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Simple Summary: Pancreatic cancer is aggressive and lethal with a five year survival rate of only
5–9%. While the exact pathogenesis of pancreatic cancer is not fully understood, oral pathogens
associated with periodontitis, such as Porphyromonas gingivalis (P. gingivalis), are linked to the disease.
The aim of our study was to investigate the causal association between exposure to P. gingivalis and
subsequent carcinogenesis, and the potential modulatory effects of probiotics. We demonstrated that
oral exposure to P. gingivalis can accelerate the development of pancreatic ductal adenocarcinoma
in mouse models. In addition, the transforming growth factor-β (TGF-β) signaling pathway may
be involved in the cancer-promoting effect of P. gingivalis and the suppressive effects of probiotics.
Further understanding of the mechanisms of tumor-promoting or tumor-suppressing effects of TGF-β
signaling may have potential as a treatment for pancreatic cancer.

Abstract: Accumulating evidence suggests that there is a link between the host microbiome and
pancreatic carcinogenesis, and that Porphyromonas gingivalis (P. gingivalis) increases the risk of
developing pancreatic cancer. The aim of the current study was to clarify the role of P. gingivalis in
the pathogenesis of pancreatic cancer and the potential immune modulatory effects of probiotics.
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The six-week-old LSL-K-rasG12D; Pdx-1-cre (KC) mice smeared P. gingivalis on the gums, causing
pancreatic intraepithelial neoplasia (PanIN) after four weeks to be similar to the extent of lesions in
untreated KC mice at 24 weeks. The oral inoculation of P. gingivalis of six-week-old LSL-K-rasG12D;
Pdx-1-cre (KC) mice caused significantly pancreatic intraepithelial neoplasia (PanIN) after treatment
four weeks is similar to the extent of lesions in untreated KC mice at 24 weeks. The pancreas weights of
P. gingivalis plus probiotic-treated mice were significantly lower than the mice treated with P. gingivalis
alone (P = 0.0028). The histological expressions of Snail-1, ZEB-1, collagen fibers, Galectin-3, and PD-L1
staining in the pancreas were also notably lower. In addition, probiotic administration reduced
the histological expression of Smad3 and phosphorylated Smad3 in P. gingivalis treated KC mice.
We demonstrated that oral exposure to P. gingivalis can accelerate the development of PanIN lesions.
Probiotics are likely to have a beneficial effect by reducing cancer cell proliferation and viability,
inhibiting PanIN progression, and cancer cell metastasis (Epithelial–mesenchymal transition, EMT).
The transforming growth factor-β signaling pathway may be involved in the tumor suppressive
effects of probiotics.

Keywords: caerulein; Lactobacillus; pancreatic ductal adenocarcinoma; Porphyromonas Gingivalis;
transforming growth factor-β

1. Introduction

Pancreatic cancer is one of the most aggressive and highly lethal malignancies. Even with recent
advances in medicine, the overall five year survival rate is only 5–9% [1,2]. According to the GLOBOCAN
2018 estimates, it is the seventh most lethal cancer (4.5%) worldwide. Globally in 2018, 458,918 new
cases were registered and there were 432,242 reported deaths [3]. This means that the mortality rate is
nearly the same as the incidence rate. It is estimated that by 2030, pancreatic cancer will become the
second leading cause of cancer-related deaths in the United States [4]. Although the exact pathogenesis of
pancreatic cancer is not fully understood, some factors, such as smoking, alcohol abuse, obesity, diabetes,
chronic pancreatitis, diet, and genetics have been identified as contributing factors [5].

The most important and prevalent type of malignant pancreatic neoplasm is pancreatic ductal
adenocarcinoma (PDAC), which has a high risk of metastasis and accounts for approximately 90%
of all pancreatic cancer cases [6]. Most PDAC cases (97%) have genetic alterations and four main
driver genes have been identified [7]. A K-ras oncogenic mutation is present in up to 90% of all
cases, including primary or metastatic tumors, and in pancreatic intraepithelial neoplasia (PanIN)
lesions, which are a major subtype of PDAC precursor lesions [7]. Inactivation of tumor suppressor
genes, including TP53, CDKN2A and SMAD4, also contributes to the progression of precursor
lesions. Growing evidence suggests that there is a link between the host microbiome and PDAC.
The proposed disease mechanism may be mediated by bacterial metabolites from the intestine or oral
cavity, or bacterial translocation to the pancreas coupled with impaired pancreatic barrier function,
which then causes the bacteria to colonize the pancreas and change its immune tolerance, thereby
promoting the PDAC process [8]. Michaud et al. (2013) reported that people with high levels of
antibodies against Porphyromonas gingivalis (P. gingivalis), a major periodontal pathogen, had twice the
risk of pancreatic cancer compared with the control group (odds ratio (OR) = 2.14; 95% confidence
interval (CI), 1.05–4.36) [9]. A population-based epidemiological study also revealed that carriage of
P. gingivalis led to a significantly increased risk (60%) of developing pancreatic cancer (aOR = 1.60; 95%
CI 1.15–2.22) [10]. Moreover, a recent study observed that the gut and pancreas microbiome in mouse
and human PDAC was distinct and stage-specific, and that the endogenous microbiome may drive
the progression of cancer by inducing intra-tumoral immune suppression. Conversely, targeting the
microbiome distinctly protected against PDAC and improved the anti-tumor immune response [11].
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These findings suggest that microbial targeted therapies may offer adjuvant benefits compared with
standard therapies.

Using the LSL-K-rasG12D; Pdx-1-cre (KC) mouse model, the current study aimed to investigate the
carcinogenic effect of P. gingivalis in PDAC development, and the potential immune modulatory effects
of probiotic-based regimens.

2. Results

2.1. KC Mice Developed Pancreatomegaly and PanIN Lesions

The KC mouse model was used to experimentally study the disease processes. There was no
significant difference in body weight between the non-treated wild type mice and the non-treated
KC mice at 3, 6, 12, and 24 weeks (Figure 1A). We observed no statistically significant differences in
the pancreas weights of the non-treated wild type and non-treated KC mice at 3, 6, and 12 weeks,
but the pancreas weights of the non-treated KC mice were significantly increased at 24 weeks
(0.4742 ± 0.5568 g) compared with the non-treated wild type mice (0.2467 ± 0.1967 g; P = 0.0023)
(Figure 1B,C). A comparison of the non-treated wild type and non-treated KC mice pancreas histology
by H and E staining is shown in Figure 1D. Non-treated wild type mice had normal tissues at 3, 6, 12,
and 24 weeks. Non-treated KC mice developed pancreatic intraepithelial neoplasia (PanIN) lesions
at 6, 12, and 24 weeks. Proliferating cell nuclear antigen (PCNA) immunostaining of the pancreas
sections revealed that non-treated KC mice began to proliferate significantly at 12 weeks (Figure 1E).Cancers 2020, 12, x FOR PEER REVIEW 4 of 19 

 

 
Figure 1. Accelerated pancreatic ductal adenocarcinoma (PDAC) progression in a transgenic LSL-K-
rasG12D+/--Pdx-1-cre+/- mouse model. (A) No significant difference was observed between the body 
weights of non-treated KC mice and non-treated wild-type mice at 3, 6, 12, and 24 weeks. (B) 
Comparison of pancreas size for KC mice with age- and sex-matched wild type mice at 24 weeks. (C) 
KC mice showed significantly increased pancreas weights (p = 0.0023) at 24 weeks. (D) Representative 
H and E staining images of the mouse pancreas at 3, 6, 12, and 24 weeks. KC mice developed 
pancreatic intraepithelial neoplasia (PanIN) lesions at 6, 12, and 24 weeks (scale bar, 200 µm). (E) 
Representative images of proliferating cell nuclear antigen (PCNA) staining of the mouse pancreas, 
indicating a significant increase in cell proliferation at 12 weeks in KC mice (Figure 1E) (scale bar, 50 
µm). WT, wild type; KC, LSL-K-rasG12D+/--Pdx-1-cre+/-. 

Figure 1. Cont.
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Figure 1. Accelerated pancreatic ductal adenocarcinoma (PDAC) progression in a transgenic
LSL-K-rasG12D+/--Pdx-1-cre+/- mouse model. (A) No significant difference was observed between
the body weights of non-treated KC mice and non-treated wild-type mice at 3, 6, 12, and 24 weeks. (B)
Comparison of pancreas size for KC mice with age- and sex-matched wild type mice at 24 weeks. (C)
KC mice showed significantly increased pancreas weights (p = 0.0023) at 24 weeks. (D) Representative
H and E staining images of the mouse pancreas at 3, 6, 12, and 24 weeks. KC mice developed pancreatic
intraepithelial neoplasia (PanIN) lesions at 6, 12, and 24 weeks (scale bar, 200 µm). (E) Representative
images of proliferating cell nuclear antigen (PCNA) staining of the mouse pancreas, indicating a
significant increase in cell proliferation at 12 weeks in KC mice (Figure 1E) (scale bar, 50 µm). WT, wild
type; KC, LSL-K-rasG12D+/--Pdx-1-cre+/-.

2.2. P. gingivalis Accelerated the Development of PanIN Lesions

Figure 2A shows the time course for the mice treated with P. gingivalis to develop a mouse model
of PanIN. The P. gingivalis treated KC mice showed PanIN lesions at 4 weeks after treatment. Similar
changes were only observed in non-treated KC mice at 28 weeks (Figure 2B). A comparison of pancreas
histology between caerulein-treated and P. gingivalis-treated six-week-old mice is shown in Figure 3A.
The KC mice that were treated with caerulein or P. gingivalis showed PanIN lesions in their tissues.
Analysis of cell proliferation by PCNA immuno-staining showed that caerulein or P. gingivalis induction
increased the proliferation of pancreatic duct cells in KC mice at 4 weeks after treatment (Figure 3B).
The wild type mice also showed mild proliferation of duct cells in the PCNA staining at four weeks
after P. gingivalis induction (Figure 3B).
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Figure 2. (A) Schematic diagram illustrating the time course of intraoral inoculation of P. gingivalis
in wild type and KC mice. (B) Representative H and E staining images of mouse pancreas in
indicated ages of wild type and KC mice either sham-operated or oral inoculation with P. gingivalis.
Six-week-old KC mice treated with P. gingivalis significantly developed PanIN lesions at 10 weeks old,
and non-treated 6-week-old KC mice developed few PanIN lesions. More severe of lesions found in
pancreas of 24-week-old KC mice oral inoculation with P. gingivalis. Exposure to P. gingivalis significantly
accelerated the progression of PanIN lesions. PanIN, pancreatic intraepithelial neoplasia.Cancers 2020, 12, x FOR PEER REVIEW 6 of 19 
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Figure 3. Representative images of pancreatic histology in non-treated mice, caerulein-treated mice,
and P. gingivalis-treated mice at four weeks after treatment. (A) H and E staining (upper scale bar,
200 µm; lower scale bar, 50 µm). (B) PCNA staining (upper scale bar, 200 µm; lower scale bar, 50 µm).
L, langerhans islets; PCNA, proliferating cell nuclear antigen.
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2.3. Probiotics Attenuate Pancreatic Carcinogenesis

Figure 4A shows the time course of P. gingivalis-treated mice with the co-administration of
probiotics (GMNL 89:GMNL133 in 1:1 ratio). We observed that P. gingivalis-treated KC mice had
a larger pancreas weight at four weeks after treatment compared with the non-treated KC mice.
P. gingivalis plus probiotic-treated KC mice had a significantly lower pancreas weight compared with
the P. gingivalis-treated KC mice who did not receive probiotics (P = 0.0028) (Figure 4B). The quantitative
analysis of the number of normal pancreatic ducts and the number of PanIN lesions at different grade
are shown in Figure 4C. Twelve week old KC mice that were treated with P. gingivalis and a combination
of four week probiotics had significantly reduced PanIN-3 lesions compared with the group treated
with P. gingivalis without probiotics (P = 0.0006). H and E staining of the pancreatic sections revealed
that P. gingivalis plus probiotic-treated KC mice developed lower graded PanIN lesions at 12 weeks,
compared with the mice that received P. gingivalis alone (Figure 4D). Notably, lower cell proliferation
was also observed in the PCNA immuno-stained tissues (Figure 4E).
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Figure 4. (A) Schematic diagram illustrating the time course of P. gingivalis-treated KC mice with
the co-administration of probiotics (GMNL 89:GMNL133 in 1:1 ratio). (B) Comparison of pancreas
weight in non-treated, P. gingivalis-treated, and P. gingivalis plus probiotic-treated mice. The pancreas
weight of the P. gingivalis plus probiotic-treated mice was significantly reduced compared with the
P. gingivalis-treated mice (P = 0.0028).(C) Number of normal ducts and PanIN lesions were counted and
compared between the non-treated, P. gingivalis-treated, and P. gingivalis plus probiotic-treated mice at
four weeks after treatment. The number of normal ducts for the P. gingivalis mice was significantly reduced
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compared with the non-treated mice (P = 0.0002). The number of PanIN-3 lesions for the P. gingivalis
plus probiotic-treated mice was significantly reduced compared with the P. gingivalis-treated mice
(P = 0.0006). Bar graph shows the mean number of duct± standard deviation (SD) of a mouse pancreatic
tissue section at 100x magnification, n = 10. (D) Representative H and E staining of pancreatic tissue in
non-treated KC mice, P. gingivalis-treated mice, and P. gingivalis plus probiotic-treated mice at 12 weeks
(scale bar, 50 µm). (E) Representative PCNA staining of pancreatic tissue in non-treated KC mice,
P. gingivalis-treated mice, and P. gingivalis plus probiotic-treated mice at 12 weeks (scale bar, 50 µm). K,
LSL-K-rasG12D+/-; KC, LSL-K-rasG12D+/--Pdx-1-cre+/-; PCNA, proliferating cell nuclear antigen.

Furthermore, trichrome staining of the pancreatic sections revealed that P. gingivalis plus
probiotic-treated KC mice developed less extensive perilobular fibrosis, compared with the mice
treated with P. gingivalis alone (Figure 5A). There was lower expression of epithelial-mesenchymal
transition (EMT)-related markers (Snail-1 and ZEB-1) in the P. gingivalis plus probiotic-treated KC mice
as shown in Figure 5B,C. PD-L1-positive and Galectin-3-positive staining around the pancreas duct
and its surroundings were significantly reduced in the P. gingivalis plus probiotic-treated KC mice,
compared with the non-treated KC mice and the KC mice treated with P. gingivalis alone (Figure 6A,B).
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Figure 5. Representative images of pancreatic histology by various staining methods in non-treated
KC mice, P. gingivalis-treated KC mice, and P. gingivalis plus probiotic-treated KC mice at four weeks
after treatment (GMNL 89: GMNL133 in 1:1 ratio). (A) trichrome staining (upper scale bar, 400 µm;
lower scale bar, 150 µm). (B) Snail-1 staining (scale bar, 50 µm). (C) ZEB-1 staining (scale bar, 50 µm).
KC, LSL-K-rasG12D+/--Pdx-1-cre+/-; ZEB-1, Zinc finger E-box-binding homeobox 1.
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Figure 6. Representative images of immunomodulatory proteins in pancreatic tissues by
immunohistochemistry analysis in non-treated KC mice, P. gingivalis-treated KC mice, and P. gingivalis
plus probiotic-treated KC mice (GMNL 89: GMNL133 in 1:1 ratio). (A) PD-L1 staining. (B) Galectin-3
staining (scale bar, 50 µm). KC, LSL-K-rasG12D+/--Pdx-1-cre+/-; PD-L1, programmed death-ligand 1.

2.4. Probiotics Inhibit the Activation of the Transforming Growth Factor (TGF)-β Signaling Pathway

In KC mice administered oral P. gingivalis, the immune expression of Smad3 and TGF-βdownstream
molecules, was significantly increased in the cytoplasm of pancreatic cells. In addition, increased
expression of phosphorylated Smad3 (pSmad3) was also observed in the nucleus, along with a lower
expression level of Smad7 (Figure 7A,B). KC mice that were treated with P. gingivalis and probiotics
administration had reduced expression of Smad3 and pSmad3, but the expression of Smad7 was
inversely increased.
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by immunohistochemistry analysis in non-treated KC mice, P. gingivalis-treated KC mice, and P. gingivalis
plus probiotic-treated KC mice (GMNL 89: GMNL133 in 1:1 ratio). (A) Smad3 and phospho-Smad3
staining. (B) Smad7 staining (scale bar, 50 µm). KC, LSL-K-rasG12D+/--Pdx-1-cre+/-.

2.5. The Lysates of Probiotics Significantly Decreased Pancreatic Cancer Cell Viability

To further illustrate the effect of GMNL-89 and GMNL-133 on the sensitivity of cancer cells in vitro,
the cell viability was measured via MTT assay. The cell viability in the standard chemotherapeutic
agent gemcitabine (GCB) combined with probiotic lysate (GMNL-89 + GMNL-133) group was
markedly decreased compared to the standard chemotherapy (P < 0.001) (Figure 8A). Probiotic lysate
(GMNL-89 + GMNL-133) alone also showed the effect of reducing the viability of cancer cells compared
to the control group (P < 0.001) (Figure 8B).
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Figure 8. The relative cell viability of BXPC-3 pancreatic cancer cells in different probiotic lysate
treatment (25 µg/mL) at different time points was measured by the MTT assay (OD570nm). The value
of relative cell viability represents the fold change compared to baseline (Day 0) of untreated cell
numbers. (A) In the presence of standard chemotherapeutic agent GCB a P < 0.001 differences between
GCB and GCB with GMNL-89+GMNL-133. b P < 0.01 differences between GCB and GCB with
GMNL-89. (B) In the absence of GCB c P < 0.001 differences between control and GMNL-89. d P < 0.001
differences between control and GMNL-89+GMNL-133. e P < 0.01 differences between GMNL-89 and
GMNL-89+GMNL-133. GCB, gemcitabine.

3. Discussion

There is growing evidence to suggest that chronic inflammation is a cofactor of carcinogenesis
and is involved in the diverse steps leading to it, including cell transformation, proliferation, invasion,
angiogenesis, and metastasis [12]. Between 15% and 20% of all cancer deaths worldwide can be
attributed to infectious agents and inflammatory responses, and these are the main components
of chronic inflammation [13]. An increased risk of developing cancer is associated with chronic
inflammation triggered by chemical and physical agents, autoimmune diseases, and inflammatory
reactions of uncertain etiology [12]. However, not all chronic inflammation promotes carcinogenesis.
The pro-inflammatory tumor microenvironment (TME), the cellular environment surrounding tumor
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cells, plays a critical role in the subsequent evolution of tumors. The TME is composed of immune cells,
stromal cells, blood vessels, signaling molecules and the extracellular matrix (ECM) [14,15]. Conversely,
current research has observed that a healthy microenvironment helps to prevent the occurrence and
invasion of tumors [15]. Over the past few decades, understanding of the TME has influenced our
understanding of the evolution of cancer, and treatment strategies have also gradually changed from a
tumor centered approach to management of the tumor ecosystem. The immune system, an important
determinant of the TME, plays an essential role in host immune surveillance and the elimination of
nascent cancer cells [16]. In addition, the dual roles of inflammatory mediators such as growth factors,
chemokines, and cytokines, can suppress or promote inflammation-induced cancer [17]. PDAC is a
typical example of an inflammation-driven cancer. Patients with chronic pancreatitis have a 13-fold
increased risk of developing PDAC [18,19]. Accumulating evidence suggests there is an association
between pancreatic carcinogenesis and specific bacterial infections; the microbiome may affect tumor
development and modulate the TME, as well as influencing the interplay between inflammation and
tumor progression [19]. To investigate the potential role of oral bacterial pathogens and probiotics in
pancreatic carcinogenesis, we conducted this animal trial using K-ras-driven mouse models of PDAC.

P. gingivalis is a gram-negative oral anaerobic bacterium and one of over 500 bacterial species
found in the oral cavity, which is related to the pathogenesis of periodontitis. A bacterial complex
called “red complex” that is composed of P. gingivalis, Treponema denticola, and Tannerella forsythia is
believed to be closely associated with advanced periodontal disease [20]. Studies to date have shown
that there is a correlation between P. gingivalis and digestive system cancers, including oral cancer,
esophageal cancer, and pancreatic cancer [21,22]. Li et al. reviewed epidemiological studies since
2003 and showed that periodontal disease increases the risk of pancreatic cancer [23]. This provides
some indirect evidence for the association between P. gingivalis and pancreatic cancer. Research using
plasma antibody detection and oral mouth swabs for microbiota composition further support this
association between P. gingivalis and pancreatic cancer [9,10]. However, there is still a lack of direct
evidence for the causal association between exposure to P. gingivalis and pancreatic inflammation and
subsequent carcinogenesis.

As with many previous studies, in the current study the KC mice were more prone to develop
PanIN lesions compared with the wild type mice. Caerulein, a cholecystokinin analog, is known
to induce acute pancreatitis in mouse models. The current study showed that P. gingivalis also
induces PanIN lesions in KC mice just like caerulein. Even in P. gingivalis-treated wild type mice,
the proliferation of pancreatic duct cells was observed at six weeks. The results of the current animal
trial support the role of P. gingivalis in the oral cavity as a direct promoter or co-promotor that
causes inflammation of the pancreas and even carcinogenesis. Previous animal experiments on oral
cancer have provided a preliminary understanding of the mechanism of EMT and oral squamous cell
carcinoma (OSCC) progression following P. gingivalis infection [22]. After infection with P. gingivalis,
phosphatidylinositol-3-kinase/protein kinase B (PI3K/Akt) signaling is increased to inhibit intrinsic
apoptosis, thereby promoting the survival and proliferation of epithelial cells. P. gingivalis also blocks
extracellular ATP/P2 × 7 danger signaling and protects itself and host epithelial cells from the reactive
oxygen species produced by damaged mitochondria and NAPDH Oxidase 2 (NOX2). In addition,
P. gingivalis promotes EMT by inactivating Glycogen synthase kinase 3 beta (GSK3-β) and promoting
the conversion of E-cadherin to vimentin. It also increases the expression of cancer stem cell markers,
such as CD44 and CD133 [22]. P. gingivalis is able to block the p53 tumor suppressor to maintain the
survival and proliferation phenotype in cancer cells. P. gingivalis induces the production of promatrix
metalloproteinase-9 (pro-MMP9). Invasive OSCC cell lines are promoted through activation of this
proenzyme to MMP9 by gingipains (key virulence factors). In addition, P. gingivalis regulates the
immune environment via increased expression of B7-H1 and B7-DC receptors, which lead to T-cell
anergy and activated T-cell apoptosis [22]. However, whether P. gingivalis migrates to the pancreas
to cause direct damage or has a long-distance effect on pancreatic carcinogenesis, and how it affects
cancer progression, still needs further research.
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Growing preclinical evidence suggests that microbes are associated with PDAC susceptibility,
initiation, progression, and therapeutic sensitivity [24]. Thomas et al. reported that microbiota-depleted
mice showed a decreased proportion of poorly differentiated neoplasm compared with microbiota-intact
mice. They also observed that malignant tissue in the pancreas harbored microbiota and supported
the role of the host microbiota in the long-distance effects of PDAC progression [25]. Pushalkar et al.
found that the distinct bacterial dysbiosis associated with PDAC led to innate and adaptive
immunosuppression. They suggested that immune suppression of the PDAC microbiome and
macrophage programming is TLR-dependent, and that the microbiome acts as a potent modulator of
the inflammatory TME [11]. Sethi et al. reported that when the gut microbiome is depleted by oral
antibiotics it is able to increase the number of Th1 (IFN-γ+CD4+CD3+) and Tc1 (IFN-γ+CD8+CD3+) cells
in the TME, increase the number of anti-tumor IFN-γ-secreting T cells (IFN-γ+CD3+), and decrease the
number of pro-tumor IL17a (IL17a+CD3+) and IL10 (IL10+CD4+CD3+) secreting cells, which results in
a reduced pancreatic tumor burden in mice [26]. A recent study reported that the intestinal microbiome
of patients with PDAC accounts for approximately 25% of the microbiome in their pancreatic tumors,
but it is not found in adjacent normal pancreatic tissues. Fecal microbial transplantation from long-term
survivors exhibited increased levels of CD8+ T cells and activated CD8+ T cells, IFN-γ and IL-2,
and improved survival in a mouse model [27]. These findings indicate that the gut microbiota is able
to colonize the pancreatic tumor tissue and modulate tumor progression; thus, manipulation of the
intestinal microbiota may have potential as a novel immunotherapy strategy.

Previous animal experiments indicate that oral administration of P. gingivalis can cause changes in
the intestinal flora and increase the risk of various diseases by changing its metabolic profiles [28,29].
Related studies also show that Lactobacillus and Bifidobacterium may have the ability to inhibit
P. gingivalis [30,31]. A review study pointed out that there is a correlation between pancreatic cancer
and P. gingivalis, and chronic pancreatitis has lower intestinal Lactobacillus and Bifidobacterium [32].
Liu et al. reported the effect of Lactobacillus reuteri on the intestinal flora of healthy mice [33]. In addition
to the proliferation of beneficial intestinal flora, it also increases the levels of tryptophan metabolites
and purine nucleoside adenosine to improve tolerance to inflammatory stimuli. Here we infer that
the administration of Lactobacillus may be a strategy to improve pancreatic inflammation and prevent
pancreatic cancer. Supplementation with Lactobacillus reuteri GMNL-89, the first probiotic used in the
current study, has been previously shown to increase antioxidant activity and reduce IL-6 levels in
animal models [34]. Previous evidence has indicated that IL-6 has pro-tumorigenic activity in the
progression of PDAC, and high serum IL-6 levels are associated with a worse prognosis [35]. Previous
research has shown that Th2 responses exhibit tumor-promoting effects and are associated with a
poor prognosis in PDAC [36]. Lactobacillus paracasei GMNL-133, the second probiotic used within the
present study, has been shown to be beneficial in pediatric asthma, which is thought to be a Th2-driven
disease [37]. This probiotic has been shown to inhibit Th2 cytokine production and modulate the
Th1/Th2 immune balance by increasing IFN-γ levels. These findings indicate that the P. gingivalis and
probiotic-treated-mice may have less pancreatic inflammation. There was light staining for the Snail-1
and ZEB-1 transcription factors in the co-administration group, suggesting that the probiotics inhibited
the start of the EMT process. This further indicates that probiotics could play a role in reducing
invasion and metastasis in PDAC. Galectin-3 is considered to be a metastasis-inducing protein that
is expressed by tumor and inflammatory cells. It binds with oligosaccharides on the extracellular
domain of integrin αvβ3 in a multimeric manner and also mediates K-ras aggregation on the plasma
membrane and enhances K-ras activity [38]. A recent study has shown that galectin-3 mediates tumor
cell-stromal interactions in pancreatic cancer [39]. In the current study, we observed that galectin-3
staining of the pancreatic tissue in probiotic treated mice was reduced compared with the mice not
treated with probiotics, indicating that probiotics have the potential to suppress malignant cellular
transformation and metastasis of cancer cells. In addition to immune regulation, probiotics can also
eliminate harmful pathogens through non-immune mechanisms such as lowering the pH of the lumen,
competing for nutrients, and producing bacteriocin-like substances [40]. The previous report indicated
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that in patients with atopic dermatitis after taking Lactobacillus paracasei GMNL-133 for three months,
the number of Bifidobacterium in stool will be significantly higher than that in the placebo group [41].
Bifidobacterium has been shown to improve therapeutic activity of anti-PD-L1 treatment in the report of
animal experiments [42]. In our study, we have also observed the inhibition of probiotic strains on
pancreatic cancer cells in vitro. The use of Lactobacillus reuteri GMNL-89 plus Lactobacillus paracasei
GMNL-133 with the standard chemotherapeutic agent GCB to inhibit cancer cells is better than the use
of single bacteria or only chemotherapy. Even if Lactobacillus reuteri GMNL-89 is used alone without
the GCB, it still has the effect of reducing the cancer cells. If it is used in combination with Lactobacillus
paracasei GMNL-133, it will have a better inhibitory effect.

It is now known that the PD-1/PD-L1 interaction activates downstream signals to inhibit T cell
activation, resulting in the occurrence of tumor immune escape. Previous studies have shown that
PD-L1 can be expressed in PDAC, and its overexpression is associated with drug resistance and
poor prognosis [43]. Our results show that probiotic treatment to inhibit the expression of PD-L1
could be used as an adjuvant treatment with immune checkpoint inhibitors to improve the efficacy of
anti-cancer drugs and the patient’s overall prognosis. In addition, prior evidence has indicated that
TGF-β and its downstream signaling molecules play a critical role in pancreatic carcinogenesis [44].
The overexpression of Smad3 in PDAC correlates with EMT induction and metastasis, and poor
prognosis [45,46]. Smad7 is a critical negative regulator of TGF-β signaling and may play a dual
role as a proliferation promoting factor or a metastatic suppressor in different human cancers [47,48].
A previous study reported that low levels of Smad7 expression in pancreatic cancer are closely related
to lymph node metastasis and poor prognosis [49]. The current study indicates that P. gingivalis
promotes activation of the TGF-β signaling pathway in pancreatic ductal cells and that the TGF-β
signaling pathway may be involved in the inhibitory effect of probiotics on the progression of PDAC.
Further studies are warranted to clarify the exact mechanism of action of P. gingivalis and to evaluate
the role of probiotics in pancreatic cancer therapy.

The present study offers some clinical implications for the management of pancreatic cancer.
We have demonstrated that P. gingivalis is directly associated with the development of PDAC in animal
experiments. Prevention or early diagnosis of periodontal disease may have a significant impact on
the onset of disease and treatment in people with an established risk of pancreatic cancer. A second
important implication derived from our results is that the addition of probiotics as an adjuvant should
be considered as a potential therapeutic strategy, especially given the current limited effectiveness of
traditional chemotherapy. Moreover, this adjuvant treatment is worthy of further clinical research to
determine its potential ability to manipulate the human intestinal flora, and its impact on the TME.
It is important to also develop more accurate biomarkers and better non-invasive early screening
strategies. Nevertheless, there were several limitations to the present study. First, the current mouse
PDAC model has not been able to completely simulate the pathological process of human PDAC.
In humans, the majority of pancreatic cancers present as a single tumor, while in Genetically Engineered
Mouse (GEM) models, it shows with a multifocal growth and spread pattern [50]. Many important
genes related to human pancreatic cancer are not expressed in the mouse model [50]. Compared
with the complexity and duration of human tumor development, the mouse model may have some
simplifications. These differences may cause the mouse PDAC model to be different from human
PDAC in biology and treatment response. Second, the cross-talk between the intestinal microbiota
and its host is considered host-specific, and as such not all results observed in mouse models can be
replicated in humans. Even experiments in different mouse models will show different results. It is
necessary to further analyze the impact of P. gingivalis infection on the intestinal microbiome and
host-microbe interactions to understand the relationship between cancer progression and the potential
anti-cancer effects of probiotics in humans.



Cancers 2020, 12, 3522 14 of 18

4. Materials and Methods

4.1. P. gingivalis Culture

P. gingivalis (ATCC® 33277™) was obtained from the Bioresource Collection and Research Center,
Taiwan. The bacteria were cultured in Tryptic soy broth media (TSB) containing 0.5% yeast extract
(Difco), 1 µg/mL vitamin K, 5 µg/mL hemin, and a 0.05% L-cysteine reducing agent. All reagents were
purchased from Sigma-Aldrich (St. Louis, MO, USA), with the exception of the TSB and yeast extract
which were purchased from Difco Laboratories (Detroit, MI, USA). The P. gingivalis were cultured
at 37◦C under anaerobic condition with 5% H2, 10% CO2, and 85% N2. P. gingivalis bacteria and
cultured broth were separated by centrifugation. The bacteria were then washed twice with sterile
phosphate-buffered saline. The P. gingivalis-cultured broth was filtered using a 0.22 µm sterile filter.
Afterwards, the aliquot, bacteria, and cultured broth were stored at −80 ◦C prior to use.

4.2. Transgenic Pancreatic Cancer Animal Model

B6.129-K-rastm4TYj and B6.FVB-Tg(Pdx-1-cre)1Tuv mice were imported from the National Cancer
Institute Mouse Repository, USA. LSL-K-rasG12D+/--Pdx-1-cre+/- dual-gene transgenic mice were bred
in the Animal Center at Chung Shan Medical University, in Taiwan. All the breeding and animal
experiments were approved by the Institutional Animal Care and Use Committee of the Animal Center
at Chung Shan Medical University (IACUC nos. 1461 and 1775) and were carried out in accordance
with the Committee’s policies. Animals were bred in positive pressure ventilated cages supplied with
sterilized reverse osmosis (RO) water and standard feed. Light was provided for 12 h a day, and the
temperature and humidity were maintained at 22 to 24 ◦C and 60%, respectively.

4.3. Oral Smear of P. gingivalis

Mice were allowed to freely drink sterile potable water containing antibiotics (0.80 mg/mL
sulfamethoxazole and 0.16 mg/mL trimethoprim) for ten days. The water was changed every five days.
On day 11, the water was changed to sterile water without antibiotics for three days to allow for the
removal of residual antibiotics by metabolism. Then, 0.2 mL saline containing 1× 109 viable P. gingivalis,
0.2% L-cysteine, and 2% carboxymethylcellulose was oral cavity-smeared on the experimental group
(P. gingivalis-treated mice) once every two days, for a total of three smears. The control group
(non-treated mice) was given three 0.2 mL smears of a similar solvent (P. gingivalis-free).

4.4. Probiotic Administration

Lactobacillus reuteri GMNL-89 and Lactobacillus paracasei GMNL-133 were prepared and provided
by GenMont Biotech Inc. (Tainan, Taiwan). The probiotic for the mice contained GMNL-89:GMNL-133
in a 1:1 ratio (0.82 × 107 CFU/0.02kg:0.82 × 107 CFU/0.02kg). The lyophilized live probiotic powders
were resuspended in sterile Milli-Q water and then mixed well by gentle vortexing. This was then
administered to the mice (1.64 × 107 CFU/0.2 mL/mice) orally through a stainless-steel gavage needle
for 5 consecutive days per week for four weeks.

4.5. Histology and Immunohistochemistry

Pancreatic tissues were fixed by formaldehyde and embedded in paraffin. The cancer stage was
determined by hematoxylin/eosin Y (H/E) staining of the tissue in accordance with current definitions.
Immunohistochemistry of the embedded tissues followed the standard procedure, including tissue
slicing, dewaxing, rehydration, and antibody staining. Proliferating cell nuclear antigen (PCNA)
is a catalyzer for DNA polymerase delta and is essential for cell replication. PCNA expression is
usually used as a marker of cell proliferation based on the characteristics of PCNA protein that remain
longer in the G1/S phase. Antibodies used included anti-PCNA (Abcam #ab92552), anti-Snail-1
(Santa Cruz, sc-28199), anti-ZEB-1 (Santa Cruz, sc-81428), anti-PD-L1 (Proteintech #17952-AP),
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anti-Galectin-3 (Novus #NB100-91778), anti-Smad3 (Novus #NB100-56479), anti-phospho-Smad3
(T179) (Abcam#74062), and anti-Smad7 (R and D system #MAB2029). The primary antibodies binding
to the tissue sections were visualized using BOND Polymer Refine Detection (Leica Biosystems,
DS9800). Tissue imaging and analysis were quantified by a TissueFAXS200 (TissueGnostics, GmbH)
flow analyzer. Trichrome staining was performed using a Trichrome Stain kit (Modified Masson’s)
(Scy Tek Lab Inc.).

4.6. Histologic Evaluation of Pre-Cancer Lesions (PanINs)

The formalin-fixed paraffin-embedded pancreatic tissue was sectioned and stained with
hematoxylin and eosin, and the histological evaluation of each pancreas section was performed
by a pathologist. To quantify the progression of PanIN lesions, we determined the total number of
ductal lesions and their grade. According to the naming and classification system of pancreatic duct
lesions described in reference [51], each counted cluster is classified into normal ducts, PanIN-1A,
PanIN-1B, PanIN-2, and PanIN-3.

4.7. Cell Viability

Two thousand five hundred BxPC-3 cells (ATCC®CRL-1687™) were seeded in 96 well-plates at
37 ◦C overnight. Cells were treated with probiotic lysates of GMNL-89 (25 µg/mL; 6.41 × 108 CFU/mL)
or GMNL-133 (25 µg/mL; 7.76 × 108 CFU/mL) in the presence or absence of gemcitabine for 0, 1, 2, 4,
and 6 days. Cell viability was assessed by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. Gemcitabine (dFdC, 2′, 2′-difluorodeoxycytidine) (Eli Lilly and Company, Indianapolis,
IN, USA) is a fluorinated analog of deoxycytidine, which is the main chemotherapeutic drug for
treating pancreatic cancers [52].

4.8. Statistical Analysis

All statistical analysis was performed using SPSS software version 10.1.3C (SPSS Inc., Chicago,
IL, USA) for Windows. Comparison of the means of two independent samples was performed by
Student’s t-test. A P-value of less than 0.05 was considered to indicate a statistically significant
difference between groups.

5. Conclusions

We demonstrated that oral exposure to P. gingivalis can accelerate PanIN lesions in KC mice with
a severity similar to that caused by caerulein. This clearly shows that P. gingivalis plays a direct role in
the deterioration of PDAC. Our findings revealed that Lactobacillus had beneficial effects and could
reduce the number and grades of PanIN lesions and the growth and survival of pancreatic cancer cells
and inhibit EMT (suppress malignant cell transformation and metastasis) in cancer cells. The TGF-β
signaling pathway may be involved in the cancer-promoting effect of P. gingivalis and suppressive
effects of probiotics. The inhibitory effect of probiotics on PD-L1 expression may be considered as a
promising adjuvant treatment to immune checkpoint inhibitors for selected patients with pancreatic
cancer in the future.

Author Contributions: Conceptualization, M.-S.J. and L.-J.H.; Methodology, L.-J.H. and H.-L.L.; Validation, C.-P.L.,
S.-M.C., and M.-S.J.; Resources, C.-C.Y.; Investigation, C.J.-L.L., C.-W.L., W.-T.C., Y.-J.C., Y.-C.L., and S.-W.H.;
Writing—original draft, S.-M.C.; Writing—review and editing, M.-S.J.; Supervision, L.-J.H. and M.-S.J.; Funding
acquisition, M.-S.J.; All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by research grants MOST 103-2633-B-040-001- from the Taiwan Ministry of
Science and Technology, 106-CSMU-COP14 and CSMU-SHOW-106-03 from Chung Shan Medical University.

Acknowledgments: We thank the Taiwan Ministry of Science and Technology (MOST 103-2633-B-040-001-),
and Chung Shan Medical University (106-CSMU-COP14 and CSMU-SHOW-106-03), and all colleagues and
investigators who contributed to this study. We would also like to thank GenMont Biotech, Inc. of Tainan, Taiwan
for providing probiotics.



Cancers 2020, 12, 3522 16 of 18

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2020. CA Cancer J. Clin. 2020, 70, 7–30. [CrossRef]
[PubMed]

2. GBD 2017 Pancreatic Cancer Collaborators. The global, regional, and national burden of pancreatic cancer
and its attributable risk factors in 195 countries and territories, 1990–2017: A systematic analysis for the
Global Burden of Disease Study 2017. Lancet Gastroenterol. Hepatol. 2019, 4, 934–947. [CrossRef]

3. Bray, F.; Ferlay, J.; Soerjomataram, I.; Siegel, R.L.; Torre, L.A.; Jemal, A. Global Cancer Statistics 2018: GLOBOCAN
Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2018,
68, 394–424. [CrossRef] [PubMed]

4. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, J.M.; Matrisian, L.M. Projecting Cancer
Incidence and Deaths to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the United
States. Cancer Res. 2014, 74, 2913–2921. [CrossRef]

5. Barone, E.; Corrado, A.; Gemignani, F.; Landi, S. Environmental risk factors for pancreatic cancer: An update.
Arch. Toxicol. 2016, 90, 2617–2642. [CrossRef]

6. Ren, B.; Liu, X.; Suriawinata, A.A. Pancreatic Ductal Adenocarcinoma and Its Precursor Lesions:
Histopathology, Cytopathology, and Molecular Pathology. Am. J. Pathol. 2019, 189, 9–21. [CrossRef]

7. Fan, Z.; Fan, K.; Yang, C.; Huang, Q.; Gong, Y.; Cheng, H.; Jin, K.; Liu, C.; Ni, Q.; Yu, X.; et al. Critical role of
KRAS mutation in pancreatic ductal adenocarcinoma. Transl. Cancer Res. 2018, 7, 1728–1736. [CrossRef]

8. Thomas, R.M.; Jobin, C. Microbiota in Pancreatic Health and Disease: The Next Frontier in Microbiome
Research. Nat. Rev. Gastroenterol. Hepatol. 2020, 17, 53–64. [CrossRef]

9. Michaud, D.S.; Izard, J.; Wilhelm-Benartzi, C.S.; You, D.H.; Grote, V.A.; Tjønneland, A.; Dahm, C.C.;
Overvad, K.; Jenab, M.; Fedirko, V.; et al. Plasma antibodies to oral bacteria and risk of pancreatic cancer in a
large European prospective cohort study. Gut 2013, 62, 1764–1770. [CrossRef] [PubMed]

10. Fan, X.; Alekseyenko, A.V.; Wu, J.; Peters, B.A.; Jacobs, E.J.; Gapstur, S.M.; Purdue, M.P.; Abnet, C.C.;
Stolzenberg-Solomon, R.; Miller, G.; et al. Human oral microbiome and prospective risk for pancreatic cancer:
A population-based nested case-control study. Gut 2018, 67, 120–127. [CrossRef] [PubMed]

11. Pushalkar, S.; Hundeyin, M.; Daley, D.; Zambirinis, C.P.; Kurz, E.; Mishra, A.; Mohan, N.; Aykut, B.; Usyk, M.;
Torres, L.E.; et al. The Pancreatic Cancer Microbiome Promotes Oncogenesis by Induction of Innate and
Adaptive Immune Suppression. Cancer Discov. 2018, 8, 403–416. [CrossRef] [PubMed]

12. Singh, N.; Baby, D.; Rajguru, J.P.; Patil, P.B.; Thakkannavar, S.S.; Pujari, V.B. Inflammation and cancer.
Ann. Afr. Med. 2019, 18, 121–126. [CrossRef] [PubMed]

13. Morgillo, F.; Dallio, M.; Della Corte, C.M.; Gravina, A.G.; Viscardi, G.; Loguercio, C.; Ciardiello, F.; Federico, A.
Carcinogenesis as a result of multiple inflammatory and oxidative hits: A comprehensive review from tumor
microenvironment to gut microbiota. Neoplasia 2018, 20, 721–733. [CrossRef] [PubMed]

14. Arneth, B. Tumor Microenvironment. Medicina 2020, 56, 15. [CrossRef] [PubMed]
15. Wang, M.; Zhao, J.; Zhang, L.; Wei, F.; Lian, Y.; Wu, Y.; Gong, Z.; Zhang, S.; Zhou, J.; Cao, K.; et al. Role of

tumor microenvironment in tumorigenesis. J. Cancer 2017, 8, 761–773. [CrossRef]
16. Finn, O.J. A Believer’s Overview of Cancer Immunosurveillance and Immunotherapy. J. Immunol. 2018,

200, 385–391. [CrossRef]
17. Shrihari, T.G. Dual role of inflammatory mediators in cancer. Ecancermedicalscience 2017, 11, 721. [CrossRef]
18. Zambirinis, C.P.; Pushalkar, S.; Saxena, D.; Miller, G. Pancreatic cancer, inflammation, and microbiome.

Cancer J. 2014, 20, 195–202. [CrossRef]
19. Elsalem, L.; Jum’ah, A.A.; Alfaqih, M.A.; Aloudat, O. The Bacterial Microbiota of Gastrointestinal Cancers:

Role in Cancer Pathogenesis and Therapeutic Perspectives. Clin. Exp. Gastroenterol. 2020, 13, 151–185.
[CrossRef]

20. Mysak, J.; Podzimek, S.; Sommerova, P.; Lyuya-Mi, Y.; Bartova, J.; Janatova, T.; Prochazkova, J.; Duskova, J.
Porphyromonas gingivalis: Major periodontopathic pathogen overview. J. Immunol. Res. 2014, 2014, 476068.
[CrossRef]

21. Zhou, Y.; Luo, G.H. Porphyromonas gingivalis and Digestive System Cancers. World J. Clin. Cases 2019,
7, 819–829. [CrossRef] [PubMed]

http://dx.doi.org/10.3322/caac.21590
http://www.ncbi.nlm.nih.gov/pubmed/31912902
http://dx.doi.org/10.1016/S2468-1253(19)30347-4
http://dx.doi.org/10.3322/caac.21492
http://www.ncbi.nlm.nih.gov/pubmed/30207593
http://dx.doi.org/10.1158/0008-5472.CAN-14-0155
http://dx.doi.org/10.1007/s00204-016-1821-9
http://dx.doi.org/10.1016/j.ajpath.2018.10.004
http://dx.doi.org/10.21037/tcr.2018.10.19
http://dx.doi.org/10.1038/s41575-019-0242-7
http://dx.doi.org/10.1136/gutjnl-2012-303006
http://www.ncbi.nlm.nih.gov/pubmed/22990306
http://dx.doi.org/10.1136/gutjnl-2016-312580
http://www.ncbi.nlm.nih.gov/pubmed/27742762
http://dx.doi.org/10.1158/2159-8290.CD-17-1134
http://www.ncbi.nlm.nih.gov/pubmed/29567829
http://dx.doi.org/10.4103/aam.aam_56_18
http://www.ncbi.nlm.nih.gov/pubmed/31417011
http://dx.doi.org/10.1016/j.neo.2018.05.002
http://www.ncbi.nlm.nih.gov/pubmed/29859426
http://dx.doi.org/10.3390/medicina56010015
http://www.ncbi.nlm.nih.gov/pubmed/31906017
http://dx.doi.org/10.7150/jca.17648
http://dx.doi.org/10.4049/jimmunol.1701302
http://dx.doi.org/10.3332/ecancer.2017.721
http://dx.doi.org/10.1097/PPO.0000000000000045
http://dx.doi.org/10.2147/CEG.S243337
http://dx.doi.org/10.1155/2014/476068
http://dx.doi.org/10.12998/wjcc.v7.i7.819
http://www.ncbi.nlm.nih.gov/pubmed/31024953


Cancers 2020, 12, 3522 17 of 18

22. Olsen, I.; Yilmaz, O. Possible role of Porphyromonas gingivalis in orodigestive cancers. J. Oral. Microbiol.
2019, 11, 1563410. [CrossRef] [PubMed]

23. Li, P.; Shu, Y.; Gu, Y. The Potential Role of Bacteria in Pancreatic Cancer: A Systematic Review. Carcinogenesis
2020, 41, 397–404. [CrossRef] [PubMed]

24. Wei, M.Y.; Shi, S.; Liang, C.; Meng, Q.C.; Hua, J.; Zhang, Y.Y.; Liu, J.; Zhang, B.; Xu, J.; Yu, X.J. The Microbiota
and Microbiome in Pancreatic Cancer: More Influential Than Expected. Mol. Cancer 2019, 18, 97. [CrossRef]

25. Thomas, R.M.; Gharaibeh, R.Z.; Gauthier, J.; Beveridge, M.; Pope, J.L.; Guijarro, M.V.; Yu, Q.; He, Z.;
Ohland, C.; Newsome, R.; et al. Intestinal microbiota enhances pancreatic carcinogenesis in preclinical
models. Carcinogenesis 2018, 39, 1068–1078. [CrossRef]

26. Sethi, V.; Kurtom, S.; Tarique, M.; Lavania, S.; Malchiodi, Z.; Hellmund, L.; Zhang, L.; Sharma, U.;
Giri, B.; Garg, B.; et al. Gut microbiota promotes tumor growth in mice by modulating immune response.
Gastroenterology 2018, 155, 33–37.e6. [CrossRef]

27. Riquelme, E.; Zhang, Y.; Zhang, L.; Montiel, M.; Zoltan, M.; Dong, W.; Quesada, P.; Sahin, I.; Chandra, V.;
San Lucas, A.; et al. Tumor microbiome diversity and composition influence pancreatic cancer outcomes.
Cell 2019, 178, 795–806. [CrossRef]

28. Kato, T.; Yamazaki, K.; Nakajima, M.; Date, Y.; Kikuchi, J.; Hase, K.; Ohno, H.; Yamazaki, K. Oral administration
of Porphyromonas gingivalis alters the gut microbiome and serum metabolome. mSphere 2018, 3, e00460-18.
[CrossRef]

29. Nakajima, M.; Arimatsu, K.; Kato, T.; Matsuda, Y.; Minagawa, T.; Takahashi, N.; Ohno, H.; Yamazaki, K.
Oral Administration of P. gingivalis Induces Dysbiosis of Gut Microbiota and Impaired Barrier Function
Leading to Dissemination of Enterobacteria to the Liver. PLoS ONE 2015, 10, e0134234. [CrossRef]

30. Jäsberg, H.; Söderling, E.; Endo, A.; Beighton, D.; Haukioja, A. Bifidobacteria inhibit the growth of
Porphyromonas gingivalis but not of Streptococcus mutans in an in vitro biofilm model. Eur. J. Oral. Sci.
2016, 124, 251–258. [CrossRef]

31. Samot, J.; Belkhelfa, H.; Haddioui, L.; Badet, C. Probiotic Properties of Lactobacilli that could be Used Against
Periodontitis. J. Prob. Health 2017, 5, 3. [CrossRef]

32. Memba, R.; Duggan, S.N.; Ni Chonchubhair, H.M.; Griffin, O.M.; Bashir, Y.; O’Connor, D.B.; Murphy, A.;
McMahon, J.; Volcov, Y.; Ryan, B.M.; et al. The potential role of gut microbiota in pancreatic disease:
A systematic review. Pancreatology 2017, 17, 867–874. [CrossRef] [PubMed]

33. Liu, Y.; Tian, X.; He, B.; Hoang, T.K.; Taylor, C.M.; Blanchard, E.; Freeborn, J.; Park, S.; Luo, M.; Couturier, J.;
et al. Lactobacillus reuteri DSM 17938 feeding of healthy newborn mice regulates immune responses while
modulating gut microbiota and boosting beneficial metabolites. Am. J. Physiol. Gastrointest. Liver. Physiol.
2019, 317, G824–G838. [CrossRef] [PubMed]

34. Tzang, B.S.; Liu, C.H.; Hsu, K.C.; Chen, Y.H.; Huang, C.Y.; Hsu, T.C. Effects of oral Lactobacillus administration
on antioxidant activities and CD4+CD25+forkhead box P3 (FoxP3) + T cells in NZB/W F1 mice. Br. J. Nutr.
2017, 118, 333–342. [CrossRef]

35. Goumas, F.A.; Holmer, R.; Egberts, J.H.; Gontarewicz, A.; Heneweer, C.; Geisen, U.; Hauser, C.; Mende, M.M.;
Legler, K.; Röcken, C.; et al. Inhibition of IL-6 signaling significantly reduces primary tumor growth
and recurrencies in orthotopic xenograft models of pancreatic cancer. Int. J. Cancer 2015, 137, 1035–1046.
[CrossRef]

36. Liu, X.; Xu, J.; Zhang, B.; Liu, J.; Liang, C.; Meng, Q.; Hua, J.; Yu, X.; Shi, S. The reciprocal regulation
between host tissue and immune cells in pancreatic ductal adenocarcinoma: New insights and therapeutic
implications. Mol. Cancer 2019, 18, 184. [CrossRef]

37. Huang, C.F.; Chie, W.C.; Wang, I.J. Efficacy of Lactobacillus Administration in School-Age Children with
Asthma: A Randomized, Placebo-Controlled Trial. Nutrients 2018, 10, E1678. [CrossRef]

38. Seguin, L.; Camargo, M.F.; Wettersten, H.I.; Kato, S.; Desgrosellier, J.S.; von Schalscha, T.; Elliott, K.;
Cosset, E.; Lesperance, J.; Weis, S.M.; et al. Galectin-3, a druggable vulnerability for KRAS-addicted cancers.
Cancer Discov. 2017, 7, 1464–1479. [CrossRef]

39. Zhao, W.; Ajani, J.A.; Sushovan, G.; Ochi, N.; Hwang, R.; Hafley, M.; Johnson, R.L.; Bresalier, R.S.;
Logsdon, C.D.; Zhang, Z.; et al. Galectin-3 mediates tumor cell-stroma interactions by activating pancreatic
stellate cells to produce cytokines via integrin signaling. Gastroenterology 2018, 154, 1524–1537. [CrossRef]

40. Plaza-Diaz, J.; Ruiz-Ojeda, F.J.; Gil-Campos, M.; Gil, A. Mechanisms of Action of Probiotics. Adv. Nutr. 2019,
10 (Suppl. 1), S49–S66. [CrossRef]

http://dx.doi.org/10.1080/20002297.2018.1563410
http://www.ncbi.nlm.nih.gov/pubmed/30671195
http://dx.doi.org/10.1093/carcin/bgaa013
http://www.ncbi.nlm.nih.gov/pubmed/32034405
http://dx.doi.org/10.1186/s12943-019-1008-0
http://dx.doi.org/10.1093/carcin/bgy073
http://dx.doi.org/10.1053/j.gastro.2018.04.001
http://dx.doi.org/10.1016/j.cell.2019.07.008
http://dx.doi.org/10.1128/mSphere.00460-18
http://dx.doi.org/10.1371/journal.pone.0134234
http://dx.doi.org/10.1111/eos.12266
http://dx.doi.org/10.4172/2329-8901.1000180
http://dx.doi.org/10.1016/j.pan.2017.09.002
http://www.ncbi.nlm.nih.gov/pubmed/28935288
http://dx.doi.org/10.1152/ajpgi.00107.2019
http://www.ncbi.nlm.nih.gov/pubmed/31482733
http://dx.doi.org/10.1017/S0007114517002112
http://dx.doi.org/10.1002/ijc.29445
http://dx.doi.org/10.1186/s12943-019-1117-9
http://dx.doi.org/10.3390/nu10111678
http://dx.doi.org/10.1158/2159-8290.CD-17-0539
http://dx.doi.org/10.1053/j.gastro.2017.12.014
http://dx.doi.org/10.1093/advances/nmy063


Cancers 2020, 12, 3522 18 of 18

41. Wang, I.J.; Wang, J.Y. Children with atopic dermatitis show clinical improvement after Lactobacillus exposure.
Clin. Exp. Allergy 2015, 45, 779–787. [CrossRef]

42. Sivan, A.; Corrales, L.; Hubert, N.; Williams, J.B.; Aquino-Michaels, K.; Earley, Z.M.; Benyamin, F.W.; Lei, Y.M.;
Jabri, B.; Alegre, M.L.; et al. Commensal Bifidobacterium promotes antitumor immunity and facilitates
anti-PD-L1 efficacy. Science 2015, 350, 1084–1089. [CrossRef] [PubMed]

43. Chen, J.; Jiang, C.C.; Jin, L.; Zhang, X.D. Regulation of PD-L1: A Novel Role of Pro-Survival Signalling in
Cancer. Ann. Oncol. 2016, 27, 409–416. [CrossRef] [PubMed]

44. Ahmed, S.; Bradshaw, A.D.; Gera, S.; Dewan, M.Z.; Xu, R. The TGF-β/Smad4 Signaling Pathway in Pancreatic
Carcinogenesis and Its Clinical Significance. J. Clin. Med. 2017, 6, 5. [CrossRef] [PubMed]

45. Yamazaki, K.; Masugi, Y.; Effendi, K.; Tsujikawa, H.; Hiraoka, N.; Kitago, M.; Shinoda, M.; Itano, O.;
Tanabe, M.; Kitagawa, Y.; et al. Upregulated SMAD3 promotes epithelial-mesenchymal transition and
predicts poor prognosis in pancreatic ductal adenocarcinoma. Lab. Invest. 2014, 94, 683–691. [CrossRef]
[PubMed]

46. Weidle, U.H.; Birzele, F.; Nopora, A. Pancreatic ductal adenocarcinoma: MicroRNAs affecting tumor growth
and metastasis in preclinical in vivo models. Cancer Genom. Proteom. 2019, 16, 451–464. [CrossRef]

47. Luo, L.; Li, N.; Lv, N.; Huang, D. SMAD7: A timer of tumor progression targeting TGF-β signaling. Tumor. Biol.
2014, 35, 8379–8385. [CrossRef]

48. Stolfi, C.; Marafini, I.; De Simone, V.; Pallone, F.; Monteleone, G. The dual role of Smad7 in the control of
cancer growth and metastasis. Int. J. Mol. Sci. 2013, 14, 23774–23790. [CrossRef]

49. Chen, H.; Wang, K.; Xu, Z.D.; Liu, M. Low level expression of Smad7 correlates with lymph node metastasis
and poor prognosis in patients with pancreatic cancer. Ann. Surg. Oncol. 2009, 16, 826–835.

50. Zhang, Y.; Chen, L.; Yang, J.; Fleming, J.B.; Chiao, P.J.; Logsdon, C.D.; Li, M. Study Human Pancreatic Cancer
in Mice: How Close Are They? Biochim. Biophys. Acta 2013, 1835, 110–118. [CrossRef]

51. Hruban, R.H.; Adsay, N.V.; Albores–Saavedra, J.; Compton, C.; Garrett, E.S.; Goodman, S.N.; Kern, S.E.;
Klimstra, D.S.; Klöppel, G.; Longnecker, D.S.; et al. Pancreatic intraepithelial neoplasia: A new nomenclature
and classification system for pancreatic duct lesions. Am. J. Surg. Pathol. 2001, 25, 579–586. [CrossRef]
[PubMed]

52. Toschi, L.; Finocchiaro, G.; Bartolini, S.; Gioia, V.; Cappuzzo, F. Role of gemcitabine in cancer therapy.
Future Oncol. 2005, 1, 7–17. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/cea.12489
http://dx.doi.org/10.1126/science.aac4255
http://www.ncbi.nlm.nih.gov/pubmed/26541606
http://dx.doi.org/10.1093/annonc/mdv615
http://www.ncbi.nlm.nih.gov/pubmed/26681673
http://dx.doi.org/10.3390/jcm6010005
http://www.ncbi.nlm.nih.gov/pubmed/28067794
http://dx.doi.org/10.1038/labinvest.2014.53
http://www.ncbi.nlm.nih.gov/pubmed/24709776
http://dx.doi.org/10.21873/cgp.20149
http://dx.doi.org/10.1007/s13277-014-2203-7
http://dx.doi.org/10.3390/ijms141223774
http://dx.doi.org/10.1016/j.bbcan.2012.11.001
http://dx.doi.org/10.1097/00000478-200105000-00003
http://www.ncbi.nlm.nih.gov/pubmed/11342768
http://dx.doi.org/10.1517/14796694.1.1.7
http://www.ncbi.nlm.nih.gov/pubmed/16555971
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	KC Mice Developed Pancreatomegaly and PanIN Lesions 
	P. gingivalis Accelerated the Development of PanIN Lesions 
	Probiotics Attenuate Pancreatic Carcinogenesis 
	Probiotics Inhibit the Activation of the Transforming Growth Factor (TGF)- Signaling Pathway 
	The Lysates of Probiotics Significantly Decreased Pancreatic Cancer Cell Viability 

	Discussion 
	Materials and Methods 
	P. gingivalis Culture 
	Transgenic Pancreatic Cancer Animal Model 
	Oral Smear of P. gingivalis 
	Probiotic Administration 
	Histology and Immunohistochemistry 
	Histologic Evaluation of Pre-Cancer Lesions (PanINs) 
	Cell Viability 
	Statistical Analysis 

	Conclusions 
	References

