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Untargeted metabolomics of disease-associated intestinal microbiota can detect quantitative
changes in metabolite profiles and complement other methodologies to reveal the full effect

of intestinal dysbiosis. Here, we used the T cell transfer mouse model of colitis to identify
small-molecule metabolites with altered abundance due to intestinal inflammation. We applied
untargeted metabolomics to detect metabolite signatures in cecal, colonic, and fecal samples

from healthy and colitic mice and to uncover differences that would aid in the identification of
colitis-associated metabolic processes. We provided an unbiased spatial survey of the Gl tract

for small molecules, and we identified the likely source of metabolites and biotransformations.
Several prioritized metabolites that we detected as being altered in colitis were evaluated for

their ability to induce inflammatory signaling in cultured macrophages, such as NF-xB signaling
and the expression of cytokines and chemokines upon LPS stimulation. Multiple previously
uncharacterized anti-inflammatory and inflammation-augmenting metabolites were thus identified,
with phytosphingosine showing the most effective anti-inflammatory activity in vitro. We further
demonstrated that oral administration of phytosphingosine decreased inflammation in a mouse
model of colitis induced by the compound TNBS. The collection of distinct metabolites we
identified and characterized, many of which have not been previously associated with colitis, may
offer new biological insight into IBD-associated inflammation and disease pathogenesis.

Crohn’s disease (CD) and ulcerative colitis (UC) are two primary forms of inflammatory
bowel disease (IBD) that have steadily risen in the Western population over the last several
decades (1, 2). Both of these forms of IBD are of considerable biomedical importance
because they can result in malnutrition due to inefficient absorption of nutrients (3, 4),
increased susceptibility to colorectal cancer (CRC) (5), higher rates of morbidity (6), and
substantial decreases in quality of life (7). Many factors govern susceptibility to IBD,

and a complex interplay between environmental factors (such as diet and antibiotics),

host genetics and immunity, and the commensal gut microbiota is required to maintain
proper intestinal homeostasis (3, 8). Changes in these interacting factors can lead to
chronic epithelial and mucosal inflammation characteristic of IBD. IBD is typically treated
with drugs developed for other diseases, notably antibiotics, anti-inflammatory agents,
corticosteroids, and immunosuppressants (9-11). However, the systemic side effects of
these agents highlight the need to develop IBD-specific treatments, a task that requires the
identification of new therapeutic strategies to target IBD.

Introduction of elemental diets can also ameliorate features of IBD-associated inflammation.
In this context, suppression of IBD symptoms is linked to a general reduction in bacterial
metabolite production and a surface coating of bacteria with immunoglobulin observable
within two weeks of diet initiation (12). These findings suggest that small-molecule

food components, combined with the metabolic machinery of the host and the intestinal
microbiome, can actively modulate IBD phenotypes. The specific constituents or nutrients
in food that are directly or indirectly responsible for modulating intestinal inflammation are
largely unknown. It also remains to be elucidated if these diet-derived small molecules are
active in their native state or require metabolic modification by the host and/or microbiome,
akin to prodrugs, to exert immunoregulatory functions.
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To identify IBD-associated dysregulated metabolites and understand their functional
relevance for inflammation-related dysbiosis, we performed mass spectrometry-based
metabolomic analysis on microbiome samples collected from a murine T cell transfer
model of colitis. Using our untargeted metabolomics platform, we quantified and compared
metabolite levels extracted from cecal, colonic, and fecal samples collected from wild-
type (WT) and isogenic control mice fed identical diets. Selected metabolites whose
levels differed substantially between control and IBD-associated samples were further
characterized in cell-based functional assays and in an in vivo model to assess their
ability to modulate inflammation. Our findings offer both spatial resolution and functional
information at a molecular level across the gastrointestinal (GI) tract during colitis. The
diversity in the list of metabolites we identified as being altered in IBD demonstrates

the range of chemical reactions and biological processes along the Gl tract in health and
colitis-associated inflammation.

RESULTS

Individual Regions of the Gl Tract Have Distinct Compositions of Metabolites

Our metabolomic analyses were focused on the identification of differences in molecular
signatures between two control groups, C57BL/6J WT and B6.129S7-Rag1imimomy;
(Rag1™'") mice (Rag), and a mouse model of colitis in which naive T cells introduced
retro-orbitally into RagZ~/~ mice (RagT) drive intestinal inflammation over the course of

8 weeks. Because chemical transformations catalyzed by the host and/or microbiome are
heavily influenced by the environment (such as by stomach pH, anaerobic atmosphere, and
others), and given the variability in microbiome composition along the Gl tract (13, 14), we
analyzed individual samples isolated from the cecum, colon, and feces on day 56 post-T cell
transfer, when inflammation is most severe (Fig. 1 and fig. S1). We also profiled the chow
provided ad /ibitum to all mouse cohorts to establish baseline small-molecule levels, and to
enable source tracing of potentially important unique and/or shared active metabolites to the
cecal, colonic, or fecal samples.

We detected a total of 51,886 distinct metabolic features in samples of chow, control
cohorts, and the colitic group. A general trend observed in all three murine cohorts was

a substantial increase in metabolic composition along the Gl tract, as evidenced by the
number of metabolic features detected (specific /m/z value with a specific retention time)

in chow (~22,000 features), cecum (~25,000 features), and colon (~29,000 features) (Fig.
2A). The originating source (which refers to the first instance of detection) for more than
40% of the total metabolic features was the chow (21,730 features) (Fig. 2B). Furthermore,
approximately 28% of all measured metabolic features were only detected in the chow,
suggesting that these molecules were likely metabolized or absorbed prior to reaching the
cecum (Fig. 2C). Approximately 39% of the total metabolic features were first detected in
the cecum, supporting the observations of extensive metabolic transformations in the upper
Gl tract. On the other hand, in the lower Gl tract samples, ~50% of the metabolic features
were shared with chow, cecum, colon, and/or feces samples (meaning that metabolic
features were detected in 2 or more of the 4 sample types), suggesting that half of the
detected small molecules remained largely unmodified throughout passage in the Gl tract.
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Approximately 9,498 metabolic features (18.3% of all metabolic features) were unique to
the cecum and colon and undetectable in the chow or fecal samples. These findings highlight
the potential limitations of relying on feces-only metabolomic analyses to gain biological
insights, for we observed a substantial reduction in the diversity and number of small
molecules in the fecal content relative to all other biological samples (Figs. 2A, B, C).

The Polarity of Metabolites Decreases Along the GI Tract

In addition to the distinct distribution of small molecules, the polarity of metabolites
detected decreased in the lower GI samples, with the highest number of polar features
measured in chow itself. The majority of metabolites identified in chow were detected and
quantitated using HILIC (68.3%, chromatography for polar metabolites), and the remaining
features (31.7%), consisting primarily of non-polar and hydrophobic metabolites, were
detected using reverse-phase (RP) chromatography. Analyses of the cecal and colonic
metabolomes revealed an overall increase in non-polar small molecules relative to chow,
as demonstrated by an equal ratio (~1:1) of the metabolic features. In feces, the majority
of the metabolic features (71.8%) were identified using RP for non-polar metabolites and
consisted primarily of lipids, with only 28.2% of metabolites detected using HILIC (Data
File S1).

IBD-dysregulated Metabolites Increase Along the GI Tract

Of the 51,886 total measurable metabolic features, more than 4,000 (approximately 7%)
differed in abundance between the WT and Rag control groups and the RagT colitic cohort.
The number of differentially detected features between the collective controls (WT and Rag)
and colitic mice was inversely correlated with metabolic composition: 3.5%, 7.1%, and
12.3% of the IBD-modulated features were dysregulated in the cecum, colon, and feces,
respectively (Fig. 2A).

Quantitation and Validation of Previously Reported IBD-associated Metabolites

Several metabolites we identified as being dysregulated in our colitic group have previously
been described in other IBD studies, offering confidence of the robustness of our untargeted
metabolomics data collection and analyses. For instance, we found a 4.5-fold change (FC)
increase in taurocholic acid in the colitic RagT mice, a finding consistent with prior reports
of bile acids being dysregulated in IBD (Fig. 3 and Data File S2) (15-17). Linolenic acid has
been reported to be an anti-inflammatory agent in the context of IBD (18), and we observed
a 1.8 FC increase in linolenic acid in the feces of the colitis cohort relative to both control
groups. Similarly, large differences in oleoylethanolamide (OEA) were detected, with a
significant 2.4 FC increase in this lipid in RagT fecal samples (Fig. 3 and Data File S2), a
finding that agrees with a study that detected increased OEA levels in IBD patient plasma
(19). Studies have shown that administration of OEA has beneficial effects on intestinal
microbiota composition and anti-inflammatory effects in DSS-induced colitis (20-22).

Several small-molecule metabolites whose levels are decreased or absent in IBD were also
diminished in our colitic cohort. For example, methionine sulfoxide levels were decreased
by a 4.8 FC in RagT mice relative to WT, consistent with prior studies that correlated
aberrant methionine metabolism with IBD (Fig. 3 and Data File S2) (23-25). Conversely,
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levels of the reduced form (methionine) were significantly increased in colitic RagT mice
by a 5.9 FC relative to WT. We also observed a smaller but statistically significant increase
in reduced methionine in Rag colon samples relative to those of WT mice by a 1.6 FC,
hinting that Rag mice may intrinsically have elevated levels of methionine (Fig. 3 and Data
File S2). Our quantitative analyses also revealed a significant upregulation of the methylated
nucleosides 1-methyladenosine and 5-methylcytidine by 2.8 and 5.2 FC, respectively, in WT
colonic samples over the RagT group (Fig. 3 and Data File S2). Methylated nucleosides
likely protect the mucosal epithelia, because inhibition of cellular methylation in a murine
model of colitis exacerbates disease (26). Finally, amino acids (including histidine, tyrosine,
and phenylalanine) were dysregulated in RagT mice and several of these metabolites are
associated with IBD (27).

Functional Characterization of New IBD-associated Metabolites

We set out to evaluate the immunomodulatory properties of differentially regulated
metabolites to identify compounds that could potentially play a role in modifying IBD
progression. We first profiled thirty small molecules (Fig. 3) in a cell viability screen to
exclude toxic metabolites prior to analysis in functional assays in primary macrophages

to uncover metabolite-dependent innate inflammatory responses. These thirty significantly
altered molecules and four “control” metabolites (which were molecules of similar classes
found in comparable levels across all cohorts) were selected based on availability, ease

of treatment, and relative abundance. Treatment-challenging metabolites (dipeptides) and
highly abundant metabolites in both control and colitis cohorts (amino acids) were excluded
(Data File S2). To evaluate cytotoxicity and define working concentrations for subsequent
assays, primary mouse peritoneal macrophages were treated with metabolites and cell
viability determined (fig. S2). Next, we tested the ability of metabolites to modulate
macrophage nitric oxide (NO) production, measured as the breakdown product nitrite,

upon stimulation with £. colf lipopolysaccharide (LPS) (28). Primary macrophages were
preincubated with the maximum tolerated concentration (that did not alter cell viability)

of individual metabolites prior to stimulation with 20 ng/ml LPS. Nitrite levels in media
were measured 36 h later to identify inflammation-augmenting or anti-inflammatory agents
(compared to LPS-induced inflammation). The synthetic glucocorticoid dexamethasone and
100 ng/ml LPS were used as controls for anti-inflammatory and increased inflammatory
activity, respectively. We identified 14 metabolites and 4 of the non-differentiated “control”
metabolites that significantly increased or decreased NO levels relative to 20 ng/ml LPS (fig.
S3). Due to their ability to modulate inflammation, we focused on these 18 compounds in
subsequent inflammation regulation assays.

To examine the potential immunomodulatory properties of IBD-regulated metabolites, we
tested their ability to alter expression of pro-inflammatory markers in primary mouse
macrophages treated with LPS. Cells were preincubated with metabolites active in the

NO release assay prior to stimulation with 20 ng/ml LPS and mRNA levels of canonical
inflammatory markers were measured 3 or 36 h or both after addition of LPS. Genes
examined included those encoding tumor necrosis factor alpha (TNFa), interleukin (IL)-1p,
IL-6, inducible nitric oxide synthase (NOS2), and the monocyte chemoattractant protein-1
(MCP-1; also known as CCL2). Gene expression was calculated relative to that measured in
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cells treated only with 20 ng/ml LPS. Integration of gene expression profiles and levels of
NO released allowed us to bin the metabolites into three separate classes: anti-inflammatory,
inflammation-augmenting, and mixed response (Fig. 4A).

The majority of metabolites showed mixed-responses, with variable effects on the

selected inflammatory markers. For instance, the anti-inflammatory agent OEA and the pro-
inflammatory agent LPC(19:0) showed mixed responses, suggesting that these molecules
have a complex, perhaps multi-faceted mechanism of action. Pre-treatment of macrophages
with OEA prior to LPS stimulation reduced MCPI mRNA levels, as would be expected,

but also increased expression of the mRNA encoding the pro-inflammatory cytokine I1L-6.
Similarly, the pro-inflammatory metabolite LPC(19:0) (29) generated a time-dependent shift
in MRNA levels of MCP1, reducing its levels at 3 h, but increasing them at 36 h of treatment
relative to the corresponding control. Nonetheless, two metabolites — thymoquinone and
phytosphingosine — showed consistent, robust suppression of all inflammation markers
tested (Fig. 4A).

We next tested the ability of four metabolites that showed broad suppression of pro-
inflammatory gene expression (phytosphingosine, oleoylethanolamide, 5-methylcytidine,
and N-oleyl-phenylalanine), and three others that increased pro-inflammatory gene
expression (palmitoyl-carnitine, lyso-PC, and NAD), to modulate NF-xB signaling, a
critical regulator of inflammation. THP-1 macrophages stably transfected with an NF-xB-
driven luciferase reporter (30) were pre-incubated with individual metabolites at various
concentrations (fig. S2) prior to LPS addition. Phytosphingosine, oleoylethanolamide,
N-oleyl-phenylalanine, 5-methylcytidine, and palmitoyl-carnitine all significantly reduced
LPS-induced NF-xB signaling, with phytosphingosine showing the greatest anti-
inflammatory potential at the concentrations tested (Fig. 4B). Palmitoyl-carnitine was tested
based on its ability to increase LPS-induced pro-inflammatory gene expression in mouse
primary macrophages (Fig. 4A), but in human THP-1 cells, it dampened LPS-stimulated
NF-xB signaling (Fig. 4B). Collectively, these functional assays not only confirmed the
previously reported immunomodulatory properties of several metabolites we identified as
being altered in IBD (thymoquinone, oleoylethanolamide, and linolenic acid), but they
also revealed the anti-inflammatory potential of metabolites such as phytosphingosine,
sphingosine, sphinganine, and 5-methylcytidine that have not been previously associated
with inflammation.

Phytosphingosine Mitigates Inflammation in TNBS-induced Colitis

To evaluate the extent to which the anti-inflammatory activity of phytosphingosine, the IBD-
modulated metabolite with the greatest efficacy in NF-xB reporter assays, might attenuate
inflammation in vivo, we tested its effects in an acute TNBS-induced colitis mouse model
(15, 31). Phytosphingosine was significantly downregulated in colitis-associated colon
content samples, as evidenced by a 3.8 FC and 1.4 FC reduction in levels relative to Rag and
WT, respectively. In contrast, phytosphingosine levels were not statistically altered in cecum
samples among the treatment groups, nor was the metabolite detected in fecal samples

from any mice. WT mice were dosed by oral gavage with vehicle or phytosphingosine 1

h prior to, and 3 days after, rectal administration of TNBS (2,4,6-trinitrobenzenesulfonic
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acid), as previously described (15). Mice treated only with TNBS showed a trend towards
reduced body weight and colon length that did not reach statistical significance (Fig. 5A,
B). However, TNBS treatment elicited significant increases in expression of inflammation
markers and decreases in intestinal endothelial permeability markers (Fig. 5C). Co-treatment
with phytosphingosine suppressed the increase in the expression of the inflammatory
marker MCP-1 in colonic tissues relative to treatment with only TNBS. The inhibition

of TNFa expression did not reach statistical significance with the group size used. Co-
treatment with phytosphingosine also partially restored the expression of genes encoding
intestinal epithelial barrier markers suppressed by TNBS treatment, such as tight junction
protein ZO-1 (7JPI) and occludin (OCLN) that are responsible for linking tight junction
transmembrane proteins (such as claudins, junctional adhesion molecules, occludin) to the
actin cytoskeleton and the formation and regulation of the tight junction paracellular barrier.
Phytosphingosine co-treatment increased the mRNA levels of 7JPZ and OCLN relative to
mice treated only with TNBS and resulted in a 30% recovery in 7JPI and 20% recovery in
OCLN expression (Fig. 5C). Phytosphingosine could originate from a combination of host
and/or microbial sources. In the host, the phytosphingosine biosynthetic pathway includes
a penultimate reaction catalyzed by sphingolipid A(4)-desaturase (DEGS2) that acts as a
sphingolipid C4-monooxygenase to generate phytoceramide, the substrate that is ultimately
converted to phytosphingosine by ceramidase (CerS) (Fig. 5D). DEGS2 is mostly highly
expressed in the intestinal epithelium relative to other tissues (32). Consistent with the lower
levels of phytosphingosine we detected in IBD samples, we found that TNBS treatment
decreased expression of DEGSZ2in the intestine (Fig. 5D).

We also tested in this model the effects of thymoquinone, a metabolite with decreased levels
in the IBD-associated colon samples relative to controls, which has been previously shown
to reduce gut inflammation (33, 34). Thymoquinone also acted as a robust anti-inflammatory
agent in LPS-treated primary macrophages (Fig. 4A). Pre-exposure of mice to 25 mg/kg

of thymoquinone prior to TNBS addition and daily oral dosing for three days post-TNBS
treatment protected mice from TNBS-induced pro-inflammatory gene expression (fig. S4,
A,B). Co- treatment with thymoquinone reduced mRNA levels for MCP-1by 3.8 FC and
TNFa by 2.3 FC relative to the TNBS-alone cohort (fig. S4B). However, thymoquinone did
not rescue decreased expression of the membrane permeability markers 7JPZ and OCLN at
the mRNA level (fig. S4, C), suggesting that phytosphingosine and thymogquinone modulate
disease progression through distinct pathways.

DISCUSSION

In this work, we performed untargeted metabolomic analysis to identify metabolites with
altered levels in a T-cell transfer mouse model of colitis relative to two control groups (WT
and Rag mice) and the standard chow provided ad libitum. The relative abundance of IBD-
dysregulated metabolic features for each different Gl tract region comprised a broad and
chemically diverse metabolome, including (but not limited to) amino acids, carbohydrates,
peptides, nucleotides, lipids, vitamins, and sterols. Dyshiosis of the metabolome was rather
limited relative to the well-documented large alterations in taxonomic composition found in
IBD-associated distal gut microbiomes (35-39). These observations offer some support for
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the neutral theory of composition, which posits that the fitness of neutral species that share
the same general niche changes identically (or similarly) along an environmental axis.

In contrast to the decrease in composition of the metabolome we noted along the Gl tract,
the percentage of small-molecule features dysregulated between the healthy and colitic
groups increased along the Gl tract. In the cecum, colon, and feces, 3.5%, 7.1%, and 12.3%
of the total detectable metabolites for each sample type were dysregulated, respectively.
The cecum samples had the lowest percentage of colitis-altered metabolites; this may be
attributable to the large number of unidentifiable metabolic features produced by plants and
animals (diet), the intestinal microbiome, and the host that are yet to be described (40).
Although we observed differences in metabolite levels between control and colitic mice,
the number of metabolic features detected and their relative distribution along the Gl tract
remained similar in all three different cohorts.

Despite having the lowest diversity in metabolite features, the largest differences between
control and IBD groups, as assessed by the percentage of dysregulated metabolic features,
were found in the colonic and fecal samples and consisted of a mix of polar/non-polar
metabolites in the colon and primarily non-polar compounds in the feces. It is possible

that the accumulation of dysregulated metabolites along the Gl tract simply reflected

a reduced number of metabolic processes contributed by an altered microbiome and/or
colitic host. It is also likely that some fraction of metabolites may originate from lysis-
susceptible bacteria that have an increased taxonomic footprint in the context of intestinal
inflammation (35, 41-43). Many of the lipid-like metabolites upregulated in the colitic fecal
samples have been reported in other IBD-associated studies (44). The overrepresentation

of hydrophobic lipids in fecal samples relative to cecal and colonic samples likely derives
from bacterial cell walls and other intracellular bacterial components, because anaerobic
bacteria are susceptible to lysis upon exposure to oxygen (45). The diversity in metabolome
physicochemical composition along the Gl tract highlights the complexity of chemical
reactions and biological processes localized to different regions, as well as the possibility
that certain metabolites may have distinct functions and/or biological roles for both the host
and the microbiome along the Gl tract.

A broad range of metabolite classes, including amino acids, carbohydrates, lipids,
dipeptides, sterols, and vitamins were dysregulated in the colon (meaning that they showed
increased or decreased abundance in the colitis samples relative to controls) (Fig. 3 and
Data File S2) and many have been linked previously with intestinal inflammation. For
instance, methionine and methionine sulfoxide (as well as 3 dipeptides) resulting from
aberrant methionine metabolism have been associated with IBD and other gut inflammatory
phenotypes (23-25). The disruption in methionine metabolism is exemplified by the reduced
and oxidized species being inversely dysregulated in colitis. We found an increase of
methionine sulfoxide levels in WT mice, whereas those of the reduced form (methionine)
were significantly upregulated in colitic RagT mice. Our findings suggest that methionine
may act as an inflammatory agent, a notion that is supported by the observation that
methionine-reduced diets are protective in IBD, and by the roles of methionine in regulation
of reactive oxygen species (ROS) production and NF-xB signaling (46, 47). Similarly, we
detected altered levels of taurocholic acid, an observation in line with previous reports of
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alterations of bile acids levels in IBD. Taurocholic acid levels are substantially upregulated
in colitic mice and elevated in human feces from IBD patients, and this bile acid promotes
pathobiont expansion and colitis in /L-207/~ mice (48-50). These and other (Data File

S2) representative examples of dysregulated molecules previously associated with intestinal
inflammation conditions provided known benchmarks to assess the robustness of our
untargeted metabolomics methodology. Our ability to detect alterations in these metabolites
in our IBD samples provides confidence that the newly identified dysregulated metabolites
we report in this study are linked to naive T cell-induced IBD.

Studying these new IBD-linked metabolites in cellular assays uncovered a set of highly
abundant molecules in our microbiome samples that showed a mixed response. We
anticipate that these molecules may have important roles in host physiology and microbiome
ecology, as may be revealed in future studies. Our mixed response results with the
established anti-inflammatory agent OEA and the pro-inflammatory molecule LPC(19:0)
demonstrate a complex mechanism of action with potential spatiotemporal regulation of IBD
that requires further investigation.

Several metabolites were also identified that showed robust pro-inflammatory effects not
previously reported, including hecogenin and 1-methyladenosine. Further study of these
molecules may yield new biological insights into innate immune responses. Finally, we also
identified metabolites such as phytosphingosine that displayed anti-inflammatory activity in
cell-based assays and modest efficacy in an acute mouse model of colitis. This result shows
that cell-based functional assays only demonstrate the narrow impact of each metabolite

on the phenotype tested, and further analyses in other models, and specifically in vivo
assessment, are required to uncover additional processes affected by physiologically active
metabolites. In sum, our findings establish the feasibility of our metabolomics activity
screening strategy to identify and prioritize for further analysis physiologically relevant
metabolites with in vivo activity. Such studies will provide greater understanding of their
biological relevance and role in disease.

MATERIALS AND METHODS

Murine Adoptive T Cell Transfer Chronic IBD Model and Cecal, Colon and Fecal Sample

Collection

Animal protocols were approved by The Institutional Animal Care and Use Committee
(IACUC) at The Scripps Research Institute (TSRI). All mice were purchased from Jackson
Laboratories and maintained in a specific pathogen-free barrier facility at TSRI for the
duration of the study. We used the T cell transfer model of colitis to induce intestinal
inflammation, as previously shown (39, 51). Briefly, 12 6-week-old B6.129S7- Rag1imimom,
ARag1™'") mice (Rag) and 6 C57BL/6J (WT) mice were cohoused for two weeks

to normalize the microbiota. CD3*CD4+*CD8-CD25 Foxp3~ naive T cells collected via
fluorescence-activated cell sorting from the spleens of donor Foxp3-EGFP reporter mice
were transferred retro-orbitally to 6 Rag mice (approximately 5 x 10° T cells per mouse)
(referred to as “RagT”). The control Rag and WT mice were injected retro-orbitally with

a similar volume of sterile PBS and subsequently separated for the remainder of the time
course from the colitic cohort (n = 6 for all three cohorts). The mice were fed standard chow

Sci Signal. Author manuscript; available in PMC 2022 March 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Montenegro-Burke et al. Page 10

(Harlan Teklad) throughout the 8-week time course and all mice were separated by treatment
group for the remainder of the experiment. Mice were euthanized on day 56 post-T cell
transfer and all microbiome samples (cecal, colonic, and fecal) were collected and prepared
for untargeted metabolomics data collection and histology.

TNBS IBD Model

Colitis was induced in male C57BL/6 mice by a single intracolonic injection of 150 uL

50% ethanol containing 2.5% w/v TNBS, as previously described (52). Briefly, mice were
anesthetized with isoflurane and the TNBS solution was administered with a catheter.

Mice were held upside down for 30 s to ensure proper TNBS distribution. Mice were

dosed with vehicle (ethanol:DMSO:Cremophor EL:saline 7:10:13:70) or compounds prior to
TNBS induction and daily thereafter. Mice were euthanized 3 days post-treatment for tissue
collection and analysis.

Primary Macrophage Culture Assays

Thioglycollate-elicited peritoneal macrophages (PM) were obtained 4 days after
intraperitoneal injection of 3 mL sterile 4% thioglycollate medium in male C57BL/6

mice. The PM were obtained by peritoneal lavage with 50 mL ice-cold PBS, treated with
ACK lysis buffer for 3 min on ice and washed twice with PBS prior to resuspending in
complete medium (RPMI containing 10% fetal bovine serum (FBS), 2 mM L-glutamine
and antibiotic/antimycotic). Cells were plated in 96-well tissue culture plates at 8 x 104
cells/well (53). Cells were treated with DMSO control or metabolites (at the concentrations
outlined in fig. S2) for 3 hr in 100 uL RPMI1640 containing 2% charcoal-dextran treated
FBS prior to addition of LPS (Sigma) at a final concentration of 20 ng/mL or vehicle
control (PBS). Cell viability was determined after a 36-h incubation period using CellTiter-
Glo. For transcript levels, cells were either collected at 3 or 36 hr post-LPS treatment for
gPCR analysis. Nitrite levels (used as a proxy measurement of NO release) in media were
measured 36 hr post-LPS treatment by the Griess test (Sigma). Absorption was measured at
520 nm according to manufacturer’s protocol (28).

Metabolite Extraction

For metabolite extraction, 500 pL of cold acetonitrile/methanol/water (2:2:1, v:v:v) was
added to lyophilized fecal, cecal, and colonic content samples per 1.5 mg (solvent volume
was adjusted accordingly to sample weight). Protein precipitation was performed by 3
cycles of freeze/thawing and sonication. Each cycle included a flash freezing step in liquid
nitrogen for 1 min, vortex for 30 sec and sonication in an ice-cold bath for 15 min. This
was followed by incubation at =20 °C for 1 hr and centrifugation at 16000 x g for 15

min at 4 °C. The supernatants were then transferred to another tube and dried down in

a vacuum concentrator. The dry metabolite extracts were stored at =80 °C prior to their
analysis by liquid chromatography/mass spectrometry (LC-MS). Metabolite extracts were
reconstituted with acetonitrile/water (1:1, v:v) (based on the initial weight of the sample
used for extraction), vortexed for 1 min, sonicated for 15 min, and centrifuged at 16,000 x g
and 4 °C for 15 min to remove non-soluble debris.
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Metabolite Measurement by LC-MS

Histology

The metabolites extracts were analyzed by both reverse-phase (RP) and hydrophilic
interaction liquid chromatography (HILIC) (54). Plasma samples analyses were carried out
in a Synapt G2-S/g-ToF mass spectrometer equipped with an I-class UHPLC (Waters
Corporation, Milford, MA). Data was acquired over a /m/zrange 50-1200 Da. The
electrospray source conditions were as follows: capillary, +3.00 kV; sampling cone, 40

V; source temperature, 100 °C; desolvation temperature, 250 °C; desolvation gas flow, 600
L/hr; and cone gas flow, 50 L/hr, respectively. Leucine—enkephalin (/7/2556.2771) was used
for lock mass correction.

The same mobile phases were used for both RP and HILIC chromatography, consisting of
0.1% formic acid in water (v/v) as phase A and 0.1% formic acid in acetonitrile (v/v) as
phase B. The flow rate consisted on 400 pL/min and the columns used were: ACQUITY
BEH C18 column (2.1 x 100 mm, 1.7 um, Water Corporation, Milford, MA) for the

RP analysis and an ACQUITY BEH Amide (2.1 x 100 mm, 1.7 um, Water Corporation,
Milford, MA) for the HILIC analysis. Data was acquired in positive ion mode. The
injection volume was 2 L. For identification purposes, putative molecules of interest were
fragmented at 3 different collision energies (10, 20 and 40 eV).

Raw LC-MS data were converted to mzXML format using ProteoWizard MS Converter
version 3.0.7529 (55). The mzXML files were uploaded to XCMS Online for data
processing (56). Peaks were first detected, aligned across samples and integrated. Features
were then deisotoped and annotated for adducts formation and common losses (57, 58). Data
were processed using the following parameter settings: centWave for feature detection (Am/z
=15 ppm, minimum peak width = 10 s, and maximum peak width = 60 s); obiwarp settings
for retention time correction (profStep = 0.5); and parameters for chromatogram alignment,
including mzwid = 0.015, minfrac = 0.5, and bw = 5. Multigroup statistical processing

was carried out automatically by XCMS Online using a one-way ANOVA followed by

a Kruskal-Wallis non-parametric test. After statistical analysis, only features with g-value
<0.05 were selected for identification by MS/MS experiments (56, 59). To identify these
metabolites, the resulting MS/MS spectra were matched against the METLIN database and
analyzed under the exact same conditions using standard reference material to match both
retention time and fragmentation pattern according to MSI guidelines (60, 61).

Segments of small intestinal and colonic tissues were fixed in 10% formalin for histology
and demonstration of the established gross morphological changes associated with naive T
cell-induced colitis (fig. S1).

gPCR of Inflammatory Markers

Total RNA was isolated from cells and tissues using the Direct-zol RNA MiniPrep Plus

kit (Zymo Research). Tagman-based quantitative real-time PCR was performed using the
SuperScript 11 Platinum One-Step gqRT-PCR reagent (Thermo Fisher Scientific). Samples
were run as multiplexed reactions normalized to an internal control (36B4; acidic ribosomal
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phosphoprotein PO mRNA). Sequences of primers and probes used are in Data File S3.
Relative mRNA expression was determined by the 22-Ct method.

NF-xB-based Cellular Assays

THP-1 macrophages stably expressing NF-xB-driven luciferase were plated in 96-well
white-walled clear-bottomed tissue culture plates at 8 x 104 cells per well in the presence of
5 ng/mL PMA in RPMI1640 containing 10% FBS for 48 hr. Cells were washed and rested
for 24 hr in RPMI11640 containing 2% charcoal-dextran treated FBS. The cells were then
supplemented with the panel of metabolites for 3 hr as described prior to the addition of 5
ng/mL LPS for an additional 3 hr. Bright-Glo™ Luciferase Assay System (Promega) was
used to measure luciferase activity according to manufacturer’s protocol. Dexamethasone
(2 uM) and 20 ng/mL LPS were used as positive controls for suppression and induction of
NF-xB signaling, respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Experimental design.
Cecal, colonic, and fecal samples from isogenic controls WT and Rag mice, as well as the

colitic RagT group (6 mice per group, 18 total) were collected on day 56 for metabolome
extraction and liquid chromatography-mass spectrometry untargeted metabolomics analysis.
Following data analysis, features were prioritized for MS/MS experiments, metabolite
identification, and differential analysis to find altered levels of molecules in RagT colitis
samples. A panel of metabolites with significantly altered levels in IBD, and no prior known
role in this disease, were profiled in cell-based assays that can reveal pro-inflammatory and
anti-inflammatory properties.
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Fig. 2. Distribution of metabolic features acrossthe Gl tract.
(A) Total number of metabolic features detected in chow, cecal, colonic, and fecal samples.

The percentage of dysregulated features (p-value <0.05) in each sample type between the
collective controls (WT and Rag) and RagT mice are represented by the lightly colored
portion of the bar graph. (B) Source of metabolic features (sample type in which the
metabolic features are first detected) across the GI tract is represented as a percentage of

the total number of metabolic features (51,886). (C) Overlap of shared and unique metabolic

features across the Gl tract.
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Fig. 3. IBD-altered metabolitesin cecal, colonic, and fecal samples.
Heatmap of statistically significant (g-value <0.05, one-way ANOVA) metabolites

represented as fold-change of RagT relative to WT and Rag using a logarithmic scale
(log2). Yellow and purple shading indicate down- and up-regulation in the RagT cohort,
respectively.
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Fig. 4. Functional characterization of |BD-altered metabolites.
(A) Primary mouse macrophages were preincubated with DMSO control or metabolites

prior to exposure to LPS or vehicle control (PBS), and gene expression quantitated by
RT-qPCR at 3 and 36 hr after LPS stimulation. Relative RNA levels are shown. NO release
was measured at 36 hr as the aqueous breakdown product nitrite. Blue, red, and grey
triangles denote anti-inflammatory, pro-inflammatory, and control metabolites, respectively,
that were profiled in (B). (B) THP-1 cells stably expressing an NF-xB luciferase reporter
were pre-incubated with metabolites or DMSO control prior to stimulation with 5 ng/mL
LPS or vehicle control (PBS). Effect on luciferase activity of anti-inflammatory (light blue)
and pro-inflammatory (light red) metabolites expressed relative to that elicited by 5 ng/mL
LPS. (CM) denotes control compound. *, **, *** and **** indicate p-value <0.05, 0.01.
0.001 and 0.0001, respectively.
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Fig. 5. Phytosphingosine ameliorates TNBS-induced colitis.
WT mice were dosed orally with vehicle or 25 mg/kg phytosphingosine prior to treatment

with TNBS. Phytosphingosine treatment was continued daily. (A) Body weight evolution,
(B) colon length, and (C) expression of inflammation and (MCP1 and TNFa) and barrier
permeability markers (OCLNand 7JPI) in treated mice. (D) Levels of mMRNA encoding
DEGS?, the upstream enzyme required for phytosphingosine production in the host. p-value
<0.05 denoted by * and <0.01 denoted by **. Veh n=5 mice, TNBS n=4 mice, and TNBS +
phytosphingosine n=5 mice.
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