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Abstract
The impact of commensal bacteria in eukaryotic transcriptional regulation has increasingly

been demonstrated over the last decades. A multitude of studies have shown direct effects

of commensal bacteria from local transcriptional activity to systemic impact. The commen-

sal bacterium Streptococcus salivarius is one of the early bacteria colonizing the oral and

gut mucosal surfaces. It has been shown to down-regulate nuclear transcription factor (NF-

кB) in human intestinal cells, a central regulator of the host mucosal immune system re-

sponse to the microbiota. In order to evaluate its impact on a further important transcription

factor shown to link metabolism and inflammation in the intestine, namely PPARγ (peroxi-

some proliferator-activated receptor), we used human intestinal epithelial cell-lines engi-

neered to monitor PPARγ transcriptional activity in response to a wide range of S. salivarius
strains. We demonstrated that different strains from this bacterial group share the property

to inhibit PPARγ activation independently of the ligand used. First attempts to identify

the nature of the active compounds showed that it is a low-molecular-weight, DNase-,

proteases- and heat-resistant metabolite secreted by S. salivarius strains. Among PPARγ-

targeted metabolic genes, I-FABP and Angptl4 expression levels were dramatically re-

duced in intestinal epithelial cells exposed to S. salivarius supernatant. Both gene products

modulate lipid accumulation in cells and down-regulating their expression might conse-

quently affect host health. Our study shows that species belonging to the salivarius group of

streptococci impact both host inflammatory and metabolic regulation suggesting a possible

role in the host homeostasis and health.

Introduction
The Human gastrointestinal tract (GIT) harbors a highly diverse and dense population of
commensal microorganisms, commonly named microbiota. Its functions were formerly
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thought to be purely digestive and protective by building a competitive barrier against patho-
gen colonization. Research performed over the last decades has given rise to an emergent
awareness that the function of the GIT along with its microbiota also strongly influences host
physiology, locally and at a systemic level contributing largely to the host health and wellbe-
ing (for review see [1]). The interface between commensal bacteria and the host epithelium is
crucial for the establishment of this interaction in a homeostatic and mutualistic manner.
With a large genetic pool (over 150 time larger than the Human genome), the microbiota is
highly adapted for intestinal fermentation of non-digestible foodstuff [2]. On top of this im-
portant fermentative role it contributes to the development of the local and systemic immune
system, to the regulation of host fat storage and even to behavior [3–9]. Strong correlations
between the microbiota, low-grade inflammation and host metabolism have been highlighted
recently [4, 10, 11]. However, the understanding of underlying mechanisms by which the gut
microbiota could contribute to the host metabolic homeostasis or functions
remains fragmentary.

An important role has been attributed to metabolites produced by the microbiota (includ-
ing short chain fatty acids (SCFA)) in the activation of peroxisome proliferator-activated re-
ceptor (PPAR) family of nuclear receptors that initiate transcriptional gene expression linked
to metabolic reprogramming and immune functions [12–15]. PPARγ is a well-characterized
nuclear receptor for which natural known ligands are endogenous and exogenous lipid moie-
ties along with derivatives of thiazolidinedione [16]. PPARγ forms heterodimers with the ret-
inoid X receptor (RXR) and upon activation stimulates target-gene expression through
binding to PPAR-responsive elements (PPREs) [17]. PPARγ is predominantly expressed in
adipose tissue and the GIT, and is involved in the metabolic regulation of lipids, glucose ho-
meostasis, cell proliferation and differentiation and local inflammation. Microbiota-induced
PPARγ has also a role beyond the gut, as it regulates Angptl4 (Angiopoietin like protein-4)
expression, responsible for lipid storage in the adipose tissues [12, 18]. In addition to its im-
plication in metabolic gene regulation, PPARγ is a well-characterized transcription factor re-
cently reported to act as an E3 ubiquitin ligase implicated in the degradation of the p65 sub-
unit of the pleiotropic nuclear factor NF-κB that consequently reduces inflammatory re-
sponses [19, 20].

Streptococcus salivarius is one the primo colonizers of the human oral cavity and upper
airways where it remains a predominant commensal inhabitant [21–23]. This bacterium is
also a dominant part of the early-life human intestinal microbiota (for review see [24]). In
adults, S. salivarius colonizes the stomach and intestine mucosal surfaces including the
ileum, jejunum and colon [23, 25–28]. Metagenomic and phylogenetic microarray ap-
proaches showed that Streptococcus species are ubiquitously present in ileum and colon of
healthy adults in dominance and sub-dominance respectively [29–32]. Previously, our labo-
ratory demonstrated that S. salivarius strains display regulatory effects on the NF-κB path-
way in human intestinal epithelial cells via unknown pathways and protect its host during
induced-colitis suggesting a potential role in GIT inflammatory homeostasis [33, 34]. Inter-
estingly, pathogen and commensal bacteria have been shown to actively modulate PPARγ
and NF-κB activation [13, 20, 35–38]. Altogether, these studies suggest that, NF-κB and
PPARγ are transcription factors, influenced by bacteria, with distinct but overlapping roles
linking metabolic and immune functions. These observations prompted us to investigate the
effect of S. salivarius on PPARγ transcriptional activity. In the present study, we showed that
S. salivarius strains down-regulate PPARγ transcriptional activity and PPARγ-dependent
genes expression via low molecular weight, heat resistant, non peptidic and non nucleotidic
secreted components.
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Materials and Methods

Epithelial cell culture
The human epithelial cell lines HT-29, Caco-2 and SW-116 were obtained from the Ameri-
can Type Culture Collection (ATCC). HT-29 and SW-116 were cultured in RPMI 1640 and
Caco-2 in DMEM, supplemented with 10% heat-inactivated foetal calf serum, 2mM gluta-
mine, 1X non essential amino acids, penicillin (50U/ml) and streptomycin (50U/ml) in a hu-
midified 5% CO2 atmosphere at 37°C. All culture media and supplements were supplied by
Lonza.

Reagents
All PPARγ ligands and antagonist: Rosiglitazone (10μM), GW9662 (10μM) pioglitazone
(10μM), troglitazone (10μM) and ciglitazone (10μM) (Cayman chemical) were prepared in
DMSO following the manufacturer’s recommendations and diluted in RPMI. Sodium butyrate
(But, 2mM) was from Sigma-aldrich.

Bacterial culture and bacterial supernatant preparation
The Streptococcus salivarius strains used in this study are listed in S1 Table. Bacteria were
grown overnight at 37°C, S. salivarius, S. vestibularis and S. agalactiae in chemically defined
medium (CDM) [39] and E. coli in Luriani Broth (LB). Bacterial cultures supernatants were
collected after centrifugation and 0.22μm filtration. CDM adjusted to bacterial supernatant pH
(pH�5.5) was used as control. When mentioned, bacterial supernatants were size-fractionated
using 10kDa and 3kDa cut-off filters (Millipore) or exposed to high temperature (100°C for
10 min) and heat shock assay (100°C/10 min prior to liquid nitrogen-freezing). Bacterial lysates
were prepared by mechanical lysis using a FastPrep instrument (MP Biomedicals). 3kDa fil-
tered bacterial supernatants and CDM were treated with proteinase K (100μg/ml, Sigma),
DNase I (100μg/ml, Sigma) or trypsin (0,25%) for 2h at 37°C. Then, based on their molecular
weight characteristics ranging from 23 to 29 kDa, the enzymes were eliminated by using a
10kDa cut-off filters.

Luciferase Reporter and cell viability Assays
PPARγ reporter construct pJ3-TK-Luc bearing three repeats of the PPRE (PPARγ responsive
element) [40] was used to establishing HT-29-PPARγ and Caco-2-PPARγ reporter cell lines as
described [41]. PPARγ reporter system response was characterised using a wide range of
known agonists: rosiglitazone, pioglitazone, troglitazone and ciglitazone and its well-
characterised antagonist GW9662 (S3 Fig). ANGPTL4-reporter system containing the
pANGPTL4-1.8luc was previously described [12]. Cell reporters were seeded in 96-well plates
at 3.104 cells per well. After 24h culture, bacterial supernatants or lysates, CDM, PPARγ ago-
nists/antagonists were added at 10% final volume for 12h. For the live bacteria experiments, S.
salivarius over-night cultures were incubated at a MOI of 40 bacteria per cell for 6h. Luciferase
activity was measured in cells lysates using Tecan Infinite M200 device and luciferase assay kit
(One Glo, Promega) according to the manufacturer’s instructions. PPARγ activation and
Angptl4 expression were normalized to controls, i.e. cells stimulated with activators in addition
to CDM control media or CDM control media alone. Experiments were performed in tripli-
cates for at least three independent assays. Cell viability was monitored by MTS measurement
using the CellTiter 96 Aqueous One solution (Promega) according to the
manufacturer’s recommendations.
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Real Time PCR
HT-29 cell line was seeded in 6-well culture plates at densities of 106 cells per well and cultured
for 24h prior stimulation. Total messenger RNA (mRNA) was extracted after 6h incubation
with CDM, CDM and rosiglitazone (10μM), or supernatant and rosiglitazone using an RNeasy
mini-kit (Qiagen), cDNA was synthesized from 2 μg of mRNA using High Capacity cDNA Re-
verse Transcription Hits (Applied biosystems) according to the manufacturer’s instructions.
qPCRs were carried out using thermal cycler in a reaction volume of 25μl and SYBR Green
(Applied Biosystems)-based quantitative real-time PCR. Primers were designed and tested ac-
cording to Applied Biosystems recommendations. Liver-Fatty acid binding protein (L-FABP),
5’-GGAAGCACTTCAAGTTCACCAT-3’/5’-ACCTTCCAACTGAACCACTGTC-3’; β-actin
(used for normalization), 5’-AAGACCTGTACGCCAACACAGT-3’/5’-GGAGCAATGATCT
TGATCTTCA-3’; Angiopoietin like protein-4 (Angptl4), 5’-AGGCTGGACAGTAATTCAGA
GG-3’/5’-ATGCTATGCACCTTCTCCAGAC-3’; Peroxisome Proliferator-Activated Recep-
tor-γ (PPARγ), 5’-TCCAGTGGTTGCAGATTACAAG3’/5’-AGGCTCTTCATGAGGCTTAT
TG-3’. The sample setups included biological duplicates and experimental triplicates.

Western-blot
Protein extracts were run in 10% SDS-PAGE and transferred onto PVDF membranes (Bio-
Rad, Transblot). Membranes were blocked overnight in PBS/4% skim milk/0.1% Tween-20
(Sigma-aldrich). Primary (anti-PPARγ, SC-7273, clone E-8; anti-GAPDH, SC-365062, clone
G-9; both from Santa Cruz Biotechnology) and secondary (Goat anti-mousse IgG HRP, Dako,
P0447) antibodies were successively added in PBS/Tween/milk, each being left for 1h before
detection with the Clarity Western ECL Substrate using the Chemidoc MP System (Bio-Rad).
Quantifications were performed using the image Lab software (Bio-Rad).

Statistical analysis
Graphic representation and statistical analyses of PPARγ, Angptl4 and FABP expressions by
RT-qPCR were performed using Graphpad Prism software. Comparisons of distributions were
performed using a student’s t test with 95% confidence intervals with p values of�0.05 consid-
ered to be significant.

Results

S. salivarius strains inhibit PPARγ activity
We previously demonstrated that S. salivarius strains inhibit NF-κB activation in IECs through
an unknown mechanism [34]. PPARγ is a well-characterized nuclear receptor recently re-
ported to act as an E3 ubiquitin ligase implicated in the degradation of the p65 sub-unit of NF-
κB and consequently reducing inflammatory responses [19]. As NF-κB and PPARγ are tran-
scription factors targeted by bacteria including commensals [20, 34], we aimed to understand if
S. salivarius-dependent down-modulation of NF-κB was linked to the induction of PPARγ
transcriptional activity.

For this purpose, we used a PPARγ reporter system under transcriptional control by three
repeats of a PPRE (PPARγ-responsive element) stably expressed in HT-29 intestinal epithelial
cells [12]. We screened the effect of bacterial supernatants derived from a wide range of S. sali-
varius and vestibularis strains isolated from diverse human sites previously described to modu-
late NF-κB pathway on the PPARγ reporter system [34]. Using non-activated cells, none of the
strains tested showed any effect on PPARγ activation per se, suggesting that PPARγ is not in-
volved in S. salivarius-dependent NF-κB inhibition (S1 Fig). Interestingly, upon activation of
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PPARγ by butyrate supernatants secreted by S. salivarius and S. vestibularis strains down-
regulated activity with an inhibition rate, ranging from 15% to 40%. (Fig 1A). Indirect effects
through cell viability were excluded using the MTS assay (S2 Fig). This repression was specific
to S. salivarius and S. vestibularis supernatants as E. coli and S. agalactiae supernatants did not
affect butyrate-induced PPARγ transcriptional activity (Fig 1B).

The S. salivarius–dependent down-regulation of PPARγ transcriptional
activity relies on secreted molecules
Growth media are highly enriched in molecules, which are potentially metabolized by bacteria.
In order to avoid growth medium-derived effects in PPARγ down-regulation, we used living
bacteria from exponentially growing cultures that were washed with PBS prior to application
to the PPARγ-HT-29 reporter cell line. In Fig 2, we showed that live S. salivarius strains, simi-
larly to their culture supernatants inhibited the activation of butyrate-induced PPARγ on intes-
tinal epithelial cells (Fig 2A and 2B). Moreover, bacterial cell components are known to be
released during replication and lysis in exponentially growing cultures. In order to test if the
observed PPARγ down-regulation with bacterial supernatants resulted from cytoplasmic or
membranous compounds that might have been released during growth, we tested lysates of the
washed bacteria on HT-29-PPARγ reporter cell-line but did not find any significant changes in
PPARγ activation (Fig 2C).

These results strongly suggest an effect on butyrate-induced PPARγ activation exclusively
with secreted components from metabolically active bacteria.

The S. salivarius–dependent down-regulation of PPARγ activity is not
dependent of the epithelial cell-line or PPARγ ligands used
S. salivarius effects on PPARγ activation was also confirmed in a second epithelial cell line, i.e.
Caco-2, carrying the same reporter system (Fig 3A). Supernatants from three S. salivarius
strains down-regulated butyrate-induced PPARγ activation in Caco-2 cells in a similar range
as observed in HT-29 (30 to 40%).

Butyrate is a short chain fatty acid (SCFA) with broad cellular activities through receptor ac-
tivation such as GPR41 and GPR43 or histone deacetylates (HDAC) inhibition [12]. The ob-
served down-regulation of butyrate mediated PPARγ activation by S. salivarius and S.
vestibularis supernatants could therefore be mediated either through direct PPARγ inhibition
or indirectly through inhibition of the activation mechanisms of butyrate. We therefore repeat-
ed our experiments with a range of well-characterized specific PPARγ ligands inducing its
translocation to the nucleus and consequently enhancing its transcriptional activity (Fig 3B
and S3 Fig). Interestingly, bacterial supernatants inhibited PPARγ activation independently of
the PPARγ ligand used (rosiglitazone, pioglitazone, sodium butyrate) suggesting a ligand-
aspecific effect and potentially a common downstream regulation of PPARγ activation pathway
(Fig 3B).

The secreted bioactive component is a small, non nucleotidic, non
peptidic, heat-resistant molecule
By serial dilution of the bacterial supernatants, we showed that the observed inhibitory effect
was dose-dependent and detected at a concentration of 2.5% of supernatant in the culture
media suggesting that the bioactive compound was expressed in a significant amount (Fig 4A).
Standard size-cutoff columns were used to assess the size of the active(s) compound(s) secreted
by S. salivarius. Bacterial supernatants were submitted to ultrafiltration through 3 and 10 kDa
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Fig 1. S. salivarius and S. vestibularis, but not S. agalactiae and E. coli, culture supernatants down-regulate butyrate-induced PPARγ activity in HT-
29/PPARγ. A- Culture supernatants of a wide range of S. salivarius (white bars) and S. vestibularis (grey bars) strains were applied on HT-29-PPARγ (10%
vol/vol) prior to PPARγ-induction by sodium butyrate (But, 2mM) for 12h. PPARγ transcriptional activity was measured by luciferase activity and expressed
as fold increase towards its control: growth-medium + butyrate. Data are expressed as means ± standard deviations (SD) of triplicate measurements from
one representative experiment out of three independent experiments. The dark grey bars represent the selected S. salivarius strains used for the remaining of
the study (JIM8772, JIM8777 and K12). B- Culture supernatants of three S. salivarius (JIM8772, JIM8777 and K12), E. coli and S. agalactiae strains were
applied on HT-29-PPARγ (10% vol/vol) prior to PPARγ-induction by sodium butyrate (2mM) for 12h. PPARγ expression was measured by luciferase activity
and expressed as fold increase towards growth-medium + sodium butyrate (Control). Data are expressed as means ± standard deviations (SD) of triplicate
measurements from one representative experiment out of three independent experiments. ***P<0.001 compared with controls (Student's t-test).

doi:10.1371/journal.pone.0125371.g001
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Fig 2. The S. salivarius–dependent down-regulation of PPARγ activity relies on secretedmolecules.
PPARγ was activated (+ But) or not (- But) in HT-29 reporter cells using sodium butyrate (2mM) in the
presence of control medium (Control) or as indicated live bacteria (A), bacterial supernatants (B) or lysates
(C). The values represent the luciferase activity normalized towards their respective control. Data are
expressed as means ± standard deviations (SD) of triplicate measurements from one representative
experiment out of three independent experiments. ***P<0.001, **P<0.005, compared with controls
(Student's t-test).

doi:10.1371/journal.pone.0125371.g002
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Fig 3. The S. salivarius–dependent down-regulation of PPARγ activity is independent of the epithelial
cell-line or the specific PPARγ-ligand used. A- PPARγ was activated (+ But) or not (- But) in Caco-2
reporter cells (Caco2-PPARγ) using sodium butyrate (2mM) in the presence of control medium (Control) or
supernatants. B- HT-29-PPARγ reporter cell-line was activated with different activators: rosiglitazone (Rosi,
10μM), pioglitazone (Pio, 10μM) and sodium butyrate (But, 2mM) in presence of S. salivarius JIM8777
supernatant. The values represent the luciferase activity normalized towards their respective control. Data
are expressed as means ± standard deviations (SD) of triplicate measurements from one representative
experiment out of three independent experiments. ***P<0.001, **P<0.005, *P<0,05 compared with controls
(Student's t-test).

doi:10.1371/journal.pone.0125371.g003
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Fig 4. Determination of the nature andmolecular mass of the secreted bioactive compounds. A- Serial
dilutions of S. salivarius JIM8777 supernatant were tested on HT-29-PPARγ cells prior to activation with
sodium butyrate (2mM). B- Exposure to high temperature (100°C/10 min) and heat shock were applied to S.
salivarius JIM8777 supernatant prior to addition to activated HT-29-PPARγ cells. C- Butyrate-activated HT-
29-PPARγ cells were incubated with S. salivarius supernatants fractions derived from ultrafiltration through 3
and 10 kDa cutoff membranes. >10kDa/>3kDa and <10kDa/<3kDa represent the retained and filtered
fractions respectively. Data are expressed as means ± standard deviations (SD) of triplicate measurements
from one representative experiment out of three independent experiments. ***P<0.001, **P<0.005,
*P<0,05 compared with controls (Student's t-test).

doi:10.1371/journal.pone.0125371.g004
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cutoff membranes. For the three strains tested, the<10 kDa and<3 kDa fractions inhibited
PPARγ activity similarly to the unfiltered fractions while fractions> 10kDa and>3 kDa dis-
played no effect suggesting that the active compound was a small molecule lower than 3kDa
(Fig 4B). Moreover, exposure to high temperatures (100°C for 10 min) or to heat shock (100°C
for 10 min before freezing in liquid nitrogen) did not affect the inhibitory property of the su-
pernatant (Fig 4C). Furthermore, the treatments of S. salivarius supernatants with proteases
(proteinase K and trypsin) or DNase I did not impair the inhibition of butyrate-induced
PPARγ activity (Fig 5). All together, these results showed that the bioactive compound is a
small non-peptidic and non-nucleotidic heat-resistant molecule.

S. salivariusmodulates PPARγ-dependent gene expression, I-FABP
and Angptl4,without affecting PPARγ expression
To assess the impact of S. salivarius-dependent inhibition on PPARγ target genes, we quanti-
fied by RT-qPCR the expression of Angptl4 and I-FABP (intestinal fatty acid binding protein).
The expression of these two well-characterized PPARγ-regulated genes were strongly reduced
by S. salivarius supernatant in the presence of the PPARγ-specific ligand, rosiglitazone (Fig 6A
and 6B). This inhibitory effect was independent on PPARγ expression as its expression level
was unchanged when HT-29 cells were incubated with both supernatant and the specific ligand
rosiglitazone (Fig 6C). Moreover, S. salivarius did not decrease the stability of PPARγ protein
as it remained identical after bacterial supernatant treatment (Fig 7). To confirm these observa-
tions, we used a cell-line expressing a ANGPTL4 reporter system containing the 1.8 kb of
ANGPTL4 promoter devoid of the functional PPRE present in the third intron of the gene
[12]. As shown in Fig 8, none of the S. salivarius supernatants tested were able to affect the
PPARγ-independent Angptl4 expression induced by sodium butyrate.

Together, these findings show that S. salivarius supernatants specifically repressed the
PPARγ pathway without affecting PPARγ gene expression and protein stability, and conse-
quently can impact metabolic responses.

Discussion
Commensal bacteria provide crucial biological functions to their host, including metabolic
functions and the control of moderate immunological responses, beneficial for human health.
This intimate relationship results from a balanced interaction between the host and its micro-
biota mediated through direct contact or secreted active compounds. The colonization of the
human digestive tract by commensals occurs immediately after birth and has been shown by a
growing number of evidence to be the key factor directly impacting host physiology [42–45].
However, while most studies concern adult or predominant gut microbiota, very little is known
about the impact of early bacterial colonizers on human physiology. The commensal bacterium
Streptococcus salivarius is one of the primo-colonizers of oral and gut mucosal surfaces that
have been shown to influence inflammation by down-modulating NF-κB activity in human in-
testinal cells [33, 34]. The present study focused on the direct impact of S. salivarius on a key
transcription factor in intestinal epithelial cells (IEC) that links metabolism and inflammation,
namely PPARγ.

One of PPARγ’s immunomodulatory properties is to inhibit NF-κB activation by directly
impairing its translocation into the nucleus or by acting as an E3 ligase targeting the p65 sub-
unit of NF-κB for degradation [19]. We previously showed that S. salivarius strains inhibit NF-
κB activation in IECs via unknown pathways leading to in vivo protection in induced-colitis
mice models [33, 34]. Since several studies have linked NF-κB control and PPARγ activity, it
was thus conceivable that S. salivarius-dependent down-modulation of NF-κB could be linked
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Fig 5. The S. salivarius bioactive compounds are not from peptidic or nucleotidic origin. A- 3kDa-
filtered S. salivarius JIM8777 supernatants were exposed to proteases (trypsin, left panel; proteinase K, right
panel) prior to addition to butyrate-activated HT-29-PPARγ cells. B- 3kDa-filtered S. salivarius JIM8777
supernatants were exposed to DNase I prior to addition to butyrate-activated HT-29-PPARγ cells.

doi:10.1371/journal.pone.0125371.g005
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Fig 6. Transcriptional regulation of PPARγ and PPARγ-target genes upon stimulation with
rosiglitazone and/or S. salivarius supernatant. The mRNA expression of I-FABP (A), Angptl4 (B) and
PPARγ (C) were determined by Quantitative real-time PCR on total RNA extracted from HT-29 cells exposed
to culture medium (CDM), S. salivarius JIM8777 supernatant (Sn) alone or in addition with the PPARγ specific
activator rosiglitazone (CDM+Rosi; Sn+Rosi) for 6 h. Expression is represented as fold change compared to
the absence of any stimulation (CDMmedium only). Data are represented as mean ± standard deviation (SD)
of 2 to 3 independent repetitions done in triplicates. **P<0.005, *P<0,05 compared with controls (Student's t-
test).

doi:10.1371/journal.pone.0125371.g006
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Fig 7. PPARγ protein level is unchanged upon stimulation with sodium butyrate and/or S. salivarius
supernatant. A- The protein level of PPARγ and GAPDHwere determined by western-blot on total protein
extracted from HT-29 cells exposed to culture medium (CDM), S. salivarius JIM8777 supernatant in addition
with sodium butyrate (Control + Butyrate; JIM8777 + Butyrate) for 24 h. B- Quantifications of total PPARγ
protein normalized to GAPDH protein level. Protein expression is represented as fold change compared to
the sodium butyrate stimulation in presence of culture media (Control + Butyrate). Data are represented as
mean ± standard deviation (SD) of the effect of 5 independent bacterial cultures.

doi:10.1371/journal.pone.0125371.g007
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to the induction of PPARγ transcriptional activity [19, 20]. Using human intestinal epithelial
cell-lines engineered to monitor PPARγ transcriptional activity in response to a wide range of
S. salivarius strains, we demonstrate that different members of the S. salivarius group share the
capacity to inhibit PPARγ transcriptional activity. This result suggests that PPARγ is not in-
volved in the NF-κB-dependent anti-inflammatory properties of S. salivarius. Moreover, these
results together with our previous study suggest that species belonging to the streptococcal sali-
varius group of commensal streptococci are presenting effects both on host inflammatory regu-
lation and on metabolism processes [34].

First attempts to decipher the nature of the active compound showed that it is a low-molec-
ular-weight metabolite (<3kDa) produced and secreted by S. salivarius. Moreover, exposure to
enzymatic and heat treatments did not affect the inhibitory potential suggesting that it may be
a small organic molecule of non-peptidic and non-nucleotidic origin. The phylogenetic prox-
imity of the strains tested suggests a potential related metabolite production pathway inherited
from a common ancestor [46]. We and others showed that common bacterial metabolites such
as short-chain fatty acids (SCFAs) regulate PPARγ activity [12, 41]. It is unlikely that SCFAs
are involved in PPARγ down-modulation as acetate, butyrate and propionate have an opposite
effect to S. salivarius supernatant by inducing the up-regulation of PPARγ responses (S3 Fig
and [41]). Moreover S. salivarius is not reported to produce butyrate, propionate and acetate at
activating concentrations [34]. We also ruled out that the inhibitory effect was due to lactic
acid known to be produced by S. salivarius. Indeed, high-pressure liquid chromatography
(HPLC) measurement of organics revealed a maximal concentration of lactic acid around 80
mM in S. salivarius supernatant [34]. We assess the effect of lactic acid on our reporter systems
and observe no effect on PPARγ activity (data not shown). Interestingly, on the contrary to
what was observed for NF-κB down-modulation, S. salivarius derived compounds inhibiting

Fig 8. S. salivarius supernatants do not affect PPARγ-independent ANGPTL4 reporter system.
ANGPTL4-reporter system cell-line was activated with sodium butyrate (2mM) with or without S. salivarius
supernatant (JIM8772, JIM8777 or K12). Angtpl4 expression was measured by luciferase activity and
expressed as fold increase towards its control: growth-medium alone (left panel) and growth-medium
+ sodium butyrate (right panel). Data are expressed as means ± standard deviations (SD) of triplicate
measurements from one representative experiment out of three independent experiments. ***P<0.001,
**P<0.005, *P<0,05 compared with controls (Student's t-test).

doi:10.1371/journal.pone.0125371.g008
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PPARγ are resistant to trypsin treatment ruling out a component with a pleiotropic activity on
the host.

Recently, pathogen and commensal bacteria have been shown to actively modulate PPARγ
transcriptional activity mainly via up-regulating its expression (includingHelicobacter pylori,
Bacteroidetes thetaiotaomicron, Brucella abortus, Salmonella Typhimurium,Mycobacterium tu-
berculosis, Neisseria lactamica and short chain fatty acids derived from commensals) [12, 13,
20, 35, 37, 47–49]. Alternatively, PPARγ activity is induced by phosphorylation via unknown
bacterial molecules derived from Enterococcus faecalis or by direct interaction with lipids de-
rived fromM. tuberculosis [13, 48]. For pathogens, a direct correlation between PPARγ up-reg-
ulation and bacterial survival has been observed [48]. On the contrary to what is observed with
these pathogens, we showed that PPARγ activity is impaired by S. salivarius supernatants. So
far, only Salmonella typhimurium has been shown to inhibit PPARγ activity in mouse epithelial
cells by down-regulating its gene expression, aggravating acute colitis [35]. However, common
mechanisms are unlikely to occur as we showed by RT-qPCR and western-blotting that PPARγ
gene and protein expression are unchanged in presence of S. salivarius-derived supernatant
(Figs 6C and 7).

Endogenous ligands of PPARγ such as polyunsaturated fatty acids and their derivatives,
along with the synthetic anti-diabetic drugs derived from thiazolidinediones such as rosiglita-
zone and pioglitazone promote heterodimers formation with the retinoid X receptor (RXR),
and subsequent recognition of PPAR-response elements (PPREs) within target gene promot-
ers. Additionally to ligand-dependent activation, PPARγ has been shown to be phosphorylated,
SUMOylated and ubiquitinated regulating its transcriptional properties (for review see [50]).
These diverse regulatory processes regulating PPARγ activity offer numerous possible mecha-
nisms by which PPARγ transcriptional activity might be inhibited by S. salivarius supernatants.
Our present study shows that S. salivarius supernatant inhibits PPARγ transcriptional activity
induced in epithelial cells even by highly specific ligands such as rosiglitazone, pioglitazone or
butyrate, a SCFA. Absence of repression on the basal PPARγ activity suggests a putative com-
petition in the activation of the PPARγ pathway (Fig 1A). Butyrate-induced signaling cascade
involve an increased expression of PPARγmRNA whereas synthetic ligands induce its dimer-
ization and phosphorylation suggesting that a common regulation in the early pathway is un-
likely. Although the exact mechanisms remain unclear, the fact that S. salivarius supernatant
inhibits PPARγ independently of the activator used, along with the nature of the inhibitory
molecules suggest its possible SUMOylation known to recruit a co-repressor complex impair-
ing PPARγ translocation or the implication of a ligand or regulatory pathways with direct an-
tagonist effects [50].

Considering the multitude of strategies evolved in pathogenic bacteria to modulate the host
environment in order to multiply and spread, it is not surprising that commensal microorgan-
isms have co-evolved similarly to survive in highly competitive niches such as mucosal sites. H.
pylori andM. tuberculosis up-regulate host PPARγ expression to suppress exaggerated inflam-
matory responses, ensuring their survival within the host [48, 49]. In contrast, S. typhimurium
initiates an acute inflammation by inducing PPARγ down-regulation in the intestinal epitheli-
um, leading to the development of a hostile niche for local competitors that will favor its sur-
vival [35]. It is therefore tempting to speculate that PPARγ-inhibition induced by S. salivarius
is a mechanism to thwart pathogen’s strategy or to enhance its own survival. However infection
or colonization trials on animal models using S. salivarius as a PPARγ inhibitor would be need-
ed to prove this hypothesis. Studies in animals have demonstrated that S. salivarius significant-
ly inhibited inflammation in TNBS-induced colitis mouse models suggesting that the PPARγ-
independent inhibition of NF-κB counterbalances the inhibition of PPARγ transcriptional ac-
tivity observed in our study [33].
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Despite being a master regulator of inflammation, by antagonizing the activities of the tran-
scription factors AP-1, STAT, and NF-κB and inducing visceral adipose tissue (VAT)-resident
regulatory T cells (Treg), PPARγ has a broad range of physiological properties including the
regulation of lipid and glucose metabolism [20, 51–53]. Among PPARγ-targeted metabolic
genes, I-FABP and Angptl4 levels are dramatically reduced in presence of S. salivarius. Both of
these gene products modulate lipid accumulation in cells and down-regulating their expression
might consequently be detrimental for host health [18, 54–56]. However, the expression of
lipid metabolic factors might be important in the weaning or early post-weaning to deal with a
highly rich nutritional intake when S. salivarius is particularly dominant. It is therefore tempt-
ing to speculate that intestinal PPARγmay be one of several transcription factors controlling
genes involved in lipid metabolism such as Angptl4 under the influence of microbiota and re-
cently reported in studies of obese patients [18, 56, 57]. We believe that a combination of com-
mensal bacteria can be involved in transcriptional regulation through factors such as PPARγ,
and that the consequence of such regulations are a tightly tuned balance of immune and meta-
bolic genes. Studies of S. salivarius in high-fat diet obese or post-weaning mice models would
help to decipher this important issue.

Here we demonstrate that strains of S. salivarius, an early colonizer of the gastrointestinal
tract, can inhibit the activity of the transcription factor PPARγ and the subsequent expression
of target genes in intestinal epithelial cell lines. By showing that a commensal bacterium targets
such type of nuclear receptor with wide activity, this study reinforces the notion that the micro-
biota contributes to immune and metabolic regulation that are highly interconnected in
intestinal cells.

Supporting Information
S1 Fig. S. salivarius and S. vestibularis culture supernatants do not impair steady-state
PPARγ activity in HT-29/PPARγ. Culture supernatants of a wide range of S. salivarius (white
bars) and S. vestibularis (grey bars) strains were applied on HT-29-PPARγ (10% vol/vol) with-
out any PPARγ activation for 12h. PPARγ transcriptional activity was measured by luciferase
activity and expressed as fold increase towards its control: growth-medium alone. Data are ex-
pressed as means ± standard deviations (SD) of triplicate measurements from one representa-
tive experiment out of three independent experiments. The dark grey bars represent the
selected S. salivarius strains used for the remaining of the study (JIM8772, JIM8777 and K12).
(EPS)

S2 Fig. S. salivarius supernatants do not affect cell viability of butyrate-induced HT-29
cells. Cell viability was monitored on HT-29 cells by MTS measurement after incubation for
12h with butyrate alone (Control), sodium butyrate + growth media (CDM) or sodium buty-
rate + culture supernatant from S. salivarius (JIM8772, JIM8777 or K12). Data are expressed as
means ± standard deviations (SD) of triplicate measurements from one representative experi-
ment out of three independent experiments.
(EPS)

S3 Fig. HT-29-PPARγ cell-line responses to different PPARγ ligands (rosiglitazone, piogli-
tazone, tioglitazone, ciglitazone, 10μM). The values represent the luciferase activity normal-
ized towards the negative control (untreated cells). Data are expressed as means ± standard
deviations (SD) of triplicate measurements from one representative experiment out of three
independent experiments.
(EPS)

Streptococcus salivariusModulates PPARγ Transcriptional Activity

PLOS ONE | DOI:10.1371/journal.pone.0125371 May 6, 2015 16 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125371.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125371.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125371.s003


S1 Table. Bacterial strains used in this study.
(DOCX)

Acknowledgments
We thank Dr John Tagg for the JIM9125 (DC117A) and JIM9126 (H3) strains, Dr Diana R.
Martins for other JIM strains, Malgorzata Nepelska for the Caco-2 PPARγ cell-line; Fabienne
Devime and Rozenn Dervyn-Hirel for technical advices.

Author Contributions
Conceived and designed the experiments: CD JD PR HMB EG NL. Performed the experiments:
BC EJ EG NL. Analyzed the data: BC HMB EG NL. Contributed reagents/materials/analysis
tools: TdW GK CD. Wrote the paper: TdWHMB EG NL.

References
1. Sekirov I, Russell SL, Antunes LC, Finlay BB. Gut microbiota in health and disease. Physiological re-

views. 2010; 90(3):859–904. doi: 10.1152/physrev.00045.2009 PMID: 20664075.

2. Flint HJ, Scott KP, Louis P, Duncan SH. The role of the gut microbiota in nutrition and health. Nature re-
views Gastroenterology & hepatology. 2012; 9(10):577–89. doi: 10.1038/nrgastro.2012.156 PMID:
22945443.

3. Atarashi K, Honda K. Microbiota in autoimmunity and tolerance. Curr Opin Immunol. 2011; 23(6):
761–8. doi: 10.1016/j.coi.2011.11.002 PMID: 22115876.

4. Le Chatelier E, Nielsen T, Qin J, Prifti E, Hildebrand F, Falony G, et al. Richness of human gut micro-
biome correlates with metabolic markers. Nature. 2013; 500(7464):541–6. doi: 10.1038/nature12506
PMID: 23985870.

5. Ley RE, Backhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity alters gut microbial
ecology. Proceedings of the National Academy of Sciences of the United States of America. 2005; 102
(31):11070–5. PMID: 16033867.

6. Nishio J, Honda K. Immunoregulation by the gut microbiota. Cell Mol Life Sci. 2012; 69(21):3635–50.
PMID: 22527722. doi: 10.1007/s00018-012-0993-6

7. Turnbaugh PJ, Gordon JI. The core gut microbiome, energy balance and obesity. J Physiol. 2009; 587
(Pt 17):4153–8. PMID: 19491241. doi: 10.1113/jphysiol.2009.174136

8. Diaz Heijtz R, Wang S, Anuar F, Qian Y, Bjorkholm B, Samuelsson A, et al. Normal gut microbiota mod-
ulates brain development and behavior. Proceedings of the National Academy of Sciences of the Unit-
ed States of America. 2011; 108(7):3047–52. doi: 10.1073/pnas.1010529108 PMID: 21282636;
PubMed Central PMCID: PMC3041077.

9. Kelly D, Mulder IE. Microbiome and immunological interactions. Nutr Rev. 2012; 70 Suppl 1:S18–30.
doi: 10.1111/j.1753-4887.2012.00498.x PMID: 22861803.

10. Chassaing B, Gewirtz AT. Gut microbiota, low-grade inflammation, and metabolic syndrome. Toxico-
logic pathology. 2014; 42(1):49–53. doi: 10.1177/0192623313508481 PMID: 24285672.

11. Nicholson JK, Holmes E, Kinross J, Burcelin R, Gibson G, Jia W, et al. Host-gut microbiota metabolic in-
teractions. Science. 2012; 336(6086):1262–7. doi: 10.1126/science.1223813 PMID: 22674330.

12. Korecka A, deWouters T, Cultrone A, Lapaque N, Pettersson S, Dore J, et al. ANGPTL4 expression in-
duced by butyrate and rosiglitazone in human intestinal epithelial cells utilizes independent pathways.
American journal of physiology Gastrointestinal and liver physiology. 2013; 304(11):G1025–37. doi: 10.
1152/ajpgi.00293.2012 PMID: 23518684.

13. Are A, Aronsson L, Wang S, Greicius G, Lee YK, Gustafsson JA, et al. Enterococcus faecalis from new-
born babies regulate endogenous PPARgamma activity and IL-10 levels in colonic epithelial cells. Pro-
ceedings of the National Academy of Sciences of the United States of America. 2008; 105(6):1943–8.
doi: 10.1073/pnas.0711734105 PMID: 18234854; PubMed Central PMCID: PMC2538862.

14. Crawford PA, Crowley JR, Sambandam N, Muegge BD, Costello EK, Hamady M, et al. Regulation of
myocardial ketone body metabolism by the gut microbiota during nutrient deprivation. Proceedings of
the National Academy of Sciences of the United States of America. 2009; 106(27):11276–81. doi: 10.
1073/pnas.0902366106 PMID: 19549860; PubMed Central PMCID: PMC2700149.

Streptococcus salivariusModulates PPARγ Transcriptional Activity

PLOS ONE | DOI:10.1371/journal.pone.0125371 May 6, 2015 17 / 20

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0125371.s004
http://dx.doi.org/10.1152/physrev.00045.2009
http://www.ncbi.nlm.nih.gov/pubmed/20664075
http://dx.doi.org/10.1038/nrgastro.2012.156
http://www.ncbi.nlm.nih.gov/pubmed/22945443
http://dx.doi.org/10.1016/j.coi.2011.11.002
http://www.ncbi.nlm.nih.gov/pubmed/22115876
http://dx.doi.org/10.1038/nature12506
http://www.ncbi.nlm.nih.gov/pubmed/23985870
http://www.ncbi.nlm.nih.gov/pubmed/16033867
http://www.ncbi.nlm.nih.gov/pubmed/22527722
http://dx.doi.org/10.1007/s00018-012-0993-6
http://www.ncbi.nlm.nih.gov/pubmed/19491241
http://dx.doi.org/10.1113/jphysiol.2009.174136
http://dx.doi.org/10.1073/pnas.1010529108
http://www.ncbi.nlm.nih.gov/pubmed/21282636
http://dx.doi.org/10.1111/j.1753-4887.2012.00498.x
http://www.ncbi.nlm.nih.gov/pubmed/22861803
http://dx.doi.org/10.1177/0192623313508481
http://www.ncbi.nlm.nih.gov/pubmed/24285672
http://dx.doi.org/10.1126/science.1223813
http://www.ncbi.nlm.nih.gov/pubmed/22674330
http://dx.doi.org/10.1152/ajpgi.00293.2012
http://dx.doi.org/10.1152/ajpgi.00293.2012
http://www.ncbi.nlm.nih.gov/pubmed/23518684
http://dx.doi.org/10.1073/pnas.0711734105
http://www.ncbi.nlm.nih.gov/pubmed/18234854
http://dx.doi.org/10.1073/pnas.0902366106
http://dx.doi.org/10.1073/pnas.0902366106
http://www.ncbi.nlm.nih.gov/pubmed/19549860


15. Wahli W, Devchand PR, A IJ, Desvergne B. Fatty acids, eicosanoids, and hypolipidemic agents regu-
late gene expression through direct binding to peroxisome proliferator-activated receptors. Advances in
experimental medicine and biology. 1999; 447:199–209. PMID: 10086196.

16. Dreyer C, Krey G, Keller H, Givel F, Helftenbein G, Wahli W. Control of the peroxisomal beta-oxidation
pathway by a novel family of nuclear hormone receptors. Cell. 1992; 68(5):879–87. PMID: 1312391.

17. A IJ, Jeannin E, Wahli W, Desvergne B. Polarity and specific sequence requirements of peroxisome
proliferator-activated receptor (PPAR)/retinoid X receptor heterodimer binding to DNA. A functional
analysis of the malic enzyme gene PPAR response element. The Journal of biological chemistry. 1997;
272(32):20108–17. PMID: 9242684.

18. Backhed F, Ding H, Wang T, Hooper LV, Koh GY, Nagy A, et al. The gut microbiota as an environmen-
tal factor that regulates fat storage. Proceedings of the National Academy of Sciences of the United
States of America. 2004; 101(44):15718–23. doi: 10.1073/pnas.0407076101 PMID: 15505215;
PubMed Central PMCID: PMC524219.

19. Hou Y, Moreau F, Chadee K. PPARgamma is an E3 ligase that induces the degradation of NFkappaB/
p65. Nature communications. 2012; 3:1300. doi: 10.1038/ncomms2270 PMID: 3250430.

20. Kelly D, Campbell JI, King TP, Grant G, Jansson EA, Coutts AG, et al. Commensal anaerobic gut bac-
teria attenuate inflammation by regulating nuclear-cytoplasmic shuttling of PPAR-gamma and RelA.
Nature immunology. 2004; 5(1):104–12. doi: 10.1038/ni1018 PMID: 14691478.

21. Nakajima T, Nakanishi S, Mason C, Montgomery J, Leggett P, Matsuda M, et al. Population structure
and characterization of viridans group streptococci (VGS) isolated from the upper respiratory tract of
patients in the community. The Ulster medical journal. 2013; 82(3):164–8. PMID: 24505152; PubMed
Central PMCID: PMC3913407.

22. Pearce C, Bowden GH, Evans M, Fitzsimmons SP, Johnson J, Sheridan MJ, et al. Identification of pio-
neer viridans streptococci in the oral cavity of human neonates. Journal of medical microbiology. 1995;
42(1):67–72. PMID: 7739028.

23. Park HK, Shim SS, Kim SY, Park JH, Park SE, Kim HJ, et al. Molecular analysis of colonized bacteria in
a human newborn infant gut. Journal of microbiology. 2005; 43(4):345–53. PMID: 16145549.

24. Arrieta MC, Stiemsma LT, Amenyogbe N, Brown EM, Finlay B. The intestinal microbiome in early life:
health and disease. Frontiers in immunology. 2014; 5:427. doi: 10.3389/fimmu.2014.00427 PMID:
25250028; PubMed Central PMCID: PMC4155789.

25. Van den Bogert B, Boekhorst J, Herrmann R, Smid EJ, Zoetendal EG, KleerebezemM. Comparative
genomics analysis of Streptococcus isolates from the human small intestine reveals their adaptation to
a highly dynamic ecosystem. PloS one. 2013; 8(12):e83418. doi: 10.1371/journal.pone.0083418
PMID: 24386196; PubMed Central PMCID: PMC3875467.

26. van den Bogert B, Erkus O, Boekhorst J, de Goffau M, Smid EJ, Zoetendal EG, et al. Diversity of
human small intestinal Streptococcus and Veillonella populations. FEMSmicrobiology ecology. 2013;
85(2):376–88. doi: 10.1111/1574-6941.12127 PMID: 23614882.

27. Hakalehto E, Vilpponen-Salmela T, Kinnunen K, vonWright A. Lactic Acid bacteria enriched from
human gastric biopsies. ISRN gastroenterology. 2011; 2011:109183. doi: 10.5402/2011/109183 PMID:
21991494; PubMed Central PMCID: PMC3168382.

28. Hayashi H, Takahashi R, Nishi T, Sakamoto M, Benno Y. Molecular analysis of jejunal, ileal, caecal
and recto-sigmoidal human colonic microbiota using 16S rRNA gene libraries and terminal restriction
fragment length polymorphism. Journal of medical microbiology. 2005; 54(Pt 11):1093–101. doi: 10.
1099/jmm.0.45935-0 PMID: 16192442.

29. Frank DN, St Amand AL, Feldman RA, Boedeker EC, Harpaz N, Pace NR. Molecular-phylogenetic
characterization of microbial community imbalances in human inflammatory bowel diseases. Proceed-
ings of the National Academy of Sciences of the United States of America. 2007; 104(34):13780–5.
PMID: 17699621.

30. Hong PY, Croix JA, Greenberg E, Gaskins HR, Mackie RI. Pyrosequencing-based analysis of the mu-
cosal microbiota in healthy individuals reveals ubiquitous bacterial groups and micro-heterogeneity.
PloS one. 2011; 6(9):e25042. PMID: 21966408. doi: 10.1371/journal.pone.0025042

31. Zoetendal EG, Raes J, van den Bogert B, ArumugamM, Booijink CC, Troost FJ, et al. The human small
intestinal microbiota is driven by rapid uptake and conversion of simple carbohydrates. The ISME jour-
nal. 2012; 6(7):1415–26. doi: 10.1038/ismej.2011.212 PMID: 22258098; PubMed Central PMCID:
PMC3379644.

32. Qin J, Li R, Raes J, ArumugamM, Burgdorf KS, Manichanh C, et al. A human gut microbial gene cata-
logue established by metagenomic sequencing. Nature. 2010; 464(7285):59–65. PMID: 20203603.
doi: 10.1038/nature08821

33. Kaci G, Goudercourt D, Dennin V, Pot B, Dore J, Ehrlich SD, et al. Anti-inflammatory properties of
Streptococcus salivarius, a commensal bacterium of the oral cavity and digestive tract. Applied and

Streptococcus salivariusModulates PPARγ Transcriptional Activity

PLOS ONE | DOI:10.1371/journal.pone.0125371 May 6, 2015 18 / 20

http://www.ncbi.nlm.nih.gov/pubmed/10086196
http://www.ncbi.nlm.nih.gov/pubmed/1312391
http://www.ncbi.nlm.nih.gov/pubmed/9242684
http://dx.doi.org/10.1073/pnas.0407076101
http://www.ncbi.nlm.nih.gov/pubmed/15505215
http://dx.doi.org/10.1038/ncomms2270
http://www.ncbi.nlm.nih.gov/pubmed/3250430
http://dx.doi.org/10.1038/ni1018
http://www.ncbi.nlm.nih.gov/pubmed/14691478
http://www.ncbi.nlm.nih.gov/pubmed/24505152
http://www.ncbi.nlm.nih.gov/pubmed/7739028
http://www.ncbi.nlm.nih.gov/pubmed/16145549
http://dx.doi.org/10.3389/fimmu.2014.00427
http://www.ncbi.nlm.nih.gov/pubmed/25250028
http://dx.doi.org/10.1371/journal.pone.0083418
http://www.ncbi.nlm.nih.gov/pubmed/24386196
http://dx.doi.org/10.1111/1574-6941.12127
http://www.ncbi.nlm.nih.gov/pubmed/23614882
http://dx.doi.org/10.5402/2011/109183
http://www.ncbi.nlm.nih.gov/pubmed/21991494
http://dx.doi.org/10.1099/jmm.0.45935-0
http://dx.doi.org/10.1099/jmm.0.45935-0
http://www.ncbi.nlm.nih.gov/pubmed/16192442
http://www.ncbi.nlm.nih.gov/pubmed/17699621
http://www.ncbi.nlm.nih.gov/pubmed/21966408
http://dx.doi.org/10.1371/journal.pone.0025042
http://dx.doi.org/10.1038/ismej.2011.212
http://www.ncbi.nlm.nih.gov/pubmed/22258098
http://www.ncbi.nlm.nih.gov/pubmed/20203603
http://dx.doi.org/10.1038/nature08821


environmental microbiology. 2014; 80(3):928–34. doi: 10.1128/AEM.03133-13 PMID: 24271166;
PubMed Central PMCID: PMC3911234.

34. Kaci G, Lakhdari O, Dore J, Ehrlich SD, Renault P, Blottiere HM, et al. Inhibition of the NF-kappaB path-
way in human intestinal epithelial cells by commensal Streptococcus salivarius. Applied and environ-
mental microbiology. 2011; 77(13):4681–4. doi: 10.1128/AEM.03021-10 PMID: 21602373; PubMed
Central PMCID: PMC3127691.

35. Kundu P, Ling TW, Korecka A, Li Y, D'Arienzo R, Bunte RM, et al. Absence of intestinal PPARgamma
aggravates acute infectious colitis in mice through a lipocalin-2-dependent pathway. PLoS pathogens.
2014; 10(1):e1003887. doi: 10.1371/journal.ppat.1003887 PMID: 24465207; PubMed Central PMCID:
PMC3900641.

36. Raymond B, Young JC, Pallett M, Endres RG, Clements A, Frankel G. Subversion of trafficking, apo-
ptosis, and innate immunity by type III secretion system effectors. Trends in microbiology. 2013; 21
(8):430–41. doi: 10.1016/j.tim.2013.06.008 PMID: 23870533.

37. Xavier MN, Winter MG, Spees AM, den Hartigh AB, Nguyen K, Roux CM, et al. PPARgamma-mediated
increase in glucose availability sustains chronic Brucella abortus infection in alternatively activated
macrophages. Cell host & microbe. 2013; 14(2):159–70. doi: 10.1016/j.chom.2013.07.009 PMID:
23954155; PubMed Central PMCID: PMC3777723.

38. Salcedo SP, Marchesini MI, Lelouard H, Fugier E, Jolly G, Balor S, et al. Brucella control of dendritic
cell maturation is dependent on the TIR-containing protein Btp1. PLoS pathogens. 2008; 4(2):e21. doi:
10.1371/journal.ppat.0040021 PMID: 18266466; PubMed Central PMCID: PMC2233671.

39. Sissler M, Delorme C, Bond J, Ehrlich SD, Renault P, Francklyn C. An aminoacyl-tRNA synthetase
paralog with a catalytic role in histidine biosynthesis. Proceedings of the National Academy of Sciences
of the United States of America. 1999; 96(16):8985–90. PMID: 10430882; PubMed Central PMCID:
PMC17719.

40. Vu-Dac N, Schoonjans K, Kosykh V, Dallongeville J, Fruchart JC, Staels B, et al. Fibrates increase
human apolipoprotein A-II expression through activation of the peroxisome proliferator-activated recep-
tor. The Journal of clinical investigation. 1995; 96(2):741–50. doi: 10.1172/JCI118118 PMID: 7635967;
PubMed Central PMCID: PMC185258.

41. deWouters T, Ledue F, Nepelska M, Dore J, Blottiere HM, Lapaque N. A robust and adaptable high
throughput screening method to study host-microbiota interactions in the human intestine. PloS one.
2014; 9(8):e105598. doi: 10.1371/journal.pone.0105598 PMID: 25141006; PubMed Central PMCID:
PMC4139392.

42. El Aidy S, van Baarlen P, DerrienM, Lindenbergh-Kortleve DJ, Hooiveld G, Levenez F, et al. Temporal
and spatial interplay of microbiota and intestinal mucosa drive establishment of immune homeostasis in
conventionalized mice. Mucosal Immunol. 2012; 5(5):567–79. PMID: 22617837. doi: 10.1038/mi.2012.32

43. El Aidy S, Van den Abbeele P, Van deWiele T, Louis P, KleerebezemM. Intestinal colonization: how
key microbial players become established in this dynamic process: microbial metabolic activities and
the interplay between the host and microbes. BioEssays: news and reviews in molecular, cellular and
developmental biology. 2013; 35(10):913–23. doi: 10.1002/bies.201300073 PMID: 23946088.

44. Wang S, Hibberd ML, Pettersson S, Lee YK. Enterococcus faecalis from healthy infants modulates in-
flammation through MAPK signaling pathways. PloS one. 2014; 9(5):e97523. doi: 10.1371/journal.
pone.0097523 PMID: 24830946; PubMed Central PMCID: PMC4022717.

45. Hansen CH, Andersen LS, Krych L, Metzdorff SB, Hasselby JP, Skov S, et al. Mode of delivery shapes
gut colonization pattern and modulates regulatory immunity in mice. Journal of immunology. 2014; 193
(3):1213–22. doi: 10.4049/jimmunol.1400085 PMID: 24951818.

46. Delorme C, Bartholini C, Bolotine A, Ehrlich SD, Renault P. Emergence of a cell wall protease in the
Streptococcus thermophilus population. Applied and environmental microbiology. 2010; 76(2):451–60.
doi: 10.1128/AEM.01018-09 PMID: 19915034; PubMed Central PMCID: PMC2805209.

47. Tezera LB, Hampton J, Jackson SK, Davenport V. Neisseria lactamica attenuates TLR-1/2-induced cy-
tokine responses in nasopharyngeal epithelial cells using PPAR-gamma. Cellular microbiology. 2011;
13(4):554–68. doi: 10.1111/j.1462-5822.2010.01554.x PMID: 21105983.

48. Mahajan S, Dkhar HK, Chandra V, Dave S, Nanduri R, Janmeja AK, et al. Mycobacterium tuberculosis
modulates macrophage lipid-sensing nuclear receptors PPARgamma and TR4 for survival. Journal of
immunology. 2012; 188(11):5593–603. doi: 10.4049/jimmunol.1103038 PMID: 22544925.

49. Bassaganya-Riera J, Dominguez-Bello MG, Kronsteiner B, Carbo A, Lu P, Viladomiu M, et al. Helico-
bacter pylori colonization ameliorates glucose homeostasis in mice through a PPAR gamma-
dependent mechanism. PloS one. 2012; 7(11):e50069. doi: 10.1371/journal.pone.0050069 PMID:
23166823; PubMed Central PMCID: PMC3499487.

Streptococcus salivariusModulates PPARγ Transcriptional Activity

PLOS ONE | DOI:10.1371/journal.pone.0125371 May 6, 2015 19 / 20

http://dx.doi.org/10.1128/AEM.03133-13
http://www.ncbi.nlm.nih.gov/pubmed/24271166
http://dx.doi.org/10.1128/AEM.03021-10
http://www.ncbi.nlm.nih.gov/pubmed/21602373
http://dx.doi.org/10.1371/journal.ppat.1003887
http://www.ncbi.nlm.nih.gov/pubmed/24465207
http://dx.doi.org/10.1016/j.tim.2013.06.008
http://www.ncbi.nlm.nih.gov/pubmed/23870533
http://dx.doi.org/10.1016/j.chom.2013.07.009
http://www.ncbi.nlm.nih.gov/pubmed/23954155
http://dx.doi.org/10.1371/journal.ppat.0040021
http://www.ncbi.nlm.nih.gov/pubmed/18266466
http://www.ncbi.nlm.nih.gov/pubmed/10430882
http://dx.doi.org/10.1172/JCI118118
http://www.ncbi.nlm.nih.gov/pubmed/7635967
http://dx.doi.org/10.1371/journal.pone.0105598
http://www.ncbi.nlm.nih.gov/pubmed/25141006
http://www.ncbi.nlm.nih.gov/pubmed/22617837
http://dx.doi.org/10.1038/mi.2012.32
http://dx.doi.org/10.1002/bies.201300073
http://www.ncbi.nlm.nih.gov/pubmed/23946088
http://dx.doi.org/10.1371/journal.pone.0097523
http://dx.doi.org/10.1371/journal.pone.0097523
http://www.ncbi.nlm.nih.gov/pubmed/24830946
http://dx.doi.org/10.4049/jimmunol.1400085
http://www.ncbi.nlm.nih.gov/pubmed/24951818
http://dx.doi.org/10.1128/AEM.01018-09
http://www.ncbi.nlm.nih.gov/pubmed/19915034
http://dx.doi.org/10.1111/j.1462-5822.2010.01554.x
http://www.ncbi.nlm.nih.gov/pubmed/21105983
http://dx.doi.org/10.4049/jimmunol.1103038
http://www.ncbi.nlm.nih.gov/pubmed/22544925
http://dx.doi.org/10.1371/journal.pone.0050069
http://www.ncbi.nlm.nih.gov/pubmed/23166823


50. van BeekumO, Fleskens V, Kalkhoven E. Posttranslational modifications of PPAR-gamma: fine-tuning
the metabolic master regulator. Obesity. 2009; 17(2):213–9. doi: 10.1038/oby.2008.473 PMID:
19169221.

51. Ricote M, Li AC, Willson TM, Kelly CJ, Glass CK. The peroxisome proliferator-activated receptor-
gamma is a negative regulator of macrophage activation. Nature. 1998; 391(6662):79–82. doi: 10.
1038/34178 PMID: 9422508.

52. Subbaramaiah K, Lin DT, Hart JC, Dannenberg AJ. Peroxisome proliferator-activated receptor gamma
ligands suppress the transcriptional activation of cyclooxygenase-2. Evidence for involvement of acti-
vator protein-1 and CREB-binding protein/p300. The Journal of biological chemistry. 2001; 276
(15):12440–8. doi: 10.1074/jbc.M007237200 PMID: 11278336.

53. Cipolletta D, Feuerer M, Li A, Kamei N, Lee J, Shoelson SE, et al. PPAR-gamma is a major driver of the
accumulation and phenotype of adipose tissue Treg cells. Nature. 2012; 486(7404):549–53. doi: 10.
1038/nature11132 PMID: 22722857; PubMed Central PMCID: PMC3387339.

54. Berger JP. Role of PPARgamma, transcriptional cofactors, and adiponectin in the regulation of nutrient
metabolism, adipogenesis and insulin action: view from the chair. International journal of obesity. 2005;
29 Suppl 1:S3–4. doi: 10.1038/sj.ijo.0802904 PMID: 15711580.

55. Atshaves BP, Martin GG, Hostetler HA, McIntosh AL, Kier AB, Schroeder F. Liver fatty acid-binding pro-
tein and obesity. The Journal of nutritional biochemistry. 2010; 21(11):1015–32. doi: 10.1016/j.jnutbio.
2010.01.005 PMID: 20537520; PubMed Central PMCID: PMC2939181.

56. Robciuc MR, Naukkarinen J, Ortega-Alonso A, Tyynismaa H, Raivio T, Rissanen A, et al. Serum angio-
poietin-like 4 protein levels and expression in adipose tissue are inversely correlated with obesity in
monozygotic twins. Journal of lipid research. 2011; 52(8):1575–82. doi: 10.1194/jlr.P015867 PMID:
21596930; PubMed Central PMCID: PMC3137024.

57. Aronsson L, Huang Y, Parini P, Korach-Andre M, Hakansson J, Gustafsson JA, et al. Decreased fat
storage by Lactobacillus paracasei is associated with increased levels of angiopoietin-like 4 protein
(ANGPTL4). PloS one. 2010; 5(9). doi: 10.1371/journal.pone.0013087 PMID: 20927337; PubMed Cen-
tral PMCID: PMC2948012.

Streptococcus salivariusModulates PPARγ Transcriptional Activity

PLOS ONE | DOI:10.1371/journal.pone.0125371 May 6, 2015 20 / 20

http://dx.doi.org/10.1038/oby.2008.473
http://www.ncbi.nlm.nih.gov/pubmed/19169221
http://dx.doi.org/10.1038/34178
http://dx.doi.org/10.1038/34178
http://www.ncbi.nlm.nih.gov/pubmed/9422508
http://dx.doi.org/10.1074/jbc.M007237200
http://www.ncbi.nlm.nih.gov/pubmed/11278336
http://dx.doi.org/10.1038/nature11132
http://dx.doi.org/10.1038/nature11132
http://www.ncbi.nlm.nih.gov/pubmed/22722857
http://dx.doi.org/10.1038/sj.ijo.0802904
http://www.ncbi.nlm.nih.gov/pubmed/15711580
http://dx.doi.org/10.1016/j.jnutbio.2010.01.005
http://dx.doi.org/10.1016/j.jnutbio.2010.01.005
http://www.ncbi.nlm.nih.gov/pubmed/20537520
http://dx.doi.org/10.1194/jlr.P015867
http://www.ncbi.nlm.nih.gov/pubmed/21596930
http://dx.doi.org/10.1371/journal.pone.0013087
http://www.ncbi.nlm.nih.gov/pubmed/20927337

