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The global metabolic profiling of feces represents a challenge for both analytical chemistry and biochem-
istry standpoints. As a specimen, feces is complex, not homogenous and rich in macromolecules and
particulate, non-digested, matter that can present problems for analytical systems. Further to this, the
composition of feces is highly dependent on short-term dietary factors whilst also representing the pri-
mary specimen where co-metabolism of the host organism and the gut-microbiota is expressed. Thus the
presence and the content of metabolites can be a result of host metabolism, gut microbiota metabolism
or co-metabolism. Successful sample preparation and metabolite analysis require that the methodology
applied for sample preparation is adequate to compensate for the highly variable nature of the sample
in order to generate useful data and provide insight to ongoing biochemical processes, thereby gener-
ating hypotheses. The current practices for processing fecal samples for global metabolic profiling are
described with emphasis on critical aspects in sample preparation: e.g., homogenization, filtration, cen-
trifugation, solvent extraction and so forth and also conditions/parameter selection are discussed. The
different methods applied for feces processing prior to metabolite analysis are summarized and illus-
trated using selected examples to highlight the effect of sample preparation on the metabolic profile
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1. Introduction metabonomics is “the quantitative measurement of the dynamic

multi parametric metabolic response of living systems to phys-

Global metabolic profiling, known by the terms metabolomics
and metabonomics, is being increasingly employed to determine
metabolic phenotypes, provide novel biomarkers of various con-
ditions and generate hypotheses. Metabolomics is defined in the
Oxford English dictionary as “the scientific study of the set of
metabolites present within an organism, cell, or tissue” whilst
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iological stimuli or genetic modification” [1]. This simultaneous
detection, identification and quantification of a large number of
metabolites, often at extremely varied concentrations, is techni-
cally very demanding so each link of this chain must be studied
and optimized. The most widely used analytical platforms are
nuclear magnetic resonance (NMR) spectroscopy, gas chromatog-
raphy mass spectrometry (GC-MS) and liquid chromatography
mass spectrometry (LC-MS) [2-4].

Numerous studies reflect the need to improve the detection, the
identification and particularly data processing, in order to produce
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reliable data from metabolic profiling studies [5-11]. However, it
could be argued that the process of the sample preparation prior to
metabolomics analysis has not yet received the necessary attention
[12]. As aresult, there is no universal approach in the preparation of
samples for holistic analysis. Limiting factors are the matrix diver-
sity and also sample physiological variation [13]. There is arguably
a significant need for the development of robust, repeatable meth-
ods for sample preparation. An optimal sample preparation method
should be short, reproducible and capable of extracting all metabo-
lites while avoiding sample alteration through the process [14].

In the life sciences, the specimens of interest are biofluids such
as plasma, serum, urine, bile etc., and tissue. Another interesting
specimen which, to date, has not been the subject of major research
in metabolomics is feces. In fact, stool material is the most acces-
sible biospecimen for research, aimed at revealing the effect of gut
microbiota on host metabolism. Trillions of microbiota coexist in
the human or animal intestine, creating a human-microbe hybrid
that has been termed a “super-organism” [15]. The population of
many hundreds of species of gut bacteria plays a significant role in
the life of host, affecting the balance between health and disease
[16,17]. The gut microflora can be categorized in four major phyla:
Firmicutes and Actinobacteria (Gram-positive) and Bacteroidetes
and Proteobacteria (Gram-negative). Firmicutes and Bacteroidetes
dominate the mammalian intestine [17] and are responsible for
creating the appropriate nutrient environment [18], regulating fat
storage [19] and keeping the mucosal immune system of the host
healthy [20,21]. The basic functions performed by the gut micro-
biota include bile salt metabolism, synthesis of vitamins, digestion
and fermentation of non-digestible polysaccharides and proteins,
and stimulation of the immune function [22]. Recent investigations
have examined the effects on the gut microbiota of antibiotic treat-
ment [21] and probiotics [23]. There are cases where ingestion of
probiotics has a negative effect, such as when these are admin-
istered to premature infants they can cause sepsis [24]. The gut
microflora exhibits a pronounced effect on entero-hepatic recircu-
lation, as observed in various studies. The role of the gut microflora
in chronic gastrointestinal disease has been reviewed [25,26].

In the analysis of feces 'TH NMR spectroscopy has been the
major analytical tool. NMR is a non-destructive technique, with
less parameters to optimize, in comparison to chromatographic
methods where many aspects must be taken into account, in order
to have, a sensitive robust and stable chromatographic system.
GC-MS, has also found use due to the high sensitivity and resolution
it provides and the potential for structural identification of can-
didate biomarkers [27]. LC-MS although the most widely applied
method in metabolomics analysis [3], has not yet been widely used
in fecal analysis.

The aim of the present review is to summarize the pro-
cesses applied for sample preparation in metabolomics analysis
of stool. The reported methods vary from simple to rather exten-
sive processes employing a number of steps and techniques
(homogenization with different approaches, lyophilization, mix-
ing, centrifugation, filtration, metabolite extraction, derivatization
and so forth). Few studies have investigated the influence of the
various sample preparation steps on the finally obtained metabolic
profile. The present review also aims to highlight the key points in
such multi-step processes. Metabolomics based biomarker discov-
ery is challenging but when this is performed in feces, there is one
additional source of complexity: biomarkers within such a complex
specimen could be a result of metabolism from gut microflora.

2. Sampling and storage of fecal samples

Irrespective of the subsequent method of analysis, the first step
in fecal metabolite profiling is the collection and storage of the

samples. Feces from laboratory animals are obtained directly from
their intestine after sacrifice [23], or as pellets from their cages
[28]. Following collection, common practice includes storage of the
samples at —80°C, —40°C or —20 °C, sometimes after snap freezing
with liquid nitrogen [16,29]. Some studies have investigated the
effect of the storage conditions [30,31] but there is no consensus
whether storage may contribute as a differentiation factor or
not [25]. In the case of human samples, specific instructions are
typically given to patients regarding sample collection. In a study
on IBS (Inflammatory Bowel Syndrome) and UC (Ulcerative Colitis)
[32], patients were given a sample kit that contained sterilized
plastic bags into which the samples were placed. These bags were
then sealed with a clip and placed directly in vessels with ice
before transportation to the laboratory. In other cases, feces were
collected prior to surgery or endoscopic examination [33].

3. Fecal sample preparation for '"H NMR analysis

Sample preparation can be a critical point in global metabolic
profiling irrespective of the method of analysis. Because of the
heterogeneous nature and complexity of feces, inefficient extrac-
tion, or poor reproducibility, will be reflected in the quality of the
resulting "H NMR spectra. The conversion of raw, untreated, fecal
samples to extracts suitable for analysis should be performed in
such a way as to maximize metabolite extraction and avoid bias
or editing of the fecal metabolome [25]. An optimized prepara-
tion method for metabolomics analysis should be non-selective and
reproducible [30]. An obvious example of how fecal metabolite pro-
files can be affected is sample homogenization, particularly in the
case of fecal pellets from rodents, as this greatly affects extraction
efficiency. Disaggregating the sample enables better penetration of
the extracting buffer/solvent throughout the sample, resulting in
more efficient extraction (Deda et al., in preparation). Sonication
and mechanical smashing, by using a mechanical crusher, are steps
that may also affect the metabolic profile obtained from feces whilst
the use of a “tissuelyser” results in more homogeneous extracts.
Such factors have been examined by Saric et al. [31] and Wu et al.
[16], as discussed below in detail.

The most commonly used extracting solvent [21,31,32,34]
is phosphate buffered saline (PBS; 1.9mM Nay,HPO4, 8.1 mM
NaH;PO4, 150 mM NaCl, pH 7.4). PBS is prepared directly in D,0
[28] or distilled water [21,34]. The use of deuterated water for
the preparation of buffer improves spectral quality (Deda et al., in
preparation), but is also associated with an increased cost per sam-
ple. The pH value of the extraction solvent should also be considered
carefully as pH alteration may lead to the degradation of some
metabolites (e.g. through hydrolysis) [16] and at the same time may
affect extraction efficiency of ionized or ionizable metabolites. In
the literature, the ratio of feces weight to PBS volume (mg pL~1)
varies from 1:2 [21,34] to 1:50 [32], without explanation of the
specific ratio selected.

Following extraction, another important factor is the removal
of particulates by centrifugation and in most cases two centrifu-
gation cycles are used. The first centrifugation is performed after
extraction with PBS and the second immediately before pipetting
the extracts into the NMR tubes for spectroscopic analysis. The cen-
trifugation duration varies, spanning between 1 min [32], 10 min
[30], 15min [28,33,34],30min [23], 1h [21], up to 2h [35].

Another common practice to remove particulate is filtration.
Usually, a cell strainer filter is used first, followed by centrifuga-
tion through a syringe filter. Filtration was not found to greatly
affect the metabolic profile, but leads to cleaner, particulate free
extracts, thereby helping to obtain improved shimming of the
NMR spectrometer and ensuring a better quality of the NMR spec-
trum. For techniques such as LC-MS, filtration, is essential (as
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