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Whole-grain rye and wheat foods and markers of bowel health in
overweight middle-aged men1–3

Graeme H McIntosh, Manny Noakes, Peter J Royle, and Paul R Foster

ABSTRACT
Background: Whole-grain cereal foods including rye have been
identified as providing significant health benefits that do not occur
when refined-cereal foods are ingested.
Objectives: Foods (90 g) containing whole-grain rye flour and
whole-grain wheat flour were compared with low-fiber refined-
cereal foods for their effects on markers of bowel health and the
metabolic markers insulin and glucose.
Design: Three 4-wk interventions were undertaken in a random-
ized crossover design with 28 overweight men aged 40–65 y who
had no history of bowel disease. Against a background intake of
14 g dietary fiber (DF), the men were fed low-fiber cereal grain
foods providing 5 g DF for a total of 19 g DF/d. High-fiber wheat
foods provided 18 g DF, and high-fiber rye foods provided 18 g
DF, both giving a total of 32 g DF/d. Fecal samples (48-h) and
fasting and postprandial blood samples were collected at the end
of each period and assayed.
Results: Both high-fiber rye and wheat foods increased fecal out-
put by 33–36% (P = 0.004) and reduced fecal �-glucuronidase
activity by 29% (P = 0.027). Postprandial plasma insulin was
decreased by 46–49% (P = 0.0001) and postprandial plasma glu-
cose by 16–19% (P = 0.0005). Rye foods were associated with
significantly (P = 0.0001) increased plasma enterolactone (47%
and 71%) and fecal butyrate (26% and 36%), relative to wheat and
low-fiber options, respectively.
Conclusions: High-fiber rye and wheat food consumption
improved several markers of bowel and metabolic health relative
to that of low-fiber food. Fiber from rye appears more effective
than that from wheat in overall improvement of biomarkers of
bowel health. Am J Clin Nutr 2003;77:967–74.

KEY WORDS Wheat, rye, dietary fiber, bowel health, glucose,
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INTRODUCTION

Whole-grain cereal foods have been identified as providing
significant health benefits that do not occur when refined-cereal
foods are ingested (1–6). Rye grain is commonly consumed as
whole-grain products, which are an important part of some Euro-
pean food cultures (6–8). Unlike wheat, which is commonly con-
sumed in Australia, rye when ingested in reasonable amounts has
potential benefits to human health that have not been examined.
Compared with wheat, rye is a slightly better source of total
dietary fiber (DF), is more commonly used in whole-grain food
forms, and, along with cellulose, contributes more mixed linked
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1→3,1→4 �-glucan and arabinoxylan (6–8). The latter fiber
types are of particular interest because they are present in solu-
ble and insoluble forms, and arabinoxylan is considered to be an
optimal substrate for fermentative generation of short-chain fatty
acids (SCFAs)—in particular, of butyrate in the colon (8).
Butyrate at high concentrations in the colon is hypothesized to
improve bowel health and lower cancer risk by several possible
mechanisms (8–13).

Studies of populations consuming significant amounts of rye
foods have shown health benefits, observable as reduced coronary
heart disease events (14, 15), reduced risk of adult-onset diabetes
(3, 4, 16, 17), reduced risk of bowel cancer, and improved bowel
health, as assessed by relevant markers (5–8, 11, 12, 18–22).
Whether such effects are expressed only in population groups
(eg, those of Scandinavia, Germany, and Russia) in which the
strong acceptance of rye foods often results in large daily intakes
(100–390 g/d as rye bread or other rye foods) is unclear. More
moderate intakes may have a beneficial influence as assessed by
putative markers of cancer risk. The consumption of several serv-
ings of whole-grain foods per day has been recommended for
increased fiber intake and improved health (5).

Functional effects of rye foods that may be beneficial to bowel
health might include increased fecal bulk, the binding and effec-
tive elimination of potentially toxic metabolites, promotion of
desirable fermentative activity to SCFAs (in particular, butyrate),
and the release of protective components such as lignans (1,
20–23). Plant-derived lignans have been studied for their phytoe-
strogenic effects with regard to hormone-sensitive cancers, as
potential inhibitors of breast and prostate cancers, but also with
regard to colon cancer (1, 22, 23). Lignan precursors are released
via microbial �-glucuronidase (EC 3.2.1.31), converted to mam-
malian lignans by microbial enzymes, and absorbed through the
bowel wall (23–25). Plasma enterolactone concentrations are con-
sidered to provide a good measure of their generation in the colon
by microbial fermentation (19, 20). Rye foods have also been
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TABLE 1
Daily dietary intakes from recorded diet diaries for the 3 dietary
intervention periods1

High-fiber rye High-fiber wheat Low fiber

Energy (kJ) 9563 ± 243 9919 ± 317 9989 ± 324
Protein

(g) 104.8 ± 3.1 114.1 ± 4.7 108.4 ± 4.8
(% of energy) 17.6 ± 0.4 18.4 ± 0.5 17.4 ± 0.5

Fat
(g) 75.0 ± 2.9 79.2 ± 3.8 78.3 ± 3.7
(% of energy) 29.0 ± 0.8 29.4 ± 0.9 28.7 ± 0.8

Carbohydrate
(g) 278.8 ± 10.4 283.6 ± 9.9 294.9 ± 9.1
(% of energy) 49 ± 1 49 ± 1 51 ± 1

Alcohol
(g) 12 ± 3 11 ± 3 11 ± 3
(% of energy) 4 ± 1 3 ± 1 3 ± 1

Fiber (g) 32 ± 12 32 ± 12 19 ± 1
Sugars (g) 84 ± 5 89 ± 6 85 ± 6
Starch (g) 173 ± 82 177 ± 72 199 ± 6
Cholesterol (mg) 281 ± 16 292 ± 26 278 ± 21

1 x– ± SEM.
2 Significantly different from low-fiber treatment, P < 0.0001 (repeated-

measures ANOVA). P value from Bonferroni’s correction, P ≤ 0.05.

shown to modulate plasma glucose and insulin concentrations,
which could influence bowel cancer risk, because increased serum
insulin and insulin-like growth factors (eg, immunoglobulin F) are
part of a metabolic syndrome that has been associated with
increased risk of colon cancer (26–29). Other breakdown products
of dietary protein, such as ammonia, p-cresol, and phenol meas-
ured in feces and/or urine, are potentially harmful, and lesser
amounts might be considered advantageous.

We undertook this study to examine the influence of < 100 g
rye grain, an amount that represents a culturally acceptable
level of intake in the Australian context and that might lead to
clear changes in measures of bowel health function. In fiber
terms, this amount represented an intake of �78% more than
that with the low-fiber refined-cereal food option. Our specific
objectives were to evaluate the effects of these amounts of
whole-grain rye flour and fiber-matched whole-wheat flour and
low-fiber (refined) wheat-flour foods on markers of bowel
health and colon cancer risk and on postprandial glucose and
insulin responses.

SUBJECTS AND METHODS

Subjects undertook 3 interventions of 4-wk duration each in a
randomized crossover design. At baseline, subjects were assigned
in groups of 6 on the basis of randomly generated numbers to 1 of
the 6 treatment orders. The intervention diets were high-fiber rye,
high-fiber wheat, and low-fiber foods.

The study protocol required subjects to visit the clinical
research facility on 4 occasions for investigative procedures with
an additional 3 visits for further dietary assessment and dispens-
ing of test foods. On each study visit, subjects were weighed and
a fasting (overnight) venous blood sample was taken.

Fecal, urine, and blood samples were also collected at the end
of each study period. Subjects were also required to record what
they ate during the final 3 d of each 2 wk. Plasma samples were
stored in a frozen state (�20 �C) for subsequent analysis.

Endpoint measures were fecal weight, fecal pH, fecal SCFA
concentrations (including butyrate), fecal bile acid concentrations,
and fecal ammonia. Other endpoint measures were the fasting and
1-h postprandial glucose and insulin responses to a test meal with
50 g available carbohydrate as high-fiber rye, high-fiber wheat, or
low fiber and the concentrations of plasma enterolactone and fecal
�-glucuronidase.

Subjects

Male subjects were recruited by public advertisement.
Respondents were screened on the basis of the following selec-
tion criteria: age 40–65 y; no history or presence of gastroin-
testinal, renal, or hepatic disease of any cause; and no current
consumption of any over-the-counter medication such as laxa-
tives or antibiotics that could interfere with the validity of the
study. Exclusion criteria were the use on a regular basis (≥ 1/wk)
of any form of drug therapy, medication, or supplements that
may interfere with bowel function; definite or suspected personal
or family history of adverse events; and hypersensitivity to rye
or wheat.

Thirty-one subjects were selected and 28 subjects completed
the study. Three subjects withdrew during the first week of the
study because they were unable to make the necessary dietary
modifications. Approval was obtained from the Commonwealth
Scientific & Industrial Research Organisation (CSIRO) Health
Sciences and Nutrition Human Ethics Committee, and written
informed consent was obtained from all volunteers.

Diets

Subjects were provided test cereal foods for each dietary
intervention. The low-fiber diet provided 19 g DF/d, including
low-fiber test foods as 140 g white bread, 40 g refined-wheat
crispbread (Crackerbread; George Weston Foods Ltd, Sydney,
Australia), and 50 g low-fiber rice cereal (Rice Pops; Farmland
Foods, Sydney, Australia). The high-fiber wheat diet provided
32 g DF/d, including wheat test foods as 140 g whole-meal
bread, 40 g whole-meal wheat crispbread, and 50 g whole-wheat
breakfast cereal. The high-fiber rye diet provided 32 g DF
including rye test foods as 140 g whole-grain rye bread (Burgen
Rye), 40 g rye crispbread (Ryvita), and 50 g whole-rye breakfast
cereal (all: George Weston Foods Ltd, Sydney, Australia). Sub-
jects were counseled by a dietitian about maintaining a moder-
ately low-fiber background diet (ie, other than the test foods).
This was to be achieved by avoiding foods high in fiber and lim-
iting fruit to 2 servings per day and vegetables to 3 servings per
day. Dietary compliance was recorded by the completion of
daily checklists of test food intake. Nutrient intakes were also
recorded in 3-d weighed-food records twice during each 4-wk
intervention. Subjects received detailed instruction by demon-
stration and in writing as to the accurate documentation of food
intake. The subjects’ weights and diets were monitored every 2
wk by the dietitian. Nutrient intakes were calculated using rel-
evant software (DIET-1; XYRIS Software Pty Ltd, Brisbane,
Australia), a nutrient-composition database of foods based on
Australian foods modified to include analysis data on the test
cereal foods.

The low-fiber foods aimed to provide 6 g DF /d to the diet and
�20% energy. The high-fiber foods aimed to provide 21 g DF/d
to the diet and �20% energy. The rye and wheat interventions
aimed to provide < 100 g/d of whole rye or wheat flour (Table 1).
The high-fiber foods were to provide more than one-half of each
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TABLE 2
Compositional analysis of foods used in the study

Total starch Protein Fat Total dietary fiber Moisture

% by wt

Rye crispbread1

Original 63.3 9.5 2.1 15.1 3.3
Country grain 59.8 12.3 4.3 13.5 2.4
Currant biscuit 54.5 7.4 2.1 12.0 5.9

Refined-wheat crispbread2 75.8 9.8 3.1 3.2 5.5
Whole-meal wheat crispbread3 63.3 16.6 2.9 10.2 4.4
Rye breakfast cereal4 53.2 9.5 3.9 14.9 0.5
Wheat breakfast cereal 59.5 11.0 2.9 11.0 1.1
Low-fiber rice cereal5 79.1 6.6 1.3 1.2 4.2
Rye bread4 33.3 13.0 5.0 5.7 36.2
Wheat bread 30.2 12.4 5.0 6.1 39.9
Low-fiber white wheat bread 35.3 12.3 4.8 2.4 40.7

1 Ryvita; George Weston Foods Ltd, Sydney, Australia.
2 Crackerbread; George Weston Foods Ltd, Sydney, Australia.
3 Wholemeal crackers; George Weston Foods Ltd, Sydney, Australia.
4 Burgen Rye; George Weston Foods Ltd, Sydney, Australia.
5 Savings brand Rice Pops; Farmland Foods, Sydney, Australia.

subject’s total DF intake per day. Nutrient compositions of the test
foods are outlined in Table 2.

Biochemical assays and bioassays

Total DF was analyzed in all food products with the use of
an enzymatic-gravimetric method, described elsewhere (30).
Subjects collected all of their stools for the final 2 d on each
of the 4 sampling occasions. Individual bowel movements were
voided into a plastic bag placed over a toilet bowl. After the
defecation, air was expelled from the bag, which was then
closed with a tie, labeled with the date and time, and stored at
�20 �C. For transport to the clinic, the bags were placed
between 2 ice bricks in a polystyrene cooler. Subjects also col-
lected a morning and evening spot urine sample during the 48-h
sampling period. These samples were also frozen for transport
to the laboratory.

At the end of each cereal food intervention, subjects under-
went a 1-h meal tolerance test to assess postprandial glucose
and insulin responses to that test cereal. After an overnight fast
of 12 h, baseline venous blood samples were taken (20 mL) into
tubes containing EDTA and (5 mL) into tubes containing
sodium fluoride and EDTA, and further samples were taken 1 h
after ingestion of a test cereal providing 50 g available carbo-
hydrate, consumed with 100 mL skim milk. Blood plasma was
separated by low-speed centrifugation at 1200 � g for 10 min
at room temperature and then frozen at �20 �C until it was ana-
lyzed. At the end of each intervention period, all samples from
each subject were analyzed along with quality-control samples
in the same analytic run.

Plasma insulin was measured with the use of a double-anti-
body radioimmunoassay (Phadeseph Insulin; Pharmacia Diag-
nostics, Uppsala, Sweden) and RIA-CALC software and an
LKB Wallac gamma counter (Wallac, Turku, Finland). Plasma
glucose was measured by use of a glucose oxidase colorimetric
method (Roche Diagnostics, Mannheim, Germany) on an auto-
mated analyzer (Cobas-Bio; Beckman Instruments, Fullerton,
CA). Plasma lignans were assayed by H Adlercreutz at the
Institute for Preventive Medicine, Nutrition and Cancer at the

University of Helsinki with the use of time-resolved fluoroim-
munoassay (31, 32). Fecal water for analysis of bile acids was
derived by ultracentrifugation of fecal material at 150 000 � g
for 50 min at 4 �C and then frozen at �20 �C until it was ana-
lyzed (33–35). Fecal water bile acids were analyzed by gas liq-
uid chromatography (GC 17A; Shimadzu Corp, Kyoto, Japan)
with CLASS LC10 software (Shimadzu Corp) according to a
method described elsewhere (36).

Fecal SCFA concentrations were determined according to the
method described elsewhere (36). Fecal �-glucuronidase activity
was analyzed by a modification of a method described elsewhere
(37–39). Briefly, 3 g of fresh fecal sample was homogenized in 7 mL
phosphate-buffered saline. The sample was then centrifuged at
10 000 � g for 20 min at 4 �C, and the supernatant fluid was
removed and stored at �70 �C until it was assayed. Fecal super-
natant fluid (100 mL) was added to an equivalent volume of phe-
nolphthalein:glucuronic acid conjugate reagent (Sigma Chemical,
St Louis) in 0.8 mL phosphate-buffered saline, and the mixture
was incubated at 37 �C for 45 min. The reaction was stopped by
the addition of glycine and water added to a volume of 6 mL.
Absorbance was read at 540 nm by a spectrophotometer (UV-VIS;
Varian-Cary, Mulgrave, Australia). The �-glucuronidase–specific
activity was expressed as U phenolphthalein released · g wet fecal
wt�1 · h�1 against a phenolphthalein standard curve.

Fecal ammonia concentration was determined by a colorimet-
ric technique as described elsewhere (40). Fecal phenol and
p-cresol concentrations were assayed as described elsewhere (41).

Statistical analysis

The difference between the mean values of the variables high-fiber
rye, high-fiber wheat, and low fiber was initially analyzed with the use
of repeated-measures analysis of variance, with an unstructured covari-
ance matrix. This choice of model allowed for the possibility of unequal
variances and covariances among the 3 variables. Subsequent investi-
gation of the 3 pairwise comparisons (ie, rye versus wheat, rye versus
low fiber, and wheat versus low fiber) used Bonferroni’s correction with
significance set at P < 0.05. We used BMDP statistical software, Pro-
gram 5V (BMDP Statistical Software, Los Angeles) for analysis.
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TABLE 3
Composition of test foods consumed in each of the 3 dietary intervention periods

Whole-grain Amount of
composition Test food test grain Energy Protein Fat Carbohydrate Fiber

% by wt g g kJ g g g g

Whole rye
Cereal 79 50 39.5 754 5 2 36 7
Bread 21 135 28.4 1451 18 7 54 8
Crispbread 100 22 20 319 2 1 15 3
Total — 207 87.9 2524 25 10 105 18

Whole wheat
Cereal 79 50 39.5 770 6 1 37 6
Bread 21 135 28.4 1358 17 7 49 8
Crispbread — 42 20 627 7 1 28 4
Total — 227 87.9 2755 30 9 114 18

Low fiber
Cereal (rice) 100 50 — 814 3 3 43 1
Bread (wheat) 100 135 — 1419 17 6 54 3
Crispbread (wheat) 100 42 — 674 4 1 33 1
Total — 227 — 2907 24 8 130 5

RESULTS

Dietary intakes

Dietary intakes for each treatment are shown in Table 1. There
was no difference in the subjects’ energy intakes between each
intervention period. Total DF intakes for rye and whole wheat did
not differ from each other, but did differ significantly (P = 0.01)
from those for the low-fiber diet. The subjects ingested 32 g DF/d
with 18 g from rye foods, 32 g DF/d with 18 g from wheat foods,
and 19 g DF/d with 5 g from low-fiber cereal products (Table 3).
These were provided as 88 g of whole rye in 207 g grain foods/d,
88 g of whole wheat in 227 g grain food/d, and 227 g refined-
cereal grain foods/d in the low-fiber intervention.

There was no significant difference between the body weights
of subjects in the 3 intervention periods. The mean (± SEM) body
weight of the 28 men was 94.6 ± 2.7 kg, and the BMI was 30 ± 0.9
at the beginning of the study. Compliance with test food intakes
was excellent in 95% of subjects. Although weighed food records
are not a perfect tool for assessing dietary intake in free-living
subjects, the main purpose of obtaining the nutrient-intake data in
this study was to ascertain relative intake, not absolute intake. In
particular, we needed to show that no significant dietary changes
occurred between treatments, other than those attributable to the
changes in test food intake. Nevertheless, the estimated energy
requirement based on the age, weight, and height of this group of
sedentary men is 11.4 MJ, which is only 15% lower than our
recorded intakes. We therefore felt that the food intake data for
this group were valid.

Large-bowel and fecal measures

Effects of the diets on fecal values are summarized in Table 4.
There was a significant increase in daily fecal weights on both the
high-fiber rye (37%; P = 0.003) and wheat (27%; P = 0.01) diets
relative to the low-fiber diet (203 g feces/d). There was a small
(0.2 pH units) but significant (P = 0.0002) reduction in fecal pH
with both high-fiber diets. This was associated with a significant
(P = 0.0001) increase in butyrate with the high-fiber rye foods
(36%) but not with the high-fiber wheat foods or the low-fiber
foods. Fecal acetate concentrations did not differ significantly

between treatments, whereas fecal propionate was significantly
lower (12%; P = 0.03) with the high-fiber wheat diet than with
the low-fiber diet. Fecal ammonia concentrations were signifi-
cantly lower (19%; P = 0.001) with the high-fiber wheat diet 19%)
than with the low-fiber diet. This reduction was inversely propor-
tional to the increased bulk of feces, so that there was no differ-
ence in total output of fecal ammonia between the dietary treat-
ments. Fecal �-glucuronidase concentration was significantly
lower with high-fiber wheat (29%; P = 0.003) and rye (20%;
P = 0.07) foods than with low-fiber foods. Fecal p-cresol con-
centrations were significantly lower with the high-fiber rye (37%;
P = 0.005) and wheat (30%; P = 0.002) diets than with the low-
fiber diet. Fecal phenol concentrations did not differ significantly
between the diets (data not shown).

Bile acid concentrations showed no significant differences
between treatments (Table 4). Daily fecal output of primary bile
acids was significantly higher (43%, P = 0.04) with high-fiber rye
than with low-fiber foods. As a percentage of total fecal bile acid
output, primary bile acids were higher with the high-fiber rye diet
(17%) than with the low-fiber diet (11%). Although mean total
bile acid concentrations in fecal water were about 38% lower dur-
ing the high-fiber rye and wheat diets than during the low-fiber
diet, the apparent difference was not significant (P = 0.15).
Deoxycholic acid concentrations were 16% lower for high-fiber
rye and wheat foods than for low-fiber foods (P = 0.16). Total sec-
ondary bile acids concentrations in fecal water did not differ
between the diets.

Plasma measures

Mean plasma enterolactone concentrations were significantly
higher in men fed high-fiber rye than in those fed high-fiber wheat
and low fiber (47% and 71% higher, respectively; P = 0.0001); the
concentrations with the latter 2 diets did not differ from each
other. The mean of baseline values for the 28 subjects at the begin-
ning of the study was 25.6 ± 5.4 nmol/L.

Plasma insulin concentrations 1 h postprandially had signifi-
cantly lower responses when high-fiber rye and wheat were fed in
a standardized breakfast meal than when a low-fiber product
equivalent was fed (Table 5). Insulin response with high-fiber rye
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TABLE 4
Influence of high-fiber rye and wheat and low-fiber foods on human fecal measures for the 3 dietary intervention periods1

High-fiber rye High-fiber wheat Low fiber

24-h fecal wt (g) 278 ± 162 257 ± 212 203 ± 18
Fecal pH 6.81 ± 0.062 6.79 ± 0.072 7.01 ± 0.08
Fecal acetate (�mol/g wet wt) 68.5 ± 3.8 65.1 ± 3.4 62.9 ± 3.3
Fecal propionate (�mol/g wet wt) 18.7 ± 1.1 16.6 ± 0.93 18.9 ± 1.5
Fecal butyrate (�mol/g wet wt) 27.8 ± 2.24 22.6 ± 1.5 20.4 ± 1.7
Total SCFA (�mol/g wet wt) 112 ± 7.3 104 ± 5.2 102 ± 5.7
Fecal ammonia (�mol/g wet wt) 33 ± 2.4 31.4 ± 2.73 38.8 ± 3.1
Fecal �-glucuronidase (U ·g wet sample�1 · h�1) 3.23 ± 0.34 2.84 ± 0.353 4.03 ± 0.42
Fecal p-cresol (�g/g wet wt) 53.6 ± 4.72 59.5 ± 5.62 84.7 ± 10.1
Fecal deoxycholic acid (�mol/L) 68 ± 7.3 68 ± 12.4 82 ± 8.6
Total primary bile acids

(�mol/L) 54 ± 6.3 50 ± 9.1 47 ± 8.6
(�mol/d) 15 ± 1.83 15.7 ± 4.3 10.5 ± 2.0

Total secondary bile acids
(�mol/L) 257 ± 56 274 ± 72 429 ± 149
(�mol/d) 70.9 ± 16 75.7 ± 20.8 84.7 ± 31.4

Total bile acids
(�mol/L) 294 ± 60 305 ± 79 481 ± 159
(�mol/d) 84.1 ± 17.1 89.7 ± 23.4 94.2 ± 32.6

Ratio of daily primary-to-total output (%) 17 17.2 11
1 x– ± SEM, n = 28. SCFAs, short-chain fatty acids.
2–4 Significantly different from low-fiber treatment (repeated-measures ANOVA): 2 P < 0.005, 3 P < 0.05, 4 P < 0.0001. P value from Bonferroni’s

correction, P ≤ 0.05.

TABLE 5
Influence of high-fiber rye and wheat and low-fiber foods on plasma metabolic markers for the 3 dietary intervention periods1

High-fiber rye High-fiber wheat Low fiber

Plasma insulin, fasted (�U/mL) 6.08 ± 0.69 6.65 ± 0.78 6.83 ± 0.81
� Plasma insulin, fed-fasted (�U/mL) 19.6 ± 2.12 20.8 ± 2.82 48.9 ± 6.5
Plasma glucose, fasted (mmol/L) 5.60 ± 0.17 5.59 ± 0.13 5.64 ± 0.16
� Plasma glucose, fed-fasted (mmol/L) 1.35 ± 0.33 0.95 ± 0.23 2.42 ± 0.4
Plasma enterolactone (nmol/L) 30.9 ± 3.82 21.0 ± 3.8 18.1 ± 2.7

1 x– ± SEM, n = 28. �, change in value.
2,3 Significantly different from low-fiber treatment (repeated-measures ANOVA): 2 P < 0.0001, 3 P < 0.0005. P value from Bonferroni’s correction, P ≤ 0.05.

was 46% and that with high-fiber wheat was 49% of the low-fiber
response (P = 0.0001). Similarly, the glucose response with high-
fiber rye was 15% lower and that with wheat was 20% lower than
that with the low-fiber product; both differences were significant
(P = 0.0005). The pretreatment fasted plasma insulin concentra-
tion in the 28 subjects was 10.4 ± 1.0 uU/mL. There were no dif-
ferences in the calcium, phenol, or p-cresol concentrations when
expressed relative to the creatinine concentration in the urine
samples (Table 6).

DISCUSSION

We have shown that, in overweight middle-aged men, moder-
ate intakes of both high-fiber rye and wheat foods, when
matched for fiber content, were equally effective in increasing
the weight of fecal output and in decreasing the pH and fecal
�-glucuronidase, secondary bile acids, and p-cresol concentra-
tions relative to values with the intake of low-fiber foods. These
markers are suggestive of improved bowel health (10–13, 35,
37–43). The rye foods were, however, more effective in increas-
ing plasma enterolactone and fecal butyrate concentrations than
were whole-wheat and low-fiber foods, which did not differ

from each other. Similar observations have been reported by
Grasten et al (7). Butyrate has an essential role as an energy
source for the maintenance of normal colonocytes (a trophic
effect), as well as being a putative anticancer agent through its
ability to induce apoptosis in mutated colon cells (11–13,
44–46). Both high-fiber rye and wheat increased fecal bulking,
but only rye foods significantly increased the fecal butyrate
concentration. This finding is consistent with observations of
other workers on the consumption of rye breads by pigs and
humans (7–9, 24) where larger quantities of rye were consumed.
Arabinoxylan and cellulose and resistant starch are considered
important substrates for butyrate generation, and in both cereal
grains, these components are well and comparably represented
(6). The reason for the better response with rye than with wheat
is not known, but it may have to do with the fact that arabi-
noxylan concentrations are higher in rye DF (3 g/100 g or 50%
higher) than in wheat DF (6, 8). The other SCFAs measured were
not significantly affected in this study, except for propionate,
which was significantly lower in men fed high-fiber wheat. Fecal
ammonia concentrations were also significantly lower for wheat
than rye or low-fiber diet options. There is no obvious explana-
tion for this difference.
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TABLE 6
Influence of high-fiber rye and wheat and low-fiber foods on urinary metabolic markers for the 3 dietary intervention periods1

High-fiber rye High-fiber wheat Low fiber

Urine phenol (mg/g creatinine) 4.1 ± 0.4 4.2 ± 0.4 3.9 ± 0.3
Urine p-cresol (mg/g creatinine) 32.4 ± 2.4 24.5 ± 2.5 27.6 ± 2.5
Urine calcium (mg/g creatinine) 73.8 ± 7.5 83.6 ± 9.3 79.2 ± 7.4

1 x– ± SEM, n = 28.

The plasma enterolactone concentration has been proposed as
a marker of large bowel health; enterolactone results from desir-
able microbiological fermentation in the lumen and absorption
through the colon wall of mammalian lignans (1, 22, 23). Entero-
lactone concentrations in plasma were recently shown in a
crossover study to reflect dietary change within 2 wk of the intro-
duction of a new diet, and maximal concentrations are observed at
4 to 6 wk (47). The potential role of plasma enterolactone in can-
cer prevention, with particular regard to the hormone-sensitive
cancers of breast and prostate but also to colon cancer, has been
recognized (1, 21, 22, 45). This mammalian lignan is indeed a use-
ful measure of the degree to which a diet provides fermentable
plant lignans to the colon. Fiber-rich cereal foods, in particular
rye, have been reported to be good sources, and mammalian daily
urinary lignan excretion and plasma concentration have been
shown to correlate with the intake of cereal fiber (9, 19, 22–25),
although there are other important plant food sources as well. An
inverse association of plasma lignan with plasma F2-isoprostane
reported in another study (23) signals possible antioxidant effects.
Other antioxidant effects have also been reported with the con-
sumption of whole grains in other human studies (48). The most
likely interpretation for high plasma lignans is that they are a use-
ful marker of a healthy diet, active colonic fermentation, and a
healthy large bowel.

Fecal bile acid concentrations and amounts showed a higher
primary bile acid component and a marginal trend to reduction in
one of the secondary bile acids (deoxycholic). This finding may be
interpreted as a beneficial effect to the host in terms of reduced
risk of colon wall exposure to toxic secondary bile acids, and it is
similar to findings of other reports on the effects on fecal bile
acids of higher levels of rye food consumption (7, 17, 18, 49).

Fecal ammonia and p-cresol are potentially toxic components
generated in the large bowel, and in this study both rye and wheat
effectively lowered their concentrations relative to the low fiber
control. This finding might be interpreted as indicating protection
for the host (43, 44). Fecal �-glucuronidase activity was used to
examine the degree to which gut microflorae are capable of decon-
jugating components that otherwise are in “bound” form in the
feces, thereby unmasking or potentiating their toxic or mutagenic
effects on the host (33, 35, 37, 39, 42, 49). Diets high in animal
protein such as red meat have been shown to be associated with
high activities of �-glucuronidase in feces, and in some studies
that elevation was associated with increased colon tumorigenesis
(35, 37, 39, 42). A reduction in the activity of that enzyme, as was
seen with the high-fiber wheat diet in this study relative to the low-
fiber diet, might therefore be interpreted as indicating reduced
risk. It is likely that the reduced activity represents, at least to
some extent, the degree to which the influence of the fecal
microflora is diluted by the increased bulk effect, or it may sig-
nify an altered balance of microflora, with species beneficial to
the host (50).

The reduced plasma insulin and glucose responses to rye and
wheat foods at 1 h after meals are consistent with other reports of
whole-grain food studies, especially rye-grain food studies (3, 16,
17, 51). For example, Leinonen et al (17) compared whole-kernel
rye bread (50 g available carbohydrate) with white wheat bread in
terms of postprandial glucose and insulin response in 20 healthy
Finnish subjects, and they reported a 25% lower peak insulin
response (P = 0.002) with the rye bread but no difference in the
glucose response.

The 1-h measurement represents a limited observation, and
more comprehensive testing should be undertaken before any firm
conclusions are drawn. Nevertheless, it is promising that whole-
grain rye and wheat foods are capable of diminishing the glycemic
response in the short term. Insulin-resistant states are associated
with high BMI and are part of a metabolic syndrome that has also
been linked with altered risk for colon cancer (27–29). Under
these circumstances, insulin and growth factors could be involved
in altered bowel epithelium proliferation, thereby increasing can-
cer risk (29).

The cereal fiber–rich food options or whole-grain foods signi-
ficantly increased total fiber intake to > 30 g/d, which has been
proposed as a desirable goal for Australians in achieving health
objectives (5). The fact that this change can be achieved with a
substitution of whole-grain foods (< 90 g rye- or wheat-derived
flour was provided as 230 g foods across all meals) for refined-
grain foods in a normal diet indicates its practicability across the
population. We conclude that the consumption of moderate
amounts of both high-fiber rye and wheat foods, when matched
for fiber, improved several markers of bowel and metabolic health
relative to that of low-fiber foods. Fiber from rye appears more
effective than that from wheat in the overall improvement of bio-
markers of bowel health.
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