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Preface to “Inflammation and Cancer” 
Based on the data that are now available in the GLOBOCAN series of the IARC, there were 14.1 

million new cases of cancer and 8.2 million cancer deaths in 2012. The most common cancers developed in 
the lung (1.82 million), breast (1.67 million), and colorectal region (1.36 million). The most common causes 
of cancer death were lung cancer (1.6 million deaths), liver cancer (745,000 deaths), and stomach                     
cancer (723,000 deaths). We should establish strategies to reduce the cancer burden worldwide. Among 
epithelial malignancies, some cancers have strong links to chronic inflammation and develop in the 
background of uncontrolled chronic inflammation. Although the mechanisms have not fully been 
elucidated, reactive oxygen and nitrogen species produced by inflammatory cells may cause DNA 
damage and mutations. These inflammatory cells are also able to produce and secrete a variety of 
cytokines and chemokines, some of which are known to affect tumor growth, metastasis, and 
angiogenesis. 

The association between chronic inflammation and cancer is not a new concept. In 1863, Dr. Rudolf 
Virchow noticed and first wrote about the presence of leukocytes in neoplastic tissues. He later 
hypothesized that carcinogenesis could occur at sites of chronic inflammation and that uncontrolled 
chronic inflammation provides a favorable environment for cancer to form and grow. Today, oncologic 
data strongly support Virchow’s intuition, confirming that some malignancies do not arise from infection 
and uncontrolled chronic inflammation. The last two decades of the 20th century were marked by the 
breathtaking evolution of molecular techniques in biology that consolidated the theoretical foundation of 
inflammation-associated carcinogenesis. Intriguingly for both infection experts and oncologists, systemic 
inflammation appears to influence different phases of oncogenesis through different mechanisms. 

In this light, this Special Issue entitled, “Inflammation and Cancer”, is well-timed to say the least, 
and provides a practical appreciation of the many biochemical, molecular, immunological, and cellular 
mechanisms shared by cancer and the inflammatory processes. 

Takuji Tanaka 
Special Issue Editor 
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Abstract: Since the observation of Virchow, it has long been known that the tumor microenvironment
constitutes the soil for the infiltration of inflammatory cells and for the release of inflammatory mediators.
Under certain circumstances, inflammation remains unresolved and promotes cancer development. Here,
we review some of these indisputable experimental and clinical evidences of cancer related smouldering
inflammation. The most common myeloid infiltrate in solid tumors is composed of myeloid-derived
suppressor cells (MDSCs) and tumor-associated macrophages (TAMs). These cells promote tumor
growth by several mechanisms, including their inherent immunosuppressive activity, promotion of
neoangiogenesis, mediation of epithelial-mesenchymal transition and alteration of cellular metabolism.
The pro-tumoral functions of TAMs and MDSCs are further enhanced by their cross-talk offering a
myriad of potential anti-cancer therapeutic targets. We highlight these main pro-tumoral mechanisms
of myeloid cells and give a general overview of their phenotypical and functional diversity, offering
examples of possible therapeutic targets. Pharmacological targeting of inflammatory cells and molecular
mediators may result in therapies improving patient condition and prognosis. Here, we review
experimental and clinical findings on cancer-related inflammation with a major focus on creating
an inventory of current small molecule-based therapeutic interventions targeting cancer-related
inflammatory cells: TAMs and MDSCs.

Keywords: tumor-associated macrophages; myeloid-derived suppressor cells; inflammatory
tumor microenvironment

1. Introduction

In the first part of our review we summarize the current knowledge of the role of tumor-infiltrating
immune cells in tumor pathogenesis. Briefly, while immune surveillance may eliminate malignant
cells, thus preventing tumor formation in the early stage, in late stage cancers, several components of
the immune system may promote, rather than suppress tumor growth. In the second part of the review
we point out that, intentionally or unintentionally, many anti-tumor drugs target tumor-promoting
myeloid-derived suppressor cells (MDSCs) and tumor-associated macrophages (TAMs). We also
provide an extensive, although not exhaustive, list of these small molecule—based therapeutic agents
and their targets. Synthesizing these data, rational strategies can be proposed for identifying new
tumor therapies that more specifically target, eliminate or re-educate, tumor promoting myeloid and
lymphoid cells.

Int. J. Mol. Sci. 2016, 17, 1958 1 www.mdpi.com/journal/ijms
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2. Linking Inflammation and Cancer

Since the observation of Virchow in 1863, it has long been known that the tumor microenvironment
constitutes the soil for the infiltration of inflammatory cells and for the release of inflammatory
mediators [1]. Although the coordination of both innate and adaptive immune infiltrate with
inflammatory mediators are rendered to serve the elimination of microbial invaders or malignant
cells in concert with tissue repair and remodeling, under certain circumstances inflammation remains
unresolved and smouldering which promotes cancer development. Now, it is estimated that due to
unresolved inflammation 15%–20% of cancer deaths are related to chronic inflammation worldwide [2].
In a seminal study, Hanahan and Weinberg identified six hallmarks of cancer [3]. Due to the fact that
inflammatory mediators can cause genetic instability, Mantovani and his colleagues proposed that
cancer-related inflammation represents the seventh hallmark of cancer [4]. After a renewal of the
seminal paper of Hanahan and Weinberg tumor promoting inflammation as a key hallmark was added
to the complexity of cancer [5].

Inflammation sharing signal transduction networks of malignant transformations may arise from
genetic defects and alterations in neoplastic cells as an intrinsic pathway [6]. On the other hand,
inflammation predisposing for cancer can be driven extrinsically by infections (Helicobacter pylori,
hepatitis) [7,8], autoimmune diseases (Crohn’s disease, ulcerative colitis) [9], chronic exposure to
irritants (asbestos) [10,11] or by multiplex factors like in the case of prostatitis influenced by bacteria,
diet and physical trauma to glandular epithelium by corpora amylacea and calculi [12].

In line with the above statements, several molecular evidences link unresolved inflammation
and cancer. Here, we highlight molecular evidences of inflammation-driven cancer development or
progression. Inflammatory mediators such as IL-1β promote angiogenesis [13] and overexpression
of IL-1β mobilized myeloid-derived suppressor cells and induced gastric inflammation associated
cancer [14]. IL-1β and TNF-α may alter stromal cells enhancing the expression of CCL2, CXCL8,
and CCL5 by cancer-associated fibroblast and mesenchymal stem cells in the inflammatory tumor
microenvironment of breast cancer [15]. TNF-α and IL-6 produced by the immune infiltrate and
tumor cells are also considered as master switches between inflammation and cancer sustaining
cellular transformation, survival, proliferation, angiogenesis, and metastasis [16,17]. IL-10 is considered
as another arm of inflammation associated cancer since both mice and humans deficient in IL-10
developed malignancy [18,19], IL-10 was required for the physiological protective, anti-inflammatory
effects of CD4+ CD25+ regulatory lymphocytes to interrupt colon carcinogenesis in mice [20]. The
micro RNA, miR-155 may represent another molecular link between inflammation and cancer since
elevated miR-155 level of inflammatory cells correlated with malignancy [21]. Carlo M. Croce and his
colleagues reported that miR-155 down-regulated core mismatch repair proteins and increased the
spontaneous mutation rate [22,23]. Under inflammatory conditions, reactive oxygen (ROS) and reactive
nitrogen species (RNS) are released from macrophages, neutrophils and epithelial cells which could
cause 8-nitroguanin mutagenic DNA lesions [24,25], moreover it was shown that myeloperoxidase
catalyzed formation of hypochlorous acid (HOCl) was responsible for neutrophil induced genotoxicity
in lung cancer [26]. Besides direct mutagenic roles of ROS or ROS-related molecular species, ROS
as a signaling molecule can influence the expression of several cancer-related genes, including those
affecting cell survival, angiogenesis, altered metabolism [27], and has great impact on T-cell immune
response in cancer microenvironment [28].

Lifestyle has a great impact on human health. Due to adipose inflammation and metabolic
dysfunction excess body weight contributes to obesity-related higher cancer incidence and mortality
causing 14% and 20% cancer deaths in obese men and women above 50 years, respectively [29].
Reinforces the link between inflammation and cancer that pharmacological targeting of inflammatory
cells and molecular mediators may establish therapies improving patient condition and prognosis.
Long term use of non-steroid anti-inflammatory drugs (NSAID) as analgesics and antipyretics which
are mostly nonselective cyclooxygenase inhibitors reduced incidence and mortality among others in
esophageal adenocarcinoma, colorectal and stomach cancer [30,31].
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The most common myeloid infiltrate in solid tumors is composed by myeloid-derived suppressor
cells (MDSCs) and tumor-associated macrophages (TAMs). TAMs represent the major infiltrate of
leukocytes in the tumor, a population of alternatively activated M2-like macrophages endowed
with pro-tumoral functions such as: immunosuppression, promoting angiogenesis and cancer cell
dissemination [32]. While classically activated, M1-like macrophages are pro-inflammatory (IL-12high,
TNF-αhigh), phagocytic (MHCIIhigh) and immunostimulatory expressing co-stimulatory molecules
(CD40, CD80, CD86) and recruiting Th1 cells, M2 macrophages play a role in the resolution of
inflammation, express anti-inflammatory molecules (IL-10, TGF-β, IL-1Ra), scavenger (CD163) and
C-type lectin (CD206, CD301, dectin-1) receptors, recruit Th2 and regulatory T-cells (T-regs) [33].
MDSCs are CD11b+ and Gr1+ heterogeneous populations of immature myeloid cells developed from
bone marrow common myeloid progenitors [34], MDSCs are precursors of granulocytes, monocytes,
macrophages and dendritic cells. MDSCs are classified as Ly6C+ monocytic (M-MDSC) and Ly6G+
granulocytic (G-MDSC) subpopulations in mice [35]. Due to the lack of Gr1 homologue in humans the
identification of MDSCs is not so evident, human MDSCs consist of phenotypically more heterogeneous
population of myeloid cell precursors, briefly M-MDSC (CD11b+, HLA-DR−/low, CD33+, CD14+,
CD15−), G-MDSC (CD11b+, HLA-DR−/low, CD33+, CD15+ or CD66b+) or the less well defined
more immature MDSCs (CD14−, CD15−) [36,37]. These cells promote tumor growth by several
mechanisms including their inherent immunosuppressive activity, promotion of neoangiogenesis,
mediation of epithelial-mesenchymal transition and altering cancer cell metabolism. The pro-tumoral
functions of TAMs and MDSCs are further enhanced by their cross-talk offering a myriad of potential
anti-cancer therapeutic targets. Since TAMs and MDSCs among the cellular and molecular stromal
constituents in the tumor microenvironment shape anti-tumor immunity and could be responsible
for chemoresistance [38] we highlight the main pro-tumoral mechanisms of myeloid cells without a
plenitude to give a general overview about their phenotypical and functional diversity representing
examples of possible therapeutic targets. Our major focus is on the detailed review of small
molecule-based therapeutic concepts targeting TAMs and MDSCs. Overall phenotypical and functional
description of TAMs and MDSCs is reviewed elsewhere [39–42].

3. Pro-Tumoral Functions and Mediators of Inflammatory Myeloid Cells, as Potential Therapeutic
Targets

3.1. Immunosuppression

TAMs and MDSCs promote immune escape inhibiting both adaptive and innate immunity through
a variety of diverse mechanisms paralleled by declined T-cell functions with higher intensity in
elderly [43,44]. Mainly G-MDSCs accumulate in peripheral lymphoid organs where they possess potent
antigen specific suppressive activity, in contrast MDSCs are represented mainly by M-MDSCs in the
tumor where they exert non antigen specific suppression and they rapidly differentiate toward TAMs [34].
Granulocytic MDSCs-derived ROS act in cell-cell contact manner, while monocytic MDSCs produce RNS
and act through soluble mediators [45,46]. These radicals disrupt T cell receptor (TCR), IL-2 receptor
signaling and MHC-TCR interactions [47,48]. MDSCs deplete arginine and cysteine, which are required
for T-cell activation and proliferation. In addition, they secrete IL-10 and TGF-β, which down-regulate the
Th1 driving cytokine IL-12 in macrophages [35]. MDSC-derived IL-10 and VEGF-A inhibit dendritic cell
maturation. MDSCs promote the expansion and recruitment of both natural and induced T-regs, which
further skew the tumor specific immune response into tolerance [43,48,49]. Human CD14+ peripheral
monocytes can acquire MDSC-like phenotype suppressing autologous T-cell activation and IFN-γ
production by melanoma produced cyclooxigenase-2 (COX-2) [50]. Subpopulations of MDSCs can give
rise to CD11b+ F4/80+ macrophages with potent immunosuppressive properties [51]. Low oxygen
supply via hypoxia-inducible factor-1α (HIF1-α) promotes MDSC differentiation into TAM in the
tumor microenvironment [52].

In established tumors MDSC-, T-reg- or TAM-derived IL-10, found in high concentration in
the tumor microenvironment, stimulate TAMs to convey inhibitory signals to T-cells through the
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expression of B7-H1 (PD-L1) [53] and B7-H4 [54]. It has been shown in renal cell carcinoma that TAMs
produce substantial amount of CCL2 and immunosuppressive IL-10, in a 15-lipoxygenase-2-dependent
way. TAMs also induce the pivotal regulatory T-cell transcription factor FOXP3 and the inhibitory
cytotoxic T-lymphocyte antigen 4 (CTLA4) in T-cells, mediating immune tolerance [55]. TAMs
further dampen tumoricidal CD8+ cytotoxic T-cell activation by arginase-1 (ArgI) which converts
arginin to ornitin, leading to depletion of the key T-cell metabolite L-arginin [56]. TAMs display
low MHCII expression, with poor antigen presenting capacity [57]. Myeloid cell specific ablation
of adenosine A2A receptor resulted in reduced melanoma tumor growth with significant increase
in MHCII and IL-12 expression in TAMs with concomitant reduction of IL-10 expression in TAMs
and MDCSs [58]. It has been reported that tissue resident alveolar macrophages underwent C5a
dependent proliferation in a murine breast cancer model, these alveolar macrophages dampened
tumor specific Th1 response and prevented the maturation of dendritic cells [59]. In a seminal study of
Bronte and his colleagues it was reported that the peripheral tolerance to tumor antigens occurs in the
spleen where CD11b+ Gr1int Ly6Chigh myeloid cells expand and tolarize memory CD8+ T-cells [60].
In a recent report pancreatic adenocarcinoma up-regulated factor (PAUF) not only enhanced the
accumulation of MDSCs in the spleen but also increased the immunosuppressive phenotype of MDSCs
by TLR4 dependent upregulation of arginase, nitric oxide (NO) and ROS [61]. Accumulating evidence
supports that tumor or tumor stroma-derived free or microvesicle wrapped soluble mediators (IL-10,
indolamine-2,3-deoxigenase, ROS, ArgI, PGE2) and even cell junction proximity with myeloid cells
endow TAMs and MDSCSs with immunosuppressive phenotype dampening both innate and adaptive
tumor cell clearance [44,62,63].

3.2. Angiogenesis

Most solid tumors remain dormant up to 1 mm3 volume even for decades. Their progression
depends on sequential events like the angiogenic switch, an essential step in tumor progression to
malignancy [64]. Tumor infiltrating myeloid cells are armed with an arsenal of angiogenic factors,
which potentiate tumor invasiveness through the initiation of new blood or lymphatic vessels [43]. In a
pioneer study it was proven that the angiogenic switch leading to new tumor vasculature was highly
dependent on TAMs, as their genetic depletion diminished angiogenesis in PyMT oncogene driven
breast cancer model [65]. In addition, the analysis of human specimens revealed a strong correlation
between CD163 TAM infiltration and microvessel density in endometrioid carcinoma [66].

It has been reported that tumor or tumor stroma-derived G-CSF induced Bv8 expression in
CD11b+ Gr1+ cells, which enhanced myeloid cell expansion in blood and tumors and increased
tumor angiogenesis. Evidence suggests that blocking of Bv8 reduced myeloid infiltrate, angiogenesis
and consequently tumor growth [67]. Melanoma derived CSF-1 stimulated macrophages to produce
VEGF-A [68]. In renal cell carcinoma, VEGF level, microvessel density and high TAM infiltration have
poor prognostic values, associated with high disease recurrence [69]. Amplification of inflammation,
when LDL receptor-related protein (LRP1) was deleted in myeloid lineage cells, an increase in
TAM density contributed to increased amount of VEGF and consequently higher vascularization
in the microenvironment of pancreatic carcinoma [70]. Melanoma conditioned TAMs to produce
adrenomedullin (ADM), which in turn mediated angiogenesis by both paracrine (endothelial nitric
oxide synthase signaling) and autocrine (M2 polarization of TAMs) effects [71]. Semaphorin 4D
(Sema4D) was also reported to be responsible for TAM mediated angiogenesis in a murine breast
cancer model. Sema4D production in TAMs is activated by hypoxia (HIF1-α) and exerts its activity on
endothelial cells through its receptor, plexin B1, activating the c-Met tyrosine kinase that promotes
the production of a series of cytokines and proteases involved in angiogenesis and subsequent
metastasis [72]. An elegant study added new molecular players to the complexity of TAM-mediated
angiogenesis. Kale et al. delineated a model in which unknown soluble mediators from melanoma
cells induced osteopontin (OPN) production by TAMs. Binding of autocrine OPN to the α9β1 integrin
activated TAMs to produce more PGE2 and also augmented MMP-9 expression, to effectively regulate
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melanoma growth through angiogenesis and metastasis [73]. Furthermore, Wnt signaling plays an
important role mediating TAM functions, especially in the context of tumor invasion and angiogenesis
via TAM derived Wnt7b [74]. In a chick chorioallantoic membrane assay multiple myeloma derived
G-MDSC exerted potent pro-angiogenic effect via up-regulation of a series of angiogenic factors,
among others angiopoietin-1, angiopoietin-3, leptin, CCL3, PD-ECGF, and TIMP-4 [75].

The Tie-2 angiopoetin-2 receptor expressing monocytes (TEMs) represent the main monocyte
population in tumors distinct from TAMs, with a profound angiogenic effect [76]. Angiopoetin-2 is
released by tumor associated endothelia cells and is a potent chemoattractant for TEMs. Hypoxia
upregulates both Tie-2 and angiopoetin-2 expression leading to the accumulation of TEMs [77].

3.3. Epithelial-Mesenchymal Transition (EMT), Matrix Remodeling, Metastasis

Epithelial-mesenchymal transition (EMT) refers to a functional and morphological change when
an epithelial cell loses proximal adhesions, cell-cell junctions and acquires mesenchymal motile
phenotype. Although EMT is a key process in tissue development and regeneration lots of data
accumulated in the last decade about how under pathological circumstances EMT may contributes
to malignancy during cancer microevolution. However, the role of EMT in cancer is not fully
understood [78]. It has long been known that tumor infiltrating myeloid cells contribute to cancer
dissemination causing fatal metastatic disease. In a spontaneous murine melanoma model CCL5
attracted MDSCs to the tumor where MDSCs promoted cancer cell dissemination by induction of
EMT via TGF-β, EGF and HGF pathways [79]. It has been published that TAMs facilitated the EMT of
pancreatic cancer cells, by upregulating the mesenchymal markers like vimentin, snail and inhibiting
the epithelial marker E-cadherin [80]. Tumor induced MDSCs facilitated nasopharyngeal carcinoma
lung metastases via induction of EMT in carcinoma cells via cell-cell contact. TGF-β and iNOS
enhanced tumor COX-2 expression which activated the β-catenin/TCF4 pathway resulting in EMT
in carcinoma cells [81]. In breast cancer model EMT triggered the release of soluble mediators (IL-6,
IL-8, sICAM, PAI-1 and GM-CSF) which induced angiogenesis and recruited MDSCs which might
favour cancer spread [82]. However, according to other groups EMT is not required for metastasis
rather is responsible for chemoresistance of tumor cells [83,84]. Nevertheless, EMT contributes to the
intra-tumor heterogeneity by promoting the stemness of cancer cells [85]. Cancer stem cells (CSCs)
are a drug-resistant, low immunogenic highly hidden subpopulation within a solid tumor, moreover
these CSCs are highly tumorigenic and invasive [85]. In an ovarian carcinoma model MDSCs triggered
miR-101 expression in cancer cells, subsequently miR-101 silenced corepressor gene C-terminal binding
protein-2 (CtBP2) which resulted in increased cancer stemness and dissemination [86]. Another
microRNA, miR-126a released in exosomes of doxorubicin treated MDSCs promoted breast tumor
lung metastasis through the induction of IL-13+ Th2 cells [87].

Hagemann et al. reported that co-culture of macrophages and tumor cells caused TNF-α-dependent
activation of both JNKII and p65 NB-κB, which induced expression of extracellular matrix
metalloprotease inducer (EMMPRIN) and macrophage migration inhibitory factor (MIF) in malignant
cells, which further increased MMP secretion of macrophages [88]. A similar experimental concept led
to the finding that macrophage-derived Wnt5 can activate AP-1/c-Jun in breast cancer cells, increasing
their MMP-7 production [89]. In another study, macrophage-conditioned medium induced EMT
and the invasiveness of hepatocarcinoma cells, which was dependent on c-Src-mediated induction
of β-catenin phosphorylation, leading to destabilization of adherent junctions [90]. TAMs induced
tumor cell migration and invasiveness also by Cox-2-dependent release of MMP-9 in human basal cell
carcinoma [91].

Tissue resident macrophages of the liver, the Kupffer cells had a bimodal effect on colorectal cancer
liver metastasis. Depletion of Kupffer cells before tumor induction resulted in increased tumor burden
whereas late stage depletion of Kupffer cells decreased VEGF expressing infiltrates and increased
CD3+ T-lymphocytes consequently diminishing liver tumor load [92]. A more detailed review about
the metastatic effect of immune infiltrate has been extensively covered in other publications [93,94].
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3.4. Altered Metabolism

Metabolic adaptation is a key phenomenon not only in tumor cells but also in the tumor stroma
components. Hypoxia forces cells to shift their metabolism towards glycolysis, via upregulation
of HIF-1α dependent genes, including the pyruvate kinase isoenzyme type M2, to produce ATP
regardless the oxygen availability (‘Warburg effect’) [95]. Surprisingly IFN-γ and/or LPS activated
M1 macrophages display an increased glycolytic flux, rapidly providing the energy required for
their functions. In contrast, M2 macrophages exhibit enhanced fatty-acid oxidation and oxidative
phosphorylation, with lower rate of glycolysis, sustaining their long-term activities [96]. In IL-4
polarized macrophages Signal Transducer and Activator of Transcription-6 (STAT6) induces the
peroxisome proliferator-activated receptor gamma coactivator 1-beta (PGC-1β) transcriptional
co-activator, which further promotes M2 polarization by induction of ArgI and enzymes involved in
fatty-acid oxidation and mitochondrial oxidative phosphorylation [97]. During M2 polarization, the
NAD+-dependent deacetylase Sirtuin-1 activates PGC-1β and inactivates p65 NF-κB, thus promoting
the shift toward oxidative metabolism and alternative phenotype. TLR4 activation induces the
Nicotinamide phosphoribosyltransferase (NAMPT) enzyme which produces NAD+, causing a negative
feedback on macrophage activation [96,98]. Although both glycolytic and oxidative consumption
rate were higher in tumor MDSCs compared to splenic MDSCs [34], Hossain et al. reported that
tumor induced MDSCs increase fatty acid uptake and activate fatty acid oxidation as main metabolic
programs [99]. Due to high glycolytic activity tumor cells enhance lactate production by elevated
lactate dehydrogenase-A (LDH-A) expression. It has been shown that tumor cell specific LDH-A
knockdown resulted in smaller tumors, decreased frequency of MDSCs accompanied with increased
NK cytolytic function of NK cells in Pan02 pancreatic cancer model [100].

Epidemiologic studies have been published about the anti-cancer effects of polyunsaturated fatty
acids (PUFAs) [101], on the other hand other reports link PUFAs with cancer risk and progression [102].
This discrepancy may rely on the difficulties to record dietary data accurately and also may rely on
genetic variations in host PUFA metabolism [102]. Recently, we have showed the radiosensitizing role
of PUFAs in human glioma cells [103]. It has been reported that PUFAs promote the expansion of
MDSCs in the bone marrow, spleen and blood by activating the Janus kinase/Signal Transducer and
Activator of Transcription-3 (JAK/STAT3) signaling. PUFA treatment augmented the T-cell suppressive
function of MDSCs which was dependent on increased NADPH oxidase p47phox and consequently
elevated ROS production [104].

Macrophages play an important role in the clearance of senescent erythrocytes and the recycling
of iron from hemoglobin. Alternatively activated macrophages upregulate the hemoglobin scavenger
receptor CD163 (heme uptake) and the iron exporter Ferroportin [105], while classically activated
macrophages favor iron retention by high Ferritin (iron storage) and low expression of CD163 and
Ferroportin [106]. Thus, M2 macrophages are programmed for iron export to support tissue remodeling
and proliferation, while M1 macrophages express bacteriostatic and tumoricidal activity [107].

MDSCs deplete amino acids essential for T-cell survival and functions (e.g., arginine) or tumor
induced oxidative metabolism of MDSCs produce reactive oxygen species (e.g., H2O2) or reactive
nitrogen intermediates (e.g., peroxinitrit, NO) [108]. However, we do not know much about their
other metabolic programs other than the above mentioned immunosuppressive functions linked to
metabolic activity of MDSCs [109].

4. Therapeutic Interventions Targeting TAMs and MDSCs, Tuning the Balance

Almost half of poorly-differentiated and 95% of anaplastic thyroid cancer cases showed high TAM
infiltration, which correlated with poor survival rate [110]. Lymph node specimens of classic Hodgkin’s
lymphoma showed high CD68+ macrophage infiltrate and gene expression profiling revealed a gene
signature of TAMs associated with primary treatment failure and shortened survival [111]. In Ewing
sarcoma patients, higher levels of CD68+ macrophages stimulating angiogenesis and osteoclastogenesis
were associated with poorer overall survival [112]. In lung adenocarcinoma the majority of TAMs
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showed M2 polarization accompanied by more aggressive progression, lymphangiogenesis and
lymph node metastasis [113]. In diffuse large B-cell lymphoma high CD68+ macrophage infiltration
correlated with poor treatment outcome [114], and according to a meta-analysis the high density of
TAMs was associated with worse overall survival in patients of breast, bladder, ovarian, gastric, and
urogenital cancer [115]. Although there are reports about the positive effects of TAMs in colorectal
cancer (CRC) [116,117], it was also shown that intra-tumoral TAMs in CRC correlated with depth
invasion, lymph node metastasis and disease progression [118]. Another myeloid populations of
tumor promoting cells are immature myeloid precursors, M-MDSCs and G-MDSCs. Several studies
reported an elevated level of MDSCs in the blood of human cancer patients in melanoma, prostate
cancer, bladder cancer, hepatocellular carcinoma (HCC), non-small cell lung cancer (NSCLC), chronic
lymphocytic leukaemia (CLL), esophageal squamous cell carcinoma (ESCC), Hodgkin lymphoma,
renal cell carcinoma (RCC), and in head and neck squamous cell carcinoma (HNSCC) [37]. Increased
MDSC percentage was associated with higher risk of death in pancreatic, esophageal, gastric cancer
and melanoma [119,120].

As a body of evidence from human clinical studies suggests how TAMs and MDSCs may facilitate
tumor progression, novel therapies directed against myeloid infiltrate are emerging both in the clinic
and preclinical research. Possible therapeutic approaches include: (a) inhibiting the recruitment
and/or proliferation of monocytes/macrophages; (b) their selective ablation or (c) re-education to
tumoricidal rather than tumor promoting functions; (d) differentiate immature myeloid cells or
(e) pharmacologically inhibit their mediators responsible for pro-tumoral functions. Remarkably,
modulation of MDSC and macrophage function is frequently an off-target effect of diverse drugs
originally designed for other therapies.

4.1. Inhibition of the Recruitment and/or Proliferation of Tumor-Associated Macrophages (TAMs) and
Myeloid-Derived Suppressor Cells (MDSCs)

Chemokines are key agents that attract macrophages to tumors. Inhibition of the monocyte
chemoattractant protein MCP-1 (CCL2) with bindarit resulted in reduced tumor growth in human
melanoma xenografts [121]. Bindarit enhanced expression of the NF-κB inhibitor IKB-α, modulating
cancer cell proliferation in vitro and caused the impairment of tumor growth and metastasis formation
with reduction in myeloid cell infiltration, in animal models of prostate and breast cancer [122].
Surprisingly anti-CCL2 monoclonal antibody treatment did not affect TAM recruitment but polarized
TAMs to a more antitumor phenotype, where the tumor regression was CD8+ T-cell dependent in a
murine NSCLC cancer model [123] (Table 1).

Macrophage colony stimulating factor M-CSF (CSF-1) is a potent monocyte/macrophage growth
factor. Radiotherapy induced TAM and MDSC expansion in prostate cancer patients with an
increase in M-CSF serum level. Mechanistic studies revealed that DNA damage-induced kinase
ABL1 enhanced CSF-1 expression, while selective inhibition of its receptor kinase CSF1R (CD115)
by GW2850 or PLX3397 inhibitors hampered TAM recruitment and suppressed tumor growth in
murine prostate [124] and thyroid [125] cancer models. Moreover, blockade of CSF1/CSF1R signaling
by GW2850 and PLX3397 CSF1R inhibitors or by anti-CSF-1 not only blocked TAM and M-MDSC
recruitment, but also killed CD206high TAMs and reprogrammed the remaining TAMs to support
anti-tumor immune activities in murine ductal pancreatic adenocarcinoma [126]. When anti-CSF1
treatment was combined with anti-PD-1/anti-CTLA4 immunotherapy with gemcitabine chemotherapy
they observed complete tumor regression in 30% of mice and an average tumor regression of 85% [126].
We showed that during cancer-driven granulo-monocytopoiesis colony stimulating factors (CSFs:
G-CSF, GM-CSF, M-CSF) stimulate the expansion and recruitment of tumor promoting myeloid
cells wherein retinoic-acid-related orphan receptor 1 (RORC1) drives cancer-related myelopoiesis in
response to CSFs, antagonizing CSFs prevented cancer driven-myelopoiesis or the ablation of RORC1
hampered generation of TAMs and MDSCs in line with reduced MN/MCA1 tumor growth and lung
metastasis [127] (Table 1).
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Treatment of Ma-Mel-51 human melanoma cells by vemurafenib, a selective inhibitor of B-Raf
kinase inhibited the release of soluble factors to generate M-MDSCs in vitro. Moreover, vemurafenib
blocked the ability of malignant cells to recruit both M-MDSC and ArgI+ G-MDSCs in the blood of
patients with advanced melanoma [128] (Table 1).

Table 1. Chemical agents for the inhibition of the recruitment and/or proliferation of myeloid-derived
suppressor cells (MDSCs) and tumor-associated macrophages (TAMs).

Compounds Chemical Structures In Vivo Effect
Mechanism
of Action

References

Bindarit N
N

O
COOH

Decreases the
infiltration of
TAMs and MDSCs

Inhibits the
synthesis of C-C
motif chemokine
ligand 2 (CCL2)

[121,122]

GW2850
Decreases the
infiltration of
TAMs and MDSCs

Selective receptor
kinase CSF1R
(CD115) inhibitor

[124–126]

PLX3397
(Pexidartinib)

Decreases the
infiltration of
TAMs and MDSCs

Selective receptor
kinase CSF1R
(CD115) inhibitor

[124,126]

Vemurafenib

Blocks the
recruitment of
both M-MDSCs
and G-MDSCs

Selective B-Raf
kinase inhibitor [128]

4.2. Selective Ablation, Depletion of TAMs and MDSCs

Removal of unwanted alternatively activated macrophages and immature myeloid cells offers
a promising therapy. Anti-CD115 monoclonal antibody treatment successfully reduced tumor
growth and prolonged survival of mice due to depletion of F4/80+ TAMs in the MMTV-PyMT
murine breast cancer model [129,130]. Zoledronic acid (ZA) a bisphosphonate is used to treat bone
damage in cancer patients, but it also has been reported to reduce the percentage of TAMs and
to revert their polarization from M2 to M1 [131,132]. Selective ablation of TAMs using a tumor
microenvironment-activated, legumain sensitive doxorubicin-based prodrug LEG-3, depleted TAMs,
decreased circulating tumor cells and MDSCs in the spleen, with inhibition of breast tumor growth and
metastasis formation [133,134]. Similar results were achieved using clodronate encapsulated liposomes
for selective depletion of macrophages in human melanoma xenografts and in dogs with soft-tissue
sarcoma [121,135]. A licensed and commercially available anticancer agent, trabectedin (Yondelis®),
induced apoptosis in mononuclear phagocytes (TAMs, monocytes), in a caspase-8 dependent manner,
leading to less tumor growth and angiogenesis [136,137] (Table 2).
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It has been reported the nucleoside analog, conventional chemotherapeutical agent gemcitabine
caused apoptosis and necrosis of splenocytes, selectively reduced the expansion of Gr1+/CD11b+
splenic MDSCs preserving CD4+ and CD8+ T-cells and that was accompanied by augmented antitumor
activity of CD8+ T-cells and enhanced IFN-β gene delivery in murine mesothelioma [138]. In the 4T1
murine breast carcinoma early gemcitabine treatment also decreased MDSCs and improved T-cell
proliferation and IFN-γ response [139]. A recently published new approach, lipid nanocapsules loaded
with a lauroyl modified form of gemcitabine enhanced therapeutic efficacy, reduced tumor infiltrating
and splenic M-MDSCs, attenuated tumor-associated immunosuppression in murine lymphoma and
melanoma models [140]. Another classic chemotherapeutic agent, the pyrimidine analog 5-fluorouracil
(5-FU) also has been shown to cause apoptosis and depletion of MDSCs with stronger efficacy over
gemcitabine. Depletion of MDSCs by 5-FU promoted IFN-γ production and anti-tumor response
without significant effect on dendritic cells, T-cells, B-cells and NK cells [141]. Bruchard et al. reported
that gemcitabine and 5-FU induced not simply apoptosis of MDSCs but also the activation of the
Nlrp3 inflammasome leading to the secretion of the inflammatory cytokine IL-1β and consequently
the production of CD4+ T-cell-derived, tumor growth promoting IL-17. In line with this gemcitabine
and 5-FU treatment should be combined with the inhibitors of Nlrp3 or IL-1β signaling [142]. Wang
et al. recently published that MDSC depleting chemoterapeutics (gemcitabine and 5-FU) combined
with adoptive immunotherapy using cytokine induced killer cell therapy increased 1-year survival
rates of metastatic renal cell carcinoma and advanced pancreatic cancer patients [143]. Cisplatin a
traditional chemotherapeutic agent depleted 50% of tumor infiltrating Gr1+/CD11b+ MDSCs without
the impairment of T and B cell subsets, additionally cisplatin abrogated the immunosuppressive
phenotype of the rest myeloid infiltrate in B16 melanoma model [144]. SAR131675, the inhibitor of
VEGFR-3 exerted anti-tumoral activity in murine 4T1 model via reduction of the frequency of splenic
Gr1+/CD11b+ cells and F4/80high TAMs [145]. Targeting A20, a zinc-finger protein over-expressed in
MDSCs by small interfering RNA resulted in caspase-3 and caspase-8 dependent apoptosis of MDSCs
and increased tumor specific T-cell response, consequently reduced tumor growth in mice [146].
Myeloid cell depletion is able to enhance vaccine efficacy since immunization with TLR9 and NOD-2
containing microparticles followed by anti-CD11 treatment further delayed tumor progression in
a mouse model of epithelial ovarian cancer [147]. Ibrutinib, an irreversible inhibitor of Bruton’s
tyrosin kinase (BTK) and IL-2 inducible T-cell kinase (ITK) inhibited not only the generation of human
MDSCs in vitro but also the recruitment of CD11b+/Gr1+ MDSCs in the tumor and spleen in murine
breast cancer and melanoma models. Ibrutinib significantly enhanced the efficacy of the anti-PD-L1
immunotherapy via MDSC depletion which was dependent on BTK inhibition in mice [148] (Table 2).

Sunitinib, a receptor tyrosine kinase inhibitor decreased both HLA-DR− CD33+ CD15+ and
HLA-DR− CD33+ CD15− MDSCs in the blood of renal cell carcinoma patients which was associated
with the reversal of Th1 response by enhanced production of T-cell IFN-γ and reduction in CD3+ CD4+
CD25high Foxp3+ T-regs [149]. In another recent study sunitinib reduced non-classical CD33+ CD14+
CD16+ MDSCs in the blood of cancer patients by apoptosis and the rest of CD33+ CD14+ CD16+
MDSCs showed less pSTAT3, ArgI and less suppressive activity on T-cell proliferation. Moreover,
sunitinib responders showed decreased T-reg population and sunitinib synergized with radiotherapy
improving patient progression-free survival [150]. Administration of sunitinib in combination with
immunotherapy (a viral vector based cancer vaccine) with or without irradiation could further increase
its antitumoral activity via depleting circulating and intra-tumoral MDSCs and elevation of the level
of antigen specific cytotoxic T lymphocytes in mice [151,152] (Table 2).
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Table 2. Chemical agents for the selective ablation, depletion of TAMs and MDSCs.

Compounds Chemical Structures In Vivo Effect
Mechanism
of Action

References

Zoledronic acid

Reduced the
number of TAMs
and reverted their
polarization from
M2 to M1

Inhibits the active
site of the enzyme
farnesyl
pyrophosphate
(FPP) synthase in
the mevalonate
(Mev) pathway

[131,132]

Doxorubicin-based
prodrug (LEG-3) Depletes TAMs

LEG-3 is a
legumain, an
asparagynil
endopeptidase
activated prodrug.
Doxorubicin is a
DNA intercalator

[133,134]

Clodronate
(encapsulated

liposomes)
 

Depletes TAMs

Clodronate is
converted to
non-hydrolyzable
ATP analogue
intracellularly

[121,135]

Trabectedin
(Yondelis®)

Induces apoptosis
of mononuclear
phagocytes (TAMs,
monocytes)

Caspase-8
activation via
TRAIL-Rs pathway

[136,137]

Gemcitabine

Reduces the
expansion of
Gr1+/CD11b+
splenic MDSCs

Nucleoside analog [139]

5-fluorouracil
(5-FU)

Causes apoptosis
and depletion
of MDSCs

Pyrimidine analog [141]

Cisplatin

 
Pt

NH3Cl

NH3Cl

Depleted 50% of
tumor infiltrating
Gr1+/CD11b+
MDSCs

Forms DNA
adducts [144]

SAR131675

Reduces the
number of splenic
Gr1+/CD11b+ cells
and F4/80high

TAMs

VEGFR-3 inhibitor [145]
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Table 2. Cont.

Compounds Chemical Structures In Vivo Effect
Mechanism
of Action

References

Ibrutinib

Inhibits the
recruitment of
CD11b+/Gr1+
MDSCs in the
tumor and spleen

Irreversible
inhibitor of
Bruton’s tyrosin
kinase (BTK) and
IL-2 inducible
T-cell kinase (ITK)

[148]

Sunitinib

Reduces MDSCs in
the blood,
enhances IFN-γ+
Th1 response and
reduces T-regs

Multi-targeted
receptor tyrosine
kinase inhibitor

[149–152]

4.3. Re-Education of TAMs and MDSCs to Exert Anti-Tumor Functions

Re-educating tumor promoting myeloid cells, tuning the balance by alleviating their
immunosuppressive effect offer a therapeutic strategy to improve cancer outcome [153]. In vivo
IL-12 treatment altered TAM profile, promoting their pro-inflammatory activities from IL-10high,
TGF-βhigh to a TNF-αhigh phenotype in a murine lung cancer [154]. It was shown in the IFN-α/βR−/−

genetic model that endogenously produced type I interferons suppress the generation of TAMs, which
indicate local application of IFN-α/β as a potential therapeutic [155]. Inhibition of p50/p50 NF-κB
nuclear translocation in TAMs [156], and the inhibition of IKKβ kinase reversed TAM phenotype from
pro-tumoral to classically activated tumoricidal: IL-12high, MHCIIhigh, IL-10low, Arginase-1low [156,157].

Macrophage migration inhibitory factor (MIF) deficient macrophages showed decreased
immunosuppressive and pro-angiogenic gene expression with less tumor burden in mice.
Pharmacological targeting of MIF by a small molecule antagonist, 4-iodo-6-phenylpyrimidine (4-IPP)
also reduced tumor growth by reduction of ArgI and elevation of TNF-α expression in TAM,
furthermore 4-IPP attenuated TAM and both splenic Gr1high Ly6G+ G-MDSC and Gr1dim, Ly6G−

M-MDSCs mediated immunosuppression [158]. In a male-predominant hepatocellular carcinoma
model, 17β-estradiol (E2) repressed alternative macrophage activation and tumor growth through
the inhibition of Janus activated kinase-1 (JAK1) and STAT6 phosphorylation [159]. The fact that
M2 macrophages express higher legumain (a cysteine protease) on their cell surface allows selective
therapy. Legumain targeted nanoparticles encapsulating hydrazinocurcumin suppressed STAT3 and
re-educated TAMs, to be IL-12high, IL-10low and TGF-βlow, which resulted in suppression of tumor
growth, metastasis and angiogenesis in vivo [160]. Several new curcumin derivatives have been
synthesized and were confirmed to have anticancer activities, however their potential effects on TAMs
and MDSCs would be interesting to test [161]. Another inhibitor of JAK1 and STAT3, a synthetic
triterpenoid, bardoxolone methyl (C-28 methyl ester of 2-cyano-3,12-dioxooleana-1,9,-dien-28-oic acid,
also known as CDDO-Me) abrogated the immune suppressive effect of MDSCs on CD8+ cytotoxic
T-cells resulting in decreased tumor growth in mice [162,163]. 5,6-Dimethylxanthenone-4-acetic-acid
(DMXAA, Vadimezan or ASA404) augmented tumor immunotherapy by increasing the infiltration
of neutrophils and M1 macrophages in concert with the higher frequency of CD8+ T-cell recruitment
to the tumor. The beneficial effect of DMXAA relied on the modulation of macrophages since the
clodronate depletion of macrophages markedly alleviated the therapeutic response of DMXAA in
mice [164]. Administration of yeast-derived whole β-glucan particles (WGP), a ligand of C-type lectin
dectin-1, decreased tumor growth of Lewis lung carcinoma and E0771 mammary carcinoma in mice.
WGP subverted the immunosuppression of both splenic and tumor MDSCs, reduced accumulation of
G-MDSC and differentiated M-MDSC into CD11c+ professional antigen presenting cells successfully
promoting Th1 differentiation and antigen cross-presentation to CD8+ effector cells [165,166]. Inhibitors
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(sildenafil, tadalafil, vardenafil) of phosphodiestarase-5 (PDE-5) by preventing the hydrolysis of cGMP
have been used to treat erectile dysfunction, pulmonary arterial hypertension and cardiac hypertrophy
in the clinical practice [167,168]. Serafini et al. showed that sildenafil increased cGMP, reduced IL-4Rα
expression and down-regulated ArgI and NOS2 enzymatic activity of tumor infiltrating MDSCs
thereby reduced the immunosuppression of G1+/CD11+ myeloid cells with improving the efficacy of
adoptive T-cell therapy in tumor bearing mice [169] (Table 3).

Immunotherapy boosts antigen specific anti-tumor immune response or augments the overall
immune response by adjuvant therapy to modulate tumor microenvironment and combat different
points of tumor-driven immune-escape mechanisms. Anti-phosphatidylserine antibody (2aG4) in
combination with docetaxel inhibited the growth of LNCaP and PC3 human prostate xenograft
models in SCID mice via repolarization of M2 TAMs to M1 with higher expression of TNF-α, IL-12,
MHCII and elevated expression of co-stimulatory CD40, CD80, CD86 molecules. Docetaxel increased
phosphatidylserine exposure on tumor vessels which were disrupted by these predominantly M1-like
TAMs. Furthermore, 2aG4 decreased the infiltration of Gr1+ cells and differentiated MDSCs toward
M1 macrophages and dendritic cells changing the microenvironment to immunostimulatory [170]. In
human melanoma patients Ipilimumab (anti-CTLA4) therapy was the first one to improve patient
survival at stage III/IV significantly reducing G-MDSC frequency followed by the reduction of ArgI
producing CD3− cells [171]. Although the frequency of M-MDSCs did not change by Ipilimumab
treatment and M-MDSC level linearly correlated with the clinical outcome as a prognostic marker [172],
2-year survival probability after ipilimumab initiation was 34.5% for 99 patients with Lin− CD14+
HLA-DRlow MDSC frequencies <5.1%, while there were no survivors among 65 patients with higher
MDSC levels [173]. Blocking PD-1/PDL-1 immune checkpoint molecules by anti-PD or anti-PD-L1
antibodies in combination with GVAX, FVAX immunotherapy (GM-CSF or FLT3 expressing irradiated
tumor cells) alone or followed by a-4-1BB stimulation or TLR9 agonist (CpG 1668) resulted in the
rejection of 50% (GVAX-aPD-1 or FVAX-aPD-1) or 75% (GVAX-4-1BB-aPD-L1 or FVAX-4-1BB-aPD-L1)
of ID8 ovarian carcinoma tumors in mice. Anti-PD-L1 decreased ArgI activity of MDSCs, furthermore
GVAX-4-1BB-aPD-L1 or FVAX-4-1BB-aPD-L1 combinatorial immunotherapy restored T-cell immunity
with increased IFN-γ and TNF-α production in concert with the elevation of T:MDSC cell ratio [174].
Polyclonal and poly-specific intravenous immunoglobulins (IVIgs), prepared from the plasma of
thousands of human healthy donors repolarized human M2 macrophages toward M1 via FcγRIII
(CD16) and Syk phosphorylation dependent manner, moreover IVIgs inhibited MC38 colon cancer
progression which was dependent on macrophages, FcgRIII, FcgRIV and FcRg-chain [175]. Cationic
dextran and polyethyleneimine repolarized MDSCs of 4T1 tumor bearing mice into anti-tumor cells
to express tumoricidal cytokines (IL-12, TNF-α) with less production of immunosuppressive factors
(IL-10, TGF-β) reactivating T-cell functions which resulted in reduced tumor growth and prolonged
survival [176].

Adjuvants to augment cancer immunotherapy and overcome MDSC mediated immunosuppression
provide immunostimulatory signals boosting the immune response via bacterial products or Toll-like
receptors, cytokines and growth factors or by immunostimulatory delivery systems (e.g., nanoparticles
targeting TAMs to deliver tumor antigens) [177,178]. Toll-like receptor-9 (TLR9) agonist CpG
oligonucleotids (ODNs) affected on TLR9 expressing M-MDSC cells. CpG ODNs reduced intra-tumoral
M-MDSC infiltration, NO and ArgI production, increased IL-12 expression of splenic M-MDSC
losing their ability to suppress CD8+ T-cells. CpG ODNs induced the differentiation of M-MDSCs
to F4/80+ macrophages supporting tumor elimination [179]. RNA adjuvant therapy mimicking
dsRNA by Poly(I:C) modulated tumor infiltrating myeloid cells via TLR3/TICAM-1 pathway from
tumor-supportive to tumor-suppressive [180]. Another adjuvant, co-administration of the TLR7
agonist imiquimod led to improved antitumor effect of cancer vaccine augmenting tumor specific
immune response based on the decline of tumor infiltrating MDSCs and on the activation of antitumor
NK 1.1+ and F4/80+ macrophages [181]. Tasquinimod, a novel antitumor agent has been reported
to prolong the progression-free survival of human castration-resistant prostate cancer patients [182].
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Tasquinimod enhanced the effectiveness of immunotherapy, inhibited the accumulation of Ly6C+
MDSCs and CD206+ M2-like TAMs via targeting S100A9, furthermore CD11b+ myeloid cells showed
less ArgI and iNOS expression which resulted in significantly reduced tumor growth in murine models
of prostate cancer and melanoma [183] (Table 3).

Although tumor infiltrating dendritic cells (CD45+ CD11c+ MHCII+) are not macrophages, they
may arise from the same monocytic precursors and may share a series of signal transduction pathways
leading to alternative activation [184]. These tumor-associated dendritic cells were transformed
from immunosuppressive to highly immunostimulatory cells, capable to trigger a potent antitumor
immune response by the administration of miR-155 mimetics, which inhibited CEBP/β, SOCS1,
PU.1 transcription factors, leading to upregulation of TNF-α, IL-12 and IFN-γ in the tumor
microenvironment [185].

Infiltration of myeloid cells to the tumor microenvironment is often associated with increased
neoangiogenesis characterized by higher microvessel density in the tumor [186]. Inhibition of PI3Kγ

and δ in myeloid cells by the small-molecule inhibitor IPI145 enhanced the efficacy of VEGF/VEGFR
blockade anti-angiostatic therapy by sorafenib. IPI145 decreased intratumoral TAM, Gr1+ monocytes
and tumor-associated neutrophils, moreover IPI145 induced perforin expression of cytotoxic T
lymphocytes generating an immune stimulatory tumor microenvironment [187]. Prokineticin 2 (PK2 or
Bv8) has been reported to play a role in the mobilization of myeloid cells and in the recruitment of TAMs
and neutrophils to the tumor site promoting angiogenesis. A small molecule PK2 antagonist, PKRA7
inhibited tumor growth via interfering neovascularization of glioma and myeloid cell infiltration of
pancreatic cancer xenografts, respectively [188] (Table 3).

Based on our current knowledge about the role of infiltrating immune cells in tumor growth,
it seems plausible that alternatively activated macrophages might be among the main targets of
conventional anti-tumor radiotherapy and chemotherapy as well. Radiotherapy and chemotherapy are
known to damage the gut epithelium, facilitating the translocation of bacteria and contact of bacterial
danger signals with the circulation [189,190]. Gut bacteria or their cell wall components were shown
to induce a Type 1 macrophage polarization [191,192]. In addition, chemotherapeutic agents have a
well-known immunosuppressive effect; in fact, some anti-tumor compounds, e.g., alkylating agents
and antimetabolites, are also used for immunosuppression in transplantation or autoimmunity [193].
Immunosuppression, in turn, may also facilitate opportunistic infections that may lead to M1 type
macrophage polarization. In accordance with these data, infections might indeed be associated with
spontaneous tumor regression [194]. The hypothesis is further supported by observations that gut
flora is crucial for an effective chemotherapy [195].

Table 3. Chemical agents for the re-education of TAMs and MDSCs to exert anti-tumor functions.

Compounds Chemical Structures In Vivo Effect
Mechanism
of Action

References

4-iodo-6-phenylpyrimidine
(4-IPP)

 

Reduces ArgI and
elevates TNF-α
expression in TAM,
attenuates TAM and both
splenic Gr1high Ly6G+
G-MDSC and Gr1dim,
Ly6G− M-MDSCs
mediated
immunosuppression

Migration
inhibitory factor
(MIF) antagonist

[158]

Hydrazinocurcumin
Re-educates TAMs to be
IL-12high, IL-10low

and TGF-βlow
Suppresses STAT3 [160]
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Table 3. Cont.

Compounds Chemical Structures In Vivo Effect
Mechanism
of Action

References

Bardoxolone
methyl

(CDDO-Me)

Abrogates the immune
suppressive effect
of MDSCs

JAK1 and
STAT3 inhibitor [162,163,196]

5,6
Dimethylxanthenone-

4-acetic-acid
(DMXAA,

Vadimezan or
ASA404)

Increases the influx of
neutrophils and
anti-tumour (M1)
macrophages to the
tumour, induces
macrophage activation,
augments the therapeutic
effects of immunotherapy

‘Stimulator of
interferon gene’
(STING) agonist,
multi-kinase
inhibitor

[164,197]

Sildenafil (Viagra®)

Down-regulates ArgI and
NOS2 enzymatic activity
of tumor
infiltrating MDSCs

Phosphodiesterase-5
(PDE-5) inhibitor [169]

Imiquimod

Decreases tumor
infiltrating MDSCs and
activates antitumor NK
1.1+ cells and F4/80+
macrophages in
combination with
immunotherapy

TLR7 agonist [177,181]

Tasquinimod
Inhibits the accumulation
of Ly6C+ MDSCs and
CD206+ M2-like TAMs

Orally active
S100A9 inhibitor [182,183,198]

IPI145 (Duvelisib)

Enhances the efficacy of
VEGF/VEGFR blockade
anti-angiostatic therapy
by sorafenib. IPI145
decreases intra-tumoral
TAM, Gr1+ monocytes
and tumor-associated
neutrophils

Phosphatidylinositol-3
kinase γ and δ

(PI3Kγ and δ)
inhibitor

[187]

PKRA7

Inhibits the
neovascularization of
glioma and myeloid cell
infiltration of
pancreatic cancer

Prokineticin 2 (PK2
or Bv8) antagonist [188]

4.4. Differentiation of MDSCs

Since MDSCs represent immature myeloid cells with inherent immunosuppressive activity
differentiation of MDSCs into mature myeloid cells thereby restoration of T-cell immunity would be a
promising therapeutic strategy [196].

It was published quite early that pretreatment with TGF-β of human promyelocytic cells followed
by 1,25-dihydroxyvitamin D3 (vitamin D3) treatment induced monocytic maturation [199], while
in other study vitamin D3 treatment of mice having Lewis lung carcinoma reduced the frequency
of myeloid progenitors and tumor-driven myelopoiesis associated immunosuppression leading to
transient tumor regression and prominent metastasis reduction [200]. In a human phase 1B clinical
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study 25-dihydroxyvitamin D3 reduced the number of CD34+ immunosuppressive cells, increased
HLA-DR expression, elevated plasma IL-12 and IFN-γ level in the blood of HNSSC patients [201].
Another vitamin D derivative, all-trans retinoic acid (ATRA) combined with GM-CSF differentiated
immature myeloid Gr1+ cells, eliminated their inhibitory potential and restored the number of IFN-γ
producing cells [202]. ATRA (>150 ng/mL in the blood) dramatically reduced the percentage of
immature myeloid suppressive cells in the blood of human metastatic renal cell carcinoma patients
and improved antigen specific T-cell response [203]. The TLR7/8 agonist imidazoquinoline-like
molecule, resiquimod treated MDSCs differentiated to F4/80+ macrophages and CD11c+/MHCII+
(I-Ad+) dendritic cells exerting potent T-cell stimulatory function [204] (Table 4.).

Table 4. Chemical agents for the differentiation of MDSCs.

Compounds Chemical Structures In Vivo Effect
Mechanism
of Action

References

D3 vitamin
(Cholecalciferol)

Induces monocytic
differentiation, reduces
tumor-induced
myelopoiesis, reduces the
number of CD34+
immunosuppressive cells

Calcitriol (vitamin
D) receptor agonist [199–201]

ATRA (Tretinoin)

Combined with GM-CSF
differentiates immature
myeloid Gr1+ cells,
eliminates their
inhibitory potential

Retinoic acid
receptor agonist [202,203]

Resiquimod Differentiates MDSCs to
F4/80+ macrophages TLR7/8 agonist [177,204]

4.5. Pharmacological Targeting of the Pro-Tumoral Mediators of TAMs and MDSCs

Celecoxib a cyclooxigenase II (COX-2) inhibitor reverted TAM phenotype from M2 to M1,
associated with reduced intestinal tumor progression [205]. Another COX-2 inhibitor, etodolac
blocked M2 macrophage differentiation and suppressed metastasis formation in a murine breast
cancer model [206]. MDSC induction from healthy human monocytes and their immunosuppressive
phenotype induced by early-passage melanoma cells via cell-cell contact or close proximity was
completely abolished by the COX-2 inhibitor celecoxib. Moreover, inhibition of STAT3 phosphorylation
by Tyrphostin AG490 in patient-derived CD14+ cells alleviated their T-cell inhibitory function [50]
(Table 5).

Many of the immunosuppressive effects of MDSCs rely on the release of ROS. Withaferin A
(WA), a component of the root extract of Withania somnifera inhibited ROS production of Gr1+ CD11b+
MDSCs by inhibition of STAT3 phosphorylation, WA also reduced IL-10 production generated by
MDSC-macrophage cross-talk. Macrophage secretion of pro-inflammatory cytokines IL-6 and TNF-α,
which increase MDSC accumulation, was also reduced by WA, additionally WA delayed tumor
progression with reduction of the accumulation of G-MDSCs in 4T1 mammary carcinoma bearing
mice [207] (Table 5).
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Table 5. Pharmacological targeting of the pro-tumoral mediators of TAMs and MDSCs.

Compounds Chemical Structures In Vivo Effect
Mechanism
of Action

References

Celecoxib
Reverted TAM
phenotype from M2
to M1

Cyclooxygenase II
(COX-2) inhibitor [50,205]

Etodolac

Blocks M2 macrophage
differentiation and
suppresses
metastasis formation

COX-2 inhibitor [206]

Tyrphostin AG490

Decreases the T-cell
inhibitory function of
melanoma
patient-derived
CD14+ cells

Inhibits STAT3
phosphorylation [63]

Withaferin A

Reduces IL-10
production of MDSCs
and the accumulation
of G-MDSCs

Inhibits ROS
production via
inhibition of STAT3
phosphorylation

[207]

N-acetyl cysteine
(NAC)

 

Restores both CD4+ and
CD8+ T-cell proliferation
and activation

Antioxidant and
enters cells via
ASC transporters,
rapidly hydrolyzes
to cysteine

[208]

α-Difluoromethylornithine
(DFMO)

Decreases ArgI
production in MDSCs

Ornithine-decarboxylase
(ODC) inhibitor [209]

MDSCs inhibit T-cell proliferation not only by arginase, ROS, RNS and IL-10 but also by depleting
cysteine. T-cells import cysteine by the ASC neutral amino acid transporter. Both APC cells and MDSCs
express Xc

− transporter for the uptake of cystine and APC cells export cysteine for T-cells. In contrast,
MDSCs compete with APCs for the uptake of cystine and do not export cysteine. Therefore, MDSCs
consume cystine and deprive T-cells from cysteine constraining T-cell activation and proliferation.
N-acetyl cysteine (NAC) enters cells via ASC transporters, and is hydrolyzed rapidly to cysteine,
restoring both CD4+ and CD8+ T-cell proliferation and activation [208] (Table 5).

Another component of amino acid metabolism, ornithine-decarboxylase (ODC) was showed to
be a potential therapeutic target which is upregulated in Gr1+/CD11b+ MDSCs of tumor bearing
mice. Inhibition of ODC by α-difluoromethylornithine (DFMO) decreased ArgI production in MDSCs
consequently DFMO treated MDSCs failed to retain their suppressive activity which led to slower
tumor growth in wild type mice but not in Rag1−/− immunodeficient mice suggesting that DFMO
treatment augments antitumor immunity via modulation of ODC in MDSCs [209] (Table 5).

5. Conclusions

We have seen that many of the currently developed anti-cancer therapeutics and traditional
chemotherapeutic agents target TAMs and MDSCs (Figure 1), augmenting the anti-tumor immune
response and improving patient outcomes. Exploitation of these non-conventional immunomodulating
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effects might require different drug dosage or administration, as compared with those required for the
primary indications of the agents.

Figure 1. Small molecule-based therapeutic strategies to target TAMs and MDSCs in the tumor
microenvironment. Solid tumor microenvironment constitutes a variety of cellular (MDSC, TAM,
CAF, T-reg) and molecular stromal components (ECM) which hamper anti-tumor therapeutic
response. We summarize current small molecule therapeutics (red) targeting TAMs and MDSCs.
Possible therapeutic approaches include: (1) inhibition the recruitment and/or proliferation of
monocytes/macrophages; (2) their selective ablation or (3) re-education to tumoricidal rather than
tumor promoting; (4) differentiate immature myeloid cells or (5) pharmacologically inhibit their
mediators responsible for pro-tumoral functions. Remarkably, modulation of MDSC and macrophage
function is frequently an off-target effect of diverse drugs originally designed for other therapies.
TAM: tumor-associated macrophage; MDSC: myeloid-derived suppressor cell; CAF: cancer-associated
fibroblast; T-reg: regulatory T cell, ECM: extracellular matrix. Arrows refer to the direction of cell
migration or stimulation; T-bar arrows refer to inhibition.

Since the authorization and introduction of new clinical applications of already approved drugs
is much safer, shorter, cheaper and faster, it is advisable to screen for TAM and MDSC targeting
compounds from the FDA approved drug library. Developing and adopting both in vitro and
in vivo assays for high throughput screening campaigns to identify compounds, which (1) inhibit the
recruitment or proliferation of TAMs and MDSCs; (2) deplete or (3) reprogram them by reverting their
tumor promoting phenotype to anti-tumor effectors, and/or (4) differentiate immature myeloid cells;
and finally (5) pharmacologically block their pro-tumoral mediators, are of high importance.

Several pathomechanisms such as immunosuppression, angiogenesis, metastases and altered
metabolism link chronic inflammation and cancer progression to worsened patient condition. On the
other hand, the anti-tumor effect of a diverse array of pharmacological interventions converges on
inhibition or re-education of alternatively activated tumor infiltrating immune cells. Hereafter intensive
research should be conducted to reveal in depth the molecular players of chronic inflammatory
conditions involved in cancer development or in the establishment of tumor microenvironment in
order to identify potential targets of anti-cancer therapeutic interventions.
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Abstract: DNA-based vaccine strategy is increasingly realized as a viable cancer treatment approach.
Strategies to enhance immunogenicity utilizing tumor associated antigens have been investigated
in several pre-clinical and clinical studies. The promising outcomes of these studies have suggested
that DNA-based vaccines induce potent T-cell effector responses and at the same time cause only
minimal side-effects to cancer patients. However, the immune evasive tumor microenvironment
is still an important hindrance to a long-term vaccine success. Several options are currently under
various stages of study to overcome immune inhibitory effect in tumor microenvironment. Some of
these approaches include, but are not limited to, identification of neoantigens, mutanome studies,
designing fusion plasmids, vaccine adjuvant modifications, and co-treatment with immune-checkpoint
inhibitors. In this review, we follow a Porter’s analysis analogy, otherwise commonly used in business
models, to analyze various immune-forces that determine the potential success and sustainable
positive outcomes following DNA vaccination using non-viral tumor associated antigens in treatment
against cancer.

Keywords: DNA vaccine; T-cells; cytokines; immune checkpoint inhibitors; tumor associated antigens

1. Introduction

Advances in immune understanding have enhanced optimism towards DNA-based vaccine
therapies against cancer. While the traditional treatment approaches such as tumor resection,
radiotherapy, and anti-cancer chemotherapy have shown success in early stage localized tumors,
they have only limited role against later staged metastatic malignancies. Furthermore, these standard
agents have shown to cause extensive damage to normal tissues leading to hair loss, blood cell
destruction, and debilitating side effects such as decreased appetite, hair loss, and immune-suppression.
All of these lead to more dangerous secondary infections in these patients. Thus, immune-based
therapeutic strategies offer viable long-tern success by specifically eliminating cancer cells and inducing
relapse-free quality survival in cancer patients [1].

Recently, DNA-based vaccines have been developed as a concrete and viable approach and
anti-cancer treatment strategy [2]. Advances in the field of recombinant plasmid technology have
significantly reduced the costs in the vaccine preparation. Further, high-throughput tools have been
developed to quickly identify tumor associated antigens and thus providing the required target genes
for plasmid design. This design of recombinant plasmid backbone requires incorporation of gene
coding for specific tumor associated antigens (TAA) with a potential to induce the desired immune
effector response, and an inducer of T-cell help for induction of durable immune memory through
efficient antigen expression and presentation while at the same time evading immunosuppression [3].
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The three major aspects of DNA vaccination strategy include critical plasmid design, efficient delivery,
and specific post-vaccine immune-monitoring tests.

DNA vaccines have a promising application both in the prevention of cancer and also in the
treatment of already existing cancers. The ability of DNA-based vaccines to mount an effector
T-cell-based immune responses make them an attractive anti-cancer therapeutic tools. For example,
a major breakthrough was achieved in the prevention of cervical cancer with recombinant protein-based
human papilloma virus (HPV) vaccination, as HPV (strains 16 and 18) have been strongly correlated
with the development of cervical cancer. This approach has demonstrated an upregulation of humoral
(B-cell based) immune responses as evidenced by increased titers of anti-capsid antibodies that could
neutralize HPV capsid and prevent the development of HPV infection. However, this approach
did not mount an efficient cellular (or T-cell-based) immune response. While efficient prevention of
cervical cancer with HPV vaccination was effected through induction of potent antibody response,
the vaccine did not demonstrate significant protective effect on already infected patients since they
had already undergone antigen-expression changes in infected cells [4]. Therefore, for the prevention
of cervical cancers in patients with persistent/previous HPV infections, it is critical to activate effector
T-cell responses against major histocompatabilty complex (MHC)-bound peptides derived from
antigens specific to these disease states which can be efficiently achieved by DNA-based vaccines over
protein-based vaccines.

Currently there are 340 clinical trials on cancer DNA vaccines that are either actively recruiting or
have approval for open recruiting (www.clinicaltrials.gov, accessed on 17 January 2017). The long-term
success of DNA vaccines as an efficient anti-cancer tools is dependent upon multiple immunological
factors. To comprehensively analyze the impact of multiple immune-factors, in this review, we adopt
a Porter’s strategy analysis analogy to discuss specific immunological factors that affect the potential
success of this novel anti-cancer therapeutic strategy. The Porter’s model is a standard method to
analysis various factors affecting the success of a new business [5]. Here, we borrow the Porter’s
analogy to discuss the potential immune-forces (Figure 1) affecting the success of DNA-based
immunotherapeutic strategy against cancer. This Porter’s method is considered one of the best analysis
strategies that allows us to approach a scientific problem both at a macro- and micro-level, so that
a problem is analyzed for its realistic current standing, future challenges, potential strengths, while at
the same time it defends against the threat of failure, and specifically in our case, helps us develop
an effective long-term successful DNA-based vaccine strategy. While the specific five force nomenclature
in Porter’s model is geared to approach business-oriented challenges, we have made adequate changes
to suit the approach and challenges of life sciences, specifically anti-cancer DNA vaccines.

Figure 1. The five forces immune framework affecting DNA vaccine outcomes in cancer therapy. MHC,
major histocompatibility complex; TLR, toll-like receptor; MDSCs, myeloid-derived suppressor cells.
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2. Force I: Entry Barriers—Target Choice and Delivery Techniques

A judicious choice of antigen and the method of entry into the human body are clearly the first
step towards successful DNA vaccine design and administration. Antigens expressed in cancers of
non-viral etiology are attractive targets for DNA-based vaccines as these antigens can mount an effector
immune response specifically against cancer cells [6]. These cancer specific antigens are traditionally
called tumor associated antigens (TAA). Another group of cancer specific antigens arising from somatic
mutations in cancer cells are called neo-antigens. Further, there are a few tumor-specific antigens
with idiotypic immunoglobulin of B-cell, malignancies being a noteworthy exception. Antigen is
expressed on normal cells or tissues as a part of normal development of tissue or cell differentiation,
as is the case in lineage-specific antigens, which fail to induce a strong effector immune response and
so are generally considered a poor antigen choice for DNA vaccine development. Furthermore, it is
extremely important that the newly developed DNA vaccine should cause minimal immune-related
damage to normal terminally differentiated cells/tissues and if at all should cause only nonlethal
localized side effects such as a temporary rash at the site of injection. In several pre-clinical and clinical
trials, these TAA-based vaccines have demonstrated encouraging therapeutic benefits, importantly,
by extending the over-all disease-free survival in cancer patients [7].

2.1. Tumor-Associated Antigens

DNA-based cancer vaccine development has utilized different types of tumor-associated antigen
(TAA) primarily depending upon the solid organ and cell-type from where the cancer originates. The TAAs
are either expressed in the tumor tissue, overexpressed by oncogenes or selected as differentiation antigens
during cancer development. In 2009, the National Cancer Institute (NCI) has published 75 cancer antigens
that are used in developing DNA-based vaccines [8]. Unfortunately, the T-cell effector responses against
several of these TAAs can be diminished by central tolerance. Further, various studies have demonstrated
that the vaccine activated T-cells have limited ability to induce tumor cell destruction mainly due to
the pre-existing immune-suppressive tumor microenvironment [9]. Another important concern that
researchers should be aware of is that DNA-based vaccines are dependent on the T-cell repertoire left
behind following depletion of the high and low-affinity T-cells, but retained medium-affinity T-cells during
the early T-cell development stage in spleen and lymph nodes [10]. Thus, these retained medium-affinity
T-cells many not sufficiently activated to high frequency following DNA vaccine. To circumvent this
drawback, a combination DNA vaccine strategy such as PROSTVAC-VF could be utilized, where in
two recombinant viral vectors were used. Each vector encodes for a TAA and three T-cell costimulatory
molecules such that one is used for initial priming and the other is for booster effect [11]. Such
innovative approaches could ensure a more viable immune response against the TAAs. A list of some
of the currently utilized TAAs in DNA vaccination are listed in Table 1.

Table 1. List of Human tumor associated antigens potentially applicable for development of DNA
vaccines. TAA, tumor-associated antigen.

TAAs Organs Reference

NYESO-1 Prostate cancer, bladder cancer, esophagus cancer, non-small cell lung cancer, sarcoma [12]
HER-2/Neu Breast [13]

MAGE-1 Melanoma [14]
Tyrosinase Melanoma Leukemia [15]

MUC1 Breast cancer [16]
CEA Colon cancer, lung cancer [17]

Mam-A Breast cancer [18]
hTERT Melanoma, leukemia, reported several solid organs [19]

Sialyl-Tn gastric, colon, breast, lung, oesophageal, prostate and endometrial cancer [20]
WT1 Renal cancer [21]

α-FetoProtein Hepatic cancer [22]
CA-125 Ovarian cancer [23]
gp-100 Melanoma [24]

p53, Ras, Src reported in multiple cancers [25]
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In our studies, we have identified mammaglobin-A (Mam-A), a breast cancer specific TAA,
as a viable option to induce immune responses following DNA vaccination in breast cancer patients.
Previous dendritic cells–based studies with TAAs, human epidermal growth factor-2 (HER2/neu),
andmucin-1 (MUC1) have demonstrated expansion of peptide-specific CD8+ cytotoxic T-lymphocytes
(CTLs) in breast cancer patients [7,26]. However, the lower frequency of expression of these TAAs
(HER2/neu: 20%–30% and MUC1: up to 60%) on breast tumors limits a broader application of
these TAAs as a viable immunotherapeutic strategy [27,28]. In contrast, the Mam-A, a 10 kDa
glycoprotein, is expressed on more than 80% of breast tumors across all individual breast cancer
types and stages [18,29]. Further, Mam-A is shown to have exclusive expression on breast cancer
cells, with virtually no expression on other tissues, thus making it a uniquely specific marker for
detection of breast cancer cell metastasis to draining lymph nodes as compared to other markers
(such as HER2/neu and cytokeratin-19) [30]. Pre-clinical murine studies have demonstrated that
passive transfer of T-cells from Mam-A vaccinated human leukocyte antigen (HLA)-A2/hCD8 double
transgenic mice into a human breast cancer implanted NOD/SCID mouse resulted in significant tumor
regression [31–33]. Based on these encouraging pre-clinical studies, we instituted a phase I clinical
trial of a Mam-A cDNA vaccination in breast cancer patients with metastatic disease. Our studies
demonstrated that following Mam-A cDNA vaccination, there was an upregulation of tumor lytic
CD4+ ICOShi T-cells in Mam-A vaccinated breast cancer patients [34] and also induction of antigen
specific CD8+ T-cell effector responses [18].

2.2. Neoantigens

Theoretically, the most potent antigen to be used in the development of DNA vaccine would be
completely non-native to the patient, so that there is no pre-existing central tolerance. Neo-antigens are
the self-antigens that mutate to form novel non-self-antigens [35]. The mutations could be induced by
a variety of external and environmental factors such as carcinogens, UV light etc. [36]. Initial evidence
of vaccination with neo-antigens was found in the B16 mouse melanoma model, wherein vaccination
against two synthetic mutant antigens resulted in a marked tumor regression [37]. Studies on metastatic
melanoma patients have demonstrated that treatment with anti-cytotoxic T-lymphocyte associated
protein-4 (CTLA-4) mAbs was more effective in patients with higher mutational load, thus suggesting
that an upregulation of effector immune responses to neoantigens following anti-CTLA-4 therapy [38].
Further, various studies have shown that tumor infiltrating lymphocytes (TILs) with higher tumor
regression capability constituted of CD8+ and/or CD4+ T-cells specifically against neoantigens [39].
However, the research on neoantigens and mutanome analysis is still infancy, and it would be
interesting to the future outcomes of this research.

2.3. Plasmid Backbone

Important characteristics of a DNA vaccine plasmid backbone would include a strong promoter
sequence, an antibiotic selection marker, and a poly-A sequence to stabilize the mRNA transcript
(Figure 2). The traditionally used promoter for human DNA vaccines is human CMV promoter, as it
induces higher expression of the target gene in a wide array of tissues and at the same time does not
suppress downstream read through [40]. Recently, the incorporation of HTLV-1R-U5 downstream of
the CMV promoter or chimeric SV40-CMV promoter has been shown to enhance vaccine efficiency [41].
Further, target gene expression can be enhanced by the addition of an intron in the vector backbone and
by the introduction of kozak sequence immediately upstream of the gene of interest’s start codon [42].
Gene expression can be manipulated by altering the polyA sequence, which is required for proper
termination of transcription and export of mRNA from the nucleus. The plasmid backbone is thought
to stimulate innate immunity via specific CpG dinucleotide repeats. This pathway involves uptake of
CpG-rich DNA vector via receptor for advanced glycated end products (RAGE) and signaling through
endosomal toll like receptor TLR-9/MyD88 to induce type I interferon response [43]. However,
TLR9 double knockout mice have demonstrated equivalent immune responses compared to wild type
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mice. This evidence potentially suggests that multiple cytoplasmic pattern recognition receptors act
as sensors for plasmid DNA vector, which might include factors such as DNA dependent activator
of IFN-regulatory factor (DAI), retinoic acid inducible protein-1 (RIG-1) and helicases, which lead
to expression of other pro-inflammatory transcription factors [44]. Further, DAI co-delivery with
melanoma antigen in a DNA vaccine has shown enhanced pre-clinical efficiency [45]. The AT rich
regions in the plasmid backbone is associated with nicking leading to open circular plasmid and is
amenable to endogenous nucleases [46]. Instability in the final plasmid construct could be caused
by palindrome sequences, direct or inverted repeats. Specifically direct repeats in the plasmid are
considered hot spots for mutations [47]. Plasmids containing Z-form DNA (left handed double helical
structure, as against the more common B-form, right handed double structure) regions are unstable,
possibly due to the formation of triplex regions due to endogenous nuclease [48,49].

Figure 2. Generic structure of the plasmid backbone for DNA Vaccine. ORI, origin of replication;
Colors represented in green are usually inserted into the vector backbone; color represented in green
usually are already present in the vector backbone.

2.4. Administration Site

DNA vaccine should be administered with an aim to deliver the TAA gene to the dendritic cells
so that there will be efficient antigen presentation. This is effectively achieved when DNA vaccine is
delivered by intramuscular (i.m.) route. However, the efficient T-cell activation will depend on the
dendritic cell’s homing ability to the nearest lymph node. Recent evidence suggests that mucosal cancers
are more efficiently treated when vaccine-activated T-cells can home-in to mucosa-associated lymph nodes,
thus suggesting alternate routes (such as intra nasal) as viable options [50]. Other DNA vaccine delivery
methods such as particle mediated gene guns [51], needle-free systems [52], liposomal coating [53], and
mucosal delivery [54] are under various stages of study. However, the variability of human immune
response signaling following these delivery strategies is still unclear. Much more research is needed to
determine the precise rules of human cancer vaccine design specific to various routes of administration.

3. Force II: Direct Activators of T-Cell Responses

3.1. Role of Antigen Presenting Cells

DNA vaccine design is done such that there is concentrated antigen delivery to dendritic cells [55].
These activated dendritic cells induce upregulation of both CD4+ and CD8+ T-cell responses. The CD4+
T-cells are needed for optimal and sustained effector and cellular memory responses. Direct loading
of dendritic cells with the HLA-binding epitopes, as is the case with Provenge, has met with limited
success [56]. Further, dendritic cell vaccines proved to be extremely expensive as they have to
be acquired from the tumors of the patients and cultured in vitro for six weeks before they are
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primed and re-injected into the patient, thus warranting further research and optimization for better
manufacturing protocols.

3.2. Role of CD8+ T-Cells

Following administration of a DNA vaccination, the expressed TAAs, when presented in the
context of MHC class I proteins, induce activation of CD8+ T-cells. These newly activated CD8 T-cells,
upon contact with tumor cells, exert their effector function by lysing the tumor cells through the
release of pore-forming perforin in a calcium dependent manner onto the target cell membrane [57].
The activated CD8+ T-cells also release high levels of inflammatory cytokines, such as interferon-γ
(IFNγ) and tumor necrosis factor-α (TNFα), to induce a conducive environment for anti-tumor
response. However, the exact cells involved in the activation of CD8+ T-cells following vaccination is
still debated, as muscle cells express negligible amounts of MHC and other co-stimulatory molecules
rendering muscle cells as inefficient antigen presenting cells. Thus the professional antigen presenting
cells, dendritic cells and macrophages, in the muscular tissue might still be needed for activation of
CD8+ T-cell following DNA vaccination [58].

Our studies with the Mam-A DNA vaccine, utilizing a tetramer-based assay approach,
have demonstrated that Mam-A cDNA vaccination to HLA-A2 patients specifically expanded the CD8+
T-cells specific to HLA-A2 immunodominant epitope of Mam-A (LIYDSSLCDL). The effector response
of these activated CD8 T-cells has been thought be mediated by the inflammatory cytokines (IFN-γ
and TNF-α) [59] and also by the secretion of pore forming protein, perforin [60], ultimately leading
to lysis of the target cell. Our data demonstrates that Mam-A DNA vaccination in advanced breast
cancer patients induced activation of CD8 T-cells and upregulation of the intracellular expression of all
these three effector molecules, namely, IFNγ, TNFα, and perforin. Natural killer group 2D (NKG2D),
an activating cell surface receptor, expression was significantly correlated with IFN-γ production in
CD8+ T-cells in the human melanoma studies [61]. Our studies have demonstrated that following
MamA cDNA vaccination, there is MamA specific upregulation of NKG2D expression, which is
induced by the inflammatory cytokines IFN-γ and TNF-α. Further it is important to note the inhibition
of NKG2D expression by specific NKG2D antibody thus, suggesting direct cell-contact dependent
cytotoxic NKG2D signaling [18]. We have further demonstrated that this NKG2D engagement by
vaccine activated CD8+ T-cells is tumor cell contact dependent, thereby avoiding a generalized cytokine
storm which is a common cause of vaccine failure (Figure 3).

Figure 3. Contact dependent T-cell mediated tumor cell death. The T-cells activated following DNA
vaccination were checked for antigen specific response. Our studies demonstrated that inflammatory
release from Mam-A activated CD8+ T-cells is specifically upon contact with target tumor cell, and there
by avoids a generalized cytokine storm response following vaccination.
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In humans, NKG2D has been shown to exert its signaling through association with the adaptor
molecule DNAX-activation protein 10 (DAP-10) [62]. Furthermore, expression of DAP-10 has been
correlated with interleukin (IL)-2 induced NKG2D mediated cytotoxicity in CD8+ T-cells. Our studies
have shown that CD8+ T-cells from Mam-A vaccinated HLA-A2+ breast cancer patients induced
expression of DAP-10 leading to NKG2D mediated contact dependent cytotoxicity of tumor cell lines.
Interestingly, albeit as expected, siRNA and antibody inhibition of NKG2D and DAP10 signaling
inhibited the release of pore-forming perforin molecules from CD8+ T-cells [18].

3.3. Role of CD4+ T-Cells

The CD4+ T-helper cells, which are predominantly activated by epitopes in the context of MHC
class II molecules, have a major role in production of antibodies by B cells and induction of memory
CD8+ T-cell responses. It is also known that a subset (5%–15%) of CD4+ T-cells can act as regulatory
cells (Treg), which specifically in the context of cancer unfortunately promotes cancer growth [63].
Therefore, ideally, vaccination induced activation should specifically activate helper and effector CD4+
T helper response while suppressing Treg response. Along with helper response of CD4+ T-cells,
several studies [64,65] have demonstrated an effector cytotoxic effector response for CD4+ T-cells.
Mainly, this cytotoxic phenotype of CD4+ T-helper subsets (Th1/IFN-γ) correlates with inducible
co-stimulatory molecule (ICOS) expression [66]. The ICOS expression has been correlated with newly
activated CD4+ T-cells [67]. The higher frequency of regulatory T-cells (FoxP3+ CD4+ T-cells, Treg)
that have been seen in melanoma [68] prostate [69], and bladder cancers [70] were implicated in
evasion of immune system favoring continued growth of the tumors. Therefore, vaccine success
can be theoretically determined by the changes in the ratio of the ICOS (anti-tumor effector activity)
to FoxP3 (pro-tumor immunosuppressive activity) expression on CD4+ T-cells. In our studies on
breast cancer patients, we have demonstrated that FoxP3+ Treg frequency is 2–3 times higher in breast
cancer patients (19% vs. 7%) over normal subjects. However, following Mam-A vaccination, there was
a decreases in the Treg frequency (19% vs. 10%) in the cancer patients’ pre- (19%) and post- (10%)
vaccination. Although not statistically significant, which might be due to small number of patients
(n = 8) analyzed in our study. Further, in the same cohort, the ICOS expression on CD4+ T-cells
remained constant (approximately 21%) in breast cancer patients prior to and following vaccination
similar to that seen in normal subjects. However, interestingly, the ratio of ICOS+ CD4+ T-cells to
FoxP3+ CD4+ T-cells significantly increased from 7% pre-vaccination to 23% post-vaccination, which is
also accompanied by a three-fold increase in the IFN-γ response in CD4+ T-cells following vaccination
to breast cancer patients. This data strongly suggests that following Mam-A cDNA vaccination there is
increased activation of anti-tumor CD4+ T-cells [22]. In nutshell, our studies clearly suggest that Mam
A DNA vaccination has a strong therapeutic application in breast cancer patients, which however
needs to be further confirmation in a large multi-center trial.

3.4. Role of Fusion Genes on T-Cell Activation

To induce activation of CD4+ T-cells from the non-tolerized CD4+ T-cells naïve repertoire,
several research groups have fused the variable region genes of the immunoglobulin called single-chain
Fv (scFv) sequence with the TAA gene in the recombinant plasmid [71]. As previously mentioned
medium-affinity CD4+ T-cell repertoire is already established during development of central tolerance,
engaging a new repertoire of CD4+ T-cells could overcome this challenge of central tolerance.
Studies by Rice et al. have shown that it is critical to deliver CD4+ T-cell epitopes to the same
professional antigen presenting cells (APCs) that can express tumor antigens to promote stimulation
of specific antitumor CD4+ T-cell idiotype [72]. The mechanism of priming APCs could done by the
scFV fusion plasmid. Further, these fusion genes have also been shown to stimulate expression of
co-stimulatory molecules such as B7.1, CD28, and OX-40 following recombinant plasmid injection to
favor anti-tumor CD4+ T-cell activation [73]. Further, this scFv fusion gene approach will help the
maintenance of antigen-presenting function by dendritic cells and thereby probably allowing utilization
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of otherwise weak TAAs in the DNA vaccine development. Further, several researchers have shown the
utility of the full length tetanus toxin fragment C protein (Frc), with known promiscuous epitopes that
widely bind with murine and human MHC class II molecules to induce viable anti-tumor CD4+ T-cell
response. However, when the full-length FrC gene sequence is replaced by small epitope sequence
in the recombinant DNA vaccine generation, there was a significant (>80%) reduction in the vaccine
efficacy [74]. Taken together, all these exciting preliminary studies in the scFv recombinant plasmid
technology requires further research and development for clinical application.

4. Force III: The Threat of Immune Evasion

4.1. Downregulation of MHC Class I on Tumor Cell

As previously discussed MHC class I molecules, expressed on all nucleated cells, play crucial
role in the antigen presentation and activation by cytotoxic CD8+ T-cells. Several studies have shown
that specifically in the tumor there is decreased cell surface expression of MHC class I proteins [75].
Along with the specific decrease in the MHC class I protein expression, the transcript levels of
several other proteins required in the class I presentation pathway were also decreased in tumor
cells. Importantly, the mRNA transcript levels of endoplasmic reticulum associated transporter
protein, TAP, which is critical to antigen processing (TAP), were reduced following transfection of the
cells with HRAS oncogene, suggesting a direct correlation between cancer cell transformation and
downregulation of antigen presentation pathway. A consequential phenomenon of lowered vaccine
induced CD8+ T-cell activation was observed against HER2 oncogene expressing breast cancers [76].

Recently, a subset of CD8+ T-cell were identified that possess a capability to recognize and
eradicate cancers with impaired antigen presentation machinery (APM). Interestingly, these CD8+
T-cell’s immune detection of APM deficient cells is linked to T-cell receptor (TCR) and not natural
killer (NK) cell receptors. The TAAs recognized by these TCR were shown to have been immaturely
process as so these unique epitopes of are called TEIPP, T-cell epitopes associated with impaired
peptide processing [77]. The TEIPP antigens are considered to originate from wild-type sequences
of housekeeping genes such as TRAM-protein homolog 4. Further as TEIPP antigens are processed
through non-classical antigen presentation pathway it is assumed there is no central tolerance against
these antigens, thus making these TEIPP antigens an extremely interesting target for future DNA
vaccine development.

4.2. Tumor Associated Macrophages

Research evidence has established that the tumor microenvironment has a higher concentration of
immune-suppressive, pro-tumor, alternatively activated M2 macrophages. These M2-type macrophages
participate in TH2 cell responses, dampen inflammation, suppress immunity, and promote tumor
progression [78]. A strong infiltration of M2-type macrophages is associated with poor prognosis in
many tumors. Further, following tumor resection surgery, a quick reconstitution of residual tumor with
M2-phenotype macrophages has shown to promote tumor regrowth and thus probably also limit the
success of DNA vaccination [79].

4.3. Myeloid-Derived Suppressor Cells (MDSCs)

The immature myeloid cells called MDSCs are found in large numbers in the blood and tumors
of patients with cancer. These tumor localization of MDSCs is favored by the production of cytokine
GM-CSF by tumor cells [80]. These tumor associated MDSCs inhibit the potential anti-cancer maturation
and activation of naive T-cells within the tumor microenvironment. Pre-clinical animal models have
demonstrated that MDSCs hinder vaccine-induced CD4 and CD8 T-cell responses. A direct negative
correlation was demonstrated between circulating MDSCs and patient survival following anti-CTLA4
treatment in melanoma patients [81] and patients who received immunotherapeutic vaccination in
small cell lung cancer [82].
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4.4. Regulatory T-Cells (Tregs)

The Tregs are a subset of CD4+ T-cells with immune-suppressive cell type present in the tumor
microenvironment. Furthermore, Tregs have been shown to exert there immune-suppressive effect both
in tumor-specific and tumor-nonspecific manner [83]. Several studies have demonstrated a negative
correlation between Treg frequency and tumor prognosis. Also, in the context of anti-cancer vaccination,
pre-clinical and clinical studies indicate worse vaccination outcomes when there is high frequency of
Tregs [84].

5. Force IV: Indirect Activators

5.1. Inflammatory Cytokines

The cytokines, Type I interferons (IFNs) and interleukin-12 (IL-12) are required for an optimal
CD8+ T-cell activation and effector cytotoxic responses. These inflammatory cytokines are produced by
both innate and adaptive immune cells. However, the local concentration and kinetics of the cytokine
release depend on the nature of immune cell activation and the type of cells activated during immune
response [85]. IL-12 has been shown to activate T-cells, whereas type I IFNs are known to directly
stimulation of CD8+ T-cells and other cell types, including APCs. Therefore, several researchers
have combined these inflammatory cytokines in their DNA vaccine strategies to enhance anti-tumor
response [86]. Similarly, IL-2 is another pluripotent cytokine of interest that has been shown to induce
T-cell maturation and proliferation [87]. Future cytokine combination to DNA vaccination strategies
could offer higher theoretical success, but would require several large studies to confirm this idea.

5.2. Adjuvants

A critical pre-requisite for successful DNA vaccination strategy is the correct choice and dose
of vaccine adjuvant. The adjuvants work by induction of costimulatory molecules such as toll like
receptor factors (TLR 3 and 9) through binding with its ligands such as poly I:C and CpG islands
on cellular DNA [88]. Just like scFv fusion strategy mentioned above, DNA vaccines can be further
improved by gene fusing with TLR ligand pattern recognition peptides, and thus inducing higher APC
activation. A prominent example to this effect is PROSTVAC, which has utilized plasmid construction
to include TLR ligand inserts in the DNA backbone along with the TAA, prostate specific antigen to
the viral vector [11].

6. Force V: Supplements

6.1. Combination with Chemotherapy and Radiotherapy

Anti-cancer chemotherapy targets tumors based on cancer cell’s unique genetics which selectively
promotes rapid cell growth over normal terminally differentiated cells. Further, several studies have
shown that these anti-cancer drugs can promote reactivation of tumor-specific immune responses
by enhancing T-cell infiltration to the tumor microenvironment, and also by making tumor cells
more amenable to cytotoxic CD8+ T-cell effector response [89]. Drugs such as cyclophosphamide and
gemcitabine have also been known to induce apoptosis of Tregs. A clinical peptide vaccine study with
cyclophosphamide has demonstrated that this combination has selectively decreased the number of
actively proliferating Treg cells in renal cell carcinoma and ovarian cancers [90]. Therefore, theoretically,
chemotherapy and DNA vaccination can be combined to not only because of their rapid cancer cell
lysis, but also induce effector immune responses in the tumor microenvironment.

6.2. Combination with Immune-Check Point Inhibitors

The signaling mechanisms mediated by co-stimulatory molecules, such as CD28, and OX-40,
play an important role in T-cell engagement with antigen presenting cells and its subsequent activation
and maturation [91]. Several studies have demonstrated that density of ligands for co-stimulatory
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molecules in the tumor microenvironment is significantly low and thus leading to T-cell anergy.
However, this T-cell unresponsiveness could be overcome by stimulation with agonistic monoclonal
antibodies specifically targeted to bind with the co-stimulatory molecules and act as surrogate ligands.
Recently, several clinical trials are underway to study the clinical application of these monoclonal
antibodies. Along with decreased co-stimulatory molecules, an enhanced expression of co-inhibitory
molecules, such as CTLA-4 and PD-1, are known to correlate positively with tumor load and metastasis.
Blocking monoclonal antibodies developed against CTLA-4 and PD-1 have already shown promising
positive anti-cancer outcomes in clinical trials [92]. A futuristic application of a combination of these
immune-checkpoint inhibitors with DNA vaccination would likely enhance the treatment and survival
of cancer patients.

7. Conclusions

DNA-based non-viral cancer vaccines offer a viable complement to the current anti-cancer
therapeutic regimen by inducing robust effector and memory T-cell responses. However, there still
remain several challenges requiring more careful optimization of vaccine design to overcome
immunosuppressive tumor microenvironment. Therefore, a better understanding of tumor–host
immune interactions helps us design more efficient immunotherapeutic strategies. Recent advances in
immune checkpoint therapy have revealed an important futuristic combinatorial therapeutic strategy.
More research in the identification of specific TAs and neo-antigen could induce strong effector T-cell
responses. DNA-based cancer vaccine strategies have promising future applications. Complemented
with a better understanding on the TAA selection and immune-checkpoint therapy, they will emerge
as viable next-generation therapeutic strategy against cancers.
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Abstract: A sustained and chronically-inflamed environment is characterized by the presence of
heterogeneous inflammatory cellular components, including neutrophils, macrophages, lymphocytes
and fibroblasts. These infiltrated cells produce growth stimulating mediators (inflammatory
cytokines and growth factors), chemotactic factors (chemokines) and genotoxic substances (reactive
oxygen species and nitrogen oxide) and induce DNA damage and methylation. Therefore, chronic
inflammation serves as an intrinsic niche for carcinogenesis and tumor progression. In this article,
we summarize the up-to-date findings regarding definitive/possible causes and mechanisms of
inflammation-related carcinogenesis derived from experimental and clinical studies. We also propose
10 strategies, as well as candidate agents for the prevention of inflammation-related carcinogenesis.

Keywords: inflammation-related carcinogenesis; chronic inflammation; chemoprevention

1. Introduction

In 1863, Rudolf Virchow hypothesized that cancers occurred at sites of chronic inflammation [1].
This hypothesis has been confirmed by epidemiological and experimental pathological studies. Parkin
showed that infection-related inflammation contributed to approximately 20% of all cancer cases
worldwide [2]. Inflammation-inducible factors, such as air pollution, foreign bodies and ultraviolet
radiation, are also associated with carcinogenesis [3].

Since chronic inflammation is associated with more than one-fifth of cancer incidence, there
is an urgent need to explore chemopreventive agents against inflammation-related carcinogenesis.
Before clinical trials of such agents are initiated, it is necessary to understand the pathogenesis of
inflammation-related carcinogenesis by using animal models [4]. For example, rodent models for
Helicobacter pylori and inflammatory bowel disease, which are the major causes of human gastric and
colon cancers, respectively, have been developed to elucidate the underlying pathogenic mechanisms [4,5].
Epidemiological studies have shown that chronic inflammation predisposes individuals to various cancers,
including cancer of the gastrointestinal tract [6]. Therefore, the use of agents targeted against inflammatory
mediators might be a promising approach to prevent various types of inflammation-related cancers. To
date, food products, natural compounds and synthetic low-molecular-weight compounds have been
shown to suppress inflammation-related carcinogenesis. In this review, we summarize the mechanisms
of inflammation-induced carcinogenesis by classifying the mechanisms of action of chemopreventive
agents, and we propose 10 strategies for the prevention of carcinogenesis.

2. Causes of Inflammation-Related Carcinogenesis

The International Agency for Research on Cancer (IARC), through its IARC Monographs Programme,
has performed carcinogenic hazard assessment of agents in humans based on experimental and clinical
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reports [7]. In this assessment, agents are classified into five groups (Group 1, 2A, 2B, 3 and 4). Group
1 carcinogens are those that are definitely carcinogenic to humans (Table 1). Table 1 also summarizes
presumed carcinogenic agents classified into Group 2A to 3, as well as other previously-reported presumed
carcinogenic agents not included in the IARC study.

Table 1. Cause-and-effect relationship between inflammation and its associated carcinogenesis in humans.

Sites of
Inflammation-Related

Carcinogenesis

Causes of Inflammation/Pathological Condition

Definitely Carcinogenic Agents
(Group 1)

Presumed Carcinogenic Agents
(Group 2A to 3 and the Others)

References

Eye HIV type 1 [8]

UV-associated skin inflammation [8]

Lip UV-associated skin inflammation [8]

Oral cavity

HPV type 16 [8]

HPV type 18 [8]

Gingivitis [9]

Lichen planus [9]

Leukoplakia [10]

Periodontitis [11]

Salivary gland Sialadenitis [9]

Tongue HPV [12]

Caries [13]

Tonsil HPV type 16 [8,12]

Nasopharynx EBV [8,10,12]

Pharynx HPV type 16 [8]

Asbestos [8]

Oropharynx HPV [12]

Larynx Asbestos [8]

HPV type 16 [8]

Thyroid Chronic lymphocytic thyroiditis [14]
Hashimoto’s thyroiditis [14]

Esophagus

Gastric reflux, esophagitis [9,10]

Barrett’s esophagus [10]

Barrett’s metaplasia [9]

Neisseria mucosa [15]

Neisseria sicca [15]

Neisseria subflava [15]

Lung

Asbestos [8]

Coal gasification [8]

Outdoor air pollution [8,10,16]

Tobacco smoke/smoking [8,10]

Asthma [17]

Bronchitis [9]

COPD [18]

Interstitial pneumonia [19]

Sarcoidosis [20]

Silicosis [9]

Tuberculosis [21]

Chlamydia pneumoniae [22]

HPV type 16 [23]

HIV type 1 [24]
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Table 1. Cont.

Sites of
Inflammation-Related

Carcinogenesis

Causes of Inflammation/Pathological Condition

Definitely Carcinogenic Agents
(Group 1)

Presumed Carcinogenic Agents
(Group 2A to 3 and the Others)

References

Lung mesothelium Asbestos [8,10]

Silicosis [25]

Breast
HERV-K [26]

Inflammatory breast cancer [10]

Stomach

Helicobacter pylori [8,10,12]

Asbestos [8]

EBV [8,10]

Chronic atrophic gastritis [10]

Liver

HBV [8,10,12]

HCV [8,10,12]

Clonorchis sinensis [8,10]

Opisthorchis viverrini [8,10]

Cirrhosis [10]

HDV [27]

HIV type 1 [8]

Schistosoma japonicum [8,10]

Hemochromatosis [28]

α-1-anti-trypsin deficiency [28]

Alcohol [28]

Bile duct

Clonorchis sinensis [12]

Opisthorchis viverrini [12]

Primary sclerosing cholangitis [29]

Bile acids-associated cholangitis [9]

Gall bladder

Gall bladder stone-associated
cholecystitis [9,10]

Primary sclerosing cholangitis [29]

Pancreaticobiliary maljunction [30]

Salmonella typhimurium [10]

Salmonella enterica serovar Typhi [31]

Pancreas

Chronic pancreatitis [10]

Alcoholism-associated pancreatitis [9]

Hereditary pancreatitis [32]

Alcohol [33]

Colon and Rectum

Bile acids-associated coloproctitis [9]

Inflammatory bowel diseases [9,10,34]

Cytomegalovirus [35]

EBV [35]

HPV [35]

JCV [35]

Bacteroides [35]

Clostridium septicum [36]

Escherichia coli [35]

Helicobacter pylori [35]

Streptococcus bovis [35]

Streptococcus gallolyticus [37]

Schistosoma japonicum [8,10]

Asbestos [8]
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Table 1. Cont.

Sites of
Inflammation-Related

Carcinogenesis

Causes of Inflammation/Pathological Condition

Definitely Carcinogenic Agents
(Group 1)

Presumed Carcinogenic Agents
(Group 2A to 3 and the Others)

References

Bladder

Schistosoma haematobium [8,10,12,38]

Cystitis [10]

Urinary catheter-associated cystitis [9,39]

Anus

HIV type 1 [8]

HPV type 16 [8]

HPV types 18, 33 [8]

Anal fistula [40]

Testis EBV [41]

Prostate

Prostatitis [42]

Proliferative inflammatory atrophy [10]

Gonorrhea [43]

Trichomonas vaginalis [44]

Ovary
Asbestos [8]

Pelvic inflammatory disease [9]

Endometriosis [45]

Uterine cervix

HPV types 16, 18, 31, 33, 35, 39, 45,
51, 52, 56, 58, 59 [8]

HIV type 1 [8]

HPV types 26, 53, 66, 67, 68, 70, 73,
82 [8]

Herpes simplex virus [10]

Penis
HPV type 16 [8]

HIV types 1 [8]

HPV types 18 [8]

Vulva

HPV type 16 [8]

HIV types 1 [8]

HPV types 18, 33 [8]

Lichen sclerosis [9,46]

Vagina HPV type 16 [8]

HIV types 1 [8]

Skin

UV-associated skin inflammation [8,10]

Chronic osteomyelitis [47]

HIV types 1 [8]

HPV types 5, 8 [8]

MCV [48]

Melanoma UV-associated skin inflammation [9]

Non-melanomatous skin
cancer Cutaneous HPV types [48]

Central nerve JCV [49]

Endothelium (Kaposi’s
sarcoma)

HIV type 1 [8,10]

KSHV [8]

Vasculature Bartonella [50]

Hodgkin’s lymphoma EBV [12]

HIV type 1 [51]

Non-Hodgkin lymphoma

EBV [12]

HBV [52]

HCV [12]

HTLV-1 [12]

47



Int. J. Mol. Sci. 2017, 18, 867

Table 1. Cont.

Sites of
Inflammation-Related

Carcinogenesis

Causes of Inflammation/Pathological Condition

Definitely Carcinogenic Agents
(Group 1)

Presumed Carcinogenic Agents
(Group 2A to 3 and the Others)

References

Lymphoma

EBV [8,10]

HCV [8]

HIV type 1 [8]

HTLV-1 [8,10]

KSHV [8]

HIV type 2 [53]

Hashimoto’s thyroiditis [9]

Sjögren’s syndrome [9]

Childhood celiac disease [54]

HBV [55]

HTLV-1 [56]

Malaria [10]

Orbital lymphoma Chlamydia psittaci [57]

Thyroid lymphoma Hashimoto’s thyroiditis [58]

Lymphoma in the pleural
cavity EBV [59]

Pyothorax-associated
lymphoma EBV [60]

MALT lymphoma Helicobacter pylori [8,12]

Small-bowel lymphoma Campylobacter jejuni [61]

Cutaneous lymphoma Borrelia burgdorferi [62]

DLBC lymphoma Helicobacter pylori [12]

Adult T-cell leukemia ATL (HTLV-1) [63]

T-cell lymphoma EBV [64]

Burkitt’s lymphoma EBV [65]

B-cell lymphoma EBV [66]

Primary effusion lymphoma KSHV [67]

ATL, adult T-cell leukemia; COPD, chronic obstructive pulmonary disease; DLBC, diffuse large B-cell; EBV,
Epstein-Barr virus; HBV, hepatitis B virus; HCV, hepatitis C virus; HDV, hepatitis D virus; HERV-K, human
endogenous retrovirus type K; HIV, human immunodeficiency virus; HPV, human papillomavirus; HTLV-1, human
T-cell lymphotropic virus type 1; JCV, JC virus; KSHV, Kaposi sarcoma herpes virus; MALT, mucosa-associated
lymphoid tissue; MCV, Molluscum contagiosum virus; UV, ultraviolet.

Chronic inflammation increases the risk of human cancers of almost all organs/tissues (Figure 1);
however, some chronic inflammatory conditions (e.g., psoriasis and rheumatoid arthritis) are not
associated with cancers. Figure 2a,b shows infection by viruses, bacteria and parasites as a percentage
of all of the causes of inflammation-related cancers; this percentage is 81% for definitely carcinogenic
agents and 64% for presumed carcinogenic agents. Readers should refer to other review articles for
comprehensive information regarding viral, bacterial or parasitic infection-induced cancers [68–70].
It has recently been realized that inhalation of airborne particles (foreign body) is a novel cause of
cancer. Here, we focus on this new cause of cancer, i.e., foreign body-induced carcinogenesis.
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Figure 1. Organs/tissues involved in inflammation-related cancers. The organs/tissues with
inflammation induced by definitely carcinogenic agents (red circles) or by presumed carcinogenic
agents (yellow circles) are sensitive to cancer development. Skin (psoriasis) and joint (rheumatoid
arthritis), indicated by black circles, are resistant to inflammation-related carcinogenesis.

Figure 2. Causes of inflammation-related carcinogenesis. The proportion of definitely carcinogenic
causes (a) or presumed carcinogenic causes (b) attributed to inflammation was derived from Table 1.
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Inhaled Foreign Body-Induced Carcinogenesis

A well-known carcinogenic foreign body is inhaled asbestos fibers, which are associated with
mesothelioma and lung cancer (Table 1). The word “asbestos” is of Greek origin, being derived from
“a”, meaning “not”, and “sbestos”, meaning “extinguishable”. Indeed, macrophages cannot remove
the non-digestible asbestos fibers that lead to chronic inflammation [71].

There are three possible mechanisms for asbestos-induced carcinogenesis: (i) through the
phenomenon of frustrated phagocytosis in which macrophages fail to phagocytose the long asbestos
fibers and die with a massive release of reactive oxygen species (ROS) and pro-inflammatory cytokines
that further induce chronic inflammation [72–74]; (ii) through asbestos-associated hemoglobin iron
production of ROS via the Fenton reaction. This ROS damages DNA and stimulates the proliferation
of alveolar epithelial cells and mesothelial cells [75]; and (iii) through asbestos induction of DNA
double-stranded breaks in mesothelial cells, which leads to the promotion of genomic instability [73].

There was a general warning in 1973 that inhalation of asbestos causes lung cancer, gastrointestinal
tract cancer and mesotheliomas [71]. The use of asbestos has since been banned in most developed
countries; however, China and India still permit its usage [73]. Considering the latent period of
mesothelioma (20 to 40 years after the first exposure to asbestos), its incidence is expected to increase
further in the countries in which the peak of asbestos use was reached after the 1970s [71].

Not only manufactured products such as asbestos, but also airborne particles induce cancer.
PM2.5 (particles with a diameter of 2.5 μm or less) can penetrate deeply into the lung, irritate and
corrode the alveolar wall and lead to neutrophil infiltration [76]. Additionally, such gaseous particles
were shown to decrease pulmonary function in schoolchildren [77]. This effect was caused by their
induction of the overproduction of interleukin (IL)-8, an inflammatory cytokine [78]. Asian dust (AD)
originates in China and transports a large amount of particulate matter to East Asian countries, such
as Korea and Japan. In these countries, exposure to AD is associated with a decrease in the pulmonary
function of adult patients with asthma or with asthma-chronic obstructive pulmonary disease (COPD)
overlap syndrome [79]. The mechanisms of the toxicity of PM2.5 towards the respiratory system
have been investigated. These studies show that the environmental particle itself acts as a chronic
inflammatory agent due to its low clearance rate and high deposition efficiency. In addition, the
PM2.5 surface is rich in metals including ferrous iron, copper, zinc and manganese, as well as in
polycyclic aromatic hydrocarbons and lipopolysaccharide, which are derived from power generation,
industrial activity and biomass burning. These components can induce an inflammatory reaction [76].
An epidemiological study indicated that each 10 μg/m3 increase in PM2.5 was associated with a
19–30% increase in lung cancer mortality (Table 1) [80]. Considering the cross-border nature of airborne
particles, international efforts to improve air quality are needed.

Air pollutants also originate from domestic heating and cooking with poor ventilation [16].
Cigarette smoke is another common air pollutant, as well as a foreign body. Smoking is the primary
risk factor for COPD, which is characterized by chronic lung inflammation [81]. The presence of COPD
is associated with six-times the risk for the development of lung cancer compared to smokers without
COPD, indicating that COPD is an independent risk factor for lung cancer (Table 1) [82].

3. Animal Models for Inflammation-Related Cancer Chemoprevention Studies

Chemoprevention is the use of pharmacological or natural agents that inhibit or delay the
development of cancer [83]. Various animal models that resemble human inflammation-related
cancers have been previously generated by genetic engineering or by bacterial/chemical induction,
and cancer prevention research has been facilitated by the use of those models (Table 2). We review
these animal models in this section.
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Table 2. Animal models for inflammation-related carcinogenesis aimed at the development
of chemoprevention.

Treatment Carcinogen Animal Arising Tumor Reference

Esophagojejunostomy None Rat Esophageal
adenocarcinoma [84]

H. pylori infection MNNG Mongolian gerbil Gastric adenocarcinoma [85]

DSS None Mouse Colorectal
adenocarcinoma [86]

DSS AOM Mouse Colorectal
adenocarcinoma [86]

DSS DMH Mouse Colorectal
adenocarcinoma [87]

DSS PhIP Mouse Colorectal
adenocarcinoma [86]

DSS None ApcMin/+ mouse
Colorectal

adenocarcinoma [87]

None None HBV-transgenic
mouse Hepatocellular carcinoma [88]

None DEN Rat Hepatocellular carcinoma [89]

CCl4 DEN Mouse Hepatocellular carcinoma [90]

O. viverrini infection NDMA Hamster Cholangiocarcinoma [91]

Choledochojejunostomy N-nitrosobis(2-
oxopropyl)amine Hamster Biliary carcinoma [92]

Caerulein None K-ras mutated
mouse

Pancreatic ductal
adenocarcinoma [93]

TPA DMBA Mouse Squamous cell carcinoma [94]

AOM, Azoxymethane; Apc, adenomatous polyposis coli; CCl4, carbon tetra chloride; DEN, diethylnitrosamine;
DMBA, 7,12-dimethylbenz[a]-anthracene; DMH, dimethylhydrazine; DSS, dextran sulfate sodium; HBV,
hepatitis B virus; H. pylori, Helicobacter pylori; MNNG, N-methyl-N′-nitro-N-nitrosoguanidine; NDMA,
N-nitrosodimethylamine; O. viverrini, Opisthorchis viverrini; PhIP, 2-amino-1-methyl-6-phenylimidazo[4,5-b]
pyridine; TPA, 12-O-tetradecanoylphorbol-13-acetate.

3.1. Esophageal Cancer

The rat model for esophago-duodenal anastomosis is known to sequentially progress from reflux
esophagitis to Barrett’s esophagus and then to esophageal adenocarcinoma within 50 weeks of the
operation [84]. Mouse reflux models yield a lower incidence of adenocarcinoma (7%) compared
to rat models (40%) [95–97]. The rat reflux model is therefore widely used for the exploration of
chemopreventive agents.

3.2. Gastric Cancer

Transgenic mice that overexpressed human gastrin and were infected with Helicobacter pylori
(H. pylori) uniformly developed gastric adenocarcinoma by 24 weeks [98]. However, there have been no
descriptions of non-genetically engineered mice that have developed gastric adenocarcinoma, which
is probably a reflection of poor host adaptation to H. pylori [99]. Helicobacter felis (H. felis) isolated
from the feline stomach can colonize the murine stomach similar to H. pylori and sequentially induce
chronic gastritis, atrophy, intestinal metaplasia and adenocarcinoma [99,100]. However, unlike H. pylori
infection of humans, neutrophil infiltration is less prominent in H. felis-induced murine gastritis, and
H. felis is deficient in the production of the Helicobacter cytotoxin, vacA and the pro-inflammatory
cytokine inducer, cagA [99,101]. Mice infected with H. pylori have a low susceptibility to gastric
carcinogenesis even when a chemical carcinogen is used [102]. Besides these mouse models,
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a Mongolian gerbil was successfully established to mimic human H. pylori infection and chronic
inflammation, in which the bacteria were detectable throughout the one-year study period [100].
Gastric adenocarcinomas that are very similar to those in humans were developed in 64% of H.
pylori-infected Mongolian gerbils treated with N-methyl-N′-nitro-N-nitrosoguanidine at Week 50 [85].

3.3. Colon Cancer

Oral administration of dextran sulfate sodium (DSS) is well known to induce colitis in animals.
DSS causes defects in epithelial barrier integrity, thereby enhancing colonic mucosal permeability
to allow the entry of luminal antigens and bacteria into the mucosa, resulting in an inflammatory
response [103]. Repeated administration of DSS that mimics acute and chronic phases of human
ulcerative colitis induces chronic inflammation that is characterized by severe tissue injury of both
the lamina propria and submucosa [103–105]. The use of DSS in combination with intraperitoneal
injection of azoxymethane (AOM), a chemical carcinogen, results in 100% incidence of colonic tumors,
whereas the incidence is only 13% to 19% when DSS is administered alone [86]. The incidence of
neoplasia is also increased by administration of DSS in combination with other carcinogens, such as
dimethylhydrazine (DMH) or 2-amino-1-methyl-6-phenylimidazo[4,5-b] pyridine [86,87].

Genetically-modified animal models of colon cancer have been generated. For example, the
ApcMin/+ mouse carries a germline mutation that converts codon 850 of the murine Adenomatous
polyposis coli (Apc) gene from a leucine to a stop codon [106] and that mimics the development of
adenomatous polyps in humans with familial adenomatous polyposis (FAP). However, the most
common sites of tumors of ApcMin/+ mice is the small intestine [87]. ApcMin/+ mice exhibited
adenomas in the small intestine at the age of five weeks [107] and subsequently developed intestinal
adenomas (100% incidence). In the colon, precancerous lesions such as aberrant crypt foci or β-catenin
accumulated crypts are observed, but the incidence of adenocarcinoma is no more than about 20% [108].
DSS administration to ApcMin/+ mice leads to colonic adenocarcinoma formation in all cases [87,108].
Since ApcMin/+ mice are Apc gene hetero-deficient, they are already in the initiated phase of tumor
development. Therefore, DSS-induced inflammation acts as a promoter for colonic adenocarcinoma
development [87].

3.4. Hepatocellular Carcinoma

Reliable methods to induce chronic inflammation-related hepatocellular carcinoma (HCC) in
rodents are the use of chemicals or of transgenic approaches.

Hepatitis B or C viruses (HBV or HCV) can infect human hepatocytes subsequently leading to
chronic inflammation and HCC development. In contrast to humans, mice are resistant to infection
with HBV and HCV [109]. Transgenic mice carrying the full HBV genome except for the core protein
were initially developed to model chronic HBV infection; however, HCC did not develop [110]. After
this first report in 1985, transgenic mice overexpressing the HBV surface antigen in hepatocytes
were established. This model exhibits chronic inflammation with necrosis, which inevitably leads to
HCC [88].

Fourteen kinds of transgenic mice carrying HCV genes, such as the HCV polyprotein, and
core protein alone or in combination with envelope proteins have been previously generated [109].
However, these HCV infection models either developed HCC without inflammation or did not form
carcinomas [111]. Considering that there are no mouse models for hepatitis C-associated chronic
inflammation-induced HCC, HBV transgenic mice are suitable as a mouse model that mimics the
chronic carrier state of cancer-prone hepatitis virus infection.

Chemical carcinogens are also widely used to initiate hepatocarcinogenesis in animals.
Diethylnitrosamine (DEN) was found to induce HCC in rodents in 1966 [112]. DEN is converted
into a DNA alkylating agent by cytochrome P450 of hepatocytes and acts as a complete carcinogen if
intraperitoneally injected into two-week-old mice [109]. The metabolic activation of DEN also generates
ROS [109]. However, single injection of DEN results in carcinoma formation without cirrhosis. Therefore,
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the pathological process of the DEN-elicited rodent HCC is different from that of human HCC. In 2005,
a rat model of DEN-induced liver injury that reproduces the sequence of cirrhosis and HCC that is
observed in humans was established [89]. Once-a-week intraperitoneal injection of DEN for 16 weeks
causes cirrhosis and multifocal HCC in all rats, similar to the case in human HCC [89].

Intraperitoneal injection of carbon tetrachloride (CCl4) induces pericentral necrosis of hepatocytes
and inflammatory cell infiltration. In CCl4 treatment alone, only 25% of mice showed HCC [90].
In contrast, HCC was found in 50% of mice when a single injection of DEN, functioning as a tumor
initiator, was followed by repeat treatment with CCl4, used as a tumor promoter, for 14 weeks.

3.5. Cholangiocarcinoma

Syrian golden hamsters infested with the liver fluke, Opisthorchis viverrini (O. viverrini), have
been used as a model for cholangiocarcinoma. Infestation of the liver fluke alone rarely leads to
cholangiocarcinoma. However, 100% incidence of bile duct cancers resembling those seen in humans
resulted from the infestation prior to administration of N-nitrosodimethylamine (NDMA) [91]. The effect
of liver fluke infestation and NDMA dose on the development of bile duct cancer is synergistic [113],
indicating that there are several mechanisms underlying infestation-related carcinogenesis [114]. Firstly,
the presence of the parasite mechanically damages bile duct epithelial cells that have a mutation that is
caused by the carcinogen, resulting in increased cell proliferation, which fixes the DNA mutation [115,116].
Secondary, ROS and nitric oxide (NO) released by inflammatory cells cause DNA damage [114,117]. The
third possibility is that inflammatory cells produce pro-inflammatory cytokines [114]. A fourth possible
explanation is that O. viverrini secretes exosomes, one kind of membrane vesicle containing proteins,
mRNA, miRNAs and DNAs [118], to promote cholangiocyte proliferation and IL-6 production [119].

3.6. Biliary Tract Cancer

Pancreaticobiliary maljunction (PBM) is characterized by abnormal fusion of the pancreatic
and biliary ducts [120]. A PBM model was developed using the Syrian golden hamster [121].
Cholecystoduodenostomy in hamsters causes reflux of pancreatic juice into the biliary tract; as a
result, pancreatic enzymes and secondary bile acid induce chronic inflammation with injury to biliary
epithelia [122]. Biliary tract cancer developed in 41% to 82% of N-nitrosobis(2-oxopropyl)amine
subcutaneously-injected hamsters after cholecystoduodenostomy [92].

3.7. Pancreatic Ductal Adenocarcinoma

Approximately 90% of human pancreatic ductal adenocarcinomas (PDAC) harbor mutations in
codon 12, 13 or 61 of the K-ras gene [123,124], suggesting that K-ras is a driver gene in PDAC. However,
only 50% of transgenic mice carrying a mutation of codon 12 of the K-ras allele (K-ras-mutated mice)
developed PDAC [93]. When caerulein, an inducer of pancreatitis, was intraperitoneally-injected into
K-ras-mutated mice constantly for six months, all of the mice had PDAC [93]. This result shows that
chronic pancreatitis is necessary for the induction of PDAC and that K-ras mutation alone is insufficient
for pancreatic carcinogenesis.

3.8. Skin Cancer

Two-stage skin carcinogenesis was developed in the 1940s. In the first stage, initiation occurs
following a single administration of 7,12-dimethylbenz[a]-anthracene (DMBA). In the second stage,
benign papillomas and/or invasive squamous cell carcinomas (SCC) developed by repeated treatment
with 12-O-tetradecanoylphorbol-13-acetate (TPA), an inflammatory agent, to the initiated skin [94].
The DMBA/TPA skin model is used for screening of cancer chemopreventive compounds [125].
DMBA generates a point mutation in Ha-ras. TPA stimulates inflammation and the proliferation
of Ha-ras-mutated cells [94]. Papillomas developed in about 80% of the mice by 22 weeks after
initiation; the frequency of conversion of papilloma to carcinoma was about 20% at Week 32 [126].
A whole-exome sequencing study showed that 18% to 44% of the genes in DMBA/TPA-induced SCC,
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including Ha-ras, K-ras and p53, overlapped with genes in human SCC [127]. The DMBA/TPA skin
tumor model therefore mimics human skin carcinogenesis at the genetic level.

3.9. Experimental Models of Foreign Body-Induced Carcinogenesis

In addition to infection, administration of a chemical substance or implantation of a foreign
body also induces inflammation-related carcinogenesis. The first experimental evidence for a foreign
body-induced tumor was reported in 1941 [71]. Most animal models of foreign body-induced
tumorigenesis do not require a chemical carcinogen.

For example, 79% heterozygous p53-deficient (p53+/−) mice developed spontaneous sarcomas
via induction of p53 loss of heterozygosity at a mean time of 35 weeks after a piece of plastic plate
(1 mm × 5 mm × 10 mm, polystyrene, used as a culture dish) was subcutaneously implanted [128].
Thus, an inflammatory reaction against a foreign body is sufficient for tumorigenesis. The carcinogenic
potential of a foreign body depends on its properties [71]. Solid, smooth and large foreign bodies
are more potent inducers of chronic inflammation than more roughened, smoothened and smaller
ones [129]. As examples of foreign body-induced tumors, human or rodent immortalized cell lines that
had been implanted attached to a plastic plate or a glass bead into mice or rats grew progressively in
8% to 100% of animals regardless of the origin of the cell (species, epithelial or non-epithelial cells) [71].
Another approach to establish this model is by using regressive tumors or precancerous cells.

FPCK-1-1 cells that are derived from a colonic polyp of a patient with FAP are non-tumorigenic
when injected subcutaneously into nude mice. However, when these cells were attached to a piece
of plastic plate and implanted into a subcutaneous space, the cells spontaneously converted into
progressively-growing, moderately-differentiated adenocarcinoma cells in 65% of the mice [130]. The
plastic plate initially induces acute inflammation, which then transitions to chronic inflammation [130].
A highly proliferative fibrous stroma composed mainly of fibroblasts was formed 120 days after plastic
plate implantation. When FPCK-1-1 cells were injected into stromal tissues that were surrounded by a
plastic plate, they converted into adenocarcinoma cells [130]. This result showed that the malignant
conversion of FPCK-1-1 cells occurred not due to the plastic plate itself, but due to the plastic
plate-induced fibrous stroma. NO derived from a chronically-inflamed lesion caused the conversion
of FPCK-1-1 cells [131]. Moreover, the actin-filament bundling protein fascin-1 was found to be a
suppressor of anoikis (apoptotic cell death as a consequence of insufficient cell-to-substrate interactions)
and to drive the malignant conversion of FPCK-1-1 cells [132]. This malignant conversion seldom
occurs in adenoma cells in the presence of a gelatin sponge, which is spontaneously absorbed in a short
period and thus induces only the early phase of inflammation, indicating that the conversion requires
chronic inflammation [130]. It should be noted that the carcinogenic inflammation was not induced in
colon tissue, which is an orthotopic site for colon carcinogenesis, but in a subcutaneous space, which is
an ectopic site. This evidence indicates that causes or sites of inflammation do not account for colon
carcinogenesis, but that long-standing inflammation is necessary for colon carcinogenesis [130].

We have introduced chronic inflammation as a common cause of inflammation-related cancers in this
review. However, acute inflammation also induces tumor formation experimentally. QR-32 cells (a mouse
fibrosarcoma clone) regressed spontaneously after injection into syngeneic C57BL/6 mice, but could grow
indefinitely in vitro [133]. Subcutaneous implantation of a gelatin sponge (3 mm × 5 mm × 10 mm)
induces inflammatory cell (mainly neutrophils) infiltration. As mentioned above, the sponge is naturally
absorbed about four weeks after implantation, and therefore, transition from acute to chronic inflammation
is unlikely to occur when using a sponge [71]. The regressive QR-32 cells become tumorigenic after
implantation into a pre-inserted piece of sponge. Moreover, the sponge-infiltrated inflammatory cells
convert QR-32 cells into tumorigenic cells when both cells are mixed and injected subcutaneously [133].
Elimination of neutrophils by administration of an anti-neutrophil antibody inhibited the acquisition of
malignant phenotype by QR-32 cells [134]. These findings show that neutrophil infiltration is needed
for inflammation-related carcinogenesis [133,134]. There are advantages in using a gelatin sponge for
investigating inflammation-related carcinogenesis. Since sponge-infiltrated inflammatory cells can be
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collected by treating the sponge with collagenase, it is possible to quantify the number of infiltrated
cells, determine the cell types and analyze the molecular expression profiles of the inflammatory
reaction [135].

4. Ten Mechanisms Involved in Inflammation-Related Carcinogenesis-Based Chemoprevention

Cancer prevention is the ultimate goal of inflammation-related carcinogenesis research.
Chemoprevention research by using animal models of inflammation-related carcinogenesis as
described above started in the late 1990s and continues to this day.

Figure 3. Schematic mechanism of inflammation-induced cancer development. Tissue damage
causes inflammatory cell infiltration (i). Leukocytes produce ROS (ii) and NO (iii) resulting in
oxidative/nitrative stress (DNA damage, lipid peroxidation, protein modification and, thus, mutation).
Reduction of antioxidant enzymes (iv) and antioxidants (v), which scavenge ROS, leads to enhancement
of oxidative stress. A positive feedback loop between NF-κB (vi) and pro-inflammatory cytokines (vii) is
necessary for inflammation to become chronic. Anti-inflammatory cytokines (viii) are downregulated
in inflammation-related carcinogenesis. Chemokines (ix) recruit leukocytes into inflammatory sites.
In addition to ROS, NO and pro-inflammatory cytokines, COX-2 (x) promotes cell proliferation and
angiogenesis and suppresses apoptosis and immunosurveillance. Inflammation also causes DNA
methylation, which results in aberrant gene expression. Ten possible chemopreventive targets are
shown in the red boxes. Factors that are decreased are shown in the green boxes. Pointed arrows
indicate promotion/activation while T-shaped arrows indicate suppression.
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Chemopreventive agents act through a combination of various mechanisms. By the study of
these mechanisms of action, we summarized 10 mechanisms that are involved in the promotion of
inflammation-related cancer development. These mechanisms are: (i) inflammatory cell infiltration;
(ii) ROS; (iii) NO; (iv) reduction of antioxidant enzymes; (v) reduction of antioxidants; (vi) activation of
NF-κB; (vii) upregulation of pro-inflammatory cytokines; (viii) downregulation of anti-inflammatory
cytokines; (ix) elevation of chemokines; and (x) induction of cyclooxygenase (COX)-2 (Figure 3).

4.1. Inflammatory Cell Infiltration

Tissue injury caused by factors such as infection or a foreign body induces the sequential infiltration
of neutrophils and monocytes (Figure 3). Granulocyte macrophage colony-stimulating factor released
from epithelial cells or fibroblasts induces the differentiation of monocytes into M1 macrophages [136].
IL-4 works with macrophage colony-stimulating factor to induce to M2 macrophage polarization [137].
Tumor-associated macrophages (M2-like macrophages) promote inflammation-related carcinogenesis [138].
Infiltrated (activated) neutrophils, but not circulating or bone marrow neutrophils, are involved in
carcinogenesis [133,134]. Depletion of macrophages using clodronate inhibited macrophage infiltration,
resulting in suppression of AOM/DSS-induced mouse colon carcinogenesis [139]. Therefore, not only
neutrophils, but also macrophages are necessary for cancer development in chronic inflammatory
conditions. Indeed, the number of myeloperoxidase-positive cells (neutrophils and macrophages) was
higher in the colonic mucosa of patients with inflammatory bowel disease (IBD) or its associated cancer
than in normal mucosa [140], suggesting that inflammatory cell infiltration also plays a key role in
human carcinogenesis.

Chemokines and adhesion molecules function in the recruitment of neutrophils and monocyte into
inflammatory sites [141]. Integrin β2 is the key adhesion molecule for neutrophil extravasation. C-C
motif chemokine receptor (CCR)2 is a specific receptor for the monocyte-tropic chemokine, C-C motif
chemokine ligand (CCL)2. Genetic deletion of integrin β2 or CCR2 inhibited neutrophil/monocyte
infiltration and protected mice from inflammation-related carcinogenesis [134,142]. Thus, inhibition
of the initial process of inflammation, i.e., the infiltration of inflammatory cells, is a target for the
prevention of chronic inflammation and carcinogenesis (Table 3).
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4.2. Reactive Oxygen Species

Oxidative stress can lead to mutations and increased cell proliferation, and therefore, it plays a
crucial role in inflammation-related carcinogenesis.

High ROS accumulation results in oxidative damage to DNA, protein or lipids, while a small
increase in ROS acts as a growth signaling molecule in both normal and cancer cells [212]. Moreover,
ROS is mutagenic across species [213]. In acute inflammation, the infiltrated inflammatory cells
generate a massive amount of ROS to kill the invading pathogens [214,215]. If the acute inflammatory
response fails to eliminate the pathogens and the inflammatory process persists, the sustained
overproduction of ROS induces DNA damage and the proliferation of normal cells, which are
associated with an increased risk of neoplastic transformation [214].

The bactericidal function of phagocytes including neutrophils depends on the generation of
superoxide from the NADPH oxidase complex, which consists of cytosolic proteins (gp40phox, gp47phox,
gp67phox and Rac) and a membrane-bound complex carrying cytochrome b558 (gp91phox, the catalytic
core of phagocyte NADPH oxidase and gp22phox) [216,217]. In gp91phox−/− mice, inflammation-related
tumor development and metastasis were suppressed. Adoptively-transferred wild-type-derived
infiltrated phagocytes into gp91phox−/− mice recovered the acquisition of tumorigenicity and metastatic
potential [218].

ROS further generates other reactive species (e.g., malondialdehydes (MDA) and 4-hydroxynonenal
(4-HNE)) through lipid peroxidation. MDA and 4-HNE induce point mutation of the proto-oncogene
K-ras and the tumor suppresser gene p53 (Figure 3), thereby acting as a driving force for malignancy in
chronic pancreatitis and IBD [219].

4.3. Nitric Oxide

NO is also released from infiltrated cells in chronic inflammatory tissues and causes alterations
in DNA. NO is involved in colon cancer [220] and esophageal cancer [221] associated with
inflammation. The main mechanisms of ROS and NO in inflammation-related carcinogenesis are DNA
base modifications and strand breaks resulting in DNA-replication errors and genomic instability
(Figure 3) [214]. There are at least two mechanism of NO-mediated carcinogenesis. First, NO converts
colonic adenoma cells to adenocarcinoma cells by inducing the acquisition of resistance to anoikis [131].
Second, NO inactivates DNA repair enzymes and p53 proteins via post-translational modifications,
such as nitrosylation, nitration and deamination (Figure 3) [222].

4.4. Reduction of Antioxidant Enzymes

The ROS level is determined by the rates of both ROS production and of ROS scavenging [212].
Therefore, suppression of the ROS production system or promotion of ROS scavenging activity is an
effective strategy to prevent carcinogenesis.

In an experimental inflammation-related tumorigenesis model, an inverse correlation was
observed between the frequency of inflammatory cell-induced somatic mutation or tumor formation
and the activity of intracellular antioxidant enzymes (manganese superoxide dismutase (Mn-SOD) and
glutathione peroxidase) [223]. Moreover, treatment with polysaccharide K [177] or an orally-available
SOD [176] suppressed inflammation-related tumorigenesis by increasing Mn-SOD via induction of
inflammatory cytokines.

4.5. Reduction of Antioxidant

Free radicals have an unpaired electron. Antioxidant vitamins C and E donate an electron to a free
radical, thereby scavenging it. These antioxidant vitamins inhibit lipid peroxidation and nitration of
tyrosine residues of proteins [224–227]. An epidemiological study showed that high intakes of vitamins
C and E exhibited inverse associations with gastric cancer in H. pylori-infected subjects compared with
non-infected individuals [228]. γ-Tocopherol, a major form of vitamin E, when present at 0.1% in the
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diet decreased the number of adenomatous polyps by 85% in the AOM/DSS colon cancer model [179].
Thus, the preventive effect of antioxidants on inflammation-related carcinogenesis has been observed
both in human studies and in animal experiments.

4.6. Activation of NF-κB

NF-κB (a heterodimer of p50/NF-κB1 and p65/RelA) is found in the cytoplasm where it is
bound to IκBs that prevent its activation in unstimulated cells. IκB phosphorylation causes its
ubiquitin-proteasomal degradation, leading to the release of NF-κB, which then enters the nucleus and
functions as a transcription factor of inflammation-related genes [229].

NF-κB has been found to be constitutively activated in inflammatory diseases, such as IBD
and COPD [230,231]. Its activation is induced by pro-inflammatory cytokines (tumor necrosis
factor (TNF)-α, IL-1β, IL-6 and IL-8), ROS, bacterial infection and ultraviolet irradiation [229,232].
NF-κB promotes the transcription of pro-inflammatory cytokines, leukocyte chemoattractant proteins
(chemokine (C-X-C motif) ligand (CXCL)12, CCL2 and CCL3), COX-2 and endothelial adhesion
molecules (E-selectin, vascular cell adhesion molecule 1 and intercellular adhesion molecule 1),
leading to enhancement of inflammatory cell infiltration and inflammatory reactions [232,233]. NF-κB
activation also increases the expression of ROS-producing enzymes (gp91phox, xanthine oxidase) or
inducible NO synthase (Figure 3), resulting in the promotion of cell proliferation, the acquisition of
apoptosis resistance and induction of genetic instability [214,234,235].

A recent report showed that NF-κB promoted TNF-α secretion, which, in turn, activated more
NF-κB, in acute myeloid leukemia [236]. This NF-κB/TNF-α positive feedback loop also exists in
inflammation associated with Barrett’s carcinogenesis [237], indicating that it is a common mechanism
in both epithelium and non-epithelium. Inflammation-related cancer development may be suppressed
by any one of the inhibitions of NF-κB activation, downregulation of pro-inflammatory cytokines or
upregulation of an anti-inflammatory cytokine (IL-10) due to breakdown of the NF-κB/TNF-α positive
feedback loop.

4.7. Upregulation of Pro-Inflammatory Cytokines

Pro-inflammatory cytokines (e.g., IL-1β, IL-6 and TNF-α) are produced by macrophages, B and T
lymphocytes, endothelial cells and fibroblasts. These cytokines exert paracrine and autocrine effects
via binding to their transmembrane receptors [238–240]. These cytokines are involved in the promotion
of cell proliferation, induction of angiogenesis, autophagy and inhibition of apoptosis [238]. In the
DMBA/TPA skin tumor model, 100% of wild-type mice had tumors (7.3 tumors per mouse). In contrast,
only 38% of TNF-α-null mice developed tumors (0.9 tumors per mouse) because keratinocyte
hyperproliferation and inflammation were diminished by deletion of TNF-α [241].

TNF-α and interferon-γ induce autophagy, a cellular degradation process involving the amino
acid recycling for cellular survival and proliferation [160,242]. Melatonin prevents the development of
adenocarcinoma by suppressing of autophagy in DMH/DSS colon cancer model [160].

The inflammasome is a multi-protein complex functioning as a platform for the activation
of caspase-1, which then lead to the maturation of IL-1β and IL-18 [243,244]. The activation of
the inflammasome in immune cells (dendritic cells and macrophages) increases the recruitment of
suppressive immune cells, such as myeloid-derived suppressor cells and regulatory T cells and
facilitates angiogenesis through the release of fibroblast growth factor-2 and vascular endothelial
growth factor [245].

Epidermal growth factor (EGF) is secreted by platelets and macrophages [246], and its expression
is increased in inflammatory diseases and at wound sites [247,248]. To examine the effect of EGF
on the tumor progression of weakly-tumorigenic and nonmetastatic rat mammary adenocarcinoma
(ER-1) cells, the cells were exposed to EGF (100 ng/mL) for a short (24 h) or a long (one month) period
in vitro [249]. Each EGF treatment period converted ER-1 cells into tumorigenic and metastatic cells.
Their malignant features were reversible during the short exposure to EGF, but the acquired malignant
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phenotypes were fixed by long exposure. The acquisition of malignant phenotypes was prevented
by the addition of an antioxidant, N-acetylcysteine or selenium [182,249]. It is therefore assumed that
EGF that is present in an inflammatory environment stimulates ROS production, resulting in oxidative
DNA damage and malignant conversion.

4.8. Downregulation of Anti-Inflammatory Cytokines

Anti-inflammatory cytokines such as IL-10 are produced by CD8+ T cells [250]. IL-10 inhibits
NF-κB signaling at two levels: (i) through blocking of the activity of IκB kinases and (ii) through
inhibition of NF-κB DNA binding [251]. All IL-10-deficient mice spontaneously developed colitis at
the age of nine weeks. In 10 to 31-week-old mice, the incidence of colorectal adenocarcinomas reached
65% [252]. IL-10 has anti-inflammatory and then anti-tumorigenic properties, since it suppress levels
of IL-6 and TNF-α [239].

4.9. Elevation of Chemokines

Chemokines recruit leukocytes into inflammatory sites. A high serum level of CXCL13, a B-cell
chemoattractant, was associated with poor prognosis, bone marrow invasion and the presence of
Epstein-Barr virus DNA in non-Hodgkin lymphoma patients [253]. In addition to CXCL13, the
expression level of CCL2, a monocyte chemoattractant, was 30- to 50-times higher in the colonic
mucosa from patients with ulcerative colitis and Crohn’s disease than in that from controls [254].
CCL2 overexpression was also observed in the AOM/DSS colitis-associated carcinoma model [142].
The enhanced intracolonic macrophage infiltration and tumor development in this model were
suppressed by using mice deficient in the CCL2-specific receptor, CCR2 [142]. Inhibition of chemokines
decreases inflammatory cell infiltration and eventually attenuates carcinogenesis.

4.10. Induction of Cyclooxygenase-2

Prostaglandin E (PGE)2 is synthesized in multiple-steps: first, arachidonic acid is released
from membrane-bound phospholipids by phospholipase A2; next, arachidonic acid conversion
to prostaglandin H2 is mediated by COX; finally, PGE2 is produced by PGE synthase [255,256].
PGE2 causes increased cell proliferation, inhibition of apoptosis, stimulation of angiogenesis and
immunosuppression in various cancers (Figure 3) [257]. In 1897, Hoffmann synthesized aspirin,
a nonsteroidal anti-inflammatory drug (NSAID). Vane was the first to show that the active mechanism
of aspirin was that of an inhibitor of COX [258]. The IARC evaluates NSAIDs, such as aspirin and
sulindac, as cancer chemopreventive agents [259]. A clinical trial in the United Kingdom indicated that
the use of aspirin for about five years was effective in the prevention of colon cancer [260]. In addition
to colon cancer, a chemopreventive effect of aspirin and other NSAIDs has also been reported for
esophageal, gastric, lung, breast and prostate cancers [261]. COX-2 is induced by an inflammatory
stimulus (infection, a foreign body, alcohol or tobacco), whereas COX-1 is constitutively expressed in
gastrointestinal epithelium, renal tubules and platelets [229,239,262]. The NSAIDs aspirin, diclofenac,
ibuprofen, indomethacin, naproxen and piroxicam are nonselective inhibitors of COX isozymes, and
therefore, they increase the risk of gastrointestinal events, including bleeding and ulcer [263,264].
Shortly after the first of those reports, selective COX-2 inhibitors (celecoxib, etodolac, meloxicam,
rofecoxib) were developed in order to reduce adverse effects [263]. A case-control study suggests that
NSAIDs including celecoxib and rofecoxib might reduce the risk of patients with Barrett’s esophagus
developing esophageal adenocarcinoma [265].

Selective and nonselective COX-2 inhibitors (MF-Tricyclic and sulindac, respectively) lower
PGE2 levels and inhibit esophagitis and the development of adenocarcinoma in a rat model of
Barrett’s esophagus [211]. This cancer preventive effect was also shown in an H. pylori-infected
gastric cancer model, the AOM/DSS-induced colon cancer model and a pancreatic cancer model
using caerulein and K-ras mutated mice [192,210,266]. Besides NSAIDs, fermented brown rice, rice
bran with Aspergillus oryzae [184] and methanol extracts from the fruit of A. communis and the leaf of

62



Int. J. Mol. Sci. 2017, 18, 867

A. communis [147] also prevent inflammation-related carcinogenesis of the colon or skin by decreasing
COX-2 expression (Table 3).

5. Candidate Chemopreventive Agents against Inflammation-Related Carcinogenesis

Table 3 presents a summary of 79 candidate chemopreventive agents reported in 70 primary
journal articles using the above-described animal models of inflammation-related carcinogenesis.
The information sources for this review include PubMed (from 1996 to 2017, Available online:
https://www.ncbi.nlm.nih.gov/pubmed).

These 79 agents are classified into five groups: 34 natural compounds; 16 food products;
14 low-molecular-weight compounds; 5 COX inhibitors; and 10 others. The first four groups account
for 87% of the total number of isolated agents. The mechanisms of action of these groups are listed in
Figure 4 and are classified into the ten above-described mechanisms involved in inflammation-related
carcinogenesis. Natural compounds followed by food products have the highest number of mechanisms
of action. In contrast, low-molecular-weight compounds and COX inhibitors have a much lower
number of mechanisms of action. These findings indicate that natural compounds and food
products prevent inflammation-related carcinogenesis more effectively than low-molecular-weight
compounds and specific molecular-targeted inhibitors. Of note, food products are low-cost because
they are not perceived as “medicine”, and they are safe for long-term administration [267,268].
Cancer cases/deaths due to infection (inflammation) are expected to increase rapidly in low-income
and middle-income countries within the next few decades [269]. Therefore, food products with
anticarcinogenic/antiphlogistic effects may be ideal for cancer prevention in those countries.

 

Figure 4. Natural compounds and food products have multiple chemopreventive mechanisms of
action against inflammation-related carcinogenesis. The numbers of mechanisms of action of natural
compounds, food products, low-molecular weight compounds, COX inhibitors and others against
inflammation-related cancer development were calculated based on Table 3.

6. Future Prospects

Chronic inflammation is central and common to the pathogenesis of not only carcinogenesis, but
also cardiovascular disorders (arteriosclerosis, polyarteritis nodosa, aortitis syndrome and myocarditis),
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autoimmune diseases (systemic lupus erythematosus, rheumatoid arthritis, Crohn’s disease, type 1
diabetes, Hashimoto’s thyroiditis, Graves’ disease and sarcopenia), metabolic disorders (metabolic
syndrome, type 2 diabetes and obesity) and neurological diseases (Alzheimer’s dementia, Parkinson’s
disease and depression) [270–283]. Centenarians who are older than 100 years have higher levels
of C-reactive protein, a sensitive indicator of inflammation, than younger people, indicating that
chronic inflammation is also associated with healthy life expectancy [284]. The natural compounds
and food products with preventive effects against inflammation-related cancers that are summarized
in this review are expected to inhibit the above-listed inflammatory diseases because these agents have
multiple inhibitory mechanisms of action.

Figure 1 shows that inflammation-related cancers develop in most organs/tissues. On the other
hand, some inflammatory diseases do not increase cancer risk [285]; there has been no report showing
that psoriasis or rheumatoid arthritis induces inflammation-related carcinogenesis. We assume two
possible hypotheses for the difference in carcinogenic property between inflammatory diseases:
(i) particular organs/tissues have resistance to carcinogenesis; (ii) the susceptibility of organs/tissues to
carcinogenesis depends on the quality or the degree of the inflammatory reaction. Elucidation of these
issues will lead to further understanding of the mechanism of inflammation-related carcinogenesis.

Acknowledgments: This work was supported in part by a Grant-in-Aid to Futoshi Okada from the Japanese
Ministry of Education, Culture, Sports, Science and Technology; the Environmental Research and Technology
Development Fund (5-1453) of the Japanese Ministry of the Environment; the Research Grant of the Princess
Takamatsu Cancer Research Fund. This work was also supported in part by a Grant-in-Aid to Mitsuhiko Osaki
from the Takeda Science Foundation; Yusuke Kanda was supported by the Japan Society for the Promotion of
Science (Research Fellowship for Young Scientists).

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

Abbreviations

AD Asian dust
AOM Azoxymethane
Apc Adenomatous polyposis coli
ATL Adult T-cell leukemia
CCL C-C motif chemokine ligand
CCl4 Carbon tetra chloride
COPD Chronic obstructive pulmonary disease
COX Cyclooxygenase
CXCL Chemokine (C-X-C motif) ligand
DBM Dibenzoylmethane
DEN Diethylnitrosamine
DLBC Diffuse large B-cell
DMBA 7,12-Dimethylbenz[a]-anthracene
DMH Dimethylhydrazine
DSS Dextran sulfate sodium
EAPP Ethanol extracts from the aerial parts of A. princeps Pampanini cv. Sajabal
EBV Epstein-Barr virus
EGF Epidermal growth factor
EVOO Extra virgin olive oil
FAP Familial adenomatous polyposis
FBE Fruiting body extract
FBRA Fermented brown rice and rice bran with Aspergillus oryzae
GOFA/β-CD 3-(4′-Geranyloxy-3′-methoxyphenyl)-2-trans propenoic acid/β-cyclodextrin
GOFA-L-NAME 4′-Geranyloxyferulic acid-N(omega)-nitro-L-arginine methyl ester
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H. felis Helicobacter felis
H. pylori Helicobacter pylori
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HCV Hepatitis C virus
HDV Hepatitis D virus
HERV-K Human endogenous retrovirus type K
HIV Human immunodeficiency virus
HPV Human papillomavirus
HTLV-1 Human T-cell lymphotropic virus type 1
IARC International Agency for Research on Cancer
IBD Inflammatory bowel disease
IL Interleukin
iNOS Inducible nitric oxide synthase
JCV JC virus
KSHV Kaposi sarcoma herpes virus
MALT Mucosa-associated lymphoid tissue
MCV Molluscum contagiosum virus
MDA Malondialdehydes
ME Mycelia extract
MEFA Methanol extracts of the fruit of A. communis
MELA Methanol extract of the leaf of A. communis
MiR MicroRNA
MNNG N-Methyl-N′-nitro-N-nitrosoguanidine
Mn-SOD Manganese superoxide dismutase
NDMA N-Nitrosodimethylamine
NO Nitric oxide
NSAID Nonsteroidal anti-inflammatory drug
O. viverrini Opisthorchis viverrini
PAG Processed Aloe vera gel
PBM Pancreaticobiliary maljunction
PDAC Pancreatic ductal adenocarcinomas
PEITC Phenethyl isothiocyanate
PGE Prostaglandin E
PhIP 2-Amino-1-methyl-6-phenylimidazo[4,5-b] pyridine
PSK Polysaccharide K
ROS Reactive oxygen species
SCC Squamous cell carcinoma
TNF Tumor necrosis factor
TPA 12-O-Tetradecanoylphorbol-13-acetate
UDCA Ursodeoxycholic acid
UV Ultraviolet
γ-TmT γ-Tocopherol-rich mixture of tocopherols
4-HNE 4-Hydroxynonenal
5-OH-HxMF 5-Hydroxy-3,6,7,8,3′,4′-hexamethoxyflavone
13-HOA (±)-13-Hydroxy-10-oxo-trans-11-octadecenoic acid
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Abstract: Colorectal cancer is a major healthcare concern worldwide. Many experimental and
clinical studies have been conducted to date to discover agents that help in the prevention of this
disease. Chronic inflammation in colonic mucosa and obesity, and its related metabolic abnormalities,
are considered to increase the risk of colorectal cancer. Therefore, treatments targeting these factors
might be a promising strategy to prevent the development of colorectal cancer. Among a number of
functional foods, various phytochemicals, including tea catechins, which have anti-inflammatory
and anti-obesity properties, and medicinal agents that ameliorate metabolic disorders, might also be
beneficial in the prevention of colorectal cancer. In this review article, we summarize the strategies
for preventing colorectal cancer by targeting obesity-related disorders and inflammation through
nutraceutical and pharmaceutical approaches, and discuss the mechanisms of several phytochemicals
and medicinal drugs used in basic and clinical research, especially focusing on the effects of green
tea catechins.

Keywords: colorectal cancer; chemoprevention; inflammation; obesity; green tea

1. Introduction

Colorectal cancer (CRC) is considered as a heterogeneous disease characterized by multiple genetic
mutations and epigenetic alterations in genes that regulate cell growth and differentiation [1]. In most
cases, CRC is non-hereditary (sporadic) because of the sequential accumulation of mutations in multiple
genes. Numerous molecular genetic studies have identified several essential gene defects associated
with sporadic CRC [2]. CRC is known to be a common malignant disease with a high mortality rate,
and its clinical incidence has increased gradually over the past decade [3]. Therefore, more attention
should be focused on the prevention and screening methods in patients with a high risk of CRC.

Chronic inflammation is a key predisposing factor to CRC development [4], which is one of the
major complications in inflammatory bowel disease (IBD), including ulcerative colitis and Crohn’s
disease [5,6]. Obesity is considered an important health issue, and has become more prevalent in
the recent years worldwide [7]. Recent epidemiological and experimental evidence has indicated
that obesity and related metabolic abnormalities, especially diabetes mellitus, are associated with the
development of various malignancies, including CRC [8,9]. Several pathophysiological mechanisms of
interaction between obesity and CRC have been studied, including insulin resistance, adipocytokine
imbalances, alterations in the insulin-like growth factor (IGF)-1/IGF-1 receptor (IGF-1R) axis, chronic
inflammation, and oxidative stress [8–12]. These studies suggest that targeting the pathophysiological
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interactions using nutritional and/or pharmaceutical interventions could be a promising strategy to
prevent colorectal tumorigenesis.

Numerous studies have reported the beneficial effects of green tea catechins (GTCs) on improving
the metabolic abnormalities such as obesity, thus preventing the development of malignancies [13–16].
Another plant-derived substance, curcumin, which is a component of turmeric, and a form of
carotenoid, astaxanthin, have also been demonstrated to have preventive effects against colorectal
carcinogenesis [17–21]. Branched-chain amino acid (BCAA) supplements, containing essential amino acids
such as leucine, isoleucine, and valine could alleviate protein malnutrition and exert anti-cancer properties
by ameliorating insulin resistance [22]. Pharmaceutical approaches using the 3-hydroxy-3-methylglutaryl
coenzyme A (HMG-CoA) reductase inhibitor pitavastatin, anti-hypertensive drugs, histamine receptor
antagonists, and an anti-inflammatory agent pentoxifylline have been investigated and reported to
attenuate chronic inflammation and reduce oxidative stress, leading to the prevention of colonic
neoplastic lesion development [17,20,23–28].

The current review summarizes the most promising strategies for the prevention of CRC by
targeting obesity-related disorders and inflammation through nutritional and/or pharmaceutical
approaches with several of the phytochemicals and medicinal drugs described above, because these
agents have been closely studied in obesity-associated CRC models. In addition, this review article also
further discusses the mechanisms of several phytochemical, especially GTCs, and medicinal agents
(used in basic and clinical research) responsible for the chemoprevention of CRC.

2. Preventive Effects of Green Tea and Its Constituents on CRC Development

Several population-based studies have indicated that the consumption of green tea provides
protective effects against CRC development [29–31]. A prospective cohort study investigating
the effects of green tea intake on CRC incidence and mortality has demonstrated that green tea
consumption lowers the risk of CRC-related mortality with a moderate dose-response relationship [32].
A meta-analysis study discussing the association between green tea intake and the risk of CRC
development reported several case-control studies showing an inverse correlation between green tea
consumption and CRC risk, while many other studies reported no correlation [33].

Only a few interventional clinical trials have examined the chemopreventive effects of green tea
on CRC development. In a pilot study, we investigated the effects of green tea extracts (GTEs) on the
development of colorectal adenoma, a pre-cancerous lesion in the colorectum [34]. Patients who had
undergone polypectomy for the removal of colorectal adenomas participated in the trial (Figure 1A).
We have found that the administration of 1.5 g of GTEs per day for one year successfully inhibited the
development of metachronous colorectal adenoma in comparison with the control group (Figure 1B).
The study also demonstrated that the size of recurrent adenomas in the GTE-administered group was
significantly smaller than that of the untreated control group, and no adverse events were observed in
the treatment group.

The anti-cancer activity of green tea and its constituents has been demonstrated by in vitro studies
and in chemically- or genetically-induced animal models of various tumors, including the lungs,
skin, esophagus, stomach, liver, pancreas, bladder, small and large intestines, and prostate [35–37].
A number of studies have also investigated the effects of green tea and its constituents on CRC
development. Chen et al. [38] have reported that the treatment of human colon cancer cells with
(–)-epigallocatechin-3-gallate (EGCG), a tea catechin and a major biologically active component in
green tea, inhibits the growth of the cancer cells. Our research group has shown that both EGCG
and standardized polyphenol polyphenon E (PolyE), which contains 65% EGCG, 25% other catechins,
and 0.6% caffeine, can preferentially inhibit the growth of various human colon cancer cells [39]. We have
also found that the growth of human CRC xenografts was markedly reduced by the administration of
EGCG [40]. Another in vivo experiment using a chemically induced rat CRC model has demonstrated
that the consumption of green tea significantly suppresses the development of premalignant aberrant
crypt foci (ACF) lesions in the colorectum [41].
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Figure 1. Protocol of a pilot study to investigate chemopreventive effects of green tea extracts on
metachronous adenomas in the colorectum after polypectomy. (A) The study included 136 participants
who underwent endoscopic resection of colorectal adenomas. In 12 months, the participants received
a second colonoscopy to confirm the absence of detectable adenoma. The participants were then
randomized into two groups: the GTE group (n = 71) was given three green tea extracts (GTEs) tablets
per day for 12 months and the control group (n = 65) received no supplementation; (B) After 12 months
of GTE administration, the end-point colonoscopy was performed in 125 patients to check for the
presence of new colonic adenomas. Administration of 1.5 g/day of GTEs for 12 months successfully
inhibits the development of colorectal adenoma compared to the control group. * p < 0.05.

Previous studies have demonstrated that receptor tyrosine kinases (RTKs) are one of the important
targets of EGCG to inhibit cancer cell growth. EGCG inhibits the activation of subclass I proteins of
the RTK superfamily, including EGFR, HER2, and HER3, in various cancer cells [39,42]. Activities
of other RTK superfamily proteins, such as IGF-1R and vascular endothelial growth factor (VEGF)
receptors, are also shown to be inhibited by EGCG. Hence, the RTK-associated cell signaling, such as
the Ras/MAPK and PI3K/Akt pathways, is thought to be down-regulated in cancer cells by EGCG,
leading to the modulation of the target gene expression, which is associated with the induction of
apoptosis and cell cycle arrest. The molecular mechanisms which explain how EGCG affects RTK
signaling have been studied in detail by Adachi et al. [43–45]. The studies indicate a target of EGCG
for anti-cancer mechanisms associated with RTKs, particularly detergent-insoluble ordered plasma
membrane domains “lipid rafts”, which are important as signal processing hubs of RTKs. EGCG alters
the lipid organization on the plasma membrane and induces the EGFR internalization of endosomes,
which prevents ligands from binding to receptors. The degradation of EGFR due to internalization
appeared to be induced by phosphorylation of the receptor, which is associated with the activation
of p38 MAPK by EGCG. This suggested mechanism may be able to explain the ubiquitous effects of
EGCG on various types of RTKs, because most RTKs function on lipid rafts. Among RTKs, IGF-1R is
thought to be one of the most critical targets for the inhibition of obesity-related carcinogenesis by tea
catechins, although the direct alteration of catechins on IGF-1R needs to be clarified. For more details
on the effects of EGCG on RTKs and other anti-neoplastic efficacy, please refer to the review articles by
Shimizu et al. [13,14] and to Figure 2, which summarizes the properties.
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Figure 2. Proposed mechanisms of action of EGCG against malignancy.

Chronic inflammation plays a vital role in carcinogenesis, including CRC [4], which is known as one
of the most serious complications of IBD [5,6]. Persistent inflammation, characterized by the production
of pro-inflammatory cytokines, causes oxidative damage to DNA, mutations in oncogenes and tumor
suppressor genes, including adenomatous polyposis coli (APC), p53, and K-ras, and genomic instability,
leading to colitis-associated tumor development. While it is considered that inflammation does not
initiate sporadic CRC, chronic inflammation is also known to facilitate tumor promotion, progression,
and metastasis in the pathogenesis of colitis-associated and sporadic CRC [46]. Tanaka et al. [47] have
developed an experimental mouse model of inflammation-related colon carcinogenesis induced by
the administration of azoxymethane (AOM) and dextran sodium sulfate, which mimics the chronic
intestinal inflammation that occurs in IBD. Employing this rodent model, we demonstrated the
suppressive effects of EGCG and PolyE on inflammation-related colon carcinogenesis [48]. In this
study, EGCG or Poly E significantly suppressed the multiplicity and volume of colonic neoplasms.
In addition, treatment with EGCG or Poly E decreased the protein and mRNA expression levels of
cyclooxygenase (COX)-2 and the mRNA expression of inflammatory cytokines, including tumor necrosis
factor (TNF)-α, interferon-γ, interleukin (IL)-6, IL-12, and IL-18 in the colonic mucosa. Previous studies
have indicated that EGCG or green tea extract reduces the expression of TNF-α and IL-6 via attenuating
NF-κB activity [49]. These results suggest that tea catechins can ameliorate colonic inflammation and
have beneficial effects for inhibiting the development of cancer in the inflamed colon.

Recent epidemiological and experimental evidence has indicated that obesity is related to the
incidence of CRC [8–10,50]. Insulin resistance and hyperinsulinemia, metabolic disorders associated
with obesity, are considered important risk factors for CRC development [51]. It is reported that insulin
and its regulated signal transduction network play important roles in carcinogenesis [52–54]. Many
studies have shown that the IGF-1/IGF-1R axis plays a key role in the carcinogenesis of various cancers,
including CRC [52–54]. In addition, insulin resistance and an increased fat mass induce oxidative
stress in tissues and increase the expression of various pro-inflammatory cytokines, including TNF-α
and IL-6, which further lead to the growth and progression of malignancies [55–57]. Oxidative stress
induces DNA damage and activates the PI3K/Akt signaling pathway, both of which are thought
to promote cancer development [58,59]. Therefore, insulin resistance, inflammation, and oxidative
stress can be considered as important factors in the development of obesity-related CRC [60,61].
This imbalance is usually caused by enhanced fat storage, increased levels of leptin, and decreased
levels of adiponectin in the serum [60,61]. Leptin induces the production of TNF-α and IL-6 [62,63],
and thus stimulates CRC cell growth [64]. Moreover, an epidemiological study has reported a positive
correlation between the circulating leptin levels and CRC development [65]. These findings suggest
that obesity-associated abnormalities cooperatively increase the risk of CRC in obese individuals.
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A genetically-modified C57BLKS/J-+Leprdb/+Leprdb (db/db) mouse exhibiting the
characteristics of obesity and type 2 diabetes was recognized as a useful model for investigating
various types metabolic disorders [66]. Hirose et al. [67] have shown that db/db mice have
hyperlipidemia, hyperinsulinemia, and hyperleptinemia, and are susceptible to the colonic carcinogen
AOM. We used a db/db mouse and investigated the effects of EGCG on AOM-induced colon
carcinogenesis [68], and observed that EGCG markedly decreases the total number of ACF and
β-catenin accumulated crypts (BCACs), both of which are premalignant lesions in the colorectum.
Additionally, we found decreased IGF-1 and restored IGF binding protein-3 (IGFBP-3) levels in serum
and down-regulated levels of COX-2, cyclin D1, and the activated form of IGF-1R in colonic mucosa
upon EGCG administration. With regard to the IGF/IGF-1R axis, treatment with EGCG showed
decreased levels of IGF-1 and reduced IGF-1R activation, whereas the levels of IGFBP-3 were found to
be increased in colon cancer cells [69].

3. Prevention of CRC through a Nutraceutical Approach

The colorectal mucosa of a db/db mouse expresses higher levels of the activated form of IGF-1R,
β-catenin, and COX-2 than the control [67]. In accordance with the study demonstrating the effects
of EGCG on AOM-induced colon premalignant lesions in db/db mice [68], dietary supplementation
with other types of phytochemicals was also found to suppress the development of pre-cancerous
lesions in the db/db mice [70,71]. In addition, we have used this rodent model to investigate the
chemopreventive effects of curcumin, a yellow pigment in the rhizome of the spice turmeric with
known anti-inflammatory properties [72,73], on obesity-related carcinogenesis. Kubota et al. [18]
have demonstrated that the administration of curcumin successfully prevents the development of
colonic premalignant lesions in AOM-injected db/db mice by inhibiting the NF-κB activity and
down-regulating the expression of TNF-α, IL-6, and COX-2, further ameliorating the adipokine
imbalance. Moreover, a type of carotenoid, astaxanthin, inhibited the development of colonic
premalignant lesions in the same carcinogenesis model by reducing leptin levels, inhibiting NF-κB
activation, and attenuating chronic inflammation and oxidative stress in the colonic mucosa [17].
Furthermore, supplementation with amino acid-preparation BCAA caused a significant decrease
in the number of ACF and BCAC in the same colon tumorigenesis model [22]. The test group
administered with BCAA demonstrated reduced levels of COX-2, cyclin D1, Akt, and the activated
form of IGF-1R in mucosa and decreased serum levels of insulin, IGF-1, IGF-2, triglycerides, total
cholesterol, and leptin [22].

These observations suggest that supplementation with certain kinds of phytochemicals and
carotenoids or BCAA effectively suppresses the development of premalignant lesions of CRC by
attenuating chronic inflammation, down-regulating the IGF/IGF-1R axis, improving dyslipidemia,
ameliorating hyperleptinemia, and/or inhibiting the expression of COX-2, which appears to be a
promising target for the prevention of CRC [74,75].

4. Prevention of CRC through a Pharmaceutical Approach

There are several reports of clinical trials examining the effects of non-steroidal anti-inflammatory
drugs such as celecoxib, aspirin, and metformin on the development of CRC or its precursor lesion
adenomatous polyp in patients, where these agents appear to be promising [76–80]. The recent
randomized and placebo-controlled clinical trials are summarized in Table 1. Recently, we reported
that pentoxifylline, which is a methylxanthine derivative and known to possess anti-inflammatory
effects, attenuated chronic inflammation and oxidative stress, leading to the prevention of colonic
tumorigenesis in an obesity-related colon cancer model [23]. In addition, our research group also
demonstrated that histamine and histamine receptors appeared to be critical molecules during
inflammation and carcinogenesis in the colorectum, and that several histamine receptor antagonists
might be potential chemopreventive agents for inflammation-related CRC development [26].
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Several studies have indicated the anti-cancer properties of drugs related to metabolic disorders.
Statins and HMG-CoA reductase inhibitors are widely recognized as effective agents against
dyslipidemia. In addition, statins have been shown to possess anti-cancer properties [81]. Statins
induce apoptosis in CRC cells, attenuate colonic inflammation, and suppress inflammation-related
colorectal carcinogenesis in mice [28,82]. Several epidemiological studies have also demonstrated
the chemopreventive effects of statins on various malignant diseases, including CRC [81,83].
In our previous study, we demonstrated the cancer preventive effects of a lipophilic statin, pitavastatin,
on AOM-induced colorectal carcinogenesis in a db/db mouse model [27]. We found that pitavastatin
administration significantly reduced the number of pre-neoplastic BCAC lesions, which may have
been caused by the inhibition of the proliferation and decrease in the expression levels of COX-2 and
pro-inflammatory cytokines, such as TNF-α and IL-6, in the colonic mucosa. Pitavastatin also elevated
the serum levels of adiponectin, while reducing the serum levels of leptin, TNF-α, and IL-6 [27].

Hypertension and dyslipidemia are thought to be involved in obesity-related diseases [9,84].
The activation of the renin-angiotensin system (RAS) has been shown to contribute to high blood
pressure, obesity, and metabolic syndrome [85]. RAS has been demonstrated to be frequently
up-regulated in malignancies attributed to systemic oxidative stress and hypoxia, which are thought to
trigger a state of chronic inflammation [86]. We investigated the effects of anti-hypertensive agents on
the prevention of colorectal premalignant lesions in an obesity-related CRC model [25]. The employed
agents were an angiotensin-converting enzyme inhibitor, captopril, and an angiotensin-II type 1
receptor blocker, telmisartan, both of which have the ability to inhibit the RAS, and are widely used in
clinical practice. The development of colorectal lesions, ACF and BCAC, was significantly inhibited by
the treatment with either captopril or telmisartan. These agents markedly decreased the expression
levels of TNF-α in the colonic mucosa, and also reduced oxidative stress in the body [25]. Captopril was
also reported to prevent the development of ACF by a similar mechanism in diabetic and hypertensive
rats [24].

The findings discussed above suggest that both lipid-lowering and anti-hypertensive agents can
suppress obesity-associated colorectal carcinogenesis by improving hyperleptinemia and dyslipidemia,
and by attenuating chronic inflammation in the colorectum. Therefore, the pharmaceutical approach
appears to be one of the potential strategies for the prevention of obesity-related CRC because these
drugs are in clinical use and have known pharmacological effects against the obesity-related metabolic
disorders, in addition to their cancer chemopreventive effects.

5. Concluding Remarks

In this review article, we have discussed the use of nutraceutical and pharmaceutical approaches as
promising strategies to prevent CRC development by targeting chronic inflammation and ameliorating
metabolic disorders (Figure 3). Moreover, GTCs are easily available and are considered safe based on
the long history of their global use. Several interventional studies on humans have also demonstrated
that the consumption of GTCs, even in relatively high doses, has no serious adverse reactions [34,87,88],
while clinical trials have reported that drugs such as celecoxib can increase the risk of cardiovascular
events [76]. In addition, BCAA, statins, and anti-hypertensive drugs are widely used and have
beneficial effects on various metabolic disorders. Hence, active intervention using these agents may be
a promising strategy for the chemoprevention of CRC.
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Figure 3. Proposed mechanisms of action of several nutraceuticals and pharmaceuticals in the
suppression of colorectal carcinogenesis. The upward and downward arrows indicate up-regulation
and down-regulation, respectively.
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Abstract: The presence of chronic inflammation in the colonic mucosa leads to an increased risk of cancer.
Among proteins involved in the regulation of mucosal inflammation and that may contribute both to
structural damage of the intestinal mucosa and to intestinal carcinogenesis, there are myeloperoxidase
(MPO) and vanins. The infiltration of colonic mucosa by neutrophils may promote carcinogenesis
through MPO, a key enzyme contained in the lysosomes of neutrophils that regulates local inflammation
and the generation of reactive oxygen species (ROS) and mutagenic species. The human vanin gene
family consists of three genes: vanin-1, vanin-2 and vanin-3. All vanin molecules are pantetheinases, that
hydrolyze pantetheine into pantothenic acid (vitamin B5), and cysteamine, a sulfhydryl compound.
Vanin-1 loss confers an increased resistance to stress and acute intestinal inflammation, while vanin-2
regulates adhesion and transmigration of activated neutrophils. The metabolic product of these enzymes
has a prominent role in the inflammation processes by affecting glutathione levels, inducing ulcers
through a reduction in mucosal blood flow and oxygenation, decreasing local defense mechanisms, and
in carcinogenesis by damaging DNA and regulating pathways involved in cell apoptosis, metabolism
and growth, as Nrf2 and HIF-1α.

Keywords: vanins; myeloperoxidase; colorectal carcinogenesis; inflammation

1. Introduction

Vanins and myeloperoxidase (MPO) have a role in inflammation, metabolism and cellular stress,
interplaying in various diseases, such as obesity, diabetes mellitus, and cancer, by regulating the
migratory function of neutrophils, the first cells involved in the inflammatory processes, and pathways
affecting oxidative stress and inflammation [1]. Moreover, the vanins–MPO axis may produce
mutagenic compounds from endogenous and dietary elements, sustain a cyclic alternation of damage
to epithelial barriers and proliferation, and regulate energetic, inflammatory and oxidative pathways,
thus leading to cellular mutation and growth [2,3]. In this view, the vanins–MPO axis may be a
central node in the regulation of colorectal cancer risk by integrating effects on diet, inflammation,
and modifications of signaling pathways.

1.1. Myeloperoxidase

Myeloperoxidase (MPO) is the most abundant enzyme packed in azurophilic granules of the
neutrophils, and can be released in the phagosome upon phagocytosis where it catalyzes the synthesis
of hypochlorous acid (HOCl), from hydrogen peroxide (H2O2) and chloride ions (Cl−). Alternatively,
the primary granules release their content into the extracellular milieu, and MPO can also be found in
the site of inflammation causing damages to the host tissues. Thus, activated inflammatory cells induce
necrosis in the surrounding tissue through oxidative stress mediated by the release of large amounts
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of proteinases and reactive oxygen and nitrogen species (ROS and RONS), hydrogen peroxide (H2O2)
and hypochlorous acid [4,5].

Neutrophils affect colorectal carcinogenesis through ROS-independent and ROS-dependent
mechanisms. Among the former, it should be mentioned the action on insulin receptor substrate-1
(IRS-1), and platelet-derived growth factor receptor (PDGFR) signaling that drives tumor cell
proliferation, promotion of angiogenesis through the production of cytokines and angiogenic factors,
and the regulation of both the innate and the adaptive immune responses through interactions with
the other immune cells [6]. In this review, we will analyze the second mechanism that involves
the MPO-mediated formation of HOCl. MPO can be used as a marker of inflammation in colorectal
mucosa [7]. It has been reported that neutrophil infiltration and neutrophil-derived ROS correlated with
DNA damage, DNA point mutations, DNA replication errors and higher DNA mutation frequency,
leading to genetic instability, a hallmark of cancer [8,9].

1.2. Vanins Genes and Proteins

Several vanin genes have been identified, including three human sequences, vanin-1, vanin-2,
and vanin-3 with a similar structure and a high degree of homology of seven exons, mapped in a region
on chromosome 6q 23–24 [10].

Vanins are pantetheinases, and have a nitrilase-like domain at the carboxyl-terminus, that hydrolyzes
a carboamide linkage in D-pantetheine, thus providing release of pantothenic acid (vitamin B5) and
cysteamine (CysH, 2-aminoethanethiol), which is in equilibrium with its oxidized form cystamine
(CysN) [11]. The vanin-1 protein also has a so-called base domain, with a suggested role in binding
to other proteins and in signaling, that regulates the enzymatic activity of vanins through allosteric
movements [12]. Vanin-1 and vanin-2 genes have a region containing a glycosyl-phosphatidylinositol
(GPI)-anchored cleavage site in exon 7 responsible for the attachment to the cell membrane through GPI
anchoring [13,14]. These proteins may be released from cell surfaces as soluble forms through a cleavage
by phospholipase C. In neutrophils, vanin-3 has nine splice variants lacking the full span of exon 7 [15].

Thus, vanin-1 is an ectoenzyme (GPI)-linked anchored to the cell surface, and is expressed by
the spleen, thymus, lymph nodes, urethra, kidney, parts of the respiratory tract, liver, intestinal tract
and myeloid cells as CD15+ granulocytes and CD14+ monocytes. The vanin-1 gene is preferentially
expressed by epithelial cells [16–18].

The vanin-2 protein was originally called GPI-80 and can be found in both soluble and
GPI-anchored, membrane-bounded forms. GPI-80/vanin-2 has pantetheinase enzymatic activity,
but the activity is weaker than that of vanin-1. Vanin-2 (GPI-80/VNN2) is expressed by almost all
tissues as colon, spleen, placenta, lung, and leukocytes, particularly neutrophils, where its expression
increases during differentiation and maturation and has effect on mobility [19,20].

Vanin-3, by lacking the GPI-anchoring consensus, seems to encode a truncated protein and to be a
secreted protein, and its expression is induced by oxidative stress [15,21].

2. Vanins–MPO Interplay in Inflammation Processes

2.1. Mac-1 as First Connection between Vanins and MPO

Recently, it has been shown that MPO has pro-inflammatory properties also through the
binding to macrophage-1 antigen (Mac-1) integrins, which are linked to neutrophil activation,
thus acting independently from the enzymatic activity [22] (Figure 1). Mac-1 (CD11b/CD18, αMβ2
integrin, ITAM antigen) is a member of the β2 integrin family that mediates leukocyte adhesion and
transmigration. It has been reported that Mac-1 has an oncogenic role during colorectal carcinogenesis,
probably by promoting myeloid cell migration to the tumor sites in the colon that, through secretion of
cytokines, may result in intestinal tumorigenesis [23,24].
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Figure 1. Vanins and myeloperoxidase (MPO) have both synergic and additive effects on inflammation
of colonic mucosa. They regulate the processes of tissue destruction by driving and activating
inflammatory cells into the inflamed sites, and inducing a prolonged inflammation and tissue lesions.
Moreover, they also regulate subsequent remodeling, modulating the processes of angiogenesis, fibrosis
and proliferation. ROS, reactive oxygen species; VNN1/2, vanin-1/2; γGCS, γ-glutamylcysteine
synthetase; PPARγ, peroxisome proliferator-activated receptor γ.

However, extracellular MPO may bind to Mac-1 on the neutrophil membrane and modify
intracellular signaling pathways, leading to phosphorylation of p38 MAPK, ERK 1/2 and PI3K, and to
activation of NF-κB. This induces increased degranulation with release of elastase and MPO from the
azurophilic granules, upregulation of surface expression of Mac-1 itself, and increased NADPH oxidase
activity with superoxide production. The binding of MPO to Mac-1 also prevents mitochondrial
dysfunction and activation of caspase-3, thus extending the life span of functional neutrophils,
suppressing the cell death program and delaying the resolution of inflammation. An escape from
neutrophil apoptosis is associated to non-resolving inflammation with tissue destruction. Thus,
MPO through MPO–Mac-1 interaction can recruit, activate and sustain a prolonged survival of
neutrophils independently of its catalytic activity, amplifying the inflammatory cascade, and activating
proteolytic enzymes and oxidant products [25,26].

Vanin-2 has a role in inflammation, too, by regulating leukocyte adhesion and migration to
inflammatory sites. Vanin-2 plays a role in neutrophil trafficking by physically associating in close
proximity (≤7 nm) with Mac-1 on the human neutrophil surface, during the processes of adhesion
and migration. Vanin-2 proteins are clustered on pseudopodia in the forward surface of activated
neutrophils during attachment to the vessel wall, where they may increase the level of Mac-1 itself on
the surface, thus facilitating the movement of migrating neutrophils to the wound site. Adherence of
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Mac-1 to ligands as fibrinogen and iC3b, or activation of β2-integrin by stimulants such as TNF-α and
fMLP, leads to release of soluble vanin-2 [27–29].

2.2. Vanins and MPO as Key Players in Oxidative Stress Generation

Neutrophils may mediate wound healing but also sustain tumor proliferation, angiogenesis and
metastasis. In the colonic mucosa, MPO activity correlates with the severity of colitis and is an indicator
of colon cancer risk [7,30,31].

The free radicals into the cell cause lipid peroxidation and damages to DNA and to proteins,
favoring carcinogenesis through the generation of DNA mutations, genomic instability, protein
adducts and alterations in signaling pathways crucial to cellular functions, leading to malignant
transformation [32–34].

The induction of various oxidative stress response genes is regulated by antioxidant response
elements (AREs), found in the 5′-flanking region of the gene. Vanin proteins are tissue sensors
for oxidative stress, reflecting inflammation severity linked to neutrophil activation as intestinal
inflammation and experimental colitis. Vanin-1 expression is induced by exposure to oxidative
stress and to cellular stressors as H2O2 and ROS. It has been reported the presence of two functional
antioxidant response elements within the vanin-1 promoter, probably required for induction by H2O2,
and a peroxisome proliferator-activated receptor (PPAR) response element in the promoter region of
the gene, resulting in an amplification of inflammation and in fibrosis. Vanin-1 decreases the stores
of reduced glutathione, promoting the inflammatory reaction and intestinal injury, mainly through
cysteamine/cystamine (CysH/CysN, here referred to as Cys) [35–38] (Figure 1).

Cysteamine (mercaptoethylamine, HS-CH2-CH2-NH2) is a reducing aminothiol which induces
duodenal perforating ulcers within 24–48 h when administered in high doses, by increasing gastric acid
secretion [39]. However, it has also been observed a direct, necrotizing, cytotoxic effect for cysteamine,
not related to gastric acid secretion, and not only in the stomach and duodenum, but also in other parts
of the gastrointestinal tract, as the colon through several mechanisms including a reduction in mucosal
blood flow, a decrease of local defense mechanisms, and an alteration in the redox state in the early
pre-ulcerogenic mucosa. Cysteamine causes a decrease blood flow in the duodenum within 5–15 min
after administration, probably by the local release of endothelin-1 (ET-1), a potent vasoconstrictor that
causes tissue ischemia and hypoxia [40,41].

3. Role of Chemical by Products

3.1. Vanin-Derived Cysteamine

Cysteamine increases the expression and the activity of hypoxia-inducible factor 1α (HIF-1α)
in the early pre-ulcerogenic phase after cysteamine administration, and this reaction claims tissue
ulceration instead of wound healing. Cysteamine also causes a rapid induction of early growth
response factor-1 (Egr-1), a hypoxia-associated protein, with the subsequent increase of growth factor
production, including VEGF. Several studies support the hypothesis that Cys can regulate the redox
status and reduce the oxygenation of the mucosa at an early stage of ulcer development. A marked
neutrophil accumulation in the stomach and duodenum of cysteamine treated rats has also been
reported [39–42].

Cys may inactivate many proteins and several enzymes as tissue transglutaminase and Caspase 3,
targeting sulfhydryl groups of active site and disulfide bridge. Cys inhibits reduced glutathione
(GSH) synthesis by inhibiting γ-glutamylcysteine synthetase (γGCS), the rate-limiting enzyme in the
GSH synthesis, but also superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px). Indeed,
during the inflammation of colonic mucosa, it has been observed a mucosal GSH deficiency, caused by
a decreased activity of γ-glutamylcysteine synthetase and γ-glutamyltransferase, two key enzymes in
GSH synthesis [35,43–45] (Figure 2).
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Figure 2. MPO and vanin-1, through their byproducts, modulate several pathways involved in
carcinogenesis. They can sustain the generation of mutated clones, favor escape from apoptosis
and selection of neoplastic clones, and drive overgrowth of cancer cells. MMP, metalloproteinases;
GSH, glutathione; TIMP, tissue inhibitors of metalloproteinase; HIF-1α, hypoxia-inducible factor 1α;
Egr-1, early growth response factor-1; GH, growth hormone; EGFR, epidermal growth factor receptor;
MMR, mismatch repair; Nrf2, nuclear factor (erythroid-derived 2)-like 2.

However, Cys administration leads to a robust initiation of nuclear factor (erythroid-
derived 2)-like 2 (Nrf2)-driven transcription. Nrf2 is one of the key regulators of cellular defense
against inflammatory damage and of antioxidant defense. Recently, it has been proposed an activation
of Nrf2 as a mechanism of selection for preneoplastic clones of colon cancer [46–48].

In mouse models ovariectomy and old age can increase sensitivity to Cys-induced ulcerations,
while estrogen administration is related to a decreased sensitivity to ulcer induction, suggesting that
estrogens can protect from the development of cysteamine-induced duodenal ulcers [49]. These data
provide interesting recalls to the protective role of estrogens in colorectal carcinogenesis.

Moreover, Cys increases gastric and plasma ghrelin levels, and causes a depletion of somatostatin.
Ghrelin is a peptide with important physiological roles including the stimulation of growth hormone
(GH) release, gastric motility, and the increase of food intake and body weight. Plasma ghrelin levels are
significantly increased after Cys treatment, as well as in the pre-ulcerogenic phase, when no mucosal
neutrophil accumulation or ulcer formation was observed. Somatostatin is a neuropeptide present
in the gastrointestinal tract that can modulate lymphocyte function. Cysteamine is able to deplete
somatostatin in the intestine. Thus, it has been hypothesized that Cys, by depleting somatostatin,
may enhance inflammation in the mucosa. However, the depletion of somatostatin might be the main
factor sustaining the development of cysteamine-induced ulcers, and treatment with somatostatin
prevents Cys-induced ulcers formation and has an inhibitory effect on ghrelin secretion. The reduction
in somatostatin levels caused by Cys administration is followed by an increased concentration of
growth hormone, with stimulating effect on cells [42,50,51].
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3.2. Involvement of Taurine and Taurine Chloramine

The free thiol cysteamine is a potentially intermediate in taurine biosynthesis, as it may
be subsequently oxidized to hypotaurine by cysteamine (2-aminoethanethiol) dioxygenase (ADO),
and further oxidized to taurine by hypotaurine dehydrogenase [52,53]. Taurine (2-aminoethanesulphonic
acid), one of the most abundant sulfur-containing free amino acid in the body, is present in high
concentrations in various mammalian cells, where it is essential for osmoregulation, membrane
stabilization, neurotransmission, and cellular oxidative status by increasing GSH levels as well as cellular
Ca2+ homeostasis [54]. Furthermore, taurine is one of the metabolites found to be more prevalent in
colorectal cancer, using tissue metabolomics. It has been reported that taurine, cysteamine and cystamine
are also present at higher levels in the serum of colorectal cancer patients as compared to healthy subjects,
and that their levels are higher in patients with colorectal cancer at stages I and II with respect to those at
stages III and IV [55,56].

Neutrophils, when recruited into the site of inflammation, generate a variety of highly reactive
oxidants as hypochlorous acid (HOCl). An excess of hypochlorous acid may lead to tissue damage
and development or progression of the disease. Taurine is released in large amounts by stimulated
neutrophils, reacting with HOCl, and generating taurine chloramine (Tau-Cl; SO3(CH2)2NHCl). Thus,
where MPO activity is increased, as in inflamed colorectal tissue and in preneoplastic lesions, there is a
high generation of HOCl that converts taurine into taurine chloramine [57].

However, taurine also has anti-apoptotic properties, and Tau-Cl retains oxidative properties
causing direct mitochondrial damage. This can refer to studies that reported both an increase of
MPO and a decreased apoptosis since the early preneoplastic phases of colorectal carcinogenesis:
in correspondence of an increase of MPO-positive cells, large amounts of taurine may be released into
the environment, reducing apoptosis. It has also been hypothesized that Tau-Cl activates EGF receptor
driven by oxidation of a cell surface target. Tau-Cl, HOCl and other reactive oxygen species have
specific and different cellular effects and action on MAPK activation [7,58,59].

4. Interplay in Colorectal Cancer Pathways

Intestinal epithelial cells are the first line in the innate defense of the intestine, and an alteration
in their functions or architecture is a feature of colitis, as in inflammatory bowel diseases (IBD),
and cancer. Furthermore, epithelial cells are able to produce pro-inflammatory signals, playing
a key role in the early events of tissue inflammation. In the gut, vanin-1 is highly expressed by
enterocytes where promotes tissue injury by inducing oxidative stress, mucosal ulceration, inhibiting
the expression of peroxisome proliferator-activated receptor γ (PPARγ), a negative regulator of NF-κB
with anti-inflammatory activity in the intestine, and by increasing the expression and the release of
pro-inflammatory cytokines and epithelial molecules, thus controlling gut immune responses and the
development of acute colitis. A persistent inflammation and ulceration as caused by Cys, is a risk
factor associated with an increased susceptibility to develop colon cancer. As previously reported,
vanin-1 decreases the stores of reduced glutathione acting as glutamine analogue, by interacting with a
sulfhydryl group at a second site of the target enzyme and mimiking the negative feedback regulation
exherted by GSH. GSH depletion is related to inflammatory and tumoral pathways as p21ras, mitogen
activated protein (MAP) kinase, and NF-κB [35,36,60,61]. Recently, it has been reported that vanin-1
production of Cys may be a central mechanism responsible for cell growth and tumorigenesis in
the colon [62]. Cys also promotes activity of matrix metalloproteinases (MMPs), a family of zinc
endopeptidases, involved in tissue remodeling and in many human diseases, including cancer and
tissue ulceration. Moreover, Cys regulates HIF-1α activity increasing the interactions of HIF-1α with
others transcription factors. HIF-1α is a factor with various roles in colon carcinogenesis, including
adaptation to hypoxia, proliferation and angiogenesis [18,63,64] (Figure 2).

In colon cancer, interleukin-6 (IL-6) is a tumor-promoting factor by inducing neoplastic cell
proliferation through activation of the STAT3 oncogene in dysplastic epithelial cells, and its levels
correlates with tumor size. In colonic tumors, lack of vanin-1 is associated to higher levels of PPARg
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and to a reduction in IL-6 production and STAT3 activation. Thus, vanin-1 effects on proliferative
potential of enterocytes may be exerted through IL-6. However, vanin-1 deficiency may also limit
the development of colon cancer by down-regulating several mediators of inflammation in intestinal
epithelial cells that promote colorectal carcinogenesis and are overexpressed in tumor as COX-2,
iNOS and MMP9 [18].

Pantothenic acid is a profibrotic agent that may increase and accelerate the wound-healing
processes by recruiting migrating fibroblasts to the affected areas and promoting the proliferation and
activation of fibroblasts, and collagen synthesis [65,66]. However, a prolonged and not equilibrated
succession of proliferation and death can lead to erosion of the epithelium, and thus to lack of function
of the physical barrier.

Inflammation in the normal colonic mucosa, observed in colitis, causes overproduction of reactive
oxygen species and subsequent tissue injuries. A great variety of modified DNA molecules are
produced by the interaction with ROS, especially 8-oxo-7,8-dihydro-2,-deoxyguanosine (8-OH-dG),
and lack of adequate 8-OH-dG repair may lead to carcinogenesis. Oxidative DNA damage accumulates
in colorectal mucosa of patients with IBD, and mucosal 8-OH-dG concentrations increase with the
duration of the inflammation and with dysplasia in these patients. The enzyme for repair of 8-OH-dG
in the DNA molecule is the human homolog of the base excision repair gene MutY (MYH), a DNA
glycosylase related to a hereditary form of colonic polyposis. Furthermore, oxidative DNA damage
derived from exposition to hydrogen peroxide can induce microsatellite instability (MSI) [67–69].

Hydrogen peroxide also contributes to the activation of HIF-1α and NF-κB, a master regulator
of the innate immune response, to damage DNA, cellular membranes and organelles, and to convert
fibroblasts into activated myofibroblasts, favoring colon cancer development [70].

MPO may act not only as a bactericidal enzyme through the formation of hypochlorous acid,
but may also regulate several cell signaling pathways. MPO, together with iNOS, can nitrosylate
and inactivate caspase-3, thus allowing the escape from apoptosis for transformed cells. It has been
reported that the MPO-mediated production of low level of hypochlorous acid may modulate the
activity of mitogen-activated protein (MAP) kinases, transcription factors, tumor-suppressor proteins
and metalloproteinases. At sites of inflammation, HOCl generated by MPO oxidizes Cys residues
of TIMPs (Tissue inhibitors of metalloproteinases) abrogating TIMP-1 inhibitory activity during
inflammation and dysregulating MMPs activation, thus affecting colorectal carcinogenesis [59,71,72].
It has been reported that ROS derivatives and hydrogen-peroxide (H2O2) induce PGC-1a (PPARg
coactivator 1a), a key regulator of anti-oxidative defense program, that may have a central role in
inducing colon carcinogenesis and promoting tumor growth [73,74].

5. Interaction of Vanins–MPO with the Environment and Metabolism

Epidemiological studies suggest that nutritional factors such as red and processed meat, animal
fat and ethanol may be associated with a higher risk for the development of colorectal cancer, probably
through the presence of genotoxic carcinogens in the gut lumen, derived directly by ingested foods
or produced endogenously as metabolites. These risk factors include heterocyclic amines, polycyclic
aromatic hydrocarbons and heme, which has toxic and genotoxic actions [75,76]. Among these
compounds, ferric iron is a particular risk factor for colon cancer for its ability of forming reactive
oxygen species via the Fenton reaction.

Thus, neutrophils act on colorectal carcinogenesis also influencing the complex effects of diet on
colon cancer risk by the endogenous generation, through the MPO action, of acrolein, an oxidative
by-product derived from unsaturated fats, serine, or threonine. Acrolein is one of the mutagenic and
DNA-damaging oxidants generated by MPO, that forms protein adducts associated with a malignant
progression in the colonic tissue. It has been reported that, in the colonic mucosa, acrolein augments
colon tumor occurrence also by forming a protein adduct with PTEN (phosphatase tensin homolog),
a prominent intestinal tumor suppressor, resulting in the activation of Akt kinase, a proto-oncogene
that leads to cell growth and survival [77,78].
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High iron exposure is related to increased cell proliferation in the intestinal crypts, promoting
colorectal carcinogenesis. Some authors reported that perforating duodenal ulcers induced by oral
administration of cysteamine may be exacerbated by elevated levels of endogenous iron. Conversely,
iron-deficient diet decreased cysteamine-induced duodenal ulcers. Some studies reported that the
cytotoxic effect of cysteamine depends on the generation of H2O2 in the presence of transition metals
such as ferrous iron, Fe2+, and by subsequent generation of hydroxyl radicals. Thus, it has been proposed
that the cytotoxic effect of cysteamine depends on the generation of thiols-derived H2O2 [60,79].

Iron exposure may have a genotoxic potential since colorectal preneoplastic lesions, contributing
to cancer risk during the early stages of colorectal carcinogenesis. These data connect the vanin-derived
Cys production with epidemiological studies showing that red meat consumption is associated with
a compensative hyperproliferation of colonic epithelial cells, thus enhancing colorectal cancer risk,
and vanin-1 may play a central role in this process [18,80,81].

6. Inhibition of the Vanins–MPO Axis

Lack of vanin-1 also decreases the levels of several genes associated with intestinal inflammation,
as MIP-2, a local chemoattractant for neutrophils, and is thus associated with a concomitant reduced
MPO activity [61].

In colonic tumors, lack of vanin-1 is associated to higher levels of PPAR and to a reduction
in IL-6 production and STAT3 activation, whose levels correlate with tumor size [82]. However,
vanin-1 deficiency may also reduce colon cancer development by down-regulating several mediators
of inflammation in intestinal epithelial cells that promote colorectal carcinogenesis and that are
overexpressed in tumors, as COX-2, iNOS and MMP9.

It has been reported that the lack of pantetheine hydrolase activity, as demonstrated in vanin-1
null mice, shows an enhanced γ-glutamyl-cysteinyl synthase (GCS) activity and thus elevated
endogenous glutathione (GSH) levels in tissues. Thus, vanin-1 deficiency is associated with lower
ROS concentrations and oxidative damage, and with a milder inflammation, increased resistance to
oxidative stress and higher reconstitution rate due to reduced inflammation [11,21,61].

An inhibition of vanin-1 may be protective against intestinal inflammation and injury also through
the prevention of the vanin-related release of proinflammatory cytokines from the intestinal epithelium.
In this view, vanin-1 inactivation may favor the accumulation of cytoprotective pantethine and abrogate
the profibrotic and oxidant effects of pantothenic acid/cysteamine [18,36,83,84].

Targeted Compounds

The perspective of reducing colorectal cancer incidence through a chemoprevention approach
is still missing. One of the main obstacles for the use of substances for chemoprevention is the lack
of an effective target. The modulation of the vanins–MPO axis may be effective and useful for the
prevention of cancer and of inflammatory diseases of the colon.

The inhibition of certain pathways regulated by the vanins–MPO axis in the treatment of colorectal
carcinoma has been proposed. Somatostatin (SST) is a peptide with many effects on gastrointestinal
function, i.e., suppressing gastrointestinal motility and regulating intestinal nutrient absorption
and blood flow. SST can also directly decrease epithelial proliferation and induce apoptosis via
its somatostatin receptor (SSTR). It has been proposed that a somatostatin analogue may be used in the
therapy against advanced colorectal carcinomas [85]. Moreover, Mac-1 inhibition can be a potential
target for colon cancer treatment, inhibiting angiogenesis and tumor growth [24].

MPO is associated with increased risk for various cancers, including lung adenocarcinoma [86].
Specific inhibitors of MPO may inhibit its activity in the tissues, preventing the damage. Among the
compounds with anti-MPO activity, there are flavonoids, polyphenols, and melatonin [87–89].

Moreover, a new biologic tripeptide inhibitor of MPO activity, N-acetyl lysyltyrosylcysteine amide
(KYC), has been proposed as a treatment during the inflammatory stage in the early stages of tumor
development, suggesting the use of MPO inhibitors in cancer prevention [90,91].
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PF-1355 (2-[6-(2,5-dimethoxyphenyl)-4-oxo-2-thioxo-3,4-dihydropyrimidin-1(2H)-yl]acetamide)
is another novel selective MPO inhibitor that blocks HOCl formation. It has been proposed for the
treatment of vasculitis where it is efficacious in reducing edema, neutrophil accumulation, production
of proinflammatory cytokines and inflammation [92,93].

Another new, safe and well tolerated selective and irreversible inhibitor of MPO, named AZD3241,
reduces the formation of excessive levels of reactive oxygen species contributing to reduce a sustained
inflammation [94].

Aromatic hydroxamates as trifluoromethyl-substituted compound HX1, are described as
reversible inhibitors of MPO with high potency and specificity, that physically block the active site
inhibiting the halogenation activity of MPO. HX1 has been considered an efficient type of inhibitor,
avoiding a permanent blockade of the enzyme and the generation of radical by-products [95].

Indeed, a MPO complete depletion may be an undesirable action, as reported by abrogation studies,
since it has been associated with atherosclerosis and a slight increase of tumor formation [78,96,97].
Thus, a modulation of MPO activity may be the successful strategy for cancer prevention.

The pantetheinase activity of vanin-1 could be a target for the development of new
anti-inflammatory compounds. Recently, several inhibitors of the vanin proteins have been developed.
High-throughput approaches are used in order to identify pantetheinase inhibitors, but, until now,
almost all of the compounds were nonselective and with modest potency, making them not useful.
However, a new compound, named RR6, has shown a good bioavailability and pharmacodynamic
profile as vanin inhibitor [98–100].

7. Conclusions

Vanins interact with MPO in modulating several pathways that affect the structure and function
of the intestinal epithelium. They stand at the interface between inflammation and carcinogenesis,
and represent interesting molecules to be investigated for possible preventive or therapeutic strategies
in colorectal carcinogenesis. A concurrent modulation of these proteins may have the advantage of
providing a synergistic action against carcinogenesis without, however, totally inhibiting pathways
which are needed for physiological functions.
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MMPs Matrix metalloproteinases
8-OH-dG 8-Oxo-7,8-dihydro-2′-deoxyguanosine
TIMPs Tissue inhibitors of metalloproteinases
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Abstract: Ulcerative colitis (UC) is defined as an idiopathic inflammatory disorder primarily involving
the mucosa and submucosa of the colon. UC-associated colon cancers (also known as colitic cancers)
develop through the inflammation–dysplasia sequence, which is a major problem affecting the
prognosis of patients with UC. It is therefore very important to detect malignancy from UC at an early
stage. As precancerous lesions arising in UC, there are pathological adenomatous changes, basal
cell changes, in situ anaplasia, clear cell changes, and pan-cellular change. It is considered that
the mutation of the p53 gene plays a crucial role, and the protein expression of p53 in dysplastic
crypts may serve as a good biomarker in the early stages of UC-associated colon carcinogenesis.
Immunohistochemistry for p53 is a very valuable diagnostic tool in UC-associated colon cancers.
However, protein expression of p53 is not always universal, and additional methods may be required
to assess p53 status in UC-associated colon cancers.

Keywords: ulcerative colitis; p53; dysplasia; colitic cancer

1. Introduction

The WHO Council for International Organization of Medical Sciences defines ulcerative colitis
(UC) as an idiopathic inflammatory disorder primarily involving the mucosa and submucosa of
the colon, especially the rectum. Its etiology remains unknown, although immunopathological
mechanisms and predisposing psychological factors are believed to be involved. It usually results in
bloody diarrhea and various degrees of systemic involvement, as well as an increased propensity for
malignant degeneration; furthermore, if prolonged, it affects the entire colon. The treatment of UC is
dependent on the severity (i.e., mild, moderate, or severe) from clinical findings [1]. The treatment for
mild-to-moderate UC is the administration of salazosulufapyridine and other 5-aminosalicylic acid
(ASA) formulations. These drugs are useful for the induction of a remission state and the maintenance
of UC. For patients with moderate-to-severe UC, oral or intravenous corticosteroids are useful, and if
active UC does not respond to 5-ASA treatment, prednisolone is usually started. Half of all patients
with colon-type chronic UC undergo surgery within 10 years after onset.

It is known that UC-associated colon cancers (also known as colitic cancers) develop through
the inflammation–dysplasia sequence, which is a major problem of UC threatening the patient’s
prognosis. The incidence of UC-associated colon cancers was 1.6–3.7%, and that of all colon types was
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5.4% [2–4]. The development of UC-associated colon cancers has been shown to take on multiple stages
of carcinogenesis, and the process is different from the sporadic adenoma carcinoma sequence [5–9].

The mutation of the p53 gene is a critical genetic change, involved in the early stages of UC-associated
carcinogenesis of the colorectum. Overexpression of p53 protein in crypts of the colorectum is usually
observed in patients with UC when no dysplasia is histopathologically observed, and is used by
pathologists to define a state between regenerative changes and intraepithelial neoplasia. It is also
used as a biomarker in predicting the risk of evolution toward malignancy. A high frequency of p53
mutations has been reported to be found in patients with chronic UC with severe disease who were not
diagnosed with cancer [10–13].

Herein, we review the histopathological diagnostic criteria and the importance of p53 expression,
which may be a diagnostic biomarker of malignant transformation in UC associated-colon carcinogenesis.

2. Histopathological Diagnosis of UC

Based on clinical symptoms and endoscopic findings, the staging of UC is classified into an active
phase and a remission phase. There are some histopathological activity classifications, such as Matts
classification [14], the Floren classification [15], the Sandborn classification [16], and the Geboes
classification [17], which are based on the inflammatory cell infiltration.

2.1. Inflammation

Pathological findings in classical untreated UC show the histological pattern of chronic active
colitis reflecting active inflammation with the characteristics of chronic mucosal injury. Activity
is defined by neutrophil-mediated epithelial injury, with neutrophils infiltrating crypt epithelium
(cryptitis), and collections of neutrophils within crypt lumens (crypt abscesses), or by infiltration of
surface epithelium with or without mucosal ulceration (Figure 1). The inflammation and mucosal
ulceration often cause pseudopolyposis to develop. Chronic changes include architectural distortion,
basal lymphoplasmacytosis, and paneth cell metaplasia [18,19]. The architectural distortion includes
both shortening and branching of crypts. Basal lymphoplasmacytosis refers to the presence of
lymphoplasmacytic infiltration between crypt base and muscle mucosa. Paneth cells are a normal
component of the right colon, but their presence in the left colon is a metaplastic change that occurs
due to chronic crypt epithelial damage [18,19]. Microscopically, these changes in chronic active colitis
are widely homogeneous when symptoms are observed [20].

 

Figure 1. Pathological findings in classical untreated ulcerative colitis. (A) A crypt abscess.
The arrowhead indicates the crypt abscess; (B) Erosion and a decrease in the number of crypts;
(C) Pseudopolyposis.

110



Int. J. Mol. Sci. 2017, 18, 1284

2.2. Dysplasia

The classification of the Dysplasia Morphology Study Group is widely known as a diagnostic criterion
of dysplasia developed in UC (Table 1) [21]. Riddell et al. [22] categorize dysplasia morphologically as
adenomatous change, basal cell change, in situ anaplasia, clear cell change, and pan-cellular change.
Among these, adenomatous change and basal cell change are most commonly observed [23].

Table 1. The classification of Dysplasia Morphology Study Group by Riddell et al. [21].

(1) Negative for dyplasia
• Normal mucosa, Inactive colitis, Active colitis

(2) Indefinite for dysplasia
• Probably negative

(3) Positive for dysplasia
• Low-grade dysplasia
• High-grade dysplasia

Adenomatous change shows some macroscopic appearances, such as a flat and a protruding
lesion. It often shows a villous feature and heterozygosity in the bottom of the gland. It tends to
differentiate toward the surface layer. There are many unremarkable lesions, sometimes characterized
by budding on the surface side and the demonstration of club-shaped villi. Basal cell change is a tissue
type common in flat lesions, where relatively small chromatin-rich nuclei are located side by side; this
is known as a Beluga caviar-like appearance [22]. Recently, UC has two general patterns of dysplasia,
which are commonly classified as adenoma-like dysplasia-associated lesion or mass (DALM) and
non-adenoma-like DALM [20,24]. The cytoplasm is broad and eosinophilic. It is poorly differentiated,
and has the characteristic that many Goblet cells are unrecognized.

2.3. UC-Associated Dysplasia–Carcinoma Sequence

The development of neoplasms in long-standing UC proceeds from nondysplastic mucosa to visible
or invisible low-grade dysplasia (LGD), high-grade dysplasia (HGD), and eventually to carcinoma. These
UC-associated neoplasms have macroscopically unclear boundaries, and microscopically, dysplasia
lesions spread out. Dysplastic lesions invade deeply despite retaining mucosal structures and staying
within the mucosal muscularis, compared with normal colon cancer, features that do not significantly
affect existing structures. Moreover, there is very little desmoplastic reaction, and there are crypts that
infiltrate deeply. Mucinous carcinoma and poorly differentiated adenocarcinoma are considered to be
common as the histology of invasive cancer merges with UC [25–27].

There is a critical problem with the histopathological diagnosis of UC-associated dysplasia. In the
clinical setting, the management of nondysplastic UC (periodic surveillance) or UC-associated HGD
(colectomy or endoscopic resection) is currently approved; however, the management of UC-associated
LGD is controversial [28–30]. It is therefore important to select the most appropriate treatment when
dysplasia of any grade is found in a patient with UC. However, it is not often easy to determine the
grade of dysplasia.

UC-associated colorectal cancers result from a field change effect with multifocal genetic
alterations that do not follow the typical adenoma–carcinoma sequence of events (Figure 2). In the
typical adenoma–carcinoma sequence, colorectal cancers (CRCs) develop through the accumulation of
mutations in several signaling pathways, including WNT, RAS, p53, DCC, and transforming growth
factor-β (TGF-β) genes [31–33]. Adenomatous polyposis coli (APC) mutations are rare events in the
UC-associated dysplasia–carcinoma sequence (27.5% of HGD cases) compared with 50% in the typical
adenoma–carcinoma sequence [5,34,35]. Tumor necrosis factor alpha (TNFα) is known to be a positive
regulator of UC-associated colon cancer, and it is overexpressed in a murine model of carcinoma arising
on colitis [36]. Blockade of IL-6, IL-21, and CCL2 have been reported to reduce inflammation-related
carcinogenesis in mice [37–39]. Negative regulators of UC-associated colon cancer have been reported
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to be IL-10 [40,41] and TGF-β [39]. Many genes, such as Bcl-xl, kRAS, COX, iNOS, APC, Smad3, STAT3,
Ptgs2, Tnfrsf6, p16, Mlh1, Runx3, Dapk, and β-catenin are mutated in stages of carcinogenesis of the
UC-associated cancer [42–47].

In the UC-associated dysplasia–carcinoma sequence, p53 gene mutations are early events in
50% of patients with UC compared with approximately 10% of adenomas related to the typical
adenoma–carcinoma sequence [34,48]. A recent study has also reported that p53 immunostaining
showed nuclear staining in the basal part of the crypts, even in the indefinite for dysplasia lesions [49].
Wild-type p53 protein in normal cells has a very short half-life [50], and there is no such amount as to
be positive by immunostaining. However, abnormal p53 due to the mutation of p53 is not washed out
and accumulates in the nucleus [51]. Therefore, p53—which can be identified as a immunostaining—is
basically a mutant p53 protein; conversely, it can estimate gene abnormality of p53 with overexpression
of p53 protein.

 

Figure 2. Mechanisms of colorectal cancer and colitis-associated cancer development (upper panel).
Sporadic colon cancer carcinogenesis and (lower panel) colitis-associated colon carcinogenesis.

2.4. Genetic Alterations of p53

The p53 gene encoding the p53 protein and is considered a “genomic guardian” [52]. Loss
of defined mutations and heterozygosity (LOH) is observed early in inflammatory carcinogenesis.
The LOH means that only one mutation may lead to a complete loss of gene function. This is the case
where one allele remains due to previous mutation or inheritance. In addition, a deficiency in patient
p53 was observed without signs of dysplasia or neoplasia in more than 50% of colonic tissue specimens
of ulcerative colitis, and 50–85% of colitis-associated cancers had defects in p53 gene [48]. This has
been investigated by Brentnall et al. [9], who carefully mapped all resected resection specimens of
patients with ulcerative colitis. They have also reported that the mutation of the p53 gene causes
aneuploidy, followed by LOH. That is, p53 detected in the immunostaining is considered the mutation
p53. p53 immunostaining is widely used as a surrogate for p53 mutation, however its accuracy has not
been reported on colorectal cancer and UC. In ovarian cancers. Optimized p53 immunostaining can
approach 100% specificity for the presence of p53 mutation, and its high negative predictive value is
clinically useful, as it can exclude the possibility of a low-grade serous ovarian tumor [53]. Although
p53 detected in immunostaining is considered the mutation p53, it has not been established in CRCs
related to UC.

Methods detected for the detection of p53 mutations are based on genomic DNA or mRNA [54–56].
The most widely-used methods are based on a DNA sequencing method. However, several studies compare
sequencing assays by using both mRNA and DNA targets [16,57–61]. In the report of whole-exome
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sequencing analysis of inflammatory bowel disease (IBD)-associated CRCs [36], the mutation spectrum
of p53 was predominantly located in the protein’s DNA binding domain. The spectrum of p53 single
substitution in IBD-CRCs and sporadic CRCs had several noticeable differences. No mutations were
observed at hot spot R273, and only one mutation was found in hot spots R248, G245, and R175
in IBD-CRCs but not sporadic CRCs. In IBD-CRCs, the predominant substitution was C:G > T:A
transition at CpG dinucleotide (52.6%). This type of substitution at TP53 has previously shown
a positive correlation with the expression of enzyme-induced NO synthase (iNOS) in colon tumors,
and a reading of inflammation-related DNA damage has been hypothesized.

Recently, next-generation sequencing (NGS) technologies have played a pivotal role in the
understanding of the altered genetic pathways in human malignancies. Compared with traditional
sequencing methods, NGS technologies have many advantages. NGS is a high-throughput technology,
as it permits massive parallel sequencing consisting of the simultaneous sequencing of multiple
targeted genomic regions in multiple templates to detect coincident mutations in the same run [62].
The data of p53 mutations analyzed by the NGS will be reported on CRCs associated with UC.

3. p53 Expression as a Diagnostic Marker in UC-Associated Dysplasia

Immunostaining of p53 is useful as a tissue biomarker for predicting the risk of renewal changes,
differentiation of intraepithelial neoplasms, and the evolution to malignant tumors, including colorectal
cancers [49,63,64]. In UC-associated dysplasia, overexpression of p53 protein in the colonic epithelium
is also found and detected in cases where the dysplasia is otherwise histologically difficult to determine
(Figure 3).

 

Figure 3. Development of an ulcerative colitis (UC)-associated colorectal cancer from adenomatous
change equivalent to high-grade dysplasia. (A) Dysplasia adenomatous change associated with UC in
HE (Hematoxylin and Eosin) and p53 staining. Insets show dysplastic crypts; (B) Invasive mucinous
adenocarcinoma associated with UC in HE and p53 staining.
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In p53 immunostaining of patients with UC, Noffsinger et al. [65] have reported that there are
three patterns which are regularly seen: (1) isolated immunoreactive cells in the crypts base, (2) strongly
positive cells confined to the basal half of the glands, and (3) diffusely stained cells [65]. Sato et al. [66]
have also reported that the basal pattern of p53 expression is limited to half of the basal cell side, and
this pattern is considered pathologically equivalent to LGD or HGD in UC. Kobayashi et al. [67] have
focused on the basal pattern of p53 expression and classified the expression on the basal half of the
glands into three types: UC-IIa (indefinite for dysplasia, probably regenerative), UC-IIb (indefinite
for dysplasia, probably dysplastic), and UC-III (low- or high-grade dysplasia). By visual estimation
analyzed with computer-assisted image analysis, p53 basal positivity (more than 20% per the basal
half of the crypt) was observed in 46.0% of UC-IIa crypts (128 of 278 cases), 61.9% of UC-IIb crypts
(39 of 63 cases), and 94.2% of UC-III crypts (81 of 86 cases) in patients with UC. This result supports
that p53 immunostaining might be a useful tool for detecting UC-associated early-stage neoplasia.

In the European Crohn’s and Colitis Organization and the European Society of Pathology, it is
recommended to collect at least four or more biopsies as surveillance for every 10 cm of macroscopically
abnormal areas [68]. This suggests that we should reduce the chance that too few cells are biopsied,
meaning that the level of p53 basal positivity is unable to be calculated. Furthermore, UC-associated
cancers usually have a genetic heterogeneity of tumor cells, even in a single tumor mass [46].
Yin J et al. [46] have reported that p53 point mutations were detected in 26 lesions from 20 UC patients
with dysplasia and carcinomas, including 18 carcinomas, 6 dysplasia-associated masses, 1 flat dysplasia,
and 1 lymph node.

Immunohistochemistry (IHC) is a quick and easy method for detecting p53 mutations, although
there are some discrepancies between the result of IHC and mutation analysis. In a study comparing
the immunostaining of p53 with the TP53 gene mutation, neither the IHC nor the sequencing alone
have a full capability to predict p53 status; however, when combined, these two technologies provide
a more complete assessment of p53 status in patients with CRC [69]. Although immunostaining of
p53 is a very valuable diagnostic tool for detecting the dysplastic change in UC, we must remember
that it is not always universal, and additional methods may be needed to correctly assess p53 status in
UC-associated dysplasia.

4. Conclusions

Prospective population-based observational cohort studies in patients with UC with an expert
pathologist-confirmed dysplasia and carcinoma are needed to better understand the natural history of
UC-associated cancers. Currently, the evaluation of p53 status by IHC might be a useful diagnostic
biomarker in the diagnosis of UC-associated dysplasia.
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Abstract: Colorectal cancer, the fourth leading cause of cancer-related death worldwide, is a
multifactorial disease involving genetic, environmental and lifestyle risk factors. In addition,
increased evidence has established a role for the intestinal microbiota in the development of colorectal
cancer. Indeed, changes in the intestinal microbiota composition in colorectal cancer patients
compared to control subjects have been reported. Several bacterial species have been shown to exhibit
the pro-inflammatory and pro-carcinogenic properties, which could consequently have an impact on
colorectal carcinogenesis. This review will summarize the current knowledge about the potential
links between the intestinal microbiota and colorectal cancer, with a focus on the pro-carcinogenic
properties of bacterial microbiota such as induction of inflammation, the biosynthesis of genotoxins
that interfere with cell cycle regulation and the production of toxic metabolites. Finally, we will
describe the potential therapeutic strategies based on intestinal microbiota manipulation for colorectal
cancer treatment.

Keywords: colorectal cancer; intestinal microbiota; inflammation; genotoxins; host-pathogen interaction

1. Introduction

Colorectal cancer (CRC) is the third most common cancer in both males and females with about
1.36 million of new cases per year and the fourth leading cause of cancer-related deaths worldwide
with 700,000 deaths per year [1].

CRC formation begins with the transformation of the normal epithelium mucosa into
hyper-proliferative epithelium. These hyper-proliferative intestinal epithelial cells (IECs) lose their
organization and structure and have the ability to form adenomas. Adenomas can then growth and
invade the submucosa and become cancerous with the ability to disseminate into the colon [2]. This
series of events, called “adenoma-carcinoma sequence”, which leads to CRC, is heterogeneous, and,
depending on the molecular alterations during this sequence, different subtypes of CRC have been
described. Three major mechanisms of genetic instability have been described in the framework
of sporadic CRC: chromosomal instability (CIN), microsatellite instability (MSI) and CpG island
methylator phenotype (CIMP). These mechanisms have an impact on the major signaling pathways
and lead to the loss of control of cell proliferation, unlimited cell growth and tumor development.

About 10% of CRC cases are hereditary, and up to 90% are sporadic (without family history
or genetic predisposition). Several risk factors for the development of CRC have been identified,
including unhealthy behaviors such as physical inactivity, smoking, and red and processed meat as
well as alcohol consumption. Some diseases including obesity, diabetes type 2 and inflammatory
bowel diseases (IBD) have been also associated with increased risk to develop CRC [3].

It has been proposed that CRC occurrence may also be influenced by the intestinal microbiota
which the gut is in constant exposition with. CRC preferentially affects the large intestine, where
the bacterial density is largest (1012 cells per mL versus ~102 cells per mL in the small intestine) [4].

Int. J. Mol. Sci. 2017, 18, 1310 119 www.mdpi.com/journal/ijms



Int. J. Mol. Sci. 2017, 18, 1310

Several studies have linked a modification of intestinal mucosa-associated microbiota composition in
patients with CRC compared to control subjects [5–7]. Moreover, in animal models of CRC (genetic
or chemical-induced), those bearing the normal intestinal microbiota (conventional animals) develop
more tumors than those deprived of the intestinal microbiota (germ-free animals). These observations
suggest that intestinal microbiota is a new player in CRC development. Over the last decades, many
discoveries have been made to understand the mechanisms by which the intestinal microbiota acts on
the development of CRC. The accepted model of bacteria-induced CRC mechanism is based on the
enhanced release of toxins produced by bacteria, the decrease of beneficial bacterial-derived metabolites,
the disruption of epithelial barrier, the production of pro-carcinogenic compounds and alterations in
the intestinal microbiota or dysbiosis; all of these mechanisms lead to an aberrant activation of the
immune system with chronic inflammation, increased cellular proliferation and thus increased CRC
development [8]. This model of bacteria-host interaction in CRC has helped pave the way to new
therapeutic strategies such as supplementation of microbial fermentation products such as short-chain
fatty acids (SCFAs), which have anti-inflammatory and anti-carcinogenic effects [9]; direct suppression
of bacterial toxin-induced DNA damage and tumorigenesis using small inhibitor molecules [10]; use of
prebiotics shown to decrease carcinogen-induced aberrant crypt foci number in vivo [11]; consumption
of lactic acid bacteria-containing probiotics, which can prevent DNA damage induced by the mutagenic
and carcinogenic heterocyclic amines [12]; and the use of bacteria such as Bifidobacterium and Bacteroides
to enhance anti-tumor immune therapy efficiency and therefore improving tumor control [13,14].

This review will focus on the current knowledge of the contribution of the intestinal microbiota,
especially bacteria, to CRC development, and more particularly how it influences the initiation
and the progression of CRC via its different pro-carcinogenic effects including the induction of
inflammation, the biosynthesis of genotoxins that interfere with cell cycle regulation, the production of
toxic metabolites. Finally, we will discuss the potential therapeutic strategies for CRC treatment based
on manipulation of intestinal microbiota.

2. Determinant Factors of Colorectal Cancer (CRC)

CRC is the third most commonly diagnosed cancer in males and the second in females, with 1.36
million new cases per year and almost 694,000 deaths in 2012 [1].The risk of developing CRC increases
with age. Additional risk factors are inherited genetic factors, lifestyle and some diseases such as
obesity, diabetes type 2 and IBD. Only 5–6% of CRC cases involve inherited genetic alterations. It has
been shown that having one or two first-degree relatives with CRC is associated, respectively, with
2.26- and 3.76-fold increased risk to develop CRC [15].

The two main forms of hereditary CRC are the Lynch syndrome or non-polyposis colon cancer,
which involves mutations in the DNA mismatch repair system, and the familial adenomatous polyposis
(FAP), which is caused by germline mutations in the tumor suppressor adenomatous polyposis coli
(Apc) gene [16].

Beside the uncontrollable genetic factor, several lifestyle factors play an important role and are
responsible of approximately 90% of CRC occurrence. Indeed, CRC incidence is very inconsistent
over the world, with the highest rates in Europe, New Zealand, United States and Australia, and
the lowest rates in Africa and South Asia [1]. In 2012, one study showed a large disparity of CRC
occurrence depending on socioeconomic status with an increased risk for the lowest socioeconomic
status compared to the highest one due to the highest prevalence of adverse health behaviors such as
unhealthy diet, alcohol consumption, smoking, obesity and absence of physical activity [17]. Indeed,
diet plays an important role in the occurrence of CRC, and it has been estimated to be involved in 30%
to 50% of CRC worldwide. Studies have shown that red meat consumption, low fiber, calcium, folic
acid and vitamin D diet could enhance the risk to develop CRC [18]. Alcohol consumption has been
suspected to be implicated in CRC development, as the compound resulted from the metabolism of
alcohol, acetaldehyde, has mutagenic and pro-carcinogenic activities [19]. In addition, it was shown
that alcohol consumption enhances the risk to develop CRC in a dose-dependent manner. Indeed,
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a pooled analysis of eight cohort studies showed that the consumption of 30 g of ethanol per day or
greater during a maximum of 6–16 years of study period enhances the risk to develop CRC by 16%,
and 45 g of ethanol enhances the risk by 41% [20]. Cigarette smoking also increases the risk to develop
CRC in a time and dose-dependent manner. In 2008, a meta-analysis showed that smokers have 18%
increased risk to develop CRC compared to never-smokers [21].

Obesity is a risk factor of various cancers, including pancreatic, kidney, liver, breast, esophageal,
gastric and colorectal cancer and has been estimated to account for 14% of cancer deaths in men
and 20% of cancer deaths in women [22]. Recently, a meta-analysis on 9,000,000 participants from
different countries showed that the obese category has a risk to develop CRC 1.3 time higher than
the normal category [23]. Later, studies have tried to reveal the molecular link between obesity
and CRC. Lin and colleagues showed that diet-induced obesity leads to a silencing of the colonic
cell surface receptor guanylyl cyclase C due to loss of expression of its paracrine hormone ligand
guanylin. The authors showed that the loss of guanylin is associated with epithelial dysfunction, colon
endoplasmic reticulum stress and promoted tumorigenesis in mice treated with the carcinogenic agent
azoxymethane (AOM) [24]. Other studies have linked the obesity-associated hormone leptin with the
occurrence of CRC, as its expression is enhanced in CRC compared to normal colorectal epithelium
and colorectal adenomas [25]. In vitro, this adipokine is able to activate the phosphoinositide 3-kinase
(PI3K)/protein kinase B (PKB/AKT)/mammalian target of rapamycin (mTOR) signaling pathway and
therefore enhance proliferation and inhibit apoptosis of the human HCT116 colon cancer cells [26].
The risk to develop CRC is decreased with physical activity practicing [27]. Indeed, people with
no or low physical activity have 27% more risk to develop CRC compared to people with physical
activity [28]. In people with high physical activity, incidence of CRC is reduced by 40–50% compared
to those with little or no physical activity [29]. It has been proposed that physical activity may decrease
the risk to develop various cancers including CRC by decreasing central adiposity, influencing sexual
and metabolic hormone levels, reducing inflammation and improving immune function [30].

Chronic inflammation is one of the major risks of CRC. Patients with IBD, including ulcerative
colitis and Crohn’s disease, have a higher risk to develop colitis-associated CRC compared to the
general population [31,32]. Recently, a study on 44,278 individuals showed an association between
a higher dietary inflammatory index, which is developed to evaluate the inflammatory potential of
an individual’s diet, and an increased prevalence of colorectal adenomas [33]. The consumption of
non-steroid anti-inflammatory drugs, such as aspirin, was shown to reduce the occurrence of CRC and
decrease tumor growth in various animal models of CRC [34]. Moreover, the susceptibility to develop
colonic tumors in animal models of CRC, such as APCMin/+ mice (which carry a germline mutation
in Apc gene) and AOM-treated mice, is enhanced following treatment with the inflammatory agent
dextran sodium sulfate (DSS) [35,36]. It is well known that chronic inflammation induces dysplasia via
the induction of DNA modifications in IECs, such as nitration, oxidation, methylation and deamination
reactions, which can contribute to the initiation or progression of CRC [37]. During inflammation,
the recruitment of innate immune cells such as macrophages, neutrophils and dendritic cells and
adaptive immune cells such as T and B cells, leads to the secretion of oxygen/nitrogen reactive species,
which are highly genotoxic [38], pro-inflammatory cytokines such as interleukin (IL)-6, IL-8, IL-1β and
tumor necrosis factor-α (TNF-α), as well as growth factors [39]. The production of these mediators is
mediated by several major signaling pathways such as nuclear factor-kappa B (NF-κB), signal transducer
and activator of transcription 3 (STAT3), PI3K/AKT, cyclo-oxygenase-2 (COX-2)/prostaglandin E2
(PGE2), which are implied in many processes including proliferation, angiogenesis, invasion, metastasis
and recruitment of inflammatory mediators [39]. This inflammatory environment has a lot of similarities
with the tumor microenvironment, suggesting the implication of the same mediators in chronic intestinal
inflammation and colorectal carcinogenesis [39]. Indeed, many inflammatory mediators have been
found positively associated with the prevalence of colorectal adenomas [40–42]. For example, IL-6
levels are higher in the serum of CRC patients compared to healthy controls [43]. In vitro, IL-6 was
shown to stimulate the invasiveness of human colorectal carcinoma cells [44]. Using a mouse model of
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AOM-DSS-induced colitis-associated CRC, IL-6 was also shown to be a strong promoter of colonic tumor
growth [45]. Mice deficient for the anti-inflammatory cytokine IL-10 (il10−/− mice), which develop
spontaneously chronic colitis [46], have increased carcinogenesis with higher grade and invasiveness
when being treated with AOM compared to wild type mice [47]. In addition, IL-10 deficiency leads to
increased colon tumor number in APCMin/+ mouse model of CRC [48]. Interestingly, under germ-free
condition il10−/− mice develop reduced colitis, and this is associated with reduced AOM-induced CRC
development [47]. Moreover, the intestinal microbiota composition is different in AOM-treated il10−/−

mice compared to AOM-treated wild type mice [49].
The implication of toll-like receptors (TLRs) and nucleotide-binding oligomerization domain

(NOD)-like receptors (NLRs), which are innate immune sensors that function to maintain gut
homeostasis by inducing an appropriate inflammatory response against pathogenic exposures,
in inflammation-associated colorectal carcinogenesis has been largely investigated. Ten TLRs have
been identified in humans, and several single nucleotide polymorphisms (SNPs) within the tlr genes
have been associated with altered susceptibility to infectious, allergic, and inflammatory diseases
as well as cancers [50]. A correlation between SNPs in tlr3, tlr5 and tlr9 genes and CRC has been
found [51,52]. A dual role for TLRs in CRC has been proposed as they may promote cancer cell survival
and progression or induce tumor cell death depending on the context [53]. For example, TLR5 and TLR9
exhibit anti-tumoral properties by activating immune cells and having a direct cytotoxicity effects on
tumor cells [53]. Moreover, TLR8 activation was shown to inhibit regulatory T cells, thus promoting
anti-tumor immunity [54]. Using a mouse xenograft model of human colon cancer, a study showed
that deficiency of TLR5 is associated with increased tumor volume accompanied with a deregulation
of tumor immune response [55]. In addition, TLR9 exhibits also anti-tumoral activity in a xenograft
model of colon cancer [56]. Finally, TLR2 deficiency leads to increased tumor development with higher
pro-inflammatory mediators’ level in an AOM-DSS mouse model of inflammation-induced CRC [57].
In contrast, TLRs have the capacity to activate the NF-κB signaling pathway, and this is one of their major
tumor-promoting effects [53]. TLR activation stimulates several immune mediators, such as IL-1β, TNF-α
and IL-6, which are implied in cell survival, immune response and inflammation [53]. In vitro, TLR4
was found to enhance immunosuppression by inhibiting T cell proliferation [58]. Using xenograft mouse
model of CRC, the blockade of TLR4 was found to improve the survival of tumor-bearing mice [58],
and this was confirmed in the AOM-DSS mouse model, where TLR4 was shown to recruit and activate
COX-2-expressing macrophages and increase the number and size of dysplastic lesions per colon [59].
Moreover, deficiency of the TLR adaptor molecule myeloid differentiation primary response gene 88
(MyD88) in APCMin/+ mice leads to a decrease in the number of colonic and ileal polyps [60].

In 2004, Kurzawski and colleagues fist reported an association between a SNP in nod2 gene and an
enhanced risk to develop CRC [61]. It was later shown that NOD2 deficiency increases the susceptibility
of mice to chemically induced colitis and colitis-associated carcinogenesis, and this is due to changes in
the composition of gut bacterial communities and enhanced IL-6 production [62]. Deficiency of NOD1
leads to increased colorectal tumor number in APCMin/+ mice and AOM-DSS-treated mice. Treatment
with antibiotics suppresses intestinal tumor formation in NOD1-deficient mice compared to untreated
mice [62]. Moreover, following AOM-DSS treatment, NOD1-deficient mice exhibit impaired interferon
gamma (IFN-γ) production and therefore increased inflammation-associated tumorigenesis compared
to wild type mice [63].

These data suggest a close link between inflammation and microbiota modulation during
colorectal tumorigenesis.

3. Intestinal Microbiota and Gut Homeostasis

The intestinal microbiota is the complex community of all microorganisms in the gut, including
not only bacteria but also fungi, viruses, archaea and protozoans. It has been estimated that over
1000 bacterial species inhabit the human intestinal tract [64]. In healthy individuals, the microbiota is
mainly composed of two principal strictly anaerobic phyla: the Firmicutes and the Bacteroidetes. Despite
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the stability of these groups in the gut, their proportions and the associated species are highly variable
over time and between individuals [65]. In a single individual, there is also a spatial variability in the
composition and the amount of microbiota. Indeed, it has been observed an increase in the number
of bacteria beginning at 10–103 bacteria per gram of stomach and duodenal contents, increasing to
104–107 bacteria per gram in the small intestine, and rising to 1011–1012 bacteria per gram in the
large intestine [66]. The gut microbiota has a symbiotic relationship with the host and is involved in
metabolic, immunological and protective functions in a healthy individual. This part lists the main
functions of the healthy intestinal microbiota.

3.1. Nutrient Metabolism

The gut microbiota has a major role in metabolism by providing important metabolites for its host.
The key bacterial fermentation products following the fermentation of dietary carbohydrates are SCFAs
and gases. SCFAs, such as butyrate, propionate, and acetate, are the main end products synthesized
from the fermentation of non-digestible carbohydrates by the two main fermenters: Bacteroidetes
which transform simple sugars from carbohydrates into organic acids such as SCFAs and hydrogen,
and Clostridium with butyrate-producing bacteria that transform organic acids into additional SCFAs.
The beneficial roles of SCFAs for the host have attracted many researchers, such as their role in energy
homeostasis as they are the principal source of energy for colonocytes [67], their anti-inflammatory and
anti-carcinogenic effects, and their capacity to reinforce the intestinal barrier function and to decrease the
oxidative stress [9]. The gut microbiota plays also a role in gas metabolism. The majority of gas generated
by bacteria comprises hydrogen, carbon dioxide, and methane, all odorless gases. Gas production
by the colonic microbiota can exert clinical consequences for the host. For example, the utilization of
hydrogen to reduce sulfate generates hydrogen sulfide, which is highly toxic to colonocytes and can
have pathological consequences. There is also an association between the presence of methane in the
colon and CRC, although this could be a consequence rather than causal of the disease [68].

The gut microbiota has also an impact on lipid metabolism as the microbiota can enhance the
lipoprotein lipase activity in adipocytes [69]. The lipids can be derived from the intestine itself, from the
desquamation of the epithelial cells and from the bacteria [70]. Only 5% of bile acids, transformation
products from cholesterol, reach the colon to be metabolized by bacteria into secondary bile acids.
Bacteroides intestinalis, for example, has the ability to deconjugate and dehydrate the primary bile
acids to convert them into secondary bile acids in the colon [71]. Several primary bile acids such
as cholic acid are converted into desoxycholic acid and lithocholic acid and may have carcinogenic
effects [72]. The gut microbiota has also a role in protein metabolism. Indeed, a lot of bacteria have
protease activity and can hydrolyze proteins into small peptides [73]. These peptides can be then
metabolized by several bacteria into amino acids which can serve as a source of energy or nitrogen by
other bacteria [73]. The gut microbiota can also synthesize certain vitamins, notably vitamins K and
B, which are not only important for bacterial metabolism, but also have a physiological significance
to the host [74]. For example, people treated with a broad-spectrum antibiotic showed a significant
decrease in plasma prothrombin levels [75]. Germ-free but not the conventional animals fed a diet
without vitamin K supplement have low prothrombin levels and develop hemorrhages [76].

3.2. Intestinal Barrier Maintenance

The principal functions of the intestinal epithelium are to form a barrier and protect the gut from
the external environment, to regulate the absorption of nutrients, electrolytes and water from the
lumen and to maintain the homeostasis between the environment and the host. In order to maintain
a high protection, the intestinal epithelium is composed of two main elements: the mucus layer and
the tight junctions. The gut microbiota has an impact on both of them. Indeed, it has been shown
that the mucus layer is not well developed in germ-free mice [77]. Moreover, the SCFAs produced
by the gut microbiota and more specifically butyrate can act as a guardian of the intestinal barrier by
decreasing the permeability through increased expression of the tight junction proteins claudin-1 and
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zonula occludens-1 [78]. SCFAs such as butyrate have also an impact on intestinal mucus production
by enhancing expression of mucins [79]. Germ-free animals show impaired intestinal barrier due to
decreased tight junction protein expression and low expression of mucus proteins, and therefore a
high susceptibility to DSS-induced colitis [80]. These studies show a major role of the microbiota in
protecting the gut integrity.

3.3. Modulation of Immune System

The gut microbiota contributes to the maturation and modulation of both mucosal and systemic
immune systems via innate immune components not much specific such as the pattern recognition
receptors (PRRs) expressed on the different cell types in the mucosa (enterocytes, polynuclear cells,
mast cells, macrophages and dendritic cells), and adaptive immune components which are highly
specific receptors expressed on the surface of T cells and B cells. Recruitment and activation of all of
these cells are highly dependent on signals from the microbiota and are tightly regulated.

3.3.1. Intestinal Innate Immune Cells

Among the innate immune cells, macrophages are the most abundant. In the intestine, macrophages
have a phagocytic activity by expressing the phagocytic receptor TREMC2 (triggering receptor expressed
on myeloid cells 2), and therefore the ability to get rid of invasive bacteria [81]. Macrophages are also
producers of the anti-inflammatory cytokine IL-10 which contributes to the maintenance of intestinal
homeostasis [81]. Neutrophils and eosinophils play also a role in innate immunity by respectively
secreting the pro-inflammatory mediators such as IL-22 and stimulating the adaptive immune responses
via the production of immunoglobulin-A (IgA) [82,83]. Innate lymphoid cells are activated in response to
cytokines produced by dendritic cells or by the epithelium. Among these cells, the type 3 innate lymphoid
cells (ILC3) expressing the nuclear factor retinoid acid-related orphan receptor γ, which are activated
by IL-1β, IL-6 and IL-23, are producers of effector cytokines such as IL-17 and/or IL-22, and require
the presence of commensal bacteria for their development [84]. When being activated, ILC3 have also
the ability to induce the production of mucus and antimicrobial peptides (AMPs) by the epithelium.
Moreover, ILC3 have a direct impact on adaptive immune response through the production of granulocyte
macrophage colony-stimulating factor (GM-CSF). GM-CSF production, as a consequence of the detection
of commensal bacteria and the production of IL-1β by macrophages, leads to the generation of regulatory
T cells [85]. ILC3 are also found to express major histocompatibility complex molecules, process and
present antigens, and interact with CD4+ T cells leading to the regulation of adaptive immune responses
to commensal bacteria [86]. Finally, dendritic cells are key regulators of adaptive immune responses by
recruiting and activating naïve T cells by inducing T cell receptors [87]. One subpopulation of dendritic
cells is predominant in Peyer’s patches, key site of microbiota-induced immune responses, and could
promote regulatory T cell production, while the other subpopulation seems to have pro-inflammatory
properties by promoting T cell repertory [87].

3.3.2. Intestinal Adaptive Immune Cells

Peyer’s patches and isolated lymphoid follicles are the major sites for adaptive immune responses.
These two sites are enriched in microfold cells (M cells), which allow the translocation of bacteria that
can be captured by dendritic cells and presented to naïve T cells, leading to the activation of B cells and
therefore the secretion of IgA [88]. Compared to conventional animals, germ-free animals have reduced
number and unachieved development of Peyer’s patches. Indeed, Peyer’s patches from germ-free
mice exhibit fewer M cells and T lymphocytes [89]. Germ-free mice have also decreased IgA-producing
plasma cells and reduction of T cells in the lamina propria [90]. Bacterial colonization induces the
production of IL-17 by the T helper 17 (Th17) cells, which is important to control intestinal bacteria.
Indeed, IL-17 stimulates the production of AMPs by the epithelium, the recruitment of neutrophils,
and also promote IgA secretion [91,92]. Immune responses vary according to bacterial densities and
are dependent of the microbial community. The most implied bacteria in the modulation of both innate
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and adaptive immune systems are the segmented filamentous bacteria (SFB) [93]. The SFB, related to
Clostridium, adhere to the epithelial surface and to the Peyer’s patches in order to get nutrients [94].
This contact between the SFB and the epithelium is also beneficial for the host by stimulating the
immune system. Indeed, the SFB stimulate innate immune responses and promote the development
of lymphoid tissues such as Peyer’s patches and the isolated lymphoid follicles. SFB also induce IgA
secretion and activate pro-inflammatory T cells as well as regulatory T cells [91,95].

Besides the role in shaping the intestinal immune system, the gut microbiota has also indirect
effects on the periphery. While the mechanisms are still poorly described, theories have emerged
suggesting that the gut microbiota might have peripheral effects by the diffusion of soluble factors
derived from bacteria and their metabolites [96,97]. Indeed, Burgess and colleagues showed that
transfer of bone marrow-derived macrophages from mice carrying SFB to mice deficient in SFB
is sufficient to protect SFB-deficient mice from infection with Entamoeba histolytica, responsible of
diarrhea [98]. Furthermore, it was shown that the gut microbiota can protect against enteric infection
via extra-intestinal mediators [98].

3.4. Protection against Pathogens

Studies have shown a crucial role of gut microbiota in protection against gut colonization by
pathogens. It has been shown that antibiotic-treated mice have increased susceptibility to infection
with enteric pathogens compared to untreated mice [99,100]. The mechanisms by which the gut
microbiota inhibits gut colonization by pathogens involve competition for adhesion receptors and for
nutrients, stabilization of the mucosal barrier and production of anti-microbial substances [101].

Commensal microbiota and bacterial pathogens require the same niche to colonize the intestine.
Commensal bacteria are able to produce bacteriocins and toxins that inhibit specifically the members
of the same species. For example, bacteriocin produced by several commensal Escherichia coli strains
isolated from human and different animals inhibits the growth of the pathogenic enterohemorrhagic
Escherichia coli (EHEC) [102]. Moreover, commensal bacteria have the ability to influence the pH of
the gut in order to prevent the colonization of pathogens. For example, Bifidobacterium protect mice
against death induced by EHEC serotype O157:H7 through acidification of the environment via the
production of acetate [103]. Similarly, the SCFAs produced by some commensal bacteria can have
toxic effects for some pathogens such as Salmonella by modifying the environment pH [67]. Moreover,
SCFAs, especially butyrate, have been shown to inhibit the virulence of Salmonella by decreasing the
Salmonella pathogenicity island 1 gene expression, thereby limiting the invasion of epithelial cells
by this pathogen [104]. Another strategy used by commensal bacteria to inhibit the colonization by
pathogens is the competition for nutrients, leading to starvation of pathogenic bacteria. Indeed, a study
showed that co-culture with high proline-consuming commensal E. coli decreases the growth of EHEC
serotype O157:H7 [105]. Moreover, the modulation of the microenvironment in the gut, such as oxygen
concentration, by commensal bacteria can lead to incomplete virulence gene expression in pathogens
such as Shigella flexneri [106].

Another defense strategy from the commensals against pathogens is the activation of host innate
immunity via the pathogen-associated molecular patterns (PAMPs) or microbe-associated molecular
patterns (MAMPs) which include microbial components such as lipopolysaccharides, lipid A, flagella,
bacterial DNA and RNA [107]. Those PAMPs/MAMPs are recognized by the PRRs such as the
TLRs, the C-type lectin receptors (CLRs) and the NLRs of eukaryotic cells. The interactions between
PRRs and PAMPs/MAMPs lead to the activation of several pathways guaranteeing the intestinal
homeostasis such as those implied in the mucosal barrier function or in the synthesis of AMPs by
Paneth cells such as C-type lectins, prodefensins and cathelicidins [108]. MyD88−/− mice have
impaired production of AMPs by Paneth cells in the small intestine, leading to enhanced colonization
by commensal bacteria in the mesenteric lymph node and also an increased dissemination of the
pathogenic bacterium Salmonella into the spleen [109]. Mice deficient for the intracellular sensor of
small bacterial peptides NOD2 show an impaired production of the α-defensins, called cryptdins in
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mice, which might lead to a higher susceptibility to infection by pathogens [110]. Using mice deficient
for MyD88 specifically in IECs (MyD88ΔIEC mice), a study showed that the loss of MyD88 results in an
increased number of mucosa-associated bacteria, impaired mucus-associated antimicrobial activity,
increased bacterial translocation, decreased mucin-2 expression, and decreased expression of epithelial
IgA transporter, leading to an enhanced susceptibility of mice to colitis [111]. In addition, Frantz et
al. also noted a significant difference in the gut microbiota composition in MyD88ΔIEC mice, with a
decrease in the abundance of Bacteroides and an increase in a large proportion of species belonging
to Proteobacteria, compared to the control MyD88flox/flox littermates [111]. Among the commensal
bacteria, some species of Bacteroides and Lactobacillus are the more frequently implied in the production
of AMPs [66]. Mono-colonization of germ-free mice deficient in T cells and IgA secretion (RagT
mice) with either the gram-negative Bacteroides thetaiotaomicron or the gram-positive Lactobacillus
innocua results in a significant increase in mRNA expression of RegIII-gamma, which is a secreted
C-type lectin, part of the AMP families, triggered by enhanced mucosal contact between bacteria and
epithelial cells [112]. Using germ-free mice mono-colonized with SFB, which are specific members of
the commensal microbiota, Ivanov and colleagues showed that SFB are able to induce Th17 cells in
the lamina propria and production of the Th17 cell effector cytokines IL-22 and IL-17 [91]. These are
accompanied by a decrease in the invasion of the pathogen Citrobacter rodentium in the colonic tissue
compared to germ-free mice that are not mono-colonized with SFB and therefore lack Th17 cells [91].
However, some pathogens have developed strategies to use commensal bacteria for their own good.
For example, Clostridium difficile use bile salt, a by-product derived from commensal bacteria, in order
to stimulate the germination of spores [113].

4. Intestinal Microbiota and CRC

In 2012, among the 14 million new cancer cases, 2.2 million cases were attributed to infectious
agents [114]. A review summarizing all the epidemiologic and pathologic studies since 2000
showed that the proportion of cancer cases attributed to infectious agents is up to 20%. This
varies greatly from 5% in highly developed countries to more than 50% in Sub-Saharan African
countries where 90% of the cancer cases attributed to infection were caused by Helicobacter pylori
(770,000 cases), human papillomavirus (640,000 cases), hepatitis B virus (420,000 cases), hepatitis
C virus (170,000 cases) and Epstein-Barr virus (120,000 cases) [114,115]. Since 99% of the microbial
mass is located in the intestinal tract, the gut microbiota has the greatest impact on human health
and is the most studied microbiota. Several studies have shown a link between a modification
of the gut microbiota and CRC. In 1995, a study reported 15 bacterial species associated with a
higher risk to develop CRC, including two Bacteroides species (Bacteroides vulgatus and Bacteroides
stercoris), two Bifidobacterium species (Bifidobacterium longum and Bifidobacterium angulatum), five
Eubacterium species (Eubacterium rectale 1 and 2, Eubacterium eligens 1 and 2, Eubacterium cylindroides),
three Ruminococcus species (Ruminococcus torques, Ruminococcus albus and Ruminococcus gnavus),
Streptococcus hansenii, Fusobacterium prausnitzii and Peptostreptococcus productus 1 [116]. The authors
also reported five bacterial species associated with a lower risk of CRC development including
some Eubacterium species, Lactobacillus S06, Peptostreptococcus DZ2 and Fusobacterium AB [116]. By
analyzing the microbiota composition of different intestinal compartments from 46 patients with
CRC and 56 healthy volunteers, Chen and colleagues showed that the mucosa-associated bacterial
composition was significantly different in CRC patients compared to healthy subjects [5]. Indeed,
Fusobacterium, Porphyromonas, Peptostreptococcus, Gemella, Mogibacterium and Klebsiella are enriched
in CRC patients, whereas Feacalibacterium, Blautia, Lachnospira, Bifidobacterium and Anaerostipes are
reduced [5]. Moreover, the authors showed that the microbiota of cancerous tissues exhibited lower
diversity compared to that of the non-cancerous normal tissues [5]. More recently, Goa et al. showed
that the predominant phylum in CRC patients is the Firmicutes, whereas it is the Proteobacteria in
healthy individuals. In addition, a relatively higher abundance of Lactococcus and Fusobacterium
and lower abundance of Pseudomonas and Escherichia-Shigella was observed in cancerous tissues
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compared to adjacent non-cancerous tissues [7]. Recent pyrosequencing data of CRC-associated gut
microbiota revealed, in particular, over-representation of some bacteria such as Bacteroides/Prevotella,
Faecalibacterium and Fusobacterium [117]. However, these modifications vary depending on the analysis
techniques and the sample localization. Indeed, Sobhani and colleagues showed that Bacteroides are
over-represented in CRC patients’ tissues (tumoral tissues and associated normal mucosa) compared
to normal tissues from control subjects. In the stool samples, the authors showed a significant
increase of Bacteroides/Prevotella in CRC samples compared to healthy subjects’ samples [118]. When
analyzing CRC at an earlier stage, studies have shown an increase of Proteobacteria and Fusobacteria
and a decrease of Bacteroides in normal mucosa from CRC patients compared to that from control
subjects [119,120]. At species levels, Bacteroides fragilis, Escherichia coli, Streptococcs bovis/gallolyticus,
Enteroccocus faecalis and Fusobacterium nucleatum are increased in the fecal samples from CRC patients,
while Bacteroides vulgatus and Faecalibacterium prausnitzii are decreased when compared to fecal samples
from healthy volunteers [117,121]. More recently, Viljoen and colleagues reported a significant increase
in Fusobacterium in tumor samples compared to non-tumoral adjacent mucosa, and this is associated
with late stages of CRC [122]. The alterations in intestinal microbiota composition have also been found
in animal models of CRC. Indeed, in 2013, using the AOM-DSS mouse model of colitis-induced CRC,
Zackular and colleagues showed a shift in fecal microbiota composition with a significant decrease
in the diversity following the first round of DSS treatment [123]. Right after the first round of DSS
treatment, Bacteroides was found increased, while Prevotella was found decreased [123]. However,
following the third round of DSS treatment, a significant decrease in Bacteroides and Porphyromonadaceae
was found, which has also been observed in IBD patients [123,124]. The authors proposed that
these species could have a protective role as the anti-inflammatory mediators in the gut. When
they conventionalized germ-free mice with either the healthy microbiota of untreated mice or the
microbiota of tumor-bearing AOM-DSS-treated mice, those conventionalized with tumor-bearing
mice-associated microbiota exhibit more tumors and decreased gut microbiota diversity compared to
those conventionalized with the healthy microbiota [123]. Analyses of the diversity and richness of the
intestinal lumen microbiota were also performed via the analysis of the feces in an animal model of
CRC induced by the carcinogenic agent 1,2-dimethylhydazine [125]. The results showed an increase
in Bacteroides and Proteobacteria in the lumen of CRC rats compared to healthy rats. A reduction of
butyrate-producing bacteria such as Roseburia and Eubacterium in the gut microbiota of CRC rats was
also observed [125]. Recently, it was shown that germ-free APCMin/+/il10−/− mice exibit almost no
tumor compared to conventionalized APCMin/+/il10−/− mice, indicating the primordial role of the gut
microbiota in inflammation-induced CRC [48].

Theories have been made regarding the role of the gut microbiota in CRC initiation or progression.
Tjalsma and colleagues proposed a “driver-passenger” bacterial model, in which the intestinal mucosa
of CRC patients could be colonized by one or several microbes called “driver” because of their
pro-carcinogenic properties such as production of DNA-damaging compounds, induction of cellular
proliferation, causing permeabilization of intestinal barrier and induction of chronic inflammation,
leading to initiation of CRC. Enterococcus faecalis, some Escherichia coli strains, Bacteroides fragilis, Shigella,
Salmonella and Citrobacter have been described among the “driver” bacteria [4]. The “driver” bacteria are
associated with the early stages of CRC and are not found in cancerous tissue as the disease progresses,
which may explain the heterogeneity of the results reported by CRC-associated microbiota studies.
Via their pro-carcinogenic effects, the “driver” bacteria can influence the tumoral microenvironment
and promote the emergence of “passenger” bacteria, which are better suited to the new environment.
Fusobacterium nucleatum, Streptococcus bovis/gallolyticus and with less evidence Clostridium septicum have
been considered as candidate “passenger” bacteria [4]. Primarily linked to gastric cancer, studies have
also started to investigate the association between Helicobacter pylori and CRC [126].
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5. Possible Mechanisms of Action of the Intestinal Microbiota in Colorectal Carcinogenesis

5.1. Enterococcus faecalis

E. faecalis is a gram-positive facultative anaerobic commensal bacterium and mostly appears
harmless to humans. However, studies have started to associate E. faecalis to CRC because it has
been found to be enriched in fecal samples from CRC patients compared to healthy individuals [127],
and also in tumors as well as in the adjacent tissues of CRC patients compared to mucosa from
healthy individuals [128]. Recently, a study reported the case of an 86-year-old Caucasian male with
E. faecalis bacteremia, who presented gastrointestinal bleeding secondary identified to be colorectal
adenocarcinoma by colonoscopy [129]. In il10−/− mice, E. faecalis was shown to be able to promote and
perpetuate colitis, to induce dysplasia and rectal carcinoma [130]. It was also shown that upon infection
with colitogenic E. faecalis, IECs from wild type mice express the immunosuppressive cytokine TGF-β,
thus activating Smad signaling [131]. This was associated with a loss of TLR2 protein expression
and inhibition of NF-κB-dependent pro-inflammatory gene expression. In contrast, il10−/− mice
fail to inhibit TLR2-mediated expression of pro-inflammatory genes in IECs upon colonization with
E. faecalis [131]. In addition to its ability to induce chronic inflammation, E. faecalis was shown to
produce extracellular superoxide and hydrogen peroxide [132]. In vitro, this production of extracellular
free radical was shown to induce DNA damage [133]. When being administered to rats, E. faecalis is
also able to induce DNA damage in luminal colonic cells [133]. Since reactive oxygen species (ROS)
are able to induce chromosomal instability [134], which could be associated with CRC occurrence,
a study investigated whether E. faecalis could promote CIN [135]. Using mammalian cells, the authors
showed that E. faecalis is able to induce CIN, and this is due to the production of superoxide but
not hydrogen peroxide, and this seems to involve COX-2 whose expression is enhanced after 2 h of
infection. The authors admitted that extracellular superoxide-producing E. faecalis infection leads to
enhanced COX-2 expression in macrophages and promotes CIN in epithelial cells [135]. More recently,
Wang and colleagues showed that E. faecalis is able to polarize colon macrophages to a M1 phenotype.
E. faecalis-polarized macrophages were shown to induce aneuploidy and chromosomal instability
in primary colon epithelial cells which are commonly found in cancers [136]. In addition, primary
murine colon epithelial cells when being repetitively exposed to E. faecalis-infected macrophages are
transformed with strong expression of stem/progenitor cell markers. In immunodeficient mice, eight
of 25 transformed clones grow as poorly differentiated carcinomas with three tumors invading skin
and/or muscle [136]. These findings could explain the mechanisms by which E. faecalis exert son
impact on colorectal carcinogenesis.

5.2. Bacteroides fragilis

The strict anaerobe B. fragilis is a common human symbiont that colonizes the entire length of
the colon and represents only a small proportion of the gut microbiota. There are two subtypes of B.
fragilis, the nontoxigenic B. fragilis (NTBF) and the enterotoxigenic B. fragilis (ETBF). The latter, which
has been associated to diarrhea in humans [137], exhibits a pathogenic island, called the B. fragilis
pathogenicity island (BfPAI), that allows them to produce an enterotoxin called “fragilysin” or BFT
encoded by the bft gene [138]. Several studies have linked B. fragilis with CRC as it has been found
enriched in stools from CRC patients compared to healthy individuals [117,118]. Using stool samples
from 73 CRC patients and 59 healthy subjects, the bft gene has been found in 38% of the CRC patients’
samples compared to 12% in the healthy group [139]. ETBF is associated with late-stage CRC as 100%
of the late-stage tumors are bft-positive compared to 72% of the early-stage tumors [140]. However,
Purcell and colleagues showed that B. fragilis is associated with early-stage carcinogenic lesions [141].
In vitro studies have highlighted the proteolytic activity of fragilysin, which is responsible for the
degradation of tight junction proteins such as zonula occludens-1 [142] and therefore leads to a
dysfunction of the intestinal epithelial barrier with enhanced epithelial permeability and damaged
intestinal crypts and colonocytes [143,144]. In 2003, Wu and colleagues showed that EBFT is able
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to degrade the cellular adhesion molecule E-cadherin in HT29 cells, triggering the translocation of
β-catenin into the nucleus and the transcription of the oncogene c-myc, leading to enhanced and
persistent cellular proliferation that could positively influence CRC development [145]. In APCMin/+

mice, ETBF colonization leads to an increase in colonic thickness, inflammation and visible colonic
tumors, which were not observed with NTBF infection [146]. ETBF mediates its effects via the activation
of STAT3 in colonic epithelial cells and therefore induces the pro-carcinogenic Th17 inflammatory
response with subsequent secretion of the pro-inflammatory cytokine IL-17. When blocking the IL-17
secretion with IL-17 neutralizing antibodies, EBTF-induced colon tumors are significantly reduced
without affecting STAT3 activation, showing the preponderant role of EBFT-induced inflammation in
the promotion of colon carcinogenesis [146].

5.3. Fusobacterium nucleatum

F. nucleatum is a gram-negative strictly anaerobic oral commensal and periodontal pathogen
associated with diverse diseases [147]. F. nucleatum has recently been associated with CRC as
its prevalence is enhanced in mucosa from patients with CRC compared to control subjects [120]
and is found in higher proportion in CRC tumors compared to adjacent normal tissues [148,149].
F. nucleatum administration leads to increased tumor size and number, ascites, diarrhea, gut dilatation,
splenomegaly and also shorter survival in APCMin/+ mice. The tumors from APCMin/+ mice infected
with F. nucleatum exhibit high levels of proliferating cell nuclear antigen compared with uninfected
APCMin/+ mice, indicating the positive impact of F. nucleatum on cell proliferation [150]. F. nucleatum
infection also leads to activation of the immune response with increased levels of inflammatory
mediators in the serum of infected APCMin/+ mice compared to uninfected group [150]. In addition,
F. nucleatum infection induces expression of miRNA 21, which is considered as “oncomiR” because
of its oncogenic properties [150,151]. Gene expression microarray analysis showed activation of the
TLR4/MYD88/NF-κB pathway in colon cancer cells upon infection with F. nucleatum, and in vitro
experiments confirmed that F. nucleatum regulates miRNA 21 expression via the TLR4/MYD88/NF-κB
pathway [150]. Using APCMin/+ mice, F. nucleatum was shown to be able to increase tumor development,
without inducing colitis, accompanied with increased infiltration of myeloid cells into the tumors [152].
Assessment of the tumor immune microenvironment showed that compared to the uninfected group,
APCMin/+ mice infected with F. nucleatum exhibit enhanced proportion of myeloid-derived suppressor
cells, which are tumor permissive myeloid cells, increased tumor-associated neutrophils, which
are known to play a role in tumor progression, an enrichment of tumor-associated macrophages,
which are also known as promoters of carcinogenesis, and an increase in dendritic cells, which have
a role in anti-tumor immunity [152]. This pathogen is also able to invade epithelial cells via its
virulence factor FadA by modulating the E-cadherin signaling pathway, leading to the activation of
several transcription factors such as T-cell factor (TCF), β-catenin, NF-κB, c-myc and cyclin D1 and
subsequently enhanced proliferation of colon cancer cells [153]. Using xenograft model, it was shown
that FadA is able to enhance tumor growth and induce the release of pro-inflammatory cytokines, and
this is mediated by E-cadherin [153]. These data suggest that F. nucleatum may not only impact the
tumor microenvironment but has also a more direct impact on the tumor [153].

5.4. Streptococcus bovis/gallolyticus

The association between S. bovis and CRC was first been made in 1951 [154]. In 1977, S. bovis
was isolated from fecal samples from 35 of 63 CRC patients compared to 11 of 105 control individuals
with no apparent gastrointestinal diseases, showing the high prevalence of this bacterium in CRC
patients [155]. Since then, a lot of studies have confirmed the link between S. bovis/gallolyticus
and CRC [156,157]. Studies have shown that S. bovis is implied in various cellular and molecular
modifications that could be linked to the development of CRC. An in vitro study showed that infection
of colon cancer epithelial cells with S. bovis leads to the increased expression of pro-inflammatory
mediators such as IL-8, COX-2 and the release of PGE2 [158]. Experiments using AOM-treated rats
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confirmed the release of pro-inflammatory mediators following the infection with S. bovis, which leads
to increased number of aberrant crypts. Three of six AOM-treated rats developed polyps following
S. bovis infection, whereas no polyp was found in uninfected AOM-treated rats [158]. Another study
using AOM-treated rats highlighted the ability of S. bovis to promote colorectal carcinogenesis by
enhancing proliferation markers leading to increased number of hyper-proliferative crypts [159].
Using human samples (feces, mucosa, tumorous and non-tumorous colorectal tissues), Abdulamir
and colleagues showed an enrichment of this bacterium in fecal and mucosal samples of CRC patients
compared to control subjects without gastrointestinal lesions, reinforcing the link between S. bovis
and CRC [160]. Moreover, S. bovis is found with higher proportion in tumoral tissues compared to
the non-tumoral one [160]. In addition, the authors showed significant higher mRNA expression
levels of pro-inflammatory mediators (IL-1β, COX-2, and IL-8) in S. bovis-infected tissues compared to
uninfected tissues, but also higher in tumorous tissues compared to the non-tumorous one, highlighting
a possible role of S. bovis in inflammation-induced CRC [160].

5.5. Clostridium septicum

Clostridium septicum is an aerotolerant, gram-positive, pore-forming bacillus not usually present
in the normal intestinal flora of humans. C. septicum produces a virulence factor, α-toxin, which is
both lethal and hemolytic [161]. Only rare bacteremia are attributed to C. septicum (1%) with high
rate mortality (60%) [162]. The association of C. septicum with CRC has been suggested [163–165].
This association could be explained by the fact that the germination of C. septicus spore could be
favored by the hypoxic and acidic tumor environment [163]. The exact mechanisms underlying the
contribution of this bacterium in colorectal carcinogenesis are still poorly known. Recently, a study
showed the ability of α-toxin-producing C. septicum to induce activation of mitogen-activated protein
kinase (MAPK) signaling, which has been shown to be deregulated in various diseases including
cancers. This activation is associated with a release of the pro-inflammatory cytokine TNF-α [166],
which could lead to a pro-inflammatory environment propitious for cancer development. Despite
these data, no direct link between C. septicum and CRC has been defined.

5.6. Helicobacter pylori

H. pylori is a gram-negative bacterium that colonizes specifically the gastric epithelium of slightly
more than 50% of the population. Although most of the infected population remain asymptomatic,
H. pylori is known to induce chronic inflammation and is a risk factor for the occurrence of gastric
ulcer, mucosa-associated lymphoid tissue (MALT) lymphomas and gastric adenocarcinomas [167].
Even if the colonization of H. pylori is located in the stomach, it has been demonstrated that its toxicity
can be extra-gastric [168]. The association between H. pylori infection and CRC is still controversial
with studies showing a close link with a higher prevalence of H. pylori infection in patients with
colonic adenomas and carcinomas [169–172], while others do not [173–175]. Recent studies released
in 2017 have suggested indeed a significant association between H. pylori infection and an increase
in CRC occurrence [176–178]. Yan and colleagues showed a positive association between H. pylori
and CRC only when H. pylori is associated with intestinal metaplasia [178]. Analyzing 1245 colorectal
adenomas and 3221 control subjects without polyp, Nam and colleagues showed that the overall rate
of positive H. pylori infection is increased in adenoma cases compared to polyp-free control cases,
and that the positive association of H. pylori infection with colorectal adenomas is more prominent in
advanced adenomas and multiple adenomas [177]. Despite this controversy, some studies have tried
to clarify the mechanism underlying the potential association between this pathogen and CRC with
some hypotheses including release of toxin or hormone, intestinal microbiota fluctuation and chronic
inflammation. Indeed, increased levels of gastrin, an important hormone of the digestive system that
assists gastric acid secretion, in H. pylori-infected patients was shown [179]. The H. pylori-induced
over-production of gastrin is associated with enhanced COX-2 expression and reduced apoptosis due
to increased expression of the anti-apoptotic protein BCL2 over the pro-apoptotic protein BAX [179].

130



Int. J. Mol. Sci. 2017, 18, 1310

In vivo, supplementation of gastrin leads to increased proliferative index in the colon, expansion of
the proliferative zone in the intestinal crypt, increased thickness of the colonic mucosa and hyperplasia
of goblet cells, which may increase the risk to develop CRC [180]. The perturbation in acid production
generated by the over-production of gastrin might be linked to a gastric barrier perturbation, which
can lead to fluctuation in gut microbiota [181]. Studies have shown that this perturbation can facilitate
the colonization and growth of CRC-associated bacteria such as B. fragilis and E. feacalis [181]. Another
theory is that the production of ROS and reactive nitrogen species (RNS) by H. pylori can lead to DNA
damage, which could favor colorectal carcinogenesis [182]. Furthermore, different strains of H. pylori
have different impacts on patients. Indeed, the strains that exhibit the virulence factor CagA are more
harmful than those without this factor, and patients carrying these strains have an increased risk to
develop gastric cancer and also CRC compared to those who do not [183]. VacA, another virulence
factor carried by some H. pylori strains have not yet been associated with CRC but appeared to be a
key factor in the colonization and virulence of H. pylori [184]. Finally, some H. pylori strains carry the
virulence factor Helicobacter pylori neutrophil-activating protein (HP-NAP), which has been found to
promote the production of ROS by neutrophils [185]. Moreover, H. pylori has been shown to induce
the secretion of several pro-inflammatory mediators such as TNF-α, IFN-γ, IL-1β, IL-6, and IL-8 by
infected cells showing its contribution in inflammation-induced cancer [186].

5.7. Escherichia coli

E. coli is a gram-negative, aero-anaerobic, commensal bacterium that colonizes the human gut soon
after birth. E. coli has a symbiotic relationship with the host and is not normally implied in diseases.
However, some virulent strains of E. coli have acquired pathogenic characteristics that allow them to
colonize the human gut and promote the occurrence of intra- and extra-intestinal diseases. These E. coli
strains can be divided into eight pathotypes based on their pathogenic profiles: enteropathogenic
E. coli (EPEC), enterohemorrhagic E. coli (EHEC), enteroinvasive E. coli (EIEC), enteroaggregative
E. coli (EAEC), enterotoxigenic E. coli (ETEC), diffusely adherent E. coli (DAEC), adherent-invasive
E. coli (AIEC) and Shiga toxin-producing enteroaggregative E. coli (STEAEC) [187]. E. coli strains
are divided into four main phylogenetic groups A, B1, B2 and D, with fecal strains often belong
to A and B1 groups, whereas the pathogenic strains carrying the virulence factors most frequently
belong to B2 and D groups [188]. Some strains of the B2 and D groups are associated with chronic
inflammatory intestinal diseases which are known to be risk factors for CRC [189,190]. An enrichment
of E. coli strains mainly belonging to the B2 and D groups in CRC patients has been shown. Indeed,
E. coli strains were found in 90% and 93% of patients with adenomas and carcinomas respectively,
whereas only 3% of colonic biopsies from asymptomatic control subjects are positive for E. coli [191].
In 2004, mucosa-associated E. coli was found enriched in 70% of the 21 CRC patients compared to
42% of the 24 control biopsies [192]. Using adenocarcinomas and normal colonic mucosa from CRC
patients, mucosa-associated E. coli was found in 50% of adenomas compared to 15% of normal mucosal
samples [193]. More recent studies have confirmed the enrichment of E. coli in tumors and mucosa
from CRC patients compared to the control subjects [49,194–196]. Interestingly, in CRC samples,
studies have shown a high prevalence of E. coli strains that harbor virulence factors and produce toxins
called cyclomodulins able to induce DNA damage and/or influence the cell cycle of eukaryotic cells
and therefore affecting cellular proliferation, differentiation and apoptosis [193,194,197]. Interestingly,
there is a correlation between poor prognostic factors for CRC (tumor-node-metastasis stage) and
colonization of mucosa with E. coli [196]. Cyclomodulin-producing E. coli strains are more prevalent on
mucosa of patients with advanced stage III/IV CRC compared to those with stage I CRC, suggesting
that pathogenic E. coli colonization could be used as a new and crucial prognostic marker [196]. Four
toxins have been extensively studied for their impacts on CRC: CIF (cycle-inhibiting factor), CNF
(cytotoxic necrotizing factor), CDT (cytolethal distending toxin) and colibactin. CIF is produced by
certain EPEC strains, promotes the actin cytoskeleton rearrangement and mediates the G2/M cell cycle
arrest characterized by inactive phosphorylation of cyclin-dependent kinase 1, a key player in cell
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cycle regulation [198]. CNF induces a transient activation of COX-2 and the Rho GTPases such as Rac,
RhoA, and Cdc42. As Rho GTPases have been characterized as regulators of actin cytoskeleton, their
deregulation leads to cytoskeletal alterations and therefore affects the cell cycle [199,200]. CDT was first
identified in 1988 in the culture of E. coli strains isolated from patients with diarrhea. This toxin has been
found in various gram-negative bacterial species and is known to have DNAse activity and therefore
induce DNA double-strand breaks, cell cycle arrest and cell apoptosis if the DNA double-strand breaks
exceed the repair capacity of the cell [200]. Colibactin is another bacterial-derived genotoxin first
described in 2006 by Nougayrede and colleagues [201] and has not yet been isolated or purified to
date. Colibactin is a hybride polyketide-non ribosomal peptide compound produced by a complex
biosynthetic machinery encoded by the polyketide synthase (pks) pathogenicity island [201]. High
prevalence of E. coli strains harboring the pks island has been associated with CRC [49,194]. In vitro,
colibactin induces DNA double-strand breaks in eukaryotic cells with activation of the DNA damage
signaling cascade and cell cycle arrest [201]. In addition, colibactin is able to induce chromosomic
instability with sign of chromosome aberration [202]. In 2015, Vizcaino and Crawford were successful
in purifying a pre-colibactin compound and showed that the pre-colibactin is able to induce in vitro
DNA crosslink but not DNA double-strand breaks [203]. The authors thus hypothesized that DNA
double-strand breaks may not be induced directly by colibactin but rather a response of infected
mammalian cells to repair their DNA [203]. Experiments using human epithelial cells have shown that
pks-harboring E. coli strains are able to induce senescence of infected cells, which is accompanied with
ROS production, release of pro-inflammatory mediators and also production of growth factors, such
as the hepatocyte growth factor, which have the ability to promote the proliferation of neighboring
uninfected cells [204,205]. Using macrophages, which are one of the predominant tumor-infiltrating
immune cells, Raisch and colleagues showed that pks-harboring E. coli strains are able to survive
in macrophages and induce pro-inflammatory and pro-carcinogenic mediators such as COX-2 and
PGE2 [206]. This suggests that E. coli might influence CRC progression by persisting in immune
cells and controlling the secretion of pro-tumoral mediators [206]. Using a genetically modified
mouse model, the pks-harboring E. coli strain 11G5 isolated from CRC was shown to highly persist
in the gut, induce colonic inflammation, epithelial damages and cellular proliferation [197]. Using
inflammation-induced CRC model (AOM-treated il10−/− mice), mono-colonization with pks-harboring
E. coli strains leads to enhanced tumor multiplicity and invasion compared to mice colonized with
the isogenic mutant defective for pks island and therefore not able to produce colibactin, or compared
to uninfected mice [49]. The effect of pks-harboring E. coli strains to enhance intestinal tumorigenesis
is confirmed using APCMin/+ mice [196] or xenograft and AOM-DSS mouse models of CRC [205].
Recently, a clinical study on 88 CRC patients showed a significant increase in E. coli colonization in
the MSI CRC phenotype [207]. However, colibactin-producing E. coli are more frequently found in
microsatellite stable (MSS) CRC, suggesting that the involvement of pks-harboring E. coli in CRC may
depend on the CRC phenotype [207].

6. Conclusions and Future Directions/Clinical Application

CRC is a multifactorial disease, of which several risk factors have been identified involving genetic
and environment factors, lifestyle and gut microbiota. Usually treated with surgery, chemotherapy and
radiotherapy with high toxicity and treatment resistance, it is essential to propose less harmful new
therapeutic strategies for CRC. Since gut microbiota can contribute to colorectal carcinogenesis, strategies
targeting the gut microbiota have been proposed to prevent and treat CRC. A potential strategy could be
the supplementation of SCFAs, which have beneficial effects on the epithelial barrier functions and mucosal
immune response, as well as anti-inflammatory and anti-carcinogenic activities [9]. Indeed, administration
of SCFAs was shown to inhibit colonic inflammation and decrease cellular proliferation marker levels
leading to reduced colon tumorigenesis in AOM-DSS-treated mice [208]. The bacteria-induced ROS could
also be targeted as a strategy for CRC prevention. For example, it was shown that inhibition of polyamine
catabolism, which leads to formation of ROS, leads to decreases in ETBF-induced proliferation, chronic
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inflammation and tumorigenesis in APCMin/+ mice [209]. Recently, Cougnoux et al. showed that two
compounds that bind to the active site of ClbP enzyme involved in the synthesis of colibactin are able
to suppress colibactin-induced DNA damage both in vitro using human epithelial Hela cells and in vivo
using a mouse colonic loop model [10]. Using human HCT116 colon cancer cells, the authors showed
that the treatment of pks-harboring E. coli with these two compounds significantly inhibits pks-harboring
E. coli-induced cellular senescence, which consequently suppresses hepatocyte growth factor secretion
and proliferation of neighboring uninfected cell. These two compounds are also able to reduce tumor
growth in xenograft and AOM-DSS CRC models by inhibiting pks-harboring E. coli-induced senescence,
decreasing hepatocyte growth factor levels and cell proliferation [10]. This study showed that targeting
colibactin production could be a strategy to prevent the emergence of CRC induced by pks-harboring E. coli.
The direct modulation of the gut microbiota is a highly considered strategy for CRC treatment. In this
regard, two prebiotics, substances that induce the growth or activity of microorganisms and therefore
positively influence the gut microbiota, galacto-oligosaccharide and inulin were shown to inhibit aberrant
crypt foci formation [11]. In addition, inulin was shown to decrease carcinogen-induced DNA damage
in intestinal crypts in mice [210]. Several probiotics have also been shown to have a great impact on
prevention of CRC development. Indeed, the consumption of lactic acid bacteria-containing probiotics
can prevent DNA damage induced by the mutagenic and carcinogenic heterocyclic amines [12]. Recently,
Lactobacillus was shown to induce apoptosis of the human colorectal adenocarcinoma cell line HT29 by
enhancing pro-apoptotic BAX protein expression and decreasing anti-apoptotic BCL-2 protein expression,
leading to the inhibition of cell growth [211]. Using a mouse model of 1,2-dimethylhydazine-induced CRC,
a Lactobacillus strain was shown to decrease the damage score and the number of colonic tumors [212].
Interestingly, the administration of a Lactobacillus strain induces expression of an anti-inflammatory cytokine
profile with enhanced IL-10 level [212]. These studies suggest that the lactic acid-producing bacteria could
be used to inhibit the inflammatory environment associated with CRC, and in a larger extent, to prevent the
development of CRC in patients with chronic intestinal inflammation who have a high risk to develop CRC.

Microbiota composition has been shown to influence the response to chemotherapy or
immunotherapy [213,214]. In 2015, Sivan and colleagues analyzed melanoma growth in mice from
different animal facilities which have different commensal microbes [13]. They found a significant
difference in tumor development, and this is immune-mediated with decreased tumor-specific T cell
response and less CD8+ T cell accumulation in the tumors from mice with more aggressive tumor
development. Cohousing ablates the difference in tumor growth between the mice from different facilities,
showing the presence of commensal microbes that facilitate anti-tumor immunity [13]. By analyzing the
bacterial community in fecal samples, the authors showed a positive association between Bifidobacterium
and anti-tumor T cell response. Administration of Bifidobacterium significantly improves the control of
tumor development in mice compared to untreated mice, and this is accompanied by an induction of
tumor-specific T cells and increased accumulation of antigen-specific CD8+ T cells in the tumor. Of note,
Bifidobacterium improves response to anti-programmed death-ligand 1 monoclonal antibody therapy, which
is an anti-tumor immunotherapy, in mice [13]. Vétizou and colleagues have studied another anti-tumor
immunotherapy, which relies on the blockade of cytotoxic T lymphocyte-associated antigen 4 (CTLA4),
a major negative regulator of T cell activation against a variety of antigens including tumor-associated
antigens. The authors showed that the CTLA4 immunotherapy is influenced by Bacteroides which stimulates
the T cell response [14]. These results showed that the heterogeneity between patients in the response to
anti-tumor immunotherapy is largely associated with the gut microbiota composition, suggesting that
manipulation of gut microbiota could improve immunotherapy responses.

Finally, immune therapies targeting TLRs to activate anti-cancer immunity or suppress oncogenic
signaling pathways should be considered for CRC treatment. Various molecules targeting TLRs are
currently under investigation in clinical trials for their ability to promote antitumor immunity [215].
For example, TLR9 agonists, which have already been added to anti-cancer strategies such as
chemotherapy, radiotherapy and immunotherapy, are able to enhance the anti-tumor immune response
mediated by T and B cells. Moreover, TLR9 agonists were shown to inhibit colon cancer cell
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proliferation, promote apoptosis, and improve the beneficial effects of radiotherapy [215]. Strategies
using TLR4 antagonists have been also proposed in CRC treatment. Indeed, anti-TLR4 antibodies have
been shown to decrease the number of polyps in AOM-DSS-treated mice [216].

In conclusion, the modulation of the gut microbiota by all the strategies outlined here can
have a beneficial impact on the dialogue between the gut, the immune system and the microbiota.
In addition, increasing evidence shows that gut microbiota manipulation can exert a protective effect
against CRC via the production of SCFAs, inhibition of toxin-producing pathogens, anti-proliferative
activity, reduction of aberrant crypt foci and enhanced production of anti-oxidant enzymes and
anti-inflammatory responses. Moreover, the identification of other microbes associated with clinical
benefits or microbes as biomarkers to predict immunotherapy response should be considered.
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Abbreviations

AIEC Adherent-invasive Escherichia coli
AKT Protein kinase B
AMPs Antimicrobial peptides
AOM Azoxymethane
Apc Adenomatous polyposis coli
BAX Bcl-2-associated X
BCL-2 B-cell lymphoma 2
BfPAI Bacteroides fragilis pathogenicity island
CDT Cytolethal distending toxin
CIF Cycle-inhibiting factor
CIMP CpG island methylator phenotype
CIN Chromosomal instability
CLRs C-type lectin receptors
CNF Cytotoxic necrotizing factor
COX-2 Cyclo-oxygénase-2
CRC Colorectal cancer
CTLA4 Cytotoxic T lymphocyte-associated antigen 4
DAEC Diffusely adherent Escherichia coli
DSS Dextran sodium sulfate
EAEC Enteroaggregative Escherichia coli
EHEC Enterohemorrhagic Escherichia coli
EIEC Enteroinvasive Escherichia coli
EPEC Enteropathogenic Escherichia coli
ETBF Enterotoxigenic Bacteroides fragilis
ETEC Enterotoxigenic Escherichia coli
FAP Familial adenomatous polyposis
GM-CSF Granulocyte macrophage colony-stimulating factor
HP-NAP Helicobacter pylori neutrophil-activating protein
IBD Inflammatory bowel diseases
IECs Intestinal epithelial cells
IgA Immunoglobulin-A
IL Interleukin
ILC3 Innate lymphoid cells
IFN-γ Interferon gamma
M cells Microfold cells
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MALT Mucosa-associated lymphoid tissue
MAMPs Microbe-associated molecular patterns
MAPK Mitogen-activated protein kinase
MLH1 MutL homolog 1
MSI Microsatellite instability
mTOR Mammalian target of rapamycin
MyD88 Myeloid differentiation primary response gene 88
NF-κB Nuclear factor-kappa B
NLRs NOD-like receptors
NOD Nucleotide-binding oligomerization domain
NTBF Nontoxigenic Bacteroides fragilis
PAMPs Pathogen-associated molecular patterns
PGE2 Prostaglandin E2
PI3K Phosphoinositide 3-kinase
pks Polyketide synthase
PRRs Pattern recognition receptors
ROS Reactive oxygen species
RNS Reactive nitrogen species
SCFAs Short-chain fatty acids
SFB Segmented filamentous bacteria
SNP Single nucleotide polymorphism
STAT3 Signal transducer and activator of transcription 3
STEAEC Shiga toxin-producing enteroaggregative Escherichia coli
TCF T-cell factor
Th17 T helper 17
TLRs Toll-like receptors
TNF-α Tumor necrosis factor-α
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Abstract: Although its prevalence is declining, gastric cancer remains a significant public health
issue. The bacterium Helicobacter pylori is known to colonize the human stomach and induce chronic
atrophic gastritis, intestinal metaplasia, and gastric cancer. Results using a Mongolian gerbil model
revealed that H. pylori infection increased the incidence of carcinogen-induced adenocarcinoma,
whereas curative treatment of H. pylori significantly lowered cancer incidence. Furthermore, some
epidemiological studies have shown that eradication of H. pylori reduces the development of
metachronous cancer in humans. However, other reports have warned that human cases of atrophic
metaplastic gastritis are already at risk for gastric cancer development, even after eradication of these
bacteria. In this article, we discuss the effectiveness of H. pylori eradication and the morphological
changes that occur in gastric dysplasia/cancer lesions. We further assess the control of gastric cancer
using various chemopreventive agents.

Keywords: Helicobacter pylori; chronic atrophic gastritis; intestinal metaplasia; eradication; chemoprevention

1. Introduction

Although its prevalence is declining because of improved sanitation and antibiotic use, gastric
cancer remains one of the leading causes of cancer-related deaths worldwide [1]. Thus, the prevention
of gastric cancer is a substantial issue for cancer control programs. Various epidemiological, biological,
and pathological characteristics of Helicobacter pylori-associated lesions have been evaluated in
humans and animal models, especially in mice and Mongolian gerbils [2]. Recent health insurance
program-supported efforts to eradicate H. pylori have been used for the prevention of gastric
carcinogenesis, not only for patients with metachronous gastric cancer but also for those with
chronic active gastric inflammation [3]. However, difficulties in demarcating cancerous lesions both
endoscopically and histopathologically reveal that gastric cancer is still a major and challenging
health issue [4]. In this article, we describe the challenges that exist in gastric cancer prevention
strategies and compare human and animal lesions, with special attention to current pathological and
biological findings.
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2. Role of H. pylori Infection and Modifying Factors in Chronic Active Gastritis, Intestinal
Metaplasia, and Gastric Carcinogenesis

2.1. Epidemiological Aspects

H. pylori was discovered in patients with chronic gastritis as Gram-negative, flagellated,
microaerophilic bacilli, and was initially considered a species within the genus Campylobacter [5,6].
Strong clinical and epidemiological evidence has suggested that H. pylori is significantly correlated
with active chronic gastritis, peptic ulcers, atrophic gastritis, intestinal metaplasia, and malignant
lymphoma or cancer [7–17]. In a prospective study, Uemura et al. [18] confirmed that gastric cancer
developed in only 2.9% of an H. pylori-infected symptomatic group compared to 0% in an uninfected
group. The World Health Organization/International Agency for Research on Cancer evaluated
H. pylori as a “definite biological carcinogen” based on epidemiological findings in 1994, requiring
evidence of induction of gastric cancer in experimental animals [19].

2.2. Geographical Difference of H. pylori

H. pylori itself has several virulence factors. Among them, CagA has been reported to play an
important role in gastric carcinogenesis. CagA is injected into gastric surface epithelial cells through
the bacterial type IV secretion system, then is tyrosine-phosphorylated with Src and Abl [20] at variable
EPIYA (Glu-Pro-Ile-Tyr-Ala) motif repeats region. These characteristic amino acids show structural
diversity between East-Asian and Western countries [21]. H. pylori, found in the former, possess
EPIYA-A, B, and D motifs, and the latter EPIYA-A, B, and C counterparts. Tyrosine phosphorylated
EPIYA-C or D segments acquire the potential to interact with an oncoprotein, SHP2 phosphatase.
East-Asian Cag A binds more strongly to SHP2 and induces morphological change, called the
hummingbird phenotype, than does Western CagA [22]. This genetic variety may contribute to
geographical difference for gastric carcinogenesis.

2.3. Animal Models

2.3.1. Mouse Models

Several animal models have been used to mimic human gastric cancer caused by H. pylori
infection, but most have yielded unsatisfactory results [23,24]. Human clinical samples infected with
H. pylori were inoculated into nude and euthymic mice to determine the causative factor of chronic
active gastritis [25–27]. In addition to H. pylori, another Helicobacter species, H. felis, is present in
the cat stomach. This organism can be inoculated into germ-free mice to induce acute and chronic
inflammation [28]. Lee et al. [29] established an H. pylori strain, the Sydney strain (SS1), which has been
used frequently in mice. Recently, Draper et al. [30] compared the inter- and intra-genomic variability
of two reference strains of H. pylori, PMSS1 (pre-mouse SS1) [31], a parental strain isolated from a
human gastric ulcer patient, and SS1, a PMSS1 descendant being passed through mice for better mice
colonization. The CagA copy number was noted as 1 and 4 in SS1 and PMSS1, correlating with the
protein expression level. The most substantial alteration in the PMSS1 strain was an insertion in cagY,
a virB10 orthologue in the cag pathogenicity island (cagPAI) gene, which encodes a protein required for
a type IV secretion system [32]. PMSS1 is now a valuable tool to study CagPAI, which requires the
type IV secretion system [33].

Mice are resistant to a chemical carcinogen, N-methyl-N′-nitro-N-nitrosoguanidine (MNNG),
which has been used to successfully induce gastric cancer in rats [34]. To study carcinogenesis
in mice, investigators found that N-methyl-N-nitrosourea (MNU), another alkylating agent, could
cause adenocarcinomas in the glandular stomachs of BALB/c [35] and C3H [36] mice. A gastric
carcinogenesis model using this carcinogen was utilized in combination with H. pylori infection in later
experiments to show that β-catenin activation may play an important role in distal carcinogenesis,
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especially in H. pylori-infected K19-C2mE transgenic mice compared to the non-treated K19-C2mE
mice harboring predominantly proximal tumors. [37].

Genetic manipulation is used more successfully in mouse models than in other animal
models [38]. To mimic H. pylori-induced inflammation, a transgenic mouse whose gastric epithelial cells
simultaneously express both cyclooxygenase-2 (COX-2) and microsomal prostaglandin E synthase-1
under the control of the keratin 19 promoter, the K19-C2mE transgenic mouse, was established [39].
The combination treatment of K19-C2mE mice with MNU and H. pylori (Sydney strain, SS1) induced
adenocarcinomas not only in the pyloric mucosa but also in the fundic glands, thus serving as a good
model of proximal gastric cancer [37]. In addition to these inflammatory factors, the expression of
Wnt1 was found to cause gastric lesions to become more dysplastic [40]. An interleukin-1β (IL-1β)
polymorphism was reported to be involved in gastric carcinogenesis [41]. The overexpression of
IL-1β, under the control of a parietal cell-specific H/K-ATPase promoter, caused transgenic mice to
spontaneously develop chronic gastritis, intestinal metaplasia, and high-grade dysplasia/carcinoma
with an accompanying H. felis infection compared to the control mice [42].

Ins-Gas mice harbor a chimeric insulin-gastrin (INS-GAS) transgene, in which the expression of
the human gastrin gene is driven from the rat insulin I promoter [43]. Ins-Gas mice exhibited gastric
metaplasia, dysplasia, carcinoma in situ, and gastric cancer with vascular invasion. H. felis infection
accelerated cancer development with occasional submucosal invasion [44].

2.3.2. Mongolian Gerbil Model

To better mimic severe human H. pylori infection and inflammation, a Mongolian gerbil
(Meriones unguiculatus) model was successfully established. Infected animals develop chronic active
gastritis, peptic ulcers, and intestinal metaplasia, resembling human lesions [45]. Twenty-five weeks
after inoculation with H. pylori, the gastric glands become hyperplastic (heterotopic proliferative
glands), characterized by severe chronic active gastritis with occasional penetrance through the
muscularis mucosae. Fifty weeks after infection, intestinal metaplastic cells, including Alcian
blue-stained goblet cells and/or absorptive cells that possess a striated brush border, appear among
the gastric epithelial cells. After 75 weeks, the gastric cell phenotype gradually decreases, whereas
the intestinal cell phenotype increases, accompanied by the formation of a more complete intestinal
metaplasia, sometimes containing Paneth cells, by 100 weeks [46]. Heterotopic proliferative glands
often appear resembling differentiated or mucinous adenocarcinomas because of their unusual
structural abnormalities [47,48].

As in mouse models, chemical gastric carcinogenesis induced by MNU and MNNG can be
modeled using Mongolian gerbils [49]. H. pylori infection accelerates both MNU- and MNNG-induced
gastric carcinogenesis in a wide variety of cell types, including differentiated or signet-ring cell
carcinomas [50–52].

2.4. Pathological Changes Caused by H. pylori Infection

In humans, chronic atrophic gastritis and intestinal metaplasia progress simultaneously. For the
classification of intestinal metaplasia, we have proposed two categories [53]. The first is gastric-and-
intestinal-mixed, which consists of atrophying gastric cells, including mucin core protein (MUC)
5AC-positive foveolar cells and/or MUC6-expressing pyloric cells, and intestinal cells, including
MUC2-expressing/Alcian blue-stained goblet cells and CD10/villin-positive absorptive cells. These
cells are putative markers of the progression of both chronic atrophic gastritis and intestinal metaplasia.
The second category of intestinal metaplasia is the solely intestinal type, which is the extreme stage of
intestinal metaplasia progression in this classification with disappearance of gastric compartments,
accompanied by the full expression of intestinal markers, including caudal type homeobox 2 (CDX2),
MUC2, and CD10. Thus, these subtypes of intestinal metaplasia reflect the gradual changes in gene
expression during the progression from gastric to intestinal characteristics. This serial mucin change
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would cause spontaneous eradication of H. pylori, since the bacteria could colonize only in MUC5AC
positive surface foveolar mucin but not in MUC2 positive intestinal mucins [2].

In the Mongolian gerbil model, gastric-and-intestinal-mixed type intestinal metaplasia was
found to appear first, followed by the solely-intestinal type with the appearance of Paneth cells
during the overall course of H. pylori infection [46]. Summarizing these human and animal data,
intestinal metaplasia might be caused by the gradual intestinalization of gastric gland cells from the
gastric-and-intestinal-mixed type to the solely-intestinal type.

Regarding stomach adenocarcinomas, gastric cancers at early stages mainly consist of gastric type
cancer cells, and a phenotypic shift from gastric to intestinal phenotypic expression is observed with
progression [53]. In the Mongolian gerbil gastric carcinogenesis model, 56 advanced glandular stomach
cancers were analyzed for the gastrointestinal phenotypes. In H. pylori-infected gerbils, 56% (28 out of
50 cases) harbored the intestinal phenotype, but all the lesions (6/6) were classified as gastric type in
non-infected gerbils. These findings suggested that adenocarcinomas also intestinalized with H. pylori
infection and inflammation like intestinal metaplasia [54].

2.5. Host and Environmental Factors

Smoking has been shown to be associated with many kinds of human cancers [55]. For gastric
cancers, a Japanese 10-year study has revealed that past and current smokers showed an increased
risk of differentiated type gastric cancer in the distal region compared to non-smokers at a relative
risk of 2.0 and 2.1, respectively [56]. A systematic review confirmed that relative risk for current
smokers was estimated to be 1.56 (95% CI 1.36–1.80) for the Japanese population and concluded
that tobacco smoking moderately increases the risk of gastric cancer, with the sex difference being
1.79 (1.51–2.12) and 1.22 (1.07–1.38) in men and women, respectively [57]. Tamer et al. [58] analyzed
glutathione S-transferases (GSTs) genotypes in association with smoking and revealed that the GSTM1
null genotype was associated with an increased gastric cancer risk for smokers (odds ratio (OR) = 2.15;
95% CI, 1.02–4.52), whereas no significant differences in the distributions of any of the other GST genes,
GSTT1 and GSTP1, existed in the Turkish population.

Males are at a higher risk of developing gastric cancer than females [59]. Androgen receptor in
stromal cells was significantly higher in the advanced stage of gastric cancer in males, which might
explain the gender difference [60].

2.6. Dietary Factors

2.6.1. Salt

Among various food ingredients, salt and salted foods are probable risk factors for gastric cancer,
based on evidence from a large number of case-control and ecological studies [61–64]. Tajima et al. [61]
revealed that fondness for salted foods including pickled vegetable and dried and salted fishes, typical
traditional Japanese foods, and showed a significantly positive association with stomach cancer at
relative risk = 2.60. Several biologic markers in blood and urine were analyzed in ecological studies
and revealed a significant and strong correlation between the amount of salt excreted in urine and
stomach cancer mortality in both men and women in Japan [62], as well as worldwide [63].

Researchers have attempted to reveal how salted diet enhanced gastric carcinogenesis using an
experimental model. In the pre-Helicobacter era, sodium chloride (NaCl) was found to enhance the
carcinogenic effects of chemical carcinogens such as MNNG and 4-nitroquinoline 1-oxide (4-NQO)
in the rat glandular stomach [65], possibly due to the reduction of the mucus viscosity and the
impairment of the protective mucous barrier. Later, after the discovery of the bacteria in the human
stomach, Nozaki et al. showed [66] how a high-salt diet enhanced the effects of H. pylori infection
on gastric carcinogenesis. Although high salt intake alone had a minor influence on MNU induced
gastric carcinogenesis, H. pylori infection and consequent inflammation acted synergistically with a
high salt intake to promote the development of stomach cancers in the Mongolian gerbil model [67].
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In H. pylori-infected gerbils, a high salt diet was associated with elevation of anti-H. pylori antibody
titers, serum gastrin levels, and inflammatory cell infiltration in a dose-dependent fashion. The high
salt diet upregulated the amount of surface mucous cell mucin, suitable for H. pylori colonization,
but decreased the amount of gland mucous cell mucin, acting against H. pylori infection by inhibiting
the bacterial cell wall component [68]. The incidences of glandular stomach cancers were 15% in
the normal diet group and 33%, 36%, and 63% in the 2.5%, 5%, and 10% NaCl diet groups, showing
a dose-dependent increase. The reduction of salt intake could thus be one of the most important
strategies for the reduction of human gastric cancer.

2.6.2. Green Tea

A comparative case-referent study revealed that the OR of stomach cancer decreased to 0.69
(95% confidence interval (CI) = 0.48–1.00) with a high intake of green tea (seven cups or more per
day) [69]. A cross-sectional study was conducted on 636 subjects in Japan to examine the relationship
among green tea consumption and H. pylori-induced chronic atrophic gastritis, and revealed that high
green tea consumption (more than 10 cups per day) was negatively associated with the risk of chronic
atrophic gastritis [70]. Many polyphenolic compounds have demonstrated anticarcinogenic activities,
which included flavanone, flavonols, isoflavone, and catechins [71]. Epigallocatechin-3-gallate
(EGCG), the major polyphenol in green tea, could affect carcinogenesis and the development of
many cancers. Besides the anti-oxidative activity, EGCG inhibits the canonical Wnt/β-catenin
signaling [72]. Ohno et al. [73] evaluated the protective effect of green tea catechins using Ins-Gas
mice. Although catechin supplementation did not affect inflammation, dysplasia was significantly
diminished histopathologically.

2.6.3. Mastic Gum

Mastic gum is a resinous exudate obtained from Pistacia lentiscus which showed bactericidal
activity against H. pylori in vitro [74]. An in vivo trial revealed no significant alleviation of H. pylori
infection [75]. Another human trial illustrated the dose-dependent trend of mastic gum on H. pylori
eradication, although this was not statistically significant [76].

In the mouse model infected with H. pylori SS1, the animals were administered with 2 g of mastic
for seven days but failed to eradicate the infection [77]. In the other trial, administration of the total
mastic extract without polymer at 0.75 mg/day to H. pylori SS1-infected mice for three months led to
an approximate 30-fold reduction in the H. pylori colonization. However, no attenuation was observed
in the H. pylori-associated inflammatory infiltration and the activity of chronic gastritis [78].

2.6.4. Ginseng

Korean red ginseng extract, a herbal medicine, is widely used in Asian countries for various
biological activities including its anti-inflammatory effect. Ginseng inhibits H. pylori-induced gastric
inflammation in Mongolian gerbils by suppressing induction of inflammatory cytokines such as IL-1β,
inducible nitric oxide synthase (iNOS), myeloperoxidase, and lipid peroxidase levels in H. pylori-infected
gastric mucosa, although ginseng did not affect viable bacterial colonization in the stomach [79]. In vitro
analysis revealed that Ginseng extract had strong anti-proliferative and pro-apoptotic effects on KATO3
human gastric cancer cells via the upregulation of Bax (B-cell lymphoma 2-associated X protein),
IκBα (nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor α) proteolysis,
and the blocking of mTOR (mammalian target of rapamycin) and protein kinase B signaling [80].
In a case-control study, Yun et al. showed the preventive effect of ginseng intake against various
human cancers including stomach cancer [81]. However, others did not illustrate clear results; further
evaluation in Asian cohort studies may help clarify the role of ginseng in gastric carcinogenesis [82].
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2.6.5. Spices

H. pylori is known to play a causative role in gastric carcinogenesis, but wide variations in
incidence have been noticed in Asian countries. H. pylori infection is more frequent in developing
countries such as India, Pakistan, and Bangladesh than in other countries including Japan, China, and
South Korea. Nonetheless, the frequency of gastric cancer is typically higher in the latter countries.
This discrepancy is designated “the Asian enigma”, which may result from the genetic diversity of
the infective H. pylori strains and differences in the genetic backgrounds of the various ethnic groups
studied, as well as from their dietary habits [83]. To assess this problem, dietary spices were evaluated
for the relief of H. pylori-induced inflammation. Capsaicin and piperine, but not curcumin, were found
to have anti-inflammatory effects on H. pylori-induced gastritis in Mongolian gerbils, independent of
direct antibacterial effects, and may thus function as chemopreventive agents for H. pylori-associated
gastric carcinogenesis [84].

3. Effects of Eradication of H. pylori on Gastric Inflammation, Intestinal Metaplasia,
and Carcinogenesis

3.1. Humans

Many researchers have attempted to clarify whether and how far the serial process of atrophic
gastritis and intestinal metaplasia can be reversed after the eradication of H. pylori. As observed
by endoscopic analysis, the enlarged or elongated pit patterns in H. pylori-positive specimens were
improved to small, oval, pinhole-sized, or round pits after bacterial eradication, with decreased
densities of fine, irregular vessels; such changes were not observed in specimens from subjects
with severe gastric atrophy and intestinal metaplasia [85]. However, other reports have not always
shown histological improvements in gastric atrophy and intestinal metaplasia after the eradication of
H. pylori [86–89]. In contrast, some studies have reported that eradication effectively improves gastric
lesions in the antrum or corpus [87,90–92].

After the eradication of H. pylori, the number of neutrophils drastically decreased, in contrast to
the number of mononuclear cells, which gradually decreased (Figure 1). Eradication also alleviated the
hyperplastic and hypertrophic enlargement of the surface foveolar epithelium in the gastric type, but not
in the intestinal type, of metaplastic glands, as suggested by the endoscopic results mentioned above. It
is currently unclear how bacterial eradication affects the amounts of the mucin core proteins, MUC5AC
and MUC6, in these cells. In terms of morphological changes, the length of the proliferative zone and
the number of Ki-67-positive cells were both significantly decreased in gastric-type glands [86,93] but
not in intestinal metaplastic glands [86,94]. However, both gastric-and-intestinal-mixed and solely
intestinal types of intestinal metaplasia always harbored larger numbers of mitotic cells, being positive
for phosphorylated histone H3 protein at serine 28, than did gastric-type cells, regardless of the
presence of H. pylori infection. Thus, the initial development of intestinal metaplasia could represent
an irreversible change with atrophic gastritis [86].

The eradication of H. pylori has been approved for both the prevention of metachronous cancer
and cases of chronic atrophic gastritis [3]. Long term follow up after treatment of H. pylori infection
revealed the regression of preneoplastic gastric lesions, including intestinal metaplasia [95–97].
Both prospective [98,99] and retrospective [100] studies have documented that the successful
eradication of H. pylori might reduce the occurrence of metachronous gastric cancer after the endoscopic
resection of early lesions over a 3-year period. However, a 7.5-year randomized controlled trial in
China revealed that the eradication of this organism significantly decreased the incidence of gastric
adenocarcinoma in a subgroup of patients without atrophy, intestinal metaplasia, or dysplasia, whereas
the overall incidence did not improve significantly between the eradication and placebo groups [101].
Another meta-analysis [102] supported the idea that eradication of H. pylori is only effective in a
subgroup of patients without intestinal metaplasia or dysplasia. A prospective study monitored serum
pepsinogen levels and the pepsinogen I/II ratio to determine the degree of chronic gastritis; these
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authors observed a significant reduction in cancer incidence in pepsinogen test-negative subjects with
mild gastritis after H. pylori eradication over a mean period of 9.3 ± 0.7 years [103].

Figure 1. Gastric inflammation before and after eradication of Helicobacter pylori. (A) Neutrophil
inflammation before H. pylori eradication; (B) edematous stroma after H. pylori eradication.
Hematoxylin-Eosin (HE) staining. Original magnification, 400× (A,B).

Endoscopic findings have revealed that the gastric tumor area has a gastritis-like appearance rather
than typical malignant characteristics [4]. An histopathological analysis of gastric dysplasia (as in the
Western category [104], which is intramucosal adenocarcinomas according to the Japanese criteria [105])
revealed significant and rapid alterations in tumor morphology and proliferative characteristics after
the eradication of bacteria (Nakagawa et al., manuscript submitted) (Figures 2 and 3). Additionally,
gastric tumors appeared to be covered with normal [106] or low-grade atypical epithelium [107] after
treatment with antibiotics. These morphological changes make the diagnosis of gastric dysplasia
difficult using either endoscopic or histopathologic methods.

Figure 2. Gastric dysplasia (intramucosal adenocarcinoma) before and after eradication of
Helicobacter pylori. (A,B) Dysplasia proliferating to the surface of the mucosa in an H. pylori-positive
specimen (*). (C,D) Regression of dysplasia, localized beneath the normal surface epithelium in
an H. pylori-negative specimen (**). HE staining (A,B) and Ki-67 immunostaining (C,D). Original
magnification, 100×.
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Figure 3. Schematic view of gastric dysplasia (intramucosal adenocarcinoma) before and after
eradication of Helicobacter pylori (H. pylori). Normal glands have proliferating cells in the lower narrow
region (left). H. pylori infection widens proliferating zone in the normal glands (middle, blue line).
Gastric dysplasia shows expanding proliferation with H. pylori infection and inflammation (middle,
orange line). The tumor is shown around the proliferative zone (right, orange line) with subsequent
regression at the top and bottom regions that are then occupied by adjacent normal epithelia (right,
blue line) after eradication.

3.2. Animals

Several studies based on detailed histopathological assessments have reported a lack of carcinomas
in animals subjected only to H. pylori infection [49–52,108]. With eradication therapy, the sizes of
heterotopic proliferative glands were dramatically reduced, with only mucins remaining within
them [46], indicating that H. pylori is a stronger promoter of gastric carcinogenesis than are carcinogens.

In the Mongolian gerbil model involving H. pylori infection and carcinogen treatment, H. pylori
eradication provided direct evidence that gastric cancer can be prevented [108]. The incidence of
adenocarcinoma was significantly lower after curative treatment of H. pylori infection than before
treatment. Additional experiments using H. pylori-infected and carcinogen-treated Mongolian gerbils
showed that earlier H. pylori eradication resulted in less carcinogenesis [109]. Animal models support
the hypothesis that H. pylori eradication is useful for the prevention of gastric carcinogenesis, especially
when performed during the early stages of cancer development.

4. Chemoprevention of Gastric Carcinogenesis

4.1. Oxygen Radical Scavengers

Natural products are believed to lower gastric cancer risk in humans [110]. Inflammation and
subsequent oxidative stress play important roles in gastric carcinogenesis as mediators of DNA
damage and carcinogen production [111]. The combination of bacterial eradication and the reduction
of inflammation may be a more reasonable approach for the prevention of gastric cancer development,
since the most important factor affecting gastric carcinogenesis is the severity of inflammation [112].
Using the Mongolian gerbil model, one of the most potent antioxidative compounds obtained from
crude canola oil, 4-vinyl-2,6-dimethoxyphenol (canolol), was examined for its preventive effects against
gastric inflammation and carcinogenesis in H. pylori-infected and carcinogen-treated animals. Canolol
(0.1%) was mixed into food to suppress COX-2, iNOS, and 8-hydroxy-2′-deoxyguanosine, resulting
in the marked reduction of the incidence of gastric adenocarcinoma, although the number of viable
H. pylori was not changed [113]. Canolol also suppressed spontaneous gastric tumor development in
K19-C2mE transgenic mice by reducing Cox-2, IL-1β, and IL-12β levels, possibly via the reactivation of
tumor suppressor miR-7 microRNA [114]. Taking these results into account, the level of inflammation,
rather than the existence of H. pylori, may be the most important factor in the process of carcinogenesis.
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4.2. COX-2 Inhibitors

COX-2 and its downstream products play essential roles in the inflammatory microenvironment
and tumorigenesis [115]. In mouse models, the overexpression of COX-2 has been shown to
be associated with gastric and colorectal adenocarcinomas [37,39,40,116,117]. COX-2-selective
inhibitors such as etodolac and celecoxib may have chemopreventive effects [118,119], not only
suppressing inflammation but also causing tumor regression [120,121]. Considering the prevention
of metachronous gastric cancer in patients that already have extensive metaplastic gastritis, COX-2
inhibitors could induce the regression of precancerous lesions and prevent gastric cancer occurrence
after H. pylori eradication. In a nonrandomized trial, Yanaoka et al. [122] administered etodolac
to serum pepsinogen test-positive and H. pylori antibody-negative patients, and found an effective
reduction of metachronous cancer development. Another intervention trial with a COX-2 inhibitor,
celecoxib, in combination with the eradication of H. pylori was conducted and showed the regression
of gastric lesions, revealing the importance of the COX-2/prostaglandin E2 (PGE2) pathway [123].

5. Conclusions

Since the discovery of H. pylori in the human stomach, infection by these bacteria has been shown
to be strongly associated with gastric lesions, including chronic atrophic gastritis, intestinal metaplasia,
and gastric cancer. Epidemiological studies, in combination with results from animal models, confirm
that eradication of H. pylori effectively prevents gastric carcinogenesis and mild gastritis without severe
atrophy or intestinal metaplasia. However, bacterial eradication raises the issue of regression of gastric
dysplasia (intramucosal adenocarcinoma), which might be underdiagnosed as a regenerating gland.
Only by precise diagnoses, chemopreventive approaches, and H. pylori eradication can gastric cancer
be conquered.
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Abstract: Hypercholesterolemia resulting in atherosclerosis is associated with an increased risk of
ischemic heart disease and colorectal cancer (CRC). However, the roles of apoliprotein (Apo) E
(Apoe) and low-density lipoprotein (Ldl) receptor (Ldlr) in colorectal carcinogenesis have not yet
been investigated. In this study, we examined the susceptibility of Apoe-deficient and Ldlr-deficient
mice, which are genetic animal models of atherosclerosis to azoxymethane (AOM)/dextran sodium
sulfate (DSS)-induced colorectal carcinogenesis. In Experiment 1, male Apoe-deficient (n = 20) and
wild type (WT) mice (C57BL/6J, n = 21) were treated with a single intraperitoneal (i.p.) injection
of AOM (10 mg/kg body weight) and then given 1.5% DSS in drinking water for seven days. They
were maintained up to week 20 and sacrificed for the histopathological examination of colorectal
tumors. The mRNA expression of cyclooxygenase (Cox)-2, inducible nitric oxide synthase (Nos2),
tumor necrosis factor (Tnf )-α interleukin (Il)-1β, and Il-6 was assayed in the colorectal mucosa.
In Experiment 2, male Ldlr-deficient (n = 14) and WT mice (C57BL/6J, n = 10) were given a single
i.p. injection of AOM (10 mg/kg body weight) and then given 2% DSS in drinking water for
seven days. They were sacrificed at week 20 to evaluate their colorectum histopathologically.
In Experiment 1, the multiplicity of CRCs was significantly higher in the Apoe-deficient mice
(2.75 ± 1.48) than in the WT mice (0.62 ± 0.67). The serum lipoprotein levels in the Apoe-deficient
mice were also significantly higher than in the WT mice. In Experiment 2, the incidence (29%) and
multiplicity (0.50 ± 0.94) of CRCs in the Ldlr mice were significantly lower than in the WT mice (80%
incidence and 3.10 ± 2.38 multiplicity). The mRNA expression of two inducible enzymes and certain
pro-inflammatory cytokines in the colorectum of each genotype was greater than in the respective
WT mice. The values in the Apoe-deficient mice were much greater than in the Ldlr mice. These
findings suggest that Apoe-deficient mice showed increased susceptibility to inflammation-associated
colorectal carcinogenesis due to their high reactivity to inflammatory stimuli.

Keywords: Apoe; Ldl receptor; genetically altered mice; serum lipid profiles; inflammation; colorectal
carcinogenesis
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1. Introduction

Colorectal cancer (CRC) is the second-most common malignancy worldwide in women and
the third-most common malignancy in men [1], although global CRC incidence and mortality have
marked variation [1,2]. CRC occurs initially by mutation of the tumor suppressor gene, APC, and
thereafter via the accumulation of other genetic mutations in a step-wise process over several years [3].
Both hereditary and environmental factors contribute to CRC development [3]. Dietary factors play
a particularly important role in colorectal carcinogenesis [3–5]. While diets high in red meat and
processed meat can increase the risk of CRC, diets rich in fruits, vegetables, and fiber reduce the
CRC risk [6–9]. Animal fat is known to be one of the risk factors for CRC [10,11]. Genetic alterations
involving the lipid transportation and its metabolism are also susceptibility factors for CRC [12].

Inflammatory bowel disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC),
has emerged as a global disease with increasing incidence and prevalence in the world [13,14].
Although the precise etiology of IBD is not known, immune dysregulation induced by genetic
and/or environmental factors plays an important role in this complex multifactorial disease [15].
Hyper-inflammation status, such as with chronic hepatitis C or B, reflux esophagitis, and IBD,
increases the risk of cancer development in the inflamed tissues [16]. Inflammation also strongly
promotes carcinogenesis [17]. Inflammatory mediators, including cytokines, chemokines, reactive
oxygen/nitrogen species, prostaglandins, growth and transcription factors, microRNAs, and enzymes
(cyclooxygenase and matrix metalloproteinase), collectively establish a microenvironment that is
favorable for cancer development through an extensive and dynamic crosstalk with tumor cells. They
could cause DNA damage (initiation) and affect the stages of tumor promotion and progression.

Apoe (34KD-MW protein) is the protein product of a single gene mapped to the long arm of
chromosome 19q [18,19]. This 50 kilobases (kb) gene cluster includes the genes for apolipoprotein C-I
and C-II involved in the regulation of the metabolism of plasma lipoprotein [18,19]. Apoe contains
299 residues and plays an important role in mediating receptor-dependent lipoprotein uptake.
The receptors involved in lipoprotein uptake mediated by Apoe are the low-density lipoprotein
receptor (Ldlr) and the chylomicron remnant receptor, the latter being also referred to as the Ldlr-related
protein (LRP) [20]. The Ldlr is considered to be ubiquitously expressed in mammals, although the bulk
of receptor-dependent clearance of LDL is shown to occur through the liver [20,21]. Although there is
little information on the distribution of these receptors in human colonic crypt cells, Ldlr is reported to
be present in the crypt cells in rat small intestine [22]. In addition, small intestinal crypt cells in rats are
able to uptake chylomicron remnants receptor-dependently [23].

Apoe may influence CRC development via three potential pathways. They include (1) metabolism
of cholesterol and bile acid; (2) regulation of triglycerides (TG) and insulin; and (3) inflammation.
Apoe involved in lipid metabolism may affect the absorption of luminal cholesterol and bile acid
metabolism [24–26]. Possessing an e4 Apoe allele may increase the risk of gallstones formation [27,28].
Bile acid is important in CRC development. People with gallstones are at a higher risk of developing
proximal colon cancer than those without [29]. Variants of Apoe affect serum levels of lipid and/or
triglyceride and insulin sensitivity [30,31]. TG and insulin are known to be involved in CRC
development [32,33]. The third pathway via which Apoe regulates CRC development is colonic
inflammation [34,35]. Both a high-fat diet and obesity are associated with CRC development [7,36,37].

CRCs contain high levels of fatty acids or their products stored in cancer cell membranes. This
suggests a certain role of fatty acids in colorectal carcinogenesis [38,39]. Linoleic acid is converted to
arachidonic acid (AA), which is further biosynthesized into prostaglandins (PGs). The Ldlr regulates
the uptake of essential fatty acid and cholesterol into cells. Then, the essential polyunsaturated fatty
acids are esterified to phospholipids. AA released from phospholipids is oxidized by cytochrome
P-450 (Cyp), lipoxygenase (Lox), or cyclo-oxygenase (Cox). Through the Cox pathway, various PGs,
including PGE2 are produced. Ldlr plays an important role in the initial uptake of essential fatty acid
and the subsequent biosynthesis of eicosanoids, such as PGE2 [40,41]. Thus, epidemiological and
experimental data suggest fatty acids as an important factor in the CRC development. Over-expression
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of Cox-2, an inducible inflammatory enzyme that metabolizes the essential fatty acids into PGs, in CRC
was first observed in 1994 [42], and thereafter the concept of chemoprevention using Cox inhibitors
was proposed [42–46].

Certain cancers, including CRC and human cancer cell lines, have increased levels in Ldlr
protein [47,48]. A loss of feedback regulation of Ldlr in CRCs was also reported [49]. In addition, Cox-2
was up-regulated in colorectal neoplasms that over-expressed Ldlr mRNA compared with normal
colorectal mucosa. These findings may suggest that Ldlr is abnormally regulated in tumors and may
play a certain role in the up-regulation of Cox-2 in neoplasms.

Alterations in the plasma lipid profiles and in intracellular cholesterol homoeostasis were reported
in various malignancies, including CRCs. However, the significance of these alterations, if any, in
colorectal carcinogenesis and cancer biology is not clear. In the current study, we examined whether
or not Apoe and Ldlr were involved in colorectal carcinogenesis in mice. For this, we used an
inflammation-associated colorectal carcinogenesis model of Apoe- or Ldlr-deficient mice developed
with azoxymethane (AOM) and promoted by dextran sodium sulfate (DSS), where many colorectal
neoplasms develop within a short period of time [50].

2. Results

2.1. AOM/DSS-Induced Colorectal Carcinogenesis in the Apoe-Deficient Mice (Experiment 1)

Both the Apoe-deficient mice and WT mice tolerated treatment with AOM and 1.5% DSS well
and survived to week 20 (Figure 1a). As listed in Table 1, at sacrifice, the body (p < 0.05) and liver
weights (p < 0.001) of the Apoe-deficient mice were significantly greater than those of the WT mice.
The mean relative liver weights of both groups were comparable. When given AOM and DSS, the
colon length of the Apoe-deficient mice was slightly shorter than that of the wild type of mice (Table 1).
Treatment with AOM followed by 1.5% DSS resulted in the development of colorectal tumors in
both genotypes (Figure 2a). The incidences and multiplicities of several colorectal lesions, such as
mucosal ulcer, adenoma (AD), and AD + adenocarcinoma (ADC), were larger in the Apoe-deficient
mice than in the WT mice, but the differences between the two genotypes were not significant (Table 2).
In addition, the multiplicities of dysplastic lesions (DYS) and ADC in the Apoe-deficient mice were
also larger than in the WT mice, and these differences were statistically significant (dysplastic lesions,
p < 0.02; and ADC, p < 0.005, Table 2). The mean volume (1150.2 ± 396.7 mm3) of colorectal tumors
in the Apoe-deficient mice was significantly greater than that (597.9 ± 234.6 mm3) in the WT mice
(p < 0.05), as shown in Figure 3a. Histopathologically, three types (well, moderately, and poorly) of
differentiation were observed in ADCs (Figure 4a). Poorly differentiated adenocarcinomas developed
in a few Apoe-deficient mice that received AOM and DSS (Figure 4b). The incidence and multiplicity of
mucosal ulcer in the Apoe-deficient mice were higher than in the WT mice, but the differences were not
statistically significant (Table 2).

Table 1. Body weight, liver weights, and colon length.

Measurements
Apoe-Deficient
Mice (n = 20)

WT Mice
(n = 21)

Ldlr-Deficient
Mice (n = 14)

WT Mice
(n = 10)

Body weight (g) 34.1 ± 2.2 a,b 31.4 ± 3.5 30.1 ± 3.1 b 32.6 ± 1.7
Liver weight (g) 1.31 ± 0.07 c 1.14 ± 0.09 1.43 ± 0.13 d 1.60 ± 0.22

% Liver weight (Liver weight/100 g body weight) 3.77 ± 0.33 3.69 ± 0.36 4.78 ± 0.28 4.91 ± 0.52
Colon length (cm) 12.35 ± 0.90 12.50 ± 0.90 10.09 ± 0.62 10.4 ± 0.72

WT, wild type. a Mean ± standard deviation (SD); b−d Significantly different from the respective WT mice
(b p < 0.05, c p < 0.001, and d p < 0.01).
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Figure 1. The body weight changes of (a) the Apoe-deficient and wild type (WT) mice during Experiment
1 and (b) the low-density lipoprotein receptor (Ldlr)-deficient and WT mice during Experiment 2.

 

 

Figure 2. A macroscopic view of the colorectum of (a) the Apoe-deficient and WT mice and (b) the
Ldlr-deficient and WT mice. Scales, 10 mm.
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Table 2. Multiplicity and incidence of colorectal preneoplasia and neoplasia.

Pathological Lesions
Apoe-Deficient
Mice (n = 20)

WT Mice
(n = 21)

Ldlr-Deficient
Mice (n = 14)

WT Mice
(n = 10)

Mucosal ulcer
1.25 ± 1.74 a 0.57 ± 0.98 2.71 ± 2.13 3.40 ± 1.65
(10/20, 50%) (7/21, 33%) (12/14, 86%) (10/10, 100%)

Dysplastic crypts 1.05 ± 1.50 0.14 ± 0.48 0.43 ± 0.65 c 4.30 ± 2.67
(9/20, 45% b) (2/21, 10%) (5/14, 36% b) (9/10, 90%)

Adenoma (AD)
1.00 ± 1.08 0.62 ± 0.74 0.29 ± 0.61 c 2.10 ± 1.52

(11/20, 55%) (10/21, 48%) (3/14, 21% b) (8/10, 80%)

Adenocarcinoma (ADC)
2.75 ± 1.48 c 0.62 ± 0.67 0.50 ± 0.94 c 3.10 ± 2.38

(19/20, 95% d) (11/21, 52%) (4/14, 29% e) (8/10, 80%)

AD + ADC
3.75 ± −1.83 c 1.24 ± 0.94 0.79 ± 1.31 c 5.20 ± 3.12
(20/20, 100%) (17/21, 81%) (5/14, 36% e) (8/10, 80%)

WT, wild type. a Mean ± standard deviation (SD); b−e Significantly different from the respective WT mice
(b p < 0.02, c p < 0.001, d p < 0.005, and e p < 0.05).
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Figure 3. The mean volumes (±SD) of colorectal tumors in (a) the Apoe-deficient and WT mice and
(b) the Ldlr-deficient and WT mice.

Figure 4. Histopathological analysis of induced colorectal adenocarcinomas. (a) Representative
histopathology of colonic adenocarcinomas induced by azoxymethane (AOM) and dextran sodium
sulfate (DSS). They were classified into three types of differentiation, well-differentiated (wel),
moderately differentiated (mod), and poorly differentiated (por). Hematoxylin and eosin (H & E)
stain used. Bars are 100 μm in “wel”, 60 μm in “mod”, and 60 μm in “por”; (b) percentages of
adenocarcinomas developed in the Apoe-deficient and wild (C57BL/6J) mice that received AOM and
DSS; (c) percentage of adenocarcinomas developed in the Ldlr-deficient and wild (C57BL/6J) mice that
received AOM and DSS.
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With regard to the serum biochemistry (Table 3), the cholesterol (p < 0.001), very-low-density
lipoprotein (VLDL, p < 0.001), and low-density lipoprotein (LDL, p < 0.001) levels in the Apoe-deficient
mice were significantly higher than in the WT mice. However, the serum TG, high-density lipoprotein
(HDL), glucose, and adiponectin levels were comparable between the genotypes.

Table 3. Serum lipoprotein profiles.

Measurements
Apoe-Deficient
Mice (n = 21)

WT Mice
(n = 20)

Ldlr-Deficient
Mice (n = 14)

WT Mice
(n = 10)

Serum cholesterol (mg/dL) 628 ± 110 a,b 132 ± 23 414 ± 41 b 131 ± 21
Serum triglycerides (mg/dL) 106 ± 16 85 ± 28 230 ± 51 b 126 ± 21

Serum VLDL (mg/dL) 403 ± 99 b 110 ± 17 149 ± 4 120 ± 4
Serum LDL (mg/dL) 439 ± 170 b 49 ± 12 287 ± 11 b 42 ± 5
Serum HDL (mg/dL) 36 ± 32 59 ± 16 81 ± 3 63 ± 35

Serum glucose (mg/dL) 147 ± 15 175 ± 25 181 ± 39 184 ± 14
Serum adiponectin (μg/mL) 12.9 ± 2.3 12.0 ± 1.7 16.6 ± 2.1 b 12.1 ± 3.5

HDL, high-density lipoprotein; LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein; WT, wild
type. a Mean ± standard deviation (SD); b Significantly different from the respective WT mice (p < 0.001).

The mRNA expression of Cox-2 (Figure 5a), Nos2 (Figure 5b), Tnf-α (Figure 5c), Il-1β (Figure 5d),
and Il-6 (Figure 5e) in the non-lesional colorectal mucosa of the Apoe-deficient mice was significantly
greater than in the WT mice (p < 0.001).
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Figure 5. The mRNA expression of (a) Cox-2; (b) Nos2; (c) Tnf-α; (d) Il-1β; and (e) Il-6 in the colorectal
mucosa of the Apoe-deficient, Ldlr-deficient, and their respective wild mice that received AOM and DSS.
The mRNA levels of these molecules were measured by Real-Time Quantitative Polymerase Chain
Resction. The expression of all five molecules was significantly higher in the Apoe-deficient mice than
in the WT mice (p < 0.001). The expression of the molecules was slightly but not significantly higher
in the Ldlr-deficient mice than in the WT mice. The expression was normalized to the β-actin mRNA
expression level. The data are represented as the means ± SD from three independent assays (n = 5
from each group). Y-axis shows expression of the mRNA relative to the “Standard condition” and
normalized to β-actin.

2.2. AOM/DSS-Induced Colorectal Carcinogenesis in the Ldlr-Deficient Mice (Experiment 2)

The Ldlr-deficient mice and WT mice tolerated treatment with AOM and 2% DSS well and survived
to week 20 (Figure 1b). At sacrifice, the body, liver, and relative liver weights of the Ldlr-deficient
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mice and WT mice were almost comparable (Table 1). The colon length of the Ldlr-deficient mice was
slightly smaller than that of the wild type of mice (Table 1). Treatment with AOM followed by 2%
DSS resulted in the development of colorectal tumors in both genotypes (Figure 2b). The incidences
(p < 0.02 or p < 0.05) and multiplicities (p < 0.001) of several proliferative colorectal lesions, including
DYS, AD, ADC, and AD + ADC, in the Ldlr-deficient mice were significantly lower than in the WT
mice (Table 2). The mean volume (569.8 ± 417.6 mm3) of tumors in the Ldlr-deficient mice was smaller
than that in the WT mice (966.2 ± 1362.8 mm3), but the difference was not statistically significant
(Figure 3b). Well- and moderately differentiated ADCs (Figure 4a) developed in the colorectum, but
there were no poorly differentiated types (Figure 4c). The incidence and multiplicity of mucosal ulcer
in the Ldlr-deficient mice were lower than in the WT mice, but the differences were not statistically
significant (Table 2).

The serum levels of cholesterol (p < 0.001), TG (p < 0.001), LDL (p < 0.001), and adiponectin
(p < 0.01) in the Ldlr-deficient mice were significantly higher than in the WT mice (Table 3). However,
the serum VLDL, HDL, and glucose levels were comparable between the genotypes.

As illustrated in Figure 5, the mRNA expression of Cox-2, Nos2, Tnf-α, Il-1β, and Il-6 in the
non-lesional colorectal mucosa of the Ldlr-deficient mice was slightly elevated when compared to the
WT mice.

3. Discussion

This is the first study, to our knowledge, to examine the susceptibility of inflammation-associated
colorectal carcinogenesis in Apoe- and Ldlr-deficient male mice in comparison with their background
genotype using our AOM/DSS model [50]. Our findings here suggest that Apoe and Ldlr inversely
affect inflammation-associated colorectal carcinogenesis, irrespective of their serum lipoprotein profiles.
Surprisingly, the Apoe-deficient mice were much more susceptible to AOM/DSS-induced colorectal
carcinogenesis than the WT mice. The mRNA expression levels of two inducible enzymes, Cox-2 and
Nos2, and three pro-inflammatory cytokines, Tnf-α, Il-1β, and Il-6, in the colorectum of Apoe-deficient
mice were much higher than in the Ldlr-deficient mice.

When given AOM and DSS, the colon length of the Apoe-deficient mice or Ldlr-deficient mice was
shorter than their respective wild mice (Table 1) without statistical significance. This may be related to
the findings of severe colitis and enhancement of colorectal carcinogenesis in the Apoe-deficient mice
or Ldlr-deficient mice. Histopathologic investigation revealed that poorly differentiated ADCs were
developed only in the Apoe-deficient mice that received AOM and DSS, but not in the Ldlr-deficient
mice and their respective wild mice (Figure 4b,c). Severe inflammation and increased levels of Cox-2,
Nos2, Tnf-α, Il-1β, and Il-6 observed in the colorectum of Apoe-deficient mice treated with AOM and
DSS may be related to these differences of histopathological findings of ADCs.

The Apoe- and Ldlr-deficient mice, which have elevated serum levels of cholesterol, TG, VLDL,
LDL, and/or HDL, are frequently used for research of atherosclerosis and in developing new drugs
against atherosclerosis [51,52]. In contrast to the Ldlr-deficient mice, the Apoe-deficient mice develop
atherosclerosis spontaneously without an atherogenic diet. The lipid profiles of these mice differ
slightly. For example, hypercholesterolemia in the Apoe-deficient mice is more severe than in the
Ldlr-deficient mice. Compared to the WT mice, the serum VLDL level of the Apoe-deficient mice is
markedly increased (five-fold that of the WT mice [51]), but the elevation in the VLDL level of the
Ldlr-deficient mice is moderate. While the serum HDL levels of the Apoe-deficient mice are decreased
(45% of that in the WT mice [51]), the levels in the Ldlr-deficient mice are modestly increased. The TG
level in the Apoe-deficient mice was found to be 68% higher than that in the WT mice [51]. The different
susceptibilities of the two genotypes to AOM/DSS-induced colorectal carcinogenesis may be due to
their differing lipid profiles. However, the precise reason for the differences in susceptibility observed
in this study is unclear.

Apoe is a major modulator of lipoprotein metabolism, and the allele-specific effects of Apoe on
lipoprotein metabolism were reported [53]. Apoe also has other crucial functions, and aberration
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of these functions may lead to carcinogenesis [54–57]. In vitro studies suggest that treatment of the
colon cancer cell line, HT29, with Apoe increased the cell polarity by translocating β-catenin from the
cytoplasm to cell–cell adhesion sites [56]. Apoe is able to inhibit cell proliferation and de novo DNA
biosynthesis [57]. Functional experiments on Apoe isoforms showed that Apoe4, but not wild-type Apoe,
inhibits glycogen synthase kinase (GSK)-3β and increases the amount of active protein kinase B (PKB),
which further inactivates GSK-3β, leading to enhancement of β-catenin translocation into nuclei [54].
Nuclear β-catenin can promote transcription of genes involved in cell survival and division [58–60].
Since patients with UC show impaired lipoprotein metabolism [61], the effect of Apoe polymorphism
on the risk of UC development should be investigated.

In the present study, we assayed the mRNA expression of Cox-2, Nos2, TNF-α, Il-1β, and Il-6 in
the colorectal mucosa of the Apoe-deficient, Ldlr-deficient, and their respective WT mice. The values of
the Apoe-deficient mice treated with AOM and DSS were significantly and much greater than the WT
mice that received AOM and DSS, suggesting that the Apoe-deficient mice have hyper-inflammation
status. Sensitivity to inflammatory stimuli was reported to be greater in Apoe-deficient mice [62] than
in Ldlr-deficient mice [63]. This was related to a decrease in the production of certain pro-inflammatory
cytokines in the Ldlr-deficient mice, although macrophages maintained an elevated cytokine production
capacity [62,63]. Apoe involved in cholesterol and lipid metabolism has also altered both innate and
adaptive immune responses [64]. Importantly, mice lacking Apoe exhibit increased inflammatory
responses and higher mortality following lipopolysaccharide challenge [65]. This may suggest that Apoe
has anti-inflammatory effects. Genetic factors have been reported to contribute to the pathophysiology
of IBD [66]. Apoe inhibits the production of T lymphocytes and regulates immune reactions by
interacting with several cytokines [67,68]. Apoe thus plays a key role in regulating the immune
response in various autoimmune diseases [69].

Pro-inflammatory cytokines are central mediators of the chronic inflammatory process in several
tissues. IL-6 is part of a central pathway in the pathogenesis of chronic inflammation diseases, such
as IBD [70], and inflammation-associated colorectal cancer [71–73]. IL-6 trans-signaling is also an
independent risk factor for coronary artery disease and is involved in inflammatory processes in
vessels [74]. Other cytokines (Tnf-α, IL-1β, Interferon-γ), inflammatory enzymes (Cox-2, Nos2), nuclear
factor (NF)-κB, and signal transducer and activator of transcription 3 (Stat3) are also involved in
inflammation-associated colorectal carcinogenesis [72]. Uncontrolled activation of Nf-κB, Stat3, and
Wnt-β-catenin signaling pathways enhances the aberrant proliferation of crypal cells in the sustained
inflammatory microenvironment and promotes CRC development [75]. Although we did not assay
Stat3 and Nf-κB in the present study, the mRNA expression of Tnf-α, Il-1β, Il-6, Cox-2, and Nos2 was
assayed in the colorectum of Apoe-deficient, Ldlr-deficient, and their respective WT mice treated with
AOM and DSS. The expression of all molecules was greater in the Apoe-deficient mice than that of the
WT mice. The expression of Nos2, Tnf-α, and Il-1β in the Ldlr-deficient mice was slightly higher than
that of the WT mice. The Apoe-deficient mice showed even more elevation of these molecules than
the Ldlr-deficient mice. Thus, the Apoe-deficient mice were in a higher-inflammation status compared
to the Ldlr-deficient mice. Further studies should investigate colorectal carcinogenesis in Apoe/Ldlr
double-knockout mice.

4. Materials and Methods

4.1. Animals, Chemicals, and Diets

Twenty male five-week-old Apoe−/− mice (C57BL/6J background, Jackson Laboratories, Bar
Harbor, ME, USA), 14 male five-week-old Ldlr−/− mice (C57BL/6J background, Jackson Laboratories),
and 31 male C57BL/6J mice were used in this study. Two experiments were conducted. The experiment
for AOM/DSS-induced colorectal carcinogenesis in the Apoe-deficient mice (Experiment 1) was
conducted using Apoe−/− (n = 20) and C57BL/6J mice (n = 21), and contained two experimental
groups that were treated with AOM and 1.5% DSS in their drinking water. Similarly, the experiment for
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AOM/DSS-induced colorectal carcinogenesis in the Ldlr-deficient mice (Experiment 2) was conducted
using Ldlr−/− (n = 14) and C57BL/6J mice (n = 10), and contained two experimental groups that were
given AOM and 2% DSS in their drinking water. A colorectal carcinogen AOM was obtained from
Sigma-Aldrich Chemical (St. Louis, MO, USA), and DSS with a molecular weight of 36,000–50,000
Da (Lot No. 6046H) was purchased from MP Biomedicals (Aurora, OH, USA). AOM was diluted in
physiological saline just before injection. DSS for colitis induction was dissolved in water at 1.5% (w/v)
or 2% (w/v). A pelleted Charles River Formula (CRF)-1 diet (Oriental Yeast, Tokyo, Japan) was used
as the basal diet throughout the study. All of the mice were maintained in the animal facility of the
University, according to the Institutional Animal Care Guidelines. The animals were housed in plastic
cages (three to five mice/cage) with free access to tap water and CRF-1 (Oriental Yeast Co., Ltd., Tokyo,
Japan), under controlled conditions of humidity (50% ± 10%), light (12/12 h high/dark cycle), and
temperature (23 ± 2 ◦C). Study designs were approved by the University and animal handling and
procedures were performed in accordance with the Institutional Animal Care Guidelines.

4.2. Study Design

In the AOM/DSS-induced colorectal carcinogenesis in the Apoe-deficient mice (Experiment 1),
twenty five-week old Apoe-deficient male mice and twenty-one, five-week old C57BL/6J male mice
were given a single intraperitoneal (i.p.) injection of AOM (10 mg/kg body weight), as shown in
Figure 6a. One week after the injection, they received 1.5% DSS in their drinking water for seven days
and then were maintained on a basal diet and tap water for 18 weeks. In the AOM/DSS-induced
colorectal carcinogenesis in the Ldlr-deficient mice (Experiment 2), fourteen five-week-old Ldlr-deficient
male mice and ten five-week-old C57BL/6J male mice were given a single i.p. injection of AOM (10
mg/kg body weight), as shown in Figure 6b. Similar to Experiment 1, they received 2% DSS in their
drinking water for seven days and then were maintained on a basal diet and tap water for 18 weeks.
In both experiments, all of the animals were killed by an overdose of ether at week 20 to evaluate the
colorectal lesions histopathologically.

AOM (10 mg/kg b.w., i.p.) 1.5% DSS in drinking water Sacrifice

Apoe-/-

(n=20)
Apoe+/+

(n=21)

0 1 2 18 weeks8
(a)

0 1 2 20 weeks

AOM (10 mg/kg b.w., i.p.) 2% DSS in drinking water Sacrifice

Ldlr-/-

(n=14)
Ldlr+/+

(n=10)

(b)

Figure 6. The experimental protocol of (a) the Apoe-deficient and WT mice that received AOM and DSS
(Experiment 1) and (b) the Ldlr-deficient and WT mice that received AOM and DSS (Experiment 2).
i.p., intraperitoneal.

At sacrifice, complete necropsy was done on all mice. The body and liver weights were
measured and processed for a histopathological examination by conventional methods. The colon
was flushed with normal saline and then removed. After measuring the length, the colon was cut
open longitudinally along the main axis and gently washed with normal saline. The colonrectum
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was macroscopically inspected for the presence of lesions and fixed in 10% buffered formalin for
at least 24 h. A histopathological examination was conducted on paraffin-embedded sections after
hematoxylin and eosin (H & E) staining.

4.3. Real-Time Quantitative Polymerase Chain Reaction (RT-PCR)

We determined the mRNA expression in the non-lesional colorectal mucosa from five mice of
each genotype, Apoe-deficient mice, Ldlr-deficient mice, or their respective wild type of mice.

RNA was extracted from the olorectum and stored at −80 ◦C using TRIzol reagent (Thermo Fisher
Scientific, K.K., Yokohama, Japan) according to the manufacturer’s protocol. RNA concentration and
quality were verified, and reversely transcribed to produce cDNA. Quantitative RT-PCR analyses
of Cox-2, Nos2, Tnf-α, Il-1β, and Il-6 were performed with ABI Prism 7500 (Applied Biosystems
Japan Ltd., Tokyo, Japan) using TaqMan Gene Expression Assays (Applied Biosystems Japan Ltd.,
Tokyo, Japan): Cox-2 (Ptgs2), Mm00478374-ml; Nos2 (Mm00440485-ml); Tnf-α, Mm00443258-m1; Il-1β,
Mm00434228-m1; and IL-6, Mm00446190-ml. β-Actin (Mm00607939-sl) was used to normalize the
expression level of the mRNA genes. The cycling protocol of RT-PCR was conducted at a DNA
denaturation temperature of 95 ◦C for 5 min and followed by 40 cycles of 95 ◦C for 15 s, 60 ◦C for 20 s,
and an elongation temperature 72 ◦C for 40 s. Each experiment was performed in triplicate, and data
were calculated by ΔΔCt methods.

4.4. Clinical Chemistry (Serum Lipid Profiles)

At sacrifice, blood samples were collected to measure the serum concentrations of total cholesterol,
TG, very-low-density lipoprotein (VLDL), LDL, high-density lipoprotein (HDL), glucose, and
adiponectin after overnight fasting from 10 or 14 mice in each group. Whole blood anti-coagulated
with heparin lithium was taken from the inferior vena cava with a sterile syringe (Terumo, Tokyo,
Japan). The serum was obtained by centrifugation (3000 rpm for 10 min), and stored at −80 ◦C until
measurement. The serum TG and total cholesterol levels were determined using commercial enzymatic
assay kits (TG, L-Type WAKO-TG·H; and total cholesterol, L-Type WAKO-CHO·H), obtained from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan). The serum levels of HDL, LDL, and VLDL were
determined using an HDL and LDL/VLDL Cholesterol Quantitation Kit (BioVision, Inc., Milpitas,
CA, USA). The serum glucose level was determined using commercial enzymatic assay kit (Glucose
CII-test WAKO, Wako Pure Chemical Industries). These measurements were expressed as mg/dL.
The serum adiponectin level (μg/mL) was determined with Mouse/Rat Adiponectin ELISA kits
(Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan).

4.5. Statistical Analysis

The incidences of colonic lesions between the groups were compared using the chi-square test or
Fisher’s exact probability test (GraphPad Instat version 3.05; GraphPad Software, San Diego, CA, USA).
Other measures expressing mean ± standard deviation (SD) were statistically analyzed using one-way
analysis of variance (ANOVA), followed by the Bonferroni or Tukey-Kramer multiple comparison
post-test (GraphPad Instat version 3.05; GraphPad Software). mRNA expression was statistically
analyzed by the Kruskal-Wallis test. Differences were considered statistically significant at p < 0.05.

5. Conclusions

Our findings indicate that Apoe and Ldlr are inversely involved in inflammation-associated
colorectal carcinogenesis induced by AOM/DSS, irrespective of their serum lipoprotein profiles:
the Apoe-deficient mice were much more susceptible to inflammation-associated colorectal
carcinogenesis than the WT mice. The mRNA expression levels of two inducible enzymes and certain
pro-inflammatory cytokines in the colorectum of Apoe-deficient mice were much more elevated than in
the Ldlr-deficient mice.
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Abstract: Background: Colorectal cancer (CRC) is associated with the modern lifestyle. Chronic
alcohol consumption—a frequent habit of majority of modern societies—increases the risk of
CRC. Our group showed that chronic alcohol consumption increases polyposis in a mouse mode
of CRC. Here we assess the effect of circadian disruption—another modern life style habit—in
promoting alcohol-associated CRC. Method: TS4Cre × adenomatous polyposis coli (APC)lox468 mice
underwent (a) an alcohol-containing diet while maintained on a normal 12 h light:12 h dark cycle;
or (b) an alcohol-containing diet in conjunction with circadian disruption by once-weekly 12 h phase
reversals of the light:dark (LD) cycle. Mice were sacrificed after eight weeks of full alcohol and/or
LD shift to collect intestine samples. Tumor number, size, and histologic grades were compared
between animal groups. Mast cell protease 2 (MCP2) and 6 (MCP6) histology score were analyzed and
compared. Stool collected at baseline and after four weeks of experimental manipulations was used
for microbiota analysis. Results: The combination of alcohol and LD shifting accelerated intestinal
polyposis, with a significant increase in polyp size, and caused advanced neoplasia. Consistent with
a pathogenic role of stromal tryptase-positive mast cells in colon carcinogenesis, the ratio of mMCP6
(stromal)/mMCP2 (intraepithelial) mast cells increased upon LD shifting. Baseline microbiota was
similar between groups, and experimental manipulations resulted in a significant difference in the
microbiota composition between groups. Conclusions: Circadian disruption by Light:dark shifting
exacerbates alcohol-induced polyposis and CRC. Effect of circadian disruption could, at least partly,
be mediated by promoting a pro-tumorigenic inflammatory milieu via changes in microbiota.

Keywords: colon cancer; alcohol; circadian disruption; inflammation; microbiota

1. Introduction

Colorectal cancer (CRC) is the second leading cause of cancer-associated mortality in the US [1].
Only a small portion of colorectal cancers are caused by known genetic syndromes, while most CRC
cases are sporadic, without a strong familial background [2]. Immigration and epidemiological studies
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provide compelling evidence of an association between CRC incidence and the modern lifestyle [1,3].
This is further confirmed by studies showing a rapid rise of CRC risk in immigrants from low-risk areas
who immigrated to Western/high-risk countries [3,4]. Despite the established link of CRC with the
overall phenomenon of “Westernization”, this knowledge has not yet been translated to our approach
in risk stratification and preventive strategies for CRC [5]. There are only weak associations between
each individual environmental factor and the disease risk [6]; thus, it is highly likely that additive or
synergistic effects from a combination of risk factors have a large impact on CRC susceptibility [6,7].
Identifying factors and mechanisms that mediate life-style impact on CRC could help us to better
stratify our population for CRC screening and design novel therapeutic approaches.

Chronic alcohol consumption—a frequent habit of modern societies—is a known risk factor for
CRC, as shown in several population-based studies [8,9]. Only subsets of individuals who drink
alcohol are at risk for CRC, suggesting that there may be other environmental or genetic co-factor(s)
that predispose individuals to alcohol-induced colon carcinogenesis. A better understanding of the
mechanisms that mediate alcohol-induced effects on intestinal tumorigenesis could help us to identify
such co-factors.

Alcohol consumption causes intestinal inflammation, which is associated with accelerated
polyposis [10,11]. We have shown that intestinal inflammation from alcohol is exacerbated by the
disruption of circadian rhythms from shifting light:dark (LD) cycles [12–14]. This is not surprising,
as up to a third of the genome—including a variety of cellular processes and immune regulatory
mechanisms—are under circadian control [15,16]. The central circadian clock in the suprachiasmatic
nucleus (SCN) is entrained by the LD cycle; thus, alterations in the LD cycle leads to the disruption of
circadian rhythms [17]. The ensuing circadian disruption is associated with the disruption of tissue
homeostasis, chronic inflammatory status, and increased susceptibility to cancer in general [18–21].
In fact, shift work—resulting in circadian rhythm disruption—increases the risk of some malignancies
(including CRC) in some epidemiological studies [22,23].

Here, we hypothesized that circadian rhythm disruption could promote the alcohol-induced
effects on colon carcinogenesis. We assessed the effect of LD shift—a frequent habit of our 24/7
society—in combination with alcohol consumption in an animal model of CRC. Consistent with the
known effect of circadian rhythm disruption on immunity, we found that LD shift increased intestinal
tumorigenesis in alcohol-fed mice by promoting a pro-tumorigenic inflammatory milieu.

2. Results/Discussion

2.1. Light:Dark (LD) Shift Enhances Alcohol-Induced Colon Cancer Carcinogenesis

All (five of five) LD shifted alcohol-fed mice (experimental group) developed advanced neoplasia;
three had lesions with carcinoma in situ, and two with submucosa invasion. The experimental
group had a greater number of polyps (9.2 ± 1.5 vs. 6.6 ± 2.6) and lesions with carcinoma in situ
(4.4 ± 0.9 vs. 2.6 ± 1.5) than the non-shifted alcohol-fed mice, although these differences did not reach
statistical significance due to limited sample sizes. Polyps were significantly larger in the experimental
group (mean diameter of 3.3 ± 0.5 vs. 2.2 ± 0.3 mm, p = 0.01). Furthermore, there was a significant
increase in the number of large (≥3.0 mm) polyps in the experimental group (3.2 ± 0.5 vs. 0.3 ± 0.3,
p = 0.01) (Figure 1).

Most importantly, all alcohol-fed shifted mice had at least two lesions with histopathologic
features of advanced adenoma (carcinoma in situ or more advanced), compared to only 1/3 of the
control group (5/5, 100% vs. 1/3, 33%, p = 0.03).

Invasive colon cancer was present only in alcohol-fed shifted mice. Two mice in the experimental
group developed invasive CRC, while none of the alcohol-fed mice without LD shift developed
CRC (Figure 1). Interestingly, both cases of invasive cancer had minimal high grade dysplasia,
suggesting that there could have been high grade dysplasia that was overrun by the invasive cancer,
or alternatively, epithelial cells acquired invasive capacity rather quickly in response to LD shift and
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alcohol together, causing a rapid transition from adenoma to invasive cancer. Overall, these findings
are consistent with enhanced colon carcinogenesis in response to a combination of circadian disruption
and alcohol versus alcohol alone.

 

Figure 1. Light:dark (LD) shift accelerates intestinal tumorigenesis in alcohol treated mice: (a) Tubular
adenoma in the ileum (4×). The circle is a 10× view of the same lesion, showing clear delineation
between adenoma (right) and adjacent normal mucosa (left); (b) Colonic tubular adenoma (4×);
(c) Polyp size (* p = 0.01) and (d) number of large polyps (* p = 0.01) were increased significantly
by light:dark shifting; (e) Only mice in the experimental group developed invasive colon cancer;
picture shows invasive adenocarcinoma emerging from a tubular adenoma. Two glands immediately
above muscularis mucosa (MM) (MM is indicated by the blue arrow) are infiltrating the mucosa,
and a few glands in top center have infiltrated the submucosa (top circle). Area of invasion to MM
and submucosa is also observed in the center-bottom (blue circle). Part of the polyp surface was
eroded—an inconsequential finding (black arrow). Right-bottom panel is a larger view (10×) of
the same polyp, showing glands infiltrating into the MM (blue arrow) and beyond (black arrow).
The left-bottom panel is the high power view (40×) of two glands that have infiltrated into the
submucosa. At this power, desmoplasia is apparent as a subtle rim around the glands (black arrow);
desmoplasia is an unequivocal feature of invasive carcinomas. Note: 4×, 10×, and 40× fields are
25.0 microns, 10.0 microns, and 2.5 microns in diameter, respectively.

2.2. Circadian Disruption along with Alcohol Feeding Results in a Shift from Intraepithelial MCP2+ to Stromal
MCP6+ Mast Cells

Our group (and others) have reported the important role of mast cells in polyposis [24–27].
We also showed that chronic alcohol consumption results in increased mast cell numbers at the polyp
site [11]. Mast cells can be located intraepithelially (intestinal mucosa) and in the stroma (submucosa).
Stromal mast cells express tryptase (mMCP6), and could play a role in promoting stromal activation
and carcinogenesis in the colon [28]. Here, we stained the intestinal tissue for mMCP2 (chymase)
and mMCP6 (tryptase) mast cells. Interestingly, while densities of intra-polyp mMCP2 and mMCP6
mast cells dropped with LD shift, the ratio of mMCP6 (stromal)/mMCP2 (intraepithelial) mast cells
increased (0.87 relative to 0.68) (Figure 2). This finding is consistent with a pathogenic role of stromal
localization of tryptase-positive mast cells in colon carcinogenesis [28].
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Figure 2. Accelerates tumorigenesis in shifted alcohol-treated mice is associated with a change in the
mast cell phenotype towards MCP6+ cells: LD shift increases the ratio of stromal to intra-epithelial mast
cells. Fixed and paraffin embedded polyps were stained for mMCP2 or mMCP6, and stained cells were
counted using a light microscope. (A) Intraepithelial mMCP2+ mast cells in LD shifted + ethanol mice;
(B) Same in ethanol non-shifted mice; (C) Stromal mMCP6+ mast cells in LD shifted + ethanol mice;
(D) Same in ethanol non-shifted mice; Black arrows point to mast cells; (E) Mean values of mast cell
counts in panels A + B; n = 24, n = 25 fields, respectively at 200× magnification, (** p = 0.003); (F) Mean
values of mast cell counts in panels C + D; n = 28, n = 15 fields, respectively, at 200× magnification,
(* p = 0.003); (G) Ratio of mMCP6 stromal to mMCP2 intraepithelial mast cells.

2.3. Circadian Disruption Induces a Pro-Tumorigenic Dysbiosis in Alcohol-Fed Mice

The phenotype of mast cells can be altered by their surrounding environment, such as the
gut microbiota [29]. Accumulating evidence suggests a role of altered microbiota and the resulting
inflammation in colon carcinogenesis [30]; thus, it is possible that mast cells in alcohol-fed mice
with circadian disruption could be a response to altered microbiota (e.g., dysbiosis). We therefore
ran 16S rRNA gene-based analysis in these mice to study the potential role of microbiota in the
interaction between alcohol consumption and circadian rhythm disruption in polyposis. The microbiota
composition was similar between the two groups at baseline—before the start of experimental
manipulations. Stool was collected and analyzed following four weeks of treatment. Treatment (alcohol
and shifting) had a significant effect on the microbiota composition (Figure S1). In our treated animals,
we observed significant differences in microbiota composition between alcohol-fed and shifted and
non-shifted mice. Significant differences in α-diversity indices indicate that comparing groups have
different microbiota composition [31,32]. There were significant differences in the Shannon diversity
index (p = 0.02), Simpson’s diversity index (p = 0.04), Richness (p = 0.04), and Evenness (p = 0.04)
between the alcohol-fed shifted mice and the control groups at the taxonomic level of genus (Table S1).
The relative abundance of two phyla, three families, and two genera were affected by LD shift (p < 0.05)
(Table S2). At the taxonomic level of phylum, the relative abundance of Bacteroidetes was higher
(p = 0.04), and Firmicutes (p = 0.02) was lower in the alcohol-fed shifted mice (Figure 3A, Table S2).
Firmicutes and Bacteroidetes represent the two largest phyla in the mouse microbiota. The altered ratio
of these phyla has been associated with a variety of inflammation-driven chronic pathologies, including
metabolic syndrome and cancer [33,34]. Recently, in an adenomatous polyposis coli (APC)-based
mouse model of polyposis, an altered Firmicutes/Bacteroidetes ratio was shown to be associated with
altered tumor load [35]. Here we found that the ratio of Firmicutes/Bacteroidetes was significantly
different between shifted and non-shifted groups (p = 0.02). Alcohol-fed shifted (experimental) mice
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showed a decrease in Firmicutes/Bacteroidetes ratio, which is reported to correlate with a decrease in
short-chain fatty acid (SCFA) production, bacterial metabolites long known to have protective effects
in colonic neoplastic transformation [36]. LD shifting in the alcohol-treated group altered the relative
abundance of bacteria from the genus Allobaculum (phylum_Firmicutes; class_Erysipelotrichi) and the
genus Bacteroides (phylum_Bacteroidetes; class_Bacteroidetes), with an observed decrease (p = 0.04)
and increase (p = 0.04) compared to non-shifted mice, respectively (Figure 3B, Table S2).

Figure 3. Light:dark (LD) shift changes microbiota in alcohol-fed mice. There were different relatively
abundant phylum and genus microbial taxa in the fecal microbiomes of non-shifted, alcohol-fed mice
(NS_EtOH) and LD shifted, alcohol-fed mice (S_EtOH) after four weeks of treatment. (A) The relative
abundances of Bacteroidetes and Firmicutes, as well as (B) Allobaculum and Bacteroides are inversely
proportional and different between NS_EtOH and S_EtOH mice feces. The average number of
sequences was rarefied to 7000 sequences per sample. * denotes a significant difference between
NS_EtOH and S_EtOH mice fecal samples.
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3. Methods

3.1. Animals

Animal experiments were carried out at Northwestern University Feinberg School of Medicine,
Chicago, IL, USA. The Institutional Animal Care and Use Committee of the Northwestern approved
the animal protocol (protocol number: 2007-1284; the start date: 01/01/2008). Males and females show
differences in circadian regulation and alcohol metabolism; therefore, only male mice were used.

We used TS4Cre × APClox468 as our method of choice to model CRC. In this mouse model,
polyposis is targeted to the terminal ileum and colon by utilizing epithelial expression of the fatty acid
binding protein 1 (Fabp1). A Cre gene was inserted under the control of the Fabp1 gene promotor [37].
This mouse (known as Ts4cre) was then crossed to mice with LoxP flanking exons 11 and 12 of the
adenomatous polyposis coli gene (APCΔ468). Double heterozygous mice for conditional APClox468 and
TS4-Cre therefore have conditional deletion in the APC protein that is restricted to the epithelial cells
of the ileum and colon, deriving polyposis [38].

Age-matched four-week-old TS4Cre × APClox468 mice were fed an alcohol (EtOH)-containing diet
that is a modification of the Lieber DiCarli diet, where the fat calories are replaced by fish oil. Alcohol
content was introduced to the diet at 3% and gradually increased to 15% over two weeks, followed by
eight weeks for full amount of alcohol, as previously reported [11]. Therefore, the full concentration of
alcohol was given when animal were >6 weeks of age. After two weeks of 15% alcohol, mice were
randomly divided into two groups: LD shifting or maintained on a regular LD cycle for the duration
of the experiment. The control group was maintained on a conventional 12 h light/12 h dark cycle
(non-shifted), and the experimental group underwent a once weekly 12 h light/dark shift (i.e., a phase
reversal of the light/dark cycle).

Weekly food consumption, caloric intake, and alcohol intake were not significantly different
between the groups (data not shown). Mice were anesthetized and sacrificed between Zeitgeber time
(ZT) ZT4 and ZT8. The intestinal tissue was divided into proximal and distal small intestine, and colon
and tissues were examined by tissue microscope and then fixed in paraffin. Paraffin-embedded tissue
was used for hematoxylin and eosin (H&E) and mast cell staining. Pictures of H&E stained slides
were taken with an Olympus BX46 microscope, and were reviewed and quantified for adenomas by
a gastrointestinal pathologist who was blind to treatment groups. SPSS version 23 (SPSS, Inc., Chicago,
IL, USA) was used for all analyses. Proportions between categorical variables were compared between
groups using the chi-square test or the Fisher′s exact test, where appropriate. numeric results (polyp
size and numbers) are presented as mean ± S.E.M., and were compared using two-tailed ANOVA tests.

3.2. Tissue Staining and Immunohistochemistry

The paraffin blocks were cut in 5-lM sections. Polyclonal sheep anti-mouse mMCP2 antibody and
rabbit anti-mouse mMCP6 were to stain for tryptase (mMCP6) and chymase (mMCP2), as previously
described [11]. The MCP2- and MCP6-positive cells were quantified in the mucosal and submucosal
parts of the polyps and compared between the groups. Statistical analysis was performed as
stated above.

3.3. Microbial Community Structure Analysis

Total DNA was extracted from mice feces (FastDNA bead-beating Spin Kit for Soil,
MP Biomedicals, Solon, OH, USA) collected at week 0 (baseline), and again after four weeks of
experimental interventions. Primers (515F/806R) targeting the V4 variable region of microbial
small subunit (SSU or 16S) ribosomal RNA (rRNA) genes were used for PCR [39], and prepared for
next-generation sequencing using a modified two-step targeted amplicon sequencing (TAS) approach,
as described previously [40]. Sequencing was performed using an Illumina MiSeq, with a V2 kit and
paired-end 250 base reads at the University of Illinois at Chicago. Raw FASTQ files for each sample
were processed using the software package PEAR (Paired-end read merger) (v0.9.8) [41]. The merged
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FASTQ files were imported into the software package CLC Genomics Workbench 8.0 (CLC Bio, Aarhus,
Denmark, Qiagen, Venlo, The Netherlands). Primer sequences were removed, and sequences without
both forward and reverse primers were discarded. Sequences were also trimmed using quality
trimming algorithms (quality threshold, Q20) and length trimming (discarding everything less than
250 bp). The trimmed files were then exported as FASTA files into the software package QIIME
(v1.8) [42] for chimera removal using the USEARCH6.1 algorithm [43]. The chimera-free FASTA files
were then processed to cluster sequences into operational taxonomic units (OTUs) at a similarity
threshold of 97% using the UCLUST algorism method. Representative sequences for each OTU were
selected, and these sequences were annotated using the UCLUST and the Greengenes_13_8 reference
(97_otus.fasta) and taxonomy database (97_otu_taxonomy.txt). These data were processed into
a multi-taxonomic level biological observation matrix (BIOM; McDonald et al. 2012) [44]. The BIOM
files were sub-sampled (rarefied) to the same number of sequences (7000 sequences/sample) to reduce
the effect of variable library size on diversity measures [45]. Taxa with an average abundance of <1%
across the entire sample set were removed from such analyses. Raw sequence data (FASTQ files) were
deposited in the NCBI Sequence Read Archive. Differences in the relative abundance (RA) of individual
taxa between different groups were tested using the “group_significance” algorithm, implemented
within QIIME. Tests were done using the non-parametric Kruskal–Wallis one-way analysis of variance.
To adjust for multiple comparisons, a false-discovery rate (FDR) adjusted p-value was calculated for
each analysis. All data were exported to GraphPad Prism (v 5.03) software for Mann–Whitney U test
for statistical differences between categorical variables, respectively. Statistical significance was set at
p-value of ≤0.05.

4. Conclusions

In summary, we investigated an interaction between two habits commonly associated with the
Western lifestyle—alcohol intake and circadian rhythm disruption—on CRC development. To model
human CRC, we used TS4Cre × APClox468 mice that develop polyps in the colon and distal ileum,
unlike the APC Min mice that exhibit polyposis mainly within the small intestine. The invasive cancer
developed only in the alcohol-fed, shifted mice, which had larger polyps and all developed advanced
adenomas. Overall, our data suggests that LD shifting resulting in circadian rhythm disruption
exacerbates alcohol-induced colon carcinogenesis and polyposis, and this “aggressive” phenotype
change is associated with dysbiosis.

Emerging evidence has demonstrated that lifestyle-related factors such as obesity and metabolic
syndrome are associated with low-grade inflammation, and these are also known to be risk factors
for CRC [46–48]. It is well-established that alcohol—another established risk factor for CRC—causes
gut inflammation. Our group has recently reported a link between gut inflammation and polyposis
induced by alcohol in a mouse model of polyposis [11]. Therefore, it is plausible that the presence
of another environmental factor that is pro-inflammatory could promote alcohol-induced colon
carcinogenesis. We have previously shown that intestinal inflammation and pathologic effects
of alcohol are exacerbated by shifting LD cycles in mice [13]. Here, we observed that LD shift
accelerates alcohol-induced colon carcinogenesis, and is associated with a change in mast cell
phenotype—mainly in the submucosal portion of the polyps. The mast cell shift from MCP2+ to
MCP6+ suggests an inflammatory-mediated mechanism for the observed tumorigenesis in response
to the combination of circadian rhythm disruption and alcohol consumption. These findings are
consistent with a pro-tumorigenic role for mMCP6+ (tryptase+) mast cells [49], especially in the stroma
where invasion occurs in CRC [28]. Our group (and others) previously showed that alcohol stimulates
the expression of tryptase in mast cells [11,50]—an effect that is exacerbated by circadian disruption
in our study—through as of yet unknown mechanisms. Several studies have shown the deleterious
effect of circadian disruption (and particularly LD shifting) on the gut microbiota [51], and the
microbiota could impact intestinal inflammation including mast cell phenotype, and consequently
impact carcinogenesis [52]. Therefore, we analyzed and compared the microbiota of the shifted
and non-shifted alcohol-fed mice as a possible mechanism for the accelerated inflammation and
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tumorigenesis. Changes in the microbiota as a result of the shift occurred as early as four weeks after
treatment, preceding the polyposis in these mice that usually occurs after 8–10 weeks of age. Therefore,
the microbiota changes are not the consequence of polyposis, and likely precede the tumorigenesis
process. Thus, alterations in the microbiota resulting from LD shift could be a mechanism by which
circadian disruption promotes alcohol-induced pro-tumorigenic inflammation and polyposis.

Our data shows that LD shifting exacerbates alcohol-induced colon carcinogenesis. The promotion
of polyposis was associated with an elevated MCP6+/MCRP2+ ratio, suggestive of stromal
activation—a pro-tumorigenic mechanism. Circadian disruption was associated with microbiota
alteration in alcohol-fed mice. Together, our data shows that shifting exacerbates intestinal
tumorigenesis in alcohol-treated mice by promoting a pro-tumorigenic inflammatory milieu, likely
via changes in the microbiota. Further mechanistic studies are underway in our laboratory to explain
this observation. These findings need to be confirmed with larger sample sizes, and to be explored in
large-scale epidemiological studies.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/17/12/2017/s1.
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Abstract: Obesity and its related metabolic abnormalities, including enhanced oxidative stress
and chronic inflammation, are closely related to colorectal tumorigenesis. Pentoxifylline (PTX),
a methylxanthine derivative, has been reported to suppress the production of tumor necrosis factor
(TNF)-α and possess anti-inflammatory properties. The present study investigated the effects of PTX
on the development of carcinogen-induced colorectal premalignant lesions in obese and diabetic
mice. Male C57BL/KsJ-db/db mice, which are severely obese and diabetic, were administered weekly
subcutaneous injections of the colonic carcinogen azoxymethane (15 mg/kg body weight) for four
weeks and then received drinking water containing 125 or 500 ppm PTX for eight weeks. At the time
of sacrifice, PTX administration markedly suppressed the development of premalignant lesions in the
colorectum. The levels of oxidative stress markers were significantly decreased in the PTX-treated
group compared with those in the untreated control group. In PTX-administered mice, the mRNA
expression levels of cyclooxygenase (COX)-2, interleukin (IL)-6, and TNF-α, and the number of
proliferating cell nuclear antigen (PCNA)-positive cells in the colonic mucosa, were significantly
reduced. These observations suggest that PTX attenuated chronic inflammation and oxidative stress,
and prevented the development of colonic tumorigenesis in an obesity-related colon cancer model.

Keywords: colorectal cancer; pentoxifylline; chemoprevention; obesity; oxidative stress; inflammation

1. Introduction

The increasing worldwide prevalence of obesity presents a serious health issue owing to the
elevated risk of medical problems, including diabetes mellitus, ischemic heart disease, stroke, and
various types of cancers [1,2]. In particular, the risk of colorectal cancer (CRC) is known to be
particularly high in individuals with obesity [3,4]. Therefore, in addition to early detection and
treatment, the importance of preventive action, including the improvement of lifestyle habits and
utilization of chemopreventive agents such as nonsteroidal anti-inflammatory drugs or aspirin,
is recognized in the management of CRC [5–7].
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The mechanisms by which obesity and diabetes promote the development of CRC have
been partly elucidated and include insulin resistance, adipokine imbalance, oxidative stress,
and chronic inflammation [3,4,8–10]. Previous reports have indicated that chemically induced colorectal
carcinogenesis is enhanced in obese and diabetic mice [11], and mice with diet-induced obesity were
markedly susceptible to the development of colon tumors [12]. Meanwhile, recent investigations have
reported that several types of natural compounds, such as green tea catechin and curcumin, inhibited
the development of obesity-related colorectal tumorigenesis through the attenuation of chronic
inflammation [13,14]. In addition, administration of the xanthophyll carotenoid astaxanthin, and an
angiotensin-converting enzyme inhibitor, also suppressed the early phase of colorectal carcinogenesis
in experimental obese rodents by the attenuation of inflammation and oxidative stress [15]. These
reports suggested that targeting obesity-related metabolic abnormalities such as chronic inflammation
and oxidative stress was a promising strategy for the prevention of CRC in obese individuals [4].

The methylxanthine derivative pentoxifylline (PTX), which works as a competitive non-selective
phosphodiesterase inhibitor, is a medicinal agent used to ameliorate circulation in peripheral vascular
disorders [16,17]. A recent paper reported that PTX ameliorated the histopathological appearance
of non-alcoholic steatohepatitis (NASH), which is closely associated with obesity and metabolic
syndromes, in a randomized placebo-controlled trial [18]. In a mouse model, PTX also prevented
NASH-related liver tumorigenesis through the attenuation of chronic hepatic inflammation [19].
In addition, PTX has been reported to suppress tumor necrosis factor (TNF)-α synthesis and oxidative
stress and improve the pathophysiological conditions of chronic inflammatory diseases [20,21].
Therefore, we expected that PTX, which appears to have anti-inflammatory properties, might
be able to attenuate chronic inflammation induced by obesity and to suppress their associated
colon carcinogenesis.

A useful preclinical rodent model has been developed in C57BL/KsJ-db/db (db/db) mice, which
have a leptin receptor mutation and display hyperphagic obesity and diabetes [22], after the injection
of a colonic carcinogen azoxymethane (AOM). This appears to be a feasible model to investigate
obesity-related colorectal carcinogenesis [14,23–25]. In the present study, we investigated the effects
of PTX on the development of premalignant lesions in the mouse model of obesity-related and
AOM-induced colorectal carcinogenesis.

2. Results

2.1. General Observations

As shown in Table 1, there was no significant difference in body weight in all three groups at the
termination of the experiment. Significant differences were also not observed in the mean weights of
the liver, kidney, and fat between the groups. Histopathological examination revealed that PTX was
not toxic to mice tissues. Administration with PTX had no effect on the colon length.

Table 1. General observations of the experimental mice.

Group
Number

PTX
Number
of Mice

Body Weight
(g)

Relative Weight (g/100 g Body Weight) Length of
Colon (cm)Liver Kidneys Fat a

1 - 9 46.6 ± 6.6 b 5.4 ± 0.9 1.2 ± 0.1 4.8 ± 0.8 15.0 ± 3.5
2 125 ppm 11 41.5 ± 6.3 4.5 ± 0.8 1.1 ± 0.1 4.9 ± 0.4 15.0 ± 1.0
3 500 ppm 10 41.4 ± 5.2 4.4 ± 1.1 1.1 ± 0.1 4.9 ± 0.4 15.6 ± 1.0

a White adipose tissue of the peritestis and retroperitoneum; b Mean ± SD. PTX, pentoxifylline.
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2.2. Pentoxifylline (PTX) Affects Azoxymethane (AOM)-Induced β-Catenin Accumulated Crypts (BCAC) and
Aberrant Crypt Foci (ACF) Formation in db/db Mice

Colorectal premalignant lesions, aberrant crypt foci (ACF, Figure 1A), and β-catenin accumulated
crypts (BCACs, Figure 1B) [26,27] developed in the colons of all mice in the study. Figure 1C displays
the number of ACF and BCACs observed in each group. In comparison to the PTX-untreated
control group, treatment with a high-dose of PTX significantly reduced the number of ACF (p < 0.05).
In addition, the number of large ACF, which consist of more than four aberrant crypts and possess
greater tumorigenic potential [28], was significantly smaller in both the low- and high-dose PTX-treated
groups than that of the PTX-untreated control group (p < 0.05). Analysis of the total number of BCACs
per unit area revealed that the values in both the low- and high-dose PTX-treated groups were also
significantly lower than that of the PTX-untreated group (p < 0.05). When comparing between the low-
and high-dose PTX-treated groups, there was no statistically significant difference in the number of
ACF, large ACF, or BCAC.

 
Figure 1. Azoxymethane (AOM)-induced colonic preneoplastic lesions aberrant crypt foci (ACF)
and β-catenin accumulated crypts (BCACs) in male C57BL/KsJ-db/db mice. Representative pictures
of AOM-induced colonic preneoplastic lesions; (A) ACF revealed by methylene blue staining and
(B) BCACs stained immunohistochemically for β-catenin. Scale bars, 200 μm (left); 50 μm (right);
(C) The numbers of ACF and BCACs observed in each group. Large ACFs, ACFs with four or
more aberrant crypts. Each column represents the mean ± SD (n = 6 for each group). * p < 0.05 vs.
pentoxifylline (PTX)-untreated control group.

2.3. PTX Affects Cell Proliferation in Colonic Mucosa of Experimental Mice

Treatment with PTX, especially in the high-dose group, significantly decreased the proliferating
cell nuclear antigen (PCNA)-labeling indices of non-lesional crypts (p < 0.05) (Figure 2).
This observation indicated that PTX significantly suppressed cell proliferation in the colonic mucosa of
AOM-treated db/db obese mice.

2.4. PTX Affects Systemic Oxidative Stress of Experimental Mice

As oxidative stress is implicated in obesity-related colorectal carcinogenesis [8], the effect of
PTX treatment on oxidative stress levels in the experimental mice was investigated. To achieve
this, the levels of oxidative stress markers, such as urinary 8-hydroxy-2′-deoxyguanosine (8-OHdG)
and serum derivatives of reactive oxygen metabolites (d-ROMs), both of which are increased by
AOM-treatment [29], were examined. As shown in Figure 3A, the level of urinary 8-OHdG, which
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reflects DNA damage induced by oxidative stress, was significantly decreased by administration of a
high-dose of PTX (p < 0.05). Treatment with a high-dose of PTX also reduced serum d-ROMs, which
are a marker for hydroperoxide levels (p < 0.05). When comparing between the low- and high-dose
PTX-treated groups, there was no statistically significant difference in the markers for oxidative stress.

Figure 2. Effects of PTX on cellular proliferation of colon epithelium in the experimental mice.
(A) Assessment of the normal crypts in the colon of AOM-treated db/db mice using antibody for
proliferating cell nuclear antigen (PCNA). Sections of the colon from each group were stained
immunohistochemically with anti-PCNA antibody, as described in the Materials and Methods section.
Representative photomicrographs from each group are shown. Scale bars, 200 μm; (B) Evaluation
of PCNA labeling index in the normal crypts in the colon of the experimental mice. Each column
represents the mean ± SD (n = 6 for each group). * p < 0.05 vs. PTX-untreated control group.

Figure 3. Oxidative stress and expression levels of genes related to inflammation in the colonic mucosa
of experimental mice. (A) Measurement of urine 8-hydroxy-2′-deoxyguanosine (8-OHdG) and serum
derivatives of reactive oxygen metabolites (d-ROMs) levels (Ctrl, n = 9; Low, n = 11; High, n = 10);
(B) The mRNA expression levels of cyclooxygenase (COX)-2, interleukin (IL)-6, and tumor necrosis
factor (TNF)-α in the colonic mucosa were measured by quantitative real-time reverse transcription
(RT)-PCR with specific primers (n = 6 for each group). Triplicate experiments were performed. Each
column represents the mean ± SD. * p < 0.05.
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2.5. Effects of PTX on mRNA Levels of Cyclooxygenase (COX)-2, Arginase, Lipoxygenase, and Inflammatory
Cytokines in Colonic Mucosa of AOM-Injected db/db Mice

Real-time reverse transcription (RT)-PCR analyses revealed that both a high- and low-dose of
PTX treatment markedly reduced the mRNA expression levels of cyclooxygenase (COX)-2, which is
an important mediator in the inflammatory pathway and involved in the development of CRC [30],
compared with the control mice (Figure 3B, p < 0.05). The levels of pro-inflammatory cytokines
interleukin (IL)-6 and TNF-α in the colonic mucosa of PTX-treated mice were also significantly
decreased in comparison with those in the control mice (p < 0.05). When comparing between the low-
and high-dose PTX-treated groups, there was no statistically significant difference in the levels of
COX-2, IL-6, and TNF-α. Other inflammatory cytokines and mediators which are related to pathways
in the early steps of CRC development, including arginase-1, IL-23a, IL-27, 12-lipoxygenase (LOX), and
15-LOX in the colonic mucosa, were examined as well, demonstrating that they showed no significant
difference of expression levels among the three groups (Figure S1A).

2.6. PTX Did Not Affect Serum Parameters in Experimental Mice

Many obesity-associated complications, including diabetes and dyslipidemia, are known to be
involved in colorectal tumorigenesis [3,4,8] and PTX has been shown to exert beneficial effects on
glucose metabolism and insulin resistance in patients with NASH and diabetes [31]. Therefore, serum
parameters related to these metabolic disorders were evaluated. Following the administration of
PTX, no changes in metabolic parameters, including free fatty acids, total cholesterol, triglycerides,
glucose, insulin, and the indices of homeostasis model assessment of insulin resistance (HOMA-R) and
quantitative insulin sensitivity check index (QUICKI), were observed at the end of the study (Table 2).
The serum concentration of TNF-α was also measured using an enzyme immunoassay, which was not
affected by the treatment with PTX (Figure S1B).

Table 2. Serum parameters of the experimental mice.

Group Number 1 2 3

PTX - 125 ppm 500 ppm
Free fatty acid (μEQ/mL) 1009.2 ± 235.3 a 940.8 ± 460.0 723.6 ± 205.2
Total cholesterol (mg/dL) 97.0 ± 17.5 127.2 ± 23.0 111.4 ± 23.3

Triglyceride (mg/dL) 27.2 ± 8.7 25.2 ± 9.9 24.6 ± 4.0
Glucose (mg/dL) 542.0 ± 69.1 324.0 ± 192.5 462.8 ± 162.5
Insulin (μIU/mL) 3.16 ± 1.2 5.0 ± 2.1 6.7 ± 2.3

HOMA-R 4.2 ± 1.5 4.2 ± 3.4 6.7 ± 3.0
QUICKI 0.31 ± 0.02 0.32 ± 0.05 0.30 ± 0.03

a Mean ± SD. HOMA-R, the homeostasis model assessment of insulin resistance; QUICKI, quantitative insulin
sensitivity check index.

3. Discussion

Obesity, a serious health issue worldwide, is a significant risk factor for colorectal carcinogenesis [3,8].
Chronic inflammation and oxidative stress are the key mechanisms connecting obesity and CRC
development [9,10]. The present study clearly showed the first evidence that PTX, a non-selective
phosphodiesterase inhibitor with antioxidant activity [16,17], markedly suppressed the development
of ACF and BCAC, which are both precursor lesions for CRC [26,27] in AOM-treated db/db mice. This
suppression was presumed to occur through the attenuation of oxidative stress and the reduction
of pro-inflammatory cytokines, including TNF-α and IL-6, in the colonic mucosa. In addition, PTX
treatment reduced COX-2 expression levels in the colonic mucosa, which might also contribute to the
inhibition of the development of colonic premalignant lesions. COX-2 performs critical functions in
the growth of tumor cells and may therefore be an important target for chemoprevention of CRC [30].
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Chronic inflammation, which is closely related to obesity [32] is a critical element in the
pathogenesis of chronic diseases, including the carcinogenesis of various organs. TNF-α is a
fundamental tumor promoter in inflammation-associated carcinogenesis [33]; the PTX-induced
reduction in the expression levels of TNF-α in the colonic mucosa observed in this study is therefore of
importance. This result is consistent with previous studies, which have demonstrated that the reduction
in TNF-α following treatment with chemopreventive agents led to the suppression of obesity-related
colorectal tumorigenesis [13,34]. Recent studies have also reported that PTX inhibited obesity-related
steatohepatitis and the subsequent liver tumorigenesis by the suppression of pro-inflammatory
cytokines such as TNF-α [19,35]. These data, together with the results of the present study, strongly
suggest that attenuation of chronic inflammation using PTX might be a promising method for the
prevention of obesity- and inflammation-related carcinogenesis.

Obesity and chronic inflammation are known to be often accompanied by enhanced oxidative
stress, which is represented by the increased generation of reactive oxygen species [36]. These species
are derivatives of molecular oxygen, including hydrogen peroxide and superoxide, and are able to
cause genetic mutation, leading to the development of cancers [37,38]. In the present study, the levels
of oxidative stress markers, including urinary 8-OHdG and serum d-ROMs, were markedly reduced by
the administration of PTX in AOM-injected db/db mice. These results clearly indicated that attenuation
of oxidative stress might be crucial for the PTX-induced suppression of colorectal premalignant lesion
development in obese mice. Although the mechanism by which PTX attenuated oxidative stress
was not uncovered in our study, a previous report indicated that PTX inhibited oxidative stress via
upregulation of the expression levels of antioxidant enzymes such as superoxide dismutase and
glutathione [39].

4. Materials and Methods

4.1. Animals, Chemicals, and Diets

Male db/db mice were obtained from Japan SLC (Shizuoka, Japan). Mice were cared for and
maintained at the Gifu University Life Science Research Center (Gifu, Japan) according to the
Institutional Animal Care Guidelines. AOM and PTX were obtained from Wako Pure Chemical
Co. (Osaka, Japan).

4.2. Experimental Procedure

The experiment comprised 30 male db/db mice and they were fed the basal diet CRF-1 (Oriental
Yeast, Tokyo, Japan). From five weeks of age, all mice received a subcutaneous injection of AOM
(15 mg/kg body weight) once a week for four weeks and were then randomly divided into three
groups. Mice in group 1 (n = 9) received no treatment, while mice in groups 2 (n = 11) and 3 (n = 10)
received tap water containing 125 and 500 ppm PTX, respectively, from one week after the final AOM
injection until the end of the experiment. At the termination of the study (17 weeks of age), all mice
were sacrificed by CO2 asphyxiation for histopathological analysis. The experimental procedure
was approved by the Committee of the Institutional Animal Experiments of Gifu University (the
authorization code 27-4 on 2 April 2015).

4.3. Counting of ACF and BCAC

The frequencies of ACF and BCAC were determined according to previously reported
procedures [14,24,25]. The resected colons were fixed in 10% buffered formalin for 24 h, the mucosal
surfaces were stained with 0.5% methylene blue, and the number of ACF was counted under a
microscope. After counting the ACF, the distal part (1 cm from the anus) of the colon was cut,
embedded in paraffin, and stained immunohistochemically for β-catenin to identify the BCAC
intramucosal lesions.
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4.4. Histopathological and Immunohistochemical Analyses for β-Catenin and Proliferating Cell Nuclear
Antigen (PCNA)

For all experimental groups, formalin-fixed and paraffin-embedded colonic mucosa sections were
stained with hematoxylin and eosin for conventional histopathological analysis. Immunohistochemical
staining for PCNA and β-catenin were performed using the labeled streptavidin-biotin method (LSAB
kit; Dako, Glostrup, Denmark), as previously described [14,24,25]. The primary antibodies for β-catenin
and PCNA were obtained from BD Transduction Laboratories (No. 610154; San Jose, CA, USA) and
Santa Cruz Biotechnology (sc-7907; Santa Cruz, CA, USA), respectively. PCNA-positive cells in the
colonic mucosa were counted and expressed as a percentage of the total number of normal crypt cells.
The PCNA labeling index (%) was determined from the assessment of a minimum of 200 crypt cells in
each mouse [29].

4.5. RNA Extraction and Quantitative Real-Time RT-PCR

The expression levels of the genes COX-2, IL-6, and TNF-α were determined in the colonic mucosa
of experimental mice by the performance of quantitative real-time RT-PCR analysis, as previously
described [40]. Other inflammatory cytokines and mediators, including arginase-1, IL-23a, IL-27,
12-LOX, and 15-LOX in the colonic mucosa, were examined as well. Colonic mucosa was scraped and
purification of RNA from the sample was performed using the RNeasy Mini Kit (QIAGEN, Venlo,
The Netherlands). To synthesize cDNA, the High Capacity cDNA Reverse Transcription Kit (Applied
Biosystems, Foster City, CA, USA) was utilized. Quantitative real-time RT-PCR was conducted
by a LightCycler Nano (Roche Diagnostics, Indianapolis, IN, USA) with FastStart Essential DNA
Green Master (Roche Diagnostics). The specific primers used for the amplification of COX-2, IL-6,
and TNF-α and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) genes have been previously
described [34,41]. Other primers are shown in Table S1. Gene expression levels were normalized to
GAPDH expression.

4.6. Oxidative Stress Analysis

To investigate systemic oxidative stress, urine 8-OHdG levels were measured using an
enzyme-linked immunosorbent assay kit (NIKKEN SEIL, Shizuoka, Japan) in accordance with the
manufacturer’s protocol. Serum hydroperoxide levels were also evaluated using d-ROMs test (FREE
Carpe Diem, Diacron International s.r.l., Grosseto, Italy) [42].

4.7. Clinical Chemistry

Blood samples were collected from the inferior vena cava of the mice at the time of sacrifice
(after 8 h of fasting) and were used for the chemical analyses. The serum levels of free fatty acid
(Wako Pure Chemical, Osaka, Japan), total cholesterol (Wako Pure Chemical), triglycerides (Wako Pure
Chemical), glucose (BioVision Research Products, Mountain View, CA, USA), and insulin (Shibayagi,
Gunma, Japan) were determined by enzyme immunoassay in accordance with the manufacturers’
protocols. Insulin resistance and insulin sensitivity were calculated by evaluation of the homeostasis
model assessment of HOMA-R and the QUICKI, respectively [43,44]. The serum level of TNF-α
was determined by an enzyme immunoassay according to the manufacturer’s protocol (Shibayagi,
Gunma, Japan).

4.8. Statistical Analyses

The results were presented as the mean ± SD and one-way ANOVA was used to assess the
difference among groups. The Tukey–Kramer multiple comparison test was performed to compare
each experimental group with the control group. When p-value was less than 0.05, the differences
were considered statistically significant.
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5. Conclusions

This study demonstrated the preventive effects of PTX on the early phase of obesity-related
colorectal carcinogenesis. As PTX did not improve glucose metabolism and insulin resistance, which
are also involved in CRC development [45], we deduced the preventive effects occurred mainly
through inhibition of oxidative stress and inflammation in the colonic epithelium. The risk for CRC is
increased by obesity and its related metabolic abnormalities; therefore, targeting the abnormalities,
such as chronic inflammation and oxidative stress, might be an efficacious prevention strategy for CRC
in obese people. PTX appears to be an effective and practical candidate for this purpose, as it is able to
attenuate chronic inflammation and oxidative stress and has been used previously in clinical practice
without severe adverse reactions [18]. Further studies should be conducted to examine that PTX can
be useful in the chemoprevention of colorectal cancer in obese individuals.
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Abstract: Establishing effective methods for preventing colorectal cancer by so-called “functional
foods” is important because the global burden of colorectal cancer is increasing. Enterococcus faecalis
strain EC-12 (EC-12), which belongs to the family of lactic acid bacteria, has been shown to exert
pleiotropic effects, such as anti-allergy and anti-infectious effects, on mammalian cells. In the present
study, we aimed to evaluate the preventive effects of heat-killed EC-12 on intestinal carcinogenesis.
We fed 5-week-old male and female Apc mutant Min mice diets containing 50 or 100 ppm heat-killed
EC-12 for 8 weeks. In the 50 ppm treated group, there was 4.3% decrease in the number of polyps
in males vs. 30.9% in females, and significant reduction was only achieved in the proximal small
intestine of female mice. A similar reduction was observed in the 100 ppm treated group. Moreover,
heat-killed EC-12 tended to reduce the levels of c-Myc and cyclin D1 mRNA expression in intestinal
polyps. Next, we confirmed that heat-killed EC-12 suppressed the transcriptional activity of the T-cell
factor/lymphoid enhancer factor, a transcriptional factor involved in cyclin D1 mRNA expression in
intestinal polyps. Our results suggest that heat-killed EC-12 very weakly suppresses intestinal polyp
development in Min mice, in part by attenuating β-catenin signaling, and this implies that heat-killed
EC-12 could be used as a “functional food”.

Keywords: heat-killed EC-12; functional foods; Min mice; intestinal polyps; colorectal cancer
chemoprevention

1. Introduction

Colorectal cancer (CRC) is the most common cancer and a major cause of cancer-related deaths in
advanced countries, including Japan. Moreover, the global burden of CRC is estimated to increase by
60% to more than 2.2 million new cases and 1.1 million deaths by 2030 [1]. Thus, establishing useful
methods to prevent CRC is important. Fortunately, the development of sporadic CRC from normal
mucosa takes an average of 10–20 years, thereby allowing us an opportunity for prevention. Lifestyle
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modifications, i.e., regular physical activity, smoking abstinence, and healthy nutrition, along with
population screening methods for CRC check-ups, i.e., fecal occult blood testing and endoscopy, are
popular CRC prevention methods. However, the change in lifestyle depends on personal intention,
and the efficacy of such surveillance strategies is suboptimal and limits real effectiveness. Thus, we
need to consider alternative preventative strategies, such as cancer chemoprevention, including the
use of so-called “functional foods”.

Environmental factors, such as an excessive intake of lean meat, processed meat and alcohol, are
known to potentially change the balance of intestinal bacteria and may also increase the risk of CRC [2].
On the other hand, the intake of dietary fiber, which is an important part in the nutrition of lactic acid
bacteria (LAB), probably protects against CRC [2]. Dairy products and LAB have long been considered
a critical part of healthy nutrition and have favorable effects on the colorectum. The anti-allergy and
anti-infectious effects of LAB have been demonstrated in both human and in vivo models [3–6]. Recent
studies have suggested that not only live LAB but also heat-killed LAB possess several beneficial
effects [7–11]. Heat-killed LAB is suggested to possess immunomodulation function(s) without altering
the intestinal microbiota.

Enterococcus faecalis strain EC-12 (EC-12) is a gram-positive bacterium that belongs to the LAB
family. Its cell walls are reported to induce B-cell activation along with stimulation of IgA secretion in
the intestine [12], which could remove pathogens from the intestine [13]. To date, several functions of
EC-12 have been reported [14–16]. However, the preventive effects of heat-killed EC-12 on intestinal
carcinogenesis have not yet been elucidated.

In this study, we demonstrated that administration of heat-killed EC-12 weakly decreased
intestinal tumorigenesis in Min mice, Apc-mutant mice that develop many intestinal polyps through
activation of β-catenin signaling. Moreover, we revealed that heat-killed EC-12 possesses a suppressive
function of β-catenin signaling in vitro by measuring T-cell factor/lymphoid enhancer factor (TCF/LEF)
transcriptional activity.

2. Results

2.1. Suppression of Intestinal Polyp Formation in Min Mice by Heat-Killed EC-12

Administration of 50 and 100 ppm heat-killed EC-12 to Min mice for eight weeks did not affect
body weight, food intake or clinical symptoms, such as the appearance of the hair coat and movement
activity throughout the experimental period (Figures S1 and S2). Final body weights (mean ± SD)
for males were 25.7 ± 2.1 g (0 ppm treated control group) vs. 25.3 ± 0.9 g (50 ppm treated group);
26.1 ± 2.4 g (0 ppm) vs. 25.4 ± 1.0 g (100 ppm). Final body weights for females were 21.2 ± 1.2 g
(0 ppm) vs. 20.7 ± 2.5 g (50 ppm); 21.1 ± 1.3 g (0 ppm) vs. 20.5 ± 2.6 g (100 ppm). There was no
difference in the average daily food intake between each group of Min mice. The amount of food
intake (mean ± SD) for males was 3.0 ± 0.3 g (0 ppm) vs. 2.9 ± 0.2 g (50 ppm); 3.3 ± 0.4 g (0 ppm) vs.
3.3 ± 0.3 g (100 ppm). The amount of food intake for females was 3.0 ± 0.5 g (0 ppm) vs. 3.0 ± 0.3 g
(50 ppm); 3.2 ± 0.2 g (0 ppm) vs. 3.4 ± 0.3 g (100 ppm). There was no difference in the average daily
food intake between each group of Min mice. In addition, no changes in major organ weights or the
macroscopic view of organs that may have been indicative of toxicity were observed at the end of
the experiment. These organs included the liver and kidneys. Tables 1 and 2 summarize the data
regarding the number and distribution of intestinal polyps in the basal diet control group and the 50 or
100 ppm heat-killed EC-12-treated group. In the two independent experiments, the majority of polyps
developed in the small intestine, while only a few developed in the colon.

As shown in Table 1, there was a 4.3% decrease in the number of polyps in males vs. 30.9% in
females in the 50 ppm treated group. A significant reduction in the number of polyps in females by
54.8% from the untreated control value was observed in the proximal segment of the small intestine
(p < 0.05 compared to control group). As shown in Table 2, there was a 14.0% decrease in the number of
polyps in males vs. 29.6% in females in the 50 ppm treated group. A significant reduction in the number
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of polyps in males by 25.8% from the untreated control value was observed in the middle segment of
the small intestine (p < 0.05 compared to control group). This time, the proximal segment of the small
intestine in the female group did not show a significant reduction in the number of polyps: 58.5% of
the untreated control value. No significant differences in the numbers of polyps were observed in
the other segments of the small intestine or the colon following heat-killed EC-12 treatment. Tables 3
and 4 show the size distributions of the intestinal polyps in the basal diet and heat-killed EC-12-treated
groups. The majority of polyps were approximately less than 3.0 mm in diameter. Heat-killed EC-12
treatment significantly reduced the number of small polyps in female mice (Tables 3 and 4).

Table 1. Effect of Enterococcus faecalis strain EC-12 (EC-12) (50 ppm) on the number of polyps in Min mice.

Dose (ppm) Gender (Number of Mice)
Small Intestine

Colon Total
Proximal Middle Distal

0 Male (8) 6.3 ± 4.3 9.3 ± 3.5 29.3 ± 7.6 1.8 ± 2.0 46.5 ± 11.6
50 Male (10) 6.7 ± 3.1 11.8 ± 6.4 25.7 ± 11.7 0.3 ± 0.7 44.5 ± 18.1
0 Female (9) 8.4 ± 5.2 12.2 ± 6.7 28.6 ± 15.5 0.1 ± 0.3 48.2 ± 19.7

50 Female (8) 3.8 ± 2.0 * 10.0 ± 3.2 18.1 ± 11.3 0.8 ± 0.7 33.3 ± 13.9

Data are presented as the means ± SD. Significantly different from the untreated control group at * p < 0.05.

Table 2. Effect of EC-12 (100 ppm) on the number of polyps in Min mice.

Dose (ppm) Gender (Number of Mice)
Small Intestine

Colon Total
Proximal Middle Distal

0 Male (9) 5.3 ± 2.1 9.3 ± 3.2 23.1 ± 2.9 1.4 ± 2.0 39.2 ± 4.2
100 Male (9) 2.3 ± 0.9 6.9 ± 2.9 * 23.7 ± 8.3 0.8 ± 1.6 33.7 ± 11.7
0 Female (8) 5.3 ± 2.6 9.4 ± 2.8 25.9 ± 11.1 1.8 ± 3.5 42.3 ± 10.3

100 Female (8) 3.1 ± 2.0 8.5 ± 2.8 17.8 ± 9.3 0.4 ± 0.5 29.8 ± 13.0

Data are presented as the means ± SD. Significantly different from the untreated control group at * p < 0.05.

Table 3. Effect of EC-12 (50 ppm) on the size distribution of intestinal polyps in Min mice.

Dose
(ppm) Gender

Diameter (mm)

<0.5 0.5 to <1.0 1.0 to <1.5 1.5 to <2.0 2.0 to <2.5 2.5 to <3.0 3.0 to <3.5 3.5 to <4.0 4.0 to <4.5 ≥4.5

0 Male 13.4 ± 6.5 19.6 ± 7.1 7.0 ± 3.0 3.6 ± 2.9 2.0 ± 2.1 0.3 ± 0.5 0.3 ± 0.5 0.1 ± 0.4 0.3 ± 0.5 0.0 ± 0.0

50 Male 12.2 ± 6.1 21.2 ± 10.1 7.0 ± 6.1 3.1 ± 2.4 0.5 ± 0.7 0.2 ± 0.4 0.2 ± 0.4 0.0 ± 0.0 0.0 ± 0.0 0.03 ± 0.2

0 Female 15.8 ± 7.2 23.7 ± 12.4 6.1 ± 4.7 1.6 ± 0.9 0.9 ± 0.8 0.1 ± 0.3 0.1 ± 0.3 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

50 Female 8.3 ± 4.3 * 14.9 ± 9.1 5.5 ± 2.1 3.3 ± 3.1 0.9 ± 0.6 0.1 ± 0.4 0.3 ± 0.5 0.0 ± 0.0 0.1 ± 0.4 0.0 ± 0.0

Data are presented as the means ± SD. Significantly different from the untreated control group at * p < 0.05.

Table 4. Effect of EC-12 (100 ppm) on the size distribution of intestinal polyps in Min mice.

Dose
(ppm) Gender

Diameter (mm)

<0.5 0.5 to <1.0 1.0 to <1.5 1.5 to <2.0 2.0 to <2.5 2.5 to <3.0 3.0 to <3.5 3.5 to <4.0 4.0 to <4.5 ≥4.5

0 Male 7.2 ± 4.4 16.6 ± 2.8 8.1 ± 3.6 4.3 ± 1.8 2.1 ± 0.8 0.8 ± 0.8 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.3

100 Male 3.9 ± 4.2 12.9 ± 4.5 10.4 ± 4.9 4.6 ± 2.0 1.4 ± 1.0 0.1 ± 0.3 0.2 ± 0.4 0.1 ± 0.3 0.0 ± 0.0 0.0 ± 0.0

0 Female 9.9 ± 4.3 20.9 ± 7.2 6.1 ± 3.0 2.5 ± 1.1 1.8 ± 1.4 0.6 ± 0.7 0.3 ± 0.5 0.0 ± 0.0 0.3 ± 0.5 0.0 ± 0.0

100 Female 3.9 ± 3.6 * 12.5 ± 7.6
* 7.9 ± 5.1 3.9 ± 2.0 1.1 ± 1.0 0.4 ± 0.5 0.0 ± 0.0 0.0 ± 0.0 0.1 ± 0.4 0.0 ± 0.0

Data are presented as the means ± SD. Significantly different from the untreated control group at * p < 0.05.
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2.2. Weak Suppression of Gene Expression Regulated by β-Catenin Signaling in the Intestinal Polyps of Min
Mice by Heat-Killed EC-12

To clarify the mechanisms underlying heat-killed EC-12-mediated suppression of intestinal polyp
formation/cell proliferation, gene expression that is regulated by β-catenin signaling in the non-polyp
(mucosa) and polyp portions of the intestine was investigated in female mice (Figure 1). Real-time
polymerase chain reaction (PCR) revealed that treatment with 100 ppm heat-killed EC-12 for eight
weeks weakly but not significantly suppressed c-Myc and cyclin D1 mRNA expression in the intestinal
polyp segments by 38% and 28% of the untreated control values, respectively. In the non-polyp portion,
a similar weak decrease in cyclin D1 mRNA expression was observed between the heat-killed EC-12
treatment and non-treatment group.
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Figure 1. Effect of EC-12 (100 ppm) on the mRNA levels of cell proliferation-related factors in the
intestines of Min mice. Quantitative real-time PCR anlysis was performed to determine c-Myc and
cyclin D1 expression levels in the non-polyp (mucosa) and polyp portions of the intestines of female
Min mice. Data were normalized to GAPDH. Each expression level in the non-polyp portions of the
intestines in the control group (0 ppm) was set to one. Data are the mean ± SD, n = 5.

2.3. Suppression of TCF/LEF Promoter Transcriptional Activity by Heat-Killed EC-12

To examine the effects of heat-killed EC-12 on β-catenin signaling, TCF/LEF promoter transcriptional
activity was examined using a reporter gene assay following 24 h of heat-killed EC-12 treatment
(0.2, 20 ng/mL, and 2, 200 μg/mL) in human colon cancer cells HCT116 and RKO. Heat-killed EC-12
treatment slightly decreased TCF/LEF promoter transcriptional activity in a dose-dependent manner
in HCT116 cells (Figure 2A). Twenty-four hours of 200 μg/mL heat-killed EC-12 treatment decreased
TCF/LEF promoter transcriptional activity by 22% (p < 0.01) of the untreated control value. RKO cells,
which have intact APC and β-catenin, showed five-times higher TCF/LEF transcriptional activity by
Wnt3a stimulation. Interestingly, 200 μg/mL heat-killed EC-12 suppressed TCF/LEF transcriptional
activity by 38% (p < 0.01) of the untreated control value only with Wnt3a stimulation (Figure 2B).
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Figure 2. Effect of EC-12 on T-cell factor/lymphoid enhancer factor (TCF/LEF) promoter transcriptional
activity in HCT116 cells. HCT116-TCF/LEF-Luc cells (A) and RKO-TCF/LEF-Luc cells (B) were treated
with heat-killed EC-12 for 24 h. Wnt3a-conditioned medium was added 30 min after EC-12 treatment of
RKO cells. The basal luciferase activity level of the control was set to 1.0. Data are the mean ± SD (n = 4).

2.4. No Obvious Changes Were Observed in the Enterobacterium with and without Heat-Killed
EC-12 Treatment

To examine the effects of heat-killed EC-12 on the amount of enterobacterium, the total amount
of enterobacterium, such as Enterobacteraceae, Bifidobacteria, Bacteroides-Prevotella group, Enterococci,
Clostridium perfringens group, and Lactobacilli, were evaluated (Figure 3). As expected, no obvious
changes were observed with heat-killed EC-12 treatment except for in the amount of Enterococci,
in which heat-killed EC-12 in the diet resulted in its detection.

0  

5,000  

10,000  

15,000  

20,000  

25,000  

30,000  

35,000  

40,000  

45,000  

50,000  

R
Q

 (
 a

nd
 

)  

0 

5 

10 

15 

20 

25 

Enterococci Clostridiumperfringens 

Control 
EC-12 100ppm 

Figure 3. Effect of EC-12 on enterobacterium in the feces of Min mice. Feces of five mice in each group
were collected from the rectum of Min mice. The amount of the indicated bacterium was evaluated by
quantitative real-time PCR analysis. The window shows an enlarged view of the Figure, especially
the amount of Enterococci and the Clostridium perfringens group. Open column: control group; closed
column: 100 ppm EC-12-treated group. Data are the mean ± SD (n = 5). RQ: relative quantification.
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3. Discussion

In the present study, we assessed the effectiveness of heat-killed EC-12 as a “functional food”
for CRC prevention by evaluating its ability to suppress intestinal polyp development in Min mice.
We found that heat-killed EC-12 very weakly inhibited intestinal polyp development in the mice.
We also confirmed that the expression levels of the downstream targets of β-catenin signaling, such
as cyclin D1 and c-Myc, tended to be decreased in the polyp portions of the intestine. We finally
confirmed that heat-killed EC-12 suppressed β-catenin signaling in an in vitro system.

The first in vivo study that provided evidence that lyophilized LAB acts against colorectal
carcinogenesis showed that dietary administration of lyophilized cultures of Bifidobacterium longum,
a lactic acid-producing enterobacterium, significantly suppressed the development of azoxymethane
(AOM)-induced male F344 aberrant crypt foci, putative premalignant lesions, in the rat colon [17],
and the second study demonstrated its action against tumors [18]. The results also revealed that
ingestion of B. longum significantly inhibited AOM-induced ornithine decarboxylase (ODC, EC 4.1.1.17)
activity and expression of p21. To our knowledge, this is the first study to provide evidence that
ingestion of heat-killed EC-12 strain, a lactic acid-producing bacterium present in the human colon,
inhibits intestinal polyp development in Min mice. Of note, reduction of small polyps in the female
Min mice suggested that EC-12 could affect the very early stage of polyp development. Regarding the
gender dependent response observed in this study, it has been reported that male Min mice develop
more intestinal polyps than females do [19]. It is suggested that estrogen decreases peroxisome
proliferator-activated receptor (PPAR) γ expression in mice [20]. Thus, it is interesting to examine the
effects of EC-12 on PPARγ expression in future experiments to explain the gender dependent response.

The mechanism of suppressing intestinal tumor development by heat-killed EC-12 is not clear.
On the other hand, it is well-known that germline mutations in the APC gene cause Familial
adenomatous polyposis. In this hereditary cancer syndrome, loss of APC function leads to the
inappropriate stabilization of β-catenin and the formation of constitutive complexes with the TCF
family, leading to the expression of downstream genes that result in the development of intestinal
polyps [21]. The downstream genes involve cyclin D1 and c-Myc, which also could be used as markers
of proliferation, and these molecules play an important role in cell proliferation and anti-apoptotic
response. In our experiment, Apc-mutant Min mice showed low expression of cyclin D1 and c-Myc
in the intestinal polyp segments, implying the involvement of β-catenin signaling suppression in
the mechanism. Thus, we confirmed that β-catenin signaling was suppressed by heat-killed EC-12,
as shown in the in vitro study (Figure 2). To our knowledge, this is the first study to provide evidence
for the interaction between LAB and β-catenin signaling. Finding a more potent LAB strain that
suppresses β-catenin signaling might be desirable in the future.

Heat-killed EC-12 treatment tends to reduce polyp development in the small intestine but only
significantly in the proximal to middle portion of the small intestine. This data could also be a clue
to determine the mechanism behind heat-killed EC-12 treatment. LPL inducers NO-1886 and PPAR
ligands have been shown to significantly reduce the number of intestinal polyps in the proximal
part of the intestine [22,23]. On the other hand, indomethacin, a cyclooxygenase (COX) inhibitor;
nimesulide, a COX-2-selective inhibitor; sesamol, a COX-2 suppressor; and apocynin, an NADPH
oxidase inhibitor, have been shown to mainly reduce the number of intestinal polyps in the middle
to distal parts of the small intestine [24–27]. We surmised that lipid–related metabolism plays a role
in the effects of heat-killed EC-12 treatment on proximal intestinal polyp development. However,
the effect of heat-killed EC-12 on lipid–related metabolism is not well known. Only an improvement
in intestinal villous atrophy, which plays a pivotal role in lipid assimilation by heat-killed EC-12, has
been reported [28]. To determine the suppressive mechanism of heat-killed EC-12, further examination
is required.

In this study, we use 50 ppm and 100 ppm, equivalent to ~0.5 and 0.9 g EC-12/day intake
for humans. We assumed that around 1 g/day EC-12 might be able to be consumed by humans.
The heat-killed EC-12 content in ten cups of yogurt containing 1011 bacteria in each cup is equivalent to
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20 mg of heat-killed EC-12. Moreover, heat-killed EC-12 is able to be included in processed food. Thus,
the advantage of using heat-killed EC-12 as a “functional food” is that we do not have to worry about
the intake amount, in other words, the effective dose of EC-12. Moreover, agents targeting β-catenin
signaling might be useful for the prevention of other cancers, such as hepatocellular carcinomas
and melanoma.

Our study has some limitations. In the Min mice model, it is known that only intestinal adenomas
are developed before the age of 20 weeks. We only observed a very modest modulation of the polyp
development, and have not examined the effects of EC-12 on adenocarcinoma formation. Further
experiments using an experimental model of AOM/dextran sodium sulfate (DSS), for instance, are
needed to provide more evidence for heat-killed EC-12 as a functional food.

In conclusion, this study demonstrated that heat-killed EC-12 very weakly suppresses the
development of intestinal polyps in Min mice. Our findings imply that heat-killed EC-12 is a useful
“functional food” for cancer prevention.

4. Materials and Methods

4.1. Chemicals

EC-12, a commercial product of the cell preparation of E. faecalis strain EC-12 (International Patent
Organism Depositary in Japan number, FERM BP-10284; GenBank Accession number, AB154827;
Combi Corp., Saitama, Japan) was used. This is a dried powder of heat-killed bacterium.

4.2. Cell Culture

HCT116 and RKO cells, human colon adenocarcinoma cells, were purchased from the American
Type Culture Collection (Manassas, VA, USA). Both cell lines cells were maintained in DMEM
supplemented with 10% heat-inactivated fetal bovine serum (FBS; HyClone Laboratories Inc., Logan,
UT, USA) and antibiotics (100 μg/mL streptomycin and 100 U/mL penicillin) at 37 ◦C with 5% CO2.

4.3. Animals

Male and female C57BL/6-ApcMin/+ mice (Min mice) were purchased from Jackson Laboratory
(Bar Harbor, ME, USA). The mice (n = 3–4) were housed in plastic cages with sterilized softwood chips
as bedding in a barrier-sustained animal room maintained at 24 ± 2 ◦C and 55% humidity under a
12-h light/dark cycle. Heat-killed EC-12 was mixed with an AIN-76A powdered basal diet (CLEA
Japan, Inc., Tokyo, Japan) at concentrations of 50 and 100 ppm.

4.4. Animal Experimental Protocol

Seven to ten male and female Min mice aged 5 weeks were given 50 or 100 ppm EC-12 for 8 weeks.
All animals housed in the same cage were included in the same treatment group. Food and water
were available ad libitum. The animals were observed daily for clinical symptoms and mortality.
Body weight and food consumption were measured weekly. At the sacrifice time point, the mice were
anesthetized with isoflurane, and blood samples were collected from their abdominal veins. Their
intestinal tracts were removed and separated into the small intestine, cecum and colon. The small
intestine was divided into a proximal segment (4 cm in length), and the rest of the segment was divided
in half, containing the middle and distal segments. The number of polyps in the proximal segment was
counted and collected under a stereoscopic microscope. The remaining intestinal mucosa (non-polyp
portion) was removed by scraping, and the specimens were stored at −80 ◦C until quantitative
real-time PCR analysis. The other regions were opened longitudinally and fixed flat between sheets of
filter paper in 10% buffered formalin. Polyp numbers, size and intestinal distributions were assessed
with a stereoscopic microscope. All experiments were performed according to the “Guidelines for
Animal Experiments in the National Cancer Center” and were approved by the Institutional Ethics
Review Committee for Animal Experimentation of the National Cancer Center (permission code:
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T05-022-C11, approval date: 1 April 2014). The animal protocol was designed to minimize pain or
discomfort to the animals. The animals were acclimatized to laboratory conditions for more than two
weeks prior to experimentation.

4.5. Bacterial DNA Extraction from Feces

Feces were collected from the rectum when each mouse was sacrificed. Samples not analyzed
immediately were stored at −20 ◦C. To each sample, 0.3 g glass beads (0.5 mm diameter), 500 μL
TE-phenol, and 300 μL breaking solution (2% Triton X-100, 1% SDS, 100 mM NaCl, 10 mM
Tris-HCl (pH 8.0), 1 mM EDTA) were added for DNA extraction. The sample was ground for
30 s using an MM300 apparatus (Retsch, Haan, Germany) twice. The supernatant was transferred
to a new microcentrifuge tube after centrifugation for 5 min at 14,000 rpm. An equal volume of
phenol-chloroform-isoamyl alcohol was added to the supernatant, mixed well, and then centrifuged
at 14,000 rpm for 5 min. Genomic DNA was precipitated using isopropanol, and after precipitation,
the pellet was washed with 70% ethanol solution. The pellet was air-dried at room temperature and
then dissolved into a suitable volume of DNA hydration buffer (Qiagen, Hilden, Germany).

4.6. Luciferase Assays for TCF/LEF Promoter Transcriptional Activity in Stable Transfectants

To measure TCF/LEF transcriptional activity, HCT116 and RKO colon cancer cells were transfected
with TCF/LEF-Luc (Promega, Madison, WI, USA) reporter plasmids using Polyethylenimine MAX
MW 40,000 (PolySciences, Warrington, PA, USA). The transfected cells were cultured for an
additional 24 h. Cells stably expressing TCF/LEF-Luc were treated with hygromycin and cloned.
These cells were referred to as HCT116-TCF/LEF-Luc and RKO-TCF/LEF-Luc cells, respectively.
HCT116-TCF/LEF-Luc cells were seeded in 96-well plates (2 × 104 cells/well). After a 24 h incubation,
the cells were treated with EC-12 for 24 h. Wnt3a-conditioned medium was added 30 min after EC-12
treatment of RKO cells. Luciferase activity levels were determined using the Bright GLO Luciferase
Assay System (Promega). Basal TCF/LEF luciferase activity in the control was set to 1.0. Data are
expressed as the mean ± SD (n = 4).

4.7. Quantitative Real-Time PCR Analysis for Tissue Sample Evaluation

Tissue samples from the proximal segment of small intestinal mucosa and polyps of mice were
rapidly deep-frozen in liquid nitrogen and stored at −80 ◦C.

Total RNA was isolated from tissue samples by using RNAiso Plus (TaKaRa, Shiga, Japan);
100 ng aliquots in a final volume of 20 μL were used for synthesis of cDNA using a High Capacity
cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA) and oligo (dT) primers.
Real-time PCR was carried out using the CFX96/384 PCR Detection System (BIO RAD, Tokyo, Japan)
and Fast Start Universal SYBR Green Mix (Roche Diagnostics, Mannheim, Germany), according to
the manufacturers’ instructions. The primer sequences were as follows: c-Myc (5′-GCTCGCCCAAAT
CCTGTACCT and 3′-TCTCCACAGACACCACATCAATTTC), cyclin D1 (5′-TGACTGCCGAGA
AGTTGTGC and 3′-CTCATCCGCCTCTGGCATT) and GAPDH (5′-TTGTCTCCTGCGACTTCA and
3′-CACCACCCTGTTGCTGTA). To assess the specificity of each primer set, the melting curves of the
amplicons generated by the PCR reactions were analyzed.

4.8. Quantitative Real-Time PCR Analysis for Enterobacterium Evaluation

As a DNA template, 40 ng of DNA in each sample was used for real-time PCR. PCR reactions
were performed in a 7900HT Fast Real-Time system, with Fast SYBRTM Green PCR Master Mix
(Thermo Fisher Scientific, Vilnius, Lithuania). The primer sequences were as follows: All eubacteria
(5′-ACTCCTACGGGAGGCAGCAGT and 5′-GTATTACCGCGGCTGCTGGCAC), Enterobacteraceae
(5′-CATTGACGTTACCCGCAGAAGAAGC and 5′-CTCTACGAGACTCAAGCTTGC), Bifidobacteria
(5′-TCGCGTC(C/T)GGTGTGAAAG and 5′-CCACATCCAGC(A/G)TCCAC), Bacteroides-Prevotella
group (5′-GGTGTCGGCTTAAGTGCCAT and 5′-CGGA(C/T)GTAAGGGCCGTGC), Enterococci (5′-CCC
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TTATTGTTAGTTGCCATCATT and 5′-ACTCGTTGTACTTCCCATTGT), Clostridium perfringens group
(5′-ATGCAAGTCGAGCGA(G/T)G and 5′-TATGCGGTATTAATCT(C/T)CCTTT), and all lactobacilli
(5′-TGGAAACAG(A/G)TGCTAATACCG and 5′-GTCCATTGTGGAAGATTCCC) [29,30]. Wells included
10 μL of 2× SYBR Green master mix, 6.4 μL of distilled water, 2 μL of the DNA sample (20 ng/μL)
and 0.8 μL of primer set (5 μM each) for a total of 20 μL in each well. Plates were run at 95 ◦C for 20 s,
and then 40 cycles of 95 ◦C for 1 s and 60 ◦C for 20 s. Samples were run in quadruplicate.

4.9. Statistical Analyses

All results are expressed as the mean ± SD, and all statistical analyses were performed using
Student’s t-tests, except for the luciferase assay. The luciferase assay was analyzed using Dunnett’s
test. Differences were considered statistically significant at * p < 0.05.

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/4/826/s1.
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Abstract: Colorectal cancer is a common cancer worldwide. Carbonic anhydrase (CA) catalyzes
the reversible conversion of carbon dioxide to bicarbonate ion and a proton, and its inhibitor is
reported to reduce cancer cell proliferation and induce apoptosis. Therefore, we asked whether
acetazolamide, a CA inhibitor, could inhibit intestinal carcinogenesis. Five-week-old male Apc-mutant
mice, Min mice, were fed a AIN-76A diet containing 200 or 400 ppm acetazolamide. As a result,
acetazolamide treatment reduced the total number of intestinal polyps by up to 50% compared
to the control group. In addition, the acetazolamide-treated group had low cell proliferation and
a high apoptosis ratio in the intestinal polyp epithelial cells. Moreover, the mRNA expression level
of proinflammatory cytokines, such as IL-6, involved in the cell proliferation was decreased in the
polyp part of the acetazolamide-treated group. Next, we examined the effects of acetazolamide on
the activation of several transcriptional factors (AP-1, HIF, HSF, NF-κB, NRF2, p53, and STAT3) using
a reporter gene assay in human colon cancer cells, Caco-2 cells. Among the examined transcriptional
factors, NRF2 transcriptional activation was strongly induced. NRF2-targeting genes, γGCS, GPx1,
HO-1, and NQO-1, were also elevated in the intestinal polyps of acetazolamide-treated Min mice.
Our results suggested that CA is involved in intestinal carcinogenesis. Acetazolamide could inhibit
polyp formation through suppressing local/general cytokine levels, i.e., IL-6, via NRF2 activation.

Keywords: carbonic anhydrase; acetazolamide; NRF2; IL-6; colorectal cancer chemoprevention

1. Introduction

Colorectal cancer (CRC) is a common cancer worldwide. Approximately 1.4 million new CRC
cases occurred in 2012, and the incidence is assumed to increase to 2.4 million/year by 2035 [1]. Despite
the successive development of anti-cancer agents, the mortality from CRC remains high. Therefore,
a new strategy for controlling the development of cancer, such as using chemopreventive agents, is in
great demand [2].

Carbonic anhydrase (CA) catalyzes the reversible conversion of carbon dioxide to bicarbonate ion
and a proton, and CA is found in many types of organs in humans. This zinc-containing metalloenzyme
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plays important roles in many physiological processes, including pH and CO2 homeostasis and
calcification [3]. There are 16 types of CA isozymes, including the cytoplasmic type (CAI, II, III, VII,
and XIII); membrane-bound type (CAIV, IX, XII, XIV, and XV); mitochondrial type (CAVa and Vb);
and secreted type (CAVI) [3,4]. Some CA isozymes are reported to be associated with carcinogenesis
and tumor progression. For instance, two hypoxia-inducible CA isozymes, CAIX and CAXII, promote
tumor growth through regulating the pH in the tumor microenvironment [5,6]. CAII is ubiquitously
expressed across normal and tumor tissue—only CAIX and CAXII are induced in tumors [7]. It has
been reported that CA inhibitors could significantly reduce cell proliferation and induce apoptosis
in human cervical cancer HeLa cells and human renal cell adenocarcinoma 786-O cells along with
decreasing the intracellular pH [8]. More relevant to the current study, it was recently reported that
PEGylated bis-sulfonamides, CA inhibitors, can inhibit the growth of colorectal cancer cells, HT-29 [9].

Acetazolamide is a heterocyclic primary sulfonamide that can inhibit CA. Acetazolamide is
an old medication used to treat edema, heart failure, mountain sickness, Meniere’s disease, and more.
For cancer cells, it has been reported that acetazolamide could significantly reduce cell proliferation and
induce apoptosis in human cancer cells [8]. In an in vivo setting, the administration of acetazolamide
(40 mg/kg/d) for 21 days dramatically reduced the number of lung metastases (inhibition rate of lung
metastases = 83.9%) in a well-characterized Lewis lung carcinoma model [10]. However, the effects of
acetazolamide on intestinal carcinogenesis have not yet been clarified.

Therefore, in the present study, we examined the effects of acetazolamide on intestinal polyp
development in Apc-mutant Min mice. The Min mouse is an animal model for human familial
adenomatous polyposis [11,12]. The mouse has a mutation in codon 850 of the Apc gene and resultant
activation of β-catenin signaling causes ~100 intestinal polyps (adenoma), mainly in the small intestine.
We also examined the effects of acetazolamide on the transcriptional activation of NF-E2-related
factor 2 (NRF2) and expression of B-cell lymphoma 2 (Bcl-2). Based on our results, we also discuss the
mechanisms involved in the suppressive effects of acetazolamide in Min mice.

2. Results

2.1. Suppression of Intestinal Polyp Formation in Min Mice by Acetazolamide Treatment

Treatment with 200 (0.6 mg/day/mouse) or 400 ppm (1.2 mg/day/mouse) acetazolamide for
8 weeks to Min mice did not affect the body weight, food intake, or clinical signs compared to untreated
mice throughout the experimental period. Table 1 summarizes data for the number and distribution of
intestinal polyps in the untreated control (0 ppm) and 200 and 400 ppm acetazolamide-treated groups.
Treatment with 200 ppm acetazolamide reduced the total number of polyps to 72.1% of the untreated
control value. Of note, the reduction in the middle sections of the intestines was 54.1% (p < 0.05) in the
acetazolamide group. Treatment with 400 ppm acetazolamide significantly reduced the number of
polyps in all parts of the intestine, and the total number of polyps was reduced to 53.7% (p < 0.05) of
the untreated control value.

Table 1. The number of intestinal polyps/mouse in Min mice treated with or without acetazolamide.

Dose (ppm) Number of Mice

Number of Polyps/Mouse

Small Intestine
Colon Total

Proximal Middle Distal

0 10 4.5 ± 1.5 17.0 ± 9.7 26.8 ± 9.8 0.5 ± 1.0 48.8 ± 18.8
200 10 3.9 ± 1.8 9.2 ± 3.2 * 21.8 ± 6.3 0.3 ± 0.7 35.2 ± 9.2
400 10 2.7 ± 1.2 * 8.0 ± 2.3 * 15.4 ± 6.2 ** 0.1 ± 0.3 26.2 ± 7.8 **

Data are presented as the means ± SD. Significantly different from the untreated control group at * p < 0.05 and
** p < 0.01.

To evaluate the suppressive effects of acetazolamide on intestinal polyp development in Min mice,
proliferating cell nuclear antigen (PCNA) was stained in the cell nuclei by immunohistochemistry.
The percentage of PCNA-positive cells in each polyp was significantly reduced by acetazolamide
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treatment from 51.0% (0 ppm) to 28.7% (400 ppm) (Figure 1A). To assess the cell growth inhibition
mechanisms in response to acetazolamide, several cell growth-related molecules were analyzed
by quantitative RT-PCR. Downregulation of the c-Myc and cyclinD1 expression levels in the small
intestinal polyps of Min mice was apparent compared with the untreated group (Figure 2A,B).

Figure 1. Change in the cell cycle-related and apoptosis-related indexes in intestinal polyps with and
without acetazolamide treatment. Immunohistochemistry of proliferating cell nuclear antigen (PCNA)
(A) and single-stranded DNA (ssDNA) (B) was performed in a polyp of the small intestine of a Min
mouse treated with 400 ppm of acetazolamide and control treatment. The rates of positive cells were
calculated by the number of positive cells over all cells in the field. Data are given as the mean ± SD
(No. of polyp = 5). * p < 0.05, ** p < 0.01 vs. untreated control.

Figure 2. Relative expression levels of cell cycle-related factors, apoptosis-related factors, or
proinflammation-related factors in intestinal polyps with and without acetazolamide treatment.
Quantitative real-time PCR analyses were performed to determine the c-Myc (A), cyclin D1 (B),
B-cell lymphoma 2 (Bcl-2) (C), interleukine-6 (IL-6) (D), monocyte chemoattractant protein-1 (MCP-1) (E),
and plasminogen activator inhibitor-1 (Pai-1) (F) mRNA expression levels in the polyps of Min mice with
or without 400 ppm of acetazolamide. Values were set at 1.0 in the untreated controls and relative levels
are expressed as the mean ± SD (n = 5). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was
used to normalize the data. * p < 0.05, ** p < 0.01 vs. untreated control.
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To investigate the effect of acetazolamide on apoptosis in intestinal epithelial cells, the intestinal
polyps of Min mice were immunohistochemically stained with anti-ssDNA (single-stranded DNA)
antibody. The rates for ssDNA positive cells in the intestinal polyps were significantly increased by
acetazolamide treatment from 14.7% (0 ppm) to 22.8% (400 ppm) (p < 0.05) (Figure 1B). To assess the
cell apoptosis induction mechanisms with acetazolamide, antiapoptotic factor Bcl-2 was analyzed
by real-time quantitative reverse transcription polymerase chain reaction (qRT-PCR). The mRNA
expression level of Bcl-2 was decreased to 57.7% (p < 0.05) in intestinal polyps compared to the
untreated group (Figure 2C).

2.2. Suppression of Inflammatory Cytokine mRNA Levels in the Intestinal Polyps and Liver in Min Mice
Treated with Acetazolamide

To confirm the expression pattern of acetazolamide targeted molecules in Min mice, the expression
levels of the inflammatory cytokines, interleukine-6 (IL-6), monocyte chemoattractant protein-1 (MCP-1),
and plasminogen activator inhibitor-1 (Pai-1), were examined by qRT-PCR. The mRNA expression levels
of IL-6 and MCP-1 were significantly decreased (p < 0.01) with the 400 ppm acetazolamide treatment
compared to the untreated group (Figure 2D,E). The expression level of Pai-1 mRNA was decreased to
73.6% with acetazolamide treatment (Figure 2F).

To investigate the effect of acetazolamide on other organs, the expression levels of hepatic IL-6,
MCP-1, and Pai-1 in Min mice were examined by qRT-PCR. The mRNA expression levels of IL-6,
MCP-1, and Pai-1 in the liver were downregulated by 48.9%, 81.4%, and 34.4%, respectively, with the
400 ppm acetazolamide treatment compared to the untreated group (Figure 3). In serum, the IL-6
concentration tended to decrease with acetazolamide treatment (Figure 4).

Figure 3. Relative expression levels of inflammatory cytokines IL-6 (A); MCP-1 (B); and Pai-1 (C) in
the livers of Min mice with acetazolamide treatment. The data are given as the mean ± SD (n = 4).
* p < 0.05 vs. untreated control.
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Figure 4. Effects of the serum IL-6 levels in Min mice with acetazolamide treatment. Murine serum
IL-6 levels were measured using a Mouse IL-6 Quantikine ELISA Kit (R&D Systems, Minneapolis, MN,
USA) according to the manufacturer’s protocol. The data are given as the mean ± SD (n = 5).

2.3. Effects of Acetazolamide on Seven Oxidative Stress-Related Transcriptional Activities in Human Colorectal
Cancer Cells

The effects of acetazolamide on oxidative stress-related transcriptional activity were evaluated in
Caco-2 cells. The activator protein-1 (AP-1), hypoxia inducible factor (HIF), histamine sensitizing factor
(HSF), nuclear factor-κB (NF-κB), NRF2, p53, and signal transducer and activator of transcription 3
(STAT3) transcriptional activities were tested after 24 h of 500 μM acetazolamide treatment. NRF2
activity was significantly increased by acetazolamide (Figure 5A). These activities were also tested on
other human colon cancer cell lines, SW48 and HCT15 cells, and acetazolamide treatment increased
the NRF2 activity 1.3- (Figure 5B) and 1.2-fold (Figure 5C), respectively, in these cells.

Figure 5. Effects of acetazolamide on the activator protein-1 (AP-1), hypoxia inducible factor (HIF),
histamine sensitizing factor (HSF), nuclear factor-κB (NF-κB), NRF2, p53, and signal transducer and
activator of transcription 3 (STAT3) transcriptional activity in Caco-2 cells (A) with acetazolamide
treatment. Values were set at 1.0 in negative control (NgCT). The change in NRF2 transcriptional
activity in human colon cancer cell lines, SW48 cells (B), and HCT15 cells (C), with and without
acetazolamide treatment, is shown. The data are given as the mean ± SD (n = 3). * p < 0.05, ** p < 0.01
vs. untreated control.
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2.4. Effects of the Expression Levels of NRF2-Related Factor mRNA in the Intestinal Polyps

The expression levels of genes regulated by NRF2 were examined in the intestinal polyps by
qRT-PCR. Acetazolamide treatment increased the expression levels of γ-glutamylcysteine synthetase
(γGCS) (1.3-fold), glutathione peroxidase1 (GPx1) (1.6-fold), heme oxygenase-1 (HO-1) (1.3-fold),
and NAD(P)H:quinone oxidoreductase-1 (NQO-1) (1.2-fold) (Figure 6).

Figure 6. Relative expression levels of NRF2 target genes in intestinal polyps with acetazolamide
treatment. The data are given as the mean ± SD (n = 5). γGCS, γ-glutamylcysteine synthetase; GPx1,
glutathione peroxidase1; HO-1, heme oxygenase-1; NQO-1, NAD(P)H:quinone oxidoreductase-1. × Means
multiplication of relative mRNA levels compare to control.

3. Discussion

In the present study, we treated Min mice with acetazolamide and observed a reduction in the number
of intestinal polyps compared to the control group. In the intestinal polyps of the acetazolamide-treated
group, low cell proliferation and a high apoptosis ratio were observed. The proinflammatory cytokine
IL-6 mRNA levels were decreased in the intestinal polyps in acetazolamide-treated Min mice. In addition,
a reporter gene assay in human colon cancer cells revealed that NRF2 transcriptional activation was
strongly induced by acetazolamide, and other transcriptional factors were similarly affected (AP-1, HIF,
HSF, NF-κB, NRF2, p53, and STAT3). Moreover, the expression of NRF2-target genes, γGCS, GPx1, HO-1,
and NQO1, was elevated in the intestinal polyps of acetazolamide-treated Min mice.

To the best of our knowledge, this is the first report showing that acetazolamide suppressed
intestinal polyp formation in mice. As acetazolamide is a pan-CA inhibitor, these data also support the
hypothesis that some CA isozymes are involved in intestinal carcinogenesis, and CA could be a good
target molecule for cancer chemoprevention.

Our results showed that acetazolamide reduced IL-6 levels in both the local intestinal polyps
(i.e., the liver), and the entire mouse (i.e., the serum). IL-6 is a cytokine that is overproduced in chronic
inflammation and it could be involved in carcinogenesis. IL-6 activates transcriptional factor STAT3
and upregulates several growth-promoting genes, such as myc and cyclin D1 [13]. In the present
study, we observed suppression of c-Myc and cyclin D1 mRNA in the intestinal polyps of Min mice
with acetazolamide treatment. Moreover, immunohistochemical staining revealed that acetazolamide
treatment reduced the number of PCNA positive cells per field, representing cell growth activity, in the
polyps. Therefore, IL-6 reduction is likely involved in the polyp suppressive effects of acetazolamide.
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In another experiment that we previously performed, IL-6 played an important role in the development
of intestinal polyps in Min mice [14–16].

NRF2 is a candidate transcriptional factors that may lower the expression levels of IL-6. NRF2 is
activated by oxidative stress and binds to the antioxidant response element (ARE) in the promoter
region of the genes of cellular antioxidants and phase II enzymes [17,18]. Phase II enzymes include
γGCS, GPx1, HO-1, and NQO-1. We demonstrated that acetazolamide activates NRF2 transcriptional
activity in human colon cancer cells, Caco-2 cells. Indeed, we confirmed that NRF2-targeting genes,
γGCS, GPx1, HO-1, and NQO-1, were elevated in the intestinal polyps of Min mice treated with
acetazolamide. CA is responsible for regulating the pH level, and acetazolamide decreases the
intracellular pH level [8]. Therefore, it is speculated that acetazolamide increased NRF2 activity by
inducing oxidative stress through changing the intracellular pH level, but this speculation requires
further experimental evidence. Additionally, NRF2 knockout is known to increase the expression
of proinflammatory factors, including IL-6 and MCP-1 [19]. Moreover, NRF2 knockout mice are
susceptible to hepatic carcinogenesis [20]. These two articles and our results support the evidence that
NRF2 is a critical transcriptional factor that regulates inflammation and carcinogenesis.

In polyps from acetazolamide-treated mice, suppression of Bcl-2 expression and an increased
number of ssDNA positive cells per field were observed. The suppressive effect of acetazolamide
on Bcl-2 mRNA expression has not been reported to date. An antiapoptotic protein, Bcl-2, inhibits
the release of cytochrome c along with the resultant activation of caspase-9. Caspase-9 cleaves and
activates caspase-3, resulting in widespread proteolysis and cell death. Therefore, it is suggested that
acetazolamide increases the sensitivity of apoptosis through inhibiting anti-apoptotic Bcl-2.

In summary, this study suggested that acetazolamide inhibits intestinal polyp formation by
inducing apoptosis and inhibiting cell growth in Min mice. Inhibition of cell growth could be
partially explained by the activation of NRF2 transcriptional activity, resulting in lower IL-6 expression
(Figure 7). Although there are still unclear mechanisms to explore, acetazolamide could be a candidate
chemopreventive agent.

Figure 7. Proposed schema of molecular mechanisms by which acetazolamide suppresses polyp
formation in Min mice, partly through the induction of NRF2-transcriptional activity. Solid arrow
indicates reliable promoting effect; dotted arrow indicates putative promoting effect; solid T-bar
indicates reliable suppressive effect; dotted T-bar indicates putative suppressive effect. Gray arrow
indicates nuclear translocation.

4. Materials and Methods

4.1. Chemicals

Acetazolamide was purchased from Sigma Chemical Co. (St. Louis, MO, USA).

4.2. Cell Culture

SW48 and HCT-15 cells were purchased from the American Type Culture Collection (Manassas,
VA, USA). Caco-2 cells were purchased from Sumitomo Dainippon Pharma Co., Ltd. (Osaka, Japan).
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SW48 and HCT-15 cells were maintained in Dulbecco’s modified eagle medium (DMEM) medium
supplemented with 5% heat-inactivated fetal bovine serum (FBS; HyClone Laboratories Inc., Logan,
UT, USA) and antibiotics (100 μg/mL streptomycin and 100 U/mL penicillin) at 37 ◦C, 5% CO2. Caco-2
cells were maintained in DMEM medium supplemented with 10% heat-inactivated FBS and antibiotics
at 37 ◦C and 5% CO2.

4.3. Animals

Male C57BL/6-ApcMin/+ mice (Min mice) were purchased from The Jackson Laboratory
(Bar Harbor, ME, USA). Mice (n = 4–5) were housed in a plastic cage with sterilized softwood chips
as bedding in a barrier-sustained animal room at 24 ± 2 ◦C and 55% humidity at a 12-h light/dark
cycle. Acetazolamide was mixed at concentrations of 200 and 400 ppm in an AIN-76A powdered basal
diet (CLEA Japan, Inc., Tokyo, Japan). We calculated doses of 200 and 400 ppm compared to a human
dose. The human dose of acetazolamide is 250–1000 mg/day; therefore, we used acetazolamide at
an approximately 1.2–2.4-fold higher dose than the human dose.

4.4. Animal Experiment Protocols

Ten male Min mice at 5 weeks of age were given 0, 200, and 400 ppm acetazolamide for 8 weeks
(Figure 8). All animals in the same cage were in the same treatment group. Food and water were
available ad libitum. The animals were observed daily for clinical signs and mortality. The body weight
and food consumption were measured weekly. At the time points for sacrifice, mice were anesthetized,
and blood samples were collected from the abdominal vein. The intestinal tract was removed and
separated into the small intestine, cecum, and colon. The small intestine was divided into the proximal
segment (4 cm in length) and the middle and distal segments, halving the remainder of the proximal
segment. Polyps in the proximal segments were counted and evaluated under a stereoscopic microscope;
the remaining intestinal mucosa (non-polyp portion) was removed by scraping, and the specimens were
stored at −80 ◦C for quantitative real-time PCR analysis. Other segments were opened longitudinally
and fixed flat between sheets of filter paper in 10% buffered formalin. The numbers and sizes of polyps
and their distributions in the intestine were assessed with a stereoscopic microscope. The experiments
were performed according to the “Guidelines for Animal Experiments in the National Cancer Center”
and were approved by the Institutional Ethics Review Committee for Animal Experimentation of the
National Cancer Center (permission code: T05-022-C11, approval date: 1 April 2014).

Figure 8. Chemical structure and animal experimental protocol. Structure of acetazolamide (A) and
experimental protocol (B). Ten male Min mice at 5 weeks of age were given 0, 200 (0.6 mg/day/mouse),
and 400 (1.2 mg/day/mouse) ppm of acetazolamide for 8 weeks.
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4.5. Immunohistochemical Staining of Intestinal Polyps in Min Mice

The small intestines were fixed, embedded, and sectioned as Swiss rolls for further
immunohistochemical examination using the avidin-biotin complex immunoperoxidase technique after
heating in 10 mM citrate buffer (pH 6.0). The primary antibody was monoclonal mouse anti-PCNA
antibody (Calbiochem, La Jolla, CA, USA) or mouse anti-ssDNA antibody (Chemicon, Temecula, CA,
USA) at a 100× dilution. The secondary antibody, biotinylated horse anti-mouse IgG (Vector Laboratories,
Burlingame, CA, USA), was used at a 200× dilution. Staining was performed using avidin-biotin reagents
(Vectastain ABC reagents; Vector Laboratories), 3,3′-diaminobenzidine and hydrogen peroxide, and the
sections were counterstained with hematoxylin to facilitate orientation. As a negative control, consecutive
sections were immunostained without exposure to the primary antibody. The Swiss roll sections of five
mice randomly picked from each group and the total polyps present within one section were evaluated.
The ratio of PCNA or ssDNA-positive cells was calculated by the formula % = the number of PCNA
positive cells per polyp/the total number of cells in the polyp (100× magnification).

4.6. Quantitative Real-Time Polymerase Chain Reaction (PCR) Analyses

Total RNA was isolated from intestinal polyps and non-polyp-containing intestinal mucosa using
ISOGEN (Nippon Gene Co., Ltd., Tokyo, Japan); then, it was treated with DNase (Invitrogen, Grand Island,
NY, USA) and 1 μg in a final volume, or 20 μL was used for cDNA synthesis using a High Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Foster City, CA, USA). Real-time PCR was conducted
using an MJ Research DNA Engine OPTICON 2 System (MJ Research, Inc., Waltham, MA, USA) and
SYBR Green Realtime PCR Master Mix (Toyobo Co., Ltd., Osaka, Japan) according to the manufacturer’s
instructions. Primer sequences are shown in Table 2. To assess the specificity of each primer set,
amplicons generated from the PCR reaction were analyzed for melting curves.

Table 2. Primers for mice.

Gene Sequence

c-Myc Forward GCT CGC CCA AAT CCT GTA CCC T
Reverse TCT CCA CAG ACA CCA CAT CAA TTT C

Cyclin D1 Forward TGA CTG CCG AGA AGT TGT GC
Reverse CTC ATC CGC CTC TGG CAT T

Bcl-2 Forward ACT TCG CAG AGA TGT CCA GTC A
Reverse TGG CAA AGC GTC CCC TC

IL-6 Forward TGT TCT CTG GGA AAT TCG TGG A
Reverse AAG TGC ATC ATC GTT GTT CAT ACA

MCP-1 Forward CAG CCA GAT GCA GTT AAC GC
Reverse GCC TAC TCA TTG GGA TCA TCT TG

Pai-1 Forward ACG TTG TGG AAC TGC CCT AC
Reverse GCC AGG GTT GCA CTA AAC AT

γGCS Forward CTA CCA CGC AGT CAA GGA CC
Reverse CCT CCA TTC AGT AAC AAC TGG

GPx1 Forward AAT GTC GCG TCT CTC TGA GG
Reverse TCC GAA CTG ATT GCA CGG G

HO-1 Forward GAT AGA GCG CAA CAA GCA GAA
Reverse CAG TGA GGC CCA TAC CAG AAG

NQO-1 Forward AGG ATG GGA GGT ACT CGA ATC
Reverse TGC TAG AGA TGA CTC GGA AGG
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4.7. Luciferase Assays for AP-1, HIF, HSF, NF-κB, NRF2, p53, and STAT3 Transcriptional Activity

To measure the AP-1, HIF, HSF, NF-κB, NRF2, p53, and STAT3 transcriptional activity, Caco-2
colon cancer cells were seeded in 96-well plates (1.0 × 105 cells/well). After a 24 h incubation period,
the cells were transiently transfected with 100 ng/well of pAP1-Luc, pNF-κB-Luc, pNRF2/ARE-Luc,
pp53-Luc, pSTAT3-Luc, or pTA-Luc (Signosis Inc., Santa Clara, CA, USA) reporter plasmid and 10
ng/well pGL4.73 [hRluc/SV40] control plasmid (Promega, Madison, WI, USA) using Lipofectamine
2000 Transfection Reagent (Life Technologies, Inc., Gaithersburg, MD, USA). Transfected cells were
cultured for an additional 8 h and treated with 500 μM acetazolamide for 24 h. Then, the firefly and
Renilla luciferase activities were determined using the Bright GLO and Renilla GLO Systems (Promega),
respectively. The ratio of luciferase activity with each treatment was calculated from the data of triplicate
wells with values normalized by the Renilla luciferase activity. In HCT-15 or SW48 cells, the NRF2
activity was measured using the same procedure. The data are expressed as the means ± SD.

4.8. Enzyme-Linked Immunosorbent Assay (ELISA) for Measuring Murine Serum IL-6 Levels in Mice

Murine serum IL-6 levels were measured using a Mouse IL-6 Quantikine ELISA Kit (R&D Systems,
Minneapolis, MN, USA) according to the manufacturer’s protocol.

4.9. Statistical Analyses

All results are expressed as the means ± SD values, and statistical analyses were performed using
Student’s t-tests. The exceptions are the examination of the body weight, diet intake, organ weight, and
intestinal polyp formation/size distribution, which were analyzed by Bonferroni’s test. Differences
were considered statistically significant at * p < 0.05 and ** p < 0.01.
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Abbreviations

AP-1 Activator protein-1
ARE Antioxidant response element
Bcl-2 B-cell lymphoma 2
CA Carbonic anhydrase
CRC Colorectal cancer
FBS Fetal bovine serum
γGCS γ-Glutamylcysteine synthetase
GAPDH Glyceraldehyde-3-phosphate dehydrogenase
GPx1 Glutathione peroxidase 1
HIF Hypoxia inducible factor
HNPCC Hereditary nonpolyposis colorectal cancer
HO-1 Heme oxygenase-1
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HSF Histamine sensitizing factor
IL-6 Interleukine-6
MCP-1 Monocyte chemoattractant protein-1
NF-κB Nuclear factor-κB
NQO-1 NAD(P)H:quinone oxidoreductase-1
NRF2 NF-E2-related factor 2
Pai-1 Plasminogen activator inhibitor-1
PCNA Proliferating cell nuclear antigen
PCR Polymerase chain reaction
ssDNA Single-stranded DNA
STAT3 Signal transducer and activator of transcription 3
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Abstract: Osteopontin (OPN) is a secreted phosphoglycoprotein, and is a transcriptional target of
aberrant Wnt signaling. OPN is upregulated in human colon cancers, and is suggested to enhance
cancer progression. In this study, the effect of deficiency of OPN on intestinal tumor development
in Apc-deficient Min mice was investigated. At 16 weeks of age, the number of small intestinal
polyps in Min/OPN(+/−) and Min/OPN(−/−) mice was lower than that of Min/OPN(+/+) mice.
Colorectal tumor incidences and multiplicities in Min/OPN(+/−) and Min/OPN(−/−) mice were
significantly lower than those in Min/OPN(+/+) mice, being 48% and 0.6 ± 0.8, 50% and 0.8 ± 0.9 vs.
80% and 1.6 ± 1.7, respectively. OPN expression in colorectal tumors was strongly upregulated in
Min/OPN(+/+) compared to adjacent non-tumor parts, but was decreased in Min/OPN(+/−) and
not detected in Min/OPN(−/−). Targets of OPN, matrix metalloproteinases (MMPs)-3, -9, and -13
were lowered by OPN deficiency. Macrophage marker F4/80 in colorectal tumors was also lowered by
OPN deficiency. MMP-9 expression was observed in tumor cells and tumor-infiltrating neutrophils.
These results indicate that induction of OPN by aberrant Wnt signaling could enhance colorectal
tumor development in part by upregulation of MMP-3, -9, and -13 and infiltration of macrophage
and neutrophils. Suppression of OPN expression could contribute to tumor prevention, but complete
deficiency of OPN may cause some adverse effects.

Keywords: osteopontin; colorectal tumor; macrophage

1. Introduction

Osteopontin (OPN), also known as secreted phosphoprotein 1 (SPP1), binds to several integrin
receptors including CD44v6, a splicing variant of CD44, which is a marker of colon cancer stem cells,
and regulates cell motility, invasion, chemotaxis, and cell survival [1,2]. OPN is overexpressed in
multiple types of cancer, including colorectal carcinomas [3,4], and serum levels of OPN in cancer
patients are elevated. Thus, it is used as a diagnostic and prognostic marker [5]. OPN plays important
roles in immune regulation [6–8] and cancer progression [9,10]. OPN expression in colon cancer
has been identified as an independent prognostic parameter for overall survival, and high OPN
expression is associated with bad prognosis [11]. This might be explained by OPN being implicated
as a key regulatory component of epithelial-mesenchymal transition (EMT) [12]. OPN is expressed
in tumor cells and tumor-associated macrophages (TAMs) [13], and both autocrine and paracrine
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signaling of OPN are considered to be involved in tumor progression. Indeed, it has been reported
that both endogenous OPN expression and exogenous OPN enhances the motility and invasiveness
of human colon cancer cells in vitro [14]. OPN enhances hepatic metastasis of colorectal cancer
cells [15], and it has been reported that silencing of OPN by small interfering RNA (siRNA) suppresses
murine colon adenocarcinoma metastasis [16]. OPN knockdown in a human colon carcinoma cell
line by siRNA reduces vascular endothelial growth factor (VEGF), matrix metalloproteinase (MMP)-2,
and MMP9, and suppresses colon cancer cell growth [17]. OPN is also abundant in bone, and facilitates
bone metastasis of breast cancer [18]. Thus, OPN is considered to be a candidate target for cancer
therapy [19,20]. However, it is not clear whether OPN could be a target for cancer prevention.

Epidemiological studies have shown that insulin resistance and obesity are risk factors for
colorectal tumors [21,22]. OPN is upregulated in adipose tissue in obesity and causes adipocyte
inflammation and insulin resistance through macrophage activation [23,24]. Deficiency of OPN
prevents proliferation of macrophages in adipose tissue, and induction of insulin resistance and
inflammation in adipose tissue induced by a high fat diet in mice [23,25,26]. Neutralization of OPN by
anti-OPN antibody also inhibits obesity-induced inflammation and insulin resistance in diet-induced
obese mice [27]. Increased circulating levels of OPN have been observed to be due to obesity and colon
cancer [28]. Thus, suppression of circulating OPN levels could prevent colorectal tumor development.
There are reports that OPN depletion inhibits diethylnitrosamine (DEN)-induced hepatocarcinogenesis
and N-methyl-N-nitrosourea (MNU) and Helicobacter pylori-induced gastric cancer development in
mice [29,30]. However, there are no reports about intestinal tumorigenesis in OPN-knockout mice.

In human colon cancers, the Apc gene, a gene responsible for familial adenomatous polyposis
(FAP), is frequently mutated [31] and Wnt/beta-catenin signaling is aberrantly activated [32]. OPN has
been suggested to be a putative target of Wnt signaling, and elevated expression of OPN has been
reported to be significantly correlated with increased cytoplasmic and nuclear accumulation of
beta-catenin [11]. In genetically defined mouse models, OPN is upregulated in tumors in Apc1638N mice,
an Apc-deficient mouse model, but not in tumors in pvillin-KRASV12G mice without Wnt activation
mutations [11]. The Min mouse, another animal model of FAP, harbors a mutation and develops
numerous polyps in the intestinal tract [33]. In the present study, the effect of deficiency of OPN on
intestinal tumor development in Apc-deficient Min mice was investigated to clarify the importance of
OPN in the early phase of colon tumor development.

2. Results

2.1. Effect of Osteopontin (OPN) Deficiency on Intestinal Polyp Formation in Min Mice

To investigate involvement of OPN in intestinal tumor development, the effect of the deficiency
of OPN on intestinal polyp formation in Min mice was examined. OPN genotypes did not
significantly affect food intake, behavior, or body weight changes during the experimental periods.
Final body weights (g) in male Min/OPN(+/+), Min/OPN(+/−), Min/OPN(−/−), OPN(+/+),
OPN(+/−), and OPN(−/−) mice were 23.3 ± 5.3, 26.0 ± 4.5, 25.2 ± 4.5, 29.8 ± 2.6, 31.4 ± 2.0,
and 31.8 ± 2.1, respectively (Figure S1a). The differences between Apc mutant and wild type mice were
statistically significant (p < 0.05). Final body weights (g) in female Min/OPN(+/+), Min/OPN(+/−),
Min/OPN(−/−), OPN(+/+), OPN(+/−), and OPN(−/−) mice were 17.9 ± 3.3, 20.5 ± 2.1, 19.9 ± 2.3,
22.1 ± 1.1, 21.7 ± 1.9, and 22.3 ± 1.9, respectively (Figure S1b). The differences between male and
female mice of each genotype were statistically significant (p < 0.01). There were no significant
differences in final body weights among OPN genotypes. On the other hand, OPN genotypes affected
spleen weights of Apc mutant mice. Spleen weights (g) in male Min/OPN(+/+), Min/OPN(+/−),
Min/OPN(−/−), OPN(+/+), OPN(+/−), and OPN(−/−) mice were 0.173 ± 0.078, 0.278 ± 0.181,
0.270 ± 0.128, 0.092 ± 0.029, 0.105 ± 0.050, and 0.096 ± 0.021, respectively (Figure S1c). Spleen
weights (g) in female Min/OPN(+/+), Min/OPN(+/−), Min/OPN(−/−), OPN(+/+), OPN(+/−),
and OPN(−/−) mice were 0.156 ± 0.086, 0.174 ± 0.086, 0.232 ± 0.156, 0.088 ± 0.010, 0.088 ± 0.016,
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and 0.093 ± 0.027, respectively (Figure S1d). Spleen weights of Apc mutant mice were higher than
those of Apc(+/+) mice, and deficiency of OPN further increased the spleen weight. OPN genotypes
did not affect spleen weights of mice without the Apc mutation.

Table 1 summarizes the data for the number and distribution of small intestinal polyps in the
Min/OPN(+/+), Min/OPN(+/−), and Min/OPN(−/−) mice at 16 weeks of age. Most polyps
developed in the middle and distal sections of the small intestine, with only a few in the proximal
segment of the small intestine and in the colon. There were no polyps in OPN(+/+), OPN(+/−), and
OPN(−/−) mice. The total numbers of small intestinal polyps in Min/OPN(+/−) (96.3 ± 57.4, p < 0.01)
and Min/OPN(−/−) mice (117.1 ± 62.4) were lower than that of Min/OPN(+/+) mice (152.8 ± 93.6).
The majority of polyps were observed in the size range between 0.5 and 2.0 mm in diameter (Figure 1).
In comparison to Min/OPN(+/+) mice, the number of polyps in the size range between 0.5 and 2.0 mm
in diameter remarkably decreased in Min/OPN(+/−) and Min/OPN(−/−) mice.

Table 1. Number of small intestinal polyps in osteopontin (OPN)-deficient Min mice.

Genotype No. of Animals
Small Intestinal Polyps

Duodenum Middle Distal Total

Male
Min/OPN(+/+) 15 5.1 ± 3.1 40.1 ± 33.9 106.6 ± 66.6 151.9 ± 101.8
Min/OPN(+/−) 29 5.0 ± 3.7 22.8 ± 16.9 72.7 ± 37.6 100.5 ± 53.4
Min/OPN(−/−) 18 6.0 ± 2.5 27.4 ± 21.9 77.1 ± 42.9 110.5 ± 63.9

Female
Min/OPN(+/+) 10 7.1 ± 4.5 40.1 ± 27.8 106.9 ± 54.4 154.1 ± 85.2
Min/OPN(+/−) 27 4.5 ± 2.3 22.2 ± 17.5 * 65.0 ± 44.7 * 91.7 ± 62.0 *
Min/OPN(−/−) 18 5.2 ± 3.3 28.2 ± 17.5 90.4 ± 44.3 123.7 ± 61.9

Total
Min/OPN(+/+) 25 5.9 ± 3.8 40.1 ± 31.0 106.7 ± 60.8 152.8 ± 93.6
Min/OPN(+/−) 56 4.8 ± 3.1 22.5 ± 17.0 ** 69.0 ± 41.0 ** 96.3 ± 57.4 **
Min/OPN(−/−) 36 5.6 ± 2.9 27.8 ± 19.5 83.8 ± 43.5 117.1 ± 62.4

OPN, osteopontin. Data are expressed as mean ± SD. Significant difference from Min/OPN(+/+) mice (* p < 0.05,
** p < 0.01).

Figure 1. The effect of OPN deficiency on the size distribution of small intestinal polyps in Min mice.
The number of polyps per mouse in each size class is given as a mean. Significant difference from
Min/OPN(+/+) mice (* p < 0.05, ** p < 0.01).

As shown in Figure S2, colorectal tumors developed in the male and female Min/OPN(+/+),
Min/OPN(+/−), and Min/OPN(−/−) mice. No lesions were observed in mice without the Apc
gene mutation. Data for the incidence and multiplicity of colon tumors are summarized in Table 2.
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Both colon tumor incidences and multiplicities in Min/OPN(+/−) and Min/OPN(−/−) mice were
significantly lower than those in Min/OPN(+/+) mice, being 27/56 (48%) (p < 0.01) and 0.6 ± 0.8
(p < 0.01), 18/36 (50%) (p < 0.05) and 0.8 ± 0.9 (p < 0.01) vs. 20/25 (80%) and 1.6 ± 1.7, respectively.
Histopathological examination revealed that incidences of adenomas and adenocarcinomas in
Min/OPN(+/+) mice were 44% and 60%, respectively, and each incidence tended to decrease with
genetic OPN deficiency. Moreover, multiplicities of adenoma and adenocarcinoma also tended
to decrease by OPN deficiency. Figure 2 shows the size distribution of colorectal tumors in mice.
Compared to Min mice, the number of tumors showed a tendency to decrease at all sizes in mice
with OPN deficiency. The number of tumors ranging between 3.0 mm and 5.0 mm in diameter was
statistically lower in Min/OPN(+/−) (0.4 ± 0.6, p < 0.01) and Min/OPN(−/−) (0.4 ± 0.6, p < 0.05)
mice than that in Min/OPN(+/+) mice (1.0 ± 1.1).

Table 2. Incidence and multiplicity of colon tumors in OPN-deficient Min mice.

Genotype
Adenoma Adenocarcinoma Total

Incidence (%) Multiplicity a Incidence (%) Multiplicity a Incidence (%) Multiplicity a

Male
Min/OPN(+/+) 7/15 (47) 1.0 ± 1.5 8/15 (53) 0.7 ± 0.8 12/15 (80) 1.7 ± 2.0
Min/OPN(+/−) 4/29 (14) * 0.1 ± 0.4 ** 13/29 (45) 0.6 ± 0.8 16/29 (55) 0.8 ± 0.8 *
Min/OPN(−/−) 4/18 (22) 0.2 ± 0.4 * 8/18 (44) 0.5 ± 0.6 11/18 (61) 0.7 ± 0.7

Female
Min/OPN(+/+) 4/10 (40) 0.5 ± 0.7 7/10 (70) 1.0 ± 0.9 8/10 (80) 1.5 ± 1.3
Min/OPN(+/−) 5/27 (19) 0.2 ± 0.4 8/27 (30) * 0.3 ± 0.6 * 11/27 (41) * 0.6 ± 0.7 *
Min/OPN(−/−) 6/18 (33) 0.4 ± 0.7 5/18 (28) * 0.3 ± 0.6 * 7/18 (39) * 0.8 ± 1.2

Total
Min/OPN(+/+) 11/25 (44) 0.8 ± 1.2 15/25 (60) 0.8 ± 0.9 20/25 (80) 1.6 ± 1.7
Min/OPN(+/−) 9/56 (16) ** 0.2 ± 0.4 ** 21/56 (38) 0.5 ± 0.7 27/56 (48) ** 0.6 ± 0.8 **
Min/OPN(−/−) 10/36 (28) 0.3 ± 0.6 * 13/36 (36) 0.4 ± 0.6 18/36 (50) * 0.8 ± 0.9 **

OPN, osteopontin. a Data are expressed as mean ± SD. Significant difference from Min/OPN(+/+) mice (* p < 0.05,
** p < 0.01).

Figure 2. The effect of OPN deficiency on size distribution of colon tumors in Min mice. The number
of tumors per mouse in each size class is given as a mean. Significant difference from Min/OPN(+/+)
mice (* p < 0.05, ** p < 0.01).

2.2. Serum Levels of OPN, Interleukin (IL)-6, and Triglycerides

The serum levels of OPN in Min/OPN(+/+), Min/OPN(+/−), and Min/OPN(−/−) mice were
significantly different from each other and OPN genotype dependent (Table 3). As for the OPN(+/+),
OPN(+/−), and OPN(−/−) mice, the OPN levels were also significantly different from each other
and OPN genotype dependent. The serum levels of OPN in Min/OPN(+/+) were slightly higher than
in OPN(+/+) mice, though the difference was not statistically different. The serum levels of OPN in
Min/OPN(+/−) were significantly higher than in OPN(+/−) mice.
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The serum levels of IL-6 were significantly elevated in mice bearing the Apc gene mutation
(Min/OPN(+/+), Min/OPN(+/−), and Min/OPN(−/−)) compared with those in mice without the
Apc gene mutation (OPN(+/+), OPN(+/−), and OPN(−/−) ), respectively (Table 3). The serum
IL-6 level in Min/OPN(−/−) mice was significantly lower than those in Min/OPN(+/+) and
Min/OPN(+/−) mice.

Mice bearing the Apc gene mutation were in the hypertriglyceridemic state, as shown in Table 3.
In Min/OPN(+/−) and Min/OPN(−/−) mice, the levels of triglycerides (TGs) were lower than
that in Min/OPN(+/+) mice, though the differences were not statistically significant. On the other
hand, the TG levels in mice without the Apc gene mutation were low and similar among OPN(+/+),
OPN(+/−), and OPN(−/−) mice. The serum levels of TGs in mice bearing the Apc gene mutation
were statistically higher than that in mice without the Apc gene mutation (p < 0.01).

Table 3. Effects of OPN deficiency on serum levels of OPN, interleukin (IL)-6, and triglycerides (TGs).

Genotype Serum OPN (ng/mL) Serum IL-6 (pg/mL) Serum TGs (mg/dL)

Min/OPN(+/+) 456.7 ± 144.7 a 50.5 ± 16.7 a 464 ± 383 a

Min/OPN(+/−) 250.4 ± 73.4 b 54.8 ± 27.7 a 401 ± 454 a

Min/OPN(−/−) 0 d 22.8 ± 28.3 b 360 ± 349 a

OPN(+/+) 414.5 ± 192.9 a 0 b 94 ± 20 b

OPN(+/−) 182.3 ± 88.2 c 5.0 ± 14.6 b 91 ± 25 b

OPN(−/−) 0 d 0 b 97 ± 61 b

Data are means ± SD. Values that do not share a common superscript are significantly different at p < 0.01, except
serum IL-6 levels in Min/OPN(+/+) and Min/OPN(+/−) (p < 0.05).

2.3. Correlation of Small Intestinal Polyp Numbers with Serum Levels of Triglycerides and Spleen Weights

Previously, we reported that serum TG levels dramatically increase with age in Apc-deficient mice,
including Min mice, and both hyperlipidemia and polyp formation were suppressed by administration
of peroxisome proliferator-activated receptor (PPAR) γ ligands, suggesting that hyperlipidemia in
Min mice may be associated with intestinal lesion development [34]. Accordingly, the TG levels and
number of small intestinal polyps in each mouse in the present study were plotted. As shown in
Figure 3a–d, significant positive correlation between serum levels of TGs and polyp numbers was
observed in Min/OPN(+/+) (r = 0.68 by the Pearson correlation coefficient test, p = 0.00019; rs = 0.74
by Spearman’s rank correlation coefficient test, p = 0.00031) Min/OPN(+/−) (r = 0.72, p = 3.1 × 10−10;
rs = 0.74, p = 3.4 × 10−8), Min/OPN(−/−), (r = 0.64, p = 3.0 × 10−5; rs = 0.71, p = 2.5 × 10−5), and all
three genotypes (r = 0.66, p = 9.5 × 10−16; rs = 0.71, p = 2.7 × 10−15).

It has been reported that spleen weights in Min mice positively correlate with small intestinal
polyp numbers [35,36]. However, spleen weights of OPN-deficient Min mice were heavier than
those of Min/OPN(+/+) mice in the present study (Figure S1c,d). The correlation between spleen
weights and small intestinal polyps was examined (Figure 3e–h). Positive correlations were observed
in Min/OPN(+/+) (r = 0.45 by the Pearson correlation coefficient test, p = 0.024; rs = 0.40 by
Spearman’s rank correlation coefficient test, p = 0.048), Min/OPN(+/−) (r = 0.43, p = 0.0011; rs = 0.61,
p = 5.2 × 10−6), Min/OPN(−/−) (r = 0.54, p = 0.00065; rs = 0.65, p = 00011), and all three genotypes
(r = 0.35, p = 0.00013; rs = 0.53 p = 9.9 × 10−9), though the correlation coefficients were not very high.
In the Min/OPN(+/+) group, there were no mice with more than 0.4 g of spleen weight, even though
there were mice with quite high polyp numbers (250 <). On the other hand, in the Min/OPN(+/−) and
Min/OPN(−/−) groups, there were a few mice with quite high spleen weights, though their polyp
numbers were not very high (between 100 and 200); that is to say, positive correlations between polyp
numbers and spleen weights were observed in each genotype, but the gradient of the correlation line
seems to be different between Min/OPN(+/+) and OPN-deficient Min mice. As shown in Figures 1
and 2, numbers of large polyps were relatively low in Min/OPN(+/−) and Min/OPN(−/−) mice
compared with those in Min/OPN(+/+) mice.
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Figure 3. Scatter plots of serum triglyceride (TG) levels and intestinal polyp number in (a)
Min/OPN(+/+), (b) Min/OPN(+/−), and (c) Min/OPN(−/−) mice, and (d) all genotypes. Scatter
plots of spleen weight and intestinal polyp number in (e) Min/OPN(+/+), (f) Min/OPN(+/−),
and (g) Min/OPN(−/−) mice, and (h) all genotypes. r, the Pearson correlation coefficient; rs,
Spearman’s rank correlation coefficient; *, **, the correlation was statistically significant at p < 0.005,
and p < 0.0005, respectively.

225



Int. J. Mol. Sci. 2017, 18, 1058

Figure 4. Cont.
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Figure 4. Effects of OPN deficiency on mRNA expression levels. Values for relative mRNA
expression levels (vs. glyceraldehyde 3-phosphate dehydrogenase (GAPDH) of (a) OPN, (b) matrix
metalloproteinase (MMP)-3, (c) MMP-9, (d) MMP-13, (e) MMP-2, (f) MMP-7, (g) Bcl-2, (h) CyclinD1,
(i) COX-2, (j) transforming growth factor (TGF) β1, (k) F4/80, (l) CD44, (m) Mest, (n) Snail, (o) Twist,
and (p) Vimentin. Data are means ± SD. Values that do not share a common superscript are significantly
different at p < 0.05.
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2.4. Effects of OPN deficiency on Gene Expression Levels in Colon Tumors

The effects of OPN deficiency on gene expression levels in colorectal tumors and non-tumorous
colorectum were investigated by semi-quantitative reverse transcription-polymerase chain reaction
(RT-PCR) analysis. OPN expression in colorectal tumors was strongly upregulated in Min/OPN(+/+)
compared to the adjacent non-tumor part. These OPN levels were decreased in Min/OPN(+/−) and not
detected in Min/OPN(−/−) (Figure 4a). OPN has been reported to activate MMPs. MMP-3, MMP-9,
MMP-13, MMP-2, and MMP-7 were upregulated in colorectal tumors in Min/OPN(+/+) compared
to adjacent non-tumor parts. The elevated expression levels of MMP-3 were decreased to almost
half by hetero-knockout of OPN, and further decreased by homo-knockout (Figure 4b). The elevated
expression levels of MMP-9 and MMP-13 were decreased to almost half by hetero-knockout of OPN,
while a decrease by homo-knockout of OPN was slight and not significant (Figure 4c,d). On the
other hand, MMP-2 and MMP-7 expression levels in the colorectal tumors were further increased by
OPN deficiency (Figure 4e,f). Expression levels of cell survival/growth-related genes, Bcl-2, CyclinD1,
COX-2, and transforming growth factor (TGF) β1 were higher in colorectal tumors than those in adjacent
colorectal mucosa in Min/OPN(+/+) mice. Those expression levels in the colorectal tumors were slightly
decreased in Min/OPN(+/−) and Min/OPN(−/−) mice (Figure 4g–j). Expression of a macrophage
marker F4/80 in colorectal tumors was also slightly lowered in Min/OPN(+/−) and Min/OPN(−/−)
mice (Figure 4k). CD44, a target of Wnt signaling [37] and a receptor of OPN, was upregulated in
tumors in Min/OPN(+/+) mice, and the expression was decreased to almost half by hetero-knockout of
OPN, but not by homo-knockout (Figure 4l). Interestingly, expression of mesoderm-specific transcript
(Mest)/paternally expressed gene 1 (Peg1), an inhibitory factor of Wnt signaling [38], was inversely
associated with OPN dose in tumors, and it was significantly elevated in tumors compared with
adjacent non-tumor parts in Min/OPN(−/−) mice (Figure 4m). Expression levels of EMT-related
genes, Snail and Twist, were higher in colorectal tumors than those in adjacent colorectal mucosa in
Min/OPN(+/+) mice, and those were decreased in Min/OPN(+/−) mice, but not in Min/OPN(−/−)
mice (Figure 4n,o). Vimentin expression was also upregulated in tumors in Min/OPN(+/+) mice, and
further increased in Min/OPN(−/−) mice (Figure 4p).

2.5. Protein Expression in Colon Tumors

Protein expressions in colorectal tumors in Min/OPN(+/+), Min/OPN(+/−), and Min/OPN(−/−)
mice were examined by immunohistochemical staining. MMP-9 expression was observed strongly
in stromal infiltrating neutrophils, and weakly in cancer cells in tumor tissue in Min/OPN(+/+)
mice (Figure 5a). Lower expression of MMP-9 was observed in tumor tissue in Min/OPN(+/−) and
Min/OPN(−/−) mice (Figure 5b,c). F4/80-positive macrophages were observed to be accumulated in
tumor stroma in Min/OPN(+/+) mice (Figure 5d), and lower numbers of macrophages were observed
in Min/OPN(+/−) and Min/OPN(−/−) mice (Figure 5e,f).

Figure 5. Cont.
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Figure 5. Protein expression in colorectal tumor tissue. (a–c) MMP-9 and (d–f) macrophage marker
F4/80 were immunohistochemically stained in colorectal tumors in Min/OPN(+/+), Min/OPN(+/−),
and Min/OPN(−/−) mice, respectively. Objective magnification: ×40.

3. Discussion

In the present study, OPN-deficient Min mice showed decline in the number and size of small
intestinal polyps compared to those of Min/OPN(+/+) mice in both males and females at the age
of 16 weeks. Furthermore, OPN-deficient Min mice exhibited decreased incidence, multiplicity,
and size of colorectal tumors. OPN expression was markedly elevated in colorectal tumors compared
with that in adjacent normal colon mucosa in Min/OPN(+/+) mice, and that decreased with the
OPN gene dosage. Elevated expressions of MMP-3, MMP-9, and MMP-13 in colorectal tumors
in Min/OPN(+/+) mice were decreased by OPN deficiency. MMP-9 expression was observed in
tumor cells and tumor-infiltrating neutrophils in Min/OPN(+/+) mice. Macrophage marker F4/80
in colorectal tumors was also lowered by OPN deficiency. These results indicate that OPN could
enhance tumorigenesis in part by upregulating MMPs and increasing tumor-infiltrating neutrophils
and macrophages, and could be a target for cancer prevention.

In Min mice, it has been reported that heterozygous disruption of the phosphatase and tensin
homolog (PTEN) strongly induces OPN expression and promotes intestinal neoplasia [39]. Knockdown
of OPN expression in human colon cancer cells suppresses cell proliferation, adherence, invasion, and
expression of angiogenetic factors, such as VEGF, MMP-2, and MMP-9 [17]. It has been reported that
tumor-infiltrating MMP-9-positive neutrophils enhance angiogenesis [40]. OPN is involved in neutrophil
infiltration [41], and neutralization of OPN attenuates neutrophil migration [42]. OPN activates the
phosphoinositide 3-kinase (PI3K)-phospo-Akt-nuclear factor (NF)-κB signaling pathway via α(v)β(3)
integrin binding [43]. OPN promotes expression of MMP-13 through NF-κB signaling in osteoarthritis [44].
MMP-3 and MMP-13 is upregulated in human colorectal carcinomas [45], and MMP-13 activity is
associated with poor prognosis in colorectal cancer [46]. OPN signaling also upregulates COX-2 expression
via α(9)β(1) integrin [47]. Moreover, it has been reported that OPN activates JAK2/STAT3 signaling and
upregulates Bcl-2 and cyclinD1 in human breast cancer cells [48]. OPN activates macrophages [13] and
modulates EMT [12]. Consistent with these reports, elevated expression levels of MMP-3, MMP-9, and
MMP-13 were lowered by OPN deficiency in the present study. Elevated expression levels of Bcl-2,
CyclinD1, COX-2, TGF β1, and F4/80 in colorectal tumors in Min mice were only slightly lowered by
OPN deficiency. Since Cyclin D1 and COX-2 are also known to be targets of β-catenin/Lef-1 [49,50],
the effects of OPN knockout would be relatively small. On the other hand, elevated expressions of
MMP-2 and MMP-7 in colorectal tumors in Min mice were not lowered but rather increased by OPN
deficiency in the present study. Elevated expression of CD44 and EMT-related genes, Snail and Twist
in tumors in Min/OPN(+/+) were lowered by OPN hetero-deficiency, but not by homo-deficiency.
The reasons for this are uncertain. In the present study, we found that Mest, which has been reported
to be an inhibitory factor of Wnt signaling [38] and has been upregulated in obese adipose tissue [51],
was significantly elevated in colorectal tumors of Min/OPN(−/−) mice. It has been reported that
leptin, an obesity-related factor, upregulates MMP-2 [52] and induces EMT [53]. As a bone marker,
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OPN is inversely associated with leptin in non-diabetic women [54]. Though the roles of Mest in
tumorigenesis are unknown, we speculate that it may affect tumorigenesis via upregulation of MMPs
and EMT-related genes in tumors in Min/OPN(−/−). We are now investigating the roles of Mest
in tumorigenesis.

OPN is a secreted protein. The serum OPN levels in the Min/OPN(+/−) mice were almost half
compared to those in Min/OPN(+/+) mice. Serum OPN was not detected in Min/OPN(−/−) mice.
These results are consistent with the OPN gene dosage. The differences of serum OPN levels between
mice with and without the Apc mutation, which are considered to be due to OPN production by
intestinal tumors, were not particularly marked. This means that contribution of OPN produced in the
tumors to the circulation levels of OPN was not high in Min mice. Min mice develop many polyps in
the small intestine, but most of them are adenomas. Some colorectal tumors are carcinomas, but tumor
volumes are relatively small. Besides cancer, OPN is expressed in a variety of tissues and cells including
adipocytes and macrophages, and highly upregulated in inflammation [7]. This circulating OPN could
also contribute to tumor development.

In the present study, serum IL-6 levels were elevated in mice bearing the Apc gene mutation,
and that was lowered by homo-deficiency of OPN. Serum IL-6 levels positively correlate with
progression of human colorectal cancer [55]. It has been reported that Min mice have elevated levels of
circulating IL-6, which are decreased by exercise [36]. Min mice suffer from lymphodepletion between
83 and 120 days of age [56], and lymphodepletion could be associated with increased plasma IL-6 [57].

Epidemiological studies have shown that high serum TG levels are related with the risk of
colorectal cancer [58,59]. Dysregulation of lipoprotein lipase (LPL) contributes to dyslipidemia,
and LPL inducers, such as PPAR ligands, NO-1886, and indomethacin, have been shown to decrease
TG levels and suppress tumor development in animal models [60]. Correlation between the level of
TGs and the number of intestinal polyps was observed in the present study. In the OPN-deficient
Min mice, serum TG levels tended to decrease with the OPN-gene dosage. It has been reported
that osteogenic differentiation gene OPN and adipogenic differentiation gene LPL are oppositely
regulated in mesenchymal stem cells [61,62]. These findings indicate that the depletion of OPN could
affect development of small intestinal polyps and colorectal tumors in part through decreasing the
inflammatory status and hypertriglyceridemia.

It has been reported that OPN is involved in high fat-induced insulin resistance and OPN deficiency
protects against insulin resistance [22]. Therefore, insulin levels in the mice used in the present study
were measured, but statistically significant differences were not observed (data not shown).

Intestinal polyposis causes anemia in Min mice [63], and as a result, extramedullary hematopoiesis
in the spleen occurs [64,65]. Therefore, spleen weights in Min mice positively correlate with intestinal
polyp numbers. Contrary to this, OPN deficiency increased spleen weight without an increase in polyp
numbers and size in the present study. The reason is unclear. It has been reported that myocardial
angiogenic response is impaired in the absence of OPN [66]. To recover the anemia, aggressive
extramedullary hematopoiesis may play some roles in OPN-deficient Min mice.

Chronic inflammation is known to be a risk factor for cancer. Helicobacter pylori infection, which
causes chronic gastritis, is closely associated with gastric cancer risk [67,68]. OPN depletion decreases
inflammation and gastric epithelial proliferation during Helicobacter pylori infection in mice [69],
and suppresses MNU and Helicobacter pylori-induced gastric cancer development [29]. As for colorectal
cancer, inflammatory bowel diseases (IBDs), including ulcerative colitis (UC) and Crohn’s disease
(CD), are well-known risk factors [70–72]. Increased levels of circulating and colonic tissue OPN in
human IBD and experimentally-induced colitis in mice have been observed [73–78]. However, results
of experimental studies about the effects of OPN deficiency on dextran sulfate sodium (DSS)-induced
colitis are controversial. It has been reported that OPN deficiency exacerbates tissue destruction
in DSS-induced acute colitis [74,79], and another report has shown that OPN deficiency protects
mice from DSS-induced colitis [80]. In contrast to acute colitis, OPN-null mice are protected from
mucosal inflammation during chronic colitis [74]. These findings suggest that OPN is a two-sided
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mediator of intestinal inflammation [74] and participates in both inflammation and mucosal protection
in IBDs [73]. Thus, effects of OPN deficiency on colitis-associated colorectal carcinogenesis are
unclear, and it is considered that suppression of mucosal protective effects of OPN may enhance
colitis-associated colorectal carcinogenesis. OPN could be a target for tumor prevention under weak
and chronic inflammation, such as in obesity, but when there are severe injury and acute inflammation,
complete depletion of OPN should not be recommended. In the present study, suppressive effects of
hetero-deficiency of OPN on intestinal tumor formation in Min mice were slightly higher than those of
homo-deficiency. Since OPN plays important roles in many tissues and cells, complete suppression
may cause adverse effects. Moreover, we speculate that Mest, which was found to be elevated in
tumors in Min/OPN(−/−) mice, may affect tumorigenesis. It has been reported that OPN deficiency
is linked to a reduced immune response [8]. Post-transcriptional activation of OPN by MMPs could
also affect OPN functions. These points may have roles to play in the differential response. Roles of
OPN in early stages of colorectal tumorigenesis and ways to prevent colorectal cancer development
via OPN suppression should be further investigated.

4. Materials and Methods

4.1. Animals and Diets

Male and female C57BL/6-ApcMin/+ mice (Min mice) and B6.129S6(Cg)-Spp1tmlBlh/J (JR#004936)
(OPN(−/−) mice) (those were backcrossed to background C57BL/6 for 10 generations) were purchased
from Jackson Laboratories (Bar Harbor, ME, USA). Min mice were mated with OPN(−/−) mice to
generate Min/OPN(+/−) mice. Then, the Min/OPN(+/−) mice were crossed with OPN(+/−) mice to
obtain Min/OPN(+/+), Min/OPN(+/−), Min/OPN(−/−), OPN(+/+), OPN(+/−), and OPN(−/−) as
littermates. Since Apc-homo-deficient mice are embryonic lethal, all Min/OPN(+/+), Min/OPN(+/−),
and Min/OPN(−/−) mice are Apc hetero-deficient. Offspring were genotyped by PCR as previously
reported [33,81]. All mice were housed in plastic cages with sterilized softwood chips as bedding
in a barrier-sustained animal room with controlled conditions of humidity (55%), light (12/12 h
light/dark cycle), and temperature (24 ± 2 ◦C). Basal diet AIN-76A and water were available ad
libitum. The animals were observed daily for clinical signs and mortality. The experiments were
performed according to the “Guidelines for Animal Experiments of the National Cancer Center”
and were approved by the Institutional Ethics Review Committee for Animal Experimentation of the
National Cancer Center (permission code: T07-012, approval date: 1 April 2007). Diluted isoflurane [82]
was used to anaesthetize the animals.

4.2. Analysis of Intestinal Polyps

At 16 weeks old, mice were anesthetized, and blood samples were collected from the abdominal
vein. The intestinal tract was removed and separated into the small intestine, cecum, and colon.
The small intestine was divided into the proximal segment (4 cm in length) and the proximal (middle)
and distal halves of the remainder. These segments were opened longitudinally and fixed flat between
sheets of filter paper in 10% buffered formalin. The numbers and sizes of polyps and their distributions
in the intestine were assessed with a stereoscopic microscope. The colon was opened longitudinally
and observed colon tumors were collected. A half part of each colon tumor was stored at −80 ◦C for
PCR analysis, and the other half was fixed with 10% buffered formalin and embedded in paraffin.
Paraffin sections were stained with hematoxylin and eosin for histological examination. The remaining
intestinal mucosa (non-polyp part) was removed by scraping, and then stored at −80 ◦C.

4.3. Measurement of Mouse Serum Parameter Levels

Serum concentrations of OPN (R&D Systems, Minneapolis, MN, USA) and IL-6 (BioSource
International, Inc., Camarillo, CA, USA) were determined by enzyme-linked immunoassays according
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to the manufacturer’s protocol. The serum levels of TGs were measured using the Fuji Dri-Chem
system (Fujifilm, Tokyo, Japan).

4.4. Quantitative RT-PCR Analysis

The mRNA expression levels of OPN, MMP-3, MMP-9, MMP-13, MMP-2, MMP-7, Bcl-2, CyclinD1,
COX-2, TGF β1, F4/80, CD44, Mest, Snail, Twist, and Vimentin were examined in colorectal tumors (n =
5~6 for each group) and non-lesional colorectal mucosa (n = 6 for each group). Total RNA was extracted
from the tissue samples using TRIZOL® Reagent (Life Technologies, Japan). After RNA purification,
aliquots of total RNA (2 μg) were subjected to the RT reaction with oligo-dT and hexamer random
primers in a final volume of 20 μL using an iScript TM cDNA Synthesis Kit (Bio-Rad Lab., Hercules,
CA, USA). Quantitative real-time RT-PCR was performed in a final volume of 10 μL with aliquots
of cDNA (10 ng) using SsoAdvancedTM Universal SYBR® Green Supermix (Bio-Rad Laboratories,
Inc., Hercules, CA) and a PTC-200 DNA engine cycler equipped with a CFD-3220 Opticon 2 detector
(MJ Research Inc., St. Bruno, Quebec, Canada) for fluorescence detection. The primers used were
selected from the mouse cDNA sequences of GAPDH, OPN, MMP-3, MMP-9, MMP-13, MMP-2,
MMP-7, Bcl-2, CyclinD1, COX-2, TGF β1, F4/80, CD44, Mest, Snail, Twist and Vimentin: 5’-primer:
5’-TCAAGAAGGTGGTGAAGCAG-3’, 3’-primer: 5’-TCCACCACCCTGTTGCTGTA-3’ (product size,
203 bp) for GAPDH; 5’-primer: 5’-CTTGCGCCACAGAATGCTG-3’, 3’-primer: 5’-TGACCTCAGTC
CATAAGCCA-3’ (product size, 303 bp) for OPN; 5’-primer: 5’-CGTTTCCATCTCTCTCAAGATG-3’,
3’-primer: 5’-GTTAGACTTGGTGGGTACCA-3’ (product size, 99 bp) for MMP-3; 5’-primer: 5’-TG
TACCGCTATGGTTACAC-3’, 3’-primer: 5’-CGACACCAAACTGGATGAC-3’ (product size, 372 bp)
for MMP-9; 5’-primer: 5’-GATGATGAAACCTGGACAAG-3’, 3’-primer: 5’-GCCAGTGTAGGTATAG
ATGG-3’(product size, 138 bp) for MMP-13; 5’-primer: 5’-TCAAGTTCCCCGGCGATGTC-3’, 3’-primer:
5’-AGTTGGCCACATCTGGGTTG-3’ (product size, 225 bp) for MMP-2; 5’-primer: 5’-TGTGGAGTGC
CACATGTTGC-3’, 3’-primer: 5’-GTGTTCCCTGGCCCATCAAA-3’ (product size, 266 bp) for MMP-7;
5’-primer: 5’-AGCTGCACCTGACGCCCTTCAC-3’, 3’-primer: 5’-TCCACACACATGACCCCACCG
A-3’ (product size, 127 bp) for Bcl-2; 5’-primer: 5’-CCATGGAACACCAGCTCCTG-3’, 3’-primer:
5’-CGGTCCAGGTAGTTCATGGC-3’ (product size, 187 bp) for CyclinD1; 5’-primer: 5’-AATGAGTAC
CGCAAACGCTT-3’, 3’-primer: 5’-GAGAGACTGAATTGAGGCAG-3’ (product size, 323 bp) for
COX-2; 5’-primer: 5’-TTCCTGCTTCTCATG GCCACCC-3’, 3’-primer: 5’-TGCCGCACGCAGCAGTTC
TT-3’ (product size, 122 bp) for TGF β1; 5’-primer: 5’-CCTGGACGAATCCTGTGAAG-3’, 3’-primer,
5’-GGTGGGACCACAGAGAGTTG-3’ (product size, 64 bp) for F4/80; 5’-primer: 5’-CTGGATCAGGC
ATTGATGATG-3’, 3’-primer: 5’-GCCATCCTGGTGGTTGTCTG-3’ (product size, 157 bp) for CD44;
5’-primer: 5’-CTGAGAGTGAGCTGTGGGAC-3’, 3’-primer: 5’-GGCAGCGTTTTCCTGTACAG-3’
(product size, 220 bp) for Mest; 5’-primer: 5’-CATCCGAAGCCACACGCTG-3’, 3’-primer: 5’-CGCA
GGTTGGAGCGGTCA-3’ (product size, 256 bp) for Snail; 5’-primer: 5’-GATGGCAAGCTGCAGCTAT
G-3’, 3’-primer: 5’-CAGCTCCAGAGTCTCTAGAC-3’ (product size, 193 bp) for Twist; 5’-GATTCAGGA
ACAGCATGTCC-3’, 3’-primer: 5’-CATCCACTTCACAGGTGAG-3’ (product size, 251 bp) for Vimentin.
The cycling conditions were as follows: 95 ◦C for 3 min, 40 cycles of 94 ◦C for 10 s, 60 ◦C (GAPDH,
OPN, MMP2, Bcl-2, CyclinD1, TGF β1, F4/80, Mest, Vimentin), 55 ◦C (MMP-3, MMP-9, MMP-13,
MMP-7, COX-2, Twist), or 65 ◦C (CD44, Snail) for 20 s, 72 ◦C for 20 s, and 79 ◦C for 2 s. The fluorescence
intensity of SYBR Green I was measured at 79 ◦C at every cycle. To assess the specificity of each primer
set, amplicons generated from the PCR reaction were analyzed for melting curves. Finally, the PCR
products were analyzed by 2% agarose gel electrophoresis with ethidium bromide staining to confirm
the correct sizes. Quantification of OPN, MMP-3, MMP-9, MMP-13, MMP-2, MMP-7, Bcl-2, CyclinD1,
COX-2, TGF β1, F4/80, CD44, Mest, Snail, Twist, and Vimentin relative to GAPDH was performed by
ΔΔCt method.
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4.5. Immunohistochemical Staining of Colon Tumors

Paraffin-embedded tissue sections of colorectal tumors were used for immunohistochemical
analyses with the avidin-biotin complex immunoperoxidase technique after heating with 10 mM
citrate buffer (pH 6.0). As the primary antibodies, polyclonal rabbit anti-MMP-9 immunoglobulin G
(IgG) (Chemicon, Temecula, CA, USA) and anti-F4/80 IgG (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) were used at 100× and 200× dilution, respectively. As the secondary antibody, biotinylated
anti-rabbit IgG (H+L) raised in a goat, affinity purified, (Vector Laboratories Inc., Burlingame, CA, USA)
was employed at 200× dilution. Staining was performed using avidin-biotin reagents (Vectastain
ABC reagents; Vector Laboratories Inc., Burlingame, CA, USA), 3,3’-diaminobenzidine, and hydrogen
peroxide. The sections were counterstained with hematoxylin. As a negative control, duplicate sections
were immunostained without exposure to the primary antibody.

4.6. Statistical Analysis

The significance of differences in the incidences of colon tumors was analyzed using Fisher’s exact
probability test. Other results are expressed as mean ± standard deviation (SD) and statistically
analyzed using one-way analysis of variance (ANOVA), followed by Tukey-Kramer multiple
comparison post-hoc test. Correlation of serum TG levels or spleen weights with polyp numbers was
analyzed by the Pearson correlation test or Spearman’s rank correlation coefficient test. Differences
were considered to be statistically significant at p < 0.05.

5. Conclusions

OPN expression was upregulated in colon tumors in Apc-deficient mice and OPN-knockout
significantly suppressed tumor development. Though OPN was not essential for tumor formation,
it was indicated that OPN is involved in early stage intestinal tumorigenesis in part by upregulation
of MMP-3, MMP-9, and MMP-13, and infiltration of macrophages and neutrophils. OPN could be
a target for cancer prevention.

Supplementary Materials: The following is available online at www.mdpi.com/1422-0067/18/5/1058/s1,
Figure S1: Effects of OPN deficiency on body and spleen weights, Figure S2: A macroscopic view of the colorectum
of (a) male Min/OPN(+/+), (b) male Min/OPN(+/−), (c) male Min/OPN(−/−), (d) female Min/OPN(+/+),
(e) female Min/OPN(+/−), and (f) female Min/OPN(−/−).
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Abstract: Background: We hypothesized that video-assisted thoracic surgery (VATS) lung
metastasectomy under non-intubated anesthesia may have a lesser immunological and inflammatory
impact than the same procedure under general anesthesia. Methods: Between December 2005 and
October 2015, 55 patients with pulmonary oligometastases (at the first episode) successfully underwent
VATS metastasectomy under non-intubated anesthesia. Lymphocytes subpopulation and interleukins
6 and 10 were measured at different intervals and matched with a control group composed of 13
patients with similar clinical features who refused non-intubated surgery. Results: The non-intubated
group demonstrated a lesser reduction of natural killer lymphocytes at 7 days from the procedure
(p = 0.04) compared to control. Furthermore, the group revealed a lesser spillage of interleukin 6 after
1 (p = 0.03), 7 (p = 0.04), and 14 (p = 0.05) days. There was no mortality in any groups. Major morbidity
rate was significantly higher in the general anesthesia group 3 (5%) vs. 3 (23%) (p = 0.04). The median
hospital stay was 3.0 vs. 3.7 (p = 0.033) days, the estimated costs with the non-intubated procedure
was significantly lower, even excluding the hospital stay. Conclusions: VATS lung metastasectomy in
non-intubated anesthesia had significantly lesser impact on both immunological and inflammatory
response compared to traditional procedure in intubated general anesthesia.

Keywords: lung metastases; non-intubated surgery; video-assisted thoracic surgery

1. Introduction

The increasing evolution of non-intubated thoracic surgery allowed the execution of progressively
more complicated operations in patients with different pathologies [1–6]. Our program of non-intubated
thoracic surgery named the Awake Thoracic Surgery Research Group is—to our knowledge—the
oldest surgical program specifically created for this purpose by one of us (TCM), who is still the main
coordinator [7]. To date, more than one thousand non-intubated procedures were carried out in our
department [8]. Surgery of lung metastases has been performed since the beginning of our experience [9].
Early operations were done under epidural anesthesia and three-port video-assisted thoracic surgery
(VATS) [10] but starting from 2005, lung metastasectomies have been preferably accomplished through
a unique thoracoscopic access under non-intubated anesthesia [11].

Traditional intubated surgery [12,13] and moreover one-lung ventilation [14–16] demonstrated
several important adverse effects in both systemic inflammation and immunology, thus facilitating
postoperative infections and cancer recurrence [17–19]. Conversely, the effects of non-intubated
operations have been extensively evaluated over the years, disclosing intriguing implications on
inflammatory stress [20] and immunological response [21]. As a matter of fact, these operations proved
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capable of generating a lower level of inflammation and lesser degree of immunologic depression
than the traditional ones [22,23]. On these bases, we think that the use of non-intubated anesthesia
appears particularly suitable in the surgery of oligometastatic patients. Herein, we analyzed some
pattern of inflammatory and immunological response after lung metastasectomy carried out under
non-intubated anesthesia.

2. Results

Demographic and pathological features of the two groups resulted homogeneous, as shown in
Table 1.

Table 1. Biological features of the two groups.

Non-Intubated Group (n = 55) Intubated Group (n = 13) p-Value

Age (range), years 64 (47–74) 66 (51–73) 0.1
Sex (m:f) 30:25 7:6 0.9

Primitive Histology

carcinoma:sarcoma 45:10 13:0 0.09

Previous Adjuvant Chemotherapy

yes:no 37:18 9:4 0.8

Disease-Free Interval

<1 year 28 6 0.7
>3 years 16 3 0.6
Resected metastases (mean) 1.55 1.77 0.8

2.1. Immunological Impact

Postoperative immunologic trends are shown in Table 2 and in Figure 1. A representative
fluorescence-activated cell sorting (FACS) photo is shown in Figure 2. As expected, total leukocytes
count increased after surgery in both groups. However, we found a more rapid decrement in
the non-intubated group but without reaching the between-group significance threshold (p = 0.06).
The total lymphocytes count showed a lesser drop in the non-intubated group in both post-operative
day 1 (p = 0.05) and post-operative day 7 (p = 0.05), with the non-intubated group also displaying
a nearly-significant more rapid restoration of the baseline value. Among the subpopulations in the
non-intubated group, there was a significant lesser reduction of natural killer lymphocytes at 7 days
following the procedure (p = 0.04) compared to the intubated group (Figure 1). On the other hand, the
other subpopulations did not present significant difference between groups.

Table 2. Postoperative changes of lymphocyte subpopulations. Interquartile ranges are expressed
within brackets.

Baseline Day 1
Between-Group

p-Value
Day 7

Between-Group
p-Value

Day 14
Between-Group

p-Value

Total Leucocytes (n 109/L)

Non-intubated
group

5.45
(4.22–8.44)

7.51
(5.15–9.02)

0.08

6.04
(5.36–9.32)

0.06

6.17
(5.07–8.73)

0.3
Intubated

group
5.81

(4.47–8.21)
8.01

(7.44–9.82)
7.33

(7.06–9.98)
6.34

(5.32–8.41)

Total Lymphocytes (n 109/L)

Non-intubated
group

1.91
(1.67–2.45)

1.86
(1.52–1.99)

0.05

1.89
(1.53–2.12)

0.05

1.91
(1.03–2.09)

0.06
Intubated

group
1.90

(1.53–2.39)
1.69

(1.46–2.05)
1.69

(1.29–1.91)
1.71

(1.21–2.04)
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Table 2. Cont.

Baseline Day 1
Between-Group

p-Value
Day 7

Between-Group
p-Value

Day 14
Between-Group

p-Value

B Lymphocytes (%)

Non-intubated
group 11 (7–15) 12 (7–16)

0. 8
11 (7–15)

1
9 (7–16)

0.9
Intubated

group 12 (7–15) 12 (7–15) 11 (7–15) 9 (7–15)

T Lymphocytes (%)

Non-intubated
group 71 (60 –75) 70 (64–73)

0.1
73 (65–85)

0.06
73 (61–77)

0.3
Intubated

group 72 (64–75) 67 (61–76) 64 (61–75) 70 (69–86)

T Helper/T Suppressor (Ratio)

Non-intubated
group

2.3
(1.3–3.7)

2.3
(1.3–3.3)

0.9

2.3
(2.0–3.9)

0.9

2.3
(1.7–3.6)

0.9
Intubated

group
2.3

(1.3–3.5)
2.3

(1.3–3.1)
2.3

(1.7–3.8)
2.1

(1.6–2.8)

Natural-Killer (%)

Non-intubated
group 12 (7–14) 12 (7–14)

0.09
12 (10–16)

0.04
11 (10–15)

0.06
Intubated

group 11 (9–12) 11 (9–12) 9 (7–11) 9 (8–16)

Figure 1. Median postoperative changes of natural killer (NK) lymphocytes and interleukin-6 (IL-6)
for intubated (black line) and non-intubated (gray line) patients. Between group p-values at different
intervals and interquartile ranges are indicated.
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Figure 2. Dot-plot flow cytometry photos from samples withdrawn after 7 days post-operation in
two different and representative patients belonging to the non-intubated (top) and intubated (bottom)
groups and demonstrating the higher level of natural killer cells in the non-intubated patient.

2.2. Inflammatory Impact

The postoperative variations of interleukin 6 and interleukin 10 are reported in Table 3.
As expected, the values increased rapidly in the postoperative period, persisting above the baseline
values for the whole observation period. However, interleukin 6 showed a more significant increment
in the intubated group starting from day 1 (between-group difference p = 0.03) and persisting at day 7
(p = 0.04) and day 14 (p = 0.05) (Figure 1). No differences between groups were found in interleukin
10 levels.

Table 3. Postoperative changes of cytokines. Interquartile ranges are expressed within brackets.

Baseline Day 1
Between-Group

p-Value
Day 7

Between-Group
p-Value

Day 14
Between-Group

p-Value

IL–6 (pg/mL)

Non–intubated
group

12.1
(11.1–12.9)

14.1
(11.9–17.3)

0.03

12.5
(10.4–14.4)

0.04

12.0
(10.9–13.1)

0.05
Intubated
group

12.3
(10.9–13.1)

17.2
(13.3–22.1)

14.5
(12.2–21.1)

13.7
(10.1–18.3)

IL–10 (pg/mL)

Non–intubated
group

5.8
(4.3–12.6)

8.4
(5.6–14.1)

0.1

9.6
(9.1–12.2)

0.3

8.1
(7.3–11.1)

0.5
Intubated
group

5.8
(3.9–12.9)

6.9
(4.2–14.7)

10.9
(7.9–14.2)

9.3
(7.2–13.7)
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2.3. Morbidity

There was neither in-hospital nor 30-day postoperative mortality in both groups. Major morbidity
rate was significantly higher in the intubated group 3 (5%) vs. 3 (23%) (p = 0.04). In the non-intubated
group, we experienced only two patients with persistent air leak and one with arrhythmia, whereas in
the intubated group two patients developed pneumonia and one had a persistent air leakage.

The median hospital stay was 3.0 vs. 3.7 days (p = 0.033), but even excluding the hospital stay,
the estimated costs for the non-intubated procedures were significantly lower (median expenses:
€3100 vs. €3900; p = 0.03).

3. Discussion

Morbidity rate after thoracic surgery is often related to one-lung ventilation [14–16,24], although
mitigated by the minimally invasive approaches [25,26]. In particular, there is increasing evidence
that one-lung ventilation might generate a number of anatomic changes in both dependent and
non-dependent lungs. Their effects are similar to a compartmental inflammatory injury [27–33] that
may impact the immunological response.

In the present study, we found that the non-intubated procedure can reach successful results
with a significantly lower morbidity rate. The exiguous number of intubated patients did not allow
strong conclusions to be drawn. However, we experienced a significantly lower decrement of natural
killer lymphocytes at day 7 as well as a significant attenuation of interleukin 6 response. Avoidance
of one-lung ventilation may also have contributed to the more physiologic lymphocyte response
observed in non-intubated patients. The effects of one-lung ventilation on natural killer activity have
been known since 1993 [34]. Furthermore, other authors [35–37] have shown that one-lung ventilation
can evoke a cascade of many oxidative changes, eventually resulting in a compartmental release of
pro-inflammatory mediators including interleukin 6. The activation and secretion of this mediator
could lead to a transient increase of cortisol plasma level, interfering with natural killer activity [38,39].

This immune-depressive effect induced by one-lung ventilation may also have an impact on
oncological conditions. It is not rare that patients operated for lung metastases rapidly develop an
unexpected new lung metastasis [18]. This may be due to the presence of occult metastases that had
a rapid growth to the lack of immune control related to postoperative immunologic depression [40–42].
In our previous study, we did not find significant differences in postoperative survival in patients
undergoing colorectal lung metastasectomy [11], but a larger study sample with longer follow up and
hopefully on a randomized basis will probably achieve different results.

The surgery of lung metastases is an argument that has always stimulated our attention [43–47].
Since 2000, we started a program of VATS operations under thoracic epidural anesthesia in awake
and collaborative patients affected from different pathologies [8]. To our knowledge, this is the
oldest surgical program specifically created for this purpose. The confidence in this kind of
procedure is now quite high and increasingly recognized all over the world. Despite the surgical
pneumothorax, the evaluation of vital parameters showed a satisfactory arterial oxygenation both
intra and postoperatively [11]. This allowed an immediate resumption of many daily activities, faster
recovery, shorter hospitalization and lower economical costs. The further data presented in this paper
about inflammatory and immunological response may contribute to the justification of a rationale for
lower morbidity and increase the confidence in this kind of procedure.

We acknowledge that this study has evident limitations due to its non-randomized nature and
small control group. However, we think of this as an observational study prior to reaching a more
robust evidence through more structured and controlled investigations.

4. Materials and Methods

Between December 2004 and October 2015, a total of 55 patients referred to our center for
pulmonary oligometastases successfully underwent uniportal VATS lung metastasectomy under
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non-intubated anesthesia. Clinical features of the patients cohort in the study are summarized in
Table 1. Thirteen patients scheduled in the same period for the same procedure who refused the
non-intubated anesthesia were used as a control group. They underwent a traditional VATS procedure
in general anesthesia under one-lung ventilation.

The study was a single-center and retrospective matched analysis between a non-intubated
group vs. control group undergoing metastasectomy under intubated general anesthesia. Inclusion
criteria for the non-intubated surgery were patient’s preference, generic indications to non-intubated
anesthesia [9], and the presence of peripheral oligometastases—no more than two—at the first episode
and resectable with a wedge resection. Bilateral lesions were approached in two separate sessions in
different days. This study was submitted and approved by the Internal Review Board at Tor Vergata
University of Rome with the authorization code 627/15.

Electrocardiogram, pulse oximeter, systemic and central venous blood pressure, body temperature,
arterial blood gases, end-tidal CO2, and bispectral index were continuously monitored during the
operation [48]. Just before the procedure, a 5 mL solution of 2% lidocaine was aerosolized for 5 min to
prevent cough reflex. During the operation, the patient inhaled O2 through a ventimask to maintain
saturation greater than 90%. Intercostal bloc was habitually achieved by separate local injection of
lidocaine 2% (4 mg/kg) and ropivacaine 7.5% (2 mg/kg). All intrathoracic phases were regularly well
tolerated by intraoperative intravenous administration of benzodiazepine (midazolam 0.03–0.1 mg/kg)
or opioids (remifentanil 15 μg/kg/min). Incidental anxiety or a panic occurring intraoperatively were
sedated slightly by increasing the continuous propofol (0.5 mg/kg) infusion without interfering with
spontaneous breathing.

The procedures were accomplished with the patient lying in lateral decubitus position through
a single small 30–40 mm port incision located at the most fitting intercostal space to reach and
remove the suspect nodule. Intercostal muscles were retracted by the Alexis (Alexis®, Applied
Medical, Rancho Santa Margarita, CA, USA), thus allowing the introduction of the thoracoscope and
the instruments. Whenever necessary, a mounted gauze pad to hinder pulmonary movements was
also introduced. The lesion was detected by both digital and instrumental palpation and resected by
linear stapler. At the end of the procedure, one 28 Ch chest tube was collocated at the posterior limit of
the surgical wound. Drinking, eating, and walking was generally allowed in the same day of surgery.
Patients were discharged after radiological evidence of complete lung re-expansion, limited pleural
effusion (no more than 100 mL/day), and no air leakage. Patients with protracted air leakage (>5 days)
were discharged with a Heimlich valve.

Blood samples were always withdrawn through an antecubital vein in the morning (7:30 a.m.)
just prior the operating session and at postoperative days 1, 7, and 14. Samples were sent to the
Laboratory of Onco-hematology of our institution for immediate real-time tests without need of storage.
Total lymphocytes were measured with a cell counter (Coulter Beckmann, MedLab, Cupertino, CA, USA).

For lymphocyte-subset assessment, the blood samples were incubated for 30 min with monoclonal
antibodies at 4 ◦C. The samples were processed with a coulter, which lyses the erythrocytes, and stabilizes
and fixes the leukocytes. Lymphocyte-subset were acquired and analyzed by FACSCanto II esa-color
flow cytometry (BD Biosciences, San Diego, CA, USA) with antibodies specific to the cell markers.
Samples were incubated with monoclonal antibodies and then processed with the lyse-wash technique
(ammonium-chloride solution 1×; BD, Biosciences). Phenotypes of lymphocyte population were identified
by anti-cluster of differentiation 3-fluorescein isothiocyanate (anti-CD3-FITC), anti-cluster of differentiation
4-allophycocyanin-H7 (anti-CD4-APC-H7), anti-cluster of differentiation 8-R-phycoerythrin-cyanine 7
(anti-CD8-PE-Cy7), anti-CD56(3-)-PE, anti-CD19-APC, and anti-cluster of differentiation 45-peridinin
chlorophyll/cyanine 5.5 (anti-CD45-PercP/Cy5.5) (BD Biosciences, San Diego, CA, USA).

Circulating concentrations of interleukin 6 and 10 were measured using commercially available
human colorimetric enzyme-linked immunosorbent assays (Quantikine ELISA, R & D Systems,
Europe Ltd., Abingdon, UK).
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Statistical analysis was performed with the SPSS 18 computer software package (SPSS® 18 version,
Chicago, IL, USA). Non-parametric tests were prudentially preferred using Wilcoxon for within group
and Kruskal–Wallis for between-group evaluations, respectively. Data were expressed as median
interquartile range. Significant threshold was considered p < 0.05.

5. Conclusions

In the last decades, increasing attention has been dedicated to the importance of systemic
inflammation and immune-competence in oncologic patients. Uniportal VATS lung metastasectomy
in non-intubated anesthesia had a significant lower impact on both immunological and inflammatory
response compared to the traditional procedure in general anesthesia, intubation, and one-lung-ventilation.
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