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Gut dysbiosis may play an etiological role in colorectal tumorigenesis. We previously observed that the abundance of Parabac-

teroides distasonis (Pd) in stool was inversely associated with intestinal tumor burden and IL-1b concentrations in mice. Here,

we assessed the anti-inflammatory capacity of Pd membrane fraction (PdMb) in colon cancer cell lines. In addition, we tested

whether Pd could suppress colon tumorigenesis in mice. Six-week-old male A/J mice were fed a low-fat (LF) diet, high-fat (HF)

diet or HF1 whole freeze-dried Pd (HF 1 Pd, 0.04% wt/wt) for 24 weeks. After 1 week on diet, mice received 4 weekly injec-

tions of azoxymethane. PdMb robustly suppressed the production of pro-inflammatory cytokines and lowered the abundance

of MyD88 and pAkt (ser473) induced by E. coli lipopolysaccharide in colon cancer cell lines. Moreover, PdMb induced apopto-

sis in colon cancer cell lines and blocked TLR4 activation in a reporter line. Colon tumors were observed in 0% of LF (0 of 19),

25% of HF (5 of 20) and 0% of HF 1 Pd mice (0 of 20) (p 5 0.005). The latter group also displayed a lower abundance of

MyD88 and pAkt (ser473) in colonic mucosa than HF mice. Taken together, these data suggest that Pd has anti-inflammatory

and anti-cancer properties that are likely mediated by the suppression of TLR4 and Akt signaling, as well as promotion of apo-

ptosis. Further work is needed to confirm these findings in additional models and fully elaborate the mechanism of action.

Colorectal cancer (CRC) is the 3rd most common cancer in
the US and the lifetime risk for this disease is estimated to be
�4.5%. There are 135,000 new cases diagnosed and approxi-
mately 50,000 deaths from this disease annually in the US
alone.1

Findings that the gut microbiome differs between individ-
uals with CRC and healthy controls,2,3 and that alterations
are already present in those with precancerous adenomas,4–7

suggest that dysbiosis of the gut microbiome could play an
etiologic role in CRC. A causal role for gut microbiota in colo-
rectal tumorigenesis is further supported by observations that
gut microbiota from tumor-bearing mice8 or specific human
gut bacterial communities9 promote colon tumorigenesis when
inoculated into germ-free mice. Moreover, individual species
including Fusobacterium nucleatum,10 enterotoxigenic Bacter-
oides fragilis11 and Escherichia coli NC10112 can also promote
tumor formation in mice. Further supporting a role for the gut
microbiota in CRC are observations that antibiotic treatment8

and germ-free conditions13 suppress tumor formation in mice.
One mechanism by which bacterial dysbiosis might promote
CRC is by inciting inflammation. Inflammation affects most of
the major processes that govern the evolution of a tumor
including mutation, proliferation, apoptosis, vascularization,
invasion and immune evasion.14 For this reason, inflammation
is widely considered a promising target for cancer prevention.15

In addition to tumor-promoting gut bacteria, there is a
great interest in identifying bacteria with anti-inflammatory
and anti-cancer properties. In our previous study, we
observed the abundance of Parabacteroides distasonis (Pd), a
Gram-negative anaerobe, to be inversely associated with
colonic interleukin (IL)-1b as well as intestinal tumor burden
in Apc1638N mice. Others report that Pd was more frequently
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absent in colon biopsies from Crohn’s disease patients than
controls, especially in those with active compared to quies-
cent disease.16 Moreover, Kverka et al.17 demonstrated that
feeding various fractions of Pd to mice could effectively sup-
press chemically induced colitis in mice and inhibit the secre-
tion of pro-inflammatory cytokines in macrophages in vitro.

Consumption of high-fat diet has been shown to alter the
composition of gut microbiota that leads to metabolic endo-
toxemia,18 a phenomenon characterized by increased circulat-
ing level of bacterial lipopolysaccharides (LPS). The
recognition of bacterial LPS by toll-like receptor 4 (TLR4) is
known to trigger a cascade of cellular signaling to induce
inflammation. In fact, it is demonstrated that overexpression
of TLR4 promotes systemic inflammation and intestinal neo-
plasia in mice.19,20 Compelling evidence indicates that ele-
vated inflammation constitutes a major mechanistic link
between obesity and increased tumor risk.21,22 Further, our
laboratory has demonstrated a distinct colonic transcriptome
in obese mice that converge on Akt signaling pathway,23 a
critical mediator of carcinogenesis.24–26 Hence, based on
these observations, we hypothesized that Pd may possess
some utility in the suppression of CRC by inhibiting colonic
inflammation and the pro-tumorigenic TLR4 and Akt signal-
ing pathways. We sought to evaluate this hypothesis in an
obesity-driven model of CRC because obesity is a major risk
factor for CRC.27,28 For the first time, we observed Pd to
completely block high-fat (HF) and azoxymethane (AOM)-
driven colon tumorigenesis concomitant with reduced activa-
tion of Akt and TLR4 signaling.

Methods
Bacterial culture and preparation

Pd 8503 was purchased from ATCC (Manassas, VA), recon-
stituted in brain–heart infusion (BHI) broth (Becton, Dickin-
son and Company, Sparks, MD), streaked out on chocolate
agar (Remel, Lanexa, KS), and incubated in a Gas-Pak EZ
anaerobic containment system (Becton, Dickinson) at 378C.
Stocks were prepared by freezing aliquots from the plate at
2808C in 10% glycerol/BHI. Working cultures were started
by streaking for isolation from the glycerol stock on a choco-
late agar plate (Remel, Lanexa, KS). After 24 hr incubation,
additional plates were sub-cultured from the starter plate to
inoculate the volume of culture required: 1 plate per 600 mL
bottle of final culture. After 24 hr, a generous swab from

each plate was re-suspended in 12 mL BHI, which was then
introduced into 500 mL BHI broth in a glass bottle. The bot-
tles were then filled to the top with BHI (final volume
�600 mL), the caps were secured tightly, and they were incu-
bated for 24–48 hr. Cultures were harvested at 10,000g for 10
min at 48C and washed twice in sterile ice-cold 10 mM phos-
phate buffered saline (PBS) at pH 7.5 with protease inhibitor.
To prepare lyophilized whole cells, the washed pellet was re-
suspended in PBS and aliquots into 50 mL tubes and frozen
at 2808C prior to overnight lyophilization. Total viable plate
count was then performed and expressed as colony forming
units per mL (cfu/mL) to confirm viability of lyophilized
whole cells. To isolate the membrane fraction of P. distasonis
(PdMb), cell pellets were passed twice through a French Pres-
sure Cell Press (SLM Aminco/Thermo Electron Corporation,
Waltham, MA) on ice at 1,500 psi. The lysate was centri-
fuged at 8,600g for 30 min at 48C. The pellet was frozen at
2808C, followed by freeze drying. Lyophilized Pd and its
membrane fractions were kept at 2208C until use.

Cell culture studies

The colorectal adenocarcinoma cell lines, HT-29 and SW480
(ATCC, Manassas, VA), were cultured in dulbecco modified
eagle medium (DMEM) (Corning Inc., Corning, NY) supple-
mented with 10% fetal bovine serum (Gibco/Life Technolo-
gies, Grand Island, NY), 2 mmol/L of L-glutamine (Gibco/
Life Technologies), and 1% penicillin–streptomycin (Gibco/
Life Technologies). All cells were maintained at 378C with
5% CO2 and were used between passages 3 and 20.

To study pro-inflammatory signaling and cytokine pro-
duction, cells were allowed to attach overnight and then
switched to serum-free DMEM. Twenty-four hours later, cells
were pre-treated with vehicle (media) or PdMb (25–400 mg/
mL) for 2 hr and then challenged with E. coli LPS (1 mg/mL,
variant O11:B4, Sigma Aldrich, St. Louis, MO) or vehicle.

To study IL-8 production, cells were seeded at 2 3 104

cells/well in a 96-well plate and supernatant collected 24 h
after LPS challenge and stored at 2808C. Cells were then
washed twice with PBS and incubated with serum-free
DMEM to measure viability using the XTT assay (Thermo
Fisher, Waltham, MA). IL-8 in supernatant was measured by
ELISA (R&D Systems, Minneapolis, MN). For additional
cytokines, cells were seeded at 5 3 104 cells/well in a 48-well
plate and supernatant collected 24 hr after LPS challenge. IL-

What’s new?

Inflammation constitutes a major mechanistic link between obesity and tumor risk. Gut microbial dysbiosis may also play an

etiological role in colorectal tumorigenesis. The abundance of commensal Gram-negative anaerobe Parabacteroides distasonis

(Pd) in stool was previously observed to be inversely associated with intestinal tumor burden and IL-1b in mice. Here, in an

obesity-driven model of colorectal cancer, Pd was shown to have anti-inflammatory and anti-cancer properties that are likely

mediated by the suppression of TLR4 and Akt signaling, and promotion of apoptosis. The findings suggest that administering

specific protective bacterial species could have utility in the prevention of colorectal tumorigenesis in at-risk populations.
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1b, IL-6, IL-8 and tumor necrosis factor (TNFa) were mea-
sured in supernatant using a multiplex electrochemilumines-
cent array according to manufacturer’s protocols (Meso Scale
Discovery, Rockville, MD). For intracellular protein analyses,
cells were seeded at 8 3 105 cells/well in a 6-well plate. One
hour after LPS challenge cells were lysed with RIPA buffer
(Alfa Aesar, Ward Hill, MA) containing protease and phos-
phatase inhibitors (Roche, Indianapolis, IN) and lysates were
stored at 2808C until immunoblot analyses.

To assess the effect of PdMb on cell proliferation, cells
were seeded at a lower density on a 96-well plate (1 3 104

cells/well) and allowed to attach overnight. The cells were
then treated with PdMb (25–400 mg/mL) or vehicle for 48 hr
and cell viability was measured with the XTT assay. To study
apoptosis, cells were seeded at 5 3 105 cells/well on a 6-well
plate and allowed to attach overnight. Cells were then
switched to serum-free media for 6 hr and then treated with
PdMb (100 mg/mL) or vehicle. Forty eight hours later cells
were lysed and stored frozen (–808C) until the measurement
of caspase-3 activity using a dye cleavage assay according to
manufacturer’s protocol (Biovision Inc., Milpitas, CA).

TLR4 signaling was assessed using HEK-BlueTM hTLR4
cells (InvivoGen, San Diego, CA). These are HEK 293 cells
stably-transfected with human TLR4, MD2/CD14 co-receptor
genes and a secreted embryonic alkaline phosphatase (SEAP)
plasmid containing NF-kB response elements. Stimulation of
TLR4 activates NF-kB, which subsequently induces the pro-
duction of SEAP. The cells were maintained and sub-cultured
according to the manufacturer’s instructions and only cells
between passages 3 and 6 were used. HEK-Blue hTLR4 cells
were seeded on a 96-well plate at 2 3 104 cells/well. PdMb at
various concentrations were added to each well and incu-
bated for 18 hr in HEK-BlueTM Detection media containing
100 ng/mL of E. coli LPS. Production of SEAP was measured
at 630 nm on a microplate reader (BioTek, Winooski, VT).
Activation of TLR4 was expressed as a ratio to the negative
(blank) control.

Mouse study

All animal procedures and protocols were approved by the
Institutional Animal Care and Use Committee of Tufts Uni-
versity. Mice were maintained on a 12-hr light/dark cycle,
were individually housed and provided ad libitum access to
food and water.

Six-week old male A/J mice (Jackson Lab, Bar Harbor,
ME) were randomized into three groups (n5 21/group)
receiving either a low-fat (LF) diet (10% calories from fat),
HF diet (60% calories from fat) or a HF diet supplemented
with 0.04% wt/wt freeze-dried Pd (HF1Pd). Diets (D12450J
and D12492) were purchased from Research Diets Inc. (New
Brunswick, NJ). After 1 week on diet, all mice received a
weekly intraperitoneal injection of AOM (Sigma Aldrich, St.
Louis, MO) at 10 mg/kg for 4 weeks. The mice were main-
tained on respective diets throughout the study for a total of
24 weeks. Body weight was recorded weekly and food intake

was recorded every other week. Lean and fat mass was ana-
lyzed via MRI (EchoMRI, Houston, TX) on the final day of
treatment. After 24 weeks on diet (20 weeks after final AOM
injection) mice were euthanized by isoflurane inhalation, cer-
vical dislocation, and exsanguination by cardiac puncture.
The abdomen was then opened and gonadal fat removed and
weighed. The colon was then removed, opened longitudinally
and washed with ice-cold PBS with protease inhibitors
(Roche, Indianapolis, IN). The colon was inspected under a
dissecting microscope for the presence of tumors by a
blinded observer. Tumor size and location were noted and
tumors were photographed before being excised and fixed in
formalin for later histological determination. Colonic mucosa
was collected by gently scraping the remaining normal-
appearing colon with glass microscope slides, frozen in liquid
N2 and stored at 2808C.

For colonic cytokine measures, mucosal scrapings were
lysed in ice-cold RIPA buffer (Alfa Aesar, Ward Hill, MA)
containing protease inhibitors (Roche, Indianapolis, IN) and
protein concentrations determined via bicinchoninic acid
assay (Thermo Fisher, Waltham, MA). Colonic IL-1b, IL-6
and TNFa were measured by ELISA according to manufac-
turer’s instructions (R&D Systems, Minneapolis, MN) and
normalized by protein concentrations.

TLR4, MyD88 and Akt were quantified by Western blot-
ting. Briefly, protein samples (40 lg) were separated on a
12% sodium dodecyl sulfate-polyacrylamide gel and trans-
ferred to a nitrocellulose membrane (Bio-Rad, Hercules, CA).
Membranes were probed with primary TLR4 (Novus Biologi-
cals, Littleton, CO), MyD88 (Cell Signaling, Danvers, MA),
pAkt (Cell Signaling, Danvers, MA), Akt (Cell Signaling,
Danvers, MA) or GAPDH (Abcam, Cambridge, MA) anti-
bodies and then incubated with anti-rabbit (Cell Signaling,
Danvers, MA) or anti-mouse (Santa Cruz, Dallas, TX) sec-
ondary antibody (1:2,000 dilutions). Bands were visualized
with enhanced chemiluminescence reagent and X-ray film
(Thermo Fisher, Waltham, MA). Bands were quantified using
a Gel-Doc image analysis system (Quantity One Software,
Bio-Rad) and proteins of interest normalized to GAPDH.

The composition of the gut microbiome was profiled and
differences were evaluated as previously described.29

Statistical analyses

All data were analyzed with the Statistical Analysis System
(SAS 9.3). Analysis of variance (ANOVA) with repeated mea-
sures was performed on body weight and food intake. All
other end-points were evaluated for difference between
groups using Student’s t test (two groups) or one-way
ANOVA followed by Tukey’s post hoc test (multiple compari-
son). Comparison of tumor incidence among groups was per-
formed by Fisher’s exact test. All data are expressed as
mean6 standard error unless otherwise stated. Significance
was accepted at p< 0.05.
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Results
Cell culture studies

The anti-inflammatory effect of PdMb was assessed in vitro
using human colorectal adenocarcinoma cells as well as a
reporter line. First, pre-treating SW480 and HT-29 cells with
PdMb (25–400 mg/mL) caused a dose-dependent inhibition
of IL-8 release induced by 1 mg/mL E. coli LPS (Supporting
Information Figs. S1A and S1B). Compared to LPS control,
pre-treatment with PdMb caused a 55% and 29% (p< 0.05)
reduction in media IL-8 concentrations in HT-29 and SW40
cells, respectively. Importantly, PdMb treatment, even at the
highest dosage, did not affect cell viability. Thus, the reduc-
tions in cytokine concentrations observed are due to reduced
cytokine production from viable cells (Supporting Informa-
tion Figs. S1C and S1D). In the subsequent experiments, we
utilized 100 mg/mL of PdMb. In SW480 cells, this dose signif-
icantly attenuated LPS-induced production of IL-1b, IL-6,
IL-8 and TNFa by 45%, 62%, 46% and 24%, respectively
(Figs. 1a–1d). Similarly, in HT29 cells, except for IL-6, LPS
induced a significant elevation in IL-1b, IL-8 and TNFa pro-
duction that was reduced by 92%, 76% and 38% with PdMb
pre-treatment (Figs. 1e–1h). Heat treatment (808C, 30 min)
caused a significant reduction in the ability of PdMb to sup-
press LPS-induced cytokine production suggesting that the
active component(s) are likely protein(s) (Supporting Infor-
mation Fig. S2).

In addition to the attenuation of cytokine production in
LPS-stimulated cells, pre-treatment with PdMb down-
regulated the LPS-induced expression of TLR4 and MyD88
in SW480 cells by 28% (p5 0.06) and 44% (p5 0.02), respec-
tively (Figs. 2a–2c). Similarly, the LPS-induced elevation of
pAkt tended to be reduced by PdMb (Fig. 3dp5 0.14). No
changes in TLR4 or MyD88 protein levels in HT29 cells due
to LPS and PdMb treatment were detected (Figs. 2f and 2g).
However, the LPS-induced elevation of pAkt in HT29 cells
was completely blocked by PdMb (Fig. 2h).

Apoptosis and proliferation were also evaluated because
they are relevant to tumorigenesis and both modulated by
Akt signaling. Although PdMb did not affect cell proliferation
(Supporting Information Fig. S3), it caused a 43% (p5 0.05)
and 52% (p5 0.02) increase in caspase-3 activity in HT29
and SW480 cells, respectively (Fig. 3), suggesting an induc-
tion of apoptosis in vitro.

In order to directly assess an effect of PdMb on TLR4 sig-
naling, we utilized a TLR4 reporter cell line in which the
read-out of activation is SEAP expression. Treatment of cells
with PdMb alone (25–100 mg/mL) did not affect the produc-
tion of SEAP (Fig. 4), indicating that PdMb by itself does not
activate TLR4. In contrast, treating cells with LPS induced a
robust activation of TLR4 that was attenuated by PdMb in a
dose-dependent fashion. Specifically, PdMb at 25, 50, 100
and 200 mg/mL attenuated LPS-induced TLR4 activities by
17%, 20%, 53% and 85%, compared to LPS-treated cells,
respectively (Fig. 4).

Mouse study

Twenty-one mice were assigned to each group at the beginning
of the study. One mouse per group died shortly after the first
AOM injection. One mouse from LF group was found dead on
Week 18 without apparent cause and did not display any
tumors. After an initial decline in body weight during AOM
administration all mice recovered and gained weight rapidly
(Supporting Information Fig. S4). Although weights for the
two HF-fed groups were consistently numerically higher than
those on the LF diet throughout the study, those differences
did not reach significance (p5 0.48). At the end of the study,
HF mice tended to have a higher fat mass and lower lean mass
compared to the LF but differences were also not significant. In
contrast, gonadal fat weight was 32% higher in HF than LF
mice (p< 0.001, Supporting Information Table S1). Pd admin-
istration did not affect any index of adiposity. Caloric intake of
HF mice was significantly higher than in LF mice, but no dif-
ference was detected between HF and HF1Pd mice (p5 0.27,
Supporting Information Fig. S5).

Colon tumors, histologically confirmed to be neoplastic,
were observed in 0% (0 of 19), 25% (5 of 20) and 0% (0 of
20) of LF, HF and HF1 Pd mice, respectively (Fisher’s exact
test5 0.005) (Table 1). Concentrations of IL-6 in the colonic
mucosa, but not TNF-a and IL-1b, were elevated in HF,
compared to LF mice; however Pd addition did not signifi-
cantly affect any of these cytokines (Table 1). We next mea-
sured the expression of TLR4 and MyD88 and, although
TLR4 did not differ between groups (Figs. 5a and 5c),
MyD88 was significantly lowered by Pd consumption (Figs.
5a and 5d, p5 0.004). Consistent with cell culture data, Pd
consumption reduced pAkt (ser473) in HF-fed mice by 47%
(Figs. 5b and 5e), however no differences were observed
between LF and HF mice.

The fecal microbiome was profiled by 16S rRNA gene
sequencing. An average of 61,385 reads were retrieved per
sample (range5 26,364–109,326). The number of sequences
was normalized to 26,100. There was no effect of diet or Pd
addition on chao1, observed species, Shannon, PD whole tree
or equitability measured of diversity (GLM, p> 0.05). Simi-
larly, the abundance of each phyla or the ratio of firmicutes
to bacteroidetes was not affected by diet or Pd addition
(GLM, p> 0.05). Using Multivariate Association with Linear
Models (MAsLin),30 we identified 20 taxa that were signifi-
cantly associated with diet, and one taxa (genus Anaerotrun-
cus) was associated with Pd supplementation (Supporting
Information Table S2).

Discussion
Our previous studies found the abundance of Pd in stool to
be inversely associated with intestinal tumor burden and IL-
1b concentrations in obese Apc1638N mice.29 This finding,
together with reports that Pd administration significantly
attenuated chemically induced colitis in mice,17 led us to
hypothesize that Pd would be effective in suppressing CRC by
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Figure 1. Pre-treatment with PdMb attenuated cytokine production in LPS-stimulated SW480 cells (a–d) and HT29 cells (e–h). Veh, vehicle-

treated cells; LPS, vehicle-treated cells stimulated with 1 mg/mL of LPS; LPS 1 Pd, Pd-treated cells stimulated with 1 mg/mL of LPS. Data

are shown as mean 6 SEM (n 5 3) and representative of three independent experiments. Groups with different letters are significantly differ-

ent (p<0.05).
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blocking inflammation. Using CRC cell lines, we found that a
crude Pd membrane extract robustly suppressed the release of
inflammatory cytokines elicited by E. coli LPS. This data is in
good agreement with reports that PdMb suppressed LPS-
induced TNF-a production by RAW264.7 macrophages.17

Taken together, these data strongly indicate that Pd has a direct
anti-inflammatory effect on multiple cell types.

To test the anti-cancer potential of Pd, we employed a
model of CRC driven by AOM and HF feeding. Unlike our
cell culture studies which utilized a crude membrane extract,
whole lyophilized bacteria were used for this study. As

Figure 2. Effects of PdMb on innate immune signaling and phosphorylated Akt expression in LPS-stimulated SW480 (a–d) and HT29 (e–h)

cells. Veh, vehicle-treated cells; LPS, vehicle-treated cells stimulated with 1 mg/mL of LPS; LPS 1 Pd, Pd-treated cells stimulated with 1 mg/

mL of LPS. Data are shown as mean 6 SEM (n 5 3) and representative of two independent experiments. Groups with different letters are sig-

nificantly different (p<0.05).

Figure 3. PdMb suppressed caspase-3 activity in SW480 and HT-29

cells. Veh, vehicle-treated cells; PdMb, Pd-treated cells at 100 mg/

mL. Data are shown as mean 6 SEM (n 5 3). *p<0.05.

Figure 4. PdMb inhibited LPS-induced TLR4 activation in a dose-

dependent manner. Data are shown as mean 6 SEM (n 5 3) and

representative of three independent experiments. Groups with dif-

ferent letters are significantly different (p<0.05).
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expected, colon tumor incidence in HF mice was significantly
higher than in LF control mice (25% vs. 0%). Addition of Pd
to the HF diet completely blocked tumor formation (0% inci-
dence), demonstrating that Pd has cancer preventive capabili-
ties. Because the viability of this lyophilized Pd preparation is
very low (2 3 104 cfu/mg of lyophilized Pd), we predict that
its action is mainly due to a factor present on the cell surface
rather than the secretion of a factor that requires an active
process and viable cells. Indeed, using 16S rRNA gene
sequencing we were unable to detect Pd in the stool of
mice—indicating that no live Pd was able to colonize these
mice. Only one taxa, Anaerotruncus, was associated with Pd
supplementation (Supporting Information Table S2); how-
ever, there are no reports of this taxa affecting colorectal
tumorigenesis.

To evaluate possible mechanisms for the apparent anti-
inflammatory and anti-tumor activities of Pd, we scrutinized
members of the TLR4 and Akt signaling pathways. TLR4
incites inflammation by interacting with the adaptor protein
MyD88 then activating Ikkb and finally NF-jB to activate
the expression of inflammatory cytokines including TNF-a,
IL-1b, IL-6 and IL-8.14 Observations that TLR4 is up-
regulated in human CRCs31,32 and that TLR4 overexpression
promotes,20 while knockout attenuates33 tumorigenesis in
mice, implicate this pathway in colorectal tumorigenesis. Fur-
ther, constitutive activation of Ikkb and NF-jB has also been
shown to promote colonic inflammation and tumorigenesis
in mice.34,35 Serving as the ligand for TLR4, E. coli LPS
caused an elevation of MyD88 in CRC cell lines in vitro.
Consistent with an inhibition of TLR4 signaling, PdMb pre-

Table 1. Tumor incidence and colonic cytokine concentrations of AOM-treated mice by group

LF HF HF 1 Pd

No. mice with tumors (%) 0 of 19 (0b) 5 of 20 (25a) 0 of 20 (0b)

Colonic IL-6 (pg/mg of protein) 5.41 6 0.44a 7.46 6 0.62b 6.58 6 0.66ab

Colonic IL-1b (pg/mg of protein) 3.41 6 0.37 4.23 6 0.37 4.90 6 0.43

Colonic TNF-a (pg/mg of protein) 2.81 6 0.31 3.70 6 0.41 2.61 6 0.31

Data are expressed as mean 6 SEM (n 5 15–20). Mean values across the row with different letters are differ, p � 0.05.

Figure 5. Pd attenuated the colonic expression of TLR4, MyD88 and pAkt in AOM-treated high-fat fed mice. (a) Representative Western blot

analysis of TLR4 and MyD88. (b) Representative Western blot analysis of pAkt. (c) Quantification of TLR4 (n 5 10), (d) MyD88 (n 5 10), and

(e) pAkt (n 5 10) expression in LF, HF and HF 1 Pd mice. GAPDH was used as a loading control and protein expression was calculated as

fold-changes relative to LF. Groups with different letters are significantly different (p<0.05). Data are representative of two independent

experiments.
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treatment suppressed the LPS-induced MyD88 increase in
these cells. Similarly, Pd also lowered the abundance of
MyD88 protein in the colon of HF fed mice. To directly eval-
uate an effect of Pd on this pathway, we employed a TLR4
reporter cell line and demonstrated that PdMb caused a
dose-dependent inhibition of LPS-induced TLR4 signaling.
Together, these observations indicate that Pd can suppress
TLR4 activation, however it remains to be determined where
in the pathway this inhibition occurs (i.e., upstream at the
receptor or somewhere downstream), and whether this inhi-
bition is causally involved in the observed suppression of
cytokine release and tumor formation or merely associated.

TLR4 activation can lead to the activation of Akt through
PI3K, which also contributes to activation of NF-jB.36,37 We
previously found that both diet and genetically induced obe-
sity induced robust changes in gene expression consistent
with an elevation of Akt signaling.23 Akt signaling regulates
several cellular pathways relevant to carcinogenesis, including
proliferation and apoptosis.38 Aberrations in the Akt pathway
are a frequent event in several human cancers.39 In the cur-
rent study, we assessed Akt activation by probing for pAkt
(ser473) and found that Pd reduced this active form of Akt
in CRC cell lines and in the colon of HF fed mice. These
data demonstrate that Pd can suppress the activation of
TLR4 and Akt and provide a plausible explanation of how
Pd suppresses tumorigenesis on a molecular level. In an
effort to understand how these molecular changes might alter
tumorigenesis, we evaluated apoptosis and proliferation—pro-
cesses that are both modulated by Akt signaling. In cell cul-
ture, we found no evidence of an effect of Pd on cellular
proliferation; however we did observe a robust induction
(43%–52% increase) of apoptosis in cells treated with Pd.
Thus, we speculate that Pd might suppress tumor formation
in mice by promoting apoptosis.

Our findings that PdMb suppressed cytokine release and
TLR4 signaling in vitro, and that whole lyophilized Pd
blocked high fat-driven colon tumor formation, is in good
agreement with data by Kverka et al.17 who showed that
PdMb suppressed cytokine release from RAW264.7 macro-
phages in vitro and attenuated acute and chronic dextran
sodium sulfate (DSS)-induced colitis in mice. Interestingly,
these findings contrast with those of Dziarski et al.40 who
reported that gavaging with Pd (2 3 108 cfu), either once in
antibiotic-treated mice or five times in mice not treated with
antibiotics, significantly increased the severity of DSS-induced
colitis as well as mortality. It is difficult to reconcile these
contrasting outcomes; however, key differences in experimen-
tal design are apparent. Of note, the latter group employed a
very harsh 5% DSS regimen which resulted in >60% mortal-
ity in the control group after 14 days. Importantly, estab-
lished protocols recommend using 2% DSS.41,42 Kverka
et al.17 used 3% DSS and did not report any mortality with
PdMb even after 4 one-week DSS cycles. Another key differ-
ence between these studies is that Dziarski et al.40 utilized
live Pd while Kverka et al.17 utilized PdMb and other

fractions. However, others report that live Pd did not cause
any adverse effect upon inoculation into germ-free mice.
Rather, mice mono-associated with Pd had a higher abun-
dance of anti-inflammatory regulatory T-cells in their colonic
mucosa as well as higher concentrations of the short chain
fatty acids butyrate and acetate than germ-free mice.43 In our
own studies, we did not observe any adverse effects of gavag-
ing obese mice with live Pd (1 3 109 cfu) every other day
for 2 weeks and actually saw a trend for reduced colonic and
plasma inflammatory cytokines (data not shown).

Two factors should be considered when interpreting the
current mouse data. First, we utilized A/J mice which,
although sensitive to AOM-induced tumorigenesis,44 are rela-
tively resistant to diet-induced obesity.45 Thus, the degree of
obesity achieved was exceedingly mild and only manifested
to a significant degree as an increase in visceral adiposity
(i.e., increased gonadal fat mass). Consistent with this mild
degree of obesity, only a very mild degree of colonic inflam-
mation was achieved as evidence by a modest 38% increase
in IL-6 and insignificant changes in TNF-a and IL-1b. Given
this mild degree of inflammation, we speculate that inflam-
mation is not the only driver of tumorigenesis in the HF
mice, nor its attenuation the mechanism by which Pd
blocked tumor formation in this setting. Thus, we speculate
that the robust degree of chemoprevention afforded by Pd
consumption is likely due to the promotion of apoptosis. Sec-
ond, in an effort to elicit a modest colon tumor burden
(which might be more amenable to modulation via Pd), we
administered only four AOM injections rather than the com-
monly used six injections which is reported to cause an aver-
age of eight tumors per mouse.44 As a result of this milder
carcinogen regimen, we did not observe any tumors in the
LF control mice and only a 25% penetrance in the HF-fed
mice. It remains to be determined how effective Pd might be
in suppressing tumorigenesis in models with a higher tumor
burden. Furthermore, it remains to be determined whether
Pd might also protect against tumor formation in mice con-
suming regular chow or other low fat diets.

In conclusion, we have demonstrated that a crude mem-
brane fraction of the Gram-negative anaerobe P. distasonis
can dose-dependently suppress the release of inflammatory
cytokines from colon cancer cell lines as well as TLR4 signal-
ing in a reporter line. Moreover, Pd membrane fraction sup-
pressed activation of Akt signaling as evidenced by a reduced
phosphorylated Akt. Consistent with these observations, feed-
ing whole freeze-dried Pd reduced the level of TLR4 and Akt
activation in HF-fed mice. Finally, the reduced activity of
these pro-tumorigenic pathways and induction of apoptosis
constitutes a highly plausible mechanism underlying the
blockade of tumor formation observed in these mice. Based
on these data we speculate that administering components of
Pd or interventions to expand resident Pd communities could
have utility in suppressing colonic inflammation and tumori-
genesis in at-risk individuals such as the obese.
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