
Universidade de Trás-os-Montes e Alto Douro

Antiproliferative and antioxidant role of 

selected flavonoids: A cellular approach 

Dissertação de Mestrado em Bioquímica 

Tiago José Monteiro Durães 

Orientador: Prof. Doutora Amélia Maria Lopes Dias da Silva 

Coorientador: Prof. Doutor Dario Joaquim Loureiro dos Santos 

Vila Real, 2019 





Universidade de Trás-os-Montes e Alto Douro

Antiproliferative and antioxidant role of 

selected flavonoids: A cellular approach 

Dissertação de Mestrado em Bioquímica 

Tiago José Monteiro Durães 

Orientador: Prof. Doutora Amélia Maria Lopes Dias da Silva 

Coorientador: Prof. Doutor Dario Joaquim Loureiro dos Santos 

Composição do Júri: 

Professor Doutor Francisco Manuel Pereira Peixoto 

Professora Doutora Eliana Maria Barbosa Souto 

Professor Doutor Fernando Hermínio Ferreira Milheiro Nunes 

Professora Doutora Amélia Maria Lopes Dias da Silva 

Vila Real, 2019 





v 

Declaração 

Eu, Tiago José Monteiro Durães, declaro, sob compromisso de honra, que este trabalho 

foi elaborado como dissertação original para o efeito de obtenção do grau de Mestre em 

Bioquímica. Todas as contribuições não originais foram devidamente referenciadas com 

identificação da fonte. 

___________________________________________________________ 

(Tiago José Monteiro Durães) 

Vila Real, Junho 2019 





vii 

Agradecimentos 

Todo o trabalho realizado durante esta dissertação foi efetuado no Laboratório de 

Biologia e Bioquímica Celular, Departamento de Biologia e Ambiente, Universidade de 

Trás-os-Montes e Alto Douro, e financiado por verbas do Centro de Investigação e de 

Tecnologias Agro-Ambientais e Biológicas (CITAB), adstritas aos orientadores, e pelo 

projeto INTERACT**. 

À Professora Doutora Amélia Silva e ao Professora Doutor Dario Santos, um enorme 

obrigado, pela orientação de excelência, por toda a paciência que demonstraram 

quando necessário, assim como por todo o conhecimento que me passaram quer a nível 

teórico, prático ou ético, demonstrando-me como ser um melhor profissional e uma 

melhor pessoa. 

Aos meus pais, à minha irmã e cunhado, pois são os pilares da minha vida, agradeço 

por tudo o que fizeram e sacrificaram para eu poder atingir esta meta, sem eles 

absolutamente nada disto seria possível, por isso mais uma vez um enorme obrigado 

por tudo que fizeram por mim e espero um dia retribuir em dobro. 

Aos meus amigos, Carlos, Coutinho, Joana, Jorge, Marcelo, Sandra, Siopa, Tibi e Zé 

agradeço por todo apoio, conversas, críticas e gargalhadas que me proporcionaram, 

pois foram essenciais ao longo deste percurso, e assim espero que continue por longos 

anos. 

Ao Doutor Luis Félix agradeço por toda ajuda e conselhos ao longo da realização do 

trabalho laboratorial. 

Muito Obrigado! 

Tiago 

* CITAB is also acknowledged under (UID/AGR/04033/2019; Funds from the Portuguese Foundation for Science and

Technology). 

** INTERACT project – “Integrative Research in Environment, Agro-Chains and Technology”, no. NORTE-01-0145- 

FEDER-000017, in its line of research entitled ISAC, co-financed by the European Regional Development Fund (ERDF) 

through NORTE 2020 (North Regional Operational Program 2014/2020). 





ix 

Publications 

Results in this master’s dissertation were presented in the following meetings: 

Posters and oral communications: 

[1] Tiago Monteiro; Carlos Martins-Gomes; Dario Santos; Amélia M. Silva

(2018).Eriodyctiol and Quercetin radical scavenging, anti-proliferative and anti-

inflammatory activity: a comparative study. International Conference on Medicinal 

Plants and Bioeconomy (ICMPB) & The 1st Sino-CPLP Symposium on Natural Products 

and Biodiversity Resources (SNPBR). Natural medicinal Products and Functional Foods: 

From Basic Research to Industrial Innovation. University of Macau, Macao, China; 22 - 

24 August 2018. A17, pp. 90 (poster). 

[2] T. Monteiro, C. Martins-Gomes, D. Santos, A. M. Silva (2019). Eriodyctiol and

Quercetin radical scavenging, anti-proliferative and anti-inflammatory activity: a 

comparative study. In: Ciência e Cidadania, UTAD 2017 - Livro de Resumos. ISBN 

Digital: 978-989-704-372-7. UTAD, Vila Real, 25 Fevereiro-1 de Março de 2019. XII 

Jornadas de Bioquímica. Página 119, (Oral). 





xi 

Resumo 

Os flavonoides são uma classe de fitoquímicos extremamente importante, quer pela 

sua ubiquidade no reino Plantae, quer pela enorme presença que têm no dia-a-dia da 

vida humana, através da dieta e medicina (seja pelo seu uso na indústria farmacêutica 

ou na medicina tradicional). Nas plantas, desempenham várias funções, uma delas 

como mecanismo de defesa. Ao longo dos anos, o interesse por esta classe de 

compostos tem aumentado, sendo explorados os seus possíveis efeitos biológicos no 

organismo humano. No entanto, a enorme diversidade de compostos e interações com 

o organismo têm provado que tais estudos podem ser extremamente complexos e que

ainda existe um grande caminho a percorrer para clarificar quais atividades biológicas 

realmente ocorrem, e quais os mecanismos subjacentes. 

Neste estudo vamos avaliar a atividade anti-proliferativa, antioxidante e anti-

inflamatória de três flavonoides, eriodictiol, kaempferol e quercetina. Através do método 

de Alamar Blue avaliámos a viabilidade celular (nas linhas celulares HaCaT, Caco-2, 

HepG2 e RAW 264.7) após exposição aos compostos a várias concentrações por 24 ou 

48 horas. De um modo geral, os compostos induziram redução de viabilidade celular 

proporcional ao aumento de concentração e tempo de exposição; no entanto, raramente 

se atingiram valores menores que 50% de viabilidade, com concentrações até 25 µM a 

causar pouco ou nenhum impacto, 100 µM a provocar as maiores reduções e 50 µM a 

variar entre os dois comportamentos. Relativamente à capacidade antioxidante, foi 

avaliada a capacidade de os compostos atuarem como radical scavengers contra os 

radicais ABTS•+ e •OH onde demonstraram um aumento de capacidade com a 

concentração. Através de citometria de fluxo, avaliámos o nível de espécies reativas de 

oxigénio (ROS) intracelular, de glutationa (GSH) e de peroxidação lipídica, assim como 

o potencial de membrana mitocondrial em células HepG2, após exposição, por 24 h,

com 25, 50 e 100 µM dos compostos. Não se registou redução de potencial de 

membrana mitocondrial ou peroxidação lipídica. Os níveis de GSH revelaram aumento 

proporcional à concentração; simultaneamente, os compostos eriodictiol e quercetina 

induziram ligeiros aumentos nos níveis intracelulares de ROS, no entanto apenas 

significativo para 100 µM de quercetina; enquanto o kaempferol induziu ligeira 

diminuição de ROS a 25 e 50 µM, porém a 100 µM registou ligeiro aumento semelhante 

aos restantes flavonoides testados. O índice de stresse oxidativo calculado sugere que 

os compostos possam ter um efeito maioritariamente antioxidante, apesar de ligeiros 

aumentos de ROS. A atividade anti-inflamatória foi avaliada através de dois ensaios: no 

primeiro, onde se testou a capacidade de os compostos atuarem como scavengers de 
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radicais perante o NO•, verificando-se que os compostos exibiram uma resposta 

proporcional ao aumento da concentração de composto, semelhante aos ensaios com 

os radicais ABTS•+ e •OH; no segundo, utilizando a linha celular RAW 264.7, onde se 

verificou que os compostos inibiriam parcialmente a quantidade de NO no sobrenadante, 

após estimulação das células com LPS. 

Após análise dos resultados, os compostos testados revelarem ter capacidade 

antioxidante e anti-inflamatória apresentando de modo geral baixa cito-toxicidade. 

Palavras chave: Bioquímica; flavonoides; eriodictiol; kaempferol; quercetina; 

atividade antioxidante; atividade anti-inflamatória; viabilidade celular; stresse oxidativo; 

radical scavenging; citometria de fluxo. 
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Abstract 

Flavonoid compounds are an extremely important class of phytochemicals, either due 

to their ubiquity in Plantae kingdom, either by their presence on human life, mainly 

through diet and medicine (both pharmaceutical industry and traditional medicine). They 

have multiple functions on plants; one of them is defence mechanism. Over the years 

the interest on these compounds has risen, although due to the huge structural diversity 

of flavonoids and their interaction with human organism, the study of the flavonoid-

induced biological activities still needs a lot of research to clarify the specific activities 

that may occur and their underlying mechanisms. 

In this study we evaluated the anti-proliferative, antioxidant and anti-inflammatory 

activities of the flavonoids eriodictyol, kaempferol and quercetin. Recurring to Alamar 

Blue method we assessed the cellular viability (using HaCaT, Caco-2, HepG2 and RAW 

264.7 cell lines) after exposure to 10, 25, 50 and 100 µM of compounds, during 24 or 48 

hours. Generally, compounds induced a dose- and time-dependent decrease in cell’s 

viability; still, viability values rarely dropped under 50%. Concentrations up to 25 µM 

induced low or none impact on cell’s viability, 100 µM induced the highest reduction and 

50 µM varying between the two behaviours. Antioxidant activity was evaluated by: i) 

Radical scavenging activity, towards ABTS•+ and •OH where a dose-dependent increase 

was observed; ii) Recurring to flow cytometry, after exposure of HepG2 cells to 25, 50 

and 100 µM of flavonoids during 24 h, the levels of ROS, glutathione and lipid 

peroxidation, as well as mitochondrial membrane potential (ΔΨm) were assessed. Lipid 

peroxidation and decrease of ΔΨm was not observed. GSH levels increased in a dose-

dependent way; ROS levels also increased dose-dependently, for eriodictyol and 

quercetin (although, only significant to 100 µM of quercetin), while kaempferol produced 

a slight decrease of ROS at 25 and 50 µM and an increase, although not significant, at 

100 µM similarly to the other compounds. Oxidative stress index calculated supports the 

idea that these flavonoids may overall act as antioxidants, despite slight increases of 

ROS. Anti-inflammatory potential was evaluated through two assays. Firstly, the in vitro 

radical scavenging activity towards NO•, where results identical to those of ABTS•+ and 

•OH, a dose-dependent increase, were observed. Secondly, using the RAW 264.7 cell

line, after exposure to 10 and 20 µM of flavonoids during 24 h, was stimulated by LPS 

and it was observed that the compounds were able to partially inhibit the LPS-induced 

NO formation. 

Overall, all compounds tested revealed antioxidant and anti-inflammatory capacity, 

with general low levels of cytotoxicity.  
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Keywords: Biochemistry; flavonoids; eriodictyol; kaempferol; quercetin; antioxidant 

activity; anti-inflammatory; cell viability; oxidative stress; radical scavenging; flow 

cytometry.  
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1.Introduction

1.1. Human life and plants crossover 

Long before humankind reached the importance it has on Earth, the Plantae Kingdom 

was already well stablished on this planet. Thus, a crossover between human life and 

nature was unavoidable and essential for the thriving of human species. Environment 

was essential to meet basic needs such as shelter, clothing and most notably as source 

of food and medicines1. Nowadays, even though the achieved scientific and technologic 

advancements are remarkable, diminishing some dependency towards nature, most of 

the raw materials needed to supply human society still comes from it1,2. 

The development of societies themselves was greatly influenced by plants. Culture 

knows the presence of plants in its midst through ceremonies practiced since the 

appearance of the first religions and mythology’s3, various industries, such as cosmetic, 

chemical or pharmaceutical rely on plants to produce and develop some of their 

products; but this presence is especially important by their use on diet and medicine1,4. 

Thru agriculture’s origin, humans started to cultivate food plants including crops, fruits 

and vegetables. Plants consumption increased among humans, cultivation brought not 

only an easier access to food but also more security to obtain it, reducing risks that came 

with hunting and harvesting plants in a wilder environment. The increase in plants 

consumption led to health improvements in the presence of some ailments. Hence, diet 

and medicine are two areas that can be intrinsically associated5,6, especially nowadays 

with the growing attention towards the nutraceutical and functional foods market7. 

Although, consumption of plants can be beneficial, an imbalanced diet can be harmful to 

health6,8. 

The main role of plants in our society has been as supplies, and with the advances in 

the pharmacology field the medicinal aspect of plants has meet some scepticism even 

though plants are the core of traditional medicine, which still is a main healthcare form 

of many populations mainly in developing countries, either by low availability of modern 

medicine or by tradition or culture reasons3,9.  

This scepticism may be the result of two different points of view. One argues that 

plants have no medicinal value to humankind and an opposite one that argues a 

completely safe use with no side effects9. Both may be somehow radical, with a middle 

stand probably being a more reasonable one, the combination of both can improve 

quality of life overall. Although pharmaceutical industry has a wider scientific evidence to 

back up its assumptions; while traditional medicine lack of scientific testing and 
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validation, where much of its knowledge is passed on across generations mainly 

resulting from trial and error experiences with plants, one should not obsolete the other3,4.  

With the growing interest in medicinal plants, some of their healing properties start to 

be proved and to be explained, phytochemicals are compounds present in plants, and 

cannot be synthetized by animals, but may have medicinal potential. These are usually 

the bioactive compounds responsible for the beneficial effects attributed to plants, 

possibly showing less adverse side effects caused sometimes by drugs administration. 

Over the last 50 years pharmaceutical industry has tried to isolate/derivatize 

phytochemicals, either to develop other drugs using these compounds as starting point 

or use them therapeutically as isolated compounds, although some of them lose some 

efficiency when acting alone, this can be due to the lack of other compounds present on 

the plant as a whole that can contribute additively to the benefit effect1,3,9.  

The gap between these two realities must be filled, in case new therapeutic 

approaches are developed. Especially when plants still have huge medicinal potential to 

be studied and explored, furthermore a large portion of humankind already look at them 

as main medicine source, either by lack of accessibility to modern medicine or cultural 

preference. It is important to know their composition, pathways of action and biologic 

effects in order to understand what should/should not be used and considered as 

therapeutic answer1,2,9. 

 

1.2. Primary and secondary plant metabolites 

 

Plants produce an enormous number of metabolites which can be subdivided into two 

groups: primary and secondary metabolites. The compounds in these groups and the 

division itself is not done based on precursor molecules, biosynthetic origin or chemical 

structures; the distinction is made according to the function that each metabolite has in 

the plant10.  

Primary metabolites, such as lipids, nucleotides, amino and organic acids, are 

essential to plant growth and development, contributing for essential metabolic 

processes and nutrition10,11. Thus, there is some degree of homogeneity between the 

primary metabolites found across all plants, which may due to the similarities in the 

development processes, this cannot be said about secondary ones, which possess a 

larger variety and distribution across plant kingdom10. 

Even though secondary metabolites usually are not referred as essential to the plants, 

as they are not directly involved in the growth and development, they are utterly important 

to their survival. Plants need them to a lot of interactions with the environment, such as 

pollination, acclimatization and environmental adaptation (e.g. absorption of ultra-violet 
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(UV) light) or as defence mechanism (e.g. against herbivore animals and 

microbes)10,12,13. Their distribution on plants is more heterogenic than primary 

metabolites, different combinations are found on different parts of the plants (from root 

to leaf) and stages of growth (from seed to the state of mature tree) and sometimes 

confined to certain taxonomic groups11. This distribution can be ascribed to the different 

ecosystems/habitats that different taxonomic groups are exposed to, which provokes a 

natural selection of compounds better suited to deal with the existent environmental 

conditions.  

Secondary metabolites began to be seriously studied since 1850, not by biologists 

but by organic chemists, mainly due to their great utility as dyes, polymers, fibres, glues, 

oils, waxes, flavouring agents and perfumes. Eventually their biologic properties 

exhibited in plants also lead to a search of new drugs, such as antibiotics and 

agrochemicals10. They can be subdivided into three main groups, accordingly to their 

biosynthetic pathways and chemical structure as: terpenoids, alkaloids and phenolic 

compounds13. 

Terpenoids are synthetized through mevalonate pathway, they are a large and 

diverse class of secondary metabolites and their classification is done according to the 

number and organization of isoprene units10–12. Their production usually occurs in 

vegetative tissues and, but not so often, in the roots. The need from terpenoids to fixate 

carbon through photosynthetic reactions enhances plants` protection against excess of 

radiation, also they play some role in the plant defence against insects and mammals 

acting as toxins, furthermore some volatile terpenoids are important to pollination 

attracting or deterring pollinators10,11. Terpenoids are present in human diet and are 

commonly used in traditional medicine11,12. Additionally, they are components of 

essential oils, granting aromatic properties such as odour and scent, leading to their 

commercial exploitation as flavours and perfumes, although they also have a high market 

presence as dietary supplements11. 

Alkaloids are a highly diverse and nitrogen-containing group among secondary 

metabolites, their presence in animals is known, although they are more commonly found 

in plants and are widely distributed in plant tissues11,14,15. They can be classified by a 

series of parameters, such biosynthesis (which, in most cases, arise from amino acids, 

but also from terpenoids and steroidal molecules), chemical structure, biologic activity 

and presence or absence of heterocyclic ring. Biosynthesis and accumulation differs 

among plants and cell type10,11,16. 

Some of these compounds are often used in plants defence mechanism, capable of 

a wide range of physiologic effects on animals, antibiotic activity and toxicity towards 

insects. Humans also utilize these compounds from up to 3000 years ago, ancient people 
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used them to create potions and poisons; medicinal plants extracts were administered 

as purgatives, antitussives, sedatives and treatment for ailments such as fever and 

insanity. Opium was for centuries regarded as the “King of all Medicines”, when the 

analysis of their individual components was done, it led to morphine discovery. More 

than 12,000 alkaloids have been identified and exploited as pharmaceuticals, stimulants, 

narcotics and poisons. Due to their high potency and diverse biologic activities, these 

compounds need a very careful administration; a thin line separates the good and 

harmful. With the pharmacologic advances, some alkaloids were introduced and 

withdrawn as therapeutic drugs or used only in extreme situations, but even those 

removed often are used as a model of new drugs10,11,14–16. 

The last main group of secondary metabolites are phenolic compounds, they are one 

of the most important and have a ubiquitous presence and production among plants, 

more than 8,000 different of these phytochemicals have been identified so far, with a 

high structural diversity between them11,17–20. 

Their biosynthesis is influenced by biotic and abiotic factors, such as species 

characteristics and geographical distribution, which may also influence the concentration 

in which they are found in different plants and tissues21. Although there is a high structural 

variety among these compounds they are synthetized from either polyketide or shikimic 

acid pathway, resulting in similar basic structural features, hydroxyl groups (OH) and at 

least one aromatic ring21. They can be classified simply as phenols or polyphenols, 

based on the number of phenolic units present in its constitution10,11; or in a more detailed 

classification as flavonoids, stilbenes, lignans, phenolic acids and chalcones (Figure 1), 

according to number of hydroxyl groups and phenolic rings and to the number and 

position of substituents in the rings18–20. 

The activity attributed to these compounds is highly associated to their structural 

characteristics, mainly to number and position of hydroxyl groups as well as substituents 

in the aromatic ring(s)10,11,21.  

Phenolic acids have a wide spectrum of functions in plants, mainly in defence but they 

can also participate in the growth, development and reproduction. They are involved in 

defence against microorganisms and predators, enhance pollination, attracting birds and 

insects, contribute to aroma (through volatile compounds) and certain flavours, changes 

in appearance (e.g. conferring colour to flowers) and are constituents of the cell wall 

structure10,21. Furthermore, they can also display a wide range of physiological activities 

like cellular signalling (e.g. salicylic acid, acts as a plant hormone), anti-inflammatory, 

antimicrobial, anti-proliferative and antioxidant20. The latter is usually the most 

highlighted. Phenolic compounds are excellent electron or hydrogen donors acting as 

great scavengers against free radicals and metal ions. They can also induce expression 
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of protective genes against oxidative stress (OS), e.g. enhance antioxidant enzymes 

expression, thus maintaining oxidative stability and preventing oxidative-cell 

damage19,20,22. 

Because of their functions and biological activities on plants and high presence on 

animal and human diet, phenolic compounds have been used on traditional medicine for 

centuries. As they are present in fruits, vegetables, legumes, grains, tea, coffee and 

wine, the mechanisms by which these compounds have beneficial effect in humans must 

be elucidated17,18,22,23. A high number of epidemiological studies relate their intake with a 

possible decrease in the onset of certain disorders, such cardiovascular and neurological 

diseases, as well as some types of cancer18,20. Biological activities described in plants 

Figure 1. Classification of polyphenols on sub-groups, based on their chemical structure. 
Adapted from18 
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are also thought to occur in animals and humans, with antioxidant capacity as the most 

prominent. The consumption of these phytochemicals may therefore prevent or delay 

harmful situations as lipid peroxidation commonly associated with the development of 

certain diseases19,20,22.  

Both in vitro and in vivo studies attribute a set of activities to flavonoids, such as 

antioxidant (e.g. enhancement in the expression of antioxidative enzymes), anti-

inflammatory (e.g. inhibition of inflammasome) and anti-glycation (e.g. reducing 

production on carbonyl compounds, which are highly reactive) activities22–24. However, 

in vivo activity may be strongly affected by several factors that cannot be simulated in in 

vitro assays. Even though factors as chemical structure, intake frequency and quantity 

can be somewhat controlled; digestion, bioavailability, absorption rate, transport to target 

tissues and involved metabolic pathways need to be taken in account and may explain 

some of the contradictory results obtained in clinical trials20,23. For this reason, the study 

of these compounds continues every day, not strictly to understand their exact effects 

and mechanism of action, but also how changes in their chemical structure can improve 

their bioavailability, seeking to enhance their beneficial activities18.  

Plant secondary metabolites possess a significant role in the life of humankind, either 

as part of different industries or in the plants that surround us and influence our life. As 

seen they have a huge potential to improve human health, therefore a continuous and 

detailed study must be maintained to clarify their exact functions and mechanisms of 

action in the human organism. 

 

1.3. Flavonoids 

 

1.3.1. Chemical structure 

 

Flavonoids are one of the main groups of polyphenols, with more than 4,000 

molecules already identified18,25. The basic structure consists of a C6-C3-C6 skeleton 

structure, two phenolic rings (Rings A and B) linked by a three carbon bridge, which can 

form an aliphatic chain or more usually a heterocycle ring with an oxygen (Ring C) 
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Table 1. Flavonoid subclasses: structures, examples and food sources. Adapted from2,32,33 

Flavonoids 

Subclass Subclass Structure Examples Food Sources 

Flavones 
Luteolin (R1:OH R2:OH R3:H) 
Apigenin (R1:H R2:OH R3:H) 

Parsley 
Celery 

Isoflavones 

Genistein (R1:OH R2:H R3:OH) 

Daidzein (R1:OH R2:H R3:H) 

Glycitein (R1:OH R2:OCH3 R3:H) 

Soybeans 
Soy foods 

Flavanols 

(+)-Catechin (R1:H R2:OH R3:OH) 
(-)-Epicatechin (R1:H R2:OH 

R3:H)

Epigallocatechin (R1:OH R2:OH 

R3:H)

Cocoa 
Chocolate 

Tea 

Flavanones 
Naringenin (R1:H R2:OH R3:H) 
Hesperetin (R1:H R2:OCH3 R3:OH)

Eriodictyol (R1:H R2:OH R3:OH) 

Citrus 
Mint 

Tomatoes 

Flavonols 
Quercetin (R1:H R2:OH R3:OH) 
Myricetin (R1:OH R2:OH R3:OH) 
Kaempferol (R1:H R2:OH R3:H) 

Apples 
Onions 
Broccoli 

Wine 
Tea 

Anthocyanidins 
Cyanidin (R1:OH R2:OH R3:H) 
Delphinidin (R1:OH R2:OH R3:OH) 

Peonidin (R1:OCH3 R2:OH R3:H) 

Berries 
Wine 

Proanthocyanidins 
Theaflavins* 
Thearubigins* 

Apples 
Grapes 

Chocolate 

* R not indicated due to being oligomeric flavonoids, with different monomers.
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(Table 1)22,26. They can be further categorized in different subclasses according to the 

degree of oxidation of C ring, the substituent at the carbon 3 and the hydroxylation 

pattern. These subclasses are flavones, isoflavones, flavanols, flavonols, flavanones, 

anthocyanins and proanthocyanidins (Table 1); the main differences between them are 

the presence or absence of an oxygen in C4 and a double bound among C2 and C3 

carbons in the C ring, as well as the number and position of hydroxyl groups, mainly in 

the B ring18. 

Also, worth mentioning is the fact that in nature flavonoids may appear in aglycone 

form, which is the basic but not the most common, as well as modified by glycosylation, 

methylation or prenylation reactions, with glycosylation as the main biotransformation in 

these phytochemicals26,27.  

The variety among the flavonoid glycosides is substantial, with flavonols and flavones 

subclasses presenting the higher contribution to this variety. The glycosides differ not 

only in sugar type, but also in the length of the chains, their locations and type of 

linkage26. 

The most common monosaccharides present in the glycosidic linkages are glucose 

and rhamnose, although galactose, xylose and arabinose can also appear; and mono, 

di, tri and tetra-saccharide chains can be formed according to monosaccharide 

number26,27.  

Utterly important for these compounds is their glycosidic linkage pattern, which results 

in O-glycosides and C-glycosides, which exhibit different linker atoms. O-glycosides 

have the sugar moiety linked to a hydroxyl group; even though theoretically any OH 

group can link to the glycoside some positions are favoured, such as positions C3 or C7. 

C-glycosides are linked to flavonoid aglycone through a carbon-carbon bound, mainly at 

C6 and C8 in ring A. Both O/C-glycoside linkages can be present in the same flavonoid 

in different locations, although it is seldom26–28.   

 

1.3.2. Flavonoids and plants 

 

These compounds have a ubiquitous presence27,29,30 and a wide distribution within the 

plant kingdom. They have been found in epidermal, palisade and mesophyll cells and in 

various intracellular compartments (such as chloroplasts, nucleus and vacuoles)31.  

Synthesised through the shikimate pathway, they are reportedly related to various 

functions on plant physiology27,31. They can act as mediators in protection mechanisms 

against insects and microbes, mitigate damage from strong light exposure, absorbing 

the UV radiation, facilitate pollination (providing colour to flowers through colourful 

anthocyanins), as well as pollen germination and interaction with the rhizosphere 
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(improving nitrogen fixation), participate as development regulators (involved in 

catabolism and auxin hormone transport) and act as powerful antioxidant 

compounds27,29–31. 

As mentioned before, plants and plant derived foods make a constant presence in 

human diet and, as consequence flavonoids are also a constant in human diet.  

1.3.3. Flavonoids and humans 

Flavonoids are accounted for many as the principal branch of the polyphenol’s family 

tree. Their presence occurs in many foods, such as fruits, vegetables, grains, herbs and 

beverages (Table 1). Their consumption occurs in a regular daily basis, although, an 

average estimation of the daily consumption is hard to accomplish, such is the variety of 

flavonoids and their presence across all the food we consume, which highlights the 

importance of their study27,34. When present in food, flavonoids can influence properties 

like flavour and colour, for instance anthocyanins provide different colours depending on 

their glycosylation pattern26, and interfere with food quality and stability27. 

In the recent years, the attention given to this phytochemical family has been focused 

on their effects on human health. Epidemiological studies attribute beneficial effects of 

flavonoid-rich diets on human health28, food industry is also providing increasing 

flavonoid aglycones as supplements35. Metabolic actions as induction and protection of 

enzymes, free radicals scavenging, prevention of fat oxidation among many others is 

bringing these compounds to medicinal, nutritional and industrial spotlight due to biologic 

activities such antioxidant, anti-inflammatory and anticancer26,36,37, which potentially lead 

to a decrease on some disease’s incidence, such as cancer, metabolic and 

cardiovascular diseases22,28.  

Although these compounds present medicinal potential, more detailed and extensive 

in vivo studies have frequently found some contradictory results in relation to many 

assays obtained in vitro. A high variability in responsiveness has been found between 

individuals after intake of the same flavonoids, and these differences usually grow even 

more if the individuals belong to different populations34. Factors such age, sex and 

genotype can be decisive to metabolization of flavonoids. Furthermore before these 

compounds reach the target tissues and exert their biological activities, they need to be 

efficiently absorbed, distributed and metabolized, which contributes to this inter-

individual variability in response to flavonoids, such processes need to be understood 

and taken in consideration34,37,38 . 

1.3.4. Flavonoids absorption, distribution, metabolism and excretion 
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Flavonoids compounds absorption occurs both in small and large intestine, where 

they achieve their highest concentration26,34,37. Normally they reach the gastrointestinal 

tract (GI tract) as aglycone or glycoside, predominantly as the latter form. Aglycone 

flavonoids and glycosides are classified as class II and IV compounds according to the 

biopharmaceutics classification system, which means aglycone form possesses a low 

solubility but high permeability and glycoside both low solubility and permeability. These 

properties are of special importance to determine whether compounds are absorbed or 

not. Even though gastrointestinal enzymes may increase glycoside permeability by 

cleavage of glycosidic moieties, solubility remains an impairment to the absorption of 

these compounds39,40. 

Additionally, the interactions between diet, environmental factors and host organism 

(e.g. interaction with gastrointestinal fluids, with microbiota, compounds metabolism, 

chemical degradation and epithelium cells permeability) influence the potential actions 

of phytochemicals such as flavonoids in the organism. Hence,  it  can dictate a good 

state of health or development of pathologies (e.g. inflammatory bowel disease, celiac 

disease, diabetes, obesity-associated insulin resistance, non-alcoholic fat liver 

disease)37,40. 

GI tract plays a crucial part on health. Intestinal epithelium possesses a variety of 

functions such as absorption of nutrients, barrier of defence against bacteria and their 

toxins, other toxins present within food, maintenance of GI tract immune homeostasis 

and participate in energy metabolism (e.g. satiety and energy expenditure regulation). 

Furthermore, microbiota present in colon (some evidence suggests a small presence in 

small intestine, although not comparable to colon41) has a huge importance in body 

physiology37. 

When flavonoids reach the GI tract they may encounter three different fates, although 

they can intertwine. Flavonoids can act directly on gut lumen, mainly due to high 

concentrations reached at that local and usual difficult absorption they face, in addition 

enterohepatic recycling and microbiota metabolism can enhance these effects. Another 

possibility is the uptake by intestinal epithelium and subsequent transport to liver via 

portal bloodstream, occurring phase I and II metabolism at both locals; then flavonoid 

metabolites undergo systemic or enterohepatic circulation. The last hypothesis is 

metabolization by colonic microbiota. Flavonoids that are unable to be absorbed in small 

intestine or flavonoid metabolites secreted back to gut lumen by enterohepatic recycling 

reach the colon where they interact with microbiota and usually suffer chemical 

breakdown to smaller compounds, capable of an easier absorption in the large intestine 

(Figure 2)37. 
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The pathway followed is defined by a series of parameters such interactions with food 

matrix, with intestinal cells transporters, hydrolytic enzymes, microbiota and the structure 

of the compound37. 

1.3.4.1. Flavonoids structure 

Flavonoids structure can have a huge impact on these compounds metabolism, 

especially on their absorption34. 

Flavonoid glycosides are highly abundant and consumed in human diet; sugar moiety, 

which can be bound as O-glycosides or C-glycosides26, influences absorption site and 

overall bioavailability and bioactivity of flavonoids. Glucose is the predominant sugar and 

can be hydrolysed in small intestine or enter intestinal epithelium via membrane 

transporters. However, other glycosides than glucose may need to be cleaved from 

flavonoids structure, delaying flavonoids absorption34. 

Furthermore, modifications of flavonoids structure (e.g. glycosylation) can potentially 

alter their biological activities, with metabolites capable of exhibiting a higher, lower or 

different biologic activity compared to their parent compounds37. 

Figure 2. Flavonoid absorption, metabolism, distribution and excretion. After ingestion 
flavonoids can be I) absorbed into epithelium (after hydrolysis if glycoside), where is further 
metabolized and distributed through the organism until excretion; II) metabolized by microflora 
to smaller metabolites, then absorbed to epithelium, further metabolized and distributed 
through the organism until excretion; III) directly excreted in faeces. Adapted from34 



14 
 

1.3.4.2. Direct effects on gastrointestinal lumen 

 

Flavonoids can accumulate in GI tract and reach high concentrations. Thus, they 

possibly exhibit direct effects in the gut, these effects can be local, such as antioxidant 

and anticancer activities, protection of intestinal barrier from insults and maintenance of 

its integrity; or they can be systemic by modulation of gut hormones secretion37 

Flavonoids are capable of mitigating or even inhibiting harmful effects caused by 

pharmacologic and toxins insults, with the latter either ingested with food or produced by 

action of microbiota (known as endotoxins). Intestinal epithelium functions as a barrier, 

preventing bacterial and food toxins from entering blood circulation, and provoke harmful 

local and systemic pathological scenarios. This prevention is largely accomplished by 

presence of tight junction proteins (TJ). TJs constitute a complex of proteins adjacent to 

epithelial cells that regulate transport of water and ions across the epithelium. Flavonoids 

are capable of improving or restoring expression of such proteins, preventing an excess 

of intestinal permeabilization.  

Gut hormones, such as gastrin, somatostatin and incretins (e.g. glucagon-like peptide 

(GLP-1) and glucose-dependent insulinotropic peptide (GIP)) can be modulated by 

flavonoids, which makes them potential targets for the treatment of metabolic disorders 

since these hormones can regulate factors as satiety and glucose homeostasis37. 

 

1.3.4.3. Absorption and metabolism on intestinal epithelium and in liver 

 

The form in which flavonoid compounds are found is crucial. Aglycone form possess 

a higher lipophilicity and it can be absorbed by passive diffusion into intestinal 

epithelium34. Although, glycoside is the most common form and absorption of flavonoid 

glycosides is difficult due to usually larger structures and high hydrophilicity, requiring 

hydrolysis prior to absorption or action of membrane transporters 26,35. Conversion to 

aglycone form improves their absorption and bioavailability26, furthermore it is commonly 

accepted that flavonoids are absorbed in aglycone form, with glycoside suffering 

cleavage either in intestinal lumen or epithelium34.  

Carbohydrates present in flavonoid glycosides are usually an impairment to their 

absorption in intestinal epithelium. Glucose can be an exception since it can interact and 

enter epithelium via transporters such as SGLT-1 (Sodium-Glucose transport system 

1),26 there glucose will be subject of hydrolysis by β-glucosidases26,34,35; although, SGLT-

1 involvement needs better clarification and hydrolysis occurs mainly prior to uptake into 

epithelium. Glycosides in gut lumen may interact with enzymes such as LPH (lactase-

phlorizin hydrolase), a transmembrane protein present on luminal small intestine wall, 
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capable of hydrolysing and convert flavonoid glycosides into their aglycone form and 

enhancing their absorption, especially glucosides26,34,35. 

Once absorbed flavonoids will be substrate to phase I and II metabolism enzymes 

(UGTs (uridine 5'-diphospho-glucuronosyltransferases), sulphotransferases, COMTs 

(cathecol-O-methyltransferases) and CYP450 monooxygenases) in the intestinal 

epithelium and liver, yielding more polar compounds34. 

Phase I metabolism of flavonoids consist of action of CYTP450 monooxygenases. 

These enzymes will hydroxylate compounds and improve their water solubility, providing 

an easier clearance by the kidneys. Several isoforms are involved in flavonoids 

metabolism. Phase I metabolism tends to be minor, maybe due to a higher efficiency of 

the phase II enzymes that conjugate rapidly potential targets in liver and intestine34. 

Phase II conjugation metabolism is thought to be highly efficient, most flavonoid 

encountered in plasma and urine are conjugated, mainly glucuronides, with aglycone 

form found either absent or in very low concentrations34. Erlund I. et al (2000) observed 

low levels of quercetin aglycone in plasma after oral intake, while considerable levels of 

quercetin glucuronides or sulphates conjugated metabolites were observed42.  

UGTs transfer glucuronic acid to flavonoids, in a region specific and isoform 

dependent manner; sulphotransferases add a sulphate moiety to flavonoids; and COMTs 

O-methylate flavonoids34, with higher efficiency observed for glucuronidation reactions,

followed by sulphation35. These conjugations increase compounds polarity, enhancing 

the circulation and excretion, though methylation can reduce hydrophilicity with 

consequent glucuronidation or/and sulphation often needed34. 

Flavonoids conjugated metabolites produced by phase I/II metabolism enzymes may 

then follow different routes, metabolites in intestinal epithelium are transported to liver 

(where they can be subject to further metabolization) via portal vein or be secreted back 

to gut lumen through transcellular transporters such as ABC transporters, then can be 

reabsorbed or proceed to large intestine. Metabolites present on liver can enter systemic 

circulation or return to intestinal lumen via enterohepatic recycling, then suffer 

reabsorption or proceed along the gastrointestinal tract34. 

1.3.4.4. Flavonoids interaction with colonic microbiota 

Contrasting to most dietary nutrients, a significant part of ingested flavonoids reaches 

colon, once there they interact with colonic microbiota34,37. 

Microbiota present in large intestine can be host specific. Different individuals even 

from same species can present a different gut microbiome, which means that inter-

individual responses to same compounds may occur34,43. Bacteria present in large 
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intestine are capable of express enzymes, some of them incapable of being synthetized 

by human organism, which allows metabolization of unabsorbed dietary flavonoids. 

Flavonoid-C-glycosides that cannot be hydrolysed by human enzymes, and phase I/II 

metabolites that reach colon after enterohepatic recycling26, by action of microbiota will 

be degraded to smaller ones, mainly phenolic and aromatic acids. These are better 

absorbed by large intestine than their parent compounds and may suffer changes in their 

biological activities due to structural changes, which potentially increases their 

bioavailability and bioactivity, either locally at colon on systemically after 

absorption26,34,35,37,41. 

The contribution of gut microbiome to metabolization of certain flavonoids classes is 

pivotal, for instance anthocyanins and proanthocyanidins, which are very poorly 

absorbed in small intestine often reach colon in intact form, there they undergo extensive 

metabolization, with these colonic metabolites displaying higher activities than those 

absorbed in small intestine, this higher activity may be due to higher absorption, 

concentrations and half-lives of microbial metabolites34,41. 

Although, relation flavonoid-microbiota implicates alterations to both sides, when this 

interaction occurs, microbiota may influence flavonoids by enhancing their absorption 

and bioavailability. Reciprocally, flavonoid may influence microbiota population, shaping 

its profile and altering the presence of specific bacteria, potentially acting as a prebiotic 

(“A substrate that is selectively utilized by host microorganism conferring a health 

benefit”)34,37,43. 

This relation can affect multiple health aspects once microbiota is involved in a series 

of metabolic processes, such as nutrient and compounds absorption and metabolism, 

generation of endotoxins, epigenetic modifications and immune homeostasis37,43. For 

instance, flavonoids can interfere with bacterial fermentation, which leads to production 

of short chain fatty acids that are important in the maintenance of intestinal immune 

homeostasis through regulation of inflammasome or upregulation of T-cells that can 

protect against inflammation or carcinogenesis, also, flavonoids used therapeutically in 

the treatment of dysbiosis have shown positive results34,37,43. Although this relation needs 

better clarification, identifying specific bacteria that interacts with flavonoid compounds 

would facilitate the comprehension of this mechanisms and even open windows to new 

therapies with pre and probiotics37,43. 
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1.3.4.5.Flavonoids excretion 

Efflux of flavonoids from liver after phase I and II metabolism can occur to systemic 

circulation, either following to target organs and tissues throughout the body and then to 

kidneys or directly going to the kidneys, where they are released and excreted in urine 

(through transporters located in the renal tubules, such as organic anion transporters).  

Enterohepatic recycling may also occur via bile secretion, returning to gut lumen. 

Recycled flavonoid metabolites and intact flavonoids not (re)absorbed by intestinal 

epithelium will follow to colon, where if not metabolized by colonic microbiota and 

absorbed in large intestine may be excreted in faeces34,35. 

Regarding all the beneficial health effects acclaimed, clarification of the same ones 

may not be easily done, especially when triggered by flavonoids.  

The high diversity of these compounds, which comprises several subclasses and 

different forms (e.g. aglycone and glycoside) associated with phase I and II metabolism 

(flavonoid metabolites are the ones that usually present in the circulatory system, as 

aglycone form has a high conjugation rate 26,35) and variability of gut microbiome (which 

can be host-specific and with different initial composition) lead to heterogenic responses. 

Hence, deeper and detailed studies are required to discover and identify key elements 

in flavonoid metabolism, either in small intestine lumen or epithelium, liver and colon, in 

order to better understand and improve the appropriate intake of these 

phytochemicals34,37,43. 

1.3.5. Biological activities 

The beneficial effects of flavonoids are reported across a wide range of clinical fields, 

capable of exerting varied activities (Figure 3) such as antioxidant, anti-inflammatory, 

antibacterial, antiviral, anticancer, glucose homeostasis maintenance, vasoregulation, 

among others18,25,32,44,45. Furthermore, flavonoids are thought to act better in a preventive 

manner, which means that consumption of these compounds should occur before the 

pathophysiological event, encouraging this way a diet rich in food-containing flavonoids 

25,46. 

The flavonoid induced biological activities, as said preciously, may be affected by 

these phytochemicals structures, mainly due to number and position of hydroxyl groups 

but also by the form in which they are consumed (e.g. aglycone or glycoside), which 

affects their absorption and bioavailability and therefore their biological 

activity18,22,26,27,34,47. 
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Simultaneous consume of drugs and flavonoids can influence each other 

metabolisms through common pathways, a potential crossover mainly at phase I and II 

metabolism enzymes. Although intake of isolated drugs may not affect flavonoid 

metabolism, the same cannot be assured upon administration of drugs cocktails, 

presence of genomic factors that decrease enzymatic activity or both. The low activity of 

enzymes can diminish flavonoid and/or drugs circulation to target tissues, thus 

decreasing their effects/actions34. 

As seen before, flavonoids possess a low bioavailability and absorption rate, although 

an increasing number of evidence starts to suggest that even when present in low 

concentration flavonoids can induce certain biologic activities through the modulation of 

signalling pathways26,27. 

 

 

Figure 3. Potential targets and biological activities of flavonoids after dietary consumption. Adapted from32,33 
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1.3.5.1. Antioxidant activity 

It is normal and beneficial to organism the physiological production of reactive oxygen 

species (ROS; such as hydroxyl radical (•OH) and superoxide radical (O2
•)) in the 

appropriate concentrations and places within it, when facing harmful situations as 

preventing pathogens invasion and cancerous cells proliferation. Although, 

overexposure to stimuli such as pollutants, drugs, smoke and xenobiotics can lead to 

overproduction of ROS and consequently to oxidative stress, which may lead to high and 

irreversible damage to vital biomolecules including DNA, lipids and proteins22,26. 

Antioxidant capacity is the most addressed property of most flavonoid classes, this 

capacity is related to enzymatic modulation and metal chelation involved in generation 

of free radicals, upregulation of antioxidant defences and directly scavenging of free 

radicals (such as ROS)26,27,45. 

The structure of flavonoids, namely the configuration, substitution and number of 

hydroxyl groups, plays an important role influencing their mechanism of action as radical 

scavengers and in metal chelation (Figure 4)45. For example, as we see in the next 

reaction, when in presence of ROS (𝑅•), as radical hydroxyl, alkoxy or superoxide, 

flavonoids can donate a hydrogen atom to the reactive species, stabilizing them while a 

much less reactive flavonoid radical is generated48: 

𝐹𝑙 − 𝑂𝐻 + 𝑅• → 𝐹𝑙 − 𝑂• + 𝑅𝐻 (Equation 1) 

Furthermore, 2,3-double bond and 4-oxo group in ring C has also been considered to 

enhance antioxidant ability, and flavonoids with absence of one or both features have 

shown less effectiveness as antioxidant. The same occurs with the absence of C3, C3’ 

and C4’ hydroxyl groups. Presence or absence of sugar moieties also has implications 

in antioxidant activity, glycosylated forms show less antioxidant capacity when compared 

with aglycone forms, however the bioavailability of glycoside forms tends to be higher, 

thus we cannot predict the form with better activity in vivo22,26,27. 

Flavonoids can inhibit enzymes implicated in ROS generation such NADH oxidase, 

microsomal monooxygenase and mitochondrial succinoxidase27,29–31. Lipid peroxidation 

is a common consequence of oxidative damage and can be provoked by several 

mechanisms. One of these mechanisms is the action of free metal ions which generate 

highly reactive radicals that can disrupt the lipid membrane. Flavonoids are able to either 

reduce these radicals and/or chelate metal ions (iron, copper, etc.) before they generate 

there free radicals, these mechanisms is more likely to occur in gastrointestinal tract due 

to presence of higher flavonoid concentrations (Figure 4)27.  
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The consumption of flavonoids is also related to the upregulation of antioxidant 

enzymes such as superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase 

(GPx), glutathione reductase (GR) and glutathione-S-transferase (GST). These 

enzymes are normally synthetized when the Nrf2-Keap1 pathway (Nuclear factor 

erythroid 2-related factor 2-Kelch-like ECH associated protein 1), that controls 

modulation of redox homeostasis and detoxification, is stimulated by rising ROS levels. 

Flavonoids can trigger this pathway by interacting with cytosolic aryl hydrocarbon 

receptor (ArH) to which are agonist, subsequently ArH will promote Nrf2-Keap1 

dissociation and further transcription of endogenous antioxidants enzymes. This 

activation is not only limited to ArH intermediate influence, but also some flavonoids and 

their metabolites are capable of dissociate and trigger Nrf2-Keap1 pathway promoting 

cell redox homeostasis (Figure 5)22,49. 

Despite the seemingly positive effects of flavonoids consumption, when the dose 

consumed is too high, flavonoids can display a pro-oxidative effect. This effect can be 

triggered by the mechanism of action towards free radicals mentioned above, although 

the flavonoid-radicals are much less reactive than previous ones, if the concentration is 

high enough they can act as pro-oxidants potentially leading to undesirable effects on 

health. Thus, it is of great importance to determine a safe concentration range of 

flavonoids consumption, keeping in mind that different organisms may react differently 

to different concetrations18,22. 

 

1.3.5.2. Glucose homeostasis maintenance 

 

Flavonoids have been associated with glucose homeostasis. Their influence on 

glucose metabolism may be exerted at intestine, liver and pancreas3.  

 

 

 

Figure 4. Metal binding sites for flavonoids. Adapted from48 
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In vitro studies suggest the inhibition on key enzymes involved in carbohydrates 

digestion and absorption, such α-amylase and β-glucosidase, and at Na+-dependent 

glucose transporter that can lead to a decrease in postprandial glycaemia32,50. 

 Experiments performed in animal models revealed reduction of fat accumulation in 

liver and an increase in insulin sensitivity related to reduction on lipogenesis and 

enhancement of fatty acids β-oxidation. Proanthocyanidins have inhibited triglyceride 

absorption in mice and humans, decreasing fatty acid absorption, which is beneficial in 

obesity and metabolic diseases35. 

 GLP-1, a hormone that stimulates insulin production, acts on pancreas and brain, 

and is responsible to regulate factors as satiety, lipid metabolism and glucose 

homeostasis, flavonoid may increase its circulating concentration improving control of 

glucose levels37.  

Figure 5. Flavonoids can mitigate cellular damage induced by excess of ROS, either by acting 
directly on ROS (inhibiting its production or acting as scavenger) or by promoting Nrf2-Keap 1 
dissociation, thus promoting expression of antioxidant enzymes 
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Intake of flavonoids may prove to be beneficial to patients with diabetes by protecting 

and preserving β-cells mass and function and by reducing post-prandial glycaemia 

(Figure 6). Though diabetic treatment drugs are efficient, endogenous insulin production 

provides a more accurate response to the intake levels of glucose, preservation of β-

cells function is crucial to glucose homeostasis maintenance, that can be accomplished 

with improvement of mitochondrial bioenergetics and amplifying  

insulin secretion pathways (e.g. cAMP/PKA and PLC/PKC signalling)51. 

 

1.3.5.3. Anti-inflammatory activity 

 

Inflammation is a normal response from our organism to tissue injury, pathogenic 

infection and chemical irritation. The process is initiated with migration of immune cells 

from blood vessels and release of mediators at the local of damage, followed by 

recruitment of inflammatory cells, release of ROS/RNS (reactive nitrogen species) and 

pro-inflammatory cytokines to eliminate pathogens and repair damage. Normally this 

process is rapid and self-limiting, however prolonged inflammation can lead to various 

disorders52. 

Certain flavonoids can affect the inflammatory function and ameliorate pathologic 

situations. These effects can have multiple origins, one of them is through the function 

 

Figure 5. Flavonoids can mitigate cellular damage induced by excess of ROS, either by acting 
directly on ROS (inhibiting its production or acting as scavenger) or by promoting Nrf2-Keap 1 
dissociation, thus promoting expression of antioxidant enzymes.  

 

Figure 6. Potential flavonoids insulin-like action reducing glycemia. Flavonoids can reduce the 
circulating glucose through several mechanisms, increasing uptake of glucose by promotion of 
GLUT 4 translocation to the membrane; inhibiting GSK3 thus allowing glycogen synthesis; and 
inhibiting gluconeogenesis. IR, Insulin receptor; IRS 1 and IRS 2, Insulin receptor substrate 1 
and 2; PI3K, Phosphoinositide 3-kinase; PIP 2, Phosphatidylinositol 4,5-bisphosphate; PIP 3, 
Phosphatidylinositol (3,4,5)-trisphosphate; AKT, Protein kinase B; GSK 3, Glycogen synthase 
kinase 3; GS, Glycogen synthase; GLUT 4, Glucose transporter type 4; AMPK, AMP-activated 
protein kinase; PEPCK, Phosphoenolpyruvate carboxykinase. 
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of enzymatic systems largely involved in the inflammation process, such as 

cyclooxygenase 2 (COX-2), lipoxygenase, tyrosine and serine-threonine protein kinases. 

The latter ones are responsible for signal transduction and cell activation processes on 

cells of the immune system, they are inhibited by flavonoids due to competitive binding 

with ATP (adenosine triphosphate) at catalytic site of the enzymes. The production of 

prostaglandins, powerful pro-inflammatory molecules, is also target of potent inhibition 

of some flavonoids27,53. 

Flavonoid action on tight junctions can also have an anti-inflammatory character due 

to their involvement in the membrane permeability of intestinal epithelium. When not 

functioning properly, passage of bacteria and toxins can occur and reach blood, thus 

provoking local or systemic inflammation. Flavonoids enhance expression of tight 

junctions maintaining cell permeability and avoiding possible inflammatory scenarios37 

Flavonoid anti-inflammatory potential also acts on important inflammatory signalling 

pathways, such as NF-κB (nuclear factor kappa-light-chain enhancer of activated B-

cells).54 

Through ligand agonist interaction with peroxisome proliferator-activated receptor-γ 

(PPAR-γ), a nuclear receptor, flavonoids can interfere with the signalling transduction of 

NF-κB, resulting in mitigation of inflammatory response34,37,38. A similar process can 

occur with the mammal sirtuin (SIRT-1), which has an inhibitory effect on NF-κB. SIRT-

1 interacts with PPAR-γ coactivator PGC-1γ (peroxisome proliferator-activated receptor 

gamma co-activator 1-alpha), therefore upon activation of PPAR-γ, flavonoids could 

induce action on SIRT-1-regulated pathways, mitigating inflammation26,34,37,55. 

An increase in ROS levels can also trigger inflammatory process, as these species 

can activate NLRP3 (NOD-like receptor pyrin domain-containing 3) inflammasome, a key 

node involved either in redox and inflammatory response. NLRP3 inflammasome 

induced activation in response to cytoplasmic ROS, triggers the release of cytokine IL-

1β to extracellular space activating TLR-1 (Toll like receptor-1) and by consequence 

NFκB-activated pro-inflammatory signalling transduction leads to release of interleukins 

(1β, 6 and 8), TNF-α (tumour necrosis factor-alpha) and IFN-γ (interferon-gamma), 

stimulating an amplification of inflammatory events concluding in systemic inflammation. 

Flavonoids can act as anti-inflammatory either by inhibition of inflammasome activation 

or IL-1β secretion; this process can also be avoided by antioxidant action of flavonoids 

towards the ROS themselves, which leads to the non-activation of NLRP 3 (Figure 7)22,53. 

Peluso, Ilaria et al. (2015) reviewed a series of studies that demonstrated a state of 

health-dependent influence of flavonoid rich diet on TNF-α levels.  While healthy subjects 

levels did not suffer reduction, subjects that displayed risk factors to cardiovascular 

diseases showed decreased levels and same occurred with subjects affected by 



24 
 

diseases, which indicates that the effects may be dependent on the degree of 

inflammation with higher effect in higher degrees of inflammation, although scarce 

number of studies were available in order to clarify these mechanisms56. 

 

1.3.5.4. Anticancer activity 

 

Cancer is defined as “a disease characterized by unregulated cell growth and the 

invasion and spread of cells from the site of origin, or primary site, to other sites in the 

body”57. Many factors can contribute to the onset of cancer such as age, genetics, diet, 

obesity, tobacco, among many others, and they can play a direct or indirect role on the 

development of different types of cancer44. 

Several studies reported that consumption of fruits and vegetables rich in flavonoids 

are negatively related with the development of cancer27,34,44,47. For instance, consumption 

of onions and apples, major sources of flavonoids, is inversely associated with incidence 

of prostate, lung and stomach cancer, moderate wine ingestion seems to lower the risk 

to develop lung cancer, or oesophagus, stomach, and colon cancer as well27.  

Various targets of anti-cancer therapeutic strategies have been proposed to explain 

the effect of flavonoids in the initiation and promotion stages of the carcinogenicity, some 

of them are due to downregulation of mutant p53 protein; cell cycle arrest; tyrosine kinase 

inhibition; inhibition of heat shock proteins; oestrogen receptors binding capacity; 

 

Figure 7. Flavonoid-mediated mitigation of NLRP3-induced inflammatory response. Flavonoids can 
reduce intracellular ROS levels (inhibiting its production or acting as scavenger); inhibit NLRP3 
activation; or through Nrf2 pathway thus inhibiting NFκB. 
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inhibition of cell proliferation; apoptosis promotion and inhibition of Ras proteins 

expressions27,37.  

Flavonoids are found to downregulate mutant p53 protein to nearly untraceable levels 

in breast cancer cell lines, which can lead to cell cycle arrest. Some flavonoids are also 

capable to inhibit the production of heat shock proteins in several malignant cell lines, 

these proteins can form a complex with p53 protein allowing tumour cells to bypass 

normal cell mechanisms of cell cycle arrest, in addition they improve cancer cell 

survivability under different stress conditions27. Apoptosis can be triggered by caspase 

activation in mitochondria or by inhibition of survival cell signalling, such as protein kinase 

B (AKT) and extracellular signal-regulated kinases26. 
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2. Objectives

Flavonoids are a considerable class of compounds present in the human diet, they 

are consumed through common vegetables, fruits and beverages. Therefore, in this work 

our attention will be focused on three flavonoids present in the diet, namely eriodictyol, 

kaempferol and quercetin (Figure. 8). 

Even though most flavonoids are consumed as a part of a mixture of phytochemicals, 

single compounds structure is often used as a starting point to develop new drugs. 

Furthermore, rise of dietary supplements markets dictate the need to study the effects of 

isolated compounds to prevent potential harmful situations. The main aims of this work 

are to evaluate the potential anti-proliferative, antioxidant and anti-inflammatory activities 

of these compounds, and try to correlate the results obtained with the structural 

differences between the compounds, which are similar with minor, but potentially critical, 

differences (Figure 8). 

The work will be developed in order to respond to the following specific aims: 

 Evaluate the anti-proliferative activity of flavonoids and the concentration

and time of exposure dependency. This will be tested using the Alamar blue 

method (AB); 

 Evaluate and compare the antioxidant activity in vitro ABTS•+, OH and

NO radical scavenging activity; and with resource to flow cytometry we aim to 

Figure 8. Chemical structure of eriodictyol, kaempferol and quercetin with highlight on structural 
differences among them. 
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evaluate multiple redox parameters, such as intracellular ROS, lipid 

peroxidation and glutathione (GSH, reduced form) levels, as well as 

mitochondrial membrane potential and calculate the oxidative stress index; 

  Evaluate the anti-inflammatory potential of these flavonoids to inhibit NO 

formation in LPS-induced macrophages cells and associate it with NO radical 

scavenging activity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  



31 

Material and Methods 





33 

3.Material and Methods

3.1. Compounds 

In this work, three aglycone flavonoids were selected, eriodictyol and kaempferol, and 

were obtained from Santa-Cruz Biotechnologies (Frilabo, Portugal) and quercetin was 

obtained from Sigma-Aldrich (LaborSpirit, Portugal). 

3.2. Radical-scavenging activity (RSA) In Vitro assays 

3.2.1. Flavonoids stock solutions 

To perform the RSA in vitro assays stock solutions of each compound were prepared. 

Eriodictyol and quercetin were prepared with a concentration of 10 mM with a mixture of 

purified water and absolute ethanol, in a 50:50 ratio. Kaempferol at equal concentration, 

but in a 25:75 ratio (water: ethanol). 

Furthermore, to realize the following RSA in vitro assays concentrations of 1, 10, 25, 

50 and 100 µM were prepared from the previous stock solutions with additional volume 

of purified water. 

3.2.2. RSA on ATBS radical 

The radical scavenging activity of the flavonoids compounds on ABTS (2,2′-azinobis-

(3-ethylbenzothiazoline-6-sulfonic acid) radical was measured using a 

spectrophotometric methodology according to a previously described procedure58,59. 

Briefly, an ABTS radical cation stock solution (7.4 mM) was prepared by reacting equal 

amounts of ABTS and potassium persulfate (2.6 mM) and allowed to stand 16 h in the 

dark, at room temperature. The radical solution was then diluted with acetic acid (pH 4.5) 

to an absorbance of 0.70 (± 0.02) at 734 nm using a Biotek Powerwave XS2 plate reader 

(BioTek Instruments, Inc. USA) at 25 ºC. The samples (10 µL of 1, 10, 25, 50 and 100 

µM of each flavonoid) were mixed with 190 µL of the radical solution in a 96-well plate 

and after 6 minutes incubation the absorbance was measured at 734 nm. Results were 

calculated with Trolox (6-Hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as 

positive control and are represented as µM equivalent of Trolox (TEAC- trolox equivalent 

antioxidant capacity).   
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3.2.3. RSA on hydroxyl radical  

 

The RSA on hydroxyl radical by flavonoids was accessed by a modified salicylic acid 

method60, adapted to 96-well plates. Reaction mixture consisted of 50 µL of sample (1, 

10, 25, 50 and 100 µM of each flavonoid), 50 µL of FeSO4 (6 mM and 50 µL of hydrogen 

peroxide (6 mM). The mixture was mixed thoroughly and allowed to sit for 10 min. After 

incubation, 50 μL of salicylic acid-ethanolic solution (6 mM) and further incubated for 30 

min. The absorbance was then measured at 510 nm using a Biotek Powerwave XS2 

plate reader (BioTek Instruments, Inc. USA) at 25 ºC. The results were calculated as 

percentage of inhibition of hydroxyl radical against a blank (distilled water), using the 

formula:  

 

[(ABlank−AS)/ABlank] ×100 (Equation 2) 

 

where AS is the absorbance of the sample and ABlank is the absorbance of the blank 

solution. 

 

3.2.4. RSA on nitric oxide (NO) 

 

The NO scavenging activity was accessed by using Griess Illovoy reaction with slight 

modifications58,61. Briefly, in a 96-well plate 60 μL of each flavonoid (at 1, 10, 25, 50 and 

100 µM) were mixed with the same volume of sodium nitroprusside solution (10 mM in 

PBS (phosphate saline buffer), pH 7.4). The plate was incubated for 150 minutes at room 

temperature. Then, 60 µL of Griess reagent (1% sulphanilamide in 5% phosphoric acid 

and 0.1% naphthylethylenediaminedihydrocloride in a 1:1 proportion) were added. After 

30 minutes incubation, in the dark at room temperature, the absorbance of the 

chromophore formed was measure at 546 nm using a Biotek Powerwave XS2 plate 

reader (BioTek Instruments, Inc. USA) at 25 ºC. The results were calculated as 

percentage of inhibition of nitric oxide production against a blank (distilled water) and 

calculated as reported in equation 2.  

 

3.3. Assessment of biologic activities of flavonoids on cell cultures 

 

3.3.1. Flavonoids stock solutions 

 

Flavonoid stock solutions were prepared at 20 mM for eriodictyol and kaempferol and 

at 10 mM for quercetin, in dimethyl sulfoxide (DMSO). Subsequent dilutions were 
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performed with FBS-free culture medium (FBS, foetal bovine serum) to the desired 

concentrations.  

3.3.2. Cell cultures maintenance and manipulation 

Caco-2 (Human colorectal adenocarcinoma, Cell Line Service (CLS), Germany), 

HaCaT (Human keratinocytes, CLS, Germany) 62, HepG2 (Human hepatocellular 

carcinoma, ATCC, Rockville, MD, USA) and Raw 264.7 (Mouse macrophages, Abelson 

murine leukaemia virus-induced tumour, CLS, Eppelheim Germany) were the cell lines 

used in this research. 

Cell cultures were cultured in flasks (Orange Scientific, Frilabo, Portugal) and 

maintained in DMEM (Dulbecco’s Modified Eagle Medium, Gibco), with phenol red, 

glucose 25 mM, pyruvate 0.1 g/L, and supplemented with 10% (v/v) FBS, antibiotics (200 

U/mL penicillin and 200 µg/mL streptomycin) and L-glutamine 2 mM in an 5% CO2/ 95% 

air atmosphere, at 37 ºC with controlled humidity. All media and supplements were 

acquired from Gibco (Alfagene, Sintra, Portugal). 

Handling of cell cultures was done in aseptic environment inside a laminar flow 

cabinet (Class 1, Faster, B-EN 2004) using disposable and sterilized material to avoid 

external interferences and contaminations. 

All cell lines used are adherent, though RAW 264.7 adheres weakly to the flasks. 

According to the assay, cells were seeded either into 12-well (1×105 cells/mL, 700 

µL/well) or 96-well (5×104 cells/mL, 100µL/well) microplates and left to stabilize in the 

incubator for at least 24 hours to assure a uniform and healthy population in all wells. To 

ensure density, cells were counted in an automatic cell counter (TC10 Automated Cell 

Counter 145-0001 BIO-RAD). The cells, growing in tissue culture flasks (t-flasks), were 

washed with 1 mL of Versene (Gibco) to remove dead and damaged cells. Then the cells 

were separated with Trypsin-EDTA (0.05%, Gibco), at 37ºC in the incubator for at least 

5 minutes, time that could increase depending on the cell cultures. This step was 

monitored by microscope observation. Raw 264.7 were the exception as their 

dissociation was performed with a scrapper instead of trypsin. The cells were seeded in 

medium with FBS that is later removed before adding the flavonoid solution.  

3.3.3. Evaluation of cellular viability with Alamar Blue method 

This method utilizes Alamar Blue reagent which consists in a water-soluble formazan 

molecule capable of permeabilizing cell membranes, allowing the monitorization of cell 
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metabolism. Evaluation is conducted when resazurin (blue, oxidized from measured at 

570 nm) is reduced to resorufin (pink, reduced form measured at 620 nm)63,64.  

Cell viability correlates with the dye reduction and is expressed as percentage of AB 

reduction, and its quantification is done following the equation:  

 

AB reduction % =  
(εox620nm)(A570nm)−(εox570nm)(A620nm)

(εred570nm)(A620nm)−(εred620nm)(A570nm)
∗ 100 (Equation 3) 

 

where ε is the molar extinction coefficient for oxidized (ox) and reduced form (red) and A 

is the absorbance for each wavelength65. 

Flavonoids solutions (in FBS free culture medium) were applied on cells seeded into 

96-well plates (with an n=4) and the assay was made with concentrations of 10, 25, 50 

and 100 µM for each flavonoid on Caco-2, HaCaT and HepG2 cell lines and 12.5, 25, 50 

and 100 µM for each flavonoid on RAW 264.7 cell line. All cell cultures underwent 

exposure times of 24 h and 48 h after which the medium was retrieved and 100 μL of 

Alamar Blue solution (10%, diluted in DMEM) was added. The absorbance was read in 

a Multiskan EX microplate reader (MTX Labsystems, USA) at 570 and 620 nm. Values 

are expressed as percentage of control (non-exposed cells), as described65. 

 

3.3.4. Assessment of biologic markers by flow cytometry 

 

HepG2 cells (ATCC, Rockville, MD, USA) seeded in a 12-well microplate were 

incubated with each flavonoid for 24 hours (25, 50 and 100 µM). After 24 h exposure 

time, cells were detached with trypsin and centrifuged (5 min at 500 xg), the supernatant 

was discarded and the pellet resuspended in PBS, as described by Doktorovová et al 

(2014)66. Aliquots of each sample (control and flavonoid-exposed cells, for each 

concentration) were further analysed. 

To conduct this study a one-color flow cytometry assay was used for the assessment 

on cellular levels of glutathione (GSH), intracellular reactive oxygen species (ROS), lipid 

peroxidation (LP) and mitochondrial membrane potential (∆Ψm). Flow cytometry data 

acquisition was carried out on using a BD Accuri™ C6 cytometer (Becton Dickinson, CA, 

USA) and 5000 gated events were collected from each sample. Data analysis was 

performed using BD Accuri™ C6 Software, version 1.0.264.21 (Becton Dickinson, CA, 

USA), as described67,68. 
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3.3.4.1. Evaluation of intracellular ROS content using DCFDA probe 

To evaluate intracellular ROS content, the fluorescence probe DCFDA (2′,7′-

Dichlorofluorescein diacetate) was used. DCFDA is a non-fluorescent, stable and cell 

permeable probe. After cell membrane permeabilization, DCFDA is cleaved by 

intracellular esterases generating DCFH2, [2′-7′-dichlorofluorescein] reduced form, that 

is retained within the cell and non-fluorescent. The former in contact with ROS is 

oxidised, producing DCF, [2′-7′-dichlorofluorescein] which is highly fluorescent and can 

be measured at 530 nm. The mean fluorescence intensity (MFI) mirrors the intracellular 

accumulation of ROS68,69. Hence, HepG2 cells were exposed to DCFDA probe (20 µM), 

diluted in culture medium, at 37 ºC in the dark, inside the incubator. After incubation, 

cells were centrifuged (5 min, 500 xg), to remove leaked dye, resuspended in PBS and 

submitted to flow cytometry analysis. 

3.3.4.2. Evaluation of Lipid Peroxidation using DHPE-FITC probe 

Cell’s lipid peroxidation was evaluated with the probe DHPE-FITC [(Fluorescein-5-

Thiocarbamoyl)-1,2-Dihexadecanoyl-sn-Glycero-3 Phosphoethanolamine] Sigma-

Aldrich (Steinheim, Germany). During oxidative events lipid peroxidation products may 

be present in high concentrations in cells, these products cleave the fluorescent moiety 

of DHPE probe, resulting in a decrease in MFI at 519 nm.  HepG2 cells were incubated 

with DHPE-FITC (20 µM) for 30 min, in the dark at room temperature; after incubation 

time flow cytometry analysis was conducted68. 

3.3.4.3. Evaluation of mitochondrial membrane potential using Rhodamine 123 probe 

Mitochondrial membrane potential was assessed with Rhodamine 123 probe Sigma-

Aldrich (Steinheim, Germany). The lipophilic nature and positive charge of the probe 

allows it to diffuse through mitochondrial membrane in response to potential and 

concentration gradients and accumulate in the mitochondrial matrix resulting in the 

quenching phenomenon. Rhodamine 123 accumulation is proportional to ∆Ψm, hence an 

increase in potential leads to quenching occurrence and a decrease of fluorescence 

emitted70,71. 

 HepG2 cells were exposed to Rhodamine 123 (5 µM) for 2 hours, inside an incubator 

at 37 ºC. After incubation time flow cytometry analysis was conducted. 
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3.3.4.4. Assessment of GSH levels using Mercury Orange probe 

 

Mercury orange (MO) [1-(4-chloromercuryphenyl-azo-2-naphtol)] (Sigma Aldrich) was 

used to quantify intracellular glutathione. GSH in the presence of mercury orange forms 

MO-GSH adducts via sulfhydryl group and produces fluorescence at 580 nm. The cell 

samples were incubated for 5 minutes with mercury orange (40 μM), in the dark at room 

temperature; after incubation time GSH levels were assessed68,72–74. 

 

3.3.5. Oxidative stress index 

 

The oxidative stress index can be calculated by the ratio of an oxidative stress factor 

by an antioxidant factor72,74. In this study the oxidative stress factor is represented by 

ROS levels determined through DCFDA probe, and the antioxidative factor is 

represented by GSH levels determined through MO probe. 

 

3.3.6. LPS-induced NO production 

 

Anti-inflammatory activity of eriodictyol, kaempferol and quercetin was evaluated in 

LPS-induced RAW 264.7 macrophages, seeded in 96-well microplate with at 1x105 

cells/mL (100 µM/well) density for 24 h to adhere and stabilize.  

After that period two sets of experiments were made: incubation for 24 h with the 

compounds with and without stimulation with 100 ng/mL LPS (lipopolysaccharide, 

Sigma-Aldrich), prepared in culture medium without phenol red. Compounds were 

applied at non-cytotoxic concentrations of 10 and 20 µM. 

Nitrite accumulation, a NO metabolite, was monitored applying the Griess method75. 

Briefly, from each well a volume of 50 μL of supernatant was transferred into a new 96-

well plate, to which was added the same volume of Griess reagent [0.1% (w/v) N-(1- 

naphthyl) ethylenediamine dihydrochloride and 1% (w/v) sulphanilamide prepared in 5% 

(w/v) H3PO4 (v/v)]. After a 10 minutes incubation, in the dark, the absorbance was read 

at 540 nm using a Multiskan EX microplate reader (Thermo Scientific, Porto, Portugal) 

against a blank with medium culture only, as described by Martins-Gomes et al76. 

Nitrite was quantified recurring to a standard curve of sodium nitrite (0-100 µmol/L) 

prepared in DMEM medium without serum and phenol red. 
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3.4.Statistical analysis 

The results are presented as means ± standard deviation. Statistical analysis was 

made with GraphPad Prim 7 software. One or Two-way ANOVA were used with results 

displaying statistically significant differences when p values were less than 0.05. 
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Results and Discussion 
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4.Results and Discussion 

 

4.1.  Assessment of flavonoids effect on cell viability  

 

The assessment of cell viability was done recurring to Alamar Blue method, which is 

based on the conversion of resazurin (non-fluorescent blue dye, oxidized form) to 

resorufin (pink fluorescent, reduced form), by cytosolic and mitochondrial enzymes, thus 

allowing monitorization of cell’s metabolism and infer their metabolic status and 

viability63,77. In order to study the influence of dose and exposure time of these flavonoids 

in cell viability, cells were exposed with a range of concentrations of each flavonoid, and 

incubated for 24 and 48 h. The viability, assessed with Alamar Blue, was expressed as 

percentage of control (cells not exposed). Results obtained for HaCaT (Figure 9), Caco-

2 (Figure 10), HepG2 (Figure 11) and RAW 264.7 (Figure 12) are presented and 

discussed in this section. 

HaCaT cell line results presented in figure 9 display the effects of exposure to 

eriodictyol, kaempferol and quercetin. All compounds exhibited a dose- and time- 

dependent decrease on cellular viability. Eriodictyol and kaempferol showed similar 
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Figure 9. Cell viability results for HaCaT cells treated with different concentrations of Eriodictyol, 
Kaempferol and Quercetin, for 24 h (light-grey bars) and 48 h (dark-grey bars). Results are 
presented as mean ± SD (n=4). Comparison between values are considered significant when 
p< 0.05 (* between concentrations and control at same exposure times and # between different 
exposure times for the same concentration). 
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pattern, at the highest concentrations viability values were above 70%, compared to 

control, and no significant differences with the control were observed for the lowest. 

Quercetin, on the other hand, showed a higher effect than previous compounds, 

significant reductions in HaCaT cell line viability were found in all concentrations, 

especially at 50 and 100 µM. Concurrently longer exposure time led to higher reductions, 

especially at 100 µM (Figure 9). 

 Figure 10 shows the data referent to Caco-2, similarly to HaCaT a dose- and time- 

dependent decrease of cellular viability was observed. Consistently, eriodictyol and 

kaempferol showed identical values, with no significant viability reductions to all 

concentrations at 24 h. But, at 50 and 100 µM after 48 h of exposure, a slight but 

significant viability reduction was observed. Quercetin showed greater viability reduction 

compared to control (in all concentrations and time of exposure) than eriodictyol and 

kaempferol, although no reductions lower than 60% of control were observed.  

Results for HepG2 cells are presented in Figure 11. Dose- and time-dependent 

decrease is observed concordantly to previous cell lines, where the highest 

concentrations (50 and 100 µM) and longer exposure time led to higher reductions. 

Values at 24 h exposure are similar, with concentrations up to 50 µM exhibiting viability 

C o n t r o l 1 0 2 5 5 0 1 0 0

0

2 5

5 0

7 5

1 0 0

1 2 5

C
e

ll
 V

ia
b

il
it

y
 (

%
) *

*

#

[ E r io d c t y o l ]  µ M

C o n t r o l 1 0 2 5 5 0 1 0 0

0

2 5

5 0

7 5

1 0 0

1 2 5

C
e

ll
 V

ia
b

il
it

y
 (

%
)

* *

*

#
#

[ K a e m p f e r o l ]  µ M

C o n t r o l 1 0 2 5 5 0 1 0 0

0

2 5

5 0

7 5

1 0 0

1 2 5

C
e

ll
 V

ia
b

il
it

y
 (

%
) *

*

*

* *
*

*

*

#
#

#

[ Q u e r c e t in ]  µ M

2 4 h

4 8 h

 

Figure 10. Cell viability results for Caco-2 cells treated with different concentrations of 
Eriodictyol, Kaempferol and Quercetin, for 24 h (light-grey bars) and 48 h (dark-grey bars). 
Results are presented as mean ± SD (n=4). Comparison between values are considered 
significant when p< 0.05 (* between concentrations and control at same exposure times and # 
between different exposure times for the same concentration). 
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above 80% to all compounds, although at 100 µM a drop for eriodictyol (62%), 

kaempferol (64%) and quercetin (58%) occurs. Forty-eight hours exposure increased 

loss of cell viability, mainly for cells exposed to quercetin.  

Figure 12 shows results for RAW 264.7 cell line, where kaempferol did not show a 

great reduction of cell viability up to 50 µM; 100 µM induced a higher decrease of cell 

viability although still around 70% compared to control. Exposure time apparently caused 

no effect, since no statistically significant difference was found in all concentrations of 

kaempferol used. 

Contrasting, quercetin exhibited a higher decrease on cell viability, especially at 50 

and 100 µM with 24 h exposure time, and in all concentrations upon a 48 h period. 

Eriodictyol kept high values of cellular viability at 12.5 and 25 µM, lowering those at 50 

and 100 µM (with increased effect at 48 h). 

Overall, cell lines present some heterogeneity in cell viability values, although, a 

similar dose and time-dependent decrease on cellular viability occurs. 

The lower concentrations, 10 (12.5) and 25 µM, mostly showed none or low 

cytotoxicity, especially at 24 h. Contrasting, higher concentrations did not always reveal 
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Figure 11. Cell viability results for HepG2 cells treated with different concentrations of 
Eriodictyol, Kaempferol and Quercetin, for 24 h (light-grey bars) and 48 h (dark-grey bars). 
Results are presented as mean ± SD (n=4). Comparison between values are considered 
significant when p< 0.05 (* between concentrations and control at same exposure times and # 
between different exposure times for the same concentration). 
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such mild effects. Fifty micromolar exhibited different responses to different compounds, 

cell line and time of exposure, varying from harmless effects (Caco-2, Kaempferol, 

103%) to more cytotoxic ones (HaCaT, Quercetin, 56%); while 100 µM often induced a 

higher loss of cellular viability, presenting the most cytotoxic behaviour. Additionally, 48 

h exposure time generally led to higher reduction on cells viability than a 24 h period. 

Among the compounds, eriodictyol and kaempferol frequently showed similar values of 

cellular viability on the same cell lines, with eriodictyol occasionally inducing a slightly 

higher decrease of cell’s viability; while quercetin showed to be the most cytotoxic.  

Table 2 present some cell viability values for the tested flavonoids found in the 

literature. Eriodictyol induced low to none cytotoxicity in exposures up to 100 µM. On the 

other hand, kaempferol exhibited a more heterogenic response when applied to different 

cell lines, although and concordant with the patterns we obtained, higher concentrations 

of 50, 100 and 120 µM had higher reductions of cell viability as well as longer exposure 

times of 48 and 72 h78,79. Quercetin displayed the same patterns of kaempferol, with 

higher concentrations and exposure times provoking higher losses of cellular viability 

while lower concentrations appears not to be very impactful.  
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Figure 12. Cell viability results for RAW 264.7 cells treated with different concentrations of 
Eriodictyol, Kaempferol and Quercetin, for 24 h (light-grey bars) and 48 h (dark-grey bars). 
Results are presented as mean ± SD (n=4). Comparison between values are considered 
significant when p< 0.05 (* between concentrations and control at same exposure times and # 
between different exposure times for the same concentration). 
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The data on table 2 may support our results regarding the fact that concentrations 

and exposure time similar to our study, seldom induce cytotoxicity, although differences 

across compounds and cell lines are expected as we have experienced, Hong Ngoc 

Thuy Pham and others80 published a paper where the GI50 (growth inhibition values) of 

kaempferol to 12 different cell lines was evaluated and obtained variations ranging from 

19 µM to over 50 µM, highlighting possible differences that may occur.  
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Table 2. Eriodictyol, kaempferol and quercetin cell viability values (a revision of literature). 

Compound Cell Line Concentration (µM) Exposure time (h) Cell Viability (%) Observations Reference 

Eriodictyol PC 12 10,20,40,80 24 90↑,90↑,90↑,90↑ a 81 

Eriodictyol RGC-5 5,10,20 24 90↑,90↑,90↑,90↑ a 82 

Eriodictyol HUVECs 5,10,25,50,100 18 90↑,90↑,90↑,90↑,85↑ a 83 

Kaempferol HeLa 15,25,50,100 24 90,80,35,20 

a 

48 h and 72 h increased loss of 

cell viability 

79 

Kaempferol HFF 15,25,50,100 24 95↑,95↑,95↑,90 

a 

48 h had no effect, except at 

100µM 

79 

Kaempferol LS174 15,30,60,120 72 100,62,26,5 - 78 

Kaempferol RAW 264.7 50,100 24 95↑,85↑ a 84 

Kaempferol HepG2-C8 3.13,6.25,12.5,25,50,100 24 100,100,100,80,75,80 a 85 

Quercetin HepG2-C8 3.13,6.25,12.5,25,50,100 24 100,100,100,90,85,60 a 85 

Quercetin HepG2 10,20,30,40,50 24 97,95,92,90,85 a 86 

Quercetin LS174 15,30,60,120 72 63,41,33,20 - 78 

Quercetin NCTC 2544 1,10,100 24 
Cell viability was not affected at 

any concentration 

100 µM affect cell viability at 

48h 

All concentrations affected cell 

viability at 72 h 

87 

Quercetin RAW 264.7 20 24 100 - 88 

a, cell viability values were estimated from graphic (no specific values were given in the respective reference); 
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4.2. Antioxidant activity

Flavonoids antioxidant capacity has been an important focus of scientific research. 

Even though numerous and continuous reports of inverse relation between flavonoid-

rich diets and some diseases development ae published, the mechanism by which it 

happens still needs more clarification. As said before, flavonoids may exert antioxidant 

actions mainly through radical scavenging of reactive species, metal chelation and 

modulation of endogenous antioxidant defences. 

These antioxidant activities seem to be highly dependent on the flavonoid’s 

structures, mainly the radical scavenging ability and metal chelation. Even though 

information on literature is yet to be consensus, some key points in the structure-activity 

relationship (SAR) are found89–91: 

 Hydroxylation pattern, especially at ring B;

 C2=C3 double bond in ring C;

 C4=O in ring C;

Antioxidant capacity tends to increase with the number of hydroxyl groups, especially 

if located at ring B (usually as a catechol moiety) compared to C and A ring, as ring B 

positions are more oxidizable. Hydroxyl groups are capable of donate hydrogen or 

electrons to radical species, forming more stable radical. These radicals’ stability is result 

of electron delocalization between hydroxyl groups (e.g. catechol moiety) and other 

flavonoid’s structural features. Furthermore, C3-OH can provide a more planar 

configuration to the molecule, thus enhancing electron delocalization from ring B and 

radical stability. Ring A hydroxyl groups also contribute to radical scavenging activity but 

seemingly to a lesser extent than those located at ring B and C89–93. 

Other important features are the double bound and carbonyl group at ring C, mainly 

responsible for allowing a better electron delocalization from ring B and maintaining a 

planar configuration that improves the radical scavenging activity as said before. 

Presence of these features are thought to improve antioxidant activity, never the less 

some authors believe that these characteristics are not as impactful as ring B and C 

hydroxyls, and their importance can be more noticeable when ring B possess a weak 

activity89–93. 
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Overall, radical scavenging activity may involve hydrogen and electron donation to 

radical species, yielding a more stable radical as product. These radicals can be 

stabilized by electron delocalization throughout the molecule and delocalization 

facilitated by molecule planarity, which can ease the binding with molecular targets, such 

as enzymes and GSH. 

Metal chelation by these phytochemicals also relates to their structure and the 

potential binding between metals and flavonoids. Once again, catechol moiety in ring B 

may be the most impactful feature. Other binding positions are between C3-OH and 

C4=O and between C5-OH and C4=O, which highlights the importance of carbonyl 

groups for this process. Also, C2=C3 double bound provides a more rigid structure, 

holding a more planar position for a better binding to metal ions (Figure 4)90–93. 

In this study we evaluated the radical scavenging activity of our compounds through 

the ABTS radical cation assay and scavenging of the hydroxyl radical in non-cellular 

assays. Additionally, employing flow cytometry we evaluated the influence of our 

compounds in the basal levels of ROS, lipid peroxidation, mitochondrial membrane 

potential and GSH on the hepatic cell line HepG2 (as liver is a key point on flavonoids 

metabolization). Antioxidant activity assays on cells will be done with concentrations of 

25, 50 and 100 µM (25 µM caused none to low loss of cell viability, 100 µM displayed 

the highest reductions and 50 µM varied between the two behaviours). 

 

4.2.1. ABTS•+ scavenging assay 

 

Radical scavenging activity of ABTS•+ is presented in figure 13. All compounds 

exhibited a dose-dependent increase in the scavenging capacity, with quercetin as better 

antioxidant, with statistically significant differences at all concentrations, compared to 

kaempferol and eriodictyol. These results support the principle that a higher number of 

hydroxyl groups may result in a higher antioxidant capacity, with quercetin presenting 

five hydroxyl groups versus four of both kaempferol and eriodictyol, plus the presence of 

C3-OH, C4=O and C2=C3 double bond. 

Kaempferol displayed the second-best antioxidant activity in this assay, with 

statistically significant differences in concentrations of 25 µM and above versus 

eriodictyol. When compared to quercetin, its structure lack’s C3´-OH in ring B, which may 

explain the difference to quercetin, as hydroxylation on ring B has been reported as major 

on radical scavenging activity. Eriodictyol shows evidently the weaker activity of the three 

compounds, and despite possessing the catechol group in ring B, the C3-OH and double 

bound on ring C are absent, which may indicate that those features also play an 

important role on scavenging activity. 



51 

Probably due to the immense diversity of flavonoid compounds, studies that compare 

quercetin, kaempferol and eriodictyol specifically are scarce. Furthermore, regarding 

ABTS•+ scavenging assay results reported usually apply higher concentrations of 

compounds than the one used in this study, mostly 1 mM of the compound under 

investigation, compared to the highest concentration used in this work, that is 100 µM 

(lower concentrations were used in this work, which are more likely to be found in vivo). 

Nevertheless, quercetin values, ranging from 4.7 94, 4.42 95 mM TEAC to lower values of 

2.43 96 and 2.60 97 mM TEAC,  are usually higher than those of kaempferol and 

eriodictyol.  Relatively to kaempferol and eriodictyol, Cai et al 95 reported a value of 1.59 

mM TEAC and Rice-Evans94 of 1.34 mM TEAC for the former, while Chaaban98 reported 

1.22 mM TEAC and Cioffi97 1.26 mM TEAC to eriodictyol, with TEAC values 

corresponding to 1mM of compound used, suggesting that kaempferol may indeed 

possess better scavenging activity than eriodictyol. Still, to minimize possible differences 

between studies, besides comparing directly values from different studies, we tried to 

compile results of same studies, normalizing them by the respective quercetin values, 

as they are presented in table 3. 
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Figure 13.  Radical scavenging activity of ABTS•+ by Eriodictyol, Kaempferol and Quercetin. 
Results are presented as mean ± SD (n=3). Comparison between values are considered 
significant when p< 0.05 (* between concentrations of the same compound; a between 
eriodictyol and kaempferol; b comparison between eriodictyol and quercetin; c comparison 
between kaempferol and quercetin). 
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Attending to the analysis done in table 3, quercetin indeed has better scavenging 

activity than kaempferol and eriodictyol. Although, from table 3 it is not clear, between 

kaempferol and eriodictyol, which one has better activity compared to quercetin. 

Overall and regarding the results we obtained, quercetin exhibit the better scavenging 

activity on ABTS radical, which can be result of a higher number of hydroxyl groups plus 

the double bond on ring C; followed by kaempferol that lacks a hydroxyl group in ring B; 

and then eriodictyol that lacks the C3-OH plus the C2=C3 double bound in ring C. 

 

4.2.2. •OH scavenging assay 

 

Hydroxyl radical can be generated within biological systems and is one of the most 

potent and reactive natural free radicals. It has a very short half-life, which leads to 

reactions with molecules adjacent to its generation site. The assessment of hydroxyl 

radical scavenging activity can be done through several methods, although difference in 

the results may be expected as the choice of method can substantially influence and 

determine results99. 

In our study, •OH was generated following the Fenton reaction (Equation 4), as no 

metal chelator was introduced in the reaction mixture, we hypothesized that the results 

can be due to either direct radical scavenging of the generated radical or either to 

chelation of iron, thus preventing the production of hydroxyl radical. 

 

𝐹𝑒2+ + 𝐻2𝑂2 →   𝐹𝑒3+ + 𝑂𝐻− +  𝑂𝐻•  (Equation 4) 

 

Figure 14 displays the results for hydroxyl radical scavenging assay. Quercetin and 

kaempferol exhibit similar scavenging capacity, with no significant differences found 

between them at any concentration tested, while eriodictyol shown to be the less 

effective towards hydroxyl radical, exhibiting a significant lower activity at all 

concentrations relatively to the other compounds tested. All flavonoids exhibit a dose-

dependent increase in their response, although no inhibition above 50% is observed. 

Table 3. Values of ABTS radical scavenging for flavonoid compounds, normalized by quercetin 
value with comparison with other values reported in literature. 

Eriodictyol Kaempferol Quercetin Reference 

0.19 0.47 1 Present study 

nd 0.29 1 Cai, 2006 95 

0.49 nd 1 Rice-Evans, 1996 94 

nd, 0.14* 0.36 1 Cioffi, 2003 97 

*eriodictyol was not used in the study, although is presented a mean value of other flavanones used in the same study; 
nd, values for respective flavonoid are not present in the study. 
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Flavonoids metal chelation and scavenging activities are influenced by their structure. 

Attending to our results, hydroxyl radical scavenging activity may not be mainly affected 

by the presence of the a di-hydroxyl group in ring B, but rather by the absence of a 

C2=C3 double bond and/or C3-OH group, as kaempferol and quercetin that present the 

latter features display a similar and superior activity compared to eriodictyol that do not 

present those same features, regardless of the presence of the catechol moiety. 

Furthermore, •OH possess a strong affinity to double bonds, which supports our data100. 

Regarding a possible metal chelation action by flavonoids, additionally to structure, 

pH highly influences this activity and it was not monitored or maintained during the assay, 

which can influence the results. Nevertheless, several flavonoids including quercetin 

have been linked to chelation on metal ions with different structures leading to different 

results. Mladěnka and others101 conducted a study on metal chelation properties of 26 

flavonoids and concluded that pH and structure influences flavonoid’s chelation capacity. 

Particularly, an increase in hydroxyl groups number in ring B did not linearly increase the 

activity while an increase in ring A led to a higher potency. Additionally, a C3-OH group, 

C4=O and C2=C3 double bond contributed to a higher activity101–103. Thus, the presence 

of an extra hydroxyl group and a double bond on ring C in quercetin and kaempferol can 
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Figure 14.  Radical scavenging activity of •OH by Eriodictyol, Kaempferol and Quercetin.

Results are presented as mean ± SD (n=4). Comparison between values are considered 
significant when p< 0.05 (* between concentrations of the same compound; a between 
eriodictyol and kaempferol; b comparison between eriodictyol and quercetin). 
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further explain the higher inhibition we obtained relatively to eriodictyol, not due to direct 

scavenging of hydroxyl radical but due to impairment of its production by iron chelation. 

 

4.2.3. Evaluation of the effect of these flavonoids on basal levels of ROS 

 

The health state of an organism is influenced by the presence of reactive oxygen 

species and these are present and important either in physiological, for example acting 

as mediators in host defence mechanisms and signalling molecules, or pathological 

conditions. Thus, maintaining ROS homeostasis is pivotal to the wellbeing of organisms 

and it is based on the continuous balance between ROS production, from endogenous 

or exogenous sources, and the antioxidant defence system. The lack of capacity to 

maintain this balance and over-accumulation of ROS may lead to oxidative stress, which 

can be prejudicial to organism resulting in modifications of cellular proteins, lipids and 

DNA that can lead to loss of functions and ultimately to cell death104. 

Flavonoids are present in a high number in human diet, therefore it is important to 

evaluate the effects that they may cause in human organism, for example their effect in 

the basal ROS levels, that need to be tightly controlled, as said earlier. Recurring to the 

fluorescent probe DCFDA we evaluated the effects of eriodictyol, kaempferol and 

quercetin on the basal ROS levels on HepG2 cells. The results are presented in figure 

15, eriodictyol and quercetin exhibited a dose-dependent increase in the basal ROS 

levels, although eriodictyol had minor non-statistically significant increases compared to 

control even at the higher concentrations of 100 µM; quercetin displayed slightly different 

results, with 25 and 50 µM also not having statistically differences to control but with 100 

µM exhibiting significant differences to both control and to the lower concentrations. On 

the other hand, kaempferol exhibited a more antioxidant behaviour at the 25 and 50 µM, 

with values of 0.916 at 25 µM and 0.832 at 50 µM when compared to control (as indicated 

in figure 15, values are normalized by control, which is 1), interestingly at 100 µM 

kaempferol exhibits a pro-oxidant behaviour alike other compounds, nevertheless 

kaempferol did not reveal statistically significant differences at any concentration. Upon 

comparison of compounds at the same concentrations, despite differences in values and 

patterns are noticeable, only values for eriodictyol and quercetin at 100 µM showed 

statistically significant differences. 

Studies that also assessed the effects of eriodictyol on ROS levels also did not detect 

statistical differences relative to control on basal levels as reported by Fischer and 

others105. These authors incubated HT22 cells, during 7 h, with 2.5, 5 and 10 µM 

eriodictyol, contrary to our data they observed an increasing antioxidant response 

pattern, although concentrations and exposure time they applied was smaller, which can 
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indicate that higher concentrations and exposures lean to a more pro-oxidative response. 

Li, Cheng Zhen et al106 after administration of 40 mg/kg of eriodictyol during four days to 

BALB mice also did not detected significant differences in the ROS basal levels, which 

may indicate that eriodictyol in vivo actions may not be harmful. Nevertheless, eriodictyol 

has been found to successfully reduce ROS levels increased by an oxidant insult as 

reported by several authors81,82,107. Kaempferol appears to cause a more significant 

reduction of basal ROS levels as reported78,85,108, being also efficient when facing an 

oxidative insult109. Its actions seem to follow a dose-dependent decrease on ROS levels 

even at higher concentrations, although the highest concentration applied on cells of the 

reported studies was 75 µM which is lower than the concentration in which we observed 

pro-oxidant effects of kaempferol (Figure 15). Regarding quercetin, we observed no 

statistical significant increases in basal ROS levels at 25 and 50 µM (Figure 15), while 

other studies85,110,111 have observed for the same concentrations significant reductions. 

Although 50 µM was the highest concentration applied in those studies, thus we were 

not capable to compare with our results for 100 µM of quercetin, to which we obtained a 

significant increase of ROS levels (Figure 15), exhibiting a pro-oxidative response. When 

facing an oxidative insult quercetin was also able to reduce the increased ROS levels as 

reported in the literature112,113. Attending to studies on literature, flavonoids mostly act as 

antioxidants when the cells are subject to a more oxidative stimuli; in respect to basal 

levels, exposure of cell lines to concentrations below 100 µM resulted in no alterations 

or in reduction of basal ROS levels induced by flavonoids.  

Attending the results we obtained (Figure 15), we can suppose that concentrations of 

25 and 50 µM can either exhibit an anti- or pro-oxidant behaviour, although concentration 

of 100 µM clearly possess a more pro-oxidant behaviour. Additionally, quercetin appears 

to be more pro-oxidant, which can result from the additional hydroxyl group compared to 

other tested flavonoids. The presence of two hydroxyl groups on ring B seems to induce 

higher levels of basal ROS at 25 and 50 µM, as we can see by the quercetin and 

eriodictyol behaviours, which was not expected (Figure 15). This increase may result 

from the additional OH group for quercetin (increasing autoxidation potential) and lack of 

OH group and C2=C3 double bond at ring C for eriodictyol, which are important to 

stabilize the flavonoid radical. Kaempferol possesses only one hydroxyl group in its ring 

B but has the C3-OH and C2=C3 double bond on C ring structure, exhibits a more 

antioxidant behaviour, which may indicate the importance of the latter structural features 

in flavonoids antioxidant actions. Nevertheless, at 100 µM all compound increases the 

ROS levels, which supports the idea that flavonoids pro-oxidant behaviour can increase 

with the concentration, though such behaviour, as we can see by our data and data 

reported in the literature, may depend on compounds themselves and factors such as 
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concentration, time exposure and subject tested (be them different cell lines or more 

complex organisms). 

4.2.4. Evaluation of lipid peroxidation 

Lipids are extremely important components of our organism. They are the core of cell 

membranes and are responsible for maintaining its integrity and influencing processes 

such as cellular signalling. Hence, phenomena, such as lipid peroxidation, endanger 

cellular function and viability by oxidizing lipids and thus affect assembly, composition, 

structure and dynamics of membrane lipids. Lipid peroxidation can occur enzymatically 

or non-enzymatically with preferential oxidation of polyunsaturated fatty acids (PUFAs) 

in both processes, yielding lipid peroxidation products that cause alterations in lipid-lipid 

interaction, ion gradients, membrane fluidity and permeability. Furthermore, they are 

able to generate toxic sub-products that enhance their harmful effects. Thus, lipid 

peroxidation has been associated to many pathological states including ocular and 

kidney degeneration, cancer, inflammatory and neurodegenerative diseases114,115. 

C o n t r o l 2 5 5 0 1 0 0

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

[ E r io d ic t y o l ]  µ M

M
F

I 
(
n

o
r
m

a
li

z
e

d
 b

y
 c

o
n

tr
o

l)

C o n t r o l 2 5 5 0 1 0 0

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

[ K a e m p f e r o l ]  µ M

M
F

I 
(
n

o
r
m

a
li

z
e

d
 b

y
 c

o
n

tr
o

l)

C o n t r o l 2 5 5 0 1 0 0

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

[ Q u e r c e t in ]  µ M

M
F

I 
(
n

o
r
m

a
li

z
e

d
 b

y
 c

o
n

tr
o

l)

#

#

*

C o n t r o l 2 5 5 0 1 0 0

0 . 0

0 . 5

1 . 0

1 . 5

2 . 0

2 . 5

[ C o n c e n t r a t io n ]  M

M
F

I 
(
n

o
r
m

a
li

z
e

d
 b

y
 c

o
n

tr
o

l)

E r io d ic t y o l

K a e m p f e r o l

Q u e r c e t in

b

Figure 15. Evaluation of ROS basal levels, using DCFDA probe, after treatment with flavonoids 
on HepG2 cells. Results are presented as mean ± SD (n=2). Comparison between values are 
considered significant when p< 0.05 (* between control and flavonoid compound; #, 
comparison between different concentrations of the same compound; b comparison between 
eriodictyol and quercetin). 
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Evaluation of flavonoids effects on cellular lipid peroxidation was done through DHPE-

FITC fluorescent probe, when lipid peroxidation occurs there is a rise on lipid 

peroxidation products, these will interact and cleave the fluorescent moiety of the DHPE-

FITC probe, resulting in a decrease in the probe’s fluorescence. Hence, the fluorescence 

values obtained are inversely proportionally to lipid peroxidation occurrence68,116.  

Figure 16 presents the results obtained for lipid peroxidation evaluation. As we can 

observe, none of the compounds was found to induce lipid peroxidation that was 

statistically different from control, after 24 h incubation. Although slight oscillations 

around control values are detectable, with eriodictyol and kaempferol up to 50 µM 

reducing tenuously lipid peroxidation levels and quercetin and kaempferol at 100 µM 

tenuously increasing it, none of these variations was statistically significant. Thus, the 

results obtained may indicate that neither eriodictyol, kaempferol or quercetin induce lipid 

peroxidation per se, which is beneficial regarding the already high presence of such 

compounds on human diet. 

4.2.5. Evaluation of the effect of flavonoids on mitochondrial membrane potential (∆Ψm) 
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Figure 16. Evaluation of lipid peroxidation, using DHPE-FITC probe, after HepG2 cells 
treatment with flavonoids. Results are presented as mean ± SD (n=2). Comparison between 
values are considered significant when p< 0.05. 
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Mitochondria is commonly known, and rightfully so, as “the powerhouse of the cell”. It 

is the main source of energy in eukaryotic cells, influencing vital biologic processes such 

as cell growth, differentiation, cellular signalling, apoptosis and cell cycle control. A more 

controversial role also attributed to mitochondria is as a main source of endogenous 

ROS, which as already stated can be detrimental to cells when not regulated properly117–

119. 

Mitochondrial ROS production is influenced by the ∆Ψm that results from redox 

transformations associated with the electron transporting chain, Krebs cycle and serves 

as an intermediate form of energy storage which is used to produce ATP by ATP 

synthase. ∆Ψm optimal level is not easily defined, furthermore cells should only be subject 

to transient alterations of mitochondrial membrane potential, an increase in the potential 

results in a higher production of ATP which ultimately provides more energy to cell, still 

this increase on metabolism rate can also be accompanied by an increase in the 

production of ROS leading to oxidative stress. On the contrary, when the ∆Ψm reaches 

levels lower than acceptable and does not recover, cell may lack energy due to lack of 

ATP production and enter cell death process. Furthermore, a low production of 

mitochondrial ROS can also provoke in cells the “reductive stress”, which can also 

disrupt redox homeostasis and be harmful to cells.  Moreover, ∆Ψm  is related to other 

functions as mitochondrial quality control, mitochondrial transition pore stabilization and 

cellular signalling117–119. 

Results relative to the ∆Ψm assessment are presented in figure 17. Eriodictyol was 

found not to interfere with cell’s mitochondrial membrane potential, with no significant 

difference to control at any concentration tested or any observable response pattern. 

Kaempferol exhibits a dose-dependent decrease on fluorescence, which corresponds to 

an increase of ∆Ψm, although no statistical significance was found versus control. 

Quercetin produced the most significant differences of the compounds tested. It also 

exhibited a dose-dependent increase of ∆Ψm, but unlike kaempferol, 50 and 100 µM 

were found to be statistically significantly different from control, and also between all 

concentrations of the compound. Comparing the results of the individual compounds 

between themselves, a tendency to induce an increase of the ∆Ψm is observable, 

following a quercetin > kaempferol > eriodictyol order at all concentrations. 
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Attending to the results we obtained, quercetin and kaempferol, seem to impact ∆Ψm 

more than eriodictyol, which can indicate that the presence of the double bound on the 

ring C, found in the former compounds but not in the latter, may influence the interaction 

between compounds and cell’s mitochondria. Relative to the induced increase on ∆Ψm 

provoked by quercetin and kaempferol exposure, it can be beneficial to cells, i.e. an 

enhancement on ATP synthesis, or harmful, i.e. an overproduction of ROS and 

subsequent induction of oxidative stress and possible cell death. Regarding the previous 

results relative to ROS levels (Figure 15), at 25 and 50 µM this increase of ∆Ψm does not 

result in an increase of ROS levels, with kaempferol even inducing a decrease of ROS, 

although not significantly. Although, 100 µM of kaempferol and quercetin, which exhibits 

higher increase of ∆Ψm, also exhibits the highest values of ROS levels, which can 

indicate that at 100 µM these compounds can show a more pro-oxidative behaviour. Still, 

despite the increase of ROS levels induced at 100 µM, lipid peroxidation and glutathione 

levels (analysed is the next topic) were not negatively altered; this data may then support 

the hormesis theory, more specifically in this case the mitohormesis theory. 

Mitohormesis states that exposure of mitochondria and subsequently cells to a low levels 

of ROS, may not only be harmless but can induce adaptation and a higher tolerance to 
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Figure 17. Evaluation of the mitochondrial membrane potential, using rhodamine 123 probe, 
after HepG2 cells treatment with the flavonoids, for 24 h. Results are presented as mean ± SD 
(n=3). Comparison between values are considered significant when p< 0.05 (* between control 
and flavonoid compound; #, comparison between different concentrations of the same 
compound). 
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stress levels, through induction of Nrf2/ ARE and sirtuin pathways that can lead to an 

increase of antioxidant endogenous defences and mitochondrial biogenesis 117,119,120. 

4.2.6. Evaluation of glutathione levels 

Glutathione (GSH) is an extremely important tripeptide integrated in a well-organized 

antioxidant defence system, which constantly counteracts oxidative insults on normal 

organism’s physiology, aiming to minimize or prevent harmful oxidative damage. 

Glutathione synthesis occurs in two-ATP dependent steps, the first is performed by 

glutamate cysteine ligase (γ-GCL), that produces γ-glutamylcysteine from a glutamate 

and a cysteine residue; and secondly a glycine is added to γ-glutamylcysteine by 

glutathione synthetase (GS) to form the final product glutathione. Particularly important 

in glutathione structure is the sulfhydryl group on cysteine residue, which is the reducing 

moiety of GSH and critical to glutathione functions121–123.  

The importance of glutathione can be corroborated by its influence on pivotal cellular 

processes such as cellular signalling, differentiation/proliferation, cell death and its most 

known function, detoxification of endogenous or exogenous oxidant molecules as well 

as xenobiotics and their metabolites, thus maintaining redox balance. Of note, several 

harmful molecules to organism are neutralized and/or eliminated in a GSH-dependent 

manner, therefore it is not surprisingly that GSH depletion/imbalance is associated to 

several diseases such as autism, Alzheimer’s, Parkinson, bipolarity, schizophrenia, 

amyotrophic lateral sclerosis, Huntington’s and multiple sclerosis121–124. 

Evaluation of glutathione levels was done recurring to the fluorescent probe mercury 

orange as described in the material and methods section. Data obtained is presented in 

figure 18, as we can observe a dose-dependent increase pattern in the glutathione levels 

is observed after 24 h exposure to eriodictyol, kaempferol and quercetin, especially at 

the highest concentration, 100 µM, that exhibits a statistically significant increase 

comparatively to control cells for all compounds. These results become more interesting 

when associated with increase on ROS levels (Figure 15), one could guess that upon an 

increase on ROS the glutathione pool would decrease, instead what we’ve found was an 

opposite behaviour, even at 100 µM, which exhibited the higher values of ROS, matter 

of fact the most oxidant concentration in all compounds led to the highest increases on 

glutathione levels. The lower concentrations, 25 and 50 µM, revealed that the compound 

that induced the higher increase on glutathione levels was kaempferol, which is 

consistent with the ROS levels, as kaempferol displayed an antioxidant behaviour at 

those concentrations. Although, at 100 µM quercetin induced the highest increase 

followed by kaempferol and eriodictyol, which is the same pattern shown in figure 15 
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regarding ROS increase. Comparison between compounds revealed that no significant 

differences were found between compounds at the same concentration. 

Jennifer Johnson et al.125, after exposure of ARPE-19 cells during a period of 24 h to 

a range of concentration of 25-100 µM of eriodictyol also found an increase of GSH 

levels, nearly the double when compared to control; a dose and time-dependent increase 

of glutathione levels was also reported by Haiyan Lou et al.81 on PC-12 cells after 

exposure to 20-80 µM of eriodictyol during 24 h. Meng Wang et al.108 administrated to 

Kun-Ming mice a dose of kaempferol of 20 mg/kg/bw twice a day for 28 days, after the 

experiment it was concluded that supplementation increased the basal GSH levels and 

also prevented decreased levels after alcoholic liver injury induction. Relatively to 

quercetin an increase on GSH levels was also observed by Mari C. W. Myhrstad et al.126 

on COS-1 cells after exposure to 50 µM during 24 h and by Granado-Serrano et al.127 on 

HepG2 cells after a period of exposure of 4h to 50 µM, curiously after a longer exposure 

time of 18h GSH levels returned to control levels.

In our study a general dose-dependent increase on glutathione levels occurred after 

exposure to flavonoids, which is undoubtedly beneficial to cells, enhancing their capacity 
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Figure 18. Evaluation of the glutathione levels, using mercury orange probe, after treatment 
with flavonoids on HepG2 cells. Results are presented as mean ± SD (n=3). Comparison 
between values are considered significant when p< 0.05 (* between control and flavonoid 
compound; #, comparison between different concentrations of the same compound). 
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to face oxidative insults, although only the highest concentration had statistically 

significant differences. Nevertheless, should be kept in mind that, especially at 100 µM, 

compounds also elevated ROS levels, although this increase was only significant at 100 

µM and only for quercetin; whether the GSH increase is enough to counteract the ROS 

increase still needs further investigation. Furthermore, analysis of GSSG (Glutathione, 

oxidised form) and GSH synthesis pathway may also be useful to prime conclusions 

about the effects of eriodictyol, kaempferol and quercetin on glutathione levels. 

4.2.7. Oxidative stress index 

In our study we chose as the oxidative factor the ROS basal levels, since excess of 

reactive oxygen species may induce severe damage to cell possibly leading to its death, 

furthermore it was the oxidative factor analysed that showed to be the most affected by 

exposure to flavonoids. Glutathione is the major intracellular antioxidant, present is 

virtually almost mammalian tissues, and it is critical to multiple organisms’ functions, 

hence it is used as antioxidant factor. 

The oxidative stress index we obtained is presented in figure 19, despite the increase 

of ROS levels induced by the compounds, especially at 100 µM, all of them seem to 

favour the antioxidant defences of cells than the overproduction of reactive oxygen 

species, as all compounds display an oxidative stress index lower than control, with 

kaempferol leading to a more antioxidant environment. Relating to compounds’ structure, 

higher number of hydroxyl groups, particularly in ring B seems to induce higher oxidative 

levels, as quercetin (5 hydroxyl groups, 2 in ring B) is the more prooxidant compound, 

followed by eriodictyol (4 hydroxyl groups, 2 in ring B) and lastly kaempferol (4 hydroxyl 

groups, 1 in ring B). Even though, cells exposed to compounds exhibit lower oxidative 

stress index than control cells, which may indicate that the compounds tested may be 

beneficial. Still, more in depth studies should be done to clearly understand the 

mechanisms and effects triggered by exposure to flavonoid compounds, particularly 

eriodictyol, kaempferol and quercetin. 

4.2.8. Antioxidant summing-up 

The results we obtained in the multiple assays concerning the redox state indicate 

that the tested compounds, eriodictyol, kaempferol and quercetin, may indeed present 

some benefits to our health, by either acting as radical scavengers or in enhancing 

antioxidant defences. Even though quercetin and eriodictyol increased ROS basal levels 
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at all concentrations and kaempferol at 100 µM, only quercetin at 100 µM had a 

significant increase relative to control. Simultaneously, these compounds also increased 

cellular GSH levels, which could counteract the ROS increase, yet GSH is involved in 

multiple cellular processes as well are ROS, therefore assessment of additional 

parameters, such as GSSG content, SOD, CAT, GPx, GST and GR enzymes expression 

and activities as well as heme-oxygenase 1 (HO-1), γ-glutamylcysteine ligase and 

glutathione synthetase expression and related Nrf2 transcription factor can be important 

to better evaluate cell’s oxidative state.  

Investigating of possible cell death mechanisms is also important, despite lipid 

peroxidation or loss of mitochondrial membrane potential were not observed and 

compounds often exhibited low cytotoxicity in the cell viability assay, significant 

decreases of viability were found to control, especially at 100 µM. These reductions can 

result of processes such as activation of apoptotic pathways or cell cycle arrest, thus to 

elucidate the mechanisms behind these drops are important to clarify compounds 

actions. 
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Figure 19. Oxidative stress index determined as ratio of Oxidative stress factor (ROS levels) / 
Antioxidant factor (Glutathione levels). Data utilised from individual ROS and GSH evaluations 
on HepG2 cells after exposure to eriodictyol, kaempferol and quercetin for a 24 h period at the 
indicated concentrations. 
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Table 4 presents studies that addressed some parameters already mentioned, which 

reveal that the compounds tested may indeed have benefit actions by strengthening 

organism’s antioxidant defence. At first sight, an increase in ROS is readily associated 

with pathological scenarios, although and as we observed in our data, the rise of ROS 

levels was not accompanied by the occurrence of lipid peroxidation, loss of mitochondrial 

membrane potential and GSH depletion, which is expected in oxidative stress states. A 

possible explanation to these results is the hormesis phenomenon, or more specifically 

xenohormesis. 

Hormesis is defined as a biological response where exposure to a low dose/level of 

an environmental toxicant or noxious condition results in a potential benefit to an 

organism, whereas a high dose/ level provokes an adverse effect. This process is 

regarded as an adaptative response or preconditioning of cells or organism to a 

moderate/ intermittent stress and is thought to be a crucial phenomenon of evolution128. 

Xenohormesis, similarly to the previously mentioned mitohormesis, is a particular case 

of hormesis, where an organism detects chemical hints from other species about the 

status of environment or food supply and responds to them by preventing and/or 

adapting to the stress at hand. Phytochemicals are an example of hints that could be 

detected by animals, they are produced by plants for millennia, often as a mechanism of 

defence to either fungi, insects, herbivores or environment itself. Flavonoids are 

phytochemicals produced by plants in such situations, therefore it is not strange to find 

that such compounds can be harmful to animals that consumes them. Still, plants have 

always been a great part of animal diet and through the evolution process animals 

apparently developed mechanisms that could neutralize the harmful effects of such 

compounds and rather take advantage of them. Nrf2 signalling pathway is thought to be 

the most signalling pathway in xenohormesis theory128–130. 

Nrf2 has a crucial role in organism antioxidant defences, its activation promotes the 

expression of a myriad of antioxidant and detoxifying enzymes such as HO-1, CAT, GPx, 

SOD, GST, GR as well as γ-GCL and GS which are essential to organism response to 

oxidative stress. Typically, Nrf2 can be found sequestered in the cytoplasm complexed 

with its Kelch-like ECH-associated protein 1 (Keap-1). Nrf2/Keap-1 complex can be 

dissociated by oxidation or covalent binding on specific cysteine thiol groups of Keap-1, 

which releases Nrf2 allowing its translocation to nucleus, where it will bind to the 

antioxidant response elements (ARE) and promote the expression of the above 

mentioned enzymes128–130. Flavonoids when exhibit pro-oxidative actions may be able to 

interact with Keap-1 protein, promoting Nrf2 signalling pathway. Therefore, flavonoids 

can be beneficial not only as antioxidant by direct scavenging of ROS, but also in  a more 
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intrinsic level through pro-oxidant actions, enhancing the expressions of the antioxidant 

defences. 

The results obtained in this study indicate that eriodictyol, kaempferol and quercetin 

can act either as antioxidant or pro-oxidant, the latter with possible beneficial effects (as 

observed by the increase in the GSH pool), although, is important to keep in mind that 

this pro-oxidant behaviour can only be beneficial in low or moderate levels, with harmful 

effects at high levels. Hence, it is important to further investigate the influence in 

pathways such as Nrf2 to gain a better understanding of the flavonoid’s actions and 

impact on human organism. 
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Table 4. Effect of eriodictyol, kaempferol and quercetin on antioxidant markers (a revision of literature). 

Compound Test subject Concentration Effect Reference 

Eriodictyol HT22a 0-10 µM ↑Nrf2 105 

Eriodictyol PC12a 20-80 µM ↑Nrf2, HO-1, γ-GCL 81 

Eriodictyol ARPE-19a 25-100 µM ↑Nrf2, HO-1 125 

Eriodictyol HUVECa 5-20 µM ↑Nrf2, ARE, HO-1 83 

Eriodictyol RGC-5a 5-20 µM ↑Nrf2, HO-1, SOD, CAT, GPx 82 

Eriodictyol BALBb 40 mg/kg/bw ↑Nrf2, SOD, CAT 106 

Kaempferol 
COS-1a 

HepG2a 
25 µM ↑ GS 126 

Kaempferol HepG2-C8a 25 µM ↑Nrf2, ARE, HO-1 85 

Kaempferol Kun-Mingb 20 mg/kg/bw ↑ SOD, ↓MDA 108 

Quercetin 
COS-1a 

HepG2a 
25 µM ↑ GS 126 

Quercetin HepG2-C8a 25 µM ↑Nrf2, ARE, HO-1 85 

Quercetin HepG2a 50 µM ↑Nrf2, GPx, GR, GST, γ-GCL 127 

Quercetin HAECa 5-20 µM ↑GCL 131 

Quercetin HAECa 20 µM ↑Nrf2, HO-1 111 

Quercetin RAW 264.7a 2.5-20 µM ↑HO-1 88 

Quercetin C57BL/6Jb 0.5 and 1 % (w/w) ↑Nrf2, SOD, CAT, GPx 132 

a, cell line; b, mice; Nrf2, nuclear factor erythroid 2-related factor 2; HO-1, heme oxygenase 1; γ-GCL, γ-glutamylcysteine ligase; 

GS, glutathione synthetase; ARE, antioxidant response element; SOD, superoxide dismutase; CAT, catalase; GPx, glutathione 

peroxidase; GR, glutathione reductase; GST, glutathione-S-transferase; MDA, malonaldehyde. 
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4.3. Anti-inflammatory activity 

Inflammation is a normal homeostatic response from our organism triggered by 

infection, injuries and harmful stimuli such as pathogens and irritants. In healthy 

conditions, after the inflammatory stimuli a signalling cascade is triggered leading to the 

production of various cytokines (e.g. IL-1β, IL-6), hydrolytic enzymes and inflammatory 

mediators (e.g. nitric oxide and prostaglandins) that act on the injury sites and neutralize 

pathogens, allowing the healing process of the damaged cells. Although, prolonged time 

of inflammatory response can became harmful and provoke further damage to organism, 

which can lead to the onset of diseases as asthma, rheumatoid arthritis, inflammatory 

bowel disease and various human cancers84,133–135. 

Nitric oxide is a labile and short-lived radical that is critical for the human wellbeing 

due to their importance in biological functions, such as regulation of vasodilation, 

inflammatory response and as a neurotransmitter. Nitric oxidase synthases (neuronal 

(nNOS), endothelial (eNOS) and inducible (iNOS)) produce nitric oxide and L-citrulline 

from L-arginine and oxygen. Contrasting with nNOS and eNOS, expression of iNOS 

seems to be absent in normal healthy conditions, being expressed when cells are subject 

to inflammatory stimuli, which induces iNOS protein expression. Once active it can 

produce a large and consistent amount of NO that if not regulated properly can cause 

heavy cellular damage, for example it can react with superoxide yielding peroxynitrite, 

which is a stronger oxidant than NO and inflict high oxidative damage133,134,136. 

As previously stated, flavonoids are present in a wide variety of edible plants in human 

diet and can influence nitric oxide metabolism by exerting radical scavenging on this 

RNS or downregulate the pathway that leads to its production, opening potentially a 

therapeutic measure to deal with oxidative stress and prolonged inflammatory states 

mediated by NO. In this study we assessed the potential activity of eriodictyol, 

kaempferol and quercetin towards nitric oxide in a radical scavenging non-cellular assay 

and in LPS-stimulated RAW 264.7 cell line, which express inducible nitric oxide synthase 

(iNOS), pivotal in the inflammatory process. Hence, attending to cell viability results for 

this line (Figure 12), we applied on cells concentrations of 10 and 20 µM of each flavonoid 

tested, which do not compromise cellular viability, thus maintaining iNOS expression and 

activity. 
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4.3.1.Radical scavenging of nitric oxide 

 

The non-cellular nitric oxide scavenging results are presented in figure 20, all 

compounds tested produced a dose-dependent increase inhibition of nitrite production. 

Quercetin showed to be the most efficient reaching a 55% inhibition at 100 µM, while 

eriodictyol had 39% and kaempferol 35% for the same concentration. Furthermore, 

quercetin exhibited a statistically significant difference in inhibition when compared to the 

other flavonoids at all concentrations tested, except at 1 µM where inhibition was minor 

or none for all compounds. Analysing and comparing data between the other two 

compounds, we observe that kaempferol had a higher inhibition values than eriodictyol 

in concentrations up to 50 µM (with a statistically significant difference at 25 µM), though 

at 100 µM eriodictyol had a slightly higher inhibition percentage than kaempferol.  

 Research in literature was not successful regarding a similar assay utilising 

eriodictyol. Lucia Crascì et al.87 described a 40% inhibition exhibited by 350 µM of 

quercetin, which is lower than the results we obtained; Vellosa et al.137 also reported a 

41% inhibition by 265 µM of quercetin, which could indicate a plateau in quercetin NO 

radical scavenging capacity after a certain concentration, but once more our results 
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Figure 20. Radical scavenging activity of nitric oxide by Eriodictyol, Kaempferol and Quercetin. 
Results are presented as mean ± SD (n=4). Comparison between values are considered 
significant when p< 0.05 (* between concentrations of the same compound; a between 
eriodictyol and kaempferol; b comparison between eriodictyol and quercetin; c comparison 
between kaempferol and quercetin). 
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slightly differ from the mentioned studies, as we obtained slightly higher inhibition values 

with a lower concentration of 100 µM. Vellosa et al.137 in the same study also reported a 

21% by 172 µM of kaempferol, again our values are higher at lower concentrations. 

Nevertheless, this data supports ours relatively to higher scavenging capacity of 

quercetin compared to kaempferol. 

Attending to our results, a higher number of hydroxyl groups may be the most 

important structural feature for inhibition of NO production as quercetin clearly was the 

most effective compound tested. The presence of a C2=C3 double bond plus C3-OH 

(kaempferol) or a C3´-OH (eriodictyol) without a double bound in ring C apparently didn´t 

had much impact as activities of kaempferol and eriodictyol were similar, with kaempferol 

being most potent at lower concentration and eriodictyol at higher concentrations.

4.3.2. LPS-stimulated NO production 

Immune cells (such as macrophages, neutrophils and dendritic cells) can be activated 

by pathogen-associated molecules, such as LPS (a Gram-negative bacterium-derived 

lipopolysaccharide). After recognition by membrane receptors (e.g. toll-like receptor 4 

(TLR4)), a vast signalling cascade is activated and leads to the induction and expression 

various molecules along the inflammatory pathway, with iNOS among them. Hence, 

utilising RAW 264.7 macrophages cell line, we evaluated possible anti-inflammatory 

effects of our compounds on iNOS-mediated nitric oxide production84,138,139. 

After analysis of the non-cellular assay of NO scavenging we expected that quercetin 

would be the most efficient compound with eriodictyol and kaempferol exhibiting 

significant lower capacity to inhibit NO production. Although, as we can see in figure 21, 

the cellular assay results showed to be slightly different than expected. All three 

compounds exhibited a statistically significant dose-dependent increase capacity in 

inhibiting NO production compared to control group exposed to LPS. Differently from 

what was expected was the fact that at 10 µM eriodictyol exhibited higher inhibition 

followed by quercetin and then kaempferol; at 20 µM eriodictyol and quercetin displayed 

equal inhibition capacity, with kaempferol showing significant less capacity, although still 

higher than at 10 µM. Interestingly, up to 25 µM kaempferol exhibited better activity than 

eriodictyol in the non-cellular assay, therefore is reasonable to assume that eriodictyol is 

capable of better capacity to inhibit NO production in an in vivo environment, supporting 

that is the similar activity to quercetin at 20 µM and even higher at 10 µM, although no 

statistical significant difference is found between eriodictyol and quercetin. 
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Xiaoli Ma et al.140 also evaluated the inhibitory capacity of eriodictyol and quercetin 

towards NO production in RAW 264.7 macrophages, they observed that eriodictyol was 

more efficient than quercetin displaying a lower IC50 of 9.3 µM compared to 16.5 µM from 

quercetin, our results also presented a 58% inhibition at 10 µM for eriodictyol, though we 

observed a 52% inhibition for quercetin at just 10 µM. Fischer et al.88 also tested 

eriodictyol anti-inflammatory activity in LPS-induced NO production in BV cells model 

and also observed around 50% inhibition at 10 µM. Endale et al.88 reported that quercetin 

inhibited the LPS-induced production of NO in RAW 264.7 cells in a dose-dependent 

manner on a range of concentrations of 2.5-20 µM. Other studies84,138 also observed a 

dose-dependent increased inhibition of NO production on RAW 264.7 macrophages 

exposed to LPS after treatment with kaempferol with concentrations of 3.13-100 µM. 

Attending to the results obtained, we can say that the compounds tested possess anti-

inflammatory potential, with eriodictyol as the most intriguing regarding the improvement 

exhibited in the cellular assay compared to the non-cellular one, possibly due to 

interference with iNOS activity, and the same can occur with either quercetin and 
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Figure 21.  Evaluation of NO scavenging activity by LPS-stimulation after treatment with 
flavonoids on RAW 264.7 cells. Results are presented as mean ± SD (n=4). Comparison 
between values are considered significant when p< 0.05 (* between control and flavonoid 
compound; a comparison between eriodictyol and kaempferol; c comparison between 
kaempferol and quercetin). 
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kaempferol. Nevertheless, a more in-depth study should be done to further clarify the 

anti-inflammatory activities of these three phytochemicals. 

4.3.3. Anti-inflammatory summing up 

Results obtained on nitric oxide-related assays revealed that eriodictyol, kaempferol 

and quercetin indeed possess the ability to reduce nitric oxide formation in both cellular 

and non-cellular assays.  

Structure-activity relationship didn’t had a clear correlation between test models, while 

in the non-cellular model the seemingly most important feature was the number of total 

hydroxyl groups, where quercetin with five had higher activity than eriodictyol and 

kaempferol with four, and the latter ones with similar activity; while in the LPS-induced 

NO production in RAW 264.7 cells a higher number of OH groups was not synonymous 

of a higher activity, eriodictyol displayed equal activity compared to quercetin. This fact 

allied with the lower activity of kaempferol compared to the other two compounds may 

indicate that in in vivo environment the hydroxylation pattern of ring B can be more 

impactful than the number of OH groups themselves regarding inflammatory markers. 

This can be due to specific structure requirements that may exist in order to compounds 

interact efficiently with cell’s inflammatory response machinery to trigger specific 

responses. 

Nonetheless, even though nitric oxide plays a major role as a pro-inflammatory 

molecule, inflammation as said before is mediated by several factors such as activation 

of NF-κB pathway and levels of TNF-α, COX-2 and a myriad of pro-inflammatory 

interleukins. 

The NF-κB pathway is of critical importance in the development of inflammation. 

Normally NF-κB it found inactive in a complex form with the protein IκBα (Nuclear factor 

kappa-light-chain enhancer of activated B-cells inhibitor α), after dissociation NF-κB 

translocate into the nucleus where binds with DNA and induces the expression of several 

pro-inflammatory cytokines, chemokines and enzymes such as iNOS and COX-2. 

Therefore, interference with this pathway can be an effective treatment of inflammatory 

diseases141. 

Available research reports that flavonoids can act not only at as NO scavenger but 

also reduce levels of pro-inflammatory mediators. Table 5 presents some studies that 

eriodictyol, kaempferol and quercetin can act as anti-inflammatory compounds by 

reducing levels of several inflammatory markers, with highlight to the reduction of NF-κB 

expression which can also lead to reductions of its downstream inflammatory molecules. 

Important as well, is the fact that reduction of iNOS expression is reported which supports 
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and possibly explains the reduction we obtained of NO production in RAW 264.7 

macrophages. Hence, evaluate cells iNOS expression after exposure to our compounds 

is of great interest, especially with eriodictyol where such information is scarce. 

Flavonoids have been suggested as possible anti-inflammatory agents, our results 

reveal that there is anti-inflammatory potential within these compounds. Nevertheless, 

further research is needed to clarify the specific effects that these compounds have on 

a wide range of inflammatory mediators and their upstream pathways. 
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Table 5. Effect of eriodictyol, kaempferol and quercetin on anti-inflammatory markers (a revision of literature). 

Compound Cell Line Concentration Effect Reference 

Eriodictyol BV-2 2.5-10 µM ↓TNF-α, IL-1β 105

Eriodictyol RGC-5 5-20 µM ↓TNF-α, IL-8 82

Eriodictyol RAW 264.7 10 µM ↓TNF-α, IL-1β, IL-6 139

Kaempferol RAW 264.7 30 µM ↓TNF-α; ↑IL-10 142

Kaempferol RAW 264.7 50, 100 µM ↓TNF-α, iNOS, COX-2 84

Kaempferol Chang Liver cells 5-200 µM ↓iNOS, COX-2, NF-κB 143

Quercetin RAW 264.7 2.5-20 µM ↓TNF-α, IL-1β, IL-6, iNOS, NF-κB 88

Quercetin RAW 264.7 50 µM ↓iNOS, NF-κB 144

Quercetin Chang Liver cells 5-200 µM ↓iNOS, COX-2, NF-κB 143

TNF-α, Tumour necrosis factor alpha; IL-1β, Interleukin 1 beta; IL-8, Interleukin 8; IL-6, Interleukin 6; IL- 10, Interleukin 10; iNOS, inducible Nitric oxide 

synthase; COX-2, Cyclooxygenase 2; NF-κB, nuclear factor kappa-light-chain-enhancer of activated B cells. 
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5.Conclusion and Future Perspectives

Flavonoids are an extremely important group of secondary metabolites produced by 

plants, including many edible ones. Diets rich in vegetables and fruits increase 

significantly the consumption of such compounds which urges the need to study and 

clarify the mechanisms behind biologic effects that flavonoids can trigger in human and 

other animals organisms. Research done in the past decades often relate these 

phytochemicals to several benefit biological activities such as antioxidant, anti-

inflammatory, antidiabetic and anticancer activities; and the fact that their presence on 

diet appeared at the beginning of animal life, changes are high that beneficial effects 

may indeed occur. Still, to elucidate such effects can be difficult due to the enormous 

variety of compounds and their interaction with different organisms or even cell type. 

Nevertheless, for decades that scientists try to develop new pharmacologic drugs using 

several phytochemicals structures as a starting point, thus requiring the study not only 

of mixtures of phytochemicals (as they’re usually ingested through diet), but also the 

study of isolated compounds. 

Our study focused attention on the compounds eriodictyol, kaempferol and quercetin 

and evaluation of their antioxidant, anti-inflammatory and antiproliferative activities. 

All three compounds exhibited antioxidant activity. Relative to ABTS and OH radical 

scavenging activity compounds displayed a dose-dependent increase on scavenging 

activity. Redox markers evaluated in hepatic cell line HepG2 trough flow cytometry 

exhibited a dose-dependent increase on basal ROS levels for eriodictyol and quercetin, 

kaempferol had a dose-dependent decrease at the concentrations of 25 and 50 µM, 

although 100 µM revealed an increase on basal ROS levels compared to control, 

similarly to eriodictyol and quercetin. Although, this rise of ROS, especially at 100 µM 

(for all compounds) was not accompanied by lipid peroxidation, loss of mitochondrial 

membrane potential or glutathione depletion, matter of fact GSH levels were increased 

by exposure to flavonoids, with higher increase at 100 µM, which was the concentration 

with higher rise of ROS levels, potentially compensating it. Additionally, oxidative stress 

index calculated by dividing an oxidative factor (herein ROS levels) and an antioxidative 

factor (GSH levels) associated with lack of both lipid peroxidation and loss of 

mitochondrial potential may indicate that the overall effect of these compounds may be 

a benefit one, upregulating the antioxidant defence of cells, despite possible pro-

oxidative action of the compounds, supporting the xenohormetic theory. 

Nitric oxide in vitro radical scavenging assay exhibited, similarly to ABTS and OH 

radical scavenging assays, a dose-dependent increase on scavenging activity. The data 
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for LPS-induced NO formation in RAW 264.7 macrophage cell line also displayed a dose-

dependent decrease in the NO formation, which indicates that these compounds may 

possess anti-inflammatory activity towards NO associated inflammation. 

Results obtained in Alamar blue method to evaluate the impact of cells exposure to 

flavonoids are to this moment the most conflicted, exhibiting a dose- and time-dependent 

decrease on cells viability. While lower concentrations up to 25 µM seems to not cause 

impact of cells viability for all the cell lines tested, 100 µM induces significant reductions 

of cell viability (still, mostly with values higher than 50% viability, especially to 24 h) and 

50 µM vary among the two ends of the spectrum. Although, redox parameters evaluated 

in HepG2 cell line do not suggest that compounds are harmful to cells, still further 

investigation is needed to clarify the data obtained. Furthermore, heterogeneity in the 

response to compounds between cell lines is expected. 

Relative to structure-activity relationship we observed that exist a high level of 

heterogeneity. While in non-cellular assays quercetin mostly appear to be the most 

effective compound, highlighting the presence of a higher number of hydroxyl groups 

and double bond at C ring; in cell-based assays that was not clearly verified. Oxidative 

stress index showed that kaempferol can be more beneficial by increasing the GSH 

relative to ROS levels; while in LPS-induced NO formation eriodictyol had equal inhibitory 

activity to quercetin at 20 µM and was more efficient at 10 µM. This may lead us to 

conclude that, first, an in vivo environment can lead to different results relative to an in 

vitro environment, and secondly, that different biologic activities may require different 

structural characteristics, probably to interactions between compounds and proteins. 

Concluding, the results obtained indicate that these compounds may in fact be 

beneficial when consumed. Particularly, if their hermetic effects are proven real, a diet 

rich in such compounds may be crucial to human health, especially in a preventive 

manner, reducing the risk of disease development by upregulating endogenous 

defences against harmful endogenous or exogenous insults. 

Nevertheless, further investigation is needed to elucidate the mechanism of action of 

these compounds, with that in mind we suggest some parameters that can be evaluated 

to obtain a more in-depth understanding of these mechanisms: 

 

 evaluate apoptotic markers (such as caspase, bax and bcl proteins) and cell 

cycle, aiming to understand if any cell death scenario or cell cycle arrest are 

the cause for the cell viability drop at higher time and concentrations; 

 

 evaluate expression levels and activity of enzymes such as SOD, CAT, GPx, 

GST and GR which are pivotal to the endogenous antioxidant defence 
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system; as well as γ-glutamylcysteine ligase and glutathione synthetase 

responsible for glutathione synthesis; 

 evaluate levels of oxidized glutathione to define GSH/GSSG ratio,, in order to

better understand the impact of the flavonoids on GSH levels;

 evaluate the expression of Nrf2 and sirtuin pathway proteins, associated with

a better health state and longevity through upregulation of organism’s

defence (as antioxidant enzymes);

 evaluate expression and activity of inflammatory enzymes as COX-2 and

especially iNOS;

 evaluate flavonoids’ effect on pro-inflammatory proteins expressions, such as

TNF-α and vary interleukins;

 evaluate the effect on NF-κB pro-inflammatory pathway.
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