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Abstract

Short chain fatty acids (SCFASs) are important regulators of host physiology and metabolism and
may contribute to obesity and associated metabolic diseases. Interest in SCFAs has increased in
part due to the recognized importance of how production of SCFAs by the microbiota may signal
to the host. Therefore, reliable, reproducible, and affordable methods for SCFA profiling are
required for accurate identification and quantitation. In the current study, four different methods
for SCFA (acetic acid, propionic acid, and butyric acid) extraction and quantitation were compared
using two independent platforms including gas chromatography coupled with mass spectrometry
(GC-MS) and 1H nuclear magnetic resonance (NMR) spectroscopy. Sensitivity, recovery,
repeatability, matrix effect, and validation using mouse fecal samples were determined across all
methods. The GC-MS propy! esterification method exhibited superior sensitivity for acetic acid
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and butyric acid measurement (LOD < 0.01 zg mL™%, LOQ < 0.1 19 mL™1) and recovery accuracy
(99.4%-108.3% recovery rate for 100 1 mL~1 SCFA mixed standard spike in and 97.8%-101.8%
recovery rate for 250 zg mL~1 SCFAs mixed standard spike in). NMR methods by either
quantitation relative to an internal standard or quantitation using a calibration curve yielded better
repeatability and minimal matrix effects compared to GC-MS methods. All methods generated
good calibration curve linearity (/2 > 0.99) and comparable measurement of fecal SCFA
concentration. Lastly, these methods were used to quantitate fecal SCFAs obtained from
conventionally raised (CONV-R) and germ free (GF) mice. Results from global metabolomic
analysis of feces generated by TH NMR and bomb calorimetry were used to further validate these
approaches.
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It is generally appreciated that compositional and functional changes in the gut microbiota
promote or modify metabolic diseases.2 The gut microbiota impact host metabolism by
producing or catabolizing metabolites (e.g., short chain fatty acids, SCFA), generating a
barrier against pathogens®# and altering the physiological activity of the host.>6 An
important activity of the gut microbiota is fermentation of nondigestible dietary fibers to
produce SCFAs. SCFAs are fatty acids with an aliphatic tail less than six carbons, and the
primary fermentation-derived SCFAs are acetic acid (C2), propionic acid (C3), and butyric
acid (C4). Ninety percent of SCFAs derived by bacterial fermentation are reabsorbed rapidly
in the colon,” utilized by the host as an energy source, and serve as anabolic substrates or
precursors for biogenic synthesis.? Acetate is the most abundant SCFA in the colon where it
is transported to the liver and transformed into acetyl-CoA, a precursor for lipogenesis® and
gluconeogenesis.10 Further, acetic acid was reported to be involved in central appetite
regulation for energy intake control.11:12 Propionic acid provides beneficial effects including
antigluconeogenic, 314 antilipogenic,14-15 anticholesterogenic,>16anti-inflammatory, 718
and anticarcinogenicl”:19 activity. Butyric acid serves as a preferred nutrient for
colonocytes?%-21 and is implicated in colonic mucosa proliferation, intestinal lining integrity
maintenance,?1:22 colonic inflammation attenuation,2324 and colonic cancer prevention?3.25
and treatment.28:27 The discovery of the metabolic, immunological, and physiological
implications of SCFAs has strengthened the demand for effective and precise quantitation
approaches.

Multiple techniques have been employed for SCFA quantitation, including capillary
electrophoresis, 2829 high pressure liquid chromatography coupled with ultraviolet detection
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(HPLC-UV),39:31 liquid chromatography coupled with mass spectrometry (LC-MS),32 gas
chromatography coupled with both flame ionization (GC-FID) and mass spectrometry (GC
-MS),33:34 and nuclear magnetic resonance (NMR) spectroscopy.3®36 Among these
techniques, gas chromatography is most widely employed for its separation power, choice of
detectors, and the relatively inexpensive cost of the instrumentation. Multiple extraction
methods have been developed based on GC-MS techniques including acidified water
extraction,37:38 organic reagent extraction,3° ultrafiltration, 4041 steam-distillation,42:43
vacuum evaporation stripping,*4 purge and trap,#>46 headspace single-drop microextraction
(HS-SDME),*’ and derivatization to decrease polarity and improve volatility.4849 NMR
spectroscopy is commonly used in metabolomic studies due to its high reproducibility and
simple preparation process.>0 NMR spectroscopy has been used for SCFA profiling in
extracts from mouse cecal content and feces.>1:52 A basic analytical question is therefore
raised regarding the complementarity and reproducibility of these methods. Or to what
extent can current techniques (GC-MS or NMR) be combined to increase the analytical
confidence and minimize irreproducible measurements. To compare the quantitative
performance of GC-MS-based and NMR-based techniques for SCFAs measurement in
biological samples, four common SCFA quantitation methods were assessed including GC
—-MS-based propyl esterification method,*® GC-MS-based acidified water extraction
method,37:53 IH NMR-based quantitation relative to the reference compound sodium 3-
trimethylsilyl [2,2,3,3-d4] propionate (TSP-d4), and IH NMR based quantitation with
calibration curve. Validation indices including sensitivity, recovery accuracy, repeatability,
matrix effect, and biological concentrations were compared and evaluated across all
methods. The methods were also applied to a comparison of conventional and germ-free
mouse feces and further validated by NMR metabolic fingerprinting and bomb calorimetry.

METHODS

Animal Samples.

the method assessment experiment, feces obtained from conventionally raised C57BL/6J
wild-type male mice (Jackson Laboratory, Bar Harbor, Maine) were pooled and measured.
For method validation experiments, fresh feces were obtained from conventionally raised
mice and germ free mice (The Pennsylvania State University, Gnotobiotic Facility).

GC-MS Analysis Procedure.

GC-MS Sample Preparation.—Fresh feces collected randomly from wild-type mice
was pooled and spiked with 1-13C SCFAs at different concentration levels (250, 100, and 10
19 mL~1). For the propyl esterification method,*® 50 mg of 1-13C SCFAs spiked feces were
mixed with 1 mL of 0.005 M NaOH (containing 10 zg mL~1 internal standard caproic
acid-6,6,6-d3), homogenized (Precellys, Bertin Technologies, Rockville, MD) at 6500 rpm,
1 cycle, 60 s, with 1.0 mm diameter zirconia/silica beads (BioSpec, Bartlesville, OK) added
and then centrifuged (Eppendorf, Hamburg, Germany) at 13 200g, 4 °C, and 20 min. The
supernatant was collected and mixed with an aliquot of 500 4L of 1-propanol/pyridine (v/v =
3:2) mixture. 100 z of propyl chloroformate subsequently was added following a brief
vortex for 1 min. Samples were derivatized in an incubator (Thermo Scientific, Marietta OH)
at 60 °C for 1 h. The derivatized samples were extracted with a two-step hexane extraction
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(300 gl + 200 ). A total 500 gL volume of extracts was obtained and stored at —20 °C for
GC-MS quantitation. For the acidified water-extraction method, 50 mg of 1-13C SCFAs
spiked fecal samples was mixed with 1 mL of HPLC water containing 10 zg mL™1 internal
standard caproic acid-6,6,6-d3. The mixture then was homogenized, and the pH of the
suspension was adjusted to 2-3 by adding 12 M HCI.3” The suspension was kept at room
temperature for 10 min with occasional shaking then centrifuged at 13 200g, 4 °C, and 20
min. The supernatant was transferred to autosampler and stored at 4 °C for GC-MS
analysis.

Experimental Condition for GC-MS Anlysis.—SCFAs were quantified with an
Agilent 7890A gas chromatograph coupled with an Agilent 5975 mass spectrometer
(Agilent Technologies Santa Clara, CA). The experimental conditions of propyl
esterification method and acidified water extraction method are as previously described.49:53
See the Supporting Information for detailed experimental conditions.

GC-MS Spectra Data Processing.—All data were processed with Enhanced
Chemstation (Agilent MSD chemstation) for mass spectra visualization, identification, and
quantitation. More detailed data processing procedures can be found in the Supporting
Information.

GC Method Validation.

Sensitivity.—Sensitivity was expressed by three indexes: limit of detection (LOD), limit of
quantitation (LOQ), and linear range (LR). LOD represents the lowest detectable
concentration of an individual SCFA in a sample with a signal-to-noise ratio greater than
three. LOQ is the lowest concentration of SCFA in a sample which can be quantitatively
determined with a signal-to-noise ratio above ten.>* LR is defined as the concentration range
where the calibration curve displays linearity with correlation coefficient /2 > 0.99.

Precision.—Precision was expressed as recovery rate determined at three concentrations
(250, 100, and 10 zg mL™1). Six fecal samples spiked with 1-13C SCFAs were analyzed. The
fecal suspension without adding the SCFA standards was also analyzed to determine the
initial amount of targeted compound present in the sample. Recovery rate was calculated by
comparing calculated 1-13C standards concentration with the nominal concentration.
Specifically, percent recovery (%R) was calculated using the following equation: %R =
(quantified 1-13C SCFAs standards spiked in fecal sample — initial amount of 1-13C SCFAs
present in the fecal samples)/ nominal standards conc. x 100.

Repeatability.—Repeatability was expressed by intraday and interday relative standard
deviation (%RSD). Intraday repeatability was determined by running the same standard
samples five times a day within a 24 h interval. Interday precision measurement was
performed on the same samples on five different days. Mean and standard deviation of peak
area of extracted ions for each injection were obtained. %RSD = standard deviation/mean
x100.
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Matrix Effect.—The matrix effect was evaluated by comparing the response of the pure
SCFA standards dissolved in extract solvent with the response of the SCFASs in the fecal
matrix. Different concentrations of pure 1-13C SCFAs standards were spiked in either fecal
suspensions or extract solvent. Unspiked samples were also analyzed to substrate the initial
amount of SCFAs present in the samples out. The percent matrix effect (%ME) =
(normalized area of SCFA in spiked fecal samples — normalized area of SCFAs of the
unspiked fecal samples)/normalized area of SCFA in extract solvent.

Nuclear Magnetic Resonance (NMR) Spectroscopy.

SCFA Standard and Sample Preparation.—Fecal samples (50— 60 mg) were
extracted with 1 mL of phosphate buffer (KyHPO4/NaH,POy4, 0.1 M, pH 7.4, 50% v/v D,0)
containing 145.1 ¢/M TSP-dj as a chemical shift reference (6 0.00). The samples were freeze
—thawed three times with liquid nitrogen then homogenized (6500 rpm, 1 cycle, 60s) and
centrifuged (11 180g, 4 °C, and 10 min). The supernatants were transferred to a new tube,
and another 600 w4l of PBS was added to the pellets followed by the same procedure
described above. Fecal supernatants were combined and centrifuged (11 180g, 4 °C, and 10
min), then spiked with the SCFA standards at three final concentrations (250, 100, and 10 /g
mL™1), and 600 /L of spiked fecal extract was transferred to a 5 mm NMR tube (Norell,
Morganton, NC). Unspiked fecal supernatants were also analyzed to determine the initial
amount of each SCFA presented in the sample.

1H NMR Spectroscopy, Spectral Data Processing, Analysis, and Validation.

1H NMR spectra of fecal extracts were acquired as previously described®® with a
quantitative pulse sequence (repetition time >5T1). Quantitation analysis was performed
based on either TSP-d4 reference with known concentration®® or calibration curve. More
detailed TH NMR acquisition, quantitation, and validation methodology can be found in the
Supporting Information.

Method Validation and Application.

1H NMR-based SCFAs quantitation methods based on TSP-dj as a reference or on the
calibration curve were validated by measurement of accuracy, repeatability, sensitivity, and
matrix effect. Further, the methods described were applied to investigate the SCFAs level
and metabolic status differences between conventionally raised mice (CONV-R) and germ
free mice (GF) combined with bomb calorimetry technique.

Data Analysis.

Graphical illustrations and statistical analyses were performed using Prism version 6. All
data values were expressed as mean + SEM. Statistical significance was defined as p < 0.05.

RESULTS AND DISCUSSION
Linearity and Sensitivity of GC-MS-Based and NMR-Based Methods.

The linearity (i.e., the correlation between numerical points), calibration range, LOD, LOQ),
and calibration curve are extremely critical to assess the sensitivity and application of an
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analyticalmethod. As summarized in Table S-1, all calibration curves generated from 4
orders of magnitude of SCFA standard mixture demonstrated satisfactory linearity (/2 >
0.99) indicating that these methods could be employed extensively for quantifying SCFAS in
biological samples with a wide range of concentrations. The GC-MS propyl esterification
method yielded the lowest LOD and LOQ for acetic acid (LOD = 0.002 zg mL™1, LOQ =
0.02 g mL~1) and butyric acid (LOD = 0.01 g mL™1, LOQ = 0.09 zg mL™1). Propionate
LOD/LOQ was not calculated as it could be detected in the background due to impurity in
the derivatization solvent,%® whereas the GC-MS acidified water method (nonderivativation)
showed a relatively high LOD and LOQ for acetic acid (LOD = 0.5 g mL™1, LOQ =5 /g
mL1), propionic acid (LOD = 0.8 zg mL™1, LOQ = 3 g mL™1), and butyric acid (LOD =
0.2 gmL™1, LOQ =1 g mL™1). LOD and LOQ detected were comparable with previous
studies using the acidified water extraction method.37-53 Comparison of LOD and LOQ
between derivatization and nonderivatization methods suggested that the improved volatility
with derivatization increased the sensitivity compared to the nonderivatization method. Due
to the high sensitivity of the derivatization approach, concentrations above 250 zg mL™1
saturated the detector thus compromising linearity. However, the acidified water method
could quantify higher concentrations due to the relatively low sensitivity. Detectable SCFAs
concentrations for the NMR method are approximately 2 4g mL=1, 100 fold less sensitive
than GC-MS methods, which ranged from 0.002 to 0.01 zg mL™L. Quantifiable SCFASs
levels by the NMR method started from 4 xg mL™1, significantly higher than GC-MS propyl
esterification method which started from 0.02 g mL™1.

Recovery and Matrix Effect of Measurement Based on Spiked Sample Matrix.

Recovery assessment was done by measuring a known amount of SCFA spiked into the
biological matrix. Recovery is an informative indicator of whether the method presents
satisfactory precision with interference from the biological matrix and other potential
artifacts created during sample preparation and analysis. In the current study, 250, 100, and
10 g mL~1 of 1-13C SCFAs mixture was spiked in pooled fecal extracts, and recovery was
investigated by comparing the SCFA levels quantified by different methods and the expected
concentration. GC-MS propy| esterification method was superior as almost 100% of 100
and 250 g mL~1 spiked concentrations were recovered for all three SCFASs (Table 1). The
GC-MS acidified water method showed better recovery at higher concentrations, ranging
from 87.6% to 118.9%; however, it was inferior to the GC-MS propyl esterification method
at lower concentrations. The two NMR-based methods showed very similar recovery,
demonstrating the stability of the NMR-based technique. However, the recovery rate is
inferior to the GC-MS propy!| esterification method. The matrix effect is defined as the
difference between the response of standards in solvents and those in a biological matrix
which is known to interfere with the chromatographic efficiency and introduce error in the
mass spectroscopy-based technique.>”8 Specific to the GC-MS-based technique, matrix
components may cause enhancement®® or suppression®? of the analyte signal thus severely
affecting quantitative analysis. Numerous factors might contribute to the matrix effect
including matrix components, extraction reagents, the procedure itself, the purity of the
reference standards, analyte physicochemical properties (stability, mass, charge, and
concentration), column used, and myriad other factors. To minimize the matrix effect, both
GC-MS based methods used reagents and standards of the highest grade available and the
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use of an internal standard to eliminate possible instrumentation errors. As shown in Table 1,
the signal is suppressed by the matrix with GC-MS-based methods with a signal loss up to
24%, suggesting the accumulation of nonvolatile matrix components from fecal extracts like
phospholipids and protein in the injection liner and column. The matrix effect introduced in
NMR is usually due to pH, temperature, ionic strength, and protein content, resulting in peak
position shifts and line width variations.51 The NMR quantitation method has reduced
matrix effect compared to the GC—MS quantitation method, most likely due to the fact that it
is less sensitive to matrix constituents and solvents and due to the simple extraction
procedure (typically only requires dilution using phosphate buffer solution). In the present
study, the NMR-based method demonstrated signal enhancement up to 18%, and the
majority of matrix effects are around 10% signal enhancement, except 10 g mL~1 spiked in
butyric acid, which exhibited significant matrix effect (36% signal suppression), likely due
to interference signals from the branched chain amino acids (valine, leucine, and isoleucine)
with a resonance located 6 0.9, and compromised sensitivity in the low concentration range
for the NMR-based quantitation method.

Intraday and Interday Repeatability Revealed Reliability of Different Methods.

Repeatability assessment is a critical aspect of investigating alternative analytical methods
for reliable and robust quantitations. High repeatability also increases quantitative accuracy
and efficiency by minimizing experimental replicates. Repeatability is assessed for each
measurement method separately from replicated measurement on the same set of samples
and described by within-subject relative standard deviation (RSD). In the current study,
replicated measurements of different concentrations of SCFASs standard mixture were
performed five times either within the same day (intraday) or on five different days
(interday) by the four different measurement methods (Table S-2). Generally, the NMR-
based techniques generated the smallest intraday and interday RSD ranging from 0.3% to
6.7%, with 80% of the RSD below 3%. The GC-MS propyl esterification method presented
better intraday and interday repeatability compared to GC-MS acidified water method,
except for propionic acid. Due to introduction of propionate to the background with the GC
—MS propyl esterification solvent,*® propionic acid measurement was inconsistent at the
lowest concentration 10 zg mL™1. The RSD for intraday and interday measurement reached
12.2% and 21.3%, respectively. Aside from the reduced impact from the matrix, the most
attractive feature for NMR-based analytical techniques is the high repeatability. It is partially
due to the unbiased detection nature of the NMR technique where the peak integrals relate
directly to the chemical structure of the compound (number of protons giving rise to the
peak in H NMR); thus, less interference from instrumentation and other external
environmental factors would be introduced during intraday and interday repeated
measurement. Further, the simple extraction process, nonvolatile extraction solution, and
nondestructive detection platform maintain the maximum level of integrity and stability of
the samples, contributing to the high repeatability especially during interday measurement.
Conversely, MS-based methods are highly dependent on instrumentation (injector, column,
inlet, and liner) and chromatographic conditions,%2 sample preparation and storage
(especially for highly volatile samples after derivatization), which raise issues with data
repeatability and reproducibility between different research groups and research facilities.63
In the current study, GC—-MS repeatability was improved (intraday and interday RSD of
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propyl esterification method ranging from 1.2% to 21.3% with 71% of the RSD below 7%,
intraday and interday RSD of acidified water extraction method ranging from 2.4% to 12.6%
with 67% of the RSD below 7%) through optimization of the instrument parameters,
chromatographic conditions, normalization with internal standards as well as the addition of
multiple washes pre and post injection and blank samples run between injections to
eliminate carryover. However, extra attention for low level of propionic acid measurement
using GC—MS propyl esterification methods is warranted (12.2% and 21.3% for intraday
and interday RSD at 10 ug mL™1, respectively), and additional replicates or blank samples
are requisite to minimize and/or understand background interference.

Application and Validation of SCFAs Quantitative Methods in Conventionally Raised
(CONV-R) and Germ Free (GF) Mice Feces Study.

The SCFAs methods were used to quantify SCFAs levels in feces obtained from
conventionally raised (CONV-R) and germ free (GF) mice. SCFAs were measurable but
significantly lower in GF mice feces compared to CONV-R mice feces (p < 0.001, Figure
S-5), consistent with the level and proportion of SCFAs in GF mice previously reported. For
example, Hoverstad et al.54 reported the following concentrations using the GC-MS
acidified water method with additional steps including vacuum distillation, alkalization,
evaporation, and dissolution: acetic acid = 990 + 380 pmol/kg (equivalent to 59.4 + 22.8
1a/g), propionic acid = 17 = 5.8 zmol/kg (equivalent to 1.3 + 0.4 £g/g), and butyric acid =
7.1 + 3.6 pmol/kg (equivalent to 0.6 + 0.3 1g/g). For CONV-R mice, as shown in Figure 1,
biological concentrations of SCFAs determined with GC-MS and NMR techniques were not
significantly different, providing further validation for the applicability of the methods
compared in the current study. The GC-MS acidified water method captured the broadest
range of the biological concentration for all three SCFAs measured, indicating the greatest
variation and least stability. The SCFASs concentrations quantified with different methods in
this study (Figure 1 and Table S-3) were in good agreement with reported proportion and
quantity of three primary SCFAs in fecal samples measured with other methods. For
example, Lu et al.%5 reported mouse fecal SCFAs concentrations using modified GC-MS
acidified water direct injection method as acetic acid = 1468 + 299 1g/g, propionic acid =
285 + 94 /g, and butyric acid = 192 + 55 1g/g; Garcia-Villalba et al. 39 reported the
following SCFAS concentrations in rat fecal samples extracted with ethyl acetate: acetic acid
=2818.3 + 720.7 tm/g, propionic acid= 268.5 + 73.6 £g/g, and butyric acid ranging from
1387.8 + 613.3 1g/g. In addition, the global metabolic profile between CONV-R and GF
mice feces generated by 1H NMR (Figure 2) also revealed significant differences based on
discriminant analysis (O-PLS-DA, described by R2.X = 0.58, ¢ = 0.976) and CV-ANOVA
test (0 < 0.0001), supporting a dramatically different metabolic status imparted by the gut
microbiota. Moreover, PLS-DA using only the SCFASs regions (the chemical shift [ppm] at
1.92 [acetate], 1.06 [propionate], and 0.9 [butyrate]) obtained via the 'H NMR approach
were performed (Figure S-6). The groups are clearly and significantly separated by only
SCFAs (R2X=0.859, (% = 0.972, CV-ANOVA p < 0.0001), suggesting SCFAs themselves
are sufficient to distinguish CONV-R and GF mice. GF mice showed a significantly lower
level of fermentation end products SCFAs (acetate, propionate, and butyrate), branched
chain amino acids (valine, leucine, and isoleucine), and bacterial-associated metabolites like
taurine.56 Moreover, reduced glucose, phenylalanine, tyrosine, tryptophan, urocanate,
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hypoxanthine, inosine, uracil, and increased histidine were seen in feces of GF mice
comparing to CONV-R mice, indicating altered glucose, amino acid, and nucleotide
metabolism due to lack of microbial activity. Further, fermentation substrates like raffinose,
stachyose, and many oligosaccharides were excreted in significantly higher levels into feces
for GF mice, demonstrating the reduced metabolism of those substrates due to the absence
of gut microbiota. Fecal energy quantitation was conducted with bomb calorimetry to further
investigate the metabolic status in GF and CONV-R mice feces. The gross heat of feces from
GF mice was 4110 + 38.2 calorie per gram feces, approximately 140 calorie per gram higher
than the gross heat of feces from CONV-R mice, which was 3970 + 12.2 calorie per gram
(Figure 3). Excessive fecal energy excretion in GF mice is consistent with high level of fecal
dietary fibers determined by *H NMR global metabolites profile. Because of the absence of
bacterial fermentation in GF mice, host energy harvest capability and metabolic efficiency is
reduced. Dietary fibers as potential energy sources are no longer accessible in the germ free
gut and are excreted intact. The results are in good agreement with the previous studies from
lean and obesity-resistant GF mice,%7-68 suggesting the feasibility of the described methods
for metabolic studies.

CONCLUSION

High-throughput metabolite profiling approaches including GC-MS and 1H NMR provide
excellent platforms for quantitative detection of SCFAs in complex biological matrices.
While MS-based methods, especially after derivatization, have incomparable sensitivity and
precision, they can be influenced by matrix interference thus impacting repeatability. In
practical applications, the GC-MS propyl esterification method is highly recommended for
trace/ultratrace detection of SCFAs in biological fluid®® (plasma and urine) or intracellular
SCFAs in cell culture and intestinal tissue. Because of the easier sample preparation
procedure and short run time, the GC-MS acidified water method is most suitable for
studies with large quantity, including samples from biodigesters or large-scale human
studies. Alternatively, NMR-based methods, while exhibiting relatively low sensitivity,
exhibit high repeatability and low matrix effect due to the nondestructive and noninvasive
sample preparation and measurement technique. Additionally, NMR spectroscopy provides
informative metabolic profiles of the overall metabolic characteristics; thus, it is best suited
to measure cecal or fecal samples (higher SCFA concentration). In the CONV-R and GF
mice feces study, the combination of GC-MS and NMR provided comprehensive and
complementary views of SCFAs status and overall metabolic profile. Bomb calorimetry
further confirmed the compromised energy harvesting capability of GF mice. Three
mutually independent methods, GC-MS, NMR, and bomb calorimetry, led to consistent
results, demonstrating the feasibility of the techniques used in metabolomics studies and the
critical function that gut microbiota play in host energy balance and metabolic status.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fecal SCFAs Concentration of CONV-R Mice
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Figure 1.
Biological concentrations of fecal SCFAs in conventionally raised (CONV-R) mice (n7=10

per group) measured by GC-MS propy!| esterification method, GC-MS acidified water
method, and 1H NMR quantitation method. Values are expressed as the mean +95% CI. Data
was analyzed using ANOVA with Bonferroni’s correction. Biological concentrations
measured by different methods were not significantly different.
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Figure 2.

Global metabolic profiling of feces from germ free (GF) and conventionally raised (CONV-
R) mice determined by 1H NMR. O-PLS-DA scores represent indicative power of models,
p-value (CV-ANOVA) demonstrates the significance testing of OPLS model. Correlation
coefficientcoded loadings plots for the models (right) from NMR spectra fecal extracts
displaying changes and significance. The upward-pointed peak indicates the metabolite that
peak represents (metabolite labeled) presented in higher level in GF mice. Peak pointing
downward represents the metabolite presented more in CONV-R mice. The color-coded
correlation coefficient indicates the significance of that change, the significance increases, as
color gets warmer. A cutoff value of |4 > 0.754 (r> 0.754 and r< —0.754) is chosen for
correlation coefficient as significant based on the discrimination significance (p < 0.05).
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Fecal Bomb Calorimetry
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Figure 3.
Quantitation of gross heat of feces from conventionally raised (CONV-R) and germ free

(GF) mice by bomb calorimetry (/7= 8 mice per group). Data was analyzed using a two-
tailed Student ftest. £< 0.05 was considered significant.
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Recovery and Matrix Effect of SCFAs from Fecal Extracts Spiked with Different Concentration of SCFAS

Standards by Different Quantitation Methods”

GC-M S propyl esterification method

compounds spiked amount (ug/mL) amount recovered (ug/mL) % recovery % RSD % matrix effect
acetic acid 10 6.7+1.0 66.9 14.9 76.3
100 108.3 +15.0 108.3 13.9 94.4
250 2545+16.3 101.8 5.9 92.7
propionic acid 10 72+12 72.3 16.9 74.2
100 100.2 + 17.6 100.2 175 84.2
250 2445+ 36.6 97.8 15.0 92.7
butytic acid 10 6.7+1.1 67.0 11.2 e
100 99.4 +20.4 99.4 20.6 88.2
250 249.7+38.1 99.8 15.3 97.4
GC-M S acidified water method
compounds spiked amount (ug/mL) amount recovered (ug/mL) % recovery % RSD % matrix effect
acetic acid 10 75+19 74.8 25.1 116.8
100 108.7 + 14.9 108.7 13.7 95.7
250 226.1+19.2 90.4 8.5 76.2
10 75+12 75.4 16.0 95.1
propionic acid 100 106.3 +10.7 106.3 10.1 80.3
250 297.2+23.1 118.9 7.8 76.2
10 52+04 52.2 6.8 89.6
butyric acid 100 87.6+17.0 87.6 20.6 76.2
250 291.7+24.3 116.7 8.3 79.7
1H NMR quantitation relative to TSP method
compounds spiked amount (ug/mL) amount recovered (ug/mL) % recovery % RSD % matrix effect
acetic acid 10 8.4+04 83.7 4.2 90.6
100 97.7+43 97.7 4.4 1185
250 271.7+16.0 108.7 5.9 111.7
10 10.1+0.6 101.4 6.0 107.2
propionic acid 100 116.6 +5.5 116.6 4.7 116.1
250 3321+153 132.8 4.6 104.8
10 54+0.8 54.2 14.7 64.1
butyric acid 100 929+4.6 92.9 5.0 118.1
250 263.2+ 147 105.3 5.6 106.8
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IH NMR quantitation with calibration curve method

compounds  spiked amount (ug/mL)  amount recovered (ug/mL) % recovery % RSD
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acetic acid 10 8.6+0.4 85.6 4.2
100 98.7+5.1 98.7 52
250 2779+ 16.3 111.2 5.9
10 8.0+0.48 80.2 6.0
10 54+0.8 54.1 14.7
butyric acid 100 92.0+4.7 92.0 51
250 263.0 + 14.7 105.2 5.6

a\/alues are expressed as mean + SD. 7= 6 per group.
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