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Abstract: Feces are the product of our diets and have been linked to diseases of the gut, including
Chron’s disease and metabolic diseases such as diabetes. For screening metabolites in heterogeneous
samples such as feces, it is necessary to use fast and reproducible analytical methods that maximize
metabolite detection. As sample preparation is crucial to obtain high quality data in MS-based clinical
metabolomics, we developed a novel, efficient and robust method for preparing fecal samples for
analysis with a focus in reducing aliquoting and detecting both polar and non-polar metabolites.
Fecal samples (n = 475) from patients with alcohol-related liver disease and healthy controls were
prepared according to the proposed method and analyzed in an UHPLC-QQQ targeted platform
in order to obtain a quantitative profile of compounds that impact liver-gut axis metabolism. MS
analyses of the prepared fecal samples have shown reproducibility and coverage of n = 28 metabolites,
mostly comprising bile acids and amino acids. We report metabolite-wise relative standard deviation
(RSD) in quality control samples, inter-day repeatability, LOD (limit of detection), LOQ (limit of
quantification), range of linearity and method recovery. The average concentrations for 135 healthy
participants are reported here for clinical applications. Our high-throughput method provides a
novel tool for investigating gut-liver axis metabolism in liver-related diseases using a noninvasive
collected sample.

Keywords: bile acids; fecal metabolomics; gut-liver axis; targeted metabolomics; sample preparation

1. Introduction

Sample preparation is a critical step for obtaining high quality data in MS-based
methods. An ideal sample preparation requires a fast and reproducible method that allows
to screen a large variety of metabolites and maximizes metabolite detection [1,2]. High
standards of method reproducibility are especially important in clinical studies, as they
usually involve a large number of biological samples from various matrices such as plasma,
urine, tissue and feces [1,3,4]. Due to the heterogeneity of fecal samples, there is a need for
standardized protocols of sample preparation for analysis that allows direct comparisons
between cohorts [2,5–7].
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The molecular makeup of feces has gained increasing interest from clinical researchers,
as collecting samples is non-invasive and the fecal metabolome provides a readout of the
host-gut microbiota interactions and of the function of other organs in close contact with
gut activity [2,8,9] like the liver [10,11]. Among the small molecules detected in feces that
regulate host-microbiota interactions and liver activity, bile acids have been widely reported
as potential biomarkers for liver diseases, metabolic syndrome and dysbiosis [8,12–14].
Amino acids from the diet are also redirected to important metabolic pathways such as bile
acid synthesis [15] by gut microbiota. Several studies, including ours, have demonstrated
that metabolic signatures of amino acids can assist the prediction and diagnosis of diseases
like type 2 diabetes [16], fatty liver diseases [17,18], metabolic syndrome and obesity [19],
depression and neurophysiological diseases [20]. Finally, other compounds excreted in
feces, such as kynurenine [21] and azelaic acid [22], are involved in the pathogenesis of
metabolic syndrome and liver diseases.

In general, sample preparation methods for fecal samples focus on one class of com-
pounds at a time due to the complex matrix. The quantification of bile acids in feces has
been successfully applied to clinical studies for gut-liver health [7,14,15,23–26], with few
studies combining other molecular groups with quantification of bile acids [27,28].

The vast literature of analytical methods for simultaneous analysis of diverse com-
pound classes mostly consists of untargeted approaches. Targeted analysis with a broad cov-
erage of compounds and absolute concentrations are a prerequisite for mechanistic investi-
gation of diseases and development of clinical tests for diagnostics [26,29]. Xie et al., 2021
developed a high-throughput metabolite array technology for quantitative determination
of up to 300 metabolites for precision medicine. In this study, quantitative profiles of fatty
acids, amino acids, carbohydrates and bile acids were successfully obtained and 60 samples
were used for feces [26].

We previously developed an untargeted method that provides a wide coverage of fecal
metabolites including amino acids, lipids (diacylglycerols, triacylglycerols and ceramides),
fatty acid derivatives, carboxylic acids and phenolic compounds, and demonstrated that a
small proportion of metabolites had acceptable analytical variation [5]. This study prompted
the development of a quantitative method for feces screening in our clinical setting.

Herein, we propose a novel robust method for preparing fecal samples with focus
on reducing aliquoting and aiming to stratify patients in the clinic. We present the results
from a UHPLC-MS-based targeted platform for the simultaneous quantification of bile
acids, amino acids and other compounds of interest for the gut-liver axis in a cohort of
475 samples.

2. Results and Discussion
2.1. Sample Preparation

In this study, we aimed to develop a high-throughput analytical method for fecal
samples [5,16]. Our previous untargeted metabolomics work reported the difficulties when
extracting metabolites from feces [5], particularly for metabolites found in plasma relevant
to diabetes, liver and kidney diseases [16]. Here, we report and discuss the steps for
preparing fecal samples for targeted analysis of metabolites related to the gut-liver axis.
This proposed sample preparation method is illustrated in detail in Figure 1.

As mentioned, in our previous study (Trošt et al., [5]), the metabolite composition of
frozen stools from healthy participants presented significant variation between sampling
areas due to the heterogeneity of the sample. For semi-solid complex matrices like feces, it
is important that the samples be homogenized prior to metabolite extraction. In the present
study, fecal samples underwent three stages of homogenization to correct fluctuations in
concentration due to heterogeneity: (i) before being cryogenically drilled and aliquoted to
200 mg, (ii) before being aliquoted to the amount of 30 mg that were used for metabolite
extraction and (iii) during metabolite extraction with methanol using bead homogenization.
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Figure 1. Scheme of sample preparation of fecal samples for targeted analysis of metabolites related 
to the gut-liver axis. Created with biorender. 
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solvent as well as sample clean-up following a step of centrifugation [32]. 
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method has free fatty acids, carbohydrates and metabolites from tricarboxylic acid cycle 
(TCA cycle), see Table S3 (Supporting Information). It is important to highlight that the 
resultant solution must be subjected to few additional steps of sample preparation before 
the targeted or untargeted MS analysis of polar metabolites, SCFA, bile acids, amino acids, 

Figure 1. Scheme of sample preparation of fecal samples for targeted analysis of metabolites related
to the gut-liver axis. Created with biorender.

Methanol was chosen as the solvent of extraction of metabolites from feces due to
its versatility for dissolving compounds with different polarities [1,6]. Methanol has been
widely used as a solvent for the extraction of free and conjugated bile acids from human
feces, demonstrating excellent method recovery, precision and accuracy for quantitative
MS-analysis [7,23,25]. Methanol also assists the simultaneous extraction of amino acids [30],
short-chain fatty acids (SCFAs) [31] and small organic acids. Additionally, methanol
promotes protein denaturation and liberation of protein-bound SCFAs to the organic
solvent as well as sample clean-up following a step of centrifugation [32].

Our extraction method allowed to obtain several metabolite classes in physiologi-
cal concentrations to be measured by multiple MS platforms (supporting information,
Table S3) [33]. Besides having bile acids and amino acids, the fecal extract obtained using
our method has free fatty acids, carbohydrates and metabolites from tricarboxylic acid
cycle (TCA cycle), see Table S3 (Supporting Information). It is important to highlight that
the resultant solution must be subjected to few additional steps of sample preparation
before the targeted or untargeted MS analysis of polar metabolites, SCFA, bile acids, amino
acids, organic acids and lipids. Herein, we focus the discussion in the reproducibility of the
sample preparation method that was developed for targeted analysis of metabolites. For
quantification of the compounds, crucial steps, which we will detail next, were added to the
core sample preparation method: (i) addition of internal references and (ii) derivatization
of amino acids into less polar adducts.

(i) Addition of internal reference standards

Heavy-labelled isotopes have been widely used as internal references for mass spec-
trometry quantitative analysis to ensure system stability and reproducibility. Spiking
samples with specific concentration of heavy labelled internal standards identical to the
targeted compounds is the most efficient strategy for obtaining absolute concentrations in



Metabolites 2022, 12, 211 4 of 16

studies involving large cohorts [3,34,35]. Moreover, analytical properties of the isotopically
labelled reference (m/z, retention time, peak area and peak shape) are efficiently used to
correct systematic analytical variations such as drop in MS sensitivity and shifts in retention
time [2,3]. Aiming to apply our method in quantitative studies of large cohorts, we included
addition of internal standards to our sample preparation method.

The concentrations of the heavy labelled references are an important parameter to
ensure reproducibility. In the present study, concentrations of internal standards were
modified from Ahonen et al., 2019 [16] to fit the fecal matrix considering the limits of
quantification for each metabolite, see supporting information Table S2.

(ii) Derivatization of amino acids with AQC reagent

Chromatographic separation of highly soluble compounds such as amino acids with-
out derivatization was made possible using amino columns with hydrophilic interac-
tion [36]. However, most of the reported quantification methods for free amino acids based
on reverse-phase liquid chromatographic tandem mass spectrometry usually require a
previous step of derivatization for increasing the sensitivity of detection. Derivatization
yields adducts with different polarities allowing separation by gradient elution [37,38]. One
advantage of derivatizing amino acids before chromatographic separation is being able
to simultaneously analyze other types of compounds. Derivatization of amino acids was
included in the sample preparation method in order to allow the simultaneous analysis of
bile acids and amino acids in a single chromatographic run [16]. Using AQC as a derivati-
zation agent has the advantage of fast speed of formation of derivatives [38,39]. Excess of
AQC was used to ensure that the derivatization reaction occurred within few seconds.

2.2. Method Optimization

The optimized UHPLC-MS method was validated for analyte separation, limit of
detection (LOD), limit of quantification (LOQ), linearity (R2), range of linearity and recovery
efficiency, see Table 1.

Fecal extracts spiked with the internal standards presented chromatographic peaks
with retention times spanning 0.7–8.0 min (Supporting Information, Tables S1 and S2).
The adapted UHPLC-MS method provided good chromatographic separation, sensitivity
and selectivity for the determination of 34 analytes investigated. The method developed
for the analysis of fecal samples presented retention times very similar to the method
that was previously developed for plasma [16]. However, the new method allowed better
separation of the peaks assigned to the pairs Leu/Ile, TDCA/TCDA, GDCA/GCDCA. The
improvement was due to the optimization of the MRM method. Additionally, the present
method was also optimized to include the quantification of LCA, GLCA and UDCA due to
their importance for the gut-liver-axis. LCA, GLCA and UDCA are secondary bile acids
produced in the gut by resident microbiota and are associated with protection of gut barrier
against inflammation [40,41]. GLCA/GLCA-d4, LCA/LCA-d4 and UDCA/UDCA-d4
exhibited chromatographic peaks at 7.11, 7.57 and 6.9 min, respectively, and they were
quantified through MRM transitions of 432.3–74.1/436.3–74.1, 375.3–375.3/379.3–379.3 and
391.3–391.3/395.3–395.3, see Tables S1 and S2 in the Supporting Information.

Compound identity was validated through retention times and MRM transitions. Then,
the limit of detection and the limit of quantification were obtained for each targeted analyte.

The determination of the lowest detectable and quantifiable levels of an analyte, named
LOD and LOQ respectively, is essential for method validation as they allow to distinguish
analytical properties of analytes from the background [3]. Analytes showed a wide range of
LOD values and the metabolites Ala, CDCA, GCDCA, Leu and TCDCA presented LOD of
less than 5 ng mL−1. Most of LOD and LOQ for the quantification of bile acids presented in
Table S4 (SI) were comparable to the values obtained by Ahonen et al., 2019 [16]. However,
significant differences were found in the quantifiability of amino acids, explained by the
change of matrix from plasma (carbonate buffer) to fecal (MeOH:H2O 1:1) as well as by the
method used to estimating the limits.
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Table 1. Average concentrations (mmol g−1 of dried sample) and range of concentrations of metabo-
lites of relevance for the gut-liver axis in fecal samples from healthy controls.

Bile Acids

Primary Secondary

Concentration Normal Range Concentration Normal Range

CA 0.26 ± 0.35 0.07–2.50 LCA 2.95 ± 3.02 0.08–19.0
CDCA 8.99 ± 8.98 0.22–62.0 DCA 10.16 ± 10.04 0.05–52.0
TCA 0.11 ± 0.05 0.06–0.45 GLCA 0.17 ± 0.44 0.10–0.40

TCDCA 0.21 ± 0.34 0–3.20 TDCA 0.13 ± 0.21 0–1.50
GCA 0.11 ± 0.12 0–0.85 TUDCA 0.10 ± 0.09 0.02–0.60

GCDCA 0.16 ± 0.33 0–2.30 GDCA 0.14 ± 0.23 0–2.00
UDCA BLOQ *

GUDCA BLOQ *

Ratio secondary and primary bile acids

DCA/CA 38.59
LCA/CDCA 0.33

TUDCA/CDCA 0.01
Total ratio 1.40

Amino Acids

Concentration Normal Range Concentration Normal Range

Alanine 6.49 ± 8.71 0.2–58.0 Kynurenine 0.60 ± 0.16 0.36–1.10
ADMA BLOQ * Leucine 4.15 ± 3.82 0.80–26.0

Citruline 1.31 ± 1.12 0.5–9.0 Isoleucine 2.92 ± 2.21 1.0–15.0
Glutamine BLOQ * Phenylalanine 2.57 ± 2.51 0.8–19.0
Glutamate 1.21 v 2.71 0.2–28.0 Taurine 0.81 ± 2.45 0–20.0

Glycine BLOQ * Tryptophan 1.05 ± 0.85 0.50–6.50
Homocitruline BLOQ * Tyrosine 0.17 ± 0.03 0.10–0.33

Other Compounds

Concentration Normal Range

AADA BLOQ *
Azelaic acid 0.50 ± 0.37 0.10–2.30

β-OHB 73.58 ± 280.51 17.0–355.0
GBB 0.80 ± 0.89 0.13–6.20
IndS BLOQ *

N-MNA BLOQ *

Measured concentrations (mM) were normalized to dried fecal weight (g), and converted to mmol g−1. Values
of concentration are presented as mean ± standard deviation. * Determined concentration below limit of
quantification (BLOQ).

For estimation of the quantitative performance, the linear range in which it is possible
to quantify the analytes with more than 95% of precision was obtained for each metabolite,
see Table S4. LOQ was used for setting the minimum concentration required for construc-
tion of the calibration curves (LLOQ). In addition to the determination of LLOQ, the upper
limit of quantification was obtained as the highest concentration of analyte that provides a
reproducible response with a coefficient of variation (CV) less than 15%. Upper limits of
quantification for bile acids were increased in comparison to plasma in order to fit the fecal
matrix. The concentration of bile acids in plasma is very low due to an efficient retention of
circulating bile acids by the liver. On the other hand, most part of the bile acids produced in
the liver and in the gut is excreted in feces where they serve as emulsifiers [13]. Considering
the range of linearity, more than half of analytes exhibited coefficients of determination
(R2) above 0.99 while most part of the remaining ones showed values above 0.95. Only few
analytes presented R2 values below 0.95, but they were still within the required accuracy
range of 80–120%.
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2.3. Method Feasibility in Large/Scale Cohorts

The reproducibility of the method was investigated considering system stability,
analytical performance, precision, and feasibility for analysis of a large sample set. Many
cohorts used in clinical research comprise large scale studies that require several days of
MS analysis, which presents unique challenges.

A common strategy for quality assessment in large cohorts is to include QC pooled
samples representing replicates throughout the analysis and monitor the behavior of these
QC samples over time [3,42,43]. Pooled quality control samples were added throughout
approximately 600 injections to assess the analytical stability of the platform, see Figure 2
and supporting information Figure S2. The measured signal response of each metabolite
plotted against the number of injections indicated that the metabolite signal response of
the pooled samples presented very little time-related systematic variation. This behavior is
demonstrated in Figure 2 through six metabolites: gamma-butyl butyrate (GBB), tryptophan
(Trp), leucine (Leu), cholic acid (CA), taurochenoxycholic acid (TCDCA) and deoxycholic
acid (DCA). The low variation becomes increasingly evident when QC pooled samples are
compared to the samples representing the cohort that presented a wide range of responses,
thus indicating method robustness, system stability and good analytical performance over
several days for large studies.
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Figure 2. Analytical stability of a targeted UHPLC-MS platform for quantitative analysis of metabo-
lites related to gut-liver axis: γ-butyl butyrate (GBB), tryptophan (Trp), leucine (Leu), cholic acid
(CA), taurochendeoxycholic acid (TCDCA) and deoxycholic acid (DCA). Time related variation of
metabolite response measured in quality control pooled (pink) samples representing replicates and
samples representing a cohort (blue). Interval of variation in QC pooled samples is represented
in grey.

Additionally, inter-day repeatability was assessed for system performance and stability.
For each analyte, inter-day repeatability was obtained by calculating the RSD values for
four calibration curve samples that were analyzed in different days, see SI Table S5. These
four samples had identical concentration and came from the four sets of calibration curves
that were evenly distributed throughout the run (see study design). For calculation of
inter-day repeatability RSD values, two concentrations between LLOQ and ULOQ were
included for each metabolite, as presented in Table S5. The inter-day repeatability of each
metabolite is shown in Table S5 as the RSD values for analyte response. The RSD values for
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inter-day repeatability were found to be between 1.7% and 26.6%, generally lower than 20%
for most part of the analytes, within the acceptable limit for precision and accuracy [3,7],
as in agreement to previous observations [16]. Gln and Glu shown inter-day repeatability
higher than 20% due to a decreased peak intensity for their internal standard. In order to
correct this and improve repeatability, we suggest a two-times increase in internal standard
concentration for Gln and Glu in the final method, see supporting information Table S2.

The extraction efficiency of the method was evaluated by calculating the recovery
percentages in samples spiked with low (LS), medium (MS) and high concentrations (HS) of
standards of the metabolites investigated in this study, see Table S5. The obtained recoveries
in the range of 80.3–117.8% fit the acceptable limit for method recovery (100 ± 20%) and
corroborates the precision and accuracy of the method for the quantification of the panel of
fecal metabolites investigated in the present study.

Another strategy to evaluate the feasibility of an analytical method is to quantify
the precision of the method through coefficients of variation (CV) or relative standard
deviation (RSD) of quality control samples [42,43]. We calculated RSD values for each
metabolite quantified in the 36 QC pooled samples distributed throughout 600 injections
and compare these values to the study variation (RSD in study samples), see Table S5.
Among the 34 investigated metabolites, 28 presented RSD values below 30% which is the
threshold for analytical reproducibility using intra-study QC samples [3]. On the other
hand, samples from the study-cohorts show high RSD values that were found to be from
2 to 158 times higher than the RSD values for pooled QC samples, thus demonstrating a
considerably higher level of biological variation than the level of technical variation. The
comparison between these variations is graphically captured by Figure 3, where violin plots
representing the distribution of metabolite concentrations in pools and cohort samples are
shown. As observed in Figure 3, the variation of each of the metabolites quantified in the
QC pooled samples was lower in comparison to the variation in the samples of the study-
cohort. It is important to highlight that the six analytes that presented RSD values higher
than 30% in the pooled samples, IndS, AADA, N-MNA, Gly, ADMA, HCit, were found to
have concentrations under the quantification limit. Moreover, some of these metabolites,
for example N-MNA, were not detected in most of the pooled samples. These observations
demonstrate that the method is sensitive and reproducible for the quantification of the
28 metabolites: GBB, GCDCA, GDCA, Trp, Ile, TUDCA, AzelA, CA, Leu, GUDCA, Ala,
TDCA, TCDCA, Phe, Glu, GCA, Cit, TCA, Taurine, Tyr, LCA, CDCA, DCA, β-OHB, Gln,
Kynu, UDCA, GLCA.

While RSD values are useful for evaluating each metabolite individually, another way
to represent the total variation of the QC samples in relation to the samples of the cohort is
to obtain a principal component analysis (PCA) plot, shown in Figure 3. As observed in
Figure 3 and SI Figure S3, QC pooled samples were found to cluster closely to each other in
the center of the PCA, whereas study samples were spread in the PCA plot. As the PCA
plot of Figure 3 projected the contribution of all metabolites for the variations of the groups,
the overall variation of the QC pooled samples was concluded to be low, indicating that is
possible to obtain high quality data from the method described in the present study.

The data obtained for QC pooled samples can be further used for correcting systematic
variations across analytical batches and to align and postprocess the full dataset before
starting the statistical analysis that will be used for answering the clinical question [42,43].
An important conclusion from the results, is that the high variation of the samples represents
biological variation and not technical variation, providing evidence that our method can
give insights into relevant biological processes.
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Herein, we demonstrated the feasibility of our method for a large-scale study. More-
over, we report average concentrations (µmol g−1 of dried sample) of the metabolites quan-
tified by our method in feces from healthy controls, see Table 1. Our method allowed us to
quantify 12 bile acids together with 10 amino acids and azelaic acid, γ-butyrobetaine and β-
hydroxybutyrate in fecal samples from healthy controls. The metabolites UDCA, GUDCA,
glutamine, glycine, homocitruline, aminoadipic acid, indoxyl sulphate and N-MNA pre-
sented concentrations below the quantification limit in fecal samples from healthy controls.
However, these compounds were found in fecal samples from other cohort that represents
patients with alcoholic liver disease. The average concentrations of bile acids obtained in
fecal samples from healthy controls were comparable to the values reported by Shafaei
et al. [7], in a study using LC-MS quantitative method for determination of 12 bile acids.
The concentrations of the secondary bile acids obtained in the present study were also
found to be in the same range of values reported in other studies using HPLC-MS [24].
These findings corroborate the reproducibility and feasibility of our method.

Finally, we calculated ratios between secondary to primary bile acids in feces as
they represent a way of quantifying the conversion of primary bile acids into secondary
bile acids by the intestinal microbial flora. Some studies have been using these ratios to
investigate how changes in gut microbial composition impact bile acid metabolism and
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how they are linked to liver diseases such as cirrhosis [24,41]. The ratios between secondary
to primary bile acids are reported to be typically lower in cirrhotic patients in comparison
to healthy controls. In Table 1, we report the ratios of secondary/primary bile acids in feces
from healthy controls aiming for a future comparison with cohorts that represent patients
with history of harmful drinking. Investigating the crosstalk between gut microbiota and
liver through fecal metabolome provides a novel strategy for understanding the molecular
mechanisms behind alcoholic liver disease [44,45].

3. Materials and Methods
3.1. Patients

This study used a total of 475 stool samples from a cross-sectional cohort of persons
with a history of harmful drinking and matched healthy controls, as described in a pre-
viously published study [5]. Participants were recruited by Odense University Hospital
and informed consent was obtained for all subjects prior to inclusion. The cohort was
approved by the ethics committee for Region of Southern Denmark (ethical ID S-20120071,
S-20160021, S-20170087 and ID S-20160006G; data protection agency 16/3492). All meth-
ods involving participants were performed in agreement to the ethical principles of the
Declaration of Helsinki.

3.2. Sample Collection

Stool samples were collected by the participants in their own home 24 h prior to the
scheduled visit to the research clinic. Participants were instructed to store the stool at
−20 ◦C in their freezer immediately after sampling and, to transport the sample to the
clinic in a cooling bag with ice. The stool samples were immediately stored in the research
clinic at −80 ◦C upon arrival. Original fecal samples were sent to University of Copenhagen
where they were cryogenically drilled to produce 200 mg aliquots that were handed over
to Steno Diabetes Center Copenhagen. Fecal aliquots were then stored at −80 ◦C until
further use.

3.3. Preparation of Pooled Samples

After preparing the samples, the remaining supernatant was used for preparing
pooled samples for quality control (QC) and the leftover was stored at −80 ◦C for further
analyses. For this study, pooled samples were produced by mixing together all the 475 fecal
supernatants produced in the step of derivatization. The resulting pooled supernatants
were divided in aliquots of 20 µL which were prepared individually and identically to the
original samples by adding 20 µL of ISTDmix following derivatization with AQC.

3.4. Study Design for Evaluation of Analytical Performance and Suitability

Pooled samples representing replicates were included several times at the beginning
of the analytical run and, also at intervals throughout the analysis to ensure system stabil-
ity, see Figure S1. For quantification of metabolites, calibration curves were included at
the beginning, at the middle and at the end of the analysis, see supporting information
Figure S1, in order to evaluate and correct possible sensitivity loss following the progres-
sion of analysis. Each calibration level was spiked with ISTDmix and further derivatized
with AQC, following dilution in methanol/water 1:1 (v/v) and preparation pattern identical
to that of the original samples. The range of concentrations in the calibration curves was
adapted from Ahonen et al. [16] in order to fit the higher concentration of bile acids found
in feces in relation to plasma.
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3.5. Chemicals

Reagent grade potassium carbonate (K2CO3), potassium bicarbonate (KHCO3), sodium
hydroxide (NaOH) and hydrochloric acid (HCl) were obtained from Sigma-Aldrich (Steinheim,
Germany). Analytical grade formic acid (HCOOH) and LC-MS grade isopropanol (IPA),
acetonitrile (ACN) and water (H2O) were purchased from Fisher Scientific (Fairlawn, NJ,
USA). LC-MS grade methanol (MeOH) was purchased from Honeywell International Inc.
(Morristown, NJ, USA). HPLC grade dichloromethane (DCM), anhydrous ACN, and 6-
aminoquinoline-N-hydroxysuccinimidyl carbamate (AQC) for derivatization of amino
acids were purchased from Santa Cruz Biotechnology, Inc. (SCB, Dallas, TX, USA). Amino
acids, bile acids and the other analytes were obtained from Sigma-Aldrich, SCB or Cam-
bridge Isotope Laboratories Inc. (CIL, Tewksbury, MA, USA), as listed in [16]. Bile acids
lithocholic acid (LCA), glycolithocholic acid (GLCA) and ursodeoxycholic acid (UDCA)
were obtained from CIL.

3.6. Preparation of Standards and Calibration Standards

All analytes and internal standards for UHPLC analysis are listed in the Supporting
Information (SI) Tables S1 and S2. For each analyte and internal standard, stock solutions at
concentration of 5.0 mg mL−1 were prepared by dissolving the compound in appropriate
solution according to solubility: aqueous solution containing 0.1 M HCl, H2O:MeOH (90:10,
v/v) or in MeOH [16]. An internal standard mixture (ISTD MIX) was prepared by diluting
each one of the internal standard stock solutions to a final solution of 0.45 M carbonate
buffer pH 8.9. A solution of 1 M NaOH (3:1, v/v) was used to adjust the pH to the level
required for derivatization of amino acids. The final internal standard solution consisted of
a set of 31 stable heavy-labelled compounds [16] together with three additional internal
standards associated to gut-liver axis (LCA, GLCA and UDCA), see Tables S1 and S2. In
order to construct calibration curves for quantitative analysis, a stock solution containing
the 34 non-labeled analytes at concentration of 50.0 µg mL−1 was prepared by adding
125.0 µL of each analyte at concentration of 5 mg mL−1 into 5500 µL of ACN to produce
10 mL of final solution. A dilution series was prepared by further diluting this stock
solution at concentration of 50.0 µg mL−1 in ACN in order to construct a calibration curve
with the following levels: 1.25; 5.0; 10.0; 25.0; 50.0; 75.0; 100.0; 250; 500; 750; 1000; 2500;
5000; 7500; 10,000; 12,500; 25,000 and 50,000 ng mL−1. For derivatization of amino acids
and related metabolites, a solution of AQC-reagent at concentration of 5 mg mL−1 was
prepared by dissolving the compound in anhydrous ACN at 55 ◦C. Blanks for MS analysis
consisted of 40 µL of methanol/water 1:1 (v/v) and 20 µL of AQC dissolved in ACN.

The 5 mg/mL stock solutions with individual standards were used to prepare: AA
solution 1—an amino acid mixture containing 85 mM of Ala, 125 mM of taurine, Ile, Leu
and Kynu, 150 mM of GBB, 175 mM of Phe, 300 mM of Glu, Gln, GBB, Cit and HCit,
375 mM of Trp and Tyr in water; BA solution 1– a bile acid mixture containing 150 mM of
LCA, DCA and AzelA, 75 mM of CDCA, CA, GCA, GCDCA, GDCA, GLCA, TCA, TCDCA,
TDCA, TUDCA, GUDCA, UDCA and 300 mM of b-OHB in methanol. AA solution 1 and
BA solution 1 were diluted, respectively, in water and methanol producing AA solution 2
and BA solution 2 (two times diluted from AA solution 1 and BA solution 1) and AA
solution 3 and BA solution 3 (two times diluted from AA solution 2 and BA solution 2).
AA and BA solutions 3, AA and BA solutions 2 and AA and BA solutions 1 were defined,
respectively, as low concentration solutions (LS), medium concentration solutions (MS),
high concentration solutions (HS) and were used to spike samples for estimation of method
recovery.

3.7. Instrumentation

Samples were analyzed using an ultra-high-performance liquid chromatography
system (UHPLC) coupled with a triple quadruple mass spectrometer, both, from Agilent
Technologies Inc. (Santa Clara, CA, USA). The 1290 Infinity UHPLC system (consisted
of a binary pump (model G4220A) with a two-channel solvent degasser, a temperature-
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controlled column compartment (model G1316C), a multi-sampler equipped with a cooler
thermostat (model G7167B), a diode-array detector equipped with an Agilent Max-light
cartridge cell and a deuterium lamp. The multi-sampler was maintained at 5 ◦C and set
to use two mixtures for cleaning the needle and the needle seat for 8 s after each injection:
ACN:MeOH:IPA:H2O (1:1:1:1, v/v/v/v) containing 0.1% formic acid and 10% DCM in
MeOH. The column used for separation was a Kinetex® F5 100 mm × 2.1 mm, packed with
1.7-µm particles (Phenomenex, Torrance, CA, USA). The column was maintained at 40 ◦C
at a flow rate of 0.4 mL min−1 using two mobile phases for gradient elution. The mobile
phases used for separation consisted of “A” H2O + 0.1 % HCOOH and “B” ACN:IPA (2:1,
v/v) + 0.1% HCOOH. The following gradient was used: from 0 to 1 min 1% B, from 1 to
1.8 min 1–18% B, from 1.8 to 3.4 min 18–21% B, from 3.4 to 7 min 21–65% B, from 7 to
7.1 min 65–100% B, from 7.1 to 8.9 min 100% B, from 8.9 to 9.00 min 100–99% B. A period of
2.5 min returning to the initial conditions (1% B) was used for column re-equilibration.

Following UHPLC separation, mass spectrometry analysis of samples was conducted
on an Agilent 6460 triple quadrupole mass spectrometer (Agilent Technologies) equipped
with an Agilent Jet Stream electrospray ionization source. A Genius 3010 nitrogen generator
from PEAK Scientific Instruments Ltd. (Inchinnan, UK) was used to produced nitrogen as
nebulizing gas (pressure of 45 psi, 300 ◦C, 5 L min−1) and as sheath gas (250 ◦C, 11 L min−1).
All data were recorded with Agilent Mass Hunter LC/MS Data Acquisition Software
version B.08.02 (Agilent Technologies). Agilent 6460 triple quadrupole mass spectrometer
was calibrated with ESI tuning solution from Agilent Technology prior to the analyses.

Initially, selected reaction monitoring (SRM) mode was used to determine the transi-
tions between the precursor and fragment ions that produce the most intense fragments
for each of the three additional analytes. SRM transitions of the other 31 analytes were
defined as previously described by Ahonen et al. [16]. For each of the 34 determined SMR
ion transitions, the following MS parameters were further optimized in order to ensure
higher sensitive: fragmentor voltages, collision energies (CE), and cell accelerator voltages.

For MS quantitative analysis, a method based on dynamic multiple reaction monitor-
ing (MRM) mode was set to include all transitions with optimized parameters for ionizing
the analytes of interest. An MRM method previously developed in our group for analysis
of plasma [16] was adapted in order to include three additional bile acids (GLCA, LCA,
UDCA) and to correct for matrix effect. All optimization steps were then combined to a
final MRM method that allows to ionize all 34 analytes in positive or negative ion modes
according their properties, see supporting information Tables S1 and S2. SRM and MRM
optimizations were carried out in MassHunter Optimizer software version B.07.00.

3.8. Sample Preparation

Sample preparation method was designed by combining two different methods de-
veloped by our group and previously described in the literature [5,16]. Extraction of
metabolites was adapted from Trošt et al. [5] and aimed to obtain a main solution con-
taining a wide range of compounds in appropriate concentration for analysis through
various MS platforms. Accordingly, 30 mg of sample were aliquoted in Eppendorf tubes
and homogenized in 400 mL of methanol for 5 min at 25 Hz with a sample disruptor Qiagen
TissueLyser II Laboratory Mixer (Qiagen, Valencia, CA, USA). The homogenized mixture
was centrifuged for 10 min at 10,000× g (4 ◦C). 250 mL of upper phase were collected
and transferred to another clean 1.5 mL Eppendorf tube. The supernatant provided a
homogeneous methanolic solution containing the extracted metabolites. The supernatant
was then dried using a TurboVap® N2 dryer (flow rate of 2 bar, Biotage, Uppsala, Sweden)
for 3–5 h in order to increase the concentration of metabolites to a level suitable for MS
analysis. After drying, the pellet was resuspended in 150 mL MeOH:H2O 1:1(v/v) and the
resuspended sample was centrifuged for 3 min at 10,000× g (4 ◦C). The following steps
were adapted from a protocol used for analysis of bile acids in plasma [16]. Twenty mL
of the final fecal supernatant were collected and 20 µL ISTDmix was added. The solution
spiked with internal standards was further derivatized with AQC as described by Ahonen
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et al. [16]. After preparing the samples, the remaining supernatant was used for preparing
pooled samples for quality control (QC) and the leftover was stored at −80 ◦C for further
analyses. For this study, pooled samples were produced by mixing together all the 475 fecal
supernatants produced in the step of derivatization. The resulting pooled supernatants
were divided in aliquots of 20 µL which were prepared individually and identically to the
original samples by adding 20 µL of ISTDmix following derivatization with AQC.

3.9. Study Design for Evaluation of Analytical Performance, Suitability and Recovery Efficiency

The reproducibility and feasibility of our method was investigated in a targeted plat-
form based on UHPLC-MS analysis using clinical samples from a cohort of 350 participants
with history of harmful drinking and 125 healthy controls. Experiments were designed to
include pooled samples, blanks and calibration curves for quality control and evaluation of
analytical performance, see Figure S1.

The limit of detection (LOD) and the limit of quantification (LOQ) were determined
for each analyte and internal standard in order to evaluate quantitative performance of
compounds in fecal samples. The analytical performance and method reproducibility were
evaluated through the variation of individual metabolite concentrations in pooled samples
in relation to study samples as estimated by relative standard deviation (RSD) values. In
addition to the estimation of inter-variation of pooled samples, the analysis of pools was
repeated following 5 and 10 days in order to estimate the intra-sample variation.

The efficiency of extraction was estimated by calculating the percentage recovery of
metabolites in pooled fecal samples spiked with standard solutions at three different con-
centrations. Three pooled fecal samples (30 mg) were each spiked with 10 µL of amino acid
standard solution and 12 µL of bile acid standard solution at low (LS), medium (MS), high
(HS) concentrations. The spiked samples were extracted in 400 µL of methanol following
the preparation procedure described in Section 3.5 and then, analyzed in the UHPLC-MS
targeted platform as described in Section 3.4. Relative recoveries were calculated for each
metabolite by comparing the analyte concentration in the spiked sample subtracted by the
concentration of a non-spiked sample in relation to the absolute concentration of analyte
that was spiked into the sample, as described in the literature [7].

3.10. Data Analysis and Statistics

The acquired data was pre-processed using Agilent Mass Hunter Quantitative Analysis
software (version B.07.00). Calibration curves were constructed for the concentration
ranges between 2.5–50,000 µg mL−1 for each metabolite. The peak area of each analyte was
normalized by its internal standard and then this ratio, named response, was plotted against
concentrations. Calibration curves were obtained by linear regression of the normalized
peak areas versus concentrations with three points representing of each concentration.
The range of linearity of the calibration curves was determined from lower and upper
limits of quantification (LLOQ and ULOQ) by considering only the concentrations that
produce a linear curve with R-squared values higher than 0.95. LOD and LOQ were
estimated based on the standard deviation (SD) of the intercept (σ) and the slope (s) of the
calibration curve [46]. The concentration of the analytes in the study and pooled samples
was determined by inverse-regressing the responses using the calibration curves. The
resulting data was then processed using an in-house pipeline created with the software “R”.
Calculations were carried out to obtain the relative standard deviation (RSD) values from
QC samples before and after batch correction for each metabolite. Principal component
analysis (PCA) plots and violin plots were created using the ggplot2 package in R [47] and
used for data visualization.
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4. Conclusions

We have developed a reproducible and robust method for preparing fecal samples
for the quantification of 28 metabolites active on the gut-liver axis: GBB, GCDCA, GDCA,
Trp, Ile, TUDCA, AzelA, CA, Leu, GUDCA, Ala, TDCA, TCDCA, Phe, Glu, GCA, Cit,
TCA, Taurine, Tyr, LCA, CDCA, DCA, β-OHB, Gln, Kynu, UDCA, GLCA. An advantage
of the proposed method is the quantification of analytes with different polarities in a
single chromatographic run, in which will be practical in clinical and translational research.
Moreover, our high-throughput method provides a tool for investigating gut-liver axis
metabolism in liver-related diseases efficiently using a noninvasive collected sample. The
investigation of bile acid metabolism using fecal metabolomics can be strategically used to
uncover the underlying mechanisms behind gut-liver impairment.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/metabo12030211/s1, Figure S1: Study design for evaluation of
method reproducibility in a UHPLC-MS targeted platform. Quality control (QC) samples including
blanks, calibration solutions and pooled samples were distributed throughout 600 injections. Four
calibration curves were placed at the beginning, middle and at the end of the analysis. Analysis start-
ed with 2 blanks, 3 pooled samples, a calibration curve with 11 levels of concentration and 1 blank.
A unit composed by a blank, a pool and 16 clinical samples was repeated until the next calibration
curve; Figure S2: Analytical stability of a targeted UHPLC-MS platform for quantitative analysis
of metabolites related to gut-liver axis. Time related variation of metabolite response measured in
quality control pooled samples representing replicates and samples representing a cohort. Interval
of variation in QC pooled samples is represented in grey; Figure S3: Violin plots for distribution of
metabolite concentrations across human fecal samples representing a cohort with different degrees of
liver disease (n = 475) and fecal pooled samples (PO), used as replicates (n = 36) for quality control;
Table S1: MS parameters of the dynamic MRM method that was optimized from Ahonen et al.,
2019 for detection of metabolites in fecal samples. Parameters include MRM transition, polarity,
retention time, fragmentor voltage (V), collision energy (V); Table S2: MS parameters of the dynamic
MRM method that was optimized from Ahonen et al., 2019 for detection of the internal standards
in fecal samples. Parameters include MRM transition, polarity, retention time, fragmentor voltage
(V), collision energy (V). Final concentration of internal standards (IS) in the ISTDmix in ng mL−1

and was determined for each compound based on their limits of quantification; Table S3: Metabolites
identified by GCGC-MS in fecal samples from healthy controls. Columns represent the classes of
compounds that belong to fatty acid metabolism, amino acid metabolism, carbohydrate metabolites,
TCA and others; Table S4: Limit of detection (LOD); limit of quantification (LOQ); linearity (R2); linear
regression parameters for calibration curves: (A) slope and (B) intercept with standard deviation (SD);
range of linearity by UHPLC-MS analysis of bile acids and amino acids; Table S5: Metabolite-wise
relative standard deviation (RSD) in pooled samples (PO), study samples (“Sample”), estimated
ratio between biological variation and technical variation (“Ratio”), inter-day repeatability for two
different concentrations (conc. 1 and conc. 2) in the range of LLOQ and ULOQ and, relative recovery
calculated for samples spiked with standards at low (LS), medium (MS) and high concentrations (HS).
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