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Ophélie Fliniaux • Gwenaelle Gaillard •

Antoine Lion • Dominique Cailleu •

François Mesnard • Fotini Betsou

Received: 12 July 2011 / Accepted: 15 September 2011 / Published online: 2 October 2011

� Springer Science+Business Media B.V. 2011

Abstract A blood pre-centrifugation delay of 24 h at

room temperature influenced the proton NMR spectro-

scopic profiles of human serum. A blood pre-centrifugation

delay of 24 h at 4�C did not influence the spectroscopic

profile as compared with 4 h delays at either room tem-

perature or 4�C. Five or ten serum freeze–thaw cycles also

influenced the proton NMR spectroscopic profiles. Certain

common in vitro preanalytical variations occurring in bio-

banks may impact the metabolic profile of human serum.
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Abbreviations

SST Serum separation tube

SPREC Standard preanalytical code

TSP 3-(trimethylsilyl) 3,3,3,3-tetradeutero-propionic

acid

CPMG Carr-Purcell-Meiboom-Gill

HSQC Heteronuclear single quantum coherence

Introduction

Human biological fluid or tissue metabolomics can be

successfully used in the identification of clinically relevant

biomarkers by profiling spectral differences between case

and control individuals (Griffin and Shockor 2004). One of

the main methods used in metabolic profiling, which can be

efficiently used with biological fluids and tissues, is proton

NMR spectroscopy (Lindon et al. 2001; Howe and Opstad

2003; Piotto et al. 2008; Fujiwara et al. 2009). Metabolo-

mics, through proton NMR spectroscopy, has been used

efficiently in clinical and toxicological studies (Gartland

et al. 1990; Holmes et al. 1998), clinical chemistry appli-

cations (Kaartinen et al. 1998), pharmacological studies

(Le Moyec et al. 2005) and corresponding metabolomic

data analysis procedures have been described (Lindon et al.

2005). Metabolic profiles (metabotypes) are influenced not

only by disease-related processes, such as metabolic dis-

eases, but also by the genetic background (Gavaghan et al.

2000) and by in vivo preanalytical variations including

food and drug intake, exercise and stress (Walsh et al.

2006).

However, very little is known about the impact of in vitro

preanalytical variations on proton NMR spectroscopy ana-

lytical endpoints (Teahan et al. 2006; Barton et al. 2008). in

vitro preanalytical variations are under the direct control of

biobanks. Biobanks are organized collectors and providers

of biospecimens for research purposes. They collect,

authenticate, preserve and offer independent access to
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biological materials for a variety of technological applica-

tions. An important number of samples are often required to

reach meaningful and reproducible results. Therefore

researchers may need samples from different collections or

from different biobank settings. These samples have almost

always undergone different preanalytical treatments. Most

biobanks store samples to support different research pur-

poses and do not apply specific processing methods cur-

rently used by metabolomics laboratories, such as

deproteination by ultrafiltration or acetonitrile. In this

respect, it is important for biobanks to have knowledge on

the suitability of a sample for specific downstream appli-

cations, in this case metabolomics. It is also important for

researchers to know if they can safely use samples with

different preanalytical treatments without introducing a bias

linked to systematic differences in sample collection and

processing. The most commonly encountered and more

important pre-analytical variations can be captured through

a Standard PREanalytical Code (SPREC) which has

recently been described (Betsou 2010). We examined the

impact of common in vitro preanalytical variations, namely

pre-centrifugation conditions and freeze–thaw cycles, on

serum metabolic profiles using proton NMR spectroscopy.

Experimental

Biological samples

Blood from 7 healthy donors (3 male and 4 female; median

age 30 [24–52]) was collected in SST tubes. All donors

signed an informed consent release form and the study was

approved by the ethics committee and the French Biomedi-

cine Agency (protocol no PFS09-010). Six SST tubes were

collected from each donor. Of these tubes, three stood at

room temperature for 4 h (more blood was collected under

these conditions because they were considered as the refer-

ence), one stood at room temperature for 24 h, one was stored

at 4�C for 4 h and one at 4�C for 24 h. All storage conditions

were executed before centrifugation. Centrifugation was

performed at 20009g at room temperature for 10 min.

Immediately after centrifugation, serum was aliquoted in

0.2 ml aliquots and stored at -80�C in polypropylene cryo-

tubes. The SPREC for the four different conditions were

SER-SST-C-B-N-B-A, SER-SST-I-B-N-B-A, SER-SST-D-

B-N-B-A and SER-SST-J-B-N-B-A respectively (Betsou

2010). Aliquots were prepared from the SER-SST-D-B-N-B-

A, SER-SST-I-B-N-B-A and SER-SST-J-B-N-B-A samples.

From the pooled and homogenized SER-SST-C-B-N-B-A

sample, some aliquots were submitted to four freeze–thaw

cycles and others were submitted to nine freeze–thaw cycles.

Thawing took place at room temperature for 30 min and the

samples were re-frozen at -80�C (Sukumaran et al. 2009).

All samples were thawed at the moment of analysis. The

same pooled and homogenized sample was used for the pre-

centrifugation delay analysis. The experimental plan is shown

in Table 1.

Processing of serum samples for proton NMR

One 0.2 ml aliquot of serum was thawed at ambient tem-

perature, diluted in 0.3 ml of D2O and homogenized by

vortexing for 3 min. The pH was adjusted to 7 with a 0.1 N

DCl solution in order to reduce shifts and to correspond to

the pH used in the database. All final volumes were adjusted

with D2O. After homogenization and centrifugation at

201609g for 5 min, the supernatant was transferred to NMR

509-UP Norell tubes (equivalent to 535-PP Wilmad tubes)

purchased from Eurisotop (91194 Saint Aubin cedex,

France). A capillary containing 1 mg/ml 3-(trimethylsilyl)

3,3,3,3-tetradeutero-propionic acid (TSP) in D2O, as an

internal reference, was introduced in the NMR 509-UP tube.

TSP was used in a capillary in order to avoid TSP interfer-

ence with albumin (Kriat et al. 1992; Goldsmith et al. 2009).

Spectroscopic analysis

NMR spectra were acquired at 300 K on a Bruker

AVANCE III 600 spectrometer (Magnet system 14.09 T

Table 1 Experimental plan

No of SST tubes 3 1 1 1

(3 serum samples pooled after centrifugation)

Pre-centrifugation delay 4 h 4 h 24 h 24 h

Pre-centrifugation

temperature

RT 4�C RT 4�C

SPREC SER-SST-C-B-

N-B-A

SER-SST-C-B-

N-B-A

SER-SST-C-B-

N-B-A

SER-SST-D-B-

N-B-A

SER-SST-I-B-

N-B-A

SER-SST-J-B-

N-B-A

Total no of freeze–thaw

cycles

1 5 10 1 1 1
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600 MHz/54 mm) equipped with a TXI 5 mm z-gradient

probe. The TOPSPIN (Bruker) software was used. Shim

control was performed automatically by gradient shimming

and final lineshape optimization (Topshim 1D procedure).

Samples were first analyzed with a classical proton

sequence (90� proton pulse was calibrated to 7.36 ls at

-1 dB (18.34 W) then with a Carr-Purcell-Meiboom-Gill

(CPMG) T2-filter sequence with an attenuation of the high

molecular weight/lipid molecule effects on the spectra. For

each sample, a one-dimensional proton spectrum using the

CPMG pulse sequence was acquired from 128 scans con-

taining 64 k data points, a spectral width of 6,009 Hz and

relaxation delay, D1, of 2 s. The inter-pulse delay between

the 180� pulses of the CPMG pulse train was synchronized

with the sample rotation and set to 1,400 ls. The number

of loops was set to 200 so the CPMG pulse train had a total

length of 283 ms. The FID was multiplied by an expo-

nential weighing function corresponding to 0.3 Hz prior to

Fourier transform. The non-zero filled obtained spectra

were manually phased and baseline-corrected, calibrated to

TSP at 0.00 ppm, all using XWIN NMR (version 3.3,

Bruker) and finally bucketed. Bucketed spectra were sep-

arated into peaks and each peak area was calculated; each

peak area corresponded to specific chemical displacements.

Furthermore, two-dimensional J-resolved NMR spectra

were acquired with a 1.0 s relaxation delay using 32 scans

per 128 increments that were collected into 16 K data

points using spectral widths of 10,000 Hz in F2 and 78 Hz

in F1. Spectra were recorded at 300 K. J-resolved spectra

were tilted by 45� and symmetrized about F1. Coherence

order selective gradient heteronuclear single quantum

coherence (HSQC) spectra were recorded for a data matrix

of 256 9 16,384 points covering 30,185 9 8,013 Hz with

92 scans for each increment. INEPT transfer delays were

optimized for a heteronuclear coupling of 145 Hz and a

relaxation delay of 1.5 s was applied. Data was linearly

predicted in F1 to 512 9 16,384 using 32 coefficients and

then zero-filled to 2,048 9 16,384 points prior to echo-anti

echo type 2D Fourier transformation. A sine bell shaped

window function, shifted by p/2 in both dimensions, was

then applied.

NMR methods show a high reproducibility through

compound reference lineshape systematic control while

operator variability has been shown to be negligible

compared with the intrinsic variability (Sukumaran et al.

2009).

Data analysis

The 1H-NMR spectra were automatically reduced to ASCII

files using MestReNova (v. 5.2.5, Mestrelab Research,

Santiago de Compostela, Spain). Spectral intensities were

scaled to TSP and reduced to integrated regions or

‘‘buckets’’ of equal width (0.04 ppm) corresponding to the

region of d 9.6 to d 0.0. The region from d 4.85 ppm to d
4.75 ppm was removed from the analysis due to the

residual signal of water. Proton signals corresponding to

TSP-d4 (at d 0.00 ppm) were also removed. The generated

ASCII file was imported into Microsoft Excel (Microsoft)

for the addition of labels. Principal component analysis

(PCA) and partial least squares discriminant analysis (PLS-

DA) were performed with the SIMCA-P software (v. 11.0,

Umetrics, Umea, Sweden) (Tenenhaus et al. 1995). The

scaling method for PCA and for PLS-DA was Pareto. The

PLS-DA model was validated using the permutation

method through 20 applications. Each signal identified by

PLS-DA as discriminant was integrated using MestReNo-

va. The resulting area was used to test the significance of

the different metabolites selected by a Mann–Whitney test

using the Excel software. Identification of the different

metabolites was obtained via data comparison with NMR

spectra of pure reference compounds and with standard

metabolite chemical shift tables of the HMDB database

(Wishart et al. 2009).

Results and discussion

A representative spectrum of human serum obtained by 1H

NMR analysis is shown in Fig. 1. Several metabolites were

identified (Table 2; Fig. 1). Although certain metabolites

could not be identified due to the superposition of spectral

peaks, most of the metabolite assignments were in agree-

ment with previously published profiles (He et al. 2011,

Psychogios et al. 2011). PCA is a non-targeted analysis

and does not require identification of signals; it only

Fig. 1 Representative one dimensional NMR 1H spectrum obtained

from a serum sample, with a CPMG presat
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requires processed numerical data from spectra intensity

and identifies the directions of maximum variability. We

selected 3 PCs for the NMR spectra which explained

75.7% of the total variance; however the comprehensive

profiles indicated that samples could not be differentiated

by PCA; samples of the four different preanalytical treat-

ments, SER-SST-C-B-N-B-A, SER-SST-D-B-N-B-A,

SER-SST-I-B-N-B-A and SER-SST-J-B-N-B-A were

similarly distributed. As can be seen in Fig. 2a, there was

more assembly between samples from the same donor than

between samples of the same preanalytical conditions. For

instance, donor 1 is clearly separated from the other donors

along the x-axis and the separations are even more dis-

tinguishable in the PLS-DA score plot (See supplementary

data). Preanalytical variability was negligible compared

with inter-individual variability. In this case, a supervised

multivariate data analysis using covariance is required to

try to associate a group of metabolites to specific preana-

lytical conditions. Partial least square discriminant analysis

(PLS-DA) corresponds to such a supervised method. In

contrast to PCA, which only uses information from the

metabolomic matrix, PLS-DA also takes into account

information from the matrix of the preanalytical condition

types. PLS-DA showed a significant grouping of samples

of the SER-SST-I-B-N-B-A preanalytical type. These

samples corresponded to serum having stood at room

temperature for 24 h Fig. 2b. The permutation test through

20 applications for this group and the other groups vali-

dated the PLS-DA model (Fig. 2c). Indeed, all Q2 values

of permuted Y vectors were lower than the original ones

and the regression of Q2 lines intersected the y-axis at

below zero, indicating that the model was valid (Eriksson

et al. 2001). A Mann–Whitney test was used to test the

significance of the metabolites at the origin of the differ-

ential groupings. The corresponding discriminating

metabolites were identified as lactate and glucose, and are

visible in detail on the NMR spectra (Fig. 4a). The ratio of

their corresponding areas showed an increase in lactate and

a decrease in glucose when increasing the temperature and

the pre-centrifugation delay. More specifically, the lactate

content increased up to 2.67-fold and the glucose content

decreased up to 1.67-fold between SER-SST-D-B-N-B-A

and SER-SST-I-B-N-B-A (Table 3a).

Samples from the same donor and of the same SPREC

(SER-SST-C-B-N-B-A), having undergone 1, 5 or 10

freeze–thaw cycles, were then compared. We selected 3

PCs for the NMR spectra which explained 79.1% of the

total variance but PCA analysis did not show any signifi-

cant assemblage of samples (Fig. 3a). However, PLS-DA

showed a significant grouping of samples which had

undergone 5 or 10 freeze–thaw cycles in comparison with

only one freeze–thaw cycle (Fig. 3b). A permutation test

also validated this model (Fig. 3c). The quantitative

Table 2 Assignments of human serum metabolites (chemical shifts

were referenced to the TSP at d 0.00 ppm)

Metabolite Chemical shift (ppm) Multiplicity J (Hz)

Lipid –CH3 0.80–0.91 b

HDL 0.84 t 6.2

VLDL 0.88 t 7.3

Isoleucine 0.93 t 7.6

1.00 d 6.9

3.67 d 4.0

Valine 0.99 d 6.9

1.04 d 6.9

3.61 d 4.4

Lipid –CH2 1.16–1.37 b

Ethanol 1.18 t 7.1

3.66 q 7.1

Lactate 1.32 d 6.8

4.11 q 6.9

Alanine 1.47 d 7.3

3.78 q 7.2

Lipid –CH2CH2CO 1.53–1.62 b

Lipid –CH2=CH 2.02–2.05 b

Glutamate/

Glutamine

2.13 m

Lipid –CH2–CO 2.20–2.25 b

Acetone 2.22 s

Glutamine 2.45 m

Lipid = C–CH2–C= 2.65–2.85 b

Creatine/creatinine 3.03/3.04 s

Choline 3.20 s

Glucose 3.24 dd 9.3, 8.3

3.53 dd 9.9, 3.9

b-Glucose 4.64 d 8.4

a-Glucose 5.23 d 3.89

Arginine 3.25 t 6.7

3.77 t 6.2

Betaine 3.26 s

3.93 s

Glycerol 3.55 dd

3.65 dd

3.77 m

Glycine 3.55 s

Threonine 3.58 d 4.9

Lipid =CH 5.24–5.34 b

Tyrosine 6.89 m

7.19 m

Methylhistidine 7.05 s

7.77 s

Phenylalanine 7.33 d 7.0

7.38 m

7.41 m

Formic acid 8.45 s
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analysis of the discriminating metabolites showed that

decreases in choline, glycerol, methanol, ethanol, probably

proline and in an unidentified peak at 1.91 ppm were at the

origin of this differential grouping after 5 or 10 freeze–

thaw cycles (Table 3b; Fig. 4b). As methanol and ethanol

are volatile, multiple freeze–thaw cycles could explain

their decrease through evaporation. Therefore, the common

preanalytical variations linked to different pre-centrifuga-

tion conditions and/or the different numbers of freeze–thaw

cycles had a visible impact on the metabolic profiles of

serum samples. Targeted studies have shown no influence

of such preanalytical variations on specific micromolecules

Fig. 2 Score plot of principal component analysis, displaying data in

the transformed coordinate space (a) and Partial Least Square analysis

(b) based on the pre-centrifugation delay and temperature conditions.

a (blue), 4 h RT; b (light blue), 4 h 4�C; c (red), 24 h RT; d (dark
blue), 24 h 4�C. S1 to S7 represent samples from donors 1–7. Plots of

permutation validation (c) of PLS-DA based on 1H-NMR spectra for

the 24 h RT group (red) and the other groups (blue).The validation of

the PLS-DA model by permutation tests through 20 applications

resulted in a variance R2 of the model of 0.99 and a predictive ability

Q2 of the model of 0.77
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such as cholesterol and micronutrients (Comstock et al.

2001). However, a global metabolomic approach revealed

preanalytical profiles. Previous biospecimen research,

examining the effect of the pre-centrifugation time and

temperature and of freeze–thaw cycles on the metabolic

profiles of serum, showed some slight alterations in the

NMR profiles associated with longer pre-centrifugation

delays. These alterations were mainly due to an increase in

lactate. The pre-centrifugation delays studied by

Teahan et al. (2006) were 0.5 versus 3 h. We studied longer

delays, which are practiced more often in biobanks, and,

especially in large scale epidemiological biobanks. The use

of sodium fluoride or other glucose preservatives is not

common practice in these biobanks. Therefore, our data

confirm the increase in lactate, presumably due to contin-

ued anaerobic cell metabolism, and show that this increase

continues at pre-centrifugation delays between 4 and 24 h.

However, lactate does not increase if blood is stored at 4�C.

This is compatible with the continued anaerobic metabo-

lism hypothesis. Prolonged storage of blood at room tem-

perature could also be seen by a decrease in the glucose

zone. Lactate production and glucose consumption may be

due to prolonged contact with erythrocytes which do not

have mitochondria and can only produce energy by gly-

colytic fermentation of glucose to lactate. Alterations in

low molecular weight metabolites were found to be asso-

ciated with the repeated freeze–thaw of the serum. Some of

the metabolites shown to decrease after repeated freeze–

thaw, namely glycerol and choline, have been shown pre-

viously to be susceptible to post-centrifugation delays

(Teahan et al. 2006). Metabolic profiles of human serum

have been shown to be robust to post-centrifugation

delays of up to 36 h (Barton et al. 2008). Metabolic

profiles of rat plasma have also been shown to be robust

to 9 month long storage at -80�C, although, increases in

glycerol and choline were observed after storage of cen-

trifuged plasma at room temperature or 4�C (Deprez et al.

2002). Finally, our results confirm results recently

published by Bernini et al. (2011) showing glucose

decrease and lactate increase with pre-centrifugation

delays. Metabolites such as choline and proline which

were shown to be sensitive to pre-centrifugation delays

(Bernini et al. 2011), were also found to be sensitive to

freeze–thaw cycles in the present study.

In conclusion, inter-individual variations play a major

role in NMR spectroscopy profiles while specific preana-

lytical variations influence specific metabolites. Although

more studies, including mass spectrometry, may be con-

ducted to confirm these findings in biological fluids of

other types and in solid tissues, these data suggest that

serum is sensitive to certain preanalytical variations for

proton NMR spectroscopic downstream applications.

Standard Operating Procedures for preanalytical handling

of blood for metabolomics studies have recently been

proposed (Bernini et al. 2011). Systematic recording of the

blood sample collection and preparation SOP details,

Table 3 Metabolites at the origin of the different groupings in case of different pre-centrifugation delay and temperature conditions (A) and of

different number of freeze–thaw cycles (B), including quantitative analysis and P value of the Mann–Whitney test

Metabolite Ratio P value

c/a c/b c/d a, c b, c d, c

A

Lactate 1.99 2.67 1.88 0.0017 0.0017 0.0017

Glucose 0.72 0.60 0.71 0.1417 0.0350 0.0845

Metabolite Ratio P value

1 day/5 day 1 day/10 day 1 day, 5 day 1 day, 10 day

B

Choline 2.75 2.88 0.0017 0.0017

Glycerol 2.44 2.51 0.0027 0.0088

Methanol 3.04 3.46 0.0027 0.0017

Ethanol 2.04 1.86 0.0253 0.0350

Unidentified peak (d 1.91 ppm) 1.51 1.48 0.0127 0.0350

Proline 2.54 2.76 0.0017 0.0017

a: 4 h RT, b: 4 h 4�C, c: 24 h RT, d: 24 h 4�C, 1 day: 1 freeze–thaw cycle, 5 day: 5 freeze–thaw cycles, 10 day: 10 freeze–thaw cycles
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according to a coding like SPREC (Betsou 2010) is rec-

ommended. This is in accordance with the previously

published minimum requirements for designing and

reporting metabolic studies (Lindon et al. 2005) in order to

allow preanalytical factors to be included in subsequent

multivariate analyses.

Fig. 3 Score plot of principal component analysis, displaying data in

the transformed coordinate space (a) and partial least square analysis

(b) based on the number of freeze–thaw cycles. 1 day (blue), baseline

1 freeze–thaw cycle; 5 day (green), 5 freeze–thaw cycles; 10 day

(dark green), 10 freeze–thaw cycles. S1 to S7 represent samples from

donors 1–7. Plots of permutation validation (c) of PLS-DA based on
1H-NMR spectra for the 1 freeze–thaw cycle group (blue) and the

other groups (green). The validation of the PLS-DA model by

permutation tests through 20 applications resulted in a variance R2 of

the model of 0.82 and a predictive ability Q2 of the model of 0.51
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Fig. 4 NMR spectra enlargements of the zones corresponding to the

discriminating metabolites’ peaks for different pre-centrifugation

delay and temperature conditions (a blue: 4 h RT; light blue: 4 h 4�C;

red: 24 h RT; dark blue: 24 h 4�C) and different number of freeze–

thaw cycles (b blue: 1 freeze–thaw cycle; green: 5 freeze–thaw

cycles; dark green: 10 freeze–thaw cycles)
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