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Faecal metabonomic NMR analysis plays an essential role in investigating the interactions between

mammalian metabolism and symbiotic gut microbiota. However, the faecal metabolite extraction

method remains to be optimised and standardised to take into consideration signal-to-noise ratios, pH

and chemical shift consistency. In the current investigation, we compared extraction consistency of

three homogenisation methods including manual ultrasonication, automatic homogenization with

tissuelyser and their combination, and systematically optimised faecal metabolite extraction

parameters, including the faeces-to-buffer ratio (Wf : Vb), extraction repetition times and duration.

We found that automatic homogenisation with tissuelyser was the choice of extraction method owning

to its good metabolite extraction consistency and high throughput. We also recommend Wf : Vb of

1 : 10 (mg ml�1) and use of the combined first two extracts as the resultant samples to represent faecal

metabolite composition. Such recommendation is based on considerations of maximisation of the

spectral signal-to-noise ratio, pH and chemical shift consistency, completeness of metabolite extraction

and sample preparation throughput so that the method is suitable for analysing a large number of

samples especially in human population studies.
Introduction

Mammals harbour trillions of symbiotic gut microbes with

essential functions and hence have been regarded as ‘‘superor-

ganism’’.1 The symbiotic gut microbiota (microbiome) interacts

with mammalian metabolism to contribute to the hosts’ biology2–4

and play important roles in mammalian pathology5 and efficacy

of xenobiotic (e.g. drugs) interventions.6 For example, these

interactions are implicated in the effects of phytomedicines,7

hepatotoxins8,9 and parasitic infections10–13 as well as in the

development of glucose intolerance and insulin resistance.14 The

host-microbe co-metabolism appeared to be one of the major

aspects of such interactions in modulating and regulating the

host physiology.15 The well-known enterohepatic recirculation is

by far the most efficient route of host-microbiome co-metabolism

of bile acids and drugs.

The microbiome and mammalian metabolism interactions can

be investigated with microecological techniques,16 which directly

analyses the composition of microbiotal species. The interactions

can also be investigated indirectly using the metabolic profiling

of the host urine samples since a number of urinary metabolites

are from host-microbe co-metabolisms.15 For example, phenyl-

acetylglycine in urine is formed in the mammalian liver through

glycine conjugation of phenylacetic acid which is formed from
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intestinal bacterial conversion of phenylalanine.17 Another way

of investigating such interactions is to analyse the metabolite

compositions of faeces as documented in a number of published

reports.18–22 For example, the faecal metabolite composition of

patients with Crohn’s disease having dysfunctions of gut

microbiota showed significant changes in methylamine, trime-

thylamine and short chain fatty acids (SCFAs),19 which were

produced by the gut microbiota via the fermentation of complex

carbohydrates.

The efficient extraction method is a prerequisite for effective

and robust faecal metabonomic analysis. Thus far, such methods

for extracting faecal metabolites have not been optimised

although several studies have been reported on the metabolic

profiling of faecal extracts.18,22 The ideal extraction methods

ought to be of high consistency for good reproducibility, high

extraction consistency to represent the metabolite composition of

faecal materials and high throughput to enable multiple sample

analysis, such as in the case of human population studies. When

the NMR-based metabonomics approaches are employed for

metabolite composition analysis, the demands for extraction

method will also include optimal concentrations and consistent

pH values for the resultant extracts so as to maximise signal-to-

noise ratio (SNR) and minimise the inter-sample chemical shift

variations.

In the previous work, several extraction methods have been

employed including direct sample filtration,19 ultrasonic

homogenisation,22 freeze-thaw and combinations of different

extraction solvents.18 However, the faeces weight-to-solvent ratio

(mg ml�1) was not optimised; hence the inter-sample pH unifor-

mity, chemical-shift consistency and optimal SNR in the resul-

tant NMR spectra were not comprehensively taken into

consideration. The previous works employed the faeces
Analyst, 2010, 135, 1023–1030 | 1023
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weight-to-solvent ratios varying from 1 : 2018 to 1 : 220,21 without

offering reasons and such ratio is even higher when a direct

filtration method was used.23 Additionally, buffers are normally

employed as extraction solvent for the purpose of maintaining

pH consistency of the resultant extracts. It is conceivable in such

cases that if the faeces weight-to-solvent ratio is too small, the

inter-sample pH and chemical shift consistency can be easily

maintained but with the sacrifice of the SNR. On the other hand,

when the faeces weight-to-solvent ratio is too high, saturation

effects can possibly cause incomplete extraction of certain

metabolites, large inter-sample pH variations and thus chemical

shift inconsistency. Furthermore, several extraction solvents

were employed in previous work, including phosphate buffer,22,24

methanol, alkalized (with NaOH) and acidified (with formic

acid) solutions.18 Strong basic and acidic solutions may cause the

degradation of some metabolites (e.g. through hydrolysis) and

difficulties in maintaining the final pH, especially when the high

throughput metabonomic measurements are considered. The

problem associated with methanol extraction is that some of the

important volatile metabolites, such as endogenous methanol

and SCFAs including acetic acid, propionic acid and butyric acid

could be lost during removal of methanol. Extracts from a single

extraction were often employed in those studies without testing

whether such extraction was efficient or not.

Moreover, bacterial metabolites are important parts of faecal

metabolite composition, hence consistent and complete bacterial

cell lysis is essential. A well-known efficient cell lysis method

widely used in molecular biology studies, ball-milling lysis with

a tissue-lyser, has not been tested for faecal metabolite extrac-

tion. Such a lysis method ought to be well suited for high

throughput analysis since such tissuelysers are readily available

with minimal costs and combined cell lysis mechanisms including

agitation, grinding and homogenisation.25,26 Lyophilisation has

also been frequently employed to remove successive volumes of

solvent in previous faecal metabonomic analysis. However, such

procedures ought to be employed with extra care since lyophili-

sation will inevitably cause concentration changes for volatile but

important faecal metabolites such as SCFAs.22

In this work, we compared the extraction consistency of three

different homogenisation methods for metabonomic studies using

mouse faeces samples and systematically optimised the extraction

parameters including the faeces weight to buffer volume ratios

(Wf : Vb), repetition times and homogenisation durations with

consideration of inter-sample pH and chemical shift consistency,

spectral SNR and extraction throughputs. The aim of this work is

to establish an effective and optimised sample preparation

method for the NMR-based faecal metabonomics studies.
Experimental

Chemicals

Double distilled water was used for preparation of all solutions.

Phosphate buffer solution (0.1 M, K2HPO4/NaH2PO4, pH 7.37)

was prepared as faecal extraction solvent which contained 10%

D2O (99.9% D) to provide a field lock for the NMR spectrom-

eter, 0.01% NaN3 (w/v) as preservatives and 0.5 mM sodium

3-trimethylsilyl (2,2,3,3-2H4) propionate (TSP) as chemical shift

reference.
1024 | Analyst, 2010, 135, 1023–1030
Faecal sample collection and preparation

Six female healthy BALB/C mice (7 weeks old) were purchased,

as part of another investigation (Permission No. SYXK (E)

2008-0013), from the Animal Experimental Centre of Wuhan

University, China, and allowed to have free access of normal

chow and water with regulated light/dark cycle (12 h each).

Following 4 weeks assimilation, faeces samples were collected

from individual animals between 09 : 00 and 11 : 00 on the same

day. All stool samples were taken immediately after being voided

and quenched in liquid nitrogen followed by storage at �80 �C

until required for further extraction.

pH measurements

pH measurements for faecal extracts were performed at room

temperature (25 � 1 �C) using a Mettler Toledo pH meter (Delta

320) equipped with a Mettler Toledo combination glass elec-

trode, which was calibrated using commercial standard buffers

(pH 4.01 and 7.00).

Optimisation of faecal extraction methods

To optimise the faeces-to-buffer ratio (FBR, Wf : Vb, mg ml�1),

faecal extraction was performed on ice, individually, by adding

700 ml phosphate buffer (0.1 M, pH 7.37) to 21 mg, 35 mg, 70 mg,

and 100 mg thawed stool samples as illustrated in Fig. 1a. The

resultant samples therefore have four different FBRs, namely,

1 : 33, 1 : 20, 1 : 10 and 1 : 7 (mg ml�1). After vortex mixing for

about 30 s, the mixed slurry was subjected to freeze-thaw treat-

ments (3 times) and followed with ultrasonication cycles for 5 or

10 times in order to optimise the extracting durations. Ultra-

sonication was conducted in an ice bath in the form of ultra-

sonication (20 s)–vortex (10 s)–waiting (30 s). After 10 mins

centrifugation (16 000� g at 4 �C), 600 ml of the supernatant was

withdrawn followed with pH and 1H NMR measurements. The

remaining residues of each sample were further subjected to the

above mentioned procedure twice. For the convenience of

discussion, the resultant first, second and third extracts were

designated as F1, F2 and F3 respectively. The pH values and

NMR spectra were also measured for the combined extracts

from the first two (F1 and F2) and first three extracts (F1, F2

and F3) with equal volumes, which were designated as F12 and

F123 respectively.

We further compared the effects of different homogenisation

methods on the pH and NMR profiles of the extracts. In such

cases, a Wf : Vb ratio of 1 : 20 (mg ml�1) was used with the

procedures described in Fig. 1b. In brief, following the addition

of phosphate buffer to the faeces sample and 30 s of vortexing,

the mixtures were subjected to freeze-thaw treatments for 3

times. Then the samples were homogenised with 3 different

methods, including manual ultrasonication (Fig. 1a), 90 s

homogenisation with a tissuelyser (QIAGEN, Hilden, Germany)

at 20 Hz, and the combination of both. In the latter case, samples

were treated with 90 s homogenisation with a tissuelyser at 20 Hz

followed with 20 s ultrasonication. Supernatants were designated

as FU
1, FT

1 and FUT
1, respectively and pH values and NMR

profiles were recorded. The remaining residuals were further

extracted once in the exactly same manner to obtain samples FU
2,

FT
2 and FUT

2. The equal volume of the first and second extracts
This journal is ª The Royal Society of Chemistry 2010
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Fig. 1 Procedures for faecal metabolite extractions. (a) The flow chart shows procedures for optimising the faeces-to-solvent ratio (Wf : Vb, mg ml�1)

and ultrasonication periods. (b) The flow chart shows procedures for optimising homogenisation methods (manual ultrasonication, automatic tis-

suelyser and the combination of both). *1 cycle denotes ultrasonication for 20 s, vortex for 10 s and break for 30 s.
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from the same samples were combined (i.e., FU
1 + FU

2, FT
1 + FT

2

and FUT
1 + FUT

2) to give FU
12, FT

12 and FUT
12 respectively, which

were also subjected to pH and NMR measurements.
1H NMR spectroscopy

All the extracts (600 ml) were individually transferred into 5 mm

NMR tubes for NMR spectroscopic analysis. 1H NMR spectra

were recorded at 298 K on a Bruker AVII 500 MHz NMR

spectrometer (Bruker Biospin, Germany), operating at

500.13 MHz for proton frequency, using a broad band inverse

(BBI) probe with z-gradient. One-dimensional NMR spectra

were acquired using the first increment of NOESY pulse

sequence (recycle delay-G1-90�-t1-90�-G2-tm-90�-acquisition)

with water presaturation during both the recycle delay (2s) and

mixing time (tm, 100 ms). For each sample, the 90� pulse length

was adjusted to about 10 ms and 32 scans were collected into 32k

data points with a spectral width of 20 ppm.

For resonance assignment purposes, standard 2D NMR

spectra were also acquired on a Bruker AVIII 600 MHz NMR

spectrometer (Bruker Biospin, Germany) equipped with an

inverse cryogenic probe for selected samples, including 1H-1H

correlation spectroscopy (COSY) and total correlation

(TOCSY), 1H-13C heteronuclear single quantum coherence

spectroscopy (HSQC) and 1H-13C heteronuclear multiple bond

correlation (HMBC). For COSY and TOCSY experiments, 80

transients for each of 128 increments were acquired into 2k data

points with spectral width of 10.5 ppm for both dimensions. For

TOCSY experiments, MLEV17 was employed as the spin-lock

scheme with the mixing time of 100 ms and TPPI as the phase

increment scheme. For HSQC, typically 2k data points with 240

scans per increment and 120 increments were acquired with the

spectral widths of 10.0 ppm and 150 ppm for 1H and 13C

respectively. The HMBC experiment was conducted in the phase

insensitive mode with the gradient selected pulse sequence and

the long-range coupling constant of 6 Hz. A total of 400 tran-

sients were acquired into 4k data points for each of 80 increments
This journal is ª The Royal Society of Chemistry 2010
with the spectral widths of 10.5 ppm and 220 ppm for 1H and 13C

respectively. These data were zero-filled into a 4 � 2k data

matrix and applied with appropriate apodization functions prior

to Fourier transformation (FT) with complex forward linear

predictions.
Metabolite concentration ratios

The metabolite concentration ratios (MCRs) were calculated

from the signal integrals of glucose (d 5.265–5.225), acetate

(d 1.949–1.897), butyrate (d 0.869–0.919) and succinate (d 2.399–

2.415). In such cases, the number of protons giving such signals

was taken into consideration with an assumption that T1 values

of these protons were not drastically different in different

samples.
Data reduction and multivariate data analysis

All free induction decays (FIDs) from 1D 1H NMR were

multiplied with an exponential function with a line-broadening

factor of 1 Hz prior to FT. 1H NMR spectra obtained were

corrected manually for phase and baseline distortion and cali-

brated to TSP at d 0.0 using TOPSPIN (V2.0, Bruker Biospin).

The spectral region d 0.5–9 was segmented into buckets with the

equal width of 0.002 ppm (1 Hz) using the AMIX package

(V3.8.3, Bruker Biospin, Germany). The region d 5.15–4.4 was

discarded to eliminate the effects of imperfect water suppression.

Each bucket was normalised to the total integral of the spectrum

prior to multivariate data analysis using the SIMCA-P+ package

(V.11, Umetrics AB, Sweden). Principal component analysis

(PCA) was performed using mean-centered data to detect the

general trends and outliers. Projection to latent structure

discriminant analysis (PLS-DA) was applied with two compo-

nents calculated and 5-fold cross-validation. The quality of

models was evaluated with the R2X and Q2 values, reflecting the

explained variables and the model predictability, and further

assessed with rigorous permutation tests (n ¼ 200).27,28
Analyst, 2010, 135, 1023–1030 | 1025
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Results and discussion

1H NMR spectroscopy of faecal extracts

Fig. 2 shows the 1H NMR spectra of faecal extracts (F1, F2

and F3) obtained from a female BALB/C mouse. Resonances

were assigned to specific metabolites based on literature

data3,22,29 and public databases30,31 with further confirmation by

2D NMR spectra. The mouse faecal extracts are dominated by

about 40 metabolites (Fig. 2) including 4 SCFAs (formate,

acetate, propionate and butyrate), 4 monosaccharides (glucose,

arabinose, galactose and xylose), 18 amino acids such as glycine,

alanine and histidine, tricarboxylic acid (TCA) cycle intermedi-

ates such as fumarate and succinate, bile acids, pyrimidine and

purine metabolites such as uracil, adenine and hypoxanthine.

Among them, Most of the metabolites have been reported in

previous work.3,22 Monosaccharides (except for glucose) were

reported for the first time with NMR in faecal extracts although

they were detected with HPLC previously.32 Monosaccharides

are listed in Table 1 and likely originated from non-digestive

fibers. SCFAs are products of the gut microbiota fermentation of

fibrous residues whereas amino acids, glucose, TCA cycle
Fig. 2 500 MHz 1H NMR spectra of faecal extracts obtained from a BALB/C

The spectra in the region (d 5.1–8.5) were vertically expanded 4 times compare

(c) the third extracts. Key: 1, n-butyrate; 2, leucine; 3, isoleucine; 4, valine; 5, pr

12, methionine; 13, propionate; 14, glutamine; 15, glutamate; 16, succinate; 17

uracil; 22, fumarate; 23, tyrosine; 24, phenylalanine; 25, tryptophan; 26, hypo

valerate; 31, a-keto-isovalerate; 32, urocanate; 33a, a-xylose; 33b, b-xylose; 3

histidine.

Table 1 NMR data for monosaccharides in the faecal extracts

Metabolites (Key) Proton group d

a-glucose (20a) 1-CH; 2-CH; 6-CH; 6-CH0 5
b-glucose (20b) 1-CH; 2-CH; 6-CH; 6-CH0 4
a-xylose (33a) 1-CH; 2-CH; 3-CH 5
b-xylose (33b) 1-CH; 2-CH; 3-CH 4
a-galactose (34a) 1-CH; 2-CH; 3-CH 5
b-galactose (34a) 1-CH; 2-CH; 3-CH 4
a-arabinose (35a) 1-CH; 2-CH 5
b-arabinose (35a) 1-CH; 2-CH; 3-CH 4

a d, doublet; t, triplet; m, multiplets; dd, doublet of doublet. b the numbers
obtained from HSQC spectra.

1026 | Analyst, 2010, 135, 1023–1030
intermediates, pyrimidine and purine metabolites are likely from

the endogenous metabolism of gut microbiota. Approximately

90% of bile acids are re-absorbed via enterohepatic circulation

and the presence of a small amount of bile acids in faecal extracts

are from the remaining non-absorbed residues. Therefore, the

metabolite composition of faecal extracts contains metabolic

information from host, diet, symbiotic gut microbiota and their

symbiotic interactions.

Visual inspection of the NMR spectra showed that the overall

spectral signal intensities of the third extracts (F3) were

substantially lower than the first one (F1). However, the second

extract still contained intense signals from a number of metab-

olites especially from SCFAs, amino acids, pyrimidine and

purine metabolites. This observation indicates that a single

extraction may not completely obtain all metabolites from

a faecal sample and the combined first and second extracts is

probably a better choice of sample to represent the metabolite

composition of faeces for the purpose of metabolic profiling. In

this way, faecal extracts contain all metabolites presented in

a faecal sample but with limited dilution, hence maintaining

reasonable SNR in NMR measurements.
mouse using the ratio of 1 : 10 (Wf : Vb, mg ml�1) and 10 ultrasonic cycles.

d with the region (d 0.6–4.4). (a) the first extracts. (b) the second extracts.

oline; 6, lactate; 7, threonine; 8, alanine; 9, lysine; 10, arginine; 11, acetate;

, aspartate; 18, asparagine; 19, glycine; 20a, a-glucose; 20b, b-glucose; 21,

xanthine; 27, formate; 28, adenine; 29, bile acids; 30, a-keto-b-methyl-N-

4a, a-galactose; 34b, b-galactose; 35a, a-arabinose; 35b, b-arabinose; 36,

1H (multiplicity)(ppm)a d 13C/ppm

.24(d); 3.54(dd); 3.87(m); 3.75(dd) 93.1 (5.24)b; 75.2(3.54)

.65(d); 3.24(dd); 3.75(dd); 3.90(dd) 97.1 (4.65); 77.9 (3.24)

.20(d); 3.53(dd); 3.68(m) 93.12 (5.20)

.58(d); 3.24(dd); 3.47(t) 97.75 (4.58)

.27(d); 3.81(dd); 3.97(m) 93.28 (5.27); 72.1 (3.81)

.59(d); 3.49(dd); 3.67(m) 97.75 (4.59)

.21(d); 3.87(dd) 92.01 (5.21);63.8 (3.87)

.52(d); 3.52(dd); 3.69(m) 97.7 (4.52)

in parentheses indicate chemical shifts of the directly attached protons

This journal is ª The Royal Society of Chemistry 2010
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Fig. 4 Averaged NMR signal-to-noise ratios of alanine methyl signal

from the first faecal extracts (F1) and the combined extracts (F12 and

F123) using 10 ultrasonication cycles.
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pH consistency of faecal extracts

Inter-sample pH consistency is crucial to minimise metabolite

chemical shift variations for effective data analysis in the NMR-

based metabonomics studies. Such pH consistency is normally

achievable by using buffer systems during sample prepara-

tion.33,34 Previous results have already shown that when pH

variation is smaller than 0.1 unit around neutral pH (i.e., pH 7.35

� 0.1), the chemical shift consistency for most metabolites can be

effectively maintained.35 In this study, we comprehensively

evaluated the effects of four FBRs (Wf : Vb) and two different

(duration of) ultrasonic treatments on the pH consistency of the

resultant faecal extracts from the six mice. Fig. 3 shows the

distributions of pH values for the faecal extracts as a function of

Wf : Vb and from two extraction procedures. Ultrasonication

durations (5 or 10 cycles) appear to have little effects on the

sample pH values.

However, the inter-sample pH variations increase clearly with

the rise of Wf : Vb for the first extracts (F1) and the combined

extracts F12 (i.e., F1 + F2) with the largest pH variation (about

0.3 unit) observed for F1 with Wf : Vb of 1 : 7 (mg ml�1). The

inter-sample variations for pH values of F1 were also greater

than 0.1 unit required for pH consistency when Wf : Vb was

greater than 1 : 10. Although some F1 extracts (Wf : Vb below

1 : 20) and all F2 and F3 extracts had good pH consistency

(variation smaller than 0.1), they cannot be the best choice due to

incomplete extraction for F1 and sample dilutions (in the case of

F2 and F3) which may cause severe loss of SNRs. The combi-

nation extracts (F12) had reasonably small pH variations (less

than 0.1 unit) for all samples with Wf : Vb up to 1 : 10 (mg ml�1).

The intra-group averaged SNR of six parallel samples was

calculated from the same region of alanine (1.51 to 1.483 ppm)

against the same baseline region (�2 to �3 ppm). Alanine was

used here as an example compound because its resonance was

well separated from other signals in 1H NMR spectra of faecal

extracts. The results showed obvious SNR reduction with the
Fig. 3 The pH values obtained from faecal extracts as function of faeces-to

cycles. Keys: A to D respectively represent four Wf : Vb ratios (1 : 33; 1 : 20; 1

ratios of 1 : 33, 1 : 20, 1 : 10 and 1 : 7 (mg ml�1), respectively, with 10 ultrasonic

second, third extracts, respectively, and F12 is the combination of F1 and F2 wi

This journal is ª The Royal Society of Chemistry 2010
decreasing Wf : Vb ratio. For example, SNR was reduced more

than 50% when Wf : Vb was decreased from 1 : 10 to 1 : 33–1 : 20

(mg ml�1) (Fig. 4) for F1, F12 and F123 extracts. When Wf : Vb was

1 : 10, such SNR reduction was more than 50% from F1 to F123

whereas only less than a 25% SNR reduction was evident from F1

to F12. Therefore, taking into consideration of pH consistency,

maximum SNR and completeness of metabolite extraction, the

optimum Wf : Vb ought to be about 1 : 10 (mg ml�1) with the

combination of F1 and F2.

Chemical-shift consistency of faecal extracts

We further assessed the metabolite chemical-shift consistency

although such consistency was often ensured with good pH

consistency.35,36 For this purpose, we calculated the standard

deviations (d, Hz)35,36 for metabolite chemical shifts from six

faecal samples extracted with different Wf : Vb ratios and ultra-

sonication periods. Since the line-widths of 1H NMR signals are
-buffer ratios with (a) 5 ultrasonication cycles and (b) 10 ultrasonication

: 10; 1 : 7 mg ml�1) with 5 ultrasonication cycles; E to H represent Wf : Vb

ation cycles; extraction fractions are denoted as F1, F2 and F3 for the first,

th equal volume. The coloured symbols represented pH values of samples.

Analyst, 2010, 135, 1023–1030 | 1027
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normally about 2 Hz taking line-broadening factors into

consideration, it is thus required to limit the standard deviation

of the metabolite chemical shifts to 2 Hz so as to maintain data

resolution in the subsequent statistical analysis. Here five typical

faecal metabolites were subjected to such assessment as repre-

sentatives for monocarboxylic acids (acetate and lactate),

dicarboxylic acids (succinate), amino acids with two ionisable

groups (glycine) and multiple ionisable groups (histidine),

respectively. Fig. 5 shows that all metabolites in faecal extracts

(both F1 and F12) have increased chemical-shift variations with

the increase of Wf : Vb ratios although such changes are much

more obvious for histidine. For all metabolites concerned, the

standard deviation of chemical shifts was clearly smaller than

2 Hz for the first extracts (F1) when Wf : Vb ratios were smaller

than 1 : 20 whereas it was about or greater than 2 Hz for histidine

signals when Wf : Vb ratios were greater than 1 : 10.

In contrast, such standard deviation of chemical shifts was

safely kept within 2 Hz for all faecal metabolites in the combined

extract (F12) when Wf : Vb ratios was 1 : 10 or smaller, being

acceptable for high resolution multivariate data analysis.

Moreover, the results from 10 min ultrasonication (Fig. 5b)

appeared to have slight improvements for the metabolite chem-

ical-shift consistency than the 5 min treatment (Fig. 5a). There-

fore, the combined first two extracts with Wf : Vb ratio of 1 : 10

and 10 min ultrasonication appeared to be optimum for chem-

ical-shift consistency as well. Since two imidazole protons of

histidine had pKa (�6.04) close to our targeted pH (�7.4), their

signals tended to have relatively large chemical-shift inconsis-

tency which agreed well with the findings in the case of urine

samples.35 Careful attention and occasional corrections might be

necessary for these two peaks prior to multivariate data analysis
Fig. 5 Standard deviation of chemical shifts for five representative

metabolites in extracts obtained from (a) 5 ultrasonication cycles and

(b) 10 ultrasonication cycles. Key: A–D: A to D respectively represent

four Wf : Vb ratios (1 : 33; 1 : 20; 1 : 10; 1 : 7 mg ml�1) with 5 ultra-

sonication cycles; E to H represent Wf :Vb ratios of 1 : 33, 1 : 20, 1 : 10

and 1 : 7 (mg ml�1), respectively, with 10 ultrasonication cycles; extraction

fractions are denoted as F1, for the first extracts, and F12 as the combi-

nation of F1 and F2 with equal volume. Key for symbols: histidine (>),

glycine (,), succinate (B), acetate (O), lactate (P).
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although our present results showed acceptable chemical-shift

consistency.

The metabolite concentration ratios (MCRs) were calculated

to further evaluate the above considerations in terms of

composition differences of the faecal extracts. If MCRs were the

same in F1, F2 and F3, then F1 would be a good representation of

faecal metabolite compositions. Four metabolites, namely,

glucose, acetate, butyrate and succinate, were chosen for this

purpose to represent monosaccharides, SCFAs and TCA inter-

mediates since these four metabolites had well resolved signals.

The MCRs for Glu/But, Glu/Ace and Glu/Suc (Table 2) in the

first extracts (F1) were significantly different from the second

extracts (F2) except for the Glu/But ratio at 5 sonication cycles.

This implies that the metabolite composition of F1 cannot

represent that of faecal samples and the combined extracts are

probably a better choice. Furthermore, no significant differences

for MCRs were found between F12 and F123. This indicates that

F12 is a good choice of sample representing faecal metabolite

composition with consideration of SNR losses in F123. We

further analysed the composition-wide differences between F12

and F123 using multivariate data analysis approach. Although

PLS-DA models showed visual separations between F12 and F123,

such models failed rigorous permutation tests (Fig. S1, ESI†).

Therefore, the assumption that F12 and F123 were two separate

groups was not valid; thus no significant compositional differ-

ences were present between F12 and F123. Based on the above

discussions, the combined first two extracts, F12, stood out as the

choice of samples with good representation for faecal extract

composition, acceptable pH consistency (thus chemical shift

consistency) and minimised signal-to-noise ratios (Fig. 4).

Comparison of three different extraction methods

The faecal metabonomic analysis requires complete and efficient

extraction methods with reasonable simplicity to meet the

requirement of high throughout.

Based on the parameters optimised above, we conducted

a comparative metabonomic analysis on faecal extracts obtained

from three different homogenisation methods, including ultra-

sonication, automatic homogenisation with tissuelyser and their

combination. 1H NMR spectral analysis showed that the numbers

of detected metabolites were the same for faecal extracts obtained
Table 2 Averaged concentration ratios for some metabolites in faecal
extractsa,c

Glu/But Glu/Ace Glu/Suc

Extracts obtained with 5 sonication cycles
F1 1.65 � 0.92 0.60 � 0.20 13.80 � 4.23
F2 2.59 � 1.26 1.27 � 0.38b 29.03 � 7.14b

F12 2.34 � 1.31 0.80 � 0.29 17.93 � 4.39
F123 2.62 � 1.32 0.92 � 0.30 20.57 � 5.09
Extracts obtained with 10 sonication cycles
F1 1.48 � 0.32 0.53 � 0.10 12.25 � 4.63
F2 2.46 � 0.54b 1.11 � 0.23b 24.45 � 3.30b

F12 1.99 � 0.51 0.67 � 0.14 15.07 � 4.86
F123 1.96 � 0.28 0.72 � 0.15 17.05 � 5.08

a The faeces-to-buffer ratio was 1 : 10 (Wf : Vb, mg ml�1). b Significant
differences were found between F1 and F2 (P < 0.05). c No significant
differences were found between F12 and F123.

This journal is ª The Royal Society of Chemistry 2010

http://dx.doi.org/10.1039/b927543f


Table 3 PCA and PLS-DA results for faecal extracts obtained from
different extraction methods

PCA PLS-DA
Permutation

R2X Q2 R2X Q2 Y or Na

First
extracts

FU
1 vs. FT

1
b 0.414 0.062 0.328 0.097 N

FU
1 vs. FUT

1 0.412 0.097 0.163 �0.506 N
FT

1 vs. FUT
1 0.435 0.141 0.191 �0.526 N

Combined
extracts

FU
12 vs. FT

12
c 0.41 0.048 0.319 0.418 N

FU
12 vs. FUT

12 0.396 0.065 0.141 �0.521 N
FT

12 vs. FUT
12 0.432 0.102 0.374 �0.37 N

a Y: the model is valid. N: the model is invalid. b FU
1, FT

1 and FUT
1 denote

the first extracts obtained from ultrasonication, tissuelyser and the
combination of both treatments, respectively. c F12: Combination of
the first two extracts.
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from these three methods (Fig. S2, ESI†). Further multivariate

data analysis was conducted to assess whether there were

metabolite composition differences resulting from extraction

methods. Although PLS-DA scores plots (Fig. S3, S4, ESI†)

showed some visual separations between faecal extracts obtained

from three extraction methods, validity assessment results from

Q2 (Table 3) and permutation tests revealed that these PLS-DA

models were invalid when considering the faecal extracts from

three different extraction methods as different classes of samples

(Fig. S3, S4, ESI†). This implies that there were no significant

metabolite-composition differences between extracts obtained

from these three homogenisation methods. Therefore, we rec-

ommended the tissuelyser extraction as the method of choice since

it is efficient, simple to use and capable of high throughput studies.
Conclusions

NMR-based faecal metabonomic analysis offers a great oppor-

tunity for understanding interactions between mammalian hosts

and gut microbiota. Based on an extensive optimisation of

extraction methods and parameters, we recommend 1 : 10

(mg ml�1) as optimum faeces-to-buffer ratio, phosphate buffer

(0.1M, pH 7.4) as solvent and the combination of the first two

extracts as targeted samples. We also recommend the use of semi-

automatic tissuelyser as the choice of homogenisation method.

Such protocol enables the maximum extractability, high

throughput and reasonable SNRs together with good inter-sample

pH and chemical shift consistency. In the case of unavailability for

tissuelyser, manual ultrasonication methods can still fulfil the same

tasks with limitation to throughput; in such case, the recom-

mended optimal ultrasonication duration is ten cycles in the

manner of (20 s) ultrasonication–(10 s) vortex–30 s) break.
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