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Abstract
Higher whole grain cereal intakes are associated with substantially lower risks of type 2 diabetes,
coronary heart disease, and hypertension. These reduced risks have been established in large
prospective studies that now include millions of person-years of follow-up. We analyze the results
of 11 major prospective studies to provide recommendations about whole grain consumption. The
following review establishes the amount of whole grains that should ideally be consumed based on
prospective evidence; defines the nature of whole grains; identifies that the whole grain evidence
is robust and not due to confounding; and provides a detailed assessment of several potential
mechanisms for the effect of whole grains on health. We draw the following conclusions. Firstly,
to maintain health, 40 grams or more of whole grains should be consumed daily. This is about a
bowl of whole grain breakfast cereal daily, but 80% of the population does not achieve this.
Secondly, aleurone in bran is a critical grain component generally overlooked in favor of
indigestible fiber. Live aleurone cells constitute 50% of millers’ bran. They store minerals,
protein, and the antioxidant ferulic acid, and are clearly more than just indigestible fiber. Finally,
we suggest potential roles for magnesium, zinc, and ferulic acid in the development of chronic
disease. If the results of prospective studies were applied to the life-style practices of modern
societies there exists the potential for enormous personal health and public financial benefits.
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Health context of whole grain consumption
Higher whole grain intakes are associated with a lower incidence of chronic disease (1–12),
and the reduction in risk appears substantial. This potential to alter the risk of chronic
disease is critical because type 2 diabetes (T2D), coronary heart disease (CHD), and
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hypertension generate huge health costs. For example in the US, the incidence of diabetes
rose from 4.8 cases/1000 person-years in 1997 to 9.1 in 2007(13) leading to a staggering
estimated annual cost of US$85 billion, directly attributed to the disease (14). The health
care costs of hypertension and CHD are similarly high (15).

An increased whole grain intake may well reduce the prevalence of chronic disease and lead
to personal and public gain. To realize this potential whole grain boon we need to convince
clinicians and the public alike of the benefits of whole grain consumption. This could be
achieved by: demonstrating that the reduced incidence in chronic disease is causally related
to whole grains; defining the “dose” of whole grain intake required for a health advantage;
and by providing plausible mechanisms by which whole grains might work. These are the
purposes of this review

Definitions for whole grains and cereal fiber
“Whole grains are cereal grains that consist of the intact, ground, cracked, or flaked kernel,
which includes the bran, the germ, and the inner most part of the kernel (the endosperm).”
(FDA) (16) (Figure 1). This definition still holds even if the grain components are initially
separated and later recombined. However the bran, germ, and endosperm must be present in
the same relative proportions as they exist in the intact grain kernel for the recombined food
to be considered a whole grain food. Whole should not be confused with unbroken: a grain
of polished Jasmine rice is in one piece (unbroken) but it is not a whole grain as both the
bran and germ have been removed. This is not a trivial issue; the word “whole” has a very
specific definition in this instance, one that is easily misunderstood by even experienced
medical professionals.

Whole grains are well recognized as an important source of dietary fiber. The US Institute of
Medicine (IOM) of the National Academies defines dietary fiber as those food components
that are indigestible by human enzymes (17). The IOM recommendation for a total fiber
‘Adequate Intake’ is derived from levels of intake observed to protect against CHD.
Functional fiber is a sub-category of total dietary fiber identified by three physiological
effects: laxative effect, blood lipid and blood glucose lowering. The emphasis in this report
is firmly on the physical properties of fiber.

Prospective studies have demonstrated a relationship between chronic disease and both
cereal fiber and whole grain intake, and the two are often considered equivalent. This
equivalence is true in a practical sense since IOM-defined cereal fiber is never consumed in
a pure and isolated form, but typically as either whole grains or in the bran or germ fractions
prepared by grain milling. It is possible therefore that in prospective studies the relationships
found with cereal fiber are confounded by the effects of other components also present in
whole grain foods. A focus on cereal fiber could easily dismiss contributions of other
accompanying key nutrients. We aim to demonstrate the plausibility that it is key nutrients
associated with fiber, not indigestible fiber itself, that principally confer the positive effects
of whole grains on T2D, CHD and hypertension.

Anatomy a whole grains (wheat as the example)
A dissected wheat grain is illustrated in Figure 1, and the relative proportions of the tissues
are provided (18–20). The endosperm, aleurone and germ are composed of triploid cells that
develop following pollen fertilization (i.e. they are true grain cells). The outer layers of the
grain by contrast are diploid maternal tissues (21, 22). All of these tissues must be present to
fulfill the FDA definition of a whole grain. The germ is the embryonic plant and remains
dormant until germination. The endosperm is composed of apoptosed cells (23) containing
linear (amylose) or branched (amylopectin) glucose polymers. Small amounts of cell wall
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also remain. The endosperm is lower in protein than the aleurone or germ, but because most
of a grain is endosperm, three quarters of wheat protein resides in the endosperm (19).
Aleurone cells are endosperm-derived tissues and can interconvert with endosperm cells
during grain development (21, 22). However, the aleurone is highly specialized, with several
critically important and distinct features. Firstly, the aleurone is tolerant of desiccation,
remaining alive and metabolically active in mature grain while most of the grain tissue has
apoptosed. Secondly, the aleurone is rich in inorganic nutrients, vitamins and antioxidants.
Upon grain germination, the aleurone cells release metabolic machinery (e.g. amylase with
Ca2+ near its active site) to digest the endosperm, and provide nutrients to the growing
embryonic plant (e.g. Mg2+ for chlorophyll) (22–24). Finally, the aleurone is firmly attached
to the external grain-covering layers even though it is endosperm in origin. This is clearly
seen in Figure 2(25). This attachment results in the aleurone cell walls and contents
partitioning physically with the bran fraction, not the endosperm/flour fraction, during
milling (19, 25). The outer-most layer of the grain is the pericarp which is composed of
remnant cell walls (26), and a complex intermediate layer underlies it. More than 50% of
millers’ bran is aleurone cells, the remainder being pericarp and other covering tissues (20,
27).

The key structural molecule in cereals (wheat, corn, rice and rye) is arabinoxylan (28).
Arabinoxylan (one of the hemicellulose families) is a polymer of pentose sugars formed
from a linear backbone of xylose (C5H10O5) with arabinose (C5H10O5) side chains attached
(29). Ferulic acid ([E]-3-[4-hydroxy-3-methoxyphenyl]prop-2-enoic acid) attaches to the
arabinose side chains forming cross links between neighboring arabinoxylan polymers. This
cross-linking gives grain cell walls their structural properties (26) and the degree of cross-
linking is reflected in the ratio of ferulic acid dimers to xylose (20, 27, 30). Cross-linking
determines the ease of access of a suite of catalytic enzymes required for complete
arabinoxylan digestion (31–33), and therefore the degree of resistance to cell wall degrading
enzymes from grain pathogens, or colonic micro-organisms (fermentation). Bran (i.e. the
aleurone and outer layers of the grain) is the chief source of grain arabinoxylan (20). Ferulic
acid cross-linking is 3 to 5 times higher in the pericarp than the aleurone (20, 27, 30),
making the aleurone more fermentable than the pericarp. Cellulose and lignin, both
relatively minor components of whole grains, are largely limited to the pericarp and non-
aleurone parts of bran (19, 26, 28, 30, 34). They provide structural support and resistance to
enzyme attack (35), combining with ferulic acid cross-linking to prevent pericarp and
intermediate layer degradation. These factors suggest that the pericarp is the major stool
bulking agent in whole grains, and probably explain why bran is a superior stool bulking
agent compared to other fiber sources (36, 37).

β-glucan is the major structural element in oats and is also found in barley, but it is present
in lesser amounts in other grains (28). It has the structure of cellulose (i.e. a glucose polymer
with β-1→4 linkages) but approximately 30% of the bonds are non-cellulosic (i.e. 1→3
linkages). These 1→3 bonds create kinks in the molecule preventing alignment and fibril
development, but thereby also allowing gel formation (38). The health benefits of β-glucan
have been attributed to these polymer physicochemical properties (39). The human colon
microbiome synthesizes glucanases (40), so that while β-glucan is not digestible in other
regions of the gut, it can be fermented to cellulose tri- and tetra-saccharides (38),
fermentation presumably reducing any substantial stool bulking effect.

Plant cell wall structural polysaccharides - cellulose, arabinoxylans and β-glucan from
grains, and pectins and xyloglucans from fruit (35, 41) - are generally not digested by
humans. Lignin, perhaps the most complex of all biopolymers, is not a polysaccharide. It
renders plant tissues particularly resistant to breakdown, and is only efficiently digested by
soil white-rot fungi (42). The human gut microbiome produces a wide range of
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polysaccharide digestive enzymes allowing many indigestible polysaccharides to be
dismantled to individual monosaccharides (40, 43, 44). Monosaccharides are then
metabolized by gut micro-organisms to pyruvate (C3) and lactate (C3), followed by even
more energy harvesting by conversion to acetyl-CoA, acetate (C2) and butyrate(C4), or
lactate condensation to propionate (C3)(45–48). Acetate comprises 60–80% of the volatile
fatty acids (also called short chain fatty acids, SCFA) produced by fermentation of
polysaccharides in vitro, with lesser amounts of propionate and butyrate produced (37, 49–
51). These SCFA have attracted attention because of their potential benefits to the colon
mucosa (52).

What emerges from this assessment is that three separate benefits can be attributed to the
fiber itself. The stool bulking effect is not so much an effect of the chemical structure of the
polysaccharide itself, but how tightly it is bound to other cell wall components. This tight
binding regulates access by microbial digestive enzymes. The second benefit is that some
cell wall polysaccharides, especially pectins and β-glucan, will create gels (see below). This
principally benefits upper gastrointestinal function since the effect disappears if the
polysaccharide is fermented. The third benefit is that most polysaccharides, if enzyme
accessible, will be fermented to volatile fatty acids with potential direct health benefits.

As illustrated in Figure 1, aleurone cells have a distinct granular substructure. This
appearance is due to aleurone cells containing large numbers of sub-cellular organelles that
have an endoplasmic reticulum-derived enclosing membrane and which store proteins,
inositol-6-phosphate (phytate), and essential inorganic nutrients (53–58). These organelles
are variously described as protein bodies, protein storage vacuoles, and phytate globoids
within the vacuoles. Phytate globoids are sufficiently rich in inorganic nutrients that high
intensity x-rays can induce characteristic fluorescence (Figure 3a). Aleurone cell walls are
also rich in phenolic acids, particularly ferulic acid, and they possess a characteristic natural
fluorescence (Figure 3b), known to grain millers and cereal scientists for decades (59–61),
though probably not to clinicians to whom it may come as a surprise. Aleurone cells
therefore provide human nutrition with a major source of inorganic nutrients as well as anti-
oxidants from within cell walls.

This detailed discussion of grain structure demonstrates that whole grain fiber is not merely
indigestible material. In fact, fiber is always associated with a host of other nutrients that
probably have significant biological effects. Health advantages from whole grains are not
likely to be limited to the direct or indirect effects of fiber itself. Bran, the archetypal source
of dietary fiber, is always accompanied by aleurone, one of the most nutrient rich and
specialized layers in a grain kernel. Whole grains and bran represent a great deal more than
indigestible dietary fiber.

The advantage of prospective studies in establishing the health benefits of
whole grains

Environmental and lifestyle factors, acting over decades of life, eventually lead to the
development of chronic disease in susceptible individuals. Experimental evaluation of these
factors with short or long term randomized nutrition trials present some practical problems.
Short term nutrition trials measure markers thought to predict future disease development,
and assume that the selected maker reflects the underlying chronic disease mechanism
accurately. Identifying the optimal marker will depend on accurately knowing the disease
pathophysiology. However, this pathophysiology may be the very knowledge being sought –
mutually frustrating requirements, a “Catch-22”. Alternatively, long-term nutrition trials are
logistically difficult and prohibitively expensive for dietary exposures lasting years, and are
never likely to be achieved. As a result, studies performed prospectively, over protracted
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risk periods appropriate to chronic disease development, provide some of the richest
information about contributions of habitual diet to disease development. Well designed
prospective studies, where the historical dietary behavior of subjects currently developing
disease is assessed, have a key role in informing us about the etiology of chronic disease.

Selecting prospective studies for an analysis of whole grain contribution to
chronic disease

To examine the effect of whole grain intake on the development of T2D, CHD, and
hypertension, we evaluated eleven prospective US disease studies (1–12) (Table1),
correlating disease incidence to whole grain intake (grams/day). Articles were selected
primarily through Medline® and met the following criteria: studies were prospective, with
whole grain intake specifically documented and daily intake presented quantitatively;
studies were all from within the US, providing consistent food culture and assessment
methodologies. Only the most recent study update is plotted in figure 4 a–c. Three studies,
the Nurses’ Health Study I (NHS1), the Nurses’ Health Study II (NHS2), and the Health
Professionals Follow-up Study (HPFS) have published progressive follow-up reports (2, 4,
8, 11). A wide selection of the US population is represented in the selected studies (Table 1).
As noted above, whole grain content is defined as the presence of bran, germ, and starch in
the proportions that occur naturally in grains (16). Whole grain intake is estimated at the
individual subject level from food questionnaire responses, and later reinterpreted in units of
grams (dry weight) of whole grain/day (62, 63) (whole grain wheat flour is ~11% water
(64)), or in earlier studies as whole grain serves (Jacobs serve). The NHS1 and HPFS have
published results using both methods on similar subjects (1, 4, 8, 11). The median whole
grain intake (dry weight) from the later study was used to analyze the earlier results for
NHS1 and HPFS, but also used to develop a conversion equation for studies only reporting
in Jacobs serves of whole grains. The conversion derived from regression is [Dry weight
whole grain = (14.51 × Jacobs whole grain serve) + 1.13]). This provides a means to express
all studies in the same units without access to original data. The benefit of the conversion is
to be able to compare and combine the information in all these studies.

Estimating the ‘dose’ of whole grains required for positive health outcomes
For T2D, CHD, and hypertension, the raw disease incidence calculated as cases/person-
years is plotted against the mean or median of quintiles of whole grain intake in Figures 4 a–
c. For T2D the relationships are parallel for NHS2, HPFS, and the Iowa Womens’ Health
Study (IOWA) (p=0.46 different slopes test) (3, 11). The slope for NHS1 in figure 4a is
steeper, a change from earlier NHS1 follow-up reports (2, 8, 11). Indeed there was a
significant steepening of this slope of incidence/whole grain intake with follow-up in NHS1,
NHS2 and HPFS studies (p<0.003) (2, 4, 8, 11). This shows that the whole grain effect on
T2D has become stronger in subsequent years of follow-up in these studies, indicating that
whole grain intake continues to be important as the population ages. The common slope in
figure 4a, derived from analysis of covariance for all 5 studies, is −0.039 ±0.005 (cases/1000
person-years) per 1 gram increase in whole grain consumption (p<0.0001). For a T2D
incidence of 3.87 (the mean incidence for these 5 studies), this equates to a 30% drop in
diabetes incidence for a 30 gram/day increase in whole grain intake (95% confidence
interval (CI) 22–39%), and a 40% drop (95% CI 29–52%) for a 40 gram daily increase in
intake. These are very large potential changes if achievable in the general population.

A strong negative relationship between the incidence and whole grain intake and CHD is
also apparent (p<0.0001). For CHD the trends are parallel (logarithmic scale linear portions,
p=0.70 for different slopes test) but reach a plateau (in three of the studies). Based on the
collective regression slope (and its standard error) a 20 gram/day increase in whole grain

Lillioja et al. Page 5

Biofactors. Author manuscript; available in PMC 2014 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



intake provides a 26% drop in CHD incidence (95% CI 19–33%), and a 30 gram/day
increase in whole grain intake equates to a 36% drop in CHD incidence (95% CI 27–45%).

Hypertension incidence rates in relation to whole grain intake differed between men and
women (p<0.006, slopes test). The common slope, by analysis of covariance, is −0.085
cases/1000 person-yrs (p<0.007). In men the slope of the 5 quintile points in figure 4c is
−0.134 ± 0.019. For this relationship in men, an increase of 30 grams of whole grain/day
reduces the hypertension incidence by 4.0 cases/1000 person-years (95% CI 2.9– 5.2), a
15% drop (95% CI 11– 19) from the average incidence in that study (Table 1). A 40 gram
increase in whole grain intake drops the incidence by 5.4 cases/1000 person-years (95% CI
3.8–6.9), a 20% (95% CI 14–26%) drop in incidence. This is a substantial effect.

Similar striking effects of whole grain consumption have been noted in other studies. Sun et
al. have estimated that replacing 50 grams per day of cooked white rice with 50 grams of
whole grains (dry weight) might lower the risk of T2D by over 35% (11). In the Physicians’
Health Study, eating whole grain breakfast cereal equivalent to at least once daily, was
associated with nearly a 50% drop in T2D incidence(65) and a 20% drop in
hypertension(66). These studies indicate a potential for remarkable health benefits if whole
grain consumption levels increased. It is of concern that 80% (4 quintiles) of the US
population have suboptimal whole grain intakes. Increasing whole grain consumption to 40
grams, and ideally 50 grams daily (approximately one bowl of whole grain breakfast cereal
daily) could have major public health benefits.

The whole grain health effects are not due to confounding
The actual cause of disease may be correlated with obvious traits that are easily measured.
As a result, an obvious trait may be misidentified as causing the disease, while the true cause
remains obscure. Such confounding of hidden traits hampers correlative studies, such as
those being considered here. There are foods that some may believe are more important than
wholegrains in the development of chronic disease. Wholegrain intake will therefore be
regarded as merely a confounder, a confusing quirk of information, obscuring the true
relationships of food intake and T2D, CHD, and hypertension. What follows is an attempt to
demonstrate that wholegrain intake is the key relationship with chronic disease and not some
other nutrient intake. In every published prospective study used in this analysis (Figures 4 a–
c) the whole grain effect remained significant after multivariate adjustments including
physical activity (data not shown) (1–11). Therefore, wholegrain intake is unlikely to be a
marker of an underlying effect of physical activity on chronic disease onset.

Obesity is a known risk factor for CHD, hypertension, and T2D and a high whole grain
intake is associated with lower weight ((67)(3 large prospective studies)). This relationship
is interpreted to mean that obesity might mediate some of the effects of whole grains (10). It
seems unlikely that obesity in itself leads to low whole grain consumption.

A high consumption of fruit and vegetables suggests an intention to eat healthily. The intake
of these foods, however, has not been shown to influence T2D onset (except for a possible
beneficial effect of green leafy vegetables (68)) and therefore an underlying effect of fruit
and vegetable intake cannot explain the whole grain effect. Whole grains may well
contribute to a low glycemic index (GI) of a food product by gel formation, or physically
restricting access to absorptive surfaces. Whole grains therefore, might form part of the
mechanism by which GI predicts the onset of T2D (69). Whole grains represent much more
than white flour with added fiber, and the effect of whole grains on T2D incidence, not
unexpectedly, appears more marked than the effect of GI (11, 70).
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The reduced risk of CHD associated with whole grain intake is similar to, or better than, the
benefit of a fruit and vegetable intake of >5 servings daily (70, 71). Even so, the beneficial
effect of whole grain on CHD (6, 9), and the beneficial effect of cereal fiber on CHD (72,
73), are independent of the intake of fruit and vegetables or their fiber. There is some doubt
about the role of saturated fat intake in CHD over very long periods, and the whole grain
effect is probably not explained by a hidden low saturated fat intake (74, 75). Sodium intake
and health has been extensively studied. Surprisingly, a higher sodium intake (assessed by
urine measurement) more often than not predicts a lower cardiovascular disease mortality
(76). In the presence of pre-existing heart disease or diabetes, there is a biphasic, ‘J-shaped’
relationship between cardiovascular mortality and sodium with a very steep increase in
mortality at low sodium intakes in some groups (76–78). We conclude that the effect of
whole grain intake on heart disease is not due to a hidden effect of fruit and vegetable
intake, saturated fat intake, or sodium intake.

Numerous nutritional factors relating to hypertension development have been evaluated in
prospective studies. In Europeans, sodium intake does not predict the development of
clinical hypertension in spite of the interest in developing such evidence (79–81), and the
effect of whole grain intake on the development of hypertension in men is independent of
sodium intake (10). Whole grain intake is therefore not a marker for a putative effect of low
sodium intake on the development of hypertension. Prospective studies have linked both
alcohol (82) and meat intake (83) (WHS (7)) with new onset hypertension. Others studies
have noted a prospective negative relationship with an increased intake of bioflavonoid rich
foods (84–86) (e.g. cocoa, blueberries, strawberries, nuts) and low fat dairy products,
calcium, and vitamin D (87) (WHS (7)). Whether or not these dietary components could
result in confounding between whole grains and hypertension is uncertain.

The effect of whole grains is very consistent across multiple studies (Figure 4a–c)
suggesting that the effect is not due to confounding factors. We present evidence that the
relationship of whole grain intake to the onset of T2D and CHD is not due to the underlying
effects of other commonly recognized healthy eating behaviors or exercise. For hypertension
and whole grains we can at least exclude sodium intake as the reason for the whole grain
effect. We conclude, therefore, that a higher intake of whole grain is a specific and
reproducible predictor of the later onset of chronic disease and is potentially involved in the
etiology of these diseases.

Two diseases not considered elsewhere in this paper deserve mention. Whole grain intake is
associated with a reduced incidence of bowel cancer (88). In colorectal cancer, the effects of
whole grains are both quantitatively greater and statistically stronger than are the individual
effects of fruit fiber, vegetable fiber, or cereal fiber on the disease (88). In addition to the
effects of minerals and antioxidants discussed below, the effects of fermentable fiber and the
bulking effect of cereal fiber, singly or in combination, may benefit colon health (36, 37).
Secondly, whole grain intake is associated with a reduced incidence of inflammation
associated diseases (9) and this interesting and important finding deserves further
investigation, with antioxidant effects of whole grains of particular interest as the
mechanism.

The bran component of whole grains appears to contain the protective
effect

Bran or germ can be added to the diet independently of whole grain content, for example as
bran breakfast cereal which is commonly recommended for its laxative effect. It is possible
in prospective studies therefore to account for individual effects of whole grain components.
It has been observed that the bran component of whole grains confers the beneficial effect
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on chronic disease (5, 6, 10, 11, 89). It is critically important to note that the corollary is not
true: refined grain intake has seldom been demonstrated to associate with disease in
prospective studies ((90), white rice and T2D an exception (11, 91)). This suggests that it is
not the presence of refined flour, but the absence of whole grain bran, that leads to chronic
disease. This suggestion has major implications for public health messages. Processed white
flour and its products need not be avoided, but rather bran needs to be included. We do not
recommend excluding processed grain products from the diet, but rather that we consume
more complete grain products.

Bran contents that have health implications
The Fiber Hypothesis – dietary fiber encourages a healthy colon - was spurred by the
observations of diet and health in Africa by the Irish born, Scottish-trained surgeon Sir
Denis Burkitt (92). Whatever the exact mechanism of the effect, this hypothesis signaled an
important shift in thinking in Western medical practice: fiber was no longer merely
inconvenient waste. The IOM (17) defines fiber by its lack of digestibility and this concept
of the nature of fiber is clearly influenced by the changes in thinking that Burkitt inspired.
Focusing on the physicochemical properties of fiber such as water retention, gel formation,
and stool bulking, or on the fermentation products of cereal fiber breakdown, has produced
promising lines of research. However, both lines of investigation also discount much of what
we suggest is important about cereal fiber - the aleurone layer and its contents of inorganic
nutrients and antioxidants. Since these components are potentially important in human
health, this broader view of whole grains will be considered below.

Fiber from both fruit and grain is derived from the structural polysaccharides of plant cell
walls. However, the two are not equivalent. Lignin and cellulose are key components in fruit
fiber, with pectins and xyloglucans providing the main fermentable polysaccharides (34, 93–
95). The salient distinguishing feature of all plant polysaccharides is the linear backbone of
the polymer. Glucose provides the backbone for cellulose, β-glucan, and xyloglucan, in
grains and fruit, xylose the backbone for arabinoxylan in grains, and galacturonic acid
(C6H10O7) the backbone for pectins in fruit (35). Pectins are recognized and exploited for
their gelling properties and may be beneficial in slowing glucose absorption in the upper
gastrointestinal tract (96), but since they are highly fermentable (37, 49–51) they do not
contribute to stool bulk. A role for fruit fiber could be inferred indirectly from the
inconsistent and small effect of fruit juice consumption on T2D incidence (12, 97, 98), and
the possible physical effects of removing fiber on glycemia and satiety (99). However, fruit
and vegetable fiber is rarely eaten on its own, thus it is not possible to separate fiber benefits
from those due to the rest of the fruit and vegetables. There are two other key differences
between fruit fiber and cereal fiber. The antioxidant ferulic acid that forms cross-linking in
cereal fiber is lacking from fruit fiber. However, fruit is generally rich in other antioxidants
(100), such as anthocyanins that give them their rich colors, and whole grains are easily
matched by the in vitro anti-oxidant properties of fruit and vegetables. Finally, the mineral
rich aleurone accompanying cereal fiber is absent in fruit. Our contention is that it is the
aleurone, rather than the indigestible fiber, which presents the most potent element
influencing chronic disease.

Whole grains contain a vast array of compounds (101), and much of these are removed
during the processing of grains to white flour (USDA (64)). Comparison of the nutrient
contents of ‘wheat flour, whole grain’ and ‘wheat flours, bread, unenriched’ (USDA (64))
indicates an 80–90% drop in thiamine, niacin and vitamin B6, a 70–80% drop in
magnesium, iron, phosphorus, potassium and manganese, and a 50–70% drop in calcium,
zinc, copper and riboflavin in processed white flour. Of the components removed from
whole grains during processing it appears to be the bran fraction, rather than the germ that
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contains the whole grain effect as noted above (5, 6, 10, 11, 89). The only caution to add is
that bran is >80% of what is removed during grain processing (Figure 1) so the bran effect
will dominate any germ effect if both are contributing to health benefits. We have compared
‘wheat bran, crude’ with ‘wheat germ, crude’ in the USDA database (64). Accounting for
the relative proportions of bran and germ in a wheat grain (3.1% germ, 13.7% bran) (20), it
is possible to estimate the relative contributions to whole grains of the bran and germ. Bran
carries 11-fold more magnesium, 7 to 9-fold more niacin (B3), iron, and calcium, and 4 to 6-
fold more phosphorus, potassium, copper, selenium, riboflavin (B2) and vitamin B6, and 2-
to 4-fold more zinc and manganese than germ. Bran also contains 90% of whole grain
phenolic acids (principally ferulic acid) and 93% of the readily accessed phenolic acids in
whole grains, while germ has 1% (calculated from (20) and based on the ferulic acid dimer
content, see above). Alkylresorcinols are located in bran but not the germ though their
contribution to overall antioxidant effects is probably only 10% of that of the phenolic acids
(see below). Finally inositol-6-phosphate (phytate) is enriched around 10-fold in wheat and
rice bran compared to germ (102, 103) (though not in maize). Based on these and other lines
of evidence, the most relevant components in bran to examine for possible roles in the
protective effects of whole grains are magnesium, zinc, phytate, and ferulic acid. A
discussion of the potential effect of the removal of these four components from whole grains
in the development of T2D, CHD, and hypertension, follows. This is not to be taken,
however, as an exhaustive discussion of role of whole grain contents and their effects on
chronic disease.

Whole grains and minerals
The grain aleurone is sufficiently rich in minerals that these can be observed by x-ray
fluorescence. In Figure 3a, three minerals -iron, zinc, and manganese - are shown. Minerals
are mainly located in the globoid component of the protein storage vacuoles of the aleurone
cells. They are stored in large quantities chelated by inositol-6-phosphate (phytate). Minerals
are complexed by phosphate groups and twelve charge binding sites are available on
phytate. These sites appear saturated with mineral charges in a whole grain (58).

Magnesium has a key role in animal physiology where Mg2+ is the second most common
intracellular cation to K+, and where the actual substrate for P donation is MgATP2−. In
plants, one critical role for Mg2+ is as the metal ion in chlorophyll. Wheat bran is a rich
source of magnesium at 611mg/100g (7mg/g dry mass), compared to spinach at 87mg/100g
(10mg/g dry mass) (64), most of it lost, however, during processing to white flour (64).
Magnesium intake predicts the onset of T2D in prospective studies (104). Tissue insulin
resistance is a predictor of T2D development and a key component of the disease. Insulin
sensitivity, the converse, correlates with intracellular red blood cell Mg2+ (105) and
magnesium intake (106–109). Insulin resistance decreases with Mg2+ supplements (110).
Since magnesium has such an apparent key role in insulin sensitivity and resistance, and
zinc a potential role in insulin secretion (see below), a reduced whole grain intake
potentially assails both pillars of glucose homeostasis.

A higher zinc intake predicts a lower risk of T2D (111). Zinc is found in wheat germ and
bran at 7–12mg/100g (64), which is comparable to another important source viz. beef (5–
7mg/100g) (64). However, ~70% of zinc is removed in processing to white flour (64). Zinc
accumulates in high concentration in the insulin storage granules of the beta–cell where it
crystallizes with insulin (112) and is co-released with insulin (113). In animal models
disruption of the zinc transporter protein Znt8 in beta-cells severely disrupts insulin
production (114, 115), while global Znt8 loss is associated with obesity, hyperglycemia, and
hyperinsulinemia. Mutations in Znt8 are associated with T2D in humans (116). It seems
possible that a mild depletion of zinc, over decades, might contribute to the onset of T2D by
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a chronic subtle reduction in insulin secretion, or in one of zinc’s many other functions,
especially when combined with a marginal intake of magnesium or other whole grain
element.

Magnesium intake is linked to the development of hypertension through its activity as a
vasodilator and through other vascular effects (117). Both systolic and diastolic blood
pressure correlate well with intracellular free magnesium (118). Experimentally imposed
magnesium deficiency decreases arteriolar luminal diameter and raises arterial blood
pressure (119). Magnesium intake predicts the onset of new hypertension in women
(independent of sodium intake) (120) (WHS (7)), and also in men (dependent on total
dietary fiber) (121). Magnesium supplementation decreases blood pressure, especially in
cross-over trials or where supplementation is higher (122). In population studies, serum
magnesium (a more crude measure than intracellular Mg2+) has been shown to predict
increments in ventricular mass (123), and stroke incidence (124). The mechanism of action
of magnesium deficiency in the heart and blood vessels goes well beyond simple
competition between calcium and magnesium. In cardiac or vascular tissues, magnesium
deficiency up-regulates sphingolipid (ceremide) synthesis, elevates the production of
multiple cytokines (including IL-1α, RANTES, TNF-α) and activates Nf-κB (125). This has
potentially wide-ranging effects on vessel structure, cell differentiation, atherogenesis and
hypertension. Since magnesium intake in western diets appears commonly to be inadequate
(126), we conclude that increasing the dietary supply of magnesium through whole grain
consumption has the potential to help prevent hypertension and other cardiovascular
disorders.

In summary we conclude that the widespread removal of minerals from grains during
processing to white flour might contribute to the development of T2D, CHD, and
hypertension. This is not the same as the overt lack seen in severe deficiencies, but a chronic
low grade effect matching the slow onset of chronic disease.

Whole grains and Inositols
Concerns are frequently expressed about the benefits of whole grains since they contain an
abundance of phytate. It is feared that this will reduce mineral absorption. In wheat, about
90% of phytate is found in the aleurone while only a little is found in the germ (see above).
Phytate is inositol-6-phosphate (inositol hexakisphosphate, IP6) and is a member of a well
studied family of intracellular signaling molecules which includes the ubiquitous inositol-3-
phosphate that triggers calcium signaling(127). IP6 is now recognized as having key health
benefits such as anticancer effects (128) and renal stone protection (129). Concerns about
phytate arise because it is an efficient metal ion chelator and assumed therefore to prevent
trace mineral absorption. These concerns are almost certainly exaggerated. Detailed grain
analyses confirm that phytate is the means by which aleurone cells store minerals (53–56).
IP6 has six phosphate groups contributing twelve negative charges (130), and can therefore
bind 12 monovalent or 6 divalent ions, and also trivalent iron (131). From an analysis of
phytate globoids from wheat (58) we estimate there are 1.85 mineral charges per phosphate.
This suggests that the globoid phytates are saturated with inorganic ions. The presence of
phytate in whole grains is, therefore, a signature for the presence of minerals. Given that
whole grain flour has 5.5-fold more magnesium, 4.0-fold more iron, 3.6-fold more
potassium, and 3.1-fold more zinc than white flour (64), and that up to 50% of phytate or
even more, is degraded in the human gut (132, 133), rather than removing minerals from the
diet, phytate is actually supplying minerals.

Animal studies support this view that phytate signals the availability of minerals (134–136).
Whole grain consumption in rats reduced the proportion of zinc that was absorbed from the
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diet. However whole grains supplied so much more zinc than white flour that the whole
grain diet easily compensated for this decreased bio-availability (134). Likewise, the
absorption of magnesium and iron increased substantially with a whole grain diet in spite of
the increased phytate intake (134). In a different study the zinc absorbed was 10-fold greater
on bran diets compared to white flour diets (136).An increased absorption of magnesium,
zinc, and iron, in humans, is also possible on a whole grain diet, in spite of the presence of
phytate, because a major portion of phytate is degraded in the human gut (132, 133). This
degradation may also be inducible in humans just as it appears to be in rats (133, 137). This
data illustrates that a focus on the bioavailability of minerals will not provide an adequate
view of the quantity of minerals that will be absorbed from whole grains. Therefore, whole
grains should be regarded a potentially important source of dietary minerals.

Whole grains and anti-oxidants
It is generally poorly appreciated by clinicians and public alike that grains accumulate
antioxidants and phytochemicals to levels comparable to that in fruits and vegetables (100).
This antioxidant effect of whole grains appears principally due to ferulic acid in aleurone
cells (138). Ferulic acid (C10H10O4), a phenolic ring with a 3 carbon carboxylic acid
substitution, possesses intrinsic antioxidant activity (139), but also activates cellular
antioxidant systems. Ferulic acid is present as a key structural component of grain cell walls
forming cross-links to strengthen the walls. About 25% of the ferulic acid is probably tightly
bound and not available, but this leaves 75% of ferulic acid accessible to the gastro-
intestinal tract (calculated from (20)). In support of this gastro-intestinal availability,
conjugated ferulic acid is present in blood and urine after a bran or aleurone meal, with
levels depending on the degree of processing of the foodstuff (140–145).

An additional grain antioxidant source in wheat and rye, though not other grains, are the
alkylresorcinols, phenolic rings with a lipid-like side chain. These are found especially in the
testa. Since alkylresorcinols are in lower concentrations than phenolic acids in whole grains
(20, 146) and possess lower antioxidant activity (147), we calculate that their contribution to
the antioxidant effects of grains may be only 10% of the phenolic acids (20, 146, 147).

We conclude that whole grains should now be considered along with fruit and vegetables,
nuts and berries, as antioxidant food. This antioxidant status for whole grains has received
less attention from clinicians or those promoting public health than it deserves. In the
following section we develop these links between whole grains and antioxidants further.

Roles for oxidation in type 2 diabetes, coronary heart disease and
hypertension

There is a potential link between whole grain antioxidant actions and chronic disease. The
production of reactive oxidant species (ROS) and the resulting oxidative stress has been
widely implicated in disease pathogenesis (148–151), including roles in T2D, CHD, and
hypertension. The pancreatic beta-cell is especially prone to ROS damage because of low
inherent anti-oxidant activity (150–152). In the vascular system, endothelial cell nitric oxide
is a key vasodilator (153), but it is also readily oxidized and inactivated (154), leading to
endothelial dysfunction. The oxidation of lipoproteins in blood vessel walls forms part of the
cascade to atherosclerosis (155). Not surprisingly there has been considerable interest in the
use of antioxidants to prevent heart disease. However, supplementation with vitamin E
(tocopherols) or vitamin A (retinols) may actually increase mortality and vitamin C
(ascorbate) has no effect (156). While this has been disappointing, these therapeutic attempts
reflect a far too superficial view on how physiology manages and controls reactive oxygen
and other reactive species.
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Physiology has an elaborate system to defend against uncontrolled oxidation from ROS. The
major antioxidant defense in cells is glutathione, a cysteine-containing tri-peptide that can
reach concentrations of 10 mM in cells (157). Glutathione synthesis enzymes and a host of
other antioxidant proteins (157, 158), are induced by the same promoter sequence, the
“Antioxidant Response Element” (ARE) (159). Increased production of these proteins can
provide a key defense against oxidative stress. Ferulic acid has been demonstrated to
increase the production of key antioxidant proteins by activating ARE dependent
transcription (160).

Ferulic acid has direct antioxidant properties (139), but with typical plasma levels ≤1μM
(140–144) there is insufficient ferulic acid on its own to have a major direct ROS
scavenging effect (148, 149). However, animal studies demonstrate that ferulic acid, when
administered with an oxidant stress, reduces ROS and lipid peroxidation, reduces oxidant
tissue damage, and prevents the fall of glutathione and antioxidant enzymes. This is
achieved by activating the ARE via the transcription factor Nrf2 (160). These animal studies
have been done with a wide range of pro-oxidant stressors including alloxan, nicotine,
acetaminophen, radiation, u/v light, carcinogens, and exercise (160–171). While human
studies are lacking, this animal work suggests that ferulic acid could serve as a key anti-
oxidant in human physiology also.

The failure of clinical trials testing anti-oxidant vitamins in CHD should not detract from the
potential of ferulic acid to provide protection against chronic disease by anti-oxidant
mechanisms. The reasons for the failure of vitamin clinical trials are quite likely related to
the high levels of anti-oxidants that would be required to match the reaction rates and
amounts of ROS present at key sites such as the endothelial cell (148, 149). The plasma
concentrations of vitamin E (~30 μM) or vitamin C (~37 μM) (172, 173) are at least an
order of magnitude lower than glutathione, and glutathione is just one of the many anti-
oxidant peptides defending against ROS (148, 149, 158). In addition, the reaction rate of
vitamin E and superoxide is 6 orders of magnitude slower than the reaction rate of
superoxide and nitric oxide (148), leaving vitamin E inadequate to defend nitric oxide from
damage. Vitamin E and vitamin C, therefore, would need to be at physiologically impossible
concentrations to be fully effective as direct ROS scavenging agents. Since ferulic acid
activates the endogenous anti-oxidant defense system, and vitamin E and vitamin C
probably do not (174–176), it is possible that ferulic acid could fulfill a powerful role as an
anti-oxidant agent where vitamins E and C have failed.

We do not know if the apparent protective effects of whole grains in T2D, CHD, and
hypertension are mediated by ferulic acid and its antioxidant effects. However the above
discussion points to a potential role for reducing oxidant stress by whole grains and points to
potentially productive areas for further investigation.

Other actions of ferulic acid of potential importance to T2D, CHD and
Hypertension

Other observations regarding ferulic acid may also be relevant to the prevention or treatment
of T2D, CHD, and hypertension. Many of these studies were performed at supra-
physiological doses however, although ferulic acid does seem to be relatively non-toxic. A
contribution to this research interest is that ferulic acid is found in some Chinese herbal
remedies, for example derivatives of Angelica sinensis (Danggui) (177). In relation to T2D
physiology, ferulic acid has the following effects: it increases glucose uptake 3-fold in
myotubes and potentiates the effect of known anti-diabetic agents to increase glucose uptake
5-fold (178); it increases insulin secretion 2-fold in cultured beta cells; stimulates insulin
secretion 3-fold in the perfused rat pancreas; is acutely hypoglycemic in Wistar rats; and
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acutely releases insulin in vivo these rats (179); it is an α-glucosidase inhibitor and hence
slows maltose and sucrose digestion (180) and the rise of blood glucose at meal time,
mimicking the currently used anti-diabetic agent Acarbose (Bayer Pharmaceuticals); finally
ferulic acid administration increases the exercise endurance of mice two fold (170, 181) and
if this also applied to humans it might assist in weight regulation. In relation to coronary
heart disease and hypertension, ferulic acid has the following effects: it acutely decreases
cholesterol levels in the stroke prone rat (182); it reduces atherosclerotic plaque in rabbits
(183); it reduces aortic fatty plaque in apoE deficient mice (169); it increases iNOS activity
in cardiomyocytes (184); it is acutely hypertensive in 2 different hypertensive rat models
(182, 185); it is acutely additive to other antihypertensive agents and contributes to chronic
blood pressure reduction (185); and it relaxes aortic smooth muscle in 2 different rat models
(186, 187).

These remarkable effects of ferulic acid, albeit often from pharmacological doses, suggest
that a chronic exposure to ferulic acid from whole grains consumption might contribute to
the observed reductions in chronic disease. There is the potential here for productive
research in our effort to understand how the natural product ferulic acid works, what else in
grains are providing health benefits, and how further the benefits of whole grains can be
extended.

The effects of whole grain components in combination - Synergism
We have highlighted three constituents of whole grains that might contribute to the observed
beneficial effects of whole grains on chronic disease. These constituents - magnesium, zinc,
and ferulic acid are consumed together in whole grains, along with many other nutrients, and
any effects are always combined. Synergy can occur when different nutrients affect different
pathways converging on the same disease process, or alternatively, when different nutrients
produce similar effects and these effects are summed. For example, in T2D, it is possible
that zinc intake subtly improves insulin secretion, ferulic acid defends against beta cell
stressors, magnesium improves insulin action, and the result is that glucose levels remain
normal. In hypertension, magnesium may help in vessel dilation, while ferulic acid helps
prevent NO destruction. Alternatively, summed effects could occur between the host of
natural chemicals in whole grains which include iron, selenium, manganese, zinc,
magnesium, B vitamins, tocotrienols, carotenoids, anthocyanins, alkylresorcinols, betaine,
choline, fermentable polysaccharides, et cetera (101).Both individual and combined effects
need to be considered if we are to understand the benefits of whole grains better. In addition,
given the years of exposure that precedes chronic disease, even subtle alterations in function
could contribute to a large cumulative effect, leading in turn to overt disease in those with a
reduced whole grain intake.

Conclusions
Based upon observing consistent positive effects of whole grain intake across eleven major
prospective studies, we provide compelling evidence that increasing whole grain intake in
modern societies is a pressing public health concern. In many people’s mind, whole grain
intake is equated with fiber intake, and fiber is regarded as inert material not much different
to wood. Talk of increasing whole grain intake therefore is uninspiring for most hearers. In
contrast, when consuming whole grain we get aleurone. Aleurone is live plant tissue, and the
most highly concentrated source of nutrients in cereals! That bran is alive will surprise most
consumers. To illustrate how poorly the dietary richness of whole grains has penetrated
thinking, we searched for “aleurone” in titles, abstracts, and keywords, in clinical nutrition
journals. In over 63,000 articles there were just 16 hits - 13 from one journal, the British
Journal of Nutrition, with some highly acclaimed journals having no hits at all. It is vital that
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health care providers, from dieticians to physicians, gain a much more comprehensive view
of the structure and nature of whole grains and bran, and of the possible mechanisms by
which the components of the aleurone might exert an effect. And the consumer needs access
to whole grain content on package labels. Hopefully these measures will make the
presentation of the importance of whole grains to patients and populations alike more
interesting and therefore more convincing. Moreover, compared to fruit and vegetables,
whole grains are in plentiful supply, store easily, and are relatively inexpensive. Therefore
public health practitioners need to raise the profile of whole grains at least as high as that of
sodium, fruit, and vegetables, if not higher.
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Figure 1.
The physical structure of a wheat grain with the proportions w/w presented (18, 20). (Used
by permission of Dr Cécile Barron, INRA - Institut National de la Recherche Agronomique
(France), and Dr Jacques Potus, Editor–in-Chief Industries des Céréales).
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Figure 2.
The microstructure of acid fuchin and calcofluor stained wheat bran (25). Protein appears
red, β-glucan in cell walls light blue, and grain coverings (pericarp and intermediate layer) -
green/yellow/brown. The importance of this photomicrograph is that wheat bran contains
not only the tough outer pericarp and associated diploid maternal tissues, but also a layer of
endosperm-related aleurone cells (triploid) which are still alive in the mature grain unlike
the apoptosed cells of the starchy endosperm. These live cells supply the necessary
biochemical machinery (such as amylase) to mobilize the endosperm for the germinating
embryo, and store minerals such as magnesium which will be essential for chlorophyll
function. (Used by permission of Per Åman, Professor, Swedish University of Agricultural
Sciences).
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Figure 3.
a Mineral fluorescence in transverse (left) and longitudinal (right) sections of wheat grain
under x-ray illumination. In both sections, the crease region is at the top of the image and the
embryo (germ) at the bottom. It is clearly evident that the central part of the grain (the
endosperm) contains little to no mineral content. The minerals, here represented as iron
(green), zinc (red) and manganese (blue) are distributed particularly in the phytate inclusions
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of the aleurone (53–56). The embryo here shows zinc and manganese whose concentration
is higher in the germ (64), however due to the germ’s smaller mass w/w, the bran still
contributes more zinc and manganese overall in a whole grain diet. These images were
produced at the Diamond Light Source synchrotron facility on the microfocus spectroscopy
beamiline I18 using 10 keV excitation.
b Native fluorescence associated with the pericarp and aleurone layers observed in sectioned
wheat grain. When excited with 359 nm wavelength light, aleurone cells emit fluorescence
in the 460 nm (blue) region of the spectrum due to high concentrations of hydroxycinnamic
acids, particularly ferulic acid. In a similar manner, when viewed under 492 nm light, the
grain coverings emit fluorescence in the 520 nm (green) region of the spectrum of uncertain
origin (59–61).
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Figure 4.
New onset disease (Incidence) by whole grain intake (in grams dry-weight per day) (see
Table 1).
a. Whole grain intake and new onset T2D (see Table 1). Common slope is −0.039 ±0.005
(slope units: 1 case/1000 person years (incidence) per 1 gram of whole grain (dietary
intake)). That is, the incidence of T2D drops by 1.57 cases/1000 person years (95% CI 1.14–
1.99) for an increase of 40 grams of whole grains per day.
(Analysis of covariance regression model: (incidence= whole_grain [continuous variable] +
study [class variable] + whole_grain × study [interaction effect]). For BWHS the data are
more accurately described by an inverse function (r2=0.99) than linear negative (r2=0.62,
p=0.11) with the effect of whole grains appearing to flattening out at higher whole grain
consumption).
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b. New onset of CHD by quintiles of whole_grain intake (see Table 1) (note the logarithmic
scale). The CHD incidence drops 26% (95% CI 19–33%) for a 20 gram daily increase in
whole grain intake (linear portions of regressions). The CHD incidence drops 36% (95% CI
27–45%) for a 30 gram daily increase in whole grain intake, but this may only apply to those
populations where the slopes plateau at ≥30 grams per day (For ARIC, quintile person-years
are calculated from total person-years).
(Analysis of covariance regression model with spline, as graphed:
(Log_incidence=whole_grain [continuous variable] + study [class variable] + spline ×
(whole_grain - elbow) [spline effect variable (where spline=0 below elbow and 1 above
elbow (in grams) and elbow=point of the bend)]). For the linear parts of Figure 4b; Analysis
of covariance regression model: (Log_incidence=whole_grain [continuous variable] + study
[class variable] + whole_grain × study [interaction effect]). For Log_Incidence v.
whole_grain, p<0.0001, for interaction effect p=0.70 i.e. slopes are not different and
regression solution obtained ignoring any interaction effect therefore).
c. New onset Hypertension (Incidence) by quintiles of whole grain intake (see Table 1). The
slopes are significantly different (p<0.006). Ignoring this difference, the common slope by
analysis of covariance is= −0.085 (p<0.007) (for reference, the risk ratio for women with
multivariate adjustment was 0.89, p=0.007 in the original publication(7)). For men (10), in
Figure 4c the slope= −0.134 ± 0.019 (p=0.006). A 40 gram daily increase of whole grains
reduces the hypertension incidence by 5.4 cases/1000 person-years (95% CI 3.8–6.9), a drop
of 20% (95% CI 14–26%).
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