthin 9x10-4  3x10-5 Lutein 2x10-3  1x10-4 

NI 

-cryptoxanthin 1x10-4  2x10-6 

Zeaxanthin 8x10-4  3x10-4 Zeaxanthin 9x10-5  4x10-6 
 

 -cryptoxanthin 8x10-4  5x10-6 

IM 
-cryptoxanthin 5x10-4  2x10-4 Zeaxanthin 1x10-4 5x10-6 Zeaxanthin 2x10-2  4x10-5 Zeaxanthin 4x10-4  2x10-6 

-carotene 6x10-2  3x10-4 -cryptoxanthin 1x10-3  1x10-5   -cryptoxanthin 2x10-3  4x10-6 

OM -carotene 1x10-2  5x10-4 NI NI NI 
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For the O. pinnatifida algae no type of carotenoid whatsoever was found and identified by HPLC. 

This can be an indicator that in a complex matrix such as algae, the bioaccessibility of carotenes can 

be strongly affected, requiring the application of methods of extraction to release these pigments and 

deliver them separately to be effectively bioaccessible (129). The process of extracting carotenoids 

frequently includes the extraction of additional substances like chlorophylls, lipids, and esters, being 

essential to proceed to eliminate these potentially disruptive compounds that might affect the analysis 

(129), possibly the reason why no carotenoids were detected by HPLC.  

Therefore, all the samples from the different conditions assayed were then analysed through UPLC-

qTOF MS since HPLC didn’t allow a complete elucidation of the structure and identification of 

fragmentation patterns to identify the present compounds, and the results are presented below in 

Figures 3.1 and 3.9. 

 

3.1.2 Bioaccessibility and recovery indexes of carotenoids throughout the GIT 

It was not possible to calculate the bioaccessibility indexes for the different carotenoids tested in the 

different condition (plain, mixture and complex alga matrix) since after the dialysis step (OM) there were 

no carotenoids being identified for the majority of the conditions tested, which means that these natural 

pigments did not become available for absorption (or were degraded beforehand). In the case of -

carotene, although it was identified after the dialysis step, this carotenoid was not identified in the sample 

after the small intestinal step (SIP). Therefore, it is possible to conclude that these carotenoids are not 

bioaccessible for absorption under these tested conditions. 

In the case of the recovery indexes, it was just possible to calculate them for the -carotene and 

lutein groups (and for lutein just from the first three stages SSP, SGP and SIP), since in the other 

conditions, the initial carotenoids were converted into other natural pigments during the simulated 

digestion. Below, in Table 3.2, are presented the recovery indexes (%) from the samples mentioned 

before: 

 

Table 3.2 - Recovery indexes (%) for the carotenoids -carotene and lutein at the various sampling 

points.  

Carotenoid GIT phase Recovery index (%) 

-carotene 
IM 0.2 

OM 0.5 

Lutein 

SSP 0.000005 

SGP 0.0005 

SIP 0.004 

 

In Table 3.2 it is possible to observe that the recovery indexes are very low for all samples, being the 

highest recovery obtained for -carotene outside the membrane. However, in a general way, it is 

possible to conclude that during the digestion of these natural pigments it is almost impossible to recover 

them since, as observed, they are converted into other compounds during this process. 
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3.1.3 Metabolomics analysis throughout the GIT 

The different samples from the different conditions assayed were analysed by UPLC-qTOF MS to 

understand the major differences in terms of compounds’ fragments in the distinct phases of the 

simulated digestion: SSP, SGP, SIP, IM and OM.  

Therefore, Figure 3.1 presents the results for plain -carotene (Figure 3.1a), plain lutein (Figure 

3.1b), plain lycopene (Figure 3.1c), the Mix (Figure 3.1d) and the O. pinnatifida algae (Figure 3.1e) 

conditions along the GIT through principal component analysis (PCA).  

 

 

 

 

 

 

 

 

 

 

Figure 3.1 - PCA results of the carotenoids’ profiles found in the different samples along the GIT from 

the different conditions assayed. Results were obtained through Metaboscape software.  Mouth – 

SSP;  Stomach – SGP;  Intestine – SIP;  Colon – IM;  Basolateral – OM.   
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PCA was the method chosen to analyse the results from the UPLC analysis to try and simplify the 

complex data obtained. PCA has a primary objective of decreasing the complexity of a dataset while 

preserving its underlying information. When dealing with datasets comprising multiple groups of 

variables, it is common to find different variables exhibiting similar behaviour, thus containing redundant 

information. In the context of mass spectra, these variables refer to the intensities at specific masses 

(130). 

For -carotene (Figure 3.1a), it is possible to observe that in the first 3 phases (SSP, SGP and SIP) 

the variance of the fragments’ peaks obtained was very similar between them since they are clustered 

together, which can indicate underlying patterns or relationships between the fragments obtained in 

these phases. In the case of this carotene inside and outside the membrane, the variance of the peaks 

obtained are very distinct from each other and from the fragments obtained in the first 3 phases, since 

they are significantly deviated in the graph, which can indicate that the fragments originated are very 

distinct. 

In the case of lutein (Figure 3.1b), the variance of the fragments’ peaks in the first 2 phases (SSP 

and SGP) are considerably deviating in the graph suggesting that the fragments obtained in these 

phases have distinct origins. On the other hand, the fragments obtained in SIP, IM and OM may have 

some relationship since the variance of the fragments’ peaks is closer in the graph, indicating an 

increasing on bioaccessibility by these fragments. 

The PCA analysis for lycopene (Figure 3.1c) demonstrated that the fragments obtained in the SSP 

could be distinct from the ones obtained in the SGP and SIP since the variance of the fragments’ peaks 

obtained in the first phase is different from the variance obtained in the gastric and intestinal phases. 

Inside and outside the membrane, the variance of the fragments’ peaks is almost clustered, which can 

indicate some relationship between the fragments obtained in these 2 phases. However, the possible 

fragments obtained inside and outside the membrane are different from the SSP, SGP and SIP. 

For the Mix group (Figure 3.1d), analysing the position of the variance of the fragments’ peaks 

obtained along the GIT, it is possible to conclude that the fragments originated in each phase are very 

distinct from each other, except for SGP, SIP and IM which positions in the graph are similar possibly 

indicating a relationship between the fragments obtained. 

In Figure 3.1e, it is possible to observe the PCA analysis for the O. pinnatifida algae condition. The 

variance of the fragments’ peaks obtained in the SIP and IM are very similar, which can indicate any 

type of relationship between the fragments obtained in these 2 phases. On the other hand, the variance 

of the peaks obtained in these phases is significantly deviated in the graph from the variance of the 

peaks of SSP, SGP and OM and significantly deviated from each other. This can indicate that the 

fragments obtained in these phases may not have a relationship between them. 

Therefore, it is possible to conclude that the relationship that the fragments obtained in each GIT 

phase may have, does not follow a tight correlation. The possible similarity that could exist between the 

fragments of these different phases is distinct between the carotenoids’ groups. 
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3.1.4 Microbiota population analysis 

After characterizing the impact of the digestion process on each sample the study proceeded to the 

evaluation of fresh human faecal samples to assess the effect of different carotenoids on the intestinal 

microbiota's metabolic and population dynamics. For that, a technique based on the extraction of DNA 

and the amplification of the 16S ribosomal RNA gene (rRNA) was used, which can be exploited with 

polymerase chain reaction (PCR) and metagenomics sequencing to characterize the microbial 

dynamics. 
 

a) Relative abundance 

The main taxa present in each tested condition (control, -carotene, lutein, lycopene, Mix, and Alga) 

at phylum and genus levels were chosen based on the findings of the taxonomic annotation to create 

the distribution histogram of the relative abundance (RA) of taxa. The relative taxonomic abundances 

for phyla and genera found in each tested condition are illustrated in Figure 3.2a and 3.2b, respectively.  

 

 

 

 

 

Figure 3.2 - Phyla and genera relative taxonomic abundance from each sample condition. (C+: control; 

BETA: -carotene; LUT: lutein; LYCO: lycopene; MIX: mix; ALGAE: O. pinnatifida).  

 

In Figure 3.2, it is possible to observe the RA of some bacterial groups in the intestinal microbiota for 

each sample condition after 48 h of the simulated fermentation process. 

At the phylum level (Figure 3.2a), the intestinal microbiota was mainly composed of Bacteroidota, 

Bacillota, Pseudomonadota, and Actinomycetota, which is consistent with the results obtained in other 

studies (110,114). 

From the Bacteroidota phylum, it was detected the presence of two different genera (Figure 3.2b): 

Bacteroides and Parabacteroides. For the Bacteroides genus, it was observed that, when compared 

with the control, its RA decreased in all sample conditions, except for the plain -carotene sample in 

which a slight increase in the respective RA was observed. In the case of the Parabacteroides genus, 

its RA increased in all sample conditions when compared with the control, meaning that carotenoids 

could provide good conditions for the growth of the bacteria from this genus.  
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In the case of the Bacillota phylum, 23 different genera were detected (Figure 3.2b) belonging to 

families such as: Lachnospiraceae (Sellimonas, Lachnoclostridium, Blautia, Dorea, Coprococcus, UCG-

010, Agathobacter, Fusicatenibacter, Ruminococcus torques group), Enterococcaceae (Enterococcus), 

Peptostreptococcaceae (Paraclostridium), Ruminococcaceae (Faecalibacterium, Ruminococcus, 

Subdoligranulum, Negativibacillus), Lactobacillaceae (Lactobacillus), Oscillospiraceae (Oscilibacter, 

UCG-002, Colidextribacter), Veillonellaceae (Veillonella), Anaerovoracaceae (Mogibacterium), 

Acidaminococcaceae (Phascolarctobacterium), and Streptococcaceae (Streptococcus). 

For the Lachnospiraceae, Ruminococcaceae and Oscillospiraceae families, the tendency observed 

was an increase of the RA (Figure 3.2b) for all the tested conditions (in comparison with the control), 

except for the UCG-010, Faecalibacterium, Negativibacillus and Colidextribacter genera which RA 

decreased when plain lutein was tested. The RA of the Veillonellaceae, Anaerovoracaceae and 

Acidaminococcaceae families was higher than the control for all conditions, which means that the 

samples favoured the growth of these bacteria. On the other hand, the RA of the genera Enterococcus, 

Lactobacillus, Streptococcus and Paraclostridium decreased in all carotenoid groups except for the Mix 

sample, in which RA increased compared to the control for the Paraclostridium genus.  

In the case of the Pseudomonadota phylum, the Escherichia, Shigella and Sutterella genera were 

detected (Figure 3.2b), and their RA was higher than that of the control for all samples.  

Regarding the Actinobacteriota phylum 2 different genera were detected (Figure 3.2b): 

Bifidobacterium and Collinsella. In the case of Bifidobacterium, the RA was lower than that reported for 

the control in all conditions tested; in Collinsella, the RA was higher for lutein, lycopene, and the Mix 

and lower for -carotene and the O. pinnatifida algae.  

In a general way, the carotenoid samples demonstrated a positive role in modulating the intestinal 

microbiota since they promoted the growth of beneficial phyla such as Lachnospiraceae, Proteobacteria 

and Bacteroidetes. However, there was also observed an increase in the RA of Escherichia-Shigella 

which are bacteria usually associated with the loss of beneficial functions, such as the production of 

SCFAs (131). Since below in point 3.1.7, the results obtained related to the organic acid production 

demonstrated that carotenoid sample groups induced the production of these types of acids (when 

compared with the control), we may affirm that the increase in the RA of Escherichia-Shigella bacteria 

was not significant.  

 

b) Compositional analysis 

According to the microbial abundance information on principal genera present in all sample 

conditions the heatmap (Figure 3.3a) was drawn to check whether the samples with similar processing 

are clustered or not, as well as the possible similarities and differences between groups. In addition, 

Figure 3.3b presents a cladogram that provides valuable insights into the microbial evolutionary 

relationships among the different tested groups, based on their genetic similarities and evolutionary 

history. 

In Figure 3.3a it is possible to observe the most abundant genus and phylum in each sample. For 

 plain -carotene, the most abundant phyla were Bacillota and Bacteroidota. When compared with the 

control, the main differences were that the genus of the Bacillota family changed, increasing the ones 
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from the Lachnospiraceae family and that bacteria such as Lactobacillus, Enterococcus, Streptococcus 

and Bifidobacterium decreased its abundance, which was consistent with the results of other studies 

(110) and supports that the β-carotene can play positive roles in intestinal health. 

In the case of plain lutein, the most abundant phylum continues to be Bacillota as in the control and 

in β-carotene, but more diverse at the family level, in contrast with the predominance of Lachnospiraceae 

family in β-carotene. Nevertheless, there is an increase in the Lachnospiraceae family and a decrease 

in Lactobacillus, Enterococcus, Streptococcus and Bifidobacterium bacteria, which corroborates 

previous results that sustain the beneficial roles of lutein in intestinal well-being (114). 

In the plain lycopene and Mix samples, the Bacillota phylum continues to lead in terms of abundance. 

Regarding lycopene, the most abundant genus was Ruminococcus (from Bacillota phylum) and in the 

Mix was Collinsella (from Actinobacteriota phylum). In the alga sample, it was evident more differences 

compared with the control, since the genus of bacteria more abundant were from different phyla: 

Desulfobacteriota, Bacillota and Pseudomonadota. 

Therefore, it can be said in a general way that an increase in Bacteroidota and Bacillota phyla, in 

particular, an increase in the Lachnospiraceae family and a decrease in Lactobacillus, Enterococcus, 

Streptococcus and Bifidobacterium bacteria, supports that carotenoids can play positive roles in 

intestinal health. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 - Composition analysis of intestinal microbiota in each tested condition of carotenoids a: 

Taxonomic abundance cluster heatmap. b: Graphical representation of phylogenetic relationships – 

Cladogram.  

 

In Figure 3.3b, it is possible to observe the phylogenetic relationships between each group. Each 

circle stands for a different taxon at the relevant taxonomic level, with the circles radiating from the inner 

side to the outer side representing the taxonomic rank from phylum to genus. Each circle's diameter 
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corresponds proportionately to the relative abundance of each taxon. Taxa with significant differences 

are highlighted in the colour of the respective group, whereas taxa with non-significant differences are 

highlighted in yellow.  

Therefore, analysing Figure 3.3b, it is possible to corroborate the fact that the most abundant phyla 

present are Bacteroidota, Pseudomonadota, and Actinomycetota.  

For  plain -carotene, in comparison with the other conditions, the most abundant phylum is the 

Bacteroidota, but the Oscillopirales order was significant in this condition. In the case of plain lutein, it is 

absent from the Figure, which indicates that there are no species with significant differences in this 

condition. 

Lycopene has a phylogenetic relationship more distant from the other tested groups since its 

representation is not contained in the circles corresponding to the phyla with the highest relative 

abundance. However, by analysing the heatmap (Figure 3.3a) it is possible to observe that the phylum 

represented in the Cladogram (Figure 3.3b) may correspond to Bacillota, since it is the phylum with the 

highest relative abundance in this group. 

In Figure 3.3b is also possible to observe that Actinomycetota is the most significant phylum in the 

Mix condition and the Pseudomonadota phylum in the Algae, in comparison with the other tested 

conditions. 

Therefore, it is possible to conclude, that these results corroborate the ones previously analysed in 

Figure 3.2 and Figure 3.3a. 
 

c) Flower diagram 

Below, Figure 3.4 presents the flower diagram of each sample group. In the flower, each petal 

represents one group sample, different colours represent different groups, the middle core number 

represents the number of feature sequences shared by all groups, and the number on the petal 

represents the number of feature sequences unique to this group. 

Therefore, it is possible to observe that the sample groups share 222 feature sequences with each 

other, and that the plain -carotene and the Algae conditions have the highest number of unique feature 

sequences. This indicates that these two groups have more unique species of bacteria present, which 

means a higher bacterial diversity when compared with the other conditions. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 - Flower diagram of each sample group. 
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d) Ternary plot 

To find the differences in dominant taxa among the three groups of samples at phylum rank, the top 

10 taxa with the average abundance of the three groups of samples at phylum rank were selected to 

generate a ternary plot (131). The ternary plot in phylum is represented, below, in Figure 3.5: 

 

 

 

 

 

 

 

 

 
 

 
 

 

Figure 3.5 - Ternary plot of the plain -carotene, Mix and Alga assay conditions. 

 

The three vertexes represent the three groups: -carotene, Mix and alga. The circles represent the 

dominant taxa, and the size of the circles is proportional to the relative abundance. The sample to which 

the circle is close to has a higher abundance of this phylum. 

In Figure 3.5, it is possible to observe that the dominant taxa are the Pseudomonadota, Bacillota, 

Bacteroidota and Actinobacteriota phyla, which are in decreasing order of their relative abundance. The 

circle representative of the Actinobacteriota phylum is significantly closer to the Mix condition, indicating 

that this phylum is more abundant in this group when compared with the other two groups. Although the 

other three circles occupy a very central position on the ternary plot, it is possible to observe that the 

Bacteroidota phylum is slightly more abundant in the plain -carotene sample, the Pseudomonadota 

phylum is to some degree more abundant in the alga sample and, finally, the abundance of the Bacillota 

phylum is to some extent higher in the Mix sample.  

 

e) -diversity analysis 

The -diversity is applied to the analysis of the microbial community diversity within a sample (132), 

in which the Shannon and Simpson indexes are calculated based on Operational Taxonomic Unit (OTU) 

species and abundance, allowing the analysis of the species richness and evenness (133).  

The Shannon diversity index is calculated by considering the total number of taxa in the sample 

(richness), and the proportion of each taxon (abundance). On the other hand, the Simpson index 

characterizes the diversity and uniformity of species distribution within a community by calculating the 

probability that two randomly sampled individuals belong to different species.  Therefore, the higher the 

Shannon index and lower the Simpson index, the greater the variety of species in the sample. 
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The boxplots were formed to analyse the differences in -diversity indices between groups and are 

presented in Figure 3.6, which can reflect the maximum, minimum, median and abnormal value of the 

index from each assay condition: 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 3.6 - Boxplots for the -diversity indices through Shannon (a) and Simpson’s (b) tests. Significant 

differences were obtained (p < 0.05). 

 

In Figure 3.6a, it is possible to observe throughout the median value that the Mix and plain -carotene 

samples have the highest Shannon index value and the Algae and Lutein samples have the lowest 

Shannon index values. When comparing the median value of the Simpson index (Figure 3.6b), it can be 

observed that the Simpson index value of the Algae samples is lower than that registered by the lutein 

samples, meaning that the samples with the greater variety of species belong to the Algae samples. In 

addition, Figure 3.6b shows that the Simpson index value of the plain -carotene samples is lower than 

that reported for the Mix samples, which indicates a greater variety of species in the -carotene samples, 

which is corroborated by the flower diagram presented in Figure 3.4. 

 

f) -diversity analysis 

The -diversity is a comparative analysis of the microbial community composition of different 

samples. First, according to the taxonomy annotation results of all samples and the abundance 

information of feature sequences, the feature sequence information of the same classification is 

combined to obtain the species abundance information table (Profiling Table). At the same time, the 

phylogenetic relationship between feature sequences is used to further calculate the unweighted Unifrac 

distance (134,135). Unifrac distance is to calculate the distance between samples by using the 

evolutionary information between microbial sequences in each sample. If there are more than two 

samples, a distance matrix can be obtained. Then, the weighted Unifrac distance (unweighted Unifrac) 

is further constructed using the abundance information of the feature sequence (Lozupone CA et al., 

2007). Finally, the differences between different samples (groups) were found through -diversity index 

inter-group difference analysis, multivariate statistical methods such as PCA, Principal coordinates 

Analysis (PCoA), and Non-Metric Multidimensional Scaling (NMDS). Weighted Unifrac distance and 

a b 
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Unweighted Unifrac distance were selected to measure the dissimilarity coefficient between pairwise 

samples, which is a widely used phylogenetic measurement method in microbial community sequencing 

projects. The heatmap based on the Weighted Unifrac and Unweighted Unifrac distances is plotted in 

Figure 3.7 as follows: 

 

 

 

 

 

 

 

 

 

 

Figure 3.7 - -diversity heatmap. Note: each grid represents a pairwise dissimilarity coefficient between 

pairwise samples, in which the Weighted Unifrac distance is displayed above and the Unweighted 

Unifrac distance conversely.  

 

The analysis of Figure 3.7 corroborates, in a general way, the information previously discussed in 

section 3.4.2. The lower coefficients were obtained for the plain lycopene and the Mix samples (0.069), 

indicating that these two samples are not very distinct from each other, at a microbial community 

composition level. The higher coefficients are observed in the comparison between the control and each 

group, corroborating the fact that all samples are very distinct from the control. 

In addition, it can be said that the plain -carotene sample has a microbial community composition 

different from that of the plain lycopene and the Mix samples (coefficient of 0.159 and 0.178, 

respectively), as demonstrated before. Also, it can be said that the Mix sample is quite different from 

that of the Algae sample, presenting a coefficient of 0.157.  

 

3.1.5 Impact of the digested carotenoids on pH evolution in faecal fermentation 

The pH value is one of the main factors in the colon's environment that imposes selection pressure 

on the population of intestinal microbes, controlling the availability of nutrients, enzyme activity, and 

microbial development (136). Besides that, the pH value of the faecal fermentation medium is a very 

important indicator of whether the fermentation is occurring or not, and its decrease is associated with 

the presence of organic and short chain fatty acids (137). 

When considering the variation of the pH values, it can be seen in Figure 3.8 that the tendency of its 

variation is common for both controls and samples: it decreases between the 0h-6h and 12h-24h of 

incubation and increases between 6h-12h and 24h-48h of the process, except for the positive control 

which pH value also decreases between the 24h and 48h.  
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Therefore, it can be said that during the decrease of the pH value between 0h-6h and 12h-24h of 

incubation, the production of organic acids could have occurred.  

Figure 3.8 - pH values variation (Mean  SD) over 48 h incubation of fermentation media without faecal 

inoculum (Negative control), with faecal inoculum (Positive control) and with inoculum in the presence 

of the different carotenoids’ digesta sample conditions, obtained after simulated GIT digestion. Different 

letters mark statistically significant (p < 0.05) differences. 

 

3.1.6 Metabolomics analysis of the non-absorbed residue (IM) 

Each carotenoid group was also analysed by UPLC-qTOF MS to understand the influence that the 

intestinal microbiota during the 48 h of the simulated fermentation process may have in terms of 

compounds’ fragments. Therefore, in Figure 3.9, it is presented the results of the plain -carotene 

(Figure 3.9a), plain lutein (Figure 3.9b), plain lycopene (Figure 3.9c), Mix (Figure 3.9d) and Algae (Figure 

3.9e) samples along the 48 h of fermentation through the principal component analysis (PCA).  
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Figure 3.9 - PCA results of the carotenoids’ sample groups along the 48h of fermentation obtained 

through Metaboscape software.  0h;  6h;  12h;  24h;  48h.  

 

For the -carotene (Figure 3.9a), lycopene (Figure 3.9c), Mix (Figure 3.9d), and Algae (Figure 3.9e) 

samples it is possible to conclude that the behaviour of the fragments’ peak variances was very similar 

throughout the 48 hours of fermentation. At the beginning of the fermentation process (first 2 time points: 

0 h and 6 h), the variance of the peaks obtained are very distinct from each other and from the fragments 

obtained in the last 3 time points (12h, 24h and 48h), since they are significantly deviated in the graph, 

which can indicate that the fragments originated are very distinct. At 12h, 24h and 48h of fermentation 

the variance of the fragments’ peaks obtained was very similar between them since they are c lose to 

each other, which can indicate some relationships between the fragments obtained in these time points. 

However, in the case of lutein (Figure 3.9b), it is possible to observe that the fragments’ peak 

variances are more dispersed in the graph, which can indicate that the fragments that originated at each 

time point are very distinct between them. 

Therefore, it is possible to conclude that the relationship that the fragments obtained in each time 

point follows a tight correlation with the exception of lutein. The similarity that could exist between the 

fragments obtained happens for 12h, 24h and 48h of fermentation and the fragments obtained at 0h 

and 6h of this process are distinct from each other and from the fragments obtained in the last 3 time 

points. 

e 

d c 
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3.1.7 Impact of the digested carotenoids on sugar consumption and organic acid 

production  

The intestinal microbiota can break down and metabolize a variety of substrates. In the presence of 

the carotenoids’ samples, the most significant metabolized sugar was glucose, as shown in Figure 

3.10a. 

The glucose concentration was initially high due to large amounts of this monosaccharide in the 

fermentation medium. After 6 h, there was a marked decrease in its concentration since the bacteria 

strains consume this substrate. After 12 h, the glucose concentration was even lower, for the Lutein, 

Lycopene and Mix samples, and in the Algae sample, the monosaccharide was completely consumed.  

Peculiarly, in the case of the -carotene sample, it was detected an increment of the glucose 

concentration after 12 h, which was also observed for maltose in a conventional extraction (SFCONV) 

of phytochemicals from tomato bagasse in a previous study (138). Recent research in humans 

demonstrated that compositional and functional differences in the intestinal microbiota contribute to 

metabolic dysfunctions, but there is still a lack of information regarding which compositional and/or 

functional characteristics of the intestinal microbiota are relevant for metabolic health, and through which 

mechanisms they affect host glucose homeostasis. Changes in bile acid metabolism and alterations in 

SCFAs production are examples of possible mechanisms, but the increase of systemic 

lipopolysaccharide (LPS) is the more feasible mechanism in this situation (139). In the -carotene 

sample, in contrast with the other samples, there were detected more bacteria from the Bacteroidota 

phylum which includes Gram-negative opportunistic pathogens that contain LPS increasing this 

bacterial cell wall component that usually is associated with glucose intolerance pathology (139). After 

24 h, the glucose in the -carotene and lutein samples was completely consumed. The metabolic 

capacity to consume glucose did not differ significantly between the lycopene and the Mix samples, 

which stabilized after 12 h. 

In Figure 3.10, it is also possible to observe that the intestinal microbiota can produce a variety of 

organic acids such as succinic, acetic, butyric, propionic and malic acids.  

In the case of the succinic acid (Figure 3.10b), contrary to the positive control, the carotenoids’ 

samples induced the production of this acid during the 48 h of incubation, after the simulated GIT 

digestion. For -carotene and Lutein samples the concentration of acetic acid decreased until 24 h of 

incubation and increased from the 24 to 48 h of the process. The Lycopene sample had the same 

behaviour along the 48 h of incubation as the negative control, decreasing this acid concentration until 

the 12 h of process and between the 24 and 48 h and increasing from the 12 and 24h of incubation. For 

the Mix sample, the concentration of acetic acid increased in the first 6 h of incubation and decreased 

between 12 and 48 h. The concentration of this acid decreased during the 48 h of incubation in the 

Algae sample. 

For the acetic acid (Figure 3.10c), the concentration variation along the 48 h of incubation was equal 

for Lutein and Lycopene samples, decreasing until 24 h of the process and increasing in the last 24 h 

of incubation. For -carotene, the concentration of this acid decreased in the first 12 h of the process 

and increased after this time point until the end of the incubation time. The acid acetic concentration in 

the Mix sample increased between 0-6 h and 24-48 h of incubation and decreased between 6 h and 24 
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h of the fermentation process. In the Algae sample, the concentration variation during incubation time 

was the same as in the succinic acid. These results are not following those obtained in a previous study, 

in which for -carotene, Lutein and Lycopene, the concentration of the acetic acid increased during all 

process times (114).  

The concentration of the butyric acid (Figure 3.10d) varied in the same way for -carotene and 

Lutein, decreasing during the incubation process, but in contrast with the positive control, the 

carotenoids’ samples induced the production of this acid. For Lycopene and the Mix samples, this acid 

concentration increased after 12 h of the process, followed by a decrease and an increase, respectively, 

in the last 36 h of incubation. In the case of the Algae sample, the concentration of butyric acid decreased 

in the first 6 h of incubation and increased from this time point until the end of the process. Once again, 

these results are not in agreement with the ones obtained previously, which increased the butyric acid 

concentration during the 48 h of the process for -carotene and Lycopene and for Lutein increased from 

6 to 12 h and decreased from 12 to 24h (114). 

For the propionic acid (Figure 3.10e), its concentration in the first 12 h of incubation in the presence 

of the carotenoids’ samples, did not differ from the positive control except for the Algae sample that 

induced the decrease of this acid during this period. In the last 36 h of the process, the concentration 

variation of the propionic acid was different from the positive control, decreasing from the 12 h to the 

end of the process, except for Lycopene, Mix and Algae samples whose concentration increased in the 

last 24 h of incubation. In a previous study, the concentration of propionic acid increased until the end 

of the process for -carotene and Lycopene and for Lutein increased from 6 to 12 h and decreased in 

the last 12 h of incubation (114).The production of malic acid (Figure 3.10f) was just induced for the -

carotene sample in the last 24 h of the process and for the Algae sample in the first 6 h of incubation. 

In conclusion, although between the 0h-6 h and the 12h-24 h of incubation, the microbiota pH value 

decreased (Figure 3.8), it is not possible to establish a correlation with the production of organic acids 

(Figures 3.10b-e) since it occurred during all the 48 h of the process only variating the concentration of 

the acids along the incubation time. Moreover, the induction of these acids production by the tested 

groups corroborates the fact that Lachnospiraceae, Lactobacillus, and Bifidobacterium bacteria, which 

are known for their ability to produce these types of acids (140), showed an increase in their RA. 
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Figure 3.10 - Concentrations (Mean  SD) of glucose consumed (a) and of organic acids (b-f) released, in g/L, during the 48 h of incubation in the presence of 

the carotenoids’ sample groups, after simulated GIT digestion. Different letters mark statistically significant (p < 0.05) differences. 
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3.1.8 Antioxidant activity of carotenoids 

The antioxidant activity of the solutions obtained after the dialysis phase (fraction available for 

absorption - outside the membrane - and the fraction non-absorbable - inside the membrane - of each 

carotenoid group was evaluated using ABTS and DPPH methods, and the samples showed similar 

behaviours. For all groups, it is observed in Figure 3.11 that the antioxidant activity is higher outside the 

membrane, meaning that the fraction of compounds that are absorbed and distributed throughout the 

body is more effective in its action than the fraction that remains inside the membrane.  

The results obtained by the two methods also showed that the group with the higher antioxidant 

activity was Lutein, followed by Lycopene, the Mix, -carotene and, finally the Algae group. This supports 

the fact of Lutein is a xanthophyll, being less hydrophobic than carotenes (such as -carotene and 

Lycopene) and for this reason, is capable of scavenging radicals both from lipid and aqueous phases, 

increasing its action effectiveness.  

In the case of Algae, its lower antioxidant activity can be justified since the breakup of the food matrix 

consists of one of several factors that affect the carotenoids' bioavailability and consequently absorption. 

Thereby, since the Algae was only triturated with no release of carotenoids, the bioavailability of these 

natural pigments was reduced and, consequently, their effectiveness as antioxidants were 

compromised.  

 

Figure 3.11 - Antioxidant activity (Mean  SD) by DPPH (a), and ABTS (b) methods of the carotenoids’ 

digested samples inside the membrane and outside the membrane. Different letters mark statistically 

significant (p < 0.05) differences. 

 

3.1.9 Antidiabetic activity of carotenoids 

The small intestine epithelial cell brush border contains an oligosaccharide hydrolase known as α-

glucosidase, which converts oligosaccharides and disaccharides into monosaccharides (126). Inhibiting 

α-glucosidase activity may slow down the absorption of carbohydrates and reduce postprandial 

hyperglycemia, which will aid in the treatment of type 2 diabetes mellitus (T2DM) (141). Numerous 

polyphenols produced from plants have demonstrated potent inhibitory effects on α-glucosidase, which 

lowers the rate at which complex starches and oligo, tri, and disaccharides are broken down into 

absorbable glucose (142). 
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The carotenoids’ digested samples were tested for α-glucosidase inhibition and compared with 

acarbose as a positive control. The most popular and extensively researched medicine in this family, 

acarbose, has been found to lengthen the lives of those with type 2 diabetes mellitus and lower the risk 

of cardiovascular events in those with impaired glucose tolerance (143).  

The results of Figure 3.12 showed that for all sample groups, the percentage of inhibition was lower 

outside the membrane (fraction available for absorption) than for the non-absorbable fraction (inside it), 

which means that carotenoids have an anti-diabetic activity more effective for the fraction that becomes 

available in the intestine after absorption (IM). Acarbose presented an α-glucosidase inhibition of 92%.   

 
 

  
 
 
 
 
 
 
 
 
 

 
 
 
 

 

Figure 3.12 - Percentage of α-glucosidase activity inhibited (Mean ± SD) tested with carotenoids’ 

digested samples. Acarbose (2.5 mg/mL) was used as a positive control. IM – inside the membrane; 

OM – outside the membrane. Different letters mark statistically significant (p < 0.05) differences. 

 

For the -carotene sample, the fraction inside the membrane presented an α-glucosidase inhibition 

of 11%, which indicates that this carotenoid has low anti-diabetic activity and inclusive, the lowest among 

all sample groups. In the case of Lutein, inside the membrane, the percentage of inhibition was higher 

than the positive control (94%) and outside the membrane Lutein presented 9.7% of inhibition, meaning 

that this xanthophyll has a higher anti-diabetic activity (inside the membrane) than acarbose. 

The same happened for the Mix, in which the α-glucosidase inhibition inside the membrane of 97.2% 

was higher than the 92% of acarbose and higher than the 9.7% of inhibition that the Mix has outside the 

membrane. In comparison with all sample groups, the Mix has the highest anti-diabetic activity. 

Lycopene presented 52% of α-glucosidase inhibition inside the membrane and 17.6% of inhibition 

outside the membrane, which means that this carotenoid already presents considerable anti-diabetic 

activity inside the membrane. 

Finally, the algae presented 21.4% of α-glucosidase inhibition inside the membrane and 7.6% of 

inhibition outside the membrane, which indicates that it has a promising anti-diabetic activity. 
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3.1.10  Mutagenicity and anti-mutagenicity of carotenoids 

The term "mutagenicity" describes the production of long-lasting mutations in an organism's DNA 

sequence, which may cause a heritable change in the characteristics of living systems. Mutagens can 

be neutralised by antimutagenic substances (144). Therefore, after the simulated digestion, the 

carotenoids’ samples were analysed through the AMES test to assess their mutagenicity or anti-

mutagenicity effect (Figure 3.13). 

The results showed that the samples were not mutagenic in none of the concentrations tested since 

there wasn’t an observed increase in the number of revertants (Figure 3.13). Although it was observed 

an increase in the number of revertants for the -carotene sample at a concentration of 100 g, it doesn’t 

represent a mutagenic effect. To confirm the mutagenic effect of this compound, further experiments 

with higher concentrations needed to be done. 

 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.13 - Mutagenicity of carotenoids’ samples. Results are the means of two determinations ± SD.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.14 - Anti-mutagenicity of carotenoids’ samples. Results are the means of two determinations 

± SD.  

 



   43 

In Figure 3.14 is possible to verify that in all samples were observed a decrease in the number of 

revertants, regardless of the applied concentration, which indicates that the extracts had an anti-

mutagenic effect on the compound quercetin since they reversed its mutagenic effect.  

 

3.1.11 Cytotoxicity of the digested carotenoids 

The XTT method is an efficient technique for evaluating the potential cytotoxicity effect of the 

carotenoids digested samples.  

The results, in Figure 3.15, show that the highest concentration of all carotenoids’ samples (-

carotene: 0.57 mg/L; Lutein: 1mg/L; Lycopene: 2.5 mg/L; Mix: 6 mg/L; Algae: 103 mg/L) presented an 

inhibition above 80%, which indicates some inhibition of cell viability.  

However, the samples of these carotenoids with lower concentrations (1:2, 1:4 and 1:8), did not 

inhibit the cellular metabolism since they present negative values of metabolism inhibition. Therefore, 

the carotenoids digested samples didn’t show cytotoxicity for these cells, suggesting the promotion of 

cell growth. Although, some carotenoid samples presented positive values in dilution 1:2 and Lycopene 

also in dilution 1:4, the inhibition values were lower than 30%, being considered not relevant. 

 

 

Figure 3.15 - Cytotoxicity analysed by the XTT method (Mean ± SD). C-: negative control; BC:  -

carotene; LU: lutein; LYCO: lycopene; Alg: algae; 1:2 – half of the initial concentration; 1:4 – ¼ of the 

initial concentration; 1:8 – 1/8  of the initial concentration. The results below the line (negative values) 

represent the non-toxic extracts.  
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NCDs have emerged as a global health challenge, responsible for a staggering 41 million deaths 

each year, which are usually associated with unhealthy dietary behaviours. In response to this alarming 

trend, various nutrition and health organizations advocate for the regular consumption of fruits, 

vegetables due to their potential to promote positive health outcomes. Among the numerous bioactive 

compounds found in these plant-based foods, carotenoids and their metabolites have gained particular 

attention for their association with these health benefits. Therefore, this Dissertation consists of an effort 

for shaping effective dietary recommendations and strategies through carotenoids to combat the rising 

burden of NCDs, by analysing the interaction of these natural pigments with the intestinal microbiota. 

Initially, the in vitro simulation of gastrointestinal digestion in the tested groups allowed us to sustain 

the information present in the literature related to the low bioaccessibility of carotenoids. Also, although 

it was added a lipophilic compound to protect these natural pigments, it wasn´t enough to prevent 

chemical reactions, giving rise to other carotenoids and compounds as shown in the HPLC analysis. 

Then, through UPLC-qTOF MS TOF, it was possible to conclude that the fragments obtained along the 

GIT have different behaviours according to the GIT phase depending on the condition tested. 

After characterizing the impact of the digestion process on each type of sample, it was analysed the 

intestinal microbiota composition through several methodologies. At the phylum level, the intestinal 

microbiota was mainly composed of Bacteroidota, Bacillota, Pseudomonadota, and Actinomycetota, 

which were consistent with the results obtained in previous studies and sustained by all types of analysis 

done. In a general way in terms of RA, carotenoids stimulated the growth of bacteria from the 

Lachnospiraceae family and the decreased of Lactobacillus, Enterococcus, Streptococcus and 

Bifidobacterium, which was consistent with the previous studies and supports that carotenoids play 

positive roles in intestinal health. In addition, it was possible to conclude that Lycopene and the Mix 

groups are not very distinct from each other, at a microbial community composition level, and that -

carotene and Algae groups allowed more diversified microbiota allowing unique species of bacteria 

present when compared with the other groups. 

Furthermore, the carotenoid groups subjected to 48 h of the simulated fermentation process were 

analysed using UPLC-qTOF MS and it was possible to observe a tight correlation: the fragments 

obtained at 12 h, 24 h and 48 h of fermentation are similar between them and the fragments obtained 

at 0 h and 6 h of this process are distinct from each other and from the fragments obtained in the last 3 

time points showing a faster activity in the beginning and then a stabilization, with the exception of the 

Lutein group which fragments originated at each time point are very distinct between them 

demonstrating a longer period of transformation for these sample. 

The intestinal microbiota used glucose as a carbon source since it is possible to see a decrease in 

its concentration along the 48 h of fermentation. Moreover, these bacteria induced the production of 

organic acids such as succinic, acetic, butyric, propionic, and malic acids. Although different groups 

produce these key organic acids, this also supports the observation that Lachnospiraceae bacteria 

increased its RA, which are known for their ability to produce these types of acids. 

In terms of the functional properties of the tested carotenoids solutions, Lutein was the sample with 

the highest antioxidant activity, followed by Lycopene, the Mix, -carotene and, finally the Algae samples 

relative to the fraction absorbed. On the other hand, in the case of antidiabetic activity, and as desired, 
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more effective results were obtained for the fraction that remained in the colon (IM), being the highest 

activity achieved by the Mix group and the lowest by -carotene. 

The carotenoid samples were also evaluated for their mutagenicity/anti-mutagenicity and 

cytotoxicity. Not only was the absence of mutagenicity demonstrated in all the concentrations tested for 

all samples but also their anti-mutagenicity effect (regardless of the concentration applied) since 

carotenoids reversed the mutagenic effect of quercetin. In terms of cytotoxicity, although the highest 

concentration of all carotenoid samples presented an inhibition above 80% (indicates some inhibition of 

cell viability), the samples of these carotenoids with lower concentrations did not inhibit cellular 

metabolism, suggesting the promotion of cell growth. 

Finally, it is worth noting that in the Algae sample, it was possible to observe that the bioavailability 

and stability of carotenoids were lower compared to the other groups where carotenoids were evaluated 

individually, as well as the antioxidant and antidiabetic activities. On the other hand, although the Mix 

group was created to assess the possible synergy/antagonism between the 3 carotenoids used, it was 

not possible to draw a conclusion regarding this effect since the results obtained were not significantly 

different compared to the carotenoids in their isolated form, showing a closer similarity in behaviour to 

Lycopene. Therefore, with the improvements suggested before, it will be possible to achieve clear 

evidence of the Mix effect as a synergistic, antagonistic, or neutral effect. 
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This Master's Dissertation was dedicated to the study of a topic that still lacks associated 

information and clear evidence - the interaction between carotenoids and the intestinal microbiota. It 

contributed to understanding the impact of digestion on the bioavailability and stability of carotenoids, 

and explored the interaction that these carotenoids would have with the intestinal microbiota and, 

consequently, the functional properties of these natural pigments. However, some developments can 

be explored based on the findings and limitations of the current study. 

Regarding the preparation of the solutions, future research could expand the concentrations 

used for each carotenoid, providing deeper insights to identify the most effective carotenoid 

concentrations to achieve better bioavailability and stability of these natural pigments. Nevertheless, the 

amount and type of the lipophilic compound can also play an important effect in the impact that digestion 

has on carotenoids, which may help to identify the most effective approach. In addition, it would be also 

interesting to evaluate if a technique to extract carotenoids in algae could have a different result in all 

points assessed in this Dissertation. 

Concerning the UPLC-qTOF MS TOF analysis, exploring the results in terms of the identification 

of the fragments obtained in each phase of the simulated digestion and at each time-point of the 

fermentation would fulfill a major and crucial gap that exists in the literature about the theme of this 

Dissertation. 

Finally, the mutagenicity and anti-mutagenicity effects of the carotenoids could also be 

improved, by analysing and comparing the results obtained previously with metabolic activation (e.g., 

liver homogenate S9 mix) that will allow us to understand the effect of these pigments during liver 

absorption. 

 

 

 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER VI 
_________________________________________________________________________________ 

 Appendixes  

 
 
 
 
 
 
 

 

 

 



   50 

 



   51 

 



   52 

 



   53 

 



   54 

 



   55 

 



   56 

 



   57 

 



   58 

 



   59 

 



   60 

 



   61 

 



   62 

 



   63 

 



   64 

 



   65 

 



   66 

 



   67 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

PART VII 
__________________________________________________ 

References  

 
 
 
 
 
 
 

 

 

 

 

 

 

 



   69 

1. Nabi F, Arain MA, Rajput N, Alagawany M, Soomro J, Umer M, et al. Health benefits of 

carotenoids and potential application in poultry industry: A review. Vol. 104, Journal of Animal 

Physiology and Animal Nutrition. Blackwell Publishing Ltd; 2020. p. 1809–18.  

2. Bolhassani A, Milani A, Basirnejad M, Shahbazi S. Carotenoids: biochemistry, pharmacology 

and treatment Correspondence Associate Professor LINKED ARTICLES. Br J Pharmacol 

[Internet]. 2017;174:1290. Available from: 

http://onlinelibrary.wiley.com/doi/10.1111/bph.v174.11/ 

3. Marhuenda-Muñoz M, Hurtado-Barroso S, Tresserra-Rimbau A, Lamuela-Raventós RM. A 

review of factors that affect carotenoid concentrations in human plasma: differences between 

Mediterranean and Northern diets. Eur J Clin Nutr [Internet]. 2019 Jul 28;72(S1):18–25. Available 

from: http://www.nature.com/articles/s41430-018-0305-9. 

4. O’Byrne SM, Blaner WS. Retinol and retinyl esters: Biochemistry and physiology. Vol. 54, Journal 

of Lipid Research. 2013. p. 1731–43.  

5. Singh A, Ahmad S, Ahmad A. Green extraction methods and environmental applications of 

carotenoids-a review. Vol. 5, RSC Advances. Royal Society of Chemistry; 2015. p. 62358–93.  

6. Jomova K, Valko M. Health protective effects of carotenoids and their interactions with other 

biological antioxidants. Vol. 70, European Journal of Medicinal Chemistry. Elsevier Masson SAS; 

2013. p. 102–10.  

7. Rutz JK, Borges CD, Zambiazi RC, da Rosa CG, da Silva MM. Elaboration of microparticles of 

carotenoids from natural and synthetic sources for applications in food. Food Chem. 2016 Jul 

1;202:324–33.  

8. Maoka T. Recent progress in structural studies of carotenoids in animals and plants. Arch 

Biochem Biophys. 2009 Mar;483(2):191–5.  

9. Tan BL, Norhaizan ME. Carotenoids: How effective are they to prevent age-related diseases? 

Vol. 24, Molecules. MDPI AG; 2019.  

10. Yaroshevich IA, Krasilnikov PM, Rubin AB. Functional interpretation of the role of cyclic 

carotenoids in photosynthetic antennas via quantum chemical calculations. Comput Theor 

Chem. 2015 Oct;1070:27–32.  

11. C. S. Marques, M. J. Reis Lima, J. Oliveira, E. Teixeira-Lemos. Tomato Lycopene: Functional 

Proprieties and Health Benefits. International Journal of Agricultural and Biosystems 

Engineering. 2015;9(10).  

12. El-Agamey A, Lowe GM, McGarvey DJ, Mortensen A, Phillip DM, Truscott TG, et al. Carotenoid 

radical chemistry and antioxidant/pro-oxidant properties. Vol. 430, Archives of Biochemistry and 

Biophysics. Academic Press Inc.; 2004. p. 37–48.  

13. Reboul E. Mechanisms of carotenoid intestinal absorption: Where do we stand? Nutrients. 2019 

Apr 1;11(4).  

14. Amorim-Carrilho KT, Cepeda A, Fente C, Regal P. Review of methods for analysis of 

carotenoids. Vol. 56, TrAC - Trends in Analytical Chemistry. Elsevier B.V.; 2014. p. 49–73.  

15. Donhowe EG, Kong F. Beta-carotene: Digestion, Microencapsulation, and In Vitro Bioavailability. 

Vol. 7, Food and Bioprocess Technology. Springer New York LLC; 2014. p. 338–54.  



   70 

16. Lozano-Alejo N, Carrillo GV, Pixley K, Palacios-Rojas N. Physical properties and carotenoid 

content of maize kernels and its nixtamalized snacks. Innovative Food Science and Emerging 

Technologies. 2007 Sep;8(3):385–9.  

17. Jaswir I, Noviendri D, Hasrini RF, Octavianti F. Carotenoids: Sources, medicinal properties and 

their application in food and nutraceutical industry. J Med Plant Res. 2011 Dec 31;5(33):7119–

31.  

18. Langi P, Kiokias S, Varzakas T, Proestos C. Carotenoids: From Plants to Food and Feed 

Industries. Methods Mol Biol. 2018;1852:57–71.  

19. Johnson EJ, Mayer J. Tufts University, 1096-Clinical Care. Vol. 5. 2002.  

20. Bone RA, Landrum JT, Fernandez L, Tarsis SL. Analysis of the macular pigment by HPLC: retinal 

distribution and age study. Invest Ophthalmol Vis Sci. 1988 Jun;29(6):843–9.  

21. Handelman GJ, Dratz EA, Reay CC, van Kuijk JG. Carotenoids in the human macula and whole 

retina. Invest Ophthalmol Vis Sci. 1988 Jun;29(6):850–5.  

22. Woodall AA, Lee SWM, Weesie RJ, Jackson MJ, Britton G. Oxidation of carotenoids by free 

radicals: relationship between structure and reactivity. Biochimica et Biophysica Acta (BBA) - 

General Subjects. 1997 Jul;1336(1):33–42.  

23. Kijlstra A, Tian Y, Kelly ER, Berendschot TTJM. Lutein: More than just a filter for blue light. Vol. 

31, Progress in Retinal and Eye Research. 2012. p. 303–15.  

24. Arain MA, Mei Z, Hassan FU, Saeed M, Alagawany M, Shar AH, et al. Lycopene: A natural 

antioxidant for prevention of heat-induced oxidative stress in poultry. Vol. 74, World’s Poultry 

Science Journal. Cambridge University Press; 2017. p. 89–100.  

25. Gammone MA, Riccioni G, D’Orazio N. Carotenoids: Potential allies of cardiovascular health? 

Food Nutr Res. 2015 Feb 6;59.  

26. Unlu NZ, Bohn T, Clinton SK, Schwartz SJ. Human Nutrition and Metabolism Carotenoid 

Absorption from Salad and Salsa by Humans Is Enhanced by the Addition of Avocado or 

Avocado Oil 1,2 [Internet]. 2005. Available from: https://academic.oup.com/jn/article-

abstract/135/3/431/4663712 

27. Brown MJ, Ferruzzi MG, Nguyen ML, Cooper DA, Eldridge AL, Schwartz SJ, et al. Carotenoid 

bioavailability is higher from salads ingested with full-fat than with fat-reduced salad dressings 

as measured with electrochemical detection 1-3 [Internet]. Vol. 80, Am J Clin Nutr. 2004. 

Available from: https://academic.oup.com/ajcn/article-abstract/80/2/396/4690323 

28. Caseiro M, Ascenso A, Costa A, Creagh-Flynn J, Johnson M, Simões S. Lycopene in human 

health. Vol. 127, LWT. Academic Press; 2020.  

29. Bennedsen M, Wang X, Willén R, Wadström T, Andersen LP. Treatment of H. pylori infected 

mice with antioxidant astaxanthin reduces gastric inflammation, bacterial load and modulates 

cytokine release by splenocytes. Immunol Lett. 2000 Dec;70(3):185–9.  

30. Guerin M, Huntley ME, Olaizola M. Haematococcus astaxanthin: applications for human health 

and nutrition. Trends Biotechnol. 2003 May;21(5):210–6.  

31. Stahl W, Sies H. Bioactivity and protective effects of natural carotenoids. In: Biochimica et 

Biophysica Acta - Molecular Basis of Disease. 2005. p. 101–7.  



   71 

32. Rahal A, Kumar A, Singh V, Yadav B, Tiwari R, Chakraborty S, et al. Oxidative stress, 

prooxidants, and antioxidants: the interplay. Biomed Res Int. 2014;2014:761264.  

33. Lauretani F, Semba RD, Dayhoff-Brannigan M, Corsi AM, di Iorio A, Buiatti E, et al. Low total 

plasma carotenoids are independent predictors of mortality among older persons. Eur J Nutr. 

2008 Sep 16;47(6):335–40.  

34. Kaulmann A, Bohn T. Carotenoids, inflammation, and oxidative stress-implications of cellular 

signalling pathways and relation to chronic disease prevention. Vol. 34, Nutrition Research. 

Elsevier Inc.; 2014. p. 907–29.  

35. Szabo K, Cătoi AF, Vodnar DC. Bioactive Compounds Extracted from Tomato Processing By-

Products as a Source of Valuable Nutrients. Plant Foods for Human Nutrition. 2018 Dec 

27;73(4):268–77.  

36. Eliassen AH, Hendrickson SJ, Brinton LA, Buring JE, Campos H, Dai Q, et al. Circulating 

carotenoids and risk of breast cancer: Pooled analysis of eight prospective studies. J Natl Cancer 

Inst. 2012 Dec 19;104(24):1905–16.  

37. Gloria NF, Soares N, Brand C, Oliveira FL, Borojevic R, Teodoro AJ. Lycopene and beta-

carotene induce cell-cycle arrest and apoptosis in human breast cancer cell lines. Anticancer 

Res [Internet]. 2014 Mar;34(3):1377–86. Available from: 

http://www.ncbi.nlm.nih.gov/pubmed/24596385 

38. Jimenez-Lopez C, Fraga-Corral M, Carpena M, García-Oliveira P, Echave J, Pereira AG, et al. 

Agriculture waste valorisation as a source of antioxidant phenolic compounds within a circular 

and sustainable bioeconomy. Food Funct. 2020;11(6):4853–77.  

39. Cha JH, Kim WK, Ha AW, Kim MH, Chang MJ. Anti-inflammatory effect of lycopene in SW480 

human colorectal cancer cells. Nutr Res Pract. 2017;11(2):90.  

40. Niranjana R, Gayathri R, Nimish Mol S, Sugawara T, Hirata T, Miyashita K, et al. Carotenoids 

modulate the hallmarks of cancer cells. J Funct Foods. 2015 Oct 1;18:968–85.  

41. Ascenso A, Pinho S, Eleutério C, Praça FG, Bentley MVLB, Oliveira H, et al. Lycopene from 

Tomatoes: Vesicular Nanocarrier Formulations for Dermal Delivery. J Agric Food Chem. 2013 

Jul 31;61(30):7284–93.  

42. World Health Organization. Cardiovascular diseases (CVDs). 2021.  

43. Sesso HD, Buring JE, Norkus EP, Gaziano JM. Plasma lycopene, other carotenoids, and retinol 

and the risk of cardiovascular disease in women. Am J Clin Nutr. 2004 Jan 1;79(1):47–53.  

44. Riso P, Visioli F, Grande S, Guarnieri S, Gardana C, Simonetti P, et al. Effect of a tomato-based 

drink on markers of inflammation, immunomodulation, and oxidative stress. J Agric Food Chem. 

2006 Apr 5;54(7):2563–6.  

45. Arab M, Bahramian B, Schindeler A, Valtchev P, Dehghani F, McConchie R. Extraction of 

phytochemicals from tomato leaf waste using subcritical carbon dioxide. Innovative Food 

Science & Emerging Technologies. 2019 Oct;57:102204.  

46. World Health Organization. Blindness and vision impairment. 2022.  

47. Richer S, Stiles W, Statkute L, Pulido J, Frankowski J, Rudy D, et al. Double-masked, placebo-

controlled, randomized trial of lutein and antioxidant supplementation in the intervention of 



   72 

atrophic age-related macular degeneration: the Veterans LAST study (Lutein Antioxidant 

Supplementation Trial). Optometry. 2004 Apr;75(4):216–30.  

48. Awasthi S, Awasthi A. Role of vitamin A in child health and nutrition. Clin Epidemiol Glob Health. 

2020 Dec;8(4):1039–42.  

49. Maurya VK, Singh J, Ranjan V, Gothandam KM, Bohn T, Pareek S. Factors affecting the fate of 

β-carotene in the human gastrointestinal tract: A narrative review. Int J Vitam Nutr Res. 2022 

Oct;92(5–6):385–405.  

50. Wang Y, Roger Illingworth D, Connor SL, Barton Duell P, Connor WE. Competitive inhibition of 

carotenoid transport and tissue concentrations by high-dose supplements of lutein, zeaxanthin 

and beta-carotene. Eur J Nutr. 2010 Sep 16;49(6):327–36.  

51. Junghans A, Sies H, Stahl W. Macular pigments lutein and zeaxanthin as blue light filters studied 

in liposomes. Arch Biochem Biophys. 2001 Jul 15;391(2):160–4.  

52. Bernstein PS, Khachik F, Carvalho LS, Muir GJ, Zhao DY, Katz NB. Identification and 

quantitation of carotenoids and their metabolites in the tissues of the human eye. Exp Eye Res. 

2001 Mar;72(3):215–23.  

53. Garofalo M, Pandini C, Bordoni M, Pansarasa O, Rey F, Costa A, et al. Alzheimer’s, Parkinson’s 

Disease and Amyotrophic Lateral Sclerosis Gene Expression Patterns Divergence Reveals 

Different Grade of RNA Metabolism Involvement. Int J Mol Sci. 2020 Dec 14;21(24):9500.  

54. Hadad N, Levy R. Combination of EPA with Carotenoids and Polyphenol Synergistically 

Attenuated the Transformation of Microglia to M1 Phenotype Via Inhibition of NF-κB. 

Neuromolecular Med. 2017 Sep;19(2–3):436–51.  

55. Wang J, Li L, Wang Z, Cui Y, Tan X, Yuan T, et al. Supplementation of lycopene attenuates 

lipopolysaccharide-induced amyloidogenesis and cognitive impairments via mediating 

neuroinflammation and oxidative stress. J Nutr Biochem. 2018 Jun;56:16–25.  

56. Li B, Vachali P, Bernstein PS. Human ocular carotenoid-binding proteins. Photochem Photobiol 

Sci. 2010 Nov;9(11):1418–25.  

57. Liu XH, Yu RB, Liu R, Hao ZX, Han CC, Zhu ZH, et al. Association between lutein and zeaxanthin 

status and the risk of cataract: a meta-analysis. Nutrients. 2014 Jan 22;6(1):452–65.  

58. Christensen K, Gleason CE, Mares JA. Dietary carotenoids and cognitive function among US 

adults, NHANES 2011-2014. Nutr Neurosci. 2020 Jul;23(7):554–62.  

59. Chang J, Zhang Y, Li Y, Lu K, Shen Y, Guo Y, et al. NrF2/ARE and NF-κB pathway regulation 

may be the mechanism for lutein inhibition of human breast cancer cell. Future Oncol. 2018 

Apr;14(8):719–26.  

60. Ekesa B, Poulaert M, Davey MW, Kimiywe J, Bergh I van den, Blomme G, et al. Bioaccessibility 

of provitamin A carotenoids in bananas (Musa spp.) and derived dishes in African countries. 

Food Chem. 2012 Aug;133(4):1471–7.  

61. Sy C, Gleize B, Dangles O, Landrier JF, Veyrat CC, Borel P. Effects of physicochemical 

properties of carotenoids on their bioaccessibility, intestinal cell uptake, and blood and tissue 

concentrations. Mol Nutr Food Res. 2012 Sep;56(9):1385–97.  



   73 

62. van het Hof KH, West CE, Weststrate JA, Hautvast JG. Dietary factors that affect the 

bioavailability of carotenoids. J Nutr. 2000 Mar;130(3):503–6.  

63. Grune T, Lietz G, Palou A, Ross AC, Stahl W, Tang G, et al. β-carotene is an important vitamin 

A source for humans. Vol. 140, Journal of Nutrition. 2010.  

64. Haskell MJ. The challenge to reach nutritional adequacy for vitamin A: β-carotene bioavailability 

and conversion - Evidence in humans. Vol. 96, American Journal of Clinical Nutrition. 2012.  

65. Rissanen T, Voutilainen S, Nyyssonen K, Salonen JT. Lycopene, Atherosclerosis, and Coronary 

Heart Disease. 2002.  

66. Gartner C, Stahl W, Sies H. Lycopene is more bioavailable from tomato paste than from fresh 

tomatoes13 [Internet]. Vol. 66, Am J Clin Nutr. 1997. Available from: 

https://academic.oup.com/ajcn/article/66/1/116/4655617 

67. Fiedor J, Burda K. Potential role of carotenoids as antioxidants in human health and disease. 

Nutrients. 2014 Jan 27;6(2):466–88.  

68. Micozzi MS, Brown ED, Edwards BK, Bieri JG, Taylor PR, Khachik F, et al. Plasma carotenoid 

response to chronic intake of selected foods and beta-carotene supplements in men. Am J Clin 

Nutr. 1992 Jun;55(6):1120–5.  

69. Roodenburg AJ, Leenen R, van het Hof KH, Weststrate JA, Tijburg LB. Amount of fat in the diet 

affects bioavailability of lutein esters but not of alpha-carotene, beta-carotene, and vitamin E in 

humans. Am J Clin Nutr. 2000 May;71(5):1187–93.  

70. Riedl J, Linseisen J, Hoffmann J, Wolfram G. Some dietary fibers reduce the absorption of 

carotenoids in women. J Nutr. 1999 Dec;129(12):2170–6.  

71. van het Hof KH, de Boer BCJ, Tijburg LBM, Lucius BRHM, Zijp I, West CE, et al. Human Nutrition 

and Metabolism Carotenoid Bioavailability in Humans from Tomatoes Processed in Different 

Ways Determined from the Carotenoid Response in the Triglyceride-Rich Lipoprotein Fraction 

of Plasma after a Single Consumption and in Plasma after Four Days of Consumption [Internet]. 

Vol. 130, J. Nutr. 2000. Available from: https://academic.oup.com/jn/article-

abstract/130/5/1189/4686495 

72. Rocha HR, Coelho MC, Gomes AM, Pintado ME. Carotenoids Diet: Digestion, Gut Microbiota 

Modulation, and Inflammatory Diseases. Nutrients. 2023 May 10;15(10):2265.  

73. Coelho M, Pereira R, Rodrigues AS, Teixeira JA, Pintado ME. Extraction of tomato by-products’ 

bioactive compounds using ohmic technology. Food and Bioproducts Processing. 2019 Sep 

1;117:329–39.  

74. Coelho MC, Pereira RN, Rodrigues AS, Teixeira JA, Pintado ME. The use of emergent 

technologies to extract added-value compounds from grape by-products. Vol. 106, Trends in 

Food Science and Technology. Elsevier Ltd; 2020. p. 182–97.  

75. Ribeiro TB, Oliveira A, Campos D, Nunes J, Vicente AA, Pintado M. Simulated digestion of an 

olive pomace water-soluble ingredient: the relationship between the bioaccessibility of 

compounds and their potential health benefits. Food Funct. 2020;11(3):2238–54.  



   74 

76. Dima C, Assadpour E, Dima S, Jafari SM. Bioavailability of nutraceuticals: Role of the food 

matrix, processing conditions, the gastrointestinal tract, and nano delivery systems. Compr Rev 

Food Sci Food Saf. 2020 May 4;19(3):954–94.  

77. Schweiggert RM, Mezger D, Schimpf F, Steingass CB, Carle R. Influence of chromoplast 

morphology on carotenoid bioaccessibility of carrot, mango, papaya, and tomato. Food Chem. 

2012 Dec 15;135(4):2736–42.  

78. Faulks RM, Southon S. Challenges to understanding and measuring carotenoid bioavailability. 

In: Biochimica et Biophysica Acta - Molecular Basis of Disease. 2005. p. 95–100.  

79. Fernández-García E, Carvajal-Lérida I, Jarén-Galán M, Garrido-Fernández J, Pérez-Gálvez A, 

Hornero-Méndez D. Carotenoids bioavailability from foods: From plant pigments to efficient 

biological activities. Vol. 46, Food Research International. 2012. p. 438–50.  

80. Yonekura L, Nagao A. Intestinal absorption of dietary carotenoids. Mol Nutr Food Res. 2007 

Jan;51(1):107–15.  

81. Rock CL, Lovalvo JL, Emenhiser C, Ruffin MT, Flatt SW, Schwartz SJ. Bioavailability of beta-

carotene is lower in raw than in processed carrots and spinach in women. J Nutr. 1998 

May;128(5):913–6.  

82. Yeum KJ, Russell RM. Carotenoid bioavailability and bioconversion. Annu Rev Nutr. 

2002;22:483–504.  

83. Moussa M, Landrier JF, Reboul E, Ghiringhelli O, Coméra C, Collet X, et al. Lycopene absorption 

in human intestinal cells and in mice involves scavenger receptor class B type I but not Niemann-

Pick C1-like 1. J Nutr. 2008 Aug;138(8):1432–6.  

84. von Lintig J, Moon J, Lee J, Ramkumar S. Carotenoid metabolism at the intestinal barrier. 

Biochimica et Biophysica Acta (BBA) - Molecular and Cell Biology of Lipids. 2020 

Nov;1865(11):158580.  

85. Borel P, Lietz G, Goncalves A, Szabo de Edelenyi F, Lecompte S, Curtis P, et al. CD36 and SR-

BI Are Involved in Cellular Uptake of Provitamin A Carotenoids by Caco-2 and HEK Cells, and 

Some of Their Genetic Variants Are Associated with Plasma Concentrations of These 

Micronutrients in Humans. J Nutr. 2013 Apr;143(4):448–56.  

86. Gomaa EZ. Human gut microbiota/microbiome in health and diseases: a review. Vol. 113, 

Antonie van Leeuwenhoek, International Journal of General and Molecular Microbiology. 

Springer Science and Business Media Deutschland GmbH; 2020. p. 2019–40.  

87. Passos M do CF, Moraes-Filho JP. INTESTINAL MICROBIOTA IN DIGESTIVE DISEASES. Arq 

Gastroenterol. 2017;54(3):255–62.  

88. Quigley EMM. Gut bacteria in health and disease. Gastroenterol Hepatol (N Y). 2013 

Sep;9(9):560–9.  

89. Sekirov I, Russell SL, Antunes LCM, Finlay BB. Gut Microbiota in Health and Disease. Physiol 

Rev [Internet]. 2010 Jul;90(3):859–904. Available from: 

https://www.physiology.org/doi/10.1152/physrev.00045.2009 



   75 

90. Rinninella E, Raoul P, Cintoni M, Franceschi F, Miggiano G, Gasbarrini A, et al. What is the 

Healthy Gut Microbiota Composition? A Changing Ecosystem across Age, Environment, Diet, 

and Diseases. Microorganisms. 2019 Jan 10;7(1):14.  

91. Guarner F, Malagelada JR. Gut flora in health and disease. Lancet. 2003 Feb 8;361(9356):512–

9.  

92. O’Hara AM, Shanahan F. The gut flora as a forgotten organ. EMBO Rep. 2006 Jul;7(7):688–93.  

93. Mills S, Stanton C, Lane JA, Smith GJ, Ross RP. Precision Nutrition and the Microbiome, Part I: 

Current State of the Science. Nutrients. 2019 Apr 24;11(4).  

94. Wiley NC, Dinan TG, Ross RP, Stanton C, Clarke G, Cryan JF. The microbiota-gut-brain axis as 

a key regulator of neural function and the stress response: Implications for human and animal 

health. J Anim Sci. 2017 Jul;95(7):3225–46.  

95. Rothschild D, Weissbrod O, Barkan E, Kurilshikov A, Korem T, Zeevi D, et al. Environment 

dominates over host genetics in shaping the human gut microbiota. Nature. 2018 Mar 

8;555(7695):210–5.  

96. Bell V, Ferrão J, Pimentel L, Pintado M, Fernandes T. One Health, Fermented Foods, and Gut 

Microbiota. Foods. 2018 Dec 3;7(12).  

97. Carvalho NM de, Teixeira F, Silva S, Madureira AR, Pintado ME. Potential prebiotic activity of 

Tenebrio molitor insect flour using an optimized in vitro gut microbiota model. Food Funct. 

2019;10(7):3909–22.  

98. Hills RD, Pontefract BA, Mishcon HR, Black CA, Sutton SC, Theberge CR. Gut Microbiome: 

Profound Implications for Diet and Disease. Nutrients. 2019 Jul 16;11(7).  

99. Fine RL, Manfredo Vieira S, Gilmore MS, Kriegel MA. Mechanisms and consequences of gut 

commensal translocation in chronic diseases. Gut Microbes. 2020 Mar 3;11(2):217–30.  

100. Liu J, Tan Y, Cheng H, Zhang D, Feng W, Peng C. Functions of Gut Microbiota Metabolites, 

Current Status and Future Perspectives. Aging Dis [Internet]. 2022 Jul 11;13(4):1106. Available 

from: http://www.aginganddisease.org/EN/10.14336/AD.2022.0104 

101. Cheng H, Liu J, Tan Y, Feng W, Peng C. Interactions between gut microbiota and berberine, a 

necessary procedure to understand the mechanisms of berberine. J Pharm Anal. 2022 

Aug;12(4):541–55.  

102. Postler TS, Ghosh S. Understanding the Holobiont: How Microbial Metabolites Affect Human 

Health and Shape the Immune System. Cell Metab [Internet]. 2017 Jul;26(1):110–30. Available 

from: https://linkinghub.elsevier.com/retrieve/pii/S1550413117302966 

103. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial gene 

catalogue established by metagenomic sequencing. Nature. 2010 Mar;464(7285):59–65.  

104. von Lintig J, Hessel S, Isken A, Kiefer C, Lampert JM, Voolstra O, et al. Towards a better 

understanding of carotenoid metabolism in animals. Biochimica et Biophysica Acta (BBA) - 

Molecular Basis of Disease. 2005 May;1740(2):122–31.  

105. Floss DS, Walter MH. Role of carotenoid cleavage dioxygenase 1 (CCD1) in apocarotenoid 

biogenesis revisited. Plant Signal Behav. 2009 Mar 28;4(3):172–5.  



   76 

106. Louis P, Hold GL, Flint HJ. The gut microbiota, bacterial metabolites and colorectal cancer. Nat 

Rev Microbiol [Internet]. 2014 Oct 8;12(10):661–72. Available from: 

http://www.nature.com/articles/nrmicro3344 

107. Zhu Y, Shui X, Liang Z, Huang Z, Qi Y, He Y, et al. Gut microbiota metabolites as integral 

mediators in cardiovascular diseases (Review). Int J Mol Med. 2020 Jul 13;46(3):936–48.  

108. Waclawiková B, El Aidy S. Role of Microbiota and Tryptophan Metabolites in the Remote Effect 

of Intestinal Inflammation on Brain and Depression. Pharmaceuticals. 2018 Jun 25;11(3):63.  

109. McCarville JL, Chen GY, Cuevas VD, Troha K, Ayres JS. Microbiota Metabolites in Health and 

Disease. Annu Rev Immunol. 2020 Apr 26;38(1):147–70.  

110. Li Z, Dai Z, Shi E, Wan P, Chen G, Zhang Z, et al. Study on the interaction between β-carotene 

and gut microflora using an in vitro fermentation model. Food Science and Human Wellness 

[Internet]. 2023 Jul;12(4):1369–78. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S221345302200249X 

111. Jalal F, Nesheim MC, Agus Z, Sanjur D, Habicht JP. Serum retinol concentrations in children are 

affected by food sources of beta-carotene, fat intake, and anthelmintic drug treatment. Am J Clin 

Nutr. 1998 Sep 1;68(3):623–9.  

112. Kaulmann A, André CM, Schneider YJ, Hoffmann L, Bohn T. Carotenoid and polyphenol 

bioaccessibility and cellular uptake from plum and cabbage varieties. Food Chem [Internet]. 2016 

Apr;197:325–32. Available from: 

https://linkinghub.elsevier.com/retrieve/pii/S0308814615300492 

113. Djuric Z, Bassis CM, Plegue MA, Ren J, Chan R, Sidahmed E, et al. Colonic Mucosal Bacteria 

Are Associated with Inter-Individual Variability in Serum Carotenoid Concentrations. J Acad Nutr 

Diet. 2018 Apr;118(4):606-616.e3.  

114. Dai Z, Li Z, Shi E, Nie M, Feng L, Chen G, et al. Study on the Interaction between Four Typical 

Carotenoids and Human Gut Microflora Using an in Vitro Fermentation Model. J Agric Food 

Chem [Internet]. 2022 Oct 26;70(42):13592–601. Available from: 

https://pubs.acs.org/doi/10.1021/acs.jafc.2c03464 

115. Yin R, Kuo HC, Hudlikar R, Sargsyan D, Li S, Wang L, et al. Gut Microbiota, Dietary 

Phytochemicals, and Benefits to Human Health. Curr Pharmacol Rep. 2019 Oct 19;5(5):332–44.  

116. Cutting SM. Bacillus probiotics. Food Microbiol. 2011 Apr;28(2):214–20.  

117. Brodkorb A, Egger L, Alminger M, Alvito P, Assunção R, Ballance S, et al. INFOGEST static in 

vitro simulation of gastrointestinal food digestion. Nat Protoc. 2019 Apr 1;14(4):991–1014.  

118. Gullon B, Pintado ME, Fernández-López J, Pérez-Álvarez JA, Viuda-Martos M. In vitro 

gastrointestinal digestion of pomegranate peel (Punica granatum) flour obtained from co-

products: Changes in the antioxidant potential and bioactive compounds stability. J Funct Foods. 

2015 Dec;19:617–28.  

119. Salsinha AS, Cunha SA, Machado M, Rodríguez-Alcalá LM, Relvas JB, Pintado M. Assessment 

of the bioaccessibility and bioavailability prediction of omega 3 and conjugated fatty acids by in 

vitro standardized digestion model (INFOGEST) and cell model. Food Biosci [Internet]. 2023 

Jun;53:102635. Available from: https://linkinghub.elsevier.com/retrieve/pii/S2212429223002869 



   77 

120. Wright G, Carver A, Cottom D, Reeves D, Scott A, Simons P, et al. High-Level Expression of 

Active Human Alpha-1-Antitrypsin in the Milk of Transgenic Sheep. Nat Biotechnol. 1991 Sep 

1;9(9):830–4.  

121. Shen Y, Hu Y, Huang K, Yin S, Chen B, Yao S. Solid-phase extraction of carotenoids. J 

Chromatogr A. 2009 Jul 24;1216(30):5763–8.  

122. Monforte AR, Martins SIFS, Silva Ferreira AC. Impact of Phenolic Compounds in Strecker 

Aldehyde Formation in Wine Model Systems: Target and Untargeted Analysis. J Agric Food 

Chem. 2020 Sep 23;68(38):10281–6.  

123. Rivera S, Vilaró F, Canela R. Determination of carotenoids by liquid chromatography/mass 

spectrometry: effect of several dopants. Anal Bioanal Chem. 2011 May 6;400(5):1339–46.  

124. Gonçalves B, Falco V, Moutinho-Pereira J, Bacelar E, Peixoto F, Correia C. Effects of Elevated 

CO 2 on Grapevine (Vitis vinifera L.): Volatile Composition, Phenolic Content, and in Vitro 

Antioxidant Activity of Red Wine. J Agric Food Chem. 2009 Jan 14;57(1):265–73.  

125. Brand-Williams W, Cuvelier ME, Berset C. Use of a free radical method to evaluate antioxidant 

activity. LWT - Food Science and Technology. 1995;28(1):25–30.  

126. Oliveira ALS, Carvalho MJ, Oliveira DL, Costa E, Pintado M, Madureira AR. Sugarcane Straw 

Polyphenols as Potential Food and Nutraceutical Ingredient. Foods. 2022 Dec 13;11(24):4025.  

127. Coelho M, Silva S, Rodríguez-Alcalá LM, Oliveira A, Costa EM, Borges A, et al. Quercus-based 

coffee-like beverage: effect of roasting process and functional characterization. Journal of Food 

Measurement and Characterization [Internet]. 2018 Mar 8;12(1):471–9. Available from: 

http://link.springer.com/10.1007/s11694-017-9660-9 

128. Maoka T. Carotenoids as natural functional pigments. J Nat Med. 2020 Jan 1;74(1):1–16.  

129. Generalić Mekinić I, Šimat V, Rathod NB, Hamed I, Čagalj M. Algal Carotenoids: Chemistry, 

Sources, and Application. Foods. 2023 Jul 20;12(14):2768.  

130. Shao C, Tian Y, Dong Z, Gao J, Gao Y, Jia X, et al. The Use of Principal Component Analysis 

in MALDI-TOF MS - a Powerful Tool for Establishing a Mini-optimized Proteomic Profile. Am J 

Biomed Sci. 2012 Jan;85–101.  

131. Bulgarelli D, Garrido-Oter R, Münch PC, Weiman A, Dröge J, Pan Y, et al. Structure and Function 

of the Bacterial Root Microbiota in Wild and Domesticated Barley. Cell Host Microbe. 2015 

Mar;17(3):392–403.  

132. Li B, Zhang X, Guo F, Wu W, Zhang T. Characterization of tetracycline-resistant bacterial 

community in saline activated sludge using batch stress incubation with high-throughput 

sequencing analysis. Water Res. 2013 Sep;47(13):4207–16.  

133. Liu W, Zhang R, Shu R, Yu J, Li H, Long H, et al. Study of the Relationship between Microbiome 

and Colorectal Cancer Susceptibility Using 16SrRNA Sequencing. Biomed Res Int. 2020 Jan 

30;2020:1–17.  

134. Lozupone C, Knight R. UniFrac: a New Phylogenetic Method for Comparing Microbial 

Communities. Appl Environ Microbiol. 2005 Dec;71(12):8228–35.  

135. Lozupone C, Lladser ME, Knights D, Stombaugh J, Knight R. UniFrac: an effective distance 

metric for microbial community comparison. ISME J. 2011 Feb 9;5(2):169–72.  



   78 

136. Jin Q, Kirk MF. pH as a Primary Control in Environmental Microbiology: 1. Thermodynamic 

Perspective. Front Environ Sci. 2018 May 1;6.  

137. Jabłońska-Ryś E, Sławińska A, Skrzypczak K, Goral K. Dynamics of Changes in pH and the 

Contents of Free Sugars, Organic Acids and LAB in Button Mushrooms during Controlled Lactic 

Fermentation. Foods. 2022 May 25;11(11):1553.  

138. Coelho MC, Costa C, Roupar D, Silva S, Rodrigues AS, Teixeira JA, et al. Modulation of the Gut 

Microbiota by Tomato Flours Obtained after Conventional and Ohmic Heating Extraction and Its 

Prebiotic Properties. Foods. 2023 May 8;12(9):1920.  

139. Utzschneider KM, Kratz M, Damman CJ, Hullarg M. Mechanisms Linking the Gut Microbiome 

and Glucose Metabolism. J Clin Endocrinol Metab. 2016 Apr 1;101(4):1445–54.  

140. Abdugheni R, Wang W, Wang Y, Du M, Liu F, Zhou N, et al. Metabolite profiling of human‐

originated Lachnospiraceae at the strain level. iMeta. 2022 Dec 13;1(4).  

141. Taslimi P, Gulçin İ. Antidiabetic potential: in vitro inhibition effects of some natural phenolic 

compounds on α-glycosidase and α-amylase enzymes. J Biochem Mol Toxicol. 2017 

Oct;31(10):e21956.  

142. Kong F, Yu S, Zeng F, Wu X. Phenolics Content and Inhibitory Effect of Sugarcane Molasses on 

α-Glucosidase and α-Amylase In Vitro. Sugar Tech. 2016 Aug 18;18(4):333–9.  

143. Ye C, Zhang R, Dong L, Chi J, Huang F, Dong L, et al. α-Glucosidase inhibitors from brown rice 

bound phenolics extracts (BRBPE): Identification and mechanism. Food Chem. 2022 

Mar;372:131306.  

144. Słoczyńska K, Powroźnik B, Pękala E, Waszkielewicz AM. Antimutagenic compounds and their 

possible mechanisms of action. J Appl Genet. 2014 May 11;55(2):273–85.  

  


