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Metabolomics analysis reveals large effects of gut
microflora on mammalian blood metabolites
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Although it has long been recognized that the enteric community of
bacteria that inhabit the human distal intestinal track broadly impacts
human health, the biochemical details that underlie these effects
remain largely undefined. Here, we report a broad MS-based metabo-
lomics study that demonstrates a surprisingly large effect of the gut
“microbiome” on mammalian blood metabolites. Plasma extracts
from germ-free mice were compared with samples from conventional
(conv) animals by using various MS-based methods. Hundreds of
features were detected in only 1 sample set, with the majority of
these being unique to the conv animals, whereas ~10% of all features
observed in both sample sets showed significant changes in their
relative signal intensity. Amino acid metabolites were particularly
affected. For example, the bacterial-mediated production of bioactive
indole-containing metabolites derived from tryptophan such as in-
doxyl sulfate and the antioxidant indole-3-propionic acid (IPA) was
impacted. Production of IPA was shown to be completely dependent
on the presence of gut microflora and could be established by
colonization with the bacterium Clostridium sporogenes. Multiple
organic acids containing phenyl groups were also greatly increased in
the presence of gut microbes. A broad, drug-like phase Il metabolic
response of the host to metabolites generated by the microbiome
was observed, suggesting that the gut microflora has a direct impact
on the drug metabolism capacity of the host. Together, these results
suggest a significant interplay between bacterial and mammalian
metabolism.

he human body is colonized by hundreds of trillions of mi-

crobes, which collectively possess hundreds of times as many
genes as coded in the human genome. The combined genetic
potential of the endogenous flora is referred to as the “microbi-
ome” (1), and typically results in a mutualistic relationship between
microbe and host. Normal host activities, including the processing
of nutrients and the regulation of the immune system, are affected
by the intestinal microbiome (2, 3), and the microbiome has been
implicated in the pathogenesis of diseases such as nonalcoholic
steatohepatitis (4), allergy (5), the formation of gallstones (6), and
inflammatory bowel disease (7, 8). The composition of the gut
microbiome is highly variable (9), and its diversity can be signifi-
cantly affected by alterations in diet (2, 10) or antibiotic use (11).
Alternatively, probiotic therapy is the attempt to alter the extant gut
microbial environment through the ingestion of live consumable
cultures of beneficial bacteria (12). Differences in commensal
microflora are likely to impact human health and disease through
any number of ways reflective of the complex nature of the
microbiome itself.

Historically, classical microbiology methods including the isola-
tion and culture of individual bacterial species associated with the
gut were used to study microbial colonization of higher organisms.
More recently, metagenomic techniques have been used to char-
acterize both the composition and the potential physiological
effects of entire microbial communities without having to culture
individual community members. For example, genes for specific
metabolic pathways such as amino acid and glycan metabolism were
found to be overrepresented in the microbiome of the distal gut,
reinforcing the notion that human metabolism is an amalgamation
of microbial and human attributes (13). Also, obese mice were
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found to extract energy from their food more efficiently compared
with lean counterparts due to alterations in the composition of their
gut microflora that resulted in an increased complement of genes
for polysaccharide metabolism (10). It has also been observed that
bile salt hydrolase encoding genes are enriched in the gut micro-
biome, and that enteric bacteria carry out a wide range of bile acid
modifications (6, 14). These metagenomic studies suggest that the
metabolites derived from this diverse microbial community can
have a direct role in human health and disease. To date, metabo-
lomics-based investigations of aspects of the impact of the micro-
biome on mammalian biochemistry have detailed changes in the
levels of well-documented metabolites based primarily on NMR-
based analysis and subsequent multivariate statistics of unfraction-
ated samples, such as urine, gut tissue, or cecum extracts (15-17).
Recently, this same group reported the multicompartmental effects
of the microbiome on murine metabolism by using NMR-based
analysis of urine and tissue extracts from both conventional (conv)
and germ-free (GF) mice (18). Although extremely powerful, these
studies provide only limited opportunity for the discovery of
differences in unexpected or lower level metabolites.

Here, we demonstrate the large effect of the microbiome on
mammalian plasma biochemistry. Specifically, a broad, untargeted,
mass spectrometry-based profiling of serum from GF and conv
mice demonstrates that a significantly large number of chemical
species found in systemic circulation arise because of the presence
of the microbiome, whereas at least 10% of all detectable endog-
enous circulating serum metabolites vary in concentration by at
least 50% between the 2 mouse lines. Several microbiome-affected
molecules identified in the serum of conv mice are either potentially
harmful (uremic toxins) or beneficial (antioxidant) to the host.
Also, we observed a broad, drug-like phase II metabolic response
of the host to species generated by the microbiome, as evidenced by
the exclusive presence of numerous sulfated, glycine-conjugated,
and glucuronide adducts in the serum of conv mice.

Results and Discussion

Mass Spectrometry Reveals That the Microbiome Has a Broad Effect
on Mouse Plasma Biochemistry. Mass spectrometry has become an
increasing powerful tool for metabolomics studies due to its wide
dynamic range, reproducible quantitative capabilities, and its ability
to analyze samples of significant molecular complexity (19). How-
ever, the vast chemical diversity of the known metabolome creates
numerous challenges for any MS-based “global” profiling effort,
including analytical biases introduced by sample preparation, sep-
aration, and ionization techniques. Given these challenges, we
sought to obtain an initial assessment of the extent of the effect of
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the microbiome on mammalian metabolism by analyzing uniformly
processed samples employing various ionization methods, because
studies have shown that such multiple ionization mode strategies
increase both the number and types of analytes observed (20). We
also chose to analyze plasma samples, because this biofluid provides
an excellent opportunity to assess the extent of interplay between
bacterial metabolic and systemic human pathways.

In Fig. 1 we show the experimental workflow for the metabolo-
mics studies performed. Ten plasma samples each from both
individual GF and conv mice were subjected to methanol protein
precipitation and subsequent centrifugation, because this technique
was previously reported to be the most effective, straightforward,
and reproducible extraction method for such samples (21). The
resulting supernatants were each analyzed by 4 different methods;
reversed-phase liquid chromatography coupled to (i) electrospray
ionization (ESI) in the positive mode (+), (if) ESI in the negative
mode (—), (ifi) atmospheric pressure chemical ionization (APCI) in
the + mode, and (iv) gas chromatography after derivatization with
trimethylsilyl chloride. The raw data from the individual analyses
were subjected to nonlinear data alignment (22), and the results
were analyzed for both global changes by using multivariate statis-
tics to determine group separation, as well as univariate statistics to
evaluate the number and percentage of features that are either
unique or vary significantly between the 2 sample sets. As seen in
Fig. 1B, principle component analysis (plotting principle compo-
nent 1 vs. principle component 2) shows an excellent separation of
the GF and conv sample groups analyzed under + ESI conditions.
Similar separations were also seen for the — ESI, + APCI, and
GC-based analyses (Fig. S1). The majority of individual features
detected were present in both the GF and conv samples. However,
hundreds of features were detected in only 1 sample set, with the
majority of these being unique to the conv samples. Also, as
summarized in Table 1, ~10% of all features detected in both sample
sets under any of the analysis conditions showed significant changes in
their relative signal intensity (defined as a =1.5-fold change with a P <
0.0001). It should be noted that a given molecule may be represented
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Fig. 1. The microbione exerts a broad effect on
mammalian biochemistry. (Upper) The experimental
workflow for the metabolomics studies performed.
(Lower) Major differences are observed in the profiles
of GF and conv plasma obtained employing + ESI. PCA
analysis of the profiling data from XCMS (Left) shows
an excellent separation between sample groups. As
shown in the Venn diagram (Right), most species are
observed in both GF and convsamples, but asignificant
number are unique to a given sample set, with ~3-fold
more ions unique to the conv sample.
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by several different features, such as the naturally occurring compo-
nents of its isotopic cluster or nonspecific adduct ions. Nevertheless,
these comparative results show that the microbiome exerts a dramatic
effect on mammalian plasma biochemistry.

We next turned our focus toward the identification of those
features that showed significant differences in level between the
2 sample sets. This task is by far the most laborious part of any
untargeted MS-based metabolomics profiling study, involving
the integrated analysis of accurate mass measurements, tandem
MS fragmentation patterns, and literature/database searches to
produce candidate structures that still require experimental
verification. For the purposes of this article, an observed feature
was not designated as unequivocally identified unless an authen-
tic sample of the proposed species was independently analyzed
in our laboratories and found to exhibit the same chromato-
graphic and mass spectrometric properties as the feature in
question. By comparison, highly probable identification status
was assigned when the experimentally determined properties of
a given feature matched those reported in the literature for a
particular molecule, or were fully consistent with those reported
for a close analog. Although this process remains a work in
progress, the identifications produced to date as listed in Table
2 (and further detailed in Table S1) already exhibit several
striking features. For example, despite the use of a single sample
preparation method, we identified various chemically distinct
compounds ranging from fatty acids to highly polar charged
molecules, along with several groups of functionally related
molecules.

The Microbiome Affects the Diversity of Indole-Containing Com-
pounds in Serum. Multiple features that differed significantly be-
tween conv and GF mice correspond to compounds bearing indole
moieties. For example, the plasma concentrations of tryptophan
and N-acetyltryptophan in conv mice were 40 and 60% lower than
in their respective GF counterparts. A subset of enteric bacteria
express tryptophanase, which converts tryptophan to indole, pyru-

Table 1. Summary of comparative metabolomics profiles using different

MS-based methodologies

Total  Total significant  Significant change  Significant change  Unique  Unique
peaks changed peaks* conv > GF GF > conv toconv  toGF
LC ESI + 4,172 466, 11.2% 318, 68% 148, 32% 145 52
LCESI — 4,132 271, 6.6% 168, 62% 103, 38% 100 61
LC APCI + 1,584 152, 9.5% 96, 63% 56, 37% 27 5
GCMS + 1,803 253, 14.0% 225, 88.9% 28, 11.1% 28 12

*Defined as having a fold-change = 1.5 and P = 0.0001.
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Table 2. Summary of metabolites identified that showed
significant differences in concentration between the two
sample sets

Compound and

Fold metabolism
Metabolite change P value class
Indole derivatives
Tryptophan 1.7, GF 8.42 x 1012 —
N-acetyltryptophan 2.4, GF 3.56 X 1074 —
Indoxyl sulfate conv* 1.34 X 1077 Phase I: hydroxyl;
phase II: sulfate
Serotonin 2.8, conv  1.27 x 10~1° —
IPA conv* 7.69 x 1077 Bacterial
conjugation
Phenyl derivatives
Phenylalanine 1.05, GF 0.3 —
Tyrosine 1.44, GF 1.14 X 104 —
Hippuric acid 17.4,conv 198 X 1072  Phase II: glycine
Phenylacetylglycine 3.8,conv. 470 X 10~8  Phase II: glycine
Phenyl sulfate conv* 9.85 X 1077  Phase II: sulfate
p-Cresol sulfate conv* 0.002 Phase IlI: sulfate
Phenylpropionylglycine conv* 3.07 X 1077 Phase II: glycine
Cinnamoylglycine conv* 2.93 X 1077  Phase II: glycine
Flavones
Equol sulfate conv* 1.44 X 1075 Phase II: sulfate
Methyl equol sulfate conv* 2.18 X 106  Phase II: sulfate
Others
Urate 1.99, conv  1.51 X 10°6 —
Creatinine 1.08, conv 0.071 -
Dihydroxyquinoline conv* 7.64 X 1076 Phase IlI:
glucuronide glucuronide
12-Hydroxy-57,82Z,10E,14Z,17Z- 4.0, conv  8.20 X 107> Fatty acid
eicosapentaenoic acid
3-Carboxy-4-methyl-5-pentyl- 3.4, conv 1.37 X 10°¢ Phase II:
2-furanpropionic acid glucuronide

glucuronide

Fold change equals the fold difference in concentration observed between
conv and GF samples, with the group indicating which is higher. Names in
italics refer to compound identifications that are highly probable, as defined
in the text.

*Compound observed only in a single group (conv or GF).

vate, and ammonia. Given that tryptophanase activity in conv mice
has been shown to increase nearly 2-fold after dosing with trypto-
phan (23), it is highly likely that the decreased concentrations of
tryptophan and N-acetyltryptophan observed in conv mouse serum
resulted from the metabolism of dietary tryptophan by the direct
action of enteric bacteria.

Interestingly, serotonin plasma levels were 2.8-fold higher in conv
animals. However, this increase in serotonin is difficult to attribute
to a direct metabolic transformation mediated by gut bacteria,
because the production of serotonin by characterized enteric bac-
terial species has not been described. Despite the well-documented
role of serotonin as a neurotransmitter, Enterochromaffin cells in
the gut are the largest source of serotonin production in the body,
and this molecule has been implicated in gastrointestinal patholo-
gies such as irritable bowel syndrome and Crohn’s disease (24).
These findings suggest that the increased plasma serotonin levels
observed could indirectly result from an as yet undefined host
microbe interaction.

As seen in Fig. 2, other indole-containing molecules were also
affected by the microflora. For example, indoxyl sulfate (indican)
was identified only in the serum of conv mice. This molecule, a
known nephrotoxin that accumulates in the blood of patients
suffering from chronic kidney failure (25), arises from hepatic
transformation of the bacterial metabolite indole. Because trypto-
phanase activity derives from only a subset of enteric bacteria,
non-indole-producing bacteria, such as various Bifidobacterium
species, have been administered as a test probiotic to dialysis
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patients to decrease their plasma levels of indoxyl sulfate (26).
Conversely, a different set of enteric bacteria has been implicated
in the metabolic transformation of indole to indole-3-propionic acid
(IPA) (27). IPA, also identified only in the plasma of conv mice, has
been shown to be a powerful antioxidant (28), and is currently being
investigated as a possible treatment for Alzheimer’s disease (29, 30).

Although the presence of IPA in mammals has long been
ascribed in the literature to bacterial metabolic processes, this
conclusion was based on either the production of IPA in ex vivo
cultures of individual bacterial species (31) or observed decreases
in IPA levels in animals after administration of antibiotics (32). In
our own survey of IPA production by representative members of the
intestinal flora, only Clostridium sporogenes was found to produce
IPA in culture (Table S2). Based on these results, individual GF
mice were intentionally colonized with C. sporogenes strain ATCC
15579, and blood samples were taken at several intervals after
colonization. IPA was undetectable in the samples taken shortly
after introduction of the microbes, and was first observed in the
serum 5 days after colonization, reaching plateau values compara-
ble with conv mice by day 10. These colonization studies demon-
strate that the introduction of enteric bacteria capable of IPA
production in vivo into the gastrointestinal tract is sufficient to
introduce IPA into the bloodstream of the host. Also, other GF
animals were injected i.p. with either IPA (at 10, 20, or 40 mg/kg)
or sterile PBS vehicle, and their serum concentrations of IPA were
measured over time. As seen in Table S3, the high serum levels of
IPA observed 1 h after injection decreased more than 90% within
5 h, showing that IPA is rapidly cleared from the blood, and that its
presence in the serum of conv animals must result from continuous
production from 1 or more bacterial species associated with the
mammalian gut. The ability to measure the metabolic profiles of
animals selectively colonized with individual species or even com-
plex communities of defined bacterial populations promises to be
a powerful new tool for deconvoluting the contributions of the
various species comprising the microbiome and for dissecting
complex microbial-mammalian metabolic interactions

Sulfation Is Observed as a Prevalent Host Response to Bacterial
Metabolites. Serum metabolites from GF and conv mice differed
significantly in their level of sulfation. For example, both phenyl and
p-cresol sulfate were present only in conv animals (Fig. S2). These
molecules likely arose from the sulfation of direct bacterial metab-
olites of tyrosine (33, 34), the plasma concentration of which was
1.4-fold higher in GF animals.

Sulfation is a well-studied phase II drug metabolism mechanism
used by the body to facilitate the removal of hydrophobic endog-
enous species and xenobiotics. Given the identification of several
sulfated molecules found only in conv animals, we decided to
investigate the extent to which this human chemical detoxification
mechanism targets microbiome affected vs. endogenous metabo-
lites. One MS-based methodology for the detection of putative
sulfated molecules employs a triple quadrupole mass spectrometer
to scan for species that exhibit a neutral loss of 80 #2/z when analyzed
under negative ionization conditions (35). Thus, pooled serum
samples from GF and conv mice were subjected to this more
targeted analysis. As seen in Fig. 3, the conv sample resulted in
nearly double the number of peaks (36) compared with its GF
counterpart (23). Importantly, several of the peaks unique to the
conv sample were later confirmed to be the already identified
phenyl (peak a), indoxyl (peak b), and p-cresol (peak c) sulfates;
thus, demonstrating the potential of this targeted scanning tech-
nique to quickly and effectively detect potential sulfated bacterial
metabolites.

Next, we sought to confirm whether other unique features
resulting from the targeted scanning technique were also sulfated
molecules. Thus, equol sulfate was identified as being present only
in the conv sample, whereas a second conv-specific feature was
identified with high confidence as methyl equol sulfate ( Fig. S3).

Wikoff et al.
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Equol is itself a reported metabolite of the dietary isoflavone
dihydrodaidzein. Purported to have the potential to lower the
incidence of prostate cancer (37), equol has been shown to arise
exclusively as a result of bacterial metabolic processes (38), although
only a small percentage of humans harbor the gut bacteria that
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Fig. 3. Sulfate profiling based on constant neutral loss scanning of 80 m/z

in — ESI mode for conv (Upper) and GF (Lower) pooled plasma samples. The
m/zvalues for several species are listed above their respective peak. Identified
sulfates include: phenyl sulfate (a), indoxyl sulfate (b), p-cresol sulfate (c),
equol sulfate (d), and methyl equol sulfate (e).
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affect this biotransformation (39). It is important to note that
neither equol sulfate nor its methyl ester was listed in any metabolite
database, again emphasizing the degree of complexity involving the
microbiome that remains to be explored.

Other Phase Il Metabolic Products Are also Greatly Elevated in
Response to the Microbiome. We next sought to determine whether
other bacterial metabolites were modified by mammalian chemical
detoxification processes. Indeed, numerous products of another
prevalent phase II drug metabolism mechanism, glycine conjuga-
tion, were found to be either exclusively present or present at much
higher concentrations in conv animals. As shown in Fig. 4, the
plasma concentration of hippuric acid was 17-fold higher in conv
samples compared with their GF counterparts. Hippuric acid is
produced by the conjugation of benzoic acid with glycine, a reaction
that occurs not only in the liver (40) but also directly in the intestine
(41) and kidney (42). Also, it has been reported that hippuric acid
levels increase when animals are fed increased levels of phenylal-
anine (43). However, the concentration of circulating phenylala-
nine was not observed to differ significantly between the 2 sample
sets, suggesting that unlike the presence of indican or IPA in conv
mice, the observed increased levels of hippuric acid may not simply
result from the removal of some of the dietary supply of an essential
amino acid by the direct action of enteric bacteria. These findings
again illustrate the broad interplay of mammalian and enteric
bacterial metabolism.

In Fig. 4 we indicate several additional glycine conjugates iden-
tified exclusively in the serum of conv animals. For example,
cinnamoylglycine was identified as being present only in conv
samples despite not being listed in any metabolite database, illus-
trating the fact that our knowledge of the metabolome even in
biofluids as well-studied as plasma is far from complete. Also,
phenylpropionylglycine was also detected exclusively in conv sam-
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ples. This molecule almost certainly arose from the direct conju-
gation of glycine to phenylpropionic acid, a known metabolic
product of anaerobic bacteria (36). However, in humans, phenyl-
propionic acid is instead normally converted to benzoic acid by the
action of the B-oxidizing enzyme medium chain acyl-CoA dehy-
drogenase (MCAD) (44). Thus, phenylpropionylglycine is detected
only in the urine of MCAD-deficient patients, and has been used as
a biomarker for the diagnosis of this condition (45). These results
illustrate the specificity of host—bacteria mutualism, and suggest the
likelihood of coevolution between symbionts and their hosts.

Several products of yet another mammalian chemical detoxifi-
cation mechanism, glucuronidation, were also elevated in the
presence of bacterial metabolism. For example, a glucuronide of
3-carboxy-4-methyl-5-pentyl-2-furanpropionic acid, a known ure-
mic retention solute shown to inhibit the binding of salicylate and
5,5-diphenylhydantoin to albumin (46), was identified exclusively in
the serum of conv animals. The greatly increased concentrations of
this furan dicarboxylic acid, as well as other classic uremic retention
solutes such as indoxyl sulfate, p-cresol sulfate, urate, and hippuric
acid in the blood of these animals, point to the large burden that the
metabolic processes of enteric bacteria impose on the chemical
detoxification mechanism of their hosts.
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Conclusion

In summary, we have demonstrated a significant effect of the
microbiome on mammalian blood metabolites by applying an
untargeted MS-based metabolomics approach to a germ-free
mouse model system. Numerous circulating molecules were deter-
mined to arise exclusively in the presence of gut microflora, whereas
~10% of commonly observed features differed significantly in
concentration between GF and conv animals. Several pathways
including the metabolic processing of indole-containing molecules
were seen to particularly interact with the microbiome. Numerous
molecules apparently resulting from phase II drug-like chemical
processing of microbial metabolites were also significantly elevated.
Such broad metabolomics profiling studies combined with the
selective colonization of germ-free animals with defined bacterial
population promise to be a powerful tool for the deconvolution of
the complex interplay between mammalian and bacterial metabolic
processes.

Materials and Methods

Serum Sample Collection and Preperation. Blood from 10 conv and 10 GF male
Swiss Webster mice age 8—10 weeks was ordered from Taconic Farms. Both sets
of animals were maintained on autoclaved NIH-31 chow. Blood was collected by

Wikoff et al.
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retro-orbital bleed into heparinized tubes, spun down at 3,000 g for 10 min, and
the entire serum content of each animal was frozen immediately at —80 °C and
shipped on dry ice. Metabolites were extracted from plasma with methanol. We
added 4 volumes of cold methanol to 50 uL of plasma, vortexed, and incubated
at —20 °Cfor 1 h.Samples were centrifuged 10 min at 14,000 X g, the supernatant
was collected, and the centrifugation was repeated. The supernatant was dried
in a SpeedVac and resuspended in 50 uL of 95:5 water:acetonitrile, and clarified
for 5 min at 14,000 X g.

Metabolomics Profiling with ESI. The HPLC system consisted of a degasser,
capillary pump, binary pump, and autosampler (1100 series, Agilent); 3 uL of
extracted plasma maintained at 4 °Cin a thermostated autosampler was applied
to a capillary reversed-phase column (Zorbax C18 SB-300, Agilent) with dimen-
sions 300-um ID X 150-mm length. The flow rate was 4 uL/min with solvent A
composed of water + 0.1% formic acid and solvent B composed of acetonitrile +
0.1% formic acid in positive ion mode. For negative ion mode data, 5 mM
ammonium acetate was substituted for the formic acid in solvents A and B. The
gradient consisted of 5% B for 5 min, followed by a gradientto 95% B over 45 min,
hold at 95% B for 5 min, and a reequilibration at 5% B for 10 min.

To reduce systematic error associated with instrumental drift, samples were runin
an order that alternated between wild type and knockout. Data were collected in +
and — ESI mode in separate runs on a TOF (Agilent 6210) operated in full scan mode
from 100 to 1,000 m/z. The capillary voltage was 3,500 (+) or 2,000 V (—) with a scan
rate of 0.5 scan per second; the nebulizer flow rate was 12 L/hr.

Data Analysis and Statistics. Data in instrument specific format (.wiff) were
converted to common data format (.cdf) files. The program XCMS (22) was used
for nonlinear alignment of the data in the time domain and automatic integra-
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S| Materials and Methods

GC/MS Profiling. We dried 8 L of methanol extracted plasma by
using a SpeedVac in a glass vial, and 75 uL of BSTFA + 1%
TMCS (Pierce) was added, capped, and incubated at 37 °C for
1 h. This mixture was transferred to a GC autosampler vial with
a 100-uL glass insert; 2.5 wL. was injected without a split into an
Agilent 6890 GC/MS instrument equipped with a HP5-MS
column (J&W Scientific/Agilent) with a length of 30 m, ID of
0.25 mm, and film thickness of 0.25 wm. The injector port
temperature was 290 °C and the transfer line temperature was
280 °C. The flow rate was 1.2 mL/min with a total run time of
27.5 min. The temperature program was 50 °C for 5 min,
followed by a gradient of 5 °C per minute to 300 °C, followed by
a hold at 300 °C for 10 min for a total run time of 55 min per
sample. A 20-min blank run was included between each sample.
The mass spectrometer was scanned from m/z 50 to 700.

APCI Profiling. For APCI-TOF profiling, 5 uL of methanol-
extracted plasma was injected onto a SB-C18 Zorbax column
(Agilent) 2.1-mm ID X 150-mm length at a flow rate of 250
uL/min. Mobile phase A was HO + 0.1% formic acid, and B was
MeOH + 0.1% formic acid, with a gradient from 10% to 95%
B from 2 to 30 min, and to 10% B from 33 to 40 min. A standard
APCI source was used with a capillary voltage of 4,000 V, 35 psig
nebulizer, 6.0 L/min drying gas, a vaporizer temp of 325 °C with
a gas temperature of 350 °C and a corona discharge of 6 wA, and
fragmentor of 125 V. The TOF was scanned from m/z 50 to 500.
The injection order was alternated between the 2 groups of
samples, and a 20-min gradient wash was run between each
sample. Samples were profiled by using APCI positive mode with
the TOF (Agilent, model 6210).

Microbial Cultures to Assess Indole-3-Propionic Acid (IPA) Production.
Microbial strains were grown under anaerobic conditions ac-
cording to ATCC guidelines until the culture achieved an ODggo
of ~1.0 or maximal density if the microbe could not achieve
ODgp of =1.0 in broth culture. See Table S2 for a list of strains
used in the study; 1 mL of culture was filtered with a 0.2-um filter
and stored at —80 °C. Samples were brought to room tempera-
ture, and a 50-uL aliquot was methanol extracted and prepared
for LC/MS as were the serum samples. Samples were examined
for detectable quantities of IPA. IPA was detected in all Clos-
tridium sporogenes isolates under all growth conditions screened.
C. sporogenes ATCC 15579 was selected for further experimen-
tation due to the availability of its genomic sequence.

Mouse Colonization Experiments. All experiments involving live
animals were approved by the institutional review board
(IACUC) and conducted in an AALAS-accredited facility.
We aseptically introduced 12 female GF Swiss Webster mice
age 6—8 week (Taconic) into semirigid isolators (Charles River

Wikoff et al. www.pnas.org/cgi/content/short/0812874106

Labs), were maintained on irradiated Pico-Vac Lab Rodent Diet
(Purina), and given autoclaved water ad libitum. Nine mice were
given a 100-uL suspension of C. sporogenes (ATCC 15579)
produced from an overnight TSB culture diluted 1:100 in LB
containing 40% glycerol. Two animals were removed from the
isolator at 0, 5, and 10 days postinoculation, and were anesthe-
tized with isoflurane, 50 puL of blood was collected retro-
orbitally into clay capped capillary tubes, and, while under
anesthesia, animals were euthanized by cervical dislocation.
Also, 3 animals were treated in a similar manner 24 h postin-
oculation. Three animals were maintained as GF for 10 days and
had blood drawn as above to serve as controls. Serum was
separated from blood cells, methanol extracted, and analyzed as
described previously.

IPA Clearance Studies. All experiments involving live animals were
approved by the institutional review board (IACUC) and con-
ducted in an AALAS-accredited facility.

We ordered 20 GF Swiss Webster female mice aged 6—8 weeks
from Taconic Farms. Animals were removed from the GF shipper
24 h after arrival and placed in a biosafety cabinet that had been
decontaminated with 3% Nolvasan. The mice were randomly
divided into four groups (n = 5 animals per group) and adminis-
tered 10, 20, 40 mg/kg IPA (Acros Organics) or sterile PBS vehicle
by i.p. injection. Animals were anesthetized with isoflurane (Henry
Schein), and had 50 uL of blood drawn retro-orbitally at 0, 2, and
6 h postinjection. Serum was separated from blood cells by cen-
trifugation of capillary tubes for 2 min in a BD Adams Autocrit
Ultra 3 Centrifuge, tubes were broken above the blood cell-serum
interface, and the serum layer was collected into capped tubes. The
serum was then methanol extracted and analyzed for the presence
of IPA. All experiments involving live animals were approved by the
institutional review board (IACUC) and conducted in an AALAS-
accredited facility.

IPA Quantitation in Mouse Serum. Samples were prepared as de-
scribed above. LC/MS data were recorded by using an Agilent 6520
Accurate-Mass Q-TOF LC/MS system with dual ESI source and an
Agilent 1200 HPLC system; 10 uL was injected onto column
(Agilent Zorbax 300SB-C18, 5 um, 150 X 2.0 mm). Eluent A was
0.1% (vol/vol) formic acid in water; eluent B was 0.1% (vol/vol)
formic acid in acetonitrile. The gradient consisted of 5% B for 5
min, followed by a gradient to 95% B >45 min, hold at 95% B for
5 min, and a reequilibration at 5% B for 10 min. The flow rate was
200 pwL/min. The mass spectrometric data were collected in profile
mode by using — ESI. The gas temperature was 350 °C. The drying
gas flow rate was 5 L/min, and the pressure of the nitrogen nebulizer
gas was 30 psig. The capillary, fragmentor, skimmer, and OCT1 RF
Vpp voltages were 3,500 V (=), 150 V, 65 V, and 750 V, respec-
tively. A calibration curve was made by running IPA standard
solutions of 50, 200, 500, and 1,000 ng/mL.
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Table S1. Summary of mass spectrometric measurements based on which molecular identifications were made

Molecular Mode m/z calc, ppm RT,
Compound ID formula observed M m/z obs neutral error min CE Major fragments, QTOF
Indole compounds
Tryptophan Cq11H12N20, ESI +, ESI —, + 205.0958 204.0898 -9.28 7.8 35 118.069, 91.058,
AP +, GCMS 143.077, 130.07
N-acetyltryptophan Cq3H14N203 ESI + + 247.1061 246.1004 -8.77 18.7 25 159.096, 146.064,
132.083, 170.064,
188.076, 118.069
Indoxyl sulfate (indican) CgH;NO4S ESI — — 212.0032 213.0095 — 5.5 — +132.044, 79.959
Serotonin CyoH12N0 ESI +, AP + + 177.1008 176.0949 -11.22 5.1 35 115.054, 159.068,
133.053, 105.068,
77.039
Indole-3-propionic acid C11H11NO> ESI +, ESI —, + 190.0851 189.0789 —8.96 23.1 — 130.064, 103.054,
AP + 77.039, 55.018
Phenyl compounds
Phenylalanine CoH11NO> ESI +, ESI —, + 166.0849 165.0789 —-11.46 4.8 — 120.0801, 103.0540,
AP + 91.0544, 77.0388
Tyrosine CoH11NO3 AP +, ESI + + 182.0804 181.0739 —7.24 2.2 35 119.0500, 107.0502,
95.0501, 91.0556,
77.0389, 65.0386,
56.9438
Hippuric acid CoHoNO3 ESI —, AP + - 178.0515 179.0582 6.08 4.5 10 134.061, 77.041
Phenylacetylglycine CioH11NO3 ESI +, AP + - 194.0795 193.0738 —-11.43 121 — 91.058, 65.042
Phenyl sulfate CeHeO4S ESI — - 172.9920 173.9986 6.62 5.5 — +93.035, 79.957
p-Cresol sulfate C7HgO4S ESI — - 187.0080 188.0143 7.99 8.3 — +80, 107
Phenylpropionylglycine C11H43NO3 ESI + + 208.0952 207.0895 —10.4 17.4 35 —
Cinnamoylglycine Cq11H11NO3 ESI +, ESI — + 206.0802 205.0738 -7.37 19.2 35 103.0542, 77.0394,
131.04803
Others
Urate CsHaN4O3 ESI —, AP + - 167.0215 168.0283 5.90 3.7 25 69.0116, 124.0166,
96.0203
Creatinine C4H7N3O AP + + 114.0655 113.0589 -10.8 1.4 — —
Equol sulfate Cq5H14S0¢ ESI — - 321.0426 322.0511 -2.13 21 25 +241.0875, 147.0442,
135.0447, 121.0302,
119.0504, 79.9582
Methyl equol sulfate C16H16SO06 ESI — — 335.0621 336.0667 9.44 25.2 25 +255.1032, 121.0309,

79.9587, 59.0099

M refers to the ESI ionization mode used for peak integration and compound identification. RT, retention time. CE refers to the collision energy employed
to obtain the tandem MS spectra. All compounds identified as sulfates were also verified to have an isotope pattern for which the M + 2 peak was higher in
intensity than expected compared with an isobaric species not containing sulfur.
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Table S2. Individual bacterial species and their culture conditions that were assayed for the production of IPA

Division Strain ATCC number(s) Growth medium
Actinobacteria Actinomyces odontolyticus Batty 17982 BBL Actinomyces broth
Actinobacteria Collinsella aerofaciens Eggerth 25986 ATCC medium 1053
Archaea Methanobrevibacter smithii 35061 ATCC medium 1340
Bacteroidetes Alistipes putredinis 29800 ATCC medium 1490
Bacteroidetes Bacteroides caccae 43185 BBL cooked meat medium
Bacteroidetes Bacteroides capillosus 29799 BBL cooked meat medium
Bacteroidetes Bacteroides ovatus 8483 BBL cooked meat medium
Bacteroidetes Bacteroides stercoris 43183 BBL cooked meat medium
Bacteroidetes Bacteroides thetaiotaomicron 29148 BBL cooked meat medium
Bacteroidetes Bacteroides uniformis 8492 BBL cooked meat medium
Bacteroidetes Parabacteroides merdae 43184 BBL cooked meat medium
Firmicutes Clostridium leptum 29065 ATCC medium 1490
Firmicutes Clostridium ramosum 25582 ATCC medium 38
Firmicutes Clostridium scindens 35704 ATCC medium 1053
Firmicutes Clostridium sporogenes 17888, 319, 15579 TSB broth, BBL cooked meat medium*
Firmicutes Clostridium symbiosum 14940 ATCC medium 1490
Firmicutes Coprococcus eutactus 27759 ATCC medium 735
Firmicutes Eubacterium dolichum 29143 ATCC medium 593
Firmicutes Eubacterium ventriosum Tissier 27560 ATCC medium 593
Firmicutes Micromonas micros 33270 ATCC medium 1102
Firmicutes Ruminococcus gnavus 29149 ATCC medium 1490
Firmicutes Ruminococcus obeum 29174 ATCC medium 1490
Firmicutes Ruminococcus torques 27756 ATCC medium 735
Proteobacteria Escherichia coli 700926, 700891 TSB broth

*ATCC number 15579 was tested in both media and was able to grow and produce IPA in both media
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Table S3. Serum concentration of IPA measured in plasma
samples after intraperitoneal injection of IPA

IPA post-injection conc.,

SNIAS

ng/mL
Treatment Animal no. Oh 1h 6h
Vehicle 1 0.00 0.00 0.08
2 0.00 0.00 0.00
3 0.00 0.00 0.00
4 0.00 0.00 0.00
5 0.00 0.00 0.00
Vehicle mean 0.00 0.00 0.02
Vehicle SD 0.00 0.00 0.04
10 mg/kg IPA 1 0.00 18.24 0.78
2 0.00 22.76 0.79
3 0.00 20.70 0.89
4 0.00 26.70 —
5 0.00 — —
10 mg/kg mean 0.00 22.10 0.82
10 mg/kg SD 0.00 3.58 0.06
20 mg/kg IPA 1 0.00 31.09 0.53
2 0.00 33.24 1.42
3 0.00 57.06 1.66
4 0.00 31.16 0.09
5 0.00 24.25 1.11
20 mg/kg mean 0.00 35.36 0.96
20 mg/kg SD 0.00 12.60 0.64
40 mg/kg IPA 1 0.00 35.43 0.91
2 0.06 — —
3 0.00 53.81 3.87
4 0.00 33.22 2.49
5 1.60 55.03 4.31
40 mg/kg mean 0.33 44.37 2.90
40 mg/kg SD 0.71 11.65 1.53

All values are in ug/mL of serum, and the limit of detection was 0.053
ng/mL.
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