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ABSTRACT 

 

Phytochemistry and Health Benefits of Grapes and Wines  

Relevant to the State of Texas. (August 2011) 

Armando Del Follo Martinez, B.En., Instituto Tecnologico y de Estudios Superiores de 

Monterrey, Mexico; M.S., Instituto Tecnologico y de Estudios Superiores de 

Monterrey, Mexico 

Chair of Advisory Committee: Dr. Susanne Mertens-Talcott 

 

The overall objective of this work was to increase the knowledge regarding 

American hybrid grapes and wine-making techniques relevant to the State of Texas, 

specifically to investigate grape chemistry of hybrid grapes, to evaluate the effects of 

micro-oxygenation on wine chemistry, and to elucidate anti-cancer effects of wine 

compounds and extract in colon cancer cells in vitro. The methods used include HPLC-

PDA-EIS-MS
n
 and molecular bioassays. 

The American hybrid grapes, Black Spanish (Vitis aestivalis hybrid) and Blanc 

Du Bois (Vitis aestivalis hybrid), were compared to Cabernet Sauvignon and Merlot 

(Vitis vinifera) in their phytochemical composition. Total phenolics were similar in red 

grape varieties, but lower in white grapes. In Black Spanish grapes, anthocyanins and 

antioxidant capacity (ORAC) exhibited the highest values. Non-anthocyanin 

polyphenolics did not show qualitative differences in the four grape varieties. The 

presence of anthocyanins diglucosides was unique to Black Spanish grapes. 



 iv 

The second experiment involved application of micro-oxygenation with oak 

inner staves to evaluate the effect of this new vinification technology on the stability of 

anthocyanins. Overall, anthocyanins exhibited significant decreases over time in the 

following order: control, wine with oak pieces, oak barrel, and micro-oxygenation.  

The anti-cancer effect of a combination of wine compounds, 

resveratrol/quercetin (RQ), and a polyphenolic extract from Black Spanish wine were 

investigated in colon cancer cells HT-29. RQ reduced the generation of reactive oxygen 

species (ROS), whereas the ORAC increased. RQ reduced cancer cell viability and 

proliferation, induced caspase-3-cleavage, and increased PARP-cleavage. Additionally, 

Sp1, Sp3, Sp4, and survivin were down-regulated at mRNA and protein levels. 

Furthermore, RQ decreased microRNA-27a (miR-27a) and induced ZBTB10, suggesting 

that RQ interactions with the miR-27a-ZBTB10-axis play a role in Sp down-regulation. 

Similar results were obtained for the wine extract. 

This work will provide valuable information regarding grape varieties, potential 

health benefits of wine, and wine production techniques to the wine industry in Texas 

and beyond.  
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CHAPTER I 

 

INTRODUCTION 

 

In recent years, the consumption of red wine has increased and now is accepted 

that moderate drinking, combined with a healthy diet, may have potential health benefits 

against chronic-degenerative pathologies. According to the American Cancer Society, 

after heart and coronary diseases, cancer is the second cause of death in the United 

States; and colorectal cancer for both, men and women, is the second most common 

form. The chemopreventive properties of red wine have largely been attributed to 

polyphenolic compounds present in grapes and wines; however, how polyphenolics exert 

their anti-cancer properties remains unclear, and new mechanisms are being proposed. 

In order to improve the color, flavor, and reduce aging time during the 

winemaking process, new technologies have been developed. One of these technologies 

is micro-oxygenation, which consists of controlled addition of small amounts of oxygen 

into the wine. However, most of the available information on the usage and outcomes of 

this procedure comes from empirical results or winemakers‟ experience. Micro-

oxygenation can be also used as a tool to accelerate aging with the addition of oak 

products, which is an attractive technology to reduce costs with the same final quality in 

wines.  

 

__________________ 

This dissertation follows the style of Journal of Agricultural and Food Chemistry. 
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The development of the Texas wine industry differs from regions such as 

California, New York, Virginia, and Oregon; namely due to characteristic environmental 

conditions such as late freeze, hail, and plant diseases. Weather in the east and southeast 

regions of Texas does not allow the growth of high quality grapes for winemaking; 

therefore, there exists a need to import fruit from other regions such as the western part 

of the state of Texas. Furthermore, where wineries and tourism flourish, quality wine 

grapes often do not. In addition, due to the relatively large number of new wineries and 

winemakers, the skill and knowledge required to produce high quality wines is rapidly 

increasing. 

The overall aim of this study is to investigate potential molecular mechanisms by 

which red wine and wine polyphenolics exert anti-cancer effects in colon cancer cells 

and determine the effect of micro-oxygenation on the chemical profile of Texas red 

wines. Ideally, the information obtained in this research will avail the Texas wine 

industry in promoting the health benefits of its wines, as well as provide technical 

knowledge relevant to the use of new technologies to achieve higher quality products 

and enhance efficiency and effectiveness in production. 
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CHAPTER II 

 

LITERATURE REVIEW 

 

WINE AND TEXAS WINE INDUSTRY 

Grapes sold as fresh fruit or for processing are major sources of economic 

income in many countries. Currently, around 87% of harvested grapes are used in wine 

production, and the other 13% are sold as tables grapes or in grape-derived products (1). 

According to statistics from the World Food and Agriculture Organization wine 

production in 2009 was 2.71 x 10
7
 tons (2). 

Wine production and consumption has shown a steady increase worldwide over 

the last decade, and United States is no the exception. Moreover, while French wines are 

still popular options in the US, market share has moved to lower-priced wines from other 

regions such as Italy, Chile, Spain, Argentina, South Africa, and Australia (3, 4). 

Currently, the United States ranks fourth among wine producing countries in 

terms of volume; it follows Italy, France and Spain (5). Within the US, the major wine 

producing states are California, Washington, Oregon, New York, Virginia, 

Pennsylvania, Ohio, and Texas (6). 

The wine industry in Texas is one of the oldest in the US. Texas was the first 

state to establish vineyards in North America; as European settlers immigrated, they 

brought grapevine cuttings with them, providing the means for development of the wine 

industry in the 1800‟s (7). 
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In recent years, the Texas wine industry has experienced significant growth. In 

2001, there were approximately 41 commercial wineries, in 2009, approximately 181, 

and, by 2010, they exceeded 200 (8). Even though over 80% of the wineries are small, 

producing less than 5,000 gallons per year (6, 9), in the last seven years, overall 

production has grown by more than 30% (9). 

Although Texas is the fifth largest wine producer, the state has more land to offer 

growers for maintaining vineyards. The production of grapes has been inconsistent due 

to environmental conditions such as late freezes and hail. According to the Alcohol, 

Tobacco, Tax and Trade Bureau data, wine produced from local grapes totaled 462,739 

gallons in 2008, and total wine production was estimated to be 2 million gallons (6). 

Preliminary data from 2010 shows that grape production in Texas was the highest ever. 

In regions with warmer climates (southeast and central Texas) grapes are 

harvested in early summer, usually July or August, whereas regions with cooler climates 

(western areas) harvest during the months of September and October. This is a notable 

difference when compared with the other large grape producing states like California, 

Oregon, New York, where harvest generally occurs in September and October. In 

addition, due to specific growing conditions in certain parts of Texas, the wine industry 

uses European grape varieties; however, specifically in the east and southeast, these 

varieties are prone to disease pressure which has led to a need for hybrid grapevines 

which seem to be more disease resistant/tolerant (4, 7, 9). 
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NORTH AMERICAN GRAPES 

The Vitaceae family, the Vitis genus, from the agronomic and economic point of 

view, is by far one of the most important (10). Currently, there are nearly 60 different 

inter-fertile species that exist in the Northern Hemisphere. Vitis vinifera is the most 

widely used grape in the wine industry (10). 

Cultivation of grapes, historically, is linked to the consumption of wine. 

Selective cultivation and breeding increased the production of a bigger fruit size with 

higher sugar content (10). Vinifera grape varieties have thin skin, sweet flesh, and high 

sugar content, making them suitable for the production of high quality wines (11). 

On the North American continent, there are several native varieties of grapes. 

The domestication of these has played an important role in the development of the 

eastern American wine industry. In fact, widespread wine production may not be 

possible in places where Vitis vinifera L. cannot grow due to environmental conditions 

such as severe weather or endemic diseases (12). 

Vitis vinifera is indigenous to Europe and Asia, but was introduced in America 

by missionaries in colonial times (11). Since then, there has been extensive 

crossbreeding with local species. Grapes share a common ancestor, but followed 

different patterns of adaptation depending on species; this makes American grapes 

remarkably well adapted to different regions. Even though there are several indigenous 

American varieties, few are suitable to make wines. The fruit that they produce is often 

high in acid and low in sugar and contains flavors that may not be desirable. Also, the 
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wine from these grapes is unstable, thin, and not comparable to those made with Vitis 

vinifera (11). 

Some North American grape varieties include Vitis labrusca, Vitis rotundifolia, 

Vitis riparia, and Vitis aestivalis, which have economic relevance for the Texas wine 

industry. Unfortunately, extensive scientific information is not available for most 

American grape varieties, since the majority is not suitable for making good wines. 

Vitis labrusca 

This grape is the most representative of the North American grapes and has large 

berries that come in white, red or black. It is the only variety that exhibits this range of 

colors. The best representative of this grape variety is the Concord grape that is widely 

used by the food manufacturing industry for juices and jellies (11, 13). This grape is 

characterized by a unique “foxy” aroma that is caused by the volatile compound methyl 

anthranilate (11, 14). This grape is not widely used in wine production. 

Vitis rotundifolia 

V. rotundifolia is the predominant grape variety grown in the southern United 

States with excellent potential for commercial expansion and value-added development 

(15, 16). This variety has thick, tough skin, round fruit, and sweet flavor. It grows on 

riverbanks, in swamps, and in bottomlands. As with most of the American grape 

varieties, it is necessary to add sugar to this grape for production of good wine (11). 

Muscadine grapes are the only grapes of this variety that contain ellagic acid and 

anthocyanins 3,5-diglucosides. These compounds make juices or wines unstable under 

storage conditions (16). V. rotundifolia is not widely used in wine production. 
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Vitis riparia 

This grape variety is better known as riverbank grape. The principal 

characteristics are small size and a harsh taste. It is the most widely distributed of all 

American grapes. In addition, due to its characteristics, it is able to grow under a great 

variety of weather conditions. Recently, it has been used as a basis for hybridizing wine 

grapes for the cold climates in the United States (11). 

Vitis aestivalis 

Although this variety has excellent features for optimal vinification, it is not the 

most widely used wine grape. Unlike other grape varieties, such as V. rotundifolia and V. 

labrusca, it has an adequate sugar content. The most representative cultivars are Norton 

and Cynthiana, which are grown mainly in Missouri and Arkansas (11, 17). Even though 

these cultivars are considered as two separate ones, it is thought that they stem from the 

same vine, and have acquired two names throughout the course of propagation and 

distribution (17). In recent years, the Norton grape has increased in popularity in the 

Midwestern and Southern states, due to its adaptability and resistance to fungal diseases 

(18). 

In the state of Texas the white species cultivated include Blanc Du Bois, 

Chardonnay, Chenin Blanc, Sauvignon Blanc, Muscat Blanc, Pinot Blanc, and Riesling. 

Whereas, the red varieties include Cabernet Sauvignon, Merlot, Black Spanish, Norton, 

Sangiovese, Syrah, and Cabernet Franc (7). 
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WINE CHEMISTRY 

Wine Polyphenolics 

Polyphenolics play an important role in wine chemistry and are responsible for 

the differences among wines. Polyphenolic compounds can affect the taste, mouth-feel, 

color, and aroma of wines (19). 

Chemically, phenols are cyclic benzene derivates possessing one or more 

hydroxyl groups directly associated with the ring structure. Based on their carbon 

skeleton, polyphenolics are classified in non-flavonoid and flavonoid compounds (19-

21). Polyphenolics present in wine stem from various sources including grapes, vine 

stems, products of yeast metabolism, and extractions from wood cooperage (20, 22). In 

general, grapes contain non-flavonoid compounds mainly in the pulp, while flavonoid 

compounds principally are located in skins, seeds, and stems (19). 

Non-Flavonoid Phenolic Compounds 

The main non-flavonoid compounds present in grapes and wines are phenolic 

acids in the form of hydroxycinnamic acids (i.e. p-coumaric, caffeic, ferulic, sinapic, 

caftaric, etc.), hydroxybenzoic acids (i.e. vanillic, gallic, protocatechuic, syringic, etc.), 

and other phenolic derivatives such as stilbenes (resveratrol, piceid, piceatannol, etc.) 

(19, 23). 

Hydroxycinnamic Acids 

Compared to hydroxybenzoic derivatives, hydroxycinnamate derivatives are 

more abundant and variable in composition. Hydroxycinnamic acids can be found 

esterified to sugars, alcohols, or organic acids such as tartaric acid (20, 22), and are 
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located in the vacuoles of grape skin and pulp (19). The main hydroxycinnamic acids 

present in wines (Figure 1) are mainly derived from caffeic acid, p-coumaric acid, ferulic 

acid, and sinapic acid (23). Among the hydroxycinnamic acids caftaric acid is the most 

predominant with up to 50% of the total hydroxycinnamic acid content in grapes and 

wines (23). 

 

 

 

 

 
 

Hydroxycinnamic acids R1 R2 
Caffeic OH H 
Ferulic OCH3 H 
Sinapic OCH3 OCH3 
p-coumaric H H 

Figure 1. Grape-derived hydroxycinnamic acids (19). 
 

 

 

Hydroxybenzoic Acids 

Of hydroxybenzoic acids (Figure 2), gallic acid is one of the most prevalent in 

wines. Gallic acid also occurs as hydrolysis-product with hydrolysable and condensed 

tannins (i.e. the gallic acid esters of flavan-3-ols) (23). It is found in the solid part of the 

grape, either in the free form or in the form of flavanol ester such as epicatechin-3-O-

gallate (19). 
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Hydroxybenzoic acids R1 R2 R3 R4 

p-Hydroxybenzoic H H OH H 

Vanillic H OCH3 OH H 

Gallic H OH OH OH 

Syringic H OCH3 OH OCH3 

Figure 2. Grape-derived hydroxybenzoic acids (19). 
 

 

 

Concentrations of cinnamic and benzoic acids vary significantly across wines, in 

white wines, concentrations are between 10 to 20 mg/L, whereas in red wines, these 

range from 100 - 200 mg/L (22). Furthermore, when comparing both hydroxycinnamic 

and hydroxybenzoic acids, the overall concentrations of the latter are relatively low in 

wines (23). 

Stilbenes 

Stilbenes, a non-flavonoid family of more complex polyphenolics, are also 

present in grapes and wines. This group is characterized by two benzene rings bonded by 

an ethane chain as shown in Figure 3 (22). Stilbenes are phytoalexins synthesized in 

leaves, skins and roots as a defense mechanism against fungal infections or abiotic 

stressors like UV radiation (19, 22, 23). The content of stilbenes in wines varies 

considerably and depends on several factors such as grape variety, environmental 

conditions, microbial diseases, and enological methods (23, 24). 

COOHR4

R3

R2
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Stilbenes R1 R2 R3 

Trans-resveratrol H H H 

Trans-reveratrol-3-O-glucoside (Piceid) H OCH3 OH 

Trans-reveratrol-2-C-glucoside H OH OH 

Trans-astringin H OCH3 OH 

Figure 3. Stilbenes and stilbene derivatives (19). 

 

 

 

Resveratrol is the stilbene most studied, and is mainly extracted during 

maceration and fermentation of wines with concentrations ranging from 0.2 to 13 mg/L 

for red wines and 0.1 to 0.8 mg/L in white wines (22, 23). In nature, resveratrol exists in 

two isomeric forms (cis- and trans-) in the free as well as in ß-glucoconjugated forms 

(i.e. 3-O-ß-D-glucosides) called piceids (23). 

Flavonoid Compounds 

Flavonoids are important secondary metabolites that are responsible for normal 

growth, development, and defense mechanisms against infections and stress in plants 

(20). These compounds are characterized by two phenol groups joined by an oxygen-

containing ring structure (20, 25). 

Flavonoids are synthesized in the endoplasmic reticulum before being stored in 

the vacuole (20). In plants, flavonoids do not impart significant color, although in some 
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cases, some of them possess yellow shades that contribute to the color of flowers, leaves 

and fruits (20, 26). To date, more than 400 flavonoids have been identified in plants; 

consequently, they have been subdivided into different categories based on the number 

and location of the hydroxyl and methoxyl groups located in the B ring. These categories 

include flavones, isoflavones, flavonols, flavanones, flavones, tannins, flavan-3-ols, and 

anthocyanins (20, 25). 

In grapes and wines, flavonoids make up a significant portion of the phenolic 

content, where flavonols, flavan-3-ols and anthocyanins are the most predominant; some 

flavanonols and flavones are also present in smaller amounts (19, 27). 

Flavonols 

Flavonols, members of the flavonoid family, range from white to yellow in color 

(19, 28), and are relatively abundant in beverages, grapes, and some others fruits and 

vegetables (28, 29). Flavonoids are found as glycosides with glucose, although some 

other moieties may be found such as rhamnose, galactose, and xylose (22, 25). In wines, 

flavonols maybe present as aglycon, due to fermentation and aging (19, 22). The most 

representative flavonols present in wines are quercetin, myricetin and kaempferol, either 

as glycosides or aglycon as shown in Figure 4 (19, 25). In Vitis vinifera, flavanols exist 

in the 3-O-gycoside forms of quercetin, myricetin, isorhamnetin, and kaempferol (19). 

The concentration of flavonols in wine depends on the type of wine as well as the 

winemaking practices; thus the pre- and post-fermentation treatments, as well as the 

procedures enhancing cell wall disruption are important in controlling flavonol 

concentrations (23). In red wines, flavonol concentrations are within the 1000 mg/L 
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range, whereas in white wines values are between 0.5 to 3 mg/L (22, 28). 

 

 

 

 

 
 

Flavonols R1 R2 R3 

Quercetin OH H H 

Kaempferol H H H 

Myricetin OH OH H 

Quercetin-3-O-glucoside OH H gluc 

Kaempferol-3-O-glucoside H H gluc 

Myricetin-3-O-glucoside OH OH gluc 

Figure 4. Flavonols present in wine (19). 

 

 

 

Flavan-3-ols, Condensed and Hydrolyzable Tannins 

Flavan-3-ols or flavanols are responsible in part for the astringency and bitterness 

in wines (27), they can be present in monomeric, oligomeric, and polymeric forms (23, 

25). The major flavan-3-ol monomers present in Vitis vinifera grapes include (+)-

catechin, (-)-epicatechin, (+)-gallocatechin, and (-)-epigallocatechin as shown in Figure 

5 (19, 25). In red wines, catechins may be present in concentrations up to 300 mg/L (25).  

(+)-Catechins and (-)-epicatechins are orthohydroxylated in C-3‟ and C-4‟ 

position of the B ring, while (+)-gallocatechin and (-)-epigallocatechin posses a third 

hydroxyl group in the C-5‟ position. In addition, in the dihydroxylated form, (-)-

epigallocatechin can be esterified with gallic acid at the C-3 position resulting in (-)-
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epigallocatechin-3-O-gallate (19). The trihydroxylated forms (+)-gallocatechin and (-)-

epigallocatechin, and (-)-epigallocatechin-3-O-gallate have been found in free form in 

grapes and wines, but are absent in grape seeds (19, 30-32). 

The presence of (+)-catechin, (-)-epicatechin, and (-)-epigallocatechin-3-O-

gallate has been reported in both grape skins and seeds, whereas only (+)-catechin and (-)

-epicatechin have been found to be present in stems (33, 34). Thus, it is thought that 

winemaking practices influence the extraction and content of flavanol monomers in 

wines (27). 

 

 

 

               

Flavan-3-ols R1 C-2 C-3 

(+)-Catechin H R S 

(+)-Gallocatechin OH R S 

(-)-Epicatechin H R R 

(-)-Epigallocatechin OH R R 

Figure 5. Catechins and epicatechins (19). 

 

 

 

Proanthocyanidins or condensed tannins are flavanol (catechins) oligomers and 

polymers structures. The name “tannin” comes from the capacity to interact or react with 

proteins (22, 23, 25) giving an astringent sensation in the mouth. Since they are 
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polymers of flavan-3-ol subunits, a wide variety of molecular weights and configurations 

are possible (23, 27). 

Proanthocyanidins have the characteristic to release anthocyanins under heated 

acidic conditions as a result of the interflavanic bond cleavage (22, 23). In Vitis vinifera, 

two proanthocyanidins have been identified: prodelphinidins (composed of (+)-

gallocatechin and (-)-epigallocatechin) and procyanidins (composed of (+)-catechin and 

(-)-epicatechin) (19). The distribution of proanthocyanindins in grapes varies. In seeds, 

only procyanidins are found, whereas, in skins, a mixture of both prodelphinidins and 

procyanidins may be present (19, 23). 

In condensed tannins, the chain length plays an important role; the oligomers, 

which are proanthocyanidins between 2 and 5 units, are the largest structures that have 

been individually identified (22, 23). Individual proanthocyanidin polymers, which are 

molecules larger than 5 units, have not been isolated due to the large number of isomers 

(23). 

Condensed tannins are flavanol subunits usually linked by carbon-carbon bonds 

in the C4–C6 or C4–C8 positions (B-type proanthocyanidins). When an additional ether 

bond is linked between the positions C2-C5 or C2-C7 positions, A-type 

proanthocyanindins are formed (35, 36). In grapes and wines dimmers, trimers, and 

tretramers of B-type proanthocyanidins of (+)-catechin, (-)-epicatechin, and (-)-

epicatechin-3-O-gallate have been found as shown in Figure 6 (19). 
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Figure 6. Structure of simple dimeric proanthocyanidins in condensed tannins. 

 

 

 

Hydrolyzable tannins are not naturally present in grapes, but they are found in 

wines. The presence in wine is due to the aging process when wines are stored in oak 

barrels (22, 23). In the wine industry, these tannins are the only ones legally authorized 

as wine additives (22). Hydrolyzable tannins include gallotannins and ellagitannins 

(Figure 7) which are able to undergo hydrolytic cleavage of the sugar moiety (most 

common sugar) and gallic or ellagic acid after acid hydrolysis (22, 37). The presence of 

ellagic acid in Vitis vinifera wine may be due to ellagitannin cleavage from oak barrels 

or from the addition of tannins during the winemaking process (22). 
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Figure 7. Gallotannin and ellagitannin (37). 

 

 

 

Anthocyanins 

Anthocyanins are one of the most important plant pigments. They belong to the 

flavonoid group and are mainly located in the cell vacuole of fruits and flowers (38). In 

grapes, anthocyanins are located in the grape skins, with the exception of some varieties 

that also contain anthocyanins in the pulp (i.e. „teinturier‟ grape varieties) (22, 23). 

Anthocyanidins are unconjugated and are composed of an aromatic ring, A, bonded to a 

heterocyclic ring, C, that contains oxygen (flavylium cation), which is also bonded by a 

carbon-carbon bond to a third aromatic ring, B (39). 

Currently, there are more than 23 naturally occurring anthocyanidins identified, 

along with more than 600 anthocyanins (23, 39, 40). However, only six of them (Figure 

8) are commonly found in higher plants: delphinidin, cyanidin, pelargonidin, petunidin, 

peonidin, and malvidin. They differ from each other by the number and position of 

hydroxyl and methoxyl groups located in the B-ring of the molecule (39, 41). 

In grapes five anthocyanidins have been identified: delphinidin, cyanidin, 
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petunidin, peonidin, and malvidin. These aglycones exist in different glycosidic forms 

such as 3-monoglucosides, 3,5-diglucosides, and acylated forms (42, 43). In acylated 

anthocyanins, p-coumaric, caffeic, and acetic acids are esterified with the hydroxyl 

group in the six position of a glucose molecule (22, 42, 43). 

 

 

 

 

Name  R1 R2 

Delphinidin  OH OH 

Cyanidin  OH H 

Petunidin  OCH3 OH 

Peonidin  OCH3 H 

Malvidin  OCH3 OCH3 

R3    

 p-coumaroyl acetyl caffeoyl 

Figure 8. Anthocyanins occurring in red wines (19). 

 

 

 

Although some anthocyanins may be present in grapes and wines, the 

concentration of each depends on the climatic conditions, region of production, cultivar, 

maturity, and processing conditions, among other factors (20, 23). From the five 

anthocyanidins present, malvidin is by far the most abundant in red grape varieties; it 

represents between 50 to 90% in some grape varieties. Acylated anthocyanins are mostly 
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influenced by grape variety and may be absent from some varieties such as Pinot noir 

(22, 23). 

Volatile Compounds 

Wine is one of the most aroma-complex alcoholic beverages. Volatile 

compounds in wine originate from grapes, fermentation, and oak used in the 

winemaking process. To date, there have been more that 800 aroma compounds 

identified in wines displaying a wide range of polarity, solubility, and volatility (44). 

Wine volatiles include a variety of compounds such as alcohols, phenol-derived 

compounds, terpenes, esters, organic acids, aldehydes, and others, with each one 

imparting specific characteristic aroma to the wine. Volatiles may contribute to pleasant 

aroma notes or unpleasant ones, which are considered flaws. 

Organic Acids 

Organic acids may come from grapes or may be produced during wine 

fermentation; the type of yeast used during the fermentation process will impart a 

characteristic acid profile. The major organic acids present in wines such as malic, 

succinic, lactic, and tartaric are non-volatile and do not impart significant aroma to the 

final product, but help to define its structure and balance (23, 26). Acids such as acetic, 

propionic, butyric, and formic have characteristic aromas and their presence in wines are 

associated with off-odors (20, 26). In some cases, acetic acid in concentration below its 

threshold levels (0.4 to 1.1 g/L) may impart complexity to wines (23, 26). 
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Alcohols 

Long chain alcohols or fusel alcohols, which have more than two carbon atoms, 

are the major group of volatile compounds produced by yeast during alcoholic 

fermentation, and are responsible for some characteristic wine aromas (20, 23). 

Examples of these long chain alcohols include 1-propanol, 2-methyl-1-propanol, 2-

methyl-1-butanol, and 3-methyl-1-butanol. They tend to have fusel odors, whereas 

hexanols possess an herbaceous scent (20, 23, 26). 

Winery practices that may increase production of fusel alcohols include selection 

of yeast, oxygen exposure, and high temperature used during fermentation. Addition of 

sulfites, clarification of must before fermentation, and other practices may reduce their 

production (20, 23). Generally, a concentration of these alcohols below 300 mg/L 

contributes desirable complexity to wine, but higher concentrations may be perceived as 

faults in the wine depending on the type and style of wine (23, 26). 

Phenolics 

Wine aromas may also come from phenol-derived compounds; most of these are 

able to withstand yeast fermentation. Phenol-derived compounds such as acetovanillone 

may impart a vanilla-like odor; some others like methylanthranilate are an important 

aroma component in some grape varieties for instance, Vitis labrusca, giving it the 

“foxy” aroma. This may also be present in some other grape varieties in much lower 

concentrations (20, 45). Perhaps the most characteristic phenol-derived aroma is 2-

phenylethanol, which imparts a rose-like fragrance especially in Vitis rotundifolia (20, 

23, 26). 
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Phenolic compounds seem to be an important source of aroma in the form of 

hydroxycinnamic acid esters, which can be transformed during fermentation. They come 

from oak cooperage or are produced by microorganisms (20, 26). Derivatives of 

hydroxycinnamic esters such as vinylphenols (4-vinylguaiacol and 4-vinylphenol) and 

ethylphenols (4-ethylphenol and 4-ethylguaiacol) can donate spicy, pharmaceutical, and 

clove-like odors and smoky, phenolic, and animal stable-like notes, respectively. Off-

odors are frequently detected when ethylphenol contents exceed 400 μg/L or 725 μg/L 

for vinylphenols (20, 26). Red wines have been shown to have a greater proportion and 

higher concentration of ethyl- to vinylphenols when compared to white wines (20). 

A considerable proportion of these phenol-derived volatiles come from oak 

cooperage during the wood seasoning and toasting from the breakdown of lignins, which 

are the source of several volatile phenolic acids and aldehydes such as benzaldehyde 

(almond-like odor), syringaldehyde and vanillin (vanilla-like scent), furfural and 

furfural-derivatives (26). 

Nitrogen Compounds 

The most representative of this group are the pyrazines, which are nitrogen-

containing cyclic compounds. Among these, methoxypyrazines (3-isobutyl-2-

methoxypyrazine, 3-sec-butyl-2-methoxypyrazine, 3-isopropyl-2-methoxypyrazine, and 

3-ethyl-2-methoxypyrazine) represent an important group in wines. They are associated 

with vegetative, herbaceous, and green pepper aromas in some grape varieties especially 

in Sauvignon Blanc and Cabernet Sauvignon (23, 26, 46). 

These compounds located in the grape skins are water soluble, and, therefore, are 
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rapidly extracted into the must (23). Other sources of pyrazines include stems and leaves 

from grapevines, which are incorporated into the vinification process due to an 

incomplete destemming, especially when harvesting is mechanically performed (47, 48). 

The concentrations in grapes may be influence by variety, season, climate, solar 

exposure, and fruit maturity (46). Moreover, pyrazines can be derived from insects, 

including Harmoniaaxyridis, better known as Multicoloured Asian Lady Beetles, which 

are inadvertently incorporated in with the grapes during the harvest and later into the 

must (49, 50). 

In general methoxypyrazines have low sensory thresholds, in the range of parts 

per billion (ng/L) and parts per trillion (pg/L) depending on the wine type and style (49). 

At concentrations of about 8 to 20 ng/L, some methoxypyrazines such as 

methoxybutylpyrazine may impart a desirable aroma, although above these values they 

give a strong herbaceous aroma (26). 

Lactones 

Lactones are cyclic esters formed by internal esterification between carboxyl and 

hydroxyl groups. Even though some lactones may come directly from grapes such as 2-

vinyl-2-methyltetrahydrofuran-5-one (26, 51), the majority come from yeast 

fermentation and aging in oak barrels. The most common are the ones extracted from 

oak which have a coconut and oak-like scent (26). Oak lactones, which are often referred 

to as whisky lactones (cis and trans isomers of -methyl- -octalactone) (23, 26), are the 

main volatile components present in the extractable fraction of oak wood (23). 

Furthermore, these lactones have been identified, not only in wines, but also in brandies 
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and whiskies (52) which are aged in oak barrels as well. Previous studies have 

determined concentrations for these two isomers in the rage of parts per billion 

depending on the time of contact, oak type, and shape of wood (53). 

Ketones 

Ketones represent a small amount of the spectrum of volatile compounds in wine. 

The few present are the ones that survive fermentation. Ketones like -damascenone and 

the isomers -ionone and -ionone, are known to have a rose-like aroma (20, 26). This 

may be associated with some grape varieties such as Riesling and Chardonnay (20). 

Several ketones are produced during wine fermentation, many of them without 

having any organoleptic effect in wines. One of the most important is diacetyl due to its 

adverse sensory characteristics when concentrations are above the threshold limit. At 

high concentrations, it is considered a flaw imparting a buttery and lactic off-odor, 

associated with bacterial spoilage and yeast that is common when fermentation occurs at 

high temperatures. At low concentrations, it gives a nutty, buttery and/or toasty flavor 

(20, 26). 

Aldehydes 

Grapes produce small amounts of aldehydes that may impart aromas in wine as a 

result of their reduction to alcohol during yeast fermentation. Those able to withstand 

fermentation typically are C6 aldehydes such as hexanals and hexenals, which impart 

green, grassy aromas to wines mainly attributed to use of unripe grapes, but also 

associated with certain grape varieties (20). However, most of the aldehydes found in 

wines are produced during fermentation, winemaking practices, and oak cooperage (20). 
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Acetaldehyde, the most common aldehyde, represents nearly 90% of the total 

content in wines; small amounts impart complexity, but above threshold levels, it results 

in an off-odor (20, 26). Acetaldehyde is the one of the first metabolic by-products of 

fermentation, but is also produced by the oxidation of ethanol and the by autooxidation 

of o-diphenols (26). Since acetaldehyde plays an important role in several chemical 

reactions such as polymerization with anthocyanins and with sulfur dioxide reactions, 

the final concentration in wine is generally below its threshold detection limit (26). 

There are some other phenol-derived aldehydes, like cinnamaldehyde and 

vanillin that are extracted from oak wood during aging (20, 26), which are products of 

lignin degradation during the oak wood toasting process. 

Esters 

In young red wines and white wines, esters derived from fermentation are 

responsible for the characteristic fruity aroma. Although at wine pH many esters 

hydrolyze during aging, some may still be present in aged wine above the threshold 

detection limit, suggesting its participation in wine aroma (23). Currently, there are more 

than 160 esters that have been identified in wines, but the two main groups include 

acetate esters (ethyl acetate, isobutyl acetate, amyl and isoamyl acetate, 2-phenylethyl 

acetate, etc.) and ethyl fatty acid esters (ethyl C3-ethyl C12) (23, 26). The most 

significant esters found in wine are formed between ethanol and short chain fatty acids, 

acetic acid and various short chain alcohols, and nonvolatile acids and ethanol (26). 

Ethyl acetate is the most significant among this group. At low concentrations, (< 

50 mg/L) it may add complexity to wines. Higher concentrations (> 150 mg/L) generate 
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an acetone-like odor, which is considered undesirable (26). In addition, some particular 

esters give the characteristic aroma to certain grapes or wines like methyl anthranilate, 

which is a phenolic ester present in Vitis labrusca varieties (26). 

The low molecular weight esters formed from higher alcohols (isoamyl and 

isobutyl) are considered to have fruit-like aromas. However, as the length of the 

hydrocarbon chain increases, the odor shifts from fruity to soap-like, and finally to lard-

like with C16 and C18 fatty acids (26). 

 

NEW TECHNOLOGIES FOR WINE PRODUCTION 

Wine technology and production techniques have changed in the last century, 

and in the last three decades there has been a great interest in developing new 

technologies and equipment to improve quality, increase production, and reduce 

operation costs. 

Wine, as a product, needs to meet consumer preferences and those may change 

throughout time, and new technologies play an important role in satisfying those 

preferences. Among these new technologies, micro-oxygenation and accelerated aging 

are of great interest in the wine industry due to the high impact that may have on the 

final product. 

The use of micro-oxygenation and acceleration of aging, alone or in combination, 

have shown to be a feasible option for wineries to modify the chemical profile and 

sensory characteristics of wines in a short period of time and even improve the quality of 

wines that otherwise would not reach the market (54-58). In the following sections, these 
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two technologies, micro-oxygenation and artificial aging, will be discussed in further 

detail. 

Micro-oxygenation 

During the winemaking process, oxygen is required as it plays an important role 

in wine maturation. At early stages, oxygen aids in fermentation, and later helps to 

stabilize color and develop aromas during aging. Despite these beneficial effects of 

oxygen, an excess may lead to wine oxidation which has negative effects (59) including 

phenol oxidation, higher astringency, and adverse microbial activity (60).  

The micro-oxygenation technology and research started in the mid-1980‟s and 

was commercially available in the mid-1990‟s (61). To date, European countries such as 

France and Italy are leaders in the use of micro-oxygenation, followed by South Africa, 

Chile, USA, and Australia (58). This new technology is based on the dosage of very 

small amounts of oxygen to the wine which attempts to mimic the oxygen transport that 

takes place in oak barrels (56, 58, 60). 

Micro-oxygenation can be applied at any stage of the winemaking process, but 

research has shown that the best results are obtained after alcoholic fermentation and 

before malolactic fermentation (57, 60) to enhance color stability, as well as reduce the 

herbaceous aromas and improve wine structure (58, 60). 

The most significant reason for considering micro-oxygenation use in the 

winemaking process is the opportunity to avoid barrel aging, which involves high costs 

due to intensive labor operations, long periods of time due to slow production, and 

extensive cellar space that few wineries can afford (58). 
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When considering the application of this process, it is important to understand 

the reactions that take place during the incorporation of oxygen into the wine throughout 

winemaking. These are not limited to micro-oxygenation treatments. Oxygen has an 

impact on the phenolic composition of wines, which establishes an indirect influence on 

astringency and color stability (60). The reactions in which oxygen can participate 

include oxidation, condensation, and polymerization of different compounds. As a result, 

new compounds and pigments are formed giving the wine its characteristic structure and 

color stability (60, 62). 

Oxygen may also participate in the oxidation of ethanol to acetaldehyde, which 

can react with flavonols to produce very reactive carbocation species that react with 

other flavonols or anthocyanins to produce new pigments and polymeric compounds via 

the formation of ethyl-bridged adducts (60, 63, 64). Furthermore, researches have 

demonstrated the formation of these polymeric compounds and more stable anthocyanin 

pigments in wine model solutions and in wines after micro-oxygenation treatments (57, 

62, 64-68). 

Accelerated Aging 

Traditionally, after alcoholic and malolactic fermentation, wines are placed in 

wooden barrels to mature. This process, commonly known as aging, gives the wine its 

organoleptic structure and color characteristics. These vary depending on several factors 

such as geographical origin, oak species, degree of toasting, and aging time (53, 69). 

During the aging process, wine polyphenolics react with oxygen and compounds 

extracted from oak wood such as tannins, lactones, vanillin derivates, and phenolic 
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acids. These increase wine complexity and improve color stability (53, 69). Studies on 

the chemical compounds that come from oak that contribute to the organoleptic 

characteristics in wine, have identified furfural, whisky lactones, guaiacol, eugenol, 

vanillin and syringaldehyde, among others which are produced during the toasting 

process (55). 

Aging in an oak barrel is a common practice in wineries, however, it requires 

long periods of time, is labor intensive, demands a considerable amount of space, and 

results in high costs. These may be limiting factors for some small to mid-size wineries 

(58). Hence, the necessity to find new technologies to accelerate this process and make 

them affordable for even small wineries has been presented.  

In recent years, new techniques have been introduced in winemaking to 

accelerate the aging process to mimic the desirable characteristics in wines. The use of 

oak chips, inner staves, oak powder, oak beans, and even oak extracts are the most 

common in the market (53, 55, 58). While these practices have been used in countries 

such as Chile, Australia, and South Africa for several years, it has been recently 

approved and legislated by the European Community (58). Furthermore, the 

characteristics of the final product will depend on the chip size, oak origin, degree of 

toasting, time of application, and doses (53). The aging time is considerably reduced 

since the oak is being put into the wine where the whole surface is available to interact 

with the wine, as compared to the traditional oak barrel where the contact surface is no 

more than 40% (55). 
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Techniques for accelerating aging may be use in combination with micro-

oxygenation treatments to mimic the oxidation process that naturally occurs in wood 

barrels, a process called industrial aging (58, 70). Several studies address the effects of 

the addition of oak along or in combination with micro-oxygenation on the chemical 

composition, sensory properties, and volatile profile of wines when compared to 

traditional aging barrels (53, 55, 56, 58, 69). 

 

HEALTH BENEFITS OF WINE AGAINST CHRONO-DEGENERATIVE 

DISEASES 

The consumption of red wine in European countries such as France has been 

discussed frequently in the news. The so-called “French Paradox” was described in a 

study that compared dietary intake and disease incidence in several countries including 

the United States. The study showed that consumption of red wine might provide 

protection in the French population. Despite the high consumption of saturated fat in the 

French diet, the incidence of cardiovascular-related deaths when compared to other 

countries in the study was lower (71-73). 

The health benefits of red wine later on were attributed to the same polyphenolic 

compounds present in fruits and vegetables (71). Red wine is an excellent source of 

polyphenolics, which mainly come from the grape skin (74) and have demonstrated 

protective effects against cardiovascular disease, inflammation, and cancer (72, 74-77). 

How these polyphenolic compounds act against chronic-degenerative diseases is still 

debated, but several mechanisms have been proposed including anti-oxidant and 
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scavenger properties, quench reactive oxygen species, metal chelators, induction of 

apoptosis, modulators of cell signaling pathways, and anti-inflammatory properties (72, 

75, 76, 78, 79). These compounds are thought to exert these properties in such complex 

ways that even more than one mechanism may be acting at the same time. 

Inflammation is an immune response to cellular or tissue insult or infection by 

pathogens initiated by cytokines and interleukins (80, 81). Acute inflammation may be 

considered as a protective attempt by the organism to stop the injurious stimuli, as well 

as initiate the healing process, thus it is considered beneficial to the organism. Chronic 

inflammation has been demonstrated to be responsible for the triggering of chronic-

degenerative diseases such as arteriosclerosis, platelet aggregation, obesity, diabetes, and 

cancer (82, 83). 

The inflammation response triggers the activation of mitogen-activated protein 

kinases; as a result, transcription factors such as NF-kB are activated (80); these 

transcription factors trigger the expression of pro-inflammatory genes (cytokines, 

cycloxygenase-2, chemokines, etc.), which amplify the inflammatory response (80, 82). 

Recent studies have demonstrated that dietary polyphenolics, as well as red wine 

polyphenolics, at least in part, reduce the inflammatory response and confer 

cardiovascular protection in in vitro and in vivo models (78, 79, 84). Walter and others 

demonstrated in vivo that red wine polyphenolics were able to reduce the effects of 

angiotensin II and the effectors VGEF and matrix metalloproteinases (79). Moreover, a 

study in vivo with anthocyanins from red wine, showed a decrease in MCP-1 levels in 

plasma, as well as an increase in antioxidant capacity (84). In concordance with previous 
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studies, Lelfert and others demonstrated that grape seed and red wine extracts were 

effective in reducing the proinflammatory 5-LOX, as well as cholesterol uptake in vitro 

(78). 

It is recognized that chronic inflammation, as well as an imbalance between anti-

inflammatory and proinflammatory mediators, in some cases are responsible for the 

initiation of signal cascades that are able to promote a carcinogenesis process (80, 83, 

85). Furthermore, malignant cells are able to produce different types of cell signals 

(cytokines) and growth factors, which facilitate cell proliferation and survival (83). 

Recent studies have demonstrated the potential link between chronic inflammation and 

cancer (78, 86, 87). 

Research has also shown the protective effects of wine polyphenolics and dietary 

sources of polyphenolics against several types of cancer cell lines, as well as in animal 

models (76, 88-97). In general, results have demonstrated that polyphenolics are 

effective to reduce cell proliferation, induce apoptosis, modulate cell signals through 

different pathways, and arrest cells in specific stages of the cell cycle. 

 

MOLECULAR ASPECTS OF CANCER 

Cancer is recognized as a genetic disease characterized by abnormal cell growth 

and development of normal cells beyond their natural boundaries (98). Despite the 

efforts to control and limit the incidence and mortality rate, cancer is still one of the 

leading causes of death among men and women (75, 98, 99). According to the American 

Cancer Society, cancer is the second leading cause of death after heart diseases in the 
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United States. Furthermore, a report from the World Cancer Research Fund, showed that 

between 30-40% of cancers can be avoided just by changing life style habits such as 

increasing physical activity, consuming an appropriate diet, and maintaining a healthy 

weight (85). 

Carcinogenesis is a multi-step process in which molecular and cellular alterations 

occur. The current accepted process of carcinogenesis consists of three stages: initiation, 

promotion, and progression (Figure 9). 

 

 

 

 

Figure 9. General carcinogenesis model (100). 

 

 

 

Colon Cancer 

Colon cancer is the second most common type of cancer in men and women in 

the United States (101, 102) and the third most common type worldwide (103). Despite 

an increase incidence from 2004 to 2007 by 6%, the mortality rate decreased by 5% 

during the same period of time (102). According to the National Cancer Institute, in 
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2009 there were an estimated 106,100 incidents of colon cancer, 40,870 incidents of 

rectal cancer, and 49,920 deaths from colon and rectal cancers combined.  

Dietary Risk Factors 

Epidemiological and data from migrant studies have shown that when low-risk 

populations such as Japanese move to high-risk areas like the USA, the incidence of 

developing colorectal cancer increases within the first generation of migrants, and the 

second generation has an even higher risk than the white population in the USA (104). 

Thus, there is evidence that diet is an important exogenous factor in colorectal cancer. 

Colorectal cancer may be influenced by nutritional risk factors such as diets high 

in saturated fat, high in red meat, high in processed meats, high in caloric intake, low in 

fiber, and low in fruits and vegetables, as well as consumption of alcoholic beverages 

which provide more than 30 g per day of ethanol (86, 88, 103, 105, 106). Furthermore, 

physical activity has shown greater protective effects against colon cancer than for 

rectum cancer (103). 

Research has shown that polyphenolics from dietary sources have 

chemopreventive and chemotherapeutic properties including activity as antioxidants, 

free radical scavenging, inducing apoptosis, inducing detoxifying enzymes, inhibiting 

transcription factors, and reducing inflammation (81, 107). In a study with delphinidin 

and colon cancer HCT116 cells, results showed a reduction in cell proliferation, 

induction of apoptosis, and reduction of the inflammatory response of NF B (108). 

Furthermore, with grape seed proanthocyanidins and several colon cancer cells, results 

showed inhibition of cell proliferation in some cell lines which was associated with the 
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induction of apoptosis through loss of membrane potential and caspase-3 activation 

(109). 

In accordance with previous studies on red wine and grape seed polyphenolics, 

Lelfert and others demonstrated that in colon cancer cells these compounds reduced cell 

proliferation, induced apoptosis, as well as inhibited cholesterol uptake and the pro-

inflammatory 5-LOX activity (78). Furthermore, with isolated extracts from muscadine 

grapes, Talcott and others showed induction of apoptosis in Caco-2 colon cells, as well 

as reduction in cell proliferation in a concentration-dependent manner (95). 

To date, there is an increased interest in the study of the effects of dietary 

polyphenolics alone or in combination as chemopreventive and chemotherapeutic agents 

against colon cancer (91, 107, 110, 111). 

Non-Dietary Risk Factors 

Non-dietary risk factors for colon cancer include chronic use of non-steroidal 

anti-inflammatory drugs (NSAIDs) and aspirin, smoking, genetic predisposition, and 

some colorectal diseases (103).  

The effects of NSAID drugs have been reviewed and evidence shows that aspirin 

reduced the recurrence of sporadic adenomatous polyps. In addition, in a short-term trial, 

evidence showed a regression, but not prevention or elimination, of colorectal polyps in 

familial adenomatous polyposis (112). 

Smoking has been associated with the formation of large colorectal adenomas, 

which are accepted as being precursor lesions for colorectal cancer. Furthermore, the 
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genotoxic exposure to tobacco compounds may have a temporal effect on the induction 

period of cancer between three to four decades and cancer diagnosis (103). 

Additionally, inflammatory pathologies like Crohn‟s disease have been 

associated with the risk of developing colorectal cancer (103). Similarly, those patients 

that have previously been diagnosed and treated with colorectal cancer have a higher risk 

of reoccurrence (113, 114). 

Genetic Risk Factors 

As a genetic risk factor, colon cancer has been associated with either polyposis or 

nonpolyposis syndromes (103). Furthermore, colorectal cancer may be caused by two 

known pathways: chromosomal instability in tumor suppressors and oncogenes such as 

p53, K-ras, DCC, and APC, or by microsatellite instability, which is characterized by 

deficiency in DNA mismatch repair (often caused by promoter methylation) and 

alterations in small stretches of short repetitive DNA sequences (86, 115, 116).  

Colorectal Criteria for Stage Classification 

The criteria for stage classification of colorectal cancer is defined according to 

the TNM classification as shown in Table 1, which is a dual system that includes clinical 

and pathological classification. There is a stage grouping classification, as well, shown 

in Table 2 and Figure 10. 
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Table 1. TNM classification. 

Primary tumor (T)  

 TX: Clinical evidence of primary tumor cannot be assessed 

 T0: No evidence of primary tumor 

 Tis: Carcinoma in situ 

 T1: Tumor invades and is confined to mucosa or submucosa 

 T2: Tumor invades the muscular wall or serosa; but no extension beyond 

 T3: Tumor invades through the muscularispropia into the subserosa, or into the 

nonperitonealized pericolic or perirectal tissues; no fistula present 

 T4: Fistula present; tumor invades other organs or structures and/or perforates the 

visceral peritoneum 

Regional lymph nodes (N)  

 NX: Nodes cannot be assessed 

 N0: No regional lymph nodes metastasis; nodes not involved 

 N1: Metastasis in 1 to 3 regional lymph nodes 

 N2: Metastasis in 4 or more regional lymph nodes 

Distant metastasis (M)  

 MX: Metastasis cannot be assessed 

 M0: No known distant metastasis 

 M1: Distant metastasis present 

Modified from Labianca and others, 2010; and Zinkin, 1981. 

 

 

 

Table 2. Stage classification and equivalence with TNM classification. 

Stage 0 Cancer is just found in the innermost lining of the 

colon or rectum 

Tis, N0, M0 

Stage I Tumor has grown into the inner walls of the colon or 

rectum, but has not grown trough the walls 

T1, N0, M0 

T2, N0, M0 

Stage IIA Tumor extends more deeply into of through the wall 

of the colon and rectum; and may be invade nearby 

tissues. No evidence of spread to lymph nodes. 

T3, N0, M0 

Stage IIB T4, N0, M0 

Stage IIIA Tumor extends more deeply into of through the wall 

of the colon and rectum; and may be invade nearby 

tissues. No evidence of spread to lymph nodes. 

T1-2, N1, M0 

Stage IIIB T3-4, N1, M0 

Stage IIIC Any T, N2, M0 

Stage IV Metastasis to other parts of the body (liver and/or 

lungs) 

Any T, any N, M1 

Modified from Labianca and others, 2010; and Zinkin, 1981. 
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Figure 10. Colon cancer stages (117). 

 

 

 

Apoptosis 

Apoptosis is a type of cell death that is highly regulated and requires energy to be 

completed (118). Necrosis, is also a cell death process, but it occurs in an uncontrolled 

manner, is energy independent and un-orchestrated, and the main characteristic is the 

release of intracellular content onto neighboring cells leading to inflammation (102). 

Apoptosis is a process that plays an important role during organism development, 

morphogenesis, and tissue remodeling (119). The main function of apoptosis is to 

maintain cellular homeostasis, thus it plays an important role in cancer research. The 

classic hallmarks of apoptosis include plasma and nuclear membrane blebbling, 

cytosolic condensation, organelle relocalization, chromatin condensation, protein cross-

linking condensation, DNA fragmentation, cell shrinkage, and the formation of apoptotic 

bodies (119-122) which later are removed by phagocytes (118, 122). One characteristic 

of apoptosis is that cell death is associated with a lack of inflammatory response contrary 

to necrosis (121). 
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Researchers have found different pathways that can lead to apoptosis. The classic 

pathways are caspase-dependent. Caspases are cystein proteases that exist in inactive 

form in cells (zymogens) (122). The term caspase reflects that these proteases cleave 

substrate proteins after aspartate residues (122-124). To date, caspase activity has been 

classified in effector caspases (caspase 8 or 9) and executioner caspases (caspase 3, 6 

and 7) (118, 122, 124); although, other caspases are currently being studied (118). 

Caspase-dependent programmed cell death can be triggered by extracellular cell 

signaling or by intrinsic pathways which promote mitochondrial membrane 

permeabilization which releases caspase-activating factors (121, 123) as shown in Figure 

11. 

 

 

 

 

Figure 11. Caspase-dependent apoptosis pathways (121). 

 

 

 

Programmed cell death through caspase-independent pathways often depends on 

proteolytic enzymes and mitochondrial membrane permeabilization (123). Some of these 
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proteases include cathepsin, calpains, and granzymes. Even though these enzymes may 

participate in caspase-dependent programmed cell death, recent studies have shown that 

they are able to produce apoptotic morphological changes in a caspase-independent 

manner (123, 125, 126) as shown in Figure 12. 

 

 

 

 

Figure 12. Caspase-independent apoptosis pathways (123). 

 

 

 

MicroRNAs and Phytochemicals 

Since the discovery of microRNAs (miRNAs) in the early 1990‟s (127), these 

small non-coding RNA molecules, no longer than 18-25 nucleotides in length (128), 

have played an important role in providing a better understanding of the molecular basis 

of cancer. MiRNAs regulate gene expression through interactions with 3‟-untranslated 

regions (3‟-UTR) of target genes causing mRNA cleavage and repressed translation 
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(127, 129-131). MiRNA-mediated oncogenic activity may result from either down-

regulation of tumor suppressor genes or up-regulation of oncogenic genes (131, 132). 

The first studies on miRNAs were focused on the biogenesis and function of 

these molecules and their relationship with chronic-degenerative diseases (133-135). 

Data from those studies demonstrated that one miRNA could target not only one mRNA, 

but hundreds (128). So far, oncogenic miRNAs such as miR-21, miR-27a, miR155, and 

miR-106a have been found in different tumors and cancer cell lines, as well as some 

tumor suppressor miRNAs such as miR-15, miR-16, miR-127, and miR-181, that may 

be potential target for cancer therapies. Recent evidence also suggests that miRNAs may 

play an important role in the development and progression of cancer. 

Despite the advances in this research, there is still little focus on the effects of 

phytochemicals and miRNAs. Data, so far, has shown promising results for protection 

against several diseases in vitro and in vivo. Furthermore, results indicate that 

phytochemicals may inhibit or over-express some miRNAs, and as a result, could induce 

drug sensitivity, inhibit cell proliferation, and potentially reduce or block cancer invasion 

and metastasis (136). More importantly, phytochemicals could be used to increase 

malignant cells sensitivity to conventional agents facilitating inhibition or cell death. 

In a study with epigallocatechin gallate and HepG2 cells, results showed that 

when cells were treated with this polyphenol, miR-16 was up-regulated, whereas the 

anti-apoptotic protein Blc-2 exhibited significant down-regulation. This may evidence 

that miR-16 in conjunction with polyphenolic compounds induce apoptosis through 

down-regulation of Bcl-2 (137).  
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In addition, a study with curcumin and pancreatic cell treatments showed down-

regulation of miR199a* and up-regulation of miR-22 which suppressed the Sp1 protein 

and estrogen receptor 1 suggesting that modulation of miRNAs may be important to 

understanding the biological properties of curcumin (138). 

The effect of miRNAs and colon cancer cells has also been studied with synthetic 

drugs and dietary supplements (139-141). A study with methyl 2-cyano-3,11-dioxo-18b-

olean-1,12-dien-30-oate showed anticancer properties on SW480 and RKO colon cancer 

cells suggesting inhibition of miR-27a as a potential mechanism (139). Furthermore, 

with 5-fluorouracil and oxaliplatin, Zhou and others (140) evaluated the expression 

profiles of miRNAs in HCT-8 and HCT-116 colon cancer cells to determine whether the 

pharmacodynamic mechanisms of the chemotherapeutics could rely in part on their 

influence on miRNA expression. Similarly, Tili and others(141) studied the effect of 

resveratrol on miRNAs in colon cancer cells SW480. Results showed that resveratrol 

treatments decrease the levels of several oncogenic miRNAs while increasing the levels 

of miR-663, a tumor suppressor miRNA targeting TGF beta 1 transcripts. 
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CHAPTER III 

 

CHARACTERIZATION AND COMPARISON OF AMERICAN HYBRID 

GRAPES RESISTANT TO PIERCE’S DISEASE WITH TRADITIONAL VITIS 

VINIFERA GRAPE VARIETIES GROWN IN TEXAS 

 

SUMMARY 

Environmental conditions play an important role in grape quality and survival. 

Where humidity and hot weather are predominant, some grape varieties are under 

disease pressure. The physicochemical composition and polyphenolic profiles of 

Cabernet Sauvignon, Merlot, Black Spanish and Blanc Du Bois were studied. Total 

phenolics in Black Spanish, Cabernet Sauvignon, and Merlot were similar with values of 

2.53, 2.51, 2.53, respectively; whereas Blanc Du Bois was lower with 0.43 mg GAE/gr 

FW. The skinned-red grapes showed a difference in anthocyanins with values of 1.47, 

0.40, and 0.29 mg/gr FW, respectively. Likewise, Black Spanish had the highest ORAC 

followed by Merlot, Cabernet Sauvignon, and Blanc Du Bois with values of 15.72, 8.63, 

7.61, and 1.95 mol TE/gr FW, respectively. Non-anthocyanin polyphenols didn‟t show 

qualitative differences, the four grape varieties contained similar hydroxycinnamic acids, 

hydroxybenzoic acids, flavan-3-ols, and flavonols. Moreover, possible genetic 

differences between V. vinifera and V. aestivalis had strong influences on anthocyanin 

profiles. The presence of diglucoside forms of anthocyanins and its derivatives of acetyl 

and p-coumaric were relevant in Black Spanish. 
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INTRODUCTION 

In regions with humid and warmer climates, grapes are highly susceptible to 

diseases, particularly to Pierce‟s disease (142). Pierce‟s disease is a bacterial infection 

caused by Xylella fastidiosa in which the “glassy-winged sharpshooter” serves as a 

vector (142, 143). This insect's natural habitat is in the southeastern region of the country 

in states including Texas, Louisiana, Mississippi, and Florida (143). Therefore, these 

areas are considered “hot zones” for Pierce‟s disease propagation, which is considered to 

be endemic (142, 144). 

Since the late 1800‟s, there have been attempts to grow Vitis vinifera in regions 

where Pierce‟s disease is prevalent without success (145). Therefore, grape growers are 

looking for American hybrids or grapes native to America, which have shown resistance 

or tolerance to diseases such as Pierce‟s disease, black rot, and powdery mildew (16, 

142). In the state of Texas, due to specific growing conditions in certain regions, grape 

growers are able to produce Vitis vinifera varieties (Merlot, Cabernet Sauvignon, 

Sangiovese, Shiraz, etc.) of good quality, whereas in the east and southeast, near the gulf 

coast, hybrid grapes (Black Spanish and Blanc Du Bois) or native grapevines like Vitis 

aestivalis (Norton or Cynthiana) are suitable for propagation (4, 7, 9). 

Information on the chemical characterization of V. vinifera is available and 

current (146-148). In contrast, information about American natives or hybrid grapes such 

as Black Spanish, Blanc Du Bois, Norton, and other varieties with the potential to 

benefit the winemaking industry is scarce and outdated. 

Black Spanish grapes, also known as Jaques or Lenoir, are considered natural 
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hybrids of Vitis aestivalis, and scientists agree that this grape variety contains 

characteristics from three species V. aestivalis, V. cinerea, and V. vinifera(142, 149, 150). 

This variety has a long history and tradition in the state of Texas, yet, in recent years, the 

Black Spanish grape has incited the interest of winemakers due to its unique aroma, 

taste, and the potential for satisfactory growth in warmer regions susceptible to Pierce‟s 

disease.  

Blanc Du Bois was developed with the intention to obtain a high yield plant able 

to produce quality grapes for premium white wines (151). Blanc Du Bois was the result 

of crossing between Florida D6-148, a hybrid resistant to Pierce‟s disease, and Cardinal 

in 1968 (151). Although is a hybrid, its origin can be traced back as a distant descendent 

of Vitis aestivalis ssp. smalliana, Pixiola and Golden muscat (151). Principal advantages 

and characteristics of Blanc Du Bois include its resistance to fungal and bacterial 

infections and the ability to grow in warmer climates (151), which makes it attractive 

where V. vinifera varietals can‟t survive. 

The objective of this study is to investigate the chemistry of American hybrid 

grapes resistant to endemic diseases as compared with traditional Vitis vinifera varieties 

of economic interest for the winemaking industry in Texas. 

 

MATERIALS AND METHODS 

Grape Sources 

Commercial grape varieties were collected at different locations in the state of 

Texas during the harvest season of 2010. Black Spanish grapes were collected from the 
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experimental vineyard at Texas A&M University (College Station, TX); Merlot grapes 

from Shofner (southeast of Lamesa, TX) were donated by Messina Hof winery (College 

Station, TX), Cabernet Sauvignon from the Texas AgriLife experimental vineyard 

station (Lubbock, TX), and Blanc Du Bois donated by Austin County Vineyards (Cat 

Spring, TX). After harvest, grapes were stored at -20 
o
C and shipped overnight to the 

Department of Food Science (Texas A&M University, College Station, TX). Upon 

arrival, grapes were stored at -20 
o
C until needed for chemical analysis. 

Extraction and Fractionation of Grape Polyphenols 

Grapes were thawed at room temperature and the seeds were removed. Skins and 

pulp were collected and homogenized with a hand blender and 25 gr of sample was 

taken in triplicate. An extraction solvent consisting of methanol:acetic acid (95:5) was 

used to extract polyphenolic compounds. Samples where homogenized with a 

homogenizer PowerGen 500 (Fisher Scientific, Pittsburg, PA) for 1 min with 50 mL of 

the solvent, and clarified by centrifugation (Eppendorf centrifuge 5810R, Hauppauge, 

NY) at 2500 rpm for 5 min. The supernatant was collected and the process was repeated 

two more times. The final extract was evaporated by rotary evaporation in a rotavapor 

(Büchi Labortechnik AG, Flawil, Switzerland) at 40 
o
C to remove the excess of solvent. 

Grape polyphenols were isolated using C18 solid phase extraction as follows: 

grape extract was loaded onto the C18 Sep-Pak Vac cartridges (Waters Corporation, MA, 

USA) washed with water, and eluted, with ethyl acetate to remove non-anthocyanin 

compounds and to enrich the isolate in phenolic acids, flavan-3-ols, and flavonols, 

followed by acidified methanol to remove the anthocyanin-rich fraction. Both solvent-
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fractions were evaporated by rotary evaporation in a rotavapor (Büchi Labortechnik AG, 

Flawil, Switzerland) at 40 
o
C to dryness. The final samples were reconstituted with 

methanol and stored at -80 
o
C until further use. Prior to analysis of anthocyanins, 

methanol was removed in a speedvac concentrator (Savant ISS110, Thermo Scientific, 

Waltham, MA) and the residue was dissolved in an equivalent amount of 5% acetic acid 

(v/v) in water. 

Determination of Total Soluble Phenolics 

Total soluble phenolics were determined by Folin-Ciocalteu assay (152) using a 

microplate reader FLUOstar (BMG Labtech Inc., Durham, NC) with absorbance read at 

726 nm, and quantified by linear regression using a gallic acid standard and expressed as 

gallic acid equivalents (GAE). 

Determination of Monomeric Anthocyanins 

Total monomeric anthocyanins were determined spectrophotometrically by pH 

differential method using a Helios Gamma spectrophotometer (Thermo Electron, 

Waltham, MA) at 520 nm, and quantified as equivalents of malvidin-3-O-glucoside with 

a molar extinction coefficient of 28,000 (153). 

Determination of Oxygen Radical Absorbance Capacity 

The antioxidant capacity was determined using the oxygen radical absorbance 

capacity assay (ORAC) (154), using fluorescein as the fluorescent probe with a 

FLUOstar fluorescent microplate reader (485 nm excitation and 538 nm emission, BMG 

Labtech Inc., Durham, NC). Results were reported in mol of Trolox equivalents (TE) 

/gr of sample fresh weight (FW). 
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HPLC-PDA-ESI-MSn Analysis of Grape Polyphenols 

Mass spectrometric analysis of the non-anthocyanin fraction was performed on a 

Thermo Finnigan LCQ Deca XP Max MSn ion trap mass spectrometer equipped with an 

ESI ion source (ThermoFisher, San Jose, CA). The non-anthocyanin fraction was 

analyzed using a Sunfire C18 column (Waters Inc., Milford, MA) (250 x 4.6 mm, 5 m) 

at a temperature of 25 
o
C. The chromatographic separation was performed with a mobile 

phase consisting of solvent A and B in gradient mode, where mobile phase A was 0.1% 

acetic acid (v/v) in water, and mobile phase B was 0.1% formic acid (v/v) in methanol. 

The gradient program with 0.4 mL/min was run as follows: 0 min 100%, A; 1 min 95%, 

A; 15 min 70%, A; 40 min 35%, A; 50 min 5%, A; 55 min 5%, A; 55.5min 100%, A; 60 

min 100%, A. Ionization was conducted in negative mode as follows: sheath gas (N2), 40 

units/min; auxiliary gas (N2), 5 units/min; spray voltage, 4.5 kV; capillary temperature, 

300
 
°C; capillary voltage, 7 V; tube lens offset, 40 V. The detection wavelengths were 

set at 280 nm and 360 nm. The identification of wine polyphenols was carried out based 

on mass-fragmentation pattern and wavelengths. 

For the anthocyanin fraction, mass spectrometric analysis was performed using a 

Symmetry C18 column (Waters Inc., Milford, MA) (250 x 4.6 mm, 5 m) at a 

temperature of 25 
o
C. The chromatographic conditions consisted of mobile phase A 

water/acetic acid/methanol (85:10:5), and mobile phase B of 0.1% formic acid (v/v) in 

methanol. A gradient program with 0.25 mL/min was run as follows: 0 min 95%, A; 10 

min 80%, A; 30 min 50%, A; 35 min 25%, A; 55 min 25%, A; 56 min 95%, A; 60 min 

95%, A. Ionization was conducted in positive mode as follows: sheath gas (N2), 40 
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units/min; auxiliary gas (N2), 5 units/min; spray voltage, 4.5 kV; capillary temperature, 

300
 
°C; capillary voltage, 3.3 V; tube lens offset, -60 V. The detection wavelength was 

set at 520 nm, and the identification was carried out based on fragmentation pattern and 

wavelengths. 

Statistical Analyses 

Data from each chemical analysis were analyzed by one-way-analysis of 

variance (ANOVA) using JMP version 8.0 (SAS Institute Inc., Cary, NC). Mean 

separations were deemed significant at p ≤ 0.05 using a Tukey-Cramer HSD comparison 

for all pairs. 

 

RESULTS 

Chemical Analyses 

The chemical properties of two V. vinifera and two American hybrids varieties 

grown in Texas were determined using data for total phenolics, total monomeric 

anthocyanins, and ORAC as shown in Table 3. The total phenolics content in Black 

Spanish, Cabernet Sauvignon, and Merlot did not show significant differences; with 

values of 2.53, 2.51, 2.53, respectively; whereas, Blanc Du Bois was significantly lower 

with 0.43 mg GAE/gr FW. 

The three red grapes; Black Spanish, Merlot and Cabernet Sauvignon, showed 

significant differences in monomeric anthocyanins with concentrations of 1.47, 0.40, and 

0.29 mg/gr FW, respectively. Likewise, the antioxidant capacity assessed by ORAC, 

showed similar trends with significant differences among grape varieties, in which Black 
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Spanish had the highest ORAC followed by Merlot, Cabernet Sauvignon, and Blanc Du 

Bois with values of 15.72, 8.63, 7.61, and 1.95 mol TE/gr FW, respectively. 

 

 

 
Table 3. Chemical characterization of Texas grape varieties. 

Analysis 
Black 

Spanish 

Cabernet 

Sauvignon 
Merlot 

Blanc Du 

Bois 

Total phenolics (mg GAE/gr FW)
1
 2.53 0.01a 2.51 0.07a 2.53 0.00a 0.43 0.01b 

Anthocyanins (mg/gr FW)
2
 1.47 0.03a 0.29 0.01c 0.40 0.00b n.d. 

ORAC ( mol TE/gr FW)
3
 15.72 0.14a 7.61 0.05c 8.43 0.03b 1.95 0.03d 

1
Quantified as equivalents of gallic acid per gram of fresh weight.

 2
Monomeric anthocyanins quantified 

as equivalents of malvidin-3-O-glucoside per gram of fresh weight.
 3

Reported in mol Trolox 

equivalents per gram of fresh weight. Data marked with different letters within the same row are 

significantly different (p < 0.05). 

 

 

 

Chemical Profile of Grape Non-Anthocyanin Polyphenolics 

The non-anthocyanin polyphenolics found in all the wine grape varieties studied 

were from the hydroxycinnamic acids, hydroxybenzoic acids, flavan-3-ols, and flavonols 

families. The chromatographic profiles of V. vinifera varieties, Cabernet Sauvignon and 

Merlot, showed common qualitative patterns as shown in Figures 13A-B and Figures 

14A-B. 
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Figure 13. Chromatograms of a Cabernet Sauvignon grape extract. A, phenolic acids, flavan-3-

ols, and procyanidins at 280 nm; B, flavonols at 360 nm; and C, anthocyanins at 520 nm. 
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Figure 14. Chromatograms of a Merlot grape extract. A, phenolic acids, flavan-3-ols, and 

procyanidins at 280 nm; B, flavonols at 360 nm; and C, anthocyanins at 520 nm. 
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For American hybrids grapes, Blanc Du Bois and Black Spanish similar trends 

similar chemical profiles were present compared to V. vinifera varieties as shown in 

Figures 15A-B and Figures 16A-B.  

 

 

Figure 15. Chromatograms of a Blanc Du Bois grape extract. A, phenolic acids, flavan-3-ols, 

and procyanidins at 280 nm; and B, flavonols at 360 nm. 
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Figure 16. Chromatograms of a Black Spanish extract. A, phenolic acids, flavan-3-ols, and 

procyanidins at 280 nm; B, flavonols at 360 nm, and C, anthocyanins at 520 nm. 
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The major non-anthocyanin polyphenols identified in all four grape varieties 

studied are shown in Table 4. From the hydroxybenzoic acid group, only gallic acid was 

identified in Blanc Du Bois. Likewise, two hydroxycinnamic acids were identified with 

the same m/z ratio at different retention times for Black Spanish, and based on their 

fragmentation pattern could be associated to a glucosides form of p-coumaric acid.  

Flavan-3-ols, both (+)-catechin and (-)-epicatechin were detected at 280 nm and 

identified in all grape varieties. Several forms of procyanidins were detected in all grape 

varieties. Polymeric procyanidins included dimers, trimers, and tetramers forms of 

catechin and/or epicatechin.

Five compounds exhibiting typical flavonoid spectral properties were detected in 

all grape varieties in glycoside forms of myricetin, laricitrin, isorhamnetin, and 

quercetin. Only for quercetin, a glucoronic form was identified in Merlot and Blanc Du 

Bois grapes. 

Matrix complexity, coelution and relative low abundance of certain non-

anthocyanin compounds made it difficult to identify these grape varieties. By direct 

infusion onto the mass spectrometer, it was possible to detect their fragmentation 

patterns and determine the presence of more polyphenolic compounds in the samples. 

 



 

 

5
5
 

Table 4. Retention times, mass spectra by HPLC-MS-ESI-(-)-MS
n
, and UV-data of polyphenolics present in Cabernet Sauvignon, 

Merlot, Blanc Du Bois and Black Spanish grapes. 

TR 

(min) 
Compound Grape Variety

1
 max MS [M - H]

-
 (m/z)

2
 MS

2
 (m/z) 

18.0 Gallic acid BDB n.d. 169.2 125.3 

21.6 Polymeric procyanidins CS, M, BDB, BSp 280 1153.0, 865.0, 577.0 451.0, 425.0, 407.1, 289.1 

23.2 Polymeric procyanidins BDB 281 1153.0, 865.0, 577.0 451.0, 425.0, 407.1, 289.1 

25.0 Polymeric procyanidins BSp 279 1153.0, 865.0, 577.0 451.0, 425.0, 407.1, 289.1 

25.2 Unknown CS, M, BDB n.d. 324.8  

25.2 Polymeric procyanidins  BDB 279, 238 577.0  

25.2 (+)-Catechin CS, M, BDB, BSp 279, 238 289.0  

26.4 Polymeric procyanidin  CS, M, BDB 279 1153.2, 865.0 694.9, 577.0, 448.9 

27.3 p-Coumaroyl hexose BSp 315 325.0 187.1, 163.1, 145.3 

29.4 (-)-Epicatechin CS, M, BDB, BSp 279, 237 289.0  

29.4 Unknown CS, M, BDB, BSp n.d. 324.9  

30.7 Polymeric procyanidin CS n.d. 865.0 694.9, 577.1, 289.0 

30.7 p-Coumaroyl hexose BSp 311 325.0 162.9 

36.2 Myricetin-3-O-hexoside CS, M, BSp 351, 300sh, 252 479.1 316.1 

39.5 Laricitrin-3-O-hexoside CS, M, BSp 356, 300, 256 493.1 330.9 

39.8 Qercetein-3-O-hexoside CS, M, BDB, BSp 354, 295sh, 256 463.1 301.1 

39.8 Polymeric procyanidin CS, M, BSp n.d. 576.8  

42.8 Unknown CS, M, BSp 347, 300sh, 254 447.1  

42.8 Isorhamnethin-3-O-glucoside CS, M, BDB, BSp 352, 295sh, 265sh, 255 477.2 314.0 

45.7 Quercetin-3-O-glucoronide M, BDB 356, 295sh, 256 476.9 301.1 
1
CS: Cabernet Sauvignon, M: Merlot, BDB: Blanc Du Bois, BSp: Black Spanish. 

2
Ions in bold indicate the most intense product ion on which further 

MS analyses were performed. 
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For hydroxybenzoic acids, identification of compounds in the grape varieties was 

based on their characteristic m/z signals as follows: 4-hydroxybenzoic acid at m/z 137.2 

([M - H]-) with fragmentation to the m/z 93.1, protocatechuic acid at m/z 153.2 ([M - H]-) 

with fragmentation to the m/z 109.1, vanillic acid at m/z 167.2 ([M - H]-) with 

fragmentation at m/z 123.1, gallic acid at m/z 169.2 ([M - H]-) with fragmentation to the 

m/z 125.3, syringic acid at m/z 197.1 ([M - H]-), vanillic acid hexoside at m/z 329.1.2 

([M - H]-) with fragmentation at the m/z 167.1; for vanillin only in Cabernet Sauvignon, 

Merlot and Black Spanish was detected at m/z 151.1 ([M - H]-) with fragmentation at the 

m/z 136.1 and 106.8. Furthermore, only in Cabernet Sauvignon and Merlot ethyl gallate 

was detected at m/z 197.0 ([M - H]-) with fragmentation to the m/z 182.1, 165.1 and 

151.0. 

Hydroxycinnamic acids were detected in all grape varieties including: cinnamic 

acid at m/z 147.0 ([M - H]-), p-coumaric acid at m/z 163.1 ([M - H]-) with fragmentation 

to the m/z 119.2, caffeic acid at m/z 178.8 ([M - H]-) with fragmentation to the m/z 135.2, 

ferulic acid at m/z 192.9 ([M - H]-) with fragmentation to the m/z 178.1, 149.3 and 134.4, 

caffeoyl tartaric acid at m/z 311.1 ([M - H]-) with fragmentation to the m/z 178.9 and 

149.3,feruryltartaric acid at m/z 324.9 ([M - H]-) with fragmentation to the m/z 193.2. In 

addition, coumaroyl tartaric acid at m/z 295.1 ([M - H]-) with fragmentation to the m/z 

163.1 and dicaffeoyl tartaric acid at m/z 311.0 ([M - H]-) with fragmentation to the m/z 

293.0 and 183.0 were detected in all grapes except Blanc Du Bois. Likewise, in Cabernet 

Sauvignon and Black Spanish, a p-coumaroyl hexose was detected at m/z 325.0 ([M - H]-

) with fragmentation to the m/z 163.1 and 145.3. 
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Flavan-3-ols in all grape varieties, it was possible to identify either gallocatechin 

or epigallocatechin at m/z 305.0 ([M - H]-), catechin gallate or epigallocatechin gallate at 

m/z 441.0 ([M - H]-) with fragmentation to the m/z 289.1 and 169.2, and gallocatechin 

gallate or epigallocatechin gallate at m/z 457.2 ([M - H]-) with fragmentation to the m/z 

289.2. Similarly, in all grapes varieties except Blanc Du Bois, a dimer of 

epigallocatechin-epicatechin was identified at m/z 593.0 ([M - H]-) with fragmentation to 

the m/z 424.9, as well as a procyanidin dimer gallate at m/z 729.0 ([M - H]-) with 

fragmentation to the m/z 576.8. 

For flavonols, several compounds were common for all grape varieties including: 

quercetin at m/z 301.1 ([M - H]-) with fragmentation to the m/z 273.2, 179.1 and 151.0, 

myricetin at m/z 317.1 ([M - H]-), kaempferol-3-O-hexoside at m/z 447.1 ([M - H]-) with 

fragmentation to the m/z 285.2, quercetin3-O-glucoronide at m/z 477.0 ([M - H]-) with 

fragmentation to the m/z 301.1, myricetin-3-O-hexoside at m/z 479.1 ([M - H]-) with 

fragmentation to the m/z 316.2, laricitrin-3-O-hexoside at m/z 493.1 ([M - H]-) with 

fragmentation to the m/z 331.1. Moreover, the following flavonols were absent in Blanc 

Du Bois: quercetin-3-O-rhamnoside at m/z 447.1 ([M - H]-) with fragmentation to the 

m/z 301.1, myricetin-3-O-glucoronide at m/z 493.0 ([M - H]-) with fragmentation to the 

m/z 317.3, and quercetin-3-O-rutinoside at m/z 609.0 ([M - H]-) with fragmentation to 

the m/z 463.0 and 301.1. 

Chemical Profile of Grape Anthocyanins 

Using HPLC-PDA-ESI-MS analysis in positive mode, anthocyanins were 

identified in different grape varieties. Cabernet Sauvignon and Merlot grapes, both V. 
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vinifera, presented similar chromatographic profiles (Figures 13C and 14C); Black 

Spanish, a V. aestivalis hybrid, displayed significant differences (Figure 16C) when 

compared to V. vinifera.  

Cabernet Sauvignon and Merlot grapes showed similar anthocyanin 

compositions (Tables 5 and 6). In Black Spanish grapes, the anthocyanin profile was 

quite different (Table 7). For individual anthocyanins, five conjugated forms of 3-O-

glucoside of delphinidin, cyanidin, petunidin, peonidin and malvidin were identified in 

both V. vinifera and V. aestivalis hybrid varieties. In addition to the 3-O-glucoside 

moieties, in Black Spanish grapes, the 3,5-O-diglucosides were also identified for the 

five anthocyanins previously mentioned. 

For the three grape varieties studied, acetyl derivates with 3-O-glucoside 

moieties were identified for petunidin and malvidin, in which the latter was detected at 

two different retention times with the same m/z signal; this could be associated to the 

presence of different hexoses. Furthermore, in Black Spanish grapes, acetyl derivates 

with the 3,5-O-diglucoside moieties were also found for petunidin and malvidin.  

Merlot grapes contained delphinidin, cyanidin, petunidin, and malvidin in two 

isomer forms cis and trans; Cabernet Sauvignon grapes only contained petunidin and 

malvidin, in isomer forms as well. Black Spanish had not only the monoglucoside forms 

of cyanidin, petunidin and malvidin, but also the 3,5-O-diglucoside forms of the five 

anthocyanins present in wine grapes.  
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Table 5. HPLC-MS-ESI-(+)-MS

n
 of anthocyanins present in Cabernet Sauvignon grapes. 

TR (min) Compound max MS [M + H]
+
 (m/z) MS

2
 (m/z) 

14.9 Delphinidin-3-O-glucoside 526, 278 465.0 303.2 

17.3 Cyanidin-3-O-glucoside 523, 278 449.0 287.0 

18.1 Petunidin-3-O-glucoside 528, 278 478.9 317.1 

20.7 Peonidin-3-O-glucoside 522, 279 463.0 301.1 

21.2 Malvidin-3-O-glucoside 528, 346, 274 493.1 331.1 

24.5 Malvidin-3-O-(6-O-acetyl)-glucoside 530, 278 535.0 331.1 

25.3 Delphinidin-3-O-(6-O-acetyl)-glucoside 531, 278 507.0 464.4, 303.3 

27.1 Malvidin derivate 531, 333, 279 510.9 348.8, 330.7 

27.4 Unknown n.d.  531.1 369.2 

28.6 Unknown 533, 279 573.0 369.2 

28.7 Petunidin-3-O-(6-O-acetyl)-glucoside 532, 278 521.0 317.2, 302.2 

29.6 Malvidin derivate 524, 279 552.8 348.8, 331.0 

31.5 Malvidin-3-O-(6-O-acetyl)-glucoside 528, 347, 272 535.1 331.1 

31.8 Malvidin derivate  n.d. 756.8 331.1 

32.5 A-type vitisin of malvidin-3-O-(6-O-acetyl)-glucoside  n.d. 603.0 399.0 

33.7 Malvidin-3-O-(6-caffeoyl)-glucoside 534, 279 655.0 331.1 

33.8 Petunidin-3-(6-O-p-coumaroyl)-glucoside cis 536, 280 625.0 317.2 

34.6 Malvidin-3-(6-O-p-coumaroyl)-glucoside cis 536, 280 639.0 331.1 

35.6 Petunidin-3-(6-O-p-coumaroyl)-glucoside trans 534, 280 625.0 317.2 

35.6 Peonidin derivate n.d. 611.1 449.1, 301.2 

37.7 Malvidin-3-(6-O-p-coumaroyl)-glucoside trans 534, 282 639.0 331.1 

38.2 A-type vitisin of Malvidin-3-(6-O-p-coumaroyl)-glucoside n.d. 707.0 399.1 
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Table 6. HPLC-MS-ESI-(+)-MS

n
 of anthocyanins present in Merlot grapes. 

TR (min) Compound max MS [M + H]
+
 (m/z) MS

2
 (m/z) 

14.7 Delphinidin-3-O-glucoside 527, 278 465.0 303.2 

16.9 Cyanidin-3-O-glucoside 520, 279 448.9 287.2 

17.9 Petunidin-3-O-glucoside 527,278 479.0 317.1 

20.5 Peonidin-3-O-glucoside 518, 279 463.0 301.2 

20.9 Malvidin-3-O-glucoside 528, 345, 273 492.9 331.1 

24.1 Malvidin-3-O-(6-O-acetyl)-glucoside 526, 279 535.1 331.2 

26.3 Malvidin derivate 533, 277 653.2 635.1, 447.2, 311.4 

26.9 Malvidin derivate 533, 277 510.9 493.0, 348.9, 331.0 

27.2 Unknown 526, 279 531.1 369.1 

27.8 Cyanidin-3-O-(6-O-acetyl)-glucoside 529, 277 491.2 287.2 

28.5 Petunidin-3-O-(6-O-acetyl)-glucoside 532, 279 521.0 317.2 

29.5 Malvidin derivate 533, 279 552.9 348.9, 330.9 

31.3 Malvidin-3-O-(6-O-acetyl)-glucoside 528, 277 535.0 331.1 

32.3 A-type vitisin of malvidin-3-O-(6-O-acetyl)-glucoside 528, 280 603.1 399.3 

32.8 Delphinidin-3-O-(6-O-p-coumaroyl)-glucoside 532, 280 611.1 303.2 

33.4 Peonidin-3-O-(6-O-caffeoyl)-glucoside 532, 280 625.0 301.2 

33.4 Malvidin-3-O-(6-O-caffeoyl)-glucoside 532, 280 655.0 331.1 

34.6 Malvidin-3-O-(6-O-p-coumaroyl)-glucoside cis 534, 280 639.0 331.1 

34.9 Cyanidin-3-O-(6-O-p-coumaroyl)-glucoside 527, 280 595.0 287.3 

35.4 Petunidin-3-O-(6-O-p-coumaroyl)-glucoside trans 531, 274 625.0 317.0 

37.5 Malvidin-3-O-(6-O-p-coumaroyl)-glucoside trans 532, 283 639.1 331.1 
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Table 7. HPLC-MS-ESI-(+)-MS
n
 of anthocyanins present in Black Spanish grapes. 

TR (min) Compound max MS [M + H]
+
 (m/z) MS

2
 (m/z) 

9.7 Delphinidin-3-O-glucoside-5-O-glucoside 528, 275 627.1 464.8, 303.2 

13.0 Cyanidin-3-O-glucoside-5-O-glucoside 521 611.0 448.8, 287.2 

13.5 Petunidin-3-O-glucoside-5-O-glucoside 526 641.0 478.8, 317.1 

14.7 Delphinidin-3-O-glucoside 525, 340, 277 465.0 303.2 

16.1 Peonidin-3-O-glucoside-5-O-glucoside 518, 277 625.0 462.9, 301.1 

16.5 Malvidin-3-O-glucoside-5-O-glucoside 522, 277 655.1 492.9, 331.1 

17.0 Cyanidin-3-O-glucoside 519, 279 449.1 287.3 

17.9 Petunidin-3-O-glucoside 527, 340, 277 479.0 317.1, 302.1 

19.2 Petunidin3-O-(6-O-acetyl)-glucoside-5-O-glucoside n.d. 683.1 520.9, 478.7, 317.0 

20.7 Peonidin-3-O-glucoside 519, 279 463.0 301.2 

21.1 Malvidin-3-O-glucoside 527, 340, 277 493.0 331.1 

22.3 Malvidin-3-O-(6-O-acetyl)-glucoside-5-O-glucoside 526, 279 697.1 534.9, 492.8, 331.1 

22.6 Peonidin derivate 526, 279 667.0 505.0, 462.9, 301.1 

24.5 Malvidin-3-O-(6-O-acetyl)-glucoside 531, 283 535.1 331.2 

25.1 Delphinidin-3-O-(6-O-acetyl)-glucoside 530, 280 507.0 303.2 

26.8 Petunidin derivate 534, 282 803.2 640.9, 317.2 

27.8 Delphinidin-3-O-(6-O-p-coumaroyl)-glucoside-5-O-glucoside 528, 281 773.0 611.0, 464.8, 303.2 

28.0 Cyanidin-3-O-(6-O-acetyl)-glucoside 527, 281 491.0 287.2 

28.7 Petunidin-3-O-(6-O-acetyl)-glucoside 531, 281 521.0 317.2 

29.2 Cyanidin-3-O-(6-O-p-coumaroyl)-glucoside-5-O-glucoside 531, 282 757.4 595.0, 449.0, 287.0 

29.2 Malvidin derivate 532, 284 817.0 654.9, 492.8, 331.1 

30.0 Petunidin-3-O-(6-O-p-coumaroyl)-glucoside-5-O-glucoside 531, 282 787.2 624.9, 478.9, 317.1 

31.3 Malvidin-3-O-(6-O-acetyl)-glucoside 528, 279 535.2 331.1 

32.7 Malvidin-3-O-(6-O-p-coumaroyl)-glucoside-5-O-glucoside 534, 283 801.2 638.9, 493.0, 331.2 

33.9 Peonidin-3-O-(6-O-p-coumaroyl)-glucoside-5-O-glucoside n.d. 771.1 608.9, 462.9, 301.2 

34.7 Cyanidin-3-O-(6-O-p-coumaroyl)-glucoside 527, 310, 284 595.0 287.2 

35.3 Petunidin-3-O-(6-O-p-coumaroyl)-glucoside 534, 283 625.1 317.1 

37.3 Malvidin-3-O-(6-O-p-coumaroyl)-glucoside 532, 283 639.0 331.1 
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Moreover, in V. vinifera varietals, it was possible to identify some caffeic 

glycoside derivates for peonidin and malvidin in Merlot and malvidin in Cabernet 

Sauvignon. In Black Spanish, no caffeic glycoside derivates were identified. In addition, 

some pyranoanthocyanins were found in V. vinifera, but not in V. aestivalis grapes. A-

type vitisin of malvidin-3-O-(6-O-acetyl)-glucoside was identified in both Cabernet 

Sauvignon and Merlot varieties; whereas A-type vitisin of malvidin-3-O-(6-O-p-

coumaroyl)-glucoside was found in Cabernet Sauvignon. 

Some additional anthocyanin-type derivatives were found in both V. vinifera, and 

V. aestivalis, as shown in Tables 5-7, for which it was not possible to obtain total 

confirmation based on spectral properties and m/z signals. 

 

DISCUSSION 

Chemical Analyses 

Total phenolics are an important parameter in determination of grape and wine 

quality. Differences in total phenolics were evident between red-skinned and white 

varietals as previously reported (155). These differences are attributed to the presence of 

anthocyanins in red-skinned grapes, which significantly contribute to the phenolic 

content. Although Black Spanish grapes displayed the highest anthocyanin 

concentration, they presented similar amounts of total phenolics when compared to 

Cabernet Sauvignon and Merlot. This suggests that the phenolic profile or 

concentrations of these grape varietals may be different. Furthermore, concentrations 

obtained in this study were within an expected range (155, 156).  
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Possible genetic differences between V. vinifera and V. aestivalis hybrids seemed 

to have a great impact on anthocyanin content. Previous studies have shown similar 

tendencies in anthocyanins content in V. aestivalis when compared to V. vinifera 

varietals (157). In addition, in Black Spanish grapes, since fresh grapes contained also 

anthocyanins, this may contribute to the total amount. In general, the anthocyanin 

content found in both V. vinifera and V. aestivalis, were comparable to the range 

reported in previous studies (155, 157, 158). 

In grapes and other fruits rich in anthocyanins, studies have shown a relationship 

with high ORAC values (159). The ORAC values for red-skinned grapes were 

significantly higher than for Blanc Du Bois, and were in accordance with previous 

studies (154, 155). In other red-skinned varieties, antioxidant capacities have been 

reported in the range of 46.8 to 22.9 mol TE/gr FW (157, 160) comparable to the range 

found in this study. The differences in total phenolics, monomeric anthocyanins, and 

ORAC values may be due to the extraction procedure, grape variety, vineyard location, 

growing conditions, and use of whole grapes or only parts of them in analysis. 

Chemical Profile of Grape Non-Anthocyanin Polyphenolics 

In grapes, most of the non-flavonoid compounds are present in the pulp, whereas 

flavonoids are located in the stems, seeds and skins (19). Under the analytical conditions 

used in this study, polyphenolics, which have been previously identified in grape 

varieties, were detected (161-163) for both V. vinifera and American hybrid grapes as 

shown in Tables 5-7. 
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The relative abundance and extraction method made it difficult to identify 

hydroxybenzoic and hydroxycinnamic acids. In addition, under the chromatographic 

conditions used, only gallic acid and p-coumaroyl hexose were confirmed for Blanc Du 

Bois and Black Spanish, respectively.  

Flavan-3-ols are present in both, skins and seeds, but higher concentrations can 

be found in seeds (19); chromatographic coelution and relative low abundance made it 

difficult to obtain detailed information about procyanidin identities. The UV properties 

and the characteristic signals at m/z 577.0 ([M - H]
-
) indicated the presence of 

procyanidin dimers, and previous studies on proanthocyanidins agreed that the m/z 577.0 

ion is indicative of B type procyanidin dimers (164, 165), whereas signals at m/z 865.1 

([M - H]
-
) were attributed to procyanidin trimers and signals at m/z 1153.0 ([M - H]

-
) 

were attributed to procyanidin tetramers (166-168).  

Flavonols are mainly present in glycosidic, glucoronic, or acylated forms which 

may, due to enzymatic processes during wine fermentation, hydrolysis, etc., be found as 

aglycones (19). No significant qualitative differences were observed between V. vinifera 

and American hybrid grapes for the flavonols investigated. Previous results have shown 

myricetin and quercetin derivates being the most common flavonols in grape skins (169).  

In a study of white grape varieties from a warm climate, the main flavonol 

glycoside was quercetin glucoronide, whereas isorhamnetin glucoside was found in very 

low concentrations (169), which was similar to the results obtained for Blanc Du Bois. 

Furthermore, some other authors have shown that flavonols like isorhamnetin and 

myricetin glycosides are specific to red grapes (170) but not white; the singularity of 
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myricetin glycosides was supported by this study. 

Moreover, by means of direct infusion onto the mass spectrometer, other 

compounds were tentatively identified in all grape varieties, which are in accordance 

with previous reports done with V. vinifera and non-vinifera varieties (161, 163, 169). 

Lastly, although there is a remarkable difference between grapes with regard to 

their origin, including genetic background, this does not seem to be the most important 

factor in determining which polyphenols are present. Environmental factors such as 

light, soil content, temperature, degree of ripeness, etc (156, 169), may be more 

influential in determining the differences observed between V. vinifera and American 

hybrid grapes as evidenced by this study. 

Chemical Profile of Grape Anthocyanins 

Anthocyanins are responsible for the color of grape skins and an important 

determinant of red wine hues as well. Grapes from V. vinifera varieties like Cabernet 

Sauvignon, Merlot, Sangiovese, etc. contain only 3-O-glucoside forms of the five 

anthocyanins: delphinidin, cyanidin, petunidin, peonidin and malvidin according to 

reports (43, 171-173). In addition, they can be found as monoglucoside derivates of 

acetic acid, coumaric acid, and caffeic acid, which have been reported for these grape 

varieties as well (173). In this study, Cabernet Sauvignon and Merlot grapes, showed 

anthocyanin profiles similar to profiles previously reported (161, 163) from other 

regions; because the to grapes have a similar genetic background (43), this trend was 

expected. In consideration of relative anthocyanin abundance, malvidin-3-O-glucoside 

and its derivative forms of acetyl and coumaroyl were the most predominant, along with 
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the monoglucoside of peonidin, delphinidin, and petunidin. This tendency in 

anthocyanins relative abundance has been reported previously for wine grapes of V. 

vinifera varieties and wines (43, 161). 

For Black Spanish grapes, a V. aestivalis hybrid, in addition to the 3-O-glucoside 

anthocyanins, they also contain 3,5-O-diglucosides, and additional sugar-moiety is 

attached at the 5 position of the A ring in the anthocyanidin structure (174). Likewise, 

they are known to contain acylated diglucoside derivatives of the five anthocyanins 

(175). These characteristics are mainly present in non-vinifera species, and have been 

reported previously for other grapes varieties like Vitis rotundifolia (15, 176, 177) and 

Vitis labrusca (178). The anthocyanin fractions of Black Spanish grapes contained these 

characteristic anthocyanins and were identified as delphinidin, cyanidin, petunidin, 

peonidin and malvidin 3,5-O-dilgucosides with parent ions at m/z 627.1 ([M + H]
+
), m/z 

611.0 ([M + H]
+
), m/z 641.0 ([M + H]

+
), m/z 625.0 ([M + H]

+
),and m/z 655.2 ([M + H]

+
), 

respectively. This was also found for 3,5-O-diglucosides of acetyl and coumaroyl 

derivatives (Table 7). Malvidin in its different moieties was the most abundant 

anthocyanin, which is in accordance with previous results in wine grapes varieties and in 

non-vinifera varieties (171, 179).  

Different authors have suggested that flavonoid biosynthesis, in this case 

anthocyanins, is affected by a myriad of factors such as light, altitude, temperature, soil, 

and water (161, 163, 169). 
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CONCLUSION 

Non-anthocyanin polyphenols didn‟t show qualitative differences. Both V. 

vinifera and American hybrids Black Spanish and Blanc Du Bois contained similar 

hydroxycinnamic acids, hydroxybenzoic acids, flavan-3-ols, and flavonols. It may be 

concluded that white grape Blanc Du Bois had similar qualitative composition to that of 

red grapes varieties in terms of non-anthocyanin polyphenols. Moreover, possible 

genetic differences and background between V. vinifera and V. aestivalis seems to 

strongly have influenced the anthocyanins profile. The most important difference was 

the presence of diglucoside forms of anthocyanins and anthocyanin-derivatives of acetyl 

and p-coumaric acid in V. aestivalis, which were not present in V. vinifera varieties.  

Further studies need to be considered in order to fully characterize non-

anthocyanin polyphenolics and quantify individual polyphenolics in American hybrid 

grapes. The selected American hybrid grapes hold potential for use in Texas viticulture 

and similar climates. 



 

 

68 

6
8
 

CHAPTER IV 

 

EFFECT OF INDUSTRY-SCALE MICRO-OXYGENATION ON THE 

STABILITY OF ANTHOCYANINS IN TEXAS RED WINE 

 

SUMMARY 

Oxygen plays an important role throughout the vinification process and micro-

oxygenation (MOX) is a technology dosing very small amounts of oxygen into the wine 

mimicking the oxygen transfer into wine through oak barrels. This study evaluated wine 

chemistry after industry-scale micro-oxygenation (MOX) was performed in one of the 

largest Texas wineries. MOX with oak inner staves, oak pieces in a stainless steel drum 

and American oak barrel were applied for 96 days in a red wine blend. Wine samples 

were characterized by means of HPLC-PDA-MS, and results showed the typical 

polyphenolic profile for non-anthocyanins and anthocyanins compounds. Malvidin-3-O-

glucoside and its derivates were the most predominant anthocyanins with an average 

abundance of 90.1% in all wine treatments. In general, the anthocyanins content 

decreased in concentration for all treatments including the control. The control was the 

lowest (65.5%), followed by the treatment with the addition of oak pieces (53.2%), oak 

barrel (43.9%), and finally MOX (27.1%). Likewise, for some anthocyanins starting at 

day 24, concentrations decreased compared to the control. These changes were more 

evident at day 52.Moreover, at days 66, 94, and 96 of the MOX, anthocyanin 

concentrations were higher in all treatments compared to the control, potentially due to 
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difference in uncontrolled oxygen-uptake due to vessel-opening. The total phenolic 

content did not show significant differences over time in any of the treatments; hence 

oxygen did not seem to affect the total phenolic content directly, a finding which is 

consistent with previous studies. 

 

INTRODUCTION 

Oxygen is required and plays an important role throughout the vinification 

process (180). At early stages oxygen aids in the fermentation process and stabilizes 

color and aids in developing aromas during aging (181). Despite the beneficial effects of 

oxygen, an excess may lead to wine oxidation having negative effects such as higher 

astringency, color degradation, and adverse microbial activity (59, 60). 

Micro-oxygenation (MOX) is a technology based on the dosage of small amounts 

of oxygen into wine within the same range as oxygen uptake that takes place in oak 

barrels (56, 58, 60). The objective is to accelerate wine-aging and improve color, aroma 

and texture of wines (182). MOX can be applied at any stage during winemaking, 

however best results are obtained after yeast fermentation and before malolactic 

fermentation (57, 60, 61, 182). MOX is being considered as a feasible option for some 

wineries to avoid the use of oak barrels for aging, and to reduce costs involved with raw 

materials, labor, and cellar space (58). MOX may have an impact on phenolic 

compounds, which in red wines are among the constituents responsible for color and 

taste (60, 182). Furthermore, the addition of oxygen during MOX, may contribute to the 

formation of new compounds, especially with anthocyanins and flavan-3-ols to form 
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more stable colored compounds through condensation, oxidation and polymerization 

reactions (60, 62). Oxygen may also participate in the oxidation of ethanol to 

acetaldehyde, which can react with flavonols to produce very reactive carbocation 

species that react with other flavonols or anthocyanins to produce new pigments and 

polymeric compounds via the formation of ethyl-linked adducts (60, 63, 64). 

Traditionally, wines are placed in oak barrels to mature; this process gives the 

wine its color and organoleptic characteristics, which are influenced by several factors 

like geographical origin, oak species, toasting levels, aging time, etc (53, 69). During 

this time, wine polyphenolics react with oxygen and compounds extracted from oak 

wood to increase wine complexity and improve color stability (53, 69). However, in 

recent years new technologies have been introduced to accelerate the aging process. The 

uses of oak products (chips, inner staves, oak powder, etc) are becoming popular options 

in the market (53, 55, 58). The aging time is considerably reduced since the surface area 

of oak is increased compared to the oak barrel where the contact surface is no more than 

40% (55). Accelerating aging techniques may be use in combination with MOX 

treatments to mimic the oxidation process that naturally occurs in oak barrels (58, 70). 

Several studies have addressed the effects of the addition of oak alone or in combination 

with MOX on chemical composition, sensory properties, and volatile profile of wines 

compared to traditional aging barrels (53, 55, 56, 58, 69).  

The objective of this study was to evaluate the effects of MOX and the use of 

inner staves and oak shavings on the chemical profile of anthocyanins in an industry-

scale operation at a commercial winery in Texas. 
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MATERIALS AND METHODS 

Winemaking  

A red wine blend consisted of Cabernet Franc 45%, Malbec 45%, and Merlot 

10% was made following traditional winemaking practices and bought it by Llano 

Estacado Winery (Lubbock, TX). At the winery, malolactic fermentation was allowed to 

completion before MOX. 

Experimental Design 

The experimental design consisted of four treatments: a 55 gallons stainless steel 

drum (Control), a 55 gallon stainless steel drum with the addition of inner staves, the 

same type used in the micro-oxygenation tank (SSD+oak), a standard 59 gallons two 

years old American oak barrel medium toast (Demptos, Napa, CA) (Oak Barrel), and 

3142 gallons tank with 30% oak portion in the inner stave (Innerstave, Sonoma, CA) 

(MOX), which was used previously one time. Winery laboratory staff was in charge of 

the sampling during the experiment that lasted approximately three months. Wine 

samples were taken in triplicate in a 750 mL bottle, then were immediately flushed with 

nitrogen, and stored at 4 
o
C until the need for chemical analysis. 

Micro-oxygenation Procedure 

A proprietary MOX procedure developed by Llano Estacado Winery (Lubbock, 

TX) was used during the experiment. In brief, sulfur dioxide was adjusted to 0.5 

molecular before start wine MOX. The initial oxygen level was set to 10 mg/L/month 

using a micro-oxygenation unit model SAEN 400x/5 (PARSEC Srl, American Tartaric 

Products Inc. Windsor, CA). 
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The wine was monitored on a weekly basis for pH, SO2 (free, molecular, and total), 

volatile acidity and sensory; and depending on the degradation of free SO2 and sensory, 

oxygen concentration was kept or adjusted as follows: if SO2 drops the first time below 

0.3 molecular, then is adjusted again to 0.5 and the oxygen level is maintained to 

10mg/L/month; when the SO2 drops for the second time below 0.3 molecular, the 

oxygen level is reduced to 5 mg/L/month and the SO2 is adjusted to 0.5 once again;  the 

third time that SO2 goes below 0.3 the oxygen level is reduced to 2 mg/L/month and 

molecular is adjusted once again to 0.5; finally when the SO2 reaches 0.3 or below, the 

micro-oxygenation is stopped. During the micro-oxygenation process, tasting was 

guiding the procedure of MOX.  

Extraction of Wine Polyphenols for HPLC-PDA-ESI-MSn Analysis 

A wine sample (100 mL) was diluted with acidified water (5X) prior fractionation. 

Wine polyphenols were isolated using solid phase extraction following manufacture‟s 

recommendations. Diluted samples were loaded onto the C18 Sep-Pak Vac cartridges 

(Waters Corporation, MA, USA) washed with water, and eluted first with ethyl acetate 

to remove non-anthocyanin compounds; then a second wash with acidified methanol was 

applied to remove the anthocyanin fraction. Both solvents were evaporated by rotary 

evaporation in a rotavapor (Büchi Labortechnik AG, Flawil, Switzerland) at 40 
o
C to 

dryness. The final samples were reconstituted with methanol and stored at -80 
o
C until 

further use. Prior analysis of anthocyanins, methanol was removed in a vacuum 

concentrator (Thermo Scientific, Savant ISS110 Speedvac concentrator, Waltham, MA) 

and the residue dissolved in an equivalent amount of acidified water. 
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HPLC-PDA-ESI-MSn Analysis of Wine Polyphenols 

Mass spectrometric analysis of the non-anthocyanin fraction was performed on a 

Thermo Finnigan LCQ Deca XP Max MSn ion trap mass spectrometer equipped with an 

ESI ion source (ThermoFisher, San Jose, CA). The non-anthocyanin fraction was 

analyzed using a Sunfire C18 column (Waters Inc., Milford, MA) (250 x 4.6 mm, 5 m) 

at a temperature of 25 
o
C. The chromatographic separation was performed with a mobile 

phase consisting of solvent A and B in gradient mode, where mobile phase A was 0.1% 

acetic acid (v/v) in water, and mobile phase B was 0.1% formic acid (v/v) in methanol. 

The gradient program with 0.4 mL/min was run as follows: 0 min 100%, A; 1 min 95%, 

A; 15 min 70%, A; 40 min 35%, A; 50 min 5%, A; 55 min 5%, A; 55.5 min 100%, A; 60 

min 100%, A. Ionization was conducted in negative mode as follows: sheath gas (N2), 40 

units/min; auxiliary gas (N2), 5 units/min; spray voltage, 4.5 kV; capillary temperature, 

300 °C; capillary voltage, 7 V; tube lens offset, 40 V. The detection wavelengths were 

set at 280 nm and 360 nm. The identification of wine polyphenols was carried out based 

on fragmentation pattern and wavelengths. 

For the anthocyanin rich fraction, mass spectrometric analysis was performed 

using a Symmetry C18 column (Waters Inc., Milford, MA) (250 x 4.6 mm, 5 m) at a 

temperature of 25 
o
C. The chromatographic conditions consisted of mobile phase A 

water/acetic acid/methanol (85:10:5), and mobile phase B of 0.1% formic acid (v/v) in 

methanol. A gradient program with 0.25 mL/min was run as follows: 0 min 95%, A; 10 

min 80%, A; 30 min 50%, A; 35 min 25%, A; 55 min 25%, A; 56 min 95%, A; 59 min 

95%, A. Ionization was conducted in positive mode as follows: sheath gas (N2), 40 
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units/min; auxiliary gas (N2), 5 units/min; spray voltage, 4.5 kV; capillary temperature, 

300 °C; capillary voltage, 3.3 V; tube lens offset, -60 V. The detection wavelength was 

set at 520 nm, and the identification was carried out based on fragmentation pattern and 

wavelengths. 

Quantification of Anthocyanins by HPLC-PDA 

A wine sample (25 mL) was diluted with acidified water (2X) prior to 

fractionation. Wine polyphenols were isolated using solid phase extraction (SPE) 

following manufacture‟s recommendations. Diluted samples were loaded onto the C18 

Sep-Pak Vac cartridges (Waters Corporation, MA, USA) washed with water, and eluted 

with ethyl acetate to remove non-anthocyanin compounds; then acidified methanol was 

applied to remove the anthocyanin fraction. Both solvents were evaporated by 

evaporation in a rotavapor (Büchi Labortechnik AG, Flawil, Switzerland) at 40 
o
C to 

dryness. The final samples were reconstituted with methanol for the non-anthocyanin 

fraction and acidified water for the anthocyanin fraction and stored at 4 
o
C until further 

use. 

Monomeric anthocyanins were quantified by HPLC-PDA using a standard of 

cyanidin-3-O-glucoside (ChromaDex, Irvine, CA), and reported as equivalents of 

cyanidin-3-O-glucoside. The chromatographic separation was performed in an Alliance 

2695 system (Waters Inc., Milford, MA), and carried out in a using a Symmetry C18 

column (Waters Inc., Milford, MA) (250 x 4.6 mm, 5 m) at a temperature of 25 
o
C. The 

chromatographic conditions were of mobile phase A water/acetic acid/methanol 

(85:10:5), mobile phase B 0.1% formic acid (v/v) in methanol. A gradient program with 
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0.25 mL/min was run as follows: 0 min 95%, A; 15 min, 80% A; 30 min, 50% A; 35 

min, 25% A; 55 min, 25% A; 55.5 min, 0% A; 64 min, 0% A; 64.5 min, 95% A; 70 min, 

95% A. The detection wavelength was set at 520 nm. 

Determination of Total Soluble Phenolics 

Total soluble phenolics were determined by Folin-Ciocalteu assay (152) using a 

microplate reader FLUOstar (BMG Labtech Inc., Durham, NC) with absorbance read at 

726 nm, and quantified by linear regression using a gallic acid standard and expressed as 

gallic acid equivalents (GAE).  

Statistical Analyses 

Data from each chemical analysis were analyzed by one-way-analysis of 

variance (ANOVA) using JMP version 8.0 (SAS Institute Inc., Cary, NC). Mean 

separations were deemed significant at p ≤ 0.05 using a Tukey-Cramer HSD comparison 

for all pairs. 

 

RESULTS 

Chemical Profile of Non-Anthocyanin Polyphenolics 

The chemical profile of the ethyl acetate fraction of a red wine containing non-

anthocyanin polyphenolics was investigated by spectral characteristics and mass 

spectrometry analyses. The polyphenolics present in the ethyl acetate fraction are shown 

in Figures 17 A and B. Compounds in this fraction, were monitored at two wavelengths 

280 nm and 360 nm, which corresponded namely to hydroxycinnamic and 

hydroxybenzoic acids, flavan-3-ols, and flavonols.  
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The red wine contained hydroxybenzoic acids, including gallic acid, 

protocatechuic acid, and syringic acid (Table 8). Gallic acid was the most abundant, 

followed by syringic acid. In addition of hydroxybenzoic acids, hydroxycinnamic acids 

were identified, which included p-coumaric acid hexoside, caffeic acid, and esters of 

tartaric acid such as caffeoyl tartaric acid, and p-coumaroyl tartaric acid, and ferouyl 

tartaric acid. The most abundant were caffeic, syringic, and p-coumaroyl tartaric acid. 

Flavan-3-ols were found in the wine extract as well. (+)-Catechin and (-)-

epicatechin were monomers identified, whereas a mixture of procyanidin polymers 

dimers, trimers, and tetramers were also detected. Specific identification of polymeric 

forms of procyanidins was no possible due to coelution of compounds and 

chromatographic conditions. 

Five flavonols were identified in the red wine (Table 8). The main flavonols were 

laricitrin-O-hexoside, quercetin and myricetin derivatives of glucoronic acid, as well as 

the aglycon form of myricetin. A quercetin derivative, myricetin, and quercetin-3-O-

glucoronide occurred in higher quantities. 
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Figure 17. HPLC chromatograms of polyphenolic compounds present in a red wine. A, phenolic 

acids, flavan-3-ols, and procyanidins at 280 nm; B, flavonols at 360 nm, and C, anthocyanins at 

520 nm.  
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Table 8. Retention times, mass spectra by HPLC-MS-ESI-(-)-MS
n
, and UV data of polyphenolics present in a red wine. 

TR (min) Compound max MS [M - H]
-
 (m/z)

1
 MS

2
 (m/z) 

17.2 Prodelphinidin B3 278 593.1 466.9, 425.0, 407.1, 302.8, 289.0 

17.5 Gallic acid 271 169.1 125.3 

18.6 Catechin-gallocatechin 281 593.1 467.1, 440.8, 423.2, 305.0 

21.5 Polymeric procyanidins 279 1153.0, 865.0, 577.1 739.0, 694.9, 577.0 

23.1 Polymeric procyanidins 279 1153.0, 865.1, 577.1 450.9, 424.9, 407.1, 289.1 

24.8 Polymeric procyanidins 279 1153.1, 577.1 450.9, 424.9, 407.1, 289.1 

24.9 (+)-Catechin 289 289.1  

26.2 Polymeric procyanidins 278 1153.0, 865.0 695.0, 739.1, 577.0, 424.9 

29.1 (-)-Epicatechin 279 289.1  

30.7 p-Coumaroyl hexose 311, 28sh 324.9 265.0, 243.9 

31.1 Caffeic acid 323, 297, 247 179.0 135.3 

31.4 Unknown 275 507.2 492.1, 327.0 

32.5 Caffeoyl tartaric acid 329, 302sh, 249 310.8 179.1, 149.1 

33.8 Unknown 291 510.8 467.2, 474.0, 331.1 

34.1 Syringic acid 273 197.2 197.1, 169.1 

36.9 p-Coumaroyl tartaric acid 310 294.9 163.1, 149.2 

37.9 Ferouyl tartaric acid 311 324.9 192.9 

39.3 Vanillic acid 289 167.3 123.2 

39.6 Laricitrin-3-O-hexoside 286 493.0 331.0 

41.5 Syringic aldehyde 294, 259 181.3 153.2, 151.9, 166.1 

42.1 Myricetin-3-O-glucoronide 292, 379sh 493.0 317.0 

42.4 Unknown 358, 254 507.2 387.1, 344.0 

42.8 Myricetin 372, 305, 255 317.1 179.0, 151.1 

45.0 Quercetin-3-O-glucoronide 357, 295sh, 257 477.0 301.0 
1
Ions in bold represent the most abundant ion on which further mass spectrometry analyses were conducted. 
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Chemical Profile of Anthocyanins 

A large number of anthocyanins have been identified in red wines; in this study 

anthocyanins in the methanolic fraction were identified using HPLC-PDA-ESI-MS in 

positive mode. The chromatogram of the anthocyanin fraction is shown in Figure 17C, 

whereas detailed information about individual anthocyanins are shown in Table 9. The 

wine contained 4 conjugated forms of 3-O-glucoisde of delphinidin, petunidin, peonidin, 

and malvidin were identified. Likewise, only one conjugated form of 3,5-O-diglucoside 

was found for malvidin. The presence of acetyl glycoside derivates for delphinidin and 

malvidin were detected, in which the latter, was identified at two different retention 

times with same m/z ratios. Furthermore, five types of coumaroyl glycoside derivates 

were present for delphinidin, petunidin, peonidin, and malvidin; the latter showed two 

different retention times with same m/z ratio, which may be an indication of the isomer 

forms cis and trans. Finally, a caffeoyl glucoside derivate was identified for malvidin. 

At least seven different pyranoanthocyanins were identified, which included 

vitisin B, vitisin B derivate of malvidin-3-O-(6-O-acetyl)-glucoside. In addition, vitisin 

A-type derivates of malvidin malvidin-3-O-(6-O-acetyl)-glucoside and malvidin-3-O-(6-

O-p-coumaric)-glucoside were detected. Similarly, one vinylcatechol derivate of 

malvidin-3-O-(6-O-acetyl)-glucoside, and two vinylphenol pyranoanthocyanins of 

malvidin-3-O-(6-O-acetyl)-glucoside and malvidin-3-O-(6-O-p-coumaric)-glucoside 

were detected. 
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Table 9. Retention times, mass spectra by HPLC-MS-ESI-(+)-MS
n
, and UV-vis data of anthocyanins present in a red wine. 

TR 

(min) 
Compound max 

MS [M + H]
+
 

(m/z) 
MS

2
 (m/z) 

14.7 Delphinidin-3-O-glucoside 526, 340sh, 277 465.0 303.3 

17.4 Petunidin-3-O-glucoside 527, 345sh, 276 479.3 317.1 

18.7 Malvidin-3-O-glucoside-5-O-glucoside 529, 340sh, 276 655.0 331.2 

19.3 Malvidin derivate 531, 277 657.0 495.0, 331.3 

19.9 Peonidin-3-O-glucoside 516, 275 462.9 301.2 

20.4 Malvidin-3-O-glucoside 527, 350sh, 272 493.1 331.1 

23.6 Vitisin B 529, 280 517.1 355.2 

24.1 Malvidin-3-O-(6-O-acetyl)-hexoside 530, 310sh, 280 535.0 331.1 

24.5 Delphinidin-3-O-(6-O-acetyl)-glucoside 530, 310sh, 280 507.1 303.3 

24.9 B-type vitisin of malvidin-3-O-(6-O-acetyl)-glucoside 530, 310sh, 280 559.1 355.1 

26.8 Malvidin derivate 529, 305sh, 279 510.9 492.9, 348.9, 331.1 

27.4 Malvidin derivate 529, 305sh, 279 985.0 823.0, 331.1 

27.9 Malvidin-3-O-glucoside-8-ethyl-derivative catechin/epicatechin 530, 310sh, 279 809.0 646.9, 518.8, 357.2 

28.2 Petunidin-3-O-(6-O-acetyl)-glucoside 530, 310sh, 279 521.1 317.1 

29.4 Malvidin derivate 527, 280 553.0 348.8, 331.1 

30.9 Malvidin-3-O-(6-O-acetyl)-hexoside 530, 345sh, 276 535.1 331.1 

32.0 Malvidin-3-O-(6-O-acetyl)-glucoside pyruvate 520,279 603.0 399.1 

32.6 Delphinidin derivate 528, 320sh, 281 611.2 303.3 

33.3 Malvidin derivate 529, 320sh, 281 685.1 523.0, 477.1, 331.2 

33.4 Malvidin-3-O-(6-O-caffeoyl)-glucoside 529, 320sh, 281 655.2 493.0, 331.1 

34.2 Malvidin-3-O-(6-O-p-coumaroyl)-glucoside cis 533, 280 639.1 331.1 

35.3 Petunidin-3-O-(6-O-p-coumaroyl)-glucoside 529, 315sh, 281 625.1 317.1 

35.5 
Malvidin-3-O-(6-O-p-coumaroyl)-glucoside-8-ethyl derivative 

catechin/epicatechin 
526, 315sh, 281 955.0 664.2, 357.1 

37.5 Malvidin-3-O-(6-O-p-coumaroyl)-glucoside trans 532, 310sh, 282 639.1 331.1 

38.0 A-type vitisin of malvidin-3-O-(6-O-p-coumaroyl)-glucoside 520, 305sh, 281 707.0 399.1 

38.9 Malvidin-3-O-(6-O-acetyl)-glucoside-4-vinylcatechol 520, 320sh, 280 667.1 463.2 

39.7 Peonidin-3-O-(6-O-p-coumaroyl)-glucoside 505, 271 609.0 447.0, 301.0 

40.6 Malvidin-3-O-(6-O-acetyl)-4-vinylphenol 508, 277 651.0 447.1 

41.7 Malvidin-3-O-(6-p-coumaroyl)-4-vinylphenol 508, 278 755.0 447.1 
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Possible acetaldehyde-mediated condensation products were detected for 

malvidin and identified as possibly malvidin-3-O-glucoside-8-ethyl-epicatechin and 

malvidin-3-O-(6-O-p-coumaroyl)-glucoside-8-ethyl-epicatechin.  

Other anthocyanins were detected at different retention times, but not fully 

identified. Based on the presence of the major fragment ion in the MS
2
 at m/z 303.0 and 

m/z 331.0 indicated that these compounds might be delphinidin and malvidin derivatives, 

respectively (183). 

Quantification of Monomeric Anthocyanins and Total Soluble Phenolics  

Individual and total monomeric anthocyanins were quantified throughout the 

MOX duration of 96 days. However, some of the aforementioned anthocyanins were 

minor compounds that could not be quantified, and some others co-eluted, and were 

quantified combined. As expected, malvidin-3-O-glucoside and malvidin derivates were 

the most predominant anthocyanins with an average abundance of 90.1%, followed by 

petunidin derivates with 6.2%, dephinidin-3-O-glucoside with 1.98%, and penoidin-3-O-

(6-p-coumaroyl)-glucoside with 1.62%. 

The control wine stored in a stainless steel drum showed a significant decrease in 

most of the individual anthocyanins as shown in Table 10. Malvidin-3-O-glucoside and 

malvidin-3-O-(6-O-acetyl)-hexoside, were the most abundant with initial concentrations 

of 91.37 and 14.31 g/mL, respectively.  
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Table 10. Individual and total monomeric anthocyanins in red wine stored in a stainless steel drum (control). 

Anthocyanins Time 

( g/mL) 0 days 13 days 24 days 52 days 66 days 94 days 96 days 

Dp-3-gluc 2.60 0.05a
1
 1.96 0.12bc 2.29 0.12ab 2.33 0.09ab 1.66 0.14c 0.83 0.00d 0.79 0.04d 

Pt-3-gluc 6.37 0.08a 4.79 0.13b 4.81 0.22b 5.03 0.08b 3.97 0.14c 2.53 0.02d 2.33 0.05d 

Mv-3,5-digluc 0.59 0.03a 0.51 0.02ab 0.50 0.03ab 0.52 0.02ab 0.43 0.03b 0.29 0.00c 0.25 0.01c 

Pn/Mv-3-gluc 91.37 1.66a 68.75 1.37b 66.71 2.51b 70.59 0.61b 54.02 2.50c 30.24 0.24d 28.48 0.31d 

Dp/Mv-3-acet-hex 0.51 0.02a 0.34 0.01bcd 0.40 0.02abc 0.38 0.01abc 0.20 0.05d 0.28 0.00cd 0.45 0.05ab 

Pt-3-acet-gluc 1.24 0.04a 0.84 0.01bc 0.82 0.05bc 0.89 0.02b 0.72 0.03cd 0.61 0.00d 0.64 0.01d 

Mv-3-acet-hex 14.31 0.52a 10.03 0.32b 9.27 0.49bc 10.18 0.24b 7.83 0.54c 4.65 0.01d 4.72 0.06d 

Pt-3-coum-gluc 0.47 0.02a 0.33 0.02b 0.33 0.04b 0.30 0.01b 0.30 0.04b 0.27 0.01b 0.27 0.01b 

Mv-3-coum-gluc trans 7.25 0.23a 4.67 0.33b 4.30 0.53bc 5.18 0.13b 3.56 0.48bcd 2.26 0.98d 2.85 0.26cd 

Pn-3-coum-gluc 2.21 0.02a 1.98 0.09a 2.10 0.17a 2.28 0.02a 2.17 0.20a 1.85 0.05a 2.27 0.02a 

Mv-3-acet-4-vp 0.61 0.01a 0.49 0.04a 0.53 0.06a 0.59 0.01a 0.55 0.07a 0.44 0.01a 0.61 0.01a 

Mv-3-coum-4-vp 0.39 0.01a 0.27 0.03a 0.30 0.06a 0.40 0.01a 0.29 0.07a 0.23 0.02a 0.37 0.01a 

Total anthocyanins 127.93 2.55a 94.93 2.32b 92.33 4.26b 98.71 1.12b 75.67 4.27c 44.47 0.57d 44.09 0.63d 
1
Data represent average values  standard error from triplicate measurements; values with different letters between columns represent a significant 

difference (Tukey-Kramer HSD, p< 0.05). Dp, delphinidin; Pt, petunidin; Pn, peonidin; Mv, malvidin; digluc, diglucoside; hex, hexoside; gluc, 

glucoside; acet, acetyl; coum, p-coumaroyl; vp, vinylphenol. 
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Whereas a form of malvidin-3-O-(6-O-acetyl)-hexoside together with 

delphinidin-3-O-(6-O-acetyl)-hexoside along with petunidin-3-O-(6-p-coumaroyl)-

glucoside and malvidin-3-O-(6-p-coumaroyl)-4-vinylphenol, were the lowest with initial 

concentrations of 0.51, 0.47, and 0.39 g/mL, respectively.  

Anthocyanins with major significant decreases over time were delphinidin-3-O-

glucoside, peonidin/malvidin-3-O-glucoside, and malvidin-3-O-(6-O-acetyl)-hexoside 

with up to 69.5%, 68.8% and 67.0% decrease, respectively. However, anthocyanins such 

as peonidin-3-O-(6-O-p-coumaroyl)-glucoside, malvidin-3-O-acetyl-4-vinylphenol, and 

malvidin-3-p-coumaroyl-4-vinylphenol did not show significant losses over time. For 

monomeric anthocyanins, two major ones were identified, one at early stages (day 13) 

with 25.8% of loss compared to the initial time, and on day 94 with 41.2% reduction 

compared to the previous date. Overall there was a 65.5% reduction in anthocyanins. 

The wine stored in an American oak barrel showed similar abundance of major 

anthocyanins and tendencies in anthocyanin losses over time as the control wine (Table 

11). Losses were below 50% for the major anthocyanins like delphinidin-3-O-glucoside 

(44.0%), petunidin-3-O-glucoside (39.6%), peonidin/malvidin-3-O-glucoside (44.0%), 

malvidin-3-O-(6-O-acetyl)-hexoside (46.6%), and trans-malvidin-3-O-(6-p-coumaroyl)-

glucoside (49.8%). Moreover, as in the control wine, anthocyanins like peonidin-3-O-(6-

O-p-coumaroyl)-glucoside, malvidin-3-O-acetyl-glucoside-4-vinylphenol, and malvidin-

3-O-p-coumaroyl-4-vinylphenol, did not show significant differences over time.  
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Table 11. Individual and total monomeric anthocyanins in a red wine stored in an American oak barrel. 

Anthocyanins Time 

( g/mL) 0 days 13 days 24 days 52 days 66 days 94 days 96 days 

Dp-3-gluc 2.52 0.04a
1
 1.78 0.10c 2.18 0.02b 2.09 0.09bc 1.79 0.02c 1.41 0.07d* 1.41 0.04d* 

Pt-3-gluc 6.03 0.10a 4.53 0.18bc 4.64 0.07b 4.41 0.10bc* 4.09 0.06cd 3.69 0.14d* 3.64 0.03d* 

Mv-3,5-digluc 0.57 0.03a 0.49 0.01ab 0.47 0.00b 0.43 0.02bc* 0.42 0.00bc 0.41 0.03bc* 0.37 0.02c* 

Pn/Mv-3-gluc 92.00 0.72a 66.76 3.23b 65.73 0.80bc 61.36 1.62bc* 58.62 0.99cd 51.90 2.01d* 50.95 0.39d* 

Dp/Mv-3-acet-hex 0.52 0.02a 0.37 0.02bc 0.37 0.01b 0.35 0.01bc 0.32 0.00bcd 0.31 0.03cd 0.29 0.01d* 

Pt-3-acet-gluc 1.21 0.05a 0.80 0.04b 0.82 0.02b 0.79 0.01b* 0.74 0.03b 0.75 0.05b 0.72 0.02b* 

Mv-3-acet-hex 13.87 0.16a 9.07 0.46bc 9.54 0.13b 8.85 0.24bc* 8.29 0.18bcd 7.86 0.44cd 7.41 0.09d* 

Pt-3-coum-gluc 0.41 0.01a* 0.26 0.03b 0.27 0.01b 0.27 0.01b* 0.23 0.01b 0.23 0.03b 0.20 0.00b* 

Mv-3-coum-gluc trans 6.24 0.06a* 4.25 0.41b 4.49 0.22b 4.19 0.08bc* 3.71 0.10bc 3.71 0.31bc 3.13 0.14c 

Pn-3-coum-gluc 1.97 0.02a* 1.97 0.14a 2.03 0.07a 2.03 0.04a* 1.97 0.05a 2.13 0.14a 1.86 0.07a* 

Mv-3-acet-4-vp 0.53 0.01a* 0.47 0.05a 0.50 0.03a 0.50 0.02a* 0.47 0.01a 0.55 0.05a 0.44 0.02a* 

Mv-3-coum-4-vp 0.29 0.01a* 0.26 0.05a 0.28 0.03a 0.28 0.03a* 0.26 0.01a 0.35 0.05a 0.23 0.02a* 

Total anthocyanins 126.15 0.84a 91.00 4.69b 91.32 1.15b 85.54 2.11b* 80.90 1.44bc 73.31 3.20c* 70.68 0.71c* 
1
Data represent average values  standard error from triplicate measurements; values with different letters between columns represent a significant 

difference (Tukey-Kramer HSD, p< 0.05). Dp, delphinidin; Pt, petunidin; Pn, peonidin; Mv, malvidin; digluc, diglucoside; hex, hexoside; gluc, 

glucoside; acet, acetyl; coum, p-coumaroyl; vp, vinylphenol. Values with an asterisk (*) mean significant difference when compared to control (Tukey-

Kramer HSD, p< 0.05). 
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When comparing the American oak barrel with the control, no significant 

differences were observed up to 24 days after experiment begin. However, on day 52, a 

significant trend was observed towards a decrease in anthocyanins in the oak barrel. In 

contrast, on days 94 and 96, there was significant retention of the major and more 

abundant anthocyanins in the oak barrel when compared to the control. 

Significant differences in concentrations of monomeric anthocyanins were noted 

after day 13 with 27.8% decrease in anthocyanin content compared to the initial 

concentration, followed by a stable period with no significant decrement, to reach 43.9% 

in loss after 96 days. 

In order to analyze the effects of oak on red wine anthocyanins, oak pieces made 

from staves were added into a stainless steel drum, keeping the oak/wine proportion 

similar as in the MOX tank. Similar tendencies were detected for the most abundant 

anthocyanins as well as the ones in lower concentrations (Table 12) when compared to 

previous treatments (control and oak barrel). In this case, for the most abundant 

anthocyanins like peonidin/malvidin-3-O-glucoside, malvidin-3-O-(6-O-acetyl)-

hexoside, trans-malvidin-3-O-(6-p-coumaroyl)-glucoside, and delphinidin-3-O-

glucoside the reduction in concentrations went up to 55.1%, 52.6%, 50.1%, and 42.3% 

respectively. Likewise, as in previous treatments, vinylphenol anthocyanins, such as 

malvidin-3-O-acetyl-glucoside-4-vinylphenol, and malvidin-3-O-p-coumaroyl-4-

vinylphenol, reductions were below 10%, when compared to the other anthocyanins with 

reductions up to 69% for delphinidin/malvidin-3-O-(6-O-acetyl)-hexoside. 
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Table 12. Individual and total monomeric anthocyanins in red wine stored in a stainless steel drum with oak pieces. 

Anthocyanins Time 

( g/mL) 0 days 13 days 24 days 52 days 66 days 94 days 96 days 

Dp-3-gluc 2.56 0.14a
1
 1.35 0.03d* 1.55 0.03bcd* 1.77 0.07bc* 1.75 0.04bc 1.85 0.04b* 1.48 0.03cd* 

Pt-3-gluc 6.31 0.13a 4.24 0.09bcd* 4.38 0.09bc* 4.53 0.07b* 3.84 0.06d 4.04 0.06cd* 3.27 0.7e* 

Mv-3,5-digluc 0.59 0.01a 0.45 0.03b 0.47 0.05b 0.41 0.02b* 0.25 0.01c* 0.28 0.00c 0.23 0.01c* 

Pn/Mv-3-gluc 93.52 2.88a 63.69 1.33b 65.32 1.63b 65.71 1.43b* 51.51 0.61c 53.81 1.08c* 41.90 1.03d* 

Dp/Mv-3-acet-hex 0.48 0.02a 0.25 0.02c 0.29 0.02c* 0.38 0.01b 0.22 0.01cd 0.16 0.00d* 0.15 0.01d* 

Pt-3-acet-gluc 1.20 0.03a 0.76 0.03b 0.79 0.03b 0.85 0.04b 0.40 0.01c 0.43 0.01c* 0.39 0.01c* 

Mv-3-acet-hex 13.71 0.28a 9.54 0.27bc 9.54 0.43bc 9.72 0.35b 8.05 0.15d 8.20 0.16cd* 6.50 0.20e* 

Pt-3-coum-gluc 0.44 0.02a 0.25 0.01bc 0.26 0.02bc 0.27 0.02b* 0.21 0.01bc 0.22 0.00bc 0.20 0.00c* 

Mv-3-coum-gluc trans 6.36 0.54a 4.55 0.06bc 4.49 0.57bc 5.09 0.26ab 3.74 0.17bc 3.95 0.03bc 3.17 0.13c 

Pn-3-coum-gluc 2.08 0.10ab* 1.96 0.05ab 2.11 0.12ab 2.12 0.06a 1.76 0.05b 1.79 0.03ab 1.88 0.03ab* 

Mv-3-acet-4-vp 0.56 0.04a 0.47 0.02abcd 0.53 0.05abc 0.54 0.02ab 0.40 0.02cd 0.39 0.02d 0.42 0.02bcd* 

Mv-3-coum-4-vp 0.31 0.04a 0.23 0.02a 0.32 0.05a 0.33 0.02a 0.25 0.03a 0.25 0.01a 0.28 0.01a* 

Total anthocyanins 128.12 3.35a 87.73 1.70b 90.03 3.00b 91.72 2.36b 72.39 1.01c 75.37 1.26c* 59.86 1.55d* 
1
Data represent average values  standard error from triplicate measurements; values with different letters between columns represent a significant 

difference (Tukey-Kramer HSD, p< 0.05). Dp, delphinidin; Pt, petunidin; Pn, peonidin; Mv, malvidin; digluc, diglucoside; hex, hexoside; gluc, 

glucoside; acet, acetyl; coum, p-coumaroyl; vp, vinylphenol. Values with an asterisk (*) mean significant difference when compared to control (Tukey-

Kramer HSD, p< 0.05). 
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A comparison to the control wine demonstrated some significant differences 

starting at day 24, in which concentrations for delphinidin-3-O-glucoside and petunidin-

3-O-glucoside were higher in the stainless drum with oak, whereas the most abundant 

peonidin/malvidin-3-O-glucoside was present in lower concentration compared to the 

control. Similar trends were observed at days 94 and 96. Total monomeric anthocyanins 

showed at least three significant decreases in concentrations; during the early stage (day 

13) for the control and oak barrel with 31.5% when compared to the initial, the second at 

day 66 with 21% when compared to previous date, and finally a third one at day 96 with 

20.5% when compared to previous date. Overall total anthocyanins decreased 53.2%. 

In the treatment of MOX along with oak inner staves malvidin-3-O-glucoside 

and all its conjugated forms were the most predominant with an average abundance of 

95.5% (Table 13).  

In general, major individual anthocyanins like delphinidin-3-O-glucoside, 

petunidin-3-O-glucoside, peonidin/malvidin-3-O-glucoside, and malvidin-3-O-(6-O-

acetyl)-hexoside, showed losses of 6.6%, 25.4%, 31.5%, 22.4%, respectively. 

Furthermore, when compared with the other treatments, MOX caused the least reduction 

in anthocyanin concentrations in this treatment.  
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Table 13. Individual and total monomeric anthocyanins in red wine during micro-oxygenation (MOX) and oak inner staves. 

Anthocyanins Time 

( g/mL) 0 days 13 days 24 days 52 days 66 days 94 days 96 days 

Dp-3-gluc 2.33 0.16a
1
 2.14 0.05a 2.32 0.05a 2.39 0.05a 2.12 0.07a* 2.27 0.05a* 2.17 0.03a* 

Pt-3-gluc 6.00 0.05a* 4.75 0.15bc 4.93 0.05b 4.75 0.05bc* 4.21 0.05d 4.61 0.06bc* 4.48 0.07cd* 

Mv-3,5-digluc 0.58 0.00a 0.38 0.01bc* 0.38 0.01bcd* 0.39 0.01b* 0.31 0.03d 0.37 0.02bcd* 0.32 0.01cd* 

Pn/Mv-3-gluc 89.11 0.48a 66.40 2.61bc 67.97 0.55b 65.14 1.49bc* 57.28 0.56d 62.51 0.81bcd* 61.07 0.75cd* 

Dp/Mv-3-acet-hex 0.48 0.01a 0.23 0.02a* 0.28 0.02a* 0.24 0.02a* 0.25 0.01a 0.27 0.03a 0.27 0.01a* 

Pt-3-acet-gluc 1.14 0.02a 0.60 0.04b* 0.61 0.01b* 0.60 0.04b* 0.55 0.01b* 0.60 0.01b 0.61 0.02b 

Mv-3-acet-hex 12.18 0.14a* 10.06 0.45b 10.26 0.17b 10.05 0.29b 8.78 0.10c 9.51 0.15bc* 9.46 0.20bc* 

Pt-3-coum-gluc 0.35 0.01a* 0.28 0.03a 0.30 0.03a 0.29 0.04a 0.24 0.04a 0.29 0.01a 0.28 0.02a 

Mv-3-coum-gluc trans 5.06 0.16a* 5.59 0.48a 5.85 0.27a 5.70 0.49a 4.76 0.11a 5.27 0.10a 5.34 0.39a* 

Pn-3-coum-gluc 1.93 0.02b* 2.23 0.14ab 2.28 0.07a 2.28 0.13ab 2.18 0.03ab 2.23 0.04ab 2.27 0.08ab 

Mv-3-acet-4-vp 0.51 0.00a* 0.57 0.05a 0.63 0.03a 0.57 0.04a 0.55 0.01a 0.57 0.01a 0.60 0.04a 

Mv-3-coum-4-vp 0.26 0.01b* 0.43 0.08ab 0.54 0.05a* 0.49 0.08ab 0.43 0.02ab 0.45 0.03ab 0.53 0.07a* 

Total anthocyanins 119.94 0.90a* 93.67 4.03b 96.45 1.12b 92.79 2.59b 81.65 0.87c 88.94 1.23bc* 87.40 1.60bc* 
1
Data represent average values  standard error from triplicate measurements; values with different letters between columns represent a significant 

difference (Tukey-Kramer HSD, p< 0.05). Dp, delphinidin; Pt, petunidin; Pn, peonidin; Mv, malvidin; digluc, diglucoside; hex, hexoside; gluc, 

glucoside; acet, acetyl; coum, p-coumaroyl; vp, vinylphenol. Values with an asterisk (*) mean significant difference when compared to control (Tukey-

Kramer HSD, p< 0.05). 
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When comparing MOX and control treatment, some differences become evident 

after day 52, MOX wine exhibited significant lower anthocyanins concentrations 

specifically for peonidin/malvidin-3-O-glucoside. Moreover, by days 94 and 96 this 

tendency was reversed, wine treated with MOX had significantly higher concentrations 

for most of the anthocyanins.  

Likewise, during the MOX treatment, total monomeric anthocyanins were 

significantly decreased after 13 days with nearly 22% reduction when compared to day 

zero; during the rest of the time anthocyanins concentrations were kept at similar 

concentration levels reaching at the end losses of 27.1%. 

The total anthocyanin content in wines evaluated during the MOX study is 

summarized in Figure 18. In all treatments, monomeric anthocyanins decreased where 

wine control was the lowest followed by the treatment with the addition of oak pieces, 

oak barrel, and finally MOX. 

 

 

 

 

Figure 18. Total monomeric anthocyanins in red wines through time. 
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Total soluble phenolics were determined for all wine treatments as shown in 

Table 14. The concentration of total phenolics did not show significant differences over 

time for any of the treatments evaluated and the concentrations were approximately 

~2200 g GAE/mL. Likewise, when treatments were compared to the control wine, no 

significant differences were present. 

 

 

 

Table 14. Total soluble phenolics in red wines in g GAE/mL
1
. 

Time 

(days) 
Control Oak Barrel SSD+Oak

2
 MOX

3
 

0 2266.77 53.57a
4
 2224.54 23.69a 2276.99 1.03a 2287.26 27.71a 

13 2165.82 82.41a 2256.47 4.12a 2274.93 48.29a 2267.74 14.38a 

24 2260.59 2.06a 2219.38 51.51a 2253.35 20.55a 2328.36 13.36a* 

52 2339.91 7.21a 2267.80 19.57a 2280.07 39.04a 2270.82 40.07a 

66 2331.67 56.66a 2181.27 151.43a 2256.44 33.91a 2188.62 5.14a 

94 2289.43 10.30a 2332.70 30.90a 2279.04 11.20a 2309.86 54.46a 

96 2271.92 21.63a 2333.73 13.39a 2249.24 51.37a 2249.24 53.43a 
1
Quantified as equivalents of gallic acid.

 2
SSD+Oak: Stainless steel drum with oak pieces. 

3
MOX: Micro-

oxygenation treatment with oak inner staves. 
4
Data represent average values  standard error from 

triplicate measurements; values with different letters between rows in the same column represent a 

significant difference (Tukey-Kramer HSD, p < 0.05). Values with an asterisk (*) mean significant 

difference when compared to control (Tukey-Kramer HSD, p < 0.05). 

 

 

 

DISCUSSION 

Characterization of Wine Non-Anthocyanin Polyphenolics  

In this study, structural information and compound identification were obtained 

by means of mass spectrometric analyses. Non-anthocyanin polyphenolics that have 

been previously identified in wine grapes and red wines were present as well (Table 8) 

(76, 161-163, 183-185). The relative low abundance, extraction method, and the wine 

made it difficult to identify hydroxybenzoic and hydroxycinnamic acids. Of the ones 
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identified, gallic acid was most predominant, confirmed by previous studies (161, 184), 

along with caffeic, coumaric, and cinnamic acids and its derivates (184). 

Flavan-3-ols are located in both, skins and seeds, but higher concentrations are 

found in seeds (19). During the winemaking process, time of contact with the must, 

temperature, pressing the skin grapes, etc; affects the extraction of flavan-3-ols and the 

final concentration in the wines (185). In this study, trace amounts of prodelphinidin B3 

were detected with its characteristic m/z signal at 593.1 ([M - H]
-
) and MS

2
 

fragmentation ions at m/z 466.9, 425.0, 407.1, 302.8 and 289.0. Likewise with same m/z 

signal at 593.1 ([M - H]
-
) but a different retention time, a possible dimer of catechin-

gallocatechin was detected with MS
2
 ions at 467.1, 440.8, 423.2 and 350.0, which are 

accordance with previous wine reports (183). In addition, coelution made it difficult to 

obtain detailed information about procyanidins identities. The UV properties and the 

characteristic signals at m/z 577.0 ([M - H]
-
) indicated the presence of procyanidin 

dimers, and previous studies on proanthocyanidins agreed that the m/z 577.0 ion is an 

indicative of B type procyanidin dimers (164, 165), whereas signals at m/z 865.1 ([M - 

H]
-
) were attributed to procyanidin trimers and signals at m/z 1153.0 ([M - H]

-
) were 

attributed to procyanidin tetramers (166-168).  

Flavonols may be present in glycosidic, glucoronic, or acylated forms, which 

may be cleaved enzymatically during fermentation, hydrolysis, and aging (19, 22). 

Previous studies in wines have shown myricetin and quercetin derivates are the most 

common flavonols (169, 184), which is in accordance with the results obtained in this 

study, where myricetin glucoronide was identified at m/z 493.0 ([M - H]
-
), myricetin at 
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m/z 317.1 ([M - H]
-
), and quercetin glucoronide at m/z 477.0 ([M - H]

-
). Differences in 

the non-anthocyanin polyphenolics found in this study, compared to previous reports 

may be also be attributed to grape origin, environmental conditions like soil type, 

temperature, water, etc (156, 169). 

Characterization of Wine Anthocyanins 

In red wines, anthocyanins are key elements for color development and play an 

important role for quality aspects especially in young wines (61). The red wine blend 

analyzed in this study, made from V. vinifera varieties (Cabernet Franc, Malbec, and 

Merlot) contained the characteristic 3-O-monoglucosides and the 3-O-acetylated 

monoglucosides (acetyl, p-coumaroyl, and caffeoyl) of the main anthocyanins 

delphinidin, petunidin, peonidin, and malvidin; where UV-vis spectra, molecular and 

fragments ions m/z have been widely reported in red wines (19, 43, 61, 161, 172, 186). 

Moreover, malvidin-3-O-glucoside, and its acylated forms (acetyl and coumaroyl), 

which represent more than 88% of the total anthocyanin content in the wine, was found 

as previously determined in wines made of V. vinifera (43, 161). 

Malvidin-3-O-glucoside acylated with p-coumaric acid, was found in isomers 

forms cis and trans, and based on previous work, since hydroxycinnamic acids may exist 

in both cis and trans conformations, the only tentative form to identify in between them 

was base on retention times, cis isomer eluted before the trans isomer (187). 

As common in V. aestivalis derived grapes, the wine contained small amounts of 

malvidin-3,5-O-diglucoside. These anthocyanins have been found in other wine varieties 

at less than 0.5% (186), which was within the same range found in this study. Different 
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authors have suggested that flavonoid biosynthesis, in this case anthocyanins, is affected 

by many factors such as environmental conditions including light, altitude, temperature, 

soil, water (161, 163, 169). 

In red wine, pyranoanthocyanins were identified, which are formed when a 

pyrano-ring is introduced between the C4 and the hydroxyl group attached to the C5 in 

the anthocyanin molecule (61, 62). In this study, two types of pyranoanthocyanins were 

detected, the ones that are classified as A-type vitisins, which are formed by the addition 

of pyruvic acid, and the B-type vitisins or vinyl adducts resulting by the cycloaddition of 

acetaldehyde to malvidin-3-O-glucoside (61, 62, 65). The pyranoanthocyanins found in 

this wine have also been identified in previous work (61, 62, 65, 186). According to 

some authors, these compounds are important to color stability in red wine, since the 

cycloaddition increases anthocyanin-stability to changes in pH and sulfites (61, 188). 

Other types of anthocyanins, the acetaldehyde-mediated, were detected in all 

treatments but were not quantified in red wine due to low concentrations. These 

compounds, some authors suggest, are formed by direct condensation of acetaldehyde 

with malvidin-3-O-glucoside and/or catechin and epicatechin, which yields an ethyl 

bridge-linked compound (61). The acetaldehyde-mediated anthocyanins found in this 

study, have previously been identified in wines and are also resistant to changes in pH 

and sulfites (61, 66, 189). 
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Quantification of Monomeric Anthocyanins and Total Soluble Phenolics  

During winemaking, oxygen takes part in reactions in every step of the 

vinification process; involving the early stages in yeast fermentation through wine aging 

(182). In this study, the reaction of oxygen in reaction with anthocyanins was observed, 

since individual and total anthocyanins decreased over time, although it was not the 

objective of this project to identify types of reactions. Based on these results, the first 

decrease in anthocyanins concentration at day 13, for all treatments, may be due to 

oxygen uptake during the process of initiating treatments, since wines needed to be 

transfer to their respective vessels and the MOX tank. In addition, the oxygen uptake 

may have initiated reactions of anthocyanin reactions with other phenolics (60, 61, 190).  

The control wine, exhibited slightly higher anthocyanin concentrations compared 

to the other treatments including MOX, as previously reported (60-62, 190). In addition, 

at the last two dates sample days, the possibility of a higher oxygen concentration inside 

the tank due to increasing headspace may have caused increased decrease in anthocyanin 

concentrations. Previous studies have shown that control wines often exhibited higher 

anthocyanins concentration when compared to other treatments evaluated such as MOX 

(60, 182, 191), in which this case was the contrary, excess in oxygen on the system lead 

to potential wine oxidation.  

In the case of American oak barrel, the major source of oxygen occurred during 

the filling and storage time, where the oxygen that passed through the wood porous and 

timbers, as well as every time the barrel was opened to take wine samples. As shown in 

Table 11, anthocyanins decreases were progressive without any drastic changes over 
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time. Studies have reported that in oak barrels, type of oaks used is a key factor on 

oxygen transport (63); and that the age of the barrel also affects oxygen permeation since 

wine deposits can plug the wood porous (65). The changes in anthocyanins 

concentrations exhibited over time may be attributed more to the opening rather than the 

oxygen permeation, since the permeation rate is quite low and it has been reported for 

French oak barrels in the range of 2.5 to 20 mL of O2/L of wine per year (63). 

Furthermore, one possible beneficial aspect at the latest stages of the experiment was the 

potential interaction of polyphenolic compounds extracted from the oak barrel; which 

may help to retain anthocyanins through copigmentation phenomena (192, 193). This 

phenomenon could be associated with anthocyanins retention was higher at day 94 and 

96 when compared to the control, which did not contain compounds to protect 

anthocyanins. 

In the stainless steel drum with oak chips, the only possible source of oxygen 

assumed during the experiment was during the opening to take the wine samples and the 

oxygen that was dissolved already in the wine. Previous studies have demonstrated that 

artificial systems for wine aging, the type of oak and selection is fundamental for wine 

evolution (54, 194, 195). In this study, the treatment with oak chips displayed similar but 

slightly higher anthocyanin reduction compared to the American oak barrel treatment. 

Some authors suggest that the evolution of anthocyanins and low molecular polyphenols 

aged in different wine systems, such as the addition of oak pieces experienced much 

rapid aging and greater rate of polymerization than the wine aged in barrels (54, 194, 

195). This phenomenon was also observed in this study mainly after day 66, in which the 
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stainless steel drum with oak showed lower anthocyanin content and it was evident at the 

end of the treatment that this may be due to polymerization reactions of anthocyanins 

(54). It may be assumed that an excess of oxygen due to the headspace in the tank, 

contributed to have a more reduced anthocyanins concentration. As in the oak barrel, 

possible extraction of polyphenolics from the oak pieces, may contribute to promote 

molecular association with through copigmentation helping to retain or stabilize 

anthocyanins (192, 193). 

Studies have shown that MOX wines tend to have an overall lower anthocyanins 

content over time when compared with their controls (60, 190), but in this work this was 

not always the case. Only some individual anthocyanin monoglucosides exhibited 

significant lower concentrations when compared to the no MOX counterpart, which was 

more evident at day 56. Even though oxygen was administrated and controlled in a 

regular basis, it was expected to have greater impact on anthocyanins as previously 

reported (60, 61, 69, 190). One of the main factors attributed to these results, may be the 

vessel size and the better control of headspace in the tank than in the barrels. 

In previous studies, MOX treatments with or without the addition of oak products 

have shown the formation of new anthocyanin compounds due to the reaction of oxygen 

with anthocyanins, in which vitisins compounds and anthocyanin-ethyl-flavan-3-ols 

showed lower concentrations in control wines, whereas wines treated with MOX there 

was an increase in concentrations (61, 190). In this study, these observations were not 

made in general, however pyranoanthocyanin malvidin-3-O-(6-p-coumaroyl)-4-

vinylphenol experienced a slight increase over time in the MOX wine and compared to 
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the control. Some authors suggest that oxygen or reactive oxygen species are required to 

promote de cycloaddition of pyruvic acid, acetaldehyde, vinylphenols, and 

vinylflavanols to malvidin-3-O-glucoside, as an oxidation step to recover the flavylium 

moiety of the anthocyanin (61, 182, 196). Although anthocyanin concentration decreased 

in MOX wine, quality, sensory evaluation is a valid evaluation method of wine quality 

(60). 

Previous studies on total phenolics content in wines from different varieties have 

reported concentrations from ~1000 to 3000 g GAE/mL (57, 76, 197-199), which are 

comparable to this study. Differences in phenolic content are influenced by geographical 

regions, grape varieties, environmental, and winemaking conditions (161). In addition, 

total phenolics in this study did not significantly change over time and were similar to all 

wine samples, which are in accordance with previous results and showed that MOX had 

little influence in the evolution of the phenolic content (57, 60, 200). 

 

CONCLUSION 

In summary, results indicate that oxygen influenced anthocyanin stability over 

time. At early stages anthocyanin stability exhibited common degradation patterns in all 

treatments. At day 52 it was evident the oxygen involvement in anthocyanin degradation 

was present in all treatments including MOX, compared to the control. Furthermore, at 

the end of experiments, vessel size for wine storage seemed to play a role for oxygen 

uptake when compared to the MOX tank. Significant losses of anthocyanins were 

observed in the small containers, which were likely due to an uncontrolled oxygen 
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exposure than the MOX tank. Moreover, MOX seemed to be an effective and controlled 

way to incorporate oxygen into the wine. Other factors such as grape quality, initial wine 

conditions, aroma and flavor play an important role in winemaking and choice of aging 

process. 
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CHAPTER V 

 

RESVERATROL AND QUERCETIN IN COMBINATION HAVE ANTI-

CANCER ACTIVITY IN COLON CANCER CELLS AND REPRESS 

ONCOGENIC MICRORNA-27a 

 

SUMMARY 

Resveratrol and quercetin (RQ) previously have been shown to inhibit growth in 

human leukemia cells. This study investigated the anticancer activity of these 

compounds in HT-29 colon cancer cells. RQ decreased the generation of reactive oxygen 

species (ROS) by up to 2.25-fold, and antioxidant capacity was increased up to 3-fold in 

HT-29 cells within a concentration range of 3.8 – 60 g/mL. Cell viability also was 

decreased after 48, 72 or 96 h, and IC50 values for viability were 24, 21 and 14 g/mL, 

respectively. RQ also induced caspase-3-cleavage (2-fold) and increased PARP 

cleavage, indicating apoptosis. Specificity protein (Sp) transcription factors, Sp1, Sp3, 

and Sp4 are over-expressed in cancers and regulate genes required for cell proliferation 

survival and angiogenesis. RQ (5 - 30 g/mL) decreased the expression of Sp1, Sp3, and 

Sp4 mRNA and protein. Moreover, mRNA expression and protein level of the Sp-

dependent survival-gene survivin were decreased. RQ decreased microRNA-27a and 

induced zinc finger protein ZBTB10, a Sp repressor, suggesting that RQ interactions 

with the microR-27a-ZBTB10-axis play a role in Sp down-regulation. This was 

confirmed by transfection of cells with the specific microRNA-27a mimic, which 
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partially reversed the effects of RQ. This is consistent with previous studies using 

botanical anticancer drugs in colon cancer cells. 

 

INTRODUCTION 

Colon cancer is the fifth most common form of cancer in the United States. Diets 

high in red meat, saturated fat and low in fiber-rich fruits and vegetables have been 

identified as important risk factors (88, 107). The beneficial role of a diet rich in fruits 

and vegetables in colon cancer prevention has been, in part, attributed to plant-derived 

botanicals including polyphenolics, which may protect against various illnesses 

including cancer and chronic-degenerative diseases (201). Quercetin is a dietary 

flavonoid identified in tea, onions, grapes, wines and apples (202) and the anti-cancer 

activities of quercetin have been show in several cancer cell lines, as well as in vivo 

(107, 203, 204). Resveratrol, a phytoalexin, is produced by plants as a defense 

mechanism in response to fungal diseases, stress and UV radiation. The primary dietary 

sources of resveratrol are grapes and peanuts (94). Resveratrol exhibited anticancer 

properties by inhibiting cell proliferation, inducing apoptosis, decreasing angiogenesis 

and causing cell cycle arrest in several cancer cell lines (94, 201, 203, 205). The 

combination of resveratrol and quercetin previously exhibited synergistic interactions in 

their anti-cancer effects in MOLT-4 leukemia cells (203). 

The aim of this study was to investigate the effects of the mixture on Sp1, Sp3 

and Sp4 expression and the potential involvement of miR-27a in the down-regulation of 

Sp transcription factors in HT-29 colon carcinoma cells.  



 

 

 

101 

1
0
1
 

MATERIALS AND METHODS 

Botanical Extract 

Polyphenolics were extracted from a standardized trans-resveratrol and quercetin 

dehydrate supplement (ratio 1:1) in capsule form which was provided by Designs for 

Health (East Windsor, CT). Polyphenolics were extracted with methanol (50 mg/50 mL), 

followed by centrifugation at room temperature for 10 min at 3000 rpm to remove 

inactive and insoluble components. Methanol was evaporated in a rotavapor (Büchi 

Labortechnik AG, Flawil, Switzerland) at 40 
o
C. Residual moisture was evaporated in a 

speedvac concentrator (Thermo Scientific, Waltham, MA) at 43 °C. The final 

resveratrol-quercetin mixture (RQ) was stored at -80 
o
C and dissolved in dimethyl 

sulfoxide (DMSO) prior to use. 

HPLC-PDA Analysis 

The polyphenolic mixture was analyzed and quantified by retention time and 

PDA spectra by HPLC-PDA. The chromatographic separation was performed in an 

Alliance 2695 system (Waters Inc., Milford, MA), and carried out in a Discovery C18 

column (Supelco Inc. Bellefonte, PA) (250 x 4.6 mm, 5 m) at room temperature. The 

chromatographic conditions used were: mobile phase A water/acetic acid (98:2), mobile 

phase B acetonitrile/water/acetic acid (68:30:2). A gradient program with 1 mL/min was 

used as follow 0 min 100%, A; 20 min, 60% A; 30 min 30%, A; 32 min 0%, A; 35 min 

100%, A. The detection wavelengths were set at 306 nm and 360 nm for trans-

resveratrol and quercetin, respectively. Standard compounds for the identification and 
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quantitative analysis of quercetin and resveratrol were obtained from Acros Organics 

(Morris Plains, NJ.) and ChromaDex (Irvine, CA), respectively. 

Determination of Oxygen Radical Absorbance Capacity 

The antioxidant capacity was determined using the oxygen radical absorbance 

capacity assay (ORAC) (154), with fluorescein as a fluorescent probe in a FLUOstar 

fluorescent microplate reader (485 nm excitation and 538 nm emission, BMG Labtech 

Inc., Durham, NC). Results were reported in mol of Trolox equivalents/mL. 

Cell Culture 

Human adenocarcinoma cells HT-29 (American Type Culture Collection 

(ATCC, Manassas, VA), were cultured in McCoy‟s medium supplemented with 10% 

fetal bovine serum (FBS) and 1% antibiotic (100,000 U/L penicillin and 100 mg/L 

streptomycin). Cells were maintained in a humidified atmosphere of 95% air and 5% 

CO2 at 37 °C. For experiments, cells were seeded in DMEM/F-12 medium with 2.5% 

FBS (stripped with activated charcoal as previously described (203)) and 1% antibiotic 

(100,000 U/L penicillin and 100 mg/L streptomycin). 

Generation of Reactive Oxygen Species 

Generation of reactive oxygen species (ROS) was determined using the 2‟,7‟-

dichlorofluorescein diacetate (DCFH-DA) assay (206). In brief, cells (1x10
4
 cells/well) 

were seeded in a clear bottom 96-well plate and incubated for 24 h, then treated with 

different concentrations of RQ (0 - 60 g/mL). After 24 h, cells were twice washed with 

phosphate buffer (PBS) and incubated with 200 µM hydrogen peroxide for 2 h at 37 °C. 

Hydrogen peroxide was removed with a PBS-wash and 10 M DCFH-DA diluted in 
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PBS was added to cells and incubated for 15 min at 37 °C. After removing DCFH-DA, 

the fluorescence intensity was measured after 15 min at 37 °C using a FLUOstar 

fluorescent microplate reader (485 nm excitation and 538 nm emission, BMG Labtech 

Inc., Durham, NC).  

Cell Viability 

Cells were seeded (3x10
3
 cells/well) in a 96-well plate for 24 h, after which the 

growth medium was removed and experimental media containing different extract 

concentrations of RQ (from 0 to 60 g/mL), was added and incubated for up to 96 h. 

Cell viability was assessed at 48, 72 and 96 h with the Cell Titer 96
®
 AQueous One 

Solution Cell Proliferation Assay (Promega, Madison, WI) according to manufacturer‟s 

protocol using a FLUOstar microplate reader at 490 nm (BMG Labtech Inc., Durham, 

NC). The concentration at which cell viability was inhibited by 50% (IC50) was 

calculated by linear regression analyses on percentage cell inhibition as a ratio to the 

control. 

Cell Proliferation 

HT-29 cells (2x10
4
 cells/well) were grown in a 24-well plate for 24 h, and then 

the growth medium was replaced with the experimental medium containing different 

extract concentrations (from 0 - 60 g/mL). After 72 h cell proliferation was determined 

using a cell counter (Beckman Coulter, Fullerton, CA). Cell counts were expressed as a 

percentage of control cells. The concentration at which cell proliferation was inhibited 

by 50% (IC50) was calculated by linear regression analyses. 
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Cleaved Caspase-3 Activation 

Cells were grown (6x10
5
 cells/well) for 24 h, and then incubated with different 

RQ concentrations (0 - 30 g/mL) for 24 h. Cleaved caspase-3 activation was 

determined using an ELISA kit (Cell Signaling Technology Inc. Danvers, MA) 

according to the manufacturer‟s protocol using a microplate reader FLUOstar (BMG 

Labtech Inc., Durham, NC) at 450 nm. 

Real-Time PCR Analysis of miRNA and mRNA 

HT-29 cells were grown (2x10
5
 cells/well) in a 6-well plate for 24 h and then 

incubated with different concentrations of RQ (0 - 30 g /mL). Total RNA, which 

contains both mRNA and miRNA, were isolated using the mirVana  miRNA Isolation 

Kit (Applied Biosystems, Foster City, CA) following the manufacturer‟s recommended 

protocol. Nucleic acid was evaluated for quality and quantity using the NanoDrop®ND-

1000 Spectrophotometer (NanoDrop Technologies, Wilmington, DE) at 260 nm and 280 

nm.  

SuperScript
TM

 III First-Strand (Invitrogen, Carlsbad, CA) was used to reverse 

transcribe mRNA. TATA binding protein (TPB) was used as mRNA endogenous 

control. For real time PCR (RT-PCR), proprietary primers for Sp3 and Sp4 (Qiagen, 

Valencia, CA) were used. The following primers were purchased from Integrated DNA 

Technologies (Coralville, IA) and used for amplification: TBP (sense 5‟-TGC ACA 

GGA GCC AAG AGT GAA-3‟; antisense 5‟-CAC ATC ACA GCT CCC CAC CA-3‟), 

caspase-3 (sense 5‟-CTG GAC TGT GGC ATT GAG ACA-3‟; antisense 5‟-CGG CCT 

CCA CTG GTA TTT TAT G-3‟), ZBTB10 (sense 5‟-GCT GGA TAG TAG TTA TGT 
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TGC-3‟; antisense 5‟-CTG AGT GGT TTG ATG GAC AGA G-3‟), Sp1 (sense 5‟-TCA 

CCA ATG CCA ATA GCT ACT CA-3‟; antisense 5‟-GAG TTG GTC CCT GAT GAT 

CCA-3‟), survivin (sense 5‟-CCA TGC AAA GGA AAC CAA CAA T-3‟; antisense 5‟-

ATG GCA CGG CGC ACT T-3‟). RT-PCR for mRNA was performed using the SYBR 

GreenER qPCR SuperMix (Invitrogen, Carlsbad, CA) on a 7900HT Fast Real-Time 

PCR System (Applied Biosystems, Foster City, CA). 

The TaqMan® MicroRNA Assay for miR-27a and RNU6B (used as control) 

(Applied Biosystems, Foster City, CA) was used to reverse transcribe mature miRNA 

following the manufacturer‟s protocol in a MasterCycler (Eppendorf, Westbury, NY). 

RT-PCR for miRNA was carried out with TaqMan® assay, which contained the forward 

and reverse primers as well as the TaqMan® probe and TaqMan® Universal PCR 

Master Mix, No AmpErase® UNG (Applied Biosystems, Foster City, CA). After 

completion of RT-PCR, relative quantification for both mRNA and miRNA of gene 

expression was evaluated by utilizing the comparative critical threshold (CT) method as 

previously performed (129). 

Transfection with miR-27a Mimic 

Transfections with 50 nM and 100 nM miR-27a mimic (Dharmacon, Lafayette, 

CO) were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) for 6 h as 

previously described (129). After transfection for 6 h, cells were incubated with 20 

g/mL of RQ for 24 h. 
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Cell Cycle Kinetics 

Cells were seeded (5x10
5
 cells/plate) and the cell cycle was synchronized with 

medium containing 2.5% FBS for 24 h. Then cells were treated with RQ (0 - 20 g/mL) 

for 24 h. Cells were fixed with 90% ethanol and stored at -20 
o
C as previously described 

(203). DNA was stained with propidium iodide containing RNAse (0.2 mg/mL) solution 

and analysis was carried out at 488 nm excitation and 620 nm emission wavelengths on a 

FACScan flow cytometer (Becton-Dickinson Immonunocytometry Systems, San Jose, 

CA). The percentage of cells in each cell cycle phase was analyzed using the ModFit LT 

version 3.2 for Macintosh by Verity Software House (Topsham, ME). 

Western Blotting 

Cells were grown (2x10
6
 cells/plate) for 24 h and treated with RQ (0 - 30 g/mL) 

for 24 h. Cells were harvested and cell lysates were obtained using a high-salt buffer [1.5 

mmol/L MgCl2, 500 mmol/L NaCl, 1 mmol/L EGTA, 50 mmol/L HEPES, 10% 

glycerol, 1% Triton X-100; adjusted to pH 7.5] supplemented with protease inhibitors 

(Sigma-Aldrich, St. Louis, MO) (129). Samples were incubated at 100
o
C for 5 min in 1X 

Laemmli buffer (0.1% bromophenol blue, 175 mM ß-mercaptoethanol, 50 mM Tris-

HCl, 2% SDS). Proteins were separated on a 10% (Sp-proteins) or 12% (survivin) SDS-

PAGE at 100 V and transferred to PVDF membrane (Bio-Rad, Hercules, CA) as 

previously performed (129). Membranes were blocked in non-fat milk in PBS-Tween 

and incubated with primary antibodies overnight at 4 
o
C. After washing-steps, 

membranes were incubated with secondary antibodies. Membranes were washed and 

incubated with chemiluminescence substrate (Santa Cruz Biotechnology Inc., Santa 



 

 

 

107 

1
0
7
 

Cruz, CA), and proteins were visualized with a Kodak Molecular Imaging System 

(Carestream Health, Rochester, NY). 

Statistical Analyses 

Data from in vitro experiments were analyzed by one-way-analysis of variance 

(ANOVA) with JMP 8.0 (SAS Institute Inc., Cary, NC). Differences were deemed 

significant at p ≤ 0.05 using a Tukey-Cramer HSD comparison for all pairs. For 

transfections with miR-27a mimic, differences were deemed significant at p ≤ 0.05 using 

a t-student comparison for all pairs. The analysis of linear (pairwise) correlations was 

performed where correlations with a p-value less than 0.05 were deemed significant. 

 

RESULTS 

Chemical Composition  

The chromatographic profiles (Figures 19A and 19B) of RQ demonstrate the 

presence of two major polyphenols, trans-resveratrol (peak 2) and quercetin (peak 3), 

respectively, as major ingredients of this botanical supplement. A small amount of cis-

resveratrol, an isomer less abundant than trans-resveratrol, was also detected (peak 1). 

The presence of small amounts of an isomer of resveratrol, cis-resveratrol, may be 

produced by photo isomerization and UV-radiation (207). Cis-resveratrol might also 

form during the extraction and concentration process when exposed to light. However, 

trans-resveratrol is the isomer with more bioactive properties and it also represents the 

major form of resveratrol in grapes, wines and in the dried roots of Polygonum 

cuspidatum (201, 207). 
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Figure 19. Chromatographic profile of resveratrol and quercetin in combination. A, stilbenes; 

B, flavonols. Peak assignments: 1, cis-resveratrol; 2, trans-resveratrol; 3, quercetin. C, 

hydrogen peroxide-induced generation of reactive oxygen species (ROS) in HT-29 cells treated 

with RQ. D, ORAC-value of HT-29 cell-supernatant with resveratrol/quercetin after 24 h. Bars 

represent means ± SEM, n = 3. Bars with different letters are significantly different (LSD test, p 

< 0.05). 
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Generation of Intracellular Reactive Oxygen Species and ORAC 

Intracellular generation of reactive oxygen species (ROS) was investigated after 

HT-29 cells were challenged with hydrogen peroxide. RQ slightly induced the 

generation of ROS at low concentrations (0 -10 g/mL), whereas at concentrations 

higher than 20 g/mL generation of ROS was significantly reduced (Figure 19C) by up 

to 66% compared to solvent-treated control cells. The antioxidant capacity values 

(ORAC) (Figure 19D) were significantly increased by all concentrations of RQ in a 

dose-dependent manner.  

Cell Death and Cell Cycle Kinetics 

HT-29 cell viability (Figure 20A) was significantly decreased by RQ in a dose- 

and time-dependent manner. The IC50 values were 24, 21, and 14 g/mL, for 48, 72, and 

96 h, respectively. RQ also inhibited cell proliferation, and after treatment for 72 h 

(Figure 20B) cell counts were decreased in a dose-dependent manner. The net numbers 

of cells remaining were the combined results of cancer cell proliferation as well as the 

cytotoxicity of RQ. Cell numbers were significantly decreased at all concentrations (3.75 

- 60 g/mL) and at 60 g/mL RQ; cell proliferation was reduced by up to 73%.  

The effects of RQ on cell cycle progression were determined by fluorescence-

activated cell sorting (FACS) analysis (Figure 20C). In this study, there were minor but 

significant changes in the percentage of cells in different phases of the cell cycle using 

2.5, 5, or 10 g/mL of extract. There was a significant G0/G1 to S phase block compared 

to control cells when cells were treated with 20 g/mL of the mixture (Figure 20C).  
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Figure 20. A, cell viability of HT-29 cells treated with RQ after 48, 72, and 96 h of incubation. 

B, cell proliferation of HT-29 cells after 72 h incubation. C, cell cycle kinetics in HT-29 cells 

treated with resveratrol/quercetin mixture for 24 h. D, protein levels of cleaved caspase-3. E, 

protein expression of Poly(ADP-ribose) polymerase-1 (PARP-1) and cleaved PARP (Asp214). 

Relative protein expression was normalized to -actin. Bars represent means ± SEM, n = 3. 

Bars with different letters are significantly different (LSD test, p < 0.05). 
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Cleaved capase-3, the activated form, is involved in the execution of apoptosis and 

was induced up to 1.5-fold even at low concentrations of RQ (5 and 10 g/mL) (Figure 

20D). At higher concentrations (20 and 30 g/mL), the induction was increased up to 

2.3-fold. Poly(ADP-ribose) polymerase 1 (PARP-1) is a substrate for caspase-3 cleavage 

and produces cleaved PARP-1 (208). There was an increase in PARP cleavage when 

cells were treated with RQ (Figure 20E). 

Modulation of Sp1 Transcription Factors and Dependent Genes 

Previous studies with several botanical anticancer agents and their synthetic 

derivatives show that these compounds down-regulate Sp transcription factors and Sp-

regulated genes (209-214). Results show that RQ (5 – 30 g/mL) decreased Sp1, Sp3 

and Sp4 mRNA levels and that there was also a parallel decrease in Sp1, Sp3 and Sp4 

proteins (Figures 21A-E). In addition, RQ also decreased expression of survivin protein 

and mRNA; these results are consistent with RQ-mediated suppression of Sp 

transcription factors since survivin is an Sp-regulated gene.  

Previous studies demonstrate that the inhibition of ZBTB10 expression by miR-

27a is, at least in part, responsible for the increased expression of Sp-transcription 

factors in cancer cells and tumors (129, 210, 215). In this study, RQ significantly 

decreased miR-27a (Figure 22A) and up-regulated ZBTB10 mRNA (Figure 22B); this 

was accompanied by decreased Sp-proteins, and the Sp-regulated gene survivin (Figure 

21E). 

 

 



 

 

 

112 

1
1
2
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

m
R

N
A

 S
p
1

/m
R

N
A

 T
B

P

0 5 10 20 30

Concentration (mg/mL)

A

ab a

abc bc

c

1.2

1.0

0.8

0.6

0.4

0.2

0

m
R

N
A

 S
p
3

/m
R

N
A

 T
B

P

0 5 10 20

Concentration (mg/mL)

B

a
a

b b

1.2

1.0

0.8

0.6

0.4

0.2

0.0

m
R

N
A

 S
p
4

/m
R

N
A

 T
B

P

0 5 10 20 30

Concentration (mg/mL)

C
a a

ab

b

b

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0

m
R

N
A

 S
u

rv
iv

in
/m

R
N

A
 T

B
P

0 5 10 20

Concentration (mg/mL)

a

D

bc

c

b

Figure 21. Expression of Sp1, Sp3, Sp4, and survivin in HT-29 cells after 24 h of incubation 

with resveratrol/quercetin. A, mRNA expression of Sp1. B, mRNA expression of Sp3. C, 

mRNA expression of Sp4. D, mRNA expression of survivin. E, protein expression of Sp-

proteins and survivin. Protein expression was normalized to -actin. Bars represent means ± 

SEM, n = 3. Bars with different letters are significantly different (LSD test, p < 0.05). 
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These results are consistent with previous studies regarding the effects of other 

botanicals and their derivatives on the miR-27a –ZBTB10-Sp1-axis in multiple cancer 

cell lines (129, 209-214). In this study, the over-expression of miR-27a mimic in HT-29 

cells increased miR-27a, decreased ZBTB10 and increased Sp1 mRNA levels; this was 

consistent with the inactivation of endogenous ZBTB10 expressed in these cells (Figure 

23A-D). Moreover, the miR-27a mimic also partially reversed RQ-induced down-

regulation of miR-27a, induction of ZBTB10 and down-regulation of Sp1. 

 

 

 

 

Figure 22. Expression of miR-27a and ZBTB10 in HT-29 cells 24 h after incubation with 

resveratrol/quercetin. A, expression of miR-27a. B, mRNA expression of ZTB10. Bars represent 

means ± SEM, n = 3. Bars with different letters are significantly different (LSD test, p < 0.05). 
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Figure 23. A, expression of miR-27a after transfection with miR-27a mimic in HT-29 cells. B, 

mRNA expression of ZBTB10. C, mRNA expression of Sp1. D, protein expression of Sp1 

protein after transfection with miR-27a mimic. Protein expression was normalized to -actin. 

Bars represent means ± SEM, n = 3. Bars with different letters are significantly different (LSD 

test, p < 0.05). 
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DISCUSSION 

Generation of Intracellular Reactive Oxygen Species and ORAC 

The generation of ROS has been associated with oxidative cellular damage that 

may be involved in the development of various pathological conditions (216, 217). The 

role of ROS in carcinogenesis is complex. Cancer cells tend to have higher constitutive 

levels of ROS than normal cells due in part to mutations in nuclear and mitochondrial 

genes responsible for the electron transport chain, and also due to increased metabolism 

and mitochondrial activity (218). Elevated levels of ROS may enhance cell proliferation 

and other events relevant to cancer progression (218). ROS can also cause DNA damage 

and oxidation of fatty acids in cellular membrane structures, thereby facilitating 

mutagenesis and cancer development (217, 218). However, many anticancer drugs are 

mitochondrotoxic and induce ROS, which in turn can lead to cancer cell death. 

Polyphenolics, such as resveratrol and quercetin, have the ability to scavenge free 

radicals (206, 217) and also induce activation of antioxidant and detoxifying enzymes, 

thus protecting cells against oxidative damage from carcinogenic compounds (217, 219). 

In this study, RQ induced a concentration-dependent increase in intracellular antioxidant 

capacity (Figure 19D). The intracellular concentration of ROS increased at a low RQ 

concentration (5 g/mL) but decreased at high concentrations (20 - 60 g/mL) (Figure 

19C). One possible explanation for this bi-phasic effect may be the mitochondrotoxic 

properties of polyphenolics, which also induce ROS (94, 220). Studies with 

polyphenolics in cancer cells demonstrate their protective effects against oxidative 

damage in some conditions (206, 221). In this study, RQ induced ROS at lower 



 

 

 

116 

1
1
6
 

concentrations, potentially due to the additional formation of radicals where RQ 

concentrations were too low to have a protective effect. At higher concentrations, RQ 

inhibited the generation of ROS, potentially through scavenging ROS. 

Cell Death and Cell Cycle Kinetics 

The antiproliferative effects of resveratrol and quercetin were previously 

demonstrated in MOLT-4 leukemia cells. The combination of resveratrol and quercetin 

exhibited synergistic effects (96). Cell viability and cell proliferation were significantly 

decreased after the treatment with RQ (Figures 20A and 20B). 

It was previously demonstrated that cell cycle arrest was induced by 

polyphenolics, including resveratrol and quercetin, in several cancer cell lines within 

different phases (76, 89, 95, 96). Tan and others, studied the effect of quercetin on 

HepG2 cells and found that after treatment with quercetin for 48h, cells were arrested in 

the G0/G1 phase (222). In MOLT-4 leukemia cells, polyphenolic-mediated cell cycle 

arrest was influenced by duration of treatment and type of polyphenolic (96). In this 

study, RQ (20 g/mL) decreased the percentage of cells in the S-phase and increased the 

percentage of cells in the G0/G1 phase, which is consistent with the inhibition of the 

progression from G0/G1 to S-phase (Figure 20C). 

Caspase-3 is a major executive enzyme in apoptosis and a commonly used 

indicator for the induction of apoptosis (76, 223). PARP-1, an abundant chromatin-

associated protein (224), plays an important role in maintaining genome integrity (224, 

225) and is cleaved during apoptosis by caspase-3. Cleaved PARP-1 is inactivated so 

that DNA damage cannot be repaired (225). Previous studies have demonstrated the 
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effects of resveratrol and quercetin, as well as some other polyphenolics on caspase-3 

and PARP-1 activity (96, 109, 223). In general, findings from this study are in 

concordance with previous reports. 

Modulation of Sp1 Transcription Factors and Dependent Genes 

Many botanical compounds have previously been demonstrated to down-regulate 

Sp transcription factors and Sp-regulated genes (209-214). For example, curcumin 

decreased Sp1, Sp3 and Sp4 levels in bladder (213) and pancreatic (214) cancer cells. 

The terpenoid betulinic acid also decreased expression of these transcription factors in 

prostate cancer cells, and synthetic analogs of the triterpenoids, oleanolic and 

glycyrrhetinic acid, also exhibited comparable effects (209-214). The importance of Sp1 

down-regulation in terms of the anticancer activity of these compounds is that Sp-

regulated genes play an important role in cancer cell and tumor growth (cyclin D1, c-

MET, EGFR), survival (NF-kB-p65, survivin, and Bcl-2) and angiogenesis (VEGF and 

its receptors) (209-214, 226-229). 

Sp1 over-expression in gastric and pancreatic cancer patients is a negative 

prognostic factor (230, 231), as there is evidence that Sp1 exhibits oncogenic properties 

and plays a role in cell transformation and maintenance of the cancer phenotype (211, 

214, 215, 226, 232, 233). The pathways associated with induction of high levels of Sp1, 

Sp3 and Sp4 during transformation are not known, however, our studies indicate that at 

least one mechanism for elevated expression in cancer cells and tumors is due to 

inhibition of ZBTB10 expression by miR-27a (129, 210, 215). ZBTB10 is a translational 

repressor and binds GC-rich sites to decrease Sp-dependent transactivation (234). Many 
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miRNAs play important roles in carcinogenesis, with either oncogenic or tumor-

suppressing activities (235, 236). The over-expression of oncogenic miRNAs has been 

demonstrated in several cancer cell lines (129, 237-239). In a previous study, we showed 

that miR-27a expression was increased in six breast cancer cell lines (129) and also in 

colon cancer cells (139).  

Results from this study show for the first time that apoptosis induced by RQ and 

inhibition of HT-29 cell growth was associated with decreased expression of Sp1, Sp3, 

Sp4 and Sp-regulated survivin. These latter responses were paralleled by perturbation of 

the miR-27a-ZBTB10 axis, resulting in the induction of ZBTB10 a potent Sp repressor 

gene (234). These effects of RQ on miR-27a-ZBTB10 were observed at concentrations 

of RQ that decrease ROS in HT-29 (Figure 19C) whereas previous studies with 

curcumin and the synthetic triterpenoid methyl 2-cyano-3,12-dioxooleana-1,9-dien-28-

oate (CDDO-Me) show that their effects on miR-27a-ZBTB10 were dependent on the 

generation of ROS (214, 215). Current studies in our laboratory focus on mechanisms of 

ROS-independent down-regulation of miR-27a by RQ and other anticancer agents since 

this pathway plays an important role in the anticancer activities of botanicals and their 

derivatives.  

 

CONCLUSION 

In conclusion, results indicated that a combination of resveratrol and quercetin 

had cytotoxic effects in colon cancer cells, resulting in apoptosis. Interactions of RQ and 

the miR-27a-ZBTB10-Sp1 axis were identified as one possible underlying mechanism. 
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Further studies are needed in order to assess the role of miR-27a and its clinical 

relevance in the anticancer effects exhibited by botanicals. 
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CHAPTER VI 

 

POLYPEHNOLICS FROM BLACK SPANISH RED WINE (VITIS AESTIVALIS) 

HAVE ANTI-CANCER ACTIVITY IN COLON CANCER CELLS AND 

REPRESS ONCOGENIC MICRORNA-27a  

 

SUMMARY 

The anticancer activity of polyphenolics from a Lenoir red wine (Vitis aestivalis) 

was investigated in HT-29 colorectal adenocarcinoma cells. The extract significantly 

inhibited cell proliferation over a period of 36 h with an IC50 value of 258 g GAE/mL 

at a concentration range of 18.7 - 300 g gallic acid equivalents (GAE)/mL. The extract 

also decreased the generation of reactive oxygen species (ROS) and increased the 

antioxidant capacity as determined by the oxygen radical absorbance capacity assay 

(ORAC). The growth inhibitory effect of the wine phenolic extract was also 

accompanied by an induction of apoptosis (cleaved caspase-3 protein). Specificity 

protein (Sp) transcription factors Sp1, Sp3, Sp4 are over-expressed in colon cancer cell 

lines and regulate expression of genes required for proliferation and survival. The effects 

of the polyphenolic extract on the expression of Sp1, Sp3, and Sp4 were investigated. 

The expression of Sp1 was significantly decreased by the wine extract at promoter, 

mRNA, and protein levels; Sp3 and Sp4 transcription factors also were significantly 

decreased at mRNA and protein level. Furthermore, these responses were accompanied 

by decreased expression of the Sp-dependent survival gene survivin. The wine extract 
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also decreased the expression of microRNA-27a (miR-27a) and induced ZBTB10 

mRNA. Results were confirmed by transfecting cells with the mimic for miR-27a, which 

could partially reverse the effects of the wine extract on miR-27a and Sp1 protein. 

Findings are consistent with previous studies in colon and other cancer cell lines where 

botanical-induced down-regulation of Sp1, Sp3 and Sp4 is associated with the 

modulation of miR-27a-ZBTB10 interactions, resulting in the induction of the Sp-

repressor ZBTB10. These results link the anticancer activity of the wine extracts to the 

down-regulation of miR-27a. 

 

INTRODUCTION 

Consumption of fruits and vegetables has been associated with cancer prevention 

in several population studies and some reports have linked specific types of produce (e.g. 

cruciferous vegetables) to cancer prevention (240-242). Red wine has been found to 

have preventive effects in chronic diseases such as cancer (75, 101, 243-246). The 

chemopreventive properties associated with red wine consumption mainly have been 

attributed to the presence of polyphenolic compounds (71, 247, 248). The mechanisms 

of chemoprevention by phenolic compounds and other secondary plant compounds are 

unclear however; their antioxidant activities may be an important protective factor 

against several diseases, including cancer. The effects of phenolic fruit and vegetable 

extracts and their individual components as inhibitors of cancer cell and tumor growth 

have been extensively investigated. Polyphenolic extracts from blackberries, acai, grape 

seeds, etc., have been found to have anticancer effects in several cancer cell lines and in 
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animal models (249-255). Mechanisms of chemoprevention have been more intensively 

investigated with isolated polyphenolic compounds; several studies demonstrate the 

roles of polyphenolics in the induction of apoptosis and reduction of angiogenesis in 

multiple types of cancer (89, 90, 111, 222, 256-258). Moreover, polyphenolics from red 

wines including Vitis vinifera and Vitis labrusca varieties have been found to induce cell 

death, apoptosis, cell cycle arrest, and DNA-damage in various cancer cell lines, 

including colon cancer (75, 76, 247, 248, 259-261). 

Research in our laboratories has focused on determining underlying mechanisms 

of action of various drugs, botanicals, and synthetic analogs as anticancer agents. The 

anticancer activity of the non-steroidal anti-inflammatory drugs (NSAIDs) tolfenamic 

acid, arsenic trioxide, the botanicals betulinic acid, curcumin, and the synthetic 

triterpenoid analogs methyl 2-cyano-3,12-dioxoooleana-1,9-dien-28-oate (CDDO-Me) 

and methyl-2-cyano-3,11-dioxo-18 -oleana-1,2-dien-30-oate (CDODA-Me) is due, in 

part, to down-regulation of Sp1, Sp3, and Sp4 which are over-expressed in cancer cells 

and tumors. The effects of these agents on Sp-proteins are accompanied by down-

regulation of Sp-regulated genes involved in all proliferation (EGFR), survival (bcl-2, 

and survivin) and angiogenesis (VEGF1, VEGF-R) (129, 139, 262). In this study we 

show that a red wine extract also decreases Sp1, Sp3, and Sp4 expression in HT-29 cells 

and this is correlated with down-regulation of miR-27a and induction of the Sp1-

repressor ZBTB10. This identifies, for the first time a novel mechanism of action for red 

wine extract in colon cancer cells. 
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MATERIALS AND METHODS 

Extraction of Red Wine Polyphenols 

A red wine, Port Barrel Reserve made of Black Spanish grapes, was provided by 

Messina Hof (Bryan, TX). Wine polyphenolics were extracted using a C18 cartridge 

(Waters, Inc., Milford, MA). The wine (5X diluted with acidified water) was applied to 

the C18 cartridge under vacuum and polyphenolics were eluted with acidified methanol 

after washing the cartridge with acidified water. The methanol was evaporated in a 

rotavapor (Büchi Labortechnik AG, Flawil, Switzerland) at 40 
o
C. The extract was 

stored at -80 
o
C and dissolved in dimethyl sulfoxide (DMSO) prior to use.  

Determination of Total Soluble Phenolics 

Total soluble phenolics were determined by Folin-Ciocalteu assay (152) using a 

microplate reader FLUOstar (BMG Labtech Inc., Durham, NC) with absorbance read at 

726 nm, quantified by linear regression using a gallic acid standard, and expressed as 

gallic acid equivalents (GAE).  

Determination of Monomeric and Polymeric Anthocyanins 

Total anthocyanin contents were determined spectrophotometrically by pH 

differential method (153) using a Helios Gamma spectrophotometer (Thermo Electron, 

Waltham, MA) at 520 nm and quantified using g/mL equivalents of malvidin-3-O-

glucoside with a molar extinction coefficient of 28,000. The percentage of polymeric 

anthocyanins was determined based on color retention in the presence of sodium sulfite 

(263). 
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Determination of Oxygen Radical Absorbance Capacity 

The antioxidant capacity was determined by means of oxygen radical absorbance 

capacity assay (ORAC) (154), using fluorescein as the fluorescent probe with a 

FLUOstar fluorescent microplate reader (485 nm excitation and 538 nm emission, BMG 

Labtech Inc., Durham, NC). Results were reported in mol of Trolox equivalents/mL. 

HPLC-PDA-ESI-MSn Analysis of Wine Polyphenols 

Wine polyphenols were isolated into two fractions using C18 solid phase 

extraction cartridges (Waters, Inc., Milford, MA). Wine extract was diluted with 

acidified water and applied to the C18 cartridge under vacuum; the non-anthocyanin 

fraction was eluted with ethyl acetate, then the anthocyanin fraction was eluted with 

acidified methanol, and finally the C18 cartridge was washed with acidified water. 

Solvents were evaporated in a rotavapor (Büchi Labortechnik AG, Flawil, Switzerland) 

at 40 
o
C, and re-dissolved in methanol. The extracts were stored at -80 

o
C prior to 

HPLC-MS analyses. 

Mass spectrometric analyses were performed on a Thermo Finnigan LCQ Deca 

XP Max MSn ion trap mass spectrometer equipped with an ESI ion source 

(ThermoFisher, San Jose, CA). The non-anthocyanin fraction was analyzed using a 

Sunfire C18 column (Waters Inc., Milford, MA) (250 x 4.6 mm, 5 m) at 25 
o
C. The 

chromatographic conditions consisted on mobile phase A 0.1% formic acid (v/v) in 

water, and mobile phase B 0.1% formic acid (v/v) in methanol, and ran at 0.40 mL/min. 

The non-anthocyanin fraction was separated with a gradient elution program in which 

phase A changed as follows: 0 min 100%, A; 1 min 95%, A; 15 min 70%, A; 40 min 
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35%, A; 50 min 5%, A; 55 min 5%, A; 56 min 100%, A. Ionization was conducted in the 

negative ion mode under the following conditions: sheath gas (N
2
), 40 units/min; 

auxiliary gas (N
2
), 5 units/min; spray voltage, 4.5 kV; capillary temperature, 300 °C; 

capillary voltage, 7 V; tube lens offset, 55 V. The detection wavelengths were set at 280 

nm and 360 nm, and the identifications were carried out based on fragmentation patterns 

and wavelengths. 

Anthocyanin separation was carried out in a Symmetry C18column (Waters Inc., 

Milford, MA) (250 x 4.6 mm, 5 m) at 25 
o
C. The chromatographic conditions: mobile 

phase A water/formic acid/methanol (85:10:5), mobile phase B 0.1% formic acid (v/v) in 

methanol. A gradient program with 0.25 mL/min was used as follows 0 min 95%, A; 10 

min 80%, A; 30 min 50%, A; 35 min 25%, A; 55 min 25%, A; 56 min, 95%, A; 59 min 

95%, A. Ionization was conducted in positive mode as follow: sheath gas (N2), 40 

units/min; auxiliary gas (N2), 5 units/min; spray voltage, 4.5 kV; capillary temperature, 

300 °C; capillary voltage, 3.3 V; tube lens offset, -60 V. The detection wavelength was 

set at 520 nm and the identification was carried out based on fragmentation pattern and 

wavelengths. 

Cell Culture 

Human adenocarcinoma cells HT-29 (American Type Culture Collection 

(ATCC, Manassas, VA) were cultured in McCoy‟s medium supplemented with 10% 

fetal bovine serum (FBS) and 1% antibiotic (100,000 U/L penicillin and 100 mg/L 

streptomycin). Cells were maintained in a humidified atmosphere of 95% air and 5% 
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CO2 at 37 °C. For experiments, cells were seeded in DMEM/F-12 medium with 2.5% 

stripped serum and 1% antibiotic (100,000 U/L penicillin and 100 mg/L streptomycin). 

Cell Proliferation 

HT-29 cells (2x10
4
 cells/well) were grown in a 24-well plate for 24 h, after 

which the growth medium was replaced with the experimental medium, containing 

different extract concentrations (from 0 to 300 g GAE/mL). After 24 h, cell 

proliferation was determined using a cell counter (Beckman Coulter, Fullerton, CA). 

Cell counts were expressed as a percentage of control cells. The concentration at which 

cell proliferation was inhibited by 50% (IC50) was calculated by linear regression 

analyses. 

Generation of Reactive Oxygen Species 

The generation of intracellular reactive oxygen species (ROS) was determined 

using the 2‟,7‟-dichlorofluorescein diacetate (DCFH-DA) assay (206). In brief, HT-29 

cells (1x10
4
 cells/well) were pre-treated with different concentrations of wine extract (0 - 

300 g GAE/mL) in a 96-well plate for 24 h. Cells were washed with phosphate buffer 

solution (PBS) and incubated with 200 µM hydrogen peroxide for 2 h at 37 °C. 

Hydrogen peroxide was washed away with PBS, and 10 M DCFH-DA was added and 

incubated for 15 min at 37 °C. The fluorescence intensity was measured after 15 min at 

37 °C using a FLUOstar fluorescent microplate reader (485 nm excitation and 538 nm 

emissions, BMG Labtech Inc., Durham, NC).  
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Cleaved Caspase-3 Activation 

Cells were grown (6x10
5
 cells/well) for 24h, after which the growth medium was 

replaced with medium containing different extract concentrations (0 - 300 g GAE/mL). 

Caspase-3 activation was determined using an ELISA kit (Cell Signaling Technology 

Inc. Danvers, MA) according to the manufacturer‟s protocol on a microplate reader 

FLUOstar (BMG Labtech Inc., Durham, NC) at 450 nm. 

Real-Time PCR Analysis of miRNA and mRNA 

Colon adenocarcinoma cells HT-29 were grown (2x10
5
 cells/well) in a 6-well 

plate for 24 h, after which the growth medium was replaced with medium containing 

different extract concentrations (0 - 300 g GAE/mL). Total RNA for miRNA and 

mRNA was isolated using the mirVana  miRNA Isolation Kit (Applied Biosystems, 

Foster City, CA) following the manufacturer‟s recommended protocol. Nucleic acid was 

evaluated for quality and quantity using the NanoDrop®ND-1000 Spectrophotometer 

(NanoDrop Technologies, Wilmington, DE).  

The TaqMan® MicroRNA Assay for miR-27a and RNU6B (used as control) 

(Applied Biosystems, Foster City, CA) was used to reverse transcribe mature miRNA 

following the manufacturer‟s protocol in a MasterCycler (Eppendorf, Westbury, NY). 

Real-time PCR for miRNA was carried out with TaqMan® assay, which contained the 

forward and reverse primers as well as the TaqMan® probe and TaqMan® Universal 

PCR Master Mix, No AmpErase® UNG (Applied Biosystems, Foster City, CA). 

SuperScript
TM

 III First-Strand (Invitrogen, Carlsbad, CA)was used to reverse 

transcribe mRNA. TATA binding protein (TPB) was used as mRNA control. For real 
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time PCR, proprietary primers for Sp3 and Sp4 (Qiagen, Valencia, CA) were used. The 

following primers were purchased from Integrated DNA Technologies (Coralville, IA) 

and used for amplification as follows: TBP (sense 5‟-TGC ACA GGA GCC AAG AGT 

GAA-3‟; antisense 5‟-CAC ATC ACA GCT CCC CAC CA-3‟), caspase-3 (sense 5‟-

CTG GAC TGT GGC ATT GAG ACA-3‟; antisense 5‟-CGG CCT CCA CTG GTA 

TTT TAT G-3‟), ZBTB10 (sense 5‟-GCT GGA TAG TAG TTA TGT TGC-3‟; 

antisense 5‟-CTG AGT GGT TTG ATG GAC AGA G-3‟), Sp1 (sense 5‟-TCA CCA 

ATG CCA ATA GCT ACT CA-3‟; antisense 5‟-GAG TTG GTC CCT GAT GAT CCA-

3‟), survivin (sense 5‟-CCA TGC AAA GGA AAC CAA CAA T-3‟; antisense 5‟-ATG 

GCA CGG CGC ACT T-3‟), Myt-1 (sense 5‟-TCC TTC CAA GAG TAG CTC CAA 

TCC-3‟; antisense 5‟-GCC GGT AGC TCC CAT ATG G-3‟). RT-PCR for mRNA was 

performed using the SYBR GreenER qPCR SuperMix (Invitrogen, Carlsbad, CA) on a 

7900HT Fast Real-Time PCR System (Applied Biosystems, Foster City, CA). After 

completion of real time PCR, relative quantification of gene expression was evaluated by 

utilizing the comparative critical threshold (CT) method as previously performed (129). 

Cell Cycle Kinetics 

Cells were grown (2x10
5
 cells/well) for 24 h incubation and cell cycle was 

synchronized by FBS deprivation. Following FBS deprivation, cells were treated with 

extract (0 -75 g GAE/mL) in medium supplemented with 2.5% FBS for 24 h. Cells 

were fixed in 90% ethanol as previously described (264). DNA was stained with 

propidium iodide containing RNAse (0.2 mg/mL) and analysis was carried out at 488 

nm excitation and 620 nm emission wavelengths, on a FACScan flow cytometer 
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(Becton-Dickinson Immonunocytometry Systems, San Jose, CA). The percentage of 

cells in each cell cycle phase was analyzed using the ModFit LT version 3.2 for 

Macintosh by Verity Software House (Topsham, Maine).  

Western Blotting 

Cells were grown (1x10
5
 cells/well) for 24 h and treated with wine extracts (0 - 

300 g GAE/mL) for 24 h. Cells were harvested and cell lysates were obtained using a 

high-salt buffer [1.5 mmol/L MgCl2, 500 mmol/L NaCl, 1 mmol/L EGTA, 50 mmol/L 

HEPES, 10% glycerol, 1% Triton X-100; adjusted to pH 7.5] supplemented with 

protease inhibitors (Sigma-Aldrich, St. Louis, MO) (129). Samples were incubated at 

100
o
C for 5 min in 1X Laemmli buffer (0.1% bromophenol blue, 175 mM -

mercaptoethanol, 50 mM Tris-HCl, 2% SDS). Proteins were separated on a 10% SDS-

PAGE at 120 V and transferred to PVDF membrane (Bio-Rad, Hercules, CA) as 

previously performed (129). Membranes were blocked and incubated with primary 

antibodies overnight 4 
o
C. After washing steps, membranes were incubated with 

secondary antibodies. Membranes were washed, incubated with chemiluminescence 

substrate (PerkinElmer Inc., Waltham, MA), and proteins were visualized with a Kodak 

Molecular Imaging System (Carestream Health, Rochester, NY). 

Transfection with miR-27a Mimic 

Transfection with 50 and 100 nM miR-27a mimic (Dharmacon, Lafayette, CO) 

was performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) for 6 h as 

previously performed (129) for western blotting and RT-PCR, respectively. After 

transfection, cells were incubated with 300 g GAE/mL extract for 24 h. 



 

 

 

130 

1
3
0
 

Promoter Transfection and Luciferase Assays 

Cells were grown (1x10
5
 cells/well) for 24 h and 0.5 g of the reporter gene 

plasmid construct was transfected using Lipofectamine 2000 for 6 h as previously 

described (129). Cells were incubated with 300 g GAE/mL extract for 18 h, then lysed 

with 200 L of 1X reporter lysis buffer (Promega, Madison, WI) and used for the 

luciferase assays. A Lumicount microwell plate reader (Packard Instrument, Downers 

Grove, IL) was used to quantify luciferase activities, which were normalized to protein 

concentrations. 

Statistical Analyses 

Data from in vitro experiments were analyzed by one-way-analysis of variance 

(ANOVA) with the JMP-software version 8.0 (SAS Institute Inc., Cary, NC). 

Differences were deemed significant at p ≤ 0.05 using a Tukey-Cramer HSD comparison 

for all pairs. The analysis of linear (pairwise) correlations was performed where 

correlations with a p-value less than 0.05 were deemed significant. 

 

RESULTS 

Chemical Composition  

Chemical properties of wine extract have been determined using the ORAC, total 

anthocyanins and monomeric/polymeric anthocyanin, and total soluble phenolics (Table 

15). The ORAC value of the concentrated wine extract was 1067 mol TE/mL, while the 

red wine itself had an ORAC value of 60 mol TE/mL. The concentrations of 

monomeric anthocyanins and polymeric anthocyanins in the concentrated extract were 
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4334 g/mL and 2627 g/mL, respectively. The wine itself had concentrations of 

monomeric anthocyanins and polymeric anthocyanins of 272 and 277 g/mL, 

respectively. The concentration of total soluble phenolics was 28733 g GAE/mL. The 

wine itself had 1692 g GAE/mL, whereas a regular red wine on average contains 1600 

g GAE/mL (76, 197, 198). 

 

 

 
Table 15. Chemical characterization of red wine extract and red wine. 

Analyses Red Wine Extract Red Wine 

Total soluble phenolics ( g GAE/mL)
1
 28733.27 ± 205 1692.07 ± 26.92 

Monomeric anthocyanins ( g/mL)
2
 4334.44 ± 98.62 272.42 ± 1.84 

Polymeric anthocyanins ( g/mL)
3
 2627.39± 64.04 277.88 ± 2.24 

ORAC ( mol TE/mL)
4
 1067 ± 25 60.74 ± 2.18 

1
Quantified as equivalents of gallic acid.

 2
Quantified as equivalents of malvivdin-3-O-glucoside. 

3
Polymeric anthocyanins determined based on color retention in the presence of sodium sulfite as 

equivalents of malvivdin-3-O-glucoside. 
4
Reported in mol Trolox equivalents per milliliter of 

sample. 

 

 

 

The chemical profile of the red wine extract is shown in Figures 24A-C, while 

the details of individual peaks are presented in Tables 16 and 17. The identification of 

wine polyphenols was performed by spectrophotometric characteristics and mass spectra 

when available. The polyphenolic compounds were detected at 280, 360 and 520 nm, 

consistent with the presence of four main groups of polyphenolic compounds such as 

phenolic acids, flavan-3-ols, flavonols and anthocyanins. The phenolic acids identified 

were hydroxybenzoic acids, such as gallic acid and syringic acid; whereas 

hydroxycinnamic acids included p-coumaric acid glycosides, caffeic acid and esters of 
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tartaric acid such as caftaric acid and p-coumaroyl tartaric acid, among others. In 

addition, the wine extract contained (+)-catechin and (-)-epicatechin, as well as 

procyanidin dimers and trimers. The main flavonols were myricetin and quercetin, along 

with its respective glucoside and glucoronide forms. With regard to the methanolic 

fraction rich in anthocyanins, malvidin derivatives such as 3,5-O-diglucoside, 3-O-

glucoside, 3-O-(6-p-coumaroyl)-5-O-glucoside, and 3-O-(6-p-coumaroyl)-glucoside 

were the most abundant. 

Generation of Intracellular Reactive Oxygen Species 

The hydrogen peroxide induced generation of ROS was reduced by wine extract 

by 70% at a concentration of 300 g GAE/mL (Figure 24D). The ORAC values of cell 

culture medium in each well (Figure 24E) showed significant differences among 

treatments (0 – 300 g GAE/mL). While the ORAC value of cell culture medium was 

increasing with increasing extract concentration compared to the control, the generation 

of ROS was higher at 37.5 g GAE/mL compared to the control. 
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Figure 24. Representative chromatographic profile of polyphenolic compounds in Black Spanish 

red wine extract. A, phenolic acids, flavan-3-ols, and procyanidins at 280 nm; B, flavonols at 360 

nm; and C, anthocyanins at 520 nm. D, hydrogen peroxide-induced generation of reactive 

oxygen species in HT-29 cells treated with wine extract. E, ORAC values from wine extract in 

which HT-29 cells were exposed. Each bar represents the means of three repetitions with ± 

SEM. Bars with different letters are significantly different (LSD test, p < 0.05). 
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Table 16. HPLC-MS-ESI-(-)-MS

n
 analyses of phenolics present in the ethyl acetate wine extract fraction. 

TR (min) Compound max MS [M - H]
-
 (m/z)

1
 MS

2
 (m/z) 

17.9 Gallic acid n.d. 169.2 125.3 

21.5 Procyanidin dimer  281 576.9 559.0, 425.0, 407.1, 289.0 

21.7 Procyanidin trimer 281 864.8, 577.0 559.0, 425.0, 407.1, 289.0 

22.3 Procyanidin dimer 280 576.9  

23.1 Procyanidin trimer 279 865.0, 577.2  

25.9 (+)-Catechin 279 289.0  

25.9 Procyanidin dimer 280 576.8  

30.1 p-Coumaroyl hexose 311 324.9 265.0, 243.9, 163.0 

30.4 (-)-Epicatechin 280 289.0  

30.8 p-Coumaroyl hexose 311 324.9 265.0, 234.9, 163.1 

32.4 Caffeic acid 320, 294 179.1 135.3 

34.0 Caffeoyl tartaric acid 329 310.8 179.1, 149.2 

35.3 Syringic acid 278 197.2 169.1 

37.7 Myricetin-3-O-hexose n.d. 479.1 316.1 

38.8 p-Coumaroyl tartaric acid 314 294.9 163.0 

39.7 Ferouyl tartaric acid 323, 294 324.9 193.0 

41.0 Larcitrin-3-O-hexose  356, 307, 265sh, 256 493.1 331.1 

41.1 Quercetin-3-O-glucoside 354, 265sh, 256 463.2 301.1 

44.3 Myricetin 370, 306sh, 254 317.1 179.1 

46.1 Methoxycinnamic acid hexoside 331, 294sh 338.9 292.9, 176.9, 161.2 

47.3 Quercetin-3-O-glucoronide 357, 300sh, 256 477.0 301.1 

48.9 Quercetin 371, 255 301.1 179.1, 151.1 
1
Ions in bold represent the most abundant ion on which further mass spectrometry analyses were conducted. 
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Table 17. HPLC-MS-ESI-(+)-MS
n
 analyses of anthocyanins present in the methanol fraction. 

TR (min) Compound max MS [M + H]
+
 (m/z) MS

2
 (m/z) 

10.6 Delphinidin-3-O-glucoside-5-O-glucoside 525, 278 627.1 464.8, 303.2 

12.6 Cyanidin-3-O-glucoside-5-O-glucoside 522, 279 611.0 448.8, 287.2 

13.0 Petunidin-3-O-glucoside-5-O-glucoside 524, 277 641.0 478.8, 317.1 

13.9 Delphinidin-3-O-glucoside 525, 278 465.1 303.2 

15.4 Peonidin-3-O-glucoside-5-O-glucoside 518, 278 625.0 462.8, 301.1 

15.6 Malvidin-3-O-glucoside-5-O-glucoside 524, 277 655.2 492.8, 331.1 

16.2 Cyanidin-3-O-glucoside n.d. 449.3 287.1 

17.0 Petunidin-3-O-glucoside 528, 279 479.0 422.9, 317.1 

19.0 Peonidin-3-O-glucoside 523, 280 463.0 422.9, 301.1 

19.5 Malvidin-3-O-glucoside 528, 279 493.0 331.0 

20.8 Malvidin-3-O-(6-O-acetyl)-glucoside-5-O-glucoside 528, 282 697.0 492.7, 331.0 

26.0 Delphinidin-3-O-(6-p-coumaroyl)-glucoside 531, 308, 285 773.0 610.9, 464.5, 303.2 

28.7 Petunidin-3-O-(6-p-coumaroyl)-glucoside 527, 315, 282 787.1 624.2, 478.9, 317.1 

31.5 Malvidin-3-O-(6-p-coumaroyl)-5-O-glucoside 533, 315, 283 801.1 638.9, 331.1 

36.2 Malvidin-3-O-(6-p-coumaroyl)-glucoside 523, 282 639.1 331.1 

38.3 Peonidin 3-O-(6-p-coumaroyl)-glucoside 506, 280 609.0 447.1, 301.1 
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Cell Death and Cell Cycle Kinetics  

Cell proliferation was evaluated after 36 h of incubation where an IC50 value of 

258 g GAE/mL was determined (Figure 25A). Cell proliferation was dose dependent 

within the concentration-range of 18.75 - 300 g GAE/mL. At the highest concentration 

(300 g GAE/mL), cell proliferation was reduced by up to 70% when compared to the 

control. The wine extract induced apoptosis as evidenced by increased caspase-3 

cleavage (Figure 25C) which was significantly increased by 1.7-fold only at the highest 

concentration of extract. 

Growth inhibition was accompanied by alterations in cell cycle progression, as 

determined by fluorescence-activated cell sorting (FACS) analysis (Figure 25B). The 

highest extract concentration (75 g GAE/mL) did not significantly affect the percentage 

of cells in Go/G1, non-significantly decreased the percentage of cells in the S phase and 

slightly but significantly, increased the percentage of cells in the G2/M phase by 6% at 

the highest concentration (Figure 25B). Myt-1 is a known target gene of miR-27a and is 

involved in cell cycle regulation by inhibiting G2/M through enhanced phosphorylation 

and inactivation of cdc2 leading to cell cycle arrest in the G2/M phase (129). In this 

study, the mRNA of Myt-1 was significantly increased in a dose-dependent manner.  
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Figure 25. A, cell proliferation after 36 h incubation with wine extract. B, modulation of cell 

cycle in HT-29 cells treated with wine extract for 24 h. C, protein levels of cleaved caspase-3. 

Bars represent the mean of three repetitions with ± SEM. Bars with different letters are 

significantly different (LSD test, p < 0.05). 
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Modulation of Sp1 Transcription Factors and Dependent Genes 

Sp1, Sp3 and Sp4 transcription factors are over-expressed in colon and other 

cancer cell lines (265) and the anticancer activity of botanicals such as curcumin and 

betulinic acid is, in part, due to the down-regulation of Sp-transcription factors and Sp-

regulated gene products (210, 211, 266). The expression of Sp1 mRNA was significantly 

decreased at lower and higher concentrations (Figure 26A) by the extract. This also 

significantly decreased the luciferase activity in HT-29 cells, which were transfected 

with the promoter construct pSp1-For4 containing the GC-rich promoter region for Sp1 

at 18.8 g/mL and higher concentrations (Figure 26B). Protein concentrations of Sp1 

seemed to be decreased only within the upper concentration range starting at 75 g 

GAE/mL (Figure 26C), overall demonstrating that this transcription factor is targeted by 

the wine extract in colon cancer cells. Compounds that repress Sp1 in cancer cells also 

coordinately down-regulate Sp3 and Sp4; this is due in part to cross regulation of these 

genes by Sp-transcription factors (265). Results demonstrate that Sp3 and Sp4 

transcription factors also were significantly decreased at mRNA (by up to 40 and 63% 

respectively) and at protein level (Figures 27A and 27C) by the wine extract, but only 

within a higher concentration range of 150-300 g GAE/mL. This was accompanied by 

a significant decrease in survivin mRNA and protein level (Figures 27B and 27C) by the 

wine extract.  
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Figure 26. Expression of Sp1 protein in HT-29 cells 24 h after the incubation with wine extract. 

A, expression of mRNA Sp1 determined by RT-PCR. B, Sp1 promoter activity. C, western blot 

of Sp1 protein. Protein expression was normalized to GAPDH. Bars represent the mean of three 

repetitions with ± SEM. Bars with different letters are significantly different (LSD test, p < 

0.05).  
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Figure 27. Expression of oncogenic transcription factors Sp3, Sp4, and anti-apoptotic protein 

survivin in HT-29 cells 24 h after incubation with wine extract. A, expression of mRNA Sp-3, B, 

Sp4 and C, survivin. D, protein expression of Sp3, Sp4 and survivin protein. Bars represent the 

means of three repetitions with ± SEM. Bars with different letters are significantly different 

(LSD test, p < 0.05). Protein expression was normalized to GAPDH. 
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Modulation of miR-27a and ZBTB10 

Previous studies demonstrate that the down-regulation of Sp1, Sp3 and Sp4 in 

colon and breast cancer cells was due to decreased expression of miR-27a and induction 

of ZBTB10, a miR-27a-regulated putative suppressor of Sp1 (210, 267). Treatment of 

cells with wine extract significantly decreased miR-27a by up to 42% (Figure 28A) and 

induced the mRNA expression of ZBTB10, which was up-regulated (Figure 28B) dose-

dependently by up to 1.5-fold. Myt-1 is another known target gene of miR-27a and is 

involved in cell cycle regulation by inhibiting G2/M through enhanced phosphorylation 

and inactivation of cdc2 leading to cell cycle arrest in the G2/M phase (129). In this 

study, the mRNA of Myt-1 (Figure 28C) was significantly increased in a dose-dependent 

manner, which correlates to the increase in the G2/M phase.  

In order to confirm the involvement of miR-27a in the regulation of ZBTB10, 

Sp1 and Sp1-dependent genes, cells were transiently transfected with the mimic of miR-

27a (267). The transfection resulted in a significant increase of miR-27a (Figure 29A). 

Moreover, the mimic of miR-27a reversed the effects of the wine extract on Sp1 protein 

(Figure 29B). These results support a significant role of miR-27a in wine extract-

mediated down-regulation of Sp1, Sp3, and Sp4 transcription factors in HT-29 colon 

cancer cells. 
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Figure 28. Expression of miR-27a, ZBTB10 and Myt-1 in HT-29 cells after 24 h of incubation 

with wine extract. A, expression of miR-27a. B, ZBTB10 mRNA. C, Myt-1 mRNA. Bars 

represent the means of three repetitions with ± SEM. Bars with different letters are significantly 

different (LSD test, p < 0.05). 
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DISCUSSION 

Chemical Composition  

The anticancer effects of extracts from various wines have been reported in 

numerous publications, however most reports focus on Vitis vinifera varieties (76, 88). 

The wine extracted for this study was made from Black Spanish grapes (Lenoir, Vitis 

aestivalis). Several studies have reported wine chemistry ORAC values within the range 

of 11 to 60 mol TE/mL across different wine varieties. Differences in polyphenolic 

profile and content due to varietal differences, vinification, and maturation of wine 

contribute to this wide range (76, 268). The concentration of monomeric anthocyanins of 

the extract used in this study was in accordance with previously reported data for red 

wines, at 200 to 450 g/mL (76); whereas the percentage of polymeric anthocyanins in 

Figure 29. Effect of miR-27a mimic with and without wine extract on the expression Sp1-

protein. A, expression of miR-27a. B, protein expression of Sp1-protein. Bars represent the 

means of three repetitions with ± SEM. Bars with different letters are significantly different 

(LSD test, p < 0.05). Protein expression was normalized to -actin. 
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red wines may vary from 5 to 22 % (269, 270). The content of total soluble phenolics 

was shown to be within the same concentration range for red wines from different 

varieties with an average of 1600 g GAE/mL (76, 197). 

In this study, structural information and compound confirmation were obtained 

by means of mass spectrometric analyses. The chromatographic profile of a Black 

Spanish (Vitis aestivalis) wine showed the presence of similar phenolic acids and flavan-

3-ols, which have been previously reported in grapes and wines (76, 183). Although 

gallic acid is one of the hydroxybenzoic acids with the highest concentration in wines, 

this was not the case for the wine extract made of Black Spanish grapes where it was 

found in relative minimum amounts in the wine extract and was identified with a parent 

ion at m/z 169.2 ([M - H]
-
). Gallic acid may be lost during the extraction process, be 

present in naturally low concentrations in the fruit, or be affected by growing conditions 

(23). Furthermore, flavan-3-ols compounds such as (+)-catechin and (-)-epicatechin were 

also identified with similar parent ion at m/z 289.0 ([M - H]
-
), and were confirmed by 

retention times (183). The wine extract contained relatively small amounts of 

procyanidin dimers and trimers, which were confirmed by UV spectroscopic properties 

(catechin UV spectra at 280 nm) and the characteristic signals at m/z 577.0 ([M - H]
-
) 

and 865.0 ([M-H]
-
) respectively (183). 

Flavonols such as quercetin, myricetin, and kaempferol are usually found in 

glycoside and glucoronide forms in grapes, whereas in wines they may also be found in 

aglycon form due to the cleavage of the glycosidic bond during yeast fermentation and 

aging (19, 22). In the wine extract, the glycosidic, glucoronic, and aglycon forms were 
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identified for quercetin at m/z 463.2 ([M - H]
-
), 477.0 ([M - H]

-
), and 301.1 ([M - H]

-
), 

respectively. For myricetin, just the glycosidic and aglycon forms were identified at m/z 

479.1 ([M - H]
-
) and m/z 317.1 ([M - H]

-
), respectively. 

Grapes from non V. vinifera varieties and hybrids contain not only 3-O-glucoside 

moieties, but also an extra sugar attached at the 5 position in the A ring of the 

anthocyanidin structure (174). The anthocyanin fraction of the Black Spanish wine 

showed these characteristic anthocyanins and were identified as delphinidin, cyanidin, 

petunidin, peonidin and malvidin 3,5-dilgucosides with parent ions at m/z 627.1 ([M + 

H]
+
), m/z 611.0 ([M + H]

+
), m/z 641.0 ([M + H]

+
), m/z 625.0 ([M + H]

+
),and m/z 655.2 

([M + H]
+
), respectively. In addition, malvidin, with its different moieties, is the 

anthocyanin with more abundance in red wines (23). Overall, the chemical profile of the 

extract prepared from Black Spanish grapes was comparable to wines used in previous 

studies. 

Generation of Intracellular Reactive Oxygen Species 

In pathogenic situations, the generation of intracellular ROS has been associated 

with oxidative damage leading to degenerative and chronic diseases including cancer 

(218, 271). In this study, the polyphenolic extract reduced the generation of intracellular 

ROS (Figure 24D), most likely due to their antioxidant capacity (272). Evidence 

suggests that malignant cells have higher basal levels of ROS compared to normal cells, 

potentially as part of signaling relevant to tumor progression (218). The generation of 

ROS was increased at the lowest extract concentration, but otherwise decreased in a 

concentration dependent manner. Potentially, at the lowest concentration, the low 
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amount of antioxidants absorbed into the cells may have been oxidized themselves, 

instead of reducing the generation of ROS (273). Previous studies investigating the 

effects of botanical extracts on the generation of ROS in some cells have demonstrated 

protective effects against oxidative damage (206), but on the other hand polyphenolic 

extracts may also induce ROS generation and trigger apoptosis (94, 220). 

Cell Death and Cell Cycle Kinetics  

Red wine polyphenols from different wine varieties have shown to be effective in 

the reduction of cell proliferation in several types of cancer (76, 88, 261). The extract 

prepared from Black Spanish wine displays a similar concentration range compared to 

studies with Vitis vinifera varieties (78, 88). Several studies determined the pro-apoptotic 

effects of polyphenolics from red wine extracts (88). Caspases, a family of cystein 

proteases, are present in cells as an inactive form (122) and are activated by cleavage, 

which also can be induced by polyphenolics (217). Activated caspase-3 is one of the key 

elements in the execution of apoptosis (76, 88). In this study, an increase in activated 

caspase-3 indicated the induction of apoptosis by the wine extract.  In previous studies, 

polyphenolic extracts from wine induced apoptosis in comparable concentration ranges 

(88). A combination of polyphenols present in red wines (quercetin and resveratrol) has 

been shown to exert to exert a synergistic effect on the activation of caspase-3 in MOLT-

4 leukemia cell line (96). 

Previous studies with wine extracts demonstrated arrest in different cell cycle 

phases. In a study with muscadine wine extract and leukemia, MOLT-4 cell line induced 

a significant increase in the percentage of cells in the S phase, while Cabernet Sauvignon 
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wine extract caused an increase in the percentage of cells in the G2/M phase (76). In this 

study, a small increase in the G2/M phase was observed (Figure 25B). In a previous 

mechanistic study with breast cancer cells, the reduction of miR-27a was accompanied 

by a significant increase in the G2/M phase, and also by increased expression of Myt-1 

and Wee-1 which are both target genes of miR-27a. Both are known regulators of cdc2 

and cdc2/cyclin B-mediated arrest in the G2/M progression, a critical step before cells 

can undergo mitosis. Myt-1 and Wee-1 both are known target genes of miR-27a (129). 

In this study, mRNA of Myt-1 (Figure 28C) was significantly increased, as expected, 

due to a decreased expression of miR-27a. However, the slight increase in the percentage 

of cells in the G2/M phase indicates potential involvement by the wine extract in other 

factors affecting cell cycle regulation. 

Modulation of Sp1 Transcription Factors and Dependent Genes 

Specificity protein 1 (Sp1) was the first transcription factor identified and is a 

member of the Sp/Krüppel-like factor (KLF) family of transcription factors, which have 

been found to be over-expressed in tumor cells. Sp1, Sp3, and Sp4 transcription factors 

are considered oncogenic and their presence enhances the expression of angiogenic and 

anti-apoptotic genes, promoting cell growth and metastasis (129, 265). Moreover, a 

down-regulation of Sp proteins in cancer cells has widely been associated with 

cytotoxicity in cancer cells (129, 265). In previous studies, botanicals and their 

derivatives decreased the expression of Sp1, Sp3, and Sp4 transcription factors in several 

cancer cell lines at protein, mRNA and promoter levels (210, 211, 266). In this study, the 

expression of Sp1 transcription factor was decreased by the wine extract at protein and 
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promoter levels (Figures 26A-C). In previous studies, botanicals that repress Sp1 in 

cancer cells also coordinately down-regulated Sp3, Sp4, and Sp-dependent genes such as 

survivin, VEGF and VEGF-receptor (265) as was confirmed in this study where Sp3 and 

Sp4 and survivin were down-regulated at mRNA and protein levels (Figure 27D).  

Modulation of miR-27a and ZBTB10 

ZBTB10 is a putative inhibitor of Sp1 and its mRNA was identified as a target 

gene of miR-27a (129). MicroRNAs (miRNA) are small, non-coding RNA molecules 

that play an important role in regulating gene expression. MiRNAs are associated with 

cancer function either by tumor suppression or oncogenic activity (129). miR-27a 

belongs to a group of miRNAs which have been found to have oncogenic activity in 

several cancer cell lines (129, 237). In a previous study, an increase in miR-27a was 

observed in at least six breast cancer cell lines (129). Moreover, in a study with gastric 

adenocarcinoma cell line MGC803, miR-27a was the most highly over-expressed 

miRNA, compared to miR-9-1, miR-23a and miR-191, indicating oncogenic activity in 

gastric cancer (237). In a previous study with breast cancer cell lines, the expression of 

ZBTB10 was down-regulated by increased miR-27a (129). Only a few studies have 

investigated the effects of botanical compounds and their derivatives on the regulation of 

miR-27a and ZBTB10. Methyl 2-cyano-3,11-dioxo-18beta-olean-1,12-dien-30-oate 

(CDODA-Me), a synthetic derivative of glycyrrhetinic acid a triterpenoid phytochemical 

found in licorice extracts, induced apoptosis in RKO and SW480 colon cancer cells 

involving the miR-27a-ZBTB10-Sp1 axis (139). When pancreatic cancer cells were 

treated with a similar compound, 2-cyano-3,12-dioxoleana-1,9-dien-28-oic acid 
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(CDDO), and its methyl ester (CDDO-Me) the same mechanism seemed to be involved 

in the induction of cell death (215). In this study, the wine extract decreased miR-27a 

(Figure 28A), up-regulated ZBTB10 mRNA (Figure 28B), and decreased Sp1 at mRNA, 

protein and promoter levels (Figure 26A-C). This mechanism was previously observed 

in a study with the breast cancer cell line MDA-MB-231; data showed a reduction in 

ZBTB10 mRNA expression and an increase in Sp1 protein and Sp-dependent genes 

when cells were transfected with mimic of miR-27a. It was notable that a decrease in 

cell growth, increase in antioxidant capacity, Sp1 mRNA and promoter-activity were 

decreased across the lower and higher concentration-range, while Sp1 protein and Sp1-

regulated mRNA and proteins seemed to predominantly respond to the wine extract 

within the higher concentration-range. This indicates that cell death may have been 

induced by an alternative mechanism within the lower concentration-range, while at 

higher concentrations it seems to be associated with the down-regulation of Sp1 protein 

and Sp1-protein-dependent genes regulated by the miR27a-ZBTB10-Sp1 axis. When 

breast cancer cells were transfected with the miR-27a antisense construct, the effects 

were the opposite: increased ZTB10 mRNA, reduction of Sp1 levels, as well as a 

reduction of Sp1-dependent genes (129). In this study, the decrease of the Sp1 

transcription factor, at least in part, seems to have been induced by a decrease in miR-

27a, as demonstrated in the transfection assay with the mimic of miR-27a (Figures 29A 

and 29B) where the miR-27a mimic significantly reversed the effects of the wine extract 

on miR27a and Sp1 protein. This may indicate that other factors are involved in the 

increase of ZBTB10 and decrease of Sp1 transcription factor. Mechanistically however, 



 

 

150 

results from this study seem to be in accordance with previous studies (129, 139, 262). 

 

CONCLUSION 

Results indicate that an extract prepared from red Black Spanish grapes reduced 

cancer cell proliferation, intracellular generation of ROS, and induced apoptosis through 

the induction of caspase-3. As a possible underlying mechanism for the anti-cancer 

activity, interactions of the wine extract with the miR-27a-ZBTB10-Sp1 axis were 

identified. Overall, results indicate that the miR-27a-ZBTB10-Sp1 axis plays a role in 

the anticancer effects of wine extract; however, additional mechanisms seem to be 

involved as indicated by some non-significant results from the transfection experiment 

with miR-27a mimic resulting in only a slight increase in the G2/M phase. Further 

studies are required in order to identify miR-27a as a target for complex botanical 

extracts with anticancer effects. 
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CHAPTER VII 

 

GENERAL CONCLUSIONS AND RECOMMENDATIONS 

 

Texas grape and wine industries have experienced significant growth in recent 

years and are interested in developing and applying new technologies to improve the 

overall quality of grapes and wines. In addition, research has shown that moderate 

drinking of red wine, combined with a healthy diet may have potential health benefits 

against chronic-degenerative diseases. 

Comparing chemical and phytochemical profiles of the American hybrid grapes 

Black Spanish (Vitis aestivalis) and Blanc Du Bois (Vitis aestivalis hybrid) the Vitis 

vinifera varieties, Cabernet Sauvignon and Merlot, the polyphenolic content was 

influenced more by grape skin color rather than grape variety. However, anthocyanin 

content and ORAC values varied by grape variety. No significant qualitative differences 

were observed between the four different grapes‟ chromatographic profiles for non-

anthocyanins polyphenolics. Anthocyanin differences may possibly be explained by 

differences in genetic background and expression of pathways for synthesis and 

metabolism for secondary metabolites between V. vinifera and V. aestivalis. The 

diglucoside forms of anthocyanins were present in V. aestivalis but not in V. vinifera 

varieties. 

Anthocyanin stability results indicated that oxygen is a key element to control 

during wine storage in containers and micro-oxygenation treatments. At early stages, 
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anthocyanin stability showed similar rates of degradation for all treatments (control, 

wine with oak pieces, oak barrel and micro-oxygenation). Based on these results, it was 

evident that the vessel size played an important role in anthocyanin stability, and 

uncontrolled oxygen exposure accelerated anthocyanin degradation in the small 

container when compared to the micro-oxygenation tank. Some small polyphenolic 

compounds may be extracted from the oak barrel; wood pieces and inner staves have 

been shown to promote copigmentation reactions and may help anthocyanin color 

stability. In general, micro-oxygenation treatments seemed to be an effective and 

controlled way to incorporate oxygen into the wine. 

The anti-cancer effects of a combination of wine compounds 

(resveratrol/quercetin) and a polyphenolic extract from Black Spanish wine were 

investigated in colon cancer cells HT-29. Wine polyphenolics showed anti-cancer effects 

in colon cancer cells, had cytotoxic effects in colon cancer cells, and induced apoptosis. 

Additionally, as possible underlying mechanism for the anti-cancer activity, interactions 

of the wine polyphenolics with the miR-27a-ZBTB10-Sp1 axis were identified; 

however, additional mechanisms seem to be involved. 

Further studies may address the profiles of volatile compounds in American 

hybrid grapes in order to identify characteristic volatiles that differ from Vitis vinifera 

varieties. In the area of micro-oxygenation more studies are needed which combine 

sensory data with instrumental techniques such as GC-MS to monitor volatiles during 

micro-oxygenation treatments. Health benefits of hybrid grapes should be compared to 

Vitis vinifera in human clinical trials. 
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In summary, this work will provide valuable information on grape varieties, 

wine-production, and potential health benefits with great relevance to the grape and wine 

industry in Texas and beyond.  



 

 

154 

LITERATURE CITED 

 

(1) Liu, H. F.; Wu, B. H.; Fan, P. G.; Li, S. H.; Li, L. S. Sugar and acid 

concentrations in 98 grape cultivars analyzed by principal component analysis. J. 

Sci. Food Agr. 2006, 86, 1526-1536. 

 

(2) Food and Agriculture Organization of the United Nations. FAOSTAT. Crops 

processed. 

http://faostat.fao.org/site/636/DesktopDefault.aspx?PageID=636#ancor (accessed 

Oct 24, 2010). 

 

(3) United States Department of Agriculture. Economics, statistics, and market 

information system.Foreing Agricultural Service. World wine situation and 

outlook. 

http://usda.mannlib.cornell.edu/usda/fas/wine//2000s/2006/wine-08-15-2006.pdf 

(accessed Oct 30, 2010). 

 

(4) Wine Institute. The impact of wine, grapes and grape products on the american 

economy 2007: Family businesses building value. 

http://www.wineinstitute.org/files/mfk_us_econ_report07.pdf (accessed May 6, 

2011).  

 

(5) Wine Institute. World wine production by country. 

http://www.wineinstitute.org/files/WorldWineProductionbyCountry.pdf(accessed 

Oct 30, 2010). 

 

(6) Consumer good industries. 2009 Wine report. 

http://trade.gov/td/ocg/winereport_2009.pdf (accessed Oct 30, 2010). 

 

(7) Texas Wine and Grape Growers Association. Texas wine. Texas grape varieties 

& wines. http://www.txwines.org/industry.asp (accessed Oct 30, 2010). 

 

(8) Texas Wine. Wine Facts. http://www.gotexanwine.org/winefacts (accessed Jan 

21, 2011). 

 



 

 

155 

(9) Texas Tech University. Texas Wine Marketing Research Institute. The economic 

impact of wine and grapes on the state of Texas 2008. 

http://www.depts.ttu.edu/hs/texaswine/docs/FINAL_Economic_Impact_TX_200

8.pdf (accessed Oct 30, 2010). 

 

(10) This, P.; Lacombe, T.; Thomas, M. R. Historical origins and genetic diversity of 

wine grapes. Trends Gen. 2006, 22, 511-519. 

 

(11) Pinney, T. A history of wine in America: From the beginnings to prohibition, 1st 

ed.; University of California Press: Berkeley, 1989. 

 

(12) Tarara, J. M.; Hellman, E. W. Norton and Cynthiana - Premium native wine 

grapes. Fruit Var. J. 1991, 45, 66-69. 

 

(13) Cahoon, C. A. The Concord grapes. Fruit Var. J. 1986, 40, 106-107. 

 

(14) Stern, D. J.; Lee, A.; McFadden, W. H.; Stevens, K. L. Volatile from grapes - 

Identification of volatiles from Concord essence. J. Agric. Food Chem. 1967, 15, 

1100-1103. 

 

(15) Del Pozo-Insfran, D.; Del Follo-Martinez, A.; Talcott, S. T.; Brenes, C. H. 

Stability of copigmented anthocyanins and ascorbic acid in muscadine grape 

juice processed by high hydrostatic pressure. J. Food Sci. 2007, 72, S247-S253. 

 

(16) Samuelian, S. K.; Camps, C.; Kappel, C.; Simova, E. P.; Delrot, S.; Colova, V. 

M. Differential screening of overexpressed genes involved in flavonoid 

biosynthesis in North American native grapes: 'Noble' muscadinia var. and 

'Cynthiana' aestivalis var. Plant Sci. 2009, 177, 211-221. 

 

(17) Reisch, B. I.; Goodman, R. N.; Martens, M. H.; Weeden, N. F. The relationship 

between Norton and Cynthiana, red wine cultivars derived from Vitis aestivalis. 

Am. J. Enol. Vitic. 1993, 44, 441-444. 

 



 

 

156 

(18) Hogan, S.; Zhang, L.; Li, J. R.; Zoecklein, B.; Zhou, K. Q. Antioxidant properties 

and bioactive components of Norton (Vitis aestivalis) and Cabernet Franc (Vitis 

vinifera) wine grapes. LWT-Food Sci. Technol. 2009, 42, 1755-1755. 

 

(19) Monagas, M.; Bartolome, B.; Gomez-Cordoves, C. Updated knowledge about the 

presence of phenolic compounds in wine. Crit. Rev. Food Sci. Nutr. 2005, 45, 

85-118. 

 

(20) Jackson, R. S. Wine science: Principles, practice, perception, 2nd ed.; Academic 

Press: San Diego, 2000. 

 

(21) Stratil, P.; Kuban, V.; Fojtova, J. Comparison of the phenolic content and total 

antioxidant activity in wines as determined by spectrophotometric methods. 

Czech. J. Food Sci. 2008, 26, 242-253. 

 

(22) Ribereau-Gayon, P.; Branco, J. M.; Rychlewski, C. Handbook of enology volume 

2: The chemistry of wine and stabilization and treatments, 2nd ed.; John Wiley & 

Sons: Chichester, 2006.  

 

(23) Moreno-Arribas, M. V.; Polo, M. C. Wine chemistry and biochemistry,1st ed.; 

Springer: New York, 2009. 

 

(24) Naugler, C.; McCallum, J. L.; Klassen, G.; Strommer, J. Concentrations of trans-

resveratrol and related stilbenes in Nova Scotia wines. Am. J. Enol. Vitic. 2007, 

58, 117-119. 

 

(25) El Gharras, H. Polyphenols: Food sources, properties and applications - A 

review. Int. J. Food Sci. Technol. 2009, 44, 2512-2518. 

 

(26) Jackson, R. S. Wine tasting : A professional handbook,1st ed.; Academic Press: 

San Diego, 2002. 

 

(27) Kennedy, J. A.; Saucier, C.; Glories, Y. Grape and wine phenolics: History and 

perspective. Am. J. Enol. Vitic. 2006, 57, 239-248. 

 



 

 

157 

(28) Makris, D. P.; Kallithraka, S.; Kefalas, P. Flavonols in grapes, grape products 

and wines: Burden, profile and influential parameters. J. Food Compos. Anal. 

2006, 19, 396-404. 

 

(29) Aherne, S. A.; O'Brien, N. M. Dietary flavonols: Chemistry, food content, and 

metabolism. Nutrition 2002, 18, 75-81. 

 

(30) de Pascual-Teresa, S.; Santos-Buelga, C.; Rivas-Gonzalo, J. C. Quantitative 

analysis of flavan-3-ols in Spanish food stuffs and beverages. J. Agric. Food 

Chem. 2000, 48, 5331-5337. 

 

(31) de Pascual-Teresa, S.; Treutter, D.; Rivas-Gonzalo, J. C.; Santos-Buelga, C. 

Analysis of flavanols in beverages by high-performance liquid chromatography 

with chemical reaction detection. J. Agric. Food Chem. 1998, 46, 4209-4213. 

 

(32) Ricardo-Da-Silva, J. M.; Rosec, J. P.; Bourzeix, M.; Heredia, N. Separation and 

quantitative determination of grape and wine procyanidins by high performance 

reversed phase liquid chromatography. J. Sci. Food Agr. 1990, 53, 85-92. 

 

(33) Escribano-Bailón, M. T.; Guerra, M. T.; Rivas-Gonzalo, J. C.; Santos-Buelga, C. 

Proanthocyanidins in skins from different grape varieties. Zeitschrift für 

Lebensmitteluntersuchung und -Forschung A 1995, 200, 221-224. 

 

(34) Jordao, A. M.; Ricardo-da-Silva, J. M.; Laureano, O. Evolution of 

proanthocyanidins in bunch stems during berry development (Vitis vinifera L.). 

Vitis 2001, 40, 17-22. 

 

(35) Hummer, W.; Schreier, P. Analysis of proanthocyanidins. Mol. Nutr. Food Res. 

2008, 52, 1381-1398. 

 

(36) Gu, L. W.; Kelm, M. A.; Hammerstone, J. F.; Zhang, Z.; Beecher, G.; Holden, J.; 

Haytowitz, D.; Prior, R. L. Liquid chromatographic/electrospray ionization mass 

spectrometric studies of proanthocyanidins in foods. J. Mass Spectrom. 2003, 38, 

1272-1280. 

 



 

 

158 

(37) Serrano, J.; Puupponen-Pimia, R.; Dauer, A.; Aura, A. M.; Saura-Calixto, F. 

Tannins: Current knowledge of food sources, intake, bioavailability and 

biological effects. Mol. Nutr. Food Res. 2009, 53, S310-S329. 

 

(38) Brouillard, R. The in vivo expression of anthocyanin colour in plants. 

Phytochemistry 1983, 22, 1311-1323. 

 

(39) Castaneda-Ovando, A.; Pacheco-Hernandez, M. D.; Paez-Hernandez, M. E.; 

Rodriguez, J. A.; Galan-Vidal, C. A. Chemical studies of anthocyanins: A 

review. Food Chem. 2009, 113, 859-871. 

 

(40) Pati, S.; Liberatore, M. T.; Gambacorta, G.; Antonacci, D.; La Notte, E. Rapid 

screening for anthocyanins and anthocyanin dimers in crude grape extracts by 

high performance liquid chromatography coupled with diode array detection and 

tandem mass spectrometry. J. Chromatogr. A 2009, 1216, 3864-3868. 

 

(41) Francis, F. J. Fod colorants - Anthocyanins. Crit. Rev. Food Sci. Nutr. 1989, 28, 

273-314. 

 

(42) Ribereau, P. Chemisty of red wine color. Adv. Chem. Ser. 1974, 50-87. 

 

(43) Liang, Z. C.; Wu, B. H.; Fan, P. G.; Yang, C. X.; Duan, W.; Zheng, X. B.; Liu, 

C. Y.; Li, S. H. Anthocyanin composition and content in grape berry skin in Vitis 

germplasm. Food Chem. 2008, 111, 837-844. 

 

(44) Ortega-Heras, M.; Gonzalez-SanJose, M. L.; Beltran, S. Aroma composition of 

wine studied by different extraction methods. Anal. Chim. Acta 2002, 458, 85-93. 

 

(45) Wang, J.; De Luca, V. The biosynthesis and regulation of biosynthesis of 

Concord grape fruit esters, including 'foxy' methylanthranilate. Plant J. 2005, 44, 

606-619. 

 

(46) Hartmann, P. J.; McNair, H. M.; Zoecklein, B. W. Measurement of 3-alkyl-2-

methoxypyrazine by headspace solid-phase microextraction in spiked model 

wines. Am. J. Enol. Vitic. 2002, 53, 285-288. 



 

 

159 

 

(47) Hashizume, K.; Samuta, T. Green odorants of grape cluster stem and their ability 

to cause a wine stemmy flavor. J. Agric. Food Chem. 1997, 45, 1333-1337. 

 

(48) Scheiner, J. J.; Sacks, G. L.; Pan, B.; Ennahli, S.; Tarlton, L.; Wise, A.; Lerch, S. 

D.; Heuvel, J. E. V. Impact of severity and timing of basal leaf removal on 3-

isobutyl-2-methoxypyrazine concentrations in red wine grapes. Am. J. Enol. 

Vitic. 2010, 61, 358-364. 

 

(49) Kotseridis, Y. S.; Spink, M.; Brindle, I. D.; Blake, A. J.; Sears, M.; Chen, X.; 

Soleas, G.; Inglis, D.; Pickering, G. J. Quantitative analysis of 3-alkyl-2-

methoxypyrazines in juice and wine using stable isotope labelled internal 

standard assay. J. Chromatogr. A 2008, 1190, 294-301. 

 

(50) Weekes, L. N.; Walsh, D.; Ferguson, H.; Ross, C. F. Impact of multicolored 

Asian Lady Beetles on the sensory properties of Concord and Niagara grape 

juice. J. Food Sci. 2010, 75, S68-S73. 

 

(51) Schreier, P.; Drawert, F.; Junker, A. Identification of volatile constituents from 

grapes. J. Agric. Food Chem. 1976, 24, 331-336. 

 

(52) Piggott, J. R.; Conner, J. M.; Melvin, J. L. The contribution of oak lactone to the 

aroma of wood-aged wine. Dev. Food Sci. 1995, 37, 1695-1702. 

 

(53) Rodriguez-Bencomo, J. J.; Ortega-Heras, M.; Perez-Magarino, S.; Gonzalez-

Huerta, C. Volatile compounds of red wines macerated with Spanish, American, 

and French oak chips. J. Agric. Food Chem. 2009, 57, 6383-6391. 

 

(54) Sanza, M. D.; Dominguez, I. N. Wine aging in bottle from artificial systems 

(staves and chips) and oak woods - Anthocyanin composition. Anal. Chim. Acta 

2006, 563, 255-263. 

 

(55) Arapitsas, P.; Antonopoulos, A.; Stefanou, E.; Dourtoglou, V. G. Artificial aging 

of wines using oak chips. Food Chem. 2004, 86, 563-570. 

 



 

 

160 

(56) Del Alamo, M.; Nevares, I.; Gallego, L.; de Simon, B. F.; Cadahia, E. Micro-

oxygenation strategy depends on origin and size of oak chips or staves during 

accelerated red wine aging. Anal. Chim. Acta 2010, 660, 92-101. 

 

(57) Sanchez-Iglesias, M.; Gonzalez-Sanjose, M. L.; Perez-Magarino, S.; Ortega-

Heras, M.; Gonzalez-Huerta, C. Effect of micro-oxygenation and wood type on 

the phenolic composition and color of an aged red wine. J. Agric. Food Chem. 

2009, 57, 11498-11509. 

 

(58) Rodriguez-Bencomo, J. J.; Ortega-Heras, M.; Perez-Magarino, S.; Gonzalez-

Huerta, C.; Jose, M. Importance of chip selection and elaboration process on the 

aromatic composition of finished wines. J. Agric. Food Chem. 2008, 56, 5102-

5111. 

 

(59) Devatine, A.; Mietton-Peuchot, M. A mathematical approach for oxygenation 

using micro bubbles: Application to the micro-oxygenation of wine. Chem. Eng. 

Sci. 2009, 64, 1909-1917. 

 

(60) Perez-Magarino, S.; Sanchez-Iglesias, M.; Ortega-Heras, M.; Gonzalez-Huerta, 

C.; Gonzalez-Sanjose, M. L. Colour stabilization of red wines by micro-

oxygenation treatment before malolactic fermentation. Food Chem. 2007, 101, 

881-893. 

 

(61) Cano-Lopez, M.; Pardo-Minguez, F.; Lopez-Roca, J. M.; Gomez-Plaza, E. Effect 

of microoxygenation on anthocyanin and derived pigment content and chromatic 

characteristics of red wines. Am. J. Enol. Vitic. 2006, 57, 325-331. 

 

(62) Cano-Lopez, M.; Pardo-Minguez, F.; Schmauch, G.; Saucier, C.; Teissedre, P. 

L.; Lopez-Roca, J. M.; Gomez-Plaza, E. Effect of micro-oxygenation on color 

and anthocyanin-related compounds of wines with different phenolic contents. J. 

Agric. Food Chem. 2008, 56, 5932-5941. 

 

(63) Nevares, I.; del Alamo, M. Measurement of dissolved oxygen during red wines 

tank aging with chips and micro-oxygenation. Anal. Chim. Acta 2008, 621, 68-

78. 

 



 

 

161 

(64) Llaudy, M. D.; Canals, R.; Gonzalez-Manzano, S.; Canals, J. M.; Santos-Buelga, 

C.; Zamora, F. Influence of micro-oxygenation treatment before oak aging on 

phenolic compounds composition, astringency, and color of red wine. J. Agric. 

Food Chem. 2006, 54, 4246-4252. 

 

(65) Cano-Lopez, M.; Lopez-Roca, J. M.; Pardo-Minguez, F.; Plaza, E. G. Oak barrel 

maturation vs. micro-oxygenation: Effect on the formation of anthocyanin-

derived pigments and wine colour. Food Chem. 2010, 119, 191-195. 

 

(66) Atanasova, V.; Fulcrand, H.; Cheynier, W.; Moutounet, M. Effect of oxygenation 

on polyphenol changes occurring in the course of wine-making. Anal. Chim. Acta 

2002, 458, 15-27. 

 

(67) Fulcrand, H.; Doco, T.; EsSafi, N. E.; Cheynier, V.; Moutounet, M. Study of the 

acetaldehyde induced polymerisation of flavan-3-ols by liquid chromatography 

ion spray mass spectrometry. J. Chromatogr. A 1996, 752, 85-91. 

 

(68) Saucier, C.; Guerra, C.; Pianet, I.; Laguerre, M.; Glories, Y. (+)-Catechin-

acetaldehyde condensation products in relation to wine-ageing. Phytochemistry 

1997, 46, 229-234. 

 

(69) Perez-Magarino, S.; Ortega-Heras, M.; Cano-Mozo, E.; Gonzalez-Sanjose, M. L. 

The influence of oak wood chips, micro-oxygenation treatment, and grape 

variety on colour, and anthocyanin and phenolic composition of red wines. J. 

Food Compos. Anal. 2009, 22, 204-211. 

 

(70) Garde-Cerdan, T.; Ancin-Azpilicueta, C. Review of quality factors on wine 

ageing in oak barrels. Trends Food Sci. Technol. 2006, 17, 438-447. 

 

(71) German, J. B.; Walzem, R. L. The health benefits of wine. Annu. Rev. Nutr. 

2000, 20, 561-593. 

 

(72) Opie, L. H.; Lecour, S. The red wine hypothesis: from concepts to protective 

signalling molecules. Eur. Heart J. 2007, 28, 1683-1693. 

 



 

 

162 

(73) Shrikhande, A. J. Wine by-products with health benefits. Food Res. Int. 2000, 33, 

469-474. 

 

(74) Tomera, J. F. Current knowledge of the health benefits and disadvantages of 

wine consumption. Trends Food Sci. Technol. 1999, 10, 129-138. 

 

(75) He, S.; Sun, C. R.; Pan, Y. J. Red wine polyphenols for cancer prevention. Int. J. 

Mol. Sci. 2008, 9, 842-853. 

 

(76) Mertens-Talcott, S. U.; Percival, S. S.; Talcott, S. T. Extracts from red 

Muscadine and Cabernet Sauvignon wines induce cell death in MOLT-4 human 

leukemia cells. Food Chem. 2008, 108, 824-832. 

 

(77) Lefevre, J.; Michaud, S. E.; Haddad, P.; Dussault, S.; Menard, C.; Groleau, J.; 

Turgeon, J.; Rivard, A. Moderate consumption of red wine (Cabernet Sauvignon) 

improves ischemia-induced neovascularization in ApoE-deficient mice: effect on 

endothelial progenitor cells and nitric oxide. Faseb J. 2007, 21, 3845-3852. 

 

(78) Lelfert, W. R.; Abeywardena, M. Y. Grape seed and red wine polyphenol 

extracts inhibit cellular cholesterol uptake, cell proliferation, and 5-lipoxygenase 

activity. Nutr. Res. 2008, 28, 842-850. 

 

(79) Walter, A.; Etienne-Selloum, N.; Sarr, M.; Kane, M. O.; Beretz, A.; Schini-

Kerth, V. B. Angiotensin II induces the vascular expression of VEGF and MMP-

2 in vivo: Preventive effect of red wine polyphenols. J. Vasc. Res. 2008, 45, 386-

394. 

 

(80) Kim, Y. S.; Young, M. R.; Bobe, G.; Colburn, N. H.; Milner, J. A. Bioactive 

food components, inflammatory targets, and cancer prevention. Cancer Prev. 

Res. 2009, 2, 200-208. 

 

(81) Issa, A. Y.; Volate, S. R.; Wargovich, M. J. The role of phytochemicals in 

inhibition of cancer and inflammation: New directions and perspectives. J. Food 

Compos. Anal. 2006, 19, 405-419. 

 



 

 

163 

(82) Wang, K.; Wan, Y. J. Y. Nuclear receptors and inflammatory diseases. Exp. Biol. 

Med. 2008, 233, 496-506. 

 

(83) Lee, J. S.; Il Kim, K.; Baek, S. H. Nuclear receptors and coregulators in 

inflammation and cancer. Cancer Lett. 2008, 267, 189-196. 

 

(84) Garcia-Alonso, M.; Minihane, A. M.; Rimbach, G.; Rivas-Gonzalo, J. C.; de 

Pascual-Teresa, S. Red wine anthocyanins are rapidly absorbed in humans and 

affect monocyte chemoattractant protein 1 levels and antioxidant capacity of 

plasma. J. Nutr. Biochem. 2009, 20, 521-529. 

 

(85) Kundu, J. K.; Surh, Y. J. Molecular basis of chemoprevention with dietary 

phytochemicals: redox-regulated transcription factors as relevant targets. 

Phytochem. Rev. 2009, 8, 333-347. 

 

(86) Watson, A. J. M. An overview of apoptosis and the prevention of colorectal 

cancer. Crit. Rev. Oncol. Hemat. 2006, 57, 107-121. 

 

(87) Bruce, W. R.; Giacca, A.; Medline, A. Possible mechanisms relating diet and risk 

of colon cancer. Cancer Epidem. Biomar. 2000, 9, 1271-1279. 

 

(88) Kim, M. J.; Kim, Y. J.; Park, H. J.; Chung, J. H.; Leem, K. H.; Kim, H. K. 

Apoptotic effect of red wine polyphenols on human colon cancer SNU-C4 cells. 

Food Chem. Toxicol. 2006, 44, 898-902. 

 

(89) Schlachterman, A.; Valle, F.; Wall, K. M.; Azios, N. G.; Castillo, L.; Morell, L.; 

Washington, A. V.; Cubano, L. A.; Dharmawardhane, S. F. Combined 

resveratrol, quercetin, and catechin treatment reduces breast tumor growth in a 

nude mouse model. Transl. Oncol. 2008, 1, 19-27. 

 

(90) Saiko, P.; Pemberger, M.; Horvath, Z.; Savinc, I.; Grusch, M.; Handler, N.; 

Erker, T.; Jaeger, W.; Fritzer-Szekeres, M.; Szekeres, T. Novel resveratrol 

analogs induce apoptosis and cause cell cycle arrest in HT29 human colon cancer 

cells: Inhibition of ribonucleotide reductase activity. Oncol. Rep. 2008, 19, 1621-

1626. 

 



 

 

164 

(91) Marel, A. K.; Lizard, G.; Izard, J. C.; Latruffe, N.; Delmas, D. Inhibitory effects 

of trans-resveratrol analogs molecules on the proliferation and the cell cycle 

progression of human colon tumoral cells. Mol. Nutr. Food Res. 2008, 52, 538-

548. 

 

(92) Lee, K. W.; Kang, N. J.; Heo, Y. S.; Rogozin, E. A.; Pugliese, A.; Hwang, M. K.; 

Bowden, G. T.; Bode, A. M.; Lee, H. J.; Dong, Z. Raf and MEK protein kinases 

are direct molecular targets for the chemopreventive effect of quercetin, a major 

flavonol in red wine. Cancer Res. 2008, 68, 946-955. 

 

(93) Hakimuddin, F.; Tiwari, K.; Paliyath, G.; Meckling, K. Grape and wine 

polyphenols down-regulate the expression of signal transduction genes and 

inhibit the growth of estrogen receptor-negative MDA-MB231 tumors in nu/nu 

mouse xenografts. Nutr. Res. 2008, 28, 702-713. 

 

(94) Juan, M. E.; Wenzel, U.; Daniel, H.; Planas, J. M. Resveratrol induces apoptosis 

through ROS-dependent mitochondria pathway in HT-29 human colorectal 

carcinoma cells. J. Agric. Food Chem. 2008, 56, 4813-4818. 

 

(95) Mertens-Talcott, S. U.; Lee, J. H.; Percival, S. S.; Talcott, S. T. Induction of cell 

death in Caco-2 human colon carcinoma cells by ellagic acid rich fractions from 

muscadine grapes (Vitis rotundifolia). J. Agric. Food Chem. 2006, 54, 5336-

5343. 

 

(96) Mertens-Talcott, S. U.; Percival, S. S. Ellagic acid and quercetin interact 

synergistically with resveratrol in the induction of apoptosis and cause transient 

cell cycle arrest in human leukemia cells. Cancer Lett. 2005, 218, 141-151. 

 

(97) Mertens-Talcott, S. U.; Talcott, S. T.; Percival, S. S. Low concentrations of 

quercetin and ellagic acid synergistically influence proliferation, cytotoxicity and 

apoptosis in MOLT-4 human leukemia cells. J. Nutr. 2003, 133, 2669-2674. 

 

(98) Ullah, M. F.; Aatif, M. The footprints of cancer development: Cancer 

biomarkers. Cancer Treat. Rev. 2009, 35, 193-200. 

 



 

 

165 

(99) Kundu, J. K.; Surh, Y. J. Cancer chemopreventive and therapeutic potential of 

resveratrol: Mechanistic perspectives. Cancer Lett. 2008, 269, 243-261. 

 

(100) Karamouzis, M. V.; Konstantinopoulos, P. A.; Papavassiliou, A. G. The activator 

protein-1 transcription factor in respiratory epithelium carcinogenesis. Mol. 

Cancer Res. 2007, 5, 109-120. 

 

(101) Grenett, H. E.; Abou-Agag, L. A.; Olave, N. C.; Pasten, C.; Wolkowicz, P. E.; 

Parks, D. A. Ethanol and red wine polyphenols induce the short-term 

downregulation of PAI-1 gene expression in vivo in rat aortic endothelium. J. Sci. 

Food Agric. 2007, 87, 1794-1798. 

 

(102) Millan, A.; Huerta, S. Apoptosis-inducing factor and colon cancer. J. Surg. Res. 

2009, 151, 163-170. 

 

(103) Labianca, R.; Beretta, G. D.; Kildani, B.; Milesi, L.; Merlin, F.; Mosconi, S.; 

Pessi, M. A.; Prochilo, T.; Quadri, A.; Gatta, G.; de Braud, F.; Wils, J. Colon 

cancer. Crit. Rev. Oncol. Hemat. 2010, 74, 106-133. 

 

(104) Tomatis, L.Cancer: Causes, ocurrance and control, 1st ed.; Oxford University 

Press: Lyon, 1990. 

 

(105) Rimando, A. M.; Suh, N. Biological/chemopreventive activity of stilbenes and 

their effect on colon cancer. Planta Med. 2008, 74, 1635-1643. 

 

(106) Lipkin, M.; Reddy, B.; Newmark, H.; Lamprecht, S. A. Dietary factors in human 

colorectal cancer. Annu. Rev. Nutr. 1999, 19, 545-586. 

 

(107) Theodoratou, E.; Kyle, J.; Cetnarskyj, R.; Farrington, S. M.; Tenesa, A.; 

Barnetson, R.; Porteous, M.; Dunlop, M.; Campbell, H. Dietary flavonoids and 

the risk of colorectal cancer. Cancer Epidem. Biomar. 2007, 16, 684-693. 

 

(108) Yun, J. M.; Afaq, F.; Khan, N.; Mukhtar, H. Delphinidin, an anthocyanidin in 

pigmented fruits and vegetables, induces apoptosis and cell cycle arrest in human 

colon cancer HCT116 Cells. Mol. Carcinog. 2009, 48, 260-270. 



 

 

166 

(109) Hsu, C. P.; Lin, Y. H.; Chou, C. C.; Zhou, S. P.; Hsu, Y. C.; Liu, C. L.; Ku, F. 

M.; Chung, Y. C. Mechanisms of grape seed procyanidin-induced apoptosis in 

colorectal carcinoma cells. Anticancer Res. 2009, 29, 283-289. 

 

(110) Wu, H. Y.; Dai, Q.; Shrubsole, M. J.; Ness, R. M.; Schlundt, D.; Smalley, W. E.; 

Chen, H. D.; Li, M.; Shyr, Y.; Zheng, W. Fruit and vegetable intakes are 

associated with lower risk of colorectal adenomas. J. Nutr. 2009, 139, 340-344. 

 

(111) Shan, B. E.; Wang, M. X.; Li, R. Q. Quercetin inhibit human SW480 colon 

cancer growth in association with inhibition of cyclin D1 and survivin expression 

through Wnt/beta-catenin signaling pathway. Cancer Invest. 2009, 27, 604-612. 

 

(112) Asano, T. K.; McLeod, R. S. Nonsteroidal anti-inflammatory drugs and aspirin 

for the prevention of colorectal adenomas and cancer: A systematic review. Dis. 

Colon Rectum 2004, 47, 665-673. 

 

(113) Cali, R. L.; Pitsch, R. M.; Thorson, A. G.; Watson, P.; Tapia, P.; Blatchford, G. 

J.; Christensen, M. A. Cumulative incidence of metachronous colorectal cacner. 

Dis. Colon Rectum 1993, 36, 388-393. 

 

(114) Bülow, S.; Svendsen, L. B.; Mellemgaard, A. Metachronous colorectal 

carcinoma. Br. J. Surg. 1990, 77, 502-505. 

 

(115) Bhatnagar, N.; Li, X.; Chen, Y.; Zhou, X. D.; Garrett, S. H.; Guo, B. 3,3'-

diindolylmethane enhances the efficacy of butyrate in colon cancer prevention 

through down-regulation of survivin. Cancer Prev. Res. 2009, 2, 581-589. 

 

(116) Bongaerts, B. W. C.; de Goeij, A.; de Vogel, S.; van den Brandt, P. A.; 

Goldbohm, R. A.; Weijenberg, M. P. Alcohol consumption and distinct 

molecular pathways to colorectal cancer. Br. J. Nutr. 2007, 97, 430-434. 

 

(117) Johns Hopkins. Colon cancer center. Colorectal cancer. 

http://www.hopkinscoloncancercenter.org/CMS/CMS_Page.aspx?CurrentUDV=

59&CMS_Page_ID=EEA2CD91-3276-4123-BEEB-BAF1984D20C7 (accessed 

May 11, 2011). 

 



 

 

167 

(118) Burz, C.; Berindan-Neagoe, I.; Balacescu, O.; Irimie, A. Apoptosis in cancer: 

Key molecular signaling pathways and therapy targets. Acta Oncol. 2009, 48, 

811-821. 

 

(119) Fiers, W.; Beyaert, R.; Declercq, W.; Vandenabeele, P. More than one way to 

die: Apoptosis, necrosis and reactive oxygen damage. Oncogene 1999, 18, 7719-

7730. 

 

(120) Bold, R. J.; Termuhlen, P. M.; McConkey, D. J. Apoptosis, cancer and cancer 

therapy. Surg. Oncol. Oxf. 1997, 6, 133-142. 

 

(121) Gupta, S.; Agrawal, A.; Agrawal, S.; Su, H.; Gollapudi, S. A paradox of 

immunodeficiency and inflammation in human aging: Lessons learned from 

apoptosis. Immunity & Ageing 2006, 3, 5. 

 

(122) Taylor, R. C.; Cullen, S. P.; Martin, S. J. Apoptosis: Controlled demolition at the 

cellular level. Nat. Rev. Mol. Cell Bio. 2008, 9, 231-241. 

 

(123) Mathiasen, I. S.; Jaattela, M. Triggering caspase-independent cell death to 

combat cancer. Trends Mol. Med. 2002, 8, 212-220. 

 

(124) Johnson, D. E. Noncaspase proteases in apoptosis. Leukemia 2000, 14, 1695-

1703. 

 

(125) Leist, M.; Jaattela, M. Four deaths and a funeral: From caspases to alternative 

mechanisms. Nature Reviews Mol. Cell Bio. 2001, 2, 589-598. 

 

(126) Wang, K. K. W. Calpain and caspase: Can you tell the difference? Trends 

Neurosci. 2000, 23, 20-26. 

 

(127) Sassen, S.; Miska, E. A.; Caldas, C. MicroRNA - Implications for cancer. 

Virchows Arch. 2008, 452, 1-10. 

 



 

 

168 

(128) Giannakakis, A.; Coukos, G.; Hatzigeorgiou, A.; Sandaltzopoulos, R.; Zhang, L. 

miRNA genetic alterations in human cancers. Expert Opin. Biol. Th. 2007, 7, 

1375-1386. 

 

(129) Mertens-Talcott, S. U.; Chintharlapalli, S.; Li, M. R.; Safe, S. The oncogenic 

microRNA-27a targets genes that regulate specificity protein transcription factors 

and the G(2)-M checkpoint in MDA-MB-231 breast cancer cells. Cancer Res. 

2007, 67, 11001-11011. 

 

(130) Fabbri, M.; Ivan, M.; Cimmino, A.; Negrini, M.; Calin, G. A. Regulatory 

mechanisms of microRNAs involvement in cancer: the strange case of Dr Jekyll 

and Mr Hyde. Expert Opin. Biol. Th. 2007, 7, 1009-1019. 

 

 

(131) Williams, A. E. Functional aspects of animal microRNAs. Cell. Mol. Life Sci. 

2008, 65, 545-562. 

 

(132) Lu, Z.; Liu, M.; Stribinskis, V.; Klinge, C. M.; Ramos, K. S.; Colburn, N. H.; Li, 

Y. MicroRNA-21 promotes cell transformation by targeting the programmed cell 

death 4 gene. Oncogene 2008, 27, 4373-4379. 

 

(133) Cummins, J. M.; Velculescu, V. E. Implications of micro-RNA profiling for 

cancer diagnosis. Oncogene 2006, 25, 6220-6227. 

 

(134) Shivdasani, R. A. MicroRNAs: Regulators of gene expression and cell 

differentiation. Blood 2006, 108, 3646-3653. 

 

(135) Cowland, J. B.; Hother, C.; Gronwaek, K. MicroRNAs and cancer. APMIS. 2007, 

115, 1090-1106. 

 

(136) Li Y Fau - Kong, D.; Kong D Fau - Wang, Z.; Wang Z Fau - Sarkar, F. H.; 

Sarkar, F. H. Regulation of microRNAs by natural agents: An emerging field in 

chemoprevention and chemotherapy research. Pharm. Res. 2010, 27, 1027-1041. 

 



 

 

169 

(137) Tsang, W. P.; Kwok, T. T. Epigallocatechin gallate up-regulation of miR-16 and 

induction of apoptosis in human cancer cells. J. Nutr. Biochem. 2010, 21, 140-

146. 

 

(138) Sun, M.; Estrov, Z.; Ji, Y.; Coombes, K. R.; Harris, D. H.; Kurzrock, R. 

Curcumin (diferuloylmethane) alters the expression profiles of microRNAs in 

human pancreatic cancer cells. Mol. Cancer Ther. 2008, 7, 464-473. 

 

(139) Chintharlapalli, S.; Papineni, S.; Abdelrahim, M.; Abudayyeh, A.; Jutooru, I.; 

Chadalapaka, G.; Wu, F.; Mertens-Talcott, S.; Vanderlaag, K.; Cho, S. D.; Smith, 

R.; Safe, S. Oncogenic microRNA-27a is a target for anticancer agent methyl 2-

cyano-3,11-dioxo-18 beta-olean-1,12-dien-30-oate in colon cancer cells. Int. J. 

Cancer 2009, 125, 1965-1974. 

 

(140) Zhou, J. F.; Zhou, Y. P.; Yin, B.; Hao, W.; Zhao, L.; Ju, W. Y.; Bai, C. M. 5-

fluorouracil and oxaliplatin modify the expression profiles of microRNAs in 

human colon cancer cells in vitro. Oncol. Rep. 2010, 23, 121-128. 

 

(141) Tili, E.; Michaille, J. J.; Alder, H.; Volinia, S.; Delmas, D.; Latruffe, N.; Croce, 

C. M. Resveratrol modulates the levels of microRNAs targeting genes encoding 

tumor-suppressors and effectors of TGF beta signaling pathway in SW480 cells. 

Biochem. Pharmacol. 2010, 80, 2057-2065. 

 

(142) Buzombo, P.; Jaimes, J.; Lam, V.; Cantrell, K.; Harkness, M.; McCullough, D.; 

Morano, L. An American hybrid vineyard in the Texas gulf coast: Analysis 

within a Pierce's disease hot zone. Am. J. Enol. Vitic. 2006, 57, 347-355. 

 

(143) Martensson, A. Need for protective measures to combat potential outbreaks of 

Homalodisca coagulata and Pierce's disease in European viticulture. Acta 

Agriculturae Scandinavica, Section B - Plant Soil Science 2007, 57, 1-9. 

 

(144) Lipe, J. A. Bunch grape variety trials in east Texas. Texas Agricultural 

Experiment Station Progress Report 1980, 1-8. 

 

(145) Purcell, A.; Feil, H. Glassy-winged sharpshooter. Pesticide Outlook 2001, 12, 

199-203. 



 

 

170 

(146) Obreque-Slier, E.; Pena-Neira, A.; Lopez-Solis, R.; Zamora-Marin, F.; Ricardo-

da Silva, J. M.; Laureano, O. Comparative study of the phenolic composition of 

seeds and skins from Carmenere and Cabernet Sauvignon grape varieties (Vitis 

vinifera L.) during ripening. J. Agric. Food Chem. 2010, 58, 3591-3599. 

 

(147) Holt, H. E.; Birchmore, W.; Herderich, M. J.; Iland, P. G. Berry phenolics in 

Cabernet Sauvignon (Vitis vinifera L.) during late-stage ripening. Am. J. Enol. 

Vitic. 2010, 61, 285-299. 

 

(148) Castillo-Munoz, N.; Gomez-Alonso, S.; Garcia-Romero, E.; Hermosin-Gutierrez, 

I. Flavonol profiles of Vitis vinifera white grape cultivars. J. Food Compos. Anal. 

2010, 23, 699-705. 

 

(149) Viala, P. American vines (resistant stock) their adaptation, culture, grafting and 

propagation, 1st ed.;University of California: San Francisco, 1903. 

 

(150) Galet, P. A practical ampelography: Grapevine identification, 1st ed.; Cornell 

University Press: Ithaca, 1979. 

 

(151) Mortensen, J. A. Blanc Du Bois: A Florida bunch grape for white wine. 

Agricultural Experiment Station, Institute of Food and Agricultural Sciences: 

Gainesville, FL, 1987. 

 

(152) Singleton, V. L.; Rossi, J. A., Jr. Colorimetry of total phenolics with 

phosphomolybdic-phosphotungstic acid reagents. Am. J. Enol. Vitic. 1965, 16, 

144-158. 

 

(153) Giusti; M.; Wrolstad, R. E. Characterization and measurement of anthocyanins 

by UV-visible spectroscopy. In Current Protocols in Food Analytical Chemistry; 

Wrolstad, R. E., Ed. John Wiley & Sons, Inc.: New York, 2001; p F1.2.1–

F1.2.13. 

 

(154) Wang, H.; Cao, G.; Prior, R. L. Total antioxidant capacity of fruits. J. Agric. 

Food Chem. 1996, 44, 701-705. 

 



 

 

171 

(155) Abe, L. T.; Da Mota, R. V.; Lajolo, F. M.; Genovese, M. I. Phenolic compounds 

and antioxidant activity of Vitis labrusca and Vitis vinfiera cultivars. Ciencia 

Tecnol. Aliment. 2007, 27, 394-400. 

 

(156) Cantos, E.; Espin, J. C.; Tomas-Barberan, F. A. Varietal differences among the 

polyphenol profiles of seven table grape cultivars studied by LC-DAD-MS-MS. 

J. Agric. Food Chem. 2002, 50, 5691-5696. 

 

(157) Hogan, S.; Zhang, L.; Li, J. R.; Zoecklein, B.; Zhou, K. Q. Antioxidant properties 

and bioactive components of Norton (Vitis aestivalis) and Cabernet Franc (Vitis 

vinifera) wine grapes. LWT-Food Sci. Technol. 2009, 42, 1269-1274. 

 

(158) Guerrero, R. F.; Liazid, A.; Palma, M.; Puertas, B.; Gonzalez-Barrio, R.; Gil-

Izquierdo, A.; Garcia-Barroso, C.; Cantos-Villar, E. Phenolic characterisation of 

red grapes autochthonous to Andalusia. Food Chem. 2009, 112, 949-955. 

 

(159) Hassimotto, N. M. A.; Genovese, M. I.; Lajolo, F. M. Antioxidant activity of 

dietary fruits, vegetables, and commercial frozen fruit pulps. J. Agric. Food 

Chem. 2005, 53, 2928-2935. 

 

(160) Kedage, V. V.; Tilak, J. C.; Dixit, G. B.; Devasagayam, T. P. A.; Mhatre, M. A 

study of antioxidant properties of some varieties of grapes (Vitis vinifera L.). 

Crit. Rev. Food Sci. Nutr. 2007, 47, 175 - 185. 

 

(161) Li, Z.; Pan, Q. H.; Jin, Z. M.; Mu, L.; Duan, C. Q. Comparison on phenolic 

compounds in Vitis vinifera cv. Cabernet Sauvignon wines from five wine-

growing regions in China. Food Chem. 2011, 125, 77-83. 

 

(162) Jin, Z. M.; Bi, H. Q.; Liang, N. N.; Duan, C. Q. An Extraction method for 

obtainingthe maximum non-anthocyanin polyphenolics from grape berry skins. 

Anal. Lett. 2010, 43, 776-785. 

 

(163) Jin, Z. M.; He, J. J.; Bi, H. Q.; Cui, X. Y.; Duan, C. Q. Phenolic compound 

profiles in berry skins from nine red wine grape cultivars in northwest China. 

Molecules 2009, 14, 4922-4935. 

 



 

 

172 

(164) Pati, S.; Losito, I.; Gambacorta, G.; La Notte, E.; Palmisano, F.; Zambonin, P. G. 

Simultaneous separation and identification of oligomeric procyanidins and 

anthocyanin-derived pigments in raw red wine by HPLC-UV-ESI-MS
n
. J. Mass 

Spectrom. 2006, 41, 861-871. 

 

(165) Friedrich, W.; Eberhardt, A.; Galensa, R. Investigation of proanthocyanidins by 

HPLC with electrospray ionization mass spectrometry. Eur. Food Res. Technol. 

2000, 211, 56-64. 

 

(166) Pacheco-Palencia, L. A.; Mertens-Talcott, S.; Talcott, S. T. Chemical 

composition, antioxidant properties, and thermal stability of a phytochemical 

enriched oil from acai (Euterpe oleracea Mart.). J. Agric. Food Chem. 2008, 56, 

4631-4636. 

 

(167) Liu, Y. X.; Pan, Q. H.; Yan, G. L.; He, J. J.; Duan, C. Q. Changes of flavan-3-ols 

with different degrees of polymerization in seeds of 'Shiraz', 'Cabernet 

Sauvignon' and 'Marselan' grapes after veraison. Molecules 2010, 15, 7763-7774. 

 

(168) Li, H. J.; Deinzer, M. L. Tandem mass spectrometry for sequencing 

proanthocyanidins. Anal. Chem. 2007, 79, 1739-1748. 

 

(169) Montealegre, R. R.; Peces, R. R.; Vozmediano, J. L. C.; Gascuena, J. M.; 

Romero, E. G. Phenolic compounds in skins and seeds of ten grape Vitis vinifera 

varieties grown in a warm climate. J. Food Compos. Anal. 2006, 19, 687-693. 

 

(170) Cheynier, V.; Rigaud, J. HPLC separation and characterization of flavonols in 

the skins of Vitis vinifera var. Cinsault. Am. J. Enol. Vitic. 1986, 37, 248-252. 

 

(171) Yang, J.; Martinson, T. E.; Liu, R. H. Phytochemical profiles and antioxidant 

activities of wine grapes. Food Chem. 2009, 116, 332-339. 

 

(172) Squadrito, M.; Corona, O.; Ansaldi, G.; Di Stefano, R. Evolution of anthocyanin 

profile from grape to wine. J. Int. Sci. Vigne Vin. 2010, 44, 167-177. 

 



 

 

173 

(173) Ferrandino, A.; Guidoni, S. Anthocyanins, flavonols and hydroxycinnamates: An 

attempt to use them to discriminate Vitis vinifera L. cv 'Barbera' clones. Eur. 

Food Res. Technol. 2010, 230, 417-427. 

 

(174) Bridle, P.; Timberlake, C. F. Anthocyanins as natural food colours - Selected 

aspects. Food Chem. 1997, 58, 103-109. 

 

(175) Bordignon-Luiz, M. T.; Gauche, C.; Gris, E. F.; Falcao, L. D. Colour stability of 

anthocyanins from Isabel grapes (Vitis labrusca L.) in model systems. LWT-Food 

Sci. Technol. 2007, 40, 594-599. 

 

(176) Sandhu, A. K.; Gu, L. W. Antioxidant capacity, phenolic content, and profiling 

of phenolic compounds in the seeds, skin, and pulp of Vitis rotundifolia 

(muscadine grapes) as determined by HPLC-DAD-ESI-MS
n
. J. Agric. Food 

Chem. 2010, 58, 4681-4692. 

 

(177) Cardona, J. A.; Lee, J. H.; Talcott, S. T. Color and polyphenolic stability in 

extracts produced from muscadine grape (Vitis rotundifolia) pomace. J. Agric. 

Food Chem. 2009, 57, 8421-8425. 

 

(178) Wang, H. B.; Race, E. J.; Shrikhande, A. J. Characterization of anthocyanins in 

grape juices by ion trap liquid chromatography-mass spectrometry. J. Agric. 

Food Chem. 2003, 51, 1839-1844. 

 

(179) Mazza, G. Anthocyanins in grapes and grape products. Crit. Rev. Food Sci. Nutr. 

1995, 35, 341-371. 

 

(180) Nevares, I.; Del Alamo, M.; Carcel, L. M.; Crespo, R.; Martin, C.; Gallego, L. 

Measure the dissolved oxygen consumed by red wines in aging tanks. Food 

Bioprocess Tech. 2009, 2, 328-336. 

 

(181) Devatine, A.; Chiciuc, I.; Poupot, C.; Mietton-Peuchot, M. Micro-oxygenation of 

wine in presence of dissolved carbon dioxide. Chem. Eng. Sci. 2007, 62, 4579-

4588. 

 



 

 

174 

(182) Gomez-Plaza, E.; Cano-Lopez, M. A review on micro-oxygenation of red wines: 

Claims, benefits and the underlying chemistry. Food Chem. 2011, 125, 1131-

1140. 

 

(183) Flamini, R.; Traldi, P. Mass spectrometry in grape and wine chemistry, 1st ed.; 

Joh Wiley& Sons, Inc.: New Yersey, 2010. 

 

(184) Ginjom, I.; D'Arcy, B.; Caffin, N.; Gidley, M. Phenolic compound profiles in 

selected Queensland red wines at all stages of the wine-making process. Food 

Chem. 2011, 125, 823-834. 

 

(185) Radovanovic, B. C.; Radovanovic, A. N.; Souquet, J. M. Phenolic profile and 

free radical-scavenging activity of Cabernet Sauvignon wines of different 

geographical origins from the Balkan region. J. Sci. Food Agr. 2010, 90, 2455-

2461. 

 

(186) Alcalde-Eon, C.; Boido, E.; Carrau, F.; Dellacassa, E.; Rivas-Gonzalo, J. C. 

Pigment profiles in monovarietal wines produced in Uruguay. Am. J. Enol. Vitic. 

2006, 57, 449-459. 

 

(187) Alcalde-Eon, C.; Escribano-Bailon, M. T.; Santos-Buelga, C.; Rivas-Gonzalo, J. 

C. Changes in the detailed pigment composition of red wine during maturity and 

ageing - A comprehensive study. Anal. Chim. Acta 2006, 563, 238-254. 

 

(188) Cheynier, V.; Duenas-Paton, M.; Salas, E.; Maury, C.; Souquet, J.-M.; Sarni-

Manchado, P.; Fulcrand, H. Structure and properties of wine pigments and 

tannins. Am. J. Enol. Vitic. 2006, 57, 298-305. 

 

(189) Alcalde-Eon, C.; Escribano-Bailon, M. T.; Santos-Buelga, C.; Rivas-Gonzalo, J. 

C. Identification of dimeric anthocyanins and new oligomeric pigments in red 

wine by means of HPLC-DAD-ESI/MS
n
. J. Mass Spectrom. 2007, 42, 735-748. 

 

(190) Cejudo-Bastante, M. J.; Hermosin-Gutierrez, I.; Perez-Coello, M. S. Micro-

oxygenation and oak chip treatments of red wines: Effects on colour-related 

phenolics, volatile composition and sensory characteristics. Part II: Merlot wines. 

Food Chem. 2011, 124, 738-748. 



 

 

175 

(191) Heras, M. O.; Rivero-Perez, M. D.; Perez-Magarino, S.; Gonzalez-Huerta, C.; 

Gonzalez-Sanjose, M. L. Changes in the volatile composition of red wines during 

aging in oak barrels due to microoxygenation treatment applied before malolactic 

fermentation. Eur. Food Res. Technol. 2008, 226, 1485-1493. 

 

(192) Boulton, R. The copigmentation of anthocyanins and its role in the color of red 

wine: A critical review. Am. J. Enol. Vitic. 2001, 52, 67-87. 

 

(193) Mazza, G.; Fukumoto, L.; Delaquis, P.; Girard, B.; Ewert, B. Anthocyanins, 

phenolics, and color of Cabernet Franc, Merlot, and Pinot Noir wines from 

British Columbia. J. Agric. Food Chem. 1999, 47, 4009-4017. 

 

(194) del Alamo Sanza, M.; Nevares Domínguez, I.; Cárcel Cárcel, L. M.; Navas 

Gracia, L. Analysis for low molecular weight phenolic compounds in a red wine 

aged in oak chips. Anal. Chim. Acta 2004, 513, 229-237. 

 

(195) del Álamo Sanza, M.; Nevares Domínguez, I.; García Merino, S. Influence of 

different aging systems and oak woods on aged wine color and anthocyanin 

composition. Eur. Food Res. Technol. 2004, 219, 124-132. 

 

(196) Fulcrand, H.; Duenas, M.; Salas, E.; Cheynier, V. Phenolic reactions during 

winemaking and aging. Am. J. Enol. Vitic. 2006, 57, 289-297. 

 

(197) De Beer, D.; Harbertson, J. F.; Kilmartin, P. A.; Roginsky, V.; Barsukova, T.; 

Adams, D. O.; Waterhouse, A. L. Phenolics: A comparison of diverse analytical 

methods. Am. J. Enol. Vitic. 2004, 55, 389-400. 

 

(198) Doka, O.; Bicanic, D. Determination of total polyphenolic content in red wines 

by means of the combined He-Ne laser optothermal window and Folin-Ciocalteu 

colorimetry assay. Anal. Chem. 2002, 74, 2157-2161. 

 

(199) Waterhouse, A. L. Determination of total phenolics. In Current Protocols in 

Food Analytical Chemistry; Wrolstad, R. E., Ed. John Wiley & Sons, Inc.: New 

York, 2001; pI.1.1.1-I.1.1.8. 

 



 

 

176 

(200) Castellari, M.; Arfelli, G.; Riponi, C.; Amati, A. Evolution of phenolic 

compounds in red winemaking as affected by must oxygenation. Am. J. Enol. 

Vitic. 1998, 49, 91-94. 

 

(201) Saiko, P.; Szakmary, A.; Jaeger, W.; Szekeres, T. Resveratrol and its analogs: 

Defense against cancer, coronary disease and neurodegenerative maladies or just 

a fad? Mutat. Res-Rev. Mutat. 2008, 658, 68-94. 

 

(202) Kim, W. K.; Bang, M. H.; Kim, E. S.; Kang, N. E.; Jung, K. C.; Cho, H. J.; Park, 

J. H. Y. Quercetin decreases the expression of ErbB2 and ErbB3 proteins in HT-

29 human colon cancer cells. J. Nutr. Biochem. 2005, 16, 155-162. 

 

(203) Mertens-Talcott, S. U.; Percival, S. S. Ellagic acid and quercetin interact 

synergistically with resveratrol in the induction of apoptosis and cause transient 

cell cycle arrest in human leukemia cells. Cancer Lett. 2005, 218, 141-51. 

 

(204) Wenzel, U.; Herzog, A.; Kuntz, S.; Daniel, H. Protein expression profiling 

identifies molecular targets of quercetin as a major dietary flavonoid in human 

colon cancer cells. Proteomics 2004, 4, 2160-2174. 

 

(205) Garvin, S.; Ollinger, K.; Dabrosin, C. Resveratrol induces apoptosis and inhibits 

angiogenesis in human breast cancer xenografts in vivo. Cancer Lett. 2006, 231, 

113-122. 

 

(206) Meng, Q.; Velalar, C. N.; Ruan, R. Effects of epigallocatechin-3-gallate on 

mitochondrial integrity and antioxidative enzyme activity in the aging process of 

human fibroblast. Free Radic. Biol. Med. 2008, 44, 1032-1041. 

 

(207) Fremont, L. Minireview - Biological effects of resveratrol. Life Sci. 2000, 66, 

663-673. 

 

(208) Brauns, S. C.; Dealtry, G.; Milne, P.; Naude, R.; Van de Venter, M. Caspase-3 

activation and induction of PARP cleavage by cyclic dipeptide Cyclo(Phe-Pro) in 

HT-29 cells. Anticancer Res. 2005, 25, 4197-4202. 

 



 

 

177 

(209) Jutooru, I.; Chadalapaka, G.; Abdelrahim, M.; Basha, M. R.; Samudio, I.; 

Konopleva, M.; Andreeff, M.; Safe, S. Methyl 2-cyano-3,12-dioxooleana-1,9-

dien-28-oate decreases specificity protein transcription factors and inhibits 

pancreatic tumor growth: role of microRNA-27a. Mol. Pharmacol. 2010, 78, 

226-36. 

 

(210) Chintharlapalli, S.; Papineni, S.; Abdelrahim, M.; Abudayyeh, A.; Jutooru, I.; 

Chadalapaka, G.; Wu, F.; Mertens-Talcott, S.; Vanderlaag, K.; Cho, S. D.; Smith, 

R., 3rd; Safe, S. Oncogenic microRNA-27a is a target for anticancer agent 

methyl 2-cyano-3,11-dioxo-18beta-olean-1,12-dien-30-oate in colon cancer cells. 

Int. J. Cancer 2009, 125, 1965-74. 

 

(211) Chadalapaka, G.; Jutooru, I.; Chintharlapalli, S.; Papineni, S.; Smith, R., 3rd; Li, 

X.; Safe, S. Curcumin decreases specificity protein expression in bladder cancer 

cells. Cancer Res. 2008, 68, 5345-54. 

 

(212) Chintharlapalli, S.; Papineni, S.; Ramaiah, S. K.; Safe, S. Betulinic acid inhibits 

prostate cancer growth through inhibition of specificity protein transcription 

factors. Cancer Res. 2007, 67, 2816-23. 

 

(213) Chadalapaka, G.; Jutooru, I.; Burghardt, R.; Safe, S. Drugs that target specificity 

proteins downregulate epidermal growth factor receptor in bladder cancer cells. 

Mol. Cancer Res. 2010, 8, 739-50. 

 

(214) Jutooru, I.; Chadalapaka, G.; Lei, P.; Safe, S. Inhibition of NFkappaB and 

pancreatic cancer cell and tumor growth by curcumin is dependent on specificity 

protein down-regulation. J. Biol. Chem. 2010, 285, 25332-44. 

 

(215) Jutooru, I.; Chadalapaka, G.; Abdelrahim, M.; Basha, M. R.; Samudio, I.; 

Konopleva, M.; Andreeff, M.; Safe, S. Methyl 2-cyano-3,12-dioxooleana-1,9-

dien-28-oate decreases specificity protein transcription factors and inhibits 

pancreatic tumor growth: Role of microRNA-27a. Mol. Pharmacol. 2010, 78, 

226-236. 

 

(216) Meng, Q. Y.; Velalar, C. N.; Ruan, R. S. Effects of epigallocatechin-3-gallate on 

mitochondrial integrity and antioxidative enzyme activity in the aging process of 

human fibroblast. Free Radic. Biol. Med. 2008, 44, 1032-1041. 



 

 

178 

(217) Fresco, P.; Borges, F.; Diniz, C.; Marques, M. P. M. New insights on the 

anticancer properties of dietary polyphenols. Med. Res. Rev. 2006, 26, 747-766. 

 

(218) Schumacker, P. T. Reactive oxygen species in cancer cells: Live by the sword, 

die by the sword. Cancer Cell 2006, 10, 175-176. 

 

(219) Fiander, H.; Schneider, H. Dietary ortho phenols that induce glutathione S-

transferase and increase the resistance of cells to hydrogen peroxide are potential 

cancer chemopreventives that act by two mechanisms: the alleviation of 

oxidative stress and the detoxification of mutagenic xenobiotics. Cancer Lett. 

2000, 156, 117-124. 

 

(220) Hsu, S. C.; Lu, J. H.; Ku, C. L.; Yang, J. S.; Lin, M. W.; Chen, G. W.; Su, C. C.; 

Lu, H. F.; Chung, J. G. Crude extracts of Solanum lyratum induced cytotoxicity 

and apoptosis in a human colon adenocarcinoma cell line (Colo 205). Anticancer 

Res. 2008, 28, 1045-1054. 

 

(221) Kaindl, U.; Eyberg, I.; Rohr-Udilova, N.; Heinzle, C.; Marian, B. The dietary 

antioxidants resveratrol and quercetin protect cells from exogenous pro-oxidative 

damage. Food Chem. Toxicol. 2008, 46, 1320-1326. 

 

(222) Tan, J.; Wang, B. C.; Zhu, L. C. Regulation of survivin and Bcl-2 in HepG2 cell 

apoptosis induced by quercetin. Chem. Biodivers. 2009, 6, 1101-1110. 

 

 

(223) Shakibaei, M.; John, T.; Seifarth, C.; Mobasheri, A. Resveratrol inhibits IL-1 

beta-induced stimulation of caspase-3 and cleavage of PARP in human articular 

chondrocytes in vitro. Ann. NY. Acad Sci. 2007, 1095, 554-563. 

 

(224) Wang, Z. Q.; Stingl, L.; Morrison, C.; Jantsch, M.; Los, M.; SchulzeOsthoff, K.; 

Wagner, E. F. PARP is important for genomic stability but dispensable in 

apoptosis. Genes Dev. 1997, 11, 2347-2358. 

 

(225) Kim, M. Y.; Zhang, T.; Kraus, W. L. Poly(ADP-ribosyl)ation by PARP-1: `PAR-

laying' NAD+ into a nuclear signal. Genes Dev. 2005, 19, 1951-1967. 

 



 

 

179 

(226) Jutooru, I.; Chadalapaka, G.; Sreevalsan, S.; Lei, P.; Barhoumi, R.; Burghardt, 

R.; Safe, S. Arsenic trioxide downregulates specificity protein (Sp) transcription 

factors and inhibits bladder cancer cell and tumor growth. Exp. Cell Res. 2010, 

316, 2174-88. 

 

(227) Abdelrahim, M.; Safe, S. Cyclooxygenase-2 inhibitors decrease vascular 

endothelial growth factor expression in colon cancer cells by enhanced 

degradation of Sp1 and Sp4 proteins. Mol. Pharmacol. 2005, 68, 317-29. 

 

(228) Abdelrahim, M.; Baker, C. H.; Abbruzzese, J. L.; Sheikh-Hamad, D.; Liu, S. X.; 

Cho, S. D.; Yoon, K.; Safe, S. Regulation of vascular endothelial growth factor 

receptor-1 expression by specificity proteins 1, 3, and 4 in pancreatic cancer 

cells. Cancer Res. 2007, 67, 3286-3294. 

 

(229) Safe, S.; Abdelrahim, M. Sp transcription factor family and its role in cancer. 

Eur. J. Cancer. 2005, 41, 2438-48. 

 

(230) Yao, J. C.; Wang, L.; Wei, D.; Gong, W.; Hassan, M.; Wu, T. T.; Mansfield, P.; 

Ajani, J.; Xie, K. Association between expression of transcription factor Sp1 and 

increased vascular endothelial growth factor expression, advanced stage, and 

poor survival in patients with resected gastric cancer. Clin. Cancer Res. 2004, 10, 

4109-17. 

 

(231) Jiang, N. Y.; Woda, B. A.; Banner, B. F.; Whalen, G. F.; Dresser, K. A.; Lu, D. 

Sp1, a new biomarker that identifies a subset of aggressive pancreatic ductal 

adenocarcinoma. Cancer Epidem. Biomar. 2008, 17, 1648-1652. 

 

(232) Abdelrahim, M.; Baker, C. H.; Abbruzzese, J. L.; Sheikh-Hamad, D.; Liu, S.; 

Cho, S. D.; Yoon, K.; Safe, S. Regulation of vascular endothelial growth factor 

receptor-1 expression by specificity proteins 1, 3, and 4 in pancreatic cancer 

cells. Cancer Res. 2007, 67, 3286-94. 

 

(233) Lou, Z.; O'Reilly, S.; Liang, H.; Maher, V. M.; Sleight, S. D.; McCormick, J. J. 

Down-regulation of overexpressed sp1 protein in human fibrosarcoma cell lines 

inhibits tumor formation. Cancer Res. 2005, 65, 1007-17. 

 



 

 

180 

(234) Tillotson, L. G. RIN ZF, a novel zinc finger gene, encodes proteins that bind to 

the CACC element of the gastrin promoter. J. Biol. Chem. 1999, 274, 8123-8. 

 

(235) Wang, Y.; Lee, C. G. L. MicroRNA and cancer - Focus on apoptosis. J. Cell. 

Mol. Med. 2009, 13, 12-23. 

 

(236) Lynam-Lennon, N.; Maher, S. G.; Reynolds, J. V. The roles of microRNA in 

cancer and apoptosis. Biol. Rev. 2009, 84, 55-71. 

 

(237) Liu, T.; Tang, H.; Lang, Y. Y.; Liu, M.; Li, X. MicroRNA-27a functions as an 

oncogene in gastric adenocarcinoma by targeting prohibitin. Cancer Lett. 2009, 

273, 233-242. 

 

(238) Ji, J. L.; Zhang, J. S.; Huang, G. C.; Qian, J.; Wang, X. Q.; Mei, S. Over-

expressed microRNA-27a and 27b influence fat accumulation and cell 

proliferation during rat hepatic stellate cell activation. FEBS Lett. 2009, 583, 

759-766. 

 

(239) Zhu, H.; Wu, H.; Liu, X. P.; Euans, B. R.; Medina, D. J.; Liu, C. G.; Yang, J. M. 

Role of microRNA miR-27a and miR-451 in the regulation of MDR1/P-

glycoprotein expression in human cancer cells. Biochem. Pharmacol. 2008, 76, 

582-588. 

 

(240) Herr, I.; Buchler, M. W. Dietary constituents of broccoli and other cruciferous 

vegetables: Implications for prevention and therapy of cancer. Cancer Treat. Rev. 

2010, 36, 377-383. 

 

(241) Jin, Y. C.; Zou, X. H.; Feng, X. L. 3,3'-diindolylmethane negatively regulates 

Cdc25A and induces a G2/M arrest by modulation of microRNA-21 in human 

breast cancer cells. Anti-Cancer Drug. 2010, 21, 814-822. 

 

(242) Takachi, R.; Inoue, M.; Sawada, N.; Iwasaki, M.; Sasazuki, S.; Ishihara, J.; 

Tsubono, Y.; Tsugane, S. Fruits and vegetables in relation to prostate cancer in 

Japanese men: The Japan public health center-based prospective study. Nutr. 

Cancer 2010, 62, 30-39. 

 



 

 

181 

(243) Lopez-Velez, M.; Martinez-Martinez, F.; Del Valle-Ribes, C. The study of 

phenolic compounds as natural antioxidants in wine. Crit. Rev. Food Sci. 2003, 

43, 233-244. 

 

(244) Stockley, C. S.; Hoj, P. B. Better wine for better health: Fact or fiction? Aus. J. 

Grape Wine R. 2005, 11, 127-138. 

 

(245) Sun, Y.; Fang, N.; Chen, D. D. Y.; Donkor, K. K. Determination of potentially 

anti-carcinogenic flavonoids in wines by micellar electrokinetic chromatography. 

Food Chem. 2008, 106, 415-420. 

 

(246) Oak, M. H.; El Bedoui, J.; Schini-Kerth, V. B. Antiangiogenic properties of 

natural polyphenols from red wine and green tea. J. Nutr. Biochem. 2005, 16, 1-

8. 

 

(247) Singletary, K. W.; Stansbury, M. J.; Giusti, M.; Van Breemen, R. B.; Wallig, M.; 

Rimando, A. Inhibition of rat mammary tumorigenesis by Concord grape juice 

constituents. J. Agric. Food Chem. 2003, 51, 7280-7286. 

 

(248) Jung, K. J.; Wallig, M. A.; Singletary, K. W. Purple grape juice inhibits 7,12-

dimethylbenz a anthracene (DMBA)-induced rat mammary tumorigenesis and in 

vivo DMBA-DNA adduct formation. Cancer Lett. 2006, 233, 279-288. 

 

(249) Pacheco-Palencia, L. A.; Talcott, S. T.; Safe, S.; Mertens-Talcott, S. Absorption 

and biological activity of phytochemical-rich extracts from acai (Euterpe 

oleracea Mart.) pulp and oil in vitro. J. Agric. Food Chem. 2008, 56, 3593-3600. 

 

(250) Velmurugan, B.; Singh, R. P.; Agarwal, R.; Agarwal, C. Dietary-feeding of grape 

seed extract prevents azoxymethane-induced colonic aberrant crypt foci 

formation in fischer 344 rats. Mol. Carcinog. 2010, 49, 641-652. 

 

(251) Uchino, R.; Madhyastha, R.; Madhyastha, H.; Dhungana, S.; Nakajima, Y.; 

Omura, S.; Maruyama, M. NF kappa B-dependent regulation of urokinase 

plasminogen activator by proanthocyanidin-rich grape seed extract: Effect on 

invasion by prostate cancer cells. Blood Coagul. Fibrinolysis 2010, 21, 528-533. 



 

 

182 

(252) Dinicola, S.; Cucina, A.; Pasqualato, A.; Proietti, S.; D'Anselmi, F.; Pasqua, G.; 

Santamaria, A. R.; Coluccia, P.; Lagana, A.; Antonacci, D.; Giuliani, A.; 

Bizzarri, M. Apoptosis-inducing factor and caspase-dependent apoptotic 

pathways triggered by different grape seed extracts on human colon cancer cell 

line Caco-2. Br. J. Nutr. 2010, 104, 824-832. 

 

(253) Bowen-Forbes, C. S.; Zhang, Y. J.; Nair, M. G. Anthocyanin content, 

antioxidant, anti-inflammatory and anticancer properties of blackberry and 

raspberry fruits. J. Food Compos. Anal. 2010, 23, 554-560. 

 

(254) Seeram, N. P. Berry fruits for cancer prevention: Current status and future 

prospects. J. Agric. Food Chem. 2008, 56, 630-635. 

 

(255) Dai, J.; Patel, J. D.; Mumper, R. J. Characterization of blackberry extract and its 

antiproliferative and anti-inflammatory properties. J. Med. Food 2007, 10, 258-

265. 

 

(256) Zhao, W. G.; Bao, P. T.; Qi, H. W.; You, H. C. Resveratrol down-regulates 

survivin and induces apoptosis in human multidrug-resistant SPC-A-1/CDDP 

cells. Oncol. Rep. 2010, 23, 279-286. 

 

(257) Bishayee, A. Cancer prevention and treatment with resveratrol: From rodent 

studies to clinical trials. Cancer Prev. Res. 2009, 2, 409-418. 

 

(258) Warren, C. A.; Paulhill, K. J.; Davidson, L. A.; Lupton, J. R.; Taddeo, S. S.; 

Hong, M. Y.; Carroll, R. J.; Chapkin, R. S.; Turner, N. D. Quercetin may 

suppress rat aberrant crypt foci formation by suppressing inflammatory mediators 

that influence proliferation and apoptosis. J. Nutr. 2009, 139, 101-5. 

 

(259) Soleas, G. J.; Goldberg, D. M.; Grass, L.; Levesque, M.; Diamandis, E. P. Do 

wine polyphenols modulate p53 gene expression in human cancer cell lines? 

Clin. Biochem. 2001, 34, 415-420. 

 

(260) Soleas, G. J.; Grass, L.; Josephy, P. D.; Goldberg, D. M.; Diamandis, E. P. A 

comparison of the anticarcinogenic properties of four red wine polyphenol. Clin. 

Biochem. 2006, 39, 492-497. 



 

 

183 

(261) Romero, I.; Paez, A.; Ferruelo, A.; Lujan, M.; Berenguer, A. Polyphenols in red 

wine inhibit the proliferation and induce apoptosis of LNCaP cells. BJU Int. 

2002, 89, 950-954. 

 

(262) Chintharlapalli, S.; Papineni, S.; Ramaiah, S. K.; Safe, S. Betulinic acid inhibits 

prostate cancer growth through inhibition of specificity protein transcription 

factors. Cancer Res. 2007, 67, 2816-2823. 

 

(263) Rodriguez-Saona, L. E.; Giusti, M. M.; Wrolstad, R. E. Color and pigment 

stability of red radish and red-fleshed potato anthocyanins in juice model 

systems. J. Food Sci. 1999, 64, 451-456. 

 

(264) Mertens-Talcott, S. U.; Bomser, J. A.; Romero, C.; Talcott, S. T.; Percival, S. S. 

Ellagic acid potentiates the effect of quercetin on p21waf1/cip1, p53, and MAP-

kinases without affecting intracellular generation of reactive oxygen species in 

vitro. J. Nutr. 2005, 135, 609-14. 

 

(265) Safe, S.; Abdelrahim, M. Sp transcription factor family and its role in cancer. 

Eur. J. Cancer 2005, 41, 2438-2448. 

 

(266) Chintharlapalli, S.; Papineni, S.; Liu, S.; Jutooru, I.; Chadalapaka, G.; Cho, S. D.; 

Murthy, R. S.; You, Y.; Safe, S. 2-cyano-lup-1-en-3-oxo-20-oic acid, a cyano 

derivative of betulinic acid, activates peroxisome proliferator-activated receptor 

{gamma} in colon and pancreatic cancer cells. Carcinogenesis 2007, 28, 2337-

46. 

 

(267) Mertens-Talcott, S. U.; Chintharlapalli, S.; Li, X.; Safe, S. The oncogenic 

microRNA-27a targets genes that regulate specificity protein transcription factors 

and the G2-M checkpoint in MDA-MB-231 breast cancer cells. Cancer Res. 

2007, 67, 11001-11. 

 

(268) Seeram, N. P.; Aviram, M.; Zhang, Y.; Henning, S. M.; Feng, L.; Dreher, M.; 

Heber, D. Comparison of antioxidant potency of commonly consumed 

polyphenol-rich beverages in the United States. J. Agric. Food Chem. 2008, 56, 

1415-1422. 



 

 

184 

(269) Versari, A.; Boulton, R. B.; Parpinello, G. P. Analysis of SO2-resistant polymeric 

pigments in red wines by high-performance liquid chromatography. Am. J. Enol. 

Vitic. 2007, 58, 523-525. 

 

(270) Sun, B. S.; Leandro, M. C.; de Freitas, V.; Spranger, M. I. Fractionation of red 

wine polyphenols by solid-phase extraction and liquid chromatography. J. 

Chromatogr. A 2006, 1128, 27-38. 

 

(271) Lu, F. X. Reactive oxygen species in cancer, too much or too little? Med. 

Hypotheses 2007, 69, 1293-1298. 

 

(272) Ciz, M.; Pavelkova, M.; Gallova, L.; Kralova, J.; Kubala, L.; Lojek, A. The 

influence of wine polyphenols on reactive oxygen and nitrogen species 

production by murine macrophages RAW 264.7. Physiol. Res. 2008, 57, 393-

402. 

 

(273) Lindsay, D. G. Nutrition, hormetic stress and health. Nutr. Res. Rev. 2005, 18, 

249-258. 

 



 

 

185 

VITA 

 

Armando Del Follo Martinez received his B.En. in chemical engineering from 

Instituto Tecnologico y de Estudios Superiores de Monterrey Campus  Monterrey in 

2000. He entered the biotechnology program at Instituto Tecnologico y de  Estudios 

Superiores de Monterrey Campus Monterrey and received his M.S. degree in  May 2003. 

He finally received his Doctor of Philosophy degree in food science and  technology, 

from Texas A&M University in August 2011.  

Dr. Del Follo can be reached at 1500 Research Parkway Centeq Bldg. A  Room 

220K, College Station, TX 77843-2254. 

 

 

 

 


