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bstract

Tissue-targeted metabonomics provides tissue specific metabolic information while still retaining the profiling approach of traditional metabo-
omics. Microdialysis sampling is used to generate site-specific samples of endogenous metabolites. The dialysate samples are subjected to proton
MR analysis with data analysis by principal components analysis and partial least squares regression. In this study, sample and data pretreatment
ethods were examined for their impact on the quality of the data analysis. Specifically, the effects of speedvacuuming, sample solubility, sample
H stability, and sample storage stability were examined. Data pretreatment methods examined included the effects of standardization and nor-
alization to internal standards. In addition, the ability of tissue-targeted metabonomics to generate time trend data was explored and more fully

haracterized using principal components analysis and partial least squares regression.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Metabonomics is an in vivo profiling technique that simul-
aneously monitors changes in the levels of endogenous

etabolites in response to a metabolic stressor such as the
dministration of a drug or the onset of a disease [1,2]. From an
nalytical standpoint, metabonomics experiments are comprised
f three primary steps: sampling, detection, and data analysis.

Metabonomics experiments typically employ biofluid sam-
les, such as urine or plasma, which can be obtained fairly
oninvasively and in sufficient quantity and concentration
or typical metabonomics analytical techniques. The detection
chemes used in metabonomics studies aim for nonselectivity in
rder to detect a large number of endogenous metabolites in a
ingle analysis. Most popular for metabonomics experiments are

roton NMR and LC/MS. Proton NMR is nonselective, quan-
itative, nondestructive to the sample and spectra are amenable
o multivariate statistical analysis. However, NMR suffers from

∗ Corresponding author. Tel.: +1 951 827 2990; fax: +1 951 827 4713.
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oth poor sensitivity and limits of detection. Also, in complex
iofluids like plasma, macromolecules can give rise to broad
esonances that can overshadow those from small molecules,
aking detection and quantitation difficult. LC/MS, on the other

and, has better sensitivity and detection limits than NMR but
oes not offer the nonselectivity of NMR. Quantitation is also
uch more difficult due to fluctuations in ionization efficiencies.
lso, the sample is destroyed during analysis. Other techniques

ike GC/MS [3–6], LC/UV [7], CE/UV [8–10], CE/MS [10–16],
E/EC [17] and LC-coulometric array [18,19] are also being
xplored.

Once the data has been collected, patterns in the metabo-
omics data are then described using multivariate statistical
nalyses, which reduce the dimensionality of the data set to
more manageable size. Unsupervised methods like principal

omponents analysis allow the researcher to observe patterns
n the data and identify molecules responsible for the pat-
erns. Other supervised statistical approaches, such as partial

east squares analysis, can correlate variables like time with the
ata.

Sampling biofluids like urine and plasma does not provide
patial information about the metabolic changes. Many metabo-
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omics studies have made use of tissue biopsies to obtain
ocalized metabolic information, which has limitations includ-
ng the termination of the experiment after a biopsy is taken,
tilizing large numbers of animals to characterize metabolic
ifferences and increasing experimental error through animal-
o-animal variability. A viable alternative to tissue biopsy is

icrodialysis sampling of extracellular fluid [20–23].
Microdialysis is a sampling technique in which a probe with

semipermeable membrane component is implanted in a tis-
ue [24]. An isotonic solution is perfused through the probe,
nd molecules in the surrounding extracellular fluid diffuse
nto the membrane lumen along their concentration gradient.
amples of these molecules are collected at the probe out-

et. Although previous reports describe some tissue damage
nd stimulation of an immune response as a result of probe
mplantation [25,26], the impact of implantation on the tis-
ue metabolic profile has not been studied. Although work is
urrently in progress to evaluate whether probe implantation
easurably affects the metabolic profile, such results are beyond

he scope of this study. Microdialysis offers an inherent advan-
age for site-specific metabonomics sampling. Careful selection
f the molecular weight cutoff of the membrane can selectively
xclude macromolecules. Thus, samples are much cleaner and
o not require additional cleanup steps that reduce throughput
nd increase method error. Microdialysis samples are typically
mall in volume (flow rates of ∼1 �l/min). While not typi-
ally a problem for metabolic profiling with mass spectrometry,
his does require some special consideration when conduct-
ng NMR analysis, such as using tube inserts or low volume
robes.

NMR has the advantage of being inherently quantitative in
ature—that is, the intensity of the signal is directly proportional
o the number of nuclei giving rise to the signal. The addition of
single standard compound of known concentration is the only
dditional sample preparation step that is required for quanti-
ation. Proton NMR analysis of biofluids requires some special
ttention to sample preparation and experimental setup includ-
ng the addition of a deuterated solvent to provide a lock signal
nd the use of pulse sequences that selectively suppress the water
esonance.

For microdialysis studies, additional sample preparation
s required. Dialysate samples are very low in volume and

any components border on the detection limits of the NMR
nstrument. Thus, any dilution becomes problematic. In many
xperiments, dialysate samples are taken to dryness and recon-
tituted in a deuterated solution to achieve lock signal and avoid
ny dilution effects. There are two primary options for low vol-
me NMR analysis: capillary tube inserts and capillary probes or
robes with reduced detection volumes. Capillary tube inserts
re made to sit inside a typical 5 mm NMR tube with the aid
f a plastic adapter. The capillary is submerged in sample-
atching solvent (usually D2O) and then the sample is centered

n the active region of the magnet for analysis. Although tube

nserts do not provide an efficient filling factor, they allow the
nalysis of small volume samples without specialized NMR
robes. The low volume detection cells of specialized capillary
robes and nanoprobes can accommodate smaller sample vol-
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mes and typically provide better mass sensitivity than capillary
nserts.

Data generated by metabonomics analysis is complex, as the
umber of variables is much higher than typical single biomarker
xperiments. One of the primary objectives of metabonomics
ata analysis is to reduce the dimensionality of the data set,
hus improving its accessibility and streamlining data interpre-
ation. For NMR spectra, integrals are taken over portions of
he NMR spectrum or a set of individual data points [27–29].
ach integral region corresponds to a variable in the data
atrix. After integration, normalization and standardization of

he data it is extremely important to remove any extraneous
ariation due to experimental error and to reduce domination
f higher intensity variables in the statistical analysis, respec-
ively.

The purpose of this study was to characterize experimental
arameters and establish analytical methodology pertinent to
etabonomics studies of microdialysis samples. These included
icrodialysis probe calibration, sample preparation, and data

retreatment for multivariate statistical analysis.

. Methods

.1. Reagents and solutions

All deuterated solvents were purchased from Cambridge Iso-
ope Laboratories (Andover, MA). Salts for Ringer’s solution
nd other reagents were purchased from Sigma Chemical Cor-
oration (St. Louis, MO). Ringer’s solution was 145 mM NaCl,
.8 mM KCl, 1.2 mM CaCl2, and 1.2 mM MgCl2. Solutions
ere prepared in nanopure water (Labconco, Kansas City, KS)

nd filtered through a 0.22 �m pore filter prior to use.

.2. Microdialysis methods

.2.1. Microdialysis probe preparation and calibration
All probes were prepared in-house, using polyacryloni-

rile (PAN) membrane (Hospal, Lakewood, CO) of dimensions
50 �m O.D. by 250 �m I.D. and polyimide tubing (MicroLu-
en, Tampa, FL) of dimensions 170 �m O.D. by 120 �m I.D.
ll probes used Tygon tubing attached at the inlet as a syringe

dapter. Vascular probes were prepared with a 10 mm membrane
ength. Liver probes were linear and also had a 10 mm membrane
ength. The outlet of the probe had a 7 cm piece of fused silica
360 �m O.D. by 200 �m I.D.) attached to the polyimide to use
s a needle guide. Heart probes were linear and were approxi-
ately 2 mm in membrane length. A 1 mm long Tygon tubing

stop” was secured directly behind the active window of the
embrane to aid in implantation of the probe. The outlet of the

robe had a 27-gauge stainless steel needle (bent to 45◦) attached
o aid in implantation. All probes were perfused with Ringer’s
olution at a rate of 1 �l/min. Probes were flushed for 30 min
rior to the start of sampling.
Probes were calibrated continuously through the experiment
y retrodialysis of 7 �M antipyrine in Ringer’s solution [30,31].
ntipyrine is an established marker of microdialysis mem-
rane extraction efficiency [31] and will account for global
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hanges in probe performance. Antipyrine was detected using
C/UV at 254 nm (Shimadzu, Columbia, MD). Samples were

njected onto a Phenomenex Synergi Polar-RP column 4 �m,
mm × 150 mm. The mobile phase was acetonitrile–sodium
hosphate (pH 2.5, 25 mM) (17:83, v/v), and was set to a flow
ate of 0.3 ml/min.

.2.2. Animal setup
All experiments utilized male Sprague-Dawley rats (Sasco,

ilmington, MA), weight range 350–450 g. Rats were pre-
nesthetized with isoflurane and then fully anesthetized with

ketamine (67.5 mg/kg)/xylazine (3.4 mg/kg)/acepromazine
0.67 mg/kg) cocktail, administered subcutaneously. For non-
urvival surgeries, rats were maintained under anesthesia for
he duration of all experiments, using ketamine booster doses
dministered intramuscularly at one quarter of the initial dose.
ats undergoing survival procedures were only given the ini-

ial anesthesia cocktail, which maintained anesthesia for the
uration of probe implantation. Rat body temperature was main-
ained using an electric heating pad.

For survival surgeries, all procedures were performed asep-
ically. Rats were given 3 ml saline subcutaneously after the
urgery to facilitate recovery and were housed in a Raturn© sys-
em (BAS, West Lafayette, IN). All animal experiments were
erformed under approval of the local Institutional Animal Care
nd Use (IACUC) committee.

.2.3. Jugular probe implantation
The jugular vein was exposed through a small midline inci-

ion in the neck skin tissue. The vein was isolated by separating
he vessel from fine connective tissue using blunt dissection and
otton swabs. A flat metal spatula was placed under the vein to
xternalize it, and a small incision made in the vessel using a
air of fine spring scissors. A vascular probe with an introducer
as inserted into the vein toward the heart. Silk sutures were
sed to secure the probe in the vessel, and the introducer was
hen removed.

.2.4. Heart probe implantation
A tracheotomy was performed by externalizing the trachea

hrough an incision on the midline of the neck. The trachea was
solated using a spatula and any fluid around the trachea was
emoved with cotton swabs. A small nick was made in between
he rings of the trachea and an intubation tube was immediately
nserted and secured with sutures. The rat was attached to a Digi-

ed Sinus Rhythm Analyzer (Louisville, KY) to monitor heart
ate and sinus rhythm. Immediately prior to opening the chest
avity, the intubation tube was connected to a respirator that
upplied artificial ventilation for the rat. A constant-volume res-
irator using room air (Model 683 Rodent Respirator, Harvard
pparatus, Holliston, MA) was used. To expose the heart, a tho-

acotomy was performed on the left side of the animal by making
n incision between and parallel to the fifth and sixth ribs approx-

mately 1.5–2 cm in length, and the pericardium was opened,
llowing a linear microdialysis probe (prepared in-house) to be
nserted into the myocardium. Specifically, a bent 27-gauge nee-
le attached to the probe was used to implant the probe into the
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pex of the beating heart muscle, near the left descending coro-
ary artery along the longitudinal axis of the heart. The lungs
ere then fully expanded.

.2.5. Liver probe implantation
A 2 cm incision was made along the midline of the abdomen

irectly below the diaphragm, and the abdominal cavity was
pened. The incision was spread with Bowman retractors and
issue forceps were used to expose the median liver lobe from
eneath the ribs. Two microdialysis probes were implanted using
he fused silica as a guide needle. The probes were implanted
cm apart, which has been shown by previous studies to be a

ufficient distance to prevent cross-talk between the probes [32].
he tissue entrance and exit points for each probe were secured
ith a small amount of tissue glue. After probe implantation, the

ncision was closed with sutures, with the probe inlets and out-
ets externalized through the incision. For survival surgeries, the
robe tubing was tunneled underneath the skin and externalized
hrough a small incision in the back of the neck.

.2.6. Sample preparation
All dialysate samples (50 �l original volume) were speedvac-

umed to dryness at room temperature after collection and stored
t −20 ◦C in the dark until analysis. Immediately prior to NMR
nalysis, the sample was thawed to ambient temperature and
econstituted in 25 �l of 25 mM deuterated acetate solution in

2O, pD = 7.8, with 5 mM TSP as an internal standard. Samples
ere vortexed for 30 s and then transferred to a linear capillary

ube insert (Wilmad-Labglass, Buena, NJ) using a 10 �l syringe
ith a fused silica needle. The insert was submerged using a
TFE adapter in 600 �l D2O in a 5 mm NMR tube.

.3. NMR spectroscopy

1H-NMR analysis was performed on a Varian INOVA
00 MHz spectrometer equipped with VnmrJ software (Varian
nstruments Inc., Palo Alto, CA) at 25 ◦C. Samples were ana-
yzed on a 5 mm Varian triple-axis gradient probe. All samples
ere analyzed with the WET pulse sequence. A tip angle of
0◦ was utilized, with an acquisition time of 1.8 s and 25,200
oints. Spectra were coadded for 3000 transients for a total
cquisition time of 95 min, zero-filled to 65,536 points, and a
ine-broadening of 1 Hz was applied. All spectra were referenced
o TSP at 0.00 ppm. Resonances were assigned by comparison
o standard spectra and literature chemical shift values.

.4. Data analysis

NMR spectra were exported to ACD/Labs software (Toronto,
ntario) and spectral processing (zero-filling, line-broadening,
aseline correction, and referencing) were performed as
escribed above. Spectra were manually integrated over 40

efined integral regions between 0.8 and 4.5 ppm, and inte-
ral tables were exported as a spreadsheet to Excel for data
anipulation. (For sample stability analyses, spectra were man-

ally integrated over 57 defined integral regions.) Integral
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alues were normalized to the TSP integral and concentra-
ion, as well as the percent delivery of the corresponding

icrodialysis probe. Analysis by principal components, par-
ial least squares and univariate methods were performed in

initab® Statistical Software (Release 14.20, Minitab, Inc.,
tate College, PA). Principal components analysis was per-
ormed on a correlation matrix (data matrix was centered and
tandardized), with five principal components calculated. Par-
ial least squares regression between time and metabolic profiles
as performed on a correlation matrix (data matrix was cen-

ered and standardized), with a maximum of five components
alculated. The PLS model was cross-validated through jack-
nifing.

. Results

.1. Comparison of 1H-NMR spectra of plasma and plasma
ialysate

To illustrate the differences between conventional metabo-
omics data and tissue-targeted metabonomics data, a
omparison of 1H-NMR spectra of rat plasma and plasma
ialysate is shown in Fig. 1. D2O was added to the plasma

o a final concentration of 10% to provide a lock signal. The
lasma, as expected, showed underlying broad signals through-
ut the spectrum due to proteins and lipids. Very few small
olecule resonances are detectable above this background. The

ig. 1. Comparison of the 1H-NMR spectra of (A) plasma and (B) plasma
ialysate.
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isible sharper resonances in the region from 3.1 to 3.9 ppm
orrespond to glucose and the sharp singlet at 3.0 ppm is due
o creatine. Other small molecule resonances may be present,
ut are not sufficiently above the background for positive iden-
ification. In contrast, the plasma dialysate was entirely devoid
f any macromolecule signal. Glucose and creatine resonances
re present at the frequencies indicated above. Lactate, alanine,
ysine, valine, leucine, isoleucine, citrate, tyrosine, and many
ther small molecules are detectable. Spectral resolution is high,
ndicating that the use of inserts for NMR analysis of small vol-
me dialysate samples does not compromise the quality of the
MR spectrum.

.2. Sample preparation effects and stability

.2.1. Speedvacuuming effects
The effect of speedvacuuming on the composition of heart

nd plasma dialysate samples was determined. Samples were
plit into two fractions, with one frozen at −20 ◦C and the other
peedvacuumed to dryness before storage at −20 ◦C. All sample
airs were analyzed by NMR on the same day. Immediately prior
o NMR analysis, frozen samples were diluted to a final TSP
oncentration of 5 mM and deuterated acetate concentration of
5 mM. Speedvacuumed samples were reconstituted in 25 mM
euterated acetate solution in D2O with 5 mM TSP to the same
nal volume as the frozen samples.

Visual inspection of the spectra revealed few differences
etween the sample preparation methods. For heart and plasma
ialysate, the aliphatic regions (<3 ppm) and aromatic regions
>5 ppm) showed no detectable differences in both resonance

ntensity and resonances present. For both dialysates, small
ifferences were noted in the 3–4.5 ppm region, primarily con-
aining glucose resonances.

ig. 2. Score plot comparing sample preparation methods for dialysate sam-
les. (�) Represents samples speedvacuumed to dryness and reconstituted in
euterated solution immediately prior to NMR analysis. (�) Represents sam-
les frozen prior to NMR analysis and then diluted to 10% D2O. Each point is
abeled with its individual sample number.
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Principal components analysis (Fig. 2) showed a clear segre-
ation between the plasma dialysate and heart dialysate samples
with one set of plasma dialysate samples appearing as an out-
ier). No segregation was observed between dialysate samples
hat were directly frozen and those that were speedvacuumed
efore freezing.

The normalized integrals from each sample were averaged
or the frozen samples and for the speedvacuumed samples.

student’s t-test was performed on the two means for each
ntegral region. Only one out of 40 integral regions showed
ignificant differences between the speedvacuumed and frozen
eart dialysate samples at 95% confidence: 3.22–3.29 ppm. For
he plasma dialysate samples, one region was significant at 95%
onfidence: 3.75–3.77 ppm.

.2.2. Recovery by dissolution
The recovery of plasma dialysate components by reconstitu-

ion in Ringer’s solution was examined. Plasma dialysate was
ollected and speedvacuumed to dryness. The plasma was recon-
tituted in deuterated acetate solution in D2O (pD = 7.8) and
nalyzed by NMR. Any solution remaining in the sample vial
as removed and the same volume of methanol-d4 added to sol-
bilize any residual metabolites that were not dissolved when the
lasma dialysate was initially reconstituted. The NMR spectrum
easured for this residual metabolite solution was compared

o a control methanol-d4 spectrum and to the original plasma
ialysate spectrum. Only solvent resonances were detected in
he residual metabolite solution, indicating that no detectable
evels of metabolites were left undissolved by the reconstitu-
ion buffer. No solubility concerns were noted with the dialysate
ample preparation procedure.

.2.3. Sample storage stability
The appropriate storage conditions of the speedvacuumed

amples were assessed. Plasma dialysate samples were split into
qual fractions and all samples were speedvacuumed to dryness.
alf of the samples were stored at −20 ◦C and the other half were

tored at 4 ◦C. All samples were reconstituted in equal volumes
f 25 mM deuterated acetate solution in D2O with 5 mM TSP
mmediately prior to NMR analysis. Samples from each storage
ondition were analyzed on day 0 (immediately after speedvac-
uming to determine the initial sample composition), 1, 2, and
.

Results showed a clear demonstration of sample instability
or some components at 4 ◦C and sample stability at −20 ◦C.
liphatic resonances showed substantial changes seven days

fter storage at 4 ◦C. Although some resonances (such as
lanine) showed a decline in relative intensity, many new res-
nances appeared. Minor changes in the frozen samples were
oted, although these were smaller relative to changes observed
n the refrigerated samples. Specifically, six out of 57 integral
egions were considered significantly different at 95% confi-
ence when comparing the frozen samples to the original sample

ntegral values. In contrast, 18 of 57 integral regions were consid-
red significantly different at 95% confidence when comparing
he refrigerated samples to the original sample integral values.

ost of the changes in sample composition for both frozen and
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efrigerated samples were observed in the 3.0–4.0 ppm region,
hich primarily contains glucose resonances. Upon inspection
f the NMR spectra, the levels of glucose stayed constant. The
ifferences observed are due to unidentified resonances grow-
ng into the spectra as time elapsed. Also, when comparing the
ntegral values for frozen and refrigerated samples, 23 integral
egions were considered significantly different at 95% confi-
ence. The significant integral regions were also primarily found
n the 3.0–4.0 ppm region.

.3. Data analysis

.3.1. Data pretreatment
Several data treatment methods can be used prior to the appli-

ation of principal components analysis. This pretreatment can
trongly affect the statistical analysis and the interpretation of
he results. Thus, data pretreatment steps must be chosen that
ill give results that accurately reflect trends in the data, rather

han bringing irrelevant artifacts to light. With this in mind, sev-
ral data pretreatment steps were examined for their effects on
he PCA results.

First, the method of integration was considered. Many
etabonomics studies use bucketing, an automated approach

o integration in which the NMR spectrum is divided some-
hat arbitrarily into integral regions of designated ppm width.
nother approach is to use manual integration, whereby the

esearcher examines the spectra and determines the divisions
etween integral regions. In this comparison, a sample set of
asal heart and liver dialysate was integrated in two ways. First,
he spectra were bucketed from 4.5 to 0.8 ppm after spectral
rocessing in ACD/Labs software with settings of 0.04 ppm
ucket width and 10% looseness. (The percent looseness set-
ing determines the flexibility that the program is allowed
n dividing spectra, so as to avoid splitting a resonance into
wo integral regions as much as possible.) Second, the same
et of spectra was manually integrated from 4.5 to 0.8 ppm.
oth sets of integrals were normalized to TSP intensity and to

he average percent delivery of the microdialysis probe. PCA
as performed on a correlation matrix. The resulting scores
lots were similar, with clusters for the liver dialysate samples
bserved in roughly the same coordinates in each plot. The heart
ialysate shows about the same amount of spread with each inte-
ration mode. No differences were noted between integration
odes.
Data normalization steps were also examined. Manual inte-

rals from the basal heart and liver dialysate data set were
gain utilized. Three principal components analyses were per-
ormed: on the raw data set, the data set normalized to TSP,
nd the data set normalized to both TSP and the average per-
ent delivery for the microdialysis probe. Fig. 3 shows the three
cores plots generated. Without normalization the data shows
catter, with no clustering or segregation between heart and
iver dialysate. Data normalized to TSP intensity showed seg-

egation between dialysate types, but with no real clustering.
inally, data normalized to both TSP and percent delivery of the
icrodialysis probes showed a tight cluster of liver dialysate

amples that were segregated from the more scattered heart
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Fig. 3. Effects of normalization on principal components analysis. (A) Shows
a score plot of basal heart and liver dialysate using unnormalized integrals. (B)
Shows a score plot of the same data normalized to TSP, the internal standard.
(C) Shows a score plot of the same data normalized to both TSP and the percent
delivery of the microdialysis probe. (�) Represents basal liver dialysate samples.
(©) Represents basal heart dialysate samples.
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ialysate samples. Although the liver dialysate data clustered
ightly when normalized to both TSP and percent delivery, the
eart dialysate data showed less variance when normalized only
o TSP.

.3.2. Analysis of tissue-targeted metabonomics data:
erspectives and time trends

Metabonomics data sets can be analyzed on three primary
evels: multivariate, univariate, and by spectral examination.
or tissue-targeted metabonomics in particular, the description
f time trends is key to data interpretation. These data analy-
is strategies were applied to a data set comparing basal liver
ialysate from both anesthetized and awake rats. For the anes-
hetized rats, sampling began 30 min after probe implantation
nd continued for 12 h. For the awake rats, sampling began 20 h
fter probe implantation to allow the animals sufficient time to
ecover from the anesthesia and continued for 96 h. Comparisons
ere made between tissue metabolic states (awake, anesthetized,

nd an awake rat that developed an infection post-surgery).
dditionally, time trends were analyzed by both principal com-
onents analysis and partial least squares regression.

First, general groupings in the data were examined. Princi-
al components analysis of the data, shown in Fig. 4, shows
hree distinct groupings of data points along principal compo-
ents 1 and 3. These three groupings correspond to previously
oted metabolic states of the animal: awake healthy, anes-
hetized, and awake infected. Principal component 1 separates
he healthy awake samples from the anesthetized and awake
nfected samples. Principal component 3 separates the awake
nfected samples from the anesthetized samples. The loadings

ndicate that principal component 1 is a contrast axis between
ime after probe implantation and all integral regions except
hose corresponding to lactate, meaning that the time variable
as a negative loading while all loadings for the integral regions

ig. 4. Comparison of liver metabolic states by principal components analysis.
©) Represents samples of basal liver dialysate from an awake rat with sepsis.
�) Represents samples of basal liver dialysate taken from healthy awake rats.
�) Represents samples of basal liver dialysate taken from anesthetized healthy
ats.
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Fig. 5. Comparison of liver glucose levels over time. (©) Represents samples
of basal liver dialysate from an awake rat with sepsis. (�) Represents samples
of basal liver dialysate taken from healthy awake rats (n = 3). (�) Represents
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Fig. 6. Time trends observed in basal liver dialysate using principal components
analysis. (©) Represents samples of basal liver dialysate from an awake rat with
sepsis. (�) Represents samples of basal liver dialysate taken from healthy awake
rats. (�) Represents samples of basal liver dialysate taken from anesthetized
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amples of basal liver dialysate taken from anesthetized healthy rats (n = 4).
A) Shows changes in the 3.51–3.52 ppm region and (B) shows changes in the
.36–3.46 ppm region.

re positive in magnitude. Loadings for principal component 3
how lactate, valine, and resonances in the 3.51–3.63 ppm region
including some glucose resonances) and the 2.46–2.60 ppm
egion as important in segregating the samples from anesthetized
nd awake infected animals.

The data was also analyzed in a univariate manner by plotting
ime after probe implantation against the normalized integrals
rom each integral region of the NMR spectrum (40 in total).
his allowed both time trends and segregation of groups within
single variable to be visualized. Examination of the plots

howed discrepancies in regions containing glucose resonances.
s shown in Fig. 5, although figures A and B both contain
lucose resonances, the trends observed in the awake infected

amples differ remarkably between these regions, while the
rends observed in the awake healthy and anesthetized samples
emain the same. The 3.51–3.63 ppm region was also shown
o be important in principal component 3 for segregating the
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ealthy rats. The arrow shows the direction of the time trend observed in the
nesthetized rats.

nesthetized samples from the awake infected samples. Spectral
xamination of the data confirmed the findings from the PCA
nd univariate data analysis.

PCA (described above) showed a time trend along princi-
al component 2, as illustrated in Fig. 6. This time trend was
nidirectional and confined to the samples from anesthetized
nimals. The samples from awake (both healthy and infected)
nimals did not show a definitive time trend although a trend
as observed in the univariate time plots in Fig. 5. Loadings for
rincipal component 2 (not shown) indicate glucose, creatine
nd lysine as being most important in defining the time trends
or the anesthetized samples.

PLS regression showed a slightly different time trend. PLS
as performed separately on correlation matrices for samples

rom anesthetized and awake animals, correlating the NMR
ntegral data with sampling time. The anesthetized sample set
howed a good correlation between the predictors (NMR inte-
rals) and responses (sampling time), with an R2 of 0.916 for
wo components and an R2 predicted of 0.874 for two compo-
ents, as determined through cross-validation. The standardized
oefficients generated, which are similar to PCA loadings, are
hown in Fig. 7A. Again, there is a contrast between glucose
nd creatine, but glucose is now also contrasted with lactate and
itrate. These resonances were not significant in the PCA load-
ngs, likely because the samples from awake animals were also
ncluded in the analysis. Fig. 7B shows the coefficients for the
LS regression correlation between the NMR integral data for

he awake samples and the sampling time. Here, the correlation
s not as strong as the observed for the anesthetized samples,
ith an R2 of 0.488 and an R2 predicted of 0.152, as determined

y cross-validation. A similar trend was also observed in the
CA analysis. However, a loose correlation was still defined by

he analysis largely by a contrast between the lysine, isoleucine,
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Fig. 7. Standardized coefficients for PLS regression analysis. (A) Shows the
coefficients from PLS analysis of basal liver dialysate from anesthetized rats.
Model statistics showed an R2 of 0.916 and an R2 predicted of 0.874. (B) Shows
the coefficients from PLS analysis of basal liver dialysate from awake rats. Model
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hift scale above each graph.

nd valine and citrate, creatine, alanine, and �-hydroxybutyrate
esonances.

. Discussion

Tissue-targeted metabonomics shares many of the same goals
s “traditional” metabonomics studies, the primary goal being
he identification of new biomarkers without the prejudice of
he more common single biomarker assays. Theoretically, by

xpanding the scope of metabolites studied, the probability of
ncovering new biomarkers increases. However, tissue-targeted
etabonomics differs from traditional metabonomics in several
ays. First, of course, is the site-specificity of the sampling
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pproach. Second, microdialysis sampling does not require
iopsy of the tissue of interest and the tissue remains intact.
hird, because many samples can be obtained from the same
nimal over the time course of the experiment, tissue-targeted
etabonomics better lends itself to the examination of time

rends in metabolic data, rather than simpler group classification
xperiments. This is not to imply that traditional metabonomics
annot study time trends (or that tissue-targeted metabonomics
annot study group classification experiments)—in fact, many
o [33,34]. However, the vast majority of metabonomics stud-
es using urine or plasma sampling report group classifications
s the end result of data interpretation. Finally, an additional
enefit of the time trend approach of tissue-targeted metabo-
omics is the use of an animal as its own control, as is also done
n some conventional metabonomics studies. By characterizing
he basal metabolic patterns of an animal prior to perturbing its

etabolism, corrections for animal-to-animal variation can be
pplied, potentially improving data interpretation.

.1. Microdialysis sampling considerations

Basal metabolic profiles generated prior to the metabolic
tressor event allow for normalization of the data, thus reducing
nimal-to-animal variability and perhaps increasing the promi-
ence of pertinent metabolic trends. The picture generated by
issue-targeted metabonomics has the potential to be more com-
lete than in metabolic profiling studies using conventional
ampling techniques, in terms of sampling frequency. Urine
ampling is limited by the excretion rate of the animal, and
lasma samples are limited by the volume that can be drawn
rom the animal in a given period of time. Microdialysis sam-
ling frequency, however, is limited only by the volume needed
or analysis. Additionally, because many time points can be
btained from a single animal using microdialysis sampling,
he number of animals required for experimentation is greatly
educed.

Calibration of the microdialysis probes is an important point
n metabolic profiling experiments. Typical microdialysis exper-
ments only examine one or two analytes. Thus, it is fairly
traightforward to calibrate for the analytes of interest using the
nalytes themselves, allowing for quantitative studies. However,
or metabonomics studies, the number of analytes could reach
nto the hundreds. Not only does this far exceed the capacity of
he researcher to calibrate for each compound individually, the
ctual compounds of interest may be unknown at the beginning
f the experiment due to the “fishing expedition” nature of profil-
ng studies. Thus, exact quantitation of all analytes is not feasible
or tissue-targeted metabonomics studies. However, exact quan-
itation is not necessarily the goal of these studies—rather, it is
he relative change from baseline levels. This makes probe cali-
ration by retrodialysis a good option for metabonomics studies.
n retrodialysis, the delivery of a standard compound (antipyrine
s commonly used) through the microdialysis probe to the tissue

as been shown to be equivalent to the recovery of the same
ompound from the tissue to the probe lumen. Thus, the use
f a single marker compound to account for changes in extrac-
ion efficiency of many endogenous small molecules is a simple
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nd efficient way to account for variability in the data set due
o changes in probe recovery. Normalizing the NMR integrals
o the average probe delivery of antipyrine removed much of
he random scatter in the liver dialysate data set as shown in
ig. 3.

.2. Sample preparation effects and stability

.2.1. Speedvacuuming
Dialysate samples are primarily collected into an isotonic

inger’s solution. Although it is possible to effectively suppress
he water resonance in solutions that are predominately (i.e.,
0%) protic water, large regions of the spectrum containing the
nalytes of interest are also suppressed. In addition, the resid-
al water resonance may distort the spectral baseline, affecting
nalyte quantitation. For dilute solutions, the residual water sig-
al may dominate the spectrum, limiting the dynamic range of
he measurement. Therefore, we chose to reduce the water res-
nance by drying the dialysate sample and reconstituting in a
euterated solution. This approach is also advantageous because
he sample could be concentrated, improving sample throughput
y reducing the time required for signal-averaging.

However, it is possible that speedvacuuming could alter
ample composition. The scores plot in Fig. 2 suggests that
peedvacuuming did not significantly alter the sample compo-
ition in either plasma or heart dialysate. Although segregation
as observed between heart and plasma dialysate as expected

with one outlying sample), no segregation between sample
reparation methods was observed within clusters of dialysate
ypes. It should be noted that sample composition is not exactly
he same, as corresponding frozen and speedvacuumed sample
oints do not overlap in the score plot. Thus, speedvacuum-
ng alters dialysate composition slightly, but not in a large
nd systematic manner as would be indicated by clustering
n the scores plot. Univariate analysis and spectral examina-
ion confirm these conclusions. Although it is apparent that
peedvacuuming does alter dialysate composition slightly due
o loss of volatile components (primarily acetate) or possible
egradation of unidentified unstable compounds, the changes
t causes are confined to a small region of the NMR spectrum.
peedvacuuming dialysate samples also improves sample sta-
ility (as discussed below) and spectral quality by improving
ater suppression. Although reconstitution in D2O can cause

oss of resonances from exchangeable protons, in general for
mall organic molecules there is less information lost by this
oute than by suppression of the solvent resonance in 90%

2O.

.2.2. Sample recovery
Biofluid composition is complex, especially plasma, whose

omponents have varying degrees of solubility in aqueous solu-
ion. Additionally, many of the dialysate samples collected for
his project were speedvacuumed to dryness and reconstituted

n half the original volume, potentially exacerbating any solu-
ility issues. Solvent recovery experiments demonstrated that
etectable plasma dialysate components had no solubility prob-
ems in deuterated solution.
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.2.3. Sample storage stability
The storage conditions of the speedvacuumed samples was

mportant in that the need to for long NMR acquisition times
o allow for signal averaging combined with the limitations on
nstrument access limit the number of samples that can be ana-
yzed in a single day, requiring that samples from the same set
e stored and analyzed on different days. Comparative stud-
es between paired samples stored at 4 and −20 ◦C showed
nstability for some components at 4 ◦C, but good stability at

20 ◦C. Thus, speedvacuumed samples were frozen until NMR
nalysis.

.3. Data analysis

.3.1. Data pretreatment
Interpretation of large metabonomics data sets can be cum-

ersome when considered in a univariate manner. Multivariate
tatistical methods such as principal components analysis have
een a tremendous tool for metabonomics researchers in the
valuation of their data. However, the quality of data input for
rincipal components analysis determines the quality of the
esults obtained. One purpose of this study was to evaluate the
ffects of data pretreatment on principal components analysis of
issue-targeted metabonomics data.

Tissue-targeted metabonomics data is distinct from typical
etabonomics data. The disparity between metabolite levels in

n NMR spectrum seems to be exacerbated because most of
he molecules of interest in the NMR spectrum are present at
oncentrations at least 10 times lower than the most abundant
olecule, glucose. However, the patterns in their changes are

s important, if likely not more important, than that of glucose.
hus, all PCA analyses were performed using correlation matri-
es to equalize variable contribution to the statistical analysis
28].

Another consideration for tissue-targeted metabonomics data
retreatment was normalization of the data to correct for vari-
tion from NMR data acquisition and microdialysis probe
erformance. Fig. 3 shows the progression of effects of nor-
alization. It is clear that the variation in the data due to these

wo factors is greater than the variation between liver and heart
ialysate composition. Therefore, the initial PCA was domi-
ated by experimental (not metabolic) variance and underlying
atterns could not be resolved. For the liver dialysate data, the
ore variation corrected for prior to the PCA, the tighter the

lustering. This was not observed with the heart dialysate data,
s more scatter was observed after normalization to probe deliv-
ry. This is likely due to two key differences in heart and liver
icrodialysis probe performance, as shown in Fig. 8. First, due

o spatial constraints in probe implantation in the heart apex, the
embrane length is 8 mm shorter than the liver microdialysis

robe. Thus, the extraction efficiency is approximately 30% less
n the heart than in the liver. Second, the heart is a continuously
oving organ, unlike the liver. This leads to greater variation
n probe extraction efficiency. When this is considered with the
maller overall extraction efficiency of the heart microdialysis
robes, it is likely that probe performance does not effectively
emove variation in the heart dialysate data set. These results are
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Fig. 8. Comparison of microdialysis probe performance for heart and liver tis-
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ues as gauged by in vivo delivery of 7 �M antipyrine. Liver probes (n = 5)
howed an average percent delivery of 41.8 ± 2.3%. Heart probes (n = 4) showed
n average percent delivery of 6.58 ± 3.64%.

onsistent with what would be expected both experimentally and
iologically.

.3.2. Analysis of tissue-targeted metabonomics data:
erspectives and time trends

The complexity of metabonomics data sets is a significant
mpairment to the throughput of the technique. Balancing a
horough investigation of the data with time constraints can
e difficult. Using principal components analysis to identify
he pertinent trends in the data, while efficient, could easily
verlook important metabolic trends, particularly from lower
bundance metabolites, which tend to become overshadowed
n principal components analysis even with unit variance scal-
ng.

This tension between high and low abundance metabolites
s a significant barrier to metabolic profiling experiments in
eneral, both for detection schemes and data analysis. The
nstrumental dynamic range required to effectively character-
ze the complete metabolome is immense. Thus, it should be
onsidered that while the data generated by metabonomics anal-
sis is extensive, it is not comprehensive. Many metabolites
f key significance to the metabolic perturbation being stud-
ed but lower than the detection limits of the instrument may
e excluded. A related problem is the difficulty of detecting
etabolites present in low abundance due to overlap with the
ore intense resonances of the major components, an inherent

onsequence of performing the analysis on the intact mixture
ithout a separation. This problem can be partially allevi-

ted by using a higher field magnet since dispersion increases
inearly with magnetic field. Still, there are practical limits
uch as the instrumentation available to the investigator, and
ven at the highest field available many important low abun-
ance metabolites will be missed due to resonance overlap.

ynamic range is also a problem in metabonomics data anal-
sis. A balance must be established between the dominance
f high abundance metabolites in the multivariate analysis and
he inflation of regions of noise when trying to increase the

e
F
t

d Biomedical Analysis 46 (2008) 737–747

ontribution of low abundance metabolites in the multivariate
nalysis.

This paper examines a three-tiered approach for the analy-
is of a metabonomics data set. Principal components analysis
rovided a good overall description of the trends in the data set.
roupings in the data were identified on the scores plot with prin-

ipal components 1 and 3, while time trends were identified on
he scores plot with principal components 1 and 2. While these
rends were confirmed by examining the data from a univariate
nd spectral perspective, no significant trends were overlooked
y the PCA. Analysis on the univariate and spectral levels, how-
ver, is still important to more fully describe trends identified in
he multivariate analysis. The multivariate analysis can stream-
ine the more time consuming univariate and spectral analysis
teps by focusing attention on the most relevant integral regions,
oth increasing throughput and ensuring an in-depth analysis of
he data set.

Because a time course of microdialysis samples are col-
ected from a single animal, the data generated by tissue-targeted

etabonomics naturally lends itself to analysis of time trends
s opposed to the typical group classification. Time trends can
e observed with principal components analysis and then more
ccurately described using partial least squares regression. PCA
as useful in identifying data sets with strong time trends, but
as unable to identify weaker time trends. The principal com-
onents loadings correctly identified most of the key resonances
esponsible for defining strong time trends, as they corresponded
o the coefficients calculated from PLS regression. However,
ompared with PCA, PLS identified more resonances as signif-
cant. Additionally, PLS regression could identify and describe
oth strong and weak time trends, as illustrated by the samples
rom anesthetized and awake animals.

. Conclusions

Tissue-targeted metabonomics focuses on biomarker discov-
ry for localized metabolic perturbations, as observed through
ime trends in the metabolic profiles. These time trends point
o potential biomarkers for the condition, leading to more
argeted single biomarker diagnostic assays. Perhaps more
mportantly, the improved time resolution with reduced animal-
o-animal variability enables the researcher to observe the
evelopment or recession of a physiological condition, as well
s to identify the key metabolic pathways involved through-
ut the onset or retraction of a metabolic perturbation. These
erturbations may be identifiable well before any changes are
bserved in urine or plasma. Thus, the use of tissue-targeted
etabonomics may lead to tests that enable the detection of site-

pecific diseases or drug toxicity much faster than conventional
ssays.
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