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Environmental factors such as diet may modify cancer risk and tumor behavior since 

they could be involved in gene expression changes. One of the worldwide consumed products 

is Coca-Cola. Originally developed as medical supplements, Cola-based drinks and several 

beverages such as beer and wine were proposed as medicinal substances. However, a 

relationship between the consumption of these beverages and an increase in the prevalence of 

several diseases such as child obesity, diabetes, hypertension and dental diseases was also 

demonstrated. In spite of the worldwide importance and spread of cola beverages, scientific 

studies assessing their effects on health and wellbeing, are quite scarce and controversial. 

Therefore, assays are needed to research about their food safety and nutraceutic potential. 

Genotoxicological screening tests have been extensively used over time for assessing 

the health properties of compounds prior to being considered as safe substances. Nowadays, 

the list of foods with documented health-benefit activities is endless, and scientific evidence 

supporting the concept of health-promoting food ingredients is steadily growing.  

The aim of this work was to assess the biological and food safety of different cola-

based beverages and theirs distinctive constituents, adding to science, a new data corpus by 

providing more information about the promising properties that cola beverages could provide. 

In order to analyse the safety and protective effects against an oxidative toxin in the in vivo 

Drosophila model organism, toxicity, antitoxicity, genotoxicity, antigenotoxicity and lifespan 

assays were carried out. In addition, the chemopreventive potential and the induction of DNA 

damage ability in the in vitro tumour cells (human leukaemia HL-60) were conducted using 

cytotoxicity, internucleosomal DNA fragmentation, single cell gel electrophoresis and 

methylation status assays. All these studies consist of a set of biological screening assays 

where several points related to degenerative processes can be checked. 

Neither toxic nor genotoxic activity was found according to the results obtained. 

Classic Coca-Cola, Caffeine-Free Coca-Cola, Zero Coca-Cola, energy drinks, Glucose, Phosphoric 

acid and Citric acid behaved as antioxidant against hydrogen peroxide. In addition, all tested 

substances and the constituents, except for Zero Coca-Cola and Fructose showed to be 

antigenotoxic exerting a protective ability against hydrogen peroxide in the genome of 

Drosophila melanogaster. However, promising results were not found in the lifespan assay on 

D. melanogaster. Only 2 out of 8 lyophilised beverages (Classic Coca-Cola and Diet Coca-Cola) 

resulted in increasing the life expectancy of this fly. Caffeine-Free Coca-Cola, Zero Coca-Cola, 

Pepsi-Cola and RedBull Sugar Free (4 out of 8 complex mixtures) significantly decreased the 

lifespan at some tested concentration at least, being Pepsi-Cola and RedBull Sugar Free the 

worst ones. According to the constituents, Caffeine, Fructose, Aspartame and Citric Acid 

increased the life expectancy in some extent and only Phosphoric acid decreased it. All 
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lyophilised beverages and constituents were cytotoxic in HL-60 cell line, except Caffeine, 

Cyclamate and Taurine. Classic Coca-Cola, Fructose and Classic RedBull induced DNA 

fragmentation in HL-60 cell line when treated with the second-highest tested concentrations. 

However, despite all the tested compounds and beverages, except Citric acid, Caramel colour 

IV, Pepsi-Cola, and RedBull Sugar Free, induced DNA damage when single cell level is analysed 

using SCGE test, none of the tested compounds produced significant apoptotic TM values. 

Therefore, the cell death showed by most of the lyophilised beverages and biological 

compounds is not produced by apoptotic way but, according to SCGE, it is due to necrotic 

activity. Considering hypermethylation status as genomic stability marker in the HL-60 cancer 

line, Diet Coca-Cola, Zero Coca-Cola and Caffeine-Free Diet Coca-Cola produced an increased 

level of methylation at each tested concentration. At least, one concentration of Classic Coca-

Cola, Caffeine-Free Coca-Cola, Pepsi-Cola and RedBull Sugar Free hypermethylated 

transposable element on HL-60 cell line. Acesulphame-K and Phosphoric acid increased the 

level of methylation at each concentration. The methylation status of HL-60 cell line decreased 

when they are treated with Cyclamate, Citric acid, Caramel colour IV and Classic RedBull in one 

tested concentration at least and none of the tested concentrations hypermethylated them. 

As for the quantitative approach results, ACK and CAR could be the responsible 

compounds for the low scores obtained in PEP and diet beverages, especially in DCFCC. The 

mark obtained in CRB, SFRB and TAU was the same hence TAU may possess an influence on 

CRB and SFRB and the other compounds could be disguised one another in a synergic effect. 

In summary, lyophilised cola beverages and energy drinks showed to be safe to D. 

melanogaster. Further studies are needed to elucidate the biological activities and nutraceutic 

potential of cola beverages to solve the controversial information found in scientific databases 

due to the promising results obtained in flies and HL-60 cell line in some extent. For instance, 

non-tumoural cell must be used to be compared with our in vitro studies. When appropriate, 

clinic assays should also be performed. 
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 Existen factores medioambientales, tales como la dieta, que pueden modificar el 

riesgo de padecer cáncer y el comportamiento tumoral cambiando la regulación de la 

expresión génica. Una de las bebidas más consumidas en nuestra dieta a lo largo del mundo es 

la Coca-Cola y se desarrolló originalmente como un fármaco al igual que la cerveza o el vino y 

otras bebidas. Sin embargo, también se demostró una relación entre el consumo de estas 

bebidas y un aumento en la prevalencia de varias enfermedades como la obesidad infantil, 

diabetes, hipertensión y enfermedades dentales. A pesar de la importancia mundial y la 

propagación de las bebidas de cola, los estudios científicos que evalúan sus efectos en la salud 

y el bienestar son bastante escasos y controvertidos. Por lo tanto, se necesitan ensayos para 

investigar sobre su inocuidad alimentaria y potencial nutracéutico. 

 Las pruebas de detección genotoxicológica se han utilizado ampliamente a lo largo del 

tiempo para evaluar las propiedades saludables de los compuestos antes de ser considerados 

como sustancias seguras. Hoy en día, la lista de alimentos con propiedades beneficiosas para la 

salud es interminable, y la evidencia científica que respalda el concepto de ingredientes 

alimentarios que promueven la salud está en constante crecimiento. 

 El objetivo de este trabajo fue evaluar la seguridad biológica y alimentaria de 

diferentes bebidas a base de cola y sus constituyentes distintivos, agregando a la ciencia, un 

nuevo cuerpo de datos al aportar más información sobre las propiedades prometedoras de las 

bebidas de cola. Con el fin de analizar los efectos de seguridad y protección contra una toxina 

oxidativa en el organismo in vivo Drosophila, se llevaron a cabo ensayos de toxicidad, 

antitoxicidad, genotoxicidad, antigenotoxicidad y ensayos de longevidad. Además, el potencial 

quimiopreventivo y la capacidad de inducir daño en el ADN en las células tumorales (leucemia 

humana HL-60) se evalúo mediante ensayos in vitro de citotoxicidad, fragmentación del ADN 

internucleosómica, ensayo del cometa y ensayos de estado de metilación. Todos estos 

estudios consisten en un conjunto de ensayos de detección biológica donde se pueden 

verificar varios puntos relacionados con los procesos degenerativos. 

 Los resultados obtenidos mostraron que no se encontraron compuestos tóxicos ni 

genotóxicos para ninguna sustancia probada. La Coca-Cola Clásica, Coca-Cola Sin Cafeína, 

Coca-Cola Zero, bebidas energéticas, glucosa, ácido fosfórico y ácido cítrico se comportaron 

como antioxidantes contra el peróxido de hidrógeno. Además, todas las sustancias analizadas y 

los constituyentes, excepto Coca-Cola Zero y fructosa, mostraron ser antigenotóxicos y ejercen 

una capacidad protectora contra el peróxido de hidrógeno en el genoma de Drosophila 

melanogaster. Sin embargo, no se encontraron resultados prometedores en el ensayo 

longevidad de D. melanogaster. Solo 2 de 8 bebidas liofilizadas (Coca-Cola Clásica y Coca-Cola 

Light) aumentaron la esperanza de vida de esta mosca. La Coca-Cola Sin Cafeína, Coca-Cola 



12 
 

Zero, Pepsi-Cola y RedBull Sin Azúcar (4 de 8 mezclas complejas) redujeron significativamente 

la longevidad en algunas concentraciones probadas, siendo la Pepsi-Cola y el RedBull Sin 

Azúcar las peores. En cuanto a los constituyentes, la cafeína, la fructosa, el aspartamo y el 

ácido cítrico aumentaron la esperanza de vida en cierta medida y solo el ácido fosfórico la 

disminuyó. Todas las bebidas liofilizadas y los compuestos simples fueron citotóxicos en la 

línea celular HL-60, excepto la cafeína, el ciclamato y la taurina. La segunda concentración más 

alta ensayada de Coca-Cola Clásica, fructosa y RedBull Clásico indujo la fragmentación del ADN 

en la línea celular HL-60. Sin embargo, a pesar de que todos los compuestos y bebidas 

ensayadas indujeron daño en el ADN a nivel celular (excepto el ácido cítrico, el caramelo tipo 

IV, la Pepsi-Cola y el RedBull Sin Azúcar) ninguno de ellos produjo valores de TM apoptóticos 

llevando a cabo el ensayo del cometa.  Por lo tanto, la muerte celular mostrada por la mayoría 

de las bebidas liofilizadas y los compuestos biológicos no se produce por vía apoptótica, sino 

que se debe a la actividad necrótica según el ensayo del cometa. Teniendo en cuenta el estado 

de hipermetilación como marcador de estabilidad genómica en la línea de cáncer HL-60, la 

Coca-Cola Light, Coca-Cola Zero y Coca-Cola Light Sin Cafeína produjo un aumento en el nivel 

de metilación en cada concentración probada. Al menos, una concentración de Coca-Cola 

Clásica, Coca-Cola Sin Cafeína, Pepsi-Cola y RedBull Sin Azúcar hipermetiló los transposones 

ensayados en la línea celular HL-60. El acesulfamo potásico y el ácido fosfórico aumentaron el 

nivel de metilación en cada concentración. El estado de metilación de la línea celular HL-60 

disminuyó cuando se trataron con ciclamato, ácido cítrico, color caramelo IV y RedBull Clásico 

en al menos una concentración probada y ninguna de las concentraciones probadas las 

hipermetiló. 

 En cuanto a los resultados del enfoque cuantitativo, el acesulfamo y el color caramelo 

IV podrían ser los compuestos responsables de los bajos puntajes obtenidos en Pepsi-Cola y 

bebidas dietéticas, especialmente en Coca-Cola Light Sin Cafeína. La puntación obtenida en 

RedBull Clásica, RedBull Sin Azúcar y la taurina fue la misma, por lo que la taurina puede tener 

una influencia en RedBull Clásico y RedBull Sin Azúcar y los otros compuestos podrían 

camuflarse entre sí con un efecto sinérgico. 

 En resumen, las bebidas de cola liofilizadas y las bebidas energéticas demostraron ser 

seguras para D. melanogaster. Se necesitan más estudios para dilucidar las actividades 

biológicas y el potencial nutracéutico de las bebidas de cola para resolver la información 

controvertida que se encuentra en las bases de datos científicas debido a los resultados 

prometedores obtenidos en moscas y en la línea celular HL-60. Por ejemplo, se deben usar 

células no tumorales para compararlas con nuestros estudios in vitro. Ensayos clínicos en 

humanos también se podrían realizar usando los compuestos apropiados. 
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Diet may modify cancer risk and tumor behavior since genotoxicological and non-

genotoxicological modulation such as epigenetic regulatory processes may be susceptible to 

changes caused by environmental factors. Therefore, constituents in food and dietary 

supplements could be involved in changes in the gene expression, increasing the risk of 

developing some type of cancers all over the life inducing genetic and epigenetic changes (ROSS 

et al. 2008; MCKAY AND MATHERS 2011). Genotoxicological screening tests have been extensively 

used over time for assessing the health properties of compounds prior to being considered as 

safe substances. Nowadays, the list of foods with documented health-benefit activities is 

endless, and scientific evidence supporting the concept of health-promoting food ingredients 

is steadily growing (WILDMAN 2001).  

Originally developed as medical supplements, Cola-based drinks and several beverages 

such as beer and wine were proposed as medicinal substances (TAHMASSEBI et al. 2006; 

MERINAS-AMO et al. 2013b). However, a relationship between the consumption of these 

beverages and an increase in the prevalence of several diseases such as child obesity, diabetes, 

hypertension and dental diseases was also demonstrated (LUDWIG et al. 2001; DEVLIN et al. 

2006; VARTANIAN et al. 2007). In spite of the worldwide importance and spread of cola 

beverages, studies assessing their effects on health and wellbeing, are quite scarce (LADAS et al. 

2013).  

 

COLA BEVERAGES 

Soft drinks are usually sweetened cold drinks, free alcohol component, so they are 

called soft drinks. Colas, carbonated drinks and water fall into this group. 

In the second half of the nineteenth century entrepreneurs developed alternative 

drinks to beer and cider based on cola and extracts of sarsaparilla. The first is thought that was 

an extract of cola, sarsaparilla and carbonated water with medicinal properties. It happened in 

1884 in a pharmacy of Maine (USA) and was prepared by his owner named Moxie. Shortly 

after similar drinks to Coca-Cola and Pepsi-Cola were developed (TAHMASSEBI et al. 2006). 

Globally, carbonated soft drinks occupy the fourth place among the most consumed 

liquid products, being the order: tea (20.9%), bottled water (15.3%), milk (12.8%), carbonated 

soft drinks (12.5%), beer (11.2%), coffee (8.2%), fruit drinks (2.7%) and juices (2.6%) in the total 

of 231 liters per person and year in 2009 (NEVES et al. 2012). 

The consumption of refreshing drinks in Spain in 2017 is depicted in figure A1.  The 

proportion of volume of cold beverages consumed outside the home during the year 2017 was 

distributed as follows: with 37% the beer, 33.7% corresponds to water, soft drinks account for 

17.9% of the total volume, the spirits have a participation in volume over the category of 2.2%, 
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the wines (red, white and rosé), sparkling wines (including cava), summer red wine and cider 

have a share in volume of 7.1%.  

 

 

Figure A1. Percentage of liters consumed outside home by Spanish people in 2017 according to Ministry of 
Agriculture, Food and Environment (www.mapama.gob.es). 

 

The category of refreshing drinks includes the following types: cola, fruit with gas, fruit 

without gas, mixers (tonic, bitter, ginger ale), isotonic, energy, soda, rest (cold coffee, cold tea, 

etc.). Does not include drinks based on juice and milk. This category represents 17.9% of the 

total volume of cold drinks. The taste of cola is the one that concentrates the highest volume of 

consumption, with 55.7% of the liters of soft drinks; second, fruits with gas represent 14.2% of 

the consumption made. On the other hand, isotonic drinks reached a total participation of 

11.7%. 

On May 8th, 1886, Dr. Pemberton was looking for a syrup formula that might 

remedy digestion problems and at the same time add energy. Then, he created what 

would be the best –saved formula all over the world. He barely sold 9 bottles per day. Over 

the years, Coca-Cola was taken by the entrepreneurs. The first exports were emerged and a 

model of relationship with bottlers too: Coca-Cola supplies the concentrated and bottlers 

make their own drink with different kinds of bottles; hence often confusion appeared 

among customers. To date, about 1,600 million The Coca-Cola Company products are 

consumed all over the world (http://conoce.cocacola.es/conocenos/enelmundo). 

2% 

37% 

7% 18% 

34% 

2% 

Outside consumption  
beverages (% volume) 

spirits beer wine refreshing water others 
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Spain was the first European country to arrive (Catalonia and the Canary Islands) 

in 1926, being Cobega the first Spanish bottler of Coca-Cola (1951). The first bottle of 

Coca-Cola produced in Spain came out in 1953. Currently there are 8 bottlers in our 

country (http://conoce.cocacola.es/conocenos/enespana/historia#historia_espana-1). 

Our research will focus on the biological activities of cola drinks from the Coca-

Cola Company brand due to the economic importance of its global consumption, as it is 

drown from the information provided above. Pepsi Cola and RedBull are also tested.  

Independent bibliographic information referred to different effects on health of Coca-

Cola is very limited and mostly it is reduced to the influence on the digestive tract (LADAS et al. 

2013) and on dental health ( D E V L I N  e t  a l .  2 0 0 6 ) . In contrast, there are different 

websites that also deal with this section, justifying it with names of doctors or graduates, or 

studies commissioned by involved private companies. Hence, we will only expose 

independent references from scientific databases. Websites will only be referred in cases 

where there is no other available source. 

 

Effects on health of soft drinks 

Child obesity is one effect of the consumption of sweetened refreshing drinks such as 

cola, when assessing the body mass index (LUDWIG et al. 2001). This effect is very important in 

today's society; hence there are different scientific and sociological studies about this topic. A 

direct relationship between the time that an 11 to 13 years old child spends watching 

television and the refreshing soft drink consumption has been found (GIAMMATTEI et al. 2003). 

In the U.S., consumers of these drinks pay extra fees to try to reduce obesity and the method 

has been evaluated, with slight improvements in body mass index (FLETCHER et al. 2008). 

Other studies suggest that refreshing drinks cause diabetes and hypertension. 

Sweetened beverages intake is positively related with unhealthy food intake like pizza and 

hamburger. In addition, it has been shown that drinking sugary sodas does not satisfy but 

increase appetite (VARTANIAN et al. 2007).  

Soft drinks, except water and milk, have been proposed to cause dental diseases such 

as tooth decay and erosion (DEVLIN et al. 2006). The low pH (erosion) and high sugar content 

(caries) modify the physiological processes of microorganisms which are on the teeth 

(TAHMASSEBI et al. 2006). 

Refreshing soft drinks consumption do not increase the risk of oesophageal cancer 

(IBIEBELE et al. 2008) nor have impact on reflux problems in the digestive tract, at quantities 
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lower than 300 ml per day. At higher amounts it may result in satiety by the provision of gas in 

the stomach (CUOMO et al. 2009). KAPICIOGLU et al. (1998) founded that CCC inhibits cell 

proliferation of human gastric mucosa in a crucial phase of the cell cycle (G1 / S). 

The health effects of artificially sweetened cola drinks have gained great interest in the 

scientific community. The drinks that do not contain sugar do not significantly increase the 

chances of heart attack (DE KONING et al. 2012). Authors relate the consumption of sugar-free 

drinks with weight loss, by reducing calorie intake. Others argue that these drinks cause weight 

gain due to the lipogenic effect that present some artificial non-caloric sweeteners (BELLISLE 

AND DREWNOWSKI 2007). Therefore, more studies are needed due to the controversial results 

reported in scientific data base according to these kinds of beverages.  

Being cola beverages made up an artificial mixture of substances, an individual study of 

their components is necessary. The different simple compounds tested in this study are shown 

in table A1 which are declared by Coca-Cola Company. Soft drinks consist of sugar and 

different kinds of additives.  

 

Table A1. Composition of Coca-Cola beverages declared by the company. 

 CCC CFCC DCC ZCC CFDCC 

Caffeine *  * *  

Fructose * *    

Glucose * *    

Acesulfame K (E950)   * * * 

Aspartame (E951)   * * * 

Cyclamate (E952)   * * * 

Caramel Colour IV (E150d) * * * * * 

Citric acid (E330)   * * * 

Phosphoric acid (E338) * * * * * 

Asterisk marker (*) means that the compound described on left side is included in the beverages 
introduced above the table. Classic Coca-Cola (CCC), Caffeine-Free Coca-Cola (CFCC), Diet Coca-Cola (DCC), 
Zero Coca-Cola (ZCC) and Caffeine-Free Diet Coca-Cola (CFDCC) are included in the table. 
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 ADDITIVES 

From the beginnings, humanity has been searching different methods in order to 

improve our feeding. Adding molecules to increase the flavour or to get a better preservation 

of food is one of these methods. Its consequence is the appearance of a problem: the quality 

of food which has been altered with additives. In order to solve this problem, assays are 

needed to research about the toxicity, life expectancy and nutraceutic potential of all these 

processed food and additives. Despite the fact that controversial results were found, these 

assays would be used by the Government to make rules to determine the legal additives.  

Nowadays, more than 2500 additives are intentionally added to food in order to keep 

certain properties or to extend shelf life, while many others were banned throughout the 

years, some of them at a global level and others only in specific countries (BRANEN et al. 2001). 

The definition of food additive has changed across the time. According to the Food 

Protection Committee of the Food and Nutrition Board, food additives may be defined as 

follows: “a substance or mixture of substances, other than a basic foodstuff, which is present 

in a food as a result of any aspect of production, processing, storage, or packaging. The term 

does not include chance contaminants”. Today is defined by Codex Alimentarius as “any 

substance not normally consumed as a food by itself and not normally used as a typical 

ingredient of the food, whether or not it has nutritive value, the intentional addition of which 

to food for a technological (including organoleptic) purpose in the manufacture, processing, 

preparation, treatment, packing, transport or holding of such food results, or may be 

reasonably expected to result (directly or indirectly), in it or its by-products becoming a 

component of or otherwise affecting the characteristics of such foods. The term does not 

include contaminants or substances added to food for maintaining or improving nutritional 

qualities”. This definition was proposed in 1995 by the joint panel, comprised by the Food and 

Agriculture Organization (FAO) of the United Nations and by the World Health Organization 

(WHO) and being revised during all the subsequent years.  

All over the world, the two major regulators of food additives are the European Food 

Safety Authority (EFSA) and the Food and Drug Administration (FDA) of the United States. They 

check the acceptable daily intake (ADI) of each additive. The ADI establishes the maximum 

amount of a certain additive to be included in our feeding. The expression “quantum satis” is 

used when there is no maximum numerical level specified. 

Some procedures have to be performed in order to approve new additives or extend 

the usage of an approved one within the UE. One of these procedures consists of toxicological 

studies which encompass in vitro and in vivo assays. The latter includes 

metabolism/toxicokinetics, acute subchronic and chronic toxicity, as well as genotoxicity, 
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carcinogenicity, reproduction, absorption, developmental toxicity, immunotoxicity, and 

hypersensitivity/allergy in various model organisms (CAROCHO et al. 2014). Human trials are 

only allowed after reported data from animal and other related studies are considered such as 

safe. Updated assays related to genotoxicology, toxicology and nutraceutical potential in broad 

sense has been demonstrated to be necessary in order to report new corpus data to elucidate 

the additives safety. The results obtained all over the world will allow the major regulators of 

food additives to establish new rules associated with them.  

 

 
 
Figure A2. Main groups and subgroups of food additives. Adapted from BRANEN et al. (2001), WATSON (2002) and 
SARIKAYA et al. (2012). 

 

According to EU, food additives are divided into 26 classes depending on their function 

in food: sweeteners, colorants, preservatives, antioxidants, carriers, acids, acidity regulators, 

anticaking agents, antifoaming agents, bulking agents, emulsifiers, emulsifying salts, firming 

agents, flavour enhancers, foaming agents, gelling agents, glazing agents, humectants, 

modified starches, packaging gases, propellants, raising agents, sequestrants, stabilizers, 

thickeners, and flour treatment agents. Nevertheless, the FDA distributed the food additives 

into 6 main classes: preservatives, nutritional additives, colouring agents, flavouring agents, 

texturizing agents and miscellaneous agents (Figure A2). Despite the different both 

classifications and kinds of additives (more than 3000), they can be divided in four main groups 

taking into account their origin and manufacture: natural additives which are obtained directly 
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from animal or plants; similar to natural additives, produced synthetically imitating natural 

ones; modified from natural which are additives obtained naturally and then modified 

chemically; and artificial additives which are synthetic compounds. 

 

Preservatives 
A preservative is a chemical or substance which is added to different products such as 

food or beverages in order to prevent the growth of microbial or harmful chemical changes. It 

can be reached using chemical or physical procedures. The chemical one is the most 

interesting in this study since it is based on adding chemical into food. This group is composed 

of antimicrobials, antioxidant and antibrowning agents. Despite citric acid (E330) is considered 

as antioxidant compounds by Carocho et al., 2014, most authors considered this additive such 

as an acidulant as well as Coca-Cola Company. Therefore, regarding this company is declared, 

no preservatives are included in the beverage. The E numbers of the preservatives range from 

E200 to E399 although there are included additives within this range with a different function 

which is explained below. 

Antimicrobials are used in food for 2 purposes: to control natural deterioration of food 

and to avoid the microorganisms’ growth. Both functions are recognised as food control and 

food safety concern (TAJKARIMI et al. 2010). The main chemical antimicrobials used in food with 

quantum satis status are acetic acid (E260), potassium acetate (E261), calcium acetate (E263), 

lactic acid (E270), carbon dioxide (E209), malic acid (E296), propionic acid and propionates 

(E280-E289). The antimicrobial additives with restricted uses are benzoic acid and benzoates 

(E210-E219; ADI 5 mg/kg bw), sorbic acid, and sorbates (E200-E209; ADI 25 mg/kg bw), nitrites 

(potassium nitrite E249; ADI 0.07 mg/kg bw, sodium nitrite E250; ADI 0.1 mg/kg bw), nitrates 

(sodium nitrate E251 and potassium nitrate E252; both with ADI 3.7 mg/kg bw), and parabens 

(E214-E219; ADI 10 mg/kg bw). 

Antioxidants are essential to enhance the life expectancy of many foodstuffs since 

they prevent the oxidation of molecules by donating a hydrogen atom or an electron reducing 

themselves in the radical form. Contrarily to natural radicals, this radical form of antioxidants is 

stable and does not allow further reactions taking place maintaining the conditions of the 

system (CAROCHO AND FERREIRA 2013). Lipid peroxidation and rancidity process are the most 

common types of oxidation occurring in foodstuffs while they are stored. The most commonly 

used antioxidants with quantum satis status are ascorbic acid (E300), sodium ascorbate (E301), 

calcium ascorbate (E302), fatty acid esters of ascorbic acid (E304), tocopherols (E306), α-

tocopherol (E307), γ -tocopherol (E308), δ-tocopherol (E309), lecithins (E322), sodium lactate 

(E325), potassium lactacte (E326), calcium lactate (E327), citric acid (E330), sodium citrate 
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(E331), potassium citrate (E 332), calcium citrate (E333), tartaric acid (E334), sodium tartrate 

(E335), potassium tartrate (E336), sodium potassium tartrate (E337), sodium malate (E350), 

potassium malate (E351), calcium malate (E352), calcium tartrate (E354), and triammonium 

citrate (E380). The most common chemical antioxidants added to food to inhibit lipid 

peroxidation and rancidification are butylated hydroxyanisole (E320; ADI 0.5 mg/kg bw), 

butylated hydroxytoluene (E321; ADI 0.05 mg/kg bw), propyl gallate, (E310; ADI 1.4 mg/kg 

bw), ethoxyquin (E324; ADI 0.005 mg/kg bw), and tert-butylhydroquinone (E319; ADI 0.7 

mg/kg bw).  

Antibrowning agents are used to avoid the food browning which occurs during 

handling, processing and storage. Enzymatic and non-enzymatic are the two types of browning 

procedures. Polyphenol oxidase catalyses the conversion of polyphenols into quinones by 

darkering the colour of vegetables (BRANEN et al. 2001). Sugar caramelisation or Maillard 

reaction is performed in animal food between carbonyl of reduced sugar and free amino 

groups darkening the food in a non-enzymatic procedure. Among the most used antibrowning 

agents are sulfites, ascorbic acid-based formations, such as erythorbic acid (E315; 5 mg/kg bw); 

cysteine (E920; quantum satis), which is an aminoacid and reacts with quinolone intermediates 

inhibiting further formation of compounds; some phenolic acids, and finally 4-hexylresorcinol 

(E586; ADI not specified), an organic compound which is only regulated in shrimp (BRANEN et al. 

2001; OMS-OLIU et al. 2010). 

 

Nutritional additives 
Nutritional compounds should not be considered such as additives due to the fact that 

they yield nutritional value to the food where they are added so they should be named as 

enrichments to foodstuffs. In addition, their consumption has increased due to functional and 

nutraceutical activities therefore the scientific interest from these enrichments to food has 

increased. Nutritional enrichments are natural for instance: vitamins, amino acids, fibers, fatty 

acids and polyphenols, among others (BRANEN et al. 2001). For this reason, caffeine, fructose 

and glucose could be classified within this group. However, they are considered according their 

function in the cola beverage in this study hence they are mentioned below.  

 

Colouring agents 
Food dyes are used to provide colours to food in order to become it more attractive to 

consumers. Calcium carbonate (E170) is the only dye with quantum satis status conferring a 

white colour to food. Controversial health effects of food dyes are found in scientific data 

bases (BRANEN et al. 2001; MSAGATI 2012). For instance, amaranth, carnosine and others are 
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forbidden in some countries (USA), but not in others (EU).  There are 5 groups of colouring 

agents: the azo compounds, the chinophthalon derivatives of quinoline yellow, the 

triarylmethane group, xanthenes, and the indigo colorants (SARIKAYA et al. 2012). The most 

used ones are patent blue (E131), brilliant blue (E133), brilliant green (E142), fast green (E143), 

erythrosine (E127) and indigo dye.  

E150d dye or caramel colour IV is added to Coca-Cola beverages providing the typical 

brown colour to this beverage. Caramel is a synthetic colourant produced by heating 

carbohydrates (glucose, sucrose, invert sugar, etc.) in the presence of caramelisation 

promoters (ammonia or ammonium in class III and IV respectively). The result is a complex 

mixture which is responsible for the aromatic and colourant characters of caramels (LICHT et al. 

1992) and it has been used in food and beverages to provide some properties such as colour, 

taste, smell and texture, as well as the ability for stabilisation of colloidal systems, due to its 

emulsifying properties facilitating the dispersion of water-insoluble materials, retarding flavour 

changes and preserving the shelf-life of beverages exposed to light (DELGADO-VARGAS AND 

PAREDES-LÓPEZ 2002). Besides, caramel has recently also been highlighted as beneficial in non-

enzymatic browning inhibition (SENGAR AND SHARMA 2014). 

 

Flavouring agents 
Flavouring additives are used to modify the taste of food by sweetening or changing 

the taste of the final product. The sweeteners, the natural and synthetic flavours and the 

flavour enhancers are the three subgroups which belong to the main group so called flavouring 

agents.  

The sweetness is conferred to food by a group of compounds called sweeteners. 

Sweeteners can be divided into nutritional like sucrose, fructose or glucose or artificial 

nonnutritive sweeteners. Sweeteners with a quantum satis status are not recognised. The 

most widespread nonnutritive sweeteners are saccharin (E954; ADI 2.5 mg/kg bw), cyclamate 

(E952; ADI 350 mg/kg bw), aspartame (E951; ADI 50 mg/kg bw), acesulfame K (E950; ADI 15 

mg/kg bw), and sucralose (E955; ADI 15 mg/kg bw). These nonnutritive sweeteners can be 300 

times sweeter than sugar.  

According to Coca-Cola Company declared, fructose and glucose are included in the 

composition of regular beverage and acesulfame K, cyclamate and aspartame sweeteners are 

added in diet beverage providing a sugar taste without nutritive values. Besides the 

controversial information of artificial sweeteners, cyclamate has been forbidden in many 

countries (CILLO 2011).  
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Acesulfame K is 200 times sweetener than sugar and it is eliminated without changes 

in the urine (WHO 1983). Cases of hypersensitivity responses have been reported when their 

consumption in one serving portion of 100ml is greater than 0.3 mg/ml/day. The symptoms 

vary depending on the person and the amount ingested causing discomfort in the throat until 

anaphylaxis (KATSUE et al. 2014). Studies carried out in the Caenorhabditis elegans model 

organism, in 3T3-L1 mouse cells and in human primary mesenchymal stem cells have shown 

that acesulfame K promotes lipogenesis and inhibit lipolysis. That is, it induces the 

accumulation of fat in the worm C. elegans; in mouse cells promotes their differentiation to 

adipocytes and in human cells it was shown that, at a concentration of 4.5 mM, lipids 

accumulated  (SIMON et al. 2013; ZHENG et al. 2014). 

Aspartame is derived from two amino acids, the aspartic acid and phenylalanine. This 

additive is present in more than 6,000 products and has carcinogenic potential determined in 

numerous carcinogenicity tests in rats and mice (SOFFRITTI et al. 2010) although more assays 

are needed.  

Cyclamate is joined with saccharin in a 10:1 blend in order to eliminate the unpleasant 

metallic taste. This additive is related to develop cancer in mice (TAKAYAMA et al. 2000). 

Cyclamate can be converted to cyclohexylamine which possesses carcinogenic effects in some 

human. On the contrary, others individuals eliminate it in the urine without metabolizing the 

additive (RENWICK et al. 2004). 

It should be taken into account that sucrose, fructose and glucose are not considered 

as food additives in EU regarding the definition of food additives: “Food additives are 

substances that are not normally consumed as food itself but are added to food intentionally 

for a technological purpose” (EFSA 2008). On the contrary, these sugars are accepted like a 

food additive in USA.  

High content of glucose has been demonstrated to produce an oxidative stress in 

different trials and it is also related to several diseases (CERIELLO et al. 1996; PIWKOWSKA et al. 

2011; KARUNAKARAN AND PARK 2013).  Therefore, it is needed to evaluate the glucose role in the 

biological activity of beverages.  

It is known that high fructose consumption has been linked to problems of obesity and 

metabolic disorders (RIZKALLA 2010). Studies which were carried out in rats reported that a high 

fructose diet resulted in peripheral abnormalities including insulin resistance and changes in 

vascular function (HWANG et al. 1987; D’ANGELO et al. 2005; NYBY et al. 2007). In addition, a high 

intake of fructose may be associated with diseases or disorders in the liver, since fructose is 

metabolised in the liver and will lead to uric acid and other components causing cirrhosis or 

hepatomas (OUYANG et al. 2008; NOMURA AND YAMANOUCHI 2012).  
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Natural and synthetic flavours are mixtures of chemicals mimicking the taste of 

natural food. Besides this function, they can exert antimicrobial activity, gelling properties and 

acidulant function, among others. Acidulants reduce the pH of food and the most used ones 

are acetic acid (E260),  actic acid (E270), malic acid (E296), citric acid (E330), propionic acid 

(E280), succinic acid (E363) in quantum satis level, while others present maximum amounts 

permitted with ADI established, as fumaric acid (E297; ADI 6 mg/kg bw), tartaric acid (E334; 

ADI 30 mg/kg bw), and adipic acid (E355; ADI 5 mg/kg bw) as it is mentioned by BRANEN et al. 

(2001). 

Citric acid and phosphoric acid (E338) are added in Coca-Cola beverages to provide an 

acid taste. Citric acid is one of the main organic acids used in soft drinks decreasing the pH of 

the beverage and imparting an astringent taste that offsets the sweetness of the sugar. 

Further, acids prevent deterioration through microbiological spoilage. In addition, phosphoric 

acid is another important acid consumed in the diet and cola beverages particularly. 

Phosphoric acid (PA) is the cheapest acidulant available because of its strength as well as its 

cost (WEST et al. 2000). Both citric and phosphoric acid have different applications in cosmetics 

or food industry. The trial carried out in this assay is focused on those related to healthy and 

food security. 

 Flavour enchancers increase the food taste without adding their own flavour. The 

most used are glutamic acid (E620; ADI not specified), monosodium glutamate (E621; ADI not 

specified), disodium inosinate (E631; ADI not specified), and disodium guanylate (E627; ADI 

not specified). 

Caffeine is a key ingredient in Coca-Cola beverages and provides a bitter taste. 

Nevertheless, it cannot be considered as an additive since caffeine possesses a nutritional 

value. Moreover, caffeine is one of the most investigated substances, probably due to the lack 

of consistent result over time regarding safety (GRAF AND WURGLER 1986; ABRAHAM AND SINGH 

1999; PEYCHEVA et al. 2014). In D. melanogaster, CAF has been related to a positive lifespan 

increase (NIKITIN et al. 2008), but the results were contradictory when apoptotic and DNA-

programmed fragmentation effects were studied (POE AND O'NEILL 1997; JAFARI AND RABBANI 

2000). 

 

Texturizing agents 
These kinds of additives are chemical compounds which modify the mouthfeel of 

foodstuffs. Emulsifiers and stabilizers are the two main groups belonging to this kind of 

additives.  
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As far as emulsifiers are concerned, they maintain the mixture of two immiscible 

liquids (emulsion) in fit dispersion.  Emulsifiers with quantum satis status are: lecithins (E322), 

calcium tartrate (E354), alginic acid (E400), sodium, potassium, ammonium, and calcium 

alginates (E401–404), agar (E406), carrageenan (E407), guar gum (E412), gum arabic (E414), 

glycerol (E422), pectins (E440), celluloses (E461-466 and 469), sodium, potassium, calcium, 

magnesium, mono- and diglycerides of fatty acids (E470a, 470b), acetic, lactic, citric, tartaric 

acid esters of mono- and diglycerides of fatty acids (E472a-472d), mono- and diacetyl tartaric 

acid esters, and mixed mixed acetic and tartaric acid esters of mono- and diglycerides of fatty 

acids (E472e, E472f) (BRANEN et al. 2001; ROHMAN et al. 2012).  

Stabilizers are added to provide the desired food texture and to prevent evaporation 

and deterioration of volatile flavour oils. Stabilizers and emulsifiers are often the same 

compound carrying out both effects.  Quantum satis stabilizers are alginic acid (E400), sodium, 

potassium, ammonium, and calcium alginates (E401-404), carrageenan (E407), locust bean 

gum (E410), guar gum (E412), tragacanth (E413), gum arabic (E414), xantham gum (E415), 

gellan gum (E418), pectin (E440), invertase (E1103), polydextrose (E1200), oxidized starch 

(E1404), and monostarch phosphate (E1410). 

 

Miscellaneous agents 
Miscellaneous additives are included to foodstuffs for performing different functions 

such as chelating agents, enzymes, antifoaming agents, catalysis, solvents, lubricants or 

propellants.  

Taurine is one of the main ingredients used in energy drinks such as Classic Red Bull 

and Sugar Free Red Bull. Taurine is a natural amino acid that can be synthesised from 

methionine and cysteine mainly within the liver, kidney, astrocytes or testis (BOUCKENOOGHE et 

al. 2006). However, dietary taurine supplementation may be required to achieve optimal 

taurine status in newborn infants (VERNER et al. 2006) playing an important role in human 

during development, bile acid conjugation, osmoregulation, detoxification of xenobiotics, cell 

membrane stabilization, modulation of cellular calcium flux, modulation of neuronal 

excitability, antioxidant and anti-inflammatory properties among others (HIGGINS et al. 2010). 

Taurine has been extensively studied because of the variable evidence for the beneficial 

effects of this amino acid food supplementation (LEE et al. 2013). 
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MODEL SYSTEM FOR ASSAYING NUTRACEUTICAL AND HEALTHY ACTIVITIES 

A nutraceutical is any substance that is a food or a part of a food and provides medical 

for health benefits, including the prevention and treatment of disease. A nutraceutical should 

not be toxic and it should be able to prevent toxicity, avoid genetic oxidative damage, 

modulate the epigenome marks and induce DNA damage and cell death in a programmed 

manner in tumour cells producing chemopreventive effects (ANTER et al. 2011). With this in 

mind, bioassays are carried out at different DNA, cellular and individual levels using Drosophila 

melanogaster model for in vivo assays and HL-60 tumoural cell line for in vitro ones as it is 

mentioned below.  

Drosophila is being used more frequently as a model for many human diseases, 

including cancer (BIER 2005; CHENG et al. 2013; GONZALEZ 2013). REITER et al. (2001) determined 

that 77% of human disease genes are conserved in this fly, making it an important preliminary 

model in the study of human diseases. These flies are also often used to determine the 

mutagenicity and life extension of some substances (GRAF et al. 1984; BELL et al. 2009; 

FERNANDEZ-BEDMAR et al. 2011). 

On the other hand, the determination of cytotoxicity, DNA internucleosomal 

fragmentation and DNA single/double strand breaks in HL-60 promyelocytic cells is also used 

as a first step to detect toxicity, necrosis and apoptosis in chemoprevention processes (OLIVE et 

al. 1993; COLLINS 2004; ANTER et al. 2015). 

  Biomedical research is focused on modifying the methylation pattern as a tool to 

understand cancer processes and others diseases. Medical epigenetic might take part in the 

junction between the genome and the environment, to modulate the effects of deleterious 

genes (YANG et al. 2004; FEINBERG 2008). 

 

IN VIVO SAFETY ASSAYS  

According to FAO, a food is safe if it is innocuous for health of consumers within 

appropriate and accepted parameters (developed countries). Studies have showed that some 

molecules incorporated in food could cause cancer (TREWAVAS AND STEWART 2003). For this 

reason, a risk evaluation is needed (REDMON 2003) and toxicity and genotoxicity assays were 

carried out.  

 

Toxicity and Genotoxicity assays 

Drosophila is a reliable model to evaluate the toxicity, genotoxicity, aging and other 

degenerative process (GRAF et al. 1984). The results obtained in this eukaryote organism are 
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considered translational and highly specific as more than 77 % of genes related to human 

disease have theirs homologous in Drosophila (REITER et al. 2001).  

Mutagens cause genetic alterations. One of these alterations is the somatic 

recombination. Researchers have focused on this phenomenon because of its relationship to 

the development of certain cancers, acting in the change from heterozygosity to homozygosity 

of tumour suppressor genes. Drosophila, yeast and mammals have been used as models in this 

research (FAHRIG 1992; HASTINGS 1992; HOFFMANN 1992; ROMERO-JIMENEZ et al. 2005). 

Somatic cell mutations, widely associated with genetic toxicity and carcinogenicity, are 

frequently used the in vivo Drosophila melanogaster model through the Somatic Mutation and 

Recombination Test (SMART) (GRAF et al. 1984; ROJAS‐MOLINA et al. 2005), which was 

demonstrated as a reliable assay to detect genotoxic activity of single compounds and complex 

mixtures (GRAF et al. 1998; FERNANDEZ-BEDMAR et al. 2011) with different chemical structures, 

either as direct mutagens or promutagens, and with different genotoxic action mode, such as 

alkylating, intercalating agents, adducts formers (GRAF et al. 1984). It is a genotoxicological 

analysis system assessing the potential of different compounds on DNA damage (KATSUE et al. 

2014). The SMART is based on the genetic alterations produced in the cells of imaginal discs of 

larvae. These alterations can phenotypically be expressed in adult tissues after clonal 

expansion and metamorphosis. These assays allow monitoring the effect on DNA of medicinal 

plants such as Helichrysum italicum, Ledum groenlandicum and Ravensara aromatica on the 

DNA (IDAOMAR et al. 2002). It is also used to test the interaction of drugs or poisons such as 

mycotoxins with the genetic material (GÜRBÜZEL et al. 2015). However, most studies are related 

to the components of the diet, both food and drinks (MERINAS-AMO et al. 2013a; MATEO-

FERNANDEZ et al. 2014).  

 

IN VIVO EVALUATION ASSAYS OF NUTRACEUTICAL POTENTIAL  

 

Antitoxicity /Antigenotoxicity 

Under stress, reactive oxygen species (ROS) are produced in different tissues. In many 

situations, ROS (e.g., hydroxyl radicals and hydrogen peroxide) production rate will increase to 

such a level that can overwhelm non-enzymatic (e.g., glutathione, α-tocopherol, ascorbic acid, 

carotenoids) and enzymatic (e.g., catalase, superoxide dismutase and glutathione peroxidase) 

antioxidants within the cell. This imbalance between ROS and antioxidant levels leads to cell 

damage and health problems.  

ROS are able to induce DNA damage, yielding remarkably alterations and triggering the 

carcinogenic process (ANTER et al. 2011). Antioxidant supplements can reduce ROS in cells and 
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are consequently useful for treatment of many human diseases. Natural antioxidants could 

thus serve as a kind of preventive medicine (BARZEGAR AND MOOSAVI-MOVAHEDI 2011).  

The SMART has also shown to be very appropriate to detect antigenotoxic activity 

(GRAF et al. 1998; FERNANDEZ-BEDMAR et al. 2011) carrying out antigenotoxicity assays, because 

Drosophila melanogaster larvae may be treated with simple substances or complex mixtures, 

as they are consumed by humans. The complex mixture may consist of a combined treatment 

group with mutagenic and anti-mutagenic substances (GRAF et al. 1998). In conclusion, we look 

for the inhibition percentage of our tested compound called anti-genotoxin compared to the 

mutagen or genotoxin (which in our assays is the oxidative substance hydrogen peroxide). 

 

Life and healthspan  

Longevity is a quantitative trait influenced by many genes and genomic regions 

identified as quantitative trait loci (QTL) and it is also influenced by environmental factors 

(NUZHDIN et al. 1997; LEIPS AND MACKAY 2000).  

The use of experimental organisms has shown that mutations affecting genes involved 

in endocrine and stress response pathways are associated with telomeres. Mutations can 

increase the life expectancy in these genes (KENYON 2005). Some studies showed that human 

genes homologous to genes related to longevity in invertebrates can vary their expression in 

tissues during aging. This fact indicates that knowledge of the complex patterns that underlie 

the genetic control of invertebrates’ lifespan is essential to understand the aging process in 

humans (BELL et al. 2009).  

D. melanogaster is an excellent model organism for the study of aging, due to its 

relatively short lifespan, to the large number of individuals which can be controlled under 

laboratory conditions and because adults show many aspects of cellular senescence observed 

in mammals (FLEMING et al. 1992). Therefore, flies have been used frequently to study the 

physiological and pathological processes that affect life expectancy, and they may help to 

understand the relationship between the metabolism of nutrients and aging mechanisms (LI et 

al. 2010a). More recently, this fly model was also increasingly used to study life extension since 

there is a high homology between this invertebrate and human genes involved in aging 

process (BELL et al. 2009). 
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IN VITRO EVALUATION ASSAYS OF NUTRACEUTICAL POTENTIAL  

 

Cytotoxicity  

Cancer therapies are highly cytotoxic and often non-specific. An alternative strategy 

would involve the use of compounds capable to induce cytotoxicity by cell differentiation and 

apoptosis mechanisms in tumour cell lines. These compounds would be candidates to act as 

chemopreventive or chemotherapeutic agents against cancer (FESUS et al. 1995; HONG AND 

SPORN 1997; LESZCZYNIECKA et al. 2001).  

Cytotoxicity cell cultures are used in order to evaluate if a substance causes cell death, 

independently of the pathway used (apoptosis or necrosis). Any diet substance or drug can be 

analysed performing the cytotoxicity assay in different cell lines. For example, olive oil 

components tested on HL-60 cell line have shown to exert a chemopreventive potential being 

cytotoxic against these cells (ANTER et al. 2014).  

The HL-60 cell line belongs to the undifferentiated immortal lines, as they are cancer or 

tumour cells (leukaemia is originated from the mesoderm). Leukocytes were isolated from the 

peripheral bloodstream of a human Caucasian patient aged 36 who suffered from acute 

promyelocytic leukaemia (COLLINS et al. 1977). 

 

DNA fragmentation  

DNA internucleosomal fragmentation assay is an in vitro test used to detect the ability 

of a compound to induce cell death by proapoptotic way, a type of active death. This type of 

cell death is characterised by morphological changes, nuclear condensation and apoptotic 

body formation bound to the membrane (WYLLIE 1981). Furthermore, an outstanding feature 

of cell death by apoptosis is the degradation of genomic DNA into internucleosomal fragments 

(GAIDO AND CIDLOWSKI 1991). In contrast, necrosis is a passive process which involves the loss of 

osmoregulation and alterations in membrane integrity and DNA degradation is carried out by 

lysosomal enzymes (WYLLIE 1981).  

HL-60 human cell line is widely used as a model for inducible cell differentiation 

(COLLINS 1987; BREITMAN 1990). This phenomenon might affect the cell ability to proliferate, 

and therefore their immortality, with the appearance of apoptosis (ANAZETTI et al. 2003). 

Compounds capable to induce differentiation and apoptosis are candidates to act as a 

chemopreventive agents or cancer chemotherapeutic (FESUS et al. 1995; HONG AND SPORN 

1997).  

There are compounds that protect DNA from apoptotic death and others which induce 

cell proliferation. For instance, flavonoids have a dual effect since protect cells H4IIE rat at low 
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concentration and induce cell death by apoptosis at high concentrations (BANDYOPADHYAY et al. 

2008b).  

 

Comet assay  

Single cell gel electrophoresis (SCGE) or comet assay has become one of the standard 

methods for assessing on DNA damage with applications in genotoxicity testing and it is 

capable of measuring DNA breaks (COLLINS 2004). Alkaline comet assay is used to detect both 

single and double strand breaks for measuring all kind of damage (OLIVE AND BANÁTH 2006). 

Necrosis and apoptosis can be distinguished by comet assay since apoptotic cells provided 

“hedgehog” comets which induce a Tail Moment parameter higher than 30 (FAIRBAIRN AND 

O’NEILL 1995). The induction of such comets in cancer cells should be an efficient way to 

specifically eliminate transformed cells.  

  

Methylation status evaluation  

The term “epigenetic” defines all meiotic and mitotic heritable changes in gene 

expression that are not coded in the DNA sequences itself. The two main epigenetic marks are 

5-methylcytosine (5-meC) and histones acetylation (EGGER et al. 2004).  

DNA methylation is an epigenetic modification of the genome and plays an important 

role in the so-called “epigenetic” regulation of gene expression (SALOZHIN et al. 2005). The DNA 

methylation in plants and animals is the addition of a methyl group to the fifth carbon position 

of the cytosine pyrimidine ring via a methyltransferase enzyme in Cytosine-phosphate-Guanine 

(CpG) dinucleotides (ROBERTSON 2005). It generally is a unidirectional process and will be 

inherited after cell division, associated with “closed” (inactive) chromatin state and therefore 

negative regulation of transcription (ANTEQUERA AND BIRD 1993). It is an epigenetic mark that 

shows the transcriptional gene silencing and that plays a vital role during development and in 

the genome defense against transposable elements (SUZUKI AND BIRD 2008).  

Since interspersed repetitive elements (LINE-1 retrotransposons and Alu sequences) as 

well as tandem repeat centromeric and juxtacentromeric repeats (satellite sequences) contain 

numerous Cytosine-phospate-Guanine dinucleotides (CpG), the methylation status of these 

sequences is relevant for understanding the global DNA methylation. It is generally thought 

that repetitive elements are heavily methylated in normal somatic tissues, although they are 

methylated to a lesser extent in malignant tissues, driving the global genomic hypomethylation 

commonly found in human cancers. The hypomethylation affecting repeat sequences and 

transposable elements is believed to result in chromosomal instability and increase mutation 

events (WEI et al. 2005; CORDOBA-CANERO et al. 2017).  
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Prevention or reversal of hypermethylation-induced inactivation of tumour 

suppression genes or gene receptors by DNA Methyltransferase (DNMT) inhibitors could be an 

effective approach to cancer prevention (ROMAN-GOMEZ et al. 2008).  

Taking that into account, environmental exposures to nutritional, chemical and 

physical factors (such as smoke, diet and physical activity) could alter human and animal gene 

expression and modify the susceptibility to disease due to epigenomic changes (JIRTLE AND 

SKINNER 2007).  

The ability of food compounds to influence the epigenome in cancer cells has been 

studied and has also been related to the individual’s risk of developing cancer. Since epigenetic 

changes can be reversed in the human lifespan, the epigenetic focus is a good tool for the 

dietary prevention/treatment of cancers. 
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According to all mentioned before and regarding the fact that cola beverages were 

used with medical properties in the past, we hypothesise that “Cola beverages could possess 

biomedical appliance in some extent”. 

The main objective of the present PhD is: to discern the possibility for cola beverages 

as promising substances of biomedical appliance and report new necessary genotoxic data 

corpus. This main objective will be reached taking the following secondary objectives into 

account: 

- To analyse the in vivo protective function of cola beverages and theirs 

bioactive components regarding the maintenance of the DNA integrity and epigenetic 

modifications in in vitro models.  

 

- To study the chemopreventive potential of cola beverages, caffeine, fructose, 

glucose, acesulphame-K, aspartame, cyclamate and phosphoric acid in in vitro cells 

models. 

  

- To evaluate the effects of cola beverages and theirs components on Drosophila 

melanogaster survival and life extension. 

 

- To ascertain the function of cola beverages and theirs bioactive components in 

the maintenance of the DNA stability conducting in vitro genotoxicological comet 

assay. 
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SAMPLES 

Some Coke beverages, Classic Coca-Cola (CCC), Caffeine-free Coca-Cola (CFCC), Diet 

Coca-Cola (DCC), Zero Coca-Cola (ZCC) and Diet Caffeine-Free Coca-Cola (DCFCC) were assayed.  

In addition, other beverages were tested such as Pepsi (PEP), Classic Red Bull (CRB) and Sugar-

Free Red Bull (SFRB). Drinks were bought at a local market (Córdoba, Spain), lyophilised (SCAI, 

University of Córdoba) and stored at room temperature in a dark and dry atmosphere until 

use.  

The main constituents of these kinds of beverages tested in this study were Caffeine 

(CAF), Aspartame (ASP), Acesulfame K (ACK), Cyclamate (CYC), Fructose (FRU), Glucose (GLU), 

Citric acid (CA), Phosphoric acid (PA), Caramel Colour IV or E150d (CAR) and Taurine (TAU). CAF 

was obtained from ACROS (Cat. No. 58-08-2). ASP, ACK and CYC were obtained from TCI (Cat. 

No. 228 39-47-0), TCI (Cat. No. 55589-62-3) and ACROS (Cat No. 139-05-9) respectively. FRU 

and GLU were obtained from AppliChem Panreac Cat. No. 57-48-7 and Cat. No. 50-99-7, 

respectively. CA was obtained from SIGMA-ALDRICH (Cat. No. 77-92-9) and PA was purchased 

from CARLO-ERBA REAGENTS (Cat. No. 7664-38-2). CAR was kindly provided by SANCOLOR 

(Barcelona, Spain) and TAU was obtained from ACROS (Cat. No. 107-35-7). 

The analysis of CAF content was performed by HPLC/DAD (Perkin Elmer) in reverse 

phase (column C-18, 150 x 2.1 mm), with a gradient of water/phosphoric buffer and methanol 

as mobile phase at a 1 ml/min flow rate. The injection volume was 10 µl and the column 

temperature at 45 ºC. The CAF identification was performed by retention time and spectrum 

adjustment obtained by DAD (SCAI, University of Córdoba). 

The tested concentrations of sweetener additives were used to mimic their quantity in 

DCC, ZCC and CFDCC demonstrated by LEHKOZIVOVA et al. (2006) and CILLO (2011). The range of 

concentrations of GLU and FRU tested were previously described by VENTURA et al. (2011). CA 

and PA concentrations assayed were calculated according to COMBEAU et al. (2002) and BRIMA 

AND ABBAS (2014). The CAR concentrations range was calculated in order to assay the same 

amounts that are contained in the cola beverages (MAES et al. 2012). Tau concentrations were 

also tested according to quantity declared by Red Bull Company.  

In order to make comparable with the coke daily consumption in humans (2 L of total 

coke/day for 70 kg human body weight), the concentrations of beverages used in the different 

assays were calculated regarding the average daily food intake of D. melanogaster (1 mg/day) 

and the average body weight of D. melanogaster individuals (1 mg) (JA et al. 2007). 
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IN VIVO FLY STOCK 

Two Drosophila melanogaster strains with genetic markers that affect the wing-hair 

phenotype were used: (i) mwh/mwh, carrying the recessive mutation mwh (multiple wing 

hairs) (Yan et al., 2008), and (ii) the flare (flr) strain (flr3/ln (3LR) TM3, Bds) where the flr3 (flare) 

(REN et al. 2007) marker is a homozygous recessive lethal mutation which is viable in 

homozygous somatic cells once larvae start developing and produce deformed trichomas. In 

addition, The flare marker (flr3) is maintained throughout the chromosomal balancer TM3, Bds 

(flr3/TM3,Bds). Detailed information on the genetic markers is given by LINDSLEY AND ZIMM 

(2012). 

 

IN VITRO CELL CULTURE CONDITIONS  

Promyelocytic human leukaemia (HL-60) cells (COLLINS et al. 1977; GALLAGHER et al. 

1979) were grown in RPMI-1640 medium (Sigma, R5886) supplemented with heat-inactivated 

foetal bovine serum (Linus, S01805), L-glutamine 200 mM (Sigma, G7513) and 1X antibiotic-

antimycotic solution (Sigma, A5955). Cells were incubated at 37 °C in a humidified atmosphere 

of 5% CO2. Cultures were plated at 2.5 x 104 cells/ml density in 10 ml culture bottles and 

passed every 2 days.  

 

 

IN VIVO ASSAYS 

 

Toxicity and antitoxicity assays 

Toxicity was assayed according to our standard protocols. CCC and CFCC were tested at 

five concentrations: 0.7, 3, 6, 25 and 100 mg/ml. The DCC, ZCC and CFDCC tested 

concentrations were 0.023, 0.093, 0.187, 0.75 and 3 mg/ml. Regarding PEP, the concentrations 

were 0.8, 3.4, 6.87, 27.5 and 110 mg/ml. Finally, CRB and SFRB were tested at 1, 4, 8.12, 32.5 

and 130 mg/ml and 0.16, 0.625, 1.25, 5 and 20 mg/ml, respectively. 

The same number of CAF concentrations (0.04 mM, 0.016 mM, 0.032 mM, 0.128 mM 

and 0.51 mM) was also tested according to the quantity estimated by Chou and Bell (2007) and 

the HPLC results obtained in the present study (75.544 mg/l). The concentrations used in ASP 

and ACK were 0.0063 mM, 0.025 mM, 0.05 mM, 0.2 mM and 0.815 mM. According to CYC, the 

concentrations used were 0.0125 mM, 0.05 mM, 0.1 mM, 0.4 mM and 1.6 mM. GLU and FRU 

were tested at 2.7 mM, 11 mM, 21.86 mM, 87.5 mM and 350 mM and 3.12, 12.5, 25, 100 and 

400 mM, respectively. Regarding acidulants, 0.42, 1.25, 0.25, 10 and 40 mM were used for CA 
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and 0.32, 0.95, 1.95, 7.65 and 30.6 µM for PA. CAR was tested at 0.03, 0.125, 0.25, 1 and 4, 

mg/ml and 0.25 mM, 1 mM, 2 mM, 8 mM and 32 mM for TAU. 

Negative (H2O) and positive (0.15 M H2O2) toxicant concurrent controls were also 

assayed. Test groups consisted of larvae fed with Drosophila Instant Medium (Formula 4-24, 

Carolina Biological Supply, Burlington, NC) supplemented with the tested beverage 

concentrations. Emerging adults of all groups were counted and toxicity was determined as 

the percentage of hatched individuals in each treatment compared with the negative control. 

Antitoxicity was assessed using the same procedure and experimental concentrations as in 

toxicity assays, but in combined treatments with 0.15 M H2O2 and comparing the percentage 

of emerging adults with the positive toxicant control (TASSET-CUEVAS et al. 2013). Chi-square 

test was used to determine whether the tested compounds significantly inhibited the survival 

of flies. Negative control values were considered as those expected in Chi-square formula used 

in toxicity assay and positive control values in antitoxicity assays (MARTÍNEZ BECERRA AND ROBLES 

GONZÁLEZ 1999). The same concentrations of toxicity and antitoxicity assays within the same 

substance were also compared.  

 

Genotoxicity and antigenotoxicity assays  

Genotoxicity assays were carried out following the wing spot test standard procedure 

(GRAF et al. 1984). Briefly, trans-heterozygous larvae for mwh and flr3 genes were obtained by 

crossing four day-old virgin flr3 females with mwh males in a 2:1 ratio. Four days after 

fertilization, females were allowed to lay eggs in fresh yeast medium (25 g yeast and 4 ml 

sterile distilled water) for 8 h in order to obtain synchronised larvae. After 72 h, larvae were 

collected, washed with distilled water, and clustered in groups of 100 individuals. Each group 

was fed with a mixture containing 0.85 g Drosophila Instant Medium (Formula 4-24, Carolina 

Biological Supply, Burlington, NC) and 4 ml water supplemented with the tested compounds at 

fixed concentrations (the highest and second lowest from the toxicity assays concentrations) 

and negative (H2O) and positive (0.15 M H2O2) controls until pupae hatching (10-12 days). 

Adult flies were collected and stored in 70% ethanol until the wings were removed and 

mounted on slides using Faure’s solution. Mutant spots were assessed in both dorsal and 

ventral surfaces of the wings in a bright light microscope at 400x magnification. The 

frequencies of each type of mutant clone per wing (single, large or twin spot) were compared 

to the concurrent negative control and analysed applying the binomial Kastenbaum and 

Bowman Test (FREI AND WURGLER 1995). Antigenotoxicity tests were performed following the 

method described by ANTER et al. (2011). The same compounds and concentrations were 

assayed in combined treatment with hydrogen peroxide (0.15 M) acting as concurrent 
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genotoxicant. Single and twin spots per wing were also recorded and compared with the 

concurrent positive control as described before. The recombination percentage was calculated 

following the VALADARES et al. (2008) procedure and the inhibition percentages (IP) for the 

combined treatments were calculated from the control-corrected frequencies of clone 

formation per 105 cells, according to Abraham (1994): IP= [(genotoxin alone - combined 

treatment)/ genotoxin alone] x 100.  

 

Chronic treatments: Lifespan and healthspan assays 

In order to obtain comparable results in all the in vivo assays, we used an F1 progeny 

from mwh and flr3 parental strains produced by 24-h egg-laying in yeast for all the longevity 

trials. We also tested the same compounds and concentrations as in the toxicity/antitoxicity 

experiments. Lifespan assays were carried out at 25 ºC according to the procedure described 

by FERNANDEZ-BEDMAR et al. (2011). Briefly, synchronised 72 ± 12-h-old trans-heterozygous 

larvae were washed in distilled water collected and transferred in groups of 100 individuals 

into test vials containing 0.85 g Drosophila Instant Medium and 4 ml of the different 

concentrations of the compounds to be assayed. Emerged adults from pupae were collected 

under CO2 anaesthesia and placed in groups of 25 individuals of the same sex into sterile vials 

containing 0.21 g Drosophila Instant Medium and 1 ml of different concentrations of the 

compounds to be tested. Flies were chronically treated during all their life. The number of 

survivors was determined twice a week. The statistical treatment of survival data for each 

control and concentration was assessed with the SPSS Statistics 17.0 software (SPSS, Inc., 

Chicago), applying the Kaplan-Meier method. The significance of the curves was determined 

using the Log-Rank method (Mantel-Cox). 

 

IN VITRO ASSAYS 

 

Cytotoxicity assay 

      The effect of the assayed compounds on cell viability was determined by the trypan 

blue exclusion test according to our standard procedures (ANTER et al. 2011). HL-60 cells were 

placed in 96 well plates (2 x 104 cells/ml) and cultured for 72 h supplemented with same 

concentrations from our toxicity/antitoxicity assays. The wide range of tested concentrations 

was intended to estimate the cytotoxic inhibitory concentration 50 (IC50). After culture, cells 

were stained with a 1:1 volume ratio of Trypan blue dye (Sigma, T8154) and counted in a 

Neubauer chamber at 100x magnification. The survival percentage of each treatment 

compared with the control was recorded in three independent replicates. 
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DNA fragmentation status 

The ability of our compounds to induce DNA fragmentation was determined as 

described by ANTER et al. (2014). Briefly, 106 HL-60 cells were co-cultured with 5 different 

concentrations selected in the toxicity/antitoxicity assays during 5 h. After treatment, genomic 

DNA was extracted using a commercial kit (Blood Genomic DNA Extraction Mini Spin Kit, 

Canvax Biotech, Cordoba, Spain). Subsequently, DNA was incubated overnight with RNase at 

37 ºC and quantified in a spectrophotometer (Nanodrop® ND-1000). Finally, 1200 ng DNA 

were electrophoresed in a 2% agarose gel for 120 min at 50 V, stained with ethidium bromide 

and visualised under UV light. The apoptosis process is recognised by the appearance of 

internucleosomal DNA fragments that are multiple of 200 base pairs. 

 

Clastogenicity: SCGE (Comet assay) 

DNA integrity was assayed by SCGE as described by OLIVE AND BANÁTH (2006) with minor 

modifications (MATEO-FERNÁNDEZ et al. 2016). HL-60 cells (5x105) in exponential growing phase 

were incubated in 1.5 ml of culture medium supplemented with several concentrations of 

tested substances for 5 h. The concentrations assayed from CCC and CFCC were 0.7, 6 and 25 

mg/ml. Regarding, the other beverages, the three lowest concentrations tested in toxicity 

were used as well as the single compounds except for CAF whose concentrations used were 

0.004, 0.032 and 0.51 mM. 

After treatment, cells were washed twice and adjusted to 6.25 x 105 cells/ml in PBS. 

Electrophoresis gels were prepared pouring a 1:4 dilution (cells in liquid low-melting-point 

agarose at 40 ºC, A4018, Sigma) into slides. Gels were covered with a coverslip and allowed to 

solidify at RT for 30 min. Once the slides solidified, the coverslips were carefully removed and 

slides were bathed in freshly prepared lysing solution (2.5 M NaCl, 100 mM Na-EDTA, 10 mM 

Tris, 250 mM NaOH, 10% DMSO and 1% Triton X-100; pH 13) for 1 h at 4 ºC. Thereafter, slides 

were equilibrated in alkaline electrophoresis buffer (300 mM NaOH and 1 mM Na-EDTA, pH 

13) for 20-30 min at 4 ºC. Once equilibrated, the slides underwent electrophoresis (20 V, 400 

mA for 15 min) in the dark and were immediately neutralised in cold neutral solution (0.4 M 

Tris-HCl buffer, pH 7.5) for 10 min. Finally, slides were dried overnight at RT in the dark. Gels 

were stained with 7 µL propidium iodide and photographed in a Leica DM2500 microscope at 

400x magnification. At least 100 single cells from each treatment were analysed using the 

Open CometTM software (GYORI et al. 2014). The Tail Moment (TM) data were analysed 

applying a one-way ANOVA and post-hoc Tukey´s test with SPSS Statistics for Windows, 

Version 19.0 (IBM 2010) to determine the effect of the tested compounds on HL-60 cell DNA 

integrity. 



44 
 

Methylation status of HL-60 cells 

HL-60 cells were treated with the same concentrations tested in Genotoxicity assay for 

5 hour. Then, DNA was extracted similarly to previously described DNA fragmentation assay. 

After that, the DNA was converted with bisulphite (EZ DNA Methylation-Gold™ Kit). Bisulphite-

modified DNA was used for fluorescence-based real-time quantitative Methylation-Specific 

PCR (qMSP) using 5µM of each forward and reverse primer (Isogen Life Science BV), 2µl of 

iTaq™ Universal SYBR® Green Supermix (Bio-Rad, it contains antibody-mediated hot-start iTaq 

DNA polymerase, dNTPs, MgCl2, SYBR® Green I dye, enhancers, stabilizers and a blend of 

passive reference dyes including ROX and fluorescein) and 25 ng of bisulphite converted 

genomic DNA.  

PCR conditions included initial denaturalisation at 95 °C for 3 minutes and 

amplification which consisted of 45 cycles at 95 °C for 10 seconds, 60 ºC for 15 seconds and 72 

ºC for 15 seconds, taking picture at the end of each elongation cycle. After that, melting curve 

was determined increasing 0.5 ºC each 0.05 seconds from 60 °C to 95 °C and taking pictures. 

QMSP was carried out in 48 well plates in MiniOpticon Real-Time PCR System (MJ Mini 

Personal Thermal Cycler, Bio-Rad) and were analysed by Bio-Rad CFX Manager 3.1 Software. 

The housekeeping Alu-C4 was used as a reference to correct for total DNA input. Alu-C4 and 

the target repetitive elements Alu-M1, LINE-1 and Sat-α were obtained from Isogen Life 

Science and their sequences are shown in table B1. Each sample was analysed in triplicate 

(MERINAS-AMO et al. 2017). 

The results of each CT were obtained from each qMSP. Data were normalised with the 

housekeeping Alu C4 using the NIKOLAIDIS et al. (2012) and LILOGLOU et al. (2014) comparative CT 

method (ΔΔCT). One-way ANOVA and post-hoc Tukey´s test are used to evaluate the 

differences between the tested compounds, repetitive elements and concentrations.  

 

Table B1. Primers information (WEISENBERGER et al. 2005) 

Primer Forward primer sequence 5' to 3' (N) Reverse primer sequence 5' to 3' (N) 

ALU-C4 GGTTAGGTATAGTGGTTTATATTTGTAATTTTAGTA (-36) ATTAACTAAACTAATCTTAAACTCCTAACCTCA (-33) 

ALU-M1 ATTATGTTAGTTAGGATGGTTTCGATTTT (-29) CAATCGACCGAACGCGA (-17) 

LINE-1-M1 GGACGTATTTGGAAAATCGGG (-21) AATCTCGCGATACGCCGTT (-19) 

SAT-α-M1 TGATGGAGTATTTTTAAAATATACGTTTTGTAGT (-34) AATTCTAAAAATATTCCTCTTCAATTACGTAAA (-33) 
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RESULTS AND 

DISCUSSION 
 

 

 

Note: The results and discussion are grouped according to the simple and complex substances 

previously published in paper (MATEO-FERNÁNDEZ et al. 2016) and further ones. Therefore, it 

described results and discussion as articles compendium being the first one CCC, CFCC and 

CAF. The second chapter tested ACK, ASP, ACK and CFDCC. The third one treated two energy 

drinks (RRB and RBSF), TAU and GLU. In the following chapter, PEP, CAR and FRU were 

assayed. Finally, the fifth chapter grouped the acidulants CA and PA and their presence in two 

cola beverages (ZCC, DCC). Figures and Tables are named CX_Y being X the number of the 

chapter and Y the number of the figure or table.  
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IN VIVO ASSAYS RESULTS 

 

Toxicity/Antitoxicity  

  Toxicity assays showed that CCC, CFCC and CAF are not toxic to D. melanogaster 

larvae, (Table C1_1, simple treatment).  

 

Table C1_1. Toxicity and antitoxicity levels of CCC, CFCC and CAF in D. melanogaster. 

CCC  

(mg/ml) 

Survival  

(%) 

CFCC  

(mg/ml) 

Survival  

(%) 

CAF  

(mM) 

Survival  

(%) 

 Simple  

treatment
(1)

 

Combined  

treatment 
(2)

 

Simple  

treatment
 

Combined  

treatment
 

Simple  

treatment
 

Combined  

treatment
 

0 100 100 0 100 100 0 100 100 

H2O2 - 46.66 H2O2 - 46.66 H2O2 - 46.66 

0.7 100 100*
(3) 

0.7 87.66 83.33* 0.004 100 54 Δ 

3 100 92* 3 88.66 100* 0.016 100 55.33 Δ 

6 100 85.66*Δ 6 96.66 84.66*  0.032 100 51 Δ 

25 100 74.66*Δ 25 87.33 75* Δ 0.127 100 54.66 Δ 

100 92 65* Δ 100 77*
(4) 

45.66 Δ 0.51 100 51.33 Δ 

1
 Data are expressed as percentage of survival adults with respect to 300 untreated 72-h-old larvae from 

three independent experiments. 
2
Combined treatments using standard medium and 0.15 M hydrogen 

peroxide. 
3
Asterisks (*) indicate significant differences (one tail) with respect to the hydrogen peroxide 

control group and 
4
 untreated control group: * Chi-square value higher than 5.02 (MARTÍNEZ BECERRA AND 

ROBLES GONZÁLEZ 1999). Delta letter (Δ) means significant differences between the same concentrations 
used in toxicity and antitoxicity assays comparing within the same treated substance. 

 

 

CFCC was significantly toxic only at the highest concentration. All the studies and 

results on CAF must be viewed with caution, since CAF shows a dose-dependent effect and it is 

known to be toxic at high concentrations (LILOGLOU et al. 2014). 

Antitoxicity results showed that CCC and CFCC exerted an overall significant protective 

effect against H2O2-induced toxicity in Drosophila larvae, at most of the tested concentrations, 

with a negative dose-dependent effect (Table C1_1, combined treatment). Although CCC and 

CFCC were able to revert in some extent the damage caused by hydrogen peroxide, the 

survival obtained in antitoxicity assay were lower than toxicity assay in flies treated with 6, 25 

and 100 mg/ml of these beverages. On the other hand, the 2-lowest concentrations were able 

to totally revert the oxidative damage caused by the used genotoxine. On the contrary, none 

of the assayed CAF concentrations produced any significant protective effect. 
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Genotoxicity/Antigenotoxicity 

Table C1_2 shows the results obtained in the genotoxicity assays (SMART). After 

applying binomial Kastenbaum-Bowman Test, all tested substances were non-genotoxic with 

negative results. 

Hydrogen peroxide is a potent inducer of oxidative damage and mediator of ageing 

(GIORGIO et al. 2007). It has been used as a genotoxicant in many assays using Drosophila as an 

experimental animal (FERNANDEZ-BEDMAR et al. 2011; ANTER et al. 2014) as well as in other 

models. The mutation rates obtained in our study for this genotoxin (0.438 clones/wing) fall 

into the usual range described by different laboratories, validating the accuracy of the 

geno/antigenotoxicity assays.  

One of the important characteristics of the SMART is that it allows quantification of the 

difference type of DNA damages induced by genotoxic compounds (recombination versus 

mutation). In the balancer-heterozygous genotype (mwh/TM3, BdS) mwh spots are produced 

predominantly by somatic point mutation and chromosome aberrations. By scoring mwh/TM3 

balancers-heterozygous wings it is possible to quantify the recombinogenic potency of the 

positive control. The frequency of mwh clones on the marker transheterozygous wings (mwh 

single spots plus twin spots) was compared with the frequency of mwh spots on the balancer 

transheterozygous wings. The difference in mwh clone frequency is a direct measure of the 

proportion of recombination. A total mutation rate of 0.2 in the mwh/TM3 wings has been 

obtained and when it is compared to the mutation rate of the marker wings (0.438) thus 54% 

[1- (0.819/1.795)x100] of the genotoxic events induced by H2O2 are due to recombinogenicity.  

Antigenotoxicity results indicated that CCC, CFCC and CAF could desmutagenise the 

genotoxic effect of H2O2, except for the highest tested concentration of CAF. CCC resulted the 

most antigenotoxic tested compound (IP: 166.67% and 98.88% for 3.125 and 100 mg/ml, 

respectively). CFCC IP was 96.93% and 121.76% for similar CCC concentrations and the 0.016 

mM CAF IP was 142.96%. All the clone frequencies in combined treatment were compared to 

the positive control H2O2.  

Recombinogenicity values for combined treatments ranged between 55 and 89%, 

being these figures higher than their respective recombinogenicity induced by the positive 

control (54%). Therefore, our compounds induced anti-mutagenic activity rather than anti-

recombinogenic activity. 
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Statistical diagnosis according to FREI AND WURGLER (1988): + (positive), - (negative) and i (inconclusive) vs. negative 
control; * (positive), Δ (negative) and β (inconclusive) vs. respective positive control; m: multiplication factor. 
Kastenbaum-Bowman Test without Bonferroni correction, probability levels: α = β = 0.05. No. of spots in 
parentheses.  Frequency of clone formation: clones/wings/24,400 cells. Recombination percentage is calculated 
according to VALADARES et al. (2008). Inhibition percentage values were included when appropriate. Balancers-
heterozygous wings. 

Table C1_2: Genotoxicity and antigenotoxicity of CCC, CFCC and CAF in the Drosophila wing spot test  

Clones per wings (number of spots) 
(1)

 Frequency of clone 
formation per 10

5
 cells

(2)
 

 
 

Compound 
Number 
of  
wings 

Small single 
spots 
(1-2 cells)  
m = 2 

Large 
simple 
spots 
(> 2 cells)  
m = 5 

Twin 
spots 
m = 5 

Total spots 
m = 2 

Observed 
Control 
corrected 

Recombi- 
nation (%)  
(3)

 

IP (%) 
(4)

 

H2O          

mwh/flr
3
 80 0.25 (20) 0.013 (1) 0 0.263 (21) 1.078    

mwh/TM3
(5)

 80 0.04 (3) 0  0.04 (3) 0.17    

H2O2 (0.15 M)          

mwh/flr
3
 80 0.313 (25) 0.088 (7) 0.038(3) 0.438 (35)+ 1.795 0.717 54.37  

mwh/TM3 80 0.188 (15) 0.013 (1)  0.20 (16) 0.819 0.286   

SIMPLE TREATMENT (mwh/flr
3
)   

CCC (mg/ml)     

[3.125] 80 0.275 (22) 0.025 (2) 0 0.3 (24)- 1.23 0.152   

[100] 78 0.19 (15) 0.038 (3) 0.026 (2) 0.256 (20)- 1.05 -0.028   

CFCC (mg/ml)     

[3.125] 80 0.175 (14) 0.075 (6) 0 0.25 (20)- 1.025 -0.053   

[100] 80 0.225 (18) 0.075 (6) 0 0.3 (24)- 1.23 0.152   

Caffeine (mM)     

[0.016] 80 0.26 (21) 0.03 (3) 0 0.3 (24)- 1.23 0.152   

[0.51] 86 0.21 (18) 0.058 (5) 0.012 (1) 0.28 (24)- 1.148 0.07   

COMBINED TREATMENT (mwh/flr
3
)   

CCC (mg/ml)     

[3.125] 82 0.11 (9) 0.037 (3) 0 0.146 (12)* 0.6 -0.478 74.6 166.67 

[100] 83 0.217 (18) 0.048 (4) 0 0.265 (22)* 1.086 0.008 69.8 98.88 

CFCC (mg/ml)     

[3.125] 82 0.195 (16) 0.073 (6) 0 0.268 (22)* 1.1 0.022 55.5 96.93 

[100] 80 0.175 (14) 0.05 (4) 0 0.225 (18)* 0.922 -0.156 64.4 121.76 

Caffeine (mM)     

[0.016] 80 0.16 (13) 0.025 (2) 0 0.188 (15)* 0.77 -0.308 89.6 142.96 

[0.51] 80 0.325 (26) 0.125 (10) 0 0.45 (36)Δ 1.844 0.766   

COMBINED TREATMENT (mwh/TM3)   

CCC (mg/ml)          

[3.125] 79 0.038 (3) 0  0.038 (3)* 0.158 -0.35   

[100] 80 0.08 (6) 0  0.08 (6) * 0.328 -0.21   

CFCC (mg/ml)          

[3.125] 82 0.12 (10) 0  0.12 (10)β 0.49 0.32   

[100] 80 0.08 (6) 0  0.08 (6)* 0.328 0.158   

Caffeine (mM)          

[0.016] 82 0.02 (2) 0  0.02 (2)* 0.08 -0.09   

[0.51]          
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Chronic treatment  

Kaplan-Meier curves and averages of flies’ lifespan are shown in Fig. C1_1 and Table 

C1_3 respectively. The longevity of flies was increased by the CCC tested concentrations 3.125 

and 25 mg/ml (p≤0.05). CAF also increased the survival rates of Drosophila at intermediate 

concentrations (0.032 and 0.127 mM). CFCC significantly decreased the lifespan of Drosophila 

only at 100 mg/ml (p≤0.001). On average whereas CCC and CAF increased Drosophila lifespan 

more than 15%, CFCC decreased it less than 19%. 

 

 

Table C1_3. Effects of CCC, CFCC and CAF treatments on the Drosophila melanogaster mean lifespan and 
healthspan 

 Mean lifespan  

(days) 

Mean lifespan 

difference (%)
a 

Healthspan 

(80
th

percentile)  

(days) 

Healthspan 

difference  

(%)
a 

 

CCC (mg/ml)    

Control 59.68±2.92 0 32.63±1.49 0 

0.78  59.7±2.6 0.04 29.67±2.28 -9.08 

3.125 69.78±2.82** 16.93 37.73±2.58
 

15.63 

6.25 59.81±2.58 0.23 37.30±2.26 14.32 

25 69.16±3.39* 15.90 34.48±2.17 5.57 

100 64.34±3.77 7.82 39.95±0.96* 22.44 

CFCC 

(mg/ml) 

    

Control 66.05±2.17 0 46.30±1.90 0 

0.78 65.7±3.23 -0.99 42.16±3.42
 

-8.93 

3.125 66.86±2.03 1.01 39.00±5.00
 

-15.77 

6.25 59.55±3.57 -9.84 52.05±1.93*
 

12.43 

25 66.06±2.7 1.0 42.30±0.67
 

-8.64 

100 54.71±2.17*** -18.17 38.27±1.09
 

-17.35 

CAF (mM)     

Control 58.84±2.46 0 30.18±1.15 0 

0.004  62.88±1.7 6.87 47±2.65**
 

55.73 

0.016  64.34±2.75 9.35 36.18±3.57
 

19.87 

0.032  68.86±2.38** 17.02 42.35±3.57*
 

40.32 

0.127  70.91±2.99*** 20.52 36.91±3.22 22.23 

0.51 61.14±2.07 3.91 38.15±2.2* 26.41 

     
a
 The difference was calculated by comparing treated flies with the concurrent water control. Positive numbers 

indicate lifespan increase and negative numbers indicate lifespan decrease. Data are expressed as mean value 
±SE. *p≤0.05, **p≤0.01, ***p≤0.001 significances obtained with the log-rank (Mantel-Cox) test.  
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Healthspan results (portion ≥ 80% of lifespan curves) are shown in Table C1_3. CCC 

increased the average healthspan of flies; such increase was significant only at 100 mg/ml 

(p≤0.05) since this concentration raised the mean value by 22.4% to the control. Conversely, 

CFCC only significantly increased the mean healthspan value at 6.25 mg/ml (12%; p≤0.05). CAF 

increased healthspan at the lowest (0.004 mM for 55.73%; p≤0.01), the intermediate (0.032 

mM for 40.32%; p≤0.05) and the highest (0.51 mM for 26.41%; p≤0.05). 

 

 

 

 

 

Figure C1_1. Effect of CCC, CFCC and CAF supplementation on the lifespan of Drosophila melanogaster. 
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IN VITRO ASSAYS 

 

Cytotoxicity 

Both beverages were cytotoxic to the HL-60 line, inhibiting leukaemia cell growth with 

a positive dose effect (Fig. C1_2). Furthermore, IC50 was similar for both beverages (19 and 20 

mg/ml for CCC and CFCC, respectively). CAF concentrations were experimentally increased to 

reach the IC50 since the original tested concentrations did not induce any remarkable cytotoxic 

effect on promyelocytic cells (data not shown). The highest tested concentration (20.4 mM), 

which was 40 times higher than the corresponding content in CCC and CFCC, could only inhibit 

cell growth in about 40%, without reaching the IC50. 

 

Figure C1_2. Cytotoxic effects of CCC, CFCC  and CAF. Viability curves at 72 h of treatment. 
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DNA stability evaluation 

The typical ladder pattern of cells with fragmented internucleosomal DNA was weakly 

induced only by CCC and CFCC at 25 mg/ml supplementation (Fig. C1_3) and it was not 

observed with any CAF treatment. 

 

 

Figure C1_3. Internucleosomal DNA fragmentation after 5 h of treatment with CCC (mg/ml), CFCC (mg/ml) and CAF 
(mM). Letters M and C mean weight size marker and negative control respectively. 
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The ability of the compounds to induce strand breaks in the DNA structure was 

determined by the alkaline comet assay. Based on the results obtained with the previous in 

vitro assays (cytotoxicity and DNA internucleosomal fragmentation), only three concentrations 

of each compound were tested. After 5-h exposure, all compounds induced a significant 

(p≤0.001) increase in the TM parameter with respect to the control, except for CFCC at a 25 

mg/ml concentration and CAF at 0.51 mM (Fig. C1_4). Despite such significant increase, all TM 

values were lower than 4.4, suggesting that these compounds mainly affect HL-60 cells 

through a necrotic pathway.  

 

 

 

Figure C1_4. Alkaline comet assay (pH <13) of HL-60 cells after 5h-treatment with different 
concentrations of CCC, CFCC and CAF. DNA migration is reported as mean TM. The plot shows mean TM 
values and standard errors. Different letters mean different values after one-way ANOVA and post hoc 
Tukey´s test.  
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Figure C1_5. Relative normalised expression data of each repetitive element. Different letters are related to 
different means. Asterisks indicate differences among the same concentrations of the same substance for the 
different studied sequences.   

 

The relative normalised methylation status (RMS) of the three repetitive sequences 

(LINE-1, Alu and Sat- α) in HL-60 cell line treated with the tested compounds is shown in Figure 

C1_5. RMS decreased when cells were treated with CCC in both, Alu-M1 and LINE-1 sequences 

in a negative dose-dependent manner. However, we obtained hypomethylation in Sat-α 

sequences treated with 3 mg/ml and hypermethylation at the highest concentration (100 
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mg/ml) CCC. CFCC induced hypermethylation in LINE-1 at 3 mg/ml concentration and 

hypomethylation at 100 mg/ml. A decrease of methylation status was found in Alu-M1 

sequences when cells were treated with 100 mg/ml CFCC. On the contrary, both assayed 

concentrations of CFCC were able to hypermethylate Sat-α sequences. Regarding CAF, it was 

observed a decrease of methylation status in Alu-M1 and LINE-1 repetitive elements treated 

with 0.016 mM CAF and 0.016 and 0.51 mM respectively. In contrast, an increase of the 

methylation status was found in Sat-α sequences when cells were treated with 0.016 mM CAF. 

The same demethylation pattern was observed at the three repetitive elements when looked 

at the same concentration as the Tukey´s test demonstrated when cells are treated with CCC 

and CAF, except for the lowest concentration of CAF when Sat-α is analysed. Nevertheless, 

CFCC differs from CCC and CAF as indicated by asterisks in Figure C1_5. 

 

DISCUSSION 

 

Effect of cola beverages and caffeine on D. melanogaster in vivo model 

Soft drinks have been related to several harmful effects on health, such as child obesity 

and appetite increase, diabetes, hypertension and dental diseases (LUDWIG et al. 2001; DEVLIN 

et al. 2006; VARTANIAN et al. 2007). They were even related to school intoxication outbreaks, 

although in the end these events were associated with a mass sociogenic illness (GALLAY et al. 

2002). Nevertheless, studies assessing systematically the toxicological effects of Cola 

beverages are scarce (TAMURA et al. 1977; TAMURA et al. 1979) or showed contradictory results, 

as in the case of CAF. Drosophila is considered an accurate in vivo model to study human 

disease and further substantial contributions in this sense are expected (BECKINGHAM et al. 

2007).  

To our knowledge, this is the first attempt to characterise the genotoxic effect of these 

beverages using in vivo (Drosophila melanogaster) and in vitro (HL-60) models as well as CAF, 

using experimental doses mimicking the concentration used in cokes. 

The lack of toxicity observed in our results is reasonable since these beverages are 

worldwide consumed and strictly regulated by governments and agencies. Furthermore, the 

use of “physiological” CAF doses could explain the harmlessness of the compound, since it 

effect was widely demonstrated as highly dependent of the dose consumed (ITOYAMA et al. 

1998). On the other hand, differences in sugar content between beverages (11.1% vs 10.6% 

W/V in CFCC and CCC, respectively) could explain the different toxicity levels found in the 

Drosophila assays. Several toxic and side effects were reported due to the high carbohydrate 

concentrations of beverages, particularly referred to glucose and fructose. In our flies, it was 
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also demonstrated that those carbohydrates could be converted into glyoxal which reduces 

the number of adults emerged and the pupation time (ROVENKO et al. 2015). 

In our study, only CCC and CFCC exerted a significant antitoxic activity against H2O2-

induced oxidative damage in Drosophila. On the contrary, CAF showed neither toxic nor 

antitoxic effects. Since the effect of CAF has been widely described as dose-dependent, the 

lack of toxicity observed in our experiments was probably due to the low concentrations 

(equals to those found the cola beverages) tested. In this sense, it was demonstrated that CAF 

can exert an antioxidant effect when consumed at moderate doses; it can even be neurotoxic 

at higher doses by increasing dopamine release (LEE 2000; GOLEMBIOWSKA et al. 2009) or even 

inhibit autophagy in a dose-dependent manner (PITAKSALEE et al. 2015). Our results are more in 

agreement with ZHAO et al. (2015) who very recently found that CAF antioxidant properties are 

very weak and probably overestimated. On the other hand, it is well know that there are 

several extra compounds in Coca-ColaTM, such as carbohydrate syrups, phosphoric acid (E-338) 

and class IV caramel colorants, but none of them has been reported as antioxidant (LUNA AND 

AGUILERA 2014; ROVENKO et al. 2015). Therefore, we hypothesise that the antioxidant effects of 

CCC and CFCC could be explained by other undeclared components of these beverages, 

considering that part of its formula is an industrial secret. 

Research using Drosophila has provided seminal insights into gene function which are 

relevant to human health (FORTINI et al. 2000). The genomic stability (lack of genotoxicity) 

observed in Drosophila with all the compounds assayed confirmed their safety. Previous 

reports determined that cola drinks could be mutagenic by inducing chromosomal 

abnormalities and liver adducts in mice (RANDERATH et al. 1993; DÜSMAN et al. 2013). However, 

those results are at least controversial, since the mutagenic effects were observed after 1 day 

of treatment with cola intakes equal to 600ml in humans. On the contrary, our study agree 

with TÓTHOVÁ et al. (2013) which demosntrated in a 6-month experimental design with rats 

drinking cola beverages ad-libitum neither harmful effects nor changes in the gene expression 

pattern.  

CAF is one of the most investigated genotoxic substances, probably because results 

obtained over time are not consistent (reviewed by NEHLIG AND DEBRY (1994)). The absence of 

genotoxicity was reported a long time ago using different models: in Drosophila germ cells 

(YANDERS AND SEATON 1962), in the Salmonella Ara test (ARIZA et al. 1988) or in the micronucleus 

assay (ABRAHAM AND SINGH 1999). On the contrary, mutagenic results have been reported after 

Sex-Linked Recessive Lethal (SLRL) test of Drosophila germ cells (ANDREW 1959; OSTERTAG AND 

HAAKE 1966). Furthermore, it was demonstrated that CAF can enhance the effect of many DNA 

damaging agents (NEHLIG AND DEBRY 1994). Our results agree with those reported by GRAF AND 
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WURGLER (1986); using the same experimental model. These authors demonstrated that CAF 

genotoxic effects are weak and non-significant.  

An interesting finding was the antigenotoxic differences among both cola beverages 

and CAF. Our hypothesis is that the beverages effects could be mediated in part by the 

differential CAF content. Although in vitro studies indicated that CAF was able to scavenge 

hydroxyl radicals (SHI et al. 1991), this ability was not clearly observed in the highest 

concentration of our in vivo antigenotoxicity assays. In this sense, 0.51 mM CAF was not able 

to induce antigenotoxic activity although contrarily, the lowest CAF concentration (0.016 mM) 

did induce, being the most anti-mutagenic according to the recombination percentage data. In 

contrast, CAF has been demonstrated to be non-anti-mutagenic in Ames test at 0.19 mM (SHI 

et al. 1991) although it depends on the environmental factors (NEHLIG AND DEBRY 1994). Both 

cola beverages also revealed an inhibitory effect against the frequency of mutant spots 

induced by hydrogen peroxide due to an anti-mutagenic activity (ORSOLIN et al. 2015). The 

different IP values of 166.67% and 96.93% for CCC and CFCC respectively at the lowest tested 

concentration could be due to the CAF content in CCC (0.016 mM CAF) since CFCC does not 

consist of CAF. This is in agreement with several reports showing CAF antigenotoxic capacity 

against X-rays (MENDELSON AND SOBELS 1974; OSGOOD AND ZIMMERING 1979), ethyl 

methanesulfonate (SMART assay; (PRAKASH et al. 2014) and yeast (15 mM) (PONS AND MULLER 

1990)). The IP value of CCC at 100 mg/ml decreased up to 98.88% and this fact could be due to 

the absence of antigenotoxicity observed in the highest CAF concentration. CAF did not 

present antigenotoxic activity in the micronucleus test of mice (ABRAHAM AND SINGH 1999), 

although these authors assayed higher concentrations than those tested herein. However, CCC 

and CFCC antigenotoxic ability could also be due to another undeclared compound in the 

beverage formula or to the presence of fructose, reported as demutagenic against heterocyclic 

amines (Trp-p-1) (WANG et al. 2002). 

 Drosophila melanogaster is an excellent model for the study of aging because adults 

show many similarities with the cellular senescence observed in mammals (FLEMING et al. 

1992). This is the reason why this particular model is frequently used to understand the 

relationship between nutrient metabolism and aging mechanisms (LI et al. 2010a). To our 

knowledge, the anti-ageing and anti-degenerative effects of CCC and CFCC were assayed for 

the first time using D. melanogaster in our study. We demonstrated that CCC increased both 

lifespan and healthspan, whereas CFCC in general decreased both longevity indexes. However, 

these effects may not be related to the lack of mutagenicity produced by CCC and CCFC since 

there were no differences between beverages in the genotoxicity assays. Environmental 

factors, such as the diet of larvae, play a vital role in life expectancy. This was also reported in 
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humans, associating sugared soft drinks with diabetes and obesity, key factors for life 

expectancy decrease (SHAH et al. 2014)]. Therefore, the higher carbohydrate content of CFCC 

(compared with CCC) could explain the differences observed in longevity assays. We also 

demonstrated that CAF at 0.032 and 0.127 mM significantly increased lifespan in Drosophila, 

without having significant effects at lower doses. Interestingly, our results showed a reduced, 

even though not significant, lifespan in flies when higher concentrations were assayed. This 

was previously reported by NIKITIN et al. (2008), who demonstrated a negative effect of CAF in 

Drosophila lifespan with higher concentrations (25-fold higher than ours). A possible 

explanation could be that CAF produced a slimming activity by metabolism stimulation, 

associated to shorter life expectancies (JAMES 2004; YUN et al. 2008). 

 

Effect of cola beverages and caffeine on in vitro cancer model cells 

The in vitro evaluation of the anti-cancer properties of nutraceutical compounds or 

foods is the first step of a large pathway to obtain suitable conclusions to be extrapolated to 

humans. Here, we determined the potential chemopreventive effect of CCC, CFCC and CAF on 

a human cancer cell model (HL-60 cell line). CCC and CFCC similarly decreased the survival rate 

of HL-60 leukaemia cells in a positive dose-dependent manner. KAPICIOGLU et al. (1998) 

reported the ability of cola drinks to inhibit proliferation of gastric mucosal cells although they 

were not cancerous. Conversely, NOWACKI et al. (2014) reported that CCC was able to induce an 

increase in fibroblast proliferation probably due to the sugar content, which could trigger a 

carcinogenic process. However, the rate of increase of this proliferation depended on where 

the CCC was bought. Our results showed that CAF induced weak cytotoxicity in HL-60 since 

none of the tested concentration reached the IC50. Therefore, we demonstrated that CCC and 

CFCC cytotoxicity cannot uniquely be due to CAF content. Previous reports showed that CAF 

inhibited HL-60 growth at 5 mM (ISHIDA et al. 1992). More recently, ROSENDAHL et al. (2015) 

demonstrated an inhibitory effect of CAF against human breast cancer cells, being the IC50 

roughly at 5 mM. Similarly, PITAKSALEE et al. (2015) showed inhibition of autophagy with CAF 

supplementations of 10 mM in a neuroblastoma cell line. These recent reports support our 

findings, suggesting that CAF could be cytotoxic only at higher concentrations and in a positive 

dose-dependent manner. 

The degradation of genomic DNA into internucleosomal fragments was proposed as a 

major mechanism affecting cancer cell apoptosis. We determined that CCC and CFCC only 

induced a weak proapoptotic DNA internucleosomal fragmentation at higher concentrations. 

Conversely, this activity was not observed in the concurrent CAF concentration tested. In this 

sense, previous reports by different authors are contradictory. It has been demonstrated that 
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CAF protects HL-60 (POE AND O'NEILL 1997) and endothelial (LI et al. 2014) cells against certain 

types of induced apoptosis in a dose-dependent manner and only at higher concentrations. 

The existence of a dose-dependent response pattern (LEE 2000; GOLEMBIOWSKA et al. 2009) has 

recently been demonstrated by WANG et al. (2015) showing that 2 mM CAF enhanced the 

proapoptotic effect of cisplatin lung cancer cells; these results could also explain the 

differences in CAF studies since they suggest that low CAF concentrations do not induce 

apoptosis by themselves, but by enhancing a different apoptotic pathway.  

For these reasons, we performed alkaline SCGE in order to detect DNA damage 

(FORCHHAMMER et al. 2012), which are widely used to determine whether cells are undergoing 

apoptotic and/or necrotic pathways (OLIVE AND BANÁTH 2006). The use of such a test in 

transformed cells for the screening of substances with clastogenic DNA-strand break activity 

could be considered as a very early stage screening in the search of molecules for the 

treatment of acute promyelocytic leukaemia (YEDJOU AND TCHOUNWOU 2007). It is assumed that 

apoptosis occurs when treatments induces a TM>30 (hedgehog pattern) whereas control cells 

remain lower than 2 (no tails). On the contrary, necrosis shows a short comet-tail pattern since 

the majority of the damaged DNA remains in the comet head (FAIRBAIRN AND O’NEILL 1995). Our 

results showed that the damage induced by CCC, CFCC and CAF in HL-60 cells was 

characterised by necrosis (short tails, TM<5, Fig. 4). These results agree with our cytotoxicity 

and DNA fragmentation assays, demonstrating that CCC and CFCC induced cell death in HL-60, 

probably mediated by a necrotic pathway. Both beverages and CAF had the same DNA damage 

pattern (class 1; TM between 1 and 5 according to FABIANI et al. (2012)) whereas class 0 was 

detected in their concurrent controls (TM lower than 1, no visible comet). In the same way, 

our results agree with those of RAYBURN et al. (2001) who reported that CAF supplementation 

(0-2 mM) did not produce DNA strand breaks in CHO cells. Consistently with our results, 

several authors demonstrated that CAF induced apoptotic cell death in glioma and lung cancer 

cells at higher doses (10-20 mM), suggesting again that CAF acts in a positive dose-dependent 

manner (HALAS et al. 2014). However, recent studies demonstrated that CAF could induce a 

comet-tail pattern even at low concentrations [0.1-2 mM; (PEYCHEVA et al. 2014)], but these 

reports were performed in yeast or in a different cell line (K562). Therefore, this could also 

suggest that CAF-induced apoptosis differs depending on the in vitro model employed. 

Another interesting point is that the SCGE assay was described as relatively insensitive since 

positive results (no scored comets) would not be found when the tested compound are highly 

cytotoxic (HARTMANN et al. 2001). However, despite the fact that beverages were cytotoxic in 

our study, that assay was performed after 72 h of treatment and SCGE assays were conducted 

only for 5 h.  
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Regarding epigenetics, it is currently known that environmental factors are involved in 

gene expression. In cancer cells, the genome is globally hypomethylated inducing transposable 

element activity and thus triggering genome instability (LOPEZ-SERRA AND ESTELLER 2008). As a 

proof of that, the silencing of tumor suppressor genes is closely associated with 

hypermethylation (QIN et al. 2009). Repetitive elements are highly methylated in somatic 

normal cells contributing to a global genomic hypermethylation (LOPEZ-SERRA AND ESTELLER 2008; 

NIKOLAIDIS et al. 2012) suppressing the transposable activity of repetitive elements. 

Nevertheless, a lot of information is still unknown specially in order to ascertain the 

mechanisms which modulate the epigenetic changes in cancer cells. Biomedical research is 

focused on hypomethylation agents since this therapy is highly related to gene silencing thus 

this fact could activate tumor suppressor genes and be a positive highlight although it is not 

clear its benefit on human therapies due to much more investigations should be performed 

(WILD AND FLANAGAN 2010).  

We studied three different repetitive elements: LINE-1, Alu M4 and SAT-α. Long 

interspersed nuclear elements (LINE) are abundant retrotransposons and representing LINE-1 

about 17% of the human genome with a non-random distribution by accumulating primarily in 

G-positive bands, which are AT-rich regions of chromosomes. LINE-1 elements are also 

accumulated in regions of low recombination rate mainly in X-chromosome (BOISSINOT et al. 

2001). Alu elements belong to the SINE family (Short Interspersed Nuclear Elements), being 

the most abundant (accounting about 10% of the whole human genome (NIKOLAIDIS et al. 

2012)) and predominantly present in non-coding and GC-rich regions (LANDER et al. 2001; 

GROVER et al. 2003). Sat-α (Satellite alpha DNA) repeats are composed of tandem repeats of 

170bp DNA sequences, are AT-rich regions and represent the main DNA component of every 

human centromere, constituting about 5% of total human DNA (WAYE AND WILLARD 1986; 

LANDER et al. 2001). Therefore, examination of the methylation status of LINE-1 and Alu regions 

has served as an approach for measuring global methylation levels since 32% of the human 

genome has been evaluated (MARTÍNEZ et al. 2012).  

Our results of methylation status showed that CCC may generally hypomethylate the 

global genome although 100 mg/ml CCC hypermethylate Sat-α repetitive element. We also 

observed a significant negative dose-dependent effect in every target repetitive element with 

a of 50% hypomethylation average rate. Nevertheless, the overall hypermethylation rate 

induced in CFCC treatments is 328%, and only a decrease of methylation status is observed at 

Alu-M1 and LINE-1 sequences when treated with CFCC 100 mg/ml. This hypermethylation 

could be considered as a benefit since LINE-1 is associated with C-met oncogene what would 

be silenced (WILSON et al. 2007).  
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XU et al. (2012) demonstrated that caffeine (0.3 mM) enhanced the methylation ratio 

of multiple single CpG sites, as well as the total methylation ratio at nt −358 to −77 of the 

hippocampal 11β-HSD-2 promoter of primary fetal hippocampal neurons in rats. However, 4 

and 40 µM CAF was able to induce hypomethylation of single CpG site inhibiting the DNMT3 

enzyme but not decrease the global status of the proximal promoter of the human StAR gene 

(PING et al. 2012). The present results of CAF are in agreement with TING et al. (2011) since 16 

µM was able to induce hypomethylation of Line-1 and Alu-M1 sequences as well as 0.51 mM 

CAF in LINE-1. However, cells treated with 16 µM CAF methylated Sat-α (AT-rich elements). It 

has been demonstrated that the expression of satellite sequences is associated with a 

hypomethylation triggering cancer cells thus methylation process in satellite sequences is a 

potential mechanism for silencing its satellite expression in transformed cells (TING et al. 2011). 

These results could suggest that CAF may be one of the compounds responsible for the global 

hypomethylation status induced by CCC.  

Statistical analysis showed that the methylation status induced by CCC and CAF in each 

repetitive element was not significantly different. Conversely, CFCC resulted in inducing 

different methylation status. Therefore, the effects of CCC on methylation status of HL-60 cells 

could be explained by those induced by CAF.  

It is clear that much more information is needed for ascertaining on the role of food 

and beverages on epigenomes since hypomethylation mechanisms are not clear in every type 

of tumor. In addition, the hypomethylation and hypermethylation status of repetitive 

elements depends on both their concurrent control (WILSON et al. 2007) and the target 

repetitive elements selected to evaluate the global methylation status. To our knowledge, it is 

the first attempt assessing on DNA methylation changes induced by CCC, CFCC and CAF on 

human leukaemia cells.  

An apparent scarce data on the lack of dose-dependent effect is observed at almost all 

parameters analysed at the individual, cell and molecular levels.  Based on the obtained 

results, we only found a clear-cut dose-dependent effect when CCC is tested in the antitoxicity, 

cytotoxicity and methylation bioassays. A threshold level of concentration may be needed to 

obtain some biological effects (VILLATORO-PULIDO et al. 2009). We found this threshold in the 

rest of the assays and compounds for toxicity, antitoxicity, longevity, healthspan, DNA 

fragmentation and SCGE. 
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RESULTS 

 

Toxicity/Antitoxicity 

 Toxicity assays showed that whereas ACK and CFDCC are significantly toxic at highest 

and all tested concentrations respectively, ASP and CYC are not toxic to D. melanogaster 

larvae, (Table C2_1, simple treatment). In addition, a positive dose-dependent toxicity was 

observed in CFDCC. However, the toxicity triggered by ACK and CFDCC was not enough to 

reach the classical lethal doses 50 (LD50).  

Antitoxicity results showed that ACEK and CFDCC were not able to induce a significant 

protective effect against H2O2-induced toxicity in Drosophila larvae (Table C2_1, combined 

treatment). On the other hand, ASP and CYC were able to revert in some extent the damage 

caused by hydrogen peroxide in a negative dose-dependent and Gaussian-like manner 

respectively.  

 

Table C2_1. Toxicity and antitoxicity levels of ASP, ACK, CYC and CFDCC in D. melanogaster. 

ACK Survival ASP Survival CYC Survival CFDCC Survival 

(mM) (%) (mM) (%) (mM) (%) (mg/ml) (%) 

  
Simple Combined   Simple Combined   Simple Combined   Simple Combined 

treatment
(1)

 treatment
(2)

   treatment treatment   treatment treatment   treatment treatment  

0 100 100 0 100 100 0 100 100 0 100 100 

H2O2 - 53 H2O2 - 40,32 H2O2 - 52,3 H2O2 - 60 

0.006 89,32 50,68 0.0063 100 91,98 * 
(4)

 0.0125 99 46,65 0.023 96 50 

0.025 91 53 0.025 100 88,65 * 0.05 95,65 94 * 0.093 84,65 * 55 

0.05 87 * 
(3)

 53 0.05 100 82,32 * 0.1 98 84,67 * 0.1875 85 * 56 

0.2 86,36 * 54 0.2 93,68 75,68 * 0.4 99 51,64 0.75 68,35 * 64 

0.8 85,68 * 57 0.815 95,97 64,35 * 1.6 98,3 59,35 3 70 * 69 

1
 Data are expressed as percentage of survival adults with respect to 300 untreated 72-h-old larvae from three 

independent experiments. 
2
Combined treatments using standard medium and 0.15 M hydrogen peroxide. 

3
Asterisks (*) indicate significant differences (one tail) with respect to the hydrogen peroxide control group and 

4
 

untreated control group: * Chi-square value higher than 5.02 (MARTÍNEZ BECERRA AND ROBLES GONZÁLEZ 1999). 

 

Genotoxicity/Antigenotoxicity 

Table C2_2 shows the genotoxicity and antigenotoxicity results performing the SMART 

trial. The positive result of flies fed with hydrogen peroxide as a genotoxic control after 

applying the binomial Kastenbaum-Bowman test, validated the accuracy of the SMART test. 

While CFDCC was not genotoxic, ASP, ACK and CYC yielded inconclusive results which were 

resolved using Mann-Whitney U-test. This statistical test showed that none of the mentioned 

compounds were genotoxic at the assayed concentrations.  
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1 
Statistical diagnosis according to FREI AND WURGLER (1988): + (positive), - (negative) and i (inconclusive) 

vs. negative control; * (positive), Δ (negative) and β (inconclusive) vs. respective positive control; m: 
multiplication factor. Kastenbaum-Bowman Test without Bonferroni correction, probability levels: α = β 
= 0.05. No. of spots in parentheses. 

2   
Mann-Whitney test was used when appropriate to resolve 

inconclusive results. Lambda symbol (λ) means that there are not significant differences with respect to 
the negative control.

 3
   Inhibition percentage values were included when appropriate.  

 

Table C2_2: Genotoxicity and antigenotoxicity of ASP, ACK, CYC and CFDCC in Drosophila wing spot test 

Clones per wings (number of spots) 
(1)

 

 

Compound 

Wings  
Small single 

spots  
Large simple 

spots  
Twin 
spots 

Total spots  

Mann-Whitney 
test 

(2)
 

IP (%) 
(3)

 number (1-2 cells) (> 2 cells)  m = 5 m = 2 

  m = 2 m = 5     

H2O 41 0.147 (6) 0.048 (2) 0 0.195 (8) 
  

H2O2 (0.15 M) 40 0.375 (15) 0.05 (2) 0 0.425 (17)+ 
  

SIMPLE TREATMENT 

ACK (mM) 
       

[0.025] 39 0.231 (9) 0 0 0.231 (9)i λ 
 

[0.8] 40 0.2 (8) 0,025 (1) 0 0.225 (9)i λ 
 

ASP (mM) 
       

[0.025] 40 0.25 (10) 0.1 (4) 0 0.350 (14)i λ 
 

[0.82] 40 0.2 (8) 0.075 (3) 0 0.275 (11)i λ 
 

CYC (mM) 
       

[0.05] 40 0.25 (10) 0.1 (4) 0 0.35 (14)i λ 
 

[0.16] 40 0.175 (7) 0 0 0.175 (7)i λ 
 

CFDCC (mg/ml) 
       

[0.093] 38 0.16 (6) 0 0 0.16 (6)- 
  

[3] 40 0.1 (4) 0.025 (1) 0 0.125 (5)- 
  

COMBINED TREATMENT (mwh/flr
3
) 

ACK (mM) 
       

[0.025] 40 0.2 (8)i 0.05 (2)i 0- 0.25 (10)Δ 
 

41 

[0.8] 40 0.275 (11)i 0- 0- 0.275 (11)Δ 
 

35 

ASP (mM) 
       

[0.025] 38 0.13 (5)  0.05 (2) 0 0.184 (7)Δ 
 

57 

[0.82] 40 0.25 (10) 0.125 (5) 0 0.375 (15)Δ 
 

12 

CYC (mM) 
       

[0.05] 40 0.125 (5) 0.025 (1) 0 0.15 (6)Δ 
 

65 

[0.16] 39 0.175 (7) 0.026 (1) 0 0.205 (8)Δ 
 

52 

CFDCC (mg/ml) 
       

[0.093] 40 0.25 (10) 0.025 (1) 0 0.275 (11)Δ 
 

35 

[3] 38 0.157 (6) 0.132 (5) 0 0.289 (11)Δ   32 
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On the other hand, all assayed substances significantly exerted an antigenotoxic 

activity being each combined mutation rate below the genotoxin alone (0.425 clones/wings). 

All tested compounds showed a negative dose-dependent protective effect against the 

genotoxine. CYC was the highest antigenotoxic compound yielding an Inhibition Percentage 

(IP) of 52 and 60% for the lowest and the highest concentration respectively. The IP values 

obtained in ACK and CFDCC treatments were quite similar roughly 30 and 40%. ASP was able to 

inhibit the effect of the genotoxine yielding 57 and 12% IP values for the lowest and the 

highest concentrations respectively. 

 

Lifespan 

Estimated mean values of Drosophila´s survival were obtained using the Kaplan-Meier 

curves (Figure C2_1) and statistical differences were determined by Log-Rank (Mantel-Cox) 

test. Each concentration of CFDCC significantly decreased around 15% the life expectancy of 

Drosophila. Conversely, 0.05 mM and 0.2 mM ASP were able to induce an increase in the 

longevity (8%). However, neither ACK nor CYC exerted any effect on Drosophila´s lifespan since 

they were statistically similar to their concurrent control.  

Healthspan parameters were performed taking into account the portion ≥ 80% of 

lifespan curves (Table C2_3). The results showed that when statistical differences were found, 

it is to decrease the quality of life in this in vivo experimental model as follows: 0.025 mM and 

0.2 mM ACEK decreasing it roughly 28 %, the highest and the lowest tested concentration of 

ASP reduced the healthspan approximately 30%, 0.05 mM CYC (27%) and 0.093 mg/ml and 

0.75 mg/ml CFDCC decreased the estimated mean values 32 and 38% respectively.  

 

Cytotoxicity 

ACK and CFDCC were the most cytotoxic compounds reaching the Inhibitory 

Concentration 50 (IC50) at 0.08 mM and 0.094 mg/ml respectively. ASP also reached the IC50 at 

0.8 mM, the highest concentration used in this assay. Despite the fact that CYC decreased the 

cell viability of HL-60 cell line at lowest concentration, the IC50 was not reached and the cell 

viability was maintained around 70%.  
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Table C2_3. Effects of ACK, ASP, CYC and CFDCC treatments on the Drosophila melanogaster mean lifespan and 
healthspan. 

 
Mean lifespan  

(days) 
Mean lifespan 
difference (%)

a 
Healthspan 

(80
th

percentile)  
(days) 

Healthspan 
difference  

(%)
a 

 

ACK (mM)    

Control 57.63±2.108 0 38.63±1.6 0 

0.006 51.36±2.72 -10.87 40.6±3.56 5.1 

0.025 53.182±2.707 -7.7 27.5±2.1**
 

-28.8 

0.05 58.022±2.635 0.7 43.83±5 13.46 

0.2 54.783±2.56 -4.94 28.1±2.21** -27.25 

0.8 59.702±2.3 3.6 23.2±0.99*** -40 

ASP  

(mM) 

    

Control 71.83±1.98 0 52.524±2 0 

0.0063 68.52±2.95 -4.6 38.15±3.64**
 

-27.36 

0.025 71.636±2.3 -0.27 48.54±1.54
 

-7.57 

0.05 77.193±2* 7.46 56.08±2.04
 

6.77 

0.2 77.72±2.4** 8.2 49.3±3
 

-6.13 

0.815 67.135±2.68 -6.54 36.45±2.97*
 

-30.6 

CYC  

(mM) 

    

Control 69.2±2.35 0 40.889±2.21 0 

0.0125  76.46±2.26 10.5 44.3±1.3
 

8.34 

0.05  64.72±2.64 -6.47 29.85±1.72**
 

-27 

0.1  63.97±2.9 -7.56 34.17±2.265
 

-16.43 

0.4  75.387±2.212 8.94 51±4 24.72 

1.6 66.55±2.34 -3.83 41.7±2.9 1.98 

CFDCC 

(mg/ml) 

    

Control 73.684±2.55 0 47.09±1.85 0 

0.023 62±2.43** -15.86 39±0.527 -17.17 

0.093 62.47±3.23* -15.22 31.7±2.8** -32.68 

0.1875 62.48±2.48*** -15.21 42±4.04 -10.81 

0.75 60±2.765** -18.57 28.78±0.89** -38.88 

3 62.1±275** -15.72 41.36±3.25 -12.17 

a
 The difference was calculated by comparing treated flies with the concurrent water control. Positive 

numbers indicate lifespan increase and negative numbers indicate lifespan decrease. Data are 
expressed as mean value ±SE. *p≤0.05, **p≤0.01, ***p≤0.001 significances obtained with the log-
rank (Mantel-Cox) test.  
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Figure C2_1. Effect of ASP, ACK, CYC and CFDCC supplementation on the lifespan of Drosophila melanogaster. 
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Figure C2_2. Cytotoxic effects of ACK, ASP, CYC and CFDCC. Viability curves at 72 h of treatment 

 

 

DNA Fragmentation 

The typical internucleosomal DNA ladder pattern observed in apoptotic cells was not 

observed in any treatment with the tested compounds (Fig. C2_3). 

 

Comet Assay 

HL-60 cell line treated with the tested compounds underwent the alkaline comet assay 

in order to evaluate the ability of these compounds to induce single and double strand breaks 

exerting DNA damage in leukaemia cells (Fig. C2_4). The concentrations used in this SCGE 

assay were determined according to the results obtained in the previous cytotoxicity assay. 

The results showed that ASP significantly induced DNA damage at the highest tested 

concentration. Moreover, CYC and CFDCC were able to induce DNA strand breaks at all the 

assayed concentrations except for the highest one used in CFDCC. On the contrary, ACK did not 

significantly increase the TM parameter at any concentration compared to the concurrent 

control, except for the lowest concentration.  
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Figure C2_3. Internucleosomal DNA fragmentation after 5 h of treatment with ACK, ASP, CYC and CFDCC. Letters M 
and C mean weight size marker and negative control respectively. 
 

 

 

Figure C2_4. Alkaline comet assay (pH <13) of HL-60 cells after 5h-treatment with different concentrations of ACK, 
ASP, CYC and CFDCC. DNA migration is reported as mean TM. The plot shows mean TM values and standard errors. 
Different letters mean different values after one-way ANOVA and post hoc Tukey´s test.  
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Methylation status 

Figure C2_5 shows the relative normalised methylation status (RMS) of the three 

repetitive sequences (LINE-1, Alu M1, and Sat-α) in HL-60 cell line treated with the tested 

compounds. ACK was able to induce a hypermethylation in the three repetitive sequences 

analysed. Regarding ASP, the lowest concentration studied in this assay significantly 

hypomethylated Sat-α and hypermethylated Alu M1 sequence. As regards CYC, this artificial 

sweetener showed a similar pattern to ASP modifying Satellite and Alu sequences. In this case, 

CYC was able to reduce the methylation status in Alu M1 and Sat-α repetitive elements when 

cells are treated with both assayed concentrations and the lowest one respectively. The CFDCC 

significantly hypermethylated the three target sequences at 0.093 mg/ml. The highest 

concentration of CFDCC was not included since results were not found due to the quantity of 

DNA was quite scarce which is in agreement with cytotoxicity results. It is noteworthy the lack 

of dose-dependent response as it is shown in Figure C2_5.  

 

 
 
Figure C2_5. Relative normalised expression data of each repetitive element. Different letters are associated with 
different means applying One-Way ANOVA test and post hoc Tuckey´s test.  
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DISCUSSION 

Artificial sweeteners are food additives worldwide used as sugar substitutes in beverages, 

being sweeter than sugar and with fewer calories content (LANGE et al. 2012; CHUNG AND LEE 

2013). As their consumption have been increasing every year, some food agencies (FDA and 

EFSA) are responsible for regulating their safe intake. Despite there is a great deal of studies 

determining their carcinogenicity and toxicity, food agencies do not support that relationship. 

Debates and controversial results raised and authorities should revise their decision on the 

basis of new data reporting toxicological effects (MARINOVICH et al. 2013; MISHRA et al. 2015).  

ASP, CYC and ACK are used instead of FRU and GLU as sweeteners without providing 

energy in diet cola beverages. Besides the controversial information of artificial sweeteners, 

CYC have been forbidden in many countries (CILLO 2011). CFDCC was first commercialised in 

USA in 1982. It was sold as non-caloric beverage to lose weight. Although diet beverages are 

consumed worldwide, people must pay small taxes in some places if they consume them as a 

preventive measure imposed by the government to promote health (JACOBSON AND BROWNELL 

2000). To our knowledge, there is a lack of toxicological assays on scientific databases to 

determine its safety potential on health.   

Artificial sweeteners were evaluated in the last century to ascertain on their ADI to be 

added in FDA as safety compounds. This is the reason why the main information available on 

database dated from 70s-90s. However, controversial information has been found and it is 

necessary to carry out new scientific data which assure their safety for human health (KARSTADT 

2010).  We performed toxicity, antitoxicity, genotoxicity, antigenotoxicity and lifespan assays 

to assess on the nutraceutial potential and safety of three artificial sweeteners which take part 

in most of cola beverages such as CFDCC. It was used the concentrations of ACK, ASP and CYC 

declared by Coca-Cola Company. Regarding CFDCC, to our knowledge this is the first attempt 

evaluating these biological activities on this beverage.  

 

 

 In vivo model 

Our toxicity results showed that none of the artificial sweeteners were toxic since LD50 

was not reached at the assayed concentrations although the three highest concentrations 

significantly differed from the concurrent control. These results agree with the safety 

demonstrated of ACK (JUNG AND KREILING 1991). MUKHERJEE AND CHAKRABARTI (1997) reported 

ACK not to be toxic in mice fed with 1.5-3 g/kg of body weight and MAYER (1991) determined 

that ACK was accepted to human consumption since it was not toxic. Our results are also 

consistent with those obtained by REUZEL AND VAN DER HEIJDEN (1991) who reported that ACK 
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was revealed as a non-toxic compound in the diet of dogs fed with 900 mg/kg body 

weight/day. Our results are also supported by acute toxicology tests performed in rats, mice 

and rabbits with a maximum dose of 5000 mg/kg body weight with negative results (BUTCHKO 

et al. 2002). The lack of toxicity of ACK could be due to that this sweetener is not metabolised 

and it is excreted without any modification (VON RYMON LIPINSKI AND HANGER 2001). 

BANDYOPADHYAY et al. (2008a) found that although ACK and ASP were not toxic in Ames Test, 

their lack of toxicity is still controversial and confusing in spite of Ames test is conducted in a 

prokaryotic organism hence this result is not determining enough. ASP was reported to have 

low toxicity in experimental model systems. In pregnant rats, ASP proved to be nephrotoxic in 

the fetus at 14 mg/kg body weight (MARTINS AND AZOUBEL 2007).  ASP was toxic in Wistar rats at 

0.83 mM since the enzymatic activity was reduced generating neurologic diseases (SIMINTZI et 

al. 2007). In addition, ASP had influence on neurologic behaviour in human at 10 and 20 mg/kg 

suffering from headache (LINDSETH et al. 2014). Therefore, ASP remains one of the most 

controversial and widely used artificial sweeteners today (SHANKAR et al. 2013).  

Our results are consistent with toxicological studies of CYC mainly performed during 

70s and 80s since CYC was determined as a non-toxic sweetener in mice (TAYLOR et al. 1968; 

BRANTOM et al. 1973). In addition, CYC was demonstrated not to be toxic in human studies 

(SERRA-MAJEM et al. 2003) and in Drosophila Sex-linked recessive lethal assay (BRUSICK et al. 

1989). On the other hand, CYC showed very low toxicity although it is metabolised to 

cyclohexylamine which shows higher toxicity (BOPP et al. 1986). Moreover, CYC was toxic in 

some extent in pregnant rats since 60 mg/kg of body weight of CYC led to retardation of fetal 

development and hypertrophy in the exocrine pancreas of the rat fetuses (MARTINS et al. 

2010). We hypothesise that the toxicity found in CFDCC could be due to the toxicity observed 

in ACEK and CYC. 

Drosophila has been extensively used as an experimental model evaluation the 

genotoxicity exerted by different compounds in many test. The main information available on 

scientific database about artificial sweeteners is related to genotoxicity and carcinogenicity 

assays. Our results revealed that all the tested compounds were not genotoxic at the assayed 

concentrations.  

ACK was reported to be non-mutagenic in E. coli and mammalian cell (MARQUADT AND 

MARQUADT 1977; JUNG AND HOLLANDER 1986). In addition, several studies carried out during 70-

80s determined that ACK was neither mutagenic nor carcinogenic in in vivo and in vitro assays. 

Despite ACK was clastogenic and genotoxic at higher doses (60-2250 mg/kg) on mice, these 

concentrations were not within the ADI dose. In this sense, although the number of 

chromosomal aberrations induced by ACEK (15 mg/kg) was similar to the control, ACK was 
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demonstrated to interact with DNA inducing genetic damage (MUKHERJEE AND CHAKRABARTI 

1997). ACK and ASP were not mutagenic to S. typhimurium in Ames Mutagenicity test 

(BANDYOPADHYAY et al. 2008a).  The majority studies performed during the 70-80s supporting 

the safety of ASP had not statistical analysis (BANDYOPADHYAY et al. 2008a). The reports on the 

ASP genotoxicity are incongruent since it exerted a genotoxic effect in human lymphocytes 

using micronucleus test, but had not mutagenic effect conducting the Ames Salmonella test 

with microsomal activation (RENCÜZOĞULLARI et al. 2004). SOFFRITTI et al. (2007) provided 

evidence of the carcinogenic potential of ASP increasing the malignant tumours in Sprague 

Dawley fetal rats using the ADI for humans. Chromosome aberrations and sister chromatid 

exchanges tests were performed in mice fed with ASP resulting to be non-genotoxic at low 

concentration (3.5 mg/kg) but it was concluded that ASP have a genotoxic risk (ALSUHAIBANI 

2010).  Furthermore, our results are not fit with those obtained by ELFATAH et al. (2012) and 

KASHANIAN et al. (2013) who concluded that ASP was genotoxic inducing chromosomal 

aberration in albino rats and DNA bindings in calf thymus DNA respectively. SOFFRITTI et al. 

(2006) and SCHERNHAMMER et al. (2012) revealed that ASP can cause some kinds of tumour in 

Sprague rats and human respectively. Another assay carried out in this decade revealed 455 

mg/kg ASP to be clastogenic in bone marrow and peripheral blood micronucleus (KAMATH et al. 

2010). Our results are in agreement with those obtained by DEMIR et al. (2014) who performed 

SMART in Drosophila and concluded that whereas ACK was not genotoxic, ASP did induce 

positive results although at higher concentrations than we used in this assay. MOHAMMED 

(2011) also conducted genotoxicity assays in Drosophila concluding that ASP was not genotoxic 

at 0.75 mM thus our results are congruent with those. The genotoxic risk of ASP may be 

associated with its metabolites (aspartic acid, phenyhlalanine and methanol) which showed 

genotoxic potential (CRUZAN 2009). 

 On the other hand, CYC had not genotoxicity in Drosophila and in rat hepatocytes 

(BRUSICK et al. 1989). CYC was reported as a non-genotoxic compound and there are evidences 

in order to indicate a small possibility that CYC or some of its metabolites was a DNA-reactive 

carcinogen (AHMED AND THOMAS 1992). In addition, a lack of DNA damage in Sprague rats 

induced by CYC was reported by JEFFREY AND WILLIAMS (2000). Taking into account all this 

information, further genotoxicity and carcinogenicity studies should be conducted to reach a 

clear view on its safety (DEMIR et al. 2014; YILMAZ AND UÇAR 2014) hence our results provide 

some necessary data to scientific community. 

A compound which is able to protect DNA against oxidative damage could be 

considered as a nutraceutical substance and antioxidants properties would be showed by this 

compound. We carried out antitoxicity and antigenotoxicity assays in order to evaluate this 
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capability of our tested compounds. Our results showed that ASP, CYC and CFDCC statistically 

behaved as antioxidants compounds against hydrogen peroxide on Drosophila larvae.  

Contrarily, ACK was not able to protect the individuals against this genotoxine. On the other 

hand, antigenotoxicity assay showed that all tested compounds were able to revert in greater 

or less extent the oxidative damage caused by hydrogen peroxide on Drosophila´s DNA. We 

hypothesise that ASP and CYC could be the responsible for the protecting capability showed by 

CFDCC. 

ASP was found to be antigenotoxic reverting the damage caused by the mycotoxin 

ochratoxin A feeding rats with 25 mg/kg (CREPPY et al. 1998). Conversely, ABHILASH et al. (2011) 

concluded that ASP was able to modify the antioxidant defense status of rats fed with 1000 

mg/kg ASP and be the responsible for oxidative stress (ASHOK et al. 2014; CHOUDHARY AND DEVI 

2015). To our knowledge, there is no information evaluating the antigenotoxic effects of ACK, 

CYC and CFDCC.  

Drosophila melanogaster is an excellent experimental model for assessing on lifespan 

extension and aging since the cellular senescence observed in mammals is similar to those 

observed in Drosophila (FLEMING et al. 1992). Based on our results, we concluded that whereas 

ASP increased the lifespan of Drosophila, CFDCC decreased it at all the assayed concentrations. 

Conversely, ASP decreased the quality of life of this fly as well as ACK, CYC and CFDCC. Our 

results are not fit with previous reports about a decrease of life expectancy induced by ASP at 

0.06-1 mM in Drosophila (GOMEZ 2015). SOFFRITTI et al. (2010) determined that ASP decreases 

the longevity of Sprague-Dawley rats at 6.8-108.8 mM. In addition, our results are not 

congruent with those obtained by HUANG (2011) who declared that 1% ASP reduced the 

longevity of Drosophila after a period of time which the quality of life would not be affected. 

Overall, our results are consistent with the assumption that the caloric restriction on 

Drosophila is not the responsible for an increase of the lifespan (LEE et al. 2008).  

To our knowledge, this is the first attempt evaluating the CYC based on current 

longevity assay since previous reports dated from 70-80s where CYC increased the lifespan of 

rats fed with 0.43/100 g although the differences were not analysed statistically (DALDERUP AND 

VISSER 1971). We hypothesise that the mix of these artificial sweeteners and their by-products 

may be the responsible for the lifespan decrease induced by CFDCC on Drosophila since the 

artificial sweeteners reduced the quality of life.  
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 In vitro trials 

The in vitro studies of mechanisms against cancer are needed to be extrapolated to 

human therapies which are still unknown in scientific field. We herein determined the 

cytotoxic activity of three artificial sweeteners (ACK, ASP and CYC) and a cola beverage (CFDCC) 

in order to evaluate their chemopreventive potential against promyelocytic leukaemia cells 

(HL-60 cell line). Internucleosomal DNA fragmentation assay was performed to elucidate if the 

death cell studied in the cytotoxicity assay was caused by proapoptotic mechanisms.  In 

addition, comet assay was carried out to assess on the clastogenic potential of these 

compounds, inducing genetic damage in single and double DNA strand. Moreover, HL-60 cell 

line was also treated with the tested substances and undergone qMSP to evaluate the 

potential of these compounds to globally modify the epigenome using three repetitive 

elements: ALUM1, LINE-1 and SAT-α. The main aim is to characterise the nutraceutical 

potential of the tested compounds. 

Despite the widespread consumption of artificial sweeteners, the information about 

chemoprevention potential of these compounds is scarce. Our cytotoxicity assay showed that 

all tested compounds were able to reach the IC50, except for CYC. Although ACK was cytotoxic, 

it seems to be non-specific against tumoural cells since ACEK can damage the DNA of normal 

cells such as human lymphocytes at 0.006 and 0.02 mM (FINDIKLI AND TURKOGLU 2014) and rat 

bone marrow cells although at highest concentration contained in CFDCC (BANDYOPADHYAY et 

al. 2008a). Our results are not in agreement with those obtained by PANDURANGAN et al. (2016) 

who demonstrated that ASP was not able to decrease significantly the cell viability in HeLa 

cells exposed to 0.01-0.05 mg/ml ASP. OYAMA et al. (2002) reported that ASP at abuse doses 

could be harmless to humans since 1-3 mM formaldehyde (a derived from ASP) may cause 

cytotoxicity in rat thymocytes. Therefore, there are evidences to state that the effect of ASP 

could be due to its derived metabolites. Regarding CYC, it was tested using The Weaver Human 

Cell Test and interpreted as an artificial sweetener marginally cytotoxic decreasing 20% de cell 

viability (WHITCUTT AND BEY 2008) which is in agreement with our result in some extent. 

Conversely, evidences about the cytotoxic effect of 1 mg/ml CYC was found in rat hepatocytes 

by BRUSICK et al. (1989).  

As far as genetic damage it is concerned, it is well-known that the internucleosomal 

DNA fragmentation is one of the main processes which occur in apoptotic cells. On the other 

hand, alkaline SCGE (comet assay) trial was conducted in order to detect DNA damage in single 

and double strand (FORCHHAMMER et al. 2012) which could be considered as early treatment of 

acute promyelocytic leukaemia (YEDJOU AND TCHOUNWOU 2007). Necrosis or apoptosis 

mechanisms can be detect throughout comet assay using the TM parameter to quantify the 
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genetic damage (OLIVE AND BANÁTH 2006). Our results revealed that none of the tested 

compounds were able to induce DNA fragmentation since the typical apoptotic ladder pattern 

was not found. However, the assayed substances provided DNA strand breaks in greatest or 

less extent conducting SCGE assay. It is known that the DNA damage can be divided into five 

classes according to the TM values (FABIANI et al. 2012). CYC and 0.05 mM ASP fell into class 3 

(TM 10-20) what it means that CYC induces a highly damage in HL-60 cell line. Regarding 

CFDCC, it induced TM values between 5 and 10 (class 2) causing medium damage. It is 

noteworthy the control values. A cell is considered as no damaged when TM value is between 

0 and 1 (class 0). The concurrent control of each artificial sweeteners exerted a TM value lower 

than 1. Nevertheless, the concurrent control used in CFDCC provided a TM value between 1 

and 2. It must be noticed that a TM control value lower than 2 is also associated with an 

accuracy control since this tail is provided by the relaxed loops depending on the cell cycle 

(FAIRBAIRN AND O’NEILL 1995). Therefore, all concurrent control values demonstrated the 

accuracy of the comet assay. Finally, the results of DNA fragmentation are fit with those 

obtained in comet assay since TM values higher than 30 were not found which would mean 

that apoptosis mechanisms are not being induced by any tested compound (FAIRBAIRN AND 

O’NEILL 1995). Necrosis is hence the main cell death mechanism triggered by our compounds.  

Clastogenic activity of ASP has extensively been measured in liver and bone marrow 

cells of rats (BUTCHKO et al. 2002; ELFATAH et al. 2012) reporting controversial results since 

BUTCHKO et al. (2002) reviewed a lack of clastogenicity whereas ELFATAH et al. (2012) 

demonstrated that ASP is able to induce DNA fragmentation and chromosomal aberrations in 

rats bone marrow cells. Lack of genotoxicity was also found by JEFFREY AND WILLIAMS (2000) in 

rat hepatocytes for the three sweeteners tested in this study. Related to this absence of DNA 

damage, ASP has been reported as a potent substance to slow-down the apoptosis process in 

HeLa cells, supporting our results, and more information is needed to understand the 

behaviour of ASP in cancer cells (PANDURANGAN et al. 2016). Contrarily, 100 mM and 27 mM 

ASP induced apoptosis in thymocytes (NAKAO et al. 2003) and PC12 Wistar rats cells (HORIO et 

al. 2014) although this kind of cells is non-tumoural. No clastogenic activity was found in the 

tested compounds by DURNEV et al. (1995) in mice. CYC was found to produce chromosome 

breakage in mammalian systems in vitro long time ago (KNAAP et al. 1973). Our results agree 

with SASAKI et al. (2002) who revealed that CYC was able to increase the DNA damage, 

measuring the DNA migration in comet assay, in the glandular stomach, colon, kidney and 

urinary bladder in mice. However, their results obtained in ACK and ASP are not fit with our 

findings since these both compounds were not able to induce any DNA damage. Moreover, 

DEMIR et al. (2014) determined that ACEK did not damage the DNA of normal cells in 
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Drosophila performing the comet assay. VAN EYK (2015) reported that 10 mM ACK is able to 

fragment the DNA of both normal and tumoural cells in mouse. Our results are supported up 

to a point by the assumption that ACK and ASP increased the comet-tail extent and percent 

DNA in the tail in rats bone marrow conducting also the comet assay (BANDYOPADHYAY et al. 

2008a). 

To our knowledge, this is the first attempt evaluating the CFDCC beverage with this 

scope thus scarce information is available on scientific databases. Caffeine-Free Coca-Cola has 

been described to be cytotoxic and induces slightly DNA damage on HL-60 cell line. However, 

this beverage was able to induce apoptosis at 25 mg/ml (MATEO-FERNÁNDEZ et al. 2016). Diet 

Coca-Cola was slightly cytotoxic by a non-apoptotic mechanism (MATEO-FERNÁNDEZ et al. 

2015b). We hypothesise that the chemopreventive potential observed in CFDCC found in the 

cytotoxicity assay could be due to the artificial sweeteners ASP and ACK which this beverage is 

consisted of.  Furthermore, the tested artificial sweeteners could be the responsible for the 

absence of proapoptotic mechanisms and the induction of DNA damage found when cells are 

treated with CFDCC.  

It is known that the transposable elements are hypomethylated in cancer cells 

triggering a genomic instability (LOPEZ-SERRA AND ESTELLER 2008). Besides this globally 

hypomethylation, a specific hypermethylation of tumour suppressor genes is also related to 

cancer cells (QIN et al. 2009).  Both global hypermethylation and specific hypomethylation are 

being performed in therapies against cancer. However, biomedical research is focused on 

hypomethylation agents who could activate tumour suppressor genes. More information is 

needed since their benefit on human health have not totally demonstrated yet (WILD AND 

FLANAGAN 2010). The methylation status of HL-60 cell line was measured using three repetitive 

elements (Alu M1, LINE M1 and Sat-α). Long interspersed nuclear elements (LINE) represent 

about 17% of the human genome and they are accumulated in AT-rich regions of 

chromosomes, Alu (short interspersed nuclear elements-SINE) is present in noncoding and GC-

rich regions and Satellite alpha DNA (Sat-α) are consisted in tandem repeats of 170 bp mainly 

in centromere, and represent about 5% of total human DNA (WAYE AND WILLARD 1986; LANDER 

et al. 2001).  Therefore, LINE and Alu regions are useful repetitive elements in order to 

evaluate the methylation status of the target DNA since 32% of the human genome is 

measured (MARTÍNEZ et al. 2012).  

Our results showed that ACK and CFDCC significantly hypermethylated the three target 

sequences and ASP was able to increase the methylation status of Alu at 0.025 mM and 

hypomethylated Sat-α sequence at the same concentration. Conversely, CYC reduced the 

methylation levels in Alu and Sat-α. The hypermethylation observed in LINE-1 and Sat-α 
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repetitive elements when cells are treated with CFDCC and ACK could be considered as a 

benefit since LINE-1 repetitive element has been related to C-met oncogene triggering its gene 

silencing (WILSON et al. 2007) and it is known that a methylation process in satellite sequences 

could be a potential mechanism for silencing its expression in transformed cells since this 

repetitive sequence is hypomethylated in cancer cells (TING et al. 2011). Furthermore, we 

hypothesise that ACEK could be the responsible for the effect of globally hypermethylation 

observed in CFDCC. Our results are in agreement in some extent with those obtained by 

MATEO-FERNÁNDEZ et al. (2016) who determined that Caffeine Free Coca-Cola increased the 

methylation status of LINE and Sat-α in HL-60 cell line. The information about this methylation 

status assay is really scarce using these artificial sweeteners and mainly related to the 

methylation process which they suffer from yielding other derived-compound. Therefore, 

much more research is needed using additive and beverages performing methylation assays 

(SCHIFFMAN 2012). 
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RESULTS 

 

Toxicity/antitoxicity 
Toxicity and antitoxicity results are shown in table C3_1. TAU exerted toxic effects in 

Drosophila larvae at all assayed concentrations, except for the lowest one and GLU provided 

this toxic effect when larvae were treated with 87.5 and 350 mM GLU. CRB showed a similar 

pattern to GLU being toxic the two-highest concentrations. Contrarily, SFRB were toxic at all 

assayed concentrations, except for the two-highest concentrations. Although all tested 

compounds were toxic in some extent, the Lethal Dosis 50 (LD50) standardized parameter was 

not reached at any of the significant toxic concentration.  

Regarding antitoxicity assay, all substances showed some degree of capability to 

protect larvae population against the oxidative stress of genotoxicant hydrogen peroxide. 

SFRB, TAU and GLU provided antioxidant effects in a Gaussian-like manner, being antitoxic all 

the tested GLU concentrations, except for the lowest one. As regards CRB, this beverage 

exerted antitoxic activities at the three-lowest concentrations in a dose negative response 

manner.  

 

Table C3_1. Toxicity and antitoxicity levels of CRB, SFRB, TAU and GLU in D. melanogaster.    

CRB  

(mg/ml) 

Survival  

(%) 

SFRB  

(mg/ml) 

Survival  

(%) 

TAU  

(mM) 

Survival  

(%) 

GLU 

(mM) 

Survival 

(%) 
 

 
Simple  

treatment
(1)

 

Combined  

treatment 
(2)

 

Simple  

treatment
 

Combined  

treatment
 

Simple  

treatment
 

Combined  

treatment
 

 
Simple 

treatment 

Combined 

treatment 

0 100 100 0 100 100 0 100 100 0 100 100 

H2O2 - 38.46 H2O2 - 58 H2O2 - 38.46 H2O2 - 60 

1.02 97 49.23*
(4)

 0.16 77.65* 65 0.25 94 40.76 2.7 98 60 

4.06 93 47.69* 0.625 80.3* 87* 1 78* 57.69* 11 92.65 84.35* 

8.13 88 51.53* 1.25 74* 106.68* 2 77* 56.9* 21.86 90.32 88.65* 

32.5 75*
(3)

 40 5 93 69* 8 76* 40 87.5 70.3* 79* 

130 59* 39 20 95.32
 

53.65 32 78* 42.3 350 65* 72* 

1
 Data are expressed as percentage of survival adults with respect to 300 untreated 72-h-old larvae from three 

independent experiments. 
2
Combined treatments using standard medium and 0.15 M hydrogen peroxide. 

3
Asterisks (*) indicate significant differences (one tail) with respect to the untreated control group and 

4
 the 

hydrogen peroxide control group: * Chi-square value higher than 5.02 (MARTÍNEZ BECERRA AND ROBLES GONZÁLEZ 1999). 
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Genotoxicity/Antigenotoxicity 

Genotoxicity and antigenotoxicity results performing the SMART assay are shown in 

table C3_2. The positive result obtained in the positive control after applying the binomial 

Kastenbaum-Bowman test, validated the accuracy of the SMART. Kastenbaum-Bowman test 

revealed negative results for both tested concentrations of SFRB, 1 mM TAU and 350 mM GLU. 

This test provided inconclusive results in both concentrations of CRB, 32 mM TAU and 11mM 

GLU. The inconclusive results were resolved applying the Mann-Whitney test obtaining 

negative statistically values. Therefore, none of the tested compounds were genotoxic at any 

concentrations assayed.  

On the other hand, the IP values were calculated to determine the antigenotoxic 

potential of each compound when the clones per wings of the total spots from 

antigenotoxicity assay were different from the positive control (0.425) after applying 

Kastenbaum-Bowman test (positive results). All tested compounds resulted in protecting 

Drosophila larvae against hydrogen peroxide in a negative dose-dependent manner, except for 

4 mg/ml CRB which provided 0.375 clones per wing being statistically similar to the positive 

control. The IP values obtained were as follows: 69.4 % for 130 mg/ml CRB; 62.8% and 29.4% 

for 0.625 and 20 mg/ml SFRB, respectively; 70.6% and 38.1 % for 1 and 32 mM TAU, 

respectively and 76.5% and 52.9% for 11 and 350 mM GLU, respectively.  

 

Lifespan 

Figure C3_1 and table C3_3 show the lifespan results obtained in Drosophila 

melanogaster experimental model treated with CRB, SFRB, TAU and GLU, resulting in an 

significant decreasing (roughly 18%) of the life expectancy in flies treated with 20 mg/ml of 

SFRB.. However, CRB, GLU and TAU did not significantly differ from their concurrent control.  

Regarding healthspan showed in table C3_3, 4.06 and 130 mg/ml CRB were able to 

decrease the quality of life around 27-29% with respect to the control. In addition, 5 mg/ml 

SFRB also reduced 20% the healthspan in Drosophila. By contrast, 350 mM GLU was able to 

increase the quality of life in 34%.   
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Table C3_2: Genotoxicity and antigenotoxicity of CRB, SFRB, TAU and GLU in the Drosophila wing spot test 

Clones per wings (number of spots) 
(1)

   

Compound 

Wings 
Small single 
spots 

Large simple 
spots 

Twin 
spots 

Total spots 
Mann-Whitney 
test 

(2)
 

IP (%) 
(3)

 number (1-2 cells) (> 2 cells)  m = 5 m = 2 

  m = 2 m = 5     

H2O 41 0.147 (6) 0.048 (2) 0 0.195 (8) 

  H2O2 (0.15 M) 40 0.375 (15) 0.05 (2) 0 0.425 (17)+ 

  SIMPLE TREATMENT 

CRB (mg/ml) 

       [4.06] 40 0.2 (8) 0 0 0.2 (8)i Δ 

 [130] 40 0.3 (12) 0.025 (1) 0 0.325 (13)i Δ  

 SFRB (mg/ml) 

       [0.625] 36 0.055 (2) 0.027 (1) 0 0.083 (3)- 

  [20] 40 0.125 (5) 0 0 0.125 (5)- 

  TAU (mM) 

       [1] 37 0.027 (1) 0.08 (3) 0 0.108 (4)- 

  [32] 40 0.15 (6) 0.05 (2) 0 0.2 (8)i Δ  

 
GLU (mM) 

       [11] 40 0.125 (5) 0.05 (2) 0 0.175 (7)i Δ 

 [350] 40 0.1 (4) 0.025 (1) 0 0.125 (5)- 

  COMBINED TREATMENT (mwh/flr
3
) 

CRB (mg/ml) 

       [4.06] 40 0.275 (11) 0.1 (4) 0 0.375 (15)i Δ 

 [130] 44 0.11 (5) 0.023 (1) 0 0.13 (6)+ 

 

69.4 

SFRB (mg/ml) 

       [0.625] 38 0.079 (3)  0.053 (2) 0.026 (1) 0.158 (6)* 

 

62.8 

[20] 40 0.2 (8) 0.025 (1) 0.075 (3) 0.3 (12)* 

 

29.4 

TAU (mM) 

       [1] 40 0.125 (5) 0 0 0.125 (5)* 

 

70.6 

[32] 38 0.236 (9) 0.026 (1) 0 0.263 (10)* 

 

38.1 

GLU (mM) 

       [11] 40 0.075 (3) 0.025 (1) 0 0.1 (4)* 

 

76.5 

[350] 40 0.175 (7) 0.025 (1) 0 0.2 (8)* 

 

52.9 

Statistical diagnosis according to FREI AND WURGLER (1988): + (positive), - (negative) and i (inconclusive) vs. negative 
control; * (positive), Δ (negative) and β (inconclusive) vs. respective positive control; m: multiplication factor. 
Kastenbaum-Bowman Test without Bonferroni correction, probability levels: α = β = 0.05. No. of spots in 
parentheses. Mann-Whitney test was used when appropriate to resolve inconclusive results. Lambda symbol (λ) 
means that there are not significant differences with respect to the negative control. Inhibition percentage values 
were included when appropriate.  
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Table C3_3. Effects of CRB, SFRB, TAU and GLU treatments on the Drosophila melanogaster mean lifespan and 
healthspan 

 Mean lifespan  
(days) 

Mean lifespan 
difference (%)

a 
Healthspan 
(80

th
percentile)  

(days) 

Healthspan 
difference  
(%)

a 

 

CRB  

(mg/ml) 

   

Control 58.797±2.27 0 37.553±1.96 0 

1.02 56.191±2.22 -4.4 34±3.327 -9.3 

4.06 57.671±2.548 -2 26.625±2.23*
 

-29 

8.13 61.59±2.233 4.76 35.4±3.637 -5.6 

32.5 59.742±2.637 1.6 32.4±3.04 -13.6 

130 56.425±3.06 -4 27.5±2.1** -26.6 

SFRB  

(mg/ml) 

    

Control 67.08±3.6 0 32.4±1.78 0 

0.16 62.75±2.5 -6.4 33.75±0.975
 

4.16 

0.625 68.46±3.4 2.2 36.7±3.3
 

13.27 

1.27 68.22±2.7 1.8 36.8±2.21
 

13.58 

5 64.37±3.24 -4 25.75±0.94**
 

-20.5 

20 54.7±2.7*** -18.35 30.25±1.5
 

-6.6 

TAU  

(mM) 

    

Control 64.97±2.426 0 37.78±1.94 0 

0.25  67.94±2.603 4.57 34.98±3.954
 

-7.3 

1  66.81±3.215 2.81 30.22±1.878
 

-20 

2  61.83±2.25 -4.8 35.357±0.9
 

-6.4 

8  70.142±2.385 7.95 36.8±2.832 -2.6 

32 66.04±2.055 1.6 36.57±3.55 -3.2 

GLU    

(mM) 

    

Control 59.67±2.92 0 32.63±1.49 0 

2.7 61.25±2.12 2.65 31.14±1.53 -4.5 

11 64.9±2.05 8.76 41±3.4 25.65 

21.86 63.21±2.08 5.9 30.66±3.62 -5.8 

87.5 60.5±2.5 1.39 29.9±1.96 -8.4 

350 59±3.1 -1.2 21.5±0.76*** -34 

a
 The difference was calculated by comparing treated flies with the concurrent water control. Positive numbers 

indicate lifespan increase and negative numbers indicate lifespan decrease. Data are expressed as mean value 
±SE. *p≤0.05, **p≤0.01, ***p≤0.001 significances obtained with the log-rank (Mantel-Cox) test.  
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Figure C3_1. Effect of CRB, SFRB, TAU and GLU supplementation on the lifespan of Drosophila melanogaster. 

 

 

Cytotoxicity 

Our cytotoxicity assays reported that all tested substances were chemopreventive 

compounds reaching IC50 at lowest tested concentrations, except for the TAU where IC50 was 

not found.  



90 
 

 

 

Figure C3_2. Cytotoxic effects of CRB, SFRB, TAU and GLU. Viability curves at 72 h of treatment. 
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Internucleosomal DNA fragmentation 

According to internuclesomal DNA fragmentation assay, 32.5 mg/ml CRB was able to 

induce the typical ladder pattern showed in apoptotic cells. Nevertheless, SFRB, TAU and GLU 

did not induce DNA fragmentation in HL-60 cell line (Figure C3_3). 

 

 

Figure C3_3. Internucleosomal DNA fragmentation after 5 h of treatment with CRB, SFRB, TAU and GLU. Letters M 
and C mean weight size marker and negative control respectively. 

 

 

Comet Assay 

Our SCGE assay revealed that CRB and GLU significantly induce TM values higher than 

the concurrent control producing DNA damage in HL-60 cell line as well as 0.25 and 2 mM TAU. 

However, SFRB was not able to induce DNA strand breaks as it is shown in figure C3_4. The 

concentrations used in this SCGE assay were determined according to the results obtained in 

the previous cytotoxicity assay.  
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Figure C3_4. Alkaline comet assay (pH <13) of HL-60 cells after 5h-treatment with different concentrations of CRB, 
SFRB, TAU and GLU. DNA migration is reported as mean TM. The plot shows mean TM values and standard errors. 
Different letters mean different values after one-way ANOVA and post hoc Tukey´s test.  

 

 

Methylation Status 

Figure C3_5 shows the relative normalised methylation status (RMS) of the three 

repetitive sequences (LINE-1, Alu M1, and Sat-α) in HL-60 cell line treated with the tested 

compounds. CRB and TAU hypomethylated LINE and Sat-α repetitive elements showing a 

similar pattern in satellite sequences. However, while CRB was able to reduce the methylation 

status of LINE sequences at the lowest concentration assayed, TAU reduced this methylation 

status at the highest one. Both tested concentrations of TAU significantly hypermethylated 

satellite alpha sequences. The highest assayed concentration of SFRB hypermethylated Alu and 

LINE repetitive elements whereas the lowest one reduced the methylation status of Sat-α 

sequences. Finally, 11 mM GLU hypermethylated Alu sequences and hypomethylated LINE 

elements and whereas 350 mM GLU reduced the methylation status of LINE repetitive element 

in HL-60 cell line, this concentration hypermethylated satellite alpha sequences.  
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Figure C3_5. Relative normalised expression data of each repetitive element. Different letters are associated with 
different means applying One-Way ANOVA test and post hoc Tuckey´s test.  

 

 

DISCUSSION  

The arrival of the “genomic era” has inserted the concept of the nutrigenomic studies, 

which aim is to expose the relationship between nutrition and genome to supply a scientific 

basis for improved public health through dietary habits (DANG et al. 2014). Nutrition has the 

major impact in defining the cause-effect interaction between nutrient (diet) and human 

health (RANA et al. 2016). 

Energy drinks first arised in Europe and Asia in the 1960s becoming increasingly 

popular along years and worldwide consumed in around 160 countries (ASLAM et al. 2013; 

ALSUNNI 2015). On the one hand, manufacturers of these products encourage their 

consumption with statements offering a diversity of benefits such as an increase of physical 

performance, improved reaction rate, increased attention or weight lost (KAMMERER et al. 

2014).  On the other hand, the adverse health effects connected with energy drinks is still 

controversial among scientists (ALSUNNI 2015). With energy drinks becoming a worldwide 

phenomenon, the biological effects of these beverages must be evaluated in order to fully 

comprehend the potential impact of these products on the health (REISSIG et al. 2009).  

Both CRB and SFRB are sugar-sweetened beverages where Glucose (GLU) is one of the 

differentiating compounds of both beverages mentioned before. These kinds of beverages 

have been associated with different human disease such as obesity, fractures, diabetes and 
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dental caries (MALIK et al. 2010). In this sense, high content of GLU produced an oxidative 

stress and also several diseases (CERIELLO et al. 1996; PIWKOWSKA et al. 2011; KARUNAKARAN AND 

PARK 2013). Therefore, it is needed to evaluate the glucose role in the biological activity of CRB.  

TAU has been extensively studied because of the variable evidence for the beneficial 

effects of TAU food supplementation (LEE et al. 2013) and it is one of the main ingredients used 

in CRB and SFRB. 

We performed in vivo assays ascertaining on toxicity/antitoxicity and 

genotoxicity/antigenotoxicity in the SMART model as well as on lifespan and healthspan using 

the same Drosophila genetic background. We also carried out in vitro assays assessing on the 

cytotoxicity, internucleosomal DNA fragmentation, DNA damage and methylation status using 

HL-60 human leukaemia cell line. None information has been found in scientific databases 

about CRB and SFRB related with our assays. Contrarily, there are some data available about 

TAU and GLU. Therefore, it is the first time that CRB and SFRB are studied with this scope so 

our results will provide some important data about the biological effects of these worldwide 

consumed compounds. 

 

Effect of energy beverages, glucose and taurine on D. melanogaster in vivo model 

CRB is one of the most popular energy drinks worldwide and its success is still 

increasing. Energy drinks have been related to some benefits such as providing the consumer 

with more energy, enhanced performance, both mentally and physically (CAVKA et al. 2015) 

and weight loss among others (KAMMERER et al. 2014). However, adverse health effects 

associated with energy drinks are being controversial among scientists (ALSUNNI 2015). 

Therefore, the biological effects of CRB must be assessed in order to provide new data corpus 

about food security. 

  TAU must be consumed on diet to achieve an optimal TAU status since it plays a vital 

role in humans during development and is involved in a great deal of physiological processes 

such as detoxification, antioxidant and anti-inflammatory properties, acid conjugation, among 

others (HIGGINS et al. 2010). Conversely, low levels of TAU may be connected with retinal 

degeneration or cardiomyopathy (SCHULLER-LEVIS AND PARK 2003).  In addition, TAU is one of the 

main bioactive additives of CRB and SFRB thus its evaluation is necessary to understand the 

physiological effects of both energy drinks. On the other hand, GLU is one of the distinctive 

compounds between CRB and SFRB. This sugar is involved in some diseases such as obesity or 

diabetes.  

Drosophila is considered an accurate in vivo model to study human diseases and 

further substantial contributions in this sense are expected (BECKINGHAM et al. 2007). To our 
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knowledge, this is the first attempt to characterise the genotoxic effect of CRB and SFRB using 

the Drosophila in vivo model and HL-60 in vitro model. Experimental doses of TAU mimicking 

the concentration used in CRB were tested as well as GLU in this study.  

The toxicity results obtained suggest that CRB, TAU and GLU are significantly toxic at 

most assayed concentrations, showing the beverage and GLU a positive dose-dependent 

manner. Contrarily, RBSF significantly resulted in being toxic at the three lowest 

concentrations in a negative dose-dependent manner. BIGARD (2010) demonstrated that 

although TAU was toxic in encephalopathy diseases, its toxicity was low besides, energy drinks 

were related to adverse effects due to their components. Moreover, a great deal of incidents 

related to energy drinks toxicity is underestimated by the National Poison Data System (SEIFERT 

et al. 2011). Our results agree with those obtained since TAU could provide the toxicity of CRB 

as well as GLU which was demonstrated to be toxic in several in vivo trials triggering oxidative 

stress (ROBERTSON AND HARMON 2006) being in agreement with our results.  

Nevertheless, the standardized lethal dose 50 (LD50) was not reached by  any 

concentration and substance assayed in this study thus they are in agreement with TAU 

security demonstrated by SHAO AND HATHCOCK (2008) both in human and animals trials using 

lots of concentrations. Moreover, we used a wide range of concentrations taking into account 

the Drosophila consumption and weight in order to be able to extrapolate the results to 

humans. If we consider a person whose daily intake was about 2 L of CRB, the concurrent 

concentration would be 4 mg/ml for RB and 1 mM TAU in Drosophila organism model 

(DESHPANDE et al. 2014). If these concentrations are fixed, CRB would not be toxic at all. 

Regarding TAU, the toxicity could be due to the organism model used since MASSIE et al. (1989) 

demonstrated that TAU could be act as a larvicide in a mechanism which only would occur in 

insect, although LD50 was not found as it was mentioned before. Therefore, the toxicity 

observed in our study could be explained in this sense. We hypothesise that the lack of toxicity 

of 4 mg/ml CRB could be due to others additive such as GLU or caffeine (MATEO-FERNÁNDEZ et 

al. 2016), among others.  

CERIELLO et al. (1996) revealed that GLU produces an oxidative stress which is in 

agreement with the certain toxicity found in our GLU results. In addition, in this study was 

demonstrated that this oxidative stress in human endothelial cells triggers the induction of 

antioxidant enzymes which could be the responsible for the antioxidant activity of GLU found 

in Drosophila at all concentrations except for the lowest one. Our results provided evidences of 

the antioxidant activity of TAU at lowest concentrations. This result is in agreement with the 

hypothesis that TAU is able to block the ROS generation related to the toxicity produced by 

oxidative stress (SCHAFFER et al. 2009). However, TAU was demonstrated to be a low 
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antioxidant compound in in vivo (rats) assays some years ago (ARUOMA et al. 1988). Therefore, 

the antioxidant effects of CRB may be due to the TAU and GLU biological activity.  

Research using Drosophila has provided seminal insights into gene function which are 

relevant to human health (FORTINI et al. 2000). The genomic stability (lack of genotoxicity) 

observed in Drosophila with all the compounds assayed confirmed their safety. The 

inconclusive results obtained in some tested concentrations mean that the null hypothesis is 

accepted thus it is assumed that there is no difference in the mutation frequency between 

control and treated series. However, the alternative hypothesis is also accepted what means 

that the mutation frequency is not significantly 2-fold lower than the postulated increased 

frequency. No significant differences were found between the tested concentrations and the 

negative control when inconclusive results were resolved applying the Mann-Whitney U-test 

(FREI AND WURGLER 1995).  

Direct studies on genotoxicity of TAU, CRB and SFRB are barely available because the 

epidemiological data always shows protective anticancer health properties such as antioxidant 

or antigenotoxic activity. These results agree with the previously reported by COZZI et al. (1995) 

who determined that 1 mM TAU was not able to induce neither chromosome aberrations nor 

sister chromatid exchanges in CHO cells. Lymphocytes cells treated with 20-50 mM TAU 

showed the similar number of sister chromatid exchange values than the concurrent control 

(ERGUN et al. 2006). TAU and/or caffeine could account for the absence of genotoxicity of CRB 

(MATEO-FERNANDEZ et al. 2014). GLU is involved in DNA damage processes lead by glycated 

products provoking base modification, strand breaks and apurinic/apyrimidinic sites in DNA 

(MULLOKANDOV et al. 1994). Sucrose and GLU were determined as genotoxic compounds in the 

colon epithelium of rats at higher concentration (30% GLU) than the human intake using the 

mutation frequencies of the E. coli lambda and the level of bulky DNA adducts tests (HANSEN et 

al. 2008). On basis to literature, the lack of genotoxicity found in our GLU results may be due 

to the fact that the mutagenicity showed by GLU is related to Maillard reaction products when 

the sugar is heated in presence of other compound.  

It was demonstrated the antigenotoxic effect of TAU on aluminum sulphate-induced 

DNA damage in human peripheral lymphocytes protecting the DNA against the stress oxidative 

induced by this coagulant (TÜRKEZ AND GEYIKOĞLU 2010). In addition, 5-20 mM TAU was reported 

as DNA-protected concentrations against oxidative damage in calf thymus DNA (MESSINA AND 

DAWSON JR 2002). Our glucose results suggested that this sugar is able to protect the DNA of 

Drosophila against oxidative damage caused by hydrogen peroxide in large extent.  All 

information available in scientific database on glucose DNA protection is related to cause this 
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damage instead of protecting it and the information found about CRB and SFRB is scarce in 

connection with our assays.  

D. melanogaster is an excellent model for the study of aging because adults show 

many similarities with the cellular senescence observed in mammals (FLEMING et al. 1992). This 

is the reason why this particular model is frequently used to understand the relationship 

between nutrient metabolism and aging mechanisms (LI et al. 2010a). As far as we know, the 

anti-ageing and anti-degenerative effects of CRB were assayed for the first time using D. 

melanogaster in our study. We demonstrated that none of the tested substances was able to 

increase the life expectancy of fruit flies. However, CRB decreased the quality of life of this 

model organism. TAU had not any influence on quality of life of Drosophila although an 

increase of hemoglobin levels was associated with high amount of TAU in human patients thus 

the quality of life could be improved (KANG et al. 2010). Furthermore, it is used as antioxidant 

in order to improve the quality of life reducing the adverse effects of some disease such as 

diabetes mellitus (FRANCONI et al. 2006). The absence of lifespan improvement was reported 

long time ago as TAU (0.05 to 0.20 M) had no influence on adult lifespan of Drosophila (MASSIE 

et al. 1989). Conversely, subsequent reports on Drosophila lifespan demonstrated that TAU 

increased the estimated mean values of survival at 8-24 mM (YANG et al. 2012). Furthermore, 

SMITH et al. (2011) reported that TAU could also increase the lifespan of Drosophila. TAU 

reduced the negative effect of tunicamycin on C. elegans lifespan restoring its normal values 

(KIM et al. 2010). A multi-country epidemiological meta-analysis revealed that dietary TAU 

intake is negatively correlated with mortality from ischemic heart disease (YAMORI et al. 

2001). Nevertheless, ITO et al. (2014) demonstrated that tissue TAU depletion shortens lifespan 

concomitant with acceleration in tissue aging. Despite a lifespan extension was not induced by 

GLU in our assays, it is well-known that GLU restriction can extend the lifespan of normal cells 

(LI et al. 2010b)  including Drosophila (TROEN et al. 2007) and the information found in scientific 

databases is restricted in this sense. Although CRB did not increase the lifespan, its safety has 

been demonstrated again. Conversely, SFRB decreased the lifespan of flies at the highest 

tested concentration in spite of the caloric restriction which flies were undergone to. However, 

aspartame extended the life of these flies in previous results obtained in our laboratory which 

is in agreement with the caloric restriction theory and Caffeine-Free Diet Coca-Cola decreased 

the lifespan of D. melanogaster also in our previous results being in agreement with this 

obtained by SFRB.  
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Effect of energy beverages, glucose and taurine on in vitro cancer model cells  

The in vitro evaluation of the anti-cancer properties of nutraceutical compounds or 

foods is the first step of a large pathway to obtain suitable conclusions to be extrapolated to 

humans (MATEO-FERNÁNDEZ et al. 2016). We determined the potential chemopreventive and 

genotoxic effect of CRB, SFRB, TAU and GLU on a human cancer cell model (HL-60 cell line).  

CRB, SFRB and GLU showed cytotoxic effects following a positive dose-dependent 

response, being the inhibitory concentration 50 (IC50) 13 mg/ml, 2.5 mg/ml and 50 mM, 

respectively. On the other hand, TAU did not show cytotoxic activity in HL-60 cells at any 

assayed concentration, only the 2 mM concentration induced a decrease of cell proliferation. 

JEON et al. (2007) reported that TAU increased cell proliferation although they were not 

cancerous and HEIDARI et al. (2013) demonstrated the protective effects of TAU against 

isoniazid and its intermediary metabolite hydrazine cytotoxicity in rat hepatocytes. These 

reports support our findings, suggesting that TAU is not cytotoxic since it may even protect HL-

60 cells against toxic damage. Among the other tested compounds, they showed a similar 

pattern inhibiting around 100 % of the cell growth at the second-highest concentration, which 

does not occur with none of the tested concentrations of TAU. Therefore, TAU would not be 

the responsible for the cytotoxic activity showed by CRB, being GLU one of the bioactive 

compounds involved in that effect. It has been previously described that GLU deprivation 

induces cell death in human breast carcinoma cells (LEE et al. 1998) and a high-rate glycolysis is 

related to promote cancer cell survival (CAO et al. 2007). Therefore our GLU result is not in 

agreement with these assumptions being a noteworthy finding. Nevertheless, 30 mM GLU 

cytotoxicity was demonstrated in human umbilical endothelial cells inducing stress oxidative 

by the generation of free radicals (CISZEWICZ et al. 2009) being in concordance with the idea 

based on the hyperglycemia cytotoxicity in a positive dose-dependent response (XIAN-PEI et al. 

2009) in normal cells. On the other hand, fructose has been considered as a chemopreventive 

additive (JING et al. 1999) while there is controversial information according to caffeine 

cytotoxic properties. We hypothesise that CRB sugar content could provide the 

chemopreventive potential of this energy drink and the artificial sugar sweetened could act 

similarly in SFRB.  

The degradation of genomic DNA into internucleosomal fragments was proposed as a 

major mechanism affecting cancer cell apoptosis. Figure C3_3 indicates that DNA 

fragmentation was observed in the sec highest concentration of CRB (32.5 mg/ml) whereas 

none of the tested concentrations of SFRB, TAU and GLU showed this ladder pattern. Thus, 

these three compounds are not able to induce apoptosis and these results fit in with the 

studies of CHEN et al. (2004) and TAKATANI et al. (2004) who proved that TAU has no effect on 
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induction of cell apoptosis. CHANG et al. (1992) demonstrated that DNA protecting compounds 

were able to prevent apoptosis which is in agreement with our results. ROS are essential 

mediators of apoptosis which eliminates cancerous and other life-threatening cells. Excessive 

DNA protecting substances could interfere with this mechanism (SALGANIK 2001). Our findings 

suggest that the cytotoxicity observed in CRB may be conducted by proapoptotic mechanisms 

in some extent. This type of death cell is not induced in HL-60 cell line treated with TAU 

because of the lack of cytotoxicity showed by this additive. According GLU, it has been 

demonstrated to induce DNA fragmentation in normal cells such as proximal tubular cells 

treated with 10% GLU under hyperglycemia conditions (ISHII et al. 1996) and in cultured human 

umbilical vein endothelial cells fed with 30 mM GLU (BAUMGARTNER-PARZER et al. 1995). 

However, our results fit in with those obtained by CAO et al. (2007) and VAUGHN AND DESHMUKH 

(2008) who reported that hyperglycemia environment stabilised tumour cells and block 

apoptosis mechanisms. We suggest the fructose as one of the main responsible for this 

proapoptotic mechanism induced by CRB since fructose was able to induce DNA fragmentation 

(MATEO-FERNÁNDEZ et al. 2015a).  

We performed alkaline SCGE in order to detect DNA damage (FORCHHAMMER et al. 

2012), which are widely used to determine whether cells are triggering apoptotic and/or 

necrotic pathways (OLIVE AND BANÁTH 2006). It is assumed that apoptosis occurs when 

treatments induces a TM>30 (hedgehog pattern) whereas control cells remain lower than 2 

(no tails). On the contrary, necrosis shows a short comet-tail pattern since the majority of the 

damaged DNA remains in the comet head (FAIRBAIRN AND O’NEILL 1995). Our results showed 

that the damage induced by CRB and TAU in HL-60 cells was characterised by necrosis (short 

tails, TM<3.2, Figure C3_4). These results agree with our cytotoxicity and DNA fragmentation 

assays, demonstrating that CRB, TAU and GLU induced cell death in HL-60, probably mediated 

by a necrotic pathway. The apoptotic way observed in HL-60 cell line treated with CRB also are 

in agreement with these comet results since the concentration which induced apoptosis was 

not assayed on comet assay due to the fact that it was highly cytotoxic and none cell was 

found. Our results fit in with MOCHIZUKI et al. (2002) who reported that tumour necrosis factor 

alpha (TNF-α) increases the amount of the TAU transporter and its affinity, resulting in an 

increase of the intracellular TAU level. These tested compounds exhibited the same DNA 

damage pattern: class 1; TM between 1 and 5 according to FABIANI et al. (2012). The lack of in 

vitro genotoxicity induced by TAU was also observed previously by AHMAD et al. (2015) where 

the tail length of cell treated with TAU was similar to the concurrent control in rats. In normal 

cells such as human endothelial cells, 30 mM GLU was demonstrated to induce single strand 
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breaks (LORENZI et al. 1986) and necrosis mechanisms in peripheral blood monocytes 

(MOROHOSHI et al. 1996). 

The genome instability is triggering by a globally hypermethylated status and the 

repetitive elements are highly methylated in somatic normal cells. However, cancer cells are 

generally hypomethylated, especially transposable elements, contributing to a genome 

instability (WEISENBERGER et al. 2005; LOPEZ-SERRA AND ESTELLER 2008). LINE-1(Long interspersed 

nuclear elements), Alu M4 and Sat-α repetitive elements are studied in the present work thus 

32% of the genome has been analysed searching for methylation levels on transposable 

elements (MARTÍNEZ et al. 2012). LINE-1 is non-random distributed by accumulating in G-

positive bands (AT-rich regions) whilst Alu elements are included in non-coding GC-rich 

regions. On the other hand, Sat-α repetitive elements are AT-rich regions present in 

centromere (WAYE AND WILLARD 1986) (GROVER et al. 2003).  

Our results of DNA methylation status showed a different response with respect to the 

repetitive sequences screened. The methylation status of Alu sequences was significantly 

increased at 20 mg/ml SFRB and 11 mM GLU. CRB and GLU generally hypomethylated LINE-1 

as well as 4 mg/ml of CRB and 0.16 mg/ml of SFRB hypomethylated Sat-α repetitive element, 

whereas SFRB hypermethylated LINE sequences at the highest concentration. In addition, TAU 

induced hypomethylation in LINE-1 at 32 mM. Contrarily, both tested concentrations of TAU 

hypermethylated Sat-α in a significant negative dose-dependent manner and this results fit in 

with LLEU AND HUXTABLE (1992) who proved that TAU increases the degree of phospholipid 

methylation in vivo in cerebral cortical synaptosomes of developing rats. This 

hypermethylation could be considered as a benefit since Sat-α represents the main DNA 

component of every human centromere (WAYE AND WILLARD 1986; CONSORTIUM 2001). Although 

the information related to the modification of the methylation status of repetitive elements 

induced by GLU is rather scarce on scientific database, its ability to modify the methylation 

pattern has been proved since hyperglycemia is associated with epigenetic changes in the 

promoter of the nuclear factor kB subunit p65 in aortic endothelial cells in mice and induces 

proinflamatory cytokines modulating the histones (EL-OSTA et al. 2008; YUN et al. 2011). 

Glucose restriction is also related to the induction of DNA methylation changes in normal and 

immortalised cells acting as a therapy in cancer cells (LI et al. 2010b). 

It has been demonstrated that the expression of satellite sequences is associated with 

a hypomethylation triggering cancer cells. Therefore, methylation process in satellite 

sequences is a potential mechanism for silencing its satellite expression in transformed cells 

(TING et al. 2011). On the other hand, human therapies against cancer are based on 

hypomethylation agents since this therapy is highly related to gene silencing thus this fact 
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could activate tumour suppressor genes and be a positive highlight (WILD AND FLANAGAN 2010). 

These are the reasons why CRB, TAU and GLU could be proposed as hypomethylated agents 

since they induce a global hypomethylation in some extent and hypermethylated satellite 

sequences. Moreover, TAU and GLU could be suggested as the responsible compound for the 

CRB properties. The hypermethylation showed by SFRB could be considered as a benefit since 

LINE-1 has been related to C-met oncogene what would be silenced (WILSON et al. 2007).  
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RESULTS 

 

 In vivo assays 

Table C4_1 shows the toxicity and antitoxicity results obtained in this study. These 

results revealed that although CAR and PEP were significantly toxic at most tested 

concentrations, the LD50 was not reached in any concentrations. Regarding FRU, it was not 

toxic at any tested concentration. According to antitoxicity assay, antioxidant properties were 

not found in any compounds and tested concentrations, what is more the highest 

concentration of CAR which was even more toxic than both the positive control and the 

second-highest concentration of FRU which significantly showed antitoxic effect in D. 

melanogaster.   

 

Table C4_1. Toxicity and antitoxicity levels of CAR, FRU and PEP in D. melanogaster. 

CAR Survival FRU Survival PEP Survival 
(mg/ml) (%) (mM) (%) (mg/ml) (%) 

  

Simple Combined   Simple Combined   Simple Combined 

treatment
(1)

 treatment 
(2)

   treatment treatment   treatment treatment 

0 100 100 0 100 100 0 100 100 

H2O2 - 62.64 H2O2 - 49 H2O2 - 42 

0.03 61*
(3)

 62 3.125 87.7 56 0.8 89.33 50 

0.125 65.7* 54.02 12.5 96 54 3.4 89.33 47 

0.25 64.3* 53 25 88.35 56 6.87 86* 47 

1 61.32* 54.02 100 100 71* 27.5 80* 44 

4 63* 23*
(4)

 400 99.34 48,35 110 65.33* 34 

1
 Data are expressed as percentage of survival adults with respect to 300 untreated 72-h-old larvae from three 

independent experiments. 
2 

Combined treatments using standard medium and 0.15 M hydrogen peroxide. 
3
Asterisks (*) indicate significant differences (one tail) with respect to the untreated control group and 

4
 the 

hydrogen peroxide control group: * Chi-square value higher than 5.02 (MATEO-FERNÁNDEZ et al. 2016). 

 

SMART results are depicted in table C4_2. The concurrent positive control showed 

significant differences with respect to the negative control using the Kastenbaum-Bowman 

statistical test providing a mutation rate per wing of 0.425 against 0.195, respectively. This 

result proves the accuracy of the assay. As regards genotoxicity, both CAR and FRU showed 

inconclusive results and it was solved applying Mann-Whitney test which demonstrated that 

any of them were genotoxic compounds. PEP resulted in non-genotoxic compounds since 

negative results were obtained in Kastenbaum-Bowman test. According to antigenotoxicity 

assay, combined treatments of PEP and hydrogen peroxide showed positive (*) results which 

means that there are significant differences between PEP and positive control. The result 

obtained in CAR was similar to PEP. The IP was calculated since positive results were found. 
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The lowest and the highest concentration assayed of PEP have protected DNA by 68% and 

76.5%, respectively. 61% and 79.5% were the IP obtained in lowest and highest concentration 

of CAR. Nevertheless, the IP from FRU was not needed to ascertain as the Kastenbaum-

Bowman test provided inconclusive results and they were solved using U Mann-Whitney test 

resulting in negative results. Therefore, FRU did not exert any DNA protection against 

hydrogen peroxide. 

 

Table C4_2. Genotoxicity and Antigenotoxicity assays of CAR, FRU and PEP in D. melanogaster. 

Clones per wings (number of spots) 
(1)

   

Compound 

Wings  

Small single 

spots  

Large simple 

spots  Twin spots Total spots  Mann-

Whitney 

test 
(2)

 IP (%) 
(3)

 

Number (1-2 cells) (> 2 cells)  m = 5 m = 2 

  m = 2 m = 5     

H2O 41 0.147 (6) 0.048 (2) 0 0.195 (8) 

  H2O2 (0.15 M) 40 0.375 (15) 0.05 (2) 0 0.425 (17)+ 

  SIMPLE TREATMENT 

CAR (mg/ml) 

       [0.125] 40 0.25 (10) 0.125 (5) 0 0.375 (15)i λ 

 [4] 42 0.166 (7) 0.095 (4) 0.024 (1) 0.286 (12)i λ 

 FRU (mM) 

       [12.5] 38 0.28 (11) 0.1 (1) 0 0.32 (12)i λ 

 [400] 33 0.24 (8) 0.03 (1) 0.03 (1) 0.3 (10)i λ 

 PEP (mg/ml) 

       [3.4] 42 0.071 (3) 0 0 0.071 (3)- 

  [110] 44 0.18 (8) 0.022 (1) 0 0.204 (9)- 

  COMBINED TREATMENT 

CAR (mg/ml) 

       [0.125] 42 0.166 (7) 0 0 0.166 (7)* 

 

61 

[4] 46 0.065 (3) 0.02 (1) 0 0.087 (4)* 

 

79.5 

FRU (mM) 

       [12.5] 50 0.18 (9) 0.08 (4) 0 0.26 (13)β ω 

 [400] 40 0.275 (11) 0.125 (5) 0 0.4 (16)β ω 

 PEP (mg/ml) 

       [3.4] 44 0.11 (5) 0.023 (1) 0 0.136 (6)* 

 

68 

[110] 40 0.1 (4) 0 0 0.1 (4)* 

 

76.5 

1 
Statistical diagnosis according to FREI AND WURGLER (1988): + (positive), - (negative) and i (inconclusive) vs. negative 

control; * (positive), Δ (negative) and β (inconclusive) vs. respective positive control; m: multiplication factor. 
Kastenbaum-Bowman Test without Bonferroni correction, probability levels: α = β = 0.05. No. of spots in 
parentheses.  
2 

Mann-Whitney test was used when appropriate to resolve inconclusive results. Lambda (λ) and Omega (ω) 
symbols mean that there are not significant differences with respect to the negative and positive control 
respectively. 
3 

Inhibition percentage values were included when appropriate.  
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Table C4_3 and figure C4_1 show the lifespan curves and healthspan results which 

reported that FRU significantly increased both the lifespan (more than 14%) and healthspan 

(35% on average) on Drosophila when flies are treated at 3.125, 25 and 100 mM. On the 

contrary, when Drosophila is treated with the three-highest assayed concentrations of PEP, the 

life expectancy of this model organism decreased roughly 18%. CAR did not exert any effect on 

Drosophila’s lifespan and healthspan. 

 

Table C4_3. Effects of CAR, FRU and PEP treatments on the Drosophila melanogaster mean lifespan and healthspan. 

  Mean lifespan Mean 
lifespan 
difference 
(%)

a
 

Healthspan 
(80

th
percentile) 

Healthspan 
difference 

(days) (days) (%)
a
 

CAR 

(mg/ml) 

   

 Control 64±3.16 0 31.21±2.37 0 

0.125 59.65±2.4 -6.8 31.03±2.12 -0.5 

0.25 60.83±2.73 -4.9 33.68±2.44 7.6 

1 62.8±2.78 -1.9 30.88±2.1 -1.1 

4 59±3.35 -7.9 37.54±4 20.28 

FRU 

(mM) 

    

Control 59.67±2.9 0 32.63±1.48 0 

3.125 68.37±2.8* 14.58 33.66±1.69 3.15 

12.5 67.76±2.27 13.5 44.58±3.9 36.62 

25 73.8±2.35*** 23.7 41.68±2.81* 27.73 

100 70.6±1.7** 18.31 46.87±1.87** 43.64 

400 59.334±2.25 -0.6 27.7±3.42 -15.1 

PEP 

(mg/ml) 

    

Control 64±3.12 0 31.21±2.37 0 

0.8 60.5±2.9 -5.5 31.18±1.67 -0.1 

3.4 58.2±2.7 -9.1 30.6±1.8 -1.96 

6.87 52.3±2.3*** -18.3 31.5±1.52 0.92 

27.5 52.34±2.8** -18.3 27.9±1.05 -10.6 

110 51.9±2.7** -18.9 28.62±1.13 -8.3 

a
 The difference was calculated by comparing treated flies with the concurrent 

water control. Positive numbers indicate lifespan increase and negative numbers 
indicate lifespan decrease. Data are expressed as mean value ±SE. *p≤0.05, 
**p≤0.01, ***p≤0.001 significances obtained with the log-rank (Mantel-Cox) test.  
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Figure C4_1. Effect of PEP, CAR and FRU supplementation on the lifespan of Drosophila melanogaster. 

 

 

In vitro assays. 

All tested compounds showed cytotoxic effect against HL-60 leukemia cell line as it is 

shown in figure C4_2. The IC50 was reached roughly at 1 mg/ml, 30 mM and 25 mg/ml for CAR, 

FRU and PEP treatments respectively.  

The electrophoresis of genomic DNA integrity of HL-60 cells treated with different 

concentrations of PEP, CAR and FRU are shown in figure C4_3. No DNA damage was observed 

at any concentrations of PEP and CAR. However, 100 mM FRU induced internucleosomal DNA 

fragmentation in HL-60 cell line.  
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Figure C4_2. Viability of HL-60 cells treated with PEP, CAR and FRU for 72 h. Each point represents the percentage of 
viability with respect to the mean control ± SD of three independent experiments. 
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Figure C4_3. Internucleosomal DNA fragmentation after 5 h of HL-60 cells treated with CAR, FRU and PEP. Letters M 

and C mean weight size marker and negative control, respectively.  

 

 

Figure C4_4 shows the results obtained in the single cell gel electrophoresis test or 

comet assay. According to this assay, FRU significantly increased the TM value with respect to 

the concurrent control, inducing DNA damage at 3.125 mM in HL-60 cell line. Neither CAR nor 

PEP induced damage in human leukaemia HL-60 cell line. The concentrations used in this SCGE 

assay were determined according to the results obtained in the previous cytotoxicity assay.  
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Figure C4_4. Alkaline comet assay (pH <13) of HL-60 cells after 5h-treatment with different concentrations of CAR, 
FRU and PEP. DNA migration is reported as mean TM. The plot shows mean TM values and standard errors. 
Different letters mean different values after one-way ANOVA and post hoc Tukey´s test.  
 
 
 
 

Figure C4_5. Relative normalised expression data of each repetitive element. Different letters are associated with 
different means applying One-Way ANOVA test and post hoc Tuckey´s test.  
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Figure C4_5 shows the relative normalised methylation status (RMS) of the three 

repetitive sequences (LINE-1, Alu M1, and Sat-α) in HL-60 cell line treated with the tested 

compounds. CAR hypomethylated Sat-α repetitive element of HL-60 cell line only when these 

human leukaemia cells are treated with 4 mg/ml.  Contrarily, PEP generally hypermethylated 

Alu-M1, LINE-1 and Satellite-α repetitive elements.  

 

DISCUSSION 

It is known that dietary compounds are related to the induction or prevention of 

several diseases. As a proof of that, patients from developing and underdeveloped countries 

suffer from different kinds of cancer that could be related to the increase of not-controlled 

food additives consumption (FAIRWEATHER AND SWANN 1981). Therefore, the relationship 

between diet and health is tight-knit (WILLETT 1994). For instance, the consumption of 

carbonated beverages is associated with obesity and diabetes (JAMES AND KERR 2005) or to the 

appearance of early cancer (TREWAVAS AND STEWART 2003).  

 

In vivo safety studies 

Food additives are still considered a big deal as many of their functions remain 

unknown. Precisely, due to food colourants are massively used and the increasing 

consumption of soft drinks, an evaluation of their effect on public health should be needed 

(VARTANIAN et al. 2007). Knowing that one third of human cancers are related to diet, much 

research is focused on small molecules added to food. This seemly easy concept became 

complicated as many compounds exert a dual, positive/negative effect that strongly depends 

on the doses (TREWAVAS AND STEWART 2003). The present work evaluates the safety of two 

additives such as CAR and FRU, and a soft drink PEP in in vivo toxicity and genotoxicity assays 

using the eukaryotic Drosophila model for the first time.  

Despite PEP is a highly consumed beverage over the world, not so much information 

about its toxicity and genotoxicity has been reported. Because of the controversial information 

found about caramel activities, studies of biological activities of caramel are needed.  

FRU is one of the main components used in soft drinks. A high consumption of FRU has 

been related to obesity disease and metabolic disorders. It has been shown that FRU is less 

satiating and more lipogenic than glucose (RIZKALLA 2010). In addition, a decreasing level of 

insulin and leptine and an increasing level of ghreline have been related to a high consumption 

of FRU (TEFF et al. 2004).  
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In this study, PEP was toxic at the three highest concentrations and CAR was toxic at all 

the tested concentrations in D. melanogaster. These results did not agree with MACKENZIE et al. 

(1992) who affirmed that caramel is not toxic. The toxicity of PEP could be caused by the 

caramel properties and also by the different compounds present at the drink, like caffeine. In 

addition, the toxicity of CAR could be caused by the 4-MeI presence that has been described as 

a neurotoxic agent present in all the soft drinks (PATEY et al. 1985) able to inhibit P450 in the 

human liver cytochrome (HARGREAVES et al. 1994; MORETTON et al. 2011) and even induced 

alveolar/bronchiolar adenoma and carcinoma in mice (CUNHA et al. 2011). Anyway, The LD50 of 

CAR and PEP was not found at any concentration therefore both substances could be 

considered as non-toxic being related to the report of MACKENZIE et al. (1992).  

FRU did not exert any effect on toxicity in D. melanogaster and this result is not in 

agreement with those obtained by HWANG et al. (1987) and NYBY et al. (2007) who reported 

that high consumption of FRU triggered an insulin-resistance disorder and other abnormalities 

in rats and even provoking cirrhosis (NOMURA AND YAMANOUCHI 2012).  FRU has been considered 

as a substance which increases the oxidative stress level causing toxicity in rats (BUSSEROLLES et 

al. 2003; HININGER-FAVIER et al. 2009).  

Food genotoxicologic assays have been widely used through the time in order to 

evaluate the healthy properties of diet before being considered as nutraceutic substances 

(ISHIDATE JR et al. 1984; TSUBONO et al. 2001). Nowadays, there is a great deal of scientific 

evidence based on nutraceutics supporting the fact of consuming food as a health promoter. 

Our genotoxicity assays showed that CAR, FRU and PEP were non-genotoxic at any tested 

concentrations. These results agree with the studied carried out by BRUSICK et al. (1992) who 

did not find evidence of genotoxicity in the Salmonella plate incorporation test using 5 

standard strains or in the Saccharomyces cerevisiae gene conversion assay. The results support 

the conclusion that this colour does not pose a genotoxic hazard to humans. However, our FRU 

results are not in agreement with those obtained by HANSEN et al. (2008) who found it 

genotoxic in rats increasing the mutation rate. In addition, 1.6 and 25 mM FRU resulted in 

being genotoxic in Chinese hamster treating ovarian cells. Furthermore, FRU was mutagenic in 

S. typhimurium test and human lymphocytes cells (MIGLIORE et al. 1990; ROBERTS et al. 2003). 

Contrarily, FRU was not found genotoxic in rats (MACGREGOR et al. 1989).  

The lack of genotoxicity observed in Drosophila for all the tested compounds 

confirmed their safety. We hypothesised that the toxicity observed in our compounds may be 

induced either by a different pathway other than the genotoxic one, or it may be affecting to 

different genes to the used in this assay.  
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Evaluation of nutraceutical potential 

Nutraceuticals and functional foods have become key issues in behavioural nutrition 

and diets. The nutraceutical potential of local beverages and food is recognised as an 

important domain of research (BATISTA et al. 2011). The present study performs an evaluation 

of the nutraceutic potential of CAR, FRU and PEP by carrying out in vivo antitoxicity and 

lifespan assays as well as in vitro cytotoxicity, internucleosomal fragmentation, single and 

double DNA strands breaks and modulation of methylation patterns in the HL-60 leukaemia 

cells model.  

In vivo antitoxicology assays have been performed through the time in order to 

ascertain on the health-promoting properties of the tested compounds. D. melanogaster 

model is increasingly used to study life extension since there is a high homology between 

invertebrate and human genes involved in aging process (BELL et al. 2009; LI et al. 2010b).  

The antitoxicity results showed that the highest tested concentration of CAR increased 

the toxic effect of the genotoxin hydrogen peroxide. Globally, CAR, FRU and PEP were not 

antioxidant compounds since they were not able to revert the damage caused by hydrogen 

peroxide in D. melanogaster, except for 100 mM FRU which did exert a protective effect. CELEC 

AND BEHULIAK (2010) supported the present study since they did not find antioxidant activity of 

PEP in rats. This lack of antioxidant effect could be due to the fact that soda drinks 

downregulate the expression of antioxidants glutathione reductase (EL‑TERRAS et al. 2016). 

However, our results do not fit to those of HONG et al. (2016) who regarded soda drinks as 

antioxidant beverages in a chemical assay neither to those of MATEO-FERNÁNDEZ et al. (2016) 

who finds antioxidant activity in other cola beverage in D. melanogaster. TSAI et al. (2009) 

concluded that CAR was overall antioxidant and this capacity depends on the colour of the 

caramel and the browner the additive the more antioxidant it is. SENGAR AND SHARMA (2014) 

reported a low antioxidant activity of cola beverage and CAR in a review. However, most of the 

literature regarding to caramel focused on the identification of the caramelisation products. 

Therefore more research is needed to evaluate the antioxidant and antigenotoxic properties of 

CAR as it is consumed.  

Regarding FRU, the lack of antioxidant properties generally showed by FRU could be in 

agreement with the reports that this compound increases the stress oxidative. FENG et al. 

(2009) reported that 15 mM FRU was not able to protect hepatocytes against hydrogen 

peroxide. However, NIEMINEN et al. (1990) demonstrated 20 mM FRU to be antioxidant in 

hepatocytes. FRU (4%) seemed to decrease ATP levels and increase those AMP in male of D. 

melanogaster causing an increasing of ROS which triggers defense mechanisms synthesizing 

superoxide dismutase enzymes. When these enzymes are synthesized, an increasing of 
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hydrogen peroxide levels is triggered (MCCORD 2008). However, uric acid is synthesized when 

the levels of FRU is low performing an antioxidant activity. Nevertheless, 10 % FRU inhibits the 

effect of superoxide dismutase and the protective effect is not possible (LUSHCHAK et al. 2011). 

FRU triggers the browning reaction and it is demonstrated to be antimutagenic y S. 

typhimurium test (CHAN et al. 1982) which it is not in agreement with our results since FRU did 

not exert DNA protection against hydrogen peroxide thus the antigenotoxic effect of PEP could 

be due to CAR that shows similar IP. Therefore, the antioxidant and antimutagenic activity of 

FRU in D. melanogaster is highly related to the concentration used and the metabolic pathway 

triggered.  

As far as it is known, there is not any scientific information about PEP and CAR 

evaluating the aging and lifespan modulation by these substances. Lifespan assays showed 

that some concentrations of PEP significantly decreased the life expectancy of D. melanogaster 

whereas CAR has not influence on the longevity of this fly. Furthermore, neither PEP nor CAR 

significantly differed from their concurrent control when the parameter to be evaluated is the 

quality of life. Soft drinks can trigger diabetes and obesity in human SHAH et al. (2014) thus it 

would be easy to think that these types of beverages could decrease the quality of life, but 

there is no scientific evidence of this supposition in humans. On the other hand, cola 

beverages have demonstrated to be anti-ageing agents in D. melanogaster (MATEO-FERNÁNDEZ 

et al. 2016). Caffeine content could be responsible for the reduction of the lifespan (NIKITIN et 

al. 2008) since fructose and glucose did not shorten the lifespan of D. melanogaster (LUSHCHAK 

et al. 2011) and CAR was not anti-aging additive in this study. Our results showed that FRU 

significantly increased the life expectancy and the quality of life of D. melanogaster at 12.5, 2.5 

and 100 mM FRU) which could be related to those obtained by DRIVER AND COSOPODIOTIS (1979) 

who reported that the mean longevity exerted by 514 mM FRU was 44 days in Drosophila. 

These results suggest a negative-dose dependent tendency in relation to the lifespan. This 

finding may be supported by the fact that caloric restriction is related to an increase of the life 

expectancy (BROSS et al. 2005). 

The in vitro evaluation of the anti-cancer properties of nutraceutical compounds is the 

first step of a large pathway to obtain suitable conclusions to be extrapolated to humans. The 

aim of the present trial was to determine the potential chemopreventive and genotoxic effect 

of CAR, FRU and PEP on a human cancer cell model (HL-60 cell line) performing cytotoxicity, 

DNA fragmentation, SCGE and epigenetic modulation assays.  

All tested compounds were cytotoxic reaching the IC50. These results are congruent 

with those obtained by others researchers since cola beverages have been demonstrated to be 

cytotoxic (HANNAH et al. 2010; FARHAN AND TAWFIQ 2016) who reported that PEP showed 
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cytotoxic activity on root meristems of the experimental model Allium cepa. Others cola 

beverages like Coca-Cola have been reported as cytotoxic using HL-60 cell line (MATEO-

FERNÁNDEZ et al. 2016). KAPICIOGLU et al. (1998) determined the ability of cola drinks to inhibit 

proliferation of gastric mucosal cells although they were not cancerous. Our results are also in 

agreement with those obtained by DÜSMAN et al. (2013) who demonstrated that PEP was not 

cytotoxic in bone marrow cells of Wistar rats. In addition, cola drinks did not differ from their 

concurrent control using CACO-2 cells (EKMEKCIOGLU et al. 1999). Conversely, the Coca-Cola 

beverage induced an increase in fibroblast proliferation probably due to the sugar content, 

which could trigger a carcinogenic process although the proliferation rate increase depends on 

the place where the beverage was bought (NOWACKI et al. 2014). On the other hand, it seems 

to be the first attempt ascertaining on the chemopreventive potential of CAR. Our findings 

agreed in some extent with the cytotoxicity activity observed in lymphocytes induced by 

caramel colour additive (MACKENZIE et al. 1992). Therefore, further research studies are 

needed to ascertain on the chemopreventive potential of CAR. In addition, 1 mM FRU inhibits 

the cell growth of hepatocytes although 10-15 mM FRU protects them (NIEMINEN et al. 1990; 

FENG et al. 2009). In cancer cells, 0.8 M FRU was demonstrated to be chemopreventive (JING et 

al. 1999). Our findings suggest that CAR and FRU could be the responsible for the 

chemoprevention observed in PEP among others molecules.  

Clastogenicity is involved in process of DNA damage. DNA fragmentation test and 

comet assay were conducted in order to examine the clastogenic potential of CAR, FRU and 

PEP on HL-60 cell line. The degradation of genomic DNA into internucleosomal fragments was 

proposed as a major mechanism affecting cancer cell apoptosis. Figure C4_2 showed that the 

typical ladder pattern has shown when cells are treated with 100 mM FRU. However, the 

pattern mentioned has not generally shown by any of the tested compounds thus they are not 

able to induce apoptosis. This result is not consistent with the reduction of the number of the 

mice follicles and oocytes observed by SUOCHENG et al. (2016) who concluded that this 

decrease could be due to apoptotic mechanisms. However, the cells used in this research 

differed from the used one in the present study. It is known that substances such as fructose 

and cola beverages induced apoptosis in different research (MATEO-FERNANDEZ et al. 2015a; 

MATEO-FERNANDEZ et al. 2015b; MATEO-FERNÁNDEZ et al. 2016). FRU (20 mM) has been shown to 

inhibit apoptosis in hepatocytes after oxidative damage due to a decrease of ROS (FRENZEL et al. 

2002) which is congruent to our FRU results. We hypothesise that the absence of DNA 

fragmentation in PEP may be attributed to CAR and partially to FRU, although further studies 

are necessary to elucidate this statement.  
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Alkaline SCGE is performed in order to detect DNA damage (FORCHHAMMER et al. 2012), 

which are widely used to determine whether cells are undergoing apoptotic and/or necrotic 

pathways (OLIVE AND BANÁTH 2006). It is assumed that apoptosis occurs when treatments 

induces a TM > 30 (hedgehog pattern) whereas control cells remain lower than 2 (no tails). On 

the contrary, necrosis shows a short comet-tail pattern since the majority of the damaged DNA 

remains in the comet head (FAIRBAIRN AND O’NEILL 1995). Our results showed that CAR and PEP 

did not exhibit clastogenic activity since TM values of all assayed concentrations remained in 

TM values lower than 1. This finding means that PEP and CAR can be regarded as untreated 

cells (class 0) from the 5 TM classes proposed by FABIANI et al. (2012). FRU (3.125 mM) 

significantly exerted clastogenic effect on HL-60 cell line as this concentration provided a TM 

value higher than 5 ua causing a damage class II (5-10 ua TM) on HL-60 cell line. 

PEP has been demonstrated to be clastogenic inducing chromosomal aberrations in 

bone marrow cells of Wistar rats (DÜSMAN et al. 2013) and in the roots of Allium cepa (HANNAH 

et al. 2010). Furthermore, PEP caused chromosomal break and bridges in Allium cepa (HANNAH 

et al. 2010). This damage caused by PEP could be attributed to their various components such 

as caffeine (NEHLIG AND DEBRY 1994; MATEO-FERNÁNDEZ et al. 2016) and acidity (pH 3.5) since low 

pH can reduce the metabolic rate and the body's antioxidant defences (RAYES 2008). 

Clastogenic activity in CHO cells were induced when exposed to caramel colour (KITTS et al. 

2006). These results are not in agreement with our findings although the experimental models 

were different. In addition, 1% FRU did not induce chromosomal aberrations in wild type 

brains of D. melanogaster (MARZIO et al. 2014). However, LEVI AND WERMAN (2003) 

demonstrated that FRU imposed DNA damage and apoptosis in lymphoma cells from mouse 

being congruent with our results in some extent. The lack of in vitro genetic damage could be 

due to the fact that the assessed concentrations in comet assay were the three-lowest ones 

which are the less cytotoxic being the cell viability roughly 80 % in both substances. 

Furthermore, the results obtained in comet assay are congruent with those obtained in our 

DNA fragmentation test.  

Despite the cytotoxic activity shown by both compounds, none of them induced 

internucleosomal DNA fragmentation and DNA damage at the assayed concentrations thus the 

cell death is not due to apoptotic mechanisms in our HL-60 model.  

As for epigenetics, the genome is globally hypomethylated in cancer cells inducing 

transposable element activity and thus triggering genome instability (LOPEZ-SERRA AND ESTELLER 

2008). On the other hand, it is known that the silencing of tumour suppressor genes is closely 

associated with hypermethylation (QIN et al. 2009). Repetitive elements are highly methylated 

in somatic normal cells contributing to a global genomic hypermethylation (WEISENBERGER et al. 
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2005) suppressing the transposable activity of repetitive elements. Three different repetitive 

elements: LINE-1, Alu-M4 and Sat-α were studied. Long interspersed nuclear elements (LINE) 

are abundant retrotransposons and representing LINE-1 about 17 % of the human genome 

with a non-random distribution by accumulating primarily in G-positive bands, which are AT-

rich regions of chromosomes (LANDER et al. 2001). LINE-1 elements are also accumulated in 

regions of low recombination rate mainly in X-chromosome (BOISSINOT et al. 2001). Alu 

elements belong to the SINE family (Short Interspersed Nuclear Elements), being the most 

abundant (accounting about 10 % of the whole human genome (WEISENBERGER et al. 2005) and 

predominantly present in non-coding and GC-rich regions (LANDER et al. 2001; GROVER et al. 

2003). Sat-α, Satellite alpha DNA repeats, are composed of tandem repeats of 170 bp DNA 

sequences, are AT-rich regions and represent the main DNA component of every human 

centromere, constituting about 5 % of total human DNA (WAYE AND WILLARD 1986; LANDER et al. 

2001). Therefore, examination of the methylation status of LINE-1, Alu and Sat-α regions has 

served as an approach for measuring global methylation levels since 32 % of the human 

genome has been evaluated (MARTÍNEZ et al. 2012).  

To our knowledge, this is the first attempt evaluating the ability of PEP and CAR for 

modulating the epigenome thus there is not any information related to this assay using PEP 

and CAR on scientific databases. Our results yielded that PEP globally hypermethylated the 

three repetitive elements studied in this assay and CAR only hypomethylated Sat-α sequence 

in HL-60 cell line. This hypermethylation could be considered as a benefit since LINE-1 is 

associated with C-met oncogene which would be silenced (WILSON et al. 2007). In addition, it 

has been demonstrated that the expression of satellite sequences is associated with a 

hypomethylation triggering cancer cells. Therefore, methylation process in satellite sequences 

is a potential mechanism for silencing its satellite expression in transformed cells (TING et al. 

2011). This assumption supports the hypothesis that PEP could be considered as a 

chemopreventive agent silencing the expression of transposons and oncogenes. FRU has not 

any influence in these repetitive elements tested.  

Some recent human therapies against cancer are based on hypomethylating agents 

since this activity is highly related to gene silencing, thus this fact could activate tumour 

suppressor genes and be a positive highlight. Despite this fact, it is not clear its benefit on 

human therapies and much more research studies should be performed (WILD AND FLANAGAN 

2010). 

In conclusion, the food safety of CAR, FRU and PEP was demonstrated since LD50 was 

not reached in toxicity assay and any of the compound tested induced mutation rates higher 

than the concurrent control in D. melanogaster. On the other hand, CAR and PEP protected 
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DNA from oxidative stress provided by hydrogen peroxide in D. melanogaster according to 

antigenotoxicity assay.  FRU significantly increased the life expectancy and the quality of life of 

this organism model. All tested compounds were chemopreventive although only FRU induced 

clastogenicity in human leukaemia cells. CAR and PEP modified the methylation status of HL-60 

cell line although it is necessary much more information about the mechanisms of gene 

therapies.  
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RESULTS 

 

Toxicity and antitoxicity assays 

Table C5_1 shows the toxicity and antitoxicity results obtained in this study. These 

results revealed that although CA was significantly toxic (roughly 60% of survival) at most 

tested concentrations, the remarkable LD50 was not reached in any concentrations. Regarding 

PA, DCC and ZCC, they were not toxic at any tested concentrations. According to antitoxicity 

assay, antioxidant properties were found in any compounds, except for DCC, being ZCC the 

most antitoxic tested compounds in D. melanogaster.   

 

Table C5_1. Toxicity and antitoxicity levels of CA, PA, DCC and ZCC in D. melanogaster. 

CA Survival PA Survival 

(mM) (%) (µM) (%) 

  

Simple Combined   Simple Combined 

treatment
(1)

 treatment 
(2)

   treatment treatment 

0 100 100 0 100 100 

H2O2 - 61 H2O2 - 61 

0.31 100 100*
(4)

 0.32 88 100*
(4)

 

1.25 64.65*
(3)

 75.7* 0.95 97 76* 

2.5 64.65* 79.35* 1.9 99 79.3* 

10 64* 75* 7.65 100 80* 

40 67* 55.68 30.6 98 60 

      DCC Survival ZCC Survival 

(mg/ml) (%) (mg/ml) (%) 

  

Simple Combined   Simple Combined 

treatment
(1)

 Treatment
(2)

   treatment treatment 

0 100 100 0 100 100 

H2O2 - 52.3 H2O2 - 57 

0.023 91 55 0.023 100 87*
(4)

 

0.09 91 56 0.09 100 98* 

0.18 89 47 0.18 89 95* 

0.75 96 51.65 0.75 97 94* 

3 94 45 3 94 98* 

1
 Data are expressed as percentage of survival adults with respect to 300 untreated 72-h-old larvae from 

three independent experiments. 
2 

Combined treatments using standard medium and 0.15 M hydrogen 
peroxide. 

3
Asterisks (*) indicate significant differences (one tail) with respect to the untreated control 

group and 
4
 the hydrogen peroxide control group: * Chi-square value higher than 5.02 (MATEO-FERNÁNDEZ 

et al. 2016). 
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Genotoxicity/Antigenotoxicity assay 

Genotoxicity and Antigenotoxicity assays of tested compounds are shown in table 

C5_2. The concurrent positive control showed significant differences with respect to the 

negative control using the Kastenbaum-Bowman statistical test providing a mutation rate per 

wing of 0.425 against 0.195, respectively. This result proves the accuracy of the assay. As 

regards genotoxicity, both kinds of beverages and the lowest concentration of CA showed 

inconclusive results and they were solved applying Mann-Whitney test which demonstrated 

that none of them were genotoxic compounds. PA and the highest concentrations of CA 

reported negative results in Kastenbaum-Bowman test.  

According to antigenotoxicity assay, combined treatments of CA, PA and the lowest 

concentration of DCC with hydrogen peroxide showed positive (*) results which means that 

there are significant differences between each one and positive control. The lowest and the 

highest concentration assayed of CA have protected DNA by 60% and 74%, respectively. 60% 

and 79.5% were the IP obtained in lowest and highest concentration of PA. The IP reached by 

the lowest concentration of DCC was 76.4%. Nevertheless, the IP from the highest 

concentration of DCC and both tested concentrations of ZCC was not needed to ascertain as 

the Kastenbaum-Bowman test provided inconclusive results and they were solved using U 

Mann-Whitney test resulting in negative results. Therefore, these beverages did not exert any 

DNA protection against hydrogen peroxide. 

 

Lifespan and healthspan assays 

Lifespan and healthspan results are plotted in figure C5_1 and averages are shown in 

table C5_3 which reported that DCC significantly increased lifespan on Drosophila when flies 

are treated at 0.75 mg/ml DCC. On the contrary, when Drosophila is fed with the PA, the life 

expectancy of this model organism decreased generally in each tested concentration, except 

for 1.9 µM. In addition, PA overall decreased the healthspan of D. melanogaster. ZCC did not 

exert any effect on Drosophila´s lifespan and healthspan and CA increased the lifespan in this 

organism model when it is treated with 5 mM. 
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Table C5_2. Genotoxicity and Antigenotoxicity assays of CA, PA, DCC and ZCC in  D. melanogaster. 

Clones per wings (number of spots) 
(1)

   

Compound 

Wings  

Small single 

spots  

Large simple 

spots  Twin spots Total spots  Mann-

Whitney 

test 
(2)

 IP (%) 
(3)

 

number (1-2 cells) (> 2 cells)  m = 5 m = 2 

  m = 2 m = 5     

H2O 41 0.147 (6) 0.048 (2) 0 0.195 (8) 

  H2O2 (0.15 M) 40 0.375 (15) 0.05 (2) 0 0.425 (17)+ 

  SIMPLE TREATMENT 

CA (mM) 

       [1.25] 46 0.15 (7) 0 0 0.15 (7)i Δ  

 [40] 46 0.087 (4) 0.021 (1) 0.021 (1) 0.13 (6)- 

  PA (µM) 

       [0.95] 40 0.075 (3) 0 0 0.075 (3)- 

  [30.6] 44 0.068 (3) 0 0 0.068 (3)- 

  DCC (mg/ml) 

       [0.09] 40 0.175 (7) 0.075 (3) 0 0.25 (10)i Δ 

 [3] 36 0.25 (9) 0 0 0.25 (9)i Δ 

 ZCC (mg/ml) 

       [0.09] 40 0.25 (10) 0.025 (1) 0 0.275 (11)i Δ 

 [3] 40 0.2 (8) 0.025 (1) 0.025 (1) 0.25 (10)i Δ 

 COMBINED TREATMENT 

CA (mM) 

       [1.25] 46 0.087 (4) 0.087 (4) 0 0.17 (8)* 

 

60 

[40] 44 0.09 (4) 0.022 (1) 0 0.11 (5)* 

 

74.1 

PA (µM) 

       [0.95] 52 0.13 (7) 0.038 (2) 0 0.17 (9)* 

 

60 

[30.6] 46 0.065 (3) 0.022 (1) 0 0.087 (4)* 

 

79.5 

DCC (mg/ml) 

       [0.09] 40 0.05 (2) 0.05 (2) 0 0.1 (4)* 

 

76.4 

[3] 44 0.227 (10) 0.068 (3) 0 0.3 (13)β Ω 

 ZCC (mg/ml) 

       [0.09] 46 0.24 (11) 0.065 (3) 0 0.3 (14)β Ω 

 [3] 46 0.22 (10) 0.043 (2) 0 0.26 (12)β Ω 

 

        Statistical diagnosis according to FREI AND WURGLER (1988): + (positive), - (negative) and i (inconclusive) vs. negative 
control; * (positive), Δ (negative) and β (inconclusive) vs. respective positive control; m: multiplication factor. 
Kastenbaum-Bowman Test without Bonferroni correction, probability levels: α = β = 0.05. No. of spots in 
parentheses. Mann-Whitney test was used when appropriate to resolve inconclusive results. Lambda (λ) and Omega 
(ω) symbols mean that there are not significant differences with respect to the negative and positive control 
respectively. Inhibition percentage values were included when appropriate.  
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Table C5_3. Effects of CA, PA, DCC and ZCC treatments on the Drosophila melanogaster mean lifespan and 
healthspan. 

  Mean lifespan Mean 
lifespan 
difference  
(%)

a
 

Healthspan 
(80

th
percentile) 

Healthspan 
difference 

(days) (days) (%)
a
 

CA (mM)    

 Control 68.37±2.36 0 39.69±4.1 0 

0.5 66.2±2.34 -3.1 40.26±2.27 1.4 

5 72.88±3.37* 6.5 31.88±2.68 -19.7 

50 66.6±2.27 -2.6 40.48±2.33 2 

PA (µM)     

Control 71.21±2.56 0 47.41±3.1 0 

0.32 60.99±2.9* -14.4 32.7±2.35** -31 

0.95 66.07±2.1* -7.3 45.3±2.76 -4.5 

1.9 66.88±2.2 -6 47.07±2.53 -0.1 

7.65 54.52±2.46*** -23.5 30.7±1.07* -35.3 

30.6 45.06±3.41*** -36.8 18.16±0.34*** -61.7 

DCC (mg/ml)     

Control 59.67±2.92 0 32.62±1.48 0 

0.023 66.4±3.3 11.27 31.62±1.88 -1 

0.09 62±2.8 3.9 31.14±1.7 -4.5 

0.18 57.2±2.4 -4.2 32.85±1.66 0.7 

0.75 68.27±2.26* 14.41 40.68±2.43 24.7 

3 65.14±2.55 9.16 40.23±2.3 23.33 

ZCC (mg/ml)     

Control 63.52±2.7 0 38.77±4.2 0 

0.023 59.05±2.57 -7 38.63±2.08 -0.3 

0.09 61.48±2.38 -3.3 38.67±2.64 -0.2 

0.18 66.53±2.37 4.7 42.18±2.99 8.8 

0.75 61.37±2.9 -3.4 33.27±4.23 -14.2 

3 52.4±4* -17.5 26.67±0.67 -31.7 

a
 The difference was calculated by comparing treated flies with the concurrent 

water control. Positive numbers indicate lifespan increase and negative 
numbers indicate lifespan decrease. Data are expressed as mean value ±SE. 
*p≤0.05, **p≤0.01, ***p≤0.001 significances obtained with the log-rank 
(Mantel-Cox) test.  
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Figure C5_1. Effect of CA, PA, DCC and ZCC supplementation on the lifespan of Drosophila melanogaster. 

 

 

 

Cytotoxicity 

Figure C5_2 shows the cytotoxicity results. All tested compounds provided cytotoxic 

effect in HL-60 leukaemia cell line reaching the IC50 at 2 mg/ml when cells are treated with DCC 

and ZCC. Furthermore, when these cells are treated with CA and PA the IC50 is also reached at 

5 mM and 5 µM, respectively. Acidulant provided higher chemopreventive potential than the 

tested beverages.   

 

 



128 
 

 

Figure C5_2. Viability of HL-60 cells treated with CA, PA, DCC and ZCC for 72 h. Each point represents the 
percentage of viability with respect to the mean control ± SD of three independent experiments. 
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DNA fragmentation test 

Figure C5_3 shows the results of the internucleosomal DNA fragmentation test.  The 

results obtained in this assay reported that none of the tested compounds were able to modify 

the DNA integrity of HL-60 cell line since a ladder pattern is not induced. 

 

SCGE Assay 

Figure C5_4 shows the results obtained in the single cell gel electrophoresis test or 

comet assay. According to this assay, PA, DCC and ZCC significantly increased the TM value 

with respect to the concurrent control, inducing DNA damage in HL-60 cell line at most tested 

concentrations. On the contrary, CA did not induce damage in human leukaemia HL-60 cell line 

as well as the lowest tested concentration of PA and DCC. The concentrations used in this SCGE 

assay were determined according to the results obtained in the previous cytotoxicity assay.  

 

 

 

Figure C5_3. Internucleosomal DNA fragmentation after 5 h of HL-60 cells treated with CA, PA, DCC and ZCC. Letters 
M and C mean weight size marker and negative control, respectively.  
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Figure C5_4. Alkaline comet assay (pH <13) of HL-60 cells after 5h-treatment with different concentrations of CA, PA, 
DCC and ZCC. DNA migration is reported as mean TM. The plot shows mean TM values and standard errors. 
Different letters mean different values after one-way ANOVA and post hoc Tukey´s test.  

 

 

 

 

DNA Methylation Status 

Figure C5_5 shows the relative normalised methylation status (RMS) of the three 

repetitive sequences (LINE-1, Alu M1, and Sat-α) in HL-60 cell line treated with the tested 

compounds. CA hypomethylated Alu M1 and Sat-α repetitive elements of HL-60 cell line when 

these human leukaemia cells are treated with 1.25 and 40 mM.  Contrarily, PA, DCC and ZCC 

generally hypermethylated the repetitive elements tested in this assay except for the LINE-1 

when cells are treated with DCC which the values obtained were similar to the concurrent 

control. The cytotoxic effect of the beverages is the reason why 3 mg/ml DCC and ZCC is not 

shown in figure C5_5 due to the lack of cells to conduct the assay.  
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Figure C5_5. Relative normalised expression data of each repetitive element. Different letters are associated with 
different means applying One-Way ANOVA test and post hoc Tuckey´s test.  

 

 

 

DISCUSSION 

Acids have been worldwide used as additives in many foods or drinks such as diet cola 

beverages. These compounds are the commonly used additives in confectionary industries. 

Their acidity helps to increase the organoleptic property of the food product or their healthy 

properties. They play a major role in renal health, revitalizing skin, fighting free radicals, 

etc. (KESAVA et al. 2016). 

In vivo toxicity, antitoxicity, genotoxicity, antigenotoxicity and lifespan assays were 

carried out using Drosophila melanogaster as a model organism. Furthermore, in vitro 

cytotoxicity, DNA fragmentation, single cell gel electrophoresis and methylation status assays 

were conducted using HL-60 leukemia cell line. To our knowledge, despite the fact that DCC 

was launched in 80s, the scientific information related to our assays was really scarce as well 

as ZCC related-information was not found since this beverage was made in 2006.  
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 In vivo assays 

Our results revealed that CA was not toxic since LD50 was not reached in any 

concentrations. Regarding PA, DCC and ZCC, they were not toxic at any tested concentrations. 

According to antitoxicity assay, antioxidant properties were found in compounds, except for 

DCC, being ZCC the most antitoxic tested compound in D. melanogaster.  The pH provided by 

these Cola beverages could be one of the reasons why they exerted a protective effect against 

oxidative damage on flies. The acid pH protected hepatic cells in rats against toxic agent 

(NIEMINEN et al. 1990). However, DCC and PA were demonstrated to be toxic in rat cerebellum 

(SASAKI et al. 1981; ELUWA et al. 2013). On the contrary, PA was not toxic in JCL-Wistar male 

rats (HISAE et al. 1982). LAUDE et al. (1993) determined that CA is involved in cough and reflex 

bronchoconstriction in animals and man which could produce toxicity in D. melanogaster.  

None of the tested compound was demonstrated to be genotoxic at the assayed 

concentrations besides PA and CA exerted DNA protection against hydrogen peroxide as well 

as the lowest concentration tested in DCC after applying the Kastenbaum-Bowman and U-test 

Mann-Whitney statistical methods when appropriate. CA has been demonstrated to be a non-

genotoxic preservative food in several studies using different model organism (ISHIDATE JR et al. 

1984; TÜRKOĞLU 2007; MARINS et al. 2012) although TÜRKOĞLU (2007) showed that it increased 

the chromosomal aberrations in Allium cepa. Conversely, YILMAZ et al. (2008) mentioned the 

antioxidant property of CA. According to PA, it was not mutagenic in Salmonella typhimurium 

test (AL-ANI AND AL-LAMI 1988). 

Drosophila melanogaster is an excellent model for the study of aging because adults 

show many similarities with the cellular senescence observed in mammals. This is the reason 

why this particular model is frequently used to understand the relationship between nutrient 

metabolism and aging mechanisms (MATEO-FERNÁNDEZ et al. 2016). To our knowledge, the 

lifespan and healthspan assays of DCC, ZCC, CA and PA were tested for the first time using D. 

melanogaster in our study. We demonstrated that 0.75 mg/ml DCC increased lifespan, 

whereas ZCC and PA decreased both longevity indexes in some extent which may not be 

related to the lack of mutagenicity produced by ZCC and PA. Flies fed with 5 mM CA increased 

their longevity. Environmental factors, such as the diet of larvae, play a vital role in life 

expectancy. This was also reported in humans, associating soft drinks with diabetes and 

obesity and PA is related to different diseases playing an important role in the life expectancy 

decrease (SALDANA et al. 2007; WILLIAMS 2008).  
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 In vitro assays 

Nutraceutic compounds may be widely used in the future as a medical therapy 

avoiding the daily drugs consumption. The chemopreventive potential of DCC, ZCC, CA and PA 

was determined using cytotoxicity, internucleosomal DNA fragmentation, single cell gel 

electrophoresis and epigenetic assays in the HL-60 human leukemia cell line.  

According to cytotoxicity assay, all tested compounds in this study decreased the HL-60 

cell line growth in a positive dose-dependent manner reaching the IC50 in each curve. DCC 

consumption has been related to a decrease of suffering from pancreatic cancer (GOLD et al. 

1985). NAVARRO-ESCOBAR et al. (2010) observed that CA was cytotoxic as well as it was cytotoxic 

activity in murine fibroblast cells (MARINS et al. 2012). In other studies, CA possessed cytotoxic 

activity in cultured human lymphocytes (PANDIR 2016). PA in cola beverages had a negative 

effect on bones by binding calcium in the stomach and keeping it from being absorbed into the 

body provoking osteoporosis (TUCKER et al. 2006). We hypothesise that the pH originated by 

acidulant could play a vital role in the cytotoxic activity showed by PA and CA.  

Cancer cell apoptosis is characterised by different mechanisms being the degradation 

of genomic DNA into internucleosomal fragments the used one in this study. None of the 

tested compounds induced proapoptotic DNA internucleosomal fragmentation. Controversial 

information is available in scientific database according to acidulants. For instance, arachidonic 

acid was able to induce DNA fragmentation in human granulocytes (KÖLLER et al. 1997) but folic 

acid did not induce it in HL-60 cell line (MERINAS-AMO et al. 2016). For this reason, more assays 

are needed to evaluate the damage potential on DNA conducted by acid compounds.  

Alkaline SCGE is usually performed to detect DNA damage (FORCHHAMMER et al. 2012) 

and to determine whether cells are undergoing apoptotic and/or necrotic pathways (OLIVE AND 

BANÁTH 2006). The screening of substances with clastogenic DNA-strand break activity could be 

considered as a very early stage test in the search of compounds for leukemia treatment 

(YEDJOU AND TCHOUNWOU 2007). It is known that apoptosis occurs when treatments induce a TM 

> 30 (hedgehog pattern) whereas control cells remain lower than 2 (no tails). On the contrary, 

necrosis shows a short comet-tail pattern since the majority of the damaged DNA remains in 

the comet head (FAIRBAIRN AND O’NEILL 1995). Our results showed the damage induced by DCC, 

ZCC and PA in HL-60 cell line was characterised by necrotic pathway since TM is lower than 5 

as it is shown in figure C5_4. If the results are analysed from a holistic point of view, the 

cytotoxicity and DNA fragmentation assays results are in agreement due to cytotoxicity assay 

shows that our tested compounds are able to induce death cell in HL-60 cell line but it is not 

possible determine which pathway is used. DNA fragmentation provided that apoptotic 

pathway could not be the pathway which is assumed by SCGE test demonstrating that DCC, 
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ZCC and PA probably caused death cell by necrotic pathway since TM values lower than 5 were 

obtained. Inconclusive results were obtained in CA since this compound provided cytotoxic 

effect but it was not due to apoptotic or necrotic pathway according to DNA fragmentation 

and SCGE assays. It could be due to the lack of viable cells when they are treated since CA was 

strongly cytotoxic or another random factor. Anyway, the damage caused by the tested 

compounds reported the same DNA damage pattern classified as class 1 (FABIANI et al. 2012). 

The concurrent controls obtained were determined as class 0 demonstrating the accuracy of 

the assay. The effect of CA on HL-60 cells conducting SCGE has been related to dose-

dependent manner according to PANDIR (2016) which demonstrated that CA induced DNA 

damage when human sperm is treated with 500 ug/mL of CA. In addition, YILMAZ et al. (2008) 

showed that CA decreases the mitotic index and increases the mitotic and chromosomal 

aberrations in Allium sativum. Conversely and supporting our results, ISHIDATE JR et al. (1984) 

demonstrated that CA resulted in being negative in chromosomal aberration assay in Chinese 

hamster fibroblast cell line.. According to PA, chromosomal aberrations were found in human 

lymphocytes exposed to several insecticides containing phosphoric acids suggesting that PA 

esters exerted direct clastogenic effects on the chromosomes (VAN BAO et al. 1974). 

As regards epigenetics, it is assumed that environmental factors are involved in gene 

expression. In cancer cells, the genome is globally hypomethylated inducing transposable 

element activity and thus triggering genome instability (LOPEZ-SERRA AND ESTELLER 2008) and the 

silencing of tumor suppressor genes is closely associated with hypermethylation (QIN et al. 

2009). Repetitive elements are highly methylated in somatic normal cells establishing to a 

global genomic hypermethylation (WEISENBERGER et al. 2005; LOPEZ-SERRA AND ESTELLER 2008) 

suppressing the transposable activity of repetitive elements. However, the mechanisms which 

modulate the epigenetic changes in cancer cells are still unknown and a lot of information is 

needed to ascertain. 

We studied three different repetitive elements: LINE-1, Alu M4, and SAT-α and their 

methylation status examination has been served as an approach for measuring global 

methylation levels since 32% of the human genome has been evaluated (MARTÍNEZ et al. 2012; 

MATEO-FERNÁNDEZ et al. 2016). 

The methylation status results showed that PA, DCC and ZCC generally 

hypermethylated the repetitive elements with a negative dose-dependent response for LINE 

and ALU and positive dose-dependent manner for SAT in beverages. This hypermethylation 

could be considered as a benefit since LINE-1 is associated with C-met oncogene that would be 

silenced (WILSON et al. 2007). CA hypomethylated ALU and SAT repetitive elements of HL-60 

cell line and it is demonstrated that the expression of satellite sequences is related to a 
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hypomethylation triggering cancer cells. Therefore, CA could be involved in the development 

of cancer cells managed to methylation changes. In addition, PA could be the molecule 

responsible for the clastogenicity showed by ZCC and DCC since both beverages are made of 

PA and CA is only present in DCC. 

According to the results and the data base, much more information is needed for 

ascertaining on the role of food additives and beverages on epigenomes since 

hypomethylation mechanisms are not clear in every type of tumor. In addition, the 

hypomethylation and hypermethylation status of repetitive elements depend on both their 

concurrent control (WILSON et al. 2007) and the target repetitive elements selected to evaluate 

the global methylation status. To our knowledge, it is the first attempt assessing DNA 

methylation changes induced by DCC, ZCC, CA and PA on human leukaemia cells. 

In conclusion, the tested compounds were demonstrated to be safe in D. melanogaster 

and provided some degree of nutraceutic potential due to antioxidant properties were 

observed in CA, PA and ZCC as well as DNA protection against hydrogen peroxide in the 

acidulant molecules tested also in D. melanogaster. Chemopreventive potential was obtained 

in each tested compound and clastogenicity and hypermethylation were observed in PA, DCC 

and ZCC when in vitro assays were performed using HL-60 cell line. 
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Soda drinks and energy drinks are worldwide consumed beverages supported by 

governments allowing different marketing advertisements although in some States of America 

taxes must be paid when you consumed them. Therefore, It should be expected promising 

results in our study. The discussion explained below is based on table D1. 

Globally, all tested beverages were demonstrated to be safe in our toxicity and 

genotoxicity assays observing genomic stability in in vivo D. melanogaster treatments. CCC, 

DCC and ZCC significantly provided negative (neither toxic nor genotoxic) results in all tested 

concentrations in both assays although CCC and DCC were reported to be mutagenic by 

inducing chromosomal aberrations in mice (RANDERATH et al. 1993; DÜSMAN et al. 2013; ELUWA 

et al. 2013). However, our results are consistent with those obtained by TÓTHOVÁ et al. (2013) 

who determined that CCC does not induce changes in the gene expression of rats. CFCC could 

also be included into this group of beverages since only the highest tested concentration did 

not produce negative results.  

As for in vivo nutraceutical potential assays, CCC and CFCC were definitely considered 

as the best ones regarding antitoxicity and antigenotoxicity assays providing antioxidant and 

DNA protection against hydrogen peroxide activities. Longevity assays did not produce 

promising results extending the whole life of D. melanogaster significantly. Besides, DCFCC 

significantly decreased the lifespan of flies at all tested concentrations. 

According to in vitro chemopreventive potential assays, all tested beverages showed 

cytotoxic activity against HL-60 tumoural cell line. DNA fragmentation assay reported that CCC, 

CFCC and CRB induced the typical ladder pattern of internucleosomal DNA fragmentation in 

one tested concentration. CCC, ZCC and CRB induced DNA damage into HL-60 cell line at all 

tested concentrations in comet assays. All tested concentrations of DCC, ZCC and DCFCC 

increased the methylation status of HL-60 cell line in transposable elements. 

As far as single tested molecules are concerned, none of the ingredients included in 

the beverages mentioned above yielded positive results in toxicity and genotoxicity assays. 

However, some tested concentrations of CAR, CA and ACEK were significantly different from 

the concurrent control in toxicity assay. Controversial information related to CAF genotoxicity 

are found in scientific database along the time (ARIZA et al. 1988; NEHLIG AND DEBRY 1994). 

However, CAF genotoxicity has been demonstrated as dependent of the dose consumed 

(ITOYAMA et al. 1998). Regarding PA, it was neither toxic nor genotoxic in Salmonella 

typhimurium test (AL-ANI AND AL-LAMI 1988). Diet beverages are made of artificial sweeteners 

such as CYC and ASP which have been concluded as safe in this study as well. Our results are 

consistent with those obtained in different assays and model organisms (BRUSICK et al. 1989; 

JUNG AND KREILING 1991; REUZEL AND VAN DER HEIJDEN 1991; BUTCHKO et al. 2002; DEMIR et al. 2014) 
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although different information from scientific database is available taking into account that 

70s-80s reports lack of statistical support. Therefore, more updated studies related to artificial 

sweeteners with statistical support have been provided in the present study. Controversial 

information about FRU has been found (MACGREGOR et al. 1989; MIGLIORE et al. 1990; ROBERTS 

et al. 2003) concluding that the dose used is the responsible for the response of biological 

systems used with this sugar in the different bioassays.  

GLU, ASP, PA and CA showed antitoxic activity in 4 or 5 concentrations out of 5 tested 

concentrations yielding antioxidant properties. In contrast, CAR was demonstrated to provide 

negative results in antitoxicity assay. In addition, FRU was the only tested compound which did 

not show positive results in antigenotoxic assay. CERIELLO et al. (1996) reported that GLU 

induces antioxidant enzymes. Longevity assays did not produce promising results extending 

the whole life of D. melanogaster significantly. PA could be a great influence on this response 

being related to decrease the life expectancy on human assays (SALDANA et al. 2007; WILLIAMS 

2008). FRU significantly increased the life expectancy on flies what could be possible since this 

model organism is fed with fruits (fruit flies) and possess alcohol dehydrogenase which is quite 

similar to human one metabolising carbohydrates compounds (SOPHOS AND VASILIOU 2003; FRY 

AND SAWEIKIS 2006). Therefore, all tested single molecules were safe compounds overall in spite 

of the non-promising results obtained in longevity assay exerting FRU and CAF the best results 

and ACEK and PA the worst one.  

Single compounds were also tested evaluating their chemopreventive potential. As 

regards in vitro assays, all tested single molecules were determined to be cytotoxic in HL-60 

cell line, except CAF, CYC and TAU, although only FRU induced DNA internucleosomal 

fragmentation. FRU (20 mM) has been shown to inhibit apoptosis in hepatocytes after 

oxidative damage due to a decrease of ROS (FRENZEL et al. 2002) which is congruent to our FRU 

results although the cell line used is not the same. According to SCGE test, all single tested 

compounds induced DNA damage in HL-60 single cell in one concentration at least except CAR 

and CA. Related to this assay, GLU was previously described to produce single strand breaks 

and necrosis mechanisms in peripheral blood monocytes (LORENZI et al. 1986; MOROHOSHI et al. 

1996). CYC results are consistent with the results reported by SASAKI et al. (2002) who 

determined that CYC caused DNA damage in comet assay ascertaining on mice. ACK and GLU 

increased the methylation status of HL-60 cells at all tested concentrations. Contrarily, FRU, 

CYC, CAR and CA globally decreased the methylation status.  
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Table D1. Results of the present PhD summarised under a holistic point of view in order to be able to compare 
complex mixtures and single compounds at a glance. This table attempts to qualitatively show all the results.  

1
  Each tested concentration is represented by an asterisk. The colour of the asterisk means the statistical 

conclusion of this concentration as follows: green means positive result, red means negative results and 
orange means that there are no significant differences between concurrent control and concentration.  

 

  
In vivo 

 
In vitro 

  
Food Safety 

 
Nutraceutic Potential 

 
Chemopreventive Potential 

Substances   Toxicity 
Geno-

toxicity 
  

Anti-
toxicity 

Antigeno-
toxicity 

Life-
span 

Health-
span 

  
Cyto-

toxicity 
DNA-

fragmentation 
SCGE 

Methylation-
status 

CCC 
 

*****1 ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CAF 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

FRU 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
GLU 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

CAR 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
PA 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** ** *** 

                            

CFCC 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
FRU 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

GLU 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CAR 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

PA 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** ** *** 

                            

DCC 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CAF 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

ACK 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
ASP 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

CYC 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CAR 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

PA 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** ** *** 
CA 

 
***** ** 

 
***** ** *** *** 

 
* ***** *** *** 

                            

DCFCC 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
ACK 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

ASP 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CYC 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

CAR 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
PA 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** ** *** 

CA 
 

***** ** 
 

***** ** *** *** 
 

* ***** *** *** 

                            

ZCC 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CAF 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

ACK 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
ASP 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

CYC 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CAR 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

PA 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** ** *** 
CA 

 
***** ** 

 
***** ** *** *** 

 
* ***** *** *** 

                          

PEP 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CAF 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

FRU 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
GLU 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

CAR 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
PA 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** ** *** 

                            

CRB 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
TAU 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

CAF 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
FRU 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

GLU 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 

                            

RBSF 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
TAU 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

CAF 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
ACK 

 
***** ** 

 
***** ** ***** ***** 

 
* ***** *** *** 

ASP 
 

***** ** 
 

***** ** ***** ***** 
 

* ***** *** *** 
CA   ***** **   ***** ** *** ***   * ***** *** *** 
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Table D2 and following show the results in an attempt to quantify those obtained in 

table D1 scoring green (+1), orange (0) and red (-1) asterisks. According to these results, CCC 

could be considered as the best beverage analysed in this study since 21 points were obtained, 

the highest mark. If we add all marks obtained in each compound which belong to CCC, 61 

points are reached hence it is concluded that the effect of single compounds on complex 

mixture is performed in a negative synergic way, that is, the effect of each single molecule is 

not arithmetically added. CAF, PA and sugar compounds could exert a positive influence on  

the total CCC activity, CAR adding nothing or very little.  

 

Table D2. Quantitative approach from qualitative CCC beverage results.  

  
In vivo 

 
In vitro 

  

  
Food Safety 

 
Nutraceutical Potential 

 
Chemopreventive Potential 

  

Substances 
 

Toxicity 
Geno-

toxicity  
Anti-

toxicity 
Antigeno-

toxicity 
Life-
span 

Health-
span  

Cyto-
toxicity 

DNA-
fragmentation 

SCGE 
Methylation-

status   

CCC 
 

5.00
1
 2.00 

 
5.00 2.00 2.00 1.00 

 
1.00 1.00 3.00 -1.00 21.00

4
 2.10

5
 

CAF 
 

5.00 2.00 
 

0.00 1.00 2.00 3.00 
 

0.00 0.00 2.00 -1.00 14.00 1.40 

FRU 
 

5.00 2.00 
 

1.00 0.00 3.00 1.00 
 

1.00 1.00 1.00 0.00 15.00 1.50 

GLU 
 

3.00 2.00 
 

4.00 2.00 0.00 -1.00 
 

1.00 0.00 3.00 1.00 15.00 1.50 

CAR 
 

0.00 2.00 
 

-1.00 2.00 0.00 0.00 
 

1.00 0.00 0.00 1.00 5.00 0.50 

PA   5.00 2.00   4.00 2.00 -4.00 -2.00   1.00 0.00 1.00 3.00 12.00 1.20 

  
18.00

2
 10.00 

 
8.00 7.00 1.00 1.00 

 
4.00 1.00 7.00 4.00 61.00 6.10 

  
3.60

3
 2.00 

 
1.60 1.40 0.20 0.20 

 
0.80 0.20 1.40 0.80 

  
1
 The qualitative results from table 1 summarising the data obtained at a glance have been approached to 

quantitative ones in order to compare the results holistically as follows: green asterisk means one point, red asterisk 
less 1 and orange asterisk zero points. 
2
 It is the full points only from the single substances per assay.

 3
 This is the mean from points obtained in single 

substances.
 4

 It is the total points obtained from each substance.
 5

 this data introduces the total mean. 

 

 
Table D3. Quantitative approach from qualitative CFCC beverage results.  

  
In vivo 

 
In vitro   

  
Food Safety 

 
Nutraceutical Potential 

 
Chemopreventive Potential 

  

Substances 
 

Toxicity 
Geno-

toxicity  
Anti-

toxicity 
Antigeno-

toxicity 
Life-
span 

Health-
span  

Cyto-
toxicity 

DNA-
fragmentation 

SCGE 
Methylation-

status   

CFCC 
 

4.00 2.00 
 

4.00 2.00 -1.00 1.00 
 

1.00 1.00 2.00 1.00 17.00 1.70 

FRU 
 

5.00 2.00 
 

1.00 0.00 3.00 1.00 
 

1.00 1.00 1.00 0.00 15.00 1.50 

GLU 
 

3.00 2.00 
 

4.00 2.00 0.00 -1.00 
 

1.00 0.00 3.00 1.00 15.00 1.50 

CAR 
 

0.00 2.00 
 

-1.00 2.00 0.00 0.00 
 

1.00 0.00 0.00 1.00 5.00 0.50 

PA   5.00 2.00   4.00 2.00 -4.00 -2.00   1.00 0.00 1.00 3.00 12.00 1.20 

    13.00 8.00   8.00 6.00 -1.00 -2.00   4.00 1.00 5.00 5.00 47.00 4.70 

    3.25 2.00   2.00 1.50 -0.25 -0.50   1.00 0.25 1.25 1.25     

See table D2 for a better comprehension of the table. 
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CFCC obtained 17 points (table D3) and the lack of CAF may be the difference between 

both CCC and CFCC beverages. Similar to CCC, FRU, GLU and PA seem to be the responsible for 

the CFCC biological activity. Both DCC and ZCC pointed roughly 16 (table D4 and D6) which is 

quite similar to the obtained by CFCC which could be explained by the presence of CAF and 

some artificial sweeteners which mimic the GLU and FRU marks.  

 
 
Table D4. Quantitative approach from qualitative DCC beverage results. 

  
In vivo 

 
In vitro 

  

  
Food Safety 

 
Nutraceutical Potential 

 
Chemopreventive Potential 

  

Substances 
 

Toxicity 
Geno-

toxicity  
Anti-

toxicity 
Antigeno-

toxicity 
Life-
span 

Health-
span  

Cyto-
toxicity 

DNA-
fragmentation 

SCGE 
Methylation-

status   

DCC 
 

5.00 2.00 
 

0.00 1.00 1.00 0.00 
 

1.00 0.00 2.00 3.00 15.00 1.50 

CAF 
 

5.00 2.00 
 

0.00 1.00 2.00 3.00 
 

0.00 0.00 2.00 -1.00 14.00 1.40 

ACK 
 

2.00 2.00 
 

0.00 2.00 0.00 -3.00 
 

1.00 0.00 1.00 3.00 8.00 0.80 

ASP 
 

5.00 2.00 
 

5.00 2.00 2.00 -2.00 
 

1.00 0.00 1.00 0.00 16.00 1.60 

CYC 
 

5.00 2.00 
 

2.00 2.00 0.00 -1.00 
 

0.00 0.00 3.00 -2.00 11.00 1.10 

CA 
 

1.00 2.00 
 

4.00 2.00 4.00 0.00 
 

1.00 0.00 0.00 -2.00 12.00 1.20 

CAR 
 

0.00 2.00 
 

-1.00 2.00 0.00 0.00 
 

1.00 0.00 0.00 1.00 5.00 0.50 

PA 
 

5.00 2.00 
 

4.00 2.00 -4.00 -2.00 
 

1.00 0.00 1.00 3.00 12.00 1.20 

  
23.00 14.00 

 
14.00 13.00 4.00 -5.00 

 
5.00 0.00 8.00 2.00 78.00 7.80 

  
3.29 2.00 

 
2.00 1.86 0.57 -0.71 

 
0.71 0.00 1.14 0.29 

  
See table D2 for a better comprehension of the table 

 
 
 
 
Table D5. Quantitative approach from qualitative DCFCC beverage results. 

  
In vivo 

 
In vitro 

  

  
Food Safety 

 
Nutraceutical Potential 

 
Chemopreventive Potential 

  

Substances 
 

Toxicity 
Geno-

toxicity  
Anti-

toxicity 
Antigeno-

toxicity 
Life-
span 

Health-
span  

Cyto-
toxicity 

DNA-
fragmentation 

SCGE 
Methylation-

status   

DCFCC 
 

1.00 2.00 
 

0.00 2.00 -5.00 -2.00 
 

1.00 0.00 2.00 3.00 4.00 0.40 

ACK 
 

2.00 2.00 
 

0.00 2.00 0.00 -3.00 
 

1.00 0.00 1.00 3.00 8.00 0.80 

ASP 
 

5.00 2.00 
 

5.00 2.00 2.00 -2.00 
 

1.00 0.00 1.00 0.00 16.00 1.60 

CYC 
 

5.00 2.00 
 

2.00 2.00 0.00 -1.00 
 

0.00 0.00 3.00 -2.00 11.00 1.10 

CA 
 

1.00 2.00 
 

4.00 2.00 4.00 0.00 
 

1.00 0.00 0.00 -2.00 12.00 1.20 

CAR 
 

0.00 2.00 
 

-1.00 2.00 0.00 0.00 
 

1.00 0.00 0.00 1.00 5.00 0.50 

PA 
 

5.00 2.00 
 

4.00 2.00 -4.00 -2.00 
 

1.00 0.00 1.00 3.00 12.00 1.20 

  
18.00 12.00 

 
14.00 12.00 2.00 -8.00 

 
5.00 0.00 6.00 3.00 64.00 6.40 

  
3.00 2.00 

 
2.33 2.00 0.33 -1.33 

 
0.83 0.00 1.00 0.50 

  
See table D2 for a better comprehension of the table 
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DCFCC is exposed to be the worst one in this study with only 4 points (table D5) being  

the absence of CAF a differentiator element hence the positive effects of this compound are 

not present in DCFCC. Unlike CCC and CFCC, diet beverages are composed of CA and may cause 

this activity in DCFCC in spite of the promising mark obtained in CA. The fact that the negative 

effect of CAR (5 points) and ACK (8 points) which DCFCC is made of and the absence of CAF in 

this beverage would lead us to hypothesise that they are disguised in DCC and ZCC and positive 

effect of CA would appear.  The scored obtained in energy drinks are depicted in table D8 and 

D9. Despite TAU has not influenced on energy drinks analysed in this study qualitatively, it 

seems to quantitatively contribute to the CRB and RBSF effects since TAU marked the same 

points as CRB and RBSF. If CCC and PEP (table D7) are compared, the best one would be CCC 

although the ingredients were quite similar. The dose used in the production of both 

beverages is different. CAR seems to have a great influence on PEP activity since PEP and CAR 

provided 6 and 5 points respectively.   

 
 
 
 
Table D6. Quantitative approach from qualitative ZCC beverage results. 

  
In vivo 

 
In vitro 

  

  
Food Safety 

 
Nutraceutical Potential 

 
Chemopreventive Potential 

  

Substances 
 

Toxicity 
Geno-

toxicity  
Anti-

toxicity 
Antigeno-

toxicity 
Life-
span 

Health-
span  

Cyto-
toxicity 

DNA-
fragmentation 

SCGE 
Methylation-

status   

ZCC 
 

5.00 2.00 
 

5.00 0.00 -1.00 0.00 
 

1.00 0.00 3.00 3.00 18.00 1.80 

CAF 
 

5.00 2.00 
 

0.00 1.00 2.00 3.00 
 

0.00 0.00 2.00 -1.00 14.00 1.40 

ACK 
 

2.00 2.00 
 

0.00 2.00 0.00 -3.00 
 

1.00 0.00 1.00 3.00 8.00 0.80 

ASP 
 

5.00 2.00 
 

5.00 2.00 2.00 -2.00 
 

1.00 0.00 1.00 0.00 16.00 1.60 

CYC 
 

5.00 2.00 
 

2.00 2.00 0.00 -1.00 
 

0.00 0.00 3.00 -2.00 11.00 1.10 

CA 
 

1.00 2.00 
 

4.00 2.00 4.00 0.00 
 

1.00 0.00 0.00 -2.00 12.00 1.20 

CAR 
 

0.00 2.00 
 

-1.00 2.00 0.00 0.00 
 

1.00 0.00 0.00 1.00 5.00 0.50 

PA 
 

5.00 2.00 
 

4.00 2.00 -4.00 -2.00 
 

1.00 0.00 1.00 3.00 12.00 1.20 

  
28.00 16.00 

 
19.00 13.00 3.00 -5.00 

 
6.00 0.00 11.00 5.00 96.00 9.60 

  
4.00 2.29 

 
2.71 1.86 0.43 -0.71 

 
0.86 0.00 1.57 0.71 

  
See table D2 for a better comprehension of the table 
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Table D7. Quantitative approach from qualitative PEP beverage results. 

  
In vivo 

 
In vitro 

  

  
Food Safety 

 
Nutraceutical Potential 

 
Chemopreventive Potential 

  

Substances 
 

Toxicity 
Geno-

toxicity  
Anti-

toxicity 
Antigeno-

toxicity 
Life-
span 

Health-
span  

Cyto-
toxicity 

DNA-
fragmentation 

SCGE 
Methylation-

status   

PEP 
 

2.00 2.00 
 

0.00 2.00 -3.00 0.00 
 

1.00 0.00 0.00 2.00 6.00 0.60 

CAF 
 

5.00 2.00 
 

0.00 1.00 2.00 3.00 
 

0.00 0.00 2.00 -1.00 14.00 1.40 

FRU 
 

5.00 2.00 
 

1.00 0.00 3.00 1.00 
 

1.00 1.00 1.00 0.00 15.00 1.50 

GLU 
 

3.00 2.00 
 

4.00 2.00 0.00 -1.00 
 

1.00 0.00 3.00 1.00 15.00 1.50 

CAR 
 

0.00 2.00 
 

-1.00 2.00 0.00 0.00 
 

1.00 0.00 0.00 1.00 5.00 0.50 

PA 
 

5.00 2.00 
 

4.00 2.00 -4.00 -2.00 
 

1.00 0.00 1.00 3.00 12.00 1.20 

  
18.00 10.00 

 
8.00 7.00 1.00 1.00 

 
4.00 1.00 7.00 4.00 61.00 6.10 

  
3.60 2.00 

 
1.60 1.40 0.20 0.20 

 
0.80 0.20 1.40 0.80 

  
See table D2 for a better comprehension of the table 

 
 
 
 
Table D8. Quantitative approach from qualitative CRB beverage results. 

  
In vivo 

 
In vitro 

  

  
Food Safety 

 
Nutraceutical Potential 

 
Chemopreventive Potential 

  

Substances 
 

Toxicity 
Geno-

toxicity  
Anti-

toxicity 
Antigeno-

toxicity 
Life-
span 

Health-
span  

Cyto-
toxicity 

DNA-
fragmentation 

SCGE 
Methylation-

status   

CRB 
 

2.00 2.00 
 

3.00 1.00 0.00 -2.00 
 

1.00 1.00 3.00 -2.00 9.00 0.90 

TAU 
 

1.00 2.00 
 

2.00 2.00 0.00 0.00 
 

0.00 0.00 2.00 0.00 9.00 0.90 

CAF 
 

5.00 2.00 
 

0.00 1.00 2.00 3.00 
 

0.00 0.00 2.00 -1.00 14.00 1.40 

FRU 
 

5.00 2.00 
 

1.00 0.00 3.00 1.00 
 

1.00 1.00 1.00 0.00 15.00 1.50 

GLU   3.00 2.00   4.00 2.00 0.00 -1.00   1.00 0.00 3.00 1.00 15.00 1.50 

  
14.00 8.00 

 
7.00 5.00 5.00 3.00 

 
2.00 1.00 8.00 0.00 53.00 5.30 

    3.50 2.00   1.75 1.25 1.25 0.75   0.50 0.25 2.00 0.00     

See table D2 for a better comprehension of the table 

 
 
 
Table D9. Quantitative approach from qualitative RBSF beverage results. 

  
In vivo 

 
In vitro 

  

  
Food Safety 

 
Nutraceutical Potential 

 
Chemopreventive Potential 

  

Substances 
 

Toxicity 
Geno-

toxicity  
Anti-

toxicity 
Antigeno-

toxicity 
Life-
span 

Health-
span  

Cyto-
toxicity 

DNA-
fragmentation 

SCGE 
Methylation-

status   

RBSF 
 

2.00 2.00 
 

3.00 2.00 -1.00 -1.00 
 

1.00 0.00 0.00 1.00 9.00 0.90 

TAU 
 

1.00 2.00 
 

2.00 2.00 0.00 0.00 
 

0.00 0.00 2.00 0.00 9.00 0.90 

CAF 
 

5.00 2.00 
 

0.00 1.00 2.00 3.00 
 

0.00 0.00 2.00 -1.00 14.00 1.40 

ACK 
 

2.00 2.00 
 

0.00 2.00 0.00 -3.00 
 

1.00 0.00 1.00 3.00 8.00 0.80 

ASP 
 

5.00 2.00 
 

5.00 2.00 2.00 -2.00 
 

1.00 0.00 1.00 0.00 16.00 1.60 

CA   1.00 2.00   4.00 2.00 4.00 0.00   1.00 0.00 0.00 -2.00 12.00 1.20 

  
14.00 10.00 

 
11.00 9.00 8.00 -2.00 

 
3.00 0.00 6.00 0.00 59.00 5.90 

    2.80 2.00   2.20 1.80 1.60 -0.40   0.60 0.00 1.20 0.00     

See table D2 for a better comprehension of the table 
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In conclusion, all tested complex mixtures and single compounds are safe on D. 

melanogaster model and induce chemopreventive potential in some extent. CCC and CFCC 

could also provide nutraceutic potential. Well-known test compounds such as CAF or FRU/GLU 

have an influence on beverages in some extent as well as artificial sweeteners and acidulants. 

However, it is difficult to find a relationship between the TAU and CAR responses and the 

beverages.   
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CONCLUSIONS 
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Conclusions related to the nutraceutic potential and food safety of lyophilised cola 

beverages and its constituents can be pointed out after analysing the results obtained in the in 

vivo and in vitro assays focusing on D. melanogaster and HL-60 cell line respectively. 

The lack of scientific information on data bases from cola beverages make necessary a 

new data corpus to be added to science community. As it would be expected due to cola 

beverages are worldwide consumed, our results reported to be safe for cola beverages on D. 

melanogaster and some promising properties due to its protection against an oxidative toxin, 

chemopreventive potential, the induction of DNA damage and hypermethylation of 

transposable elements in tumour cells can be drawn. 

The main constituents of cola beverages have also been tested to study their relation 

to response to the assays performed for the different beverages. Nevertheless, the complete 

biological activities attributed to cola beverages cannot exclusively be linked to one particular 

class of constituents as they are complex mixes and a wide variability in the sugars and 

additives content of the different packing machine all over the world exists. 

The main conclusions from the present work are highlighted in several points: 

1.- As far as food safety assays are concerned, all complex mixtures and single molecules 

tested were determined as non-toxic compounds on D. melanogaster model taking the LD50 

parameter into account. In addition, genotoxic effects were not found for any tested 

substances.   

 

2.- According to nutraceutical potential assays related to the protective activity, CCC, CFCC and 

ZCC behaved as antioxidant against hydrogen peroxide as well as the energy drinks. In 

addition, GLU and acidulants PA and CA were also antioxidant conferring this ability to the 

beverages in some extent. All lyophilised beverages and the constituents tested exerted, in 

some extent, a protective ability against hydrogen peroxide in the genome of D. melanogaster 

providing nutraceutical potential to this model organism, except for ZCC and FRU.  

 

3.- Despite the above conclusions, promising results were not found in the lifespan assay on D. 

melanogaster. Only 2 out of 8 lyophilised beverages (CCC and DCC) resulted in increasing the 

life expectancy of this fly. CFCC, ZCC, PEP and RBSF (4 out of 8) significantly decreasing the 

lifespan at some tested concentration at least being PEP and RBSF the worst ones. According 

to the constituents, CAF, FRU, ASP and CA increased the life expectancy in some extent and 

only PA decreased it. Therefore, CAF may have a great influence in CCC and DCC effect.  
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4.- Chemopreventive potential was showed by all lypohilised beverages and constituents using 

cytotoxicity assay in HL-60 cell line, except for CAF, CYC and TAU.  

 

5.- DNA damage assays on HL-60 treated cells with different lyophilised beverages and 

biological compounds showed that CCC, CFCC, FRU and CRB induced DNA fragmentation in the 

second-highest tested concentrations so FRU may induce cell death activating the apoptotic 

way in CCC, CFCC and CRB. On the contrary, none of the tested compounds induced significant 

apoptotic TM values in SCGE test although all the tested compounds and beverages (except for 

CA, CAR, PEP and RBSF) significantly caused TM values higher than the concurrent control. 

Therefore, the cell death showed by most of the lyophilised beverages and biological 

compounds is not produced by apoptotic way but, according to SCGE, it is due to necrotic 

activity. 

 

6.- Genome wide screening of the methylation status at molecular level of repetitive elements 

on HL-60 cell line showed controversial results and they depend on the tested concentration. 

Considering hypermethylation status as a genomic instability marker in the HL-60 cancer line, 

DCC, ZCC and DCFCC yielded an increasing level of methylation at each tested concentration.  

At least, one concentration of CCC, CFCC, PEP and RBSF hypermethylated transposable 

element on HL-60 cell line. ACK and PA increased the level of methylation at each 

concentration so ACK may be involved in diet beverages response. The methylation status of 

HL-60 cell line decreased when they are treated with CYC, CA, CAR and CRB in one tested 

concentration at least and none of the tested concentrations hypermethylated the studied 

repetitive sequences.  

 

7.- As for the quantitative approach results, ACK and CAR could be the responsible compounds 

for the low scores obtained in PEP and diet beverages, especially in DCFCC. The mark obtained 

in CRB, SFRB and TAU was the same hence TAU may possess an influence on CRB and SFRB and 

the other compounds could be disguised one another in a synergic effect.  

 
 

8.- In summary, lyophilised cola beverages and energy drinks showed to be safe to D. 

melanogaster. Further studies are needed to elucidate the biological activities and 

nutraceutical potential of cola beverages to solve the controversial information found in 

scientific database due to the promising results obtained in flies and HL-60 cell line in some 
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extent. For instance, non-tumoural cell must be used to be compared with our in vitro studies. 

When appropriate, clinic assay should be also performed.  
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The aim of this workwas to assess the biological and food safety of two different beverages: Classic Coca Cola� (CCC) andCaffeine-
Free Coca Cola (CFCC). To this end, we determined the genotoxicological and biological effects of different doses of lyophilised
CCC and CFCC and Caffeine (CAF), the main distinctive constituent. Their toxic/antitoxic, genotoxic/antigenotoxic, and chronic
toxicity (lifespan assay) effects were determined in vivo using the Drosophila model. Their cytotoxic activities were determined
using the HL-60 in vitro cancer model. In addition, clastogenic DNA toxicity was measured using internucleosomal fragmentation
and SCGE assays. Their epigenetic effects were assessed on the HL-60 methylation status using some repetitive elements. The
experimental results showed a slight chemopreventive effect of the two cola beverages against HL-60 leukaemia cells, probably
mediated by nonapoptotic mechanisms. Finally, CCC and CAF induced a global genome hypomethylation evaluated in LINE-1
and AluM1 repetitive elements. Overall, we demonstrated for the first time the safety of this famous beverage in in vivo and in vitro
models.

1. Introduction

Diet may modify cancer risk and tumor behavior since
nongenotoxicological modulation as epigenetic regulatory
processes may be susceptible to changes caused by environ-
mental factors. Therefore, constituents in food and dietary
supplements could be involved in changes in the gene expres-
sion, increasing the risk of developing some type of cancer
all over the life inducing epigenetic changes [1, 2]. Geno-
toxicological screening tests have been extensively used over
time for assessing the health properties of compounds prior
to being considered as safe substances. Nowadays, the list of
foods with documented health-benefit activities is endless,
and scientific evidence supporting the concept of health-
promoting food ingredients is steadily growing [3].

Originally developed as medical supplements, cola-based
drinks and several beverages such as beer and wine were

proposed as medicinal substances [4, 5]. However, a rela-
tionship between the consumption of these beverages and an
increase in the prevalence of several diseases such as child
obesity, diabetes, hypertension, and dental diseases was also
demonstrated [6–8]. In spite of the worldwide importance
and spread of cola beverages, studies assessing their effects
on health and wellbeing are quite scarce [9]. On the contrary,
caffeine (CAF), which is a key ingredient in cola beverages as
well as in coffee, tea, and some medicines, is one of the most
investigated substances, probably due to the lack of consistent
results over time [10–12]. In D. melanogaster, CAF has been
related to a positive lifespan increase [13], but the results were
contradictory when apoptotic and DNA-programmed frag-
mentation effects were studied [14, 15].

Drosophila is being used more frequently as a model for
many human diseases, including cancer [16–18]. Reiter et al.
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[19] determined that 77% of human disease genes are con-
served in this fly, making it an important preliminary model
in the study of human diseases.These flies are also used often
to determine the mutagenicity of some substances. Somatic
cell mutations and apoptosis-resistance, widely associated
with genetic toxicity and carcinogenicity, are frequently
assayed using the in vivo Drosophila melanogaster model
through the Somatic Mutation and Recombination Test
(SMART) [20, 21], which was demonstrated as a reliable assay
to detect genotoxic and antigenotoxic activity of single com-
pounds and complex mixtures [22, 23]. More recently, this fly
model was also increasingly used to study life extension since
there is a high homology between invertebrate and human
genes involved in aging process [24, 25]. On the other hand,
the determination of cytotoxicity, DNA internucleosomal
fragmentation, and DNA single/double strand breaks in
HL-60 promyelocytic cells is also used as a first step to
detect toxicity, necrosis, and apoptosis in chemoprevention
processes [26–28].

Biomedical research is focused on modifying the methy-
lation pattern as a tool to understand cancer processes and
other diseases.Medical epigeneticmight take part in the junc-
tion between the genome and the environment, to modulate
the effects of deleterious genes [29, 30].

Therefore, the aim of this study was to determine
the potential toxicity and DNA protecting capabilities of
lyophilised CCC, lyophilised CFCC, and CAF. Several end-
points related to degenerative processes, including toxic-
ity, antitoxicity, genotoxicity, antigenotoxicity, and longevity
were determined using an in vivo Drosophilamodel. Further-
more, in vitro chemopreventive activity of these compounds
was also determined by assessing their cytotoxicity and DNA
damage capability producing internucleosomal fragmenta-
tion or strand breaks in an HL-60 promyelocytic human
cancer model as well as the modulation of its methylation
status in genomic repetitive sequences.

2. Materials and Methods

2.1. Samples. Two coke beverages, CCC and CFCC, and one
of their principal compounds, CAF (1,3,7-trimethylpurine-
2,6-dione), were assayed. Drinks were bought at a local
market (Córdoba, Spain), lyophilised (SCAI, University of
Córdoba), and stored at room temperature in a dark and
dry atmosphere until use. CAF was obtained from ACROS
(108.160100).

The analysis of CAF content was performed by
HPLC/DAD (Perkin Elmer) in reverse phase (column
C-18, 150 × 2.1mm), with a gradient of water/phosphoric
buffer and methanol as mobile phase at a 1mL/min flow rate.
The injection volume was 10 𝜇L and the column temperature
at 45∘C. The CAF identification was performed by retention
time and spectrum adjustment obtained by DAD (SCAI,
University of Córdoba).

2.2. In Vivo Fly Stocks. Two Drosophila melanogaster strains
with genetic markers that affect the wing-hair phenotype
were used: (i) mwh/mwh, carrying the recessive mutation
mwh (multiple wing hairs) [31] and (ii) flr3/In (3LR) TM3,

rippsep bx34eesBdS, where flr3 (flare) [32] marker is a homozy-
gous recessive lethal mutation which is viable in homozygous
somatic cells once larvae start developing and produce
deformed trichomonas.

2.3. In Vitro Cell Culture Conditions. Promyelocytic human
leukaemia (HL-60) cells were grown in RPMI-1640 medium
(Sigma, R5886) supplemented with heat-inactivated foetal
bovine serum (Linus, S01805), L-glutamine 200mM (Sigma,
G7513), and 1x antibiotic-antimycotic solution (Sigma,
A5955). Cells were incubated at 37∘C in a humidified atmo-
sphere of 5% CO

2
. Cultures were plated at 2.5 × 104 cells/mL

density in 10mL culture bottles and passed every 2 days.

2.4. In Vivo Assays

2.4.1. Toxicity and Antitoxicity Assays. Toxicity was assayed
according to our standard protocols. Both lyophilised bev-
erages (CCC and CFCC) were tested at five concentrations:
0.7, 3, 6, 25, and 100mg/mL. The same number of CAF
concentrations (0.04mM, 0.016mM, 0.032mM, 0.128mM,
and 0.51mM) was also tested according to quantity declared
by Chou and Bell [33] and HPLC results obtained in the
present study (75.544mg/L). Negative (H

2
O) and posi-

tive (0.15M H
2
O
2
) toxicant concurrent controls were also

assayed. Test groups consisted of larvae fed with Drosophila
Instant Medium (Formula 4–24, Carolina Biological Supply,
Burlington, NC) supplemented with the beverage concen-
trations tested. Emerging adults of all groups were counted
and toxicity was determined as the percentage of hatched
individuals in each treatment compared with the negative
control. Antitoxicity was assessed using the same procedure
and experimental concentrations as in toxicity assays, but
in combined treatments with 0.15M H

2
O
2
and comparing

the percentage of emerging adults with the positive toxicant
control [34]. Chi-square test was used to determine if the
tested compounds significantly inhibited the survival of flies.
Negative control values were considered as those expected in
Chi-square formula used in toxicity assay and positive control
values in antitoxicity assays [35]. The same concentrations
of toxicity and antitoxicity assays within the same substance
were also compared.

2.4.2. Genotoxicity andAntigenotoxicity Assays. Genotoxicity
assays were carried out following the wing spot test standard
procedure [20]. Briefly, transheterozygous larvae for mwh
and flr3 genes were obtained by crossing four-day-old virgin
flr3 females with mwh males in a 2 : 1 ratio. Four days after
fertilization, females were allowed to lay eggs in fresh yeast
medium (25 g yeast and 4mL sterile distilled water) for 8 h
in order to obtain synchronised larvae. After 72 h, larvae
were collected, washed with distilled water, and clustered in
groups of 100 individuals. Each group was fed with a mixture
containing 0.85 gDrosophila InstantMedium (Formula 4–24,
Carolina Biological Supply, Burlington, NC) and 4mL water
supplemented with the tested compounds at fixed concentra-
tions (the highest and second lowest from the toxicity assays)
and negative (H

2
O) and positive (0.15M H

2
O
2
) controls

until pupae hatching (10–12 days). Adult flies were collected
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and stored in 70% ethanol until the wings were removed
and mounted on slides using Faure’s solution. Mutant spots
were assessed in both dorsal and ventral surfaces of the
wings in a bright light microscope at 400xmagnification.The
frequencies of each type of mutant clone per wing (single,
large, or twin spot) were compared to the concurrent negative
control and analysed applying the binomial Kastenbaum and
Bowman Test [36]. Antigenotoxicity tests were performed
following themethod described by Anter et al. [37].The same
compounds and concentrations were assayed in combined
treatment with hydrogen peroxide (0.15M) acting as concur-
rent genotoxicant. Single and twin spots per wing were also
recorded and compared with the concurrent positive con-
trol as described before. The recombination percentage was
calculated following Valadares et al. [38] procedure and the
inhibition percentages (IP) for the combined treatments were
calculated from the control-corrected frequencies of clone
formation per 105 cells, according to Abraham [39]: IP =
[(genotoxin alone − combined treatment)/genotoxin alone]
× 100.

2.4.3. Chronic Treatments: Lifespan and Healthspan Assays.
In order to obtain comparable results in all the in vivo
assays, we used an F

1
progeny from mwh and flr3 parental

strains produced by 24 h egg-laying in yeast for all the
longevity trials. We also tested the same compounds and
concentrations as in the toxicity/antitoxicity experiments.
Lifespan assays were carried out at 25∘C according to the
procedure described by Fernandez-Bedmar et al. [23]. Briefly,
synchronised 72±12-hour-old transheterozygous larvae were
washed in distilled water, collected, and transferred in groups
of 100 individuals into test vials containing 0.85 g Drosophila
Instant Medium and 4mL of the different concentrations of
the compounds to be assayed. Emerged adults from pupae
were collected under CO

2
anaesthesia and placed in groups

of 25 individuals of the same sex into sterile vials containing
0.21 g Drosophila Instant Medium and 1mL of different con-
centrations of the compounds to be tested. Flies were chron-
ically treated during all their life. The number of survivors
was determined twice a week.

2.5. In Vitro Assays

2.5.1. Cytotoxicity Assay. The effect of the assayed com-
pounds on cell viability was determined by the trypan blue
exclusion test according to our standard procedures [37]. HL-
60 cells were placed in 96-well plates (2 × 104 cells/mL) and
cultured for 72 h and supplemented with the same concentra-
tions of CCC, CFCC, and CAF from our toxicity/antitoxicity
assays. The wide range of tested concentrations was intended
to estimate the cytotoxic inhibitory concentration 50 (IC

50
).

After culture, cells were stained with a 1 : 1 volume ratio of
trypan blue dye (Sigma, T8154) and counted in a Neubauer
chamber at 100x magnification. The survival percentage of
each treatment compared with the control was recorded in
three independent replicates.

2.5.2. DNA Fragmentation Status. The ability of our com-
pounds to induce DNA fragmentation was determined as

described by Anter et al. [40]. Briefly, 106 HL-60 cells were
cocultured with 5 different concentrations of CCC, CFCC,
and CAF (as selected in the toxicity/antitoxicity assays) for
5 h. After treatment, genomic DNA was extracted using a
commercial kit (Blood Genomic DNA Extraction Mini Spin
Kit, Canvax Biotech, Cordoba, Spain). Subsequently, DNA
was incubated overnightwithRNase at 37∘Cand quantified in
a spectrophotometer (Nanodrop�ND-1000). Finally, 1200 ng
DNA was electrophoresed in a 2% agarose gel for 120min at
50V, stained with ethidium bromide, and visualised under
UV light. The apoptosis process is recognised by the appear-
ance of internucleosomal DNA fragments that are multiple of
200 base pairs.

2.5.3. Clastogenicity: SCGE (Comet Assay). DNA integrity
was assayed by SCGE as described by Olive and Banáth [41]
with minor modifications. HL-60 cells (5 × 105) in expo-
nential growing phase were incubated in 1.5mL of culture
medium supplemented with different CCC, CFCC (0.7, 6,
and 25mg/mL), and CAF (0.004, 0.032, and 0.51mM) con-
centrations for 5 h. After treatment, cells were washed twice
and adjusted to 6.25 × 105 cells/mL in PBS. Electrophoresis
gels were prepared pouring a 1 : 4 dilution (cells in liquid
low-melting-point agarose at 40∘C, A4018, Sigma) into slides.
Gels were covered with a coverslip and allowed to solidify at
RT for 30min. Once the slides solidified, the coverslips were
carefully removed and slides were bathed in freshly prepared
lysing solution (2.5M NaCl, 100mM Na-EDTA, 10mM Tris,
250mM NaOH, 10% DMSO, and 1% Triton X-100; pH 13)
for 1 h at 4∘C. Thereafter, slides were equilibrated in alkaline
electrophoresis buffer (300mM NaOH and 1mM Na-EDTA,
pH 13) for 20–30min at 4∘C. Once equilibrated, the slides
underwent electrophoresis (20V, 400mA for 15min) in
the dark and were immediately neutralised in cold neutral
solution (0.4M Tris-HCl buffer, pH 7.5) for 10min. Finally,
slides were dried overnight at RT in the dark. Gels were
stained with 7 𝜇L propidium iodide and photographed in a
Leica DM2500 microscope at 400x magnification. At least
100 single cells from each treatment were analysed using
the Open Comet� software [42]. The Tail Moment (TM)
data were analysed applying a one-way ANOVA and post hoc
Tukey’s test with SPSS Statistics for Windows, Version 19.0
(IBM 2010), to determine the effect of the tested compounds
on HL-60 cell DNA integrity.

2.5.4. Methylation Status of HL-60 Cells. HL-60 cells were
treated with different concentrations of CCC (3mg/mL
and 100mg/mL), CFCC (3mg/mL and 100mg/mL), and
CAF (0.016mM and 0.51mM) for 5 hour. Then, DNA
was extracted similarly to previously described DNA frag-
mentation assay. After that, the DNA was converted with
bisulphite (EZ DNA Methylation-Gold� Kit). Bisulphite-
modified DNA was used for fluorescence-based real-time
quantitativeMethylation-Specific PCR (qMSP) using 5 𝜇Mof
each forward and reverse primer (Isogen Life Science BV),
2 𝜇L of iTaq�Universal SYBR� Green Supermix (Bio-Rad, it
contains antibody-mediated hot-start iTaq DNA polymerase,
dNTPs, MgCl2, SYBR Green I Dye, enhancers, stabilizers,
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Table 1: Primers information [43].

Primer Forward primer sequence 5 to 3 (N) Reverse primer sequence 5 to 3 (N)

ALU-C4 GGTTAGGTATAGTGGTTTATATTTGTAATTTTAGTA
(-36)

ATTAACTAAACTAATCTTAAACTCCTAACCTCA
(-33)

ALU-M1 ATTATGTTAGTTAGGATGGTTTCGATTTT (-29) CAATCGACCGAACGCGA (-17)
LINE-1-M1 GGACGTATTTGGAAAATCGGG (-21) AATCTCGCGATACGCCGTT (-19)

SAT-𝛼-M1 TGATGGAGTATTTTTAAAATATACGTTTTGTAGT
(-34)

AATTCTAAAAATATTCCTCTTCAATTACGTAAA
(-33)

Table 2: Toxicity and antitoxicity levels of CCC, CFCC, and CAF in D. melanogaster.

CCC (mg/mL)
Survival (%) CFCC

(mg/mL)

Survival (%)
CAF (mM)

Survival (%)
Simple

treatment(1)
Combined
treatment(2)

Simple
treatment

Combined
treatment

Simple
treatment

Combined
treatment

0 100 100 0 100 100 0 100 100
H
2

O
2

— 46.66 H
2

O
2

— 46.66 H
2

O
2

— 46.66
0.7 100 100∗(3) 0.7 87.66 83.33∗ 0.004 100 54Δ

3 100 92∗ 3 88.66 100∗ 0.016 100 55.33Δ

6 100 85.66∗Δ 6 96.66 84.66∗ 0.032 100 51Δ

25 100 74.66∗Δ 25 87.33 75∗Δ 0.127 100 54.66Δ

100 92 65∗Δ 100 77∗(4) 45.66Δ 0.51 100 51.33Δ
(1)Data are expressed as percentage of survival adults with respect to 300 untreated 72-hour-old larvae from three independent experiments. (2)Combined
treatments using standard medium and 0.15M hydrogen peroxide. (3)Asterisks (∗) indicate significant differences (one tail) with respect to the hydrogen
peroxide control group and (4)untreated control group: ∗Chi-square value higher than 5.02 [35]. Delta letter (Δ) means significant differences between the
same concentrations used in toxicity and antitoxicity assays comparing within the same treated substance.

and a blend of passive reference dyes including ROX and
fluorescein) and 25 ng of bisulphite converted genomic DNA.

PCR conditions included initial denaturalisation at 95∘C
for 3 minutes and amplification which consisted of 45 cycles
at 95∘C for 10 seconds, 60∘C for 15 seconds, and 72∘C for 15
seconds, taking picture at the end of each elongation cycle.
After that, melting curve was determined increasing 0.5∘C
each 0.05 seconds from 60∘C to 95∘C and taking pictures.

QMSP was carried out in 48-well plates in MiniOpticon
Real-Time PCR System (MJ Mini Personal Thermal Cycler,
Bio-Rad) and were analysed by Bio-Rad CFX Manager 3.1
software.The housekeepingAlu-C4was used as a reference to
correct for total DNA input. Alu-C4 and the target repetitive
elements Alu M1, LINE-1, and Sat-𝛼 were obtained from
Isogen Life Science and their sequences are shown in Table 1.
Each sample was analysed in triplicate.

The results of each CT were obtained from each qMSP.
Data were normalised with the housekeeping Alu C4 using
the Nikolaidis et al. [45] and Liloglou et al. [46] comparative
CT method (ΔΔCT). One-way ANOVA and post hoc Tukey’s
test are used to evaluate the differences between the tested
compounds, repetitive elements, and concentrations.

3. Results

3.1. In Vivo Assays

3.1.1. Toxicity/Antitoxicity. Toxicity assays showed that CCC,
CFCC, and CAF are not toxic to D. melanogaster larvae
(Table 2, simple treatment).

CFCC was significantly toxic only at the highest concen-
tration. All the studies and results on CAF must be viewed
with caution, since CAF shows a dose-dependent effect and
it is known to be toxic at high concentrations [47].

Antitoxicity results showed that CCC and CFCC exerted
an overall significant protective effect against H

2
O
2
-induced

toxicity in Drosophila larvae, at most of the tested con-
centrations, with a negative dose-dependent effect (Table 2,
combined treatment). Although CCC and CFCC were able
to revert in some extent the damage caused by hydrogen
peroxide, the survival obtained in antitoxicity assay was lower
than toxicity assay in flies treated with 6, 25, and 100mg/mL
of these beverages. On the other hand, the 2 lowest con-
centrations were able to totally revert the oxidative damage
caused by the used genotoxin. On the contrary, none of the
assayed CAF concentrations produced any significant protec-
tive effect.

3.1.2. Genotoxicity/Antigenotoxicity. Table 3 shows the results
obtained in the genotoxicity assays (SMART). After applying
binomial Kastenbaum-Bowman Test, all tested substances
were nongenotoxic with negative results.

Hydrogen peroxide is a potent inducer of oxidative dam-
age and mediator of ageing [48]. It has been used as a geno-
toxicant in many assays using Drosophila as an experimental
animal [23, 40] as well as in other models.Themutation rates
obtained in our study for this genotoxin (0.438 clones/wing)
fall into the usual range described by different laboratories,
validating the accuracy of the geno/antigenotoxicity assays.

One of the important characteristics of the SMART is
that it allows quantification of the different types of DNA
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Table 3: Genotoxicity and antigenotoxicity of CCC, CFCC, and CAF in the Drosophila wing spot test.

Compound

Clones per wings (number of spots)(1)
Frequency of clone
formation per 105

cells(2) Recombination
(%)(3) IP (%)(4)

Number
of wings

Small single
spots

(1-2 cells)
𝑚 = 2

Large simple
spots

(>2 cells)
𝑚 = 5

Twin spots
𝑚 = 5

Total spots
𝑚 = 2 Observed Control

corrected

H
2

O
mwh/flr3 80 0.25 (20) 0.013 (1) 0 0.263 (21) 1.078
mwh/TM3(5) 80 0.04 (3) 0 0.04 (3) 0.17
H
2

O
2

(0.15M)

mwh/flr3 80 0.313 (25) 0.088 (7) 0.038 (3) 0.438
(35)+ 1.795 0.717 54.37

mwh/TM3 80 0.188 (15) 0.013 (1) 0.20 (16) 0.819 0.286
Simple treatment (mwh/flr3)

CCC (mg/mL)
[3.125] 80 0.275 (22) 0.025 (2) 0 0.3 (24)− 1.23 0.152

[100] 78 0.19 (15) 0.038 (3) 0.026 (2) 0.256
(20)− 1.05 −0.028

CFCC (mg/mL)
[3.125] 80 0.175 (14) 0.075 (6) 0 0.25 (20)− 1.025 −0.053
[100] 80 0.225 (18) 0.075 (6) 0 0.3 (24)− 1.23 0.152
Caffeine (mM)
[0.016] 80 0.26 (21) 0.03 (3) 0 0.3 (24)− 1.23 0.152
[0.51] 86 0.21 (18) 0.058 (5) 0.012 (1) 0.28 (24)− 1.148 0.07

Combined treatment (mwh/flr3)
CCC (mg/mL)
[3.125] 82 0.11 (9) 0.037 (3) 0 0.146 (12)∗ 0.6 −0.478 74.6 166.67
[100] 83 0.217 (18) 0.048 (4) 0 0.265 (22)∗ 1.086 0.008 69.8 98.88
CFCC (mg/mL)

[3.125] 82 0.195 (16) 0.073 (6) 0 0.268
(22)∗ 1.1 0.022 55.5 96.93

[100] 80 0.175 (14) 0.05 (4) 0 0.225 (18)∗ 0.922 −0.156 64.4 121.76
Caffeine (mM)
[0.016] 80 0.16 (13) 0.025 (2) 0 0.188 (15)∗ 0.77 −0.308 89.6 142.96
[0.51] 80 0.325 (26) 0.125 (10) 0 0.45 (36)Δ 1.844 0.766

Combined treatment (mwh/TM3)
CCC (mg/mL)
[3.125] 79 0.038 (3) 0 0.038 (3)∗ 0.158 −0.35
[100] 80 0.08 (6) 0 0.08 (6)∗ 0.328 −0.21
CFCC (mg/mL)
[3.125] 82 0.12 (10) 0 0.12 (10)𝛽 0.49 0.32
[100] 80 0.08 (6) 0 0.08 (6)∗ 0.328 0.158
Caffeine (mM)
[0.016] 82 0.02 (2) 0 0.02 (2)∗ 0.08 −0.09
[0.51]
(1)Statistical diagnosis according to Frei andWürgler [44]: + (positive) and − (negative) versus negative control;∗ (positive),Δ (negative), and 𝛽 (inconclusive)
versus respective positive control;𝑚: multiplication factor. Kastenbaum-Bowman Test without Bonferroni correction; probability levels: 𝛼 = 𝛽 = 0.05. Number
of spots in parentheses.
(2)Frequency of clone formation: clones/wings/24,400 cells.
(3)Recombination percentage is calculated according to Valadares et al. [38].
(4)Inhibition percentage values were included when appropriate.
(5)Balancers-heterozygous wings.

damages induced by genotoxic compounds (recombination
versus mutation). In the balancer-heterozygous genotype
(mwh/TM3, BdS) mwh spots are produced predominantly
by somatic point mutation and chromosome aberrations.
By scoring mwh/TM3 balancers-heterozygous wings it is

possible to quantify the recombinogenic potency of the
positive control. The frequency ofmwh clones on the marker
transheterozygous wings (mwh single spots plus twin spots)
was compared with the frequency of mwh spots on the
balancer transheterozygous wings. The difference in mwh
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Table 4: Effects of CCC, CFCC, and CAF treatments on the Drosophila melanogaster mean lifespan and healthspan.

Mean lifespan (days) Mean lifespan difference (%)a Healthspan (80th percentile) (days) Healthspan difference (%)a

CCC (mg/mL)
Control 59.68 ± 2.92 0 32.63 ± 1.49 0
0.78 59.7 ± 2.6 0.04 29.67 ± 2.28 −9.08
3.125 69.78 ± 2.82∗∗ 16.93 37.73 ± 2.58 15.63
6.25 59.81 ± 2.58 0.23 37.30 ± 2.26 14.32
25 69.16 ± 3.39∗ 15.90 34.48 ± 2.17 5.57
100 64.34 ± 3.77 7.82 39.95 ± 0.96∗ 22.44
CFCC (mg/mL)
Control 66.05 ± 2.17 0 46.30 ± 1.90 0
0.78 65.7 ± 3.23 −0.99 42.16 ± 3.42 −8.93
3.125 66.86 ± 2.03 1.01 39.00 ± 5.00 −15.77
6.25 59.55 ± 3.57 −9.84 52.05 ± 1.93∗ 12.43
25 66.06 ± 2.7 1.0 42.30 ± 0.67 −8.64
100 54.71 ± 2.17∗∗∗ −18.17 38.27 ± 1.09 −17.35
CAF (mM)
Control 58.84 ± 2.46 0 30.18 ± 1.15 0
0.004 62.88 ± 1.7 6.87 47 ± 2.65∗∗ 55.73
0.016 64.34 ± 2.75 9.35 36.18 ± 3.57 19.87
0.032 68.86 ± 2.38∗∗ 17.02 42.35 ± 3.57∗ 40.32
0.127 70.91 ± 2.99∗∗∗ 20.52 36.91 ± 3.22 22.23
0.51 61.14 ± 2.07 3.91 38.15 ± 2.2∗ 26.41
aThe difference was calculated by comparing treated flies with the concurrent water control. Positive numbers indicate lifespan increase and negative numbers
indicate lifespan decrease. Data are expressed as mean value ± SE. ∗𝑝 ≤ 0.05, ∗∗𝑝 ≤ 0.01, and ∗∗∗𝑝 ≤ 0.001 significances obtained with the log-rank (Mantel-
Cox) test.

clone frequency is a direct measure of the proportion of
recombination. A total mutation rate of 0.2 in themwh/TM3
wings has been obtained and when it is compared to the
mutation rate of the marker wings (0.438) thus 54% [1 −
(0.819/1.795) × 100] of the genotoxic events induced by H

2
O
2

are due to recombinogenicity.
Antigenotoxicity results indicated that CCC, CFCC, and

CAF could desmutagenise the genotoxic effect of H
2
O
2
,

except for the highest tested concentration of CAF. CCC
was the most antigenotoxic tested compound (IP: 166.67%
and 98.88% for 3.125 and 100mg/mL, resp.). CFCC IP was
96.93% and 121.76% for similar CCC concentrations and the
0.016mM CAF IP was 142.96%. All the clone frequencies in
combined treatment were compared to the positive control
H
2
O
2
.

Recombinogenicity values for combined treatments
ranged between 55 and 89%, where these figures are higher
than their respective recombinogenicity induced by the
positive control (54%). Therefore, our compounds induced
antimutagenic activity rather than antirecombinogenic
activity.

3.1.3. Chronic Treatment. Kaplan-Meier curves and averages
of flies’ lifespan are shown in Figure 1 and Table 4, respec-
tively. The longevity of flies was increased by the CCC tested
concentrations 3.125 and 25mg/mL (𝑝 ≤ 0.05). CAF also
increased the survival rates of Drosophila at intermediate
concentrations (0.032 and 0.127mM). CFCC significantly

decreased the lifespan of Drosophila only at 100mg/mL
(𝑝 ≤ 0.001). On average whereas CCC and CAF increased
Drosophila lifespan more than 15%, CFCC decreased it less
than 19%.

Healthspan results (portion ≥ 80% of lifespan curves)
are shown in Table 4. CCC increased the average healthspan
of flies; such increase was significant only at 100mg/mL
(𝑝 ≤ 0.05) since this concentration raised the mean value
by 22.4% to the control. Conversely, CFCC only significantly
increased themean healthspan value at 6.25mg/mL (12%;𝑝 ≤
0.05). CAF increased healthspan at the lowest (0.004mM for
55.73%; 𝑝 ≤ 0.01), the intermediate (0.032mM for 40.32%;
𝑝 ≤ 0.05), and the highest (0.51mM for 26.41%; 𝑝 ≤ 0.05)
concentration.

3.2. In Vitro Assays

3.2.1. Cytotoxicity. Both beverages were cytotoxic to the HL-
60 line, inhibiting leukaemia cell growth with a positive dose
effect (Figure 2). Furthermore, IC

50
was similar for both

beverages (19 and 20mg/mL for CCC and CFCC, resp.). CAF
concentrations were experimentally increased to reach IC

50

since the original tested concentrations did not induce any
remarkable cytotoxic effect on promyelocytic cells (data not
shown). The highest tested concentration (20.4mM), which
was 40 times higher than the corresponding content in CCC
and CFCC, could only inhibit cell growth in about 40%,
without reaching IC

50
.
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Figure 1: Effect of CCC (a), CFCC (b), and CAF (c) supplementation on the lifespan of Drosophila melanogaster.

3.2.2. DNA Stability Evaluation. The typical ladder pattern
of cells with fragmented internucleosomal DNA was weakly
induced only by CCC and CFCC at 25mg/mL supplemen-
tation (Figure 3) and it was not observed with any CAF
treatment.

The ability of the compounds to induce strand breaks in
the DNA structure was determined by the alkaline comet
assay. Based on the results obtained with the previous in vitro
assays (cytotoxicity and DNA internucleosomal fragmenta-
tion), only three concentrations of each compound were
tested. After 5 h exposure, all compounds induced a signifi-
cant (𝑝 ≤ 0.001) increase in the TM parameter with respect
to the control, except for CFCC at a 25mg/mL concentration
and CAF at 0.51mM (Figure 4). Despite such significant
increase, all TM values were lower than 4.4, suggesting
that these compounds mainly affect HL-60 cells through
a necrotic pathway.

The relative normalised methylation status (RMS) of the
three repetitive sequences (LINE-1, Alu, and Sat-𝛼) in HL-
60 cell line treated with the tested compounds is shown in

Figure 5. RMS decreased when cells were treated with CCC
in both Alu M1 and LINE-1 sequences in a negative dose-
dependent manner. However, we obtained hypomethylation
in Sat-𝛼 sequences treated with 3mg/mL and hypermethyla-
tion at the highest concentration (100mg/mL) of CCC.CFCC
induced hypermethylation in LINE-1 at 3mg/mL concen-
tration and hypomethylation at 100mg/mL. A decrease of
methylation status was found in AluM1 sequences when cells
were treated with 100mg/mL CFCC. On the contrary, both
assayed concentrations of CFCCwere able to hypermethylate
Sat-𝛼 sequences. Regarding CAF, a decrease of methylation
status in Alu M1 and LINE-1 repetitive elements treated
with 0.016mM CAF and 0.016 and 0.51mM, respectively,
was observed. In contrast, an increase of the methylation
status was found in Sat-𝛼 sequences when cells were treated
with 0.016mM CAF. The same demethylation pattern was
observed at the three repetitive elements when looking at
the same concentration as Tukey’s test demonstrated when
cells are treated with CCC and CAF, except for the lowest
concentration of CAF when Sat-𝛼 is analysed. Nevertheless,
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Figure 2: Cytotoxic effects of CCC (a), CFCC (b), and CAF (c).
Viability curves at 72 h of treatment.

CFCC differs from CCC and CAF as indicated by asterisks in
Figure 5.

4. Discussion

4.1. Effect of Cola Beverages andCaffeine onD.melanogaster In
Vivo Model. Soft drinks have been related to several harmful
effects on health, such as child obesity and appetite increase,
diabetes, hypertension, and dental diseases [6–8]. They were
even related to school intoxication outbreaks, although in
the end these events were associated with a mass sociogenic
illness [49]. Nevertheless, studies assessing systematically
the toxicological effects of cola beverages are scarce [50,
51] or showed contradictory results, as in the case of CAF.
Drosophila is considered an accurate in vivo model to study
human disease and further substantial contributions in this
sense are expected [52].

To our knowledge, this is the first attempt to charac-
terise the genotoxic effect of these beverages using in vivo
(Drosophila melanogaster) and in vitro (HL-60) models,

as well as CAF, using experimental doses mimicking the
concentration used in cokes.

The lack of toxicity observed in our results is reasonable
since these beverages are consumed worldwide and strictly
regulated by governments and agencies. Furthermore, the use
of “physiological” CAF doses could explain the harmlessness
of the compound, since its effect was widely demonstrated as
highly dependent of the dose consumed [53]. On the other
hand, differences in sugar content between beverages (11.1%
versus 10.6%W/V inCFCCandCCC, resp.) could explain the
different toxicity levels found in theDrosophila assays. Several
toxic and side effects were reported due to the high car-
bohydrate concentrations of beverages, particularly referred
to as glucose and fructose. In our flies, it was also demon-
strated that those carbohydrates could be converted into
glyoxal which reduces the number of adults emerged and the
pupation time [54].

In our study, only CCC and CFCC exerted a significant
antitoxic activity against H

2
O
2
-induced oxidative damage in

Drosophila. On the contrary, CAF showed neither toxic nor
antitoxic effects. Since the effect of CAF has been widely
described as dose-dependent, the lack of toxicity observed in
our experiments was probably due to the low concentrations
(equal to those found in the cola beverages) tested. In this
sense, it was demonstrated that CAF can exert an antioxidant
effect when consumed at moderate doses; it can even be
neurotoxic at higher doses by increasing dopamine release
[55, 56] or even inhibit autophagy in a dose-dependent man-
ner [57]. Our results are more in agreement with Zhao et al.
[58] who very recently found that CAF antioxidant properties
are very weak and probably overestimated. On the other
hand, it is well known that there are several extra compounds
in Coca Cola, such as carbohydrate syrups, phosphoric acid
(E-338), and class IV caramel colorants, but none of them
has been reported as antioxidant [54, 59]. Therefore, we
hypothesise that the antioxidant effects of CCC and CFCC
could be explained by other undeclared components of these
beverages, considering that part of its formula is an industrial
secret.

Research using Drosophila has provided seminal insights
into gene function which are relevant to human health [60].
The genomic stability (lack of genotoxicity) observed in
Drosophila with all the compounds assayed confirmed their
safety. Previous reports determined that cola drinks could
be mutagenic by inducing chromosomal abnormalities and
liver adducts in mice [61, 62]. However, those results are at
least controversial, since the mutagenic effects were observed
after 1 day of treatment with cola intakes equal to 600mL in
humans. On the contrary, our study agrees with Tóthová et al.
[63] which demosntrated in a 6-month experimental design
with rats drinking cola beverages ad libitum neither harmful
effects nor changes in the gene expression pattern.

CAF is one of themost investigated genotoxic substances,
probably because results obtained over time are not consistent
(reviewed by Nehlig and Debry [64]). The absence of geno-
toxicity was reported a long time ago using different models:
in Drosophila germ cells [65], in the Salmonella Ara test [66],
or in the micronucleus assay [11]. On the contrary, mutagenic
results have been reported after Sex-Linked Recessive Lethal
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Figure 3: Internucleosomal DNA fragmentation after 5 h of treatment with CCC ((a)-mg/mL), CFCC ((b)-mg/mL), and CAF ((c)-mM).
Letters M and C mean weight size marker and negative control, respectively.
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Figure 4: Alkaline comet assay (pH < 13) of HL-60 cells after
5 h treatment with different concentrations of CCC (a), CFCC (b),
and CAF (c). DNA migration is reported as mean TM. The plot
shows mean TM values and standard errors. Different letters mean
different values after one-way ANOVA and post hoc Tukey’s test.

(SLRL) test of Drosophila germ cells [67, 68]. Furthermore,
it was demonstrated that CAF can enhance the effect of
many DNA damaging agents [64]. Our results agree with
those reported by Graf and Würgler [10], using the same
experimental model. These authors demonstrated that CAF
genotoxic effects are weak and nonsignificant.

An interesting finding was the antigenotoxic differences
among both cola beverages and CAF. Our hypothesis is
that the beverages effects could be mediated in part by the
differential CAF content. Although in vitro studies indicated
that CAF was able to scavenge hydroxyl radicals [69], this
ability was not clearly observed in the highest concentration
of our in vivo antigenotoxicity assays. In this sense, 0.51mM
CAF was not able to induce antigenotoxic activity although,
contrarily, the lowest CAF concentration (0.016mM) did
induce it, being themost antimutagenic compound according
to the recombination percentage data. In contrast, CAF has
been demonstrated to be nonantimutagenic in Ames test
at 0.19mM [70] although it depends on the environmental
factors [64]. Both cola beverages also revealed an inhibitory
effect against the frequency of mutant spots induced by
hydrogen peroxide due to an antimutagenic activity [71].
The different IP values of 166.67% and 96.93% for CCC
and CFCC, respectively, at the lowest tested concentration
could be due to the CAF content in CCC (0.016mM CAF)
since CFCC does not consist of CAF. This is in agreement
with several reports showing CAF antigenotoxic capacity
against X-rays [72, 73] and ethyl methanesulfonate (SMART
assay [74] and yeast (15mM) [75]). The IP value of CCC
at 100mg/mL decreased up to 98.88% and this fact could
be due to the absence of antigenotoxicity observed in the
highest CAF concentration. CAF did not present antigeno-
toxic activity in the micronucleus test of mice [11], although
these authors assayed higher concentrations than those tested
herein. However, CCC and CFCC antigenotoxic ability could
also be due to another undeclared compound in the beverage
formula or due to the presence of fructose, reported as being
demutagenic against heterocyclic amines (Trp-p-1) [76].

Drosophila melanogaster is an excellent model for the
study of aging because adults show many similarities with
the cellular senescence observed inmammals [77].This is the



10 BioMed Research International

0

1

2

3

Alu M1 LINE-1 M1 Sat-𝛼 M1

Re
lat

iv
e n

or
m

al
ise

d 
ex

pr
es

sio
n

Target sequence

B

C A

B

C

A A

B

C

Control

100 mg/mL
3mg/mL

∗

CCC

(a)

0.0

1.0

2.0

3.0

Alu M1
Target sequence

A

B

A A

B
C

A

B
B

0.51mM
0.016 mM
Control

∗

Re
lat

iv
e n

or
m

al
ise

d 
ex

pr
es

sio
n

CAF

LINE-1 M1 Sat-𝛼 M1

(b)

Re
lat

iv
e n

or
m

al
ise

d 
ex

pr
es

sio
n

0.0

2.0

4.0

6.0

8.0

10.0

Alu M1
Target sequence

A
A

B A

B

A A

B
C

Control

100 mg/mL
3mg/mL

∗

∗

∗

∗

∗

∗

CFCC

LINE-1 M1 Sat-𝛼 M1

(c)

Figure 5: Relative normalised expression data of each repetitive
element. Different letters are related to different means. Asterisks
indicate differences among the same concentrations of the same
substance for the different studied sequences.

reason why this particular model is frequently used to under-
stand the relationship between nutrient metabolism and
agingmechanisms [25]. To our knowledge, the antiageing and
antidegenerative effects of CCC and CFCC were assayed for
the first time using D. melanogaster in our study. We demon-
strated that CCC increased both lifespan and healthspan,
whereas CFCC in general decreased both longevity indexes.
However, these effects may not be related to the lack of
mutagenicity produced by CCC and CCFC since there were
no differences between beverages in the genotoxicity assays.
Environmental factors, such as the diet of larvae, play a vital
role in life expectancy. This was also reported in humans,
associating sugared soft drinks with diabetes and obesity,
both diseases playing an important role in the life expectancy
decrease [78]. Therefore, the higher carbohydrate content of
CFCC (compared with CCC) could explain the differences
observed in longevity assays.We also demonstrated that CAF
at 0.032 and 0.127mM significantly increased lifespan in
Drosophila, without having significant effects at lower doses.
Interestingly, our results showed a reduced, even though not
significant, lifespan in flies when higher concentrations were
assayed. This was previously reported by Nikitin et al. [13],
who demonstrated a negative effect of CAF in Drosophila
lifespan with higher concentrations (25-fold higher than
ours). A possible explanation could be that CAF produced a
slimming activity bymetabolism stimulation, associated with
shorter life expectancies [79, 80].

4.2. Effect of Cola Beverages and Caffeine on In Vitro Can-
cer Model Cells. The in vitro evaluation of the anticancer
properties of nutraceutical compounds or foods is the first
step of a large pathway to obtain suitable conclusions to be
extrapolated to humans. Here, we determined the potential
chemopreventive effect of CCC, CFCC, and CAF on a human
cancer cell model (HL-60 cell line). CCC and CFCC similarly
decreased the survival rate of HL-60 leukaemia cells in
a positive dose-dependent manner. Kapicioğlu et al. [81]
reported the ability of cola drinks to inhibit proliferation
of gastric mucosal cells although they were not cancerous.
Conversely, Nowacki et al. [82] reported that CCCwas able to
induce an increase in fibroblast proliferation probably due to
the sugar content, which could trigger a carcinogenic process.
However, the rate of increase of this proliferation depended
on where the CCC was bought. Our results showed that CAF
induced weak cytotoxicity in HL-60 since none of the tested
concentrations reached IC

50
. Therefore, we demonstrated

that CCC and CFCC cytotoxicity cannot uniquely be due to
CAF content. Previous reports showed that CAF inhibited
HL-60 growth at 5mM [83]. More recently, Rosendahl et al.
[84] demonstrated an inhibitory effect of CAF against human
breast cancer cells, IC

50
being roughly at 5mM. Similarly,

Pitaksalee et al. [57] showed inhibition of autophagy with
CAF supplementations of 10mM in a neuroblastoma cell line.
These recent reports support our findings, suggesting that
CAF could be cytotoxic only at higher concentrations and in
a positive dose-dependent manner.

The degradation of genomic DNA into internucleosomal
fragments was proposed as a major mechanism affecting
cancer cell apoptosis. We determined that CCC and CFCC
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only induced a weak proapoptotic DNA internucleosomal
fragmentation at higher concentrations. Conversely, this
activity was not observed in the concurrent CAF concentra-
tion tested. In this sense, previous reports by different authors
are contradictory. It has been demonstrated thatCAFprotects
HL-60 [14] and endothelial [85] cells against certain types
of induced apoptosis in a dose-dependent manner and only
at higher concentrations. The existence of a dose-dependent
response pattern [55, 56] has recently been demonstrated
by Wang et al. [86] showing that 2mM CAF enhanced the
proapoptotic effect of cisplatin lung cancer cells; these results
could also explain the differences in CAF studies since they
suggest that low CAF concentrations do not induce apop-
tosis by themselves, but by enhancing a different apoptotic
pathway.

For these reasons, we performed alkaline SCGE in order
to detect DNA damage [87], which are widely used to
determine whether cells are undergoing apoptotic and/or
necrotic pathways [41]. The use of such a test in transformed
cells for the screening of substances with clastogenic DNA-
strand break activity could be considered as a very early stage
screening in the search ofmolecules for the treatment of acute
promyelocytic leukaemia [88]. It is assumed that apoptosis
occurs when treatments induce a TM > 30 (hedgehog pat-
tern) whereas control cells remain lower than 2 (no tails). On
the contrary, necrosis shows a short comet-tail pattern since
the majority of the damaged DNA remains in the comet head
[89]. Our results showed that the damage induced by CCC,
CFCC, and CAF in HL-60 cells was characterised by necrosis
(short tails, TM < 5, Figure 4). These results agree with our
cytotoxicity and DNA fragmentation assays, demonstrating
that CCC and CFCC induced cell death in HL-60, probably
mediated by a necrotic pathway. Both beverages and CAF
had the same DNA damage pattern (class 1; TM between 1
and 5 according to Fabiani et al. [90]) whereas class 0 was
detected in their concurrent controls (TM lower than 1, no
visible comet). In the sameway, our results agreewith those of
Rayburn et al. [91] who reported that CAF supplementation
(0–2mM) did not produce DNA-strand breaks in CHO cells.
Consistent with our results, several authors demonstrated
that CAF induced apoptotic cell death in glioma and lung
cancer cells at higher doses (10–20mM), suggesting again
that CAF acts in a positive dose-dependent manner [92].
However, recent studies demonstrated that CAF could induce
a comet-tail pattern even at low concentrations (0.1–2mM;
[12]), but these reports were performed in yeast or in a
different cell line (K562). Therefore, this could also suggest
that CAF induced apoptosis differs depending on the in vitro
model employed. Another interesting point is that the SCGE
assay was described as relatively insensitive since positive
results (no scored comets) would not be found when the
tested compounds are highly cytotoxic [93]. However, despite
the fact that beverages were cytotoxic in our study, this
cytotoxicity assay was performed after 72 h of treatment and
SCGE assays were conducted only for 5 h.

Regarding epigenetics, it is currently known that environ-
mental factors are involved in gene expression. In cancer cells,
the genome is globally hypomethylated inducing transpos-
able element activity and thus triggering genome instability

[94]. As a proof of that, the silencing of tumor suppressor
genes is closely associatedwith hypermethylation [95]. Repet-
itive elements are highly methylated in somatic normal cells
contributing to a global genomic hypermethylation [43, 94]
suppressing the transposable activity of repetitive elements.
Nevertheless, a lot of information is still unknown specially
in order to ascertain the mechanisms which modulate the
epigenetic changes in cancer cells. Biomedical research is
focused on hypomethylation agents since this therapy is
highly related to gene silencing; thus this fact could activate
tumor suppressor genes and be a positive highlight although
its benefit onhuman therapies is not clear becausemuchmore
investigations should be performed [96].

We studied three different repetitive elements: LINE-1,
Alu M4, and SAT-𝛼. Long interspersed nuclear elements
(LINE) are abundant retrotransposons and represent about
17% of the human genome. Although LINE1 has a non-
random distribution, they are accumulated in primarily G-
positive bands, which are AT-rich regions of chromosomes
[97]. LINE-1 elements are also accumulated in regions of
low recombination rate mainly in X-chromosome [98]. Alu
elements belong to the SINE (short interspersed nuclear
elements) family, being themost abundant (accounting about
10% of the whole human genome [43]) and predominantly
present in noncoding and GC-rich regions [97, 99]. Sat-𝛼
(satellite alphaDNA) repeats are composed of tandem repeats
of 170 bp DNA sequences, are AT-rich regions, and represent
the main DNA component of every human centromere, con-
stituting about 5% of total human DNA [97, 100]. Therefore,
examination of the methylation status of LINE-1 and Alu
regions has served as an approach for measuring global
methylation levels since 32% of the human genome has been
evaluated [101].

Our results of methylation status showed that CCC
may generally hypomethylate the global genome although
100mg/mL CCC hypermethylate Sat-𝛼 repetitive element.
We also observed a significant negative dose-dependent effect
in every target repetitive element with 50% hypomethylation
average rate. Nevertheless, the overall hypermethylation rate
induced in CFCC treatments is 328%, and only a decrease
of methylation status is observed at Alu M1 and LINE-1
sequences when treated with CFCC 100mg/mL. This hyper-
methylation could be considered as a benefit since LINE-1 is
associated with C-met oncogene that would be silenced [102].

Xu et al. [103] demonstrated that caffeine (0.3mM)
enhanced the methylation ratio of multiple single CpG sites,
as well as the total methylation ratio at nt −358 to −77 of the
hippocampal 11𝛽-HSD-2 promoter of primary fetal hip-
pocampal neurons in rats. However, 4 and 40𝜇M CAF were
able to induce hypomethylation of single CpG site inhibiting
the DNMT3 enzyme but not decrease the global status of
the proximal promoter of the human StAR gene [104]. The
present results of CAF are in agreement with Ting et al. [105]
since 16 𝜇M was able to induce hipomethylation of Line-1
and Alu M1 sequences as well as 0.51mM CAF in LINE-
1. However, Sat-𝛼 (AT-rich elements) was methylated when
cells were treated with 16𝜇M CAF. It has been demonstrated
that the expression of satellite sequences is associated with
a hypomethylation triggering cancer cells; thus methylation
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process in satellite sequences is a potential mechanism for
silencing its satellite expression in transformed cells [105].
These results could suggest that CAF may be one of the com-
pounds responsible for the global hypomethylation status
induced by CCC.

Statistical analysis showed that the methylation status
induced by CCC and CAF in each repetitive element was not
significantly different. Conversely, CFCC resulted in inducing
different methylation status. Therefore, the effects of CCC on
methylation status of HL-60 cells could be explained by those
induced by CAF.

It is clear that much more information is needed for
ascertaining on the role of food and beverages on epigenomes
since hypomethylation mechanisms are not clear in every
type of tumor. In addition, the hypomethylation and hyper-
methylation status of repetitive elements depend on both
their concurrent control [102] and the target repetitive ele-
ments selected to evaluate the global methylation status.
To our knowledge, it is the first attempt assessing DNA
methylation changes induced by CCC, CFCC, and CAF on
human leukaemia cells.

An apparent scarce data on the lack of dose-dependent
effect is observed at almost all parameters analysed at the
individual, cell, and molecular levels. Based on the obtained
results, we only found a clear-cut dose-dependent effect when
CCC is tested in the antitoxicity, cytotoxicity, and methy-
lation bioassays. A threshold level of concentration may be
needed to obtain some biological effects [106]. We found this
threshold in the rest of the assays and compounds for toxicity,
antitoxicity, longevity, healthspan, DNA fragmentation, and
SCGE.

5. Conclusions

In conclusion, our experimental results show a slight chemo-
preventive effect of the two cola beverages against HL-60
leukaemia cells, probably mediated by nonapoptotic mech-
anisms. CCC and CAF induce a global genome hypomethy-
lation evaluated in LINE-1 and Alu M1.
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