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Abstract: Proton pump inhibitors (PPIs) are administered commonly to aged people; however, their
effect on colorectal cancer (CRC) has still not been fully elucidated. Here, we examined the effect
of PPIs and consequent alkalization on CRC cells. PPI administration alkalized the fecal pH and
increased serum gastrin concentration. PPI and pH8 treatment (alkalization) of CMT93 mouse
colon cancer cells inhibited cell growth and invasion, increased oxidative stress and apoptosis, and
decreased mitochondrial volume and protein levels of cyclin D1 and phosphorylated extracellular
signal-regulated kinase (pERK) 1/2. In contrast, gastrin treatment enhanced growth and invasion,
decreased oxidative stress and apoptosis, and increased mitochondrial volume and cyclin D1 and
pERK1/2 levels. Concurrent treatment with a PPI, pH8, and gastrin increased aldehyde dehydrogenase
activity and also enhanced liver metastasis in the BALB/c strain of mice. PPI administration was
associated with Clostridium perfringens enterotoxin (CPE) in CRC lesions. CPE treatment activated
yes-associated protein (YAP) signals to enhance proliferation and stemness. The orthotopic colon
cancer model of CMT93 cells with long-term PPI administration showed enhanced tumor growth
and liver metastasis due to gastrin and YAP activation, as indicated by gastrin receptor knockdown
and treatment with a YAP inhibitor. These findings suggest that PPI promotes CRC growth and
metastasis by increasing gastrin concentration and YAP activation, resulting in gut flora alteration
and fecal alkalization. These findings suggest that PPI use in colorectal cancer patients might create a
risk of cancer promotion.
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1. Introduction

Proton pump inhibitors (PPIs) are widely used as a first-line treatment for peptic gastrointestinal
disorders [1]. However, side effects from their long-term use have also been reported [2]. We previously
investigated the mechanism of PPI-induced collagen colitis in terms of direct action of PPI on colonic
epithelial cells, alkalization of intestinal contents, and elevation of blood gastrin levels [3]. In contrast,
the effects of PPIs on colorectal cancer (CRC) are controversial.

Several reports have shown the anti-tumoral effects of PPIs. PPIs were shown to suppress
proliferation of colon cancer cell lines and carcinogenesis in a rat azoxymethane (AOM) model [4].
The long-term use of PPIs was reported not to affect colorectal adenoma development or result in
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histological changes [5]. PPIs suppress the development and progression of cancer by suppressing
the T-LAK cell-originated protein kinase that is overexpressed in various cancers [6]. PPIs also suppress
the membrane-bound ATP-binding cassette transporters and reduce drug resistance in cancer [7].

However, prolonged PPI use can cause secondary hypergastrinemia [8]. It has been reported
that PPI-induced hypergastrinemia leads to neuroendocrine cell hyperplasia, rebound gastric acid
secretion, and Helicobacter pylori activation, which increases the risk of gastric cancer [9]. Long-term
use of PPIs also increases the risk of CRC [10]. In CRC, the gastrin receptor (GR) is overexpressed,
and gastrin-binding capacity is increased 10-fold compared to that in normal colonic epithelium [11].
Expression of gastrin and its receptor promotes progression from colorectal adenoma to cancer [12].
In a mouse CRC model, gastrin also promoted tumor growth [13].

Long-term PPI use alters intestinal flora via hypochlorhydria and alkalization, leading to intestinal
infection [14]. Many studies have reported that long-term PPI use causes intestinal infection with
Clostridium perfringens [15–17]. PPIs also exacerbated C. perfringens enteritis in a mouse model [18].
Recently, we reported that C. perfringens enterotoxin (CPE) enhances cancer malignancy by impairing
tight junctions [19].

In this study, to elucidate the effects of PPIs on the growth and metastasis of CRC, we examined
four factors; namely, PPIs, gastrin, alkaline environment, and C. perfringens infection, and attempted to
clarify the synergistic effects of these factors on CRC.

2. Results

2.1. Effect of PPIs on Fecal pH and Serum Gastrin

The alterations in fecal pH and serum gastrin levels, which are the changes caused by long-term
PPI administration, were examined in a mouse model. After BALB/c mice were administered PPZ
(25 mg/kg body weight/day) for four weeks, stool pH and levels of serum gastrin were examined
(Figure 1A,B). Stool pH was elevated to 8.21 from 7.42. Serum gastrin was increased to 191 pg/mL
from 56 pg/mL.

2.2. Effect of PPI, pH, and Gastrin on CMT Mouse Colon Cancer Cells

The increase in pH and the increase in gastrin level revealed by analysis of a mouse model were
examined in vitro, in addition to the direct effects of the PPI. We then examined the effect of alkaline
conditions (pH8 treatment) and/or gastrin (150 pg/mL) on CMT93 mouse colon cancer cells (Figures 1
and 2). Both cell lines expressed cholecystokinin A/GR (Figure 1C). The PPI or gastrin alone did not
affect the cell growth, whereas pH8 treatment showed growth inhibition (Figure 1D). Notably, the
combination of a PPI, gastrin, and pH8 neutralized pH8-induced growth inhibition. Furthermore, the
PPI alone did not affect cell invasion ability, whereas pH8 decreased invasion and gastrin enhanced
invasion (Figure 1E). A combination of the three increased the number of invading cells. Both PPI
and pH8 treatments showed increased 4-hydroxynonenal (HNE) levels, which reflect oxidative stress,
whereas gastrin did not affect 4-HNE levels (Figure 1F). A combination of the three increased 4-HNE.

Moreover, PPI and pH8 treatment decreased the mitochondrial volume, whereas gastrin increased
the volume (Figure 2A,B). A combination of the three decreased the volume. PPI and pH8 treatment
increased apoptosis, whereas gastrin inhibited apoptosis (Figure 2C), and a combination of the three
increased apoptosis. Stemness was evaluated by determining aldehyde dehydrogenase (ALDH)
activity (Figure 2D). PPI administration did not affect ALDH activity, whereas pH8 treatment and
gastrin increased ALDH activity. A combination of the three showed highest stemness. The PPI
alone inhibited proliferation-associated cyclin D1 expression and extracellular signal-regulated kinase
(ERK) 1/2) phosphorylation. pH8 did not affect these parameters, whereas gastrin enhanced cyclin D1
expression and ERK1/2 phosphorylation (Figure 2E). A combination of the three also showed enhanced
cyclin D1 expression and ERK1/2 phosphorylation. We next examined the effect of pretreatment of
the three factors on liver metastasis using a mouse model (Figure 2F). PPI-treated CMT93 cells did
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not show any alteration in metastasis, while the pH8 and gastrin-treated cells showed decreased and
increased metastasis, respectively. A combination of the three enhanced liver metastasis.
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Figure 1. Alteration of fecal pH and serum gastrin in proton pump inhibitor (PPI)-administrated mice
and effect of PPI, alkaline condition and gastrin on proliferation, invasion, and oxidative stress in
CMT93 cells. (A,B) Alteration of fecal pH and serum gastrin levels in mice administered pantoprazole
(25 mg/kg/day) for 4 weeks. (C) Expression of gastrin receptor in two mouse colon cancer cell lines and
the effect of small interfering RNA (siRNA) against gastrin receptor (siGR). (D–F) Effect of pantoprazole
(10 µg/mL), alkaline conditions (pH 8.0), and gastrin (150 pg/mL) for 48 h on cell proliferation (D),
in vitro invasion (E), and oxidative stress (F). Error bar: standard error. GR, gastrin receptor.
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Figure 2. Effect of PPI, alkaline conditions and gastrin on mitochondrial volume, apoptosis, stemness,
and metastability in CMT93 cells. (A,B) Mitochondrial volume assessed by MitoGreen. (C,D) Effect of
pantoprazole (10 µg/mL), alkaline condition (pH 8.0), and gastrin (150 pg/mL) for 48 h on apoptosis
(C) and stemness (D). (E) Protein levels of cyclin D1 and phosphorylated ERK1/2 (pERK1/2). β-actin
served as a loading control. (F) Liver metastasis was examined by an intrasplenic injection of CMT93
cells treated with pantoprazole and gastrin, or exposure to alkaline condition. Scale bar: 50 µm. Error
bar: standard error.

2.3. Effect of CPE on CMT93 Cells

It is known that long-term administration of PPI changes the intestinal flora, especially Clostridium
perfringens. In cancer tissues of CRC patients, Clostridium perfringens enterotoxin (CPE) DNA was
detected in patients undergoing long-term PPI administration (Figure 3A). We then examined the
effect of low-dose CPE on cell proliferation of CMT93 cells (Figure 3B). CPE showed growth inhibition
in a dose-dependent manner. CMT93 cells treated with low-dose CPE (IC10) showed a decrease in
phosphorylated yes-associated protein (YAP) and an increase in the expression of nuclear YAP, cyclin
D1 (proliferation), and nucleostemin (NS; stemness) (Figure 3C).
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Figure 3. Effect of CPE in CMT93 cells. (A) CPE DNA was detected by PCR in CRC tissues of the patients
with or without long-term (more than 6 months) PPI administration. (B) Growth inhibitory effect of
CPE on CMT93 cells. (C) Effect of CPE on activation of YAP and the expression of YAP target genes.
Tubulin served as loading control. Error bar: standard error. CPE, Clostridium perfringens enterotoxin;
NS, nucleostemin; YAP, yes-associated protein; nYAP, nuclear YAP; pYAP, phosphorylated YAP.

2.4. Effect of PPIs on CMT93 Mouse Tumors

Finally, the effect of PPI on colorectal cancer was examined using a mouse model by inhibiting
gastrin and YAP. We examined the effect of PPIs on CMT93 orthotopic cecal tumors using mice
orally administered with a PPI (Figure 4). The PPI-administered mice showed more enhanced tumor
growth than the untreated mice (Figure 4A). Tumor growth was partially inhibited in GR-knockdown
mice treated with the PPI. In contrast, when GR-knockdown mice were simultaneously treated with
verteporfin to inhibit YAP and a PPI, the tumor growth was inhibited to the same level as that in
untreated mice (Figure 4B). Moreover, PPI administration increased liver metastasis of CMT93 cells
(Figure 4C). In contrast, when GR-knockdown mice were treated concurrently with PPI and verteporfin,
liver metastasis was inhibited to the same level as that in untreated mice. PPI treatment increased cell
proliferation (Ki-67) and activated YAP and increased YAP-associated cyclin D1 and NS expression
(Figure 4D). In contrast, GR knockdown and verteporfin neutralized the PPI-activated YAP signals.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 6 of 13 
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Figure 4. Effect of PPI on tumor growth in orthotopic cecal tumors of CMT93 cells. (A) Effect of PPZ
and/or knockdown of gastrin receptor (siGR) on tumor growth. (B) Effect of PPZ and/or knockdown of
gastrin receptor (siGR) plus YAP inhibition by Ver on tumor growth. (C) Spontaneous liver metastasis
of the orthotopic cecal tumors. (D) Effect of CPE on activation of YAP and the expression of YAP target
genes in the cecal tumors. Tubulin served as loading control. Error bar: standard error (n = 5 mice).
PPZ, pantoprazole; siGR, siRNA against gastrin receptor; Ver, verteporfin; NS, nucleostemin; nYAP,
nuclear YAP.

3. Discussion

In this study, PPI-induced hypergastrinemia, alkalization of colonic content, and increased
C. perfringens in the intestinal tract promoted colon cancer growth, stemness, and metastasis. There are
various reports on the effects of gastrin on CRC. Gastrin expression is found in more than 60% of CRC
and promotes proliferation and tumorigenesis [20]. Gastrin promotes DNA synthesis 1.4 times more
in CRC cells compared with untreated cells [21]. In addition, systemic hypergastrinemia enhances
colorectal carcinogenesis and CRC promotion [22]. In contrast, it has been reported that gastrin
suppresses the early growth response gene-1/anion exchanger-2/P16/P-ERK signaling pathway to
inhibit the growth of colon cancer [23]. In our study, gastrin promoted cell proliferation, its invasive
potential, anti-apoptotic survival, and metastasis.

GR (cholextokinin-1 receptor) is overexpressed in CRC and is involved in cancer progression and
poor prognosis [24]. The GR expression was also confirmed in the colon cancer cell line used in this
study. In a mouse model using the MC26 mouse colon cancer cell line, suppressing the GR with its
antagonist (proglumide) suppressed the tumor growth and prolonged mouse survival [25]. Thus, CRC
cells express GR and gastrin to promote growth in an autocrine manner [12].

In colon carcinogenesis, co-expression of gastrin and its receptor occurs in the early stage in
the adenoma-carcinoma sequence [12]. The mutation of the ras gene, which is a relatively early
event in colorectal carcinogenesis [26], induces the gene expression of gastrin and its receptor [27,28].
In our mouse model, continuous administration of PPI resulted in an increase in serum gastrin levels.
Knockdown of GR suppressed tumor growth and metastasis. Thus, hypergastrinemia due to PPI
administration was considered to promote the development of CRC.

Reduction of gastric acid secretion by PPI results in alkalization of intestinal contents [29]. In this
study, fecal pH was increased by continuous administration of PPI. It has been reported that increasing
the extracellular pH results in increased intracellular pH, which is associated with decreased cell
proliferation, smaller spheres, and an increase in doxorubicin uptake [30]. Our data also showed that
an alkaline environment alone led to suppression of cell proliferation and invasion, and increased
oxidative stress and apoptosis. In contrast, co-treatment of gastrin and PPI with alkaline conditions
increased stemness and liver metastasis. However, the mechanism of the synergism is not clear. Further
investigation is needed to reveal the mechanism.
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It has been reported that reduction of intestinal acidity by PPI results in alteration of intestinal
bacterial flora [31]. Particularly, PPI is known to increase C. perfringens in intestinal flora [32–34].
Intestinal C. perfringens increases 10-fold due to decreased gastric acid secretion [29]. In our analysis
of CRC patients, CPE was also detected in patients receiving long-term administration of PPI. We
previously reported that CPE produced by C. perfringens impairs CLDN4, which forms tight junctions,
to promote cancer progression by activating YAP [19]. Consistent with this, in the present study, CPE
activated YAP to enhance the expression of cyclin D1 and NS, which are target genes of YAP. YAP
activation was also observed in cancer cells in the PPI-administered mouse model.

We examined the overall effect of PPIs on CRC using a mouse model. An orthotopic CRC model
was employed to observe effects such as alkalinization of intestinal contents and changes in intestinal
flora, which are also observed in human CRC. The results indicated that PPI promoted tumor growth.
In contrast, knockdown of GR alone showed partial suppression; however, the combined use of GR
knockdown with verteporfin, which is a YAP inhibitor, suppressed the PPI-mediated tumor growth to
the level observed in the control mice. The use of a PPI also promoted liver metastasis, which could be
abrogated by the combined use of GR knockdown and verteporfin.

PPIs have also been reported to inhibit the excretion of intracellular protons from breast cancer
cells [35] and to induce anticancer drug sensitivity and apoptosis [36]. However, CRC differs from
breast cancer in that it is affected by intestinal C. perfringens along with PPIs and gastrin in the blood.
In our mouse orthotopic model, a combination of a PPI, gastrin, and CPE was shown to promote tumor
growth and metastasis. In the future, the effect of PPIs on anticancer drug sensitivity, as observed in
breast cancer cells, should be examined. Based on the results of our research, it is necessary to conduct
clinical studies on the cancer-promoting effects of PPI use in colorectal cancer patients.

4. Materials and Methods

4.1. Cell Line

The CMT93 mouse rectal cell line was purchased from DS Pharma Inc. (Osaka, Japan). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; WAKO Purechemical Ind. Ltd., Osaka,
Japan) supplemented with 10% fetal bovine serum (Sigma Chemical Co., St. Louis, MO, USA) at 37 ◦C
in 5% CO2. Alkaline (pH 8.0) medium was made by adding Tris-HCl (pH 9.0, Sigma) into DMEM.
Cell growth was assessed using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay (Sigma), as previously described [37]. Human gastrin was purchased from R&D Systems Inc.,
(Minneapolis, MN, USA).

4.2. Assessment of Cell Growth and Apoptosis

The cells (1 × 104 per well) were seeded in a 12-well dish. Cell growth was assessed by MTT
assay or by counting the number of cells with an Autocytometer (Sysmex, Kobe, Japan) after 48
h, as described previously [37]. Apoptosis was assessed using an apoptosis/necrosis detection kit
(Enzo Life Sciences, Plymouth Meeting, Plymouth, PA, USA). Annexin V-EnzoGold present in the
kit fluorescently labeled apoptotic cells. Apoptosis was determined by examining 2000 cells under
a fluorescent microscope (Leica Microsystems, Tokyo, Japan). All the experiments were performed
in triplicate.

4.3. Chamber Invasion Assay

A modified Boyden chamber assay was used to examine the in vitro invasion of CMT93 cancer
cells [38]. Following incubation at 37 ◦C for 24 h, the filters were carefully removed from the inserts,
stained with hematoxylin for 10 min, and mounted on microscopic slides. The number of stained cells
in each insert was counted at 100×magnification. Invasion activity was quantified by calculating the
average number of cells per insert well. These experiments were performed in triplicate.
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4.4. Animals

Four-week-old male BALB/c mice were purchased from SLC Japan (Shizuoka, Japan).
The animals were maintained according to institutional guidelines approved by the Committee
for Animal Experimentation of Nara Medical University (Approval Number 15112, approved on
12 November 2016), in accordance with the current regulations and standards of the Japanese Ministry
of Health, Labor, and Welfare.

4.5. Animal Models

To establish an orthotopic colon tumor model, CMT93 cancer cells (1 × 106 cells in 30 mL of Hanks’
balanced salt solution) were inoculated into the cecal wall (submucosal layer) of BALB/c mice using
28G needles under inhalation anesthesia of sevoflurane (Maruishi Pharmaceutical Co. Ltd., Osaka,
Japan) according to the previously published method [39,40]. The mice were observed for 4 weeks
following inoculation. After 4 weeks, spontaneous liver metastasis was found.

Pantoprazole (PPZ, Sigma, 50 mg/kg) was administered every two days by oral gavage. With five
mice in each group, small interfering RNA (siRNA) against GR (siGR, 500 pmol/kg body weight, twice
a week, i.p, Santa Cruz Biotechnology (Santa Cruz, CA, USA)) and/or verteporfin (Ver, 50 mg/kg body
weight, every two days by oral gavage, Cayman Chemical, Ann Arbor, MI, USA) were administered.
A vehicle control group was run in parallel. Mice were fed with a standard CE-2 diet (CLEA Japan,
Tokyo, Japan).

4.6. In Vivo Imaging of Tumor

CMT93 cells were labeled with VivoTrack 680 (PerkinElmer Inc., Waltham, MA, USA). A mouse
was examined using the Clairvivo OPT in vivo imager (Shimazu, Kyoto, Japan) under anesthesia [41,42].
The fluorescence intensity was calculated with software equipped in the imager. The fluorescence
intensity of the tumor was expressed relative to the intensity of 1 × 106 cells, which was set at 1.0.

4.7. Stool pH

At euthanasia, intracolonic stool was collected and suspended in distilled water (2 mL), which
was centrifuged (500× g, 5 min). The supernatant was subjected to pH measurement using a pH meter
(SK-620PH, SATO Keiryoki MNG. Co., Ltd., Tokyo, Japan).

4.8. SiRNA

FlexiTube siRNA targeting mouse cholecystokinin A/GR was purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). AllStars Negative Control siRNA (Qiagen) was used as a control.
Mice inoculated with CMT93 cells were treated with siRNA encapsulated with liposome, which was
administered intraperitoneally; iRNA (100 pmol) was encapsulated with 2 mL of cationic liposome
(EL-C-01, Nippon-Oil&Fats Co., Tokyo, Japan) [43], and 200 µL of the solution was administered
intraperitoneally in each mouse twice a week [44].

4.9. Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

To assess mRNA expression, RT-PCR was performed with 0.5 µg total RNA extracted from cells
using an RNeasy kit (Qiagen, Germantown, MD, USA). The primer sets for mouse cholecystokinin
A/GR amplification were as follows: forward, 5′-CCA CCT ACT TCA TGG GCA CT-3′ and reverse,
5′-GTT CGC CGT CTG GTT ATT GT-3′ (NCBI Reference Sequence: BC020534.14; synthesized by
Sigma Genosys, Ishikari, Japan). PCR products were electrophoresed in a 2% agarose gel and stained
with ethidium bromide. GAPDH mRNA was also amplified for use as an internal control (GenBank
Accession No. NM_001289726.1).
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4.10. Western Blotting Analysis

Whole-cell lysates were prepared using 0.1% nonidet P-40 containing lysis buffer as previously
described [38]. Cell fractions were extracted using a Cell Fractionation Kit (Abcam, Cambridge, MA,
USA), according to the manufacturer’s instructions [45]. The nuclear fractions were subjected to
analysis to detect nuclear YAP.

Proteins (20 µg) present in cell lysates were separated by performing sodium dodecyl
sulfate-polyacrylamide gel electrophoresis on 12.5% gels and were electrotransferred onto nitrocellulose
membranes for immunoblotting analysis. The membranes were incubated with primary antibodies,
followed by incubation with peroxidase-conjugated IgG antibodies (MBL). Tubulin antibody (Oncogene
Research Products, Cambridge, MA, USA) was used to measure the amount of protein loaded per
lane. Immune complexes were visualized using the CSA system (DAKO, Carpinteria, CA, USA).
Antibodies against Ki-67, YAP1, Cyclin D1 (Abcam), nucleostemin (NS), phosphorylated extracellular
signal-regulated kinase 1/2 (ERK1/2, Thr202/Tyr204) (Santa Cruz) and phosphorylated YAP1 (pSer127,
Biorbyt LLC., St. Louis, MO, USA) were used as primary antibodies.

4.11. Enzyme-Linked Immunosorbent Assay (ELISA)

Whole-cell lysates were prepared using 0.1% nonidet P-40 containing lysis buffer as previously
described [38]. Mouse gastrin ELISA kit (Cusabio Technology LLC., Houston, TX, USA) and
4-hydroxynonenal (4HNE) ELISA kit (R&D Systems) were used to measure gastrin and 4-HNE
levels in the cell lysate according to the manufacturers’ instructions.

4.12. Mitochondrial Volume

Mitochondrial volume was assessed by staining mitochondria with MitoGreen (Takara Bio Inc.,
Kusatsu, Japan). Cell images were captured under a microscope equipped with a camera (Leica
Microsystems, Tokyo, Japan), and fluorescence was measured in the images using Photoshop Image
Analyzer (Adobe Systems Inc., San Jose, CA, USA).

4.13. Aldehyde Dehydrogenase (ALDH) Activity

ALDH activity was measured using the ALDEFLUOR kit (Veritas, Tokyo, Japan) according
to the provider’s instructions. The activity was normalized to the negative control N,N
-diethylaminobenzaldehyde (DEAB) [46].

4.14. Surgical Specimens

We reviewed the pathological diagnosis and clinical data of 6 CRC patients with or without PPI
administration longer than 3 years in the Department of Molecular Pathology, Nara Medical University,
Japan. As written informed consent was not obtained from the patients in this retrospective study,
any identifying information was removed from the samples prior to analysis, to ensure strict privacy
protection (unlinkable anonymization). All procedures were performed in accordance with the Ethical
Guidelines for Human Genome/Gene Research issued by the Japanese Government and were approved
by the Ethics Committee of Nara Medical University (approval number 937).

4.15. Bacterial DNA Amplification

Bacterial DNA detection by PCR was performed as previously described [19]. Bacterial DNA was
extracted from the CRC specimens (10 thin-sliced paraffin-embedded tumor specimens, deparaffinized
and hydrated) using the QIAamp DNA mini kit (Qiagen, GmbH, Hilden, Germany) according to
the manufacturer’s instructions. The extracted DNA samples were stored at −20 ◦C. The PCR cycle
comprised an initial denaturation step (94 ◦C for 5 min), followed by 35 cycles of denaturation (94
◦C for 1 min), annealing (50 ◦C for 1 min), and primer extension (72 ◦C for 1.5 minutes). Amplified
PCR products were analyzed by 1.5% agarose gel electrophoresis in Tris-Borate-EDTA) buffer. The
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gel was stained with 0.5 µg/mL ethidium bromide. The primer sets used for the amplification of CPE
DNA were as follows: forward, 5′-TCC CCT TTC TAG ATA ACG ATT AAC AC-3′ and reverse, 5′-GTT
AGC ATG CTG TTT TCT AAG TTA AAA CC-3′ [47]. Primers were synthesized by Sigma Genosys
(Ishikari, Japan).

4.16. Statistical Analysis

Statistical significance was calculated by two-tailed Fisher’s exact, Chi-squared, and unpaired
Student’s t-tests using InStat software (GraphPad, Los Angeles, CA, USA). Statistical significance was
defined as a two-sided p-value of < 0.05.

5. Conclusions

In this study, we investigated the effect of PPI on CRC in vitro and in vivo, and showed a tumor
promoting effect. Since PPI is a drug that is widely used clinically, it will be necessary to consider its
effect on CRC in the future.

Author Contributions: T.S. carried out most of the investigation and wrote the manuscript; R.F.-T. assisted in
the histopathological analysis; Y.H., T.S., Y.N. and I.K. assisted in the animal experiments; H.O. assisted in the
statistical analyses; C.N. assisted in the bacterial experiment; S.M., S.K. and K.F. assisted in the analysis and
interpretation of results; Y.L. and H.K. conceived the project and designed the experiment. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by MEXT KAKENHI Grant Numbers 16H05164 (HK), 17K19923 (HK),
18K17726 (IK), 18K16671 (SK), 19K19332 (CN) and 19K16564 (RFT), Natural Science Foundation of Jiangsu
Education Department Project (17KJB320010) and National Natural Science Foundation of China (81702723).

Acknowledgments: The authors thank Tomomi Masutani for expert assistance with the preparation of
this manuscript.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Fox, R.K.; Muniraj, T. Pharmacologic Therapies in Gastrointestinal Diseases. Med. Clin. N. Am. 2016, 100,
827–850. [CrossRef] [PubMed]

2. Scarpignato, C.; Gatta, L.; Zullo, A.; Blandizzi, C.; the SIF-AIGO-FIMMG Group; Italian Society of
Pharmacology; the Italian Association of Hospital Gastroenterologists; the Italian Federation of General
Practitioners. Effective and safe proton pump inhibitor therapy in acid-related diseases—A position paper
addressing benefits and potential harms of acid suppression. BMC Med. 2016, 14, 179. [CrossRef]

3. Mori, S.; Kadochi, Y.; Luo, Y.; Fujiwara-Tani, R.; Nishiguchi, Y.; Kishi, S.; Fujii, K.; Ohmori, H.; Kuniyasu, H.
Proton pump inhibitor induced collagen expression in colonocytes is associated with collagenous colitis.
World J. Gastroenterol. 2017, 23, 1586–1593. [CrossRef] [PubMed]

4. Rao, C.; Patlolla, J.M.; Zhang, Y.; Li, Q.; Steele, V.E. Anti-carcinogenic properties of omeprazole against
human colon cancer cells and azoxymethane-induced colonic aberrant crypt foci formation in rats. Int. J.
Oncol. 2011, 40, 170–175. [CrossRef] [PubMed]

5. Singh, M.; Dhindsa, G.; Friedland, S.; Triadafilopoulos, G. Long-term use of proton pump inhibitors does not
affect the frequency, growth, or histologic characteristics of colon adenomas. Aliment. Pharmacol. Ther. 2007,
26, 1051–1061. [CrossRef]

6. Zeng, X.; Liu, L.; Zheng, M.; Sun, H.; Xiao, J.; Lu, T.; Huang, G.; Chen, P.; Zhang, J.; Zhu, F.; et al. Pantoprazole,
an FDA-approved proton-pump inhibitor, suppresses colorectal cancer growth by targeting T-cell-originated
protein kinase. Oncotarget 2016, 7, 22460–22473. [CrossRef]

7. Kim, Y.-S.; Lee, H.J.; Park, J.-M.; Han, Y.-M.; Kangwan, N.; Oh, J.Y.; Lee, D.Y.; Hahm, K.B. Targeted molecular
ablation of cancer stem cells for curing gastrointestinal cancers. Expert Rev. Gastroenterol. Hepatol. 2017, 11,
1059–1070. [CrossRef]

8. Haastrup, P.F.; Thompson, W.; Søndergaard, J.; Jarbøl, D.E. Side Effects of Long-Term Proton Pump Inhibitor
Use: A Review. Basic Clin. Pharmacol. Toxicol. 2018, 123, 114–121. [CrossRef]

http://dx.doi.org/10.1016/j.mcna.2016.03.009
http://www.ncbi.nlm.nih.gov/pubmed/27235617
http://dx.doi.org/10.1186/s12916-016-0718-z
http://dx.doi.org/10.3748/wjg.v23.i9.1586
http://www.ncbi.nlm.nih.gov/pubmed/28321159
http://dx.doi.org/10.3892/ijo.2011.1214
http://www.ncbi.nlm.nih.gov/pubmed/21956158
http://dx.doi.org/10.1111/j.1365-2036.2007.03450.x
http://dx.doi.org/10.18632/oncotarget.7984
http://dx.doi.org/10.1080/17474124.2017.1356224
http://dx.doi.org/10.1111/bcpt.13023


Int. J. Mol. Sci. 2020, 21, 3877 11 of 12

9. Waldum, H.L.; Sørdal, Ø.; Fossmark, R. Proton pump inhibitors (PPIs) may cause gastric cancer-clinical
consequences. Scand. J. Gastroenterol. 2018, 53, 639–642. [CrossRef]

10. Joshi, S.N.; Gardner, J.D. Gastrin and Colon Cancer: A Unifying Hypothesis. Dig. Dis. 1996, 14, 334–344.
[CrossRef]

11. Smith, J.P.; Stock, E.A.; Wotring, M.G.; McLaughlin, P.J.; Zagon, I.S. Characterization of the CCK-B/gastrin-like
receptor in human colon cancer. Am. J. Physiol. Integr. Comp. Physiol. 1996, 271, R797–R805. [CrossRef]
[PubMed]

12. Smith, A.M.; Watson, S. Gastrin and gastrin receptor activation: An early event in the adenoma-carcinoma
sequence. Gut 2000, 47, 820–824. [CrossRef] [PubMed]

13. Singh, P.; Walker, J.P.; Townsend, C.M.; Thompson, J.C. Role of gastrin and gastrin receptors on the growth of
a transplantable mouse colon carcinoma (MC-26) in BALB/c mice. Cancer Res. 1986, 46, 1612–1616. [PubMed]

14. Dial, M.S. Proton pump inhibitor use and enteric infections. Am. J. Gastroenterol. 2009, 104 (Suppl. S2),
S10–S16. [PubMed]

15. Villafuerte-Gálvez, J.A.; Kelly, C.P. Proton pump inhibitors and risk of Clostridium difficile infection.
Curr. Opin. Gastroenterol. 2018, 34, 11–18. [CrossRef]

16. Pant, C.; Madonia, P.; Minocha, A. Does PPI therapy predispose to Clostridium difficile infection? Nat. Rev.
Gastroenterol. Hepatol. 2009, 6, 555–557. [CrossRef]

17. Li, B.; Ma, H.; Wang, Z.; Lihong, L. When omeprazole met with asymptomatic Clostridium difficile
colonization in a postoperative colon cancer patient. Medicine 2017, 96, 9089. [CrossRef]

18. Hung, Y.-P.; Ko, W.-C.; Chou, P.-H.; Chen, Y.-H.; Lin, H.-J.; Liu, Y.-H.; Tsai, H.-W.; Lee, J.-C.; Tsai, P.-J.
Proton-Pump Inhibitor Exposure AggravatesClostridium difficile—Associated Colitis: Evidence From a
Mouse Model. J. Infect. Dis. 2015, 212, 654–663. [CrossRef]

19. Nakashima, C.; Yamamoto, K.; Kishi, S.; Sasaki, T.; Ohmori, H.; Fujiwara-Tani, R.; Mori, S.; Kawahara, I.;
Nishiguchi, Y.; Mori, T.; et al. Clostridium perfringens enterotoxin induces claudin-4 to activate YAP in oral
squamous cell carcinomas. Oncotarget 2020, 11, 309–321. [CrossRef]

20. Singh, P.; Owlia, A.; Varro, A.; Dai, B.; Rajaraman, S.; Wood, T. Gastrin gene expression is required for the
proliferation and tumorigenicity of human colon cancer cells. Cancer Res. 1996, 56, 4111–4115.

21. Smith, J.P.; Solomon, T.E. Effects of Gastrin, Proglumide, and Somatostatin on Growth of Human Colon
Cancer. Gastroenterology 1988, 95, 1541–1548. [CrossRef]

22. Smith, A.M.; Watson, S.A. Review article: Gastrin and colorectal cancer. Aliment. Pharmacol. Ther. 2000, 14,
1231–1247. [CrossRef] [PubMed]

23. Song, L.-J.; Liu, R.-J.; Zeng, Z.; Alper, S.L.; Cui, H.-J.; Lu, Y.; Zheng, L.; Yan, Z.-W.; Fu, G.-H. Gastrin inhibits a
novel, pathological colon cancer signaling pathway involving EGR1, AE2, and P-ERK. J. Mol. Med. 2012, 90,
707–718. [CrossRef] [PubMed]

24. Huang, B.-P.; Lin, C.-H.; Chen, Y.-C.; Kao, S.-H. Expression of cholecystokinin receptors in colon cancer and
the clinical correlation in Taiwan. Tumor Biol. 2015, 37, 4579–4584. [CrossRef]

25. Beauchamp, R.D.; Townsend, C.M.; Singh, P.; Glass, E.J.; Thompson, J.C. Proglumide, A Gastrin Receptor
Antagonist, Inhibits Growth of Colon Cancer and Enhances Survival in Mice. Ann. Surg. 1985, 202, 303–309.
[CrossRef]

26. Frattini, M.; Balestra, D.; Suardi, S.; Oggionni, M.; Alberici, P.; Radice, P.; Costa, A.; Daidone, M.G.; Leo, E.;
Pilotti, S.; et al. Different Genetic Features Associated with Colon and Rectal Carcinogenesis. Clin. Cancer
Res. 2004, 10, 4015–4021. [CrossRef]

27. Nakata, H.; Wang, S.-L.; Chung, D.C.; Westwick, J.K.; Tillotson, L.G. Oncogenic ras induces gastrin gene
expression in colon cancer. Gastroenterology 1998, 115, 1144–1153. [CrossRef]

28. Hori, H.; Nakata, H.; Baba, H.; Genzo, I.; Yamada, H.; Chihara, K. Oncogenic ras induces Gastrin/CCKB
receptor gene expression in human colon cancer cell lines LoVo and Colo320HSR. Gastroenterology 2003, 124,
A133. [CrossRef]

29. Jump, R.L.P.; Pultz, M.J.; Donskey, C.J. Vegetative Clostridium difficile Survives in Room Air on Moist
Surfaces and in Gastric Contents with Reduced Acidity: A Potential Mechanism To Explain the Association
between Proton Pump Inhibitors and C. difficile-Associated Diarrhea? Antimicrob. Agents Chemother. 2007,
51, 2883–2887. [CrossRef]

http://dx.doi.org/10.1080/00365521.2018.1450442
http://dx.doi.org/10.1159/000171567
http://dx.doi.org/10.1152/ajpregu.1996.271.3.R797
http://www.ncbi.nlm.nih.gov/pubmed/8853405
http://dx.doi.org/10.1136/gut.47.6.820
http://www.ncbi.nlm.nih.gov/pubmed/11076881
http://www.ncbi.nlm.nih.gov/pubmed/3004700
http://www.ncbi.nlm.nih.gov/pubmed/19262540
http://dx.doi.org/10.1097/MOG.0000000000000414
http://dx.doi.org/10.1038/nrgastro.2009.128
http://dx.doi.org/10.1097/MD.0000000000009089
http://dx.doi.org/10.1093/infdis/jiv184
http://dx.doi.org/10.18632/oncotarget.27424
http://dx.doi.org/10.1016/S0016-5085(88)80075-1
http://dx.doi.org/10.1046/j.1365-2036.2000.00842.x
http://www.ncbi.nlm.nih.gov/pubmed/11012467
http://dx.doi.org/10.1007/s00109-011-0851-2
http://www.ncbi.nlm.nih.gov/pubmed/22228178
http://dx.doi.org/10.1007/s13277-015-4306-1
http://dx.doi.org/10.1097/00000658-198509000-00005
http://dx.doi.org/10.1158/1078-0432.CCR-04-0031
http://dx.doi.org/10.1016/S0016-5085(98)70085-X
http://dx.doi.org/10.1016/S0016-5085(03)80659-5
http://dx.doi.org/10.1128/AAC.01443-06


Int. J. Mol. Sci. 2020, 21, 3877 12 of 12

30. Swietach, P.; Hulikova, A.; Patiar, S.; Vaughan-Jones, R.D.; Harris, A.L. Importance of Intracellular pH in
Determining the Uptake and Efficacy of the Weakly Basic Chemotherapeutic Drug, Doxorubicin. PLoS ONE
2012, 7, e35949. [CrossRef]

31. Hojo, M.; Asahara, T.; Nagahara, A.; Takeda, T.; Matsumoto, K.; Ueyama, H.; Matsumoto, K.; Asaoka, D.;
Takahashi, T.; Nomoto, K.; et al. Gut Microbiota Composition Before and After Use of Proton Pump Inhibitors.
Dig. Dis. Sci. 2018, 63, 2940–2949. [CrossRef] [PubMed]

32. Biswal, S. Proton pump inhibitors and risk for Clostridium difficile associated diarrhea. Biomed. J. 2014, 37,
178. [CrossRef] [PubMed]

33. Naito, Y.; Kashiwagi, K.; Takagi, T.; Andoh, A.; Inoue, R. Intestinal Dysbiosis Secondary to Proton-Pump
Inhibitor Use. Digestion 2018, 97, 195–204. [CrossRef] [PubMed]

34. Singh, A.; Cresci, G.A.; Kirby, D.F. Proton Pump Inhibitors: Risks and Rewards and Emerging Consequences
to the Gut Microbiome. Nutr. Clin. Pract. 2018, 33, 614–624. [CrossRef] [PubMed]

35. Zhang, S.; Wang, Y.; Li, S.J. Lansoprazole induces apoptosis of breast cancer cells through inhibition of
intracellular proton extrusion. Biochem. Biophys. Res. Commun. 2014, 448, 424–429. [CrossRef]

36. Ihraiz, W.G.; Ahram, M.; Bardaweel, S.K. Proton pump inhibitors enhance chemosensitivity, promote
apoptosis, and suppress migration of breast cancer cells. Acta Pharm. 2020, 70, 179–190. [CrossRef]

37. Kuniyasu, H.; Yano, S.; Sasaki, T.; Sasahira, T.; Sone, S.; Ohmori, H. Colon cancer cell-derived high mobility
group 1/amphoterin induces growth inhibition and apoptosis in macrophages. Am. J. Pathol. 2005, 166,
751–760. [CrossRef]

38. Kuniyasu, H.; Oue, N.; Wakikawa, A.; Shigeishi, H.; Matsutani, N.; Kuraoka, K.; Ito, R.; Akashi, M.; Yasui, W.
Expression of receptors for advanced glycation end-products (RAGE) is closely associated with the invasive
and metastatic activity of gastric cancer. J. Pathol. 2002, 196, 163–170. [CrossRef]

39. Sasaki, T.; Kitadai, Y.; Nakamura, T.; Kim, J.-S.; Tsan, R.Z.; Kuwai, T.; Langley, R.R.; Fan, M.; Kim, S.-J.;
Fidler, I.J. Inhibition of Epidermal Growth Factor Receptor and Vascular Endothelial Growth Factor Receptor
Phosphorylation on Tumor-Associated Endothelial Cells Leads to Treatment of Orthotopic Human Colon
Cancer in Nude Mice. Neoplasia 2007, 9, 1066–1077. [CrossRef]

40. Fidler, I.J. Orthotopic implantation of human colon carcinomas into nude mice provides a valuable model
for the biology and therapy of metastasis. Cancer Metastasis Rev. 1991, 10, 229–243. [CrossRef]

41. Luo, Y.; Kishi, S.; Sasaki, T.; Ohmori, H.; Fujiwara-Tani, R.; Mori, S.; Goto, K.; Nishiguchi, Y.; Mori, T.;
Kawahara, I.; et al. Targeting claudin-4 enhances chemosensitivity in breast cancer. Cancer Sci. 2020, 111,
1840–1850. [CrossRef] [PubMed]

42. Kuwada, M.; Chihara, Y.; Luo, Y.; Li, X.; Nishiguchi, Y.; Fujiwara, R.; Sasaki, T.; Fujii, K.; Ohmori, H.;
Fujimoto, K.; et al. Pro-chemotherapeutic effects of antibody against extracellular domain of claudin-4 in
bladder cancer. Cancer Lett. 2015, 369, 212–221. [CrossRef] [PubMed]

43. Chihara, Y.; Fujimoto, K.; Kondo, H.; Moriwaka, Y.; Sasahira, T.; Hirao, Y.; Kuniyasu, H. Anti-Tumor Effects
of Liposome-Encapsulated Titanium Dioxide in Nude Mice. Pathobiology 2007, 74, 353–358. [CrossRef]
[PubMed]

44. Kuniyasu, H.; Oue, N.; Sasahira, T.; Yi, L.; Moriwaka, Y.; Shimomoto, T.; Fujii, K.; Ohmori, H.; Yasui, W. Reg
IV enhances peritoneal metastasis in gastric carcinomas. Cell Prolif. 2009, 42, 110–121. [CrossRef] [PubMed]

45. Matsushima-Otsuka, S.; Fujiwara-Tani, R.; Sasaki, T.; Ohmori, H.; Nakashima, C.; Kishi, S.; Nishiguchi, Y.;
Fujii, K.; Luo, Y.; Kuniyasu, H. Significance of intranuclear angiotensin-II type 2 receptor in oral squamous
cell carcinoma. Oncotarget 2018, 9, 36561–36574. [CrossRef] [PubMed]

46. Tanabe, E.; Kitayoshi, M.; Fujii, K.; Ohmori, H.; Luo, Y.; Kadochi, Y.; Mori, S.; Fujiwara, R.; Nishiguchi, Y.;
Sasaki, T.; et al. Fatty acids inhibit anticancer effects of 5-fluorouracil in mouse cancer cell lines. Oncol. Lett.
2017, 14, 681–686. [CrossRef]

47. Kim, S.; Labbe, R.G.; Ryu, S. Inhibitory Effects of Collagen on the PCR for Detection of Clostridium perfringens.
Appl. Environ. Microbiol. 2000, 66, 1213–1215. [CrossRef]

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

http://dx.doi.org/10.1371/journal.pone.0035949
http://dx.doi.org/10.1007/s10620-018-5122-4
http://www.ncbi.nlm.nih.gov/pubmed/29796911
http://dx.doi.org/10.4103/2319-4170.128002
http://www.ncbi.nlm.nih.gov/pubmed/25116712
http://dx.doi.org/10.1159/000481813
http://www.ncbi.nlm.nih.gov/pubmed/29316555
http://dx.doi.org/10.1002/ncp.10181
http://www.ncbi.nlm.nih.gov/pubmed/30071147
http://dx.doi.org/10.1016/j.bbrc.2014.04.127
http://dx.doi.org/10.2478/acph-2020-0020
http://dx.doi.org/10.1016/S0002-9440(10)62296-1
http://dx.doi.org/10.1002/path.1031
http://dx.doi.org/10.1593/neo.07667
http://dx.doi.org/10.1007/BF00050794
http://dx.doi.org/10.1111/cas.14361
http://www.ncbi.nlm.nih.gov/pubmed/32086991
http://dx.doi.org/10.1016/j.canlet.2015.08.019
http://www.ncbi.nlm.nih.gov/pubmed/26342407
http://dx.doi.org/10.1159/000110029
http://www.ncbi.nlm.nih.gov/pubmed/18087200
http://dx.doi.org/10.1111/j.1365-2184.2008.00577.x
http://www.ncbi.nlm.nih.gov/pubmed/19143768
http://dx.doi.org/10.18632/oncotarget.26337
http://www.ncbi.nlm.nih.gov/pubmed/30564297
http://dx.doi.org/10.3892/ol.2017.6190
http://dx.doi.org/10.1128/AEM.66.3.1213-1215.2000
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Effect of PPIs on Fecal pH and Serum Gastrin 
	Effect of PPI, pH, and Gastrin on CMT Mouse Colon Cancer Cells 
	Effect of CPE on CMT93 Cells 
	Effect of PPIs on CMT93 Mouse Tumors 

	Discussion 
	Materials and Methods 
	Cell Line 
	Assessment of Cell Growth and Apoptosis 
	Chamber Invasion Assay 
	Animals 
	Animal Models 
	In Vivo Imaging of Tumor 
	Stool pH 
	SiRNA 
	Reverse Transcription-Polymerase Chain Reaction (RT-PCR) 
	Western Blotting Analysis 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Mitochondrial Volume 
	Aldehyde Dehydrogenase (ALDH) Activity 
	Surgical Specimens 
	Bacterial DNA Amplification 
	Statistical Analysis 

	Conclusions 
	References

