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Abstract
The consumption of berries has been linked to decreased risk of degenerative disease. Berries are regularly processed into juices. It is largely
unknown how the juicing process affects the bioavailability of metabolites. As metabolomics has shown to be a valuable nutritional tool to
study global metabolite differences, the aim of this study was to investigate the effect of juicing on the relative appearance of blueberry
metabolites in humans using metabolomics. Nine healthy subjects consumed 250 g of fresh blueberries either as the whole fruit or after juicing,
and provided blood and urine samples before and 2 h after intake in a cross-over design. Samples underwent metabolite profiling using
LCMS, and data were mined with multivariate analysis. Overall, <12% of all ions detected were significantly influenced by blueberry treatment
(P< 0·05). Partial least-squared discriminant analysis models of post-treatment samples revealed good discrimination. In urinary samples,
whole blueberry treatment resulted in 108 ions that were significantly higher compared with juiced treatment (positive and negative mode
combined), whereas only eight were significantly higher after juiced treatment. Examples of putative annotations included metabolites of
ferulic and caffeic acids, several phenolic metabolites conjugated to sulphate, glycoside or glucuronide and fatty acyl derivatives, which were
of higher intensity after whole blueberry treatment. In conclusion, consumption of whole blueberries resulted in a higher range of phenolic
and other metabolites in plasma and urine samples 2 h after consumption. Both whole and juiced blueberries resulted in very similar
metabolite profiles at 2 h, although this was the only time point measured.
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The consumption of fruit has been linked to decreased risk of
degenerative disease(1,2). Berries are known to contain a wide
array of bioactive phytochemicals, and there has been a vast
amount of research focusing on dark berries, and Blueberries
(Vaccinium corymbosum) in particular, towards a health-
related role(3,4). Although fruit intake is established as part of
a healthy lifestyle, the actual intake of fruit still remains lower
than UK government recommendations(5). Different appro-
aches are being sought to increase fruit consumption(6,7); for
example, juices and smoothies are increasingly popular
products representing one portion of fruit per 150ml drink for
juice, and two for smoothies(6,7). One issue with fruit juice is the
higher content or bioavailability of sucrose released during
processing(8), and this is thought to have detrimental health
effects(9). However, the processing of fruit into juices influences
bioavailability of bioactive components in unknown ways.
Blueberries contain significant amounts of nutrients, such as

vitamin K, vitamin C, folate, K, Mn, Cu and an array of phenolics
that have been heavily researched in respect to their health
benefits. For example, blueberries contain high amounts of
flavonoids – the major class present being the anthocyanins.

These compounds are responsible for the dark colourisation of
the fruit and, importantly, have a major contribution towards the
health benefits(10,11). Although consumption of anthocyanins
can be in the range of 200mg/d(12), the bioavailability appears
low as they are believed to be poorly absorbed and rapidly
excreted(13). The relative bioavailability of blueberry bioactives
has been investigated extensively in humans(7,14–17). Targeted
analysis of bioactives reveals plasma concentrations of 0 to 4
micromolar from an approximately 50-mg dose with excretion
ranging from 0·3 to 43%(13). Studies have pointed to an
approximately 1–2-h peak max in plasma(18–20), with a peak
max in urine from 2 h(20,21), but metabolites can persist in urine
for 5 d after consumption(21). Although targeted studies on
known bioactives are available, there remains a lack of studies
using a non-targeted approach that aims to measure global
differences between the range of metabolites present after
consumption of either whole or processed blueberries.

Blueberries are commonly processed by juicing, canning,
pureeing or being baked into other food items. Processing has
been shown to influence the anthocyanin content of similar
fruit(22). For example, the juice of mulberries was found to
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contain 60–70% of the anthocyanin content of the unprocessed
fruit(22), and the processing of tomatoes decreased the content
of bioactives(23). A cell culture model of absorption has found
that the food matrix influences the uptake of bioactives from
processed and unprocessed fruit(24). A better understanding of
the impact of processing is important to maximise the retention
of phytochemicals from berries.
Metabolomics is now recognised as an important research tool

in nutritional studies and has been used to investigate the influ-
ence of dietary patterns(25) and single nutrients on metabolism(26).
More recently, biomarkers of nutrient intake, including those for
specific fruits(27) and even carbohydrate(28), were identified in
metabolomics studies. As a more global approach, metabolomics
offers the potential to investigate the relative appearance of a
variety of species in biological fluids after ingestion of an amount
of blueberries, including metabolites that have known bioactive
properties, those with unknown function and even metabolites
that have not yet been fully characterised. Targeted approaches,
although very specific, are limited to relatively few preselected
species and are usually more hypothesis testing. For this reason,
the aim of this study was to use a non-targeted metabolite pro-
filing approach to investigate the difference in the class of blue-
berry metabolites that appear in plasma and urine samples at a
single time point (2 h) after the ingestion of either whole blue-
berries or blueberries that have been juiced.

Methods

Study design and protocol

This was a randomised acute two-way cross-over study to
compare the relative bioavailability between consuming juiced
blueberries v. whole blueberries in humans.
After recruitment, participants were randomised into their

treatment arms to receive either whole or juiced blueberries
first, using a web-based tool (Randomisation.com). Five sub-
jects received the whole blueberry treatment first and four
received the juiced berries. Participants were told to avoid
consumption of all berries for a period of 5 d before study days,
as this may compromise the results of the study.
The day before the study day, participants fasted overnight

(no food after 20.00 hours the previous evening, only water to
be consumed) and did not consume any foods or beverages
before testing on each occasion. The participants visited the
clinical nutrition unit according to a scheduled timetable. Par-
ticipants were weighed (kg) using SECA scales and had their
height (m) measured on their first visit. Participants first pro-
vided a blood and spot urine sample as described below. Next,
participants were given their blueberry treatment, but no other
food or drink was provided. Participants relaxed in the clinical
unit for a 2-h duration after which they provided a second 2-h
post-blood and spot urine collection. After these samples were
collected, they were free to leave.
The washout period used was 7 d, based on previous

observations(29), after which the participant underwent the
same testing methods with the other treatment arm, and during
this washout period participants were instructed again not to
consume any berries as part of the exclusion criteria.

This study was conducted according to the guidelines laid
down in the Declaration of Helsinki, and all procedures involving
human subjects/patients were approved by the Department of
Applied Sciences Ethical Committee, reference RE120612950.
Written informed consent was obtained from all participants.

Subjects and sample size

The non-targeted metabolite profiling used in this study involves
identifying an unknown number of species with unknown inter-
individual variation from complex high-dimensional data, with no
effect size, and therefore it is not straightforward to perform a
sample size calculation(30). Furthermore, no standard methods for
determination of sample size in metabolomic studies are avail-
able(30). For discriminant analysis methods, such as partial least-
squared discriminant analysis (PLS-DA), which rely on data
reduction into vectors of covariance or principal components, you
need at least the same number of samples as the number of
relevant principal components. For most data, the first eight to ten
principal components contain most of the variance; hence, this
would be an absolute minimum. Initially, we aimed for twelve
participants, and this sample size has been used in a number of
studies aimed at blueberry bioactive bioavailability(7,31,32). Two
subjects withdrew before the study began, and a further subject
withdrew after the first treatment arm, so full data were obtained
from nine participants.

The participants were healthy males and females aged
between 18 and 35 years. Participants were excluded if they
had a history of repeated illness, GI problems, high or low
blood pressure, a diagnosed illness, if they were currently
taking prescribed medication or supplements and were preg-
nant or were currently trying to conceive.

Blueberry preparation

Blueberries were purchased from a local supermarket the day
before the study day. All procedures were standardised to ensure
that all samples underwent the same processing technique, which
resulted in an identical final product. The blueberries were
washed and weighed into 250-g portions using a digital scale, and
stored refrigerated overnight (4°C). For the juiced blueberry
treatment, individual 250-g portions were gradually added to a
juicer, and once all the blueberries were added the blueberries
were juiced using a Primra juice extractor for 60 s. The remnants
from the juiced berries were squeezed through a muslin cloth into
a measuring beaker. The blueberry juice was poured into a
sealable bottle (per participant) ready for consumption, and
stored in the refrigerator at 4°C overnight. No other treatment was
applied to the 250-g portion of whole blueberries.

On the study day, each participant received 250 g of fresh
blueberries either in the whole or juiced form. They were told to
consume the treatment within 5min, and no other food and
drink was allowed for the duration of the sample collection
period (2 h).

Spot urine collection and preparation

A urine sample (no preservatives added) was taken from each
participant on two occasions: at baseline before berry
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consumption and 2 h after berry consumption. These were spot
urine collections with no collection window, and this approach
has previously been shown to be robust for nutritional meta-
bolomic studies(33). Urinations outside of these times were not
collected, and the first morning void collection was avoided. An
aliquot (10ml) was transferred to a storage tube where it was
sealed, immediately frozen and stored at −20° before analysis.

Blood collection and preparation

A blood sample (20ml, heparinised) was taken from each
of the participants on two occasions: at baseline before berry
consumption and 2 h after berry consumption. The baseline
sample was fasted. After collection of all samples, the blood was
centrifuged for 20min at 3500 rpm at 10°. Once the sample had
been spun, the separated plasma was aliquoted into storage
tubes, immediately frozen and stored at −20° before analysis.

Biological sample processing

In brief, plasma (200 μl) was extracted with 800 μl of pre-chilled
LCMS-grade methanol (Fisher Scientific) through three series of
vortex-mixing, and then centrifuged for 2min at 4°C and
13 000 rpm (Biofuge Fresco; Hareaus). For LCMS, 500 μl of the
supernatant was dried and reconstituted into 500 µl of mobile
phase and transferred to a glass sample vial. Urine samples
(50 μl) were diluted with 450 μl of pre-chilled methanol–water
(4:1), vortexed and centrifuged as for plasma, and the super-
natant was transferred to glass sample vials for analysis.

LCMS analysis

Urine and plasma samples were analysed separately in rando-
mised batches. In brief, LC–MS analyses were carried out on a
Dionex UltiMate 3000 RSLC HPLC System (Dionex), equipped
with an UltiMate 3000 RS pump, an UltiMate 3000 RS auto-
sampler and a QExactive Quadrupole-Orbitrap Mass Spectro-
meter (Thermo Fisher Scientific). Electrospray ionisation at both
negative and positive ion modes was performed with a spray
voltage of 2·00 kV and capillary temperature of 280°C. The total
ion current with a range of 50–1000m/z and 70 000 resolution
was measured. Sample aliquots (2 µl) were injected on an
Accucore (Thermo Fisher) C18 (150× 2·5mm, 5-μm particle
size) reverse-phase column, thermostatically regulated at 40°C.
The mobile phase consisted of water with 0·1% formic acid
(solvent A) and acetonitrile with 0·1% formic acid (solvent B).
Starting conditions were 95% A, and compounds were
separated with a gradient of 95% A to 5% A over 18min, with a
5-min wash cycle before being re-equilibrated to 95% A; flow
rate was 0·35ml/min. All samples were randomised in their
running order, and a quality-control sample was analysed on
ten occasions throughout the batch. The quality-control was a
pool of all samples in a single aliquot.

Data processing and mining

LCMS data were processed using the software Progenesis QI
(Waters), which incorporates chromatographic alignment, peak
picking, statistical analysis and putative identification based on
accurate mass. After alignment, profiles were normalised to all

compounds detected, using the quality control as a reference.
The data set was subjected to unsupervised and supervised
multivariate classification using principal components analysis
(PCA) and PLS-DA, respectively, using SIMCA version 14.0
(UMetrics). PCA was used to visualise associations in the data
and to identify any outliers, whereas PLS-DA models were
constructed to identify associations in the data based on sample
group. For further statistical analysis, features were subjected to
comparison of means analysis, depending on the study design,
and P values were corrected for false discovery rate (q values
are shown). PLS-DA models comprised either four groups (pre-
whole, pre-juice and post-whole and post-juice) or two groups
(post-whole and post-juice). R2Y and Q2 were used to provide
metrics of discrimination and classification. For all statistical
analysis, the two-sided significance level used was 0·05. For data
filtering purposes, features with P> 0·05 were removed from
the data set before the two-component model construction.
Permutation tests were performed to assess validity and over-
fitting of models. Internal cross-validation methods using a pre-
dictive and training set from the data with seven iterations were
used to determine classification uncertainties (SIMCA version
14.0). Variable Importance in Projection (VIP) plots were used to
highlight the importance of each variable (ion) in the model
using a threshold of >1·9. Those features that were highlighted as
discriminatory between whole and juiced blueberries were then
processed further for putative annotation using Progenesis
Metascope software that utilises several metabolite databases
(e.g. HMDB, Metlin, KEGG) and searches for matches based on
m/z and isotope ratio using the accurate mass data.

Results

Subjects

The nine subjects who completed both arms of the trial had
an average age of 23 (SD 3) years, and an average BMI of
23 (SD 2) kg/m2. Their lipid status was normal (cholesterol
4·3 (SD 1·1)mmol/l; TAG 0·7 (SD 0·3)mmol/l). The sex
distribution was five males and four females.

Filtering of metabolomic data

To check for sample outliers, data were analysed by principal
component analysis to visualise the variation between samples;
no outliers were identified or removed (online Supplementary
Figs S1–S3). PCA also revealed that quality-control samples
were clustered closely together towards the centre of the axis,
indicating low analytical variation (online Supplementary Fig.
S1). Analysis resulted in a large number of features in both
plasma and urinary analysis, and the vast majority of these were
not significantly different between sample groups (P> 0·05) or
were anomalies and false positives. Applying a filter to remove
features that were not significantly different between treatment
removed approx. 94% in urine samples and 88% in plasma
samples (Table 1). The number of features significantly influ-
enced by blueberry treatment ranged from 455 in urine in
positive mode to 1004 in urine in negative mode (Table 1).
Overall, urine in negative ionisation mode was found to be the
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most informative as we found 193 features that were higher at the
2-h time point, of which 157 features were higher after the whole
blueberry treatment and thirty-six after the juiced blueberry
treatment. This pattern was also found for urine in positive mode.
In plasma, fewer overall features were found 2h after treatment:
twenty-nine in positive mode and thirty-one in negative mode.
Comparing post-whole v. post-juice samples in a pairwise
manner, a lower number of ions were significantly different; in
positive ion mode, seventy-one features were increased in urine
after whole fruit treatment compared with juiced in which only
one was higher in intensity (Table 1). Over 7-fold (positive mode)
and 4-fold (negative mode)-higher number of ions were present
after whole blueberry intake rather than the juice in the urinary
metabolome, and there was a relatively similar number of ions
following either treatment in the plasma metabolome.

Discrimination between treatments

The full sample list with all variables (following removal of false
positives and anomalies) was used when constructing the four-
component PLS-DA models to determine whether the samples
could be discriminated by treatment. Permutation plots revealed
a negative Q2 intercept showing the models were valid (urine

negative −0·30 and −0·27; urine positive −0·61 and −0·54;
plasma negative −0·09 and −0·16; plasma positive −0·27 and
−0·1; online Supplementary Fig. 4). A representative score plot
for urine samples using negative ionisation mode is shown in
Fig. 1. Although some visual differences were observed, PLS-DA
demonstrated only weak discriminating models in all the data
sets (R2Y and Q2 <0·5), and therefore weak discriminating
ability between treatment (Table 2). Nevertheless, it is notice-
able that samples taken before the treatment (pre) clustered
together and lie apart from samples taken after treatment.
Power analysis of these models revealed that a high percentage
of species had power >0·8 in urine samples, but it was lower
for plasma samples. As we are interested in the ion species
discriminating between whole and juiced treatments, we con-
structed PLS-DA models of post-treatment samples only, and
score plots of these models are provided (online Supplemen-
tary Fig. S5). This resulted in high discriminating ability in urine
samples, especially with a high percentage of correct classifi-
cations (Table 2 and Supplementary information, Table 1).
However, these two component models had low power in
comparison. To determine which ions were responsible for
discrimination between treatments, loadings and VIP plots were
generated for each treatment. Fig. 2 shows a representative

Table 1. Number of ion features in the intervention

Samples Urine Plasma

Ionisation mode Positive Negative Positive Negative

Total number of features detected 8005 9702 6848 5902
Number of features significantly influenced by intervention 455 1004 863 710
Number of features higher at 2 h 148 193 29 31
Number of features higher after whole blueberry treatment 130 71* 157 37* 15 4* 11 1*
Number of features higher after blueberry juice treatment 18 1* 36 7* 14 1* 20 1*

* Ion features that were significantly different from univariate analysis of post-treatment groups only.
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Fig. 1. Representative partial least-squared discriminant analysis score plot of urine samples taken both before and after treatment with whole and juiced blueberries
obtained in negative ion mode. Parameters are shown in Table 2. , Post-whole; , post-juice; , pre-whole; , pre-juice.
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Table 2. Partial least-squared discriminant analysis (PLS-DA) model parameters

Urine Plasma

Positive Negative Positive Negative

Model
parameters

All sample
groups

Post-sample
groups

All sample
groups

Post-sample
groups

All sample
groups

Post-sample
groups

All sample
groups

Post-sample
groups

R2Y 0·289 0·963 0·295 0·668 0·189 0·818 0·233 0·217
Q 2 0·278 0·897 0·262 0·461 0·192 0·623 0·183 − 0·078
Classification (%)* 89 100 78 94 80 100 80 60
Power analysis† 83 30·90 88·3 10·2 45·8 25·9 70·9 25·6

* Average value for classification of sample groups.
† Percentage of species with power >0·8.
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Fig. 2. Representative partial least-squared discriminant analysis (PLS-DA, (a)) loadings plot and Variable Importance in Projection (VIP, (b)) plot of urine samples
comparing post-whole and post-juice treatments obtained in negative ionisation mode.
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example of a PLS-DA loadings plot with associated VIP plot
(urine data, negative mode). This resulted in a shortlist of ions
for each sample set that were followed further for further
pairwise statistical analysis of post-samples and putative iden-
tification. The top species from the VIP data for both urine and
plasma (threshold >1·9) are shown in Table 3 with P values
corrected for false discovery rate (q values). This table shows
statistical analysis of the ion intensities between treatments (all
sample groups) and pairwise analysis of post-whole v. post-
juice, and highlight that although the ion intensities maybe be
significantly different between all sample groups there was
sometimes no statistical difference between post-samples only.

Intensity profiles

To verify those features that are only increased by treatment, we
investigated the abundance profiles for each ion feature.
Examples of these for urine samples in negative ionisation
mode are shown in Fig. 3. Certain metabolites have increased
intensity either after whole or after juiced treatment. Inter-
individual differences in response are also seen; responses
differ by a factor of 10, and this was found to be consistent
within an individual. Differential behaviour between ion
species is also shown in the fold difference data in Table 3 for
the top discriminatory ions. The majority of signals that were
increased after ingestion were present in baseline samples and

then were increased after ingestion of either treatment, and the
differences between treatment were highly significant (Table 3).
No signals were found that were only present in samples after
either whole or juiced blueberries. Examples of highly dis-
criminating ion intensities from VIP data following either whole
or juiced blueberries from both urine and plasma samples are
shown in Fig. 4.

Annotation of discriminatory features

Ion spectra were processed using Progenesis Metascope
software, and potential matches are shown in Tables 3 and 4.
Although these annotations remain putative and are not con-
firmed, they are based on high-resolution data (70 000) and
closest match (<5 parts per million (ppm)). The majority of
annotated species were found in urine from negative ionisation
data; plasma offered fewer annotations. Many assignments were
of flavonoids and associated metabolic products – for example,
caffeic acid, abscisic acid, ferulic acid, citbrasine and lucuminic
acid. It is noticeable that on occasion the same metabolite was
found in both plasma and urine following the same treatment
(e.g. caffeic acid and ferulic acid metabolites). Metabolites
conjugated to glycosides, sulphates and glucuronides were
abundant in urine and plasma after ingestion of whole blue-
berries. Some of the putative annotations were lipid related, and
found mainly in plasma.

Table 3. Top discriminatory ion species in biological samples from Variable Importance in Projection (VIP) data

VIP m/z
All sample
groups (q) Max. fold change Highest mean

Post-sample
groups (q)

Putative annotation
where available

Urine negative mode
4·60 273·0076 0·000378 98·00 Whole 0·482 Ferulic acid 4-sulphate
3·80 439·1606 3·0× 10−5 9·27 Whole 0·384 –

3·49 187·0965 0·0412 1·79 Juice 0·018 –

3·36 258·9916 7·27 × 10−5 8·93 Whole 0·58 Caffeic acid 4-sulphate
3·03 399·1662 0·0113 6·14 Whole 0·705 –

2·89 367·1037 7·64 × 10−6 37·50 Whole 0·609 –

2·69 262·1118 0·000164 11·60 Juice 0·176 –

2·69 243·1234 4·54 × 10−5 11·80 Juice 0·614 –

2·62 359·0485 0·0566 2·35 Whole 0·421 –

2·26 246·9915 0·00248 2·68 Whole 0·309 –

2·23 273·0076 0·0466 4·36 Whole 0·752 Ferulic acid 4-sulphate
2·19 319·1397 0·008 10·10 Juice 0·779 –

2·12 263·1288 0·0353 70·50 Whole 0·453 Abscisic acid
2·05 359·1352 0·0435 2·55 Whole 0·552 2'-Methoxy-3-(2,4-dihydroxyphenyl)-

1,2-propanediol 4’-glucoside
1·95 455·1556 5·01 × 10−6 16·90 Whole 0·305 –

Urine positive mode
3·43 441·1749 0·000462 23·20 Whole 0·00962 –

3·32 264·1263 0·012 5·98 Juice 0·0198 N-(7-Sulfanylheptanoyl)-L-threonine
2·26 189·1596 0·0606 2·02 Whole 0·0178 –

2·24 230·9899 0·0606 2·01 Whole 0·047 –

2·10 369·1178 0·00173 61·10 Whole 0·133 –

2·00 287·1251 1·03 × 10−5 31·00 Whole 0·0271 –

1·99 147·1127 0·0606 2·35 Whole 0·109 –

1·92 247·1326 9·54 × 10−5 34·60 Whole 0·0352 –

Plasma negative mode
3·14 448·3069 0·291 4·39 Whole 0·975 –

2·12 439·1611 0·00163 13·40 Whole 0·814 Deoxynivalenol 3-glucoside
Plasma positive mode

2·87 256·2999 0·391 4·26 Juice 0·253 –

2·17 432·3107 0·283 4·58 Juice 0·725 –

2·17 450·3214 0·286 4·53 Juice 0·734 –
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Discussion

We are continually reminded of the health benefits of con-
suming more fruit. One consumer-friendly strategy to increase
fruit consumption is through juices and smoothies(6). However,
the juicing process can influence the nutritional value of fruit;
for example, the content of fibre in juices is negligible com-
pared with whole fruit or smoothies(6), and research has sug-
gested that the content of certain bioactives is lower in juices(23).
Processing can occasionally increase the bioavailability of
bioactives(34). Nevertheless, a systematic review has demon-
strated that the intake of fruit and vegetable juice offered similar
health benefits to the intake of whole fruit and vegetables(35),
and thus a similar proportion of bioactive phytochemicals must
remain in the processed products. Juices and whole fruit con-
tain a similar content of sugars; although the juicing process can

‘free’ the naturally occurring sugars(8), a study has shown that
whole and juiced fruits release similar amounts of fruit acids and
sugars into the mouth(36), and consumption of fruit juices is not
associated with weight status in children(37).

The aim of this study was to use a more global view of the
appearance of blueberry metabolites into biological fluids after
the consumption of whole or juiced fruit using a metabolite
profiling approach. We show here that consumption of either
whole or juiced blueberries influences the plasma and urinary
metabolome 2 h after consumption. Whole blueberry con-
sumption resulted in a 4- to 7-fold-higher number of features
appearing in the urine and plasma than juiced blueberry con-
sumption. The majority of features detected (>90%) were not
influenced by blueberry consumption, and out of the features
that were influenced (approx. 1000) only 3–19% were sig-
nificantly increased after blueberry treatment (plasma or urine,
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respectively). The low proportion of features influenced by the
intervention suggests that processing of blueberries into a juice
does not have a great effect on the bio-accessibility of meta-
bolites in the time frame studied, but we appreciate that using
one time point is a major limitation. Our study used a profiling
approach as it can highlight global differences between the
delivery of the fruit that more specific targeted approaches
cannot. We found spot urine samples to be more information-
rich than plasma samples. Spot urine samples are being
increasingly used in nutritional metabolomic studies(27,28,38,39)

as they appear to be representative of timed collections, and are
robust and reproducible(33,40,41). Spot collections avoid the
necessity for collecting large volumes of urine that may dete-
riorate over the collection time and are very reflective of dietary
exposure(33,40,41). Therefore, spot urines were used in the
current study.
PLS-DA models of all treatment groups in both plasma and

urine were poor and lacked good discriminating ability. The
samples from both pre-treatments clustered together, implying
a similarity of their metabolic profiles; this highlights that even
in the absence of a dietary control the variation in metabolite
profiles was limited and did not influence the impact of the
blueberry treatment. Importantly, when comparing whole v.
juiced profiles, there was good discriminating ability, high-
lighting that each treatment caused differential changes to each
metabolome after 2 h. Permutation tests showed the validity of
all models, as overfitting can be an issue when analysing data
containing thousands of variables. Even so, the number of
species that had good power (>0·8) was relatively low. When

pairwise analysis was performed on post-treatments only, fewer
species were significantly different (Table 3). For example, out
of 455 features in urine that were significantly influenced by the
intervention, only one ion was significantly higher following
juice than whole blueberry treatment in positive ion mode,
whereas seventy-one features were significantly higher after
whole blueberry treatment.

Blueberries are rich in both anthocyanins (approximately
92mg/100 g) and phenolic acids (approximately 31mg/
100 g)(29). The major anthocyanin components (out of a total
fourteen anthocyanin species, approximately) are malvidin-
3-O-arabinoside and the 3-O-galactosides of cyanidin, dephi-
nidin, petinidin and malvidin(42). The major phenolic acids in
blueberries are chlorogenic, cumaric and ferulic acid, and
quercetin (a flavonol). Furthermore, a wide array of compounds
are formed following ingestion of blueberries; anthocyanin
metabolites, in the form of their glucuronide, sulphate and
glycoside derivates(18–20) formed during phase 2 metabolism,
are present in large diversity and intensity(21). Some of the
known blueberry bioactives were found in the current study.
For example, the sulphate and glucuronide derivatives of ferulic
acid, caffeic acid and quercetin were of significantly higher
intensity in both urine and plasma after treatment with blue-
berries. These are all structurally related and have antioxidant
properties. Previous work has also shown that such conjugates
are commonly observed after consumption of anthocya-
nins(20,43,44). Furthermore, these compounds were among the
highly ranked species that differed between sample treatment
(Tables 3 and 4). Indeed, ferulic acid 4-sulphate and
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Table 4. Putative metabolite annotation after each treatment and for each ionisation mode*

m/z Putative identification Potential adduct Formula Mass error (ppm)

Urine
Negative mode: higher after whole blueberries
214·1077 Hydroxypropionylcarnitine M−H2O−H C10H19NO5 −3·36
215·1281 Undecanedioic acid M−H C11H20O4 −3·72
227·0322 Mevalonic acid-5P M−H C6H13O7P −1·61
258·9917 Caffeic acid 4-sulphate M−H C9H8O7S −0·29
263·1288 Abscisic acid M−H C15H20O4 −0·32
269·1031 Adenine 2M−H C5H5N5 4·99
273·0076 Ferulic acid 4-sulphate M−H C10H10O7S 0·39
275·0122 4-((2,4-Dihydroxyphenyl)azo)benzenesulphonic acid M−H2O−H C12H10N2O5S −3·50
325·1294 1-Methoxy-3-(4-hydroxyphenyl)-2E-propenal 4’-glucoside M−H C16H22O7 0·40
331·1166 Tryptophyl-glutamate M−H C16H18N3O5 −2·24
355·0677 Caffeic acid 4-O-glucuronide M−H C15H16O10 1·76
359·1352 2’-Methoxy-3-(2,4-dihydroxyphenyl)-1,2-propanediol 4’-glucoside M−H C16H24O9 1·19
366·9592 4-((2,4-Dihydroxyphenyl)azo)benzenesulphonic acid M−H2O−H C12H10N2O5S −0·04
369·0830 Ferulic acid 4-O-glucuronide M−H C16H18O10 0·81
393·1409 1-(3-Methyl-2-butenoyl)-6-apiosylglucose M−H C16H26O11 1·78
399·1662 Corchoionoside B M−H, 2M−H C19H28O9 0·48
403·0676 Urolithin A glucuronide M−H C19H16O10 1·41
471·1866 Cymorcin diglucoside M−H2O−H C22H34O12 −1·19
493·2065 Gibberellin A20 13-glucoside M−H C25H34O10 −2·82
535·1820 8-Hydroxypinoresinol 4-glucoside M−H C26H32O12 −0·11

Negative mode: higher after juiced blueberries
199·1330 (S)-9-Hydroxy-10-undecenoic acid M−H C11H20O3 −4·85
319·1397 Octanoylglucuronide M−H C14H24O8 −0·49
330·0997 Citbrasine M−H C17H17NO6 4·29
343·0675 Theogallin M−H C14H16O10 1·32
371·1351 Citrusin E M−H C17H24O9 1·02
415·1589 Phenylethyl primeveroside M−H C19H28O10 −4·93
445·1350 Lucuminic acid M−H C19H26O12 −0·30

Positive mode: higher after whole blueberries
139·1116 (2Z,4E)-2,4-Nonadienal M+H C9H14O −0·87
163·0752 Methyl cinnamate M+H C10H10O2 −1·14
165·0909 Methylbenzyl acetate M+H C10H12O2 −0·86
173·1324 1,1,6-Trimethyl-1,2-dihydronaphthalene M+H C13H16 −0·54
191·0701 7-Methoxy-6-methyl-2H-chromen-2-one M+H C11H10O3 −1·01
203·0524 Inositol M+Na C6H12O6 −1·40
205·1224 (2Z)-3-Phenyl-2-propen-1-yl 2-methylpropanoate M+H C13H16O2 0·27
207·1378 Amyl phenylacetate M+H C13H18O2 −0·71
209·1535 4-(Heptyloxy)phenol M+H C13H20O2 −0·39
219·1378 (2Z)-3-Phenyl-2-propen-1-yl 3-methylbutanoate M+H C14H18O2 −0·62
229·1222 bis(4-hydroxyphenyl)propane M+H C15H16O2 −0·37
387·2011 2-Methoxy-4-(3-oxododecyl)phenyl acetate M+H, M+K C21H32O4 −0·88
551·2611 6,7-Dihydroxy-isopropenyl-dimethyl-tetraoxahexacyclononadec-3-en-5-one M+Na C30H40O8 −0·87

Positive mode: higher after juiced blueberries
264·1263 N-(7-Sulfanylheptanoyl)-L-threonine M+H, M+Na C11H21NO4S −0·38

Plasma
Negative mode: higher after whole blueberries
191·0552 Quinic acid M−H C7H12O6 −4·59
258·9919 Caffeic acid 3-sulphate M−H C9H8O7S 0·45
273·0082 Ferulic acid 4-sulphate M−H C10H10O7S 2·66
369·0833 Isoferulic acid 3-O-glucuronide M−H C16H18O10 1·48
380·9929 Quercetin 3’-sulphate M−H C15H10O10S 1·80
439·1611 Deoxynivalenol 3-glucoside M−H2O−H C21H30O11 0·35
446·2914 Glycocholic acid M−H2O−H C26H43NO6 0·44

Negative mode: higher after juiced blueberries
229·1442 Dodecanedioic acid M−H C12H22O4 −1·26
269·2124 9-Oxohexadecanoic acid M−H C16H30O3 0·77
399·1666 Corchoionoside B M−H C19H28O9 1·25
498·2896 Taurochenodesoxycholic acid M−H C26H45NO6S 0·16
507·1485 L-Phosphoarginine 2M−H C6H15N4O5P −0·40

Positive mode: higher after whole blueberries
185·1900 2-Methylundecanal M+H C12H24O 0·29
302·3054 Stearic acid M+NH4 C18H36O2 0·22
339·2508 (+)-15,16-Dihydroxyoctadecanoic acid M+H, M+Na C18H36O4 0·27

* Based on closest m/z match where found.
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corcoinoside B were found in the highest abundance following
whole blueberry ingestion. Ferulic acid sulphate is a hydro-
xycinnamic acid, and the sulphate derivative has been
demonstrated previously as a major metabolite found after
consumption of a fruit puree within a similar time frame(44).
Corchoionoside B is a terpine glycoside predominant in green
vegetables, but research on health-relating properties is limited,
and there have been no previous reports of corchoionosides
being a predominant metabolite of fruit such as blueberries.
The metabolites that were higher in intensity following whole

blueberry intake were a combination of phenolic metabolites,
glucosides and glucuronides, and fatty acyl derivatives, whereas
those that were higher from the juiced treatment did not appear
to follow such a pattern and included citibrasine (an alkaloid),
theogallin (related to chlorogenic acid) and citrusin E (phenolic
glycoside). Octanoylglucuronide (shown in Fig. 4) was the
predominant metabolite found in urine after juiced blueberries
treatment. It is likely that this is an endogenous metabolite
formed through metabolism of octanoic acid and the reasons
for this being excreted following juiced blueberries are
unknown. Interestingly, we previously found a series of fatty
acid derivatives that were positively correlated with sucrose
intake(28), and it is tempting to speculate that this could be
owing to the increased availability of sugars in the juice. There
were a number of acyl derivates after blueberry consumption
found here, presumably a consequence of endogenous meta-
bolism. A mixture of exogenous and endogenous metabolites
has been previously observed in a metabolomic approach to
cranberry juice consumption(45).
The differences in bioavailability of bioactives after proces-

sing as opposed to unprocessed fruit is poorly understood. The
food matrix itself is an important determinant for bio-
accessibility(46). With blueberries, the most valuable part, in
terms of anthocyanins, is the outer layer of skin(47), and this is
removed in the juicing process. Fibre, an important dietary
component with positive health benefits, is also removed
through juicing, and fibre is thought to interact with phyto-
chemicals and either reduce or improve their bioavailability(48),
and fibre will decrease stomach transit times. Therefore, inter-
actions between matrix components and bioactives is depen-
dent on the type of metabolite. Juicing would be expected to
exert a large effect on bioavailability and transit times, and these
are reflective of the digestion process and the release of
metabolites from the matrix and subsequent absorption. Fur-
thermore, transit times are quicker for liquid than solid
meals(49), and these differences need to be taken into account
when interpreting the results. We found here that the difference
between treatments was not as significant as expected, with
only approximately 15% of metabolites being higher after
whole compared with juiced (approximately 3%) blueberries,
and the same array of metabolites were observed at the 2-h time
point. Evidence from the literature using more targeted
approaches has been quite contradictory. For example, Kuntz
et al.(7) compared the bioavailability of selected anthocyanins
from grape/blueberry juice with a smoothie and found no dif-
ference in plasma pharmacokinetics and recovery of the major
anthocyanin species, but found significantly higher concentra-
tions of the phenolic acid 3,4-dihydrobenzoic acid after

ingestion of the juice(7). In a cellular model, cherry anthocya-
nins were transported three times more efficiently from a pro-
cessed nectar than from whole fruit(24). In a human
bioavailability study in ileostomy patients, significantly more
polyphenols reached the bags when a smoothie was ingested v.
a juice, indicating that the matrix plays an important role in the
availability of fruit bioactives(50). In a study comparing the
effects of four processed apple products on the plasma meta-
bolome, it was found that whole apples had a stronger modi-
fying effect on the metabolome than other treatments, including
apple juice(51). The current study also supports the notion
that the matrix has an important influence on the bioavailability
of bioactives. We found no examples of features that only
appeared after either whole or juiced treatments; features
were generally present after both treatments with varying
intensities.

The process of juicing itself is thought to decrease the content
of anthocyanins and metabolites in blueberries. One study
suggested that approximately 15% of monomeric anthocyanins
can be lost after blueberry pressing into juice(52), whereas losses
of up to 55% during pressing to juice have been reported(53).
When juices are prepared using common domestic appliances,
such as the juice used in the current study, there could be a
reduction in flavonoid content as many flavonols and antho-
cyanins are concentrated in the skin(13). One would expect that
altering the food samples by breaking up the matrix would
increase bioavailability, and in some instances this is indeed
correct. In the present study, there were many hundreds of
signals that were similar between treatments, and as such we
can assume that the juicing process itself had minimal degrad-
ing effects on global blueberry metabolites before ingestion.

The current study has a number of limitations. The major
limitation that has consequences on the overall impact of the
study is that only a single time point (2 h) was used to compare
the difference between treatments. Therefore, we cannot
comment on total bioavailability or other biokinetic parameters.
This time point has been shown to represent the approximate
Tmax for a number of expected metabolites(42,54), and hence was
chosen judiciously. Maximal plasma concentrations of fruit
polyphenols appear between 0·7 and 4 h post-ingestion,
whereas urinary excretion, typically comprising 0·03–1% of the
ingested dose, peak between 1 and 4 h, with a half-life of
0–2 h(18–21). In an extensive study of cranberry metabolite
bioavailability, it was found that flavonol metabolites, as well as
benzoic acids and cinnamates, appeared in the plasma at 1–2 h
after consumption, whereas phenylacetic acids, catechols, hip-
puric and analogues of cinnamic acid appeared later, after
4 h(54). Many of the metabolites found in the present study have
been shown to have a Tmax of between 0·5 and 2 h, such as
caffeic acid, ferulic acid derivatives and quercetin(42,54). Similar
results were found with the appearance of anthocyanin meta-
bolites after consumption of aronia berries(55) and bilberries(56),
with Tmax ranging from 1 to 6 h. As processing the blueberries
into a juice could also influence bio-accessibility in biological
fluids, a single time point gives no information on kinetics of
absorption and appearance. Indeed, several studies have
shown differences in bioavailability in processed fruit in tar-
geted studies(7,24,50). Although spot urine collections are useful
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approaches for metabolomic studies, when collecting a limited
number of time points, as in the current study, then collection
windows may be more appropriate for investigating the influ-
ence of an external factor.
The metabolite annotations provided here are putative and

were not confirmed against known standards. It was beyond
the scope of the current investigation to identify all the meta-
bolites differing between treatments. Our MS-based analysis
used a high resolution of 70 000, and the data we have provided
represent the best matches within a relatively small threshold of
mass accuracy (<5 ppm). Furthermore, the metabolite annota-
tions included several species that would be expected to be
found after consumption of blueberries – for example, phenolic
acid metabolites (Table 4).
In conclusion, we have shown that a metabolite profiling

approach can be used to globally compare the appearance of
blueberry metabolites after consumption of either whole
or juiced fruit. This study demonstrates the potential for
information-rich techniques in this area. We have shown that
consuming whole blueberries resulted in higher intensity of
phenolic metabolites when compared with ingestion of juiced
blueberries, although only the 2-h time point was used. The
differences in overall metabolite profiles of plasma and urine
after either whole or juiced blueberry consumption were
relatively minor.
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