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Abstract 

Since observational studies have consistently shown an inverse relationship of 

whole grain consumption and risks for chronic diseases, the 2010 US dietary 

guidelines recommend the daily consumption of at least three whole grain 

servings. It is assumed that that both dietary fiber and, potentially even more 

important, whole grain phytochemicals contribute to the exerted health benefits. 

Because little is known about the contribution of individual phytochemicals to 

whole grain bioactivities, the aim of this thesis was to use activity-guided 

fractionation to identify major contributors of wheat to select in vitro bioactivities. 

Three wheat varieties (BacUp, blue wheat and Wheaton) were screened for in 

vitro antioxidant activity and blue wheat was additionally screened for starch 

digestion inhibitory compounds. Overall, the profiles of the dominant antioxidants 

in the three wheat varieties were very similar, with the exception of anthocyanins, 

which are only present in the pigmented blue wheat. One novel compound, -D-

glucopyranosyl-(16)--D-glucopyranosyl-(16)-(4-hydroxy-3-methoxy-phenyl)-

-D-glucopyranoside, with potent in vitro antioxidant activity was identified in all 

varieties. A minor constituent of blue wheat, 1-(3,5-dihydroxyphenyl)heneicosan-

2-one, was shown to substantially reduce the in vitro activity of α-amylase. In 

addition, certain fatty acids were demonstrated to reduce in vitro amylose 

digestion by α-amylase; however, this effect is most likely due to the formation of 

starch-fatty acids clathrates and not to an inhibition of the enzyme. 
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Chapter 1 

Introduction 
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Observational studies have consistently shown an inverse relationship of whole 

grain consumption and a reduced risk for chronic diseases such as cancers of 

the digestive tract, coronary heart disease and type 2 diabetes mellitus. This risk 

reduction is mainly ascribed to two groups of grain components that are found in 

higher amounts in whole grains than in refined grains: dietary fiber and 

phytochemicals. While the initial work mostly focused on dietary fiber, 

phytochemicals have gained more attention in the recent two decades. However, 

studies on the effects of phytochemicals are difficult due to the plethora of 

phytochemicals in whole grains. When potential bioactive effects of 

phytochemicals are investigated, it is therefore current practice to either study 

crude plant extracts or a selection of commercially available phytochemicals. The 

technique of activity-guided fractionation provides an alternative approach, which 

does not limit itself to commercially available compounds but includes all 

extractable phytochemicals. However, different from testing just crude extracts it 

finally identifies defined compounds responsible for a certain effect in an in vitro 

test system.  

The aim of this thesis was to demonstrate the applicability of the activity-guided 

fractionation approach to the analysis of whole grains of three different wheat 

varieties for two activities of interest: antioxidant activity and inhibition of α-

amylase catalyzed starch digestion.  
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Chapter 2 

Literature Review 
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2.1 Whole grains and health 

 

“Let them eat cake” 

attributed to Marie Antoinette 

 

The long version of this quote goes: “I recalled (…) a great princess who was told 

that the peasants had no bread, and who responded: "Let them eat brioche»” 

and can be found in the memoires of Jean-Jacques Rousseau (1). The phrase is 

now commonly, though probably incorrectly, associated with the later beheaded 

queen of France and used to indicate how out of touch she was with the lives of 

ordinary citizens. The false association with Marie Antoinette and the disregard 

for the needs of peasants are, however, not the only things wrong with the 

prompt to eat more cake and less bread.  

In the late 18th century refined wheat flour products were almost exclusively 

consumed by the aristocracy, and peasants’ bread was mostly made from coarse 

barley and rye flour (2). Improvements in milling technology driven by the desire 

for refined grain products have changed their availability. As a result, today, more 

than 200 years after the French revolution, most of the commercially available 

grain products in the industrialized countries are made with refined flour. 

However, over the last decades, scientific evidence has accumulated indicating 

that the frequent consumption of whole grain products has beneficial effects for 

people’s health. As a consequence, grain products form the basis of every major 
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diet associations’ recommended diet and consumers are urged to consume them 

primarily as whole grains. Actual recommendations for daily whole grain intakes 

vary among countries. Desserts such as cakes, on the other hand, are advised to 

be eaten in moderate amounts.  

The 2010 US dietary guidelines recommend that at least half of the six servings 

of grains consumed daily is in the whole grain form (3). Data from observational 

studies form the basis for this recommendation. Whole grain consumption is 

assumed to reduce the risk for various chronic diseases such as heart disease, 

certain types of cancers, and type 2 diabetes mellitus. These diseases have in 

common that they progress slowly over a relatively long time, and that lifestyle 

factors play a role in their etiology. There are several plausible hypotheses about 

how whole grains lower the risk for the mentioned diseases. These hypotheses 

based on the outcomes of the observational studies led to in vitro studies and 

animal experiments investigating possible mechanisms. 

In the following a brief summary of the current scientific knowledge regarding 

beneficial effects of consumption of whole grain products is given. 

2.1.1 Whole grain definition 

Milling leads to three main fractions of the cereal kernel: the bran, the starchy 

endosperm and the germ (4). Depending on the milling process, the germ can 

also be part of the bran. Although botanically the aleurone layer is part of the 

endosperm, it is removed during milling and only the starchy endosperm is used 

for refined flour products.  
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According to the widely accepted definition of whole grain developed by the 

American Association of Cereal Chemists International, “whole grain shall consist 

of the intact, ground, cracked, or flaked caryopsis (kernel or seed), whose 

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

present in the same relative proportions as they exist in the intact caryopsis” (5, 

6). Hence, the grains do not need to be physically intact, although this may have 

beneficial effects in terms of glycemic response (see chapter 2.1.4.1). The 

definition was later revised to include pseudo-cereals, which belong to plant 

families other than the “grass family” Poaceae, but are similar in macronutrient 

composition and have traditionally been used in similar ways. Examples for 

pseudo-cereals are amaranth (Amaranthaceae) and buckwheat (Polygonaceae). 

The Food and Drug Administration has approved a health claim for whole-grain 

foods with a whole-grain content of more than 51% by weight: “Diets rich in 

whole grain foods and other plant foods and low in total fat, saturated fat, and 

cholesterol may reduce the risk of heart disease and some cancers” (7). 

However, there is scientific disagreement about whether to set the weight 

percentage of the total weight as the standard, because this favors products with 

low water content (8). It has been argued that bread containing non-grain 

ingredients such as fruits and seeds could not be labeled as whole grain due to 

its water content, even if the flour used is only whole grain (8). Alternatives to this 

labeling issue, for instance that a food product must contain at least 8 g of whole 

grain per labeled serving (8), are currently being discussed.   
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2.1.2 Whole grains and cancer risk 

Cancer is the second-leading cause of death in the United States (9). The 

strongest association between whole grain consumption and cancer risk is found 

for cancers of the digestive tract, especially for colon cancer, the third most 

common cancer in the US (10). However, the epidemiological data are rather 

inconsistent. Case-control studies have often shown a risk reduction for colon 

cancer by whole grain consumption (11), while prospective studies have given 

mixed results (12-16). A recent meta-analysis of seven prospective cohort 

studies (13, 14, 16-20) found a summary risk reduction for both colon and rectal 

cancer; however, the results for rectal cancer were not statistically significant 

(21). Figure 1 shows the relative risks outcomes from select epidemiological 

studies for colorectal cancer as influenced by whole grain consumption. Whole 

grain consumption may also reduce the risk for other cancers of the digestive 

system, such as cancers of the upper aerodigestive tract (22). 

 
Study name Relative risk 

(95% CI) 
Relative risk 

(95% CI) 
Nurses’ Healty Study (17) 

 

0.83 (0.70-0.99) 

Health Professionals Follow-up (17) 0.86 (0.70-1.05) 

Diet, Cancer and Health cohort study (18) 0.87 (0.78-0.96) 

NIH-AARP (13) 0.73 (0.63-0.84) 

Iowa Women’s Health Study (19) 0.79 (0.66-0.94) 

Swedish Mammography Cohort (16) 0.93 (0.80-1.08) 

Overall 0.83 (0.78-0.89) 

Figure 1. Whole grain consumption and risk for colon cancer. Adapted from Aune et al. 
(21) (NIH-AAR = National Institutes of Health ( formerly known as the American 

Association of Retired Persons) Diet and Health Study). 
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2.1.3 Whole grains and cardiovascular disease 

The term cardiovascular disease (CVD) refers to a group of disorders of the heart 

and/or blood vessels. Heart attacks and strokes are possible consequences of 

cardiovascular disease. Coronary heart disease, a disease where vessels 

supplying the heart (coronary arteries) are narrowed, and cerebrovascular 

disease are examples of CVD. CVD is the number one cause of death and 

disability in the United States and accounts for about one third of all deaths (23). 

There is convincing scientific evidence that whole grain consumption lowers the 

risk for coronary heart disease (CHD). The most recent epidemiological data 

about the relation between whole grain consumption and CHD disease come 

from five large prospective cohort studies: The Health Professionals Follow-up 

Study (24), the Iowa Womens’ Health Study (25), the Alpha-Tocopherol, Beta-

Carotene (ATBC) Cancer Prevention Study (12), the US Nurses’ Health Study 

(26) and the Norwegian County Study (27). All of these studies observed that 

subjects who consume high amounts of whole grain have significantly lower rates 

of CHD. However, most studies do not report a risk reduction for stroke with 

increasing whole grain intake. In the US Nurses’ Health Study, the inverse 

relation seen between whole grain intake and stroke risk was not statistically 

significant after adjustment for several whole grain constituents, i.e. folate, 

magnesium, and dietary fiber (28). The Atherosclerosis Risk In Communities 

(ARIC) study only found a significantly reduced risk for incident coronary artery 

disease and total mortality, but not for stroke (29).  
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It should be noted that in many studies even subjects in the highest quintiles of 

whole grain consumption consumed, on average, less than the recommended 

amount of whole grains. For instance, the current average daily intake in the 

United States is less than 1 serving per day, and fewer than 10% of the 

population consumes the recommended 3 servings per day (30). Therefore, the 

actual risk reductions exerted by whole grain intake may even be higher when 

recommended amounts are consumed.   

The regular consumption of whole grain has also been linked to a reduction of 

several risk factors for heart diseases, such as body mass index (BMI) (31) and 

hypertension (32). Whole grain consumption also lowers homocystein levels, a 

known risk factor for CHDs (33).  

To date, there has been only one controlled trial examining the rate of 

reinfarction for subjects advised to consume more cereal fiber, which would 

probably lead to increased intake of whole grains (34). This study failed to find a 

lowered rate of recurrences among this group of subjects. However, the study 

has been criticized for several weaknesses such as not controlling compliance to 

dietary recommendations. Moreover, the influence of environmental factors in 

secondary prevention may be weaker than in a primary prevention trial, making it 

more difficult to establish an association (35).  

2.1.4  Whole grains and type 2 diabetes mellitus 

Diabetes is characterized by the body’s inability to produce sufficient amounts of 

insulin or insufficient insulin action. The disease reduces quality of life and 
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increases risk of morbidity and mortality, for instance the risk for cardiovascular 

complications. In contrast to type 1 diabetes, type 2 diabetes mellitus (T2DM) 

usually develops in adulthood, and is nowadays the predominant form of 

diabetes worldwide and a major public health concern (36). It is estimated that 

366 million people worldwide suffered from this condition in 2011, and that the 

number is expected to rise to over 400 million people by 2030 (37, 38). Thanks to 

progress in medicine, diabetes is a manageable disease nowadays. However, 

the best strategy against diabetes is to prevent its development. The parallel rise 

of diabetes and obesity has prompted the hypothesis that diet patterns can play a 

role in diabetes development – or in its prevention, depending on the diet. Whole 

grain consumption has been shown to reduce the risk for developing T2DM in 

several epidemiological studies (39-42), as shown in Figure 2, adapted from de 

Munter et al. (43).  

Study name Relative risk 
(95% CI) 

Relative risk 
(95% CI) 

Iowa Women’s Health Study (39) 

 

0.85 (0.75-0.96) 

Health Professionals Follow-up Study (40) 0.80 (0.71-0.90) 

Finnish Mobile Clinic Health Examination (42) 0.90 (0.81-1.01) 

Black Women's Health Study (41) 0.65 (0.55-0.78) 

Nurses’ Health Study I (43) 0.70 (0.62-0.79) 

Nurses’ Health study II (43) 0.83 (0.69-0.98) 

 
Overall 

 
0.79 (0.72-0.87) 

  

 
Figure 2. Relation of whole grain intake and type 2 diabetes mellitus. Adapted from de 

Munter et al. (43). 
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Four large prospective cohort studies that included obese subjects with at least 

one risk factor for T2DM (overweight, abdominal obesity, insulin resistance and 

impaired glucose tolerance) reported a reduced risk of T2DM for people with a 

high whole grain intake (39-41, 44). In addition, other studies (45-47) have 

reported an association between whole grain intake and decreased insulin 

sensitivity. Whole grains are higher in dietary fiber and their consumption leads to 

satiety faster, thus decreasing energy intake (48). A meta-analysis concluded 

that whole grain cereals are associated with lower BMI, lower waist 

circumference and a lower risk for being overweight (49). The intake of whole 

grains is also related to lower 10-year weight gain (50). 

Whole grain consumption may also reduce the development of vascular 

complications in diabetes. Higher intakes of bran were associated with reduced 

all-cause and cardiovascular disease mortality risk in female T2DM patients in 

the Nurses’ Health Study (51). Qi et al. showed that whole grain consumption 

was associated with lower amounts of the diabetes risk factors C-reactive protein 

and tumor necrosis factor α for the same cohort (52). Lutsey et al. reported lower 

insulin and C-reactive protein levels as well as incidences of impaired fasting 

glucose in subjects consuming more whole grains in the Multi-Ethnic Study of 

Atherosclerosis (MESA) study (53). This cohort contains equal amounts of 

subjects with different ethnicity (white, black, Hispanic, and Chinese). In this 

study, no association was seen between whole grain intake and subclinical 

atherosclerosis. However, average whole grain consumption of all participants 
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and of participants in the highest quintile fell well below the recommended 

amounts (0.5 and 1.39 servings/day). Jang et al. conducted a randomized clinical 

trial in Korea, where they tested if whole grain and legume consumption had an 

effect on CHD risk factors in CHD patients (54). Several of these risk factors are 

also risk factors for diabetes, such as serum insulin and glucose levels. Both of 

these parameters were lowered after whole grain consumption, as were their 

areas under the curve after an oral glucose tolerance test. This test measures 

the glycemic response to a food as explained in more detail in the next chapter. 

2.1.4.1  Glycemic index  

The glycemic index (GI) of a food is defined as the incremental area under the 

blood glucose curve after consuming 50 g of the respective food, in comparison 

to ingesting 50 g of glucose (GI 100) (55). Bread made of refined wheat flour has 

a GI of 70 (56). Especially when testing diabetes patients, white bread is often 

used instead of glucose, and then the GI of white bread is set to 100. The GI of 

whole grain products varies considerably. Particle size of the kernels seems to 

have an effect, as low GIs are found for products containing the whole, cracked 

or flaked kernel (57). Larger particles are more difficult for digestive enzymes to 

penetrate, especially if starch granules are physically trapped by surrounding cell 

walls, which cannot be degraded by human intestinal enzymes. Also, the viscous 

mixed-linked -glucans, present in higher amounts in oats and barley, and other 

viscous dietary fiber polysaccharides were demonstrated to decrease the 
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glycemic response (58). Starch structure and the amylose to amylopectin ratio, 

also have an effect on the digestibility.  

The term glycemic load is defined as the product of the GI of a food times its 

content of available carbohydrates (59). The sum of the glycemic loads for all 

foods consumed in a meal or the overall diet can be used to simultaneously 

describe the quality and quantity of carbohydrates in a meal or diet. In the US 

Nurses’ Health study, women with a BMI above 23 were found to be twice as 

likely to suffer heart disease if they were in the group consuming the highest 

glycemic load (60), even though they consumed more cereal fiber and less fat. 

Higher glycemic loads were positively associated with T2DM risk in black women 

(61). The US Nurses’ Health Study and the Health Professional Follow-study 

both found a higher diabetes risk for people in the highest glycemic index or load 

quintile (62, 63). This is in contrast to results from the Iowa Women’s Health 

Study, where no such association was found (39). However, there are other 

studies supporting the influence of high glycemic response on disease morbidity 

and mortality. Balkau et al. reported a significantly higher 20 year mortality risk 

for people in the highest quintile of blood glucose 2 hours after the glucose 

tolerance test (64). This is supported by data from de Vegt et al. who reported 

that the same parameter was associated with all-cause and cardio-vascular 

mortality in a diabetes-free population (65). In fact, a meta-analysis of GI in 

relation to chronic diseases found that low GI diets are associated with lower 

risks for T2DM, and also CHDs, breast cancer and gallbladder disease (66).  
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2.2  What makes whole grains good for us? The dietary fiber vs. 

phytochemicals debate 

There are several possible explanations why so many studies suggest a 

correlation between whole grain consumption and reducing the risk for chronic 

diseases. It has been reported that people who frequently consume whole grains 

often exhibit an overall healthy life style pattern, e.g. smoke less (67). Therefore, 

most studies analyzing disease risk in relation to whole grain intake control for 

several possible confounders in their studies, such as BMI, smoking status and 

physical activity (21). Other dietary factors such as folate intake in relation to 

colorectal cancer and heart disease risk have to be taken into account as well. 

However, in many studies associations between whole grain consumption and 

the investigated risk were still found after adjustment for confounders, suggesting 

that components found in WG but which are present to a lesser extent in refined 

grains are responsible for the observed effects. 

However, the comparison of studies is impaired by inconsistent use of the term 

whole grain. Some studies followed the definition of the Food and Drug 

Administration (FDA) of a whole grain product containing > 51% whole grains per 

weight (68); however many studies created their own lists of whole grain foods 

without considering the weight percentage contribution (25, 26, 41).  

In addition, in some discussions, the terms whole grain cereals and cereal fiber 

are used interchangeably, based on the fact that fiber components are 

predominantly found in the bran layers, which are removed upon refining grains. 
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Whole grain consumption is therefore often considered as a proxy for cereal fiber 

intake. The FDA approved health claim for whole grain specifies a minimum level 

of dietary fiber that a reference amount customarily consumed must contain, a 

requirement that has sparked some controversy (8). The fact that there are 

different methods to analyze dietary fiber further complicates the interpretation of 

results. However, there is considerable scientific evidence suggesting that dietary 

fiber content of whole grains alone cannot explain all the observed health 

benefits observed in regular whole grain consumers.  

Dietary fiber contents vary considerably between varieties. In a nested cohort 

study of the Iowa Women’s Health Study participants were matched according to 

overall dietary fiber  intake from cereal sources. Fiber consumption was 

assessed by a food frequency questionnaire. One group consumed 77% of their 

cereal fiber from refined grain sources, whereas the other consumed cereal fiber 

predominantly (71%) from whole grains. It was found that only the group of 

women that consumed more fiber from whole grain saw a lower all-cause 

mortality and a (non-significant) lower coronary heart disease rate (69). This 

indicates that non-fibrous components in whole grains played a role in the 

lowered disease rate. In the NIH-AARP Diet and Health Study, dietary fiber was 

not associated with a colorectal cancer risk reduction, whereas whole grains 

were (13).  In the Nurses’ Health Study, the CHD risk reduction exerted by whole 

grains remained after adjusting for dietary fiber, vitamin B6, folate and vitamin E, 

indicating that additional whole grain constituents contribute to the effect (26). In 
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the Swedish mammography study, the risk reduction for colon cancer also 

remained after adjusting for cereal fiber (16). A pooled analysis of twelve 

prospective cohort studies found that higher whole grain and whole wheat bread 

intake reduced coronary heart disease risk more than total fiber or cereal fiber 

consumption (70). Men in the quintile who consumed the most products with 

added bran (either during food processing or by the consumers) experienced the 

largest risk reduction for CHD. 

The outcomes of several animal experiments support the hypothesis that plant 

components other than dietary fiber play a role in the reduction of chronic 

disease risk. For example, rats on diets containing wheat bran fortified with 

lipophilic wheat constituents developed fewer adenocarcinomas after colon 

cancer was chemically induced (71). In addition, the expression of the pro-

inflammatory enzymes iNOS and COX-2 was reduced in their colon tumors. 

Tumor formation in Min mice, an animal model that spontaneously develops 

colon and intestinal tumors, was reduced to a larger extent by consumption of 

wheat varieties containing high levels of solvent extractable phenolics (72). All 

mice diets contained equal amounts of fiber in this study, indicating the possibility 

that contents of nonfibrous compounds were responsible for the observed 

differences in tumor formation. The next chapter gives a brief overview of 

nonfibrous whole grain constituents with proposed health benefits. 
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2.3  Whole grain phytochemicals and potential effects in humans 

The term phytochemicals refers to secondary plant metabolites, which are 

defined as compounds produced by plants that are not necessary for their growth 

and development under normal growing conditions. However, phytochemicals 

still fulfill important and diverse roles in plants. For example, phytochemicals are 

involved in mediating interactions between plants and other organisms and they 

are among plants’ most powerful tools for stress response. For instance, the 

deposition of phytochemicals into the cell wall is thought to increase its barrier 

function thus reducing its penetrability for plant pathogens (73, 74). Differences in 

levels of phytochemicals toxic to plant pathogens or different abilities to 

upregulate their biosynthesis are hypothesized to contribute to resistance 

differences between plant varieties (75, 76). Dehydrodimers of ferulic acid, which 

are responsible for cell wall cross-linking, have been shown to be correlated with 

disease resistance in corn (77).  

The bioavailability of many phytochemicals for humans is low (78). This may be 

due to defense mechanisms against toxins that humans developed during 

evolution. Phytochemicals often possess considerable toxicity to humans and 

animals (79, 80). The ingestion of low amounts of moderately toxic dietary 

constituents results in an upregulation of enzymes responsible for their 

detoxification and enzymes involved in antioxidant defense. Triggering an 

adaptive stress response by dietary compounds is part of the hormesis concept 

(81, 82). This concept states that while an overdose of a stressor has negative 
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effects, low doses result in activation of adaptive mechanisms to protect the 

organism from subsequent stress. Support for this hypothesis comes from the 

fact that phytochemicals are commonly metabolized by enzymes involved in 

detoxification processes (83). Metabolites of phytochemicals often have different 

bioactivity (78, 84). 

Even though phytochemicals are not essential for humans and often poorly 

absorbed from the gastrointestinal tract, there is considerable interest in 

phytochemicals from a nutritional and food science point of view. Many 

phytochemicals have shown beneficial effect on health, both in in vitro and/or in 

vivo experiments, including flavonoids, tocopherols, phenolic acids and lignans. 

Figure 3 shows some examples of phytochemicals commonly found in whole 

grains. Only a fraction of the phytochemicals is extractable with water or organic 

solvents. A considerable portion is linked to polymeric cell wall constituents and 

not accessible by simple solvent extraction. This is for instance the case for the 

majority of ferulic acid in cereals (Figure 3). 
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Figure 3. Select phytochemicals commonly found in whole grains 

 

Phytochemicals non-covalently associated with cell walls can be released if the 

cell wall fibers are hydrolyzed under acidic or alkaline conditions (85). The 

hydrolysis conditions need to be adapted to the type of linkage to be cleaved. 

Ester-linkages can be hydrolyzed with acid or (preferentially) alkali, and ether 

linkages can be cleaved through methods such as the derivatization followed by 

reductive cleavage (DRFC) method (86), or by alkali under harsh conditions, e.g. 

4 M NaOH at 170 C.  

A wide range of beneficial effects on human health exerted by phytochemicals 

has been reported. However, the following summary will only focus on their 

potential role in the prevention of T2DM and on their antioxidant properties. 
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2.3.1 Phytochemicals in the prevention of type 2 diabetes 

Some phytochemicals have antinutritive properties and are therefore considered 

disadvantageous for animal feed, e.g. proanthocyanidins in sorghum (87). How-

ever, the biggest problem in most developed countries is excessive caloric in-

take. Over-consumption of food, in particular salt, fat and quickly digestable 

carbohydrates, has led to numerous health problems such as obesity and is at 

least partially responsible for diseases like T2DM. Dietary constituents that limit, 

for instance, the amount of digested carbohydrates or delay the breakdown of 

digestible oligo- and polysaccharides have become of interest to nutrition 

research as this could contribute to T2DM prevention. The major carbohydrate 

energy source is starch, which is comprised of amylose and amylopectin. Both of 

these polysaccharides are composed of glucose monomers linked through -1,4- 

linkages. Amylopectin has additional -1,6 branching points that are followed by 

shorter chains of -1,4-linked glucose moieties. This results in a higher molecular 

weight of amylopectin and a different 3-dimensional structure as compared to 

amylose. Amylopectin is usually the dominant starch polysaccharide, but actual 

amylose to amylopectin ratios depend on the source. Starch digestion already 

begins in the mouth where salivary α-amylase cleaves some endogenous -1,4-

linkages, generating smaller fragments, i.e. maltose and isomaltose 

oligosaccharides. This process is partly continued in the stomach, where the pH 

after food ingestion rises to a level suitable for -amylase action. Upon entering 

the small intestine, the partly digested starch is further hydrolyzed by luminal -
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amylase secreted from the pancreas. Finally, the generated di- and 

oligosaccharides are cleaved into glucose by brush border glucosidases, and 

glucose is absorbed through a sodium dependent transporter. Dietary 

compounds such as phytochemicals can interfere with this process in several 

ways. Possible modes of action include modulation of the pancreatic beta-cell 

function, reduction of glucose tissue uptake, balancing glucose homeostasis in 

the liver or inhibition of α-amylase and/or -glucosidase activity (88). Examples 

of such bioactive compounds are often found in the phytochemical group of 

polyphenols. Several studies have reported flavonoids (89), tannins (90, 91), 

proanthocyanidins (92) and anthocyanins (93, 94) to show α-amylase inhibitory 

activity. As for phytochemicals with potential anti-diabetes acitvity in cereals, 

whole wheat has only been analyzed for the presence of -glucosidase 

inhibitors. Liu et al. found that phosphatidylglycerides delayed the digesion of a 

maltose analogon by -glucosidase (95).  

2.3.2  Antioxidant phytochemicals and their potential role in health and 

disease 

Another role of phytochemicals in plants relates to the protection against reactive 

oxygen species, which are formed as a consequence of photosynthesis (96). 

When evidence accumulated that oxidative stress is an underlying factor of 

several chronic diseases in humans, studies started to find out whether 

antioxidant phytochemicals could also protect humans. 
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2.3.2.1  Role of oxidative stress and inflammation in chronic diseases  

Several reactions in living cells generate a group of compounds referred to as 

reactive oxygen or nitrogen species (ROS or RNS) that are capable of oxidative 

damage. These compounds either contain oxygen radicals or can easily be 

transformed into them, especially in the presence of transition metal catalysts, 

e.g. by a variety of Fenton or Fenton-like reactions. ROS are highly reactive and 

can attack and alter lipids, proteins and DNA. The production of ROS can be 

deliberate such as in phagocytes, by xanthine oxidase, cyclooxygenases and 

lipoxygenases. In addition, ROS are routinely formed as byproducts of the 

mitochondrial respiratory chain. Probably the most damaging ROS in vivo is the 

hydroxyl radical, indicated by its diffusion-controlled reaction rates (97). It is able 

to abstract a hydrogen atom from almost any other biological molecule. However, 

during evolution, organisms have evolved protective antioxidant defense 

mechanisms, so that ROS formation is kept under control in healthy individuals. 

Strategies against uncontrolled ROS formation/damage involve protein binding of 

metal ions and enzymatic or nonenzymatic conversion of ROS into less reactive 

compounds (98). However, in case of an imbalance between ROS generation 

and removal, oxidative stress can occur, leading to inflammation. Subclinical 

chronic inflammation is now recognized as a major contributing factor in the 

development of several chronic diseases (99). In contrast to acute inflammation, 

which is usually beneficial to the host, e.g., in the defense against pathogens, 

chronic inflammation over prolonged time can predispose the host to diseases 
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such as cancer (100).  Inflammation involves the migration of immune cells to the 

inflammation site where they release cytokines and other compounds, among 

them ROS. The persistent tissue damage and the enrichment of ROS create an 

environment that promotes cancer (101, 102). Tumor promoters are even able to 

recruit inflammatory cells and stimulate their ROS production. Over the recent 

decades, scientific evidence has accumulated that several dietary constituents 

have the ability to disrupt the signaling cascades between cells in inflammation 

(103).  

2.3.2.2 Antioxidant hypothesis  

The possibility of oxidative stress being the underlying link between today’s most 

prevalent chronic, non-commutable diseases has given rise to speculations that 

compounds preventing cellular oxidative stress could lower the risk for those 

diseases. This view is supported, for example, by a better understanding of the 

drugs administered to treat CVDs and diabetes. Although not initially suspected, 

it turned out that several of them, e.g. statins, lower intracellular oxidative stress 

(104, 105). This matches observations that markers for oxidation are elevated in 

diabetic patients (106). 

Several dietary constituents have been tested in in vitro experiments for their 

potential to reduce oxidative stress. However, since oxidative stress is a 

complicated process, a potentially antioxidant compound can be active through 

several possible mechanisms. To understand these mechanisms, a closer look at 
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what is responsible for detrimental oxidative reactions of biological significance is 

required. 

Research about oxidation reactions on lipids started in the first half of the 20th 

century on bulk oils and rubber, both of which are commodities of industrial 

importance. Lipid autoxidation is the process where molecular oxygen is 

incorporated into lipids under mild conditions. The reaction proceeds by a free 

radical chain mechanism consisting of chain initiation, propagation, branching 

and termination steps, shown below (107). After the initiation reaction, the 

process becomes autocatalytic. It was recognized that factors such as light, 

certain transition metals and high temperature accelerate the reaction; however, 

these factors support very different steps of the oxidation process. The key steps 

of lipid oxidation are the abstraction of a hydrogen atom from a lipid molecule by 

an initiator I.  

RH + I  IH + R 

Such an initiator can for instance be formed through the Fenton reaction of a 

transition metal (especially iron or copper) with a peroxide (108). The reaction 

can take place in two different ways according to the redox state of the metal: 

i)   Men+ + ROOH  Me(n+1)+ + RO + OH- 

ii)  ROOH + M(n+1)+
 ROO + Mn+ + H+ 

After formation of a lipid radical, the reaction progresses through the reaction of 

triplet oxygen with the lipid radical, resulting in a peroxyl radical.  

R + O2  RO2
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This step is likely diffusion-controlled, i.e. it happens very fast. The next step, 

however, is the rate-determining step: the peroxyl radical abstracts a hydrogen 

atom from another lipid molecule.  

RO2
 + RH  ROOH + R 

This reaction and its rate constant depend primarily on the strength of the C-H 

bond being broken. Thus, this step becomes selective for the most weakly bound 

hydrogen. C-H bonds on a carbon between two double bonds are much weaker 

than C-H bonds in a saturated system as the resulting radical is resonance 

stabilized. For this reason, lipids are more susceptible to oxidation with 

increasing number of double bonds.  

Direct oxidation of lipids by triplet oxygen (oxygen in its energetic ground state) 

does not occur. Direct oxidation of unsaturated lipids requires the activation of 

triplet oxygen to singlet oxygen, which can react with unsaturated fatty acids in a 

cyclo-addition. This activation of triplet oxygen does occur; however, 

photosensitizers such as riboflavin are required. Light can activate type II 

photosensitizers (e.g. the mentioned riboflavin), which, in turn, activate triplet 

oxygen, i.e. transforms it into singlet-oxygen. 

Certain compounds are able to interfere with lipid oxidation at various stages of 

this process and thus delay the appearance of lipid oxidation products. These 

compounds are called antioxidants and act either by quenching singlet oxygen, 

chelating transition metals or terminating the radical chain reaction by radical 

scavenging. Hence, antioxidants are defined through their action, not through a 
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common chemical structure. Antioxidants that scavenge peroxyl radicals possess 

a readily available hydrogen atom and react faster with lipid peroxyl radicals than 

these radicals can abstract a hydrogen atom from another lipid molecule. 

Compared to lipid radicals, the generated antioxidant radical is more stable and 

thus has reduced activity and does not attack other lipids. The unpaired electron 

of the antioxidant radical is typically distributed over several atoms through 

resonance. Tocopherols are examples for such a type of antioxidant.  

Lipid oxidation is a key factor compromising the shelf life of food products 

including whole grain products, which contain the germ and thus higher lipid 

contents than refined products. Therefore, lipid oxidation was a major research 

field in the area of food science over the last decades. However, the focus of lipid 

oxidation research expanded from food products to reactions occurring in vivo 

when it became apparent that the oxidation of cholesterol played a role in 

atherosclerotic plaque formation, and that this went along with a depletion of 

tocopherol. Several mechanisms of antioxidants are considered to play a role in 

vivo, which brought some confusion about the questions what antioxidants are.  

Probably the widest accepted definition of antioxidants was postulated by 

Halliwell: “Antioxidants are molecules which, when present in small 

concentrations compared to the biomolecules they are supposed to protect, can 

prevent or reduce the extent of oxidative destruction of biomolecules” (97). For 

this reason, the term “antioxidant” has recently experienced mixed use in the 

literature. The term has been applied to compounds that affect inflammation 
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pathways, interact with ROS/RNS, chelate metal ions or influence the body’s own 

antioxidant defense mechanisms by gene expression. With such a broad field of 

options, it is not surprising how many dietary constituents have been called 

antioxidants. In fact, the term antioxidant has entered mainstream discussions 

and is now frequently used in food marketing to appeal to health-conscious 

consumers. However, the scientific debate about the importance of “antioxidants” 

is continuing. As of now, it is not proven which dietary antioxidants can 

successfully be used in the prevention of chronic diseases, especially because 

large intervention trials with high-doses of antioxidant supplements showed no 

effects in the best cases or even led to higher mortalities in some populations 

(109, 110). However, current data still support the ingestion of antioxidants as 

part of food.  

To analyze food products (and biological materials) for their antioxidant contents, 

several in vitro assays have been developed, and some of the most important 

ones are described in the next chapter. 

2.3.2.3  In vitro antioxidant assays  

The most common in vitro antioxidant assays either measure hydrogen 

abstraction or electron transfer reactions (radical scavenging or reductive 

reactions) (111). More complex assays, however, also include additional 

mechanisms such as singlet oxygen quenching. Most assays are photometric 

methods. HAT assays such as the ORAC and TRAP use UV active or 

fluorescent probes. Antioxidants compete with the probe for radicals constantly 
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generated in the test system. Reaction of the probe with antioxidants results in a 

change of absorption/fluorescence and is recorded. Analysis of the 

absorption/fluorescence-time-curve and thus quantitation differs between the 

assays and can be based, for example, on measuring the lag-time.  A common 

limitation of all assays based on hydrogen abstraction is that the antioxidant is 

present at higher concentration than the substrate, which is the reverse situation 

than in biological systems.  

Electron-transfer based assays measure the resulting change in absorption when 

a probe is reduced by an antioxidant. The FRAP, DPPH, Folin-Ciocalteu assay 

and the trolox-equivalent antioxidant capacity (TEAC) assay are examples for 

such a method. In the FRAP assay a ferric iron salt is used as probe, and 

compounds capable of reducing ferric (Fe3+) to ferrous (Fe2+) ions give a 

response in this assay. This is interpreted as an antioxidant potential to reduce 

potential oxidants such as peroxynitrite or hypochlorite. Probably the assay’s 

biggest limitation is that it is carried out under acidic conditions, which does not 

reflect the pH in the majority of in vivo systems. It may however be suitable for 

many food products. Another drawback is the possibility for interference of non-

antioxidants present in a sample absorbing at the used wavelength.  

The Folin-Ciocalteu assay, often also called “Total phenols assay”, was originally 

developed to measure certain amino acid residues of proteins (112), especially 

tyrosine. Compounds able to reduce molybdenum ions in a heteropolyphospho-

tunstane-complex give a response in this assay. This leads to a blue-colored 
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species of unclear chemical nature, which is measured at 760 nm. Results are 

reported in equivalents of gallic acid or, less often, equivalents of ferulic acid. 

Phenolic compounds only react in the anionic form, thus the assay is performed 

at a pH above 10, where phenolic hydroxyl groups are deprotonated. However, 

this assay does not exclusively measure phenolic compounds, but reducing 

agents in general (113). Due to its simplicity and excellent reproducibility the 

assay has been widely employed to estimate the antioxidant content in foods. 

Another advantage is that few compounds interfere by absorbing at the detection 

wavelength. Since the assay is performed in aqueous solvents, it is especially 

suited for the assessment of hydrophilic compounds; solubility of samples 

containing lipophilic compounds may be a problem. However, the sample can be 

initially dissolved in a low amount of a non-aqueous solvent such as ethanol 

without impairing the results. Also, the most potent antioxidants are active at very 

low concentrations. Thus, antioxidants with limited solubility in alkaline aqueous 

solutions should still be detected by using this assay. The biggest limitation of 

this assay is the alkaline environment in which it is performed. Neither biological 

systems nor food products usually show these pH-conditions. 

In the TEAC assay, samples are tested for their ability to scavenge a long-lived 

nitrogen radical anion (ABTS.-) that absorbs light at 734 nm. “Scavenging” the 

ABTS.- radical is due to an electron transfer mechanism just as in the assays 

discussed before. The decrease in absorption (formation of the colorless ABTS2- 

ion) after 6 minutes is measured and the results are expressed as equivalents of 
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trolox, a more hydrophilic vitamin E analogue. The ABTS.- radical can either be 

generated by reacting ABTS with potassium persulfate or through an enzymatic 

process. Advantages of this test are its operational simplicity and that it can be 

performed either in phosphate buffer or ethanol. Just as for the Folin-Ciocalteu 

assay, another advantage lies in the measurement of the absorption at a long 

wavelength, which minimizes potential interferences from other absorbing 

compounds that may be present in a sample.  

The leucomethylene blue assay was developed relatively recently and thus has 

not been used widely yet. It was intended for the analysis of antioxidants in beer 

(114), but can easily be applied to other matrices and biological systems. This 

method lacks the simplicity of the above-mentioned assays. However, it is a 

closer model system to in vivo oxidation reactions. It is based on the linoleic acid 

hydroperoxide-induced oxidation of leucomethylene blue to methylene blue in the 

presence of hemoglobin. Methylene blue is then quantified photometrically at 666 

nm, and the results are expressed as trolox equivalents. Linoleic acid 

hydroperoxides are generated by the reaction of linoleic acid with oxygen and 

hydroxyl radicals, the latter formed via the Fenton-reaction. Antioxidants can 

either inhibit the formation of hydroperoxides by radical-scavenging of hydroxyl 

radicals produced in the Fenton reaction or, more selectively, of peroxyl radicals 

formed later in the reaction or reduce already formed hydroperoxides. Thus, this 

single assay allows the evaluation of both a sample’s radical-scavenging and 

reducing ability. Figure 4 shows the reaction mechanism.  
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Figure 4. Reaction mechanism of the leucomethylene blue assay. 

 

A common disadvantage of most in vitro assays is that the reactions occurring 

are not competitive reactions between antioxidants and biomolecules such as  

lipids. In addition, most assays use artificial radical initiators such as azo 

compounds and not biologically generated ROS. These disadvantages are at 

least partially tackled by using the leucomethylene blue assay. But even in this 

assay, the conditions used do not correspond to in vivo conditions or complex 

food systems. Despite their inherent disadvantages, many assays are simple, 

reproducible, as well as cheap and therefore commonly used. However, the 

results need to be carefully interpreted and should not be transferred to in vivo 

systems, in which many confounding factors such as bioavailability, stability, 

competing compounds, etc., need to be considered.   
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2.4  Systematic analysis of phytochemicals by activity-guided 

fractionation  

The task of elucidating which phytochemicals of a plant or plant organ contribute 

significantly to a given activity (such as antioxidant, antimicrobial, enzyme 

inhibitory activity), presents the researcher with a dilemma: plants biosynthesize 

an enormous number of chemicals. Since a large number of phytochemicals is 

most likely still unknown and certainly not available as standard compounds, is 

not possible to test them all. Even if all phytochemicals of a plant would be 

available as standard compounds, testing all of them for a given activity would 

not be economically feasible. Hence, it is common practice to either test plant 

extracts or an array of select pure compounds. Often, active plant extracts are 

then analyzed for their constituents. In many cases, statistical correlations 

between the concentrations of the pure compounds and the extract’s activity are 

calculated. However, plant extracts are complex mixtures of many components, 

and a statistical correlation may not give the whole picture. One major limitation 

is that the analysis of the constituents of an extract is most often limited to 

already known phytochemicals. Again, this excludes phytochemicals for which 

standard compounds or, for example, mass spectrum library entries are not 

available. Also, ascribing activities to individual compounds quantified in extracts 

does not consider potential synergistic effects.   

Activity-guided fractionation, also called bioassay guided fractionation, is an 

approach that offers an alternative. Originally developed for medicinal and 
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pharmaceutical purposes, it has recently gained popularity in food science and 

nutrition. In principle, it is a chemical fractionation using appropriate types of 

separation techniques guided by the results of bioactivity assays. At the end of 

the fractionation process structural identification of the active compounds is 

required. 

The process aims to start with the largest pool of phytochemicals possible. 

Therefore, a food sample is consecutively extracted with solvents of varying 

polarity, and all extracts are tested for an activity of interest. Only the most active 

extract is then fractionated by a separation technique that is chosen based on the 

polarity of the extract, for example reversed-phase chromatography, Sephadex 

LH-20 chromatography, or hydrophilic interaction chromatography. The obtained 

fractions are tested by using the bioactivity assay and only the active samples 

are further fractionated, ideally using a different separation technique, and 

purified. Inactive fractions or fractions of low activity are not further investigated. 

This approach allows researchers to “follow” the activity along the fractionation 

process and determine which food constituents are mostly responsible for the 

observed activity of a starting extract. Synergistic effects can be studied, too. If 

an extract´s activity cannot be found in any of the samples obtained after 

fractionation, synergistic effects in the original extract are likely. Examples for 

successful application of activity-guided fractionation include the determination of 

flavor compounds (115, 116), chemopreventive compounds in coffee (117) or 

inhibitors of osteoclast absorption activity from onion (118). Since grains are a 
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quite complex matrix, only a few studies have tried this approach on them. 

Examples include activity-guided fractionation of wheat for components with -

glucosidase inhibition (95) and activity-guided fractionation of wheat based on 

cancer cell growth (119, 120).  

2.4.1 Study objectives 

Although there is substantial evidence that whole grain consumption positively 

influences human health, it is not known which specific whole grain components 

are responsible for these observed effects. However, for the enhancement of the 

physiological value of cereals or cereal products, either through breeding or 

processing, it is necessary to identify key components participating in health 

promoting cycles. Wheat is the most consumed cereal in the US (121). Whole 

wheat is an excellent source of dietary antioxidants. However, even though many 

wheat phytochemicals have been reported to show antioxidant activity, it is 

currently not known which of the many (known and unknown) wheat antioxidants 

are most potent in preventing oxidative damage. Therefore, the first study 

objective was the identification and quantification of key in-vitro antioxidants in 

whole meals of three varieties by antioxidant-activity-guided fractionation. The 

three varieties tested are BacUp, blue wheat and Wheaton. These varieties were 

chosen because it was assumed that their phytochemical profile would be 

different: BacUp is moderately resistant against the fungus Fusarium 

graminearum, whereas Wheaton is susceptible. Blue wheat, on the other hand is 

a wheat variety with a high content of anthocyanins, which results in its dark-blue 
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pigmentation. The accumulation of anthocyanins indicates that different 

biochemical pathways are stimulated or suppressed as compared to other wheat 

varieties. 

To date, wheat extracts or wheat phytochemicals have not been systematically 

tested for inhibition of -amylase. However, wheat is known to contain several 

polyphenols that bear structural resemblance to grape and tea phytochemicals. 

In addition, there are new or re-discovered wheat varieties that contain 

noticeable levels of anthocyanins, which have been shown in some studies to 

inhibit -amylase. The second objective of this study was therefore to assess if 

whole wheat phytochemicals have an inhibitory effect on the activity of -

amylase, and if so, to find out which phytochemicals are most active. 
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Chapter 3  

Antioxidant-activity guided fractionation of Blue Wheat 

(UC66049 Triticum aestivum L.) 
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3.1 Antioxidants in blue wheat: Summary 

Antioxidant activity-guided fractionation based on three in vitro antioxidant 

assays (Folin−Ciocalteu, TEAC, and leucomethylene blue assays) was used to 

identify major antioxidants in blue wheat (UC66049 Triticum aestivum L.). After 

consecutive extractions with solvents of various polarities and multiple 

chromatographic fractionations, several potent antioxidants were identified by 

NMR spectroscopy and mass spectrometry. Anthocyanins (delphinidin-3-

glucoside, delphinidin-3-rutinoside, cyanidin-3-glucoside, and cyanidin-3-

rutinoside), tryptophan, and a novel phenolic trisaccharide (β-D-glucopyranosyl-

(1→6)-β-Dglucopyranosyl-(1→6)-(4-hydroxy-3-methoxyphenyl)-β-D-

glucopyranoside) were the most active water-extractable constituents. However, 

anthocyanins were found to be major contributors to the overall blue wheat 

antioxidant activity only when the extraction steps were performed under acidic 

conditions. Alkylresorcinols were among the most active antioxidants extractable 

with 80% ethanol in the TEAC assay. However, this may be due to a color 

change instead of a bleaching of the ABTS radical. Ferulic acid was found to be 

the major antioxidant in alkaline cell-wall hydrolysates. The contents of the most 

active antioxidants were determined. 
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3.2   Antioxidants in blue wheat: Introduction 

Blue wheat is a wheat variety containing high levels of anthocyanins, leading to a 

unique color of the aleurone. In contrast, other colored grains such as purple 

wheat, blue corn, and black rice have colored pericarps (122). Although few 

products containing blue wheat are currently available, there is considerable 

interest to establish blue wheat as a food ingredient or for the production of 

natural colorants. Wheat in general is a good source of dietary antioxidants (123, 

124) which are assumed to exhibit health benefits since several chronic diseases 

are associated with oxidative stress (125, 126). The accumulation of antho-

cyanins in blue wheat indicates that different biochemical pathways are 

stimulated or suppressed as compared to other wheat varieties. Only a few 

studies so far compared the antioxidant activities of colored grains to non-colored 

varieties and investigated the phytochemical profile in more detail. Li et al. 

reported that whole grain flour of black wheat exhibited higher antioxidant activity 

in the DPPH assay than purple and white wheat; however, blue wheat whole 

meal showed least activity (127). The antioxidant activities of the bran extracts 

followed a similar order, only that purple wheat bran extracts were significantly 

more active than white wheat but still less active than black wheat. In another 

study, purple wheat extracts were also shown to exhibit higher DPPH and ORAC 

values than red and white wheat extracts (128). The ORAC values for purple 

barley were lower than for black and yellow barley in both bran and whole meal 

extracts (129). However, even though previous studies gave valuable insights 



 

 40 

into the array of potentially active compounds in the investigated extracts, it is still 

not known which individual compounds are mostly responsible for the observed 

effects. Hu et al. (130) as well as Abdel Aal and coworkers (131) fractionated 

blue wheat and reported that the anthocyanin-rich fraction was mainly 

responsible for the in vitro antioxidant activity. Hu et al. also compared it with 

another fraction containing non-anthocyanin phenolic compounds and found that 

the activity of the anthocyanin-rich fraction exceeded the activity of the phenolic 

fraction (130). Reports on the contribution of individual compounds to the 

antioxidant activity of blue wheat have, however, not been reported yet. The aim 

of this study was to determine the most active antioxidants in blue wheat by 

performing activity-guided fractionation with three different in vitro antioxidant 

assays. 

3.3   Antioxidants in blue wheat: Materials and methods 

Materials. Blue wheat (UC66049 Triticum aestivum L.) was grown in Saint Paul, 

Minnesota. All organic solvents were of HPLC grade; the water was double-

distilled. Formic acid, potassium persulfate, and Folin–Ciocalteau (FC) reagent 

were purchased from Fisher Scientific (Fair Lawn, NJ). Trolox (6-hydroxy-2,5,7,8-

tetramethyl-chromane-2-carboxylic acid) and 2,2’-azino-bis (3-ethylbenzo-

thiazoline-6-sulfonic acid) diammonium salt (ABTS) were obtained from Acros 

(Pittsburgh, PA) and benzoylleucomethylene blue was bought from TCI 
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(Portland, OR). Delphinidin-3-glucoside and cyanidin-3-glucoside were 

purchased from Polyphenols Laboratories (Hanaveien, Norway). 

Extraction. Blue wheat (2.5 kg) was ground to a particle size of <0.5 mm in a 

Retsch ZMI mill (Newtown, PA) and consecutively extracted with 80% ethanol, 

acetone, and ethyl acetate. The whole meal was extracted three times in a 

shaker at 37 C using a flour to solvent ratio of 1:4 (w/v), for 2 h per extraction. 

The flour was dried under a nitrogen stream in between extractions with different 

solvents until the weight remained constant. Extracted triglycerides were 

removed from acetone and ethyl acetate extracts by precipitation at -78 C. After 

extraction, the residual flour was destarched (Termamyl ® amylase in 0.08 M 

phosphate buffer at pH 6, 100 C for 30 min). Cell-wall bound phytochemicals 

were liberated from the destarched material by saponification with degassed 2 M 

NaOH at a w/v ratio of 1:4. The reaction was carried out for 18 h while protected 

from light. The alkaline hydrolyzate (AH) was then acidified to a pH <2 and 

extracted with ethyl acetate (3 times). The solvents of each extraction step were 

evaporated under reduced pressure at <45C. The 80% ethanol extract (118 g) 

was fractionated into a water-soluble (WSE) and a water-insoluble portion 

(WISE) by extraction with water (200 mL, 3 times) and then extracting the water-

insoluble residue with acetone (100 mL, 3 times). The WSE was freeze-dried to 

yield 46.8 g. Yields for the other extracts were 5.1 g (WISE), 8.9 g (acetone 

extract, AE), and 0.7 g (ethyl acetate extract, EE), respectively. The AH yielded 

4.6 g.  
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Aliquots (3 g) of the WSE were redissolved in water and applied onto a column 

(25 cm, 3 cm i.d.) filled with 100 g of Amberlite XAD-2 and eluted with water (300 

mL, 2 times; collected eluates will be referred to throughout the text as WSE-1 

and WSE-2), 50% MeOH (300 mL, 2 times; WSE-3 and WSE-4), and 100% 

MeOH (300 mL, 2 times; WSE-5 and WSE-6). MeOH was removed by rotary 

evaporation, water was removed by freeze-drying. All flasks were wrapped in 

aluminum foil to protect them from light.  

Antioxidant assays. Three antioxidant assays were employed: the FC assay, 

the trolox equivalent antioxidant capacity (TEAC) assay and the leucomethylene 

blue (LMB) assay. All results are expressed as average of triplicate 

measurements and given per mg of sample (crude extract or per fraction). The 

FC assay was performed as described by Dewanto et al. (132). All values are 

expressed as means of g gallic acid equivalents (GAEs)/mg sample. The TEAC 

assay was performed as reported by Re et al. (133) with the ABTS.+ solution 

being produced with the help of potassium persulfate.  Results are expressed in 

M trolox equivalents (TEs). The LMB assay was performed according to 

Lindenmeier et al. (134). Results are expressed as mM TEs/mg sample. 

HPLC experiments. All analytical HPLC experiments were performed on a 

Shimadzu LC-6AD system equipped with an SIL-10AF autosampler and an SPD-

M20A photodiode array detector. Semi-preparative HPLC was performed on a 

Shimadzu LC-20AT low pressure gradient pump and an SPD-M20A photodiode 
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array detector. A Phenomenex (Torrace, CA) Luna phenyl-hexyl column (250 x 

10 mm i.d., 5 m) was used in all fractionation experiments.  

Fractionation. An aliquot (170 mg) of the most active (see antioxidant assays) 

Amberlite eluate (WSE-4) was further fractionated by semi-preparative HPLC at 

30 C using a flow rate of 3 ml/min. A linear gradient with 1 mM trifluoroacetic 

acid (TFA) and MeOH (15% to 70% MeOH in 45 min) was employed. The eluted 

compounds were monitored at 280 as well as 325 nm and collected in 4 min time 

intervals over 40 min. Yields for these HPLC fractions were: 16.6 mg (WSE-4-I), 

51.7 mg (WSE-4-II), 1.0 mg (WSE-4-III), 43.4 mg (WSE-4-IV), 5.2 mg (WSE-4-

V), 5.1 mg (WSE-4-VI), 18.1 mg (WSE-4-VII), 12.8 mg (WSE-4-VIII), 4.4 mg 

(WSE-4-IX), 6.8 mg (WSE-4-X). WSE-4-II and WSE-4-IV were subsequently 

fractionated on the same HPLC system with 1 mM TFA and MeOH (5% to 50% 

MeOH in 32 min for WSE-4-II; for WSE-4-IV, 5% to 15% MeOH over 5 min, 15% 

to 50% MeOH in 30 min). For both gradients the flow rate was 3 mL/min, the 

temperature was kept at 30 C and the effluent was monitored at 280 nm. WSE-

4-II subfractions were collected in 4 min intervals with the exception of the main 

peak eluting between 11.0 and 12.8 min which was collected individually. 51.7 

mg of WSE-4-II yielded 6.2 mg (WSE-4-IIa), 2.5 mg (WSE-4-IIb), 1.5 mg (WSE-

4-IIc), 24.1 mg (WSE-4-IId), 7.0 mg (WSE-4-IIe), 2.5 mg (WSE-4-IIf), 2.0 mg 

(WSE-4-IIg), and 1.0 mg (WSE-4-IIh). WSE-4-IV contained one main peak which 

eluted between 13.8 and 15.3 min, and was collected as the fourth subfraction. 

The residual effluent was collected in 4 min intervals for subsequent antioxidant 
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assays. Yields out of 70 mg were 2.8 mg (WSE-4-IVa), 1.0 mg (WSE-4-IVb), 1.0 

mg (WSE-4-IVc), 50.6 mg (WSE-4-IVd), 3.7 mg (WSE-4-IVe), 3.0 mg (WSE-4-

IVf), 1.5 mg (WSE-4-IVg), and 1.3 mg (WSE-4-IVh). The structures of the most 

active antioxidants found in WSE-4-II and WSE-4-IV were determined by 1 and 

2D-NMR, and their molecular masses were obtained by LC-MS. 

An alternative extraction procedure involving 80% ethanol containing 0.3% TFA 

was performed too. Fractions of this extraction are denoted with an “a” to 

distinguish them from fractions obtained under neutral pH conditions. Except for 

the different pH of the solvent, all other conditions were the same as for 

extraction with 80% ethanol. Blue wheat (500 g) was extracted 3 times for 2 h at 

37 C. The pooled extracts were dried under vacuum, and re-extracted three 

times with 0.3% aqueous TFA in water for 1 h each. The thus obtained WSEa 

was lyophilized, reconstituted in 0.3% TFA and applied onto Amberlite XAD-2. 

Fractionation conditions were the same as for the WSE except that all eluents 

contained 0.3% TFA. Amberlite eluate WSEa-4 was then concentrated under 

reduced pressure and fractionated on the same semi-preparative HPLC system 

with the same gradient program as specified above for WSE-4, except that 0.3% 

TFA was used instead of 1 mM TFA. Fractions WSEa-4-VI and WSEa-4-VII were 

subsequently fractionated with gradients based on Cuevas Montilla et al. (135) 

using 87% H2O/3% ACN/10% formic acid  (v/v/v) as phase A and 40% H2O/50% 

ACN/10% formic acid (v/v/v) as phase B and a 1.5 mL/min flow rate. Fraction 

WSEa-4-VI contained two main peaks which were obtained at 40 C using the 
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following gradient: 6 to 20% B in 20 min, hold for 5 min, 20 to 37% B in 10 min, 

hold for 5 min, followed by a rinsing step. Fraction WSEa-4-VII was further 

fractionated at 35 C with a gradient of 6 to 20% B in 20 min, hold for 5 min, 20 to 

37% B in 10 min, followed by a rinsing step. WSEa-4-VII subfractions were 

collected in 10 min intervals. Their yields were 2.9 mg (WSEa-4-VIIa), 2.0 mg 

(WSEa-4-VIIb), 3.2 mg (WSEa-4-VIIc), 4.8 mg (WSEa-4-VIId), and 9.0 mg 

(WSEa-4-VIIe). Four UV/Vis active anthocyanins present in the most active 

subfraction were collected from WSEa-4-VIIc with the same HPLC method. 

All other fractionations described from here on were performed on the extracts 

obtained under neutral conditions. The WISE was dissolved in 95% aqueous 

MeOH at 40 C and isocratically fractionated at 40 C by semi-preparative HPLC 

using 95% MeOH and 5% water as eluents and a flow rate of 2.5 mL/min. The 

effluent was monitored at 280, 295, and 435 nm. The two most ANTIOXIDANT 

active peaks, eluting at 10.5 (WISE-1) and 11.9 min (WISE-2), and 13.1 min 

(WISE-3) were collected individually, dried and redissolved in 500 L acetone-d6 

for NMR spectroscopy. Their masses were determined after silylation with 10 L 

pyridine and 40 L BSTFA by GC/MS (Hewlett Packard HP 6890 GC system with 

HP 5973 MS detector) on a Restek (Belleforte, PA) Mxt-5 column (30 m x 0.25 

mm, 5 m film thickness). The temperature program was adapted from Ross et 

al. (136): 70 C (initial), hold 1 min, 40 C/min to 200 C, hold 2 min, 20 C/min to 

300 C, hold 14 min, 50 C/min to 380 C, hold 5 min. The helium flow rate was 1 

mL/min, the inlet temperature was 275 C, and the transfer line was held at 300 
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C. Electron-impact mass spectra were recorded at 70 eV. The GC elution times 

for WISE-1 and WISE-2 were 14.8 min and 16.1 min.  

An aliquot (250 mg) of the AH was dissolved in tetrahydrofuran and subjected to 

fractionation by isocratic size-exclusion chromatography using tetrahydrofuran at 

1 mL/min as eluent on a Tosoh (Grove City, OH) TSK gel column (7.8 mm x 30 

cm, 5 m) with detection at 280 nm at room temperature (Hitachi L6200A 

Intelligent Pump, Spectra 200 detector). Three main peaks were collected: Peak 

AH-1 from 5.4 to 6.1 min with a yield of 105 mg; peak AH-2 from 6.1 to 7.1 min 

(63 mg); peak AH-3 from 7.1 to 9.9 min (90 mg). AH-3 was further fractionated by 

semi-preparative phenyl-hexyl HPLC, using a linear gradient of 1 mM TFA and 

MeOH with the MeOH concentration ramping from 27 to 90% in 40 minutes. The 

temperature was kept at 40 C and the flow rate was 3 mL/min. After its most 

active fraction had been determined (AH-3-IV), it was further separated by HPLC 

as described earlier (137). Constituents were identified by comparison to 

standard compounds via analytical HPLC and the structures were confirmed with 

NMR spectroscopy.  

LC-MS experiments. For all LC/MS experiments, a Luna phenylhexyl HPLC 

column (250 x 4.6 mm i.d., 5 m) was used. Data for WSE-4-IId and WSE-4-IVd 

were recorded on an Agilent HP Series 1100 HPLC coupled to a Waters 

Micromass Q-TOF (Quattro Micro, Waters, Milford, MA). HPLC gradients 

consisted of eluents MeOH and 0.1% aqueous formic acid (v/v). The gradient 

was the same as specified for the purification of those compounds, except that 
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0.1% formic acid was used instead of 1 mM TFA. MS ionization conditions were 

as follows: desolvation temperature: 250 C; source temperature: 100 C; 

capillary voltage: 3 kV; cone voltage: 30 V. Mass spectra were recorded in 

negative ionization mode. Analysis of anthocyanin peaks 1-4 in fraction WSEa-4-

VII was performed on a Waters Micromass ZQ quadrupole detector coupled to a 

Shimadzu LC-10AD VP chromatograph. Separation was achieved employing a 

modified method as reported by Lantioxidantkuldilok et al. using a mixture of 75% 

H2O, 20% MeOH, 5% formic acid for isocratic elution (138). The MS parameters 

were adapted from Hosseinian et al. (139). The capillary voltage was 3 kV, the 

cone voltage 30 V, desolvation temperature 400 C, source temperature 150C, 

and the spectra were recorded in positive electrospray ionization mode.   

NMR experiments. Structure characterization by NMR spectroscopy was 

performed on a Bruker Avance 700 MHz NMR spectrometer equipped with a 

triple-resonance 1H{13C/15N} pulsed field 5mm gradient cryoprobe. Spectra of 

-D-glucopyranosyl-(1→6)--D-glucopyranosyl-(1→6)-(4-hydroxy-3-

methoxyphenyl)--D-glucopyranoside (WSE-4-IId) were recorded in D2O 

containing 5% acetone-d6 and the acetone signals were set to 2.22 ppm (1H) as 

well as to 30.89 and 215.94 ppm (13C) (140). Tryptophan (WSE-4-IVd) was 

measured in DMSO-d6, anthocyanin spectra (WSEa-4-VIIc peaks 1 to 4) were 

recorded in MeOH-d4 containing 0.3% TFAd and alkylresorcinols (WISE-1 and 

WISE-2) as well as the main and minor peak in AH-3-IV (ferulic and p-coumaric 

acid, respectively) were measured in acetone-d6.  



 

 48 

Quantification of most active antioxidants. All contents are reported per g dry 

whole meal. The whole meal water content was determined by extracting 0.5 g of 

whole meal (in triplicate) with 10 mL MeOH for 18 h. An aliquot of 0.5 mL of the 

extract was weighed and injected into Aquatest cma, a Karl-Fischer coulometric 

titrator (Photovolt, Indianapolis, IN).  

All active constituents were quantified by analytical RP-HPLC. If isolated 

compounds were used for external standard curves, their purity was first verified 

by NMR spectroscopy or GC-MS. A Phenomenex Luna phenyl-hexyl HPLC 

column (250 x 4.6 mm i.d., 5 m) was used for the quantification of WSE-4-IId 

and tryptophan as well as free and esterified p-coumaric and ferulic acid. 

Quantification of alkylresorcinols and anthocyanins was performed on a 

Phenomenex C18(2) HPLC column of the same dimensions. For quantification of 

free p-coumaric and ferulic acid, WSE-4-IId and tryptophan, ground blue wheat 

(2 g) was extracted three times with 15 mL chilled 80% ethanol. The solution was 

made up to 50 mL, aliquots were dried under nitrogen and redissolved in 50% 

MeOH/H2O. Ferulic acid and p-coumaric acid were quantified according to 

Dobberstein et al. (137). Tryptophan and WSE-4-IId were quantified against an 

external standard curve of commercially obtained tryptophan or isolated WSE-4-

IId. For quantification of free and esterified ferulic and p-coumaric acid, the 

esterified compounds were liberated by addition of degassed 2M NaOH (10 mL) 

to 200 mg of the dried flour after 80% ethanol extraction. HPLC-gradients were 

as follows: for WSE-4-IId (30 C; 1 mL/min; eluents 1 mM TFA and MeOH) 0-15 



 

 49 

min, 5 to 20% MeOH; 15-18 min, 20 to 30% MeOH; 18-28 min, 30 to 70% 

MeOH; 28-34 min, 70 to 5% MeOH; hold 1min. For tryptophan, p-coumaric and 

ferulic acid (45 C, 1 mL/min; eluents 1 mM TFA, MeOH and ACN): 0-10 min, 

hold 0% MeOH and 13% ACN; 10-20 min, 0 to 2.5% MeOH and 13 to 18% ACN; 

20-30 min, 18 to 25% ACN, 2.5 to 5% MeOH; 30-32 min, 5 to 25% MeOH and 25 

to 50% ACN; 32-35 min, 25 to 0% MeOH and 50 to 13% ACN; hold for 5 min. 

Alkylresorcinols were quantified according to Knödler et al. (141) with some 

modifications. Whole meal (3 g) was extracted twice with ethyl acetate for 2 h 

with 40 mL. The extract was dried under nitrogen and redissolved in 500 L 

MeOH/H2O/acetone 90:5:5 (v/v/v). An aliquot (50 L) of this mixture was 

quantified at 45 C against external standard curves of isolated compounds 

purified with the HPLC gradient also used for quantification (see below). The 

gradient used a flow rate of 0.6 mL/min and eluents MeOH, ACN, and H2O: 0-5 

min, hold 87% MeOH and 13% H2O; 5-20 min, 87 to 91% MeOH and 13 to 9% 

H2O; hold 2 min; 22-28 min, hold 91% MeOH and 0 to 2.5% ACN and 9 to 6.5% 

H2O; 28-35 min, 91 to 95% MeOH and 2.5 to 4% ACN and 6.5 to 1% H2O; 35-40 

min, 95 to 98% MeOH and 4 to 0% ACN and 1 to 2% H2O; 40-48 min, 98 to 87% 

MeOH and 2 to 13% H2O; hold 2 min.  

Anthocyanins were quantified following a modified extraction protocol as 

published by Kim et al. (142). Whole meal (200 mg) was extracted three times 

with 80% MeOH containing 0.3% TFA (first extraction: 2 mL, 4 h; second 

extraction 1 mL, 2 h). After centrifugation at 4000 rpm for 5 min, the supernatant 
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was dried and reconstituted in 250 L of a H2O/ACN/formic acid 78.5:12.5:10 

(v/v/v) solution. Following another centrifugation step at 3000 rpm for 5 min, the 

solution was analyzed by RP-HPLC on a Luna C18(2) column (250 x 4.6 mm i.d., 

5 m). The gradient was the same as for the fractionation of WSEa-4-VI and 

WSEa-4-VII described above, but the flow rate was 0.5 mL/min. Detection and 

quantification were performed at 520 nm against a standard curve of 

commercially obtained anthocyanins in case of glucosides or anthocyanins that 

had been isolated by semi-preparative HPLC in case of the rutinosides. 

3.4  Antioxidants in blue wheat: Results and discussion 

Extraction procedure. The extraction protocol started with 80% ethanol to 

extract polar compounds while excluding soluble polysaccharides, which were 

not a focus of our study and were found to interfere with the dried extract’s re-

solubility in previous experiments. Although antioxidant activity was described for 

certain polysaccharides, especially from mushrooms (143), arabinoxylans and 

other soluble polysaccharides from cereal grains are not assumed to be 

antioxidants. However, antioxidant active compounds can be attached to 

polysaccharides, as described later. Since the 80% ethanol extract was a mixture 

of mostly hydrophilic, but also some lipophilic compounds, it was divided into a 

water-soluble (WSE) and water-insoluble (WISE) extract before the initial 

antioxidant activity testing. The WSE was fractionated over Amberlite XAD-2 to 

separate aromatic from aliphatic compounds. While the first can be eluted with 
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water, most compounds containing phenolic structural units require some organic 

modifier, e.g. 50% or 100% MeOH, to be eluted from the Amberlite XAD-2 

column. After extraction with 80% ethanol, the whole meal was extracted with 

solvents of decreasing polarity, namely acetone and ethyl acetate. Triglycerides 

were precipitated from the WISE, acetone extract (AE), and ethyl acetate extract 

(EE) at -78 C because they do not contribute to an extract’s antioxidant activity, 

but interfere with its solubility. After extraction with organic solvents an alkaline 

hydrolysis of cell-wall bound compounds was performed. Potent antioxidants 

such as hydroxycinnamic acids are ester linked to cell-wall polysaccharides and 

thus cannot be obtained by simple extraction with organic solvents (144, 145). 

After acidification the alkaline hydrolyzate (AH) was extracted with ethyl acetate 

and the extract was dried. 

Antioxidant testing. Since all antioxidant assays have limitations, using at least 

two assays is strongly recommended (146). We performed three in vitro assays 

to analyze the antioxidant activity of the obtained extracts: the Folin-Ciocalteu 

(FC), trolox equivalent antioxidant capacity (TEAC) and leucomethylene blue 

(LMB) assays. The first two assays measure reducing properties while the LMB 

assay detects reducing as well as radical-scavenging antioxidants (134). This 

test uses the Fenton reaction to generate radicals and oxidize linoleic acid 

present in a buffered emulsion. Antioxidants with reducing and radical 

scavenging properties can inhibit this reaction at several points. All samples were 

tested at the same concentrations, even though more abundant constituents may 
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contribute more to the antioxidant activity of the parent extract or fraction. 

However, we wanted to find the most active antioxidants, and not the most 

predominant. In some cases, the most potent fractions had to be appropriately 

diluted to fall within the standard curve. If a fraction or an extract was not active 

at a tested concentration, no efforts were made to find whether this sample would 

be active at higher concentrations. Such attempts would not be in accordance 

with the activity-guided principle, which only focuses on the most active 

compounds and fractions. For the same reason, the focus of this study was not 

to determine absolute trolox equivalents (TE) or gallic acid equivalents (GAE), 

but to achieve a ranking of the tested samples. Some studies report TEAC 

values of samples containing phenolic compounds over a longer time period than 

the usual 6 min, e.g. 24 h (147). It was observed that certain compounds react 

with ABTS.+ for a longer period than 6 min (146, 148), in contrast to trolox, where 

the reaction is quickly terminated. Because we used the TEAC to provide a 

ranking of samples and not for quantitative evaluation, measurements were 

terminated after 6 min, as usual in the TEAC. However, the activity ranking 

between the samples did not change when data after 6 min or after 2 h were 

compared (data not shown). The results for the crude extracts are summarized in 

Table 1. All values are reported per mg of sample and given as average of three 

replicates  standard deviation.  
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Table 1. Antioxidant activity of crude blue wheat extracts in the Folin-Ciocalteu 
(FC), trolox-equivalent antioxidant capacity (TEAC), and leucomethylene blue 
(LMB) assay. (GAE-gallic acid equivalents, TE-trolox equivalents) 

 GAE in FC TE  in TEAC TE in LMB 

WSE-1  No activity No activity No activity 

WSE-2  No activity No activity No activity 

WSE-3  78.7  3.3 5.8  0.3 0.3  0.008 

WSE-4  183.0  3.8 11.2  1.0 0.4  0.02 

WSE-5  75.4  1.1 5.0  0.1 0.3  0.02 

WSE-6  80.9  2.1 8.5  0.1 0.3  0.02 

WISE  No activity 11.8  0.5 No activity 

AE  No activity No activity No activity 

EE  No activity No activity No activity 

AH  277.0  17.0 37.9  1.4 1.2  0.1 

 

From a physiological point of view, compounds present in the AH might be 

cleaved from their attached polysaccharides in the human large intestine by 

microbial esterases (149). It is widely accepted that these compounds can then 

be at least partially re-absorbed from the large intestine, and thus contribute to 

plasma antioxidant capacity. However, the liberated compounds can also be 

metabolized by gut microorganisms (84, 150), and these metabolites may have 

different antioxidant and other biological activities (84). Thus, we were mostly 

interested in compounds that can potentially be absorbed in the small intestine. 

Therefore, the second most active fraction, one of the Amberlite XAD-2 eluates 
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(WSE-4, eluted with 50% MeOH), was also further analyzed. In addition, the 

WISE was further studied even though it showed high activity in the TEAC assay 

only. Only in this assay ethanol was used as solvent and it is likely that the 

WISE’s poor solubility in water reduced its activity in the other assays. Moreover, 

the results in the TEAC were not due to a mere bleaching of the reagent, but to a 

change from a green-colored to a yellow-colored solution. Figure 5 shows the 

visible spectra of ABTS.+ and the reaction product of ABTS.+ with the WISE.  

 

 

Figure 5. Visible spectra demonstrating the color change of ABTS.+ as induced 
by the water insoluble extract (WISE) from blue wheat. 

 

Fractionation procedure. Activity-guided fractionation of the AH:  An aliquot of 

the AH was fractionated by size-exclusion chromatography and the effluent was 

monitored at 280 nm, yielding three main fractions. A fourth fraction collected all 

late eluting compounds (Figure 6). The third fraction (AH-3) was found to be 

most active in all three antioxidant assays, as shown in Figure 6 which displays 

relative antioxidant activities, i.e. the most active fraction was set to 100%. AH-3 
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was assumed to contain low molecular weight compounds present in the AH 

such as monomeric hydroxycinnamic and other monomeric phenolic acids. 

 

Figure 6. Fractionation of the alkaline hydrolyzate (AH) by size-exclusion 
chromatography and relative antioxidant activities of its fractions in the trolox-

equivalent antioxidant capacity (TEAC), leucomethylene blue (LMB) and Folin-
Ciocalteu (FC) assay. 

 

Subsequent fractionation was performed by using semi-preparative phenyl-hexyl 

HPLC with a gradient developed for the analysis of cell-wall bound UV-active 

constituents (137). However, subfractions were collected in time intervals to 

ensure that potential antioxidants without UV activity would not be missed. The 

chromatogram showed one main UV-active constituent, and the subfraction AH-

3-IV, which contained this peak, was the most antioxidant active fraction in all 

three assays. Individual collection of this fraction’s UV-active constituents, 

comparison with UV spectra of standard compounds, and 1H-NMR spectra 

revealed that the main peak was trans-ferulic acid and that trans-p-coumaric acid 

was present as a minor component. Ferulic acid accounted for 58% of the total 

fraction’s weight and, for example, 79% of subfraction AH-3-IV’s TEAC activity, 
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demonstrating again its dominance as an antioxidant in the AH of grain cell walls. 

We therefore quantified the contents of free acid and ester-linked ferulic and p-

coumaric acid present in the whole flour. The content of trans-ferulic acid was 

2.960.13 g/g flour in the free form and 713.229.1 g/g in the ester-linked 

form, whereas trans-p-coumaric acid was only present at 6.890.31 g/g and 

3.320.0003 g/g in the free and ester-linked form, respectively (Table 2). 

Values are averages  standard deviation of three replicates and given on a dry 

basis. The importance of ferulic acid as an antioxidant in whole grains has long 

been recognized (151, 152) and studies on blue wheat bran detected it as one of 

the most abundant phenolic compounds when both free (130) and total, i.e. free 

and esterified, phenolics (153) were analyzed. As for the antioxidant activity of 

cell-wall bound constituents, it was shown that dehydrodimers of ferulic acid 

(154, 155) give higher TEAC values on a molar level than the ferulic acid 

monomer. For instance, 5-5 dehydrodiferulic acid had a value of 2.19 TEAC 

equivalents vs. 1.96 for monomeric trans-ferulic acid (156). However, because 

mixtures of unknown compounds are obtained by activity guided fractionation, it 

is only possible to compare fractions on a weight-basis. When the different 

molecular weights of ferulic acid dehydrodimers and the ferulic acid monomer are 

considered, our results are in agreement with reported data. One of the most 

active dimers, 8-8 non-cyclic dehydrodiferulic acid, was reported to have more 

than twice the antioxidant activity of ferulic acid (157). However, this particular 

dehydrodimer was not detected in the most active fraction of blue wheat AH. 
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Table 2. Structures and contents of most active blue wheat antioxidants.  

Compound Structure Amount in 
whole mealb 

[g/g] 

AH-3-IV, ferulic acid 

 

Free: 2.960.13  
Esterified: 

713.1829.07 
 

AH-3-IV, p-coumaric acid 
(minor constituent of the 
fraction) 

 

Free: 40.401.98  
Esterified: 

67.734.22 
 

WSE-4-IId, -D-gluco-
pyranosyl-(16)--D-
glucopyranosyl-(16)-(4-
hydroxy-3-methoxyphenyl)-
-D-glucopyranoside  

 
 

273.7210.53 

 
WSE-4-IVd, tryptophan 

 

230.8616.94 

R1 = glucose, R2 = OH: 
WSEa-4-VIIc peak 1, 
delphinidin-3-glucoside 
(D3G) 
R1 = rutinose, R2 = OH: 
WSEa-4-VIIc peak 2, 
delphinidin-3-rutinoside 
(D3R) 
R1 = glucose, R2 = H: 
WSEa-4-VIIc peak 3, 
cyanidin-3-glucoside (C3G) 
R1 = rutinose, R2 = H: 
WSEa-4-VIIc peak 4, 
cyanidin-3-rutinoside (C3R) 
 

 

D3G: 9.280.34  

D3R: 33.100.92  

C3G: 4.050.09  

C3R: 18.530.29 

R1 = C19H39: WISE-1, 5-
nonadecyl-benzene-1,3-diol  
R2 = C21H43: WISE-2, 5-
heneicosyl-benzene-1,3-diol   

WISE-1: 

154.466.85 
WISE-1: 

208.934.36 

-D-glc-1 6--D-glc-1 6- 

-D-glc 
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Beside potential liberation and reabsorption from the colon, cell-wall bound 

phenolic compounds are discussed to exert their antioxidant effects in the colon 

and thus play a role in the observed risk reduction of chronic diseases by whole 

grains (158).  

Activity-guided fractionation of the 80% ethanol, water-soluble extract (WSE-4): 

The most active Amberlite XAD-2 eluate, WSE-4, was partially fractionated by 

semi-preparative phenyl-hexyl HPLC. Figure 7 shows the relative antioxidant 

activity of the subfractions.  

 

 

Figure 7. Relative antioxidant activities of subfractions from WSE-4 and WSEa-4 
in the Folin-Ciocalteu (FC) assay (a) and the trolox-equivalent antioxidant 

capacity (TEAC) assay (b). 

 

WSE-4-II was most active in two of the assays, whereas WSE-4-IV was most 

active in the FC assay but showed only minor activity in the other two assays. 

Thus, both fractions were further fractionated, and the subfractions were tested 

again; however, only those assays were performed in which the parent fractions 

showed dominant activity. Both WSE-4-II and WSE-4-IV contained one major 
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peak in their chromatograms and these compounds were found to be mainly 

responsible for the observed activities. Their structure was elucidated by LC-MS 

and NMR. The major WSE-4-II peak (WSE-4-IId) contained a compound with 

molecular mass of 626 and a sum formula of C25H38O18. The 1H-NMR spectrum 

indicated a phenolic trisaccharide, with one sugar moiety being linked to an 

aromatic moiety and two more substituents exhibiting a +M or +I effect (all 

phenolic hydrogens had shift values below 7 ppm). One of the substituents was 

identified as a methoxyl group by HMBC cross coupling of the methyl protons 

into the aromatic ring. The coupling constants of the anomeric protons indicated 

that all monosaccharide units were pyranoses in -conformation. Only one unit 

had the characteristic 1H and 13C chemical shifts of a free C6 group, indicating 

1→6 linkages between the monosaccharides. Several of the carbohydrate 

protons were overlapping, impairing determination of coupling constants. 

However, the assigned chemical shifts were in good agreement with published 

data for gentiotrioses (159). 1H and 13C chemical shifts are given in Table 3.  Not 

all coupling constants could be determined because of overlapping signals. The 

nature of the carbohydrate moieties was confirmed by acidic cleavage of the 

glycosidic linkages according to Blakeney (160) and analysis of the derivatized 

monosaccharides by GC/FID, where only glucose was detected (data shown in 

appendix). 
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Table 3. Shift values [ppm] and coupling constants (in parentheses) [Hz] for 
compound WSE-4-IId.  

Posi-

tion  

Aromatic 

ring 

Glucose 1 Glucose 2 Glucose 3 

  1H   13C 
  1H  13C  

  1H  13C   1H  13C  

1   151.7  5.05, d 

(7.8) 

102.3  4.48, d 

(8.0) 

103.9 a  4.41, d 

(8.3) 

103.9a  

2  6.85, d 

(2.4) 

103.8  3.54, dd 

(7.8/9) 

74.1  3.27, dd 

(8.0/8.4) 

74.3  3.27, dd 

(8.3/8.3) 

74.3  

3   148.9  3.59, dd 

(9.3/9.3) 

76.7 a  3.42, dd 

(8.4/8.4) 

76.7a  3.44, dd 

(8.3/9.4) 

76.7 a  

4   141.6  3.50, dd 

(9.3/9.5) 

70.7  3.38, m 77.0 a  3.32, dd 

(9.4/9.4) 

70.8  

5  6.88, d 

(8.6) 

116.1  3.82, m 76.5  3.47, m 70.6  3.37, m 77.0 a  

6  6.71, dd, 

(8.6/2.4) 

109.4  3.90, dd 

(5.7/11.6) 

69.9  3.78, dd 

(4.8/11.4) 

69.6  3.66, dd 

(6/11.9) 

61.9  

   4.17, dd 

(4.3/11.6) 

 4.17, dd 

(4.3/11.4) 

 3.88, m  

O-

Me  

3.87 56.6        

a overlapping signals 

Thus, WSE-4-IId was identified as -D-glucopyranosyl-(16)--D-

glucopyranosyl-(16)-(4-hydroxy-3-methoxyphenyl)--D-glucopyranoside, but 
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will be referred to as WSE-4-IId throughout the text (see Table 2). To the best of 

our knowledge, this compound has not been described as a major in vitro 

antioxidant in whole wheat before. WSE-4-IId was shown to be present at a 

concentration of 33.910.48 g/g whole meal. Since the quantification procedure 

only involved extraction with chilled 80% ethanol, drying, and reconstitution in 

50% MeOH, followed by RP-HPLC analysis, it is unlikely that the compound was 

artificially created. 

WSE-4-IVd was shown to have a molecular mass of 204, and a sum formula of 

C11H12N2O2. Interpretation of the NMR spectra identified the compound in WSE-

4-IVd as tryptophan. This amino acid was previously shown to react in the FC 

assay, which is not specific for phenolic compounds (111). The reagent also 

reacts with non-phenolic, reducing food constituents such as ascorbic acid or 

Maillard-reaction products (113). This assay was even initially developed to 

detect amino acids (112). The TEAC and the FC assay were often shown to 

correlate well (111); however, this correlation may be lost if samples contain 

compounds that are only active in one of the assays, such as tryptophan. 

Tryptophan is known to have a low oxidation potential, and thus has been 

reported to show activity in in vitro antioxidant assays. However, it should not be 

considered as an antioxidant in the traditional sense. According to the generally 

accepted definition of Halliwell (97), an antioxidant is present at low 

concentration compared to an oxidizable substrate and prevents or delays the 

oxidation of this substrate. This substrate could for instance be a protein, and 
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hence tryptophan is part of biomolecules that an antioxidant is meant to protect. 

In fact, tryptophan residues are among the sites on a protein most susceptible to 

oxidation. The loss of tryptophan in the course of protecting another biomolecule 

would not necessarily be beneficial, as an essential amino acid is lost in the 

process. The amount of free tryptophan in the blue wheat sample was 

determined to be 230.8616.94 g/g whole meal. 

Since the color of the crude WSE-4 obtained from Amberlite XAD-2 indicated that 

it contained anthocyanins, it was surprising that its most active fractions did not 

contain anthocyanins. Several studies have found that extracts from colored 

grains are more active in antioxidant assays than extracts from non-colored 

grains and attributed this difference to the higher anthocyanin content of colored 

grains. However, one study (161) found that the most antioxidant active 

compounds in colored rice were not anthocyanins when neutral extraction 

conditions were applied. It should be noted that fractions with dark red color, 

indicating anthocyanins, were active in the antioxidant assays; however, WSE-4-

IId and tryptophan showed higher activity in these in vitro assays. Our procedure, 

which was developed in ongoing efforts to compare different wheat varieties, 

involves extractions with aqueous solvents that were not initially acidified. 

Anthocyanins are more stable at a low pH. It is therefore possible that some 

anthocyanins were partially destroyed during the work-up, even though the deep-

red color of several fractions obtained by semi-preparative HPLC indicated that 

at least some anthocyanins survived the procedure.  
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To investigate whether the pH had influenced the anthocyanin contribution to the 

overall antioxidant activity, the WSE isolation was repeated under acidic 

conditions (pH < 2 in all extraction and fractionation steps). This pH was chosen 

as a compromise between anthocyanin stability and the stability of the used 

separation media. Decreasing the pH resulted in slightly different 

chromatograms, as well as in different antioxidant rankings of the fractions 

(Figure 7). One fraction (WSEa-4-VII) was most active in the TEAC and LMB 

assay, whereas fraction WSEa-4-VI was the most active fraction in the FC assay. 

WSEa-4-VI contained one main peak, which accounted for about 90% of the 

fraction. This compound was again identified as tryptophan by 1H NMR. WSEa-4-

VI also contained a minor peak with absorption at 520 nm which was identified as 

delphinidin-3-glucoside (D3G) by comparing the 1H NMR spectrum with a D3G 

standard. Its concentration was ca. 20 times less than tryptophan, and its FC-

activity was 204 GAE/mg (tryptophan: 242 GAE/mg). Since tryptophan shows 

little activity in the TEAC and LMB assays (1.1 and 0.06 trolox-equivalents/mg, 

respectively), it is assumed that D3G was mainly responsible for WSEa-4-VI’s 

activities in these two assays. As for WSEa-4-VII, it contained several peaks with 

either absorption at 280 nm only or at both 280 and 520 nm. Thus, we performed 

one additional fractionation with collection in time intervals. It was found that 

subfraction WSEa-4-VIIc was the most active one in both the TEAC and the LMB 

assay (Figure 8). It contained four peaks, all of which absorbed at 520 nm. They 

were identified by LC/MS and NMR. The first peak was found to be D3G (vis max 
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524 nm, m/z 465, 1H-NMR spectrum matched the D3G standard). The three 

other peaks were identified as delphinidin-3-rutinoside (D3R), cyanidin-3-

glucoside (C3G), and cyanidin-3-rutinoside (C3R). Their m/z values were 611, 

449, and 595, respectively. These four anthocyanins were previously identified 

as the main anthocyanins of a different blue wheat variety by using standard 

compounds and LC/MS data (131). 

 

 

Figure 8. Chromatogram of the separation of WSEa-4-VII recorded at 520 nm 
and relative antioxidant activities of the subfractions in the leucomethylene blue 

(LMB) and trolox-equivalent antioxidant capacity (TEAC) assays. 

 

With 0.75 mg, D3R was the most abundant compound obtained from WSEa-4-

VIIc, followed by 0.62 mg of C3R (out of 3.22 mg of WSEa-4-VIIc). This relation 

was verified by quantitation of these four main anthocyanins in whole meal. 

Rutinosides were the dominant glycosides, with D3R being the dominant 
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anthocyanin (33.100.92 g/g), followed by C3R (18.530.29 g/g). The amounts 

of D3G and C3G were lower, 9.280.34 and 4.050.09 g/g, respectively which 

contrasts with previous work (131, 162), where glucosides were found to be the 

most abundant anthocyanins.  

Activity-guided fractionation of the 80% ethanol extractable, water-insoluble 

extract (WISE): The WISE was fractionated by using phenyl-hexyl HPLC. 

Monitoring the wavelengths 284, 292, and 435 nm seemed to be of special 

interest, since the color of the extract indicated that it contained tocopherols and 

carotenoids. However, test runs on an analytical system produced only a few and 

comparably small peaks at these wavelengths, that mostly co-eluted at the 

beginning of the separation. However, two peaks with a UV maximum at 280 nm 

and a third peak showing absorption at 435 nm, indicative of a carotenoid, could 

be separated from these coeluting peaks. While the rest of the compounds were 

collected in time intervals, these peaks were therefore collected individually, and 

termed WISE-1, WISE-2 and WISE-3. WISE-1 and WISE-2 were shown to be 

responsible for the observed color change of the ABTS radical (see Figure 5) in 

the TEAC assay. They gave higher TEs than the putative carotenoid WISE-3, 

which was, in accordance with the activity-guided principle, not investigated 

further. The NMR spectra of the isolated compounds were very similar and 

indicated an aromatic moiety and an aliphatic chain. Two of the aromatic protons 

resonated at 6.25 and 6.18 ppm, indicating a substituent with either a +M or +I 

effect such as a hydroxyl group. Since protons and carbons in saturated aliphatic 
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parts of a molecule give overlapping and less distinct signals, complete structure 

assignment was performed by interpreting MS data in addition to NMR spectra. 

GC/MS revealed molecular masses of 520 and 548, respectively, indicating 

homologues differing by only an ethylene group. Comparison with published MS 

data (163, 164) and NMR data of a homologue (165) identified the two 

compounds as alkylresorcinols with a chain length of C19 and C21 (5-

nonadecylbenzene-1,3-diol and 5-heneicosylbenzene-1,3-diol, respectively). 

Alkylresorcinols have been shown to possess weak antioxidant activity in vitro 

(166, 167). Their amphiphilic structure allows them to interact with biological 

membranes. Their antioxidant activity in membranes is thought to be the result of 

competitive inhibition, i.e. they can compete for hydrogen abstraction with 

polyunsaturated fatty acids (165). It should be noted that their hydrogen donating 

and peroxyl radical-scavenging ability is comparably low (165), which is in 

agreement with our data. Their antioxidant activity in the LMB blue assay was 

low. The contents of 5-nonadecylbenzene-1,3-diol and 5-heneicosylbenzene-1,3-

diol were determined to be 154.466.85 and 208.934.36 g/g, respectively, 

which is in good agreement with literature data for other wheat varieties (168, 

169).  

In summary, we have determined the main contributors to the blue wheat 

antioxidant activity as assessed in three in vitro assays. Some antioxidants were 

only active in one assay, while others exhibited activity in all three tests, 

highlighting again the need to perform more than one in vitro test. The fact that 
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we found a novel in vitro antioxidant is indicative that not all major antioxidants in 

whole grains have been identified yet. Other potent antioxidants may not have 

been discovered by our approach. Since we tested all extracts and fractions at 

the same concentrations, certain constituents that were only present in trace 

amounts yet have high activity may have been overlooked. 

3.5  Antioxidants in blue wheat: References 

Please see chapter 7 for a complete list of references.  



 

 68 

3.6 Application of the developed antioxidant activity-guided 

fractionation protocol to the wheat varieties BacUp and Wheaton 

In the next part of this thesis work, the protocols developed for blue wheat 

extraction and fractionation were applied to the activity-guided fractionation of the 

wheat varieties BacUp and Wheaton, which differ in their resistance to Fusarium 

graminearum, one of the most important pathogens for wheat. As discussed in 

chapter 2.3, phytochemical profiles may influence disease resistance in plants. It 

has been speculated that phytochemical antioxidants may modulate Fusarium 

graminearum toxin biosynthesis (75), which may contribute to resistance. Thus, 

we tested whether BacUp and Wheaton differ in their dominant antioxidants 

and/or in the contents of these antioxidants. We fractionated both varieties in 

parallel and if the same extracts showed activity, analyzed them for statistically 

significant differences. 

The blue wheat extraction and fractionation protocols were slightly modified. 

Since BacUp and Wheaton are devoid of anthocyanins, an additional extraction 

with acidified 80% ethanol to ensure minimal degradation of anthocyanins was 

unnecessary. Moreover, some of the fractionation procedures were simplified to 

make the procedure less time-consuming. For example, as described in more 

detail in the following manuscript, only three different Amberlite XAD-2 eluates 

were collected as compared to six in the original protocol. In addition, the alkaline 

hydrolyzate was directly fractionated by semi-preparative HPLC without a prior 

size-exclusion chromatography step.   
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Chapter 4  

Antioxidant-activity guided fractionation of two wheat 

varieties (Triticum aestivum L. BacUp and Wheaton) with 

different tolerance to Fusarium head blight 
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4.1 Antioxidants in BacUp and Wheaton: Introduction 

Phytochemicals are plant secondary metabolites involved in several plant 

defense mechanisms. Many phytochemicals are also known for displaying 

antioxidant activity. Over the recent decades, interest in antioxidants increased 

because of an ongoing debate about their potential health benefits for the 

consumer. The human body is permanently exposed to reactive oxygen and 

nitrogen species from exogenous or endogenous sources (e.g. inflammation), 

which can induce oxidative stress. Several chronic diseases such as 

cardiovascular diseases, T2DM, and certain types of cancer are associated with 

increased levels of oxidative stress (102, 105, 170). The consumption of dietary 

antioxidants may contribute to the body’s antioxidant defense system (98). Whole 

grains are a good source of antioxidants because they contain a variety of 

antioxidants (171, 172)  and also serve as staple foods. However, it is currently 

not known which antioxidants from whole grains are most potent in preventing 

oxidative damage and whether all potent antioxidants in whole grains are known. 

We previously reported the antioxidant activity-guided fractionation approach as 

applied to blue wheat (173), where we found ferulic acid as the main cell-wall 

linked antioxidant, and anthocyanins, alkylresorcinols, tryptophan, and a novel 

phenolic trisaccharide as the main 80% ethanol-soluble in vitro antioxidants. 

Here, we report the results of applying this fractionation on two hard red spring 

wheat varieties, BacUp and Wheaton. These varieties differ in their resistance to 

Fusarium head blight (FHB), a fungal infection occurring widely in wheat. FHB 



 

 72 

(also known as scab) is responsible for direct yield losses and also for secondary 

losses due to reduced seed quality. Moreover, FHB comprises a safety issue due 

to the contamination of seeds with trichothecenes, mycotoxins produced by 

certain Fusarium species, with deoxynivalenol (DON) as the most prominent 

example (174). Since these mycotoxins are not sufficiently destroyed during heat 

treatment and other food processing operations, breeding of FHB resistant lines 

is the preferred strategy to avoid mycotoxin contaminations of food (175). BacUp 

is moderately resistant against FHB, whereas Wheaton is classified as 

susceptible (176). Resistance against FHB was initially described as either 

resistance against initial infection (type I) or resistance against a spread of the 

pathogen (type II) (177). Additional types of resistance were proposed later, for 

instance the resistance to accumulation of trichothecenes (75). It is currently not 

fully understood why certain wheat varieties are less susceptible to Fusarium 

infections; however, the participation of antioxidants in defense mechanisms is 

hypothesized. Several researchers have assessed the role of phenolic 

antioxidants in plants and FHB resistance. McKeehen et al. investigated the 

effect of phenolic acids on Fusarium species isolates and found that shortly after 

anthesis, when the grain kernels are most vulnerable to attack, the ferulic acid 

contents in resistant wheat varieties were higher than in susceptible varieties 

(176). Zhou et al. reported that scab resistant soft red winter wheat varieties on 

average possessed significantly higher 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 

hydroxyl radical scavenging capacity than non-resistant ones; however, there 
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was a certain overlap between the different varieties, and there was no 

significant difference in the ORAC assay (178). Therefore, the aim of this study 

was to determine the nature and contents of dominant antioxidants in BacUp and 

Wheaton by using an activity-guided fractionation approach. 

4.2 Antioxidants in BacUp and Wheaton: Experimental 

Plant materials and chemicals. Both wheat varieties were grown and harvested 

in 2007 in Saint Paul, Minnesota. For all experiments, double-distilled water and 

organic solvents of HPLC grade were used. Boric acid, Folin–Ciocalteau (FC) 

reagent, formic acid, potassium persulfate, potassium chloride and sodium 

hydroxide were purchased from Fisher Scientific (Fair Lawn, NJ). 

Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA), ferulic acid, 

ferrous (II) sulfate heptahydrate, gallic acid, hemoglobin from bovine blood, 

linoleic acid, sodium carbonate, sodium monophosphate, sodium diphosphate, 

Triton ® X-100, and Tween® 20 were obtained from Sigma (St. Louis, MO). 

Tryptophan, 6-hydroxy-2,5,7,8-tetramethyl-chromane-2-carboxylic acid (trolox) 

and 2,2’-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt 

(ABTS) were obtained from Acros (Pittsburgh, PA). Benzoylleucomethylene blue 

was bought from TCI (Portland, OR). Termamyl amylase was a kind gift from 

Novozymes (Bagsvaerd, Denmark) 

HPLC equipment. Analytical HPLC runs were performed on a Shimadzu LC-

20AT system equipped with an SIL-10AF autosampler and an SPD-M20A 
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photodiode array detector. Semi-preparative HPLC was conducted either on a 

system equipped with a Shimadzu LC-20AT low pressure gradient pump with a 

CT0-20A oven and an SPD-M20A photodiode array detector or a Shimadzu LC-

6AD pump with a SPD-20AV UV-VIS detector, CT0-20A column oven and a 

FRC-10A fraction collector. 

Extraction. 100 g of whole meal, ground to a particle size < 0.5 mm, were 

extracted three times for 2 h at 37 C using 80% ethanol at a flour to solvent ratio 

of 1:4 (w/v). After centrifugation, the supernatants were pooled and the residues 

were dried under nitrogen and consecutively extracted with acetone and ethyl 

acetate under the same conditions. Another drying step was included in the 

procedure before changing the extraction solvent. The extraction residue was 

destarched by suspending the meal in phosphate buffer (pH 6, 0.08 M) 

containing Termamyl ® amylase at a meal to solvent ratio of 1:4 and heating to 

100 C for 30 min. Esterified phytochemicals were liberated by stirring the 

destarched residue for 18 h with degassed 2 M NaOH under nitrogen in the dark. 

The alkaline hydrolyzate (AH) was acidified with concentrated HCl to a pH <2 

and extracted with ethyl acetate (three times). All obtained extracts were dried 

under reduced pressure at <45 C. The 80% ethanol extract was fractionated into 

a water-soluble (WSE) and a water-insoluble portion (WISE). Extraction with 

water (100 mL, three times) produced the WSE, then the water-insoluble residue 

was extracted with acetone (100 mL, three times), which gave the WISE. 

Extracted triglycerides were removed from the WISE, acetone and ethyl acetate 
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extracts by precipitation at -78 C. The WSE was dried by freeze-drying, the 

WISE by rotary evaporation under reduced pressure.   

Fractionation. Aliquots (2 g) of the WSE were redissolved in water and applied 

onto a column (25 x 3 cm i.d.) filled with 100 g of Amberlite XAD-2 and eluted 

with water (500 mL, the collected eluate will be referred to throughout the text as 

WSE-1), 50% methanol (MeOH) (500 mL, WSE-2), and 100% MeOH (500 mL, 

WSE-3). The solvents were removed by rotary evaporation under reduced 

pressure and freeze-drying.  

Yields of the crude extracts were as follows: WSE-1: 1.460 g (BacUp); 2.150 g 

(Wheaton); WSE-2: 111 mg (BacUp); 132 mg (Wheaton); WSE-3: 166 mg 

(BacUp) and 163 mg (Wheaton); WISE: 1.123 g (BacUp) and 1.551 g (Wheaton); 

acetone extract: 1.648 g (BacUp) and 1.545 g (Wheaton); ethyl acetate extract: 

147 mg (BacUp) and 154 mg (Wheaton); AH: 194 mg (BacUp) and 212 mg 

(Wheaton). 

The AH was fractionated by using semi-preparative phenyl-hexyl HPLC at 40 C 

and 1 mM trifluoroacetic acid (TFA) and MeOH as eluents. The flow rate was 2.8 

mL/min and the wavelengths 280 and 325 nm were used for detection. The 

gradient was as follows: 0-5 min, 30% MeOH; 5-35 min, 30 to 75% MeOH; 35-40 

min, 75% MeOH; 40-44 min, 75 to 30% MeOH; hold 1 min. Nine fractions in 5 

min intervals were collected. The yields for BacUp were: AH-1, 0.4 mg; AH-2, 0.5 

mg; AH-3, 1.0 mg; AH-4, 16.3 mg; AH-5, 5.2 mg; AH-6, 6.0 mg; AH-7, 6.0 mg; 

AH-8, 1.0 mg; and AH-9, 1.0 mg. For Wheaton: AH-1, 1.3 mg; AH-2, 4.3 mg; AH-
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3, 1.5 mg; AH-4, 18.0 mg; AH-5, 5.2 mg; AH-6, 6.6 mg; AH-7, 7.6 mg; AH-8, 6.9 

mg; and AH-9, 2.5 mg. Additional AH was fractionated to get larger quantities of 

AH-4, the most antioxidant active fraction for both BacUp and Wheaton; all other 

fractions were discarded (for details about which fractions were selected, see 

results). AH-4 was thus further fractionated by semipreparative HPLC at 45 C 

and a flow rate of 3 mL/min. The gradient used 1 mM TFA, MeOH  and 

acetonitrile (ACN): 0-10 min, hold at 0% MeOH and 13% ACN; 10-20 min, 0 to 

3% MeOH and 13% ACN; 20-27 min, 3 to 5% MeOH and 18 to 25% ACN; 27-30 

min, 5 to 25% MeOH and 25 to 50% ACN; 30-35 min, 25 to 5% MeOH and 50 to 

13% ACN; hold 5 min. Six fractions were collected: AH-4-I (0 to 8 min), AH-4-II (8 

to 16 min), AH-4-III (16 to 22 min), AH-4-IV (22 to 25 min; single peak), AH-4-V 

(25 to 32 min), and AH-4-VI (32 to 40 min). Yields for BacUp AH-4 subfractions 

were AH-4-I, 0.1 mg; AH-4-II, 0.5 mg; AH-4-III, 4.1 mg; AH-4-IV, 3.5 mg; AH-4-V, 

0.4 mg; and AH-4-VI, 2.1 mg. Yields for Wheaton were: AH-4-I, 0.5 mg; AH-4-II, 

0.4 mg; AH-4-III, 2.2 mg; AH-4-IV, 32.0 mg; AH-4-V, 4.3 mg; AH-4-VI, 3.1 mg.  

WSE-2 was fractionated by semi-preparative HPLC with 1 mM TFA and MeOH 

as eluents. A flow rate of 3 mL/min, detection wavelengths of 280 and 325 nm, 

and a temperature of 30 C were used. The gradient was: 0-40 min, 5 to 65 % 

MeOH; 40-48 min; 65 to 5% MeOH.  The following yields were obtained from the 

fractionation of 150 mg BacUp WSE-2: WSE-2-I, 29.5 mg; WSE-2-II, 24.7 mg; 

WSE-2-III, 5.6 mg; WSE-2-IV, 7.9 mg; WSE-2-V, 5.2 mg; WSE-2-VI, 5.3 mg; 

WSE-2-VII, 6.6 mg; WSE-2-VIII, 5.2 mg; WSE-2-IX, 4.3 mg; WSE-2-X, 9.3 mg; 
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WSE-2-XI, 13.8 mg; and WSE-2-XII, 18.7 mg. The fractionation of 150 mg 

Wheaton WSE-2 gave WSE-2-I, 23.5 mg; WSE-2-II, 43.6 mg; WSE-2-III, 5.1 mg; 

WSE-2-IV, 17.9 mg; WSE-2-V, 4.7 mg; WSE-2-VI, 6.1 mg; WSE-2-VII, 9.0 mg; 

WSE-2-VIII, 5.1 mg; WSE-2-IX, 5.1 mg; WSE-2-X, 6.9 mg; WSE-2-XI, 5.6 mg; 

and WSE-2-XII, 3.8 mg. The method for BacUp WSE-3 fractionation used the 

same eluents, detection wavelengths and temperature, but the flow rate was 3.5 

mL/min, and the gradient was: 0-45 min, 15 to 70% MeOH; 45-50 min, 70 to 90% 

MeOH; 50-57 min, 90 to 15% MeOH. BacUp WSE-3 subfractions were: WSE-3-I, 

6.3 mg; WSE-3-II, 2.7 mg; WSE-3-III, 3.5 mg; WSE-3-IV, 4.1 mg; WSE-3-V, 6.0 

mg; WSE-3-VI, 9.0 mg; WSE-3-VII, 12.0 mg; WSE-3-VIII, 30.5 mg; WSE-3-IX, 

28.8 mg; WSE-3-X, 72.0 mg; WSE-3-XI, 31.1 mg; and WSE-3-XII, 3.5 mg. WSE-

3-VI was fractionated with a gradient using 1 mM TFA, MeOH and ACN, at a 

temperature of 45 C and a flow rate of 2.5 mL/min with detection at 280 and 325 

nm: 0-10 min, 0 to 3% MeOH and 12 to 18% ACN; 10-15 min, 3 to 5% MeOH, 

18% ACN; 15-20 min, 5% MeOH, 18 to 30% ACN; 20-24 min, 5 to 0% MeOH, 30 

to 12% ACN; 24 to 27 min, 0% MeOH and 12% ACN. Yields were 3.0 mg for 

WSE-3-VIa, 6.6 mg for WSE-3-VIb, and 3.4 mg of WSE-3-VIc.  

The WISE was dissolved in MeOH:H2O:acetone 90:5:5 (v/v/v) and fractionated at 

45 C by semi-preparative HPLC using a modified method of Knödler et al.(141). 

The eluents were H2O, MeOH and ACN. 0-5 min, 87% MeOH and 0% ACN; 5-20 

min, 87 to 91% MeOH and 0% ACN; hold 2 min; 22-28 min, 91% MeOH and 0 to 

2.5% ACN; 28-35 min, 91 to 95% MeOH and 2.5 to 4% ACN; 35-40 min, 95 to 
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87% MeOH and 4 to 12% ACN; hold 2 min; 42-44 min, 87 MeOH and 12 to 0% 

ACN; hold 3.5 min. The temperature was 45 C and the flow rate 2.8 mL/min. 

The effluent was monitored at 280 nm. The two most antioxidant active peaks, 

eluting at 25.3 (WISE-1) and 30.5 min (WISE-2) from the semi-preparative 

system, were collected individually, while the residual eluate was collected as a 

whole. 33.0 mg BacUp WISE gave 1.12 mg WISE-1 and 3.2 mg WISE-2; 103 mg 

Wheaton WISE yielded 1.8 mg WISE-1 and 2.1 mg WISE-2.  

Antioxidant assays. Antioxidant activity of crude extracts and chromatographic 

fractions was assessed using three in vitro antioxidant assays. The Folin-

Ciocalteu (FC) assay was performed according to Dewanto et al. (132). 

Antioxidant activity is expressed as means of g gallic acid equivalents 

(GAEs)/mg sample. The trolox equivalent antioxidant capacity (TEAC) assay was 

conducted based on the method reported by Re et al. with potassium persulfate 

used to generate the ABTS radical (133). Antioxidant activity is expressed in M 

trolox equivalents (TE)/mg sample. The leucomethylene blue (LMB) assay was 

carried out after Lindenmeier et al. with results expressed as mM TE/mg sample 

(134). All results are given as mean of triplicate measurements  standard 

deviation. 

LC-MS experiments. The molecular masses of most active antioxidants were 

determined with a Waters Micromass ZQ quadrupole detector coupled to a 

Shimadzu LC-10AD VP chromatograph operating in negative electrospray-

ionization mode. The HPLC gradients were the same as for the quantification of 
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those compounds (see below), except that 0.1% formic acid was used instead of 

1 mM TFA. The capillary voltage and the cone voltage were set to 3 kV and 30 V, 

respectively; desolvation and source temperatures were 400 C and 150C. 

NMR experiments. NMR spectra were recorded on a Bruker (Rheinstetten, 

Germany) Avance 700 MHz NMR spectrometer equipped with a triple-resonance 

1H{13C/15N} pulsed field gradient cryoprobe. Spectra of -D-glucopyranosyl-

(16)--D-glucopyranosyl-(16)-(4-hydroxy-3-methoxyphenyl)--D-gluco-

pyranoside (active compound in WSE-2-II) and tryptophan (most active 

constituent of WSE-2-IV) were recorded in D2O containing 5% acetone with the 

acetone signal set to 2.22 ppm in the 1H spectrum (140). Alkylresorcinols (WISE-

1 and WISE-2) as well as the main peak in AH-4-IV (ferulic acid) were measured 

in acetone-d6 with the residual solvent signals set to  2.05 ppm (1H), 29.92 and 

206.68 ppm (13C).  

Quantification of the most active antioxidants. The contents of all antioxidant 

active compounds are reported per g dry whole meal. The whole meal water 

content was assessed by shaking 0.5 g of whole meal (in triplicate) with 10 mL 

MeOH for 18 h. An aliquot of 0.5 mL of the extract was weighed and injected into 

a Karl-Fischer coulometric titrator (Aquatest cma; Photovolt, Indianapolis, IN).  

All active constituents were quantified by analytical RP-HPLC. Except for WISE-1 

and WISE-2 quantification, a Phenomenex Luna phenyl-hexyl analytical column 

(250 x 4.6 mm; 5 μm particle size) was used. WISE-1 and WISE-2 were 

quantified on a Luna C18(2) column of the same dimensions. Commercially 
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available ferulic acid and tryptophan, as well as isolated alkylresorcinols and 

WSE-2-IId (purity > 95% as determined by 1H NMR) were used as standard 

compounds. To quantify free ferulic acid, ground whole meal (2 g) was extracted 

three times with 15 mL chilled 80% (v/v) ethanol. The solution was made up to 50 

mL, aliquots were dried under nitrogen and redissolved in 50% MeOH/H2O (v/v). 

The same extraction procedure was used for the quantification of WSE-2-II and 

WSE-2-IV; however, pure water was used for redissolution. Esterified ferulic acid 

was liberated by addition of degassed 2M NaOH (5 mL) to the dried flour (100 

mg) after 80% ethanol extraction and an acetone wash (2 mL). After 16 h, 

concentrated HCl was used for acidification (pH <2), and the solution was 

extracted with 3 x 2 mL ethyl acetate. After centrifugation, the pooled organic 

phases were dried under nitrogen and dissolved in 1 mL 50% MeOH. Ferulic acid 

was quantified at 325 nm. The gradient used a flow rate of 0.8 mL/min, 1 mM 

TFA, MeOH, and ACN as eluents and a temperature of 45 C: 0-10 min, 0 to 3% 

MeOH and 12 to 18% ACN; 10-15 min, hold 3% MeOH and 18% ACN; 15-20 

min, 3 to 5% MeOH and 18 to 24% ACN; 20-24 min, 5 to 8% MeOH and 24 to 

30% ACN; 24-30 min, 8 to 30% MeOH and 30 to 65% ACN; hold for 6 min; 36-39 

min, 30 to 0% MeOH and 65 to 12% ACN; hold for 3 min. WSE-2-II and WSE-2-

IV were determined at 280 nm and 1 mM TFA and MeOH as eluents. The 

temperature was 45 C and the flow rate 0.8 mL/min: 0 -7 min, 5% MeOH; 7-15 

min, 5 to 10% MeOH; 15-20 min, 10 to 15% MeOH; 20-30 min, 15 to 95% 

MeOH; 30-36 min, 95% MeOH; 36-39 min, 95 to 5% MeOH; hold 3 min. 
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Alkylresorcinols were quantified with the gradient used for their separation 

specified above (141). Whole meal (3 g) was extracted twice with with 40 mL 

ethyl acetate for 2 h. After drying under nitrogen, the sample was redissolved in 

500 L MeOH/H2O/acetone 90:5:5 (v/v/v). An aliquot (50 L) of this mixture was 

injected into the HPLC. 

Statistics. A two-sided t-test at a P < 0.05 significance level was employed for 

comparison of crude extracts and antioxidant contents between the varieties.  

4.3 Antioxidants in BacUp and Wheaton: Results and discussion 

Extraction procedure. The extraction protocol followed the scheme previously 

reported (173). This protocol reflects our aim to extract all compounds with 

potential antioxidant activity while excluding starch, dietary fiber components and 

other high molecular weight compounds. From a physiological perspective, 

compounds that are at least partially water-soluble seem of greatest interest. 

However, important antioxidants such as tocopherols and carotenoids are 

practically water-insoluble. Moreover, recent studies have shown that previously 

unknown lipophilic antioxidants may substantially contribute to the antioxidant 

activity of whole grains (179). Therefore, the protocol starts with the consecutive 

extraction of whole meal flour using solvents of decreasing polarity, ensuring that 

all potentially relevant antioxidants are extracted. Some antioxidants are 

covalently linked to polymers and therefore need to be released in the small 

intestine or by the microorganisms in the large intestine before they can be 
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absorbed. For instance, hydroxycinnamic acids, which are potent antioxidants 

are esterified to cell wall arabinoxylans in cereal grains (144, 145). Thus, they 

cannot be obtained by simple solvent extraction, which makes the inclusion of an 

alkaline hydrolysis step necessary.  

Antioxidant testing. Antioxidants do not belong to a single class of chemical 

compounds, but are defined through their capability to inhibit the oxidation of a 

biological substrate while being present in much smaller amounts than the 

substrate (97). In vitro antioxidant assays reflect the reducing and/or radical 

scavenging abilities of single antioxidants or antioxidant mixtures. Since all in 

vitro assays have limitations, we performed three assays, following the 

recommendations by Prior et al. to use at least two assays (146). Both the TEAC 

and FC assay are inexpensive, sensitive and relatively easy to perform. Both 

focus only on the reducing properties of a sample. The FC assay is often referred 

to as total phenolics assay, although several non-phenolic molecules are known 

to give a response (113). The TEAC assay can be performed in pH 7.4 

phosphate buffer or in ethanol. For our study, we chose ethanol since many of 

the extracted compounds and mixtures were more lipophilic than hydrophilic. As 

a third assessment of in vitro antioxidant activity the LMB assay was used. It was 

developed to measure the reducing and radical-scavenging abilities of an 

antioxidant based on the inhibition of linoleic acid oxidation (134). Crude extracts 

and fractions were initially tested at the same concentration levels. Appropriate 

dilutions were made for the most active mixtures to fall within the standard curve. 
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If a sample’s activity was too low for a response in an assay, higher 

concentrations were not measured, since we were only interested in the most 

active fractions. For the same reason, the figures comparing the antioxidant 

activity of fractions display percent activity of the fractions based on the most 

active fraction. The activities of the crude extracts are, however, reported as 

actual values.  

As shown in Table 4, for both BacUp and Wheaton, the AH was the most active 

fraction in every assay with activities at least two to three times higher than the 

other extracts.  

 

Table 4. Gallic acid and trolox equivalents (GAE and TE) per mg of crude 
extracts (FC-Folin-Ciocalteu, TEAC–trolox equivalent antioxidant capacity, LMB-
leucomethylene blue). 

 FC assay (g GAE/ mg)   TEAC assay (M/ TE 

mg) 

LMB assay (mM TE/ 

mg) 

 BacUp     Wheaton BacUp   Wheaton BacUp   Wheaton 

WSE-1 No activity No activity No activity 

WSE-2 69.061.66 93.723.45 3.650.04 3.520.13 0.280.06 0.360.04 

WSE-3 53.032.83 62.683.09 3.230.10 3.170.21 0.350.05 0.230.05 

WISE No activity 8.890.20 7.980.27 No activity 

AE No activity No activity No activity 

EE No activity No activity No activity 

AH 213.284.56 220.125.53 16.270.45 14.950.11 1.370.12 0.990.08 

 

The AHs of the two varieties had significantly (P < 0.05) different antioxidant 

activities in the TEAC and LMB assay with BacUp AH being the more active 

extract. No significant difference was found in the FC assay. In the TEAC assay, 

the WISE was the second most active extract for both varieties, with BacUp 
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WISE being significantly more active. In the FC assay, however, the Amberlite 

eluate WSE-2 showed the second highest activity in BacUp and Wheaton, and 

the WSE-2 from Wheaton was significantly more active. In the LMB, WSE-3 was 

BacUp’s second most active Amberlite eluate, whereas WSE-2 was the second 

most active for Wheaton. Therefore, AH, WISE, and WSE-2 of both wheat 

varieties and WSE-3 from BacUp were selected for HPLC fractionation. 

Fractionation procedure and compound identification/quantification. The 

AH extracts were fractionated with a gradient previously developed for the 

separation of cell-wall bound phenolic compounds (137). Nine fractions were 

collected in time intervals and tested for antioxidant activity. For both varieties, 

fraction AH-4 had the highest activity in all antioxidant assays, as demonstrated 

in Figure 9a for the results of the LMB assay. Fractions AH-1 and AH-9 did not 

show activity in this assay and were thus not included in the figure. 

  

 

 

Figures 9. a) Relative antioxidant activity of alkaline hydrolyzate (AH) fractions 
from BacUp and Wheaton in the leucomethylene blue (LMB) assay. b) Relative 

antioxidant activity of Wheaton AH-4 subfractions. 

subfractions subfractions 
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Analytical HPLC analysis revealed that AH-4 contained one main UV active 

peak. When AH-4 was further fractionated into 6 subfractions, this main peak 

was collected individually as subfraction AH-4-IV, whereas the rest of the eluate 

was collected in time intervals. Figure 9b shows results of the subfractions from 

Wheaton AH in all three assays, demonstrating that subfraction AH-4-IV exerted 

the highest activity. Fraction AH-4-I did not show activity in any assay and was 

hence not included. Subfraction AH-4-IV was also the most active one of the 

BacUp AH subfractions. Based on its UV and 1H NMR spectra this compound 

was identified as ferulic acid. The whole meal contents of esterified ferulic acid 

and all other isolated antioxidants in this study are listed in Table 5 along with 

their contents in blue wheat whole meal, a wheat variety we had previously 

subjected to activity-guided fractionation.  

 

Table 5. Contents of isolated antioxidants (g/g) in BacUp, blue wheat and 
Wheaton. 

Compound BacUp Blue Wheat Wheaton 

ferulic acid – esterified 

ferulic acid - free 

757.132.6 

2.20.2 

713.229.1 

3.00.1 

706.717.6 

4.70.4 

-D-glucopyranosyl-(1→6)--D-

glucopyranosyl-(1→6)-(4-hydroxy-

3-methoxyphenyl)--D-

glucopyranoside 

416.226.7 273.7210.5 359.112.9 

tryptophan 97.18.4 230.8616.9 171.74.5 

5-nonadecyl-benzen-1,3-diol 137.27.0 154.56.9 127.59.0 

5-heneicosyl-benzen-1,3-diol 309.515.3 208.94.4 323.415.6 
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The esterified ferulic acid contents of BacUp (757.132.6 μg/g) and Wheaton 

(706.717.6 μg/g) were not statistically different and in the same range as found 

in other studies (180). Siranidou et al. did not study the kernel but  the lemmas, 

paleas and glumes of two wheat varieties with different susceptibility to FHB and 

found no difference in esterified ferulic acid contents (181). In Siranidou’s study 

spikes were analyzed shortly after anthesis, where p-coumaric acid is more 

abundant than ferulic acid. The esterified p-coumaric acid content in the FHB 

resistant variety Frontana was higher than the content in the FHB susceptible 

variety Agent, and further increased 2 days after inoculation with F. culmorum, 

another Fusarium strain that causes FHB. Zhou et al., who analyzed mature 

wheat grains, did not find significant differences in the average amounts of 

soluble or insoluble phenolic acids of FHB resistant and susceptible varieties 

(178). McKeehen et al. measured the content of esterified ferulic acid in 

developing kernels of BacUp, Wheaton, and four additional red spring wheat 

varieties with known scab tolerance (176). The amounts of esterified ferulic acid 

reached a maximum around 4 weeks after anthesis and then declined by about 

50%. The ferulic acid contents in mature grains were similar for all varieties, 

which is in agreement with our results. The same authors demonstrated that 

ferulic and p-coumaric acid reduced the in vitro growth of Fusarium species, 

including F. graminearum. These results are supported by other studies (175, 

182) that also reported a growth inhibiting effect of ferulic acid on F. 

graminearum. However, whether the antifungal activity of free ferulic acid is an 
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indicator for a similar activity of the polymer bound, esterified ferulic acid is an 

open question. Nonetheless, it is possible that the effect of esterified ferulic acid 

is more important in the early stages of the development of the grain than in the 

mature grain. Phenolic acids may contribute to Fusarium resistance through 

several mechanisms, antifungal activity being only one of them. The ability of 

ferulic acid to cross-link hemicelluloses by the formation of ferulic acid oligomers 

(183) strengthens plant cell walls (184), which may increase its physical barrier 

function against pathogens. Studies have shown that dehydrodiferulate levels 

correlate with disease resistance in corn (77). It also needs to be considered that 

the formation of ferulic acid could only be stimulated as an actual defense 

mechanism upon infection. Other studies found increases in levels  of coumaric 

acids in resistant wheat varieties one to two days after inoculation with Fusarium 

strains, whereas no such increase was observed for susceptible varieties (181, 

185). Thus, the exact relationship between plant phenolics and a plant’s 

resistance against Fusarium attack remains to be elucidated. 

Regarding the potential physiological effects of ferulic acid in humans its 

bioavailability is most important. The bioavailability of esterified ferulic acid and 

other compounds of the AH strongly depends on the extent and the location of 

their liberation from the polymers they are attached to. Therefore, we also further 

investigated the second most antioxidant active extracts, which contained freely 

extractable phytochemicals.   
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In agreement with our results from blue wheat (173) we observed a strong TEAC 

assay activity for the WISE extracts. This was again the result of a color change 

instead of the regular bleaching of the ABTS solution. Therefore, we 

hypothesized that the TEAC activity was due to alkylresorcinols as we had found 

for blue wheat. The two main alkylresorcinols, referred to as WISE-1 (5-

nonadecyl-benzen-1,3-diol) and WISE-2 (5-heneicosyl-benzen-1,3-diol), were 

collected individually, the remaining HPLC eluate was collected as a third 

fraction. Using all three fractions equally concentrated in the TEAC assay, it was 

shown that the activity of the WISE extracts could indeed be attributed to these 

two alkylresorcinols changing the color of the ABTS reagent. Whole meal 

concentrations of these two alkylresorcinols were 1377 g/g (WISE-1) and 

31015 g/g (WISE-2) in BacUp, and 1279 g/g (WISE-1) and 32316 g/g 

(WISE-2) in Wheaton, which is comparable to alkylresorcinol concentrations in 

other wheat samples (186, 187). Since the contents of WISE-1 and WISE-2 were 

not significantly different between the two varieties, the initial difference in TEAC 

activity was likely due to other phytochemicals in these extracts.  

WSE-2 of both BacUp and Wheaton showed the highest TEAC activities among 

the water-soluble crude extracts. In contrast to the WISE, no color change was 

observed. BacUp and Wheaton WSE-2 were fractionated into 12 fractions by 

semi-preparative HPLC. As shown in Figure 10, eight of the twelve fractions 

displayed antioxidant activity.  
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Figure 10. Relative antioxidant activity of WSE-2 fractions from BacUp and 
Wheaton in the trolox equivalent antioxidant capacity (TEAC) assay. 

 

In both varieties fraction WSE-2-II was most active. The activity of this fraction 

could mostly be attributed to its main UV active peak with an m/z of 625 [M-H]-. 

The same fraction and its main peak had shown the highest TEAC activity in blue 

wheat extracts obtained under neutral conditions. Verma et al. reported the 

presence of a compound with the same m/z in negative ESI mode in 80% 

ethanolic  bran extracts from different wheat varieties; however the compound 

was not further characterized (188).  Structure analysis and comparison to data 

from blue wheat fractions identified WSE-2-II’s main peak as (-D-gluco-

pyranosyl-(1→6)--D-glucopyranosyl-(1→6)-(4-hydroxy-3-methoxyphenyl)--D-

glucopyranoside). Its concentration in BacUp whole meal was 416.226.7g/g. In 

Wheaton whole meal, the concentration was 359.112.9 g/g.  

Since WSE-2 extracts of both varieties were also most active in the FC, the 12 

HPLC WSE-2 subfractions were tested in the FC assay, too. WSE-2-IV was 
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approximately twice as active in the FC assay as all the other fractions (Figure 

11). Fractions WSE-2-I and WSE-2-X did not show activity. 

 

 

Figure 11. Relative antioxidant activity of WSE-2 fractions from BacUp and 
Wheaton in the Folin-Ciocalteu (FC) assay. 

 

This fraction had also been the most FC-active blue wheat fraction obtained 

under neutral conditions. In blue wheat, the largest UV-active peak of WSE-2-IV 

was the main contributor to its activity. Therefore, we used a previously 

developed HPLC gradient to collect the main UV-active peak at 280 nm. The rest 

of the eluate was collected as a whole and tested for comparison. It was found 

that the main peak was indeed responsible for most of the activity of WSE-2-IV. 

Structural characterization of the compound by LC-MS and NMR revealed it, in 

agreement with the blue wheat study, to be tryptophan. The tryptophan content in 

Wheaton whole meal (171.74.5 g/g) was significantly higher than in BacUp 

whole meal (97.18.4 g/g). Tryptophan solutions in concentrations representing 
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the amount of tryptophan in the WSE-2 eluates were analyzed in the FC assay to 

determine the tryptophan contribution to the overall WSE-2 activity in this assay. 

It was found that about 30% of BacUp’s WSE-2 and 40% of Wheaton’s WSE-2 

antioxidant activity in the FC assay was due to tryptophan. The WSE-2 extract 

from Wheaton was significantly more active in the FC assay than BacUp WSE-2, 

probably due to a higher content of tryptophan. These results are in agreement 

with Verma et al., who reported tryptophan as a major contributor to the FC 

activity in wheat bran extracts (188). Thus care must be taken in the 

interpretation of FC results as “total phenolics” since some non-phenolic 

compounds are known to react in this assay as well (113). Zhou et al. also found 

that the average FC activities of 50% acetone extracts were not different 

between susceptible and resistant wheat varieties; however, there was variation 

in between the groups of susceptible and resistant varieties (178).  

In the LMB assay different water-soluble extracts were second most active (after 

AH) for Wheaton (WSE-2) and BacUp (WSE-3). When the previously obtained 

12 Wheaton WSE-2-subfractions were tested in the LMB assay, WSE-2-II (which 

contained the phenolic trisaccharide) was found to be most active. The WSE-3 

was also fractionated into 12 subfractions with a modified semi-preparative HPLC 

method. Of these subfractions, WSE-3-VI was most active in the LMB assay and 

thus further fractionated into three subfractions. Figure 12 shows the LMB 

results of the three BacUp WSE-3-VI subfractions, Wheaton WSE-2-IId, i.e. the 

phenolic trisaccharide, and the remaining eluent WSE-2-II.  
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Figure 12. Trolox equivalents of the most active subfractions from BacUp WSE-
3-VI and Wheaton WSE-2-II in the leucomethylene blue (LMB) assay. The 

chromatograms show the semipreparative HPLC separation of BacUp WSE-3-VI 
and Wheaton WSE-2-II recorded at 325 and 280 nm, respectively. 

 

The activities of WSE-2-II and WSE-3-VI were mostly due to the isolated 

phenolic trisaccharide and subfraction WSE-3-VIc, respectively. Subfraction 

WSE-3-VIc was the only subfraction displaying a higher LMB assay activity than 

the parent fraction. It contained one main UV active HPLC peak which was 

identified as trans-ferulic acid based on the analysis of UV, LC-MS and 1H NMR 

data. Trace amounts of cis-ferulic acid were also present. However, when a 

ferulic acid solution with a concentration corresponding to the parent fraction 

WSE-3 was tested in the LMB assay, no antioxidant effect was observed (data 

not shown). Therefore, although free ferulic acid was the single most active 

antioxidant in WSE-3, it was not the only active compound present. A free ferulic 

acid content of 2.20.2 μg/g was found in BacUp. The amount of free ferulic acid 

in Wheaton, however, was significantly higher (4.70.4 μg/g). These levels are in 



 

 93 

agreement with free ferulic acid contents found previously (180). Although the 

main contributors to the antioxidant activity of the different wheat varieties were 

determined, the overall activity of the analyzed fractions is likely a combination of 

antioxidant effects of several compounds, possibly including synergistic effects. 

4.4  Antioxidants in BacUp and Wheaton: Conclusion 

The in vitro antioxidant activities of crude extracts obtained from BacUp and 

Wheaton were similar and did not follow a distinct pattern. No variety showed 

significantly higher activities for all extracts in any of the assays. Different anti-

oxidant assays or a different extraction protocol may have resulted in different 

outcomes. By using activity-guided fractionation we were able to isolate several 

antioxidant active compounds in BacUp and Wheaton that exceeded the in vitro 

antioxidant activity of other compounds present in the same extract. The 

identified compounds were similar for BacUp and Wheaton, which means that 

FHB resistance could not be attributed to the isolated antioxidants. It has to be 

considered that synergistic activities between antioxidants are likely to have 

occurred. Thus the overall antioxidant activity of extracts/fractions obtained here 

can only partially be attributed to the identified compounds. Further work is 

required to clarify if the obtained antioxidants play a role in FHB resistance. 

4.5  Antioxidants in BacUp and Wheaton: References 

For a complete list of references please see chapter 7. 
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4.6 Fractionation of blue wheat guided by inhibition of in vitro  

starch digestion 

 

The extraction protocol for antioxidant-guided fractionation of whole wheat meals 

had been designed to extract a wide range of phytochemicals with different 

chemical properties. Hence, it can also be used to screen wheat phytochemicals 

for other potential bioactivities. Thus, the third objective of this thesis was to 

screen blue wheat extracts for -amylase inhibitory activity, and, if any extract is 

found to possess activity, to develop a fractionation method to identify, isolate 

and structurally characterize the active compounds. To the best of our 

knowledge, there have been no reports on such acitivity in whole wheat yet. Blue 

wheat extracts were chosen because this variety contains anthocyanins, in 

contrast to most other wheat varieties (189). Some studies previously reported 

that anthocyanins may have an effect on -amylase (94, 190, 191). In addition, 

other phytochemicals commonly occuring in wheat, such as ferulic acid and 

caffeic acid, were reported to decrease the activity of -amylase (192, 193). 

However, before this study it was unknown whether other, potentially even more 

potent inhibitors could be found in whole blue wheat meals.  

The activity of -amylase in vitro can be determined with several substrates. 

Studies on both food extracts and/or isolated food constituents used either starch 

or synthetic oligosaccharides carrying a chromophore such as 2-chloro-4-nitro-
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phenyl-4-O--D-galactopyranosyl-maltoside (194) or  blocked p-nitrophenyl 

maltoheptaoside (190). The digestion of these synthetic substrates with -

amylase releases p-nitrophenol, which can be determined by UV-spectroscopy. 

One way to assess starch digestion is by determining the remaining starch 

polymers with iodine (most often used in the form of Lugol solution, a 2:1 (w/w) 

mixture of potassium iodide and iodine) through formation of colored iodine-

starch clathrates (191, 195-197). Alternatively, the generated reducing malto-

oligosaccharides are analyzed either with mild oxidizing reagents such as dinitro-

salicylic acid (198), which is reduced to colored amino-nitrosalicylic acid, or more 

specific reagents such as p-hydroxybenzoic acid hydrazide (199). Fragments of 

reducing sugars produced under alkaline conditions are assumed react with p-

hydroxybenzoic acid hydrazide to form bis(4-hydroxybenzoylhydrazones) of 

glyoxal and methylglyoxal. The reaction with dinitrosalicylic acid is the more 

commonly used method (93, 192, 200, 201). However, this reagent can possibly 

react with other oxidizable substrates present in a sample. Interfering reactions 

also occur when starch polysaccharides are analyzed with iodine. For example, 

in our studies it was observed that samples with high ferulic acid contents initially 

bleached the Lugol reagent. Our antioxidant assays showed that ferulic acid has 

high reducing power,thus it probably converted the colored iodine to the colorless 

iodide. Hence the incorporation of a separation step after the amylase digestion 

was necessary to remove sample components interfering with the detection as 

described in more detail in the following manuscript. 
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Chapter 5  

Activity-guided fractionation to identify Blue Wheat 

(UC66049 Triticum aestivum L.) constituents capable of 

inhibiting in vitro starch digestion 

 

 

  



 

 97 

Activity-guided fractionation to identify Blue Wheat (UC66049 Triticum 

aestivum L.) constituents capable of inhibiting in vitro starch digestion  

Catrin E. Tyla and Mirko Bunzelb,* 

 

 

a Department of Food Science and Nutrition, University of Minnesota, 1334 

Eckles Avenue, 55108 Saint Paul, Minnesota 

b Department of Food Chemistry and Phytochemistry, Karlsruhe Institute of 

Technology (KIT), Adenauerring 20A, 76131 Karlsruhe, Germany 

* Corresponding author. E-mail: mirko.bunzel@kit.edu Tel: +49-721-608-42936. 
Fax: +49-721-608-47255 



 

 98 

5.1  Starch digestion inhibitory compounds in blue wheat: 

Summary 

The inhibition or delay of starch digestion by dietary compounds could help 

manage post-prandial blood glucose levels. Activity-guided fractionation was 

used to obtain compounds from blue wheat whole meal reducing -amylase 

mediated starch hydrolysis in vitro. Fatty acids potentially released from cell wall 

polymers by alkaline hydrolysis inhibited the digestion of amylose, probably 

through the formation of amylose-lipid complexes. However, the degradation of 

amylopectin was not affected by fatty acids. In addition, an oxoalkylresorcinol, 1-

(3,5-dihydroxyphenyl)heneicosan-2-one, was found to reduce starch digestion. 

However, since the digestion of both amylopectin and amylose were reduced, the 

inhibition mechanism was different from fatty acids. Further research is needed 

to evaluate if this component could also influence in vivo starch digestion. 

5.2  Starch digestion inhibitory compounds in blue wheat: 

Introduction 

The prevalence of T2DM has increased sharply over the past decades. It was 

estimated that 366 million people in the world suffered from this condition in 

2011, and the number is expected to rise to over 500 million people by 2030 (37). 

There is scientific consensus that diet plays a major role in the etiology of 

diabetes (36) and that maintaining a healthy diet is a key factor in controlling the 
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risk of T2DM. For instance, several epidemiological studies have shown that the 

consumption of whole grains is associated with reduced risk of T2DM (43). One 

risk factor in T2DM development is postprandial hyperglycaemia. Reduction of 

postprandial glucose levels through inhibiting starch digestion is one of the 

mechanisms by which diet can reduce the risk of T2DM (88). Starch hydrolysis is 

mediated by human salivary α-amylase, pancreatic α-amylase and brush border 

-glucosidases. Several food extracts have been shown to inhibit -amylase 

activity in vitro, especially extracts from tea (90, 201) and fruits (197, 199, 202, 

203), but also from tree barks (204) and leaves (205). To the best of our 

knowledge, there are no studies that systematically tested whole wheat 

constituents for α-amylase inhibition. A recent study used activity-guided 

fractionation to investigate the inhibition of α-glucosidase by wheat bran and 

germ constituents (95) and identified phosphatidic acids as active components. 

Some compounds, such as ferulic and caffeic acid, that are known to be present 

in wheat have been previously reported to interact with α-amylase (192, 193). 

Moreover, wheat contains polyphenols with structures comparable to inhibitors 

found in other food sources. Finally, there are new wheat varieties such as blue 

wheat that contain noticeable levels of anthocyanins (131, 162, 189), which were 

demonstrated to inhibit -amylase in vitro in some studies (94, 190, 191), but not 

in others (202, 206). Thus, the objective of this study was to perform activity-

guided fractionation on whole wheat extracts to identify blue wheat constituents 

that are able to inhibit α-amylase catalyzed starch digestion in vitro. 
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5.3  Starch digestion inhibitory compounds in blue wheat: 

Materials and methods 

Materials. Blue wheat (UC66049 Triticum aestivum L.) was grown and harvested 

in Saint Paul, Minnesota in 2007. All organic solvents were HPLC grade, water 

was double-distilled. Acarbose, porcine alpha amylase, amylose from potato 

starch, amylopectin, Lugol solution, borontrifluoride-methanol complex, 

dinitrosalicylic (DNS) acid, phenol and sodium sulfite were purchased from 

Sigma (Saint Louis, MO). Soluble starch was obtained from Fisher Scientific (Fair 

Lawn, NJ). A grain fatty acid methyl ester standard mixture for GC was obtained 

from Supelco (Bellefonte, PA). Potassium sodium tartrate was from Mallinkrodt. 

Extraction. The extraction and fractionation of blue wheat was described 

previously (173). Briefly, blue wheat was ground to < 0.5 mm and consecutively 

extracted with 80% ethanol, acetone, and ethyl acetate. The 80% ethanol 

extraction step was performed by using both ethanol/water (80/20, v/v) and 

ethanol/0,3% trifluoroacetic acid (TFA) (80/20, v/v). The remaining residue after 

solvent extraction was destarched (Termamyl ® amylase in 0.08 M phosphate 

buffer at pH 6, 100 C for 30 min) and cell-wall esterified phytochemicals were 

liberated by saponification with degassed 2 M NaOH for 18 h in the dark. The 

alkaline hydrolyzate (AH) was then acidified (pH <2) and extracted with ethyl 

acetate (3 times). All organic extracts (acetone, ethyl acetate, AH ethyl acetate) 

and the 80% ethanol extracts were dried by evaporation under reduced pressure 

at <45C. The dried acetone and ethyl acetate extracts (but not the AH) were 
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reconstituted in acetone. Triglycerides were removed from the acetone solutions 

by precipitation at -78 C. The dried 80% ethanol extract was separated into a 

water-soluble (WSE) and a water-insoluble portion (WISE) by extraction with 

water (200 mL, 3 times) and then extracting the water-insoluble residue with 

acetone (100 mL, 3 times). Those extracts originally obtained by extraction with 

acidified 80% ethanol and further fractionated by using 0.3% TFA instead of 

water are referred to as WSEa. Aliquots of the WSE were redissolved in water 

and passed over a column filled with Amberlite XAD-2 and eluted with water 

(twice, resulting in WSE-1 and WSE-2), 50% MeOH (twice; WSE-3 and WSE-4), 

and 100% MeOH (twice; WSE-5 and WSE-6). WSEa was similarly fractionated, 

but 0.3% TFA was used instead of water. MeOH was removed by rotary 

evaporation and the remaining water was removed by freeze-drying. All flasks 

were wrapped in aluminum foil to protect them from light.  

Starch digestion inhibition assay. The extent of starch digestion was 

measured with a modified method based on Hossain (196). Porcine α-amylase (≥ 

10 U/mg) was used at a concentration of 0.005 mg/mL  in a 80 mM 3,3’- 

dimethylglutaric acid (DMGA) buffer (pH 6.9) containing 5 mM CaCl2 and 40 mM 

NaCl (201). Samples were dissolved in dimethylsulfoxide (DMSO) and diluted to 

a concentration of 0.2 mg/mL in 20% DMSO. Soluble starch (0.12% w/v) was 

gelatinized by boiling and cooled down to room temperature.  The starch solution 

(100 μL) was mixed with DMGA buffer (660 L, at 37 C) and 80 L sample 

solution. The enzyme solution (160 L) was added and the mixture was 
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incubated for 15 min at 37 C. The reaction was stopped by boiling in a water 

bath for 5 min. After cooling down to room temperature, the solutions were 

passed over small cartridges with a volume of 3 mL filled with Amberlite XAD-2. 

This step was included to remove most organic compounds other than 

carbohydrates, preventing possible interactions of reducing sample components 

with iodine. For testing crude extracts and fractions, residual starch contents 

were determined by adding 10 L Lugol solution to 400 L of the Amberlite 

eluate and recording the absorption at 565 nm. Solutions from the starch 

digestion assay testing pure compounds (0.2 mg/mL in 60% DMSO) after 

chromatographic fractionation (see below) were split after enzyme inactivation. 

One portion was analyzed for remaining substrate with Lugol solution and the 

other portion was analyzed for reducing sugars by using the DNS assay (see 

below). When amylose or amylopectin instead of starch were used in the assays, 

the volumina were slightly modified (160μL of enzyme, 160 μL substrate, 80 μL 

sample, 600 μL buffer) and  readings were taken at 620 and 520 nm, 

respectively, to determine the residual substrate with Lugol solution. Iodine 

clathrates with amylose and amylopectin are known to absorb light at different 

wavelengths (207). As a second measure to determine starch degradation, the 

contents of reducing sugars generated by starch hydrolysis were assessed with 

DNS reagent prepared according to Miller (198). After enzyme inactivation, 400 

L of the digested samples were mixed with 400 L DNS reagent (1% DNS, 

0.2% phenol, 0.05% Na2SO3 in 1% NaOH) and heated for 5 min in a boiling 
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water bath. After cooling down to room temperature, 200 L of a 40% potassium 

sodium tartrate (Rochelle salt) solution were added and the absorption was 

measured at 540 nm. Results from the DNS assay are expressed as % inhibition 

of the corresponding control (20% or 60% DMSO solution instead of the sample 

solution), results from iodine measurements as % digested starch relative to the 

control. All samples were analyzed in triplicate. Acarbose, a known -amylase 

inhibitor, was used as positive control. 

Fractionation. Semi-preparative HPLC fractionations of the AH and AH fractions 

were performed on a Phenomenex (Torrace, CA) Luna phenyl-hexyl column (250 

x 10 mm i.d., 5 m) using a Shimadzu (Colombia, MD) LC-20AT low pressure 

gradient pump and an SPD-M20A photodiode array detector. An aliquot (150 mg) 

of the AH was dissolved in 50% dioxane and fractionated by semi-preparative 

HPLC at 45 C using a flow rate of 2.5 ml/min. A gradient using 1 mM 

trifluoroacetic acid (TFA), MeOH and acetonitrile (ACN) was employed: 0-15 min, 

0 to 5% MeOH, 13 to 22% ACN and 87 to 73% TFA; 15-20 min, hold 5% MeOH, 

22 to 27% ACN and 73 to 68% TFA; 20-25 min, hold 5% MeOH, 27 to 30% ACN 

and 68 to 65% TFA; 25-45 min, 5 to 15% MeOH, 30 to 45% ACN, 65 to 40% 

TFA; 45-50 min, hold 15% MeOH, 45 to 85% ACN; hold 3 min; 53-57 min, 15 to 

0% MeOH, 85 to 13% ACN and 0 to 87% TFA; hold 3 min. The eluted 

compounds were monitored at 280 and 325 nm and collected in 10 min time 

intervals over 60 min. Yields for these fractions were: 16.6 mg (AH-1), 51.7 mg 

(AH-2), 1.0 mg (AH-3), 43.4 mg (AH-4), 5.2 mg (AH-5), 5.1 mg (AH-6). AH-6 was 
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subsequently fractionated on the same HPLC system with a different gradient 

using 1 mM TFA, ACN and 10% dioxane: 0-10 min, 40 to 50% ACN, 60 to 50% 

TFA; 10-30 min, 50 to 95% ACN, 50 to 5% TFA; 30-36 min, hold 95% ACN, 5 to 

0% TFA, 0 to 5% dioxane; hold 4 min; 40-45 min, 95 to 40% ACN, 0 to 60% TFA 

and 5 to 0% dioxane; hold 5 min. The temperature was 45 C, the flow rate 2.8 

mL/min and the effluent was monitored at 210 and 280 nm. AH-6 subfractions 

were collected in 10 min intervals over 50 min. The separation of 27.7 mg of AH-

6 yielded in 3.3 mg (AH-6-I), 2.2 mg (AH-6-II), 13.3 mg (AH-6-III), 5.0 mg (AH-6-

IV), 3.5 mg (AH-6-V). The three largest peaks at 210 nm were isolated with the 

following gradient: 0-10 min, 45 to 70% ACN, 55 to 30% TFA; 10-30 min, 70 to 

95% ACN and 30 to 5% TFA; 30-32 min, 95 to 98% ACN and 5 to 2% TFA; 32-

36 min, 98 to 45% ACN and 2 to 55% TFA; hold 4 min. The temperature was 45 

C and the flow rate was 2.5 mL/min. 

The WISE was fractionated with the same HPLC column model on a Shimadzu 

CBM-20A chromatograph with a SPP-20AV UV detector and a CV-10A2 VP 

pump. The wavelengths 254 and 210 nm were monitored. The extract was 

dissolved in MeOH/acetone/water (80/10/10, v/v/v) at 45 C, sonicated, and 

filtrated through a 0.45 m filter. Fractionation was conducted using a method 

modified after Knödler et al. (141). MeOH, ACN and H2O were the eluents and a 

flow rate of 2.8 mL/min was used. The gradient was: 0-5 min, hold 87% MeOH 

and 13% H2O; 5-20 min, 87 to 91% MeOH and 13 to 9% H2O; hold 2 min; 22-28 

min, hold 91% MeOH and 0 to 2.5% ACN and 9 to 6.5% H2O; 28-35 min, hold 
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91% MeOH and 2.5 to 8% ACN and 6.5 to 1% H2O; 35-38 min, 91 to 87% MeOH 

and 8 to 12% ACN and hold 1% H2O; 38-42 min, hold 87% MeOH and 12 to 0% 

ACN, 2 to 13% H2O; hold 5.5 min. Five fractions in 9.5 min intervals were 

collected. Yields out of 80 mg were: 8.4 mg (WISE-1), 8.2 mg (WISE-2), 6.3 mg 

(WISE-3), 35.1 mg (WISE-4) and 1.6 mg (WISE-5). Peaks from the active 

fraction WISE-3 were isolated with the following gradient: 0-30 min, hold 87% 

MeOH, 0 to 12% ACN and 13 to 1% H2O; 30-35 min, hold 87% MeOH, 12% ACN 

and 1% H2O; 35-38 min, hold 87% MeOH, 12 to 0% ACN, 1 to 13% H2O; hold 2 

min. The temperature was 45 C and the flow rate 3 mL/min. The active 

component in WISE-3 was then purified at the same temperature and flow rate 

with a gradient of 0-25 min; hold 87% MeOH, 0 to 10% ACN, 13 to 3% H2O; 25 

to 28 min, hold 87% MeOH, 10 to 0% ACN and 3 to 13% H2O; hold 2 min.  

GC-MS experiments.  Fatty acids methyl esters were prepared by esterification 

with 14% borontrifluoride in MeOH according to the instructions of the supplier. 

The analysis was carried out on a Varian (Palo Alto, CA) Saturn 3 GC/MS using 

an Agilent (Santa Clara, CA) DB-23 capillary column (30 m x 0.32 mm, 0.25 m 

film thickness). The GC conditions were: 110 C (initial) hold 1 min, 5 C/min to 

220 C, hold 2 min. The injector and transfer line temperatures were 250 C. 

Helium (1 mL/min) was used as carrier gas. Electron-impact spectra were 

recorded at 70eV. A commercially available fatty acid methyl ester standard 

mixture was used as reference. Elution times were 8.9 min for palmitic acid, 11.1 

min for oleic acid, 11.6 min for linoleic acid, and 12.3 min for linolenic acid. The 
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molecular mass of the active component in the WISE was determined after 

silylation with 40 L BSTFA and 10 L pyridine at 60 C for 30 min. An HP 6890 

GC/MS system (Hewlett Packard, Palo Alto, CA) and a DB-5 capillary column 

(J&W Scientific, Santa Clara, CA) (60 m x 0.25 mm, 5 m film thickness) were 

used for the analysis. The temperature program was adapted from Seitz (208): 

150 C (initial), 10 C/min to 320 C, hold 15 min. The helium flow rate was 1 

mL/min, the inlet temperature was 250 C, and the transfer line was held at 300 

C. Electron-impact mass spectra were recorded at 70 eV. The GC elution time 

of the WISE active compound was 28.6 min.  

NMR experiments. Structure characterization by 1 and 2-dimensional NMR 

spectroscopy was performed using a Bruker Avance 700 MHz NMR 

spectrometer equipped with a triple-resonance 1H{13C/15N} pulsed field 5mm 

gradient cryoprobe. Samples were measured in acetone-d6. The solvent 

resonances were set to 2.05 ppm, 29.9 ppm, and 206.7 ppm. 

5.4  Starch digestion inhibitory compounds in blue wheat: 

Results and discussion 

Extraction protocol and testing of crude extracts for inhibition of starch 

digestion. The extraction protocol used allows for a comprehensive extraction of 

low-molecular weight constituents of blue wheat. At the same time, the protocol 

excludes polymers such as starch, non-starch polysaccharides, and other plant 

cell wall polymers unless they are degraded under alkaline conditions (173). 



 

 107 

Ethanol/water (80/20, v/v), acetone and ethyl acetate extracts were obtained by 

consecutive extraction of the whole meal. In addition, a mixture of cell-wall bound 

low-molecular weight compounds was released by sodium hydroxide treatment 

and extracted into ethyl acetate. This alkaline hydrolyzate (AH) contains 

phytochemicals that were esterified to cell wall polymers and hence cannot be 

obtained by simple solvent extraction (144, 145). The 80% ethanol extract was 

divided into a water-soluble extract (WSE) and a water-insoluble (WISE) extract 

depending on the solubility of its components in water or acetone, respectively. 

The WISE, the acetone extract and the ethyl acetate extract were cooled with dry 

ice to separate triglycerides by precipitation. The WSE was fractionated on 

Amberlite XAD-2 to separate hydrophilic non-aromatic compounds such as 

sugars from aromatics and other organic compounds by eluting with water, 50% 

MeOH and MeOH. Since blue wheat contains anthocyanins (131, 173) an 

additional extraction of blue wheat with acidified 80% ethanol was performed to 

ensure minimal degradation. The low pH of the extraction solvent was chosen to 

ensure minimal degradation of anthocyanins. This extract (referred to as WSEa) 

was also fractionated over Amberlite XAD-2. Fractions WSEa-3 to WSEa-6, 

which contained anthocyanins, were tested for inhibition of starch digestion in 

addition to the other extracts obtained.  Thus, the following extracts/fractions 

were tested for their ability to inhibit -amylase mediated starch digestion: six 

Amberlite XAD-2 fractions obtained under neutral conditions (WSE-1 to WSE-6), 
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four Amberlite XAD-2 fractions obtained under acidified conditions (WSEa-3 to 

WSEa-6), WISE, the acetone extract, the ethyl acetate extract and AH.  

As shown in Figure 13, WISE and AH inhibited starch digestion the most. About 

30% (WISE) to 50% (AH) of the starch was left undigested after 15 min, whereas 

the DMSO control contained only a negligible amount of undigested starch after 

15 min of α-amylase hydrolysis. None of the anthocyanin-containing Amberlite 

XAD-2 fractions showed inhibitory activity under the conditions used in our 

assay. While AH had a higher inhibitory activity than WISE, its constituents are 

not present in this form in native grains. From a physiological point of view, 

compounds that are freely extractable by solvents are of a greater interest unless 

grains or fractions thereof are processed to release these ester-linked 

phytochemicals. Therefore, both WISE and AH were chosen for further semi-

preparative HPLC fractionation to identify potential inhibitors of starch digestion. 

 

 

Figure 13. Inhibition of starch digestion by crude blue wheat extracts. 
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Fractionation of the AH. A modified version of a gradient previously developed 

in our lab for the analysis of hydroxycinnamic acid dimers and trimers was used 

for the initial fractionation (137). However, we did not collect single UV-active 

peaks, but time intervals of the entire eluate. Figure 14 shows the fractionation of 

AH and each fraction’s result in the starch digestion assay. Only fraction AH-6 

delayed starch degradation.  

 

 

Figure 14. Fractionation of the alkaline hydrolyzate and the fractions’ starch 
digestion inhibitory effects relative to the control. 

 

Thus, this sample was further fractionated by semi-preparative HPLC, and the six 

fractions obtained were tested in the starch digestion assay. Only AH-6-III 

(eluting between 20 and 30 min) was found to inhibit the digestion (data not 

shown). This fraction contained several peaks absorbing UV light at different 

wavelengths, e.g. 280 nm and 210 nm. The three dominant peaks absorbing at 

AH-1 AH-2 AH-3 AH-4 AH-5 AH-6 
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210 nm were collected individually and tested. All of them were found to delay 

starch digestion. NMR-analysis indicated that the compounds were unsaturated 

fatty acids. The 1H-NMR spectra contained peaks in the double bond region 

between 5.38 and 5.24 ppm, triplets at 2.83 ppm (bis-allylic methylene groups) 

and 2.27 ppm (methylene group in  position to the carboxyl group), multiplets at 

2.08 ppm (allylic methylene groups) and at 1.6 ppm (methylene group  to the 

carboxyl group), a broad signal cluster between 1.41 and 1.26 ppm (inner-chain 

methylene groups) and a triplet at either 0.98 ppm (methyl group of -3 fatty 

acids such as linolenic acid) or 0.89 ppm (non--3 fatty acids).  

The identity of the fatty acids was verified by GC/MS analysis of the methyl 

esters prepared from the samples and comparison with a grain fatty acid methyl 

ester standard mix. Fraction AH-6-III was found to contain oleic, linoleic and 

linolenic acid, as well as minor amounts of palmitic acid. Presumably, the sodium 

hydroxide treatment released these fatty acids from cell wall components such as 

cutin or suberin (209). However, it is also possible that minor amounts of 

triglycerides were not fully extracted by using acetone and ethyl acetate before 

the alkaline hydrolysis of the extraction residue. Fatty acids have long been 

known to form inclusion complexes with the amylose macromolecules of starch 

(210); however, the cavities of amylopectin are assumed to be too short to allow 

for the formation of such clathrates. Therefore, it is suggested that the results of 

the α-amylase digestion assays were not due to an inhibition of the enzyme, but 

due to the interaction of fatty acids with part of the substrate. This observation is 
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in agreement with previous studies, which demonstrated that starch and amylose 

inclusion complexes with fatty acids are resistant to digestion (211-213). For 

instance, in a recent study on buckwheat starch, fatty acids were among the 

compounds, which were found to inhibit buckwheat starch digestion by -

amylase (214). To confirm the hypothesis that the inhibition of starch digestion 

was due to the formation of amylose-fatty acid complexes, we performed 

additional experiments where we used amylose or amylopectin instead of starch. 

In these tests, fatty acids, a DMSO control, and acarbose, a known -amylase 

inhibitor (215, 216), were compared in their ability to inhibit the hydrolysis of 

either amylose or amylopectin. Figures 15a and b show the results of oleic acid, 

linoleic acid, linolenic acid and acarbose with amylopectin as a substrate for -

amylase. All samples were assessed for remaining substrate with iodine as well 

as for generated reducing sugars with DNS reagent.  

  

Figures 15a and b. Amounts of generated reducing sugars and undigested 
amylopectin (a) or amylose (b) for samples of pure fatty acids and acarbose. 

Values are in reference to the control (60% DMSO). 
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In agreement with other studies (217), only acarbose, but not fatty acids, 

inhibited the digestion of amylopectin, resulting in fewer reducing sugars and 

higher levels of remaining starch. If amylose was used as a substrate in the 

assay, the fatty acids were found to inhibit amylase mediated digestion as 

indicated by more undigested amylose remaining in solution and the formation of 

less reducing sugars (Figure 15b).  

Fractionation of WISE. In our previous work on blue wheat (173) we had used 

an HPLC gradient developed for the analysis of alkylresorcinols in WISE (141). 

Here, we used a modified HPLC method for the initial fractionation of WISE and 

collected five fractions. Testing these fractions in the starch digestion assay 

revealed that only the third fraction resulted in reduced starch digestion. Since 

the initial HPLC gradient provided sufficient separation of individual peaks 

(Figure 16), all peaks in this fraction were collected individually.  In addition, the 

remaining eluate between the peaks was collected together.  

 

Figure 16. Semi-preparative HPLC chromatogram of the water-insoluble 80% 
ethanol extract (WISE) recorded at 210 nm. The peak of 1-(3,5-
dihydroxyphenyl)heneicosan-2-one is highlighted by an arrow. 
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By testing all these fractions in the starch digestion assay, it was found that a 

small peak eluting at 21.3 min was the only active component in this fraction. 

Figure 17 compares inhibition of starch digestion due to the isolated compound 

with inhibition due to oleic and linoleic acid.  

 

Figure 17. Starch digestion inhibition by inhibitors isolated from the water-
insoluble 80% ethanol extract (WISE) and the alkaline hydrolyzate (AH). 

 

Moreover, when amylose and amylopectin were used instead of starch, the 

isolated compound inhibited the hydrolysis of both. This indicates a different 

inhibition mechanism as compared to fatty acids. Additional isolation of this 

compound allowed its identification by NMR spectroscopy. The aromatic region 

of the 1H-NMR spectrum showed signals at 6.246 ppm (3H, t, J=2.14 Hz) and 

6.221 ppm (2H, d, J=2.14 Hz). In the aliphatic region, the following signals were 

present:  3.519 ppm (2H, s), 2.461 ppm (2H, t, J=7.28 Hz), 1.494 ppm (2H, 

quint, J=7.24 Hz), a broad signal cluster between 1.32 and 1.21 ppm (28H, m), 

and 0.876 ppm (3H, t, J=7.03 Hz). The HMQC spectrum demonstrated that these 

protons were attached to carbons at 101.6 ppm, 108.6 ppm, 50.1 ppm, 23.9 ppm, 
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signals around 30 ppm, and 14.1 ppm, respectively. As shown in Figure 18, the 

aromatic protons showed HMBC crosspeaks to the carbon at 50.1 ppm and to a 

quarternary carbon at 160.2 ppm. The signals at 3.519 and 2.461 both showed 

an HMBC cross peak to a quarternary carbon at 208.8 ppm, indicating the 

presence of a keto group. The singlet at 3.519 had an additional crosspeak to a 

quarternary carbon at 138.5 ppm.  

 

Figure 18. Diagnostic HMBC crosspeaks of 1-(3,5-dihydroxyphenyl)heneicosan-
2-one. 

 

These crosspeaks, together with the chemical shifts indicated that this singlet 

was located in between an aromatic unit and a keto group. Except for the keto 

group, the spectra were reminiscent of alkylresorcinol spectra. Based on the 

NMR data and comparison with literature data (208, 218, 219), it was 

hypothesized that the compound was a 2’-oxoalkylresorcinol with a chain length 

of 19 carbons  as the integration of methylene proton signals only suggested 28 

inner-chain methylene protons. Only methylene protons in  and  position have 

impurity 
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distinctly different chemical shifts, other methylene protons form a signal cluster 

around 1.32 and 1.21 ppm. However, GC/MS analysis of the silylated compound 

gave a molecular ion with m/z 562 and a base peak of m/z 268 (Figure 19).  

 

Figure 19. Electron-impact mass spectrum of 1-(3,5-dihydroxyphenyl)-
heneicosan-2-one. 

 

Other fragments found were in good agreement with data reported previously 

(208). A molecular ion of m/z 562 would indicate a chain length of 21 carbons, 

different from the integration results of the 1H-NMR spectrum. The existence of 

2’-oxoalkylresocinols with a chain length of both C19 and C21 has been reported 

in literature. These compounds are known to be present in cereals, although in 

lesser amounts than non-oxygenated alkylresorcinols (220). Based on the 

molecular ion peak in the mass spectrum, the compound was tentatively 

identified as 1-(3,5-dihydroxyphenyl)heneicosan-2-one. It has been reported that 

monolayers of alkylresorcinols inhibit certain enzymes (220, 221). However, to 

the best of our knowledge, reports on the effects of 2-oxoalkylresorcinols on 
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enzymes are not available. Gao et al. synthesized several resorcinol derivatives 

with an amino group between the two phenolic hydroxyl groups and analyzed 

them for α-glucosidase inhibiting activity (222). A compound structurally related 

to the 2’-oxoalkylresorcinol isolated in this study (Figure 20a) was found to 

possess strong α-glucosidase inhibiting activity and moderate α-amylase activity. 

Kato et al. synthesized derivatives with longer chain lengths (up to C8) in ortho-

position to the phenolic hydroxyl group and found that the α-glucosidase 

inhibitory activity slightly decreased with increasing chain length (223). 

 

Figures 20. Chemical structures of (a) Aminoresorcinol; (b) luteolin; (c) 1-(3,5-
dihydroxyphenyl)- heneicosan-2-one. Luteolin structural features crucial for its 

interaction with the active center of salivary amylase are circled. Corresponding 
structural elements in 1-(3,5-dihydroxyphenyl)-heneicosan-2-one are highlighted 

as well. 

                    

A recent study analyzed flavonoid inhibition of human salivary amylase (89). 

Experimental results were compared with computational ligand docking. Figure 

20b shows the structure of luteolin, one of the most potent inhibitors in this study. 

Even though some features related to inhibition are lacking in 1-(3,5-

dihydroxyphenyl)heneicosan-2-one (Figure 20c) because it does not have a B 

ring, it also shares some of the structural features. In flavonoids, the formation of 

hydrogen bonds between the OH group in position 7 (A-ring) and the active 

a b c 
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center seems to be crucial for inhibition, as well as - interactions between the 

C ring and a tryptophan residue at the catalytic site. Hence, flavonoids with a 

double bond between C2 and C3 stabilized the interaction with the active site 

better. The 2’-oxo-alkylresorcinol does not have a C ring, but in contrast to 

alkylresorcinols with non-oxygenated side-chains it possesses a CO double bond 

in this position. Whether or not this oxygenation of the side-chain is the key factor 

for the increased α-amylase inhibition of the isolated 2’-oxo-alkylresorcinol needs 

to be studied further.  

In conclusion, we successfully applied activity-guided fractionation to identify 

whole wheat constituents capable of delaying -amylase mediated starch 

digestion in vitro. Fatty acids, probably released by alkali treatment of cell wall 

polymers such as cutin or suberin, formed inclusion complexes with amylose, 

which resulted in reduced starch hydrolysis. The 2’-oxo-alkylresorcinol 1-(3,5-

dihydroxyphenyl)heneicosan-2-one also decreases starch digestion. However, 

we suggest that different mechanisms lead to decreased starch hydrolysis. 

Further work is needed to evaluate whether the identified 2´-oxo-alkylresorcinol 

has physiological relevance with respect to inhibiting starch digestion in vivo. 

5.5  Starch digestion inhibitory compounds in blue wheat: 

References 

Please see chapter 7 for a complete list of all references 
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Chapter 6:  

Summary and concluding remarks 
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The results presented in chapters 3-5 demonstrate that the concept of activity-

guided fractionation is suitable to study wheat phytochemicals for potential 

bioactivities in vitro. However, just like every other method, the activity guided 

fractionation approach has several shortcomings, too. In the following, the 

collected outcomes of the studies performed in this thesis work are discussed in 

conjunction with potential drawbacks of the activity-guided fractionation 

approach.  

By performing antioxidant activity-guided fractionation of three wheat varieties 

with potentially different profiles of phytochemicals it was demonstrated that, for 

all varieties, tryptophan, alkylresorcinols, a phenolic trisaccharide, and ferulic 

acid gave high responses in at least one of the three antioxidant assays used. In 

blue wheat, anthocyanins exerted high activities as well. While the anthocyanins 

are clearly specific for the blue wheat variety, the other identified major 

antioxidants are less specific and do not necessarily demonstrate that 

biochemical pathways responsible for the formation of antioxidant secondary 

metabolites are dramatically up- or downregulated in the wheat varieties used. 

For example, our result that the antioxidant activity of the alkaline hydrolyzate 

exceeds, predominantly due to the liberated ferulic acid, the activity of organic 

solvent extracts was not unexpected and in line with the results from other 

groups (188). As mentioned before, it is known for several decades that 

hydroxycinnamic acids primarily occur esterified to cell wall compounds in plants 

(145). Ferulic acid and other hydroxycinnamic acids have been demonstrated to 
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be effective antioxidants by numerous studies (152, 156). Hence, the fact that 

ferulic acid was the main contributor to the most active extract is not a great 

surprise. It also demonstrates that despite an increased resistance of BacUp 

against fungal pathogens the composition of cell wall esterified antioxidants did 

not dramatically change, at least not at the stage of full maturity of the kernel 

(see below). However, it is still possible that the cell walls of the moderately 

Fusarium resistant BacUp are very different from the cell walls of the Fusarium 

susceptible Wheaton, but that these modifications do not include esterified 

antioxidants. Obviously, the bioactivity-guided approach used here is not suitable 

to answer this question (as described in more detail below), but it was also not 

designed to study the basis of Fusarium resistance of wheat. 

Another general observation is that not all the isolated compounds were 

antioxidants in the traditional sense. For instance, even though tryptophan has 

been reported to have antioxidant activity in in vitro assays (224), the biological 

significance of such findings is questionable, since tryptophan is an essential 

amino acid. Hence, its destruction due to oxidation would not be a favorable 

reaction. In fact, tryptophan residues in proteins are one of the sites other 

antioxidants should protect. This demonstrates one dilemma of this approach. 

Since this approach requires fast and relatively easy tests to screen a large 

amount of samples, we have to rely on in vitro or maybe, depending on the time 

requirements of the test, cell culture tests. This means that the results of these in 

vitro tests need to be carefully interpreted. If possible, the identified bioactive 
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compounds should be tested in in vivo studies to demonstrate biological 

relevance. 

The behavior of alkylresorcinols in the antioxidant activity guided approach is a 

good example for another limitation of our approach. Alkylresorcinols were 

shown to give high values in only one of our assays used. In the TEAC assay 

they induced a color change of the radical cation used as a probe, which does 

not necessarily indicate a quenching of the radicals. Thus, we experienced an 

unexpected side effect in our test, which can potentially lead to 

misinterpretations. In this case, the results of the other antioxidant assays are 

important to correctly interpret the antioxidant activity of the alkylresorcinols. 

However, even though alkylresorcinols are probably not good chain-breaking 

antioxidants, they likely still exert health benefits through other mechanisms 

(220). 

The example of the alkylresorcinols can also be used to demonstrate an often-

read misunderstanding about one of the antioxidant tests used in this study, the 

Folin-Ciocalteu assay. This assay basically measures the reducing properties of 

extracts, fractions or individual compounds. There are numerous studies that 

translate the values of an extract in the Folin-Ciocalteu assay into “total 

phenolics” contents present in a sample. While this may be suitable in some 

cases, a complex matrix such as cereal grains or processed samples can contain 

non-phenolic compounds such as tryptophan or Maillard-reaction products that 

also give a response in the Folin-Ciocalteu assay. Verma et al. highlighted this in 
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their publication (188), and our results support this concern. In addition, since the 

Folin-Ciocalteu assay only works in an alkaline aqueous system, it can never 

reflect the “total phenolics” in a food, but only give an estimate about water-

soluble phenolics. Many biologically important phenolics are only moderately to 

barely water-soluble. For instance, alkylresorcinols did not give a response in the 

Folin-Ciocalteu assay at the tested concentrations. Although not being the aim of 

this thesis, it needs to be stated that there is no simple method available to 

determine all phenolic compounds in a sample; no simple assay is uniquely 

specific for phenolics. Thus, if the analysis of all phenolic compounds in a sample 

is desired, more elaborate methods are needed. One more general drawback of 

the activity-guided fractionation approach independent of the bioactivity assay 

used is that minor constituents with high activity but present in very small 

amounts may not be selected for further purification, if a major constituent exerts 

activity as well. This may be even true if the major constituent of an extract or a 

fraction is only moderately active. Hence trace compounds with high activity may 

be overlooked. This may also happen if in a specific fraction a very active 

compound is extracted together with a large amount of inactive compounds. In 

the presented study this would be the case with the 80% ethanol extract. The 

80% ethanol extract contains large quantities of non-antioxidant active sugars, 

which would heavily “dilute” the antioxidants in this extract. Therefore, a pre-

separation by using Amberlite XAD-2 was necessary to eliminate this 
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confounding factor. The convenient side effect of this step was a pre-separation 

of the potential antioxidants on the Amberlite material.   

Another general drawback is that mixtures can only be compared on an equal 

weight concentration basis, not on molar levels like pure compounds. Due to the 

unknown composition of the extracts and fractions, comparisons on a molar level 

are not possible. Hence, this approach favors compounds with lower molecular 

weight, even though larger molecules may be more active on a molar level. For 

instance, some diferulic acids have been reported to possess higher molar TEAC 

values than ferulic acid (156). However, their molecular weight is almost twice as 

high, hence when equal weight concentrations are tested, ferulic acid would give 

higher trolox equivalents unless the dimers are at least twice more active than 

the ferulic acid monomer. 

However, testing these mixtures of unknown compounds also offers several 

advantages over testing pure compounds as discussed several times throughout 

this thesis. One of the advantages is that the overall activity of the extracts 

results from a combination of the activities from the individual constituents, which 

may interact in antagonistic, additive or synergistic fashion. For example, 

synergistic effects are known for the antioxidants tocopherols and ascorbic acid 

(225), where ascorbic acid recycles tocopherols. The polyphenol catechin was 

reported to have a similar effect on the anthocyanin malvidin-3-glucoside (226). 

However, it did not regenerate delphinidin-3-glucoside and cyanidin-3-glucoside, 

which were among the main anthocyanins in the blue wheat variety investigated 
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in this study. Other studies did not show synergistic effects (227, 228). More 

research is needed to clarify if synergistic antioxidant effects play a role in 

disease prevention, and what the actual mechanistic details are. Whether these 

synergistic effects are properly demonstrated in in vitro assays, strongly depends 

on the test system used. 

As mentioned before, the antioxidant activity guided fractionation helped us to 

identify dominant antioxidants in different wheat varieties; however, as for the 

significance of our results regarding health benefits further research is required. 

In vitro antioxidant assays do not fully reflect in vivo conditions, independent of 

which assay is used, as already discussed in chapter 2.3.2.3. Moreover, to 

evaluate if a compound can exert activity in vivo, the absorption and metabolism 

of compounds have to be taken into account. As mentioned in chapter 2.3, the 

bioavailability of many phytochemicals is very low. For instance, anthocyanins 

are typically absorbed to less than 1% in the small intestine (229). 

Alkylresorcinols, on the other hand, may be an exception as their absorption is 

relatively high (230) . Thus, compounds with low antioxidant activity and high 

bioavailability could also contribute to the redox status in vivo (231). However, to 

determine the bioavailability of potent antioxidants we first need to know which 

phytochemicals of the plethora of secondary metabolites are most active. Thus, 

as a follow-up study of this thesis, it is required to determine the bioavailability of 

the phenolic trisaccharide -D-glucopyranosyl-(16)--D-glucopyranosyl-(16)-
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(4-hydroxy-3-methoxy-phenyl)--D-glucopyranoside, for which no bioavailability 

data exist.  

Absorption from the small intestine is one requirement for phytochemicals to 

have an impact on the redox status of, for example, the plasma. However, non-

absorbed antioxidants may still be valuable components of the diet. Some 

researchers hypothesize (158, 232) that compounds with low bioavailability can 

protect, for example, the colon mucosa membrane from oxidative damage. The 

concentration of these compounds in the colon, but also in the stomach and 

intestinal lumen, would be much higher than in the plasma. The gastrointestinal 

tract is constantly exposed to pro-oxidants and reactive oxygen species, often to 

a larger degree than other body tissues. Protection from oxidative damage can 

potentially lower the risk for diseases of the digestive tract more than for other 

sites. As mentioned in chapter 2.1.2, when cancer protection by whole grain 

consumption is discussed, the most convincing data were found for cancers of 

the digestive tract.  

Metabolites of phytochemicals, produced either by human enzymes such as liver 

enzymes or microbial enzymes in the large intestine, often have different 

bioactivities. For instance, the phenolic hydroxyl group of ferulic acid is easily 

conjugated by human phase II enzymes, producing sulfated and glucuronidated 

forms. These sulfated and glucuronidated forms have been found to be present 

at much higher concentrations in the urine and plasma of human volunteers than 

free ferulic acid after a test meal (233). The antioxidant capacity of such 
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compounds would of course be different, and likely lower, as the phenolic 

hydrogen cannot be abstracted any longer.  

Cell-wall bound components are routinely extracted by acidic or alkaline 

hydrolysis in most analytical protocols. This certainly does not reflect in vivo 

conditions. However, the colon microbiota produce esterases that have been 

shown to cleave cell-wall bound hydroxycinnamic acids (234), although most 

likely less efficiently than the chemical hydrolyses. The gut microorganisms are 

then able to metabolize ferulic acid, for instance through hydration or 

dehydroxylation (150), forming new compounds with different antioxidant 

activities. Anthocyanins have been reported to be transformed into gallic, 

syringic, and p-coumaric acids, depending on their hydroxylation pattern (235). 

Alkylresorcinols are converted to dihydroxypropionic and dihydroxybenzoic acids 

by reactions similar to -oxidation of fatty acids (236). 

Although we studied wheat varieties with different resistance to Fusarium 

headblight for their dominant antioxidants these studies should not be confused 

with studies to find out mechanisms for resistance against Fusarium headblight. 

As mentioned above this would require a different experimental set-up, but could 

theoretically also be performed (at least partially) by activity guided fractionation. 

If this would have been our major goal, different bioassays would have been 

required to guide the fractionation process; and these may have revealed 

differences between the varieties.  
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For the selection of suitable bioassays for such an activity-guided fractionation 

process it needs to be considered that different modes of resistance against 

Fusarium headblight are suggested: type I resistance against initial infection, 

type II resistance against spreading of the pathogen, type III resistance to kernel 

infection, type IV resistance expressed as tolerance to infection, and finally type 

V resistance to the accumulation of deoxynivaleol, the main toxin of concern  

(237, 238). Not all these types of resistance are likely to be influenced by the 

same factors. Moreover, the biosynthesis of certain phytochemicals including 

antioxidant phytochemicals may only be stimulated upon Fusarium 

attack/infection, which could be one reason why we did not see substantial 

differences between the varieties. Although not necessarily relevant for our goal 

to identify health beneficial antioxidants in wheat suitable for human 

consumption, it would still be interesting to evaluate the antioxidant activity and 

pattern of extracts obtained from whole meals of wheat infected with Fusarium 

graminearum.  

McKeehen et al. showed that the levels of trans-ferulic acid and p-coumaric acid, 

which are potent antioxidants, changed rapidly after anthesis (176). For this 

reason, future projects focused on Fusarium resistance could compare the 

antioxidant activity of extracts obtained at different time points after anthesis, and 

determine if there is a difference between varieties with different susceptibility to 

Fusarium graminearum. It is possible that antioxidants not only suppress the 

growth of Fusarium graminearum, but also its toxin biosynthesis. It was 
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speculated that a critical step where molecular oxygen is added to a toxin 

precursor may be inhibited by antioxidants (75). However, only some 

antioxidants have been reported to be good singlet oxygen quenchers, for 

instance carotenoids (239). Since the most active antioxidants found through our 

approach were phenolic compounds (with the exception of tryptophan, which we 

do not consider a lipid oxidation-chain breaking antioxidant), it is not likely that 

these compounds would exert toxin-suppressing activity in planta through this 

mechanism.  

Defense against pathogen attack can also be mediated through increasing cell 

wall strength, providing, for example, a natural barrier to fungal penetration. 

Dehydrodimers of ferulic acid have been shown to be correlated with disease 

resistance in other cereal grains and may also play a role in wheat. However, 

since they were not among the most active antioxidants isolated in our study, 

their levels were not assessed. Investigating a potential correlation between 

dehydrodiferulate levels (and other phytochemicals cross-linking the cell-wall) 

and Fusarium graminearum resistance would also be an opportunity for further 

research. 

The results of the starch-inhibition study cannot be compared with literature data 

since comparable studies do not exist for any wheat variety. Although, ideally, 

hypotheses about the most active compounds should be largely avoided at the 

beginning of the study to minimize bias of the fractionation/extraction process, 

the results of the starch digestion inhibitory-guided fractionation were surprising 
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at first glance. However, the formation of inclusion complexes of starch and fatty 

acids and their inhibition of starch digestion have been reported previously (217, 

240). Thus, fatty acids do not inhibit the reaction by interacting with -amylase, 

but by altering the substrate. The release of fatty acids from cutin and/or suberin 

had been performed in our laboratory previously, however, for completely 

different purposes (209). The hydrolysis of cutin or polyaliphatic domains of 

suberin is likely not going to occur to a sufficient degree that it would lower starch 

digestion in the small intestine in vivo. However, free fatty acids are certainly 

released in the digestive tract, for example from triglyceride hydrolysis in the 

small intestine. Whether or not this has any relevance in vivo or could potentially 

be used to produce resistant starch cannot be judged at this point.  

The identification of a blue wheat constituent with in vitro -amylase inhibitory 

activity is promising for future research on other wheat varieties and other 

cereals. The presence of 1-(3,5-dihydroxyphenyl)heneicosan-2-one was first 

reported in non-pigmented grains (208). Next steps to assess potential relevance 

of this inhibitor in human nutrition include testing of the amylase-inhibitory effect 

on human amylases in vitro. Human salivary -amylase should be tested as the 

first human amylase because this enzyme can be obtained much easier and 

cheaper than human pancreatic -amylase while still sharing most of the 

structure and activity (89). Other homologues of 2’oxo-alkylresorcinols have been 

reported in literature (208, 218) . Thus, it would be interesting to investigate their 

ability to inhibit -amylase-catalyzed starch digestion and to study potential 
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structure-activity relationships. This may also help with mechanistic clarification 

about the mode of inhibition. Rye is known to contain higher levels of 

alkylresorcinols than wheat (186, 187). Thus, its levels of the structurally related 

2’oxo-resorcinols may also be higher. Rye products were demonstrated to have 

lower glycemic indices than wheat products (56) and it would be interesting to 

assess whether these compounds are (partially) responsible for the difference 

between rye and wheat products’ glycemic indices. 
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8.1  Appendix A: Extraction protocol 

ground blue wheat 
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Figure 21. Extraction protocol of blue wheat. The protocol for BacUp and 
Wheaton was the same except that only three Amberlite XAD-2 fractions were 

collected. 
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8.2  Appendix B: Chromatograms 

 

 

Figure 22. HPLC chromatogram at 275 nm used for alkylresorcinol quantification 
in blue wheat. Peaks 1 and 2 correspond to 5-nonadecylbenzene-1,3-diol and 5-

heneicosylbenzene-1,3-diol, respectively. 

 

Figure 23. HPLC chromatogram at 520 nm used for anthocyanin quantification in 
blue wheat. Peaks 1 to 4 correspond to delphinidin-3-glucoside, delphinidin-3-

rutinoside, cyanidine-3-glucoside, and cyanidine-3-rutinoside, respectively. 

 

 
Figure 24. HPLC chromatogram at 325 nm of ferulic acid quantification in the 

alkaline hydrolyzate (AH) of Wheaton. 
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Figure 25. HPLC chromatogram at 280 nm for quantification of WSE-2-IId (-D-

glucopyranosyl-(1→6)--D-gluco-pyranosyl-(1→6)-(4-hydroxy-3-methoxy-phenyl) 

--D-glucopyranoside, peak 1) and WSE-IVd (tryptophan, peak 2) in Wheaton. 

 

 

 
 

Figure 26. Gas chromatogram of alditolacetate derivatives of a monosaccharide 
standard mixture. 

 

 
 

Figure 27. Gas chromatogram of the analysis of the carbohydrates in WSE-4-IId 
from blue wheat after derivatization to alditolacetates. 
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8.3 Appendix C: NMR spectra 

8.3.1 Alkylresorcinols 

 

Figure 28. HMQC sprectrum of 5-nonadecylbenzene-1,3-diol in acetone-d6. 

 

Figure 29. HMBC spectrum of 5-nonadecylbenzene-1,3-diol in acetone-d6. 
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8.3.2 Anthocyanins 

 

 
Figure 30. COSY spectrum of delphinidin-3-rutinoside (carbohydrate region) in 

9/1 MeOH-d/TFA-d. 

 

 

 
Figure 31. HMQC spectrum of delphinidin-3-rutinoside in 9/1 MeOH-d/TFA-d. 

Imp. 

 solvent    
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Figure 32. HMBC spectrum (aromatic region) of delphinidin-3-rutinoside in 9/1 

MeOH-d/TFA-d. 

 

 
Figure 33. HMBC (carbohydrate region) of delphinidin-3-rutinoside in 9/1 MeOH-

d/TFA-d. 
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8.3.3  Fatty acids  

 

 
Figure 34. 1H NMR spectrum of an -3 and -6 fatty acid mixture (linolenic and 

linoleic acid) in acetone-d6. 

 

 
Figure 35. HMQC spectrum of linoleic acid in acetone-d6. 
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Figure 36. HMBC spectrum of linoleic acid in acetone-d6. 

 

8.3.4 Ferulic acid 

 
Figure 37. 1H NMR spectrum of ferulic acid in acetone-d6. 
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8.3.5 -D-Glucopyranosyl-(16)--D-glucopyranosyl-(16)-(4-hydroxy-3-

methoxy-phenyl)--D-glucopyranoside  

 

 
Figure 38. DQF-COSY spectrum in 95/5 D2O/acetone 

 
Figure 39. DQF-COSY spectrum (carbohydrate region) in 95/5 D2O/acetone. 
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Figure 40. HMQC spectrum in 95/5 D2O/acetone. 

 

 
Figure 41. HMBC spectrum in 95/5 D2O/acetone. 
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8.3.6 Tryptophan  

 

 
Figure 42. 1H NMR spectrum of tryptophan in D2O. 

 

 
Figure 43. DQF-COSY spectrum of tryptophan in D2O. 
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Figure 44. HMQC spectrum of tryptophan in D2O. 

 
Figure 45. HMBC spectrum of tryptophan in D2O. 
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Figure 46. 1H NMR spectrum of tryptophan in DMSO-d6. 

 

 
Figure 47. HMBC spectrum of tryptophan in DMSO-d6. 
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8.4 Appendix D: Mass spectra 

 

 

     
Figure 48. Electron-impact mass spectra of 5-nonadecylbenzene-1,3-diol (left) 

and 5-heneicosylbenzene-1,3-diol (right) 

 

 

 

 
Figure 49. ESI mass spectrum (negative ionization mode) of tryptophan. 
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Figure 50. ESI mass spectrum (negative ionization mode) of -D-glucopyranosyl-

(16)--D-glucopyranosyl-(1→6)-(4-hydroxy-3-methoxyphenyl)--D-
glucopyranoside. 

 

 

 
. 

 
 

Figure 51. Top: Total ion current chromatogram of blue wheat anthocyanin 
mixture. Bottom: ESI mass spectra (negative ionization mode) of delphinidin-3-

glucoside (a), delphinidin-3-rutinoside (b), cyanidine-3-glucoside (c), and 
cyanidine-3-rutinoside (d). 
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8.5 Appendix E: List of instruments 

 

1. Magnetic stirrer: Chemglass  

Vineland, NJ 

2. Analytical balance: Shimadzu  

Columbia, MD 

3. Balance: H&C Weighing Systems™  

Columbia, MD 

4. Centrifuge: BD Diagnostic Systems  

Franklin Lakes, NJ 

5. Incubator shaker: New Brunswick Scientific Co.,Inc.  

Edison, NJ 

6. Shaker bath: Pegasus Scientific Inc.  

Rockville, MD 

7. Rotovap & Waterbath B-481: Büchi Corporation  

New Castle, DE 

8. Freeze dryer: Labconco Corporation  

Kansas City, MO 

9. Freeze dryer: SP Scientific  

Gardiner, NY 

10. Sonicator: All Spec Industries  

Wilmington, NC 
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11. HPLC system: Shimadzu  

Columbia, MD  

a) analytical system: SPD M20A photo diode array detector, CBM 20A 

communication bus module DGU 20A degasser, SIL 10AF autosampler, 

CT0 20A Column Oven & LC-10AD VP chromatograph  

b) semi-preparative HPLC systems: LC-20AT low pressure gradient pump, 

CT0-20A oven, SPD-M20A photodiode array detector, LC-6AD pump, SPD-

20AV UV-VIS detector, CT0-20A column oven, FRC-10A fraction collector 

12. GC-FID system: Thermo Scientific Inc.,  

Milan, Italy 

13. Hitachi L-6200A Intelligent Pump 

South San Francisco, CA 

14. Spectra200 Programmable Wavelength Detector: Spectra-Physics 

Santa Clara, CA 

15. pH Meter: Corning  

Corning, NY 

16. GC/MS system: Hewlett Packard (Saturn 3 gas chromtograph, HP 6890 gas 

chromatograph, HP 5973 mass spectrometer) 

Palo Alto, CA 

17. LC/MS systems: Waters (Micromass Q-TOF, Quattro Micro & 

WatersMicromass ZQ quadrupole detector) 

Milford, MA 
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18. 700 MHz NMR spectrometer: Bruker  

Billerica, MA 

19. Aquatest cma, Karl-Fischer coulometric titrator: Photovolt 

Indianapolis, IN 

20. G24 Incubator Shaker: New Brunswick Scientific 

Edison, NJ 

21. Water distillation apparatus Model AG-2: Corning glass works 

Corning, NY 

22.  Spectrophotometer DU 640B: Beckman Coulter 

Brea, CA 

 

8.6  Appendix F: List of chemicals 

Name of chemical Hazard symbol Manufacturer 

Health Fire Reactivity Personal 
Protection 

(NFPA) 

ABTS [2,2’-azino-bis (3-ethyl-

benzothiazoline-6-sulfonic 

acid) diammonium salt] 

2 0 0 F Acros, 

 Pittsburgh, PA 

acarbose 0 0 0 C Sigma, 

St. Louis, MO 

acetic acid 3 2 0 C Fisher,  

Fair Lawn, NJ 

acetic anhydride 3 2 0 C Sigma, 

St. Louis, MO 
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acetone 1 3 0 C Fisher, 

Fair Lawn, NJ 

acetonitrile 2 3 0 C Fisher,  

Fair Lawn, NJ 

ammonium hydroxide solution  3 0 0 D Sigma, 

St. Louis, MO 

amylopectin from potato starch 2 0 0 C Sigma, 

St. Louis, MO 

amylose from potato starch 2 0 0 C Sigma, 

St. Louis, MO 

benzoylleucomethylene blue 0 0 0 C TCI, 

Portland, OR 

borontrifluoride-methanol 

complex 

4 3 0 C Sigma, 

St. Louis, MO 

boric acid 0 0 0 C Fisher,  

Fair Lawn, NJ 

p-coumaric acid 2 1 0 C Fisher,  

Fair Lawn, NJ 

cyanidin-3-glucoside 0 1 0 C Polyphenols 

Laboratories, 

Hanaveien, 

Norway 

delphinidin-3-glucoside  0 1 0 C Polyphenols 

Laboratories, 

Hanaveien, 

Norway 

dimethylsulfoxide 2 2 0 C Fisher,  

Fair Lawn, NJ 

3,5 dinitrosalicylic acid 2 0 0 C Sigma, 

St. Louis, MO 
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ethanol 2 3 1 C Decon Labs; 

King of 

Prussia, PA 

ethyl acetate 2 3 1 C Sigma, 

St. Louis, MO 

ethylenediaminetetraacetic 

acid disodium salt dihydrate 

0 1 0 B Sigma, 

St. Louis, MO 

ferrous (II) sulfate hepta-

hydrate 

2 0 0 C Sigma, 

St. Louis, MO 

trans-ferulic acid 2 1 0 C MP 

Biomedicals, 

Solon, OH 

Folin–Ciocalteau reagent 3 0 0 C Fisher,  

Fair Lawn, NJ 

formic acid 3 2 0 C Fisher,  

Fair Lawn, NJ 

fucose 1 1 0 C Acros, 

 Pittsburgh, PA 

galactose 2 1 0 C Sigma, 

St. Louis, MO 

gallic acid 2 0 0 C Sigma, 

St. Louis, MO 

glucose 0 0 0 C Sigma, 

St. Louis, MO 

grain fatty acid methyl ester 

standard mixture for GC 

0 0 0 C Supelco, 

Bellfonte, PA 

hemoglobin from bovine blood 0 0 0 C Sigma, 

St. Louis, MO 

hydrochloric acid (37%) 3 0 0 D Sigma, 

St. Louis, MO 
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inositol 1 1 0 C Fluka 

St. Louis, MO 

linoleic acid 0 1 0 C Sigma, 

St. Louis, MO 

linolenic acid 0 1 0 C Sigma, 

St. Louis, MO 

Lugol solution 0 0 0 C Sigma, 

St. Louis, MO 

methanol 2 3 0 D Sigma, 

St. Louis, MO 

mannose 1 1 0 C Sigma, 

St. Louis, MO 

n-methylimidazole 3 1 0 C MP 

Biomedicals, 

Solon, OH 

oleic acid 0 1 0 C Sigma, 

St. Louis, MO 

phenol 3 2 0 C Sigma, 

St. Louis, MO 

porcine alpha amylase 2 0 0 C Sigma, 

St. Louis, MO 

potassium chloride 0 0 0 C Fisher,  

Fair Lawn, NJ 

potassium persulfate 2 0 2 C Fisher,  

Fair Lawn, NJ 

potassium sodium tartrate 0 0 0 C Mallinkrodt, 

St. Louis, MO 

rhamnose 1 1 0 C Sigma, 

St. Louis, MO 

sodium carbonate 2 0 1 C Sigma, 
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St. Louis, MO 

sodium hydroxide 3 0 1 D Fisher,  

Fair Lawn, NJ 

sodium phosphate, dibasic 1 0 0 C Sigma, 

St. Louis, MO 

sodium phosphate, monobasic 1 0 0 C Sigma, 

St. Louis, MO 

sodium sulfite 1 0 0 C Sigma, 

St. Louis, MO 

sulfuric acid 3 0 2 D EM Science, 

Gibbstown, NJ 

starch, soluble 1 1 0 C Fisher,  

Fair Lawn, NJ 

Termamyl® amylase 2 0 0 C Novozymes 

Bagsvaerd, 

Denmark 

trifluoroacetic acid 3 0 1 C Alfa Aesar, 

Ward Hill, MA 

Triton ® X-100 2 1 0 D Sigma,  

St. Louis, MO 

trolox® 6-hydroxy-2,5,7,8-

tetramethyl-chromane-2-

carboxylic acid  

0 0 0 C Across, 

 Pittsburgh, PA 

tryptophan 0 0 0 C Acros, 

 Pittsburgh, PA 

Tween® 20 0 1 0 C Sigma,  

St. Louis, MO 

  


