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RESUMEN

Flavonoids are the most abundant polyphenolic compounds present in fruits, vegetables
and some cereals and legumes. They have long been recognized to develop many health
beneficial activities such as antioxidant, anti-inflammatory, hepatoprotective, among
others. Furthermore, flavonoids have been associated with the decrease of total
cholesterol levels, the inhibition of LDL lipid peroxidation and the increase of HDL, which
is related to cardiovascular protection. Depending on the glycosylation of the molecule
the bioactivity, bioavailability and pharmacokinetic will change. In recent years, the
incidence of atherosclerotic cardiovascular disease, obesity, and diabetes has increased
largely worldwide. In a first intervention, we evaluated the genoprotective effect of the
consumption of flavonoids-rich chocolate on 84 young volunteers. Biochemical indicators
related to the prevention and treatment of cardiovascular risk and metabolic syndrome
were also determined. A randomized, placebo-controlled, double-blind study was
performed in the Autonomous University of Baja California. The treatments comprised the
daily consumption of either 2 g of dark chocolate containing 70% cocoa, or 2 g of milk
chocolate, for 6 months. The total amount of phenolic compounds and flavonoids was
determined in both types of chocolate. Anthropometrical and Biochemical parameters
were recorded prior to and after the study. The evaluation of the genotoxicity in buccal
epithelial cells was performed throughout the duration of the study. Flavonoids from cocoa
in dark chocolate significantly prevented DNA damage, and improved the nucleus
integrity of cells. In a second intervention, we did a randomized, double blind placebo-
controlled study (n = 156) was conducted to determine the effect of consuming a bread
enriched with 0.05% of a 1:1 mixture of (-)-epicatechin and quercetin on anthropometric,
and biochemical parameters of the participants. Genoprotective effect in buccal
epithelium cells was evaluated by the micronucleus test. Total cholesterol, LDL-
cholesterol, total triglycerides and fasting plasma glucose, significantly decreased after 3
months of daily enriched bread consumption. Nuclear abnormalities also decreased (15.8
+ 3.2 % down to 8.3 + 1.0%). Finally, in-vitro protective effect of this flavonoids was
evaluated by monitoring intracellular calcium concentration in Caco-2 cells stimulated with
H.O.. Both flavonoids together could synergistically prevent intracellular Ca?* overload
due to H20..
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INTRODUCTION



1.1 BACKGROUND.

According to the World Health Organization, CVD (Cardiovascular Diseases) are the
leading cause of death worldwide. Every year more people die from CVD than from any
other cause [1]. They account for almost 30% of all deaths, and around 50% of deaths

from non-communicable diseases [2].

Diets rich in whole grains and legumes have been linked to lower concentrations of lipids.
The natural phytochemicals present in these plant foods can have synergistic effects and
attenuate hyperlipidemia by regulating some genes involved in lipid metabolism. Beans
are complete foods, rich in complex carbohydrates, proteins, dietary fiber and starch [3].
On the other hand, corn is also rich in dietary fiber and some phenolic acids. The
possibility of decreasing the concentration of serum lipids interfering with the absorption
of cholesterol and bile acids has been extensively investigated using compounds
extracted from these staples (for example, gel-forming fiber, resistant starch, phytosterols

and saponins) [4].

The frequency of micronuclei (MN) in peripheral blood lymphocytes blocked by
cytokinesis (PBL) has become one of the best-established biomarkers for studying DNA
damage that occurs in vivo in humans. The application of this method in population
biomonitoring studies requires a deep understanding of how lifestyle and common host

variables can influence MN frequency in PBL [4-5].

The term "nutraceuticals” is coined in 1979 by Stephen DeFelice [6]. Itis defined as "foods
or parts of foods that provide medical or health benefits, including the prevention and
treatment of the disease."” These can range from isolated nutrients, dietary supplements
and diets to genetically engineered foods, herbal products, and processed products such

as cereals, soups and beverages.



1.2 Hypothesis.

The intake of functional bread rich in flavonoids will help reduce the number of cellular
abnormalities in the oral epithelium due to its celluloprotective and antioxidant effect. In
addition, it will improve the main clinical biochemical parameters in patients with lifestyles
that can trigger cardiovascular diseases.

1.3 Justification.

Currently, the lifestyles of the state of Baja California, and in general, its population, place
the state in the first places in mortality, in addition its multicultural influence by fast and
different food, make this region very vulnerable to suffer and trigger heart disease and
other food syndromes.

In 2008, CVD caused 17 million estimated deaths and led to 151 million DALY's (years of
healthy life lost), which represent 10% of the DALY's in total in that year. Behavioral risk
factors such as physical inactivity, tobacco use and unhealthy diets account for almost
80% of the burden of cardiovascular disease [5]. While it is estimated that 17.5 million
people died in this case in 2012, which represents 31% of all deaths recorded in the world.
Of these deaths, 7.4 million were due to coronary heart disease, and 6.7 million due to
stroke. In the world every 4 seconds a heart attack occurs, in the United States of America
every 26 seconds and in Mexico it is estimated every 3 minutes [4]. Factors such as
unhealthy food, excess alcohol, physical inactivity and tobacco use contribute directly to
the onset of chronic cardiovascular and respiratory diseases, as well as cancer and
diabetes [6].

The elaboration of functional foods rich in flavonoids, can be used to prevent genotoxic
damage and as cardioprotectors improving biochemical parameters, such as cholesterol
and triglycerides, also for the population to feel motivated to consume it in order to change

their type of diet and with this to have a better quality of life.



1.4 Overall objective.

Evaluate the antigenotoxic effect in buccal epithelial cells and the possible protective
effects of the bioactive flavonoids contained in functional bread in people with risk factors
for heart diseases and life habits related to chronic diseases.

1.5 Specific objectives.
1. Make a whole grain bread, generating a functional food, incorporating quercetin and

epicatechin, and evaluate its texture, smell, color and taste.

2. Evaluate the microbiological quality of the functional food, according to the Official

Mexican Standard 111.

3. To evaluate the effect of bioactive compounds on intestinal epithelial cells and their

redox impact on the intracellular environment.

4. To analyze the celluloprotective effects of a mixture of flavonoids (quercetin and
epicatechin) on those in buccal epithelial cells in people with risk factors for
cardiovascular diseases, observing the behavior in the number of cellular abnormalities

found in buccal epithelium.

5. Determine and observe the changes in the main clinical biochemical parameters such
as triglycerides, cholesterol, and glucose, before, during and after the ingestion of the

case bread enriched with quercetin and epicatechin.

6. Correlate the effect of the consumption of bioactive flavonoids (quercetin and

epicatechin) in buccal epithelial cells and the Cardiac Risk Index (CRI).



1.6 The flavonoids.

Some studies support that the consumption of diets based on foods that come from
vegetables has a close relationship with the improvement of health. Naturally, humans do
not produce these natural compounds [1], they are obtained through the intake of foods
rich in these, or through food supplements. As a component of the diet, flavonoids have
been associated to health-promoting properties, some of these effects are attributed to
its structure, such as its antioxidant capacity and the scavenging and elimination of free
radicals [2]. Other features are exerted to their interaction with proteins and specific
enzymes, for example, xanthine oxidase, cyclooxygenase, lipoxygenase, AMPK and
phosphoinositide 3-kinase [3]. Some studies suggest that flavonoids protect against many
infectious diseases, and those related to age, also have beneficial effects in the
prevention and treatment of chronic and degenerative diseases such as cancer, diabetes
and cardiovascular disorders [4]. In humans, they represent essential compounds as the
non-energetic part of the diet. Moreover, during the last years, it has been of great interest
to be able to report the health-promoting effects that several flavonoids have. These
nutrients, known to be excellent antioxidants, such as catechins, others are known to act
in cardiovascular diseases such as hesperidin and quercetin, on the other hand, genistein
and luteolin have neurological and hepatic action [5]. However, the most critical objective
is to actively support the evidence that leads us to understand the mechanism of action

by which, flavonoids exert their effect.

The primary purpose of this review is to provide a critical evaluation of the state of the art
related with the effects of flavonoids in several diseases and disorders with worldwide
importance, such as diabetes, metabolic syndrome, cardiovascular diseases, and cancer
among others. Also, we will describe the mechanism of action by which they could help

in the prevention and treatment of these diseases based on the reported evidence.

1.6.1 Structure and source of flavonoids.

The flavonoids, concerning their chemical structure, have some phenolic hydroxyl groups,

which can vary, in addition to having excellent properties as chelators of iron and other



transition metals, which gives them a high antioxidant capacity. The basic skeleton of
flavonoids consists of 1-benzopyran. Itis a C6-C3-C6 system, where the aromatic rings,
which we will call A and B, are connected by a ring C, forming a central pyran. Generally,
flavonoids contain hydroxyl groups (-OH) at 2, 3, 5, 7, 3', 4" and 5 ' positions. Ring "A"
has mostly hydroxyl groups at position 5 and 7, on the other hand, ring B at position 4 ',
if it is a hydroxyl group, at position 3' and 4 ', 3', 4 'and 5' [6]. Flavonoids might be in the
form of aglycones or B-glucosides [2]. It should be noticed that the antioxidant capacity of
the flavonoids depends on the oxide-reduction properties of their hydroxyphenyl groups
and of the chemical groups attached to the main skeleton. Flavonoids are classified as
chalcones, flavones, flavonols, anthocyanins, isoflavones, flavanols [3]. The differences
in their chemical groups attached to the basic skeleton determine the classification of

each flavonoid (Figure 1).
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Figure 1. The basic skeleton structure of flavonoids and their classes.

The primary sources of flavonoids are fruits and vegetables

Typically, each type of flavonoids is found in specific sources. For example, Soybeans is

widely reported as a source of isoflavones while grapes and red fruits are more associated



with a source of anthocyanins. Thus diets rich in fruits and vegetables are correlated with
health-promoting effects; moreover, several reports have been focused in the
guantification of flavonoids in these sources to relate their flavonoid concentration with

their bioactivity [2].

Table 1. The flavonoids and their food sources and concentration.

Reported
Type of Flavonoid Source flavonoids References
concentrations’
Celery 5-10 (8]
Flavones Farsley 10-50 [9]
Hot peppers 0-5 [10]
Berries 69.87 [11]
- Plums 215-237 [12]
Anthocyanidins Red wine 182 giL [13]
Grapes 29686 [14]
Flavonones Citrus fruits 19.8-23.2 [15]
|soflavones Soybeans 55 [16]
Onions 6407-9571 [17]
Leeks 3363 [18]
Brussels sprouts 2040 [19]
Kale 963 [20]
Flavonols Broccoli 745 [21]
Grea;g ;nd black 20-50 mg/L [22]
Beans 5143-574 [23]
Apples 85-105 [24]
Flavanols Cocoa B65-73 [25]

"The concentrations are reported in mg/100g dry weight. For sources such as red wine and green
and black tea, flavonoid concentrations are expressed in g / L because they are liquid substances.

1.7 The metabolism of flavonoids in the human body.

Flavonoids are ingested, mostly, in the form of glycosides, with a proportion of the
aglycone form released in the small intestine. If we compare the flavonoids with the macro
and micronutrients that we obtain through the diet, a large part of the ingested flavonoids
is not absorbed in the proximal intestine, and they reach the colon where the hydrolysis
and the microbiome-mediated fermentation exert a direct action about these compounds
[7]. Interestingly, when the flavonoids that we obtain from the diet interact with the
microbiota present in the colon, they do so bi-directionally. On the one hand, polyphenolic

compounds can modulate the composition of the microbiota, thus favoring the growth of

7



certain bacteria compared to others, we can say that this is a prebiotic effect, mainly
prefers the growth of bacteria like lactobacilli and some bifidobacteria [8]. It is worth
mentioning that colon bacteria transform flavonoids, giving rise to metabolites that are
generally smaller, this makes them more bioavailable, and in most cases, they are
attributed better biological effects compared to the flavonoids itself, before being

transformed.

When the flavonoids are in the lumen of the small intestine, lactase phlorizin hydrolase
(LPH) hydrolyzes flavonoids in the form of glycosides in aglycones [9]. It is a
transmembrane protein that has high substrate specificity for flavonoids O-b-D
glucosides. The flavonoids in the form of aglycones can enter the epithelial cells, by the
passive diffusion method, this as a result of great lipophilicity. On the other hand,
flavonoids can be transported directly to the epithelium using transporters such as the
sodium-dependent glucose transporter [8]. Also, they can be absorbed once the
glycosides are hydrolyzed by the cytosolic b-glucosidases (Figure 2) [9]. Interestingly, the
glycosides could be hydrolyzed in the intestine light before being absorbed. However,
anthocyanins are an exception, since we can find them present in plasma and urine in
the form of glycosides [10]. The ATP-binding proteins bound to the membrane have a
participation in the transcellular epithelial passage of many flavonoids [11]. This group of
proteins are involved in the transport of bioactive compounds through the basolateral
membrane into the bloodstream of the portal vein, this facilitates its absorption, or it can

also happen that they return to the intestine, this reduces its bioavailability (Figure 2).

Once the flavonoids are absorbed, these compounds undergo a phase | metabolism in
the liver, by the monooxygenases present in cytochrome P450 and 2C9 [7]. Most of the
flavonoids suffer this type of oxidation. However, there are other types of reactions that
flavonoids could experience, such as phase Il reactions, for example, methylation,
sulphitation, and glucuronidation. They could also occur in phase | substrates in the liver
and small intestine, where phase Il enzymes are involved, such as catechol-O-
methyltransferases (COMTs), some sulfotranspheres, and 5U'-diphosphate
glucuronosyltransferases (UGTSs) [8]. Sulfated metabolites, such as glucuronide sulfate

and methylated metabolites, are metabolites with more polarity and can be eliminated via



urine or bile. Generally, most of the conjugated metabolites present in plasma and urine
are glucuronides. On the other hand, aglycones are usually in deficient concentrations or
absent in plasma after ingestion. UGTs can catalyze and mediate the transfer of
glucuronic acid from UDP-glucuronic acid to flavonoids. This glucuronidation is site-
specific and will depend on the flavonoid [9]. On the other hand, sulfotransferases place
a residue of sulfates on the flavonoids [10]. It has reported that sulfotransferases 1A1-4
and 1E1 are involved in the metabolism of flavonoids [7]. Interestingly, catechol -O-
methyltransferases participate in methylation to the catechins, epicatechins, and
epigallocatechins [8]. This methylation decreases the hydrophilicity of the compounds,
and are vital to achieving an adequate elimination in the organism [11]. Flavonoids tend
to be eliminated in the urine; however, they can also be excreted by the bile duct [10].
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Figure 2. Overview of flavonoid absorption and post-absorptive metabolism.

1.8 Antioxidant activity of flavonoids.

The antioxidant activity has been considered a critical bioactive characteristic due to be
the primary mechanism to prevent oxidative damage in cells by the removal of free

radicals. In normal physiological conditions, the production of free radicals and other

9



reactive species is maintained in an equilibrium state by this antioxidant defense system.
Free radicals occur in the form of reactive oxygen species and nitrogen (ROS and RNS),
which result from a process of oxidation and reduction in the cell. An imbalance in those
free radicals produce a damaging condition called oxidative stress [12]. It has been widely
reported that oxidative stress plays an essential role in the development of chronic and
degenerative diseases such as cancer, arthritis, autoimmune diseases, and

cardiovascular diseases.

The main mechanism of action in the antioxidant activity of flavonoids is their ability to
neutralize free radicals by their chemical structure. Reports described that the antioxidant
capacity of flavonoids might be affected by the nature of the substituents present in their
structure, as well as their position [13]. Significant antioxidant activity is presented with
an ortho-dihydroxy substitution in the B ring, imparting stability to the free radicals formed
by the oxidation of the flavonoid; the presence of hydroxyl groups in both carbons 3 and
5 that help the formation of stable structures once the flavonoids have been oxidized [14].
Interestingly, in the case of flavones and flavanones, which do not have substitution by

the hydroxyl group in carbon 3, they do not have the significant antioxidant capacity.

Some enzymes can reduce the production of ROS and RNS, in this way can prevent cell
oxidative damage. The proteins most reported for their antioxidant capacity are
glutathione reductase (GRx), superoxide dismutase (SOD), catalase (CAT), and
glutathione peroxidase (GPx). SOD is the first line of defense against ROS and RNS, this
catalyzes the dismutation of the superoxide anion (O3z), to convert it into hydrogen
peroxide (H202) by reduction action. The oxidant formed (H20>) is transformed into water
and oxygen (O2) by CAT or GPx. The selenoprotein GPx enzyme removes H20; by using
it to oxidize reduced glutathione (GSH) into oxidized glutathione (GSSG) [15].
Interestingly the selenium is supplemented by dietary intake, and it has been related with
the increase of the antioxidant activity of the GPx and SOD, which are the most relevant
enzymes of the cell antioxidant defense system [16]. Besides hydrogen peroxide, GPx
also reduces lipid or nonlipid hydroperoxides while oxidizing GSH. Another mechanism
of antioxidant activity of flavonoids is the inhibition of oxidases, such as lipoxygenase (LO)

and cyclooxygenase (CO), among others [17]. The presence of flavonoids in celery such
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as quercetin, luteolin, kaempferol and apigenin, significantly reduce the activity of SOD
and CAT [18]. Some flavonoids such as myricetin, epicatechin gallate, and
epigallocatechin gallate carry out inhibition of CAT activity, due to the formation of
hydrogen bonds between catalase and flavonoids. In the presence of some flavonoids,
catalase can be inactivated [19]. Several in-vitro studies have described that the effect of
polyphenols on the modulation of phase | enzymes is related to their chemical structure
and the type of reaction. Polyphenols such as quercetin, apigenin, myricetin, kaempferol,
and epigallocatechin gallate (EGCG) can inhibit CYP1A1, which contrasts with the mild
effect of other polyphenols such as naringenin, hesperetin, naringin, hesperidin or rutin.
Similarly, it appears that flavanols are more effective than flavanols in inhibiting the
antioxidant enzyme quinone reductase (QR) [20].

Flavonoids inhibit the enzymes responsible for superoxide production, such as xanthine
oxidase and protein kinase C [21]. For example, quercetin have been reported as
inhibitors of the enzyme xanthine oxidase, resulting in a decrease in oxidative injury [22].
Luteolin has been reported to inhibit cyclooxygenase, lipoxygenase, microsome-
succinoxidase activity, and NADH oxidase activity [22]. Also, the inhibition of protein
kinase C was suggested to be a mechanism of inhibition of NADPH oxidase by quercetin.
Potent flavonoid inhibitors of protein kinase C (e.g., quercetin, fisetin, and luteolin)
possess a coplanar flavone structure with free hydroxyl substituents at the 3', 4’ and 7-

positions.

1.8.1 Chemo preventive effect by Antioxidant activity

Nitric oxide (NO) is vital in maintaining the dilation of blood vessels, but its high
concentrations may result in oxidative damage. The oxidation of L-arginine, catalyzed by
NO synthases (NOS) produce the NO. NO is toxic when is transformed to peroxynitrite,
formed by the reaction of NO with O2. The intracellular accumulation of reactive oxygen
and nitrogen species also plays an important role in the initiation of cell death processes.
The exposure to oxidative stress may ultimately result in cell death, as a consequence of
severe damage caused to biomolecules by reactive oxygen and nitrogen species [12].

The cells respond to DNA damage by increasing the production of p53, a potent inducer
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of apoptosis. Mutations in p53 produce a defective protein that is often detected in cancer
cells. The signaling and execution of apoptosis triggered by DNA damage are specific for
cell type and genotoxin depending on p53 status (p63 and p73), the death receptor
response, MAP kinase activation and, most importantly, the DNA repair capacity [23].
Tamarixetin is a flavonoid derived from quercetin and, interestingly, its viability has been
studied on human tumor cell lines, and it was found to be cytotoxic against leukemic cells
and, in particular, K562 / ADR cells that overexpress P-glycoprotein. Tamarixetin inhibited
proliferation of leukemic cells in a dose-dependent manner, it also induced apoptosis and
blocked the progression of the leukemic cell cycle in the G2-M phase. The overexpression
of P-glycoprotein due to tamarixetin was associated with the accumulation of cyclin B1,
Bubl and p21 (Cipl / Waf-1), changes in the phosphorylation state of cyclin B1, Cdk1,
Cdc25C and MPM-2, and the inhibition of tubulin polymerization. Also, cell death was
found to be associated with the release of cytochrome ¢ and the cleavage of caspases
and poly (ADP-ribose) polymerase, and the N-acetyl-L-cysteine radical scavenger free
[24].

The accumulation of reactive species has been described to precede changes in the
mitochondrial membrane, nuclear condensation, and other typical apoptotic events.
Indeed, some studies have reported that an increase in ROS induces cytochrome c
release from mitochondria (in a voltage-dependent anion channel (VDAC)-dependent
way) and caspases activation. Many studies have shown other evidence for the induction
of apoptotic pathways by reactive species [25]. Some mediators of apoptosis (e.g., JNK,
ERK, and PTEN) have been reported to lead to increased levels of ROS. Similarly, the
inhibition of the mitochondrial respiratory chain at complex I, or an impairment of the
electron transfer chain by mutations in mitochondrial DNA, prevent the accumulation of
ROS and consequently protect cells against apoptosis. In addition, lipid peroxidation has

also been reported to occur following an apoptotic signal [26].

Another mechanism by which these types of molecules can support many of their
biological activities can be the formation of metal complexes such as DNA protection,
interaction with the DNA of tumor cells and regulation of the level of metals in the blood.

This type of reactions takes place thanks to the proximity of two hydroxyl groups or a
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carbonyl and a hydroxyl, such as the interaction of the catechol groups (hydroxyl groups
ortho at the 3 'and 4' positions of the B ring), the 3-hydroxyl groups and 4-carbonyl and
the 5-hydroxyl and 4-carbonyl groups [27].

The chemo-preventive or protective effect of polyphenols in black and green tea against
the induction of different types of cancer in animals has been related to their ability to
modulate the oxidative state of the cell. Said regulation occurs through the decrease of
the activity of phase | enzymes (CYP1Al, CYP1B1, cytochrome b5 reductase, QR) or by
increasing the expression of phase Il enzymes (GST, UDP-glucuronosyltransferase) [28].
Similarly, polyphenols present in the apple, such as quercetin, can protect LT97 cells from
colon adenocarcinoma against possible oxidative damage by increasing the expression
of phase Il enzymes such as GST and UDP-glucuronosyltransferase. For its part,
chlorogenic acid plays a chemoprotective role against 13-acetate-12-O-tetradecanoyl
phorbol (TPA) in mouse epidermal cells JB6 by increasing the activity of phase Il enzymes
GST and NQO, as well as that resveratrol promotes the activation of NQO-1 in mouse

hepatoma cells [6].

The antioxidant action of most polyphenols is mediated by the antioxidant response
element (ARE) (5'- (G/A) TGACNNNGC (G/A) -3"), which is located in the promoter region
of the genes of various antioxidant enzymes and metabolism of xenobiotics [29]. Thus,
black tea polyphenols play a protective role against oxidative damage in mouse hepatic
and pulmonary cells, since they induce the increase of levels of detoxifying enzymes of
phase Il GST and NQO1, and promote the binding of Nrf2 to ARE. On the other hand,
guercetin protects HepG2 cells from oxidative damage, induces the increase of NQO-1
expression through the activation of the Nrf2 signaling pathway, as does chlorogenic acid,
which in cells Epidermal mouse JB6 promotes the binding of Nrf2 to the ARE and
increases the expression of GSTAL. Likewise, coffee increases the expression of phase
Il enzymes, such as GST and also-keto reductase (AKR) through the induction of Nrf2 as
a chemo-preventive mechanism of hepatocarcinogenesis. Polyphenolic grape extract of
red wine was described to stimulate inhibition of receptor PECAM-1 (platelet endothelial

cell adhesion molecule-1) thereby inhibiting platelet activation [30].
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Cell death can occur by two main mechanisms: necrosis and programmed cell death
(PCD). Necrosis is usually referred to as an "accidental,” or uncontrolled, form of cell
death. During this process, there is a rapid swelling of the cell, leading to the loss of
membrane integrity and following the release of the cells' contents, which is known to
induce an inflammatory response [26]. Quercetin causes the arrest of the S phase during
the progression of the cell cycle in cancer cells tested. In addition, it induced tumor
regression in mice at a concentration 3 times lower than ellagic acid. Importantly, the
administration of quercetin leads to a 5-fold increase in the duration of life in the tumor-
bearing mice. Interestingly, quercetin interacts directly with DNA and could be one of the
mechanisms to induce apoptosis in both cancer cell lines and tumor tissues by activating
the intrinsic pathway [31]. Epigallocatechin-3-gallate (EGCG) can reduce the
inflammatory response associated with local tissue lesions, such as hepatocellular
necrosis in acute liver injury induced by carbon tetrachloride. The protective effect of
EGCG is due to its ability to decrease lipid peroxidation, oxidative stress and the
production of nitric oxide (NO) radicals by inhibiting the expression of inducible nitric oxide
synthase (iNOS). EGCG also improves the overproduction of proinflammatory cytokines
and mediators, reduces the activity of the activated nuclear factor kappa-light-chain-
enhancer of B-cell (NF-kB) and transcription factor AP-1 and the subsequent formation of
peroxynitrite with NO and reactive oxygen species [22]. Reports show that quercetin can
inhibit and modulate the production and expression of the tumor necrosis factor (TNF-a)

gene by human peripheral blood mononuclear cells (PBMC) [32].

1.9 Effect on cancer and inflammatory diseases

The relationship between inflammation and cancer is not new; it is widely known that
sustained cell proliferation in an environment rich in inflammatory cells, growth factors,
activated stroma and DNA-damage-promoting agents, potentiates and/or promotes
neoplastic risk [33]. The inflammatory cells promote the releasing of growth and survival
factors and stimulate DNA damage. There is evidence that there are two distinct tumor-
mediated mechanisms: a failure in the upregulation of the anti-inflammatory cytokines or

deregulation of the host response resulting in desensitization of receptors due to high
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chemokine and cytokine concentrations that then blunt systemic responses [33].
Quercetin and catechins are the most studied flavonoids in the promotion of anti-
inflammatory effect by in-vitro and in-vivo models [34]. It has been suggested that
flavonoids exert anti-inflammatory activity by the inhibition of pro-inflammatory enzymes,
such as cyclooxygenase-2, lipoxygenase and inducible NO synthase, inhibition of NF-kB
and activating protein-1 (AP-1) and activation of phase Il antioxidant detoxifying enzymes,
mitogen-activated protein kinase (MAPK), protein kinase C and nuclear factor-erythroid
2-related factor 2 [35]. Reports showed that anti-inflammatory effect and antiproliferative
effect of flavonoids, such as apigenin, was related with the regulation of expression of
genes involved in the apoptosis of human pancreatic cancer cells (BxPC-3 and PANC-
1). Apoptosis was confirmed through flow cytometry assay, and it was concluded that
apigenin affected the expression of genes involved in cell cycle, apoptosis, signal
transduction, adhesion, angiogenesis, and invasion and metastasis in BXPC-3 cells [34].
Figure 3 shows the mechanism through which the possible interaction occurs in the

proliferation process.

The flavonoids have been studied for their antiproliferative effects, without this effect
being mediated by anti-inflammatory action. Reports showed that flavonoid-rich extract
from Phaseolus vulgaris showed high cell inhibitions with specific cytotoxicity towards
PC3 (prostate cancer cells), HepG2 (liver cancer cells) and Caco2 (colon cancer cells)
with 77.7%, 90.1%, and 81.2% cell inhibition, respectively. The bioactivity of the extract
was explained due to the presence of 116 mg/g extract of glycosylated flavonols such as
myricetin-3-O-glucoside, quercetin- 4-O-galactoside and kaempferol-3-O-glucoside [35].
The evidence suggested that flavonoids in their glycoside form are more bioactive forms
than aglycones. Moreover, glycoside forms have a significant antiproliferative effect than

aglycones, and it is explained by their antioxidant activity.

Flavonoids can induce the synthesis of metabolic enzymes, both phase | and phase I,

so they are considered, in general, bifunctional inducers.
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Figure 3. Possible interaction sites of the flavonoids with the carcinogenic process
(marked with red circles). Short arrows indicate the enhancing effect (up arrow) or
inhibitor (down arrow) activity. ROS: Oxygen Reactive Species; ODC: Ornithine
Decarboxylase; PKC: Protein C kinase.

On the other hand, they can interfere with enzymatic activity directly. The most widely
studied system has been cytochrome P450 and, among its isoenzymes, 1A is the most
information, since the action on the other isoenzymes is less evident. On the phase Il
enzymes also some flavonoids have inhibitory activity [33]. The cytotoxic effect of
guercetin has been associated with the inhibition of lactate release, with the decrease in
the content of adenosine 5'-triphosphate (ATP), with the stimulation of the synthesis of
transforming growth factor betal-a recognized agent antiproliferative- and/or with the
blocking of potassium channels [36]. Quercetin and other flavonoids can prevent the
development of thermotolerance in cancer cells and, therefore, improve the efficacy of
clinical hyperthermia as an anticancer therapy. Also, some flavonoids can act

synergistically with other antitumor drugs [25].
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1.10 Effects on Metabolic Syndrome

Lipotoxicity is a metabolic anomaly presented during the prevalence of obesity, and it
refers to the induction of apoptosis of - cells, myocardium and skeletal muscle leading
to chronic diseases such as type 2 diabetes, cardiomyopathy, and insulin resistance
respectively [37]. The relation of previously mentioned effects is known as metabolic
syndrome. Development of coronary heart disease due to high cholesterol levels is one
of the significant causes of death globally [38]. Diabetes, frequently caused by metabolic
syndrome, is a public health problem in Mexico and other countries around the world.
Moreover, Diabetes has considerable medical, social, and economic consequences and
it ranks among the leading ten causes of death all over the country [39]. Hypertension
and disorders in blood vessels are fundamental factors for the metabolic syndrome.
Endothelial dysfunction and insulin resistance, common characteristics present in people
with metabolic syndrome, are closely related. NO is involved in capillary vasodilation
caused by insulin. The insulin signaling pathways that cause the release of NO is a
vasodilator pathway with activation of NO synthase through Akt and a vasoconstrictor
pathway that involves the release of endothelin-1 through mitogen-activated protein
kinase (MAPK). Perivascular adipose tissue and the role of adipokines have vasoactive
properties [40]. Hypertension is a highly prevalent disorder, occurring in approximately 50

million people in the United States and about one billion people worldwide.

Hyperlipidemia is a group of metabolic disorders characterized by elevated levels of
cholesterol and triglycerides in plasma. The prevalence of hyperlipidemia has increased
worldwide due to increased consumption of diets rich in saturated and trans-fatty acids
[41].

Flavonoids such as quercetin, kaempferol, and catechin have been associated with the
decrease of total cholesterol (TC) levels, the inhibition of LDL lipid peroxidation and the
increase of HDL in humans [42]. Interestingly, it has been also reported that the decrease
in TC is not related to the inhibition of cholesterol absorption through inhibited cholesterol
micellization [37]. The mechanism of action by which flavonoids decrease TC and
Increase HDL is by modulating cholesterol homeostasis via the transcription factors sterol

regulatory element-binding proteins (SREBP) and liver x receptor (LXR). Lipid
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homeostasis in vertebrate cells is regulated by a family of membrane-bound transcription
factors named sterol regulatory element—binding proteins (SREBPs). SREBPs directly
activate the expression of more than 30 genes dedicated to the synthesis and uptake of
cholesterol and fatty acids; many reports show that the expression of some of these genes
is affected by the consumption of flavonoids. On the other hand, the LXR can modulate
the expression of transporters ATP-binding cassette subfamily G members (ABCG5/G8).
These reversed cholesterol transporters are glycoproteins synthesized in the
endoplasmic reticulum (ER), and they are expressed in a tissue-specific manner in the
liver, colon, and intestine [43]. Quercetin, one of the most common flavonols found in
eatable plants, could modulate LXR activity by the change in the phosphorylation of
AMPK. Thus it affects the expression of cholesterol transporters such as ABCG5/ABCGS.
In consequence, they are responsible for limiting the intestinal absorption of cholesterol
and promote biliary excretion of sterols [44].

Some studies suggested that there is a synergistic effect exerted by flavonoids and
saponins to control lipogenesis, as well as reverse cholesterol transport [44]. The
beneficial effect of flavonoids on the decrease of serum cholesterol levels in C57BL/6
mice was associated with a reduction of hepatic lipogenesis and cholesterol biosynthesis
by negative regulation of SREBP1, FAS and HMGCR and ascending regulation of
INSIG1/2 [44]. It has been shown that overexpression of INSIG1 traps the SCAP complex
(SREBP cleavage activation protein) in the ER, promoting the degradation of SREBP and
reducing the ability of SREBPs to activate the transcription of genes that encode enzymes
involved in the biosynthesis of cholesterol and fatty acids [44]. A similar downward
regulatory effect of lipogenic proteins has been demonstrated by consumption of wild-
type diet enriched with cranberries [45] and coumarin, the latter related to the attenuation
of hepatic steatosis [46]. Moreover, a flavonoid extract of Phaseolus vulgaris increased
the expression of genes involved in the synthesis of bile acids, particularly CYP7AL, as
well as in the reverse transport of cholesterol such as ABCG5/G8; also FSE stimulated
the expression of ABCG5 / G8 in the intestine [44]. In the liver, ABCG5/G8 drives the
elimination of hepatic cholesterol into the bile, whereas in the gut, it suppresses the
absorption of biliary and dietary sterols. The active suppression of the accumulation of

dietary cholesterol appears to require both intestinal and hepatic ABCG5/G8
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overexpression. This effect has been shown to be related to protection against
atherosclerosis [44].

There is recent evidence that shows that isoflavones, particularly genistein, can modulate
LXR activity by controlling the phosphorylation state of this nuclear receptor [44].
Phosphorylation of AMPK, due to some flavonoids, might modify the action of LXR-a and
LXR-B in. In another study, it was demonstrated that flavonoids such as Quercetin also
stimulates the phosphorylation state of AMPK [44]. Therefore, evidence suggests that
flavonoids up-regulate ABCG5/G8 and CYP7Al, and consequently promote of the
excretion and catabolism of cholesterol, but was able to suppress lipogenic protein
expression via LXR. On the other hand, LXR activation inhibits fatty acid oxidation by
interfering with the binding of PPARa to its target sites [44].

1.11 Effect on Diabetes

According to the World Health Organization, 422 million adults worldwide had diabetes in
2014, compared to 108 million in 1980 [39]. It is a disease of high cost for the health
sector because it causes other problems such as nephropathy, retinopathy, diabetic foot,
neuropathy, among others. There are two types of glucose transporters, an energy-
dependent transported and a sodium/glucose cotransporter (SGLT). SGLT family are
expressed in the polarized epithelial cells which are located in the lumen of the small
intestine and the proximal tubules of the kidney [47]. It has been shown that one of the
most critical transporters of nutrients at the cellular level, is the transport of glucose
through the plasma membrane by glucose transporters (GLUT), also called solute
transporter family 2 (SLC2A) [48]. This family of transporters plays a vital role in the
transport of monosaccharides, polyols, and other small carbon compounds through the
membranes of eukaryotic cells [47]. In humans, fourteen GLUT proteins, called GLUT-1-
12 and 14, are expressed as well as myoinositol transporter (HMIT) [48]. GLUTs function
is to regulate the movement of glucose between the extracellular and intracellular
compartments by maintaining homeostasis of glucose [47]. Insulin is a hypoglycemic
hormone; it promotes the transport of glucose inside cells by activating the GLUT4
transporter, which is only found in the plasma membrane of adipocytes, in muscle fibers,

in myocytes, and myocardiocytes. The insulin receptor is a complex transmembrane
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glycoprotein consisting of 4 subunits: two alpha subunits of the extracellular side, two
beta subunits that possess an extracellular domain, a transmembrane domain, and an
intracellular domain. When activated by insulin, the intracellular part of one of the beta
subunits acts as a specific tyrosine-protein kinase. The binding of insulin to the alpha
subunits of the receptor causes a conformational change of the beta subunits, which
induces autophosphorylation in 6 tyrosine residues. This phosphorylation induces
covalent binding with other new specific proteins and is mainly phosphatidylinositol 3-
kinase (P13-kinase), which activates a membrane protein, the glucose transporter protein
(GLU) that takes glucose from the extracellular medium and the transports to the interior
of the cell [48].

The effects of some flavonoids have been reported in rats, for example, epigallocatechin
gallate, given intraperitoneally to rats, determines a reduction of blood glucose and insulin
level [49]. Similarly, genistein reduces blood glucose levels in diabetic rats, compared
with the control, in glucose tolerance tests [50]. Similar data have been obtained with
chronic treatments with genistein and daidzein in db/db mice and streptozotocin-induced
rats [51]. Some flavonols, such as kaempferol, myricetin, rutin and its metabolite
guercetin, show hypoglycemic activity. In particular, oral administration of rutin to diabetic
rat’s results in a plasma glucose levels reduction [49]. Another study reported that green
tea improves glucose metabolism in healthy humans in oral glucose tolerance tests, this
study was first tested in mice induced by streptozotocin and produces an

antihyperglycemic effect without affecting the secretion of insulin [51]

Flavonoids can influence the synthesis and release of insulin from B cells. The
mechanism underlying this biological effect may involve an increase in intracellular cAMP
through increased adenylate cyclase activity and activation of protein kinase A (PKA),
suggesting that genistein regulates insulinotropic action by activating the cAMP / PKA
signaling cascade [50]. The a-Glucosidase is a membrane-bound enzyme located at the
epithelium of the small intestine that catalyzes the cleavage of glucose from
disaccharides. Inhibitors of a-glucosidase may be used to control the blood sugar levels
in type-2 diabetes [48]. The two anthocyanins cyanidin-3-a-O-rhamnoside and

pelargonidin-3-a-O-rhamnoside reduce glucose absorption and inhibit a-glucosidase
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activity in vitro [51]. The latter action was also observed with luteolin, kaempferol, chrysin,
and galangin. Luteolin-7-glucoside, luteolin, amentoflavone, and daidzein are the most

potent inhibitors of a-glucosidase [48].

Insulin decreases the concentration of glucose in the blood. After eating, the
concentration of glucose in the blood increases, which causes the (3 cells of the pancreas
to secrete insulin, this reduces the secretion of glucagon, homeostasis occurs in the
organism. Both hormones exert a direct effect on glycemia, although, in opposite ways,
where there are low concentrations of glucose in the bloodstream, this induces the
secretion of a cells, on the other hand, the cells of the pancreas (3 cells secrete insulin
when they exist high concentrations of blood glucose [48]. When a person has diabetes,
once glucagon is released is not due to a high concentration of glucose, the secretion of
this hormone is deficient when there are high levels of glucose. Interestingly, intestine
has an impact on the secretion of the hormones glucagon and insulin, because several
peptides originate, such as gastrin, the gastric inhibitory polypeptide (GIP) and the
glucagon-like peptide 1 (GLP-1). The release of the two main incretin hormones, GIP and
GLP-1, decrease their concentration when there is a Type 2 Diabetes Mellitus condition
[52]. The main effect of flavonoids in diabetes has to do with its action on several specific
routes, such as the regulation of the route of the reduction of programmed cell death,
among other molecular objectives [49]. These compounds also improve the growth and
proliferation of pancreatic B-cells and also increase insulin secretion. On the other hand,
flavonoids also participate in the modulation of glucose metabolism in liver cells, thereby
improving hyperglycemia. Also, insulin resistance, inflammation and oxidative stress
decrease in adipocytes and skeletal myofibers. In adipocytes, there are two parallel
signaling pathways through which insulin translocation of the GLUT-4 transporter occurs,
PISK/AKT and CAP/Cb1/TC10 pathways [50]. Once the insulin receptor (IR) is activated,
this leads to phosphorylation of the insulin receptor substrate (IRS), on the other hand,
this causes the phosphoinositide 3-kinase (PI3K) to activate. Interestingly, PI3k,
phosphorylates lipid phosphatidylinositol 4,5-bisphosphate (PIP2) to produce
phosphatidylinositol 3,4,4,5-triphosphate (PIP3). PIP3 then activates phosphoinositide-
dependent protein kinase 1 (PDK) [52]. Once PDK1-mediated phosphorylation of protein

kinase B (Akt) occurs, it allows the phosphorylation of the Rab GTPase activating protein
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AS160, and this leads to the translocation of GLUT-4 from intracellular storage vesicles
to plasma membrane and improves the glucose uptake. Once protein kinase B is
activated, an inhibition of glycogen synthase kinase-3 (GSK-3) occurs, which
subsequently phosphorylates and deactivates glycogen synthase (GS) [48]. Interestingly,
AKT can phosphorylate O1 (FOXO1) of the forkhead box, which in turn, deactivates the
expression of phosphoenolpyruvate carboxykinase (PEPCK) and glucose-6-phosphatase
(G6Pase), and thereby eliminates the process of gluconeogenesis in the liver [52]. The
AMP-activated protein kinase (AMPK) plays an essential role as a regulator in the
metabolism of cells, which also decreases the production of glucose from the liver through
its role as mediator and modulator of PEPCK and G6Pase [49]. Interestingly, epicatechin
and epigallocatechin reduce the blocking of insulin signaling that is induced by high
concentrations of glucose by avoiding the decrease in IR, IRS-1, and IRS-2 levels; they
also participate in inhibition of the PI3K / AKT and AMPK pathways. Moreover, itincreases
the phosphorylation reactions of Ser636 / 639 of IRS-1 in the HepG2 cell line. Also, the
anthocyanins derived from the purple sweet potato have been shown to restore markedly
the deterioration of the insulin signaling pathway IRS1 / PI3K / Akt in the livers of mice
treated with high-fat diets [51].

There are many reports about the benefits of Opuntia ficus indica in lowering glucose,
triglycerides and cholesterol levels in plasma. It is due to the 30% of soluble fiber that
contains, which decreases the absorption of glucose and fat at the intestinal level and
also prevents the concentration of glucose at mealtime. Also, it was reported that oral
administration of Isorhamnetin-diglucoside to rats with diabetes induced by streptozotocin
significantly reduced serum levels of glucose, hydroxymethylfurfural and serum levels
reactive with thiobarbituric acid and liver and kidney mitochondria [50]. Other study
reported that resveratrol supplementation for the treatment of T2DM produced clinically
significant changes in fasting plasma glucose and insulin levels, systolic blood pressure,
and diastolic blood pressure. Subgroup analysis showed a significant effect of resveratrol

supplements at high doses (= 100 mg/d) in reducing fasting plasma glucose levels [49].
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Table 2. Mechanisms and sources of flavencids with antidiabeatic potential.

. The specific
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1.12 Cardiovascular diseases and vascular effects

Along with cancer, cardiovascular disease is one of the areas of medicine in which
flavonoids have raised higher expectations [15]. The biological activities described for
these compounds, both isolated and present in beverages, vegetables or fruit, make them

compounds of interest in the cardiovascular field due to their effectiveness against the

23



oxidative damage of low-density lipoproteins and protector of vascular endothelium. They
can also play an essential role in the regulation of platelet aggregation and vascular
smooth muscle contractility [42]. Epicatechin has been shown, in animals and humans,
to increase the production of new mitochondria in heart and muscle, a process called
"mitochondrial biogenesis," while at the same time stimulating the regeneration of muscle
tissue. Recent evidence indicates that epicatechin is acting as a mimic of a newly
discovered human hormone released by normal muscles after exercise that may be
responsible for the biogenesis of mitochondria and the stronger muscle fibers that
generally occur after physical activity. This study also reported that epicatechin stimulates
the production of NO in endothelial cells through the phosphorylation of eNOS, which can
activate mitochondrial biogenesis [53].

Some polyphenols, extracts, and juices related to wine, or this one, have a vasodilatory
effect depending on the endothelium in vitro. Although the mechanism that causes this
behavior is far from clear, it has been suggested that stimulating the synthesis of nitric
oxide or reducing nitric oxide degradation, can be one of the mechanisms of action [43].
Isoflavones and flavones appear to be similarly active, whereas the presence of a
carbonyl group in position 4 and a C2-C3 double bond seem to be indispensable
requisites for the vasodilator effect [53]. Moreover, the activity of specific kinases is
related to the contractile function of muscle cells and flavonoids can modify the
functioning of these enzymes [40]. Both the structural requirements for inhibition and the
potency of this inhibition [53]. Flavonols and flavones are the most active inhibitors; on
the other hand, chalcones behave as weaker inhibitors and flavanones are generally
inactive [54]. However, there are no reports until now about the effects of flavonoids in
the various PKC isoenzymes present in the vascular tissue. The kinase, of the light chain
of myosin, is another essential enzyme in the development of contraction in smooth
muscle. Kaempferol, a flavonol similar to quercetin, has been reported as a specific

inhibitor of the activity of this purified protein from the bovine aorta [54].

At least part of the vasodilatory effect of flavonoids can be attributed to the blocking of
voltage-activated calcium channels. Inhibition of the response to intracellular calcium

release observed with some flavonoids may be due to decreased sensitivity to this ion as
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a result of inhibition of PKC rather than emptying of intracellular deposits [15]. The
increase in the cellular values of cyclic nucleotides participates in the relaxation of the
vascular smooth muscle. Some flavonoids such as quercetin and epicatechin are capable
of inhibiting the activity of 3',5'-guanosine monophosphate (GMP) and 3',5'-adenosine
monophosphate (AMP), enzymes responsible for the degradation of these nucleotides
[53]. They increase their concentration in this way, which can contribute to the relaxing
action. Moreover, there is a relationship between the structure of the flavonoid and its
effect on the different isoforms of this type of enzymes. For example, tea catechins can
inhibit the activity of the phosphodiesterases GMP and AMP. The catechins can also
block the entry of calcium from the extracellular space, without modulation of the
functionality of the potassium channels being affected [54].

1.13 Conclusions

Flavonoids have been related to important health benefits and have also been shown to
act through different mechanisms of action to improve the body's homeostasis. Among
the main effects are those attributed to the prevention and treatment of chronic diseases.
In cardiac diseases, there are flavonoids such as quercetin, epicatechin, rutin, and
luteolin, which increase the production of new mitochondria in the heart. Also, they have
antiatherosclerotic effects and platelet function. In diabetes, luteolin, kaempferol, chrysin,
and galangin, have direct action in the synthesis and release of insulin and have a role at
the level of glucose transporters, decreasing their concentration. Flavonoids also have
antioxidant effects such as free radical scavenging and neutralization of some reactive
oxygen and nitrogen species. In the case of cancer and inflammation-related diseases,
these compounds exert anti-inflammatory activity by inhibiting pro-inflammatory
enzymes, such as cyclooxygenase-2, lipoxygenase, and NO synthase, also some
flavonoids such as apigenin are involved in regulation of genes that have to do with
apoptosis. The type and, therefore, the function of the flavonoids depends on their plant
source. Consequently, it is crucial to know what benefit has been attributed to what type
of flavonoid. In some cases, the reported benefits of flavonoids have been robust enough
for the specific mechanism at the cellular and molecular level has been reported by those

who exert their effect. Consequently, its use has been proposed for the treatment of some
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diseases such as diabetes, hypertension, and metabolic syndrome. Therefore, the use of
flavonoids in the design of nutraceuticals and functional foods has been growing in recent
years. Day after day more properties are attributed to the flavonoids. However, it is
necessary to continue studies to ensure that these natural compounds are well used by

the population.
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CAPITULO II:

PRIMERA INTERVENCION: EI CONSUMO DIARIO DE UN CHOCOLATE
RICO EN FLAVONOIDES DISMINUYE LA GENOTOXICIDAD CELULAR
Y MEJORA PARAMETROS BIOQUIMICOS DEL METABOLISMO DE
LIPIDOS Y GLUCOSA.
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2.1. Introduction.

Obesity is a rising global health problem that affects 600 millions of adults worldwide [55].
The prevalence of obesity is directly related to the development of cardiovascular
diseases and diabetes through a condition known as metabolic syndrome [56,57].
Atherosclerotic Cardiovascular Disease (ACVD) is the leading cause of death around the
world [56]. High levels of LDL and triglycerides, and low levels of HDL are associated with
the development of ACVD [59]. Metabolic Syndrome is a condition that leads to other
mortal conditions such as hypertension, dyslipidemia, ACVD, and diet is one of the major
lifestyle factors that can significantly influence the incidence and progression of chronic
diseases such as cardiovascular disease, diabetes, and cancer. Humans have consumed
cocoa since at least 460 AD [56]. An increasing number of reports have shown that the
consumption of cocoa and dark chocolate exerts several beneficial effects on
cardiovascular health and endothelial dysfunction [59]; observations are consistent with
reports that dark chocolate lowers blood pressure [60] and improves endothelium-
dependent vasodilator responses [61]. Cocoa, especially dark chocolate, contains high
levels of flavanols such as epicatechin, catechin, and procyanidins. Flavanols in cocoa
are present as either the monomers (-) epicatechin and (+) catechin or oligomers of
epicatechin and/or catechin, called proanthocyanidins or condensed tannins. Many
beneficial effects have been attributed to flavonoids. For example, some reports have
shown that epicatechins improved vascular function, reduced BP, improved insulin
sensitivity, and reduced platelet activity [62]. Flavonoid content in chocolate varies among
brands due to differences in the production process. The initial levels of flavonoids in the
cocoa bean could change during fermentation, drying, roasting, alkalinization, and
storage conditions, depending on the protocols of each company; even if the percentage
of cocoa is the same, the final content of flavonoids might be different. Moreover, there is
no specific regulation governing the labeling of dark chocolate or of its polyphenol or

flavonoid content [63].

In metabolic syndrome, patients present a chronic systemic inflammation condition which
has been widely related to cellular stress [56]. It is also known that cellular stressis related

to the propensity to generate genetic mutation and cancer [64]. In recent years, increasing
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attention has been given to compounds and conditions that induce genetic damage by
various mechanisms. Specifically, the mutagenic events and genotoxic agents might play
an important role in the cause and/or progression of human diseases other than cancer
[65]. Physical activity and nutrition are important modifiers of systemic oxidative stress.
The most reported metabolic disease that has been associated with DNA damage is
diabetes. DNA damage is associated with diabetes; the extent of damage is greater in
diabetics compared to non-diabetics [66] Interestingly, it has been reported that systemic
DNA damage has a significant correlation with elevated parameters of metabolic
syndrome [67]. Recently, oral epithelium cells have been used for the evaluation of
exposure to various genotoxic agents, associated with its recognized sensitivity for the
assessment of DNA damage. The micronucleus test is a multi-target genotoxic endpoint.
Therefore, it can provide additional insight about epigenetic effects in different cell types
caused by an agent or a condition. Thus, the determination of abnormalities in buccal
epithelial cell nuclei has been used as a noninvasive assay for monitoring genotoxicity,

and hence, DNA damage in humans.

In the present work, we evaluate the genoprotective effect of consuming a flavonoids-rich
chocolate, and the improvement in the biochemical parameters related to cardiovascular

risk and metabolic syndrome in young Mexican adults.

2.2 Results
2.2.1 Study Population

Table 1 describes participant characteristics in terms of sex, education level, physical
activity, and cardiometabolic co-morbidities (diabetes and hypertension). Physical activity
was classified as inactive, moderately active, and active, and it was assessed according
to the International Physical Activity Questionnaire of World Health Organization [17]. The
majority of the studied population was undergraduate students, with normal blood
pressure but high triglyceride and glucose levels (Table 1). Participants presented an
average body mass index (BMI) of 32.1, with an incidence of approximately 68% (Table

1). According to the World Health Organization, for adults over 20 years of age, a BMI
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ranging from 30.0 to 34.9 falls within the Obesity Class | range [18]. The characteristics

of each intervention group are described in Table 3. Since a randomized study was

conducted, characteristics are similar in both groups.

Table 3. Characteristics of study population at recruitment.

Characteristics

(%)

MC (n)

Observations

Participants (100)
Sex Men (55.90)
Women (44.10)
Education level (completed According to the information provided in the
or in progress) surveys conducted.

— Underweight (Below 18.5) 0 (0.00) 0

Normal weight (18.5-24.9) 9 (10.71) 5

Pre-obesity (25.0-29.9) 10 (11.90) 5

—  Obesity class 1(30.0-34.9) 57 (67.85) 28

Obesity class II (35.0-39.9) 8 (9.52) 4
- Obesity class III (Above 40) 0 (0.00)

) . Defined as blood pressure >140 mm Hg and/or >90 mm
Hypertension 18 (21.41) ¢ Hg for systolic and diastolic pressures respectively.
Defined as taking antidiabetic medications and /or
Diabetes 12 (14.28) 6 having fasting plasma glucose >120 mg/dL

_ (=7 mmol/L)

Risk Factors -

Defined as having at least one of the following anomalies:
total cholesterol =190 mg/dL (>4.9 mmol/L),
Dyslipidemia 52 (61.90) 26 TAG 2150 mg/dL (1.7 mmol/L),

LDL-cholesterol >115 mg/dL (>3.0 mmol/L),
HDL-cholesterol <40 mg/dL for men and <46 mg/dL
for women.

FRC = commercial dark chocolate with 70% cocoa, MC = commercial milk chocolate.

2.2.2 Determination of Total

Capacity

Phenolic, Flavonoids Content and Antioxidant

Total phenolics content was quantified in commercial dark chocolate and milk chocolate

(Table 4). Total phenolic content was 63.7 £ 0.2 and 56.3 + 1.5 umol of gallic acid

equivalents per 1 g of dark chocolate and milk chocolate respectively. Dark chocolate and

milk chocolate had 34.8 £ 0.5 and 10.4 = 0.8 umol of (-)-catechin equivalents per 1 g

respectively. The percentage of flavonoids/phenolics (%) was significantly higher in dark

chocolate than in milk chocolate. The antioxidant capacity (Table 4) was significantly

greater in dark chocolate than in milk chocolate (p < 0.05).
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Table 4. Phenolic and Flavonoid content in used dark mil chocolates for the study.

Phenolic Content  Flavonoid Content Antioxidant Capacity
Treatment (umol Gallic Aid (umol Catechin (pumol Trolox Flavonoids/Phenolics (%)
Equivalents/g) Equivalents/g) Equivalents/g)
FRC 63.70 £0.20 34.80 £ 0.50 3.52 £ 0.60 54.63
MC 56.30 + 1.50 10.40 £ 0.80 0.98 + 0.02 18.47

FRC = commercial dark chocolate with 70% cocoa, MC = commercial milk chocolate.

2.2.3 Changes Caused by Daily consumption of Chocolate

The dietary variables did not change as a consequence of the consumption of flavonoid-
rich chocolate. In contrast, some anthropometric and biochemical variables varied after
the dietary intervention with dark chocolate (Table 4). Variables were evaluated before
and after the treatment of either milk or dark chocolate daily consumption for 6 months.

2.2.4 Frequency of Nuclear Abnormalities in Buccal Epithelial Cells

At the beginning of the study, 14.4% of the buccal epithelial cells had abnormalities of the
nuclei. Likewise, participants of both experimental groups showed nucleus abnormalities
of broken egg, micronucleus, and binucleus at the beginning of the study (Figure 1).
Interestingly, abnormalities of the nuclei in the buccal epithelial cells decreased
significantly (less than 2%) after 6 month of daily consumption of 2 g of dark chocolate
(Figure 1A). Milk chocolate intake (2 g per day for 6 months) did not affect the percentage

of abnormalities observed in buccal cells.
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Figure 4. Frequency in nuclear abnormalities in buccal epithelial cells during consumption
of dark chocolate with 70% cocoa (A) and milk chocolate (B). * Frequency was statistically
compared with the frequency obtained in the previous week (p < 0.05). Observed nuclear

abnormalities were (C) binucleus (D) micronucleus, and (E) broken egg.

The Correlation study through Pearson’s linear regression analysis among the frequency
of nuclear abnormalities in buccal epithelial cells and biochemical and anthropometrical
variables was determined. The correlation study was performed with the biochemical and
anthropometrical levels of the 84 participants at the beginning of the study. Figure 2
shows the parameters that had a significant correlation (r =2 0.5, p < 0.001) with nuclear

abnormalities in buccal epithelial cells. Waist circumference (r = 837, p < 0.001) and
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Fasting glucose plasma (r = 785, p < 0.001) were the parameters with highest correlations
with the frequency of nuclear abnormalities in buccal epithelial cells.

A C
2 2
g p<0.001,r=0.837 & g p<0.001,r=0.697
E 20 ] g 20 LA
c 0ol . c ® s
3 o g & y &
25 . .o:‘.-. 5@ % 15 :J ':.".- s 2
g oy eesles £ Wi '8 . ..
2w o ® o0 3 2w e o o
5 o > . 5 ¥ 4 "3
- . * . < e o ©
= . = . ot
5 5
80 85 %0 95 100 105 10 50 100 150 200 250
Waist Circumference (cm) LDL- cholesterol (mg/dl)
B D
% 2
£ p<0.001,r=0.785 & g p<0.001,r=0.679 =5
2 9
@ 20 . & 20 . .,
£ < e % ‘e K
$ . K} g . .
Eiw = 2 7% =1 . e o*
3 . S £ Mo L T e
£ wilsg e z 0y ol ¢
50 ° :0:' % . 2w e A S eege ¢
= otee o S o -
- 4 2 5
z K 2 .
5 5
80 100 120 140 160 40 as 5.0 55 6.0
Fasting plasma glucose (mg/dl) HbA1c
E
3
2 p<0.001,r=0.592
2 20 .o,
; L IR
° .
g 15 . .’ ] £
= 00, 0, ®
-3 COR A
£ teete .
_g 0 . ". s .
< %
z ® %
5
150 200 250 300 350

Total Cholesterol (mg/dl)

Figure 5. Correlation study through Pearson’s linear regression analysis in the beginning
of the study at the 84 patrticipants. (A) Correlation between nuclear abnormalities in buccal
epithelial cells (N. Abnormalities in BEC) and waist circumference (p < 0.001, r = 837).
(B) Correlation between nuclear abnormalities in buccal epithelial cells (N. Abnormalities
in BEC) and fasting plasma glucose (p < 0.001, r = -0.785). (C) Correlation between
nuclear abnormalities in buccal epithelial cells (N. Abnormalities in BEC) and LDL-
cholesterol levels (p < 0.001, r = 0.697). (D) Correlation between nuclear abnormalities in
buccal epithelial cells (N. Abnormalities in BEC) and HbA1c (p < 0.001, r = -0.679). (E)
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Correlation between nuclear abnormalities in bucall epithelial cells (N. Abnormalities in
BEC) and total-cholesterol levels (p < 0.001, r = 0.592). Atypical points were marked with

*-
2.3 Discussion

2.3.1 Determination of Total Phenolic and Flavonoids Content

Results showed that 54.6% of phenolic content in the dark chocolate was from the
flavonoids group; this percentage of flavonoids was significantly higher compared with
the 18% of flavonoids contained in the milk chocolate. The relation flavonoids/polyphenols
showed that the dark chocolate with 70% cocoa was a significantly better source of
flavonoids than milk chocolate. Taking into consideration that 2 g of dark chocolate were
provided to each participant in the study, approximately 69.6 pmol of (-)-catechin
equivalents of flavonoids were provided to each participant daily in the treatment with
commercial dark chocolate with 70% cocoa (FRC), and 20.8 umol of (-)-catechin
equivalents of flavonoids were provided to each participant in the milk chocolate treatment
(MC).

2.3.2 Characteristics of Study Population

A total of 84 participants were recruited for the present study. The majority of the
participants were undergraduate students (94%), of which 38% were current smokers,
65% reported having a habit of moderate physical activity, and 67% presented a BMI in
a range of 30—34.9 (falling into the Obesity class | range). Half of the participants (n = 42)
were randomly included in the treatment group where commercial dark chocolate with
70% cocoa was provided, and the other half were treated with milk chocolate. The
principal reported risk factor by participants was dyslipidemia, as 61.90% of participants
presented at least one of the following anomalies: total cholesterol 2190 mg/dL (=4.9
mmol/L), TAG 2150 mg/dL (=1.7 mmol/L), LDL-cholesterol 2115 mg/dL (3.0 mmol/L),

HDL-cholesterol <40 mg/dL for men and <46 mg/dL for women.
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2.3.3 Determination of Total Phenolic and Flavonoids Content

According to the results, the content of phenolics was slightly lower in milk chocolate
compared to dark chocolate; however, it has been reported that sugar content could affect
the measurement of phenolic content by Folin-Ciocalteu method. Interestingly, the
flavonoid content was 3 fold higher in the dark chocolate compared with the milk chocolate
used for the present study. Since the percentage of flavonoids/phenols (%) was
significantly higher in dark chocolate than milk chocolate, the commercial dark chocolate
used as a treatment was a better source of flavonoids compared with the commercial milk

chocolate used in the present study.

There was no significant difference in the intake of fruits and vegetables reported by the
participants (Table 5). However, a significant amount of flavonoids was provided on a
daily basis by dark chocolate intake (Table 4), comparing the content of flavonoids of dark
and milk chocolates (Table 4). Flavonoids are the most bioactive molecules reported
among polyphenolic compounds. The flavonoids/phenols ratio shows the proportion of
total polyphenolic compounds that belong to flavonoids. According to results, 54% of total
phenolic compounds of dark chocolate are flavonoids, while only 18% of total phenolic
compounds are flavonoids in milk chocolate. It has been reported that the most abundant
flavonoid found in cocoa is the flavonol epichatechin, followed by chatechin. Also, the
authors reported that some dimers and polymers of those flavonols were found in most

of analyzed chocolates [66].
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Table 5. Dietary, anthropometric and biochemical variables determined prior and after

the dietary intervention with either flavonoid-rich chocolate or milk chocolate for 6 months.

Variabl Intervention Beginning of the End of the Study
artables Group Study Mean + SD Mean £ SD
e FRC 238 + 34 246+ 3.1
B¢ MC 23.6 + 35 238 + 2.6
Number of Participants i}'{g g ig
, , FRC 5237 + 3714 548.2 + 387.9
Fruitand vegetable intake (g/day) MC 5201 + 3296 531.2 + 356.21
) FRC 2214 + 323 2298 + 236
Total energy intake (k]/day) MC 2208 + 350 2310 + 120
5
Total carbohydrate (%E) i}:g j_ﬁi i 25 153‘: i ?g
vyt it
. FRC 369 + 8.1 71+7.6
Total Fat (%E) MC 348 + 62 365 + 5.1
. FRC 208 + 6.1 169 + 6.9
Saturated Fat (%E) MC 212431 23459
FRC 146 + 4.1 148 1 46
Unsaturated Fat (%E) MC 145439 150 £ 31
R FRC 321+ 38 301+ 22
Anthropometric BMI (Kg/m") MC 314 +32 24425
variables
. ) FRC 087 £ 35 90.4445*
Walst Clecumberence (cm) MC 969 + 4.1 949 + 3.9
FRC 213+ 167 2012 4+ 19.5*
Ak Cholesientt (o) MC 2243 £ 189 227.4i:t 12.4
FRC 149.82 + 18.4 1162 4 21.1*
LDE-Cholesteral (mg/db) MC 147.23 + 211 1389 + 19.1
FRC 463+ 125 432+ 109
HDL-Cholesterol (mg/dL) MC 454+121 42 + 135
; : FRC 228.25 + 17.9 153.26 + 18.95*
Triglycerides (mg/dL) MC 2235 + 21.1 2241 + 231
Biochemical IRC PR = "
. _ FRC 114.23 + 13.56 91.23 + 9.25*
Fapting plasma gliscoss (mg/dl) MC 11231 + 1671 111.67 + 10.9
. FRC 5.8+ 1.0 46+ 1.1
HbAlc (%) MC 47 £10 45409
. FRC 139.2 + 10.5 127.8 + 11.2*
Systolic blood pressure (mmHg) MC 136.3 + 215 133 Q:i 12.7
Diastolic blood pressure (mmHg) i;{g :;gg j 3)11: 8874% 2'19244

FRC = commercial dark chocolate with 70% cocoa, MC = commercial milk chocolate. * p values for testing the
differences among variables across two groups (before and after chocolate consumption) by using X? test. p < 0.05.
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The antioxidant capacity was 3-fold greater in dark chocolate than in milk chocolate
(Table 4). The antioxidant capacity has been previously related to the content of phenolic
and flavonoid compounds. Moreover, the antioxidant capacity of cocoa might be higher
than red wine and black tea [69,70].

2.3.4 Changes in Measured Parameters by Daily Dark Chocolate Consumption

Dietary variables did not significant change by the consumption of flavonoid-rich
chocolate. However, certain anthropometric and biochemical variables varied after
consumption of the flavonoid-rich chocolate (Table 4). The waist circumference of
participants was significant lower (p < 0.05) after the study, a change that could not be
attributed to changes in diet, since Total energy intake, and the proportion of
carbohydrates and lipids were similar before and after the study. Interestingly, total blood
cholesterol, triglycerides, and LDL-cholesterol significantly decreased after six months of
daily intake of dark chocolate with high content of flavonoids (p < 0.05). It has been
previously reported that dark chocolate intake could improve LDL levels in blood [65].
Moreover, it was also reported that the consumption of flavonoids could significantly
increase lipid oxidation [68,69]; thus, flavonoids intake might improve lipid biochemical
parameters by the modulation of reverse cholesterol transport in gut and liver [70]. With
regards to HOMA-IR and fasting plasma glucose, both parameters were significantly
decreased after 6 months of daily intake of the flavonoid-rich chocolate. HOMA-IR is a
homeostatic model assessment (HOMA) to determine insulin resistance (IR) in B-cells.
HOMA-IR is calculated with the proportion of plasma glucose and insulin levels.
According to the results of the present study, and in accordance with previous reports
[73], daily flavonoid-rich chocolate intake was significantly associated with a lower HOMA-
IR (p < 0.05). Flavonoids such as genistein and epicatechin have been previously
associated with a lowering of blood glucose concentration [74-78]. Finally, and no less
important, blood pressure was significantly improved by the consumption of flavonoid-rich
chocolate compared with milk chocolate (Table 5). Cocoa flavonoids have been
previously reported for their effect in the improvement of cardiovascular parameters, such

as blood pressure and platelet aggregation [79].
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2.3.5 Frequency of Nuclear Abnormalities in Buccal Epithelial Cells

The abnormalities of the nuclei in the buccal epithelial cells were 14.4% at the beginning
of the study. The participants of both experimental groups showed abnormalities of
broken egg nucleus, micronucleus, and binucleus at the beginning of the study (Figure
4). Interestingly, waist circumference (p < 0.001, r = 837) and fasting plasma glucose (p
< 0.001, r = -0.785) showed most significant correlation with the frequency of nuclear
abnormalities in buccal epithelial cells at the beginning of the study (Figure 5). The results
of the present study suggested that the risk factors of metabolic syndrome could be
associated with the development of genomic instability (Figure 5). Other authors have
shown an association of diabetic patients in the highest percentile of waist circumference,
fasting plasma glucose, HbAlc, and cardiovascular risk with buccal-epithelia-cells
increased genomic instability [80]. The exact mechanism that contributes to this genomic
instability in obesity and metabolic syndrome is not clear, although the primordial link
between them is oxidative stress, caused by chronic and systemic inflammation [55]. The
increase in DNA damage might be occurring because of the increase in the imbalance
between the production of oxidants and antioxidant defenses [81]. Moreover,
epidemiologic studies have associated DNA damage with obesity and diabetes
[76,82,83]. However, more in-depth studies should be conducted to determine the

relationship between genomic instability and conditions of metabolic syndrome.

It was expected that nuclear abnormalities in buccal epithelial cells of participants would
be found, because most of them presented risk factors that have been related with
genotoxicity, such as the habit of smoking, obese state, and high glucose levels in plasma
[80]. One of the most important findings of this study is that the daily consumption of 2 g
of dark chocolate for 6 months could significantly decrease the genotoxicity and cellular
damage of buccal epithelial cells. In particular, the frequency of nuclear abnormalities
significantly decreased with the daily consumption of flavonoid-rich chocolate compared
to milk chocolate intake. This might be the result of flavonoids increasing the antioxidant
activity in the cells of the participants, and as a consequence, the DNA damage in buccal
epithelial cells significantly decreased. The antioxidant capacity of flavonoids in dark

chocolate (Table 4) could be related to its protective cellular effect, that decreases cellular
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stress, and hence, DNA damage (Figure 4). This effect was a novel finding, because
flavonoid consumption in dark chocolate has not been related with antigenotoxic effect
before. The decreasing effect of genotoxicity might be related to the decreasing effect of
oxidative stress in cells due to the antioxidant capacity and activity of flavonoids, and the
modulation of expression of CYP450 [81]. Other genotoxic assays should be conducted
to determine if the protective effect of flavonoids obtained in the present study is a
systemic effect.

Interestingly, some studies have reported that Orlistat, an antiobesity drug, induced DNA
damage in human cells, which suggested that regular consumption of orlistat needs
careful circumspection [85]. In contrast, flavonoids from cocoa in dark chocolate are able
to significantly decrease important risk factors such as waist circumference, total
cholesterol, LDL-cholesterol, and triglycerides, without causing DNA damage, even
having a celluloprotective effect that could reverse the DNA damage in buccal epithelial
cells, which is apparently caused by the systemic inflammation of obesity, along with the

fact that flavonoids have been long recognized for their anti-inflammatory effect [86].

2.4 Materials and Methods
2.4.1 Study Design and Participants

A randomized, placebo-controlled, double-blind study was performed in the Autonomous
University of Baja California. The study was approved by the Ethics Committee of faculty
of Medicine and Psychology of Autonomous University of Baja California (1120150617),

and written consent was obtained from all subjects prior to enrollment in the study.

In brief, a random sample was recruited between November 2015 and January 2018. The
inclusion criteria for the enrollment in the study were (1) Mexican Nationality with parents
of Mexican Nationality—Hispanic Ethnicity; (2) Being from 20 to 35 years old; and (3)
Having at least 3 of 5 risk factors: Glucose greater than 100 mg/dL, triglycerides levels
greater than 160 mg/dL, LDL greater than 130 mg/dL, HDL lower than 45 mg/dL, and
body mass index (BMI) greater than 29. Exclusion criteria for participation in the study

were: taking antihypertensive, hypocholesterolemic, or weight-loss medications, or taking
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any chocolate or cocoa extract regularly. The elimination criteria were to start taking
antihypertensive, hypocholesterolemic, weight-loss medications, or any chocolate or
cocoa extract during the experiment, or simply to decide to leave the study. Trained
research staff provided the participants with detailed instructions for the study, assisted
them in completing questions on dietary information, and then checked the completeness
and accuracy of the responses. The dietary intervention was carried out during 6 months
with a weekly follow-up of the participants. During the weekly interviews, a dietary survey
was carried out; questions of the study were answered, and it was verified that the
participants did not fall into the selimination criteria. The study began with 92 participants
after data cleaning, particularly for poorly completed dietary data. During the study, 8
people were removed because of elimination criteria; the rest finished the study (n = 84).

2.4.2 Chocolate Consumption (Independent Variable)

The commercial dark chocolate of 70% cocoa content or milk chocolate was provided to
participants by the research staff weekly, packaged in daily portions; the daily dose for
each patient was 2 g of chocolate. The participants were blinded because the original
packaging of the chocolates was removed; the chocolates were divided into 2 g portions,
and packed again inside a white envelope. A weekly semi-quantitative survey was
completed by the participants, including questions on habitual daily consumption of
chocolate during the previous week. The participants reported their frequency of
consumption, ranging from 1 to 7 days of consumption. They also selected the serving

size based on how many packaged portions were ingested every day.

2.4.3 Determination of Total Phenolic Content

Total phenolic content determination was made using the Folin-Ciocalteu method [87,88],
Briefly, extraction was performed with 80% methanol in water (v/v), then total polyphenols
content was determined by using Beckman Coulter DU 520 Spectrophotometer
(Beckman, Carlsbad, CA, USA) at 750 nm. A standard curve was developed using Gallic
acid (Sigma-Aldrich, Lansing, MI, USA).
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2.4.4 Determination of Flavonoids Content

Flavonoids were evaluated in 80% methanol in water (v/v) extracts with a colorimetric
method, according to previous reports [86], using a Coulter DU 520 Spectrophotometer
at 510 nm. A standard curve was developed with (—)-catechin (Sigma-Aldich).

2.4.5. Antioxidant Capacity

The capacity of dark and milk chocolates to scavenge the free radical cation of
diammonium salt (ABTS+) was conducted as reported in [67]. Briefly, Trolox standard
curves were used to measure the capacity to diminish free radicals of diammonium salt
(ABTS) radical solution. Absorbance was measured using a Coulter DU 520
Spectrophotometer at 734 nm.

2.4.6 Epithelial Genotoxicity, Biochemical and Anthropometric Parameters

Measure (Dependent Variables)

After 4 weeks of daily consumption of flavonoid-rich chocolate, a blood sample was
obtained for each participant in order to measure biochemical parameters. Standard
laboratory assays were used to measure Biochemical parameters with IDEXX Catalyst
Dx® equipment (IDEXX, Westbrook, ME, USA). Anthropometric parameters were also

measured every 4 weeks with a digital weighing scale and a measuring tape.

Genotoxicity was determined in each participant by a micronuclei assay. Briefly,
exfoliated cells were collected by a non-invasive sampling method from oral mucosa.
Buccal cavity cells are obtained by scraping the cheeks with a tongue depressor. The
samples were transferred dropwise to pre-cleaned slides. Then, the slides were air-dried
and fixed with 80% methanol. After that, slides were stained with hematoxylin for 3—5 min,

and then with eosin for 5-8 min. Genotoxic damage was determined by

the observation of slides under the microscope; cellular malformations were observed

and counted.
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2.5 Statistical Analyses

Data were analyzed by using MiniTab and GraphPad Prism (version 6, GraphPad
Software Inc., La Jolla, CA, USA) software. Results are reported as mean + SEM.
Statistical differences for mean data obtained from present study were analyzed by two-
way ANOVA. Correlation study through Pearson’s linear regression analysis was made
using MiniTab 18.

5. Conclusions

In conclusion, flavonoids of cocoa had protective effects against DNA damage. This
suggested that the reduction in genotoxic stress effect was related with the antioxidant
activity of flavonoids and the modulation of CYP450. The modulation of CYP450 and the
reduction in the expression of some interleukins have been related with the anti-
inflammatory effect of flavonoids [88]. The antioxidant capacity of flavonoids contained in
dark chocolate could be related to the decrease of cellular stress, and hence, to the DNA
protection in the nucleus of cell. However, further in vivo studies are still needed to
determine their mechanism of action of antigenotoxic effect. Biochemical parameters
(total cholesterol, triglycerides, and LDL-cholesterol level in blood) and anthropometrical
parameters (waist circumference) were also improved after six months of dark chocolate
with a 70% of cocoa intake. Interestingly daily flavonoid-rich chocolate intake also
improves fasting plasma glucose levels and insulin resistance parameter (HOMA-IR).
These effects were attributed to the proportion of flavonoids in the chocolate which was
3-fold greater than in the milk chocolate. Together, these results suggested a potential
beneficial effect as a consequence of the daily dark chocolate consumption in the lipid

and glucose metabolism.
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CAPITULO Il

SEGUNDA INTERVENCION: EFECTO DE (-) - EPICATECINA Y QUERCETINA EN
LA MEJORA DE LOS PARAMETROS BIOQUIMICOS Y EN LA DISMINUCION DE
GENOTOXICIDAD CELULAR DISMINUTIVA EN HUMANOS, CON UNA POSIBLE
MEDIACION POR SU EFECTO SINERGICO Y PROTECTOR IN VITRO EN LA
DISHOMEOSTASIS DE CA +2 INTRACELULAR.
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3.1 Introduction

Metabolic syndrome (MS) is a condition whose incidence around the world has been
increasing in recent years [89]. Itis characterized because patients present at least three
of the following risk factors: excessive visceral fat storage, dyslipidemia, hypertension and
hyperglycemia [90]. Diet is one of the major lifestyle factors that could significantly affect,
positively or negatively, the progression of MS. During MS, patients present a chronic
systemic inflammation, process which has been widely related with cellular stress and
genetic mutations, frequently triggering deadly chronic diseases, such as: type 2 diabetes
mellitus (T2DM), cardiovascular diseases (CV) and cancer [91,92,93]. Diabetes is the
metabolic disease most commonly associated with genetic damage. Actually, systemic
DNA damage has been correlated with elevated parameters of metabolic syndrome
[94,95]. Evaluation of DNA integrity in oral epithelium cells by the micronucleus test, is a
non-invasive technique that analyzes the genotoxic effect of a specific compound or
condition; this test analyses the micronuclei that are formed because of DNA breakage
or by disruption of the mitotic apparatus [96]. Also, intracellular calcium ([Ca2+] i)
homeostasis is an important step in different signal transduction pathways. Controlled
changes in [Ca2+]i are linked to several cellular functions; however, prolonged and
overloading in the concentration of Ca2+, have been related to a number of chronic
diseases, including obesity and dT2DM [96,97].

Flavonoids have been widely study because of their anti-inflammatory and antioxidant
properties [98,99]. Some of their effects in lipid metabolism have also been reported
before [97,98]. Although, most fruits and some legumes contain flavonoids, the reported
levels in eatable parts are very low, varying from 4.5 mg/kg in kiwifruit to 610 mg/kg in
black chocolate [99]. Even though the concentration, characterization and biological effect
of flavonoids in fresh vegetables and fruits have been studied, little is known about the
interactions, concentration and biological effect of flavonoids in bakery products, such as
bread, which is an important component in the daily diet of European and American

population.

In the present work, we evaluated the protective effect of two flavonoids: (-)-epicatechin

and quercetin, on Mexican adult participants with at least three risk factors for MS. Bread
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enriched was evaluated in terms of baking performance, shelf life and sensory properties.
Enriched bread was consumed during 3 months, and we evaluated if there was an
improvement in anthropometric and biochemical parameters. We also examine the
genoprotective effect of consuming the enriched bread in buccal epithelium cells. Lastly,
we investigated the protective effect of (-)-epicatechin, quercetin and the combination of
both (1:1) by monitoring [Ca2+] i in Caco-2 cells stimulated with H202 as a pro-oxidative
agent.

3.2 Materials and Methods
3.2.1 Bread making

The bread was made as reported before; the pup loaf straight-dough bread micro-baking
method 10-10.03 was utilized [105]. Briefly, the formulations included composite flours
enriched with 0.05% or 0% of a mixture 1:1 of (-)-epicatechin and quercetin. They were
called bread with flavonoid mixture (BF) and control bread (CN), respectively. All
ingredients were incorporated in the initial mixing step and doughs were mixed with the
predetermined amount of 25°C distilled water using a 100-200 g dough mixer (National
Manufacturing Co., Lincoln, Nebraska). Optimum water absorption and mixing times were
determined by observing dough properties of gluten development (film formation, gloss
and dough stickiness). Resulting doughs were weighed and then cut into two identical
pieces before fermentation. Fermentation and baking conditions were made as previously
reported [102]. Bake absorption, mixing time, proof height, loaf height, oven spring, loaf
weight, loaf volume and loaf apparent density were determined. Proof height and loaf
height were determined with a proof height meter (National Manufacturing Co., Lincoln,
Nebraska). The difference between these values was recorded as oven spring. Loaf
volume was determined by rapeseed displacement (National Manufacturing Co., Lincoln,
Nebraska) according to method 10-05.01 of the AACC International [92]. Upon 30 min
cooling at room temperature, BF and CN breads were cut into 15 mm thick slices,
packaged in sealed polyethylene bags and stored at room temperature for 24 h for

sensory analysis.
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3.2.2 Sensory Analysis and color of bread crumb

Consumer panels (pilot consumer panels) made up of 40 consumers, evaluated the
sensory features and overall acceptability of control (CN) and enriched breads (BF) after
24 h of baking. Bread evaluation was performed in food laboratory (UABC-Campus
Tijuana) according with the guidelines described before [92]. Each consumer was
simultaneously given 2 coded samples along with a ballot, and was asked to rate color,
texture, flavor, odor, and overall quality on a 5-point hedonic scale, where 1 was “dislike
very much” and 5 was “like very much”. Color of bread crumb samples (CN and BF) was
measured on three different slices (1.5 cm) with a colorimeter (CR 300, Minolta, Japan)
as reported before [101]. The color parameters measured were L* (luminosity), b*

(yellowness) and a* (greenness).

3.2.3 Concentration of (-)-epicatechin and quercetin in bread samples

Concentration of flavonoids in the breads were evaluated in 80% methanol in water (v/v)
extracts with a colorimetric method using a Beckman Coulter DU 520 Spectrophotometer
(Brea, CA, USA) at 510 nm, according to previous reports [91]. A standard curve was
developed with catechin (Sigma-Aldich, MI, USA).

3.2.4 Bread Shelf life

Relative humidity (RH), water activity (Aw) and microbiological assays were performed to
study the evolution of both breads (CN and BF) during storage at 40°C, 25°C and 4°C,
every day during 15 days.

3.2.5 Relative humidity (RH) and water activity (Aw)

Relative humidity (RH) of bread samples (CN and BF) was determined by gravimetric
method. Briefly, bread samples were weighed before the procedure. Then, they were

oven dried at 100 °C and accurately weighed at regular time intervals until constant weight
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was reached. RH was expressed as grams of water/grams of total weight (g/100 g). The
water activity (Aw) was measured with Pawkit Portable Water Activity Meter Kit (Vernon
Hills, IL, USA).

3.2.5 Microbiological study

The microbiological evaluation of CN and BF was performed according to NOM-111-
SSA1-1994 [100]. Briefly, 10 grams of every sample were manually homogenized in 90
ml of phosphate buffer (SRF) (1x10-1 solution). Then 1 ml of previous mentioned solution
was transferred to 9 ml of SRF to obtain 1x10-2 solution. The procedure was repeated
until 4 dilutions were obtained (1x10-1, 1x10-2, 1x10-3, and 1x10-4). Finally, every
solution of each sample was cultivated in dextrose agar and incubated at 37°C. Colony-
forming unit (CFU) and number of fungi and yeast (N°HL) were counted in the microscope
(Zeiss Primo Star microscope (Zeiss Mexico, NL, Mexico) after 24 hours of incubation.

3.2.7 Study Design and biochemical and anthropometric parameters measure

(dependent variables) in participants.

A randomized, placebo-controlled, double-blind study was undertaken in Rosarito, Baja
California. The Ethics Committee of Hospital General de Baja California approved the
study (CONBIOETICA2CEI01120150617), and written consent was obtained from all
subjects prior to enrollment in the study. Briefly, a random sample was recruited between
November 2017 and May 2018. The inclusion criteria for the enrollment in the study were:
1) Being Mexican of Mexican parents, 2) Being adults from 30 to 50 years old, and 3) To
have at least 3 of the 5 risk factors for MS: Triglycerides greater than 160 mg/dl, Glucose
greater than 100 mg/dl, HDL lower than 45 mg/dl, LDL greater than 130 mg/dl and Body
mass index (BMI) greater than 29. Exclusion and elimination criteria for participation in
the study were the following: to be taking hypocholesterolemic, weight-loss or
antihypertensive medications. Another elimination criterion was to decide to leave the
study. Trained research staff provided to participants detailed instructions of the study,

including bread storage recommendations (store at 4°C for one week at most) and
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assisted them in completing questions on dietary information. Table 6 describes the
characteristics of participants. The dietary intervention consisted of daily consuming a 30
g slide of enriched bread (BF) or control bread (CN) during 3 months with a weekly follow-
up of the participants. During the weekly interviews, a dietary survey was carried out and
it was checked that the participants did not fall into elimination criteria. Every 4 weeks of
daily consumption of BF or CN, a blood sample was obtained from each participant in
order to measure biochemical parameters using IDEXX Catalyst Dx® equipment (Madrid,
Spain). Anthropometric parameters were also measure every 4 weeks with a digital
weighing scale and a measuring tape. The study began with 156 participants after data
cleaning (particularly for poorly completed dietary data) and all participants finished the
study (n=156).

Table 6. Characteristics of study population at recruitment.

Characteristics n ("] Observations
Participants 158 (1000
Sex
Man T2 (481)
Women B4 (53.3]

Education Level {completed orin progress]  According 1o the information provided in the
sumveys conducted.

Frimary School 2 (1.28]
High School 15 (9.81)
University 138 (289.1)
Current smokers 88 371}
Fhysical activity According to the mformation provided in the
sumveys conducted.
Insctive 47 (301
Moderate active 2 (51.9)
Active 28 17.9)
Cbeasity (BEMI range] The classification was made sccording to the
wiarkd heslth organization (WHO)
Underersight (B=low 12.5) 0 (0.00)

Mormal wsight (18.5-24.8) 21 (13.4)
Fre-pbesity (25.0-28.9)
Obesity class | (20.0-34.8) B2 133.3)
Dbesity class 11 (35.0-38.9) g4 (41.0)
CObesity class | {Above 400

B (121)

i (0.007
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Risk Factors

Hypertension 27 {17.3) Defined as systolic blood pressure 2140mmHg
andior diastolic blood pressure z80mmHg.

Ciabetas 32 (2005}  Hawing fasting plasma glucoss 2120 mgidl (&7
mrriall).

Cryslipidemia T7  (48.3) Defined as having st least ons of the following

anomalies: total cholesterol 2190 mg/dl (245
mrrialdly, Triglycerides 2150 mgfdl (21.7 mmall),
LOL-cholesteral =115 mgidl (3.0 mmal!l), HOL-
chalzsteral <40 mg/dl for men and <45 mg/dl for
WOmen.

3.2.8 Genotoxicity in buccal epithelium cells.

Genotoxicity in buccal epithelium cells was measured in each participant by micronuclei
assay as reported before [91]. Briefly, buccal cavity cells are obtained by scraping the
cheeks with a tongue depressor. The samples were transferred dropwise to pre-cleaned
slides. Next, the slides were air-dried and fixed with 80% methanol and were stained with
hematoxylin for 3-5 minutes and then with eosin for 5-8 minutes. Genotoxic damage was
determined by the observation of the slides in a Zeiss Primo Star microscope (Zeiss

Mexico, NL, Mexico); the cellular malformations were observed and counted.

3.2.9 Protective effect of (-)-epicatechin and quercetin in Caco-2 cells.

The cell line of human colorectal adenocarcinoma epithelial cell line (Caco-2) was
purchased from the American Type Culture Collection (ATCC ® HTB-37 ™), was cultured
with 10% fetal bovine serum (Sigma-Aldrich, MO, USA) and supplemented with minimum
essential media (Sigma-Aldrich, MO, USA).

The cells were kept in a humid atmosphere with 5% COZ2/air, and the culture media was
changed every 48 or 72 hours. When the confluence was observed between 70-80%, the
cultured cells were recultivated on glass coverslips. The Caco-2 cells were infected with
an adenoviral vector with the kit AdEasy-Adenoviral Vector System (Agilent
Technologies, CA, USA), by adding a 1:500 virus dilution. Two days later, cells were
ready for HyPer imaging. The coverslips were mounted in an open recording chamber,
and the culture medium was replaced with HEPES-KRH Buffer (in mM: 140 NaCl, 4.7
KCI, 20 Hepes, 1.25 MgS04 and 1.25 CaCl2, pH 7.4), supplemented with 5 mM glucose.
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Cells were inoculated with FURA-2 probe, a fluorescent dye that binds to the intracellular
Ca2+ and allows us to monitor it. The images were obtained in the inverted microscope
(Nikon Ti Eclipse microscope, Nikon Products, Melville, NY, USA); technical adjustments
were made using the micromanager software. Two wavelengths were used (420 and 490
nm). To obtain a radiometric measurement, the exposure time was the same for each

excitation channel and constant throughout the experiment.

The fluorescence of any individual cell was quantified by drawing the same ROI (region
of interest) in images derived from both channels. Both excitation wavelengths were
acquired every 20 s and were expressed as a ratio (490 nm / 420 nm). For each record,
an initial lapse of 20 minutes was made to guarantee a reliable baseline, called the
baseline value. Then, a concentration of 5-10 uM of the flavonoid of interest (quercetin
and (-)-epicatechin) was added, and we let the record run for 15-20 minutes.

Subsequently, two consecutive pulses of H202 were applied.

The first was 50 uM; enough to evoke a moderate and transient increase in the HyPer
relationship. The second was a saturation pulse of 500 uM H202, useful to determine the
maximum response of HyPer. Finally, it was added an ionophore (ionomycin) as a
positive control (calcium increase). Data were obtained from 26 experiments of each

treatment in Caco-2 cells monitored for 80 minutes each.

3.3 Statistical analyses

Data were analyzed by using MiniTab 18 and GraphPad Prism (GraphPad Software Inc.,
CA, USA) softwares. Results are reported as mean + SEM. Statistical differences for
mean data obtained from present study were analyzed by two-way ANOVA. Correlation

was made using MiniTab (MiniTab18 General Linear Model).
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3.4 Results

3.4.1 Effect of adding (-)-epicatechin and quercetin (1:1) on baking performance
and bread features.

The weight, height, volume, color and sensory evaluation of BF and CN were performed
(Table 7). The addition of 0.05% of a mixture of (-)-epicatechin and quercetin in 1:1
proportion to whole wheat flour did not significantly affect baking properties. However,
there was a significant difference in color; the bread containing the mixture of flavonoids
(BF) had lower L* (luminosity), b* (yellowness) and a* (greenness) values (p<0.005)
(Table 7, Figure 6).

Table 7. Effect of the addition of {-)-epicatechin and guercetin on baking properties
and physical characteristics of the bread.

Bread with 0.05% mixture of (-)-

Attribute Control bread (CN) epicatechin and quercetin in 1:1
proportion.
Baking properties
Dough water absorption (%) 7012 £31 71.01+£35
Dough mixing time (min) 456+03 472104
Proof height (cm) 79+03 79104
Bread height (cm) 83+04 82103
Owven spring (cm)’ 04+01 03201
Bread weight (g) 1521109 1516+12
Bread volume (cm?) 6632+ 273 658 3+15.2
Apparently density (g/cm?) 022901 023001
Crumb color
a* 438 £0.42 3.14 £ 0.361
b* 2031+ 053 15.58 + 0.421
L* 67.21+21 55.01 + 2.001
Sensory Evaluation?
Color 3.21+£1.01 461 +£0.91
Texture 352112 32+1.01
Flavor 456 +1.31 438125
Odor 381+£115 3852107
Overall acceptability 432+1.01 456 +1.21

"0Oven spring = bread height — proof height, ZMeasured on the scale of 1 to 5, where 1 = dislike very
much and 5 = like very much. a*, 5* and L* are the components of color according to the CIE International
Commission on lllumination. T Parameters with statistical significance between CN and BF (p<0.005),
mean comparison was performed with Student's T-test.
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Figure 6. Appearance of (a) Control whole wheat bread (CN); (b) bread enriched with 0.05% of a mixture of (-)-
epicatechin and quercetin in a proportion of 1:1 (BF).

3.4.2 Flavonoid content and shelf life of breads.

Flavonoid content, RH and Aw were measured in both bread samples (CN and BF) during
15 days (Figure 6). RH and Aw had no statistical differences between CN and BF.
Nevertheless, flavonoid content was better retained (p<0.005) at lower temperatures. At
storage temperature of 40°C, flavonoid content started significantly decreasing at the
fourth day of storage, retaining 70% of total flavonoids approximately; and, on the seventh
day of storage, bread BF had lost 100% of the added flavonoids. At storage temperature
of 25°C, flavonoid content started significant declining at the eighth day (p<0.005), and
the totality of flavonoid content was lost approximately at the fifteenth day. Meanwhile, at
4°C of storage, flavonoid content started significant decreasing at the eleventh day
(p<0.005), and at the fifteenth day BF had retained approximately 36% of the initial

flavonoid content.
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Figure 7. Flavonoid content, relative humidity (RH) and water activity (Aw) were measured during
15 days of storage. (a) Parameters of bread samples stored at 40°C are presented in blue, (b)
those stored at 25°C are presented red and (c) at 4°C in green. Samples of control breads (CN)
are the figures only outlined in the corresponding color, while samples of enriched breads with
0.05% of a mixture of (-)-epicatechin and quercetin (1:1) (BF) are represented with colored
figures. *Time when flavonoid content started to decrease significantly (p<0.005).

3.4.3 Microbiological study.

Table 3 shows the results of the microbiological study in bread samples (CN and BF)
stored at 4°C, 25°C and 40°C. There were no significant differences between CN and BF
in the counted colony-forming unit (CFU) and number of fungi and yeast (N°HL).
However, there were significant differences due to storage temperature (4°C, 25°C and
40°C). Figure 7 shows representative images of samples that were evaluated for the

microbiological test at different temperatures.
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Table 8. Microbiological effect of storage temperature on bread samples.’

4°C
i DAY 1 DAY 6 DAY 12 DAY 15
Dilution
CFU  NHL CFU  HL  CFU  NHL CFU N°HL
110" ND  ND ND ND  15+3 55:10 416+3 61810
1x10° ND  ND ND ND 5+12 ND 58212 21321
1X10° ND  ND ND ND 2 ND 8731 ND
1x10° ND  ND ND ND ND ND 1£12 ND
25°C
Cation DAY 1 DAY 6 DAY 12 DAY 15
CFU NHL NHL NHL CFU  NHL CFU N°HL
\ 10+ 67+ 182+ 36+ 819 1276+
W ND g 10226 o 21.0 29 1 52 1 123.9
= iz 13+ 100 + 79+ 30 =
xi0* N 2F 3=021 B 00 e 0% 1732119
1%10° ND  ND ND 1[-.3; 24429 ﬁ-gi 685:43 2798+75
1x10° ND  ND ND ND 63409 13:00 245:37 12615
40°C
Dilution DAY 1 DAY 6 DAY 12 DAY 15
UFC NHL UFC NHL UFC  NHL  UFC NHIL
\ 100+ 562+ 781+ 4187+ 781+ 482190+
W ND  ND 5y 32 221 213 22 1 947
. 02+ 125:&¢ 1101+  125: 5125+
0" ND ND 41207 5 19.2 97 19.2 295
. 18+ 81+ 673+ 502+ 1238+
(ST Vo T s B A 3 02+ 673s65 1228
4 1+ 31+ 6.5+
10 ND ND 6487 JE 1! 382 314232 7981219

' There were no significant differences between bread enriched with a mixture of {-}-epicatechin
and quercetin {1:1) and the control bread {p=0.005), experiments were performed in triplicate
and it is showed the mean x std. ND= No detectable.
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Storage Day 1 Day 5 Day 10
Temperature

4°C

25°C

40°C

Figure 8. Effect of 3 storage temperatures (4°C, 25°C and 40°C) in breads enriched with
0.05% of a mixture of (-)-epicatechin and quercetin in 1:1 proportion. No differences in bread
appearance were found compared with control.

3.4.4 Changes in measured parameters in the participants who consumed the
enriched bread (BF).

Dietary, anthropometric and biochemical variables measured in the present studied are
reported in Table 9. Dietary and anthropometric variables did not significant change by
the consumption of BF in the participants. However, in several biochemical variables,
such as: total cholesterol, LDL-cholesterol, total triglycerides and fasting plasma glucose
(P<0.005), there was a significant improvement after 3 months of daily consumption of
the enriched bread (BF), observed by lower values in these biochemical parameters in

comparison with their values at the beginning of the study.
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Table 5. Distary, anthropometric and biochemicsl vanables before and after 3 months of
consumption of confrol bread or bresd enriched with (-1-epicatechin and quercetin

Variables Inferventioc  Baginning of the End of the Study
n group study Mean £ 50
Mean + 50
Age BF J52+34 356+ 31
CH 338135 41128
Participants BF e T8
CH [k 78
Dietary variables
Fruit and wegetable intaks BF 473811782 4782+ 1872
{g'd) CH 47582125 477241532
Total enengy intake (kl'd) BF 2210+ 3N 2230 £ 18
CH ZZ08 £ 351 2210 £ 321
Total carbohydrats (3:E) BF 438+72 478£80
CH 458+083 81142
Added sugar BF 83x32 T8+35
CH B2+41 B8+35
Total Fat (%:E) BF 323281 353287
CH J45+83 /2273
Saturated fat (:E) BF 13.8+£81 18850
CH 182+51 203£34
Unsaturated fat (GE) BF 176+58 2281586
M 18528 20.1£38
Anthropometfric variables
BMI (Kg'md) BF 2e+28 HN1e22
CH N4£32 N2x2hE
Waist Circumfzrence (cm) BF 101.7+35 99.4+32
CH 104.2 141 1028x31
Biochamical variables
Total Cholesterod {mgddl) BF 2233 +187 206 2 157
CH 2241+£19.3 2204 £154
LOL-Cholesterod (mgfdl) BF 14872+ 14 .4 12352211
CH 148,23 £ 181 1448 £23 4
HOL-Cholesterol (mgfdl) BF 435+128 452+380
CH 0.4 £ 1041 421+£10.2
Trighpzendes (mg'dl) BF 21834 £210 16473 £ 15,25
CH 2137+ 238 21481 £ 201
Fasting plasma glucoss BF 118.02 £ 12.71 10123 £ 1225
{mg/dl) CH 11831 £10.73 120,87 £10.8
HbA e {7%) BF 51+1.0 44111
CH 57 +1.0 E7 09
Systolic blood pressure BF 1382 +123 1278123
{mmiHg) CH 1383+ 215 13882171
Diastolic blood pressure BF v+ 128 84.31 £10.14
{mmiHg) CH Br13+£1013 28.02 £ 948

BF = bread ennched with 0.5% of & mixture af {-Fepicatechin and guercesn (1:1], CN = controd bread. P
walues for iesting the dfferences amang vamables aooss two groups (befare and afler distary
inlervEntion) by ws=ing 52 tast (P=0-05)



3.4.5 Frequency in nuclear abnormalities in buccal epithelial cells

Next, we evaluated if the consumption of the enriched bread (BF) diminish genotoxicity
in buccal epithelium cells. The abnormalities of the nuclei in the buccal epithelial cells at
the beginning of the study were 15.8 + 3.2 %, without statistical differences between
groups consuming BF (Figure 9a) or CN (Figure 9b). Participants showed abnormalities
of broken egg nucleus, micronucleus and binucleus (Figure 9c). After the dietary
intervention with BF, participants significant decreased abnormalities in buccal epithelial
cells (8.3 £ 1.0%, p<0.05). Interestingly, fasting plasma glucose (mg/dl) and LDL-
Cholesterol (mg/dl) showed significant correlation (p<0.0001) with nuclear abnormalities
in buccal epithelial cells (Figure 9d and 9f). In Figure 5, is showed the comparison of
biochemical parameters, waist circumference and nuclear abnormalities in buccal
epithelial cells of participants that consumed control bread and participants that
consumed bread enriched with 0.05% of a mixture of (-)-epicatechin and quercetin (1:1),
at the beginning of the study and at the end of the study.
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Figure 9. Frequency in nuclear abnormalities in buccal epithelial cells and its correlation with
biochemical parameters. (a) The frequency of nuclear abnormalities in participants consuming
bread enriched with 0.5% of (-)-epicatechin and quercetin (1:1). (b) The frequency of nuclear
abnormalities in participants consuming control bread. (c) The most observed abnormalities were
broken egg (be), micronucleus (mi) and binuclear cells (bi). (d) A component analysis was made
and the variable most correlated with nuclear abnormalities were (e) LDL-Cholesterol (LDL) and
(f) Fasting plasma glucose (GLU). * Significant decrease of abnormalities in buccal epithelial cells
of participants compared to the previous week (P<0.005).

a N. N.
abnormalities’ WC LDL Tc*  TG* GLU* C abnormalies WC LDL TC TG GLU

-4

2 T g

- 4 £ . 4 T

End76 € End76 ©

b End-73 < d " End-73 e
End-T0 o End70
End-67 N End67
End64 - Endéd
End-61 - End61
End-58 - End-S8
Ena35 - Endss
End52 - End52
End49 - End49
End46 - Endd6
- End43 o Enel42
" End-40 - End-40
- End-37 - End37
[ End34 - End4
- End-31 g End3t
" End22 - End-28
- End-25 R End3S
- End-22 - End-22
[ End19 - End19
[ E6 - End6
End13 - £nd13
End10 - End10

End7
- End4
- End-1

b End7
- End4
- End

Figure 10. Comparison of relevant variables and nuclear abnormalities of buccal epithelial cells. It is
Showed the parameters of the participants who consumed bread enriched with 0.5% of a mixture of -(-)

epicatechin and quercetin (1:1), (a) at the beginning of the study and (b) after 3 months of daily
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consumption. Also are presented (c) the initial and (d) final parameters of participants who consumed
control bread during 3 months. The more yellow colors represent higher values, while the bluer colors

represent smaller values

3.4.6 Protective effect of (-)-epicatechin and quercetin in Caco-2 cells.

Finally, to determine a possible cause of the decreased genotoxicity, we investigated their
protective effect by monitoring [Ca2+]i in Caco-2 cells after a stimulus with quercetin
(Que), (-)-epicatechin (Epi) or the mixture of both flavonoids in 1:1 proportion (Epi + Que);
cells were then stimulated with two concentrations of H202 (50 and 500 uM) (Figure 6).
The minimum concentration at which a protective effect was observed was 10uM, which
represents 1/3 of the concentration of flavonoids in enriched bread (BF) (Figure 6).
Addition of quercetin, (-)-epicatechin or the mixture of both flavonoids (Epi + Que) reduces
significantly [Ca2+] i (Figure 11a). A subsequent stimulus with 500 uM of H202 generates
[Ca2+] i overload, even in cells treated only with quercetin or (-)-epicatechin. However,
cells pretreated with a combination of quercetin and (-)-epicatechin there was no
significant [Ca2+] i overload compared to calcium baseline. Examples of the different

treatments are represented in Figures 11b, 11c and 11e.
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Figure 11. Intracellular calcium (Ca+2) behavior in Caco-2 cells after stimulus with 10 uM of quercetin

(Que), (-)-epicatechin (Epi) or the mixture of both flavonoids in 1:1 proportion (Epi + Que), then stimulated
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with H202 (50 and 500 puM). (a) Intracellular calcium determined by Fura-2 in Caco-2 cells without treatment
(base line), after flavonoid stimuli (Que, Epi or Que + Epi), and stimulated with H202 (50 pM) and H202
(500 uM). (b) Representative graph of Ca2+ fluxes stimulated with Que (10 uM) followed by a stimulus of
H202 (50 and 500 uM). (c) Representative graph of Ca2+ fluxes stimulated with Epi (10 uM) followed by a
stimulus of H202 (50 and 500 pM). (e) Representative graph of Ca2+ fluxes stimulated with a mixture of
Que + Epi (10 uM) followed by a stimulus of H202 (50 uM and 500 pM). *Significant differences p<0.005.

3.5 Discussion
3.5.1 Effect of added flavonoids on baking performance and bread features.

Cereal-based products are consumed as an important part of daily diet worldwide. Thus,
is an important product of interest to be successfully used as a vehicle for the delivery of
bioactive compounds that helps in the prevention of chronic diseases [101].

In the present work we made a whole wheat bread enriched with 0.05% of (-)-epicatechin
and quercetin (1:1), and we evaluated bread features and bioactivity. Baking properties
did not show significant differences between control bread (CN) and enriched bread (BF).
However, as expected, sensory evaluation and color test showed that color significantly
changed due to the addition of flavonoids (p<0.005). Bread containing flavonoids had
lower L* (luminosity), b* (yellowness) and a* (greenness) values. It has been previously
reported that the addition of polyphenols and flavonoids in bread significant decreases
this values producing darker crumbs [102]. Participants that performed the sensory
analysis did not notice significant differences between control bread and enriched bread
in texture, flavor and odor. Thus, the overall acceptability of both breads (CN and BF) was

similar.

The shelf-life of bread is limited by bread texture and microbial growth. Relative humidity
(RH) and water activity (Aw) behavior were similar in both breads (CN and BF) during
storage at different temperatures (40°C, 25°C and 4°C). Nevertheless, as shown in Figure
6, flavonoid content significantly decreased during storage, and the higher the storage
temperature the greater the loss of flavonoid content over time (p<0.005). Similarly, it has
been reported that the content of tocopherols and the antioxidant capacity during storage

decreases in cereal grains, and that it could be an indicator of changes induced by
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oxidation [102]. However, information on the stability of phytochemicals during storage in
processed cereal-based food is limited. In fresh foods, the content of these compounds
varies by the still active metabolism of the food, and these flavonoids are usually linked
to the matrix of fresh food [103]. The decreasing concentration of flavonoid content
observed in the present work could be related to oxidation of food products and/or
microbial metabolism. Bacteria (CFU), fungi and yeast (N°HL) were observed after 9 days
of storage at 4°C, 6 days at 25°C and 3 days at 40°C, also it was similar in both bread
samples (CN and BF). The load of microorganism in breads (CN and BF) during the
storage time could have been influenced by the lack of conservatives in formulation.
Microbiological test was able to detect bacteria, fungi and yeast before being appreciated
macroscopically in bread samples (Figure 7). Also, microbiological test did not showed
differences in the load of microorganisms during storage between BF and CN. After these
results we determined that the participants had to store the bread at 4°C for a time not
greater than 7 days.

3.5.2 Effect of flavonoids in its consumption in enriched bread and on in-vitro

bioactivity.

Participants who consumed enriched bread (BF) for 3 months, significantly decreased the
biochemical parameters of total cholesterol, LDL-Cholesterol, triglycerides and fasting
plasma glucose (p<0.005), compared with participants that consumed control bread (CN).
It has been reported that flavonoids could modulate lipid homeostasis through the
regulation of LXR via AMPK phosphorylation [104]. Furthermore, data in the present work
suggested that the improvement in biochemical parameters could also be related to
genoprotective effect of flavonoids, since we found that in the group that consumed the
enriched bread, the frequency of nuclear abnormalities in buccal epithelial cells (Figure
9) decreased significantly, from 15.8 + 3.2 % to 8.3 + 1.0% (p<0.005). The decreasing
frequency of nuclear abnormalities was significant correlated to LDL-Cholesterol levels
(r=0.761, p<0.0001) and fasting plasma glucose levels (r=0.713, p<0.0001). Previous
studies have also showed the correlation between frequency of nuclear abnormalities and

levels of LDL-Cholesterol and fasting plasma glucose [105]. This might be the result of
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flavonoids increasing the antioxidant activity in the cells of the participants or regulating
other important cellular process, like [Ca2+] i dyshomeostasis [106,112].

Data in the present study indicated that (-)-epicatechin, quercetin and the combination of
both, were able to minimize the toxic effect induced by H202 at a concentration of 50uM,
since there was no significant difference between [Ca2+] i at base line compared with the
[Ca2+] i after stimulus with 50uM of H202. Interestingly, both flavonoids together (1:1
proportion) could modulate the stimulus caused by 500uM of H202, preventing [Ca2+] i
increase; whereas each flavonoid alone, in the same concentration, could not modulate
these effect (p<0.005). This suggests that it could be a synergistic effect of both flavonoids
in grater challenges, which could not be modulated by each flavonoid by itself. Similarly,
it has been previously reported the protective effect from non-physiological [Ca2+]
increase due to natural products of olive pomace [106-108]. The increase of the
intracellular calcium signal is closely linked with ROS production [108]. Authors suggested
that calcium ions could accumulate in the nuclei of cells, leading to the formation of
micronuclei and other damages in the DNA [109]. Also, increased levels of calcium in the
nucleus could cause inhibition of the DNA repair function, which is also related with the
formation of micronuclei, as well as the induction of mitotic alterations [109,110]. Thus,
the consumption of the enriched bread (BF) could significantly modulate [Ca2+] i
dyshomeostasis caused by chronic inflammation that characterizes participants with risk
factors of metabolic syndrome increasing DNA damage, and therefore their nuclear
abnormalities that we observed in buccal epithelial cells. Finally, 3 months were enough
to see a significant effect on biochemical parameters; it was half the time that took to see

a similar effect due to (-)-epicatechin alone in dark chocolate [91,111].

3.6 Conclusions

We evaluate the effect of adding (-)-epicatechin and quercetin (1:1) in bread at 0.05%.
Baking performance and bread features were evaluated, including sensory analysis. Only
crumb color parameters (L*, b* and a*) were significant decreased (p<0.005) by
flavonoids addition. Moreover, a study of changes in bread was made in 3 storage

temperatures (4°C, 25°C and 40°C). There were no significant differences in control bread
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and bread enriched with 0.05% with flavonoids. However, the concentration of flavonoids
significantly started to decrease early during storage with a higher storage temperature.
The decreasing concentration of flavonoid content observed could be related with

oxidation of food products and/or microbial metabolism.

Regarding to the designed pilot trial, participants that consumed bread enriched with
flavonoids (0.05%) significant decreased several biochemical parameters (total
cholesterol, LDL-Cholesterol, triglycerides and fasting plasma glucose) related with
metabolic syndrome, compared with participants that consumed control bread. In
addition, there was a significant decrease (p<0.05) on the frequency of nuclear
abnormalities of buccal epithelial cells of participant that consumed enriched bread
compared with those who consumed control bread. Furthermore, only 3 months of daily
consumption of BF were need to observed significant changes in biochemical
parameters. Data in the present work suggest that beneficial effects of flavonoids could
also be related to genoprotective effect of flavonoids due to regulation of non-
physiological [Ca2+]i increase, and that (-)-epicatechin and quercetin could be performing

the effect synergistically.
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Flavonoids have been related to important health benefits and have also been shown
to act through different mechanisms of action to improve the body's homeostasis.
Among the main effects are those attributed to the prevention and treatment of chronic
diseases. In cardiac diseases, there are flavonoids such as quercetin, epicatechin,
rutin, and luteolin, which increase the production of new mitochondria in the heart.
Also, they have antiatherosclerotic effects and platelet function. In diabetes, luteolin,
kaempferol, chrysin, and galangin, have direct action in the synthesis and release of
insulin and have a role at the level of glucose transporters, decreasing their
concentration.

Flavonoids also have antioxidant effects such as free radical scavenging and
neutralization of some reactive oxygen and nitrogen species. In the case of cancer
and inflammation-related diseases, these compounds exert anti-inflammatory activity
by inhibiting pro-inflammatory enzymes, such as cyclooxygenase-2, lipoxygenase,
and NO synthase, also some flavonoids such as apigenin are involved in regulation
of genes that have to do with apoptosis.

The use of flavonoids in the design of nutraceuticals and functional foods has been
growing in recent years. Day after day more properties are attributed to the flavonoids.
Flavonoids of cocoa had protective effects against DNA damage. This suggested that
the reduction in genotoxic stress effect was related with the antioxidant activity of
flavonoids and the modulation of CYP450. The modulation of CYP450 and the
reduction in the expression of some interleukins have been related with the anti-
inflammatory effect of flavonoids.

The antioxidant capacity of flavonoids contained in dark chocolate could be related to
the decrease of cellular stress, and hence, to the DNA protection in the nucleus of
cell. However, further in vivo studies are still needed to determine their mechanism of
action of antigenotoxic effect. Biochemical parameters (total cholesterol, triglycerides,
and LDL-cholesterol level in blood) and anthropometrical parameters (waist
circumference) were also improved after six months of dark chocolate with a 70% of
cocoa intake. Interestingly daily flavonoid-rich chocolate intake also improves fasting

plasma glucose levels and insulin resistance parameter (HOMA-IR). These effects
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were attributed to the proportion of flavonoids in the chocolate which was 3-fold
greater than in the milk chocolate. Together, these results suggested a potential
beneficial effect as a consequence of the daily dark chocolate consumption in the lipid
and glucose metabolism.

We evaluate the effect of adding (-)-epicatechin and quercetin (1:1) in bread at 0.05%.
Baking performance and bread features were evaluated, including sensory analysis.
Only crumb color parameters (L*, b*, and a*) were significant decreased (p<0.005) by
flavonoids addition. Moreover, a study of changes in bread was made in 3 storage
temperatures (4°C, 25°C and 40°C). There were no significant differences in control
bread and bread enriched with 0.05% with flavonoids.

The concentration of flavonoids significantly started to decrease early during storage
with a higher storage temperature. The decreasing concentration of flavonoid content
observed could be related with oxidation of food products and/or microbial
metabolism.

Regarding to the designed pilot trial, participants that consumed bread enriched with
flavonoids (0.05%) significant decreased several biochemical parameters (total
cholesterol, LDL-Cholesterol, triglycerides and fasting plasma glucose) related with
metabolic syndrome, compared with participants that consumed control bread. In
addition, there was a significant decrease (p<0.05) on the frequency of nuclear
abnormalities of buccal epithelial cells of participant that consumed enriched bread
compared with those who consumed control bread.

Only 3 months of daily consumption of BF were need to observed significant changes
in biochemical parameters. Data in the present work suggest that beneficial effects of
flavonoids could also be related to genoprotective effect of flavonoids due to regulation
of non-physiological [Ca2+] i increase, and that (-)-epicatechin and quercetin could be

performing the effect synergistically.
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We intend to continue working on the improvement of functional foods and also in
the search for new properties of flavonoids.

A good start would be to evaluate the effect of ingredients or functional foods in
the microbiota.

Also, try other models of mammalian cells and a model of complete organism like
Drosophila melanogaster, for example.

We also intend to be able to evaluate how our functional ingredients behave,
specifically the flavonoids, when loaded in different pharmaceutical forms, such as

microparticles or nanoparticles.
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