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Abstract: Wheat bran, and especially wheat aleurone fraction, are concentrated sources of a wide
range of components which may contribute to the health benefits associated with higher consumption
of whole-grain foods. This study used NMR metabolomics to evaluate urine samples from baseline at
one and two hours postprandially, following the consumption of minimally processed bran, aleurone
or control by 14 participants (7 Females; 7 Males) in a randomized crossover trial. The methodology
discriminated between the urinary responses of control, and bran and aleurone, but not between
the two fractions. Compared to control, consumption of aleurone or bran led to significantly
and substantially higher urinary concentrations of lactate, alanine, N-acetylaspartate acid and
N-acetylaspartylglutamate and significantly and substantially lower urinary betaine concentrations
at one and two hours postprandially. There were sex related differences in urinary metabolite profiles
with generally higher hippurate and citrate and lower betaine in females compared to males. Overall,
this postprandial study suggests that acute consumption of bran or aleurone is associated with
a number of physiological effects that may impact on energy metabolism and which are consistent
with longer term human and animal metabolomic studies that used whole-grain wheat diets or
wheat fractions.

Keywords: NMR metabolomics; wheat bran; wheat aleurone; energy metabolism; sex differences;
urine; lactate; alanine; N-acetylaspartate; N-acetylaspartylglutamate; betaine; hippurate

1. Introduction

Epidemiological studies have demonstrated that higher consumption of whole-grain foods may
reduce the risk of chronic diseases, such as cardiovascular diseases (CVD), diabetes, and some
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cancers [1]. Many hypotheses for the health-protective mechanisms of whole-grains have been
proposed; however, the specific factors and the underlying mechanisms responsible for these health
benefits remain unclear [2]. Wheat is a dietary staple in many regions, and whole-grain wheat contains
many potentially bioactive components including dietary fiber, vitamins, minerals and phenolics
such as ferulic acid, and the physiological methyl donors, betaine and choline [2]. These components
are concentrated in the bran fraction which accounts for 15%–16% of the whole-grain and which is
separated when wheat grain is milled to yield refined white flour [3]. In bran, these components are
further concentrated in the metabolically active aleurone layer that comprises 45%–50% of the bran
produced in milling and which can be isolated for use as a food ingredient that may confer beneficial
physiological effects [2,3].

Indeed, a four-week intervention study in our laboratory found that consumption of aleurone-rich
foods impacted favorably on a number of biomarkers of health, including decreasing plasma
concentrations of total homocysteine (tHcy), LDL cholesterol and the inflammatory marker, C-reactive
protein [4,5]. The decrease in plasma tHcy, which was accompanied by increased plasma betaine
concentrations, was attributed to enhanced activity of betaine-homocysteine methyltransferase
(BHMT) [4]. However, it was unclear if the potentially favourable changes in other biomarkers were
attributable to one component or a combination of components, acting by one or more mechanisms [5].

Metabolomics, which is the complete analysis of low molecular weight metabolites is increasingly
being used to evaluate the complex effects of diets on metabolism [6], and a number of metabolomic
studies of varying design and duration, have used humans or animal models to evaluate the effects
of diets containing various whole-grain foods or whole-grain fractions on plasma and/or urinary
metabolite profiles. However, very variable results have been reported [7–13]. A recent comprehensive
review that assessed the role of metabolomics in exploring the mechanisms underlying the health
benefits of diets that are high in whole-grains concluded, inter alia, that heterogenous results are to be
expected when there are wide variations in the studies such as the characteristics of the populations or
participants, study duration, and the nature of the intervention products [14].

In a previous study, which used conventional analytical methods, we showed significant and
substantial increases in plasma betaine and ferulic acid concentrations and in urinary ferulic acid
excretion up to at least three hours postprandially following the consumption of relatively large
amounts (50 g) of minimally processed wheat bran or aleurone [15,16]. In the present investigation,
we have used NMR metabolomics to evaluate urine samples that were available from our previous
study in order to give further information on postprandial responses.

2. Materials and Methods

2.1. Participants and Study Design

Full details of the study design, treatments and participants have been previously reported [15].
Briefly, 17 participants were initially recruited but three did not enter the study. Thus, there were
14 participants (seven males and seven females) recruited from the staff and students at Ulster
University, Coleraine, UK. The participants met the following inclusion criteria: 18–40 years, BMI
18–30 kg/m2, non-smokers, without any clinical disorders, food allergies or intolerance, not taking
any medication or supplements, and women not pregnant or lactating. Participants gave written
informed consent prior to the commencement of the study and all data were anonymized. The study
was approved by the Ulster University Research Ethics Committee and was registered on the Current
Controlled Trials register (ISRCTN09560399). The study consisted of three morning sessions, at least
one week apart, and was a randomized crossover design with at least 1–week washout between each
test day. The treatments were (1) minimally processed wheat bran (50 g); (2) minimally processed
wheat aleurone (50 g) and (3) a balanced control. On the two days prior to each occasion, participants
adhered to a low phenolic diet which restricted their intake of foods with high phenolic content,
including whole grains, fruit, coffee, tea, etc. [15]. On the morning of the test day, participants were
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instructed to empty their bladders and drink 250 mL of uncarbonated water around one hour before
attending the Ulster University. On arrival at the University, between 08.00 and 09.00 h, having fasted
from 22.00 h the previous night, baseline urine samples were collected and treatments served for
consumption over the next 15 min with 500 mL of uncarbonated water. Further urine samples were
collected at one, two, three and four hours postprandially; however, due to resource constraints, in the
present study, urine samples were analyzed only from baseline and one and two hours. Urine samples
collected were aliquoted and stored frozen at ´80 ˝C until 1H NMR analysis (University College
Dublin, Ireland).

2.2. Preparation and Analysis of the Treatments

The sources of ingredients, the method of preparation and the treatments were previously reported
in detail [15]. Briefly, the treatments were formulated to balance macronutrient and fiber contents
using refined ingredients and analyzed for betaine [17] and phenolic acids [18] (Rothamsted Research).
The ingredients, formulations and calculated nutrient and energy composition of treatments are given
in Table 1.

Table 1. Formulation and composition of the treatments.

Aleurone Bran Control

Ingredients (g per portion) a

Wheat bran b - 50.0 -
Wheat aleurone b 50.0 - -

Wheat fiber c 3.6 - 27.0
Wheat protein d - 2.3 8.9
Wheat starch e - 0.3 5.6
Vegetable fat f - 0.6 2.0

Sugar g 2.5 2.5 2.5
Composition per portion

Energy (kJ) 352 348 336
Carbohydrate (g) 8.1 8.0 7.4

Protein (g) 8.9 8.7 8.4
Fat (g) 2.0 2.0 2.1

Fiber (g) 27 27 25
Betaine (mg) 515 301 31

Total phenolic acids (mg) h 213 162 1.5
Total ferulic acid (mg) i 177 124 0.9
Free ferulic acid (mg) 2.2 1.2 0.0

a Fresh weight basis; b Supplied by Bühler AG Uzwil, Switzerland; c Vitacel® 600, J. Rettemmaier & Söhne GmbH,
Rosenberg, Germany; d Gluten AG110, Syral, Aalst, Belgium; e Meritena 200, Syral, Aalst, Belgium; f Cookeen,
Princes Ltd, Liverpool, UK; g White granulated sugar, local store; h Suml of ferulic acid, 4-hydroxybenzoic acid,
vanillic acid, syringic acid, syringaldehyde, caffeic acid, 2,4-dihydroxybenzoic acid, sinapic acid and p-coumaric
acid; i Sum of free, conjugated and bound ferulic acid.

2.3. NMR Spectroscopy

Urine samples were prepared by the addition of 200 µL phosphate buffer (0.2 mol/L KH2PO4,
0.8 mol/L K2HPO4) to 500 µL urine. Following centrifugation at 8000ˆ g for 5 min, 10 µL sodium
trimethylsilyl (2,2,3,3–2H4) propionate (TSP) and 50 µL deuterium oxide (D2O) were added to 550 µL
of the supernatant. Sodium trimethylsilyl propionate (TSP) was used as a chemical shift reference and
10% D2O as a lock solvent for high resolution NMR spectrum. A 500 MHz DRX NMR spectrometer
(Bruker Biospin, Karlsruhe, Germany) was used to acquire spectra with 8 kHz spectral width, 128 scans
into 32 K data points, with 2.5 s relaxation delay between successive scans. Using a Noesypresat pulse
sequence, solvent suppression of residual water signal was achieved during the relaxation delay and
the mixing time of 100 ms. Spectra alignment was achieved using SpecAlign [19].
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2.4. NMR Spectra Pre-Processing

NMR spectra were first processed using Bruker software with a line broadening of 0.2 Hz and
each spectrum was manually baseline corrected. The spectra were integrated into 0.04 ppm regions
excluding the water region (4–6 ppm) using AMIX software (Bruker Biospin, Karlsruhe, Germany).
The spectral intensities were normalized to the total spectral intensity ensuring the uniform strength
of all samples by removing the variability among them.

2.5. Data Analysis

Multivariate analysis of 1H NMR data was carried out using SIMCA-P+ (version 11.5.0.0;
Umetrics AB, Umeå, Sweden). The spectral data were imported into SIMCA and pareto scaled.
Unsupervised principal component analysis (PCA) was applied to the data for initial visualization,
inspection of trends, identification of outlying data (outside the 95% confidence region based on
Hotelling T2 of the model). To explore further any trends in the data, partial least square discriminant
analysis (PLS-DA) was employed. The quality of PLS-DA models was evaluated using R2, an estimate
of goodness of fit of model to the data, and Q2, an estimate of goodness of prediction [20]. In addition,
a cross validation step was performed where two thirds of the observations were randomly selected
to form a training set to train the model which was then used to determine the class memberships of
the test set containing the remaining third of the observations. This process was repeated three times
such that each observation was predicted exactly once. For each model, the predictive ability was
calculated as the average percentage of observations classified correctly. Discriminating bin regions
were identified by examination of the loadings plot and the VIP (variable importance in projection)
values. Variables having VIP larger than 1 were considered most important [21]. Metabolites were
identified by use of in-house libraries and the Chenomx library.

3. Results

3.1. Composition of the Treatments

The energy, macronutrient and fiber contents of the aleurone, bran and control treatments were
similar (Table 1). However, compared to the control, the bran was very much higher in betaine,
total phenolic acids and total ferulic acid content, and the aleurone had the highest amounts of these
components (Table 1).

3.2. Participant Characteristics and Compliance

Fourteen participants (7 males, 7 females; 27.8 ˘ 6.5 years; BMI 22.7 ˘ 2.6 kg/m2) completed the
study and no significant difference in compliance (p = 0.207) was found. Overall treatments compliance
(%; mean ˘ SD) was 96 ˘ 9.7, while compliance was 96.1 ˘ 6.5 (range 83–100), 93.4 ˘ 15.4 (range 48.1–100)
and 100 ˘ 0, for the aleurone, bran and control treatments, respectively.

3.3. Metabolomic Analysis of Urine Samples

The PCA scores plots of 1H NMR data in Figure 1 give an overview of the profiles for the
respective treatments. Figure 2 shows the same PCA scores as in Figure 1, but with their corresponding
time-points of sample collection. Six observations were identified as outliers as these were lying outside
the 95% confidence region of the model based on Hotelling T2 and excluded before further analyses
(Figures 1 and 2). Visual inspection of Figure 1 indicated that the control samples were located mainly
in the lower two quadrants and were differentiated from the other treatments. Visual inspection of
the PCA score plot in Figure 2 showed that the baseline samples were grouped in the right quadrants,
and differentiated from the one and two hours postprandial samples, which were mainly grouped in
the left quadrants, and not differentiated from each other. Furthermore, observation of the baseline
samples (Figure 2) suggests that the intra-participant variation (variation among the baseline samples
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collected for the same participant on different dates) was relatively low, and was considerably less
than inter-participant variation (variation between different participants considering only baseline
samples). See, for example, baseline samples for participants 11 and 13, which are circled in Figure 2.
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Further analyses were performed on the 1H NMR data using PLS-DA analysis. Robust models
were built comparing aleurone vs. control and bran vs. control at one hour and two hours postprandially,
and are shown in Table 2. These models had very good Q2 predictability, and comparable R2 goodness
of fit. Further, the predictive ability of these models was cross-validated (Table 2). Visual inspection of
PLS-DA score plots for the models showed clear separations between aleurone and control (Figures 3 and 4)
and bran and control (Figures 5 and 6) at both one hour and two hours. However, when the aleurone
and bran were compared, there were no PLS-DA models at either time-point.
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Further analyses were performed on the 1H NMR data using PLS-DA analysis. Robust models 
were built comparing aleurone vs. control and bran vs. control at one hour and two hours postprandially, 
and are shown in Table 2. These models had very good Q2 predictability, and comparable R2 goodness 
of fit. Further, the predictive ability of these models was cross-validated (Table 2). Visual inspection 
of PLS-DA score plots for the models showed clear separations between aleurone and control (Figures 
3 and 4) and bran and control (Figures 5 and 6) at both one hour and two hours. However, when the 
aleurone and bran were compared, there were no PLS-DA models at either time-point. 

Table 2. Summary of parameters for assessing PLS-discriminant analysis (DA) models. 

Treatments Time-Point (h) No. of Components a R2 b Q2 Cross Validation (%) c 
Aleurone vs. control 1 2 0.377 0.395 74 
Aleurone vs. control 2 1 0.148 0.339 71 

Bran vs. control 1 2 0.380 0.564 93 
Bran vs. control 2 2 0.347 0.582 93 

a multiple correlation coefficient (R2) an estimate of goodness of fit of model to the data; b cross 
validation correlation coefficient (Q2) an estimate of goodness of prediction; c average % of samples 
correctly classified during cross validation. 

 
Figure 3. PLS-DA scores plot (t[1]) vs. t[2]) obtained from 1H NMR spectra of postprandial urine 
samples of aleurone vs. control at one hour (Observations, n = 27), , aleurone; , control. Variables 
(K) = 181. PLS component 1: R2 = 0.196, Q2 = 0.315; PLS component 2: R2 = 0.18, Q2 = 0.117. The ellipse 
represents 95% confidence region of the model based on Hotelling T2. 

 

, control. Variables (K) = 181.
PLS component 1: R2 = 0.179, Q2 = 0.379; PLS component 2: R2 = 0.168, Q2 = 0.327. The ellipse
represents 95% confidence region of the model based on Hotelling T2.

Table 2. Summary of parameters for assessing PLS-discriminant analysis (DA) models.

Treatments Time-Point (h) No. of Components a R2 b Q2 Cross Validation (%) c

Aleurone vs. control 1 2 0.377 0.395 74
Aleurone vs. control 2 1 0.148 0.339 71

Bran vs. control 1 2 0.380 0.564 93
Bran vs. control 2 2 0.347 0.582 93
a multiple correlation coefficient (R2) an estimate of goodness of fit of model to the data; b cross validation
correlation coefficient (Q2) an estimate of goodness of prediction; c average % of samples correctly classified
during cross validation.
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3.4. Metabolite Identification

For each of the models discussed above, the VIPs, mean concentrations and differences in
concentrations obtained from 1H NMR spectra were used to identify changes in metabolite profiles at
the different time-points. These data are shown for all chemical shifts with VIP values greater than 1 in
the Supplementary Materials in Tables S1–S4, for the aleurone vs. control at one and two hours, and the
bran vs. control at one and two hours, respectively. Further analyses of PLS-DA models were carried
out to identify the metabolites responsible for the variation explained by these models, and these
discriminating metabolites and the relative changes in their concentrations are shown in Table 3. At one hour
and two hours postprandial, urinary concentrations of lactate, alanine, N-acetylaspartate (NAA)
and N-acetylaspartylglutamate (NAAG) were significantly and substantially higher, and betaine
concentrations were significantly and substantially lower after consumption of the aleurone and bran
compared to those after consumption of the control. Concentrations of 3-hydroxy-isovalerate and
two unknown metabolites (at 3.68 and 3.88 ppm) were higher at one hour and two hours only after
consumption of the bran relative to control. Other changes were less systematic; for those metabolites
that could be identified, compared to the control, the concentration of citrate was higher only at one
hour after consumption of aleurone, the concentration of hippurate was higher only at two hours
after consumption of the aleurone, and the concentration of 2-hydroxyisobutyrate was higher only at
two hours after consumption of bran (Table 3).

Table 3. Discriminating metabolites (with respect to control) at one hour and two hours postprandial
following aleurone and bran.

Chemical Shift
(ppm) a

Discriminating
Metabolites

Percentage (%) Change in Metabolite
Concentration with Respect to Control

Aleurone
(1 h)

Aleurone
(2 h)

Bran
(1 h)

Bran
(2 h)

1.32 Lactate 97 109 94 187
3.24 Betaine ´47 ´43 ´27 ´27
1.52 Alanine 43 40 52 61

2.16, 2.20 NAA/NAAG b 65 59 78 110
2.52, 2.56, 2.64, 2.68 Citrate 24 - - -

7.56, 7.84 Hippurate - 35 - -
3.48, 3.52, 3.60 Unknown - - 66 -

1.28 3-hydroxyisovalerate - - 69 70
1.36 2-hydroxyisobutyrate - - - 27
3.68 Unknown - - 18 34
3.88 Unknown - - 25 41

a Chemical shifts having a variable importance in projection (VIP) value greater than 1 with 95% confidence
(Jack-knifing (JK)) were considered as most important; b NAA: N-acetylaspartate; NAAG: N-acetylaspartylglutamate.

3.5. Comparisons between Sexes for Effects of Treatments

Comparisons of females and males for each treatment at each time-point showed significant
sex-related differences at baseline and at one and two hours postprandially after the consumption
of control and aleurone, but only at two hours after the consumption of bran (Table 4). Overall, in
females compared to males, concentrations of the discriminating metabolites citrate and hippurate
were generally higher, and concentrations of betaine were generally lower (Table 4).
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Table 4. Comparison between the sexes for urinary metabolite profiles after different treatments at
different time-points.

Treatment Timepoint
(h)

Females (F) vs
Males (M)

No. of
Components

a R2 b Q2 Cross
Validation (%) c

Discriminating
Metabolites d

None 0 F vs. M 2 0.236 0.721 95 In females: citrateÒ,
hippurateÒ, betaineÓ

Aleurone 1 F vs. M 3 0.567 0.903 92 In females: citrateÒ,
hippurateÒ, betaineÓ

Aleurone 2 F vs. M 2 0.454 0.717 72 In females: citrateÒ,
hippurateÒ

Bran 1 F vs. M 0 - - - -

Bran 2 F vs. M 1 0.194 0.287 Not validated In females: citrateÒ,
lactateÒ

Control 1 F vs. M 2 0.372 0.304 61 In females:
hippurateÒ, betaineÓ

Control 2 F vs. M 2 0.484 0.587 83
In females:

hippurateÒ, citrateÒ,
betaineÓ

a multiple correlation coefficient (R2) an estimate of goodness of fit of model to the data; b cross validation
correlation coefficient (Q2) an estimate of goodness of prediction; c average % of samples correctly classified
during cross validation; d only metabolites with significantly different concentrations, Ò significantly higher in
females, Ó significantly lower in females than males.

4. Discussion

The results indicate that the methodology employed successfully discriminated between the
urinary metabolite profiles at one and two hours after consumption of both aleurone and bran
compared to the control (Table 2), but there was no clear discrimination between the aleurone and
bran. As all treatments were balanced for macronutrients and fiber contents (Table 1), the findings
indicate that the discrimination resulted from differences in the minor components present in the
aleurone and bran, such as betaine or phenolics. Furthermore, identification of the discriminating
metabolites underlying these differences showed that, compared to the control, consumption of the
aleurone or bran led to significantly and substantially higher urinary concentrations of lactate, alanine,
NAA and NAAG ,and significantly and substantially lower urinary betaine concentrations at both
one and two hours postprandially (Table 3).

The mechanisms underlying the effects on urinary lactate and alanine are unclear. However, the
cellular production of lactate and alanine from glucose and glutamine is associated with the Warburg
effect [22]. Although interest in the Warburg effect has focused on tumor cells which rely on this
pathway to generate high energy intermediates [22], this effect is also found in proliferating non-tumor
cells [22,23]. Most of the lactate and alanine produced in this way is excreted by the cell as a waste
product and, although they may be recycled, lactate and alanine are excreted in the urine [22]. Thus,
we suggest that the higher urinary lactate and alanine observed here, one and two hours after the
consumption of wheat bran or wheat aleurone compared to the control, reflects a perturbation in energy
metabolism. Furthermore, although differences in study design make rigorous comparisons difficult,
this suggestion is compatible with results from other studies that have evaluated urinary metabolic
responses to the consumption of whole-grain wheat diets or wheat fractions, as outlined below.

Metabolomic analysis of the urine of male rats fed for two weeks on diets containing 60%
whole-grain wheat flour or 60% refined wheat flour using a cross-over design showed that urinary
excretion of some tricarboxylic acid cycle intermediates was significantly higher in rats fed the
whole-grain diet [8]. Furthermore, comparison of the postprandial and post-absorptive urinary
profiles showed significantly higher lactate, citrate and 2-oxoglutarate in the postprandial period [8].
A four-week cross-over trial with 11 women and six men compared diets rich in whole-grains or rich
in refined grains [13]. Metabolomic analysis of urine samples collected after one and two weeks on
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each diet showed that, after one week, compared to the refined grain diet, the whole-grain diet led to
lower urinary excretion of metabolites related to protein catabolism, lipid metabolism, gut microbial
metabolism and central energy metabolism, but only in men [13]. However, there were no differences
between the diets after two weeks intervention. The authors concluded that changes in a number of
aspects of metabolism, including central energy metabolism, may provide mechanisms of action for
the benefits of whole-grain diets [13]. Similar results were found in a study with female rats that were
fed for 30 days on purified diets containing 15% wheat bran fiber or a low fiber control [9] and where
the wheat bran diet was differentiated from the low fiber control by a number metabolites associated
with protein metabolism, lipid metabolism, gut microbial metabolism and energy metabolism [9].
Furthermore, specific effects included significantly higher urinary lactate and alanine in the rats fed
the 15% wheat bran fiber diet compared to the control [9] and the authors concluded that wheat bran
fiber can affect energy metabolism in rats [9].

As has been previously reported, it was not possible to resolve NAA/NAAG in the NMR spectra [24].
However, there were consistent increases in urinary NAA/NAAG following consumption of the aleurone
and bran compared to the control and, as far as we are aware, this is the first report that NAA/NAAG
can be influenced by dietary factors. NAA and its derivative NAAG are found at high concentrations
in the human brain [25], where the concentration of NAA is about tenfold that of NAAG [24], the
most abundant neuropeptide in the brain [26]. NAA is found in human urine in low micromolar
concentrations, reflecting the daily excretion of about 1% of the NAA in the brain [25]. Proposed roles for
NAA include acting as a precursor for NAAG, acting as an osmolyte and facilitating energy metabolism
in neuronal mitochondria [25]. NAA is synthesized solely in the mitochondria and its synthesis is
coupled with mitochondrial energy production [25]. Thus, NAA decreases when brain mitochondrial
energy production decreases [25] and furthermore, the close correlation between NAA synthesis and
mitochondrial energy metabolism may reflect mitochondrial integrity and “well-being” [27]. Brain NAA
concentrations are decreased in a number of disease states including ischemic stroke and brain
tumors [25]. Furthermore, experimental impairments of brain energy metabolism lead to decreases
in NAA concentrations [25], and decreases in NAA concentration are associated with mitochondrial
dysfunction [24]. Thus, we suggest that the increases in urinary NAA/NAAG observed here may be
associated with enhanced mitochondrial energy production in the brain.

Evidence from animal studies and other sources indicates that betaine can play important roles in
energy metabolism and that betaine insufficiency is associated with, mitochondrial dysfunction [28].
Furthermore, a recent in vitro study with mouse hepatocytes has shown that exogenous betaine
stimulated mitochondrial and cellular respiration within 30 min and highlighted the potential
role of betaine in mitochondrial function and energy metabolism [29]. Thus, the previously
reported substantial increases in plasma betaine concentrations that were apparent within 30 min of
consumption of bran and aleurone and which persisted for at least three hours [15], suggest that the
putative effects on energy metabolism observed here may be mediated, at least in part, by betaine.

It may appear somewhat surprising that, despite the previously reported increases in plasma
betaine [15], consumption of aleurone and bran led to lower urinary betaine concentrations at both
one and two hours postprandially, compared to the control (Table 3). However, urinary excretion of
betaine is minimal and not correlated with plasma concentrations and, when betaine supplements
are taken chronically, there are at most, small, transient increases in urinary betaine excretion [30].
Nevertheless, as previously described, plasma betaine concentrations peaked at 1–2 h postprandially
and were 1.1 and 1.8 times greater than the baseline concentrations for the bran and aleurone
respectively [15], whereas the urinary betaine concentrations decreased by a mean of 27% for the
bran and 45% for the aleurone in the two hours postprandial (Table 3). These findings indicate that there
may be a systematic negative association between plasma betaine concentrations and urinary betaine
concentrations in this postprandial study. The mechanism(s) underlying such a putative association
are unclear. However, betaine is metabolized to dimethylglycine (DMG) by betaine-homocysteine
methyltransferase (BHMT) [30] and, as previously reported, the postprandial increases in plasma betaine
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concentrations were accompanied by increases in plasma DMG concentrations [15]. BHMT tactivity is
influenced by a number of complex factors [30] and has been shown to increase in rats fed betaine or
given betaine by intraperitoneal injection [31]. Thus, it is possible that the acute increases in plasma
betaine concentrations following the consumption of bran or aleurone resulted in increased BHMT
activity which not only metabolized the recently absorbed betaine, but also endogenous betaine, and
thus lowering its urinary excretion.

Hippurate, which is a normal component of urine, is synthesized in the mitochondria from glycine
and benzoic acid [32]. Benzoic acid can be derived from dietary phenolic compounds such as ferulic
acid, the major phenolic acid in wheat and wheat aleurone, as a result of microbial action in the large
intestine [32]. However, previous metabolomic studies with wheat products have given contrasting
results. A study with humans did not report any effects on urinary hippurate [13], whereas two studies
with rats reported, contrastingly, higher [8] and lower [9] urinary hippurate concentrations. Our results
showed higher urinary hippurate, but only at two hours after consumption of the aleurone. This relatively
rapid response suggests that microbial activity may not be essential for the conversion of phenolics
such as ferulic acid into the benzoate precursor of hippurate.

We found sex related differences in urinary metabolite profiles, with higher hippurate and citrate,
and lower betaine in females compared to males. Higher urinary hippurate in females compared to
males has also been found in metabolomic studies with rats and mice [33,34] and in human population
studies [35,36]. Furthermore, higher urinary citrate in women compared to men has also been found in
a longer term metabolomic study investigating the effects of chamomile consumption [37]. The current
study appears to be the first report of sex differences in urinary betaine. Furthermore, these differences are in
line with previous reports that have found lower fasting plasma betaine in women compared to men [15,30].

Participants were instructed to adhere to a low-phenolic diet on the two days prior to each meal,
and during these two days the participants were provided with all meals and snacks. Standardizing diets
can help reduce the variation in urinary metabolite profiles [38–41]. Consequently, the samples
taken at baseline on each meal occasion followed two days of dietary standardization, and it was
found that intra-participant variation tended to be lower in these samples than in the postprandial
samples. These findings are consistent with the previous work [40], which showed comparatively low
intra-participant variation and higher inter-participant variation in fasting urinary metabolite profiles
after standardizing diets for one day, compared to non-standardized diets.

This exploratory study has a number of potential limitations which include the possibility of over
fitting the data when using PLS-DA models, and the low number of participants and their relatively
narrow age range and BMI status. Furthermore, the present study used large amounts (50 g) of bran
and aleurone in order to maximize postprandial responses and to provide insights into potential
mechanisms of action. Bran and aleurone are available as ingredients; however, to attain an intake of
50 g bran or 50 g aleurone from whole-grain wheat would require consumption of about 320 g and
680 g whole-grain wheat respectively. Thus, these levels are very much higher than the whole-grain
intake of 151 g per day achieved in the previous whole-grain human intervention that evaluated
metabolic responses [13].

Overall, the present results showed that the methodology could discriminate between the
postprandial urinary metabolite profiles following consumption of control compared to the aleurone
or bran, but it could not discriminate between the aleurone and bran. However, the changes in
metabolites indicated postprandial perturbations in energy metabolism that are consistent with the
results of longer term animal and human metabolomic studies that used wholegrain wheat diets or
wheat fractions and which demonstrated, inter alia, changes in energy metabolism [8,9,13].

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/2/96/s1,
Table S1: VIPs, mean concentrations and differences in concentrations from 1H NMR spectra of postprandial
urine samples of aleurone vs. control at one hour for all chemical shifts having VIP value (for the first component)
greater than 1 with 95% confidence (Jack-knifing (JK), Table S2: VIPs, mean concentrations and differences in
concentrations from 1H NMR spectra of postprandial urine samples of aleurone vs. control at two hours for all
chemical shifts having VIP value (for the first component) greater than 1 with 95% confidence (Jack-knifing (JK),
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Table S3: VIPs, mean concentrations and differences in concentrations from 1H NMR spectra of postprandial
urine samples of bran vs. control at one hour for all chemical shifts having VIP value (for the first component)
greater than 1 with 95% confidence (Jack-knifing (JK), Table S4, VIPs, mean concentrations and differences in
concentrations from 1H NMR spectra of postprandial urine samples of bran vs. control at two hours for all
chemical shifts having VIP value (for the first component) greater than 1 with 95% confidence (Jack-knifing (JK).

Acknowledgments: The present study was partly financially supported by the European Commission in the
Communities 6th Framework Programme Project, HEALTHGRAIN (FP6–514008). This publication reflects only
views of the authors and the Community is not liable for any use that may be made of the information contained
in this publication. The European Commission had no role in the design and analysis of the study or in the writing
of this article. Rothamsted Research receives strategic funding from the Biotechnological and Biological Sciences
Research Council (BBSRC). Bühler AG, Uzwil, Switzerland, provided bran and aleurone fractions and associated
data. R.G. was supported by a Vice Chancellor’s Research Scholarship from Ulster University.

Author Contributions: The contributions of the authors are as follows: R.G., R.K.P., J.M.W.W. and R.W.W.
designed the study with advice from L.B., M.J.G. and J.J.S.; P.R.S. and J.L.W. performed the betaine and phenolics
acid analyses of the fractions; R.G., L.B. and L.G. analyzed the data, and R.G., R.K.P. and R.W.W. wrote the
manuscript. All authors contributed to the interpretation of the data and critically revised the final manuscript.
A preliminary report of parts of the study was given at the Nutrition Society meeting, Coleraine, UK, July 2010 [42].

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Seal, C.J.; Brownlee, I.A. Whole-grain foods and chronic disease: Evidence from epidemiological and
intervention studies. Proc. Nutr. Soc. 2015, 74, 313–319. [CrossRef] [PubMed]

2. Fardet, A. New hypotheses for the health-protective mechanisms of whole-grain cereals: What is beyond fibre?
Nutr. Res. Rev. 2010, 23, 65–134. [CrossRef] [PubMed]

3. Buri, R.C.; von Reding, W.; Gavin, M.H. Description and characterization of wheat aleurone. Cereal Foods World
2004, 49, 274–282.

4. Price, R.K.; Keaveney, E.M.; Hamill, L.L.; Wallace, J.M.W.; Ward, M.; Ueland, P.M.; McNulty, H.; Strain, J.J.;
Parker, M.J.; Welch, R.W. Consumption of wheat aleurone-rich foods increases fasting plasma betaine and
modestly decreases fasting homocysteine and LDL-cholesterol in adults. J. Nutr. 2010, 140, 2153–2157.
[CrossRef] [PubMed]

5. Price, R.K.; Wallace, J.M.W.; Hamill, L.L.; Keaveney, E.M.; Strain, J.J.; Parker, M.J.; Welch, R.W. Evaluation of
the effect of wheat aleurone-rich foods on markers of antioxidant status, inflammation and endothelial
function in apparently healthy men and women. Br. J. Nutr. 2012, 108, 1644–1651. [CrossRef] [PubMed]

6. Brennan, L. NMR-based metabolomics: From sample preparation to applications in nutrition research.
Prog. Nucl. Mag. Reson. Spectrosc. 2014, 83, 42–49. [CrossRef] [PubMed]

7. Bertram, H.C.; Knudsen, K.E.B.; Serena, A.; Malmendal, A.; Nielsen, N.C.; Frette, X.C.; Andersen, H.J.
NMR-based metabonomic studies reveal changes in the bio-chemical profile of plasma and urine from pigs
fed high-fibre rye bread. Br. J. Nutr. 2006, 95, 955–962. [CrossRef] [PubMed]

8. Fardet, A.; Canlet, C.; Gottardi, G.; Lyan, B.; Llorach, R.; Rémésy, C.; Mazur, A.; Paris, A.; Scalbert, A.
Whole-grain and refined wheat flours show distinct metabolic profiles in rats as assessed by a 1H NMR-based
metabonomic approach. J. Nutr. 2007, 137, 923–929. [PubMed]

9. Liu, G.; Xiao, L.; Fang, T.; Cai, Y.; Jia, G.; Zhao, H.; Wang, J.; Chen, X. Pea fiber and wheat bran fiber show
distinct metabolic profiles in rats as investigated by a 1H NMR-based metabolomic approach. PLoS ONE
2014, 9, 1–23.

10. Moazzami, A.A.; Zhang, J.X.; Kamal-Eldin, A.; Aman, P.; Hallmans, G.; Johansson, J.E.; Andersson, S.O.
Nuclear Magnetic Resonance-Based Metabolomics Enables Detection of the Effects of a Whole Grain Rye and
Rye Bran Diet on the Metabolic Profile of Plasma in Prostate Cancer Patients. J. Nutr. 2011, 141, 2126–2132.
[CrossRef] [PubMed]

11. Moazzami, A.A.; Shrestha, A.; Morrison, D.A.; Poutanen, K.; Mykkänen, H. Metabolomics reveals differences
in postprandial responses to breads and fasting metabolic characteristics associated with postprandial insulin
demand in postmenopausal women. J. Nutr. 2014, 144, 807–814. [CrossRef] [PubMed]

http://dx.doi.org/10.1017/S0029665115002104
http://www.ncbi.nlm.nih.gov/pubmed/26062574
http://dx.doi.org/10.1017/S0954422410000041
http://www.ncbi.nlm.nih.gov/pubmed/20565994
http://dx.doi.org/10.3945/jn.110.126961
http://www.ncbi.nlm.nih.gov/pubmed/20980654
http://dx.doi.org/10.1017/S0007114511007070
http://www.ncbi.nlm.nih.gov/pubmed/22243564
http://dx.doi.org/10.1016/j.pnmrs.2014.09.001
http://www.ncbi.nlm.nih.gov/pubmed/25456316
http://dx.doi.org/10.1079/BJN20061761
http://www.ncbi.nlm.nih.gov/pubmed/16611386
http://www.ncbi.nlm.nih.gov/pubmed/17374655
http://dx.doi.org/10.3945/jn.111.148239
http://www.ncbi.nlm.nih.gov/pubmed/22013201
http://dx.doi.org/10.3945/jn.113.188912
http://www.ncbi.nlm.nih.gov/pubmed/24717363


Nutrients 2016, 8, 96 13 of 14

12. Pekkinen, J.; Rosa, N.N.; Savolainen, O.I.; Keski-Rahkonen, P.; Mykkänen, H.; Poutanen, K.; Micard, V.;
Hanhineva, K. Disintegration of wheat aleurone structure has an impact on the bioavailability of phenolic
compounds and other phytochemicals as evidenced by altered urinary metabolite profile of diet-induced
obese mice. Nutr. Metab. 2014, 11, 1–15. [CrossRef] [PubMed]

13. Ross, A.B.; Pere-Trépat, E.; Montoliu, I.; Martin, F.P.J.; Collino, S.; Moco, S.; Godin, J.P.; Cléroux, M.; Guy, P.A.;
Breton, I.; et al. Whole-grain-rich diet reduces urinary excretion of markers of protein catabolism and gut
microbiota metabolism in healthy men after one week. J. Nutr. 2013, 143, 766–733. [CrossRef] [PubMed]

14. Ross, A.B. Whole grains beyond fibre: What can metabolomics tell us about mechanisms? Proc. Nutr. Soc.
2014, 74, 320–327. [CrossRef] [PubMed]

15. Keaveney, E.M.; Price, R.K.; Hamill, L.L.; Wallace, J.M.; McNulty, H.; Ward, M.; Strain, J.J.; Ueland, P.M.;
Molloy, A.M.; Piironen, V.; et al. Postprandial plasma betaine and other methyl donor-related responses after
consumption of minimally processed wheat bran or wheat aleurone, or wheat aleurone incorporated into bread.
Br. J. Nutr. 2015, 113, 445–453. [CrossRef] [PubMed]

16. Hamill, L.L.; Keaveney, E.M.; Price, R.K.; Wallace, J.M.W.; Strain, J.J.; Welch, R.W. Absorption of ferulic acid
in human subjects after consumption of wheat-bran and wheat-aleurone fractions. Proc. Nutr. Soc. 2009, 67,
E255. [CrossRef]

17. Corol, D.I.; Ravel, C.; Raksegi, M.; Bedo, Z.; Charmet, G.; Beale, M.H.; Shewry, P.R.; Ward, J.L. Effects of
genotype and environment on the contents of betaine, choline, and trigonelline in cereal grains. J. Agric. Food Chem.
2012, 60, 5471–5481. [CrossRef] [PubMed]

18. Li, L.; Shewry, P.R.; Ward, J.L. Phenolic acids in wheat varieties in the Healthgrain diversity screen. J. Agric.
Food Chem. 2008, 56, 9732–9739. [CrossRef] [PubMed]

19. Wong, J.W.; Cagney, G.; Cartwright, H.M. SpecAlign—Processing and alignment of mass spectra datasets.
Bioinformatics 2005, 21, 2088–2090. [CrossRef] [PubMed]

20. Wu, J.; Aluko, R.E.; Corke, H. Partial least-squares regression study of the effects of wheat flour composition,
protein and starch quality characteristics on oil content of steamed-and-fried instant noodles. J. Cereal Sci.
2006, 44, 117–126. [CrossRef]

21. Wold, S.; Johansson, E.; Cocchi, M. PLS—Partial least squares projections to latent structures. In 3D QSAR in
Drug Design, Theory, Methods, and Applications; Kubinyi, H., Ed.; ESCOM Science Publishers: Leiden, Holland,
1993; pp. 523–550.

22. Vander Heiden, M.G.; Cantley, L.C.; Thompson, C.B. Understanding the Warburg effect: The metabolic
requirements of cell proliferation. Science 2009, 324, 1029–1033. [CrossRef] [PubMed]

23. DeBerardinis, R.J.; Lum, J.L.; Hatzivassiliou, G.; Thompson, C.B. The Biology of Cancer: Metabolic Reprogramming
Fuels Cell Growth and Proliferation. Cell Metab. 2008, 7, 11–20. [CrossRef] [PubMed]

24. Castellano, G.; Dias, C.S.B.; Foerster, B.; Li, L.M.; Covolan, R.J.M. NAA and NAAG variation in neuronal
activation during visual stimulation. Braz. J. Med. Biol. Res. 2012, 45, 1031–1036. [CrossRef] [PubMed]

25. Moffett, J.R.; Ross, B.; Arun, P.; Madhavarao, C.N.; Namboodiri, A.M. N-Acetylaspartate in the CNS: From
neurodiagnostics to neurobiology. Prog. Neurobiol. 2007, 81, 89–131. [CrossRef] [PubMed]

26. Benarroch, E.E. N-Acetylaspartate and N-acetylaspartylglutamate. Neurology 2008, 70, 1353–1357. [CrossRef]
[PubMed]

27. Clark, J.B. N-acetyl aspartate: A marker for neuronal loss or mitochondrial dysfunction. Dev. Neurosci. 1998,
20, 271–276. [CrossRef] [PubMed]

28. Zeisel, S.H. Metabolic crosstalk between choline/1-carbon metabolism and energy homeostasis. Clin. Chem.
Lab. Med. 2013, 51, 467–475. [CrossRef] [PubMed]

29. Lee, I. Betaine is a positive regulator of mitochondrial respiration. Biochem. Biophys. Res. Commun. 2015, 456,
621–625. [CrossRef] [PubMed]

30. Lever, M.; Slow, S. The clinical significance of betaine, an osmolyte with a key role in methyl group metabolism.
Clin. Biochem. 2010, 43, 732–744. [CrossRef] [PubMed]

31. Finkelstein, J.D.; Martin, J.J.; Harris, B.J.; Kyle, W.E. Regulation of hepatic betaine-homocysteine
methyltransferase by dietary betaine. J. Nutr. 1983, 113, 519–521. [PubMed]

32. Lees, H.J.; Swann, J.R.; Wilson, I.D.; Nicholson, J.K.; Holmes, E. Hippurate: The natural history of
a mammalian-microbial cometabolite. J. Proteome Res. 2013, 12, 1527–1546. [CrossRef] [PubMed]

33. Gavaghan McKee, C.L.; Wilson, I.D.; Nicholson, J.K. Metabolic phenotyping of nude and normal (Alpk:ApfCD,
C57BL10J) mice. J. Proteome Res. 2006, 5, 378–384. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/1743-7075-11-1
http://www.ncbi.nlm.nih.gov/pubmed/24383425
http://dx.doi.org/10.3945/jn.112.172197
http://www.ncbi.nlm.nih.gov/pubmed/23616503
http://dx.doi.org/10.1017/S0029665114001542
http://www.ncbi.nlm.nih.gov/pubmed/25338549
http://dx.doi.org/10.1017/S0007114514003778
http://www.ncbi.nlm.nih.gov/pubmed/25585164
http://dx.doi.org/10.1017/S002966510800918X
http://dx.doi.org/10.1021/jf3008794
http://www.ncbi.nlm.nih.gov/pubmed/22559314
http://dx.doi.org/10.1021/jf801069s
http://www.ncbi.nlm.nih.gov/pubmed/18921977
http://dx.doi.org/10.1093/bioinformatics/bti300
http://www.ncbi.nlm.nih.gov/pubmed/15691857
http://dx.doi.org/10.1016/j.jcs.2006.05.008
http://dx.doi.org/10.1126/science.1160809
http://www.ncbi.nlm.nih.gov/pubmed/19460998
http://dx.doi.org/10.1016/j.cmet.2007.10.002
http://www.ncbi.nlm.nih.gov/pubmed/18177721
http://dx.doi.org/10.1590/S0100-879X2012007500128
http://www.ncbi.nlm.nih.gov/pubmed/22892831
http://dx.doi.org/10.1016/j.pneurobio.2006.12.003
http://www.ncbi.nlm.nih.gov/pubmed/17275978
http://dx.doi.org/10.1212/01.wnl.0000311267.63292.6c
http://www.ncbi.nlm.nih.gov/pubmed/18413589
http://dx.doi.org/10.1159/000017321
http://www.ncbi.nlm.nih.gov/pubmed/9778562
http://dx.doi.org/10.1515/cclm-2012-0518
http://www.ncbi.nlm.nih.gov/pubmed/23072856
http://dx.doi.org/10.1016/j.bbrc.2014.12.005
http://www.ncbi.nlm.nih.gov/pubmed/25498545
http://dx.doi.org/10.1016/j.clinbiochem.2010.03.009
http://www.ncbi.nlm.nih.gov/pubmed/20346934
http://www.ncbi.nlm.nih.gov/pubmed/6827372
http://dx.doi.org/10.1021/pr300900b
http://www.ncbi.nlm.nih.gov/pubmed/23342949
http://dx.doi.org/10.1021/pr050255h
http://www.ncbi.nlm.nih.gov/pubmed/16457604


Nutrients 2016, 8, 96 14 of 14

34. Williams, R.E.; Lenz, E.M.; Evans, J.A.; Wilson, I.D.; Granger, J.H.; Plumb, R.S.; Stumpf, C.L. A combined
1H NMR and HPLC-MS-based metabonomic study of urine from obese (fa/fa) Zucker and normal
Wistar-derived rats. J. Pharm. Biomed. Anal. 2005, 38, 465–471. [CrossRef] [PubMed]

35. Siqueira, M.E.; Paiva, M.J. Hippuric acid in urine: Reference values. Rev. Saúde Pública 2002, 36, 723–727.
[CrossRef] [PubMed]

36. Xu, J.; Yang, S.; Cai, S.; Dong, J.; Li, X.; Chen, Z. Identification of biochemical changes in lactovegetarian urine
using 1H NMR spectroscopy and pattern recognition. Anal. Bioanal. Chem. 2010, 396, 1451–1463. [CrossRef] [PubMed]

37. Wang, Y.; Tang, H.; Nicholson, J.K.; Hylands, P.J.; Sampson, J.; Holmes, E. A metabonomic strategy for the
detection of the metabolic effects of chamomile (Matricaria recutita L.) ingestion. J. Agric. Food Chem. 2005, 53,
191–196. [CrossRef] [PubMed]

38. Lenz, E.M.; Bright, J.; Wilson, I.D.; Morgan, S.R.; Nash, A.F. A 1H NMR-based metabonomic study of urine
and plasma samples obtained from healthy human subjects. J. Pharm. Biomed. Anal. 2003, 33, 1103–1115. [CrossRef]

39. Rasmussen, L.G.; Savorani, F.; Larsen, T.M.; Dragsted, L.O.; Astrup, A.; Engelsen, S.B. Standardization of
factors that influence human urine metabolomics. Metabolomics 2011, 7, 71–83. [CrossRef]

40. Walsh, M.C.; Brennan, L.; Malthouse, J.P.G.; Roche, H.M.; Gibney, M.J. Effect of acute dietary standardization
on the urinary, plasma, and salivary metabolomic profiles of healthy humans. Am. J. Clin. Nutr. 2006, 84,
531–539. [PubMed]

41. Walsh, M.C.; Brennan, L.; Pujos-Guillot, E.; Sébédio, J.L.; Scalbert, A.; Fagan, A.; Higgins, D.G.; Gibney, M.J.
Influence of acute phytochemical intake on human urinary metabolomic profiles. Am. J. Clin. Nutr. 2007, 86,
1687–1693. [PubMed]

42. Garg, R.; Brennan, L.; Price, R.K.; Wallace, J.M.W.; Strain, J.J.; Gibney, M.J.; Welch, R.W. Evaluating the
potential of the wheat aleurone fraction in humans using 1H NMR-based metabolomic analysis. Proc. Nutr. Soc.
2010, 69, E348. [CrossRef]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons by Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.jpba.2005.01.013
http://www.ncbi.nlm.nih.gov/pubmed/15925248
http://dx.doi.org/10.1590/S0034-89102002000700010
http://www.ncbi.nlm.nih.gov/pubmed/12488939
http://dx.doi.org/10.1007/s00216-009-3338-z
http://www.ncbi.nlm.nih.gov/pubmed/20016880
http://dx.doi.org/10.1021/jf0403282
http://www.ncbi.nlm.nih.gov/pubmed/15656647
http://dx.doi.org/10.1016/S0731-7085(03)00410-2
http://dx.doi.org/10.1007/s11306-010-0234-7
http://www.ncbi.nlm.nih.gov/pubmed/16960166
http://www.ncbi.nlm.nih.gov/pubmed/18065587
http://dx.doi.org/10.1017/S0029665110002090
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

