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A whole grain consists of the intact, ground, cracked or flaked caryopsis, 

whose principal anatomical components - the starchy endosperm, germ and bran - are 

present in the same relative proportions as they exist in the intact caryopsis.  Increased 

consumption of whole grains has been associated with reduced risk of major chronic 

diseases.  Phytochemicals are bioactive non-nutrient plant compounds in fruits, 

vegetables, whole grains, and other plant foods.  Whole grain foods offer a wide range 

of phytochemicals that are proposed to be responsible for the health benefits of whole 

grain consumption.  The objective of this dissertation was to determine the 

phytochemical content, antioxidant activity, and antiproliferative activity of whole 

wheat and its milled fractions, the bran/shorts, germ, and endosperm.   

The most studied whole grain phytochemicals are phenolics, compounds with 

one or more aromatic rings and one or more hydroxyl groups.  Phenolics are generally 

found bound to cell wall polymers and are therefore insoluble upon extraction.  The 

bound fraction contributed 53.8 to 69.7% of the total phenolic content of the six 

diverse wheat varieties analyzed.  The insoluble-bound fraction of the bran/shorts had 

the highest phenolic content followed by the whole seed, germ, and endosperm.  

Lutein was the predominant carotenoid found in whole wheat and its milled fractions.  

Zeaxanthin, β-carotene, and β-cryptoxanthin were also detected.  Mainly α- and β-

tocopherols and tocotrienols were found in all varieties of whole wheat.  The 

bran/shorts fraction consisted mainly of tocotrienols, though the germ fraction 



 

consisted mainly of tocopherols.  The bran/shorts had the highest insoluble-bound 

ORAC followed by the whole seed, germ, and endosperm.  Free phenolics extracts 

from the germ and insoluble-bound phenolics extracts from whole wheat and its 

milled fractions significantly inhibited the proliferation of HepG2 cells after 96 hours 

at 10 mg/mL.   

The data provided in this dissertation, supports the idea that the potential health 

benefit in the lower gastrointestinal tract from whole wheat consumption is due to the 

antioxidant activity of phenolics compounds from the insoluble-bound fraction of 

whole wheat.  This dissertation also lays the foundation for future research regarding 

the potential health benefit of whole wheat phytochemicals.   
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PREFACE 

 

A whole grain consists of the intact, ground, cracked or flaked caryopsis, 

whose principal anatomical components - the starchy endosperm, germ and bran - are 

present in the same relative proportions as they exist in the intact caryopsis.  

Epidemiological studies have consistently shown that consumption of whole grain is 

associated with reduced risk of cardiovascular disease, type II diabetes, and some 

cancers.   

The 2005 Dietary Guidelines for Americans recommends Americans to 

consume at least three ounce-equivalents of whole grain products each day, being sure 

to “make half your grains whole”.  However, Americans are only eating 34% of the 

recommended whole grain consumption, compared to 177% of the recommended 

refined grain consumption.  As a result, Americans may be losing the potential health 

benefit of whole grain consumption.  Therefore, there is a need to add functional 

ingredients to refined grains in order to restore the potential health benefit of whole 

grain consumption.     
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CHAPTER 1 

HEALTH BENEFITS OF WHOLE GRAIN PHYTOCHEMICALS1

 

 

Neal Okarter and Rui Hai Liu 

 

Abstract  

A whole grain consists of the intact, ground, cracked or flaked caryopsis, 

whose principal anatomical components - the starchy endosperm, germ and bran - are 

present in the same relative proportions as they exist in the intact caryopsis.  Whole 

grain food products can be intact, consisting of the original composition of bran, germ, 

and endosperm, throughout the entire lifetime of the product, or reconstituted, in 

which one or more of the original components of a whole grain is recombined to the 

relative proportion naturally occurring in the grain kernel.   Increased consumption of 

whole grains has been associated with reduced risk of major chronic diseases 

including cardiovascular disease, type II diabetes, and some cancers.  Whole grain 

foods offer a wide range of phytochemicals with health benefits that are only recently 

becoming recognized. The unique phytochemicals in whole grains are proposed to be 

responsible for the health benefits of whole grain consumption.  In this paper, whole 

grain phytochemicals and the health benefit associated with their consumption are 

reviewed.   
 

  

                                                           
1 Parts of this chapter were accepted for publication in Critical Reviews in Food Science and Nutrition.  
Okarter, N. and Liu, RH.  Health Benefit of Whole Grain Phytochemicals (2009). Crit Rev Food Sci 
Nutr. (in press)  
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1.1 Introduction  

 

Epidemiological studies have consistently shown that consumption of whole 

grain is associated with reduced risk of cardiovascular disease (CVD) (1-3), type II 

diabetes (4-6), and some cancers (7, 8).  Because of the increased evidence indicating 

the health benefits of whole grain, the recommendation for whole grain consumption 

has been changed.  In 1995, the USDA’s Dietary Guidelines for Americans advised 

Americans to choose a diet with plenty of grain products, recommending 6 to 11 

servings of grain products and several servings of whole grain breads and cereals (9). 

Although this recommendation did recognize the significance of whole grain 

consumption, emphasis and specificity were not placed on whole grain consumption.  

The 2005 Dietary Guidelines for Americans recommends Americans to consume at 

least three ounce-equivalents of whole grain products each day, being sure to “make 

half your grains whole” (10). The recognition of the potential health benefits of whole 

grain consumption is a step in the right direction for the improved health of the 

American public.   

Industry has responded to the increased recommendation for whole grain 

consumption.  Although consumption of all-wheat flour dropped in 2006, there were 

446 new whole grain food products introduced into the market between 2003 and 2004 

(11, 12).  Nearly ten times more whole grain food products were launched in 2006 

than in 2000 (13).   

The objectives of this paper are to review the current literature on whole 

grains, especially on studies linking whole grain consumption and health benefits, and 

whole grain phytochemicals.   
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1.2 Definitions of Whole Grains and Whole Grain Products  

 

A whole grain consists of the intact, ground, cracked or flaked caryopsis, 

whose principal anatomical components - the starchy endosperm, germ and bran - are 

present in the same relative proportions as they exist in the intact caryopsis (14).  The 

endosperm contains the food supply for the germ and provides energy for the rest of 

the plant.  The endosperm is the largest component and contains starchy 

carbohydrates, proteins, vitamins and minerals.  The bran is the multi-layered outer 

skin of the grain that protects the germ and the endosperm from damage due to 

sunlight, pests, water, and diseases.  It contains phenolic compounds, vitamins, 

minerals, and fiber.   The germ refers to the embryo, the part of the grain that becomes 

a new plant when fertilized by pollen.  It contains vitamins, some protein, minerals, 

and fats.        

Whole grain products can be defined by one of two definitions.  An intact 

whole grain product is a product that has the original composition of bran, germ, and 

endosperm throughout the entire lifetime of the product, from field to consumption.  A 

reconstituted whole grain product is a product that has the original components of a 

whole grain recombined to the relative proportion naturally occurring in the grain 

kernel.  Due to advances in food processing and the commonplace nature in which 

these processes take place, the bulk of the whole grain food products found on shelves 

would be considered reconstituted whole grain products.   

There are many grains such as wheat, corn, barley, and rice, both whole and 

refined, which are consumed on a daily basis in a number of products from around the 

world.  Wheat has become the prominent grain based on consumption.  There are two 

types of wheat that are common in foods typically eaten in North America and Europe, 

durum wheat, Triticum turgidum durum, which is used in pasta products and bread, 
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and Triticum aestivum vulgare, which is used in most other wheat products.  Wheat 

varieties are characterized by the hardness and color of the bran and the season in 

which they are planted.  Hard red winter wheat cultivars are most popular due to high 

gluten content, making them particularly good for cookies and some bread (15). White 

wheat cultivars, both hard and soft, are often exported from North America for use in 

making flat breads and noodles (16).  Gluten content has been used as basis for 

determining wheat quality (15).  Spelt, Triticum aestivum spelta, is a variety of wheat 

that typically has higher protein content than wheat.  Corn, Zea mays L., is another 

commonly eaten grain that recently has gained more attention because of its 

antioxidant content.  Rice, Oryza sativa L., is the major staple for a majority of the 

world’s population.  Rice is rarely eaten as a whole grain.  Generally, the endosperm 

fraction, polished rice, without the bran and germ fractions, is eaten.  Rice can also be 

parboiled, incorporating B vitamins into the endosperm of the grain.  White rice is not 

considered a whole grain.  Oats, Avena sativa L., are almost always eaten whole since 

their bran and germ fractions are rarely removed.  They also tend to have a sweet taste, 

making good breakfast cereals and beers.  Millet, Panicum miliaceum L., is rarely 

consumed by humans in North America, but is very common in Asia.  In the United 

States, it is mainly used as bird feed or mixed with other grains.  Barley, Hordom 

vulgare L., has a tough hull that is difficult to remove and therefore has long cooking 

times.  Rye, Secale cereale L., has high fiber content in its endosperm and is 

consumed with highest frequency in parts of Scandinavia (Table 1.1).      

 

1.3 Health Benefits of Whole Grains  

 

Whole grain consumption has been associated with reduced risk of CVD, type 

II diabetes, obesity and some cancers.   
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Table 1.1 – Common whole grains and food products  
Species  Common Name  Common Food Products  

Triticum aestivum  Wheat Breads, flours, pasta, baked goods  

Zea mays  Corn Corn cakes, tortilla, popcorn, hominy  

Orize sativa  Rice White rice, brown rice, parboiled rice  

Avena sativa  Oats  Oatmeal, flour  

Panicum miliaceum  Millet  Bird food, porridge, millet  

Hordom vulgare  Barley  Hulled barley  

Triticum aestivum spelta Spelt  Breads, baked goods  

Secale cereale Rye  Breads  
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1.3.1 Whole Grain Consumption and Risk of CVD   

Epidemiological studies have consistently shown that consumption of whole 

grains is associated with reduced risk of CVD (Figure 1.1).  Pietinen et al reported 

results from the Alpha-Tocopherol, Beta-Carotene Lung Cancer Prevention Study and 

showed that total dietary fiber was inversely associated with risk of coronary death. 

Further, a ten-gram per day higher intake of fiber appeared to lower the risk of 

coronary death by 17% (RR = 0.83; 95% CI = 0.80 – 0.86) (17).  Rye products, which 

make up a large part of the whole grain intake in the study population, were also 

inversely associated with coronary death.     

Jacobs et al reported results from the Iowa Women’s Health Study and showed 

that when the highest category of whole grain intake was compared to the lowest there 

was an inverse association between whole grain intake and risk of death from ischemic 

heart disease (IHD), even after adjustment for potentially confounding factors and 

adjustment for dietary fiber intake (RR = 0.70) (2). This association was independent 

of intake of refined grains.  Specifically, these finding held true for dark bread and 

whole grain breakfast cereals, but not for wheat germ, cooked oatmeal, bulgar, kasha, 

and couscous. After adjustment for total dietary fiber intake, Jacobs et al showed there 

was an inverse association between whole grain intake and IHD across all intakes of 

whole grain, RR = 0.77; 95% CI 0.54 – 1.10 for highest quintile of whole grain intake 

(2).    

Liu et al reported results from the Nurse’s Health Study (NHS) and showed 

that there was a strong inverse association between whole grain intake and risk of 

coronary heart disease (CHD) (RR = 0.51; 95% CI 0.41 – 0.64), for women in the 

highest quintile for whole grain consumption when compared to the lowest (3).  This 

association was observed for both nonfatal CHD and fatal CHD (3). Higher intake of 

refined grains was also associated with greater risk of CHD in women who had never 
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smoked (RR = 1.46), although this association was attenuated after adjustment for 

CHD risk factors and the inclusion of whole grain intake into the model.  In age-

adjusted analyses, Wolk et al showed women in the highest quintile of long term 

dietary fiber intake had 43% lower risk of nonfatal myocardial infarct and 59% lower 

risk of fatal coronary disease in comparison to those in the lowest quintile. Further, 

each ten-gram increase in long-term fiber consumption correlated to the reduced risk 

of total CHD (RR = 0.81; 95% CI 0.66 – 0.99) (18).  Wolk et al also showed that 

women in the highest category of long term dietary fiber intake as compared to the 

lowest category had a 34% lower risk of total CHD.  With regard to specific food 

products, consumption of cold breakfast cereal five or more times per week in 

comparison to no cold breakfast cereal was associated with a 19% lower risk of total 

CHD (RR = 0.81; 95% CI 0.62 – 1.06).  This association was even stronger for 

oatmeal, having a 29% lower risk of total CHD (RR = 0.71; 95% CI 0.38 – 1.34) (18).   

The Adventist Health Study investigated incidences of chronic disease in 

relation to lifestyle in Seventh Day Adventists, a population that has a lower risk of 

fatal CHD when compared with others from California possibly due to adherence to a 

lacto-ovo vegetarian diet and lower rates of smoking (19).  Fraser et al reported that 

although the food that was most consistently associated with reduced risk of IHD was 

nuts, preference for whole-grain bread instead of preference for white bread was also 

associated with reduced risk of IHD (1).  After adjustment for non-dietary risk factors 

and consumption of other foods, those who preferred whole-grain bread had a relative 

risk of 0.89 for fatal IHD and 0.56 for nonfatal IHD when compared to those who had 

a preference for white bread.    

Anderson et al performed a meta-analysis of studies that investigated the 

relationship between whole grain consumption and the risk of CHD.  Of the twelve 

studies analyzed, four studies (when the data was pooled) showed that there was a 
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significant inverse association between whole grain and whole wheat bread 

consumption and reduced risk of CHD (RR = 0.74; 95% CI 0.64 – 0.84), after 

adjustment for primary and secondary risk factors (20).   

Pereira et al performed a meta-analysis of studies that investigated the 

relationship between dietary fiber and risk of CHD.  After adjustment, Pereira showed 

a significant inverse association between dietary fiber and risk of CHD (RR = 86; 95% 

CI 0.78 – 0.96) (21).   

Erkkilä et al investigated the association between cereal fiber and whole grain 

consumption and progression of coronary artery atherosclerosis in postmenopausal 

women with coronary artery disease using the data from the Estrogen Replacement 

and Atherosclerosis trial.  The minimum coronary artery diameter (MCAD) was used 

as a measure of progression of coronary artery atherosclerosis.  Erkkilä et al reported 

that MCAD decreased less in those who consumed more than the median intake of 

cereal fiber compared to those who at less than the median intake of cereal fiber, after 

adjusting for cardiovascular disease, blood pressure, and other possible confounding 

factors (22).  This study shows that whole grain consumption has health benefit not 

only for those who don’t have cardiovascular disease but also for those that do have 

cardiovascular disease.   

Lockheart et al investigated the association between dietary patterns and risk 

of first myocardial infarction using the data from a case-control study performed in 

Norway.  After adjusting for family history of heart disease, smoking, energy intake, 

and other possible confounding factors, whole grain breakfast cereals were inversely 

associated with risk of first myocardial infarction (RR = 0.64; 95% CI = 0.45 – 0.90) 

(23) when comparing the group with the highest level of whole grain intake to the 

group with the lowest.   However, whole grain breads were not inversely associated 

with risk of first myocardial infarction (RR = 0.94; 95% CI = 0.67 – 1.32).  This is 
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most likely due to the fact that whole grain bread (heavy wholegrain bread, dark flat 

bread, and medium wheat bread) consumption is common in Norway.   

Wang et al investigated the association between whole grain consumption and 

hypertension using data from the US Health Professional’s Follow-Up Study.  After 

adjusting for possible confounding lifestyle, clinical, and dietary factors, whole grain 

consumption was inversely associated with hypertension when comparing the highest 

quintile of whole grain intake to the lowest (RR = 0.89; 95% CI = 0.82 – 0.97) (24).  

No significant association was seen between refined grain consumption and 

hypertension.   

Lutsey et al investigated the association between whole grain consumption and 

common carotid artery intimal medial thickness (IMT) as a measure of subclinical 

cardiovascular disease using data from Multi-Ethnic Study of Atherosclerosis.  After 

adjusting for fruit, vegetable, and refined grain intakes and other possible confounding 

factors, whole grain consumption was not associated with common carotid artery IMT, 

when comparing the highest quintile of whole grain consumption to the lowest (25).  

Associations between whole grain consumption and common carotid artery IMT were 

not found possibly because subclinical cardiovascular disease markers are weakly 

correlated with chronic diseases.   Further, the cross-sectional design of the study may 

have made finding the association between whole grain consumption and common 

carotid artery IMT difficult.   

Flint et al investigated the association between whole grain consumption and 

hypertension in men using data from the Health Professionals Follow-Up Study.  After 

adjusting for fruit and vegetable consumption, smoking, family history of 

hypertension, physical activity and other possible confounding factors, whole grain 

consumption was associated with reduced incident of hypertension, when comparing 
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the highest quintile of whole grain consumption to the lowest (RR = 0.81, 95% CI = 

0.75-0.87) (26).   

Nettleton et al used the Multi-Ethnic Study of Atherosclerosis (MESA) to 

investigate the association between whole grain and fruit consumption and relative 

risk of cardiovascular disease.  After adjusting for energy intake, sex, age, race and 

ethnicity, and education, whole grain and fruit consumption was inversely associated 

with reduced risk of cardiovascular disease (RR = 0.37; 95% CI = 0.19-0.72) (27).  

Further, there was an inverse association between whole grain and fruit consumption 

and reduced risk of myocardial infarction (RR = 0.34; 95% CI = 0.12-0.94) (27).  

However, there was association between whole grain and fruit consumption and 

coronary heart disease.   

 

1.3.2 Whole Grain Consumption and Risk of Type II Diabetes and Obesity  

Lifestyle modification and weight control are major factors in the prevention 

and treatment of diabetes.  Several large epidemiological studies have linked whole 

grain consumption with reduced risk of type II diabetes (Figure 1.2).  Salmerón et al 

investigated the relationship between dietary fiber and risk of type II diabetes.  Only 

cereal fiber was inversely associated with risk of type II diabetes (RR = 0.70, 95% CI 

= 0.51 – 0.96) when comparing the highest quintile of cereal fiber intake to the lowest 

(6). Total dietary fiber consumption was also inversely associated with risk of type II 

diabetes, but the association was not significant.   

Liu et al investigated the association between whole and refined grain intake 

and risk of type II diabetes.  After adjusting for age and energy intake, it was found 

that there was a significant inverse association between whole grain intake and risk of 

type II diabetes, when comparing the highest quintile of whole grain intake to the 

lowest quintile (RR = 0.62, 95% CI = 0.53 – 0.71) (4).  There was a positive  
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Figure 1.1 – Consumption of whole grains or dietary fiber and relative risk of 
cardiovascular disease.  Relative risk ± 95% confidence interval.   
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association between refined grain intake and risk of type II diabetes, when the highest 

quintile of refined grain intake was compared to the lowest quintile after adjusting for 

age and energy intake (RR = 1.31, 95% CI = 1.12 – 1.53) (4).  Those in the highest 

quintile of refined grain to whole grain intake had a significantly higher risk of type II 

diabetes when compared to those in the lowest quintile of refined grain to whole grain 

intake (RR = 1.57, 95% CI = 1.36 – 1.82) (4). This provided further supportive 

evidence that consumption of whole grains is associated with reduced risk of 

developing type II diabetes.   

Meyer et al investigated the association between cereal fiber and whole grain 

consumptions and relative risk of type II diabetes.  Whole grain consumption was 

inversely associated with risk of type II diabetes when comparing the highest quintile 

of whole grain intake to the lowest (RR = 0.79; 95% CI = 0.65 – 0.96).  Cereal fiber 

consumption was also inversely associated with risk of type II diabetes when 

comparing the highest quintile of cereal fiber consumption to the lowest (RR = 0.64; 

95% CI = 0.53 – 0.79).  Refined grain intake was positively associated with risk of 

type II diabetes when comparing the highest quintile of refined grain intake to the 

lowest but the association was not as strong as that of whole grains or cereal fiber (RR 

= 0.87; 95% CI = 0.70 – 1.08; P for trend = 0.36) (5).   

van Dam et al examined the association between dietary patterns and risk for 

type II diabetes, using data from the Health Professionals Follow-Up Study.  The 

sample population was divided into one of two dietary patterns (prudent or western 

patterns) based on the composition of the diet.  The prudent dietary pattern was 

characterized by high consumption of whole grains, fruits, vegetables, seafood, 

legumes, white meat, nuts and plant oils.  The western dietary pattern was 

characterized by high consumption of refined grains, red meat, processed meat, 

potatoes, and foods with high saturated fats, cholesterol, and trans fats.  After 
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modeling western pattern foods simultaneously, refined grain intake remained 

positively associated with risk of type II diabetes (RR = 1.32, 95% CI = 1.09 – 1.60) 

(28).  

Fung et al investigated the association between whole grain consumption and 

risk of type II diabetes, using the data from the Health Professionals Follow-Up Study.  

After adjusting for fruit and vegetable consumption and other confounding factors, 

whole grain consumption was inversely associated with risk of type II diabetes when 

the highest quintile of whole grain intake was compared to the lowest (RR = 0.70; 

95% CI = 0.57 – 0.85).  Refined grain intake was positively associated with risk of 

type II diabetes when comparing the highest quintile of refined grain intake to the 

lowest (RR = 1.08; 95% CI = 0.87 – 1.33) (29).   

Liu et al also used data from the Nurses Health Study to investigate the 

association between whole grain intake, body weight, and long-term body weight 

changes.  They found that women in the highest quintile of dietary fiber intake had a 

49% reduced risk of major weight gain when compared to women in the lowest 

quintile of dietary fiber (RR = 0.51, 95% CI = 0.39 – 0.67) (30).  Further, women who 

consumed larger amounts of whole grain consistently weighed less than women who 

consumed smaller amounts of whole grain.  

Montonen et al investigated the association between whole grain intake and 

risk of type II diabetes using data from the Finnish Mobile Clinic Health Examination 

Survey.  After adjusting for fruit, berry, and vegetable consumption and other 

confounding factors, whole grain consumption was inversely associated with type II 

diabetes when compared the highest quartile of whole grain consumption to the lowest 

(RR = 0.65; 95% CI = 0.36 – 1.18).  Cereal fiber consumption was inversely 

associated with risk of type II diabetes when the highest quartile of cereal fiber intake 

was compared to the lowest (RR = 0.39; 95% CI = 0.20 – 0.77) (31).   
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Schulze et al investigated the association between cereal fiber intake and 

incidence of type II diabetes using data from the Nurse’s Health Study.  After 

adjusting for familial history of type II diabetes, body mass index, and other 

confounding factors, cereal fiber consumption was inversely associated with incidence 

of type II diabetes when comparing the highest quintile of cereal fiber intake to the 

lowest (RR = 0.64; 95% CI = 0.48 – 0.86) (32).   

Bazzano et al investigated the association between whole and refined grain 

breakfast cereal consumption and weight gain in men using data from the Physician’s 

Health Study.  After adjusting for baseline BMI, physical activity, age, and other 

possible confounding factors, whole grain breakfast cereal consumption was inversely 

associated with risk of having a BMI greater than 25 (RR = 0.83; 95% CI = 0.71 – 

0.98) and body weight gain of more than 10 kg (RR = 0.78; 95% CI = 0.64 – 0.96), 8 

years after initial subject evaluation (33).  This inverse association was independent of 

the type of grains that constituted the whole grain breakfast cereal.  The data suggest 

that whole grain breakfast cereals are an important part of the prudent dietary pattern.   

Munter et al investigated the association between whole grain, bran, and germ 

intake using data from the first and second trials of the Nurse’s Health Study.  After 

adjusting for physical activity, total energy intake, and other possible confounding 

factors, whole grain intake was inversely associated with risk of type II diabetes in the 

first trial of the Nurse’s Health Study (RR = 0.63; 95% CI = 0.57 – 0.69) and in the 

second trial of the Nurse’s Health Study (RR = 0.68; 95% CI = 0.57 – 0.86) (34).  

Similar associations were found between bran consumption and risk of type II diabetes 

in both trials Nurse’s Health study after adjusting for physical activity, total energy 

intake, and other possible confounding factors (RR = 0.57; 95% CI = 0.51 – 0.63 and 

RR = 0.64; 95% CI = 0.54 – 0.76, respectively) (34).   
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Newby et al investigated the association between whole grain consumption 

and BMI, weight, and waist circumference using data from the Baltimore Longitudinal 

Study on Aging.  Whole grain and cereal fiber intake were inversely associated with 

BMI, weight, and waist circumference when the highest quintile of whole grain or 

cereal fiber intake was compared to the lowest after adjusting for refined grain intake, 

total energy intake, percentage energy from saturated fat, and other possible 

confounding factors (35).   

Nettleton et al used the Multi-Ethnic Study of Atherosclerosis (MESA) to 

investigate the association between whole grain and fruit consumption and relative 

risk of type II diabetes.  After adjusting for energy intake, sex, age, race and ethnicity, 

and education, whole grain and fruit consumption was inversely associated with 

reduced risk of type II diabetes (RR = 0.63; 95% CI = 0.45-0.89) (36).   

 

 1.3.3 Whole Grain Consumption and Risk of Cancers   

Many large epidemiological studies have investigated the association between 

whole grain consumption and relative risk of cancers (Figure 1.3).  Previous studies 

have shown an association between increased consumption of whole grains and 

colorectal and breast cancers (7, 37).  A case control study was performed in southern 

Australia to investigate the association between diet and breast cancer.  After adjusting 

for energy intake and other risk factors, Rohan et al found that there was little 

association between dietary fiber and the risk of death from breast cancer as 

determined by hazard ratio across various levels of intake.  Consumption of between 

23 and 26 g dietary fiber led to a relative risk of 1.12 (95% CI 0.60 – 2.07), while 

consumption greater than 27 g of dietary fiber led to a relative risk of 0.87 (95% CI 

0.45 – 1.68), p = 0.812 for trend (37).  The data suggest that there is an unclear 

association between dietary fiber and risk of death from breast cancer.     
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Figure 1.2 – Consumption of whole grain or dietary fiber and relative risk of type II 
diabetes, obesity, or weight gain.  Relative risk ± 95% confidence interval.   
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Nicodemus et al investigated the association between increased consumption 

of dietary fiber and risk of breast cancer.  Women in the highest quintile of whole 

grain intake had a 23% higher risk of breast cancer incidence than women in the 

lowest quintile of whole grain intake.  Further, there was no association between 

whole grain intake and risk of breast cancer incidence in women who had not received 

a mammography before 1989 (38). This finding was similar to that of a study reported 

by Willett et al (39), which found a slightly increased, but non-significant risk of 

breast cancer in postmenopausal women who consumed more dietary fiber.  

Pietinen et al investigated the association between consumption of dietary fiber 

and risk of colorectal cancer using data from the Alpha-Tocopherol, Beta-Carotene 

Lung Cancer Prevention Study and found that there was no association between 

colorectal cancer and intake of total dietary fiber, soluble fiber, or insoluble fiber from 

the various rye products (40).  Further, there was no association between vegetable, 

cereal, or fruit intake and risk of colorectal cancer.  These findings are contrary to the 

general convention that increased consumption of fruits, vegetables, and whole grains 

decrease the risk of cancer, specifically colorectal cancer.   

Kasum et al investigated the association between whole grain consumption and 

risk of endometrial cancer, using data from the Iowa Women’s Health Study.  After 

adjusting for refined grain, fruit, vegetable, and red meat consumption and other 

confounding factors, there was no association between whole grain consumption and 

risk of endometrial cancer (RR = 0.99; 95% CI = 0.71 – 1.38).  However, for women 

who had never had any hormone replacement therapy, whole grain consumption was 

inversely associated with risk of endometrial cancer when the highest quintile of 

whole grain consumption was compared to the lowest (RR = 0.63; 95% CI = 0.39 – 

1.01) (41).   
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Some studies have shown that there is an inverse association between whole 

grain consumption and risk of colorectal cancer (7, 42).  Larsson et al investigated the 

association between whole grain consumption and colon cancer using data from the 

Swedish Mammography Cohort.  After adjusting for red meat, fruit, and vegetable 

consumption and other possible confounding factors, whole grain consumption was 

inversely associated with risk of colon cancer (RR = 0.67; 95% CI = 0.47 – 0.96) 

when comparing the highest quintile of whole grain intake to the lowest (43).    

Schatzkin et al showed there was an inverse association between whole grain 

consumption and risk of colorectal cancer (RR = 0.79; 95% CI = 0.70 – 0.89) after 

multivariate analysis (44).  This association was stronger for men (RR = 0.79; 95% CI 

= 0.68 – 0.91) than for women (RR = 0.87; 95% CI = 0.70 – 1.07) (44).  The 

association between whole grain consumption and reduced risk of site specific tumors 

was strongest for the rectum (RR = 0.64; 95% CI = 0.51 – 0.81) (44).   

Chan et al investigated the association between whole grain consumption and 

risk of pancreatic cancer using data from a large population-based case-control study 

on pancreatic cancer.  After adjusting for history of smoking, red meat, fruit, and 

vegetable consumption, and other possible confounding factors, whole grain 

consumption was inversely associated with risk of pancreatic cancer (RR = 0.60; 05% 

CI = 0.30 – 1.2), when comparing the highest quartile of whole grain intake to the 

lowest (45).   

Sonestedt et al investigated the association between cereal consumption and 

risk of invasive breast cancer using data from Malmö Diet and Cancer Cohort Study.  

After adjusting for age, smoking, total energy, and other possible confounding factors, 

cereal consumption and high-fiber bread consumption were not associated with 

reduced risk of invasive breast cancer (46).   
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Williams et al investigated the association between whole grain consumption 

and risk of rectal cancer in both Whites and African-Americans using data from North 

Carolina Cancer Study – Phase II.  After adjusting for age, non-steroidal anti-

inflammatory drug use, total energy, and other possible confounding factors, whole 

grain consumption was not significantly associated with reduced risk of rectal cancer 

in White-Americans (RR = 0.93; 95% CI = 0.66-1.31) or African-Americans (RR = 

0.67; 95% CI = 0.21-1.42) (47).   

 

1.4 Whole Grain Phytochemicals  

 

Phytochemicals are defined as bioactive non-nutrient plant compounds in 

fruits, vegetables, whole grains, and other plant foods that have been associated with 

reduced risk of major chronic diseases (48). Whole grains contain many 

phytochemicals with health benefits that are only recently becoming recognized.  The 

most important groups of whole grain phytochemicals are phenolics (phenolic acids, 

alkylresorcinols, and flavonoids), carotenoids, vitamin E, γ-oryzanols, dietary fiber, 

and β-glucan.     

 

1.4.1 Phenolics  

The most studied whole grain phytochemicals are phenolics.  Phenolics are 

compounds with one or more aromatic rings and one or more hydroxyl groups.  

Included in this group of compounds are phenolic acids, alkylresorcinols, and 

flavonoids.   
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Figure 1.3 – Consumption of whole grain or dietary fiber and relative risk of cancers.  
Relative risk ± 95% confidence interval.   
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1.4.1.1 Total Phenolics  

Zieliński and Kozlowska (49) reported the total phenolic content in seven 

cereal grains and their various fractions.  The total phenolic content of the whole 

grains studied ranged from 1.5 μg catechin equivalents/mg of lyophilizate in oat 

(Slwako) to 11.3 μg catechin/mg of lyophilizate in barley (Mobek). When using a 

different extraction procedure, the total phenolic content of the whole grains studied 

ranged from 8.9 μg catechin equivalents/mg of lyophilizate in rye (Dañkowski Zlote) 

to 117.7 μg catechin equivalents/mg of lyophilizate in buckwheat (Kora) (49).   

The previous study and others greatly underestimated the total phenolic 

content of the grain samples by using finely powdered samples and long extraction 

times in an attempt to maximize the extraction of phenolic compounds from the 

grains.  However, these studies only extracted soluble phenolic compounds and 

excluded insoluble-bound phenolic compounds, compounds that are esterified to 

macromolecules and capable of surviving digestion in the upper gastrointestinal tract 

(50).  As Adom and Liu mentioned, as high as 74% of phenolic compounds of a whole 

grain can be found in the insoluble bound fraction, as is the case for wheat, corn, oat, 

and rice (50).   

Sosulski et al investigated the phenolic acid content, including free phenolic 

acids, soluble-conjugated phenolic acids and bound phenolic acids in rice, oats, wheat, 

and corn flours (51).  Although this study did recognize the existence of phenolic acids 

in all three forms (free, soluble-conjugated, and insoluble), the study did not 

investigate the total phenolic content of all three forms.   

Adom and Liu determined the phytochemical profiles in all three forms of four 

grains, corn, wheat, oats, and rice.  Corn had the most total phenolic content at 1560 ± 

60 μmol gallic acid equivalents/100 g, followed by wheat at 800 ± 40 μmol gallic acid 

equivalents/100 g, oats at 650 ± 20 μmol gallic acid equivalents/100 g and lastly rice 
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at 560 ± 20 μmol gallic acid equivalents/100 g (50).  Corn had the most total phenolic 

content in the bound fraction at 1340 ± 60 μmol gallic acid equivalents/100 g, 

followed by wheat at 610 ± 40 μmol gallic acid equivalents/100 g, oats at 480 ± 10 

μmol gallic acid equivalents/100 g and rice at 350 ± 10 μmol gallic acid 

equivalents/100 g (Figure 1.4) (50).  Bound phenolics contributed 85% of the total 

phenolic content in corn, 76% in wheat, 75% in oats, and 62% in rice (50).   

Adom et al (52) determined the phytochemical distribution in the milled 

fractions (endosperm and bran/germ) of different wheat varieties and showed that the 

majority of health beneficial phytochemicals of whole wheat grains were present in 

the bran/germ fraction.  The total phenolic content in the bran/germ ranged from 2870 

to 3120 μmol gallic acid eq./100 g compared to 180 to 200 μmol gallic acid eq./100 g 

in the endosperm (52).  The data show that in whole grain wheat flour, the bran/germ 

fraction contributed 83% of total phenolic content.   

 

1.4.1.2 Phenolic Acids  

Phenolic acids are hydroxylated compounds that are derived from benzoic acid 

or cinnamic acid, with derivatives of the latter being more common (Figure 1.5).  

These compounds have been partially attributed to the positive physiological effects of 

whole grains consumption because of their unique composition and antioxidant 

activities.  Phenolic acids, which are found mainly in the outer layer of grains, can be 

found as part of a complex structure such as lignin (see below) or as a sugar 

derivative.   

Ferulic acid, a derivative of cinnamic acid, is the most abundant phenolic acid 

in grains.  Adom and Liu reported the ferulic acid content of corn, wheat, oats and rice 

(50).  Corn had the highest total ferulic acid content at 906 ± 9 μmol ferulic acid/100 

g, followed by wheat at 333 ± 16 μmol ferulic acid/100 g, oats at 185 ± 5 μmol ferulic  
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Figure 1.4 – Total phenolic content of whole grains.  Adapted from Adom and Liu 
(50).    
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Figure 1.5 – Structure of phenolic acids: benzoic acid and cinnamic acids derivatives.    
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acid/100 g, and rice at 154 ± 9 μmol ferulic acid/100 g (50).  More than 93% of the 

total ferulic acid content was found in the insoluble-bound fraction.  Adom and Liu 

found that the ratio of free:soluble conjugated:insoluble-bound ferulic acid was 

0.1:1:100 (50).   

Other phenolic acids have been reported in grains.  Moore et al determined the 

free, soluble conjugated and insoluble bound phenolic acid contents of eight 

Maryland-grown soft wheat varieties.  Total vanillic acid content ranged from 8.4 μg/g 

(SS560) to 12.7 μg/g (Roane) (53).  Total syringic acid content ranged from 8.9 μg/g 

(MV5-46) to 17.8 μg/g (Choptank).  Total p-coumaric acid content ranged from 10.4 

μg/g (VA97W-024) to 14.1 μg/g (McCormick).  In all cases, most of the phenolic acid 

content was found in the insoluble bound fraction (53).   

Matilla et al reported the phenolic acid content of commonly consumed grain 

products.  Rye bran and wheat bran had the highest amount of ferulic acid, 2800 ± 150 

and 3000 ± 180 mg/kg, respectively.  Whole grain rye flour and whole-wheat flour 

also had similarly high amounts of ferulic acid, 860 ± 71, 860 ± 79, and 890 ± 40 

mg/kg, respectively (54).  Most likely, the bulk of the ferulic acid in those whole-grain 

flour samples came from the bran, as the data shows that white wheat flour and 

organic white wheat flour have ferulic acid contents of only 120 ± 12 and 100 ± 7 

mg/kg, respectively (54).   

 

1.4.1.3 Alk(en)ylresorcinols  

Alkylresorcinols and alkenylresorcinols are amphiphillic derivatives of 1,3 

dihydroxybenzene with an odd-numbered alkyl or alkenyl chain at position 5 of the 

benzene ring (Figure 1.6). They are generally found in the bran fraction of the grain 

and, for this reason, are missing in refined grains (55).   
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Ross et al reported the levels of alkylresorcinols in grains. Rye had the most 

total alkylresorcinol 734 ± 23 μg/g DW.   Wheat had a total alkylresorcinol content of 

583 ± 82 μg/g DW.  Barley had a total alkylresorcinol content of 45 ± 5 μg/g DW 

(55).  Rye was the only grain to have detectable amounts of the 15-carbon 

alkylresorcinol homologue.  The 19 and 21 carbon homologues were prominent in 

wheat.  The 25-carbon homologue was prominent in barley (55).   No alkylresorcinols 

were detected in corn, millet, oats, rice, and sorghum.   

Mattila et al determined the amount of alkylresorcinols in whole grains.  Of the 

cereal products analyzed, alkylresorcinol content ranged from 32 mg/kg FW (whole 

grain barley flour) to 4108 mg/kg FW (whole grain rye bread) (54).  Alkylresorcinols 

were not detected in any oat products, whole grain buckwheat grits, millet grits, long 

grain parboiled rice and corn grits.  The only alkenylresorcinol detected in these 

products was the 19:1 homologue.  Content of this alkenylresorcinol ranged from 13 

mg/kg FW (organic and conventional white wheat flour) to 130 ± 14 mg/kg FW (rye 

bran) (54).     

Landberg et al reported the total alkylresorcinol content of durum wheat grown 

in different countries.  Whole wheat from Kazakstan had the most total alkylresorcinol 

content (554 ± 65 μg/g DW), followed by Spain (473 ± 65 μg/g DW), Sweden (471 ± 

37 μg/g DW) and Austria (389 ± 72 μg/g DW) (Figure 1.7) (56).  The 21 carbon 

homologue accounted for roughly 60% of the total alkylresorcinol content in all cases.  

These results suggest that growing conditions can affect the total alkylresorcinol 

content of wheat.     

 

1.4.1.4 Flavonoids  

Flavonoids are phenolic compounds consisting of two aromatic rings joined by 

a three-carbon structure generally found in an oxygenated heterocyclic ring.  The  
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Name R Structural Formula 

5-n-pentadecylresorcinol C15H31 CH3-(CH2)3-CH=CH-(CH2)8-CH2- 

5-n-heptadecylresorcinol C17H35 CH3-(CH2)3-CH=CH-(CH2)10-CH2- 

5-n-nonadecylresorcinol C19H39 CH3-(CH2)3-CH=CH-(CH2)12-CH2- 

5-n-heneicosylresorcinol C21H43 CH3-(CH2)3-CH=CH-(CH2)14-CH2- 

5-n-tricosylresorcinol C23H47 CH3-(CH2)3-CH=CH-(CH2)16-CH2- 
 
Figure 1.6 – Structure of alkylresorcinols.  
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Figure 1.7 – Total alkylresorinol content of Durum wheat from different countries.  
Data obtained from Landberg et al (56).   
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differences in the structure of the heterocyclic ring determine the class of flavonoid 

(Figure 1.8). Flavonoids are usually found as conjugates in glycosylated or esterified 

forms and may account for as much as two thirds of the phenolic content of the North 

American diet (48). Flavonoids have potent antioxidant activity, and are also linked to 

reduced risk of major chronic diseases.   

Adom et al reported the flavonoid content of 11 diverse wheat varieties.   Total 

flavonoid content ranged from 122 ± 10 μmol catechin equivalents/g (Roane) to 149 ± 

17 μmol catechin equivalents/g (Superior) (57).  Most of the flavonoid content was 

located in the bound fraction of the grain ranging from 970 ± 4 μmol catechin 

equivalents/g (Roane) to 139 ± 17 μmol catechin equivalents/g (Superior).  Adom et al 

also reported that the majority of total flavonoids of whole wheat grains were present 

in the bran/germ fraction (52). Similar to total phenolics, in whole grain wheat flour, 

the bran/germ fraction contributed 79% of total flavonoid content (52). 

Intake of foods with significant amounts of flavonoid has been associated with 

health benefits.  Naderi et al showed that dietary intake of flavonoid has been shown 

to be inversely associated with risk of coronary artery disease (58).  Further, Duthie et 

al (2000) showed that flavonoids have the ability to prevent oxidation of LDL (59).  

This prevention of oxidation may be due to the finding that some flavonoids have the 

ability to chelate iron and copper (60), two metals that are important in the generation 

of hydroxyl radical, or the combination of a conjugated ring structure and hydroxyl 

groups that allows the compound to scavenge a free radical from singlet oxygen.   

 

1.4.2 Carotenoids  

Carotenoids, natural pigments of fruits, vegetables, and whole grains, are 

compounds consisting of a forty-carbon skeleton.  These compounds are usually found 

in the all-trans form in nature.  Carotenoids can be cyclized at one or both ends of the  
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Figure 1.8 – Structure of main classes of dietary flavonoids (48).   
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structure and may be hydrogenated to different degrees.  Carotenoids can also have 

oxygen-containing functional groups (Figure 1.9).  One of the most characteristic 

features of carotenoids is the long series of alternating double and single bonds.  This 

characteristic makes carotenoids very good antioxidants.  Carotenoids can scavenge 

free radicals, becoming free radicals themselves in the process, and remain stable 

compounds because of their ability to delocalize the free radical amongst its 

alternating double and single bonds.   

Adom et al reported the carotenoid (lutein, zeazanthin, and β-cryptoxanthin) 

content of 11 diverse wheat varieties and experimental lines (57).  β-Cryptoxanthin 

content from 1.1 ± 0.1 μg/g (W7985) to 13.3 ± 0.3 μg/g (Stoa).  Zeaxanthin content 

from 8.7 ± 0.8 μg/g (Cham1) to 27.1 ± 0.5 μg/g (Superior).  Lutein content ranged 

from 26.4 ± 1.4 μg/g (W7985) to 143.5 ± 6.7 μg/g (Roane).  

Brenna and Berardo reported the carotenoid content of corn using Near-

Infrared Reflectance Spectroscopy (NIRS).  β-Cryptoxanthin content of the 40 corn 

flour samples was 3.7 ± 0.2 mg/kg, lutein content was 11.5 ± 0.8 mg/kg, and 

zeaxanthin content was 17.5 ± 1.7 mg/kg (61).   

Miller et al reported that β-carotene and lycopene were responsible for 

anticarcinogenesis in fresh fruits and vegetables (62).  Mannisto et al (63) investigated 

the relationship between dietary carotenoids and risk of colorectal cancer.  There was 

no association between lycopene intake and risk of colorectal cancer in studies that 

included tomato sauce consumption in the food frequency questionnaire (RR = 1.08; 

95% CI = 0.98 – 1.20) (63).  When pooling the data, there was no association between 

intake of β-carotene and relative risk of colorectal cancer in subjects aged less than 65 

years (RR = 1.08; 95% CI = 0.91 – 1.28) or subjects aged 65 years or more (RR = 

0.90; 95% CI = 0.79 – 1.02) (63).  Lutein and zeaxanthin intakes greater than 4000 μg 

per day, an amount equal to roughly half of a pound of broccoli, was associated with  
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reduced risk of colorectal cancer (RR = 0.87; 95% CI = 0.78 – 0.98) when compared 

to a lutein and zeaxanthin intake of less than 1000 μg per day (63).   

 

1.4.3 Vitamin E  

Vitamin E is a collective name for eight lipid-soluble compounds consisting of 

a chromanol ring and a phytyl tail (Figure 1.10).  Tocopherols refer to the vitamin E 

compounds with a fully saturated phytyl tail and tocotrienols refer to the vitamin E 

compounds with a polyunsaturated phytyl tail.  Both tocopherols and tocotrienols vary 

in the degree of methylation of the chromanol ring, with four vitamers each; α, β, γ, 

and δ.   

Panfili et al determined the total vitamin E content and vitamer distribution of 

several whole grains.  Barley and soft wheat had the most total vitamin E, 75 ± 13 

mg/kg DW and 74 mg/kg DW, respectively (64).  Spelt had the lowest overall vitamin 

E content with 57 ± 8 mg/kg DW.  Barley was the only grain to have all eight vitamers 

of vitamin E.  Spelt, durum wheat, soft wheat, and triticale had the fewest number of 

vitamers, five, even although soft wheat had the second highest total vitamin E 

content.  All six grains contained α-tocopherol. Corn had the least amount of α-

tocopherol (4 mg/kg DW) while soft wheat had the most α-tocopherol (16 ± 2 mg/kg 

DW).  β-Tocotrienol was the predominant vitamer in soft wheat, triticale, and spelt, 

followed by α-tocopherol, β-tocopherol and α-tocotrienol.    α-Tocotrienol was the 

predominant vitamer in oats, followed by α-tocopherol, β-tocotrienol, β-tocopherol, 

and γ-tocopherol.  γ-Tocopherol was the predominant vitamer in corn, followed by γ-

tocotrienol, α-tocopherol, and β-tocotrienol.  Oats, corn, and barley were the only 

grains that contained γ-tocopherol while corn and barley were the only grains that 

contained γ-tocotrienol.  Corn and barley had similar γ-tocotrienol content, with 11 

and 10 ± 3 mg/kg DW, respectively (64).   
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In similar studies investigating the content of vitamin E in whole grains, 

Hakkarainen et al did not report the presence of γ-tocotrienol in barley (65), while 

Grela reported γ-tocopherol in both spelt and durum wheat (66). This variation in 

quantities and presence of the various forms of vitamin E may be due to a lack of 

standardized methods for extraction and analysis (64).  

Vitamin E and its derivatives, mainly α-tocopheryl succinate, have been 

reported to have health benefits, including inhibition of lipoxygenase activity in vivo, 

induction of apoptosis in prostate cancer cells via inhibition of Bcl-2, and protection 

against photo-inflammation when applied on the skin (67-69).  Recently, using data 

from the Women’s Health Study, Liu et al  reported that there is an inverse association 

between vitamin E consumption and risk of type II diabetes in women who had no 

familial history of type II diabetes (RR = 0.88, 95% CI = 0.78 – 1.00) (70). However, 

there was no significant association between vitamin E and the development of type II 

diabetes for all women (RR = 0.95, 95% CI = 0.87 – 1.05).    

 

1.4.4 γ-Oryzanol  

γ-Oryzanols are compounds that consist of a phenolic acid esterified to a sterol.  

Common γ-oryzanol compounds include cycloartenyl ferulate, 24-

methylenecycloartanylferulate, and campesteryl ferulate (Figure 1.11).   

Generally, γ-oryzanol is found in rice, particularly in the bran fraction, and γ-

oryzanol content is around 3000 mg/kg of rice (71).   γ-Oryzanols have also been 

identified in wheat bran and rye bran.  In wheat bran, γ-oryzanol content ranged from 

300 – 390 mg/kg (72).  One of the main differences between the γ-oryzanols found in 

rice and in wheat or rye is that the sterols in rice are dimethyl sterols, with two methyl 

groups on the fourth carbon of the molecule in rice, whereas the γ-oryzanols in wheat 

or rye do not have the two methyl groups (73).   
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γ-Oryzanol has been shown to have antioxidant activity and serum cholesterol 

lowering effects.  Xu et al conducted a study using ABAP to initiate the oxidation of 

cholesterol and assessed the antioxidant potential of γ-oryzanols and vitamin E.  The 

study showed that γ-oryzanols were more effective than tocopherols and tocotrienols 

in the prevention of cholesterol oxidation (74).  Other γ-oryzanols, such as 

cycloartenyl ferulate and 24-methylenecycloartanyl ferulate, were shown to be radical 

scavengers in multiphase lipid systems (75) and, in the case of campesteryl ferulate, to 

be inhibitors of UV irradiation-initiated linoleic acid oxidation (76).  Trautwein et al 

also reported that dimethylsterols were as effective in lowering plasma total 

cholesterol and LDL cholesterol as dimethylstanols, although esterified 

dimethylsterols had a lesser effect (77).  

Other studies have shown the cholesterol-lowering properties of γ-oryzanol, 

specifically in rats fed a high cholesterol diet with varying amounts of γ-oryzanol (78).  

Although previous studies have investigated the cholesterol-lowering effect of rice 

bran oil in a population of schizophrenics and mixed clinical populations including 

hyperlipidemic men, few studies have looked specifically at the cholesterol-lowering 

properties of γ-oryzanols in humans (79, 80).  In a clinical trial consisting of 

hypercholesterolemic men, Berger et al (81) investigated the cholesterol-lowering 

properties of rice bran oils containing different amount of γ-oryzanols.  LDL 

cholesterol decreased by 12% two weeks after the change from a peanut oil-based diet 

containing no γ-oryzanol to a rice bran oil-based diet containing γ-oryzanol (81).  

Further, the ratio of LDL cholesterol to HDL cholesterol decreased by 19% in four 

weeks following the change from the peanut oil-based diet to the rice bran oil-based 

diet (81).  As the authors noted, other bioactive compounds such as unsaturated fatty 

acids, tocotrienols, and ferulic acid may had contributed to the cholesterol-lowering 

effects of rice bran oil consumption besides γ-oryzanol (81).   
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1.4.5 Dietary Fiber  

Dietary fiber is the edible parts of plants or analogous carbohydrates that are 

resistant to digestion and absorption in the human small intestine and are completely 

or partially fermented in the large intestine (82).  Major components of dietary fiber 

include lignin, hemicellulose, cellulose, and β-glucan.  Consumption of dietary fiber 

has been associated with reduced risk of CHD, type II diabetes, major weight gain, 

and colorectal cancer (5, 21, 30, 83).   

Lignin is an aromatic polymer formed from the condensation of coniferyl, 

sinapyl, and p-hydroxycimamyl alcohols.  This condensation does not require 

enzymes and, for that reason, the polymerization can occur at random.  The process of 

polymerization of lignin compounds can lead to hydrophobic regions in the plant cell 

wall.  Lignin is found in the cell wall of plants and can form complexes with cellulose 

and hemicelluloses.  Lignin is extremely resistant to degradation, remaining insoluble 

in 12 M sulfuric acid (84).  

Lignin’s chemical heterogeneity, resistance to chemical reaction, conjugation 

to starches, and uneven and low distribution in plants makes the extraction and 

analysis of lignin particularly difficult.  The Klason procedure is the most commonly 

used procedure for measuring lignin content and requires the removal of all other 

compounds in the cell wall with concentrated sulfuric acid followed by gravimetric 

measurement (84).  However, the Klason procedure does have some limitations.  

Some lignin is lost in the acid hydrolysis step because lignin is slightly soluble in 

some lipid solvents.  Further, this procedure does not remove cutin and suberin, which 

can lead to the overestimation of lignin content (85).  Lignin content can also be 

determined from acid detergent fibers using the procedure developed by Van Soest 

and Wine (86).    
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Hemicellulose is a group of water-insoluble hetero-polysaccharides containing 

pentoses and hexoses.  The true chemical nature of hemicelluloses has been difficult to 

determine due to a lack of uniform extraction, purification, and analytical procedures.  

Cellulose is a linear polymer of glucose with β-(1,4)-linkages.  Due to its linearity and 

hydrogen bonding between chains, cellulose is highly insoluble and can be crystalline 

in structure.  Sun et al (2005) investigated the structure of original lignins and 

hemicelluloses from wheat straw.  The hemicellulose consisted mainly of six sugars, 

rhamnose, arabinose, xylose, mannose, galactose, and glucose (87).     

β-Glucans are  polysaccharides composed of glucopyranosyl units (88).  In 

grains, β-glucans are linear molecules consisting of 30% of (13) and 70% of (14) 

β linkages.  Compared to cellulose with only β-(1-4)-linkages, the β-(1-3)–linkages 

interrupt β-(1-4)–linkages to make beta-glucan more flexible, soluble, and viscous. 

These β-glucans are components of the endosperm cell walls.   

The health benefits of β-glucan include lowering of serum cholesterol level 

and controlling blood sugar (89, 90). These health benefits are attributed to viscosity 

of β-glucan in the gastrointestinal tract.  The concentration and molecular weight of 

the β-glucan polymer affect this viscosity.  Because β-glucan is a compound that is 

characteristic of oats and barley, it can be considered as a marker for whole oats or 

whole barley.  Braaten et al reported that β-glucan in oat products was responsible for 

the 10% decline in LDL cholesterol concentrations in hyperchlosterolemic men and 

women who ate a diet consisting of 5.8 g daily of β-glucan for four weeks (91).  This 

amount of β-glucan would equal roughly 70 g of oat bran per day.  The FDA has 

approved the health claim about β-glucan that 3 g per day of β-glucan from oats can be 

eaten for a clinically relevant reduction in serum total cholesterol concentration (92). 

Mackay and Ball did not see a reduction in plasma LDL cholesterol concentration in 

hypercholesterolemic men and women who consumed a low-fat diet with roughly 3 g 
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daily of β-glucan for six weeks, although they did notice an increase in plasma HDL 

cholesterol concentration (93). β-Glucan also had an effect in controlling blood sugar 

in diabetes subjects, and was helpful in reducing the elevation in blood sugar levels 

after a meal (91), probably by delay of gastric emptying, allowing dietary sugar to be 

absorbed more gradually, or by increasing the tissue sensitivity to insulin.   

 

1.5 Conclusions  

 

A whole grain consists of the intact, ground, cracked or flaked caryopsis, 

whose principal anatomical components - the starchy endosperm, germ and bran - are 

present in the same relative proportions as they exist in the intact caryopsis (14).  

Whole grain products can be intact, having the original composition of bran, germ, 

and endosperm throughout the lifetime of the product or reconstituted, in which one or 

more of the original components are added back to the product to achieve the relative 

proportions found in nature.  Whole grain consumption is associated with reduced risk 

of chronic diseases including cardiovascular disease, type II diabetes, and some 

cancers (20, 23, 34, 43, 44). Thus, the Dietary Guidelines for Americans recommends 

that Americans consume at least 3 ounce-equivalents of whole grain each day (10).  

The health benefit of whole grain consumption may be due to their unique 

phytochemicals.  Whole grain phytochemicals and bioactive compounds including 

phenolics, carotenoids, vitamin E, γ-oryzanol, dietary fiber, and β-glucan may be 

responsible for the health benefits of whole grain consumption in the prevention of 

chronic diseases.   
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CHAPTER 2 

PHYTOCHEMICAL CONTENT AND ANTIOXIDANT ACTIVITY OF SIX 

DIVERSE VARIETIES OF WHOLE WHEAT2

 

 

Neal Okarter, Chang-Shu Liu, Mark E. Sorrells, and Rui Hai Liu 

 

Abstract  

The phytochemical content and antioxidant activity of six diverse varieties of 

whole wheat are reported.  The free phenolic content ranged from 255 (KanQueen) to 

499 (Roane) μmol gallic acid equivalents/100 g DW.  The bound phenolic content 

ranged from 582 (Roane) to 662 (Cham1) μmol gallic acid equivalents/100 g DW. The 

bound fraction contributed 53.8 to 69.7% of the total phenolic content of the wheat 

varieties analyzed.  Ferulic acid was the predominant phenolic acid found in whole 

wheat.  Total ferulic acid content ranged from 310.8 (Caledonia) to 496.1 (KanQueen) 

μmol ferulic acid/100 g DW.  The percentage of ferulic acid found in the insoluble-

bound fraction ranged from 87.4% (Caledonia) to 97.2 % (KanQueen). Other phenolic 

acids, p-coumaric acid, syringic acid, vanillic acid, and caffeic acid were also detected.  

Lutein was the predominant carotenoid found in the whole wheat varieties analyzed.  

Zeaxanthin, β-carotene, and β-cryptoxanthin were also detected.  Mainly α- and β-

tocopherols and tocotrienols were found in all varieties of whole wheat though γ-

tocopherol was detected in all but two varieties.  β-Tocotrienol was the predominant 

form of vitamin E found in all varieties of whole wheat.  The antioxidant activity was 

assessed using the oxygen radical absorbance capacity (ORAC) assay.  The ORAC of 

the free fraction ranged from 1958 to 3749 μmol Trolox equivalents/100 g DW.  The 

                                                 
2 Okarter, N, Liu, CS, Sorrells, ME, and Liu, RH.  Phytochemical Content and Antioxidant Activity of 
Six Diverse Varieties of Whole Wheat.  Journal of Food Chemistry 119(1), 249-257, 2009  
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ORAC of the bound fraction ranged from 3190 to 5945 μmol Trolox equivalents/100 g 

DW.  Total phenolic content was correlated with oxygen radical absorbance capacity 

(R2 = 0.810; p < 0.001).  The phytochemicals found in whole grains may be 

responsible for the health benefit of whole grain consumption.   

 

2.1. Introduction    

 

Whole grain consumption has been consistently associated with reduced risk of 

developing chronic diseases, including cardiovascular disease (1, 2), type II diabetes 

(3), obesity (4), and cancer (5, 6).  For this reason, the Dietary Guidelines for 

Americans recommend consumption of at least three-ounce equivalents of whole 

grains per day and to make sure at least half of total grain product consumption comes 

from whole grain products (7).   

Phytochemicals are the bioactive, non-nutrient, naturally occurring plant 

compounds found in fruits, vegetables, and whole grains (8). The health benefit of 

whole grain consumption may be due to the unique phytochemicals found in whole 

grains (9).  Whole grain phytochemicals include phenolics, compounds containing one 

or more aromatic rings and one or more hydroxyl groups, carotenoids, and vitamin E, 

amongst others.  Previously, the phenolic content of whole grains had been 

underestimated, as most research only determined the free phenolic content and not 

the content of phenolics that were bound to cell wall materials (10).  Bound 

phytochemicals cannot be digested by human enzymes, could survive stomach and 

small intestine digestion, and therefore may possibly reach the colon.  The colonic 

microflora may release the bound phytochemicals through fermentation, and thus 

provide site-specific health benefits in colon or other tissues after absorption (9).   
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Whole grain phytochemicals have antioxidant activity, the ability to scavenge 

free radicals that may oxidize biologically relevant molecules (9).  The antioxidant 

activity of whole grains has been determined using many different antioxidant activity 

assays (11-17).  The oxygen radical absorbance capacity (ORAC) assay measures a 

sample’s ability to prevent the oxidation of fluoroscein by a peroxyl radical induced 

by ABAP compared to the ability of various concentrations of Trolox (18) and has 

been proposed as a standard antioxidant activity assay to measure the antioxidant 

activity of foods (19). 

Wheat is an important crop for the US economy.  In 2007-2008, more than 60 

million acres of wheat were planted yielding a projected 2 billion bushels of wheat in 

the US (20).  Several different food products are made from different varieties of 

wheat.  Hard wheat is generally used in the production of breads and cakes.  Soft 

wheat is generally used in the production of cookies, crackers, and breakfast foods.  

Durum wheat, which tends to have a harder kernel than other types of wheat, is 

usually used in the production of pastas.  The differences in hardness of the kernel, 

and subsequently the type of products produced from them, is due to their gluten 

content (21).   

Previous studies have reported the phytochemical content of whole wheat.  

Adom et al (2003) reported the phytochemical content and antioxidant activity of 11 

diverse varieties of wheat.  However, the content and distribution of vitamin E, a 

group of lipophilic antioxidants associated with health benefit and common in grains, 

was not determined.  Further, the antioxidant activity of the whole wheat samples was 

determined using the total oxyradical scavenging capacity (TOSC) assay.  Moore et al 

(2005) reported the carotenoid, tocopherol, phenolic acid, and antioxidant activity of 

eight Maryland-grown soft wheat samples.  However, the contributions from the free 

and bound fractions to the total phenolic content and antioxidant activity and 
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tocotrienols were not reported.  Further, only soft wheat samples were used in this 

study.  The phytochemical content and antioxidant activity of other varieties of wheat 

were not determined.  Mpofu et al (2006) reported the phenolic content, phenolic acid 

composition, and antioxidant activity of hard spring wheat.  However, no distinction 

was made between the free and bound fractions of whole wheat.  Pellegrini et al 

reported the antioxidant activity of whole wheat (17).  Though the authors did make 

note the use of durum wheat, no mention was made of the variety of wheat used in the 

study.  Further, the ferric ion reducing antioxidant power (FRAP) assay, total peroxyl 

radical-trapping antioxidant parameter (TRAP) assay, and trolox equivalent 

antioxidant capacity (TEAC) assays were used to determine the free and bound 

antioxidant activity of the wheat samples (22-24).  Liyana-Pathirana and Shahidi 

(2006) reported the total phenolic content and antioxidant activity of hard and soft 

wheat.  Though the authors did use the ORAC assay to distinguish between the free 

and bound antioxidant activity of whole wheat, a diverse range of wheat varieties was 

not used in the study.   

The content of whole grain phytochemicals needs closer examination due to 

their potential health benefit in the prevention of chronic diseases.  A more complete 

analysis of the phytochemical content and antioxidant activity of a range of diverse 

whole wheat samples is needed.  Emphasis on the distribution of free and bound 

phenolic content and antioxidant activity is key to understanding the potential health 

benefit of whole grain consumption.  The distinction between free and bound 

antioxidant activity needs to be made in order to understand the potential benefit of 

whole grain consumption.  The objective of this study was to determine the 

phytochemical profiles and antioxidant activity of six diverse varieties of wheat.    
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2.2. Materials and Methods  

 

2.2.1 Chemicals and Reagents   

Sodium hydroxide, sodium sulphate, and hexanes were purchased from Fisher 

Scientific (Pittsburgh, PA).  Acetone, sodium chloride, sodium carbonate, ethanol, 

ethyl acetate, and trifluroacetic acid were purchased from Mallinckrodt Baker, Inc. 

(Phillipsburg, NJ).  Folin-Ciocalteu reagent, ferulic acid, p-coumaric acid, caffeic acid, 

p-hydroxybenzoic acid, carotene (α:β, 1:2) , vanilic acid, syringic acid, 6-hydroxy-

2,5,7,8-tetramethylchroman-2-carboxylic acid (Trolox), pyrogallol, and lutein were 

purchased from Sigma (St. Louis, MO).  Gallic acid was purchased from ICN 

Biomedicals, Inc. (Aurora, OH).  The compound 2,2’-azobis (2-amidinopropane) 

dihydrochloride (ABAP) was purchased from Wako Chemicals USA, Inc. (Richmond, 

VA).  Zeaxanthin and β-cryptoxanthin were purchased from Indofine Chemical 

Company Inc. (Hillsborough, NJ).  All tocopherols and tocotrienols were purchased 

from Calbiochem (Darmstadt, Germany).   

 

2.2.2 Grain Samples and Sample Preparation  

Wheat varieties (Table 2.1) were provided by Dr. Mark E. Sorrells of the 

Cornell Small Grains Breeding and Genetics Program in the Department of Plant 

Breeding and Genetics at Cornell University (Ithaca, NY).  All wheat varieties were 

milled to a fine powder using a 20, 40, and 60 mesh size screen successively and 

mixed thoroughly.  All samples were stored at -20˚C until analysis.  The moisture  

content of all samples was determined by taking the weight of the samples before and 

after drying at 105 ̊ C for 16 hours and used to express phytochemical contents to a 

dry weight basis (25).   
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Table 2.1.  Description of the six wheat varieties used in this study.   

Variety Description References 

Stoa Hard Red Spring North Dakota AES, 1984 (26) 

Roane Soft Red Winter Griffey et al, 2001 (27) 

Caledonia Soft White Winter Sorrells and Cox, 2003  (28) 

Foster Soft Red Winter Van Sanford et al, 1997  (29) 

Cham1 White Spring Durum Nachit et al, 2001 (30) 

KanQueen Semi-Hard Red Winter Bayles and Clark, 1954  (31) 
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2.2.3 Extraction of Free Phenolics   

Free phenolics of wheat samples were extracted using a modification of the 

method previously reported by Adom et al (2002 and 2003).  Briefly, one gram of 

whole-wheat flour was blended with 50 mL of 80% chilled acetone.  The mixture was 

then centrifuged at 2500 g for 10 minutes.  The supernatant was removed and the 

remaining pellet was again extracted with 50 mL of 80% chilled acetone.  The 

supernatants were pooled and evaporated at 45ºC to dryness.  The solution was then 

reconstituted in methanol/hydrochloric acid (1 M; 85:15 v/v), filtered through a 0.45 

μm filter, and stored at -40ºC until analysis within three days.   

 

2.2.4 Extraction of Bound Phenolics    

Bound phenolics of wheat samples were extracted using a modification of the 

method previously reported by our laboratory (10, 12).  Briefly, insoluble-bound 

phenolics were extracted from the residue from the free phenolic extraction.  The 

residue was first digested with 2 M sodium hydroxide at room temperature for 1 h 

whilst shaking under nitrogen.  The mixture was then neutralized with concentrated 

hydrochloric acid.  Hexanes were used to extract lipids in the mixture.  The remaining 

mixture was then extracted five times with ethyl acetate.  The ethyl acetate fractions 

were pooled and evaporated to dryness.  The phenolics were reconstituted in 

methanol/hydrochloric acid (1 M; 85:15 v/v), filtered through a 0.45 μm filter, and 

stored at -40ºC until analysis within three days.   

 

2.2.5 Extraction of Soluble-Conjugated Phenolic Compounds   

Soluble-conjugated phenolic compounds were extracted from free phenolic 

extracts using the method routinely used in our laboratory (10).  Free phenolics 

extracts were digested with 2 M sodium hydroxide for 1 h at room temperature under 
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nitrogen gas, and then neutralized with concentrated hydrochloric acid.  The mixture 

was then extracted five times with ethyl acetate.  The ethyl acetate fractions were 

pooled and evaporated to dryness under nitrogen at 35̊ C.  The remaining residue was 

dissolved in methanol/hydrochloric acid (1 M; 85:15 v/v), filtered through a 0.45 μm 

filter, and stored at -40 ˚C until analysis within three days.   

 

2.2.6 Determination of Total Phenolic Content    

Total phenolic content of each wheat sample was determined using the 

colorimetric method described by Singleton, Orthofer, and Lamuela-Raventos (1999) 

and modified in our laboratory (32, 33).  Briefly, extracts were reacted with Folin-

Ciocalteu reagent and then neutralized with sodium carbonate.  After 90 minutes, the 

absorbance of the resulting solution was measured at 760 nm.  Gallic acid was used as 

the standard and total phenolic content was expressed as μmol of gallic acid 

equivalents/100 g sample DW.   

 

2.2.7 Determination of Phenolic Acid Composition    

The determination of the phenolic composition was done using an rp-HPLC-

DAD method.  Briefly, the mobile phase [water to pH 2.8 with acetic acid (A) and 

acetonitrile/water 70:30 v/v to pH 2.8 with acetic acid (B)] was delivered using a 

Waters 600E quaternary pump at a flow rate of 1.5 mL/min using the following 

gradient program: linear gradient from 0/100% – 10/90% B/A for 2.5 min, linear 

gradient from 10/90% – 12/88% B/A for 3.5 min, linear gradient from 12/88% – 

23/77% B/A for 10 min, linear gradient from 23/77% – 95/5% B/A for 4 min, and 

linear gradient from 95/5% – 0/100% B/A for 6 min.  The total run time was 20 min 

with a 6 min delay between injections.  Seventy five microlit of sample were injected 

using a Water 717 autosampler.  Separation of phenolic compounds was done using a 
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C18 column (5 μm, 250 mm x 4.6 mm; Grace Vydac, Baltimore, MD).  Phenolic 

compounds were detected using a Waters 996 Photodiode Array Detector.  Each 

injection was monitored at 282 nm.  Identification of each peak was confirmed using 

the retention time and absorbance spectrum of each pure compound.  Percent 

recoveries were determined by spiking a known amount of pure compound into a 

sample and performing the same extraction and analytical procedures.  The percent 

recovery for ferulic acid, p-coumaric acid, vanillic acid, syringic acid, caffeic acid, and 

p-hydroxybenzoic acid were 101.6 ± 9.9, 99.3 ± 7.8, 83.0 ± 7.3, 85.0 ± 3.7, 89.3 ± 8.1, 

and 93.0 ± 7.4, respectively.  The detection limits of all phenolic acids were less than 

0.3 μg per injection.  Data signals were acquired and processed using Waters 

Empower software (2002) (Waters Corp., Milford, MA).     

 

2.2.8 Extraction of Carotenoids.   

Carotenoids were extracted using the method described by Hentschel, Kranl, 

Hollmann, Lindhauer, Bohm, and Bitsch (2002) and modified in our laboratory (34). 

The extraction was performed under dim lighting and all sample tubes were wrapped 

in lightproof paper to protect carotenoids from light-induced degradation. Samples and 

60 mg magnesium carbonate were placed in a 10 x 120 mm screw cap test tube to 

which 3 mL methanol/tetrahydrofuran (1:1, v/v) were added. The sample was 

vortexed, placed in a 75 ºC water bath for 5 min, vortexed again and immediately 

centrifuged at 2000 g for 5 minutes. After the upper solvent layer was removed to a 

second test tube, three additional washes of 3 mL methanol/tetrahydrofuran (1:1 v/v) 

were performed for complete extraction of carotenoids. Upper solvent extraction 

layers were pooled and vortexed with 1.5 g sodium sulphate. The solvent layer was 

removed and the residual rinsed at least twice with 2 mL hexane. The combined 

hexane solvent was evaporated to dryness under a gentle stream of nitrogen. The dry 
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residue was re-dissolved with 0.5 mL methanol/tetrahydrofuran (1:1, v/v) and stored 

under nitrogen at -20 ºC until HPLC analysis within two days.  

 

2.2.9 Determination of Carotenoid Content.   

Carotenoid content was determined using the method described by Hentschel 

et al (2002) modified by our laboratory (34).  Briefly, the carotenoid content of each 

sample was determined using an rp-HPLC procedure employing a 250 × 4.6 mm 

YMC C30 column, 3 μm particle size (YMC, Waters Inc., Wilmington, NC). The 

mobile phase [methanol/water (95:5, v/v, A) and methyl tert-butyl ether (B)] was 

delivered at 1.9 mL/minute using a Water 515 HPLC pump (Water Corp., Milford, 

MA). The gradient program was as follows: 25/75% B/A for 11 min, 25/75% – 

30/70% B/A for 2 min, 30/70% B/A for 9 min, 30/70% – 25/75% B/A for 1 min and 

then 25/75% B/A for at least 5 min where the next injection would occur. A Waters 

2487 dual wavelength absorbance detector (Waters Corps, Milford, MA) was used for 

UV detection of analytes at 450 nm. Data signals were acquired and processed on a 

PC running the Waters Millennium software, version 3.2 (1999) (Waters Corp, 

Milford, MA). Percent recoveries for all carotenoids were greater than 94% (34).  The 

carotenoid content of each sample extract was extrapolated from a pure carotenoid 

standard curve. All samples were injected via a 20 μL loop and peak heights were 

used for all calculations.  Data were expressed as μg/100 g DW.   

 

2.2.10 Extraction of Vitamin E.   

Extraction of tocopherols and tocotrienols from whole wheat was done using a 

modification of the method described by Panfili, Fratianni, and Irano (2003).  Briefly, 

2 mL 95% ethanol, 1 mL 300 mM sodium chloride, 4 mL 500 mM pyrogallol in 

ethanol, 1 mL 1 M ascorbic acid, then 2 mL 10.7 M potassium hydroxide were added 
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to 1 g sample in a glass screw-cap tube.  The headspace was flushed with nitrogen and 

the sample was digested for 45 min at 75°C in a constantly agitated water bath.  After 

45 min, the tubes were cooled to room temperature in an ice bath.  After addition of 

750 μL 3 M sodium chloride and 8 mL hexane/ethyl acetate (9:1, v/v), the solution 

was then sonicated for 10 min, and the vitamin E extracted for 5 minutes.  The tube 

was then centrifuged at 100 g for 1 minute and the organic layer was removed.  The 

extraction procedure was repeated twice and the organic layers from each extraction 

were pooled.  The pooled organic layers were transferred to a separatory funnel and 

washed twice with 10 mL distilled water.  After transfer to an Erlenmeyer flask, the 

solution was dehydrated with 5 g sodium sulphate.  The solution was then filtered 

using glass wool and evaporated to dryness under a gentle stream of nitrogen at 35 ̊ C.  

The residue was dissolved in 2 mL hexane/ethyl acetate/acetic acid (99.0:0.5:0.5, 

v/v/v), capped under nitrogen and stored at -20°C until HPLC analysis within seven 

days.   

 

2.2.11 Determination of Vitamin E Content.   

Chromatographic separation of tocopherols and tocotrienols was done using a 

np-HPLC with a fluorescence detector.  Briefly, the mobile phase, hexanes/ethyl 

acetate/acetic acid (99.0:0.5:0.5, v/v/v) was filtered using a 0.45 μm filter and 

delivered by a Waters 501 Solvent Delivery System at a flow rate of 1 mL/min.  One 

hundred microliters of sample were injected into the system and a silica column 

(Grace Vydac 250 x 4.6 mm, 5 μm particle size; Grace Vydac Carlsbad, CA) was used 

to separate the vitamers.  Detection of tocopherols and tocotrienols was conducted 

using fluorescence detection with a Waters 474 Scanning Fluorescent Detector at an 

excitation wavelength of 290 nm and an emission wavelength of 330 nm.  Data signals 

were acquired and processed on a PC running the Waters Millennium Software, 
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version 3.2 (1999) (Waters Corp, Miford, MA).  The detection limits for α-tocopherol 

and α-tocotrienol were 0.1 ng per injection.  The percent recovery for α-tocopherol 

and α-tocotrienol were 95.2 ± 5.3 and 99.9 ± 9.9, respectively.  The detection limits 

and percent recoveries for all other vitamers were assumed to be on the same order.   

Total vitamin E content was determined to be the sum of all eight vitamers and 

expressed as μg/g DW.   

 

2.2.12 Antioxidant activity   

The antioxidant activity was determined using oxygen radical absorbance 

capacity (ORAC) assay described by Huang, Ou, Hampsch-Woodill, Flanagan, and 

Prior (2002) and modified in our laboratory (35, 36).  Phenolic extract dilutions were 

prepared with 75 mM phosphate buffer (pH 7.4).  The assay was performed in black-

walled 96-well plates (Corning Scientific, Corning, NY).  The outside wells of the 

plate were not used as there was much more variation from them than from the inner 

wells.  Each well contained 20 μL extracts or 20 μL Trolox standard (range 6.25 – 50 

μM), and 200 μL fluoroscein (final concentration 0.96 μM), which were incubated at 

37 ˚C for 20 minutes.  After incubation, 20 μL of 119 mM ABAP was added to each 

well.  Fluorescence intensity was measured using Fluoroskan Ascent FL plate-reader 

(Thermo Labsystems, Franklin, MA) at excitation of 485 nm and emission of 520 nm 

for 35 cycles every 5 min.  ORAC was expressed as μmol Trolox equivalents/100 g 

DW.   

 

2.2.13 Statistical Analysis.    

Data were reported as mean ± standard deviation for triplicate determinations 

of each sample.  ANOVA and Tukey’s comparison test were performed using Minitab 
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Statistical Software version 15 (State College, PA) to identify differences between 

values.  Statistical significance was defined to be at a level of p < 0.05.   

 

2.3 Results  

 

2.3.1 Total Phenolic Content.   

The free phenolic content ranged from 254.7 (KanQueen) to 499.5 (Roane) 

μmol gallic acid equivalents/100 g DW.  The ratio of bound phenolics to free phenolic 

ranged from 1.2 (Roane) to 2.3 (KanQueen). The bound phenolic content ranged from 

581.9 (Roane) to 662.4 (Cham1) μmol gallic acid equivalents/100 g DW. The total 

phenolic content ranged from 841 (KanQueen) to 1099 (Stoa) μmol gallic acid 

equivalents/100 g DW (Table 2.2).  The total phenolic content of Stoa, Roane, and 

Cham1 were significantly different (p < 0.05) from the total phenolic content of 

Caledonia, Foster, and KanQueen.     

 

2.3.2 Phenolic Acid Composition.   

Ferulic acid was the predominant phenolic acid found in each variety of whole 

wheat and was found in the free, soluble-conjugated, and insoluble bound fractions 

(Table 2.3).  Free ferulic acid content ranged from 4.3 (Foster) to 20.1 (Roane) μmol 

ferulic acid/100 g DW.  Soluble-conjugated ferulic acid ranged from 9.6 (KanQueen) 

to 30.5 (Caledonia) μmol ferulic acid/100 g DW.  The soluble-conjugated ferulic acid 

content of Caledonia was significantly different (p < 0.05) from all other soluble-

conjugated ferulic acid contents.  The bound ferulic acid content ranged from 271.5 

(Caledonia) to 482.1 (KanQueen) μmol ferulic acid/100 g DW.  The bound ferulic 

acid content of KanQueen was significantly different (p < 0.05) from all other bound 

ferulic acid contents.  Total ferulic acid content ranged from 310.8 (Caledonia) to  
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Table 2.2 – Total phenolic content of wheat varieties.  Values expressed as μmol 
gallic acid equivalents/100 g DW (mean ± standard deviation, n = 3).  Percent 
contribution to total phenolic content in parentheses.  Values with no letter is common 
are significantly different (p < 0.05).   

 Free Bound Total 

KanQueen 245.7 ± 10.0 g (30.3) 586.2 ± 53.9 cd (69.7) 841 ± 62.3 b 

Caledonia 307.0 ± 21.0 fg (35.9) 548.8 ± 1.8 d (64.1) 856 ± 19.5 b 

Foster 332.5 ± 24.8 fg (35.7) 598.5 ± 24.6 cd (64.3) 931 ± 40.7 b 

Cham1 398.6 ± 8.5 ef (37.6) 662.4 ± 35.4 c (62.4) 1061 ± 36.2 a 

Roane 499.5 ± 27.0 de (46.2) 581.9 ± 49.0 cd (53.8) 1081 ± 52.2 a 

Stoa 459.1 ± 18.5 de (41.8) 639.7 ± 34.9 cd (58.2) 1099 ± 19.1 a 
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496.1 (KanQueen) μmol ferulic acid/100 g DW.  The percentage of ferulic acid found 

in the insoluble-bound fraction ranged from 87.4 (Caledonia) to 97.2 % (KanQueen).     

p-Coumaric acid was found in the free, soluble-conjugated, and insoluble 

bound fractions.  Free p-coumaric acid content ranged from 9.2 (Foster) to 25.4 

(Caledonia) μmol p-coumaric acid/100 g DW.  The free p-coumaric acid of Caledonia  

was significantly different (p < 0.05) from all other free p-coumaric acid contents.  

Soluble-conjugated p-coumaric acid ranged from 7.4 (Stoa) to 10.0 (Caledonia) μmol 

p-coumaric acid/100 g DW.  Insoluble bound p-coumaric acid content ranged from 

15.9 (Cham1) to 29.0 (KanQueen) μmol p-coumaric acid/100 g DW.  The bound p-

coumaric acid content of KanQueen was significantly different (p < 0.05) from all 

other bound p-coumaric acid contents.  The percentage of p-coumaric acid found in 

the insoluble bound fraction ranged 32.3 (Caledonia) to 63.4% (KanQueen).   

Syringic acid was found in the soluble-conjugated and insoluble-bound 

fractions.  Soluble-conjugated syringic acid content ranged from 4.9 (Cham1) to 11.5 

(Caledonia) μmol syringic acid/100 g DW.  Insoluble-bound syringic acid content 

ranged from 3.1 (Caledonia) to 9.8 (KanQueen) μmol syringic acid/100 g DW.  The 

bound syringic acid content of KanQueen was significantly different (p < 0.05) from 

all other bound syringic acid contents.  No insoluble-bound syringic acid was detected 

in Foster.  The percentage of syringic acid in the insoluble bound fraction ranged from 

21.2 (Caledonia) to 63.2% (KanQueen).   

Vanillic acid was found only in the soluble-conjugated fraction.  Soluble 

conjugated vanillic acid contents ranged from 4.3 (KanQueen) to 8.3 (Caledonia) 

μmol vanillic acid /100 g DW.   

Caffeic acid was only found in the insoluble bound fraction.  Caffeic acid 

contents ranged from 3.2 (Caledonia) to 7.4 (KanQueen) μmol caffeic acid/100 g DW.   
  



 
 

Table 2.3 – Phenolic acid composition of six diverse varieties of wheat.  Values expressed as μmol phenolic acid/100 g DW (mean 
± standard deviation, n = 3).  Percent contribution to total phenolic acid content is in parentheses.  Values with no letters in 
common within each column are significantly different (p < 0.05).  nd – not detected  
 Free Soluble Conjugated Insoluble-Bound Total 

Ferulic Acid  

Caledonia  8.7 ± 0.7 b (2.8%) 30.5 ± 2.7 a (9.8%) 271.5 ± 5.1 b (87.4%) 310.8 ± 7.2 b 

Cham1  11.6 ± 0.7 b (3.3%) 11.8 ± 1.1 b (3.4%) 326.7 ± 29.8 b (93.3%) 350.1 ± 28.9 b 

Foster  4.3 ± 1.4 c (1.3%) 12.3 ± 2.1 b (3.8%) 307.7 ± 14.2 b (94.9%) 324.2 ± 15.6 b 

KanQueen  4.4 ± 0.6 c (0.9%) 9.6 ± 1.0 b (1.9%) 482 1 ± 90.3 a (97.2%) 496.1 ± 90.2 a 

Roane 20.1 ± 0.5 a (6.2%) 11.4 ± 0.9 b (3.6%) 290.4 ± 36.3 b (90.2%) 321.8 ± 36.4 b 

Stoa 10.2 ± 1.3 b (2.7%) 11.5 ± 0.7 b (3.0%) 361.8 ± 19.6 b (94.3%) 383.5 ± 21.2 b 

p-Coumaric Acid  

Caledonia  25.4 ± 4.3 a (48.6%) 10.0 ± 0.6 a (19.1%) 16.9 ± 0.5 b (32.3%) 52.3 ± 4.0 a 

Cham1 10.2 ± 0.6 b (30.4%) 7.5 ± 0.2 bc (22.3%) 15.9 ± 1.3 b (47.3%) 33.5 ± 0.5 c 

Foster  9.2 ± 1.8 b (26.0%) 9.2 ± 1.3 ab (26.0%) 17.0 ± 1.5 b (48.0%) 35.5 ± 4.4 c 

KanQueen  9.5 ± 1.2 b (20.4%) 8.0 ± 0.4 b (17.2%) 29.0 ± 2.4 a (62.4%) 46.5 ± 1.5 ab 

Roane  14.4 ± 1.1 b (35.0%) 7.7 ± 0.2 b (18.7%) 19.0 ± 1.5 b (46.3%) 41.1 ± 2.3 bc 

Stoa  11.2 ± 1.7 b (32.4%) 7.4 ± 0.1 c (21.4%) 16.0 ± 1.6 b (46.2%) 34.7 ± 1.2 c 
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Table 2.3 (continued)  
 Free Soluble-Conjugated Insoluble-Bound Total 

Syringic Acid  
Caledonia  nd 11.5 ± 0.3 a (78.8%) 3.1 ± 0.6 b (21.2%) 14.6 ± 0.3 a 
Cham1  nd 4.9 ± 0.8 c (54.4%) 4.1 ± 0.7 b (45.6%) 9.0 ± 1.5 b 
Foster  nd 8.7 ± 2.5 ab (100%) nd 8.7 ± 2.5 b 
KanQueen  nd 5.7 ± 1.5 bc (36.8%) 9.8 ± 2.3 a (63.2%) 15.5 ± 3.3 a 
Roane  nd 6.3 ± 0.7 bc (60.0%) 4.2 ± 0.6 b (40.0%) 10.5 ± 1.3 ab 
Stoa  nd 7.6 ± 0.1 bc (65.0%) 4.1 ± 0.6 b (35.0%) 11.7 ± 0.6 ab 

Vanillic Acid  
Caledonia  nd 8.3 ± 2.0 a (100%) nd 8.3 ± 2.0 a 
Cham1  nd 6.5 ± 0.5 ab (100%) nd 6.5 ± 0.5 ab 
Foster  nd 7.8 ± 1.6 a (100%) nd 7.8 ± 1.6 a 
KanQueen  nd 4.3 ± 1.4 b (100%) nd 4.3 ± 1.4 b 
Roane  nd 7.6 ± 0.5 a (100%) nd 7.6 ± 0.5 a 
Stoa  nd 6.0 ± 0.2 ab (100%) nd 6.0 ± 0.2 ab 

Caffeic Acid  
Caledonia  nd nd 4.4 ± 1.1 c (100%) 4.4 ± 1.1 c 
Cham1  nd nd 7.4 ± 0.9 bc (100%) 7.4 ± 0.9 bc 
Foster  nd nd 5.9 ± 0.5 bc (100%) 5.9 ± 0.5 bc 
KanQueen  nd nd 11.6 ± 0.4 a (100%) 11.6 ± 0.4 a 
Roane  nd nd 7.5 ± 1.0 b (100%) 7.5 ± 1.0 b 
Stoa  nd nd 8.2 ± 2.0 b (100%) 8.2 ± 2.0 b 
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The bound caffeic acid content of KanQueen was significantly different (p < 0.05) 

from all other bound caffeic acid contents.   

 

2.3.3 Carotenoid Content.   

Total carotenoid content ranged from 148 (KanQueen) to 271 (Foster) μg/100g 

DW.  Lutein content was the highest among the carotenoids tested and ranged from 

67.4 (KanQueen) to 211.1 (Foster) μg/100g DW.  Zeaxanthin content ranged from 

25.3 (Cham1) to 52.7 (Caledonia) μg/100g DW.  β-Cryptoxanthin content ranged from 

11.8 (Caledonia) to 19.5 (Roane) μg/100g DW.  None of the β-cryptoxanthin contents 

were significantly different (p > 0.05).  β-Carotene content ranged from 17.6 (Cham1) 

to 36.2 (Foster) μg/100g DW (Table 2.4).  α-Carotene was not detected in any variety 

tested.   

 

2.3.4 Vitamin E Content.   

Total vitamin E content ranged from 13.4 (Cham1) to 19.6 (KanQueen) μg/g 

DW (Table 2.5).  In all samples, β-tocotrienol was the predominant form of vitamin E.  

β-Tocotrienol content ranged from 8.6 (Roane) to 11.9 (Caledonia) μg/g DW.  Mainly 

α and β-tocopherols and -tocotrienols were detected in the samples.  Four of the six 

varieties of wheat contained γ-tocopherol.  The content of γ-tocopherol was low and 

ranged from 0.1 (Cham1) to 0.9 (KanQueen) μg/g DW.  α-Tocopherol content ranged 

from 0.7 (Cham1) to 5.2 (KanQueen) μg/g DW.   

 

2.3.5 Oxygen Radical Absorbance Capacity (ORAC).   

The free ORAC ranged from 1958 (KanQueen) to 3749 (Stoa) μmol Trolox 

equivalents/100 g DW.  The bound ORAC ranged from 3190 (KanQueen) to 5945 

(Roane) μmol Trolox equivalents/100 g DW.  The total ORAC of the wheat samples  
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Table 2.4 – Carotenoid (lutein, zeaxanthin, β-cryptoxanthin, and β-carotene) content 
and distribution of wheat varieties (mean ± standard deviation, n = 3).  Values with no 
letters in common within each column are significantly different (p < 0.05).   
 Lutein Zeaxanthin β-Cryptoxanthin β-Carotene 

KanQueen  67.4 ± 21.5 c  27.8 ± 1.4 c  15.9 ± 2.2  19.7 ± 3.6 b 

Stoa  97.6 ± 5.4 c  35.1 ± 1.7 b  16.0 ± 2.5  17.9 ± 4.4 b  

Roane  119.0 ± 32.8 bc 44.1 ± 6.6 ab  19.5 ± 3.4  23.6 ± 1.2 b  

Caledonia  173.5 ± 22.4 ab 52.7 ± 3.8 a  11.8 ± 2.2  23.1 ± 7.5 b  

Cham1 207.6 ± 33.6 a  25.3 ± 2.6 c  17.4 ± 3.2  17.6 ± 3.6 b  

Foster  211.1 ± 5.8 a  39.8 ± 0.1 b  14.5 ± 3.3  36.2 ± 8.2 a  

  



 
 

 
 
 
 
 
 
 
Table 2.5 – Vitamin E content of wheat varieties.  Values expressed as μg/g DW (mean ± standard deviation, n = 3).  Values with 
no letters in common within each column are significantly different (p < 0.05).  nd – not detected  
 Tocopherols  Tocotrienols Total VE 

 α β γ δ  α β γ δ  

Caledonia 0.7 ± 0.1 c 1.8 ± 0.2 c 0.2 ± 0.03 c nd  0.4 ± 0.1 b 7.2 ± 0.9 b nd nd 10.2 ± 1.3 b 

Roane 1.2 ± 0.3 bc 2.9 ± 0.6 ab 0.2 ± 0.01 b nd  0.5 ± 0.1 b 8.6 ± 1.2 ab nd nd 13.4 ± 2.1 ab 

Cham1 0.7 ± 0.1 c 1.2 ± 0.3 c 0.1 ± 0.03 c nd  1.3 ± 0.1 a 9.2 ± 1.0 ab nd nd 13.8 ± 2.1 ab 

Stoa 1.9 ± 0.3 bc 2.1 ± 0.3 bc nd nd  0.6 ± 0.1 b 9.9 ± 0.9 nd nd 14.5 ± 1.7 ab 

Foster  4.2 ± 2.0 ab 1.3 ± 0.1 c 1.3 ± 0.1 a nd  1.4 ± 0.2 a 10.0 ± 0.9 ab nd nd 18.1 ± 2.6 ab 

KanQueen 5.2 ± 2.0 ab 1.5 ± 0.4 c 0.9 ± 0.1 b nd  1.0 0.2 a 11.2 ± 1.3 a nd nd 19.8 ± 0.8 a 

  

69 



70 
 

 

 

 

 

 

 

 

Table 2.6 – ORAC values of wheat varieties (mean ± standard deviation, n = 3).  
Percent contribution to total ORAC is in parentheses.  Values with no letters in 
common are significantly different (p < 0.05).   

 Free ORAC Bound ORAC Total ORACa 

KanQueen 1958 ± 251 g (38.0) 3190 ± 687 fg (62.0)  5148 ± 486 def  

Caledonia 2703 ± 653 fg (39.4) 4159 ± 316 f (60.6)  6862 ± 342 cd  

Cham1 2552 ± 394 g (35.6) 4594 ± 577 ef (64.4)  7174 ± 962 bc  

Foster 3545 ± 426 fg (47.2) 3960 ± 631 f (52.8)  7505 ± 424 bc  

Roane 2694 ± 192 fg (31.2) 5945 ± 754 de (68.8)  8639 ± 830 ab  

Stoa 3749 ± 423 fg (39.0) 5867 ± 352 de (61.0)  9616 ± 752 a  
aSum of free and bound ORAC 
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ranged from 5148 (KanQueen) to 9616 (Stoa) μmol Trolox equivalents/100 g DW 

(Table 2.6). Total phenolic content was correlated with ORAC (R2 = 0.810; p < 

0.001).   

 

2.4 Discussions  

 

2.4.1 Total Phenolic Content.   

Phenolics are compounds with one or more aromatic ring and one or more 

hydroxyl groups (37).  Phenolic compounds from the insoluble bound fraction of 

whole wheat are of particular importance because of their ability to scavenge free  

radicals and prevent the oxidation of biologically important molecules in the colon 

(10, 38).  The total phenolic contents we reported here are similar to the total phenolic 

content values for 11 diverse varieties of whole wheat reported earlier (12), and 

ranged from 710 to 860 μmol gallic acid equivalents/100 g FW.  Moore et al (2005) 

reported the total phenolic content of eight Maryland-grown soft wheat samples, 

ranged from 235 to 470 μmol gallic acid equivalents/100 g.  These values were 

significantly lower than those reported in the present study and Adom et al (2003).  

This may be due to differences in extraction procedures.  Because no alkali hydrolysis 

and further extraction was performed, the authors only extracted phenolic compounds 

from the free fraction.  This would lead to an underestimation of the total phenolic 

content.  The total phenolic content values reported by Moore et al (2005) are similar 

to the free phenolic content values reported in this study.   

The total phenolic content of wheat has also been reported in ferulic acid 

equivalents.  Mpofu et al (2006) reported that the average total phenolic content of six 

wheat genotypes was 958 μmol ferulic acid equivalents/100 g.  Liyana-Pathirana and 

Shahidi (2006) reported that the total phenolic content of soft and hard wheat was 
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1966 and 1780, respectively.  The bound fraction contributed 56 and 62% to the total 

phenolic content, respectively.  This finding is consistent with the percent contribution 

from the bound fraction in this study.  On average, the bound fraction accounted for 

62% of the total phenolic content.     

 

2.4.2 Phenolic Acid Composition.   

Phenolic acids are derivatives of hydroxybenzoic acid or hydroxycinnamic 

acid.  Ferulic acid, a hydroxycinnamic acid derivative, is the predominant phenolic 

acid found in whole grains (39, 40) and whole wheat (15, 41).  Sosulski et al (1982) 

reported that the total ferulic acid content was 32.7 μmol ferulic acid/100 g with the 

bound ferulic acid content accounting for 92% of the total ferulic acid content.  Adom 

et al (2003) reported that the total ferulic acid content of 11 diverse varieties of whole 

wheat ranged from 147.7 to 303.0 μmol ferulic acid/100 g with the bound ferulic acid 

accounting for more than 97% of the total ferulic acid content.  Moore et al reported 

that the total ferulic acid content of eight Maryland-grown soft wheat samples ranged 

from 234.8 to 320.0 μmol ferulic acid/100 g with the bound ferulic acid accounting for 

more than 89% of the total ferulic acid content (15).  Li, Shewry, and Ward (2008) 

reported that the total ferulic acid content of spring wheat and winter wheat were 

209.2 and 205.4 μmol ferulic acid/100 g, respectively.   

Matilla et al reported that the total ferulic acid content of whole wheat flour 

was 458.3 μmol ferulic acid/100 g DW (39).  Mpofu et al reported that the total ferulic 

acid content of hard spring wheat ranged from 191.0 to 227.1 μmol ferulic acid/100 g 

(16).  Siebenhandl et al reported that the total ferulic acid content of a purple pericarp 

wheat was 438.5 μmol ferulic acid/100 g FW (41).  The contribution from the bound 

fraction to the total ferulic acid content was not reported in any of these studies.   
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In this study, the total ferulic acid content ranged from 310.8 to 496.1 μmol 

ferulic acid/100 g DW.  The bound fraction contributed 87 to 97% to the total ferulic 

acid content.  These findings are similar to those previously reported (12, 15, 16, 39, 

41).   

Other phenolic acids were also found in significant quantities in whole wheat.  

The hydroxycinnamic acid derivatives are more prevalent than the hydroxybenzoic 

acid derivatives.  The second most abundant phenolic acid found in whole wheat is p-

coumaric acid.  Moore et al (2005) reported the p-coumaric acid content of eight 

varieties of Maryland-grown soft wheat.  The average total p-coumaric acid content 

was 7.4 μmol/100 g.  The bound fraction accounted for nearly 90% of the total p-

coumaric acid content.  Matilla et al reported the total p-coumaric acid and total 

caffeic contents of whole wheat.  The total p-coumaric acid and total caffeic acid 

contents of whole wheat were 22.5 and 20.5 μmol/100 g DW, respectively (39).  

Mpofu et al (2006) reported the total p-coumaric acid and total caffeic acid content of 

six genotypes of wheat.  The average total p-coumaric acid and caffeic acid contents 

were 18.9 and 5.6 μmol/100 g, respectively.  Siebenhandl et al (2007) reported that the 

total p-coumaric acid content of purple pericarp wheat was 14.8 μmol/100 g DW.  Li 

et al (2008) reported that the total p-coumaric acid content of spring wheat and winter 

wheat was 6.7 and 9.6 μmol p-coumaric acid/100 g, respectively.  However, the 

contribution of p-coumaric acid from the bound fraction varied between the two types 

of wheat.  The bound fraction of winter wheat accounted for 63% of the total p-

coumaric acid content, while spring wheat accounted for 37%.  Winter wheat 

contained 0.2 μmol caffeic acid/100 g though no caffeic acid was found in the spring 

wheat (42).  All of the caffeic acid in the winter wheat was from the free fraction.   

The p-coumaric acid contents reported in the present study are higher than 

those previously reported in literature.  The percent contribution to the total p-
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coumaric acid content was most similar to that reported by Li et al (2008).  In this 

study, the bound p-coumaric acid content from the winter wheat varieties contributed 

47.3% to the total p-coumaric acid content compared to 63.3%, as reported by Li et al 

(2008).  Caffeic acid contents reported across a number of studies appear to be more 

variable than ferulic acid and p-coumaric acid contents.  In this study, the average 

caffeic acid content was 7.5 μmol/100 g DW, with the bound fraction contributing all 

of the caffeic acid found.  This values agrees most with that reported by Mpofu et al 

(2006).   

Hydroxybenzoic acid derivatives have also been reported in whole wheat.  

Moore et al (2005) reported that the vanillic and syringic acid contents of eight 

varieties of Maryland-grown soft wheat were 6.2 and 5.3 μmol/100 g.  The soluble 

conjugated fraction contributed the most to the total contents of both vanillic acid and 

syringic acid, 51 and 65.6%, respectively.  Only two of the eight varieties had any 

syringic acid in the free fraction.  The bound fraction contributed 38.5 and 34.3% to 

the total contents of vanillic acid and syringic acid, respectively.  No p-

hydroxybenzoic acid was detected in this study.  Matilla et al (2005) reported the 

content of hydroxybenzoic acid derivatives from whole wheat.  The total vanillic, 

syringic, and p-hydroxybenzoic acid contents were 8.9, 6.6, and 5.4 μmol/100 g DW, 

respectively (39).  Mpofu et al (2006) reported that the total content of vanillic and 

syringic acids, were 5.4 and 5.7 μmol/100 g, respectively.  Siebenhandl et al (2007) 

reported that the total vanillic acid content of purple pericarp wheat was 20.9 

μmol/100 g.  Li et al (2008) reported that the total vanillic and syringic acid contents 

of winter wheat were 12.4 and 8.9 μmol/100 g.  The soluble conjugated fraction 

contributed the most to the total vanillic and syringic acid contents of winter, 67.5 and 

61.9%, respectively.  Li et al (2008) also reported that the total vanillic and syringic 

acid contents of spring wheat were 11.6 and 8.8 μmol/100 g, respectively.  The soluble 
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conjugated fraction contributed the most to the total vanillic and syringic acid contents 

of spring wheat, 71.8 and 63.6%, respectively.   

The total content of hydroxybenzoic acid derivatives reported in the present 

study is consistent with previously reported values.  The average total vanillic acid and 

syringic acid contents were 6.8 and 11.7 μmol/100 g DW.  However, there were slight 

differences in percent contribution from the various fractions.  In the present study, no 

vanillic acid was detected in the free or bound fractions.  Further, no syringic acid was 

detected in the free fraction, which is consistent with the results reported by Moore et 

al (2005).  No p-hydroxybenzoic acid was detected in any variety of wheat, which is 

also consistent with data reported by Moore et al (2005), but not consistent with that 

reported by Matilla et al (2005).   

 

2.4.3 Carotenoid Content.   

Hentshel et al (2002) reported that the carotenoid content of four durum wheat 

samples averaged to roughly 200 μg/100 g.  In this study, no β-carotene was detected.  

Further, the total carotenoid content of the durum wheat sample was 240 μg/100 g.  

Adom et al (2003) reported the carotenoid content of 11 diverse varieties of whole 

wheat.  However, the β-carotene content of each sample was not reported.  The lutein, 

zeaxanthin, and β-cryptoxanthin values reported in this study are similar to those 

reported by Adom et al (2003), though the values are slightly higher and the range of 

values is narrower.  Moore et al (2005) reported the carotenoid content of eight 

Maryland-grown soft wheat samples.  The carotenoid values reported in that study are 

similar to those reported in this study.  However, β-cryptoxanthin content was not 

reported.  Here the carotenoid content of four different carotenoids is reported.  

Hidalgo, Brandolini, Pompei, and Piscozzi (2006) reported the carotenoid content of 

54 cultivars of Einkorn wheat, 6 durum wheat cultivars, and 5 bread wheat cultivars 
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grown across Europe.  The average total carotenoid content of the durum wheat, bread 

wheat, and Einkorn wheat varieties was 320, 195, and 841 μg/100 g DW, respectively.   

The total carotenoid content of the six diverse varieties of wheat reported in 

this study ranged from 148 to 271 μg/100 g DW.  However, one variety of durum 

wheat (Cham1) was used in the present study.  The values reported for lutein and β-

carotene in this study are also in agreement with those reported by Hidalgo et al 

(2006) and Adom et al (2006).   

 

2.4.4 Vitamin E Content.   

All varieties of wheat contained more tocotrienols than tocopherols (Table 3).  

The tocotrienol:tocopherol ratio ranged from 1.9 (KanQueen) to 5.3 (Cham1).  Panfili 

et al (2003) reported that the average tocotrienol:tocopherol ratio of soft wheat and 

durum wheat was 1.9 and 3.3, respectively.  Here, we report that the average 

tocotrienol:tocopherol ratio of soft wheat and durum wheat was 3.0 and 5.3, 

respectively.   

Panfili et al reported the vitamin E content of durum and soft wheat (43).  

Total vitamin E content for durum wheat and soft wheat was 60.6 and 74.3 μg/g DW, 

respectively.  In both cases, β-tocotrienol was the predominant form of vitamin E.  As 

Panfili et al (2003) noted, there are no standardized methods for the extraction and 

analysis of vitamin E from cereals.  Panfili et al showed that a methanol extraction or 

a solvent extraction without prior saponification resulted in lower recovery of vitamin 

E when compared to the saponification followed by organic solvent extraction (43).  

Moore et al determined the tocopherol content of eight Maryland-grown soft wheat 

samples using ESI-MSMS (15).  Tocotrienol content was not reported.  Only α-

tocopherol was detected in these wheat samples.  Not being able to detect β-tocopherol 

may be due to the extraction procedure, in which, methanol/THF 1:1 v/v was used 
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with no saponification.  Hidalgo et al (2006) reported the vitamin E content of 54 

cultivars of Einkorn wheat, 6 durum wheat cultivars, and 5 bread wheat cultivars 

grown across Europe.  The total vitamin E content for the durum wheat, bread wheat, 

and Einkorn wheat varieties was 50.5, 61.5, and 78.0 μg/g DW, respectively.  These 

values are at least 2-fold higher than those reported in this study.   

The vitamin E contents reported in the present study are lower than previously 

reported values (43-45).  However, the distribution of tocopherols and tocotrienols 

reported in the present study is consistent with previously reported values.  β-

Tocotrienol was the predominant form of vitamin E accounting for roughly half of the 

total vitamin E content.  γ-Tocopherol was detected in five of the six varieties 

analyzed.  Grela reported the presence of γ-tocopherol in durum wheat (46).  The 

present study is consistent with the data reported by Grela, finding γ-tocopherol not 

only in durum wheat, but also in hard and soft red wheat.  The ability to detect γ-

tocopherol in wheat may be due to the efficiencies of the extraction and analytical 

methods.   

 

2.4.5 Oxygen Radical Absorbance Capacity.   

The antioxidant activity of whole wheat extracts have been determined using 

previously reported antioxidant activity assays (11, 12, 15, 17, 41).  Comparing the 

antioxidant capacity of the wheat varieties used in these studies is difficult because the 

different antioxidant capacity assay have not been standardized (47).     

Moore et al (2005) reported the ORAC of eight Maryland-grown soft wheat 

samples.  ORAC values ranged from 3290 to 4770 μmol Trolox equivalents/100 g.  

These values were similar to the free ORAC values reported in this study and much 

lower than the total ORAC values reported.  Total phenolic content was correlated 

with the ORAC (r = 0.908; p = 0.01).  However, Moore et al (2005) did not report the 
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ORAC contribution from the free and bound fraction.  Liyana-Pathirana and Shahidi 

(2006) reported that the bound fraction from hard and soft winter wheat contributed 

87.4% and 86.6% to the total ORAC, respectively.   

In the present study, the total ORAC values of six diverse varieties of wheat 

ranged from 5148 to 9616 μmol Trolox equivalents/100 g DW.    The free ORAC 

ranged from 1958 to 3749 μmol Trolox equivalents/100 g DW.  The bound ORAC 

ranged from 3190 to 5945 μmol Trolox equivalents/100 g DW.  Three of the six 

varieties of wheat had bound ORAC values that were significantly different (p < 0.05) 

from the free ORAC (Table 5).  The bound fraction contributed 52.8 to 68.8% of the 

total ORAC.   

 

2.4.6 Summary    

Whole grain consumption is associated with reduced risk of chronic diseases 

including cardiovascular disease, type II diabetes, obesity, and cancer.  Here the 

phytochemical content and antioxidant activity of six diverse varieties of whole wheat 

are reported.  The bound fraction contributed 53.8 to 69.7% of the total phenolic 

content of the wheat varieties analyzed.  Ferulic acid was the predominant phenolic 

acid found in whole wheat.  Other phenolic acids, p-coumaric acid, syringic acid, 

vanillic acid, and caffeic acid were also detected.  The carotenoid content is also 

reported in this study.  Lutein was the predominant carotenoid found in the whole 

wheat varieties analyzed.  Zeaxanthin, β-carotene, and β-cryptoxanthin were also 

detected.  The vitamin E content of whole wheat is reported in the present study.  

Mainly α and β-tocopherols and -tocotrienols were found in all varieties of whole 

wheat though γ-tocopherol was detected in all but two varieties.  β-Tocotrienol was 

the predominant form of vitamin E found in all varieties of whole wheat.  The 

antioxidant activity was assessed using the ORAC assay.  The ORAC of the free 
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fraction ranged from 1958 to 3749 μmol Trolox equivalents/100 g DW.  The ORAC of 

the bound fraction ranged from 3190 to 5945 μmol Trolox equivalents/100 g DW.  

Total phenolic content was correlated with oxygen radical absorbance capacity (R2 = 

0.810; p < 0.001).  The phytochemicals found in whole grains may be responsible for 

the health benefit of whole grain consumption.   
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CHAPTER 3 

THE GERM FRACTION OF WHOLE WHEAT IS A GOOD CANDIDATE FOR A 

FUNCTIONAL INGREDIENT IN WHEAT-BASED FOOD PRODUCTS 

 

Neal Okarter, Chang-Shu Liu, Lynn Haynes, and Rui Hai Liu 

 

Abstract  

The objective of this study was to determine the phytochemical content, 

antioxidant activity, and antiproliferative activity of a commercial blend of whole 

wheat and its milled fractions, the bran/shorts, germ, and endosperm.  The total 

phenolic content of the germ, bran/shorts, whole seed, and endosperm were 2140, 

2020, 897, and 307 μmol gallic acid equivalents/100 g DW, respectively.  Ferulic acid 

was the predominant phenolic acid found in whole wheat and its milled fractions.  p-

Coumaric acid, syringic acid, p-hydroxybenzoic acid, and caffeic acid were also 

detected.   The total carotenoid content of the germ, whole seed, endosperm, and 

bran/shorts was 1016, 274, 263, and 233 μg/100 g DW, respectively.  Lutein was the 

predominant carotenoid found in whole wheat and its milled fractions.  The 

bran/shorts fraction consisted mainly of tocotrienols, though the germ fraction 

consisted mainly of tocopherols.  The whole seed contained significantly more 

tocotrienols than the endosperm, though the tocopherol content of the whole seed and 

endosperm was similar.  The Oxygen Radical Absorbance Capacity (ORAC) assay 

was used to determine the antioxidant activity of whole wheat and its milled fractions.  

The germ had the highest total ORAC with 18380 μmol Trolox equivalents/100 g 

DW, followed by the bran/shorts, whole seed, and endosperm with 16487, 7133, and 

2583 μmol TE/100 g DW, respectively.  Free phenolics extracts from the germ 

significantly (p < 0.01) inhibited the proliferation of HepG2 cells after 96 hours at 
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concentrations of 10 mg/mL, though free phenolics extracts from the whole seed, 

bran/shorts fraction, and endosperm had no antiproliferative activity.  Insoluble-bound 

phenolics extracts from whole wheat and its milled fractions significantly (p < 0.01) 

inhibited the proliferation of HepG2 cells after 96 hours at 10 mg/mL.  The germ 

fraction had high total phenolic content, high phenolic acid content, high tocopherol 

content, high antioxidant activity, and ability to inhibit the proliferation of HepG2 cell 

cultures after 96 hours.  Therefore, the germ fraction may be a good candidate for a 

functional ingredient in wheat-based food products.   

 

3.1 Introduction    

 

A whole grain consists of the intact, ground, cracked or flaked caryopsis, 

whose principal anatomical components - the starchy endosperm, germ and bran - are 

present in the same relative proportions as they exist in the intact caryopsis (1).  The 

endosperm, the largest component of the whole seed, contains the food supply for the 

germ and provides energy for the rest of the plant.  The bran is the multi-layered outer 

skin of the grain that protects the germ and the endosperm from damage due to 

sunlight, pests, water, and diseases.  The shorts are a combination of the bran layer and 

the endosperm that are formed as a result of milling the whole seed.  The germ is the 

embryo, the part of the grain that becomes a new plant when fertilized by pollen.  

However, the industry definition of germ refers to the embryonic axis of the germ not 

including the scutellum, which contains more vitamins and fat than the embryo (2).   

The health benefits of whole grain and dietary fiber consumption with regards 

to reduced risk of chronic diseases including cardiovascular disease, type II diabetes, 

and cancer have been reviewed in the literature (3, 4). The health benefit of whole 
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grain consumption is attributed to phytochemicals, naturally occurring, non-nutrient, 

bio-active, plant compounds found in fruits, vegetables, and whole grains (5).   

Wheat is the prominent grain based on consumption.  Hard red winter wheat 

cultivars are most popular due to high gluten content, making them particularly good 

for cookies and some bread (6). White wheat cultivars, both hard and soft, are often 

exported from North America for use in making flat breads and noodles (7).  

Commercial blends of whole wheat are used in the production of wheat-based food 

products.    

Grain processing is a necessary step in the production of grain products.  The 

processing of grains includes but is not limited to milling and extrusion.  The 

processing of grains may also influence the amounts of phytochemicals found in 

grains (8, 9).  Milling is the first processing step in the manufacturing of food 

products.  Milling involves the separation of the germ and bran from the endosperm so 

that the endosperm can be ground into refined flour.  Prior to milling, the grain is often 

tempered in order to ease the removal of the germ and bran from the endosperm.  

Tempering significantly lowered the phytic acid content of wheat in a time-dependent 

manner (10).  The milling of the whole seeds generally results in the reduction of 

macro- and micro-nutrients (11).  The decreases in total phenolic content, phenolic 

composition and antioxidant activity due to processing create the need for functional 

ingredients in refined wheat products so that processed grain products maintain the 

same nutritional quality as the whole grain.   

Phytochemical content of whole wheat and its milled fractions has been 

previously reported (8, 12, 13).  However, the phytochemical content of a commercial 

blend of whole wheat and its milled fractions has not been reported.  The objective of 

this study was to determine the phytochemical content, antioxidant activity, and 
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antiproliferative activity of a commercial blend of whole wheat and its milled 

fractions, the bran/shorts, germ, and endosperm.   

 

3.2 Materials and Methods  

 

3.2.1 Chemicals and Reagents   

Sodium hydroxide, sodium sulfate, and hexanes were purchased from Fisher 

Scientific (Pittsburgh, PA).  Acetone, sodium carbonate, sodium chloride, ethanol, and 

ethyl acetate were purchased from Mallinckrodt Baker, Inc. (Phillipsburg, NJ).  Folin-

Ciocalteu reagent, ferulic acid, p-coumaric acid, caffeic acid, p-hydroxybenzoic acid, 

carotene (α:β, 1:2) , vanillic acid, syringic acid, 6-hydroxy-2,5,7,8-

tetramethylchroman-2-carboxylic acid (Trolox), pyrogallol, quercetin dihydrate, 

kaempferol, catechin hydrate, and lutein were purchased from Sigma (St. Louis, MO).  

Gallic acid was purchased from ICN Biomedicals, Inc. (Aurora, OH).  2,2’-Azobis (2-

amidinopropane) dihydrochloride (ABAP) was purchased from Wako Chemicals 

USA, Inc. (Richmond, VA).  Zeaxanthin and β-cryptoxanthin were purchased from 

Indofine Chemical Company Inc. (Hillsborough, NJ).  All tocopherols and tocotrienols 

were purchased from Calbiochem (Darmstadt, Germany).  Methylene blue was 

purchased from BBL (Cockeysville, MD).  HepG2 cell cultures were purchased from 

the American Type Culture Collection (ATCC) (Rockville, MD).  Williams’ Medium 

E (WME) and Hanks’ Balanced Salt Solution (HBSS) were purchased from Gibco 

Life Technologies (Grand Island, NY).  Fetal bovine serum (FBS) was obtained from 

Atlanta Biologicals (Lawrenceville, GA).  All reagents used in the study were 

analytical or reagent grade.   
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3.2.2 Preparation of Samples  

A commercial blend of soft red wheat was obtained from Lynn Haynes at Kraft 

Foods (East Hanover, NJ) and milled into three fractions; the germ fraction, the 

endosperm fraction, and the bran/shorts fraction.  Milling yields were used to 

determine the percent contribution to the whole seed and were confirmed by ashing 

the samples according to the AOAC method (14).  The whole seed was separately 

milled to whole grain flour.  Samples were protected from light and stored at -20 ˚C 

until extraction and analysis.   

 

3.2.3 Extraction of Free Phenolics    

Free phenolics of wheat samples were extracted using a modification of the 

method previously reported by Adom et al (15, 16).  Briefly, one gram of whole-wheat 

flour, endosperm, bran, or germ was blended with 50 mL of 80% chilled acetone.  The 

mixture was then centrifuged at 2500 G for 10 minutes.  The supernatant was removed 

and the remaining pellet was again extracted with 50 mL of 80% chilled acetone.  The 

mixture was again centrifuged at 2500 G for 10 minutes.  The supernatants were 

pooled and evaporated at 45ºC to dryness.  The remaining residue was then 

reconstituted in methanol/hydrochloric acid (1 M; 85:15, v/v) or deionized water, 

filtered through a 0.45 μm filter, and stored at -40 ºC until analysis.   

 

3.2.4 Extraction of Insoluble-Bound Phenolics    

Insoluble-bound phenolics of wheat samples were extracted using a 

modification of the method previously reported by our laboratory (15, 16).  Briefly, 

insoluble -bound phenolics were extracted from the residue from the free phenolic 

extraction.  The residue was first digested with 2 M sodium hydroxide at room 

temperature for 1 h while shaking under nitrogen.  The mixture was then neutralized 
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with concentrated hydrochloric acid.  Hexanes were used to extract lipids in the 

mixture.  The remaining mixture was then extracted five times with ethyl acetate.  The 

ethyl acetate fractions were pooled and evaporated to dryness.  The remaining residue 

as reconstituted in methanol/hydrochloric acid (1 M; 85:15, v/v) or deionized water, 

filtered through a 0.45 μm filter, and stored at -40 ºC until analysis.   

 

3.2.5 Extraction of Soluble-Conjugated Phenolic Compounds   

Soluble-conjugated phenolic compounds were extracted using the method 

routinely used in our laboratory (15). Briefly, free phenolics extracts were digested 

with 2 M sodium hydroxide for 1 h at room temperature under nitrogen gas, and then 

neutralized with concentrated hydrochloric acid.  The mixtures were then extracted 

five times with ethyl acetate.  The ethyl acetate fractions were pooled and evaporated 

to dryness under nitrogen at 35˚C.  The remaining residues were dissolved in 

methanol/hydrochloric acid (1 M; 85:15, v/v), filtered through a 0.45 μm filter, and 

stored at -40 ºC until analysis.   

 

3.2.6 Determination of Total Phenolic Content    

Total phenolic content was determined using the colorimetric method 

described by Singleton et al (17) and modified in our lab (18).  Briefly, extracts were 

reacted with Folin-Ciocalteu reagent and then neutralized with sodium carbonate.  

After 90 minutes, the absorbance of the resulting solution was measured at 760 nm.  

Gallic acid was used as the standard and total phenolic content was expressed as μmol 

GAE/100 g DW.   
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3.2.7 Determination of Phenolic Composition    

The determination of the phenolic composition was conducted using an rp-

HPLC-DAD method.  Briefly, the mobile phase [water at pH 2.8 with acetic acid (A) 

and acetonitrile/water 70:30 v/v to pH 2.8 with acetic acid (B)] was delivered using a 

Waters 600E quaternary pump at a flow of 1.5 mL/min using the following gradient: 

0/100% – 10/90% B/A for 2.5 minutes, 10/90% – 12/88% B/A for 2.5 minutes, 

12/88% – 23/77% B/A for 10 minutes, 23/77% – 95/5% B/A for 4 minutes, and 95/5% 

– 0/100% B/A for 4 minutes.  Total run time for each injection was 25 minutes.  

Seventy five microliters sample were injected using a Water 717 Autosampler.  

Seperation of phenolic compounds was done using a C18 5 μm, 250 mm x 4.6 mm 

column (Grace Vydac, Baltimore, MD).  Phenolic compounds were detected using a 

Waters 996 Photodiode Array Detector.  Each injection was monitored at 315 nm.  p-

Hydroxybenzoic was quantified at 254 nm.  Catechin and syringic acid were 

quantified at 275 nm.  Ferulic acid, p-coumaric acid, salicylic acid, and caffeic acid 

were quantified at 315 nm.  Quercetin, and kaempferol were quantified at 365 nm.  

Detection limits were determined using a previously reported method (19) and were 

all less than 0.19 and 0.75 μg per injection for phenolic acids and flavonoids, 

respectively.  Percent recoveries for all hydroxybenzoic acid derivatives, 

hydroxycinnamic acid derivatives, and flavonoids were greater than 72%, 81%, and 

90%, respectively.   Data signals were acquired and processed using Waters Empower 

software (2002) (Waters Corp., Milford, MA). 

 

3.2.8 Extraction of Carotenoids    

Carotenoids were extracted using a modified method previously described by 

our laboratory (8, 20). The extraction was performed under dim lighting and all 

sample tubes were wrapped in lightproof paper to protect carotenoids from light-
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induced degradation. Samples and 60 mg magnesium carbonate were placed in a 10 x 

120 mm screw cap test tube to which 3 mL methanol/tetrahydrofuran (1:1, v/v) were 

added. The sample was vortexed, placed in a 75 ºC water bath for 5 min, vortexed 

again and immediately centrifuged at 2000 G for 5 minutes. After the upper solvent 

layer was removed to a second test tube, three additional washes of 3 mL 

methanol/tetrahydrofuran (1:1, v/v) were performed for complete extraction of 

carotenoids. Upper solvent extraction layers were pooled and vortexed with 1.5 g 

sodium sulfate. The solvent layer was removed and the residue was rinsed at least two 

times with 2 mL hexane. The combined hexane solvent was evaporated to dryness 

with nitrogen. The dry residue was re-dissolved with 0.5 mL methanol/tetrahydrofuran 

(1:1, v/v) stored under nitrogen at -20 ºC until HPLC analysis.   

 

3.2.9 Determination of Carotenoid Content   

Carotenoid content was determined using the method routinely used in our 

laboratory (20, 21).  Briefly, the carotenoid content of each sample was determined 

using an rp-HPLC procedure employing a 250 × 4.6 mm YMC C30 column, 3 μm 

particle size (YMC, Waters Inc., Wilmington, NC). Methanol/water (95:5, v/v, A) and 

methyl tert-butyl ether (B) were delivered at 1.9 mL/minute using a Water 515 HPLC 

pump (Water Corp., Milford, MA). The gradient procedure was as follows: 25% B for 

11 minutes, 25 – 30 % B for 2 minutes, 30% B for 9 minutes, 30 – 25% B for 1 

minute, and 25% B for at least 5 minutes where the next injection would occur. A 

Waters 2487 dual wavelength absorbance detector (Waters Corps, Miford, MA) was 

used for UV detection of analytes at 450 nm. Data signals were acquired and 

processed on a PC running the Waters Millennium software, version 3.2 (1999) 

(Waters Corp, Miford, MA). Percent recoveries for all carotenoids were greater that 

94%.  The carotenoid content of each sample extract was extrapolated from a pure 
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carotenoid standard curve. All samples were injected via a 20 μL loop using a 50 μL 

syringe and peak heights were used for all calculations.  Data were expressed as 

μg/100 g DW.   

 

3.2.10 Extraction of Vitamin E   

Extraction of tocopherols and tocotrienols from whole wheat was conducted 

using a modified method described previously (21, 22).  Briefly, 2 mL 95% ethanol, 1 

mL 300 mM sodium chloride, 4 mL 500 mM pyrogallol in ethanol, 1 mL 1 M ascorbic 

acid, then 2 mL 10.7 M potassium hydroxide were added to 1 g whole wheat flour, 

endosperm, or bran, or 300 mg germ in a glass screw-cap tube.  The headspace was 

flushed with nitrogen and the sample was digested for 45 minutes at 75°C in a 

constantly agitated water bath.  After 45 minutes, the tubes were cooled to room 

temperature in an ice bath.  After addition of 750 μL 3 M sodium chloride and 8 mL 

hexanes/ethyl acetate (9:1, v/v), the solution was then sonicated for 10 minutes, and 

then vitamin E was extracted for 5 minutes.  The tube was then centrifuged at 100 G 

for 1 minute and the organic layer was removed.  The extraction procedure was 

repeated twice and the organic layers from each extraction were pooled.  The pooled 

organic layers were transferred to a separatory funnel and were washed twice with 10 

mL distilled water.  After transfer to an Erlenmeyer flask, the solution was dehydrated 

with 5 g sodium sulfate.  The solution was then filtered using glass wool and 

evaporated to dryness under a gentle stream of nitrogen at 35 ̊ C.  The residue was 

dissolved in 2 mL hexanes/ethyl acetate/acetic acid (99.0:0.5:0.5, v/v/v), filtered 

through a 0.45 μm filter, capped under nitrogen, and stored at -20°C until HPLC 

analysis.   
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3.2.11 Determination of Vitamin E Content    

Chromatographic separation of tocopherols and tocotrienols was done using 

np-HPLC with a fluorescence detector.  Briefly, the mobile phase, hexanes/ethyl 

acetate/acetic acid (99.0:0.5:0.5, v/v/v) was filtered using a 0.45 μm filter and 

delivered by a Waters 501 Solvent Delivery System at 1 mL/min.  One hundred 

microliters of sample were injected into the system and a Grace Vydac 250 x 4.6 mm, 

5 μm particle size silica column (Grace Vydac Carlsbad, CA) was used to separate 

each form of vitamin E.  Detection of tocopherols and tocotrienols was conducted 

using fluorescence detection with a Waters 474 Scanning Fluorescent Detector at an 

excitation wavelength of 290 nm and an emission wavelength of 330 nm.  Data signals 

were acquired and processed on a PC running the Waters Millennium Software, 

version 3.2 (1999) (Waters Corp, Miford, MA). Samples were injected using a 200 μL 

syringe.  The detection limits for α-tocopherol and α-tocotrienol were 0.1 ng per 

injection.  The percent recovery for α-tocopherol and α-tocotrienol were 95.2 ± 5.3 

and 99.9 ± 9.9, respectively.  The detection limits and percent recoveries for all other 

forms of vitamin E were assumed to be on the same order.   Total tocopherol and 

tocotrienol content was expressed as μg/g DW.   

 

3.2.12 Antioxidant Activity  

The antioxidant activity was determined using oxygen radical absorbance 

capacity (ORAC) assay described by Huang et al (23) and modified in our lab (24, 25) 

was used .  Phenolic extract dilutions were prepared with 75 mM phosphate buffer (pH 

7.4).  The assay was performed in black-walled 96-well plates (Corning Scientific, 

Corning, NY).  The outside wells of the plate were not used as there was much more 

variation from them than from the inner wells.  Each well contained 20 μL extract or 

20 μL Trolox standard (range 6.25 – 50 μM), and 200 μL fluoroscein (final 
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concentration 0.96 μM), which were incubated at 37 ̊ C for 20 minutes.  After 

incubation, 20 μL 119 mM ABAP was added to each well.  Fluorescence intensity was 

measured using Fluoroskan Ascent FL plate-reader (Thermo Labsystems, Franklin, 

MA) at excitation of 485 nm and emission of 520 nm for 35 cycles.  Oxygen radical 

absorbance capacity was expressed as μmol TE/100 g DW.    

 

3.2.13 Cell Culture    

HepG2 cells were grown in growth medium (WME supplemented with 5% 

FBS, 10 mM HEPES Buffer to pH 7.4, 2 mM L-glutamine, 5 µg/mL insulin, 0.05 

µg/mL hydrocortisone, 50 units/mL penicillin, 50 μg/mL streptomycin, and 100 

μg/mL gentamicin) and were maintained at 37ºC and 5% CO2 as described previously 

(26, 27).     

 

3.2.14 Antiproliferative Activity   

The antiproliferative activity of phenolics extracts from whole wheat and its 

milled fractions toward HepG2 human liver cancer cell growth were measured using 

the previously described methylene blue assay (28).  HepG2 cells were plated at a 

density of 2.5 x 104 cells per well and kept at 37˚C in 5% CO2 for 4 hours.  The 

medium was then replaced by medium containing the wheat fraction extracts and the 

cells were incubated at 37 ˚C in 5% CO2 for 96 hours.  The medium was removed and 

cells were rinsed once with PBS and treated with a fixing/staining solution containing 

0.6% methylene blue (BBL, Cockeysville, MD) and 1.25% glutaldehyde (Sigma-

Aldrich, St. Louis, MO) in Hank’s Balanced Salt Solution (Invitrogen) at 37˚C for 1 

hour.  After the fixing/staining solution was removed, the cells were rinsed with water 

and dried.  Methylene blue stain was eluted with an elution solution containing 

ethanol/PBS/acetic acid 50:49:1 v/v/v by agitating the plate for 30 minutes.  The 
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absorbance was measured by a Dynex Technologies MRX-II microplate reader 

(Dynex Technologies Inc, Chantilly, VA) at 570 nm.   

 

3.2.15 Cytotoxicity  

The cytotoxicity of extracts toward HepG2 cells was measured using the 

method described previously (28, 29).  HepG2 cells were plated at a density of 4 x 104 

cells per well and kept at 37˚C in 5% CO2 for 4 hours.  The medium was then replaced 

by medium containing the wheat fraction extracts and the cells were incubated at 37 

˚C in 5% CO2 for 24 hours.  The medium was removed and cells were rinsed once 

with PBS and treated with a fixing/staining solution containing 0.6% methylene blue 

(BBL, Cockeysville, MD) and 1.25% glutaldehyde (Sigma-Aldrich, St. Louis, MO) in 

Hank’s Balanced Salt Solution (Invitrogen) at 37˚C for 1 hour.  After the 

fixing/staining solution was removed, the cells were rinsed with water and dried.  

Methylene blue stain was eluted with an elution solution containing 

ethanol/PBS/acetic acid 50:49:1 v/v/v by agitating the plate for 30 minutes.  The 

absorbance was measured by a Dynex Technologies MRX-II microplate reader 

(Dynex Technologies Inc, Chantilly, VA) at 570 nm.   

 

3.2.15 Statistical Analysis    

Data were reported as mean ± standard deviation (SD) for triplicate 

determinations of each sample.  ANOVA, Tukey’s comparison test, and regression 

analysis were performed using Minitab Statistical Software version 15 (State College, 

PA).  Statistical significance was defined to be at a level of p < 0.05.   
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3.3 Results  

 

3.3.1 Total Phenolic Content  

The total phenolic content of the free and insoluble-bound fractions of whole 

wheat and its milled fractions were determined using the Folin-Ciocalteau Reagent.  

The free phenolic content of the germ, bran/shorts, whole seed, and endosperm were 

1620, 653, 348, and 187 μmol GAE/100 g DW, respectively (Figure 3.1).  The free 

phenolic contents of the endosperm and the whole seed were statistically similar (p > 

0.05).  The insoluble-bound phenolic content of the bran/shorts, whole seed, germ, and 

endosperm, and whole seed were 1360, 549, 510, and 120 μmol GAE/100 g DW, 

respectively (Figure 3.1).  The total phenolic contents of the germ and the whole seed 

were statistically similar (p > 0.05).  The total phenolic content, sum of the free and 

insoluble-bound fractions, of the bran/shorts, germ, endosperm, and whole seed were 

2140, 2020, 897, and 307 μmol GAE/100 g DW, respectively (Figure 3.1).  The total 

phenolic contents of the bran/shorts and the germ were statistically similar (p > 0.05) 

though the total phenolic contents of the endosperm and the whole seed were 

statistically different (p < 0.05).   

The bran/shorts contributed the most to the free phenolic content of the 

reconstituted whole seed (49.1%), followed by the endosperm (41.1%), and the germ 

(9.8%).  The bran/shorts contributed the most to the insoluble-bound phenolic content 

of the reconstituted whole seed (77.7%), followed by the endosperm (20.0%), and the 

germ (2.3%).  The bran/shorts contributed the most to the total phenolic content of the 

reconstituted whole seed (65.4%), followed by the endosperm (29.1%), and the germ 

(5.5%).   
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Figure 3.1 – Total phenolic content of whole wheat and its milled fractions.  Values 
expressed as μmol gallic acid equivalents/100 g DW (mean ± standard deviation, n = 
3).  Bars with no letters in common are significantly different (p < 0.05).   
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3.3.2 Phenolic Acid Composition  

The phenolic acid content of the free, soluble-conjugated, and insoluble-bound 

fractions of whole wheat and its milled fractions was determined using an rp-HPLC-

DAD method.  Ferulic acid was the predominant phenolic acid found in whole wheat 

and its milled fractions.  Other phenolic acids were also found in whole wheat and its 

milled fractions.  p-Coumaric acid was the second most predominant phenolic acid 

found in whole wheat and its milled fractions.  Syringic acid and caffeic acid were 

found in the whole seed, bran/shorts, and germ, but not in the endosperm.  Syringic 

acid was found in the insoluble-bound fraction of the bran/shorts and whole seed, but 

not in the germ.  All of the caffeic acid found in the bran/shorts and whole seed was 

found in the insoluble-bound fraction.  All of the caffeic acid found in the germ was 

found in the free fraction.  p-Hydroxybenzoic acid was only found in the free fraction 

of the germ (108.7 ± 10.2 μmol/100 g DW).  No flavonoids (catechin, quercetin, or 

kaempferol) were detected in the whole seed or any of its milled fractions.   

The free ferulic acid content of the germ was 367.0 μmol/100 g DW.  The free 

ferulic acid content of the bran/shorts, whole seed and endosperm was 29.3, 16.2, and 

10.8 μmol/100 g DW, respectively.  The free ferulic acid content of the germ fraction 

was significantly greater (p < 0.05) than the free ferulic acid content of the other 

milled fractions.  The soluble-conjugated ferulic acid content of the germ, bran/shorts, 

whole seed, and endosperm was 157.8, 72.9, 12.7, and 9.2 μmol/100 g DW, 

respectively.  The ferulic acid content of the germ was significantly higher than the 

soluble-conjugated ferulic acid content of each milled fraction (p < 0.05).  The 

soluble-conjugated ferulic acid content of the endosperm and whole seed were not 

significantly different (p > 0.05).  The insoluble-bound ferulic acid content of the 

bran/shorts was 600.7 μmol/100 g DW.  The insoluble-bound ferulic acid content of 

the germ and whole seed were 253.3 and 264.7 μmol/100 g DW, respectively.  The 
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endosperm had the lowest amount of insoluble-bound ferulic acid with 34.5 μmol/100 

g DW.  The germ and bran/shorts contained the most total ferulic acid (778 and 703 

μmol/100 g DW) followed by the whole seed, and endosperm with 289.5, and 54.4 

μmol/100 g DW, respectively (Table 3.1).  The total ferulic acid content of the germ 

is not significantly different from the total ferulic acid content of the bran/shorts (p > 

0.05).   

The free ferulic acid content from the germ fraction contributed 47.2% to the 

total ferulic acid content of the germ.  The free ferulic acid content from the 

endosperm contributed 20.0% to the total ferulic acid content of the endosperm, 

whereas the free ferulic acid content of the bran/shorts and whole seed both contribute 

4.2% to the total ferulic acid content of each milled fraction.  The soluble-conjugated 

ferulic acid content from the germ fraction contributed 20.3% to the total ferulic acid 

content of the germ. The insoluble-bound fraction from the whole seed, the 

bran/shorts, and the endosperm contributed 91.4, 85.4, and 63.4% to the total ferulic 

acid content, respectively.   

The insoluble-bound fraction from the germ contributed 6.3% to the total p-

coumaric acid content.   The free p-coumaric acid content of the germ, bran/shorts, 

whole seed, and endosperm was 165.9, 15.3, 9.7, and 7.7 μmol/100 g DW.  The free p-

coumaric acid content of the germ was significantly higher (p < 0.05) than that of the 

bran/shorts, endosperm, and whole seed.  The soluble-conjugated p-coumaric acid 

content of the bran/shorts, germ, and whole seed was 10.9, 9.5, and 7.5 μmol/100 g 

DW.  No soluble-conjugated p-coumaric acid was found in the endosperm.  The 

soluble-conjugated p-coumaric acid contents of the bran/shorts and the whole seed 

were significantly different (p < 0.05).  The insoluble-bound p-coumaric acid content 

of the bran/shorts, whole seed, germ and endosperm were 29.8, 14.9, 11.8, and 7.1 

μmol/100 g DW, respectively.  All of the insoluble-bound p-coumaric acid contents 
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were statistically different (p < 0.05).  The total p-coumaric acid content of the germ, 

bran/shorts, whole seed, and endosperm were 187.2, 56.0, 32.1, and 14.8 μmol/100 g 

DW (Table 3.1).  The total p-coumaric acid content of the endosperm and whole seed 

were statistically similar (p > 0.05).   

The free fraction from the germ contributed the most to the total p-coumaric 

acid content of the germ, 88.6%, though the free fraction of the endosperm, whole 

seed, and bran/shorts contributed 52.0, 30.2, and 27.3% to the total p-coumaric acid 

content of each milled fraction, respectively.  The soluble-conjugated p-coumaric acid 

content of the whole seed, bran/shorts, and germ contributed 23.4, 19.5, and 5.1% to 

the total p-coumaric acid content of each milled fraction, respectively.  The insoluble-

bound fraction of the bran/shorts, endosperm, and whole seed contributed the most to 

the total p-coumaric acid of each milled fraction, 53.2, 48.0, and 46.4%, respectively.   

The free syringic acid content of the bran/shorts, and the germ was 16.3 and 

5.0 μmol/100 g DW, respectively.  The free syringic acid contents of the bran/shorts 

and the germ were statistically different (p < 0.05).  Syringic acid was found in the 

insoluble-bound fraction of the bran/shorts and whole seed, but not in the germ.  The 

soluble-conjugated syringic acid content of the bran/shorts, and the whole seed was 

20.1 and 5.9 μmol/100 g DW, respectively.  Both contents were significantly different 

(p < 0.05) from each other.  The insoluble-bound syringic acid content of the 

bran/shorts, and the whole seed was 7.5 and 5.1 μmol/100 g DW, respectively.  Both 

contents were significantly different (p < 0.05) from each other.  The total syringic 

acid content of the bran/shorts, germ, and whole seed was 43.9, 11.0, and 5.0 

μmol/100 g DW, respectively (Table 3.1).  All of the total syringic acid contents were 

significantly different (p < 0.05).   

The free syringic acid content from the bran/shorts contributed 37.1% to the 

total syringic acid content of the fraction while the free syringic acid content from the  



 
 

Table 3.1 – Phenolic acid composition of a commercial blend of whole wheat and its milled fractions. Values expressed as 
μmol/100 g DW (mean ± SD, n = 3). Percent contribution to the total in each milled fraction and whole wheat is in parentheses.  
Values with no letters in common within each column are significantly different (p < 0.05).  nd – not detected  

 Free Soluble-Conjugated Insoluble-Bound Total 

Ferulic Acid 

Bran/Shorts 29.3 ± 5.0 b (4.2%)  72.9 ± 12.8 b (10.4%)  600.7 ± 55.3 a (85.4%)  702.9 ± 61.1 a  

Germ 367.0 ± 84.2 a (47.2%)  157.8 ± 3.6 a (20.3%) 253.3 ± 13.4 b (32.6%)  778.1 ± 74.2 a  

Endosperm 10.8 ± 0.4 b (19.9%)  9.2 ± 0.8 c (16.9%)  34.5 ± 3.6 c (63.4%)  54.4 ± 4.6 c  

Whole Seed 12.2 ± 1.7 b (4.2%)  12.7 ± 2.6 c (4.4%)  264.7 ± 14.1 b (91.4%)  289.5 ± 14.3 b  

p-Coumaric Acid 

Bran/Shorts 15.3 ± 2.1 b (27.3%)  10.9 ± 2.0 a (19.5%)  29.8 ± 1.6 a (53.2%)  56.0 ± 4.7 b  

Germ 165.9 ± 27.2 a (88.6%)  9.5 ± 0.3 ab (5.1%)  11.8 ± 0.5 c (6.3%) 187.2 ± 27.1 a  

Endosperm 7.7 ± 0.1 b (52.0%)  nd 7.1 ± 0.1 d (48.0%)  14.8 ± 0.2 c  

Whole Seed 9.7 ± 0.4 b (30.2%)  7.5 ± 0.2 b (23.4%)  14.9 ± 0.3 b (46.4%)  32.1 ± 0.5 c  
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Table 3.1 (continued)  

 Free Soluble-Conjugated Insoluble-Bound Total 

Syringic Acid 

Bran/Shorts 16.3 ± 3.1 a (37.1%) 20.1 ± 2.8 a (45.8%) 7.5 ± 1.8 a (17.1%) 43.9 ± 4.0 a 

Germ 5.0 ± 0.3 b (100%)  nd nd 5.0 ± 0.3 c  

Endosperm  nd nd nd nd 

Whole Seed  nd 5.9 ± 0.2 b (53.6%)  5.1 ± 0.1 b (46.4%) 11.0 ± 0.2 b  

Caffeic Acid 

Bran/Shorts nd nd 8.6 ± 0.7 a (100%) 8.6 ± 0.7 a 

Germ 3.2 ± 0.2 (100%)  nd nd 3.2 ± 0.2 b  

Endosperm nd nd nd nd 

Whole Seed nd nd 3.3 ± 0.1 b (100%)  3.3 ± 0.1 b  

  

999 
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germ contributed entirely to the total syringic acid content of the germ.  The soluble-

conjugated syringic acid content from the whole seed contributed 53.6% to the total 

syringic acid content of the fraction while the soluble-conjugated syringic acid content 

from the bran/shorts contributed 45.8% to the total syringic acid content of the 

bran/shorts.  The insoluble-bound syringic acid content from the whole seed 

contributed 46.4% to the total syringic acid content of the fraction while the insoluble-

bound syringic acid content from the bran/shorts contributed 17.1% to the total 

syringic acid content of the bran/shorts.   

The total caffeic acid content of the bran/shorts, whole seed, and germ was 8.6, 

3.3, and 3.2 μmol/100 g DW, respectively (Table 3.1).  The total caffeic acid contents 

of the whole seed and the germ were statistically similar (p > 0.05).   

 

3.3.3 Carotenoid Content  

The carotenoid content of whole wheat and its milled fractions was determined 

using an rp-HPLC method.  Lutein was the most abundant carotenoid in the whole 

seed.  Other carotenoids, zeaxanthin, β-cryptoxanthin and β-carotene, were also 

detected in whole wheat and its milled fractions.  No α-carotene was found in whole 

wheat or its milled fractions.  The total carotenoid content was determined to be the 

sum of the lutein, zeaxanthin, β-cryptoxanthin and β-carotene contents.   

The lutein content of the germ, whole seed, endosperm, and bran/shorts was 

394, 163, 161, and 120 μg/100 g DW, respectively (Table 3.2).  The lutein content of 

the germ was significantly higher than that of the whole seed, endosperm and 

bran/shorts.  The endosperm contributed 76% to the total lutein content of the 

reconstituted whole seed, followed by the bran/shorts and the germ with 19 and 5%, 

respectively.   
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Both zeaxanthin and β-carotene were found in similar amounts in the germ 

fraction, 287 and 284 μg/100 g DW, respectively (Table 3.2).  However, the content 

of β-carotene found in the whole seed, endosperm, and bran/shorts is significantly 

higher (p < 0.05) than the zeaxanthin content found in the whole seed, endosperm, and 

bran/shorts.  The β-carotene content of the whole seed, endosperm, and bran/shorts 

was 86, 84, and 63 μg/100 g DW, respectively.  The zeaxanthin content of the 

bran/shorts, whole seed, and endosperm was 38, 17, and 5 μg/100 g DW, respectively.  

The endosperm contributed 74% to the total β-carotene content of the reconstituted 

whole seed, followed by the bran/shorts and the germ with 19 and 7%, respectively.  

The bran/shorts contributed 51% to the total zeaxanthin content of the reconstituted 

whole seed, followed by the germ and the endosperm with 30 and 19%, respectively.   

The β-cryptoxanthin content of the germ, endosperm, bran/shorts, and whole 

seed was 51, 13, 10, and 9 μg/100 g DW, respectively (Table 3.2).  The endosperm 

contributed 24% to the total β-cryptoxanthin content of the reconstituted whole seed, 

followed by the bran/shorts and the germ with 20 and 8%, respectively.   

The total carotenoid content of the germ, whole seed, endosperm, and 

bran/shorts was 1016, 274, 263, and 233 μg/100 g DW, respectively (Table 3.2).  The 

total carotenoid content of the germ was significantly higher than that of the whole 

seed, endosperm and bran/shorts.  The endosperm contributed 71% to the total 

carotenoid content of the reconstituted whole seed, followed by the bran/shorts and the 

germ with 21 and 8%, respectively.   

 

3.3.4 Vitamin E Content  

The tocopherol and tocotrienol content of whole wheat and its milled fractions 

were determined using an np-HPLC-FD method.  Only α and β forms of vitamin E 

were detected in the whole seed and its milled fractions, though trace amounts of γ- 



 
 

 
 
 
 
Table 3.2 – Carotenoid content of a commercial blend of whole wheat and its milled fractions.  Values expressed as μg/100 g 
(mean ± SD, n = 3).  Percent contribution to the total is in parentheses.  Values with no letters in common are significantly different 
(p < 0.05).   

 Lutein Zeaxanthin β-Cryptoxanthin β-Carotene Total Carotenoid 

Bran/Shorts  120 ± 10 d (19%) 38 ± 7 e (51%) 10 ± 3 (20%) 63 ± 25 d (19%)  233 ± 36 cd (21%) 

Germ 394 ± 37 b (5%) 287 ± 87 bc (30%) 51 ± 10 d (8%) 284 ± 37 bc (7%) 1016 ± 150 a (8%) 

Endosperm  161 ± 12 cd (76%) 5 ± 1 (19%)  13 ± 2 e (72%)  84 ± 28 d (74%) 263 ± 34 bc (71%)  

Whole Seed  163 ± 6 cd 17 ± 1 e 9 ± 1 e 86 ± 23 d  274 ± 19 bc 
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tocopherol were detected in the germ.  β-Tocotrienol was the predominant tocotrienol 

found in all milled fractions and the whole seed.   

The total tocopherol content of the germ, bran/shorts, whole seed, and 

endosperm was 73.3, 6.8, 3.1, and 2.2 μg/g DW, respectively (Table 3.3).  The total 

tocopherol content of the germ was significantly higher (p < 0.05) than that of all the 

other milled fractions.  The α-tocopherol content of the germ, bran/shorts, whole seed, 

and endosperm was 46.6, 4.3, 1.8, and 1.3 μg/g DW, respectively.  The α-tocopherol 

content of the germ was significantly higher (p < 0.05) than that of all the other milled 

fractions.  The β-tocopherol content of the germ, bran/shorts, whole seed, and 

endosperm was 25.7, 2.5, 1.4, and 0.9 μg/g DW, respectively.  The β-tocopherol 

content of the germ was significantly higher (p < 0.05) than that of all the other milled 

fractions.  The endosperm contributed the most β-tocopherol to the reconstituted 

whole seed (36.5%) followed by the bran/shorts and the germ with 34.8 and 28.7%, 

respectively.  The bran/shorts contributed the most β-tocotrienol to the reconstituted 

whole seed (36.6%) followed by the endosperm and the germ with 32.2 and 31.5%, 

respectively.    

The total tocotrienol content of the bran/shorts, whole seed, germ, and 

endosperm was 47.8, 17.8, 12.9, and 7.7 μg/g DW, respectively (Table 3.3).  The total 

tocotrienol content of the bran/shorts was significantly higher (p < 0.05) than that of 

all the other milled fractions.  The β-tocotrienol content of the bran/shorts, whole seed, 

germ, and endosperm was 26.8, 12.6, 7.5, and 6.0 μg/g DW, respectively.  The β-

tocotrienol content of the bran/shorts was significantly higher (p < 0.05) than that of 

all the other milled fractions.  The α-tocotrienol content of the bran/shorts, germ, 

whole seed, and endosperm was 21.0, 5.4, 5.2, and 1.7 μg/g DW, respectively.  The α-

tocotrienol content of the bran/shorts was significantly higher (p < 0.05) than that of 

all the other milled fractions.  The bran/shorts contributed the most α-tocotrienol to the  



 
 

Table 3.3 – Vitamin E Content of Whole Wheat and its Milled Fractions.  Values expressed as μg/g DW (mean ± SD, n = 3).  
Percent contribution to the total is in parentheses.  Values with no letters in common within each column are significantly different 
(p < 0.05).  nd – not detected  

Tocopherols (μg/g DW) 

 α β γ δ Total 

Bran/Shorts 4.3 ± 0.2 b (36.3%) 2.5 ± 0.1 b (34.8%) nd nd 6.8 ± 0.3 b (35.4%) 

Germ 46.6 ± 3.0 a (31.5%) 25.7 ± 1.5 a (28.7%) 1.0 ± 0.1 (100%) nd 73.3 ± 4.6 a (30.5%) 

Endosperm 1.3 ± 0.1 b (32.2%) 0.9 ± 0.1 b (36.5%) nd nd 2.2 ± 0.03 b (33.5%) 

Whole Seed 1.8 ± 0.1 b  1.4 ± 0.3 b  nd nd 3.1 ± 0.4 b  

Tocotrienols (μg/g DW) 

 α β γ δ Total 

Bran/Shorts 21.0 ± 2.8 a (78.2%) 26.3 ± 2.4 a (60.5%) nd nd 47.8 ± 5.2 a (67.1%) 

Germ 5.4 ± 0.4 b (1.8%) 7.5 ± 0.3 c (1.4%) nd nd 12.9 ± 0.7 bc (1.4%) 

Endosperm 1.7 ± 0.3 b (20.0%) 6.0 ± 0.3 c (38.2%) nd nd 7.7 ± 0.5 c (31.6%) 

Whole Seed 5.2 ± 2.3 b  12.6 ± 0.1 b  nd nd 17.8 ± 2.4 b  
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reconstituted whole seed (84.3%) followed by the endosperm and the germ with 20.4 

and 1.8%, respectively.  The bran/shorts contributed the most β-tocotrienol to the 

reconstituted whole seed (60.5%) followed by the endosperm and the germ with 38.2 

and 1.4%, respectively.   

 

3.3.5 ORAC 

The ORAC was expressed as μmol TE/100 g DW.  The germ had the highest 

total ORAC with 18380 μmol TE/100 g DW, followed by the bran/shorts, whole seed, 

and endosperm with 16487, 7133, and 2583 μmol TE/100 g DW, respectively (Table 

3.4).  The total ORAC of the bran/shorts and the germ were statistically similar (p > 

0.05).  The germ had the highest free ORAC with 15557 μmol TE/100 g DW, 

followed by the bran/shorts, whole seed, and endosperm with 5721, 3267, and 2298 

μmol TE/100 g DW, respectively.  The bran/shorts had the highest insoluble-bound 

ORAC with 10766 μmol TE/100 g DW, followed by the whole seed, germ, and 

endosperm with 3866, 2823, and 284 μmol TE/100 g DW, respectively.  The 

insoluble-bound ORAC of the germ and the whole seed were statistically similar (p > 

0.05).  The total phenolic content was correlated with the ORAC (R2 = 0.971; p < 

0.001).    

The insoluble-bound fraction of the bran/shorts and whole seed contributed 

65.4 and 54.2% to the total ORAC.  However, the free fraction of the endosperm and 

germ contributed more to the total ORAC than the insoluble-bound fraction, 89.0 and 

84.2%, respectively.   

 

3.3.6 Cytotoxicity and Cell Proliferation  

Free phenolics extracts from the whole seed and its milled fractions did not 

exhibit any cytotoxic effects in HepG2 cells after 24 hours at up to 10 mg/mL (Figure  
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Table 3.4 – ORAC values of whole wheat and its milled fractions.  Values expressed 
as μmol TE/100 g DW (mean ± SD, n = 3).  Percent contribution to the total ORAC in 
each milled fraction and whole wheat is in parentheses.  Values with no letters in 
common are significantly different (p < 0.05).   

 Free ORAC Bound ORAC Total ORACa 

Bran/Shorts 5721 ± 258 d (34.7%) 10766 ± 206 c (65.3%) 16487 ± 178 ab 

Germ 15557 ± 1111 b (84.6%) 2823 ± 233 e (15.4%) 18380 ± 1323 a 

Endosperm 2298 ± 467 ef (89.0%) 284 ± 14 f (11.0%) 2583 ± 470 e 

Whole Seed 3267 ± 468 e (45.8%) 3836 ± 979 e (54.2%) 7133 ± 530 d 

aSum of free and insoluble-bound ORAC  
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3.2).  However, phenolics extracts from the insoluble-bound fraction of whole wheat 

and the bran/shorts fraction exhibited mild cytotoxic effects at 6 mg/mL (Figure 3.3).  

Phenolics extracts from the insoluble-bound fraction of the endosperm and the germ 

exhibited cytotoxic effects at 8 mg/mL (Figure 3.3).   

Free phenolics extracts from the germ inhibited HepG2 cell proliferation to 

48.9% of the medium control at a concentration of 10 mg/mL (Figure 3.2).  Free 

phenolics extracts from the whole seed, bran/shorts, and endosperm had no inhibitory 

effects on cell proliferation after 96 hours.  Insoluble-bound phenolics extracts from 

the whole seed and its milled fractions were able to significantly (p < 0.01) inhibit the 

proliferation of HepG2 cells after 96 hours at a dose of 10 mg/mL (Figure 3.3).  

Insoluble-bound phenolics extracts from the bran/shorts, germ, endosperm, and whole 

seed inhibited HepG2 cell proliferation by 47.1, 53.7, 48.2, and 47.7% of the medium 

control at a concentration of 10 mg/mL, respectively.   

 

3.4 Discussion  

 

3.4.1 Health Benefits of Whole Grain Phytochemicals  

Consumption of whole grains has been associated with reduced risk of 

cardiovascular disease (30-32), type II diabetes (33-35), and cancer (36-38).  The 

health benefit of whole grain consumption has been attributed to the content of 

phytochemicals uniquely distributed in the free, soluble-conjugated, and insoluble-

bound fractions (3, 15).  Phytochemicals found in the insoluble-bound fraction, 

specifically ferulic acid, may survive digestion in the upper gastrointestinal tract and 

be released by microfloral esterases in the lower gastrointestinal tract (39).  The 

release of the compounds in the lower gastrointestinal tract may be responsible for the  
  



108 
 

 

 

 

 

 

  

  
Figure 3.2 – Effects of free phenolics extracts from whole wheat and its milled 
fractions on cell proliferation in HepG2.  Values expressed as percent medium control 
(mean ± standard deviation, n = 3).  * and ** indicate significant differences from 
medium control at p < 0.05 and p < 0.01, respectively.   
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Figure 3.3 – Effects of insoluble-bound phenolics extracts from whole wheat and its 
milled fractions on cell proliferation in HepG2.  Values expressed as percent medium 
control (mean ± standard deviation, n = 3).  * and ** indicate significant differences 
from medium control at p < 0.05 and p < 0.01, respectively.       
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association between increased whole grain consumption and reduced risk of colon 

cancer (15).   

 

3.4.2 Total Phenolic Content and Phenolic Composition of Whole Wheat and 

its Milled Fractions  

The total phenolic content and phenolic composition of whole wheat and its 

milled fractions has been previously reported in the literature (16, 21, 40-44).  The 

total phenolic contents and phenolic acid contents reported in the present study are in 

general agreement with previously reported values.  Ferulic acid was the predominant 

phenolic acid found in whole wheat and its milled fractions.  p-Coumaric acid, 

syringic acid, and caffeic acid were also found in whole wheat and its milled fractions, 

though the endosperm did not contain any syringic acid or caffeic acid.  To our 

knowledge, the free, soluble-conjugated, and insoluble-bound total phenolic content 

and phenolic acid content of the germ fraction of wheat has not been reported.  This is 

the first study to report the free and insoluble-bound total phenolic content and the 

free, soluble-conjugated, and insoluble-bound phenolic acid content of the germ.  

Asenstorfer et al reported the presence of apigenin-C-diglycosides in the germ fraction 

of whole wheat and suggested that the presence of flavonoids in refined wheat flour 

may be due redistribution of phytochemicals during the milling process (45).  Further, 

the authors provided no data with regard to what fraction the apigenin-C-diglycosides 

came from.  In the present study, no flavonoids (quercetin, kaempferol, or catechin) 

were detected in the free, soluble-conjugated, or insoluble-bound fraction of whole 

wheat or any of its milled fractions.   
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4.3 Carotenoid and Vitamin E Content of Whole Wheat and its Milled 

Fractions  

The carotenoid and vitamin E content from whole wheat and its milled 

fractions has been reported previously in the literature (16, 21, 42, 44, 46-48).  The 

carotenoid and vitamin E contents reported in the present study are in general 

agreement with values previously reported in literature.  Mainly α- and β- forms of 

vitamin E were detected in whole wheat and its milled fractions, though γ-tocopherol 

was reported in the germ fraction (Table 3.3).  β-Tocotrienol was the predominant 

form of vitamin E found in whole wheat and the endosperm.  The germ fraction 

contained mainly tocopherols, though the bran fraction contained mainly tocotrienols.  

However, the vitamin E contents reported in the present study are lower than those 

reported by Hidalgo et al (2006).  Lutein was the predominant carotenoid detected in 

the present study.  Other carotenoids (β-cryptoxanthin, zeaxanthin, and β-carotene) 

were also detected.  No α-carotene was detected in whole wheat or any of its milled 

fractions.   

 

3.4.4 Antioxidant Activity of Whole Wheat and its Milled Fractions  

Previous studies have reported the total phenolic content and ORAC of whole 

wheat and its milled fractions (21, 42, 49).  This study reports the total phenolic 

content and ORAC of both the free and insoluble-bound fractions of whole wheat and 

its milled fractions.  The ORAC of each sample correlated with the total phenolic 

content.  This is consistent with previous findings (21, 50).  Mateo Anson et al 

reported that there was a strong correlation (p < 0.0001) between ferulic acid content 

in the aleurone layer of the bran and antioxidant capacity as measured by the Trolox 

Equivalent Antioxidant Capacity (TEAC) Assay (51). The strong correlation may be 
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due to the finding that ferulic acid is the predominant phenolic acid found in the bran 

fraction of whole wheat (Table 3.1).    

 

3.4.5 Grain Extracts and Antiproliferative Activity  

The antiproliferative activity of extracts from whole grains and their milled 

fractions has rarely been reported in the literature.  Extracts from brown rice and 

brown rice bran, consisting mainly of phenolic acids, were able to inhibit the 

proliferation of three breast and three colon cancer cell lines (52).  In the present 

study, free phenolics extracts from the germ were able to significantly inhibit (p < 

0.01) the proliferation of HepG2 cells after 96 hours.  However, free phenolics 

extracts from the bran/shorts, endosperm, and whole seed had no inhibitory effect on 

cell proliferation in HepG2 cells.  This may be due to the phenolic acid content and 

distribution between the free, soluble-conjugated and insoluble-bound fractions.    The 

free fraction of the germ contains 68% and 94% of the total ferulic acid and p-

coumaric acid content of the germ, respectively.  However, the free fraction of the 

bran/shorts contains 15% and 47% of the total ferulic acid and p-coumaric acid 

content of the bran/shorts, respectively.  Further, the germ is the only milled fraction 

that contained caffeic acid in the free fraction.   

Insoluble-bound phenolics extracts from whole wheat and its milled fractions 

were able to significantly (p < 0.01) inhibit the proliferation of HepG2 cells at a 

concentration of 10 mg/mL after 96 hours.  However, the total insoluble-bound 

phenolic content was not significantly (p > 0.05) correlated with antiproliferative 

activity in HepG2 after 96 hours.  Liyana-Pathirana and Shahidi (2006) discussed the 

importance of the insoluble-bound fraction of whole wheat due to its higher total 

phenolic content and antioxidant activity.  This study shows that the insoluble-bound 
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fraction of whole wheat and its milled fractions is also important because of its 

significant (p < 0.01) antiproliferative activity in HepG2 cell cultures.   

 

3.4.6 Percent Contribution of each Milled Fraction to the Total  

The percent contribution of each milled fraction to the total phenolic content, 

ferulic acid and p-coumaric acid content, tocopherol and tocotrienol content, 

carotenoid content, and ORAC is summarized in Figure 3.4.  The percent contribution 

of each milled fraction to the total phenolic content and ORAC is similar.  This is 

reflective of the significant correlation between total phenolic content and antioxidant 

activity previously reported in the literature (15, 21, 42, 50) and observed in this study.  

The bran/shorts and germ fractions, together, contribute the most to the total ferulic 

acid and p-coumaric acid contents of the whole seed, though the endosperm 

contributes more to each than the germ fraction.  The percent contribution of each 

milled fraction to individual carotenoid content was similar with the exception of 

zeaxanthin.  The bran/shorts fraction contributed 51% to the reconstituted whole seed 

content of zeaxanthin, though it contributed roughly 20% to the reconstituted whole 

seed content of lutein, β-carotene, and β-cryptoxanthin (Figure 3.4).  The germ 

fraction contributed 30% to the reconstituted whole seed content of zeaxanthin, though 

it contributed roughly 6% to the reconstituted whole seed content of lutein, β-carotene, 

and β-cryptoxanthin.  The endosperm contributed 19% to the reconstituted whole seed 

content of zeaxanthin, though it contributed roughly 74% to the reconstituted whole 

seed content of lutein, β-carotene, and β-cryptoxanthin.  The percent contribution of 

each milled fraction to the total tocotrienol content varied greatly.  The bran/shorts 

fraction contributed 67.1% to the total tocotrienol content followed by the endosperm 

and germ with 31.6 and 1.4%, respectively.  Though the bran/shorts fraction 

contributed the most to the total tocotrienol content, the endosperm contributed  
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Figure  3.4 – Percent contribution of each milled fraction to the phytochemical 
content and ORAC of the whole seed.   
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roughly the same percentage of tocotrienols and tocopherols to the total tocotrienol 

and total tocopherol content of the whole seed.   

 

3.4.7 Potential Use of the Germ as a Functional Ingredient  

The reduction in total phenolic content, phenolic acid content, and vitamin E 

content upon the milling of whole wheat to refined wheat generates the need for 

functional components to be added back to refined wheat in order to regain the 

potential benefit of whole wheat consumption.  The germ fraction has the highest total 

phenolic content, total ferulic acid content, total p-coumaric acid content, total 

carotenoid content and tocopherol content.  Further, free and insoluble-bound 

phenolics extracts from the germ have inhibitory effects on cell proliferation in HepG2 

cells.  These findings suggest that the germ fraction may be a good candidate for a 

functional ingredient in wheat-based food products due to its high total phenolic 

content, high phenolic acid content, high tocopherol content, high antioxidant activity, 

and ability of phenolic extracts from the free and insoluble-bound fractions to inhibit 

the proliferation of HepG2 cell cultures after 96 hours.  Hemery discussed various dry 

processing methods that could be used in order to enhance the nutritional quality of 

wheat products (53).  Leenhardt et al suggested that the germ fraction of the wheat 

seed may be a good candidate for a functional ingredient in wheat food products due 

to the low losses of vitamin E during various processing steps in breadmaking, though 

the losses found for carotenoids were much larger (54).  Processes to recover the germ 

fraction after milling have been reported previously (2) and in the present study.  After 

recovery of the germ after milling, the germ would need to be preserved and protected 

from oxidation, as to maintain any possible health benefit that may be imparted by the 

germ fraction.  The effect of processing on the total phenolic content, phenolic acid 

content and distribution, antioxidant activity, and antiproliferative activity of whole 
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wheat flour containing the germ fraction as a functional ingredient would need to be 

determined.  Further, the effect of adding the germ fraction to the whole flour on the 

various sensory aspects of the functional food product would need to be investigated.  

In conclusion, the germ fraction of whole wheat is a good candidate for a functional 

food ingredient in wheat-based food products.   
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CHAPTER 4 

SUMMARY 

 

Goal of the Study   

Americans consume more refined grains than whole grains and are therefore 

not receiving the potential health benefits of whole grain phytochemicals (1).  Wheat 

is consumed in the largest amounts compared to any other grain.  Therefore, 

determining the phytochemical content and antioxidant activity and antiproliferative 

activity of whole wheat is a good starting point towards understanding the potential 

health benefit of whole grain consumption.  The goal of this study was to determine 

the phytochemical content and antioxidant activity of six diverse varieties of whole 

wheat and the phytochemical content, antioxidant activity, and antiproliferative 

activity of whole wheat and its milled fractions.   

 

Research Findings  

I determined the phytochemical content of six diverse varieties of whole 

wheat.  The total phenolic content ranged from 841 (KanQueen) to 1099 (Stoa) μmol 

gallic acid equivalents/100 g DW.  The insoluble-bound fraction contributed 53.8 to 

69.7% of the total phenolic content of the wheat varieties analyzed.  Ferulic acid was 

the predominant phenolic acid found in whole wheat.  p-Coumaric acid, syringic acid, 

vanillic acid, and caffeic acid were also detected.  Lutein was the predominant 

carotenoid in the whole wheat varieties analyzed.  Zeaxanthin, β-carotene, and β-

cryptoxanthin were also detected.  Mainly α- and β-tocopherols and -tocotrienols were 

found in all varieties of whole wheat.  γ-Tocopherol was also detected in all but two 

varieties.  β-Tocotrienol was the predominant form of vitamin E in all varieties of 

whole wheat.   
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I also determined the phytochemical content of whole wheat and its milled 

fractions (the germ, bran/shorts, and endosperm fractions).  The total phenolic content 

of the germ, bran/shorts, whole seed, and endosperm were 2140, 2020, 897, and 307 

μmol gallic acid equivalents/100 g DW, respectively.  Ferulic acid was the 

predominant phenolic acid found in whole wheat and its milled fractions.  p-Coumaric 

acid, syringic acid, p-hydroxybenzoic acid, and caffeic acid were also detected.   No 

flavonoids (quercetin, kaempferol, and catechin) were detected in whole wheat or any 

of it milled fractions.  Lutein was the predominant carotenoid in whole wheat and its 

milled fractions.  Again, α- and β-tocopherols and -tocotrienols were detected in whole 

wheat and its milled fractions.  γ-Tocopherol was detected in the germ fraction.  The 

bran/shorts fraction consisted mainly of tocotrienols, though the germ fraction 

consisted mainly of tocopherols.  The whole seed contained significantly more 

tocotrienols than the endosperm, though the tocopherol content of the whole seed and 

endosperm was similar.   

 

Relevance of the Research  

The phenolic compounds found in whole wheat may be able to scavenge free 

radicals and inhibit the proliferation of cancer cells in vitro.  I determined the 

antioxidant activity of six diverse varieties of whole wheat and a commercial blend of 

whole wheat and its milled fractions was assessed using the ORAC assay.  I used a 

modification of the methylene blue stain assay to determine the antiproliferative 

activity of phenolics extracts from the free and insoluble-bound fraction of a 

commercial blend of whole wheat and its milled fraction (bran/shorts, germ, and 

endosperm).  I paid specific attention to the insoluble-bound fraction of each sample 

because phenolic compounds from insoluble-bound fraction of whole wheat and its 

milled fractions may survive digestion in the upper gastrointestinal tract and impart 
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their potential health benefits in the lower gastrointestinal tract.  The potential health 

benefits in the lower gastrointestinal tract may have implications with regards to 

increased whole grain consumption and reduced risk of colon cancer.   

The total antioxidant activity of the six diverse varieties of whole wheat ranged 

from 5148 (KanQueen) to 9616 (Stoa) μmol Trolox equivalents/100 g DW.  The 

antioxidant activity of the insoluble-bound fraction of the whole wheat samples used 

in this study ranged from 3190 to 5945 μmol Trolox equivalents/100 g DW and 

accounted for 52.8-68.8% of the total antioxidant activity.  The germ had the highest 

total antioxidant activity with 18380 μmol TE/100 g DW, followed by the bran/shorts, 

whole seed, and endosperm with 16487, 7133, and 2583 μmol TE/100 g DW, 

respectively.  The antioxidant activity of the insoluble-bound fraction of the germ and 

the whole seed were statistically similar (p > 0.05).  The total antioxidant activity of 

the bran/shorts and the germ were statistically similar (p > 0.05).   

The antiproliferative activity of whole wheat and its milled fractions was 

determined in HepG2 cells using a modification of the methylene blue stain assay.  

Phenolics extracts from the free fraction of the germ fraction significantly inhibited 

HepG2 cell proliferation.  Free phenolics extracts from the whole seed, bran/shorts, 

and endosperm had no inhibitory effects on HepG2 cell proliferation.  However, 

phenolics extracts from the insoluble-bound fraction of whole wheat and its milled 

fractions significantly inhibited HepG2 cell proliferation.   

 

Conclusions  

Based on the data I provide in this dissertation, I speculate that any potential 

health benefit in the lower gastrointestinal tract from whole wheat consumption is due 

to the ability of phenolics compounds from the insoluble-bound fraction of whole 

wheat to scavenge free radicals.  Further, the potential health benefit of whole wheat is 
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most likely not due to the antiproliferative activity of these compounds, as phenolics 

extracts from the insoluble-bound fraction of whole and refined wheat have similar 

antiproliferative effects.  Adding the germ fraction back to the refined wheat after 

processing may replace any lost potential health benefit by adding back the 

antioxidant activity that was lost as a result of primary processing.   

 

Future Issues  

In this dissertation, I address the ability of phenolics extracts from the 

insoluble-bound fraction of whole wheat and its milled fractions to scavenge free 

radicals and inhibit the proliferation of cell cultures in vitro.  The data in this 

dissertation suggest that phenolics extracts from the insoluble-bound fraction of whole 

wheat have a greater capacity to scavenge free radicals than phenolics extracts from 

the insoluble-bound fraction of refined wheat.  However, the antioxidant activity assay 

used in this dissertation to determine the antioxidant activity of whole wheat does not 

take into account factors such as uptake and metabolism of the phenolic compounds 

(2-7).  Further, this antioxidant activity assay has not been standardized to any other 

antioxidant and therefore cannot be compared to one another (8).  The cellular 

antioxidant activity assay addresses the issues of uptake and metabolism of phenolic 

compounds under more physiologically relevant conditions (9).  The cellular 

antioxidant activity of phenolics extracts from whole grains should be determined.   

In Chapter 3 of this dissertation, I report that insoluble-bound fraction of whole 

wheat and its milled fractions had significant antiproliferative activity in HepG2 cells.  

These data suggest that both whole wheat and refined wheat may be able to protect 

against cancers by inhibiting the proliferation of cancer cells.  It is important to note 

that cells derived from an environment that is high in dietary components may be able 

to tolerate higher concentrations of dietary compounds (10).  Therefore, it may not be 
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appropriate to investigate the antiproliferative activity of phenolics extracts from the 

insoluble-bound fraction of whole and refined wheat in HepG2 cells or any other cell 

line that is not derived from the intestinal epithelium.   

It is also important to realize that human beings do not eat whole or refined 

wheat.  Whole wheat and refined wheat flours are further processed into the food 

products that we eat.  Secondary processing methods, baking, boiling, steaming, and 

kneading may also further reduce the phenolic content and composition of whole and 

refined wheat flour.  Previous studies have reported changes to phenolic content and 

antioxidant activity of whole grains secondary processing (11-18).  However, the data 

with regards to the secondary processing of grains and antioxidant activity are also 

mixed and hard to compare as different antioxidant activity assays were used in these 

studies.   

It is also important to determine the antiproliferative activity of phenolics 

extracts from the insoluble-bound fraction of whole and refined wheat after primary 

processing (milling) and secondary processing.  The additional processing steps may 

remove phenolic compounds to the point where the concentration of phenolic 

compounds is not high enough to elicit antiproliferative activity.   

This dissertation also lays the foundation for future research regarding the 

cellular antioxidant activity of whole grains and the effects of primary and secondary 

processing of grains on antioxidant activity and cancer cell proliferation.   

 
  



127 
 

LITERATURE CITED 

 
1. Lin, B. Y.; Yen, S. T. The U.S. Grain Consumption Landscape: Who eats 
grain, in what form, where, and how much? ; United States Department of Agriculture 
2007  

2. Adom, K. K.; Liu, R. H., Antioxidant activity of grains. J Agric Food Chem 
2002, 50, (21), 6182-7. 

3. Adom, K. K.; Sorrells, M. E.; Liu, R. H., Phytochemical profiles and 
antioxidant activity of wheat varieties. J Agric Food Chem 2003, 51, (26), 7825-34. 

4. Adom, K. K.; Sorrells, M. E.; Liu, R. H., Phytochemicals and antioxidant 
activity of milled fractions of different wheat varieties. J Agric Food Chem 2005, 53, 
(6), 2297-306. 

5. Liyana-Pathirana, C. M.; Shahidi, F., Importance of Insoluble-Bound 
Phenolics to Antioxidant Properties of Wheat. J. Agric. Food Chem. 2006, 54, (4), 
1256-1264. 

6. Moore, J.; Hao, Z.; Zhou, K.; Luther, M.; Costa, J.; Yu, L. L., Carotenoid, 
tocopherol, phenolic acid, and antioxidant properties of Maryland-grown soft wheat. J 
Agric Food Chem 2005, 53, (17), 6649-57. 

7. Mpofu, A.; Sapirstein, H. D.; Beta, T., Genotype and environmental variation 
in phenolic content, phenolic acid composition, and antioxidant activity of hard spring 
wheat. Journal of Agricultural and Food Chemistry 2006, 54, (4), 1265-1270. 

8. Fardet, A.; Rock, E.; Remesy, C., Is the in vitro antioxidant potential of whole-
grain cereals and cereal products well reflected in vivo? Journal of Cereal Science: 48 
(2) 258-276 2008, 48, (2), 258-276. 

9. Wolfe, K. L.; Liu, R. H., Cellular Antioxidant Activity (CAA) Assay for 
Assessing Antioxidants, Foods, and Dietary Supplements. J Agric Food Chem 2007. 

10. Janicke, B.; Onning, G.; Oredsson, S. M., Differential effects of ferulic acid 
and p-coumaric acid on S phase distribution and length of S phase in the human 
colonic cell line Caco-2. Journal of Agricultural and Food Chemistry 2005, 53, (17), 
6658-6665. 

11. Cheng, Z.; Su, L.; Moore, J.; Zhou, K.; Luther, M.; Yin, J. J.; Yu, L. L., 
Effects of postharvest treatment and heat stress on availability of wheat antioxidants. J 
Agric Food Chem 2006, 54, (15), 5623-9. 



128 
 

12. Dewanto, V.; Wu, X.; Liu, R. H., Processed sweet corn has higher antioxidant 
activity. J Agric Food Chem 2002, 50, (17), 4959-64. 

13. Dewettinck, K.; Van Bockstaele, F.; Kuhne, B.; de Walle, D. V.; Courtens, T. 
M.; Gellynck, X., Nutritional value of bread: Influence of processing, food interaction 
and consumer perception. Journal of Cereal Science 2008, 48, (2), 243-257. 

14. Gelinas, P.; McKinnon, C. M., Effect of wheat variety, farming site, and bread-
baking on total phenolics. International Journal of Food Science & Technology 2006, 
41, (3), 329-332. 

15. Hakansson, B.; Jagerstad, M., The Effect of Thermal Inactivation of 
Lipoxygenase on the Stability of Vitamin E in Wheat Journal of Cereal Science 1990 
12, 177-185  

16. Li, W.; Pickard, M. D.; Beta, T., Effect of thermal processing on antioxidant 
properties of purple wheat bran. Food Chemistry 2007, 104, (3), 1080-1086. 

17. Randhir, R.; Kwon, Y.-I.; Shetty, K., Effect of thermal processing on 
phenolics, antioxidant activity and health-relevant functionality of select grain sprouts 
and seedlings. Innovative Food Science & Emerging Technologies 2008, 9, (3), 355-
364. 

18. Winata, A.; Lorenz, K., Effects of fermentation and baking of whole wheat and 
whole rye sourdough breads on cereal alkylresorcinols. Cereal Chemistry 1997, 74, 
(3), 284-287. 
 
 



129 
 

APPENDIX A 

PHENOLIC COMPOUNDS FROM THE INSOLUBLE-BOUND FRACTION OF 

WHOLE GRAINS DO NOT HAVE ANY CELLULAR ANTIOXIDANT ACTIVITY 

IN HEPG2 CELLS  

 

Abstract  

The present study reports the total phenolic content, phenolic composition, and 

antioxidant activity of eight grains (five cereals and three pseudocereals).  Further, the 

cellular antioxidant activity of four phenolic acids previously reported in whole grains 

was assessed.  Total phenolic content ranged from 71 (amaranth) to 405 (corn) mg 

GAE/100 g.  Ferulic acid and p-coumaric acid were found in all grain samples 

analyzed though p-coumaric acid was found only in the insoluble-bound fraction, with 

the exception of corn and oats.  Caffeic acid was only detected in the insoluble-bound 

fraction of barley and corn.  No p-hydroxybenzoic acid was detected in the cereals or 

in the insoluble-bound fraction of buckwheat.  Quercetin and rutin were only detected 

in the free fraction of quinoa and buckwheat and not in the insoluble-bound fraction of 

any grain.  The total ORAC ranged from 2278 (amaranth) to 14273 (corn) μmol 

TE/100 g grain and was correlated with total phenolic content (R2 = 0.880; p < 0.001).  

None of the four phenolic acids had any cellular antioxidant activity.  Of the phenolic 

acids reported in whole grains, only caffeic acid had any cellular antioxidant activity.  

Further, the cellular antioxidant activity of caffeic acid was relatively low compared to 

other flavonoids, particularly quercetin.  The phenolic acids found in whole grains 

lack the structure necessary to impart cellular antioxidant activity.   
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A.1 Introduction    

A whole grain consists of the intact, ground, cracked or flaked caryopsis, 

whose principal anatomical components - the starchy endosperm, germ and bran - are 

present in the same relative proportions as they exist in the intact caryopsis (1).  A list 

of whole grains was provided in Chapter 1 of this dissertation (2).  The health benefits 

of whole grain consumption with regards to cardiovascular disease, type II diabetes, 

major weight gain, and obesity were also previously reviewed (3).  Pseudocereals are 

plants that are not grasses but produce seeds that can be milled and used much the 

same way as cereal flours (4).  These pseudocereals do not contain the protein gluten, 

intolerance to which is known as Celiac disease.  Pseudocereals include but are not 

limited to buckwheat, quinoa, and amaranth.   

Phytochemicals are bioactive non-nutrient plant compounds in fruits, 

vegetables, grains, and other plant foods that have been linked to reduced risk of major 

chronic diseases (5).  A major class of phytochemicals is phenolics, compounds 

containing one or more aromatic ring and one or more hydroxyl group.  These 

compounds include phenolic acids and flavonoids (Figure A.1).  Phenolic compounds 

possess antioxidant activity by transferring a hydrogen atom to a free radical and 

delocalizing the lone electron throughout the aromatic ring.   

The multistage model for carcinogenesis involves the initiation of a normal 

cell, the promotion of an initiated cell to a preneoplasia, and finally the progression of 

the preneoplasia to an invasive tumor.  The initiation of a normal cell can be caused by 

reactive oxygen species.  Reactive oxygen species oxidize biologically important 

molecules such as DNA.  Antioxidant activity assays are used to determine the ability 

of a compound or an extract to prevent the initiation of a normal cell.  The transfer of a 

hydrogen atom from a phenolic compound to the reactive oxygen species prevents the 

oxidation of biologically important molecules.  After transfer of the hydrogen atom to  
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the reactive oxygen species, the antioxidant remains a stable compound by 

delocalizing the unpaired electron amongst the alternating single and double bonds.  

Generally, chemistry assays have been used to determine the antioxidant activity of 

grains (Table A.1) (6-8).  These antioxidant activity assays involve the use of a free 

radical generator, a probe, and a standard.   

Adom and Liu (2002) determined the antioxidant activity of whole corn, 

wheat, oats, and rice using the TOSC assay (9).  Zhou et al (2004) determined the 

antioxidant activities of Swiss red wheat and its bran fraction, using the Oxygen 

Radical Absorbance Capacity (ORAC) assay (10).  Moore et al (2005) determined the 

antioxidant activity of Maryland-grown soft wheat using the ORAC assay (11).  Adom 

and Liu (2005) determined the antioxidant activity of grains using the Peroxyradical 

Scavenging Capacity (PSC) assay (6).   

Fardet et al questioned whether or not these chemical antioxidant activity 

assays are well reflected in vivo as the previous chemistry assays lack the ability to 

predict in vivo antioxidant activity due to the use of non-physiological temperature 

and/or pH, no accounting for bioavailability, uptake, or metabolism (12, 13).   

Wolfe and Liu (2007) developed the Cellular Antioxidant Activity (CAA) 

assay, in which 2’,7’-dichlorofluorosceine diacetate (DCFH-DA) is cleaved by cellular 

esterases and is used to measure the loss of fluorescence upon quenching of the 

ABAP-induced reactive oxygen species by the pure compound or sample extract using 

HepG2 cell cultures (13).  This assay has been used to determine the cellular 

antioxidant activity of a wide range of flavonoids and fruits (14, 15).   

Until present, no studies have investigated the cellular antioxidant activity of 

grains or the phenolic compounds found in grains aside from ferulic acid and caffeic 

acid (13).  The use of a cellular antioxidant activity assay to determine the antioxidant 

activity of whole grain phenolic compounds may be a more valuable tool than the  
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Table A.1 – List of antioxidant activity assays.  
Assay  Initiator  Probe Standard  

Total Oxyradical Scavenging Capacity (TOSC)  ABAP KMBA Vitamin C 

Oxygen Radical Absorbance Capacity (ORAC)  ABAP Fluorescein  Trolox  

Peroxyl Radical Scavenging Capacity (PSC)  ABAP DCFH Vitamin C 

ABAP, 2,2’-Azobis (2-amidinopropane) dihydrochloride; Trolox, 6-hydroxy-2,5,7,8-
tetramethylchroman-2-carboxylic acid; DCFH, dichlorofluorescein; KMBA, α-keto-γ-
methiolbutyric acid.    



134 
 

more commonly used antioxidant activity assays in understanding the potential health 

benefit of whole grain consumption.  The objectives of this study were to 1) determine 

the total phenolic content, phenolic composition, and oxygen radical absorbance 

capacity of eight whole grains, and 2) determine the cellular antioxidant activity of the 

phenolic compounds found in whole grains.   

 

A.2 Materials and Methods  

 

A.2.1 Chemicals and Reagents   

Sodium hydroxide, sodium sulfate, and hexanes were purchased from Fisher 

Scientific (Pittsburgh, PA).  Acetone, sodium carbonate, sodium chloride, ethanol, and 

ethyl acetate were purchased from Mallinckrodt Baker, Inc. (Phillipsburg, NJ).  Folin-

Ciocalteu reagent, ferulic acid, p-coumaric acid, caffeic acid, p-hydroxybenzoic acid, 

vannilic acid, syringic acid, and 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic 

acid (Trolox),  were purchased from Sigma (St. Louis, MO).  Gallic acid was 

purchased from ICN Biomedicals, Inc. (Aurora, OH).  2,2’-Azobis (2-

amidinopropane) dihydrochloride (ABAP) was purchased from Wako Chemicals 

USA, Inc. (Richmond, VA).  Methylene blue was purchased from BBL (Cockeysville, 

MD).  HepG2 cell cultures were purchased from the American Type Culture 

Collection (ATCC) (Rockville, MD).  Williams’ Medium E (WME) and Hanks’ 

Balanced Salt Solution (HBSS) were purchased from Gibco Life Technologies (Grand 

Island, NY).  Fetal bovine serum (FBS) was obtained from Atlanta Biologicals 

(Lawrenceville, GA).     
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A.2.2 Grain Samples and Sample Preparation   

Grains samples were purchased at a local supermarket in Ithaca, NY.  Each 

sample was milled to a fine powder using 20, 40, and 60 mesh size screens 

successively, mixed thoroughly and stored at -20˚C.   

 

A.2.3 Extraction of Free Phenolics  

Free phenolic compounds were extracted according to the method described by 

Okarter et al (16).  One gram of grain sample flour was blended with 50 mL of 80% 

chilled acetone.  The mixture was then centrifuged at 2500 G for 10 minutes.  The 

supernatant was removed and the remaining pellet was again extracted with 50 mL of 

80% chilled acetone.  The supernatants were pooled and evaporated at 45ºC to 

dryness.  The solution was then reconstituted with methanol:hydrochloric acid (1 M, 

85:15 v/v) and stored at -40ºC.   

 

A.2.4 Extraction of Insoluble-Bound Phenolics   

Insoluble-bound phenolic compounds were extracted from the residue of the 

free phenolic extraction according to the method described by Okarter et al (16).  The 

residue was first digested with 2 M sodium hydroxide at room temperature for 1 h 

whilst shaking under nitrogen.  The mixture was then neutralized to pH 2 with an 

appropriate amount of hydrochloric acid.  Hexanes were used to extract lipids in the 

mixture.  The remaining mixture was then extracted with ethyl acetate five times.  The 

ethyl acetate fractions were pooled and evaporated to dryness.  The phenolics were 

reconstituted in methanol:hydrochloric acid (1 M, 85:15 v/v) and stored at -40ºC.   
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A.2.5 Extraction of Soluble-Conjugated Phenolics   

Soluble-conjugated phenolic acids were extracted from free phenolic extracts.  

The extract was digested with 2 M sodium hydroxide for 1 h at room temperature 

under nitrogen gas, and then neutralized with concentrated hydrochloric acid.  The 

mixture was then extracted five times with ethyl acetate.  The ethyl acetate fractions 

were pooled and evaporated to dryness under a gentle stream of nitrogen at 35̊ C.  The 

remaining residue was dissolved in methanol:hydrochloric acid (1 M, 85:15 v/v) and 

stored at -40˚C.   

 

A.2.6 Determination of Total Phenolic Content   

Total phenolic content was determined using the colorimetric method 

described by Singleton et al (17) modified in our lab (16).  Briefly, extracts were 

reacted with Folin-Ciocalteu reagent and then neutralized with sodium carbonate.  

After 90 minutes, the absorbance of the resulting solution was measured at 760 nm.  

Gallic acid was used as the standard and total phenolic content was expressed as mg 

gallic acid equivalents/100 g sample.   

 

A.2.7 Determination of Phenolic Composition   

The determination of the phenolic composition was done using the rp-HPLC-

DAD method described in Chapter 3 of this dissertation (2).  Briefly, the mobile phase 

[water at pH 2.8 with acetic acid (A) and acetonitrile/water 70:30 v/v to pH 2.8 with 

acetic acid (B)] was delivered using a Waters 600E quaternary pump at a flow of 1.5 

mL/min using the following gradient: 0 – 10% B for 2.5 minutes, 10 – 12% B for 2.5 

minutes, 12 – 23% B for 10 minutes, 23 – 95% B for 4 minutes, and 95 – 0% B for 4 

minutes.  Total run time for each injection was 25 minutes.   Seventy five μL of 

sample were injected using a Water 717 Autosampler.  Seperation of phenolic 
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compounds was done using a C18 column (5 μm, 250 mm x 4.6 mm column; Grace 

Vydac, Baltimore, MD).  Phenolic compounds were detected using a Waters 996 

Photodiode Array Detector.  Each injection was monitored at 315 nm.  p-

Hydroxybenzoic acid and vanillic acid were quantified at 254 nm.  Catechin and 

syringic acid were quantified at 275 nm.  Ferulic acid, p-coumaric acid, salicylic acid, 

and caffeic acid were quantified at 315 nm.  Quercetin, rutin, and kaempferol were 

quantified at 365 nm.  Data signals were acquired and processed using Waters 

Empower software (2002) (Waters Corp., Milford, MA). 

 

A.2.8 Oxygen Radical Absorbance Capacity  

The antioxidant activity was determined using the ORAC assay described by 

Huang et al (18) and modified in our laboratory (2, 16).  Phenolic extract dilutions 

were prepared with 75 mM phosphate buffer (pH 7.4).  The assay was performed in 

black-walled 96-well plates (Corning Scientific, Corning, NY).  The outside wells of 

the plate were not used as there was much more variation from them than from the 

inner wells.  Each well contained 20 μL extracts or 20 μL Trolox standard (range 6.25 

– 50 μM), and 200 μL fluoroscein (final concentration 0.96 μM), which were 

incubated at 37 ˚C for 20 minutes.  After incubation, 20 μL of 119 mM ABAP was 

added to each well.  Fluorescence intensity was measured using Fluoroskan Ascent FL 

plate-reader (Thermo Labsystems, Franklin, MA) at excitation of 485 nm and 

emission of 520 nm for 35 cycles every 5 min.  ORAC was expressed as μmol Trolox 

equivalents/100 g.   

 

A.2.9 Cell Culture    

HepG2 cells were grown in William’s Medium E (WME) containing 5% FBS, 

10 mM HEPES, 2 mM L-glutamine, 5 μg/mL insulin, 0.05 μg/mL hydrocortisone, 50 
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units/mL penicillin, 50 μg/mL streptomycin, and 100 μg/mL gentamicin.  Cells were 

maintained at 37 ˚C and 5% CO2.  Cells used in this study were between 10 and 25 

passages.   

 

A.2.10 Cell Counting Assay  

Cell number was determined using a method described by Oliver et al (19) and 

modified in our laboratory (20).  HepG2 cells were seeded at 4 x 104 cells per well on 

a 96-well plate in 100 μL growth medium and incubated for 4 hours at 37°C.  The 

medium was removed and the cells were treated with varying concentrations of p-

coumaric acid, vanillic acid, p-hydroxybenzoic acid, or syringic acid prepared in 2% 

DMSO in growth medium.  The plates were incubated at 37°C for 24 h.  After 24 h, 

the treatment medium was removed and the cells were washed with PBS.  A volume 

of 50 μL/well methylene blue fixing/staining solution (98% HBSS, 0.67% 

glutaraldehyde, 0.6% methylene blue) was applied to each well and the plate was 

incubated at 37°C for 1 h.  The dye was removed and the plates were immersed in 

fresh deionized water three times, or until the water was clear.  The water was tapped 

out of the wells and the plate was allowed to air-dry before 100 μL elution solution 

(49% PBS, 50% ethanol, 1% acetic acid) was added to each well.  The microplate was 

placed on a bench-top shaker for 20 minutes to allow uniform elution.  The absorbance 

was read at 570 nm with blank subtraction using the Dynex Technologies MRX II 

spectrophotometer (Dynex Technologies Inc., Chantilly, VA).   

 

A.2.11 Cellular Antioxidant Activity Assay   

The cellular antioxidant activity of each whole wheat sample was determined 

using the method described by Wolfe and Liu (13).  Briefly, HepG2 cells were seeded 

at a density of 6 x 104 cells/well on a 96-well microplate in 100 µL growth 
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medium/well.  Twenty-four hours after seeding, the growth medium was removed.  

Triplicate wells were treated for 1 h with 100 µL treatment medium containing various 

concentrations of pure phenolic compound plus 25 µM DCFH-DA. Then, 600 µM 

ABAP was applied to the cells in 100 µL Hank’s Balanced Salt Solution (HBSS).  

Emission at 538 nm was measured with excitation at 485 nm every 5 min for 1 hour 

with a Fluoroskan Ascent FL plate-reader (ThermoLabsystems, Franklin, MA) at 

37°C.  Each plate included triplicate control and blank wells: control wells contained 

cells treated with DCFH-DA and oxidant; blank wells contained cells treated with 

DCFH-DA and HBSS without oxidant.   

 

A.2.12 Statistical Analysis    

Statistical analysis using one-way ANOVA and Tukey’s comparison test was 

performed using Minitab Statistical Software release 15 (Minitab Inc., State College, 

PA).   

 

A.3 Results  

 

A.3.1 Total Phenolic Content  

The total phenolic content of eight grains was determined using the Folic-

Ciocalteu Reagent method described by Singleton et al (17) and modified by our lab 

(16).  The phenolic content was expressed as mg gallic acid equivalents/100 g grain 

(Figure A.2).  Free phenolic content ranged from 47 (amaranth) to 341 (buckwheat) 

mg GAE/100 g.  Bound phenolic content ranged from 24 (amaranth and buckwheat) to 

255 (corn) mg GAE/100 g.  Total phenolic content ranged from 71 (amaranth) to 405 

(corn) mg GAE/100 g.  Generally, the pseudo-cereals contained more free phenolics  
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Figure A.2 – Total phenolic content of grains (mean ±SD, n = 3).   
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than bound and had similar (p > 0.05) bound phenolic contents (24 to 39 mg GAE/100 

g).   

 

A.3.2 Phenolic Composition of Grains  

Phenolic compounds (phenolic acids and flavonoids) were detected and 

quantified using a previously described rp-HPLC-DAD assay (2).  Ferulic acid and p-

coumaric acid were found in all grain samples analyzed though p-coumaric acid was 

found only in the insoluble-bound fraction, with the exception of corn and oats.  No p-

coumaric acid was detected in the free or soluble-conjugated fractions of buckwheat.  

Caffeic acid was detected in the insoluble-bound fraction of barley (4.2 ± 1.6 

μmol/100 g) and corn (1.8 ± 0.03 μmol/100 g).  No p-hydroxybenzoic acid was 

detected in the cereals.  No p-hydroxybenzoic acid was detected in the insoluble-

bound fraction of buckwheat.  Vanillic acid was detected in quinoa, amaranth, and 

wheat.  Vanillic acid was also detected in the free, soluble-conjugated, and insoluble 

bound fractions of quinoa but only in the soluble-conjugated fraction of amaranth and 

wheat.  Rutin and quercetin were detected in buckwheat and quinoa.  Rutin was 

detected in the free and soluble-conjugated fractions of quinoa but only in the free 

fraction of buckwheat.  No flavonoids were detected in the cereals or amaranth.  No 

flavonoids were detected in the insoluble-bound fraction of buckwheat or quinoa.   

Corn had the most ferulic acid of the cereals (591.3 μmol/100 g) while oats had 

the least (85.2 μmol/100 g) (Table A.2).  Qunioa had the most ferulic acid of the 

pseudo-cereals (62.2 μmol/100 g) while buckwheat had the least (11.5 μmol/100 g).  

The bound fraction contributed between 78.9% and 94.5% to the total ferulic acid 

content of the cereals and between 46.0% and 60.0% to the total ferulic acid content of 

the pseudo-cereals.      
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The total p-coumaric acid content of the cereals ranged from 18.1 (wheat) to 

116.8 (corn) μmol/100 g (Table A.2).  The total p-coumaric acid content of the 

pseudo-cereals ranged from 6.3 (buckwheat) to 18.7 (quinoa) μmol/100 g.  The 

insoluble-bound fraction contributed between 60.1 (corn) to 81.5% (rice) to the total 

p-coumaric acid content of the cereals and between 51.9 (amaranth) to 100% 

(buckwheat) of the pseudo-cereals.   

Hydroxybenzoic acid-derivatives were found almost exclusively in the pseudo-

cereals.  The total p-hydroxybenzoic acid content of pseudo-cereals ranged from 11.5 

(buckwheat) to 39.4 (amaranth) μmol/100 g (Table A.3).  Most of the total p-

hydroxybenzoic acid content came from the free fraction.  The total free p-

hydroxybenzoic acid content ranged from 11.5 (buckwheat) to 28.2 (amaranth) 

μmol/100 g.  The total free content contributed between 50 (quinoa) to 100% 

(buckwheat) to the total p-hydroxybenzoic acid content.  The insoluble-bound p-

hydroxybenzoic acid content of amaranth and quinoa was 11.2 and 15.2 μmol/100 g, 

respectively.   

The total vanillic acid content ranged from 13.9 (amaranth) to 52.5 (quinoa) 

μmol/100 g (Table A.3).  The total vanillic acid content of wheat was 15.5 μmol/100 

g.  The total free vanillic acid content of quinoa contributed 65.0% to the total vanillic 

acid content.   

The total rutin content of buckwheat and quinoa was 18.2 and 75.3 μmol/100 

g, respectively (Table A.4).  The free and soluble-conjugated rutin contents of quinoa 

were 71.5 and 3.8 μmol/100 g, respectively.  Quercetin was detected in the free 

fraction of quinoa.  The total quercetin content of quinoa was 3.7 μmol/100 g.   

 

 



 

Table A.2 – Hydroxycinnamic acid-derivative content of grains.  Values reported as μmol/100 g (mean ± SD, n = 3).  Values with 
no letter in common within each column are significantly different (p < 0.05).  Percent contribution to the whole seed is in 
parentheses. nd – not detected 
 Free Soluble-Conjugated Total Solublea Insoluble-Bound Totalb 

Ferulic Acid  

Corn 10.5 ± 4.0 b (1.8%) 22.4 ± 2.4 (3.8%) 32.8 ± 6.4 ab (5.5%) 558 ± 8.8 a (94.5%) 591 ± 2.8 a 

Wheat 9.5 ± 3.7 b (4.1%) 27.7 ± 21.4 (12.1%) 37.2 ± 18.5 a (15.8%) 192 ± 15.7 b (83.6%) 229 ± 30.0 b 

Barley  4.9 ± 0.03 b (3.8%) 16.7 ± 0.9 (10.8%) 21.6 ± 0.9 ab (14.0%) 133 ± 12.2 c (86.0%) 155 ± 11.4 c 

Rice 6.9 ± 0.3 b (6.1%) 16.8 ± 3.0 (15.0%) 23.7 ± 2.7 ab (21.1%) 88.6 ± 6.5 d (78.9%) 112 ± 6.7 d 

Oats 5.7 ± 0.6 b (6.7%) 9.3 ± 0.6 (10.9%) 15.0 ± 1.2 ab (17.7%) 70.2 ± 7.4 d (82.4%) 85.2 ± 7.1 d 

Quinoa  26.7 ± 18.0 a (40.0%) nd 26.7 ± 18.0 ab (40.0%) 35.5 ± 5.1 e (60.0%) 62.2 ± 23.1 d 

Buckwheat  nd 6.3 ± 1.0 (54.1%) 6.3 ± 1.0 (54.1%) 5.3 ± 0.2 f (46.0%) 11.5 ± 0.8 e 

Amaranth  nd 6.5 ± 0.6 (21.7%) 6.5 ± 0.6 (21.7%) 23.3 ± 1.7 e (78.5%) 29.7 ± 2.1 e 

p-Coumaric Acid  

Corn  18.9 ± 0.8 a (16.2%) 27.7 ± 1.6 a (23.7%) 46.6 ± 1.7 a (39.9%) 70.2 ± 2.4 a (60.1%) 117 ± 4.1 a 

Wheat  nd 6.0 ± 0.7 b (33.1%) 6.0 ± 0.7 b (33.1%) 12.1 ± 0.3 d (66.9%) 18.1 ± 0.9 d 

Barley  nd 6.7 ± 0.06 b (261%) 6.7 ± 0.06 b (261%) 19.0 ± 1.9 c (73.9%) 25.7 ± 1.9 c 

Rice  nd 7.4 ± 0.2 b (18.5%) 7.4 ± 0.2 b (18.5%) 32.7 ± 0.8 b (81.5%) 40.1 ± 0.9 b 

Oats  7.1 ± 0.2 b (17.5%) 7.0 ± 0.4 b (17.3%) 14.1 ± 0.4 b (34.8%) 26.4 ± 3.0 b (65.2%) 40.5 ± 2.7 b 

Quinoa  nd 5.7 ± 0.03 b (30.7%) 5.7 ± 0.03 b (30.7%) 13.1 ± 1.0 d (70.0%) 18.7 ± 0.9 d 

Buckwheat  nd nd nd 6.3 ± 0.4 e (100%) 6.3 ± 0.4 f 

Amaranth  nd 6.3 ± 0.2 b (47.9%) 6.3 ± 0.2 b (47.9%) 6.8 ± 0.2 e (51.9%) 13.1 ± 0.4 e 
aSum of free and soluble-conjugated fractions  
bSum of free, soluble-conjugated, and insoluble-bound fractions   
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Table A.3 – Hydroxybenzoic acid-derivative content of grains.  Values reported as μmol/100 g (mean ± SD, n = 3).  Values with 
no letter in common within each column are significantly different (p < 0.05).  Percent contribution to the whole seed is in 
parentheses. nd – not detected 
 Free Soluble-Conjugated Total Solublea Insoluble-Bound Totalb 

p-Hydroxybenzoic Acid  

Corn 14.1 ± 1.3 (35.8%) 14.2 ± 0.8 a (36.0%)  28.2 ± 2.1 a (71.6%) 11.2 ± 0.9 b (28.4%)  39.4 ± 1.3 a  

Wheat 15.3 ± 1.2 (50.0%) nd 15.3 ± 1.2 (50.0%) 15.2 ± 1.2 a (50.0%)  30.6 ± 2.2 b  

Barley  nd 11.5 ± 0.6 b (100%)  11.5 ± 0.6 b (100%)  nd 11.5 ± 0.6 c   

Rice nd nd nd nd nd 

Oats nd nd nd nd nd 

Quinoa  nd nd nd nd nd 

Buckwheat  nd nd nd nd nd 

Amaranth  nd nd nd nd nd 

Vanillic Acid  

Corn  nd 13.9 ± 0.5 ab (100%) 13.9 ± 0.5 ab (100%) nd 13.9 ± 0.5 c  

Wheat  22.0 ± 2.0 (41.9%)  11.3 ± 0.4 b (21.5%)  33.2 ± 2.4 a (65.0%)  19.2 ± 11.2 (36.6%)  52.5 ± 9.8 a  

Barley  nd nd nd nd nd 

Rice  nd 15.5 ± 3.0 a (100%)  15.5 ± 3.0 a (100%)  nd 15.5 ± 3.0 b  

Oats  nd nd nd nd nd 

Quinoa  nd nd nd nd nd 

Buckwheat  nd nd nd nd nd 

Amaranth  nd nd nd nd nd 
aSum of free and soluble-conjugated fractions  
bSum of free, soluble-conjugated, and insoluble-bound fractions   

144 



 

 
 
 
 
 
Table A.4 – Flavonoid content of grains.  Values reported as μmol/100 g (mean ± SD, n = 3).  Values with no letter in common 
within each column are significantly different (p < 0.05).  Percent contribution to the whole seed is in parentheses. nd – not 
detected 
 Free Soluble-Conjugated Total Solublea Insoluble-Bound Totalb 

Rutin 

Quinoa  71.5 ± 4.0 a (95.0%) 3.8 ± 0.6 (5.0%)  75.3 ± 3.4 a (100%)  nd 75.3 ± 3.4 a   

Buckwheat  18.2 ± 1.4 b (100%)  nd 18.2 ± 1.4 b (100%)  nd 18.2 ± 1.4 b   

Amaranth  nd nd nd nd nd 

Quercetin 

Quinoa  3.7 ± 0.3 (100%)  nd 3.7 ± 0.3 (100%)  nd 3.7 ± 0.3   

Buckwheat  nd nd nd nd nd 

Amaranth  nd nd nd nd nd 
aSum of free and soluble-conjugated fractions  
bSum of free, soluble-conjugated, and insoluble-bound fractions   
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A.3.3 Oxygen Radical Absorbance Capacity  

The antioxidant activity was determined using the ORAC assay. ORAC values 

expressed as μmol Trolox equivalents/100 g grain.  Free ORAC ranged from 1530 

(amaranth) to 13331 (buckwheat) μmol TE/100 g grain.  Bound ORAC ranged from 

748 (amaranth) to 10089 (corn) μmol TE/100 g grain.  The total ORAC ranged from 

2278 (amaranth) to 14273 (corn) μmol TE/100 g grain (Table A.5).  The total 

phenolic content of grains was correlated with ORAC (R2 = 0.880. p < 0.001).   

 

A.3.4 Cellular Antioxidant Activity of Select Pure Compounds   

The cellular antioxidant activity of four phenolic acids found in whole grains 

was determined using the CAA assay described by Wolfe and Liu (13). The 

concentrations used to determine the CAA did not reduce the number of HepG2 cells 

by more than 10% compared to the medium control after 24 hours as determined using 

the modified methylene blue stain assay (20).  None of the phenolic acids tested 

inhibited the increase in fluorescence due to DCFH oxidation (Figure A.3).  Quercetin 

inhibited the increase in fluorescence due to DCFH oxidation at much lower 

concentrations than the phenolic acids.  The inhibition in fluorescence due to DCFH 

oxidation was dose dependent for quercetin but not for the four phenolic acids tested.   

 

A.4 Discussion  

 

A.4.1 Total Phenolic Content and Phenolic Composition  

The phenolic content of whole grains has been reported previously (9, 21-24).  

The phenolic content values reported in the present study are similar to the values 

reported in the cited studies.  Gorenstein et al reported that the total phenolic content 

of buckwheat, quinoa, and amaranth were 91.2, 60.0, and 43.0 mg gallic acid  
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Table A.5 – Oxygen radical absorbance capacity of grains.  Values expressed as μmol 
Trolox equivalents/100 g grain (mean ± SD, n = 3).   
 Free ORAC Bound ORAC Total ORACa 

Corn 4185 ± 285 10089 ± 803 14273 ± 992 

Barley 4841 ± 171 7081 ± 427 11922 ± 446 

Rice 3839 ± 233 2516 ± 122 6536 ± 268 

Oats  3237 ± 250 2891 ± 227 6128 ± 312 

Wheat 1892 ± 115 2730 ± 554 4623 ± 487 

Buckwheat  13331 ± 2986 921 ± 54 14252 ± 2946 

Quinoa  4087 ± 545 1641 ± 217 5729 ± 751 

Amaranth  1530 ± 107 748 ± 36 2278 ± 75 
aSum of free and bound ORAC   
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Figure A.3 – Peroxyl radical-induced oxidation of DCFH to DCF in HepG2 cells and 
the inhibition of oxidation by (A) quercetin, (B) p-coumaric acid, (C) p-
hydroxybenzoic acid, (D) vanillic acid, and (E) syringic acid over time.  The curves 
shown in each graph are from a single experiment (mean ± standard deviation, n = 3). 
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equivalents/100 g (21).  The total phenolic content of buckwheat, quinoa, and 

amaranth reported in the present study follows the same general trend.   

The phenolic acid composition of grains has been reported previously in 

several studies (9, 22, 24-27).  The phenolic acid profile reported in the present study 

is similar to previously reported studies (16).  Studies reporting the flavonoid content 

and composition of whole grains are lacking.  The total flavonoid content of wheat, 

buckwheat, quinoa, and amaranth has been reported previously (21, 28).  However, the 

flavonoid composition of each wheat variety was not determined (28).  It is more 

important to determine the flavonoid composition of grains because structural 

differences, degrees of glycosylation, and position of the C-ring can have a significant 

effect on the cellular antioxidant activity (15).  Asenstorfer et al reported the presence 

of apigenin-6C-arabinoside-8C-glucoside, apigenin-6C-glucoside-8C-arabinoside, 

apigenin-6C-arabinoside-8C-galactoside, and apigenin-6C galactoside-8C-arabinoside 

in the germ fraction of wheat (29).  The flavonoids rutin and quercetin were detected 

in the free and insoluble-bound fraction of buckwheat (27).   

 

A.4.2 Oxygen Radical Absorbance Capacity    

Many studies have determined the antioxidant activity of grains using a variety 

of different antioxidant activity assays (6, 9, 11, 21, 27, 30-32).  However, the results 

from these different antioxidant activity assays are difficult to compare because these 

methods have not been standardized (12).  The various phenolic acids found in grains 

have different oxygen radical absorbance capacities.  Yeh et al reported that gallic 

acid had the highest oxygen radical absorbance capacity of the phenolic acids 

analyzed (33).  p-Coumaric acid had the next highest oxygen radical absorbance 

capacity, followed by, ferulic acid, and vanillic and syringic acids (33).  Flavonoids 

also have a range of oxygen radical absorbance capacities.  Of the flavonoids assayed 
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in the present study, rutin had the highest oxygen radical absorbance capacity followed 

by apigenin, quercetin, and kaempferol (15).  The oxygen radical absorbance capacity 

of flavonoids was not correlated with cellular antioxidant activity (R2 = 0.214, p > 

0.05) (15).   

 

A.4.3 Structure Activity Relationships of Flavonoids and Phenolic Acids  

Cellular antioxidant activity depends on the structure and glycosylation of the 

flavonoid, (15).  Quercetin and kaempferol have the highest cellular antioxidant 

activity (15).  The high cellular antioxidant activity of these compounds is due to 

presence of a hydroxyl group at the 3 position of the C-ring and a keto group at the 4 

position of the C-ring.  Because quercetin has the highest cellular antioxidant activity, 

quercetin is used as a standard in the cellular antioxidant activity assay.  Quercetin was 

only detected in the free and/or soluble-conjugated fractions of quinoa and buckwheat 

(Table A.4).  No flavonoids were found in the insoluble-bound fraction of any of the 

grains analyzed (Table A.4).   

Rutin and apigenin-glycosides have been reported in pseudo-cereals and 

wheat, respectively (21, 29).  Wolfe and Liu reported that rutin and apigenin have no 

cellular antioxidant activity (15).  Rutin does not have any cellular antioxidant activity 

because the glycosylation of the 3 position of the C-ring (Figure A.1).  Apigenin does 

not have a hydroxyl group at the 3 position of the C-ring (Figure A.1).  However, 

apigenin-glycoside and not apigenin were reported in wheat (29).  The apigenin-

glycosides reported in whole wheat have glucose, galactose, and/or arabinose groups 

attached to the 6 and/or 8 position of the A-ring (29).  However, these apigenin-

glycosides still lack the necessary hydroxyl group at the 3 position of the C-ring.   

Phenolic acids have relatively low cellular antioxidant activity compared to 

flavonoids (Figure A.4).  Of the phenolic acids found in the insoluble-bound fraction  
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Figure A.4 – Cellular antioxidant activity of whole grain phenolic compounds in 
HepG2 cells (mean ± standard deviation, n = 3).  References are in brackets.   
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of whole grains, caffeic acid had the highest cellular antioxidant activity.  All other 

phenolic acids had no cellular antioxidant activity (Figure A.4).  Caffeic acid is the 

only phenolic acid that has two hydroxyl groups located next to each other on the 

aromatic ring.  This may be due to the structure of caffeic acid.  Hydroxylation of the 

B-ring (Figure A.1) of flavonoids was an important factor affecting the cellular 

antioxidant activity of flavonoids (15).  Other phenolic acids have either one hydroxyl 

group (p-coumaric acid and p-hydroxybenzoic acid) or a combination of hydroxyl and 

methoxy groups (ferulic acid, syringic acid, and vanillic aicd).  Quercetin, the 

flavonoid with the highest cellular antioxidant activity, has two hydroxyl groups 

located next to each other on the B-ring (15).  The structural motif found in caffeic 

acid is also similar to that found in the C-ring of quercetin, kaempferol, and galangin, 

another flavonoid with high cellular antioxidant activity (15).    

 

A.4.4 Challenges in Determining the Cellular Antioxidant Activity of Whole 

Grains  

Grains contain phenolic compounds that have relatively little or no cellular 

antioxidant activity (Figure A.4).  Therefore, it is highly unlikely that phenolic 

extracts from whole grains will have any cellular antioxidant activity, particularly in 

the insoluble-bound fraction, which consists entirely of phenolic acids.  Phenolics 

extracts from the insoluble-bound fraction of wheat reduce the cell number by greater 

than 10% after 24 hours at a concentration of 10 mg/mL in HepG2 cells (2).  

Concentrations of greater than 60 mg/mL of blueberry phenolics extract elicited the 

same response in HepG2 cells (13).  The reduction in cell number with the low 

cellular antioxidant activity of the phenolic compounds in the extract should be 

indicative of the role of whole grain phenolic compounds in colon cancer prevention.   
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As I reported in Chapter 3 of this dissertation, relatively low concentrations (10 

mg/mL) of phenolics extracts from the insoluble-bound fraction of whole wheat and 

its milled fractions are able to reduce HepG2 cell numbers by greater than 10% after 

24 hours (2).  This may be because non-epithelial cells are more sensitive to dietary 

phenolic compounds than cells derived from the intestinal epithelium (34).  I propose 

that the use of another cell line, such as the Caco-2 cell line, may be more suitable and 

more relevant for assessing the cellular antioxidant activity of phenolics extracts from 

the insoluble-bound fraction of whole grains because Caco-2 cells are derived from 

the intestinal epithelium making them less sensitive to these phenolic compounds.  

Further, the role of phenolic compounds from the insoluble-bound fraction of whole 

grains has been hypothesized to protect against colon cancer by scavenging free 

radicals (9).  The use of the Caco-2 cell line would allow for the direct assessment of 

free radical scavenging capacity of phenolics extracts from the insoluble-bound 

fraction of whole grains in colon cancer cells.  However, the use of the Caco-2 cell 

line to determine cellular antioxidant activity would not allow for the comparison to 

the cellular antioxidant activity of previously reported pure compounds or phenolic 

extracts from fruits as, as the cellular antioxidant activity of pure compounds and 

phenolics extracts from fruits was determined in HepG2 cells (13, 14).  Further, the 

use of another cell line introduces the same lack of standardization observed in other 

chemical antioxidant activity assays (12).  I suggest that HepG2 cells should continue 

to be used in determining the cellular antioxidant activity of phenolics extracts from 

whole grains.   

 

A.4.5 Summary  

The insoluble-bound fraction of whole grains consists mainly of the 

hydroxycinnamic acids ferulic acid and p-coumaric acid and flavonoids (Table A.2 
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and Table A.4).  It was previously hypothesized that the insoluble-bound fraction of 

whole grains can prevent against colon cancer by scavenging free radicals in the lower 

gastrointestinal tract, preventing the initiation of normal cells (9, 35). Of the phenolic 

acids reported in whole grains, only caffeic acid had any cellular antioxidant activity.  

The cellular antioxidant activity of caffeic acid was relatively low compared to 

flavonoids such as quercetin and kaempferol.  These findings suggest that the potential 

health benefits of whole grain consumption with regards to reduced risk of colon 

cancer is independent of the ability of phenolic compounds from the insoluble-bound 

fraction of whole grains to scavenge free radicals and prevent the initiation of normal 

cells.   
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APPENDIX B 

PHENOLICS EXTRACTS FROM THE INSOLUBLE-BOUND FRACTION OF 

WHOLE WHEAT BUT NOT REFINED WHEAT INHIBIT THE PROLIFERATION 

OF CACO-2 COLON CANCER CELLS 

 

Abstract  

The insoluble-bound fraction of two commercial blends of whole and refined 

wheat (Barretta and Magnolia) was assessed for its total phenolic content, phenolic 

acid composition, and cytotoxic and antiproliferative effects towards Caco-2 human 

colon cancer cells.  The total phenolic content of Barretta and Magnolia was 97.5 and 

95.8 mg gallic acid equivalents/100 g whole wheat, respectively, compared to 13.8 

and 12.8 mg gallic acid equivalents/100 g for refined wheat.  Ferulic acid was the 

predominant phenolic acid found in both varieties of whole and refined wheat.  p-

Coumaric acid and caffeic acid were also detected in the insoluble-bound fraction of 

whole wheat though no caffeic acid was detected in the insoluble-bound fraction of 

refined wheat.  Phenolics extracts from the insoluble-bound fraction of whole wheat 

were able to significantly (p < 0.05) inhibit the proliferation of Caco-2 cells between 

24 and 96 hours at a sample concentration of 100 mg/mL.  Phenolics extracts from the 

insoluble-bound fraction of refined wheat did not have similar effects.  The sum of the 

phenolic acids from the insoluble-bound fraction of whole wheat or refined wheat was 

significantly correlated (R2 = 0.9856) with the antiproliferative activity of the 

phenolics extracts.  The phenolics extracts from the insoluble-bound fraction of whole 

wheat did not contain phenolic acids at concentrations that elicit antiproliferative 

activity on their own.  This suggests that the phenolic acids found in the insoluble-

bound fraction of whole wheat work synergistically with each other to inhibit the 

proliferation of Caco-2 cells.  To my knowledge, this is the first paper to show the 
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antiproliferative activity of the insoluble-bound fraction of whole wheat in human 

colon cancer cells.  These data also support several epidemiological studies linking 

increased whole grain consumption and reduced risk of colorectal cancer.   

 

Introduction  

 

A whole grain consists of the intact, ground, cracked or flaked caryopsis, 

whose principal anatomical components - the starchy endosperm, germ and bran - are 

present in the same relative proportions as they exist in the intact caryopsis (1).  The 

endosperm, the largest component of the whole grain, contains starchy carbohydrates, 

proteins, vitamins and minerals.  Whole grain consumption has been associated with 

reduced risk of colorectal cancer (2-4).  The 2005 Dietary Guidelines for Americans 

recommends Americans to consume at least three ounce-equivalents of whole grain 

products each day, being sure to “make half your grains whole” (5).   

Grain processing is a necessary step in the production of grain products and 

may influence the amounts of phytochemicals found in grains (6).  Milling is the first 

processing step in the manufacturing of food products.  Milling involves the separation 

of the germ and bran from the endosperm so that the endosperm can be ground into 

flour.  Prior to milling, the grain is often tempered in order to ease the removal of the 

germ and bran from the endosperm.  The milling of the whole seed generally results in 

the reduction of macro and micronutrients and is affected by extraction rate (7).   

Phenolics are compounds with one or more aromatic rings and one or more 

hydroxyl groups (8).  The predominant phenolic compounds found in whole grains 

and whole wheat are phenolic acids (Figure B.1).  Phenolic acids are hydroxybenzoic-

acid and hydroxycinnamic-acid derivatives (9).  Phenolic acids are generally found 

esterified or bound to cell wall polymers and are therefore insoluble when extraction  
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Figure B.1.  Structure of phenolic acids   
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solvents are used to extract phenolic compounds from whole or refined grains (10).  

These compounds can be released from the cell wall by alkali or acidic hydrolysis, or 

enzymatic activity.  The total phenolic content and phenolic composition of whole 

wheat has previously been reported in literature (11-13).  Andreasen et al. proposed a 

mechanism by which insoluble-bound phenolic compounds may be released in the 

lower gastrointestinal tract by gut microflora where they may exhibit potential health 

benefits (14).  Adom and Liu proposed that this mechanism may partially explain the 

mechanism of grain consumption in the prevention of colon cancer (15).  Ferulic acid 

is the predominant phenolic acid found in whole wheat and is thought to be 

responsible for the antioxidant activity of whole wheat (10, 16, 17)  However, the 

phenolic acids found in the insoluble-bound fraction of whole wheat also have 

significant ability to inhibit the proliferation of human cancer cell cultures (18-22).   

Cytotoxicity is the potential of a compound or other treatment to induce cell 

death (23). Cell death can be due to necrosis, apoptosis, or autophagy (24). Upon cell 

death, the integrity of the cell membrane is compromised, causing the cell to leak its 

contents into the culture medium.  Dehydrogenase activity in the culture medium can 

then be assessed as a marker of cytotoxicity.  Lactate dehydrogenase (LDH) activity is 

commonly used to assess cytotoxicity in a wide range of cell lines in vitro (25-27).   

The reduction in cell number upon treatment with phenolic acids or phenolics 

extracts may be due to the cytotoxic nature of the treatment and/or the ability of the 

treatment to inhibit the proliferation of the cancer cells in vitro.  Various treatments 

may also inhibit the ability of cancer cells to proliferate in vitro.  Phenolic compounds 

may induce cell cycle arrest, leading to a reduced number of cells after a certain period 

of time when compared to a medium control (20).  Proliferating cell nuclear antigen 

(PCNA) is a cofactor of the DNA polymerase system responsible for DNA replication 

prior to cell division (28).  PCNA acts as a scaffolding protein by encircling the DNA 
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double helix and recruiting the polymerases.  Once attached, the DNA polymerases 

and PCNA “slide” down the DNA double helix and replicate the DNA.  For this 

reason, PCNA expression is often used as a marker of cell proliferation in studies 

assessing the proliferation of cancer cells both in vitro and in vivo (29-32).   

Though most of the attention has been paid to whole wheat, less attention has 

been paid to the phenolic acid content and the cytotoxic and antiproliferative effects of 

refined wheat.  Mattila et al. (2005) reported the phenolic acid content of refined 

wheat.  Adom et al. (2005) reported the total phenolic content and ferulic acid content 

of refined wheat.  Though the two previous studies reported the phenolic content and 

composition of refined wheat, the total phenolic content and phenolic composition of 

the insoluble-bound fraction of refined wheat was not reported.  Chapter 3 of this 

thesis reported the presence of phenolic acids in the insoluble-bound fraction of 

refined wheat (33).  It is important to determine the total phenolic content, phenolic 

acid content, and antiproliferative effects of the insoluble-bound fraction of refined 

wheat, as many of the food products consumed are made from refined wheat.  The 

objectives of this study were 1) to determine the total phenolic content and phenolic 

acid composition of whole and refined wheat, 2) to determine the cytotoxic and 

antiproliferative effects of phenolic acids after 24 and 96 hours using Caco-2 colon 

cancer cells, and 3) to determine the cytotoxic and antiproliferative effects of phenolic 

extracts from the insoluble-bound fraction of whole and refined wheat in Caco-2 colon 

cancer cells.   
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Materials and Methods  

 

Chemicals and Reagents  

Sodium hydroxide, hydrochloric acid, and hexanes were purchased from Fisher 

Scientific (Pittsburgh, PA).  Acetone, sodium carbonate, and ethyl acetate were 

purchased from Mallinckrodt Baker, Inc. (Phillipsburg, NJ).  Folin-Ciocalteu reagent, 

ferulic acid, p-coumaric acid, caffeic acid, p-hydroxybenzoic acid, vannilic acid, and 

syringic acid were purchased from Sigma (St. Louis, MO).  Gallic acid was purchased 

from ICN Biomedicals, Inc. (Aurora, OH).  Methylene blue was purchased from BBL 

(Cockeysville, MD).  Caco-2 cell cultures were purchased from the American Type 

Culture Collection (ATCC) (Rockville, MD).  Delbucco’s Modified Eagle’s Medium 

(DMEM), antibiotic/antimycotic, HEPES buffer, and Hanks’ Balanced Salt Solution 

(HBSS) were purchased from Gibco Life Technologies (Grand Island, NY).  Fetal 

bovine serum (FBS) was obtained from Atlanta Biologicals (Lawrenceville, GA).  All 

reagents used in the study were analytical or reagent grade.   

 

Samples  

Two commercial blends of soft red wheat (Barretta and Magnolia) and their 

refined flours (refined wheat) were obtained from Lynn Haynes at Kraft Foods (East 

Hanover, NJ).    The whole seed (whole wheat) was milled to a fine powder using a 

20, 40, and 60 mesh size screen successively and mixed thoroughly.  All samples were 

stored at -20˚C.   

 

Extraction of Free Phenolics  

One gram of whole or refined wheat flour was blended with 50 mL of 80% 

chilled acetone.  The mixture was then centrifuged at 2500 G for 10 minutes.  The 
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supernatant was removed and the remaining pellet was again extracted with 50 mL of 

80% chilled acetone.  The mixture was again centrifuged at 2500 G for 10 minutes.  

The supernatants were pooled and evaporated at 45ºC to dryness.  The solution was 

then reconstituted in methanol:hydrochloric acid (1 M, 85:15 v/v), filtered through a 

0.45 μm filter, and stored at -40ºC.   

 

Extraction of Insoluble-Bound Phenolics  

Insoluble-bound phenolics were extracted from the residue from the free 

phenolic extraction.  The residue was first digested with 2 M sodium hydroxide at 

room temperature for 1 h whilst shaking under nitrogen.  The mixture was then 

neutralized with concentrated hydrochloric acid.  Hexanes were used to extract lipids 

in the mixture.  The remaining mixture was then extracted five times with ethyl 

acetate.  The ethyl acetate fractions were pooled and evaporated to dryness.  The 

phenolics were reconstituted in methanol:hydrochloric acid (1 M, 85:15 v/v), filtered 

through a 0.45 μm filter, and stored at -40ºC for determination of total phenolic 

content and phenolic acid content or water for use in cell culture experiments.   

 

Determination of Total Phenolic Content  

Total phenolic content of the free and insoluble-bound fraction each whole or 

refined wheat sample was determined using the colorimetric method described by 

Singleton et al. (34).  Briefly, phenolics extracts were reacted with Folin-Ciocalteu 

Reagent and then neutralized with sodium carbonate.  After 90 minutes, the 

absorbance of the resulting solution was measured at 760 nm.  Gallic acid was used as 

the standard and total phenolic content was expressed as mg gallic acid 

equivalents/100 g sample.   
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Extraction of Soluble-Conjugated Phenolic Acids  

Soluble-conjugated phenolic acids were extracted from free phenolic extracts.  

Free phenolics extracts were digested with 2 M sodium hydroxide for 1 h at room 

temperature under nitrogen gas, and then neutralized with concentrated hydrochloric 

acid.  The solution was then extracted five times with ethyl acetate.  The ethyl acetate 

fractions were pooled and evaporated to dryness under nitrogen at 35̊ C.  The 

remaining residue was dissolved in methanol:hydrochloric acid (1 M, 85:15 v/v), 

filtered through a 0.45 μm filter, and stored at -40 ˚C.     

 

Determination of Phenolic Acid Composition  

The determination of the phenolic composition was done using an rp-HPLC-

DAD method (35).  Briefly, the mobile phase [water to pH 2.8 with acetic acid (A) 

and acetonitrile/water 70:30 v/v to pH 2.8 with acetic acid (B)] was delivered using a 

Waters 600E quaternary pump at a flow rate of 1.5 mL/min using the following 

gradient program: linear gradient from 0/100% – 10/90% B/A for 2.5 minutes, linear 

gradient from 10/90% – 12/88% B/A for 3.5 minutes, linear gradient from 12/88% – 

23/77% B/A for 10 minutes, linear gradient from 23/77% – 95/5% B/A for 4 minutes, 

and linear gradient from 95/5% – 0/100% B/A for 6 minutes.  The total run time was 

20 minutes with a 6 minute delay between injections.  Seventy five microliters of 

sample were injected using a Waters 717 plus autosampler.  Separation of phenolic 

acids was done using a C18 column (5 μm, 250 mm x 4.6 mm; Grace Vydac, 

Baltimore, MD).  Phenolic compounds were detected using a Waters 996 Photodiode 

Array Detector.  Each injection was monitored at 282 nm.  Identification of each peak 

was confirmed using the retention time and absorbance spectrum of each pure 

compound.  Detection limits were determined by analyzing blank measurements 

according to the method described by Kaiser (36).  The detection limits of all phenolic 
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acids were less than 4 μg/mL.  Percent recoveries were determined by spiking a 

known amount of phenolic acid into a sample and performing the extraction and 

analytical methods.  Percent recoveries for all phenolic acids were greater than 80%.  

Data signals were acquired and processed using Waters Empower software (2002) 

(Waters Corp., Milford, MA).   

 

Cell Culture  

Caco-2 cells were grown in growth medium (DMEM supplemented with 5% 

FBS, 10 mM HEPES Buffer to pH 7.4, 50 units/mL penicillin, 50 μg/mL 

streptomycin, and 100 μg/mL gentamicin) and were maintained at 37ºC and 5% CO2 

as described previously (37, 38).  Cells used in all experiments were less than 45 

passages.   

 

Cell Counting Assay  

The antiproliferative effects of phenolic acids and insoluble-bound phenolics 

extracts from whole and refined wheat were assessed in Caco-2 cell cultures using the 

previously described methylene blue cell counting assay (39) modified by our lab (37).  

Caco-2 cells were plated at a density of 4 x 104 and 2.5 x 104 cells per well to assess 

cell number after 24 and 96 hours, respectively, and kept at 37˚C in 5% CO2 for 6 

hours.  The medium was then replaced by medium containing phenolic acids or 

insoluble-bound phenolics extracts from whole or refined wheat.  The DMSO and 

HEPES concentrations in the medium containing treatment were 2% and 9.8 mM, 

respectively.  The cells were incubated at 37 ̊ C in 5% CO2 for 24 and 96 hours.  After 

24 and 96 hours, the medium was removed and cells were rinsed one time with PBS to 

remove dead and non-adherent cells.  The cells were then treated with a fixing/staining 

solution containing 0.6% methylene blue (BBL, Cockeysville, MD) and 1.25% 
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glutaldehyde (Sigma-Aldrich, St. Louis, MO) in Hank’s Balanced Salt Solution 

(Invitrogen) at 37˚C for 1 hour.  Cells were rinsed with water and dried.  The 

methylene blue stain was eluted from the cells with an elution solution containing 

ethanol/PBS/acetic acid 50:49:1 v/v/v by agitating the plate for 30 minutes.  The 

optical density was measured by a Dynex Technologies MRX-II microplate reader 

(Dynex Technologies Inc, Chantilly, VA) at 570 nm.  The optical density at 570 nm of 

all controls and treatments was fitted to a standard curve and used to express values as 

cell number.   

 

Cytotoxicity  

The cytotoxic effect of the controls and treatments towards Caco-2 cells was 

determined using the Non-Radioactive Cytotoxicity Assay Kit provided by Promega 

(Promega Corporation, Madison, WI).  The assay assesses lactate dehydrogenase 

(LDH) activity in the culture medium as a result of cell lysis induced by the treatment.  

After treatment with phenolics extracts or controls for 24 or 96 hours, the culture 

medium was collected.  Fifty microliters of substrate/enzyme mix were added to 50 

μL of each sample.  The solution was incubated at room temperature for 30 minutes 

protected from light.  After 30 minutes, the reaction was stopped and the absorbance 

of each solution at 490 nm was recorded.  Values were reported as percent LDH 

activity of the medium control.   

 

Cell Treatment for Western Blotting   

Caco-2 cells were plated in six-well plates at a density of 5 x 105 cells/well and 

kept at 37 ˚C in 5% CO2 for 24 hours.  Two wells were used per treatment.  The cells 

were then rinsed with PBS and the culture medium, culture medium containing the 

phenolics extracts from the insoluble-bound fraction of whole or refined wheat, 
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culture medium containing the solvent (10% sterile water), or culture medium without 

FBS was added to the cells.   

 

Preparation of Cell Lysates  

Cell lysates were prepared using a modification of a previously reported 

method (40).  After 24 or 96 hours, cells were rinsed twice with ice-cold PBS and 

scraped off the plate using a cell scraper.  The cells were then centrifuged at 128 G for 

5 minutes at 4˚C.  After centrifugation, the cells were suspended in RIPA lysis buffer 

containing protease inhibitors (1 μg/mL aprotinin; 1 μg/mL leupeptin; 1 μg/mL 

pepstatin; 400 μM PMSF; 200 μM sodium fluoride; 200 μM sodium orthovanadate).  

The cell suspension was vortexed for 15 seconds and kept on ice for 20 minutes.  The 

solution was then centrifuged at 15000 G for 15 minutes at 4 ˚C.  The supernatants 

were stored in clean Eppendorf tubes at -80˚C until analysis.   

 

Western Blotting    

The total protein content of each sample was determined using a Sigma Total 

Protein Kit (Sigma-Aldrich, St. Louis, MO).  After determination of total protein 

content, 100 μg total protein from each sample was electrophoresed on a 10% w/v 

SDS-polyacrylamide gel.  After electrophoresis, proteins were transferred to a 

nitrocellulose membrane (Sigma Aldrich, St. Louis, MO) and blocked with 3% w/v 

nonfat dry milk in PBS for 1 hour at room temperature.  The membrane was then 

incubated overnight with primary antibodies (anti-PCNA, Calbiochem #NA03 

(1:2000) and anti-β-actin, Sigma A5316-.2ML (1:2000)) for 24 hours at 4˚C.  The 

corresponding secondary antibody (anti-mouse, Cell Signaling #7076 (1:300)) was 

applied in 3% w/v nonfat dry milk at room temperature for 1 hour.  Blots were 

revealed using the Phototope HRP Western Blot Detection System (Cell Signaling, 
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Beverly, MA) and developed using a Kodak Biomax MR Film (Kodak, Rochester, 

NY).  Bands of target proteins were quantified using NIH Image J Software (NIH, 

Atlanta, GA).   

 

Statistical Analysis  

Data were reported as mean ± SD.  One-way ANOVA, Fisher’s comparison 

test, and regression analysis were performed using Minitab Statistical Software v. 15 

(State College, PA).   

 

RESULTS  

 

Total Phenolic Content of Whole and Refined Wheat  

The phenolic content from the free and insoluble-bound fractions of whole and 

refined wheat was determined using the Folin-Ciocalteu Reagent method described by 

Singleton et al. (34).  The free phenolic content of Magnolia and Barretta whole wheat 

was 63.5 and 43.3 mg/100 g, respectively (Figure B.2).  The free phenolic content of 

Magnolia and Barretta refined wheat was 33.0 and 24.6 mg/100 g, respectively.  The 

insoluble-bound fraction of whole wheat had a greater total phenolic content than the 

free fraction (Figure B.2).  The insoluble-bound phenolic content of Magnolia and 

Barretta whole wheat was 95.8 and 97.5 mg/100 g, respectively.  The insoluble-bound 

phenolic content of refined what had a lower total phenolic content than the free 

fraction.  The insoluble-bound phenolic content of Magnolia and Barretta refined 

wheat was 12.8 and 13.8 mg/100 g, respectively.   
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Figure B.2 – Total phenolic content of whole and refined wheat (mean ± standard 
deviation, n = 3).  The total phenolic content of the free and insoluble-bound fraction 
of whole and refined wheat was determined using a modification of the Folin-
Ciocalteu Reagent method (34, 35).  Bars with no letter in common are significantly 
different (p < 0.05).   
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Phenolic Acid Composition of Whole and Refined Wheat  

The phenolic acid composition of whole and refined wheat was determined 

using an rp-HPLC-DAD method.  Ferulic acid was found detected in the free, soluble-

conjugated, and insoluble-bound fractions of whole and refined wheat (Table B.1).  p-

Coumaric acid was detected in the soluble-conjugated and insoluble-bound fractions 

of whole and refined wheat, with the exception of Magnolia whole wheat, in which p-

coumaric acid was also found in the free fraction.  Syringic acid and vanillic acid were 

found in the soluble-conjugated fraction of whole and refined wheat.  Caffeic acid was 

only found in the insoluble-bound fraction of whole wheat and was not found in any 

fraction of refined wheat.   

The milling of whole wheat to refined wheat does not result in equal reduction 

in phenolic composition as can be seen in the representative HPLC chromatograms 

from the insoluble-bound fraction of whole and refined wheat (Figure B.3).  The total 

ferulic acid content of Barretta and Magnolia whole wheat was 335.5 and 325.6 

μmol/100 g, respectively.  The total ferulic acid content of Barretta and Magnolia 

refined wheat was 36.6 and 26.8 μmol/100 g, respectively.  The insoluble-bound 

fraction of whole and refined wheat contained greater than 90% and 70% of the total 

ferulic acid content, respectively.  The insoluble-bound ferulic acid content of Barretta 

and Magnolia whole wheat was 320.2 and 297.0 μmol/100 g, respectively.  The 

insoluble-bound ferulic acid content of Barretta and Magnolia refined wheat was 36.6 

and 26.8 μmol/100 g, respectively.   

The total p-coumaric acid content of Barretta and Magnolia whole wheat was 

25.4 and 30.2 μmol/100 g, respectively.  These values are significantly (p < 0.05) 

different from one another.  The total p-coumaric acid content of Barretta and 

Magnolia refined wheat was 13.5 and 13.1 μmol/100 g, respectively.  In both whole 

and refined wheat, more than half of the total p-coumaric acid content was found in  
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Figure B.3 – Representative HPLC chromatograms from the insoluble-bound fraction 
of whole wheat (A) and refined wheat (B).  Chromatograms were monitored at 282 
nm.  The following peaks were identified using the retention time and absorbance 
spectrum of the pure compound: 1, caffeic acid; 2, p-coumaric acid; and 3, ferulic 
acid.  See Materials and Methods section for further details on chromatographic 
separation of phenolic acids.   
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Table B.1 – Phenolic acid composition of whole and refined wheat.  Values expressed as μmol/100 g (mean ± standard deviation, n 
= 3).  Numbers in parentheses represent percent phenolic acid of whole wheat.  Values with no letter in common within each 
column are significantly different (p < 0.05).  nd – not detected  
 Free Soluble-Conjugated Insoluble-Bound Total 

Ferulic Acid 

Whole Wheat      

Barretta  3.3 ± 1.0 ab 12.0 ± 1.6 b 320 ± 19.4 a 336 ± 20.1 a 

Magnolia  3.8 ± 0.6 a 24.8 ± 6.5 a 297 ± 15.5 a 326 ± 17.7 a 

Refined Wheat      

Barretta  2.4 ± 0.06 b (72.7%) 3.5 ± 0.2 b (29.1%) 30.8 ± 11.2 b (9.6%) 36.6 ± 11.4 b (10.9%) 

Magnolia  2.4 ± 0.05 b (63.2%) 5.2 ± 0.6 b (21.0%) 19.3 ± 5.9 b (6.5%) 26.8 ± 6.0 b (8.2%) 

p-Coumaric Acid 

Whole Wheat      

Barretta  nd 7.1 ± 0.1 a 18.2 ± 1.3 a 25.4 ± 1.2 b 

Magnolia  6.2 ± 0.1 7.1 ± 0.2 a 17.0 ± 1.4 a 30.2 ± 1.6 a 

Refined Wheat      

Barretta  nd 6.0 ± 0.02 b (84.5%) 7.5 ± 0.03 b (41.2%) 13.5 ± 0.06 c (53.1%) 

Magnolia  nd 6.1 ± 0.04 b (94.4%) 7.0 ± 0.3 b (41.2%) 13.1 ± 0.3 c (43.4%) 
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Table B.1 (continued)  
 Free Soluble-Conjugated Insoluble-Bound Total 

Syringic Acid 

Whole Wheat      

Barretta  nd 7.8 ± 1.2 a nd 7.8 ± 1.2 a 

Magnolia  nd 5.4 ± 0.8 b nd 5.4 ± 0.8 b 

Refined Wheat      

Barretta  nd 3.2 ± 0.3 c (41.0%) nd 3.2 ± 0.3 c (41.0%) 

Magnolia  nd 2.6 ± 0.04 c (48.1%) nd 2.6 ± 0.04 c (48.1%) 

Vanillic Acid 

Whole Wheat      

Barretta  nd 4.7 ± 1.7 a nd 4.7 ± 1.7 a 

Magnolia  nd 3.3 ± 0.5 ab nd 3.3 ± 0.5 ab 

Refined Wheat      

Barretta  nd 1.0 ± 0.1 bc (21.3%) nd 2.0 ± 0.1 bc (21.3%) 

Magnolia  nd 0.7 ± 0.3 c (21.2%) nd 0.7 ± 0.3 c (21.2%) 
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Table B.1 (continued)  
 Free Soluble-Conjugated Insoluble-Bound Total 

Caffeic Acid 

Whole Wheat      

Barretta  nd nd 8.3 ± 1.0 a  8.3 ± 1.0 a  

Magnolia  nd nd 5.8 ± 1.1 b  5.8 ± 1.1 b  

Refined Wheat      

Barretta  nd nd nd nd 

Magnolia  nd nd nd nd 

Σ Phenolic Acids  

Whole Wheat      

Barretta  3.3 ± 1.0 b  31.6 ± 3.5 a 347 ± 20.8 a  382 ± 22.5 a  

Magnolia  10.0 ± 0.7 a 40.6 ± 7.5 a 320 ± 17.8 a  370 ± 21.3 a  

Refined Wheat      

Barretta  2.4 ± 0.06 b (72.7%)  13.6 ± 0.6 b (43.0%) 38.3 ± 11.1 b (11.0%) 54.3 ± 11.5 b (14.2%) 

Magnolia  2.4 ± 0.05 b (24.0%) 14.5 ± 1.0 b (35.7%) 26.3 ± 6.2 b (8.2%)  43.1 ± 6.2 b (11.6%) 
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the insoluble-bound fraction.  The insoluble-bound p-coumaric acid content of 

Barretta and Magnolia whole wheat was 18.2 and 17.0 μmol/100 g, respectively.  The 

insoluble-bound p-coumaric acid content of Barretta and Magnolia refined wheat was 

7.5 and 7.0 μmol/100 g, respectively.  The soluble-conjugated p-coumaric acid content 

of Barretta and Magnolia whole wheat was 7.1 μmol/100 g for both wheat varieties.  

The soluble-conjugated p-coumaric acid content of Barretta and Magnolia refined 

wheat was 6.0 and 6.1 μmol/100 g, respectively.   

The syringic acid content of Barretta and Magnolia whole wheat was 7.8 and 

5.4 μmol/100 g, respectively.  These values were significantly (p < 0.05) different 

from one another.  The syringic acid content of Barretta and Magnolia refined wheat 

was 3.2 and 2.6 μmol/100 g, respectively.  The vanillic acid content of Barretta and 

Magnolia whole wheat was 4.7 and 3.3 μmol/100 g, respectively.  The vanillic acid 

content of Barretta and Magnolia refined wheat was 1.0 and 0.7 μmol/100 g, 

respectively.   

The caffeic acid content of Barretta and Magnolia whole wheat was 8.3 and 5.8 

μmol/100 g, respectively.  These values were significantly (p < 0.05) different from 

one another.   

 

Effect of Phenolic Acids and Phenolics Extracts from Insoluble-Bound 

Fraction of Whole and Refined Wheat on Caco-2 Cell Number  

Caco-2 cells were seeded at different densities and counted using the modified 

methylene blue stain assay as previously reported (37) and described in the Materials 

and Methods section of this paper.  A standard curve was produced and used to 

quantify cell numbers before and after treatment.  The standard curve produced was 

similar to that reported by Felice et al. (37) and had an R2 value of 0.9919 (Figure 

B.4). The growth curve of Caco-2 cells in a 96-well plate showed a significant 
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Figure B.4 – Caco-2 cell standard curve.  Caco-2 cells were seeded at densities 
ranging from 0.5 – 5 x 104 cells/well.  Six hours later, cells were rinsed with PBS and 
treated with the methylene blue fixing/staining solution as described in the Materials 
and Methods section of this paper.  The dye was eluted from the cells with elution 
solution containing ethanol/PBS/acetic acid 50:49:1 v/v/v and the absorbance at 570 
nm was determined.  The standard curve was used to convert absorbance values of 
treatments and controls to cell number.   

  

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0 1 2 3 4 5 6

Number of Caco-2 Cells  (104) 

A
bs

or
ba

nc
e 

at
 5

70
 n

m

R2 = 0.9919



178 
 

increase in the number of Caco-2 cells after 24 hours when cells are seeded at a 

density of 4 x 104 cells/well (Figure B.5).  Further, a linear increase in Caco-2 cell 

number was observed from 0 to 72 hours when cells were seeded at a density of 2.5 x 

104 cells/well (Figure B.5).   

Caco-2 cell cultures were treated with ferulic, p-coumaric, and caffeic acids at 

a concentration of 50 μM.  The total Caco-2 cell number after treatment with each 

phenolic acid was assessed using a modification of the methylene blue stain assay 

after 24 and 96 hours.  All phenolic acids (ferulic acid, p-coumaric acid, and caffeic 

acid) significantly (p < 0.05) reduced the number Caco-2 cells after 24 compared to 

the medium control.   However, only p-coumaric acid significantly (p < 0.05) reduced 

the number of Caco-2 cells after 96 hours at a concentration of 50 μM.  Ferulic acid 

and caffeic acid significantly (p < 0.05) reduced the number of Caco-2 cells after 96 

hours at a concentration of 500 μM (Figure B.6).  The solvent control, 2% DMSO in 

growth medium, significantly (p < 0.05) reduced the number of Caco-2 cells betwee 

24 and 96 hours.   

Caco-2 cell cultures were treated with phenolics extractions from the 

insoluble-bound fraction of whole and refined wheat at a concentration of 100 mg/mL.  

The total Caco-2 cell number after treatment with each phenolic acid was assessed 

using a modification of the methylene blue stain assay after 24 and 96 hours.  

Phenolics extracts from the insoluble-bound fraction of whole wheat significantly (p < 

0.05) reduced the number of Caco-2 cells to 63.0 and 61.6% of the medium control 

after 24 hours and 77.8 and 78.9% of the medium control after 96 hours for Barretta 

and Magnolia, respectively (Table B.2).  Phenolics extracts from the insoluble-bound 

fraction of refined wheat did not reduce the number of Caco-2 cells between 24 or 96 

hours.  The solvent control, 10% v/v sterile water in growth medium, did not 

significantly (p > 0.05) alter cell number between 24 or 96 hours.  The FBS control,  
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                   (A)  

 

                  (B) 

 

Figure B.5 – Caco-2 cell growth curve in 96-well plate.  Caco-2 cells were seeded at 
densities of 4 x 104 (A) and 2.5 x 104 (B) cells/well in 5 separate 96-well plates, one 
plate for each time point. Cells were counted using the modified methylene blue stain 
cell counting assay described in the Materials and Methods section of this paper.  
*Indicates no significant difference (p > 0.05) from the cell number 24 hours prior.    
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Figure B.6 – Number of Caco-2 cells after 96 hours of treatment with different 
concentrations of phenolic acids (mean ± standard deviation, n = 3).  Caco-2 cells 
were seeded at a density of 2.5 x 104 cells/well.  Six hours after seeding, the cells were 
incubated with phenolic acid in at concentrations ranging from 25 to 500 μM in 2% 
v/v DMSO in growth medium.  The cell number after 96 hours was determined using 
the modified methylene blue stain assay.  *Indicates significant difference from the 
medium control (p < 0.05).   
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Table B.2 – Effects of phenolics extracts from the insoluble-bound fraction of whole 
and refined wheat on proliferation of Caco-2 cell cultures using a modified methylene 
blue stain assay after 24 and 96 hours.  Values reported as cell number (mean ± SD, n 
≥ 3).  Percent of the medium control is in parentheses.   
 24 Hours  96 Hours 

 Cell number (104)  Cell number (104) 

Medium Control  7.3 ± 0.7  9.0 ± 0.8 

    

FBS Control § 5.9 ± 0.6 (79.2%)  7.6 ± 0.2 (83.6%) 

    

Solvent Control ‡ 7.6 ± 0.6 (104.2%)  9.5 ± 0.9 (104.2%) 

    

Refined Wheat †    

Barretta  7.1 ± 1.3 (96.6%)  8.8 ± 1.1 (97.8%) 

Magnolia  7.0 ± 1.6 (96.3%)  8.9 ± 0.9 (99.6%) 

    

Whole Wheat †     

Barretta  4.6 ± 0.2 (59.9%) *  7.0 ± 2.1 (76.6%) * 

Magnolia  4.5 ± 1.2 (59.0%) *  7.1 ± 1.4 (78.2%) * 
Caco-2 cells were seeded at a density of 4 x 104 cells/well for cell counting after 24 
hours or 2.5 x 104 cells/well for cell counting after 96 hours.  Six hours after seeding, 
the cells were incubated with growth medium, growth medium without FBS, 10% v/v 
sterile water in growth medium, or 100 mg/mL insoluble-bound phenolics extract in 
10% v/v sterile water in growth medium.  The cell number after 24 and 96 hours was 
determined using the modified methylene blue stain assay described in the Materials 
and Methods section of this paper.   
‡ 10% v/v sterile water in growth medium  
§ Growth medium without FBS  
† Phenolic extracts were delivered at a sample concentration of 100 mg/mL   
* Within each column indicates a significant difference from the medium control at p 
< 0.05   
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growth medium without FBS, reduced the number of Caco-2 cells after 24 and 96 

hours but the reduction in cell number was not significant (p > 0.05) (Table B.2).   

 

LDH Activity  

LDH activity was assessed as a marker of cytotoxicity using the Non-

Radioactive Cytotoxicity Assay from the Promega Corporation.  Cells were treated in 

the absence of phenol red and at a FBS concentration of 5% v/v or less, as these two 

factors interfere with optical density readings by providing background absorbance.  

None of the treatments had significantly more LDH activity than the medium control 

after 24 hours, though the FBS control and the refined wheat treatment had 

significantly (p < 0.05) less LDH activity than the medium control.  After 96 hours, 

the FBS control, growth medium without FBS, had significantly (p < 0.05) more LDH 

activity than the medium control.  The solvent control, 10% sterile water v/v in growth 

medium, had significantly (p < 0.05) less LDH activity (Figure B.7).  After 24 and 96 

hours, the LDH activity of the whole wheat treatment was similar to that of the 

medium control.  

 

 PCNA Expression 

PCNA expression is commonly used as a marker of reduced cell proliferation 

both in vitro and in vivo (29-32).  In this study, PCNA expression was determined 

using a Western blot method with primary antibodies against PCNA and β-actin.  

PCNA expression was expressed relative to β-actin expression and the values were 

reported as a percent of the medium control.  There was no significant (p > 0.05) 

change to PCNA expression after 24 or 96 hours in any of the controls or treatments 

(Figure B.8).   
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Figure B.7 – Effects of phenolics extracts from the insoluble-bound fraction of whole 
and refined wheat on LDH Activity in Caco-2 cells.  Values reported as percent 
medium control (mean ± standard deviation, n = 3).  Caco-2 cells were seeded at a 
density of 4 x 104 cells/well or 2.5 x 104 cells/well in a 96-well plate.  Six hours after 
seeding, the cells were incubated with growth medium, growth medium without FBS, 
10% v/v sterile water in growth medium, or 100 mg/mL insoluble-bound phenolics 
extract in 10% v/v sterile water in growth medium.  All controls and treatments were 
prepared in the absence of phenolic red.  After 24 or 96 hours, the medium was 
collected.  LDH activity was determined as described in the Materials and Methods 
section of this paper.  * Indicates a significant difference from the medium control at 
the respective time point (p < 0.05).   
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Figure B.8 – Effects of phenolics extracts from the insoluble-bound fraction of whole 
and refined wheat on PCNA expression after 24 hours.  Caco-2 cells were incubated 
with phenolics extracts from the insoluble-bound fraction of whole or refined wheat 
(100 mg/mL), growth medium, growth medium without FBS, or 10% v/v sterile water 
in growth medium.  Cytoplasmic fractions were analyzed by Western blotting (40) 
using antibodies against PCNA and β-actin.   MC, medium control; FC, FBS control; 
SC, solvent control; RW, refined wheat (100 mg/mL); WW, whole wheat (100 
mg/mL).   
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DISCUSSION  

 

Total Phenolic Content and Phenolic Acid Composition of Whole and Refined 

Wheat.   

In Chapter 3 of this thesis, I reported the total phenolic content and phenolic 

acid composition of whole and refined wheat from the free, soluble-conjugated, and 

insoluble-bound fractions (33).  In the present study, the total phenolic content and 

phenolic acid composition of two varieties of whole and refined wheat were reported.  

The data reported here suggest that the milling of whole wheat to refined wheat 

reduces the free phenolic content by nearly 45% and the insoluble-bound phenolic 

content by nearly 85%.  The data I report in this study are in general agreement with 

data I reported in Chapter 3 of this thesis and other studies (35).   

The effect of milling on individual phenolic acids varies.  The milling of whole 

wheat to refined wheat is responsible for a 92% reduction in the insoluble-bound 

ferulic acid content, a 59% reduction in the insoluble-bound p-coumaric acid content, 

and the elimination of any caffeic acid found in whole wheat.  As the percent 

reduction of the insoluble-bound phenolic content and the insoluble-bound ferulic acid 

content are similar, this suggests that ferulic acid is predominant insoluble-bound 

phenolic compound in whole wheat, a finding which is supported by previous 

literature (10, 13).     

 

Antiproliferative Activities of Phenolic Acids and Grain Extracts.    

A modified methylene blue stain assay was used to count cells after treatment 

with phenolic acids or phenolic extracts from the insoluble-bound fraction of whole 

wheat and refined wheat.  This modified methylene blue stain assay has particular 

advantages over the more commonly used Trypan Blue stain method because 
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significant (p < 0.05) differences in cell number can be observed 24 hours after plating 

the cells (37).  Use of the Trypan Blue stain method may indicate a false lag phase in 

cell growth at 24 hours.   

The present study reports the abilities of the phenolic acids found in the 

insoluble-bound fraction of whole and refined wheat (ferulic acid, p-coumaric acid, 

and caffeic acid) to reduce Caco-2 cell number after 24 and 96 hours.  p-Coumaric 

acid was the most potent inhibitor of cell proliferation after 96 hours and was able to 

significantly (p < 0.05) reduce Caco-2 cells cell numbers after 24 and 96 hours 

compared to the medium control.  Ferulic acid and caffeic acid significantly (p < 0.05) 

reduced the number of Caco-2 cells after 24 hours, however the effect of ferulic acid 

and caffeic acid on Caco-2 cell number was attenuated after 96 hours.  This is 

consistent with data reported regarding the antiproliferative activity of ferulic acid at 

50 μM in HT-29 and SW480 colon cancer cell lines (19).  Janicke et al (2005) 

reported that p-coumaric acid significantly inhibited the proliferation of Caco-2 cells 

after 24 and 72 hours at 1500 μM.  The present study reports the significant (p < 0.05) 

antiproliferative activity of p-coumaric acid at 50 μM. Phenolic acids have also been 

reported to reduce the number of non-epithelial cells but at lower concentration (18, 

21).   

The present study reports the abilities of phenolics extracts from the insoluble-

bound fraction of whole and refined wheat to reduce Caco-2 cell number after 24 and 

96 hours.  Phenolics extracts from the insoluble-bound fraction of whole wheat but not 

refined wheat reduced the number of Caco-2 cells after 24 and 96 hours compared to 

the medium control.  However, phenolics extracts from the insoluble-bound fraction of 

refined wheat did not have similar effects on Caco-2 cells after 24 and 96 hours.   

Data regarding the antiproliferative effect of phenolics extracts from whole 

grains or milled fractions of whole grains is lacking.  Hudson et al. reported that 
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phenolics extracts from rice bran extract exhibited significant (p < 0.05) 

antiproliferative activity towards two colon cancer cell lines (19).  In Chapter 3 of this 

thesis, I reported that phenolics extracts from the insoluble-bound fraction of whole 

wheat and its milled fractions (bran/shorts, germ, and endosperm) had significant (p < 

0.01) antiproliferative activity towards HepG2 cells at 10 mg/mL (33).   

 

Reduction in Cell Number and Cytotoxic and Antiproliferative Effects towards 

Caco-2 Cells  

In the present study, a cell counting assay, cytotoxicity assay, and Western 

blotting method were used to assess the effect of phenolics extracts from the insoluble-

bound fraction of whole and refined wheat on Caco-2 colon cancer cells.  The cell 

counting assay showed that the number of Caco-2 cells increased 24 and 96 hours 

after adding fresh culture medium (5% FBS-DMEM) to the cells (Figure B.5).  When 

Caco-2 cells were grown in the absence of FBS, the cell number was reduced to 79.2% 

and 83.6% of the medium control after 24 and 96 hours, respectively (Table B.2).  

The reduction in cell number was accompanied by a significant (p < 0.05) increase in 

LDH activity after 96 hours (Figure B.7), indicating a significant increase in cell 

death.  The reduction in cell number and the increase in LDH activity after treatment 

with culture medium without FBS suggest that the decrease in cell number observed 

after 96 hours is due to cell death.   

Phenolics extracts from the insoluble-bound fraction of whole wheat 

significantly (p < 0.05) reduced the number Caco-2 cells to 59.5% and 74.7% of the 

medium control after 24 and 96 hours, respectively (Table B.2).  However, there was 

no significant increase in LDH activity in the culture medium after 24 and 96 hours 

(Figure B.7), suggesting that there is no significant increase in cell death.  These data 

suggest that the reduction in cell number upon treatment with phenolics extracts from 
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the insoluble-bound fraction of whole wheat may not be due to the cytotoxic effects of 

the treatment.   

PCNA expression is generally used as a marker of antiproliferative activity 

(29-32).  There was no significant decrease in PCNA expression observed in cells 

treated with phenolics extracts from the insoluble-bound fraction of whole wheat or 

culture medium without FBS (Figure B.8).  It is important to note that the Caco-2 

cells still proliferated even after treatment with phenolics extracts from the insoluble-

bound fraction of whole wheat or culture medium without FBS (Table B.2).   This 

suggests that PCNA is still being expressed in these Caco-2 cells treated with the 

phenolics extracts or growth medium lacking FBS.  Though the expression of PCNA 

may be decreased in cells treated with phenolics extracts from the insoluble-bound 

fraction of whole wheat and culture medium without FBS the Western blot method 

used in the present study may not be able to detect minor changes in PCNA 

expression.  Previous studies have used immunohistochemical and microscopic 

methods to determine the relative PCNA expression (29, 41-44).  The combination of 

immunohistochemistry and microscopy allows for a larger sample size and relative 

ease of quantification.   

 

The Significance of This Study  

The large intestine has a volume of 200 mL (20).  Therefore, the 100 mg/mL 

dose of phenolics extract from the insoluble-bound fraction of whole wheat used in the 

present study is equal to consumption of 20 g whole wheat in the large intestine.  

Based on the data provided in Table B.1, consumption of 20 g whole wheat would 

provide roughly 308, 18, and 7 μM ferulic acid, p-coumaric acid, and caffeic acid to 

the large intestine, respectively.  Further, consumption of 20 g of refined wheat would 

provide roughly 25 and 7.2 μM ferulic acid and p-coumaric acid, respectively.  Ferulic 
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acid, p-coumaric acid, and caffeic acid do not have any significant antiproliferative 

activity in Caco-2 cells at these concentrations.  The sum of the phenolic acids in the 

insoluble-bound fraction of whole or refined wheat (Table B.1) is correlated with the 

Caco-2 cell number expressed as a percent of the medium control after 96 hours (R2 = 

0.9856).  These data together suggest that the reduction in cell number after treatment 

with phenolics extracts from the insoluble-bound fraction of whole wheat is due to the 

synergistic role of phenolic acids in the inhibition of cell proliferation as previously 

suggested (8).   

In Chapter 3 of this thesis, I reported that insoluble-bound fraction of whole 

wheat and its milled fractions (bran/shorts, germ, and endosperm) had significant (p < 

0.01) antiproliferative activity at 10 mg/mL in HepG2 cells (33).  These data suggest 

that both whole wheat and refined wheat are able to protect against cancer by 

inhibiting the proliferation of cancer cells.  It is important to note that cells derived 

from an environment that is high in dietary components may be able to tolerate higher 

concentrations of dietary compounds (20).  This may partially explain why relatively 

low concentrations of phenolic acids and phenolics extracts were able to inhibit the 

proliferation of T47D breast cancer cells and ECV304 umbilical vein endothelial cells 

(18, 21).  Based on these studies and the data I report in this thesis, I suggest that cells 

derived from the intestinal epithelium should be used to investigate the potential of 

phenolics extracts from the insoluble-bound fraction of grains to protect against colon 

cancer.     

 

Summary   

The milling of whole grains to refined grains is an important step in the 

production of grain based food products.  As a result of milling, phenolic compounds 

from the insoluble-bound fraction of the grain are lost.  The present study shows that 
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phenolic extracts from the insoluble-bound fraction of whole wheat, but not refined 

wheat, can significantly (p < 0.05) reduce the number of Caco-2 colon cancer cells 

after 24 and 96 hours compared to the medium control.  This reduction in cell number 

is not due to the cytotoxic effects of the treatments.  The reduction in cell number may 

be due to the antiproliferative effects of the treatments.  To our knowledge, this is the 

first study to report the antiproliferative activity of the insoluble-bound fraction of 

whole or refined wheat in a human colon cancer cell line.  Though the exact 

mechanism is unclear, the data suggest that phenolic acids found in the insoluble-

bound fraction of whole wheat work synergistically to inhibit the proliferation of 

colon cancer cells.  The data presented in the paper support the hypothesis that whole 

grain consumption may prevent against colon cancer compared to refined grains and 

also support numerous epidemiological studies that have linked increased whole grain 

consumption to reduced risk of colon cancer (2-4).  The present study underscores the 

importance of whole grain consumption.   
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