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This study presents an NMR-based metabonomic approach to elucidate the overall endogenous biochemical effects of a wholegrain diet. Two diets

with similar levels of dietary fibre and macronutrients, but with contrasting levels of wholegrain ingredients, were prepared from wholegrain rye

(wholegrain diet (WGD)) and non-wholegrain wheat (non-wholegrain diet (NWD)) and fed to four pigs in a crossover design. Plasma samples

were collected after 7 d on each diet, and 1H NMR spectra were acquired on these. Partial least squares regression discriminant analysis (PLS-

DA) on spectra obtained for plasma samples revealed that the spectral region at 3.25 parts per million dominates the differentiation between

the two diets, as the WGD is associated with higher spectral intensity in this region. Spiking experiments and LC–MS analyses of the plasma

verified that this spectral difference could be ascribed to a significantly higher content of betaine in WGD plasma samples compared with

NWD samples. In an identical study with the same diets, urine samples were collected, and 1H NMR spectra were acquired on these. PLS-DA

on spectra obtained for urine samples revealed changes in the intensities of spectral regions, which could be ascribed to differences in the content

of betaine and creatine/creatinine between the two diets, and LC–MS analyses verified a significantly lower content of creatinine in WGD urine

samples compared with NWD urine samples. In conclusion, using an explorative approach, the present studies disclosed biochemical effects of a

wholegrain diet on plasma betaine content and excretion of betaine and creatinine.

NMR: Betaine: Creatinine: Wholegrain: Metabolomics

Epidemiological studies have revealed a connection between
the consumption of diets rich in wholegrain cereals and
decreased incidences of several degenerative ‘Western’ dis-
eases, and there is strong evidence that wholegrain foods pro-
tect against CVD and certain cancers (Anderson et al. 2000;
Levi et al. 2000; Slavin et al. 2001; Truswell, 2002), and
increasing data are in support of a protective effect against
type II diabetes (Fung et al. 2002; McKeown et al. 2002; Per-
eira et al. 2002). The food factor responsible for the preven-
tive effects of wholegrain is still unknown. However,
wholegrain cereals are rich in dietary fibre, vitamins and min-
erals, and bioactive compounds such as phytochemicals and
micronutrients with potential effects on metabolism and
cancer development (Slavin et al. 1999).

NMR is a non-destructive and non-selective technique that
can be applied on a variety of materials. Since the first dem-
onstration of the use of 1H NMR spectroscopy on whole
blood and blood plasma (Nicholson et al. 1983), 1H NMR
spectroscopy of biofluids has proven an excellent tool for
investigation of biochemical changes associated with drug tox-
icity in animal models (Holmes et al. 1998; Lenz et al. 2000;

Waters et al. 2001; Beckwith-Hall et al. 2002; Keun et al.
2002; Beckonert et al. 2003; Coen et al. 2003; Ebbels et al.
2003). Promisingly, the technique has recently also been
applied to study the biochemical effects of the bioactive com-
pound epicatechin in a rat model, which allowed a demon-
stration of the overall endogenous metabolic effects of
epicatechin consumption (Solanky et al. 2003a). Moreover,
use of 1H NMR spectroscopy on biofluids to screen the bio-
chemical effects of dietary soya isoflavones in man has also
been reported (Solanky et al. 2003b). Accordingly, 1H NMR
spectroscopy of biofluids can be considered an emerging and
promising science with a level of information that spans the
traditional approach for elucidating the biochemical response
to a factor that can be ascribed to the fact that the method
enables an entire endogenous metabolic profiling, i.e. a meta-
bolic fingerprinting. In the present study, the use of high-res-
olution 1H NMR spectroscopy was for the first time introduced
for elucidating the biochemical effects of rye- and wheat-
based diets using the pig as a model for human subjects.
The study was carried out in two series of experiments with
catheterized pigs, and 1H NMR spectroscopy was performed

*Corresponding author: Dr Hanne C. Bertram, fax þ45 89 99 15 64, email HanneC.Bertram@agrsci.dk

Abbreviations: NWD, non-wholegrain diet; PLS-DA, partial least squares regression discriminant analysis; ppm, parts per million; WGD, wholegrain diet.

British Journal of Nutrition (2006), 95, 955–962 DOI: 10.1079/BJN20061761
q The Authors 2006

https://doi.org/10.1079/BJN
20061761  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN20061761


on plasma samples drawn from the hepatic portal vein and the
mesenteric artery as well as on urine samples.

Materials and methods

Breads and diets

The diets were made of wheat soft and crisp bread or rye soft
and crisp bread, and are referred to as non-wholegrain diet
(NWD) and wholegrain diet (WGD). Wheat and rye soft
breads were produced at Nordmills (Nordmills, Cerealia AB,
Malmo, Sweden) and wheat and rye crisp bread were pro-
duced at Wasa Bread (Wasa Bread AB, Sweden). The rye
crisp bread contained wholegrain rye flour, rye bran (Wasa
T2, Sweden), fat and salt as the main ingredients and the cor-
responding wheat crisp bread white wheat flour, purified
wheat fibre essentially as cellulose (Vitacel WF 600; Retten-
mair and Söhne, Holzmühle, Germany), sugar (sucrose), salt
and dry malt. The soft rye bread contained white wheat
flour, rye bran (B3-fin; Nordmills), baker’s yeast, fat, salt
and sugar and the corresponding soft wheat bread white
wheat flour, vitacel, baker’s yeast, fat, salt and sugar. Immedi-
ately after production, the soft bread was frozen at 2208C
until consumption, while crisp bread was stored dry. The
diets prepared from soft and crisp bread were fortified with
vitamins and minerals and provided approximately 19, 15
and 66 % energy from fat, protein and carbohydrates, respect-
ively (see Table 1 for diet ingredients and composition). Com-
pared with diets for optimal growth of pigs at the present
physiological state, the diets provided approximately 45 % of
the recommended concentration of lysine (first limited
amino acid) but approximately 260 % of the concentration of
lysine for maintenance.

Chemical analyses of diets were performed with classical
methods as described in the papers by Bach Knudsen et al.
(2003, 2005), Saarinen et al. (2001) and Linko et al. (2006).

Experimental design and pigs

The pigs used in both studies were from the Danish Institute of
Agricultural Sciences swine herd, Foulum, Denmark.

Study 1. The study was a crossover design with four male
castrated pigs (body weight 44·6 (SD 2·4) kg) fed the two diets
for 1 week. Each pig was surgically fitted with two catheters,
one in the portal vein (1·2 mm i.d.) and the second in the
mesenteric artery (1·0 mm i.d.), and with an ultrasonic blood
flow probe (14 mm; Transonic System, Ithaca, NY, USA)
around the portal vein. The pigs were given Streptocillin for
up to 4 d after surgery. After 10 d post-surgery recovery, the
pigs were gradually introduced to the two experimental diets
and fed 1250 g DM/d. The bread was cut into pieces, mixed
1:2·5 (w/w) with water and fed in equal amounts three times
daily, at 07.00, 15.00 and 22.00 hours. For the present study
we used portal and arterial blood samples taken 60 min after
the morning feeding on day 7. The blood was collected in
heparinized plastic tubes and centrifuged (3000 g at 88C for
10 min) to separate the erythrocytes from plasma. The
plasma was kept frozen at 2208C until analysis.

Study 2. Six female pigs with an initial body weight of
38·7 (SD 2·7) kg were used for the study. The study was
designed as a crossover experiment with washout periods
before, between and after the dietary interventions. The pigs
were fed 1 week with a semi-synthetic diet (Bach Knudsen
et al. 2003) in periods 1, 3 and 5, whereas NWD and WGD
were fed for 2 weeks in periods 2 and 4. The breads were trea-
ted as in study 1 and fed in equal amounts twice daily (09.30
and 21.30 hours) together with a fixed amount of water (1:2·5).
In the diet intervention periods (periods 2 and 4), the pigs
were equipped with a urine bladder catheter for urine collec-
tion (5·0 mm i.d.). All urine produced for 3 d was collected
in benzoic acid via catheters. The total amount of urine col-
lected for each pig was registered. No significant effect of
diet on the amount of urine was found.

The animal experiments complied with the guidelines of the
Danish Ministry of Justice with regard to animal experimen-
tation and care of animals under study.

NMR measurements

The NMR measurements were performed at 300 K on a
Bruker Avance 400 NMR spectrometer (Bruker BioSpin
GmbH, Rheinstetten, Germany), operating at a 1H frequency
of 400·13 MHz, and equipped with a standard 5 mm HX
inverse probe.

Prior to the measurements, portal and arterial plasma
samples (n 16) were thawed and 200ml aliquots were mixed
with 400ml D2O. Sodium trimethylsilyl-[2,2,3,3-2H4]-1-pro-
pionate was added as an internal chemical shift standard
(0·7 mg/ml). 1H NMR spectra of plasma samples were
obtained using a Carr–Purcell–Meiboom–Gill delay added
in order to attenuate broad signals from high molecular
weight components. The total Carr–Purcell–Meiboom–Gill
delay was 40 ms and the spin-echo delay was 200ms. Urine
samples (n 12) were thawed and 400ml aliquots were mixed

Table 1. Ingredients and chemical composition of the experimental
diets (units/kg DM)*

NWD WGD

Ingredients
Wheat crisp bread (g) 602
Wheat soft bread (g) 370
Rye crisp bread (g) 593
Rye soft bread (g) 379
Vitamins/minerals (g) 28 28

Chemical composition
Ash (g) 33 56
Protein (N £ 6·25) (g) 119 127
Fat (g) 68 73
Total carbohydrates (g) 777 717

Sugars (g) 24 40
Fructans (g) 4 18
Starch (g) 529 455
Total NSP and soluble NSP (g) 220 and 23 203 and 55

Klason lignin (g) 10 32
Dietary fibre (NSP þ lignin) (g) 230 235
Total lignans (mg) 3·1 35·2
Alkylresorcinols (mg) 0 1·2
Betaine (g) 0·96 1·92

NWD, non-wholegrain diet; WGD, wholegrain diet.
* The mineral and vitamin mixture provided the following (mg/kg diet): Ca2(PO4)3,

14 000, NaCl, 4000; CaCO3, 8000; FeSO4·5H2O, 50; ZnO, 80; MnO, 27;
CuSO4·5H2O, 20; KI, 0·2; Na2SeO3, 0·3; retinyl acetate, 1·1; cholecalciferol,
0·01; dl-a-tocopherol, 60; menadione, 2; riboflavin, 4; pantothenic acid, 11;
cobalamin, 0·02; niacin, 22; biotin, 0·06.

For details of diets and procedures, see this page.
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with 200ml D2O, and sodium trimethylsilyl-[2,2,3,3-2H4]-1-
propionate was added as an internal chemical shift standard
(0·7 mg/ml). NMR measurements on plasma samples were
also performed upon spiking of plasma samples with betaine
(Sigma Chemical Co., St Louis, MO, USA), glycerophosphor-
ylcholine (Sigma Chemical Co.), enterolactone (Labmaster
Ltd, Turku, Finland), and alkylresorcinol C15 : 0 (Kamal-
Eldin et al. 2000), respectively. 1H NMR spectra of urine
samples were obtained using a single 908 pulse experiment.
Both on plasma and urine samples water suppression was
achieved by irradiating the water peak during the relaxation
delay of 2 s. A total of 128 transients of 8 K data points span-
ning a spectral width of 24·03 parts per million (ppm) were
collected. An exponential line-broadening function of 3 Hz
was applied to the free induction decay prior to Fourier trans-
form. All spectra were referenced to the sodium trimethylsilyl-
[2,2,3,3-2H4]-1-propionate signal at 0 ppm.

Post-processing of NMR data

The mean-normalized 1H NMR spectra in the region 9·0–
5·1 ppm and the region 4·6–0·5 ppm were used for further
data analysis. The spectra were segmented into regions of
0·04 ppm width and the integral of each region was calculated.
The reduced spectra consisting of 195 integrated regions were
normalized to the whole spectrum to remove any concen-
tration effects.

LC–MS analyses

Portal and arterial plasma samples, taken after 7 d of feeding
with the two diets, from two pigs (n 8) were analysed for
betaine content, and all urine samples (n 12) were analysed
for creatinine content using LC–MS. Original plasma
sample (200ml) was pipetted and transferred into a Whatman
vial (Chromtech GmbH, Idstein, Germany); 500ml acetonitrile
(containing 0·1 % formic acid) were added. After spontaneous
flocculation of the proteins the plunger was inserted into the
vial and pressed down, thus forcing the liquid upward through
the membrane. Urine samples of 400ml were prepared using
the same procedure but without addition of acetonitrile to
the samples. Analyses were performed on an Agilent (Agilent,
Waldbronn, Germany) HPLC–diode-array detector–MS
station equipped with an HPLC series 1100 comprising a
model G1312A binary pump, a model G1379A micro
vacuum degasser, a model G1327A thermostated autosampler,
a model G1316A thermostated column compartment, a model
G1315B diode-array detector and a model G2707DA LC/
MSD SL detector fitted with a model G1948A API-electro-
spray source. The station was controlled and the results
were monitored with Agilent’s ChemStation software (Rev.
A.10.02).

Sample separations were carried out on a Varian (Lake
Forest, CA, USA) OmniSpher C18 column (100 £ 2·0 mm
i.d., 3mm particle size) operated at a temperature of 358C
and with a 0·2 ml/min flow. The solvents used were: (A) aqu-
eous 1 % formic acid (formic acid of analytical-reagent grade;
Riedel-de-Haën, Seelze, Germany; (B) 1 % formic acid in
HPLC-grade acetonitrile, using a gradient programme as fol-
lows: 0 % B isocratic (3 min), 0 % B to 98 % B (4 min),
98 % B isocratic (6 min). The injection volume was 1ml.

UV spectra were recorded at 214 and 254 nm at a rate of
1·25 scans/s.

MS spectra of samples were recorded simultaneously in
SCAN (from m/z 50 to 500) and SIM (ions with m/z 114
and 118) positive modes. The acquisition parameters were
as follows: fragmentor 160 V, gain 5 EMV, stepsize 0.10. N
was used as drying gas at a flow of 11 l/min and as nebulizing
gas at a pressure of 54 psig and a temperature of 2808C. A
potential of 3000 V was used on the capillary.

Optimization of ionization and fragmentation parameters
was carried out by running a fluoroimmunoassay with standard
betaine and creatinine (Sigma Chemical Co).

Statistics

Statistical analysis of LC–MS data was performed by the Stat-
istical Analysis Systems package version 8.2 (SAS Institute,
Cary, NC, USA) using the MIXED procedure. A model
including the fixed effect of diet (WGD v. NWD) and the
random effect of animal was applied. Significant differences
are indicated, and the P value is given.

Multivariate data analysis was performed using the
Unscrambler software version 8.0 (Camo, Oslo, Norway).
Principal component analysis was applied to the centred data
to explore any clustering behaviour of the samples, and partial
least square regression discriminant analysis (PLS-DA) was
performed to explore intrinsic biochemical dissimilarities
between predefined sample classes (WGD diet v. NWD
diet). During all regressions, Martens uncertainty test (Martens
& Dardenne, 1998) was used for jack-knifing, and all models
were validated using full cross-validation.

Results

Plasma samples

Principal component analysis, which is an unsupervised
method, was performed on the pre-processed 1H NMR spectra,
and the resulting plot of score 2 v. score 3 for mean-centred
data is shown in Fig. 1 with each spectrum represented by a

Fig. 1. Principal component analysis score plot showing the second and third

principal components for non-wholegrain diet (NWD) and wholegrain diet

(WGD) plasma sample groups. Plasma source (portal v. arterial) is also indi-

cated. For details of procedures, see p. 956. †, NWD, portal; W, WGD, por-

tal; P, NWD, arterial; L, WGD, arterial.
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single data point. A clear tendency to clustering according to
diet is observed. PLS-DA, which is more focused on
discriminating variation between pre-defined classes than the
unsupervised principal component analysis approach, was per-
formed on the 1H NMR spectra to investigate the metabolic
differences in plasma profile between WGD and NWD. The
PLS-DA score plots of the first and second component show
a clear separation of NWD and WGD plasma (Fig. 2(A)).
The regions of the NMR spectrum that most strongly influence
separation between WGD and NWD plasma are evident in the
regression coefficients (Fig. 2(B)). A positive value indicates a
relatively greater concentration of metabolite in WGD
samples, and a negative value indicates a relatively lower con-
centration compared with NWD samples. The spectral region
at 3·25 ppm dominates the differentiation between the two
diets. Jack-knifing reveals that three regions influence the dis-
crimination between WGD and NWD samples significantly:
3·54, 3·25 and 1·28 ppm. Of these regions, the concentration
of the compound at 3·54 ppm is lower and the concentration
of the compounds at 3·25 and 1·28 ppm is higher in WGD
plasma samples compared with NWD samples. The major
regions showing differences between WGD and NWD
plasma are summarized along with a tentative metabolite
assignment in Table 2. The concentration of betaine was con-
firmed and quantified in plasma samples from two pigs after
the intake of both rye- and wheat-based diet using LC–MS.
A significantly higher content of betaine (P¼0·0012) was

found in WGD plasma samples (5·53 (SE 0·46) mg/ml) com-
pared with NWD plasma samples (2·10 (SE 0·46) mg/ml).

Urine samples. Principal component analysis was per-
formed on the pre-processed 1H NMR spectra, and the result-
ing plot of score 1 v. score 2 for mean-centred data is shown in
Fig. 3. A clear tendency to clustering according to diet is
observed along the first score. PLS-DA was performed on
the 1H NMR spectra to investigate the metabolic differences
in urine profile between WGD and NWD. The PLS-DA
score plots of the first and second component show a clear
separation of NWD and WGD plasma (Fig. 4(A)). The regions
of the NMR spectrum that most strongly influence separation
between WGD and NWD plasma are evident in the regression
coefficients (Fig. 4(B)). A positive value indicates a relatively
higher concentration of metabolite in WGD samples, and a
negative value indicates a relatively lower concentration com-
pared with NWD samples. The spectral region at 3·25 ppm
dominates the differentiation between the two diets. The
major regions showing differences between WGD and NWD
urine are summarized along with a tentative metabolite assign-
ment in Table 2. The concentration of creatinine in the urine
samples was confirmed and quantified using LC–MS. A sig-
nificantly higher content of creatinine (P¼0·03) was found
in NWD urine samples (69·95 (SE 5·86) mg/ml) compared
with WGD urine samples (48·71 (SE 5·86) mg/ml).

Spiking experiments

1H NMR spectra were obtained on plasma after spiking with
betaine, glycerophosphorylcholine, enterolactone and alkylre-
sorcinol, respectively, and Table 3 summarizes the results.
Betaine intensified two resonances at chemical shift values
(3·25 and 3·92 ppm) identical to where resonances are evident
in the plasma. In contrast, glycerophosphorylcholine showed
three resonances at chemical shift values (3·20, 3·62 and
4·15 ppm) where no resonances otherwise are clearly evident
in the plasma. Finally, enterolactone resulted in an additional
resonance at 3·56 ppm, while spiking with alkylresorcinol
resulted in an enhancement in resonances at 0·9 ppm,
1·3 ppm, probably originating from the methyl and methylene
protons in the alkyl part, and at 3·21 ppm, probably originating
from protons in the resorcinol part.

Discussion

It is well established that a relationship exists between the
consumption of wholegrain cereals and incidences of ‘Wes-
tern’ diseases, CVD, certain types of cancers and diabetes
(Anderson et al. 2000; Levi et al. 2000; Slavin et al. 2001;
Fung et al. 2002; McKeown et al. 2002; Pereira et al. 2002;
Truswell, 2002). However, the exact physiological mechan-
isms responsible for this relationship are still not understood.
Pigs are recognized to be excellent models for human nutrition
because of similarities with regard to digestive anatomy and
many aspects of physiology (Miller & Ullrey, 1987). The pre-
sent study is the first to report the use of 1H NMR spec-
troscopy on plasma and urine samples to study the
metabolic differences between pigs fed a rye-based diet
(WGD), rich in wholegrain and bran, and a wheat-based
diet (NWD) with similar levels of dietary fibres, but with

Fig. 2. (A), Partial least squares regression discriminant analysis (PLS-DA)

score plot from analysis of NMR spectra obtained on non-wholegrain diet

(NWD) and wholegrain diet (WGD) plasma samples. Plasma source (portal

v. arterial) is also indicated. For details of procedures, see p. 956. †, NWD,

portal; W, WGD, portal; P, NWD, arterial; L, WGD, arterial. (B), The

regression coefficients of the PLS-DA shown in (A).
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contrasting dietary fibre characteristics (Bach Knudsen et al.
2005) and phytochemicals (Bach Knudsen et al. 2003; Linko
et al. 2006) and where we, with conventional approaches,
have identified marked differences in the plasma profiles of
mammalian lignans, alkylresorcinols and SCFA but not in
the levels of glucose, lactate and insulin (Bach Knudsen
et al. 2003; Linko et al. 2006). Principal component analysis
on spectra acquired on both plasma and urine samples
revealed a clear separation of WGD and NWD samples
(Figs 1 and 3), implying a significant effect on the metabolite
plasma and urine profile of the two diets. In order to investi-
gate the differences in the plasma metabolite profile of
WGD and NWD plasma samples, PLS-DA, which is a super-
vised method, was performed on spectra obtained with WGD
and NWD plasma samples (Fig. 2(A,B)). The regression coef-
ficients revealed that PLS-DA could discriminate between
WGD and NWD plasma samples mainly because of increases
in spectral intensities of regions around 3·25 ppm and around
1·20–1·30 ppm in WGD plasma samples compared with
NWD plasma samples; 3·25 ppm corresponds to the chemical
shift value reported for different N(CH3)3 groups (Lindon et al.
1999), and to investigate if this response should be ascribed to
betaine, spiking of plasma with betaine was investigated,
which confirmed that betaine has a resonance at 3·25 ppm
(Table 3). Accordingly, it appears that the spectral difference

at 3·25 ppm between the two diets should be ascribed to a
higher level of betaine in WGD plasma compared with
NWD plasma. This was confirmed by LC–MS analyses of
the plasma samples, which verified a significantly higher con-
tent of betaine in WGD samples compared with NWD
samples. Moreover, spiking of plasma with lignans (enterolac-
tone) and alkylresorcinol (C15 : 0) were also scrutinized,
which revealed that the protons of the resorcinol part give
rise to a resonance at 3·22 ppm, which is relatively close to
the main difference observed at 3·25 ppm. Because of the
fact that resonances from the alkyl chain (approximately
1·3 ppm) were also observed upon spiking with alkylresorcinol
(Table 3), and that this resonance also was found to play a role

Table 2. Summary of the major differences between non-wholegrain diet (NWD) and
wholegrain diet (WGD) samples*

NMR spectral region (ppm) Assignment† Plasma‡ Urine‡

approximately 1·2–1·4 (CH2)n in fatty acids " –
3·03 N-CH3 in creatinine/creatine – #

3·25 N-CH3 in betaine " "

approximately 3·5–4·5 CH1 in glucose and amino acids # –
3·90–3·94 CH2 in betaine " "

4·06–4·10 N-CH2 in creatinine – #

5·69–5·81 NH2 in urea – #

7·54 CH3/CH5 in hippurate – "

7·83 CH2/CH6 in hippurate – "

ppm, parts per million.
* For details of procedures and diets, see p. 956 and Table 1.
† Based on Lindon et al. (1999) and Griffin et al. (2004).
‡ The symbols " and # indicate higher and lower concentrations in WGD samples compared with

NWD samples, respectively; – indicates no effect of diet.

Fig. 3. Principal component analysis score plot showing the two first principal

components for non-wholegrain diet (†) and wholegrain diet (W) urine

sample groups. For details of procedures, see p. 956.

Fig. 4. (A), Partial least squares regression discriminant analysis (PLS-DA)

scores plot from analysis of NMR spectra obtained on non-wholegrain diet

(†) and wholegrain diet urine samples (W). For details of procedures, see

p. 956. (B), The regression coefficients of the PLS-DA shown in (A).

NMR-based metabonomic study of rye bread 959

https://doi.org/10.1079/BJN
20061761  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN20061761


in the discrimination of the two diets (Fig. 2(B)), it cannot be
completely excluded that alkylresorcinol also contributes to
the main difference at 3·25 ppm. However, taking into con-
sideration that plasma alkylresorcinol concentrations are
reported to be in the nanomolar range (Linko et al. 2006),
which most probably is below the limit of NMR detection
(Nicholson & Wilson, 1989), and about 1000 times lower
than the plasma concentration of betaine found in the present
study, it seems most likely the main difference at 3·25 ppm
primarily should be ascribed to betaine. Previous studies
have shown that dietary betaine is absorbed and causes
increases in serum concentrations (Frontiera et al. 1994;
McGregor et al. 2002; Schwab et al. 2002; Schwahn et al.
2003), which supports the present findings of betaine absorp-
tion. Betaine has three reactive methyl groups, and works as a
methyl donor in many biochemical pathways and participates
in the methionine cycle (Anon, 2003). Insufficient dietary
intake of methyl groups leads to hypomethylation, which
may contribute to various diseases, including coronary, cer-
ebral, hepatic and vascular diseases (Craig, 2004). In addition,
betaine also has other physiological functions, is suggested to
protect against protein denaturation and has been termed a
‘chemical chaperone’ (Caldas et al. 1999), and it helps main-
tain cell volume under osmotic stress (Craig, 2004). Several
positive effects of betaine have been reported, as betaine
may protect internal organs (Caldas et al. 1999) and improve
vascular risk factors (Borsook & Borsook, 1951; Schwab et al.
2002; Olthof et al. 2003; Steenge et al. 2003). Moreover, it
has been demonstrated that betaine supplementation improved
athletic performance (Armstrong et al. 2003). The present
study is the first to report that a wholegrain diet affects
serum betaine levels. In view of the physiological significance
of betaine, the present findings must be considered extremely
important. Further studies are needed to elucidate the precise
role of betaine in promoting health.

Urine samples were also analysed to elucidate the bio-
chemical effects of the two diets. Analysis of the regression
coefficients revealed that PLS-DA could discriminate
between WGD and NWD urine samples because of
increases in spectral intensities of betaine and hippurate,
and decreases in spectral intensities of creatinine and urea
and in WGD urine samples compared with NWD samples
(Table 2). The lower content of creatinine in WGD urine
samples compared with NWD urine samples was verified
by LC–MS analyses. Possibly the lower creatinine excretion
in WGD samples is an indicator of alterations in protein
turnover and metabolism in general. However, the reverse
relationship between betaine concentrations in plasma and
urinary creatinine excretion in WGD samples may also be
related. Even though several studies have investigated the
various effects of betaine (Borsook & Borsook, 1951;

Keshavarz & Fuller, 1971; Burg, 1995; Matthews et al.
2001; McGregor et al. 2002; Schwab et al. 2002; Armstrong
et al. 2003; Kim et al. 2003; Ozturk et al. 2003; Schwahn
et al. 2003; Slow et al. 2004; Wray-Cahen et al. 2004), to
the authors’ knowledge, a latent relationship between plasma
betaine content and urinary excretion of creatinine has not
been elucidated, but might be a result of three different
mechanisms. First, betaine is a well-known osmoregulatory
biomolecule (Craig, 2004), and therefore might simply
reduce creatinine clearance to the urine. Second, another
explanation might be ascribed to the fact that methyl
donation is required in the biosynthesis of creatine, and
creatinine is the metabolic end-product of creatine catabo-
lism. Accordingly, an interaction between plasma betaine
content and creatinine excretion is likely, potentially through
homocysteine metabolism. A higher content of muscle cre-
atine upon betaine supplementation has been demonstrated
in chicks (Chamruspollert et al. 2002). However, it is not
understood why a betaine-induced increase in muscle cre-
atine should reduce the urinary excretion of creatinine.
Third, it has been hypothesized that biomolecules with an
electrophilic methyl group, e.g. as found in betaine, may
represent an important control system for in vivo redox bal-
ance (Ghyczy & Boros, 2001), and it has been shown that
betaine treatment decreases oxidative stress in the liver of
ethanol-treated guinea pigs (Balkan et al. 2004), and in chil-
dren with increased vulnerability to oxidative stress as a
consequence of autism (James et al. 2004). Considering
that betaine improves the redox balance in the rye-fed
pigs, resulting in decreased oxidative stress, this might be
consistent with the lower urine creatinine excretion in
these animals, as oxidative stress has been reported to be
inversely correlated to creatinine clearance (Antolini et al.
2004). No matter whether the content of plasma betaine
and the level of urine creatinine is independent or a result
of some of the hypotheses mentioned earlier, these aspects
need to be studied further to exploit the biological conse-
quences of the two diets further.

In conclusion, using NMR-based metabonomics as an
explorative approach on the pig as a human model, the present
study disclosed metabolic effects of a wholegrain diet on the
content of betaine in plasma and excretion of betaine and crea-
tinine, which may contribute to the health benefits of a high
dietary intake of wholegrain. Further studies emphasizing
the beneficial role of betaine and its potential connection
with creatinine excretion in the health-promoting effect of
wholegrain cereals are needed.
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