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Long-term Proton Pump
Inhibitor Administration Caused
Physiological and Microbiota
Changes in Rats
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Proton pump inhibitors (PPIs) are used for the long-term treatment of gastroesophageal disorders and
the non-prescription medicines for acid reflux. However, there is growing concerns about PPl misuse,
overuse and abuse. This study aimed to develop an animal model to examine the effects of long-term
use of PPl in vivo. Twenty one Wistar rats were given omeprazole orally or intravenously for 30 days,
and caerulein as a positive control. After euthanization, the serum and stool were collected to perform
MS-based quantitative analysis of metabolites. We carried out 16S-based profiling of fecal microbiota,
assessed the expression of bile acid metabolism regulators and examined the immunopathological
characteristics of bile ducts. After long-term PPl exposure, the fecal microbial profile was altered and
showed similarity to those observed in high-fat diet studies. The concentrations of several metabolites
were also changed in various specimens. Surprisingly, morphological changes were observed in the bile
duct, including ductal epithelial proliferation, micropapillary growth of biliary epithelium, focal bile
duct stricture formation and bile duct obstruction. These are characteristics of precancerous lesions of
bile duct. FXR and RXRa expressions were significantly reduced, which were similar to that observed
in cholangiocarcinoma in TCGA and Oncomine databases. We established a novel animal model to
examine the effects of long-term use of omeprazole. The gut microbes and metabolic change are
consequences of long-term PPl exposure. And the results showed the environment in vivo tends to a
high-fat diet. More importantly, we observed biliary epithelial hyperplasia, which is an indicator of a
high-fat diet.

Proton Pump Inhibitors (PPIs) are one of the most prescribed drugs in many countries. It inhibits the
H+ /K + ATPase enzyme system in the stomach to suppress acid production, resulting in higher gastric pH.
Long-term PPI use is an effective treatment for gastroesophageal disorders and Helicobacter pylori infec-
tion, and are taken without prescription to relieve heartburn'. Despite their increased usage and popularity,
over-the-counter (OTC) PPIs such as omeprazole, lansoprazole and pantoprazole are prone to overuse and mis-
use. There are growing concerns in the medical community about the inappropriate and overuse of PPIs*™.
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Figure 1. Animal model of long-term omeprazole treatment. Schedule of drug administration in Wistar rats in
30 days. Rats were treated with caerulein (positive control) 5 times per week (total 20 doses), omeprazole was
administered orally 3 times per week (total 12 doses). Saline (negative control) was administered as a negative
control.

Long-term PPI use have been associated with adverse consequences, including chronic kidney injury, acute
kidney injury, acute interstitial nephritis, hypomagnesemia, Clostridium difficile infection, community-acquired
pneumonia, bone fracture and increased risks of gastric and periampullary cancers development and death®-.
Many of these are retrospective and longitudinal observational studies, therefore bias may be introduced and
results can be influenced by confounding variables. Furthermore, the mechanisms behind the reported adverse
effects remain unclear®'’.

PPI users tend to have a less healthy gut microbiome than non-users, with significant increase of Enterococcus,
Streptococcus, Staphylococcus and Escherichia coli*!. PPIs have been shown to cause changes in bile salt composi-
tion in Barrett’s esophagus patient'?. In view of these, we postulated that chronic PPI use can lead to the build-up
of unhealthy gut microflora and disrupts normal gallbladder and biliary functions to induce biliary tract diseases.
In this study, we investigated the effects of long-term omeprazole exposure on fecal microbiome and pathophys-
iology of Wistar rats and discussed the possibility of promoting physiological change.

Results

Animal model of Omeprazole long-term treatment. In this study, we used a rat model to assess the
effects of long-term omeprazole exposure to living organisms. In previous reports, caerulein (an analogue of the
human gastrointestinal hormone cholecystokinin) was used to stimulate smooth muscle contraction and release
of biliary and pancreatic enzymes. At high concentrations, caerulein is reported to stimulate the inflammation,
acinar loss, and fibrosis typically found in pancreatitis'*'%. We therefore adopted caerulein treatment (70 pg/kg)
as a positive control. Omeprazole was administered orally (40 mg/kg) for 30 days. Intravenous saline was used as
a negative control (Fig. 1).

Omeprazole caused fecal bacterial changesin rats. Gut microbiome shows that long-term omepra-
zole used leads to an increase in alpha-diversity(Fig. 2a). Unweighted and weighted UniFrac PCoA analysis also
showed omeprazole-treated rats displayed a different fecal microbiome profile compared to the untreated rats
(Fig. 2b). Although there was no statistically significant difference in microbial composition at the phylum level
(Fig. 3 and Table 1), there was a notable increase in the Firmicutes/Bacteroidetes ratio in the omeprazole-treated
rats (Table 1). Also, significant changes at the family level including Bifidobacteriaceae, Lactobacillaceae,
Peptostreptococcaceae, Burkholderiaceae, Rikenellaceae, Deferribacteraceae, Saccharimonadaceae and
Desulfovibrionaceae, and at genus level including Bifidobacterium, Enterorhabdus, Lavtobacillus, Romboutsia,
Fournierella, Erysipelotrichaceae_ UCG_004, Parasutterella, Alistipes, Mucispirillum, Lachnospiraceae_UCG_001,
Butyricicoccus, Intestinimonas, Ruminiclostridium, Ruminiclostridium_9, Candidatus_Saccharimonas and
Desulfovibrionaceae were identified in omeprazole-treated rats (Fig. 3).

Omeprazole-induced metabolites changes in rat. In this study, we examined the composition of
metabolites isolated from serum and stools of rats after 30 days of omeprazole treatment. Several metabolites in
serum and stool showed significant changes in concentrations. In rat serum, a-tocopherol, L-phenylalanine and
L-tyrosine were lower in the omeprazole-treated group. In stool, arachidonic acid and stearic acid concentra-
tion were significantly lower in the omeprazole-treated group, whereas rhamnose and sorbitol were significantly
higher (Fig. 4). These metabolites achieved a statistical significance of P < 0.05, however they did not pass the
FDR threshold of 5%.

Omeprazole-induced neoplastic transformation of bile duct tissue. In this study, the bile duct
epithelium of rats treated with caerulein (Fig. 5a-2, -3 and -4) and omeprazole (Fig. 5a-5, -6, -7 and -8) showed
marked ductal epithelial proliferation. The pseudostratification of bile duct epithelium as well as micro papillary
growth patterns resembled those of adenocarcinoma'®. Ductal proliferating cells also revealed mild to moderate
cytological atypia and increased mitotic activity. Morphological changes in the omeprazole group were confirmed
by IHC analysis using keratin 19 (CK-19), a known marker for gastroenteropancreatic and hepatobiliary tum-
ors'®. The CK-19 staining results showed rats treated with omeprazole developed focal bile duct strictures and
bile duct obstruction (Fig. 5b).

Additional THC analysis was performed on FXR and RXRa, which are the master transcriptional regulators
of bile acid metabolism and has a protective role in carcinogenesis. FXR and RXRa play important roles in the
malignancy of several cancers, including CCA". In our study, staining using anti-FXR and anti-RXRa antibodies
revealed that both FXR and RXRa were down-regulated in the bile duct of rats treated with omeprazole compared
to control (Fig. 5¢). Decreased FXR and RXRa RNA expression was also found in human cholangiocarcinoma
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Figure 2. Fecal microbiome distribution in rats with long-term omeprazole treatment. The feces of rats
treated with and without omeprazole for 30 days were prepared for fecal microbiome profiling by high-
throughput sequencing of the 16s rRNA gene with the Illumina MiSeq system. (a) Alpha-diversity of
omeprazole treated samples and untreated controls. Statistical comparison between two groups was performed
with exact Wilcoxon-Mann-Whitney test and significant differences were obtained for all four indices (at
a=0.05) (b) Principal coordinate analysis (PCoA) plot based on Unweighted or Weight UniFrac distance of
omeprazole treated samples and untreated controls. Significant difference in beta-diversity was evaluated with
permutational multivariate analysis of variance (vegan::adonis, 1000 permutations) and beta-dispersion was
quantified with betadisper (vegan::betadisper, 1000 permutations). Both indices achieved adonis P < 0.05 and

betadisper P > 0.05.

(CHOL) dataset in the TCGA database (Fig. 5d). In relation to other hepatobiliary cancers listed in the Oncomine
database, cholangiocarcinoma had the lowest FXR and RXRa: RNA expression when compared to the combined
hepatocellular carcinoma and cholangiocarcinoma and also the hepatocellular carcinoma cases in the Woo Liver
dataset (Fig. 5e).
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Figure 3. Gut microbiota is changed in rats with long-term omeprazole treatment. Linear discriminant analysis
(LDA) effect size (LEfSe) analysis of gut microbiota changes in rats with long-term omeprazole treatment.
Significant biomarkers were defined as taxa with a LDA score (log10) > 2. (b) Significant taxa were highlighted
on the cladogram. P: Phylum; C: Class; O: Order; F: Family; G: Genus. Bacteria at (c) family level and (d) genus-
level with significant changes in abundance with omeprazole treatment (LDA >2).

Relative Abundance (%)

Relative Abundance (%)

Control Omeprazole

Phylum Mean® SD® Mean SD U-test
Actinobacteria 0.001 0.000 0.000 0.000 0.11
Bacteroidetes 0.551 0.095 0.467 0.118 0.17
Epsilonbacteraeota 0.008 0.022 0.012 0.028 0.27
Firmicutes 0.417 0.109 0.499 0.121 0.17
Proteobacteria 0.023 0.009 0.019 0.009 0.96
Firmicutes/Bacteroidetes Ratio 0.757 1.069

Table 1. Bacterial phyla identified from the fecal microbiome of rats treated with omeprazole and control.
*Average proportion of identified phylum. ®Standard deviation.

Discussion

Since the emergence of PPI in the 19707, it has been widely used for the treatment of a variety of gastric acid-related
diseases. In recent years, focus on the adverse side effects of PPIs has gained growing concerns. Common side
effects from taking to PPIs include headache, diarrhea, constipation, abdominal pain, flatulence nausea and rash's.
In relation to cancer, only PPI-associated hypergastrinemia has been directly linked to gastric cancer®.
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Figure 4. Comparison of metabolites between omeprazole-treated and control Wistar rats. Rats were sacrificed
at the end of the experiment (day 30) and serum and stool were collected. The serum and stool metabolites
were analyzed by GC-TOFMS. (a) Heatmap showing the abundance of the identified metabolites (b) Statistical
comparison between treated and control rats was performed with exact Wilcoxon-Mann-Whitney test at
a=0.05. Three and five metabolites were found to show significant differences in serum and stool samples
respectively.

In our study, the 30-day regimen in the 6-month laboratory rat is equivalent to approximately 3 years of
exposure in human years®’. Ductal epithelial atypia and cribriform and micropapillary growth patterns were also
observed in bile duct epithelium under long-term exposure to omeprazole in Wistar rats. The proliferating ductal
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Figure 5. Omeprazole induced lesions in the bile duct. The animals were sacrificed after 30 days. Bile ducts were
removed and washed with iced phosphate buffer solutions. The tissues were embedded in paraffin wax (a) HE
stain and (b) stained with anti-CK-19 antibody and examined. The bile ducts of rat treated with PPIs display
morphological distortion and thickening of the bile duct epithelium. (c) Stained with anti-FXR and RXRa
antibodies. (d) RNA expression levels of FXR and RXR« in cholangiocarcinoma and normal liver obtained

from the TCGA database. (¢) The Oncomine™ (Compendia Bioscience, Ann Arbor, MI) database (http://www.
oncomine.org/) was used to compare relative gene expression levels of FXR and RXRa in (1) cholangiocarcinoma,
(2) combined cholangiocarcinoma and hepatocellular carcinoma, and (3) hepatocellular carcinoma.

cells showed mild to moderate cytological atypia, similar to bile ductal dysplasia in cholangiocarcinoma(CCA)
patients?!. These morphological abnormalities were also found in the positive control group taking caeru-
lean, while absent in negative control (saline). Interestingly, this biliary epithelial hyperplasia also observed on
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C57Bl/6] mice with a high-fat diet?. This means that the phenomenon caused by omeprazole in rats is related to
the high-fat diet.

Omeprazole exposure affects gut microbiota and influences the composition similar to that observed in
high-fat-diet animal models. The Firmicutes/Bacteroidetes ratio, which is a marker of high-fat diet, were increased
in the omeprazole-treated group (Table 1)*. The Bifidobacteriaceae, Lactobacillaceae and Peptostreptococcaceae
decreased abundance, Intestinimonas, Desulfovibrionaceae, Deferribacteraceae, Lachnospiraceae and
Candidatus_Saccharimonas showed increase in abundance in omeprazole-treated rats (Fig. 3), similar changes
were also observed in high-fat diet model**-%¢. Interestingly, such gut microbiota composition was also similar to
that observed in cancer. Bifidobacteriaceae, Lactobacillales and Erysipelotrichaceae were reported to be reduced
in CRC patients, and Lachnospiraceace, Rikenellaceae, Alistipes and Desulfovibrionaceae were increased in CRC
patients?’ .

Interestingly, our global metabolite profiling identified unique metabolic changes in rats exposed to omepra-
zole. Specifically, we found significant lower concentrations of a-tocopherol, L-phenylalanine and L-tyrosine
in omeprazole-treated rat serum. a-tocopherol is a fat-soluble vitamin E with potent antioxidant activity and
is involved lipid metabolism®, and L-phenylalanine and L-tyrosine are aromatic amino acids and have been
shown to decrease in high-fat diet mouse model®2. In stool, the 20-carbon chain unsaturated fatty acid arachi-
donic acid and 18-carbon chain saturated fatty acid stearic acid were decreased in omeprazole-treated rat, both
fatty acids are involved in lipid metabolism and biosynthesis of unsaturated fatty acid. Rhamnose (a 6-carbon
deoxy-sugar) and sorbitol (six-carbon sugar alcohol) were elevated in omeprazole-treated rat and are involved
in fructose and mannose metabolism****. These changes have been linked to high-fat diet-induced metabolism.
Recent researches have highlighted the increased risks of multiple cancers with high-fat diets, including CCA¥-%’.
Further studies are warranted to clarify the exact mechanism by which omeprazole can induce precancerous
lesions in the bile duct.

CCA is the second most frequent primary hepatic malignancy, originating from biliary epithelial cells. CCA
is known to develop through a multi-step progression®. This process typically starts with epithelial hyperplasia
leading to dysplasia and eventually adenocarcinoma. CCA patients often do not respond well to conventional
chemotherapy and radiotherapy, surgical resection remains the only effective therapy for early stage tumors®.
Therefore it remains urgent to identify the molecular mechanisms underlying the development and progression
of CCA for preventive and therapeutic purposes. In 2016, Chien et al. reported a dose-dependent association
between PPI use and risk of periampullary cancers, including CCAS. The precancerous lesions we observed in
rats under chronic PPI exposure provide further evidence to highlight the risk of long-term overuse of PPI.
Gut microbiota changes in CCA patients and the effect of PPIs induced gut microbiome change had been inde-
pendently studied but never concurrently. We believe our study is first of its kind to report the association between
long-term PPI use, changes in fecal microbiota and neoplastic transformation of biliary tissues. Microbiome anal-
ysis revealed significant imbalances in the fecal flora of rats exposed to PPIs compared to control. These results
suggest that the gastric and gut microbiota was affected by the change in gastric pH and the symbiotic relationship
was disrupted. Microorganisms and the surrounding tissue microenvironment can cross-talk and influence each
other to contribute to cancer. Future investigations on how alterations in gut microbiome impact the development
of CCA will help the development of strategies for CCA treatment and prevention.

We performed ITHC staining to compare the FXR and RXRa protein expression in rat bile duct exposed to
omeprazole versus control. The decrease in FXR and RXRa expressions observed in this study was in accordance
with human cholangiocarcinoma datasets from Oncomine and TCGA. Interestingly, loss of FXR protects dia-
betic mice against diet-induced or genetic obesity and accelerates liver carcinogenesis*’. In our animal models,
the body weights of PPI-treated rats also remained unchanged compared with controls (Supplementary Fig. 1).
Hence, the onset of early biliary tract abnormalities is difficult to observe.

It is well established that the gut microbiota has profound effects on bile acid metabolism, host metabolism
and human health**?. Imbalances to microbiome environment and bile acids may play important role in tumori-
genesis of CCA**2 Regulation of this delicate balance as well as FXR/RXRa might provide promising therapeutic
approaches to treating CCA patients.

We have established a novel animal model to observe the effects of long-term omeprazole use in vivo and
discuss the potential risks of cholangiopathy. Overall, our results provide evidence that PPIs may be a risk factor
for CCA development. In our design, the duration of PPI exposure is equivalent to 3 human years. We wish to
emphasize that PPI should be use following proper treatment and deprescribing guidelines, and our work high-
lights the need for increase awareness of physicians, patients and general public potential risks associating with
PPI misuse and overuse.

Materials and Methods

Animal study. A total of 21 Wistar rats were purchased from NARLabs (National Applied Research
Laboratories, Taiwan). All animals were maintained and handled in an accredited facility in accordance with
TACUC (Institutional Animal Care and Use Committee) guidelines and the animal study protocol was approved
by the Affidavit of Approval of Animal Use protocol, Taipei Medical University (License NO:LAC-2016-0352).
A long-term (30 days) experiment was designed. At six weeks of age, rats were randomly assigned to one of
four exposure groups: (1) oral omeprazole (40 mg/kg) (SIGMA-ALDRICH, St Louis, MO) (2) saline as negative
control group; or (3) caerulein (20 pg/kg) as a positive control group. All animals were sacrificed on day 30 upon
completion of their designated schedule. Rat bile ducts were harvested and washed with ice-cold phosphate buft-
ered solutions for IHC analysis. Tissues were also embedded in paraffin wax for histological and immunological
assays.
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Immunohistochemistry. ITHC performed as previously described****. In brief, sections were cut onto
adhesive-coated glass slides at 4-um thickness, de-waxed, re-hydrated with PBS, and followed by incubation with
anti-farnesoid X receptor (FXR) (GTX113867: GENETEX, Hsinchu City, Taiwan) and anti-retinoid X receptor-o
(RXRav) (GTX113829: GENETEX) antibodies. Immune complexes were detected using the ChemMate DAKO
EnVision kit (K5001; DAKO, Carpinteria, CA), and then the slides were counter-stained with hematoxylin. A
negative control was simultaneously performed by incubating the corresponding tissue sections in a solution
without the primary antibody.

16S rRNA gene sequencing and NGS analysis. The stool of rats were collected at day 30, and purified
by QIAamp Fast DNA Stool Mini Kit (QIAGEN, Germany). The library preparation follows the protocol of 16S
Ribosomal RNA Gene Amplicons for the Illumina MiSeq System. Sequence reads have been deposited in the
European Nucleotide Archive (ENA) under accession number PRJEB28574.

The universal primers (341 F and 805 R) that were used to amplify the V3-V4 region of the bacterial 16S rRNA
genes were first removed from the demultiplexed, paired reads using cutadapt (v 1.12; DOI:10.14806/¢j.17.1.200).
The filtered reads were processed in the R environment (v 3.3.3) using R package DADA?2 (v 1.3.5)* following
the workflow described in Callahan et al.* without performing rarefying procedure. Briefly, the forward and
reversed reads were filtered and trimmed based on the read quality score and read length. Dereplication was
then performed to merge identical reads, then reads were subjected to the denoise DADA?2 algorithm which
alternate between error-rate estimation and sample composition inference until they converge on a jointly con-
sistent solution. Finally, the paired reads were merged that required a minimal of 20 bp overlap and chimeras
were subsequently removed. At this point, we obtained a list of V3-V4 sequence variants (SVs) found in our
samples that were inferred by DADA2, as well as the frequency of each SV in each sample. Taxonomy assign-
ment was performed using the SILVA database (v128)* as the reference with a minimum bootstrap confidence
of 80. Multiple sequence alignment of the SVs was performed with DECIPHER (v2.2.0) and phylogenetic tree
was constructed from the alignment using phangorn (v2.2.0)*%. The count table, taxonomy assignment results
and phylogenetic tree were consolidated into a phyloseq object, and community analyses were performed
using phyloseq (v1.19.1)*. The alpha-diversity indices were calculated using the estimate_richness function
from the phyloseq package. Statistical comparison between treatment and control was performed with exact
Wilcoxon-Mann-Whitney test (at o= 0.05). UniFrac distances were calculated using the GUniFrac package
(v1.1) to assess the community dissimilarity between groups™. Principal coordinate analysis (PCoA) ordination
on UniFrac distances was performed and the adonis and betadisper functions from the vegan package (v2.4;
https://CRAN.R-project.org/package = vegan) were used to conduct statistical analysis for the dissimilarity of
composition among groups and the homogeneity of dispersion respectively. Microbiota enrichment analysis
between groups was carried out by using the Linear Discriminant Analysis (LDA) Effect Size (LEfSe) method
with alpha set at 0.05 (Kruskal-Wallis and Wilcoxon tests) and logarithmic LDA score of 2 or more®! and visual-
ized as cladogram by using GraPhlAn>?

Global metabolite profiling by GC-TOFMS.  For each animal, serum and stool were removed, divided
into small portions, flash-frozen in liquid nitrogen, and stored at —80 °C until sample preparation and analy-
sis. Standards for approximately 1,000 mammalian metabolites were obtained from SIGMA-ALDRICH, SANTA
CRUZ BIOTECH(Dallas, TX), or AVANTI POLAR LIPIDS(Alabaster, AL). The standards were prepared in
appropriate solutions and analyzed on gas chromatography time-of-flight mass spectrometry (GC-TOFMS)
to establish in-house metabolite database. Sample preparation and metabolite quantification were performed
according to the methods described in**-%. The frozen tissue and stool samples (50 ~ 100 mg) were homogenized
on ice in 500-pL of a mixture of chloroform, methanol and water (1:2:1, v/v/v). The samples were then centri-
fuged at 13,000 rpm for 10 min at 4 °C, and a 150-uL aliquot of the supernatant was transferred to a sampling vial.
The deposit was rehomogenized with 500-p.L of methanol followed by a second centrifugation. Another 150-pL
aliquot of supernatant was added to the same vial for drying. The residue was reconstituted with 500-pL of ace-
tonitrile and water (1:1). The residue was then derivatized with 80-pL of methoxyamine (15 mg/mL in pyridine)
was added to the vial and kept at 30 °C for 90 min, followed by 10-uL retention index compounds (mixture of
C10-C40, 50 pg/mL) and 80-pL BSTFA (1% TMCS) at 70 °C for 120 min for derivatization to take place.

A 1-pL aliquot of the derivatized solution was injected into an Agilent 7890 N gas chromatograph in splitless
mode coupled with a time-of-flight mass spectrometry (LECO Corp., St. Joseph, MI) used for untargeted metabo-
lomics profiling. Separation was achieved on a Rxi-5ms capillary column (Crossbond 5% diphenyl/95% dimethyl
polysiloxane; Restek) using helium as the carrier gas at a constant flow rate of 1.0 mL/min. The GC oven temper-
ature began at 80 °C for the first 2 min, then raised at a rate of 10 °C/min to 140 °C, then at 4°C/min to 180°C,
10°C/min to 240 °C, and 25 °C/min to 290 °C, and maintained at 290 °C for 4.5 min. The temperature of injection,
transfer interface, and ion source was set to 270, 270, and 220 °C, respectively. The mass spectra were obtained
with electron impact ionization (70 eV) at full scan mode (m/z 30-600) and an acquisition rate of 25 spectra/s.

The acquired MS files were exported in NetCDF format by ChromaTOF software (v4.22, LECO Corp., St.
Joseph, MI). CDF files were extracted using custom scripts in the MATLAB (v7.0, Mathworks, Natick, MA) for
data pretreatment procedures such as baseline correction, de-noising, smoothing, alignment, time-window split-
ting, and multivariate curve resolution®’. Internal standards and any known artificial peaks, such as peaks caused
by noise, column bleed and BSTFA derivatization procedure, were removed from the data set. Variance stabilizing
normalization was performed on the resulting output data. Metabolite annotation was performed by comparing
with reference standards in our in-house library. Commercially available mass spectral databases such as NIST
library 2010 and LECO/Fiehn Metabolomics Library was also used for additional compound annotation (with a
similarity threshed of 70%). Metabolomics data transformation was performed with variance stabilizing normal-
ization. Unsupervised consensus hierarchical clustering was performed using ConsensusClusterPlus (v 1.38.0)

SCIENTIFIC REPORTS |

(2020) 10:866 | https://doi.org/10.1038/s41598-020-57612-8


https://doi.org/10.1038/s41598-020-57612-8
https://CRAN.R-project.org/package=vegan

www.nature.com/scientificreports/

with 10,000 iterations and 80% sample resampling from 2 to 10 clusters. The clustering result was visualized as a
heatmap representation generated using ComplexHeatmap(v1.12.0)%. Statistical comparison between treatment
and control was performed with exact Wilcoxon-Mann-Whitney test (at o= 0.05).

Analysis of RNA expression profiles using public databases. We analyzed RNA expression profiles
of CCA patients from the Oncomine database and The Cancer Genome Atlas (TCGA). Level 3 RNA data (unc.
edu_CHOL.IlluminaHiSeq_RNASeqV2 Level 3.1.0.0) were obtained from TCGA database. The expression pro-
file of each patient was median-centered, log2-transformed and loaded into MySQL database. RNA expression
levels of tumor tissue and normal bile duct tissue from the same patient were extracted and analyzed. Gene
expression profiles of the Woo Liver dataset from the Oncomine database (www.oncomine.org) were examined
and compared to our data.

Received: 12 October 2018; Accepted: 6 January 2020;
Published online: 21 January 2020

References

1. Vakil, N. Prescribing proton pump inhibitors: is it time to pause and rethink? Drugs 72, 437-445 (2012).

2. Heidelbaugh, J. J., Kim, A. H., Chang, R. & Walker, P. C. Overutilization of proton-pump inhibitors: what the clinician needs to
know. Ther. Adv. Gastroenterol. 5,219-232 (2012).

3. Savarino, V., Dulbecco, P, de Bortoli, N., Ottonello, A. & Savarino, E. The appropriate use of proton pump inhibitors (PPIs): Need
for a reappraisal. Eur. J. Intern. Med. 37, 19-24 (2017).

4. Yadlapati, R. & Kahrilas, P. J. When is proton pump inhibitor use appropriate? BMC Med. 15, 36 (2017).

5. Schoenfeld, A. J. & Grady, D. Adverse Effects Associated With Proton Pump Inhibitors. JAMA Intern. Med. 176, 172-174 (2016).

6. Chien, L. N. et al. Proton pump inhibitors and risk of periampullary cancers-A nested case-control study. Int. J. Cancer 138,
1401-1409 (2016).

7. Xie, Y. et al. Risk of death among users of Proton Pump Inhibitors: a longitudinal observational cohort study of United States
veterans. BMJ Open. 7, 015735 (2017).

8. Cheung, K. S. et al. Long-term proton pump inhibitors and risk of gastric cancer development after treatment for Helicobacter
pylori: a population-based study. Gut 67, 28-35 (2018).

9. Freedberg, D. E., Kim, L. S. & Yang, Y. X. The Risks and Benefits of Long-term Use of Proton Pump Inhibitors: Expert Review and
Best Practice Advice From the American Gastroenterological Association. Gastroenterology 152, 706715 (2017).

10. Nehra, A. K., Alexander, J. A., Loftus, C. G. & Nehra, V. Proton Pump Inhibitors: Review of Emerging Concerns. Mayo Clin. Proc.
93,240-246 (2018).

11. Imhann, E et al. Proton pump inhibitors affect the gut microbiome. Gut 65, 740-748 (2016).

12. Alsalahi, O. & Dobrian, A. D. Proton Pump Inhibitors: The Culprit for Barrett’s Esophagus? Front. Oncol. 4,373 (2014).

13. Yamasaki, M., Takeyama, Y., Shinkai, M. & Ohyanagi, H. Pancreatic and bile duct obstruction exacerbates rat caerulein-induced
pancreatitis: a new experimental model of acute hemorrhagic pancreatitis. J. Gastroenterol. 41, 352-360 (2006).

14. Meng, K., Liu, Q, Dou, Y. & Huang, Q. Prior peritoneal lavage with hot 0.9% saline induces HSP70 expression and protects against
cerulein-induced acute pancreatitis in rats. Mol. Biol. Rep. 40, 1443-1449 (2013).

15. Okamura, N. et al. Cellular and stromal characteristics in the scirrhous hepatocellular carcinoma: comparison with hepatocellular
carcinomas and intrahepatic cholangiocarcinomas. Pathol. Int. 55, 724-731 (2005).

16. Jain, R., Fischer, S., Serra, S. & Chetty, R. The use of Cytokeratin 19 (CK19) immunohistochemistry in lesions of the pancreas,
gastrointestinal tract, and liver. Appl. Immunohistochem. Mol. Morphol. 18, 9-15 (2010).

17. Huang, G. L. et al. Retinoid X receptor alpha enhances human cholangiocarcinoma growth through simultaneous activation of Wnt/
beta-catenin and nuclear factor-kappaB pathways. Cancer Sci. 106, 1515-1523 (2015).

18. Vakil, N. & Fennerty, M. B. Direct comparative trials of the efficacy of proton pump inhibitors in the management of gastro-
oesophageal reflux disease and peptic ulcer disease. Aliment. Pharmacol. Ther. 18, 559-568 (2003).

19. Graham, D. Y. & Genta, R. M. Long-term proton pump inhibitor use and gastrointestinal cancer. Curr. Gastroenterol. Rep. 10,
543-547 (2008).

20. Sengupta, P. The Laboratory Rat: Relating Its Age With Human's. Int. J. Prev. Med. 4, 624-630 (2013).

21. Sato, Y., Harada, K, Sasaki, M. & Nakanuma, Y. Histological characteristics of biliary intraepithelial neoplasia-3 and intraepithelial
spread of cholangiocarcinoma. Virchows Arch. 462, 421-427 (2013).

22. Hofller, U. et al. Diet-induced obesity is associated with hyperleptinemia, hyperinsulinemia, hepatic steatosis, and glomerulopathy
in C57Bl/6] mice. Endocrine 36, 311-325 (2009).

23. Zhang, M. & Yang, X. J. Effects of a high fat diet on intestinal microbiota and gastrointestinal diseases. World J. Gastroenterol. 22,
8905-8909 (2016).

24. Schulz, M. D. et al. High-fat-diet-mediated dysbiosis promotes intestinal carcinogenesis independently of obesity. Nature 514,
508-512 (2014).

25. Lin, H., An, Y., Hao, E, Wang, Y. & Tang, H. Correlations of Fecal Metabonomic and Microbiomic Changes Induced by High-fat Diet
in the Pre-Obesity State. Sci. Rep. 6, 21618 (2016).

26. Ravussin, Y. et al. Responses of gut microbiota to diet composition and weight loss in lean and obese mice. Obes. (Silver Spring) 20,
738-747 (2012).

27. Peters, B. A. et al. The gut microbiota in conventional and serrated precursors of colorectal cancer. Microbiome 4, 69 (2016).

28. Sun, T. et al. Evolutionary biologic changes of gut microbiota in an ‘adenoma-carcinoma sequence’ mouse colorectal cancer model
induced by 1, 2-Dimethylhydrazine. Oncotarget 8, 444-457 (2017).

29. Flemer, B. et al. Tumour-associated and non-tumour-associated microbiota in colorectal cancer. Gut 66, 633-643 (2017).

30. Chen, W,, Liu, F, Ling, Z., Tong, X. & Xiang, C. Human intestinal lumen and mucosa-associated microbiota in patients with
colorectal cancer. PLoS One 7, 39743 (2012).

31. Kim, D. Y, Kim, J., Ham, H. J. & Choue, R. Effects of d-alpha-tocopherol supplements on lipid metabolism in a high-fat diet-fed
animal model. Nutr. Res. Pract. 7, 481-487 (2013).

32. Men, L. et al. Urine metabolomics of high-fat diet induced obesity using UHPLC-Q-TOF-MS. J. Pharm. Biomed. Anal. 132, 258-266
(2017).

33. Adam, A. C,, Lie, K. K., Moren, M. & Skjaerven, K. H. High dietary arachidonic acid levels induce changes in complex lipids and
immune-related eicosanoids and increase levels of oxidised metabolites in zebrafish (Danio rerio). Br. J. Nutr. 117, 1075-1085
(2017).

34. Bonanome, A., Bennett, M. & Grundy, S. M. Metabolic Effects of Dietary Stearic-Acid in Mice - Changes in the Fatty-Acid
Composition of Triglycerides and Phospholipids in Various Tissues. Atherosclerosis 94, 119-127 (1992).

SCIENTIFIC REPORTS |

(2020) 10:866 | https://doi.org/10.1038/s41598-020-57612-8


https://doi.org/10.1038/s41598-020-57612-8
http://www.oncomine.org

www.nature.com/scientificreports/

35. Welzel, T. M. et al. Risk factors for intrahepatic and extrahepatic cholangiocarcinoma in the United States: a population-based case-
control study. Clin. Gastroenterol. Hepatol. 5, 1221-1228 (2007).

36. Fava, G. et al. Leptin enhances cholangiocarcinoma cell growth. Cancer Res. 68, 6752-6761 (2008).

37. Andreotti, G. et al. Serum lipid levels and the risk of biliary tract cancers and biliary stones: A population-based study in China. Int.
J. Cancer 122, 2322-2329 (2008).

38. Sibulesky, L., Nguyen, J. & Patel, T. Preneoplastic conditions underlying bile duct cancer. Langenbecks Arch. Surg. 397, 861-867
(2012).

39. Ramirez-Merino, N., Aix, S. P. & Cortes-Funes, H. Chemotherapy for cholangiocarcinoma: An update. World J. Gastrointest. Oncol.
5,171-176 (2013).

40. Zhang, Y. et al. Loss of FXR protects against diet-induced obesity and accelerates liver carcinogenesis in ob/ob mice. Mol. Endocrinol.
26, 272-280 (2012).

41. Sayin, S. L et al. Gut microbiota regulates bile acid metabolism by reducing the levels of tauro-beta-muricholic acid, a naturally
occurring FXR antagonist. Cell Metab. 17, 225-235 (2013).

42. Nie, Y. E, Huy, J. & Yan, X. H. Cross-talk between bile acids and intestinal microbiota in host metabolism and health. J. Zhejiang Univ.
Sci. B 16, 436-446 (2015).

43. Chang, G. C. et al. Identification of alpha-enolase as an autoantigen in lung cancer: Its overexpression is associated with clinical
outcomes. Clin. Cancer Res. 12, 5746-5754 (2006).

44. Huang, H. Y. et al. Skp2 overexpression is highly representative of intrinsic biological aggressiveness and independently associated
with poor prognosis in primary localized myxofibrosarcomas. Clin. Cancer Res. 12, 487-498 (2006).

45. Callahan, B. . et al. DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581-583 (2016).

46. Callahan, B. J.,, Sankaran, K., Fukuyama, J. A., McMurdie, P. J. & Holmes, S. P. Bioconductor Workflow for Microbiome Data
Analysis: from raw reads to community analyses. FI000Res 5, 1492 (2016).

47. Quast, C. et al. The SILVA ribosomal RNA gene database project: improved data processing and web-based tools. Nucleic Acids Res.
41, D590-596 (2013).

48. Schliep, K. P. phangorn: phylogenetic analysis in R. Bioinformatics 27, 592-593 (2011).

49. McMurdie, P. J. & Holmes, S. phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS One 8, 61217 (2013).

50. Chen, J. et al. Associating microbiome composition with environmental covariates using generalized UniFrac distances.
Bioinformatics 28,2106-2113 (2012).

51. Segata, N. et al. Metagenomic biomarker discovery and explanation. Genome Biol. 12, R60 (2011).

52. Asnicar, E, Weingart, G., Tickle, T. L., Huttenhower, C. & Segata, N. Compact graphical representation of phylogenetic data and
metadata with GraPhlAn. Peer] 3, €1029 (2015).

53. Fordahl, S. et al. Waterborne manganese exposure alters plasma, brain, and liver metabolites accompanied by changes in stereotypic
behaviors. Neurotoxicol Teratol. 34, 27-36 (2012).

54. Qiu, Y. et al. Serum metabolite profiling of human colorectal cancer using GC-TOFMS and UPLC-QTOEMS. J. Proteome Res. 8,
4844-4850 (2009).

55. Qiu, Y. et al. Urinary metabonomic study on colorectal cancer. J. Proteome Res. 9, 1627-1634 (2010).

56. Pan, L. et al. An optimized procedure for metabonomic analysis of rat liver tissue using gas chromatography/time-of-flight mass
spectrometry. J. Pharm. Biomed. Anal. 52, 589-596 (2010).

57. Jonsson, P. et al. High-throughput data analysis for detecting and identifying differences between samples in GC/MS-based
metabolomic analyses. Anal. Chem. 77, 5635-5642 (2005).

58. Wilkerson, M. D. & Hayes, D. N. ConsensusClusterPlus: a class discovery tool with confidence assessments and item tracking.
Bioinformatics 26, 1572-1573 (2010).

59. Gu, Z., Eils, R. & Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data.
Bioinformatics 32, 2847-2849 (2016).

Acknowledgements

The authors acknowledge the technical support provided by Cancer Translational Core Facility of TMU and Core
Laboratory of Human Microbiome of TMU for microbiome sequencing. This work was financially supported in
part by a grant from Taipei Medical University, Taiwan (TMU105-AE1-B41), the grants from Ministry of Science
and Technology, Taiwan (MOST106-2320-B-038-005) and (MOST-108-2321-B-038-003), the grants from the
“TMU Research Center of Cancer Translational Medicine” from The Featured Areas Research Center Program
within the framework of the Higher Education Sprout Project by the Ministry of Education (MOE) in Taiwan,
the grants from Health and welfare surcharge of tobacco products grant (MOHW108-TDU-B-212-124014),
(MOHW108-TDU-B-212-124026), (MOHW108-TDU-B-212-124020) and a grant from the University System
of Taipei Joint Research Program (USTP-NTUT-TMU-105-04).

Author contributions

Study concept and design: V.H.C. and Y.Y. Acquisition of data: Y.C.Y., HW.C. and M.J.W. Analysis and
interpretation of data: I.H.L. and L.N.C. Drafting of the manuscript: Y.C.Y. Critical revision of the manuscript
for important: Y.C.Y., LH.L., VH.C. and Y.Y. Intellectual content: Y.C.Y.,, L.N.C., W.J. and Y.Y. Statistical analysi:
L.H.L. Obtained funding: Y.C.Y., V.H.C. and Y.Y. Technical or material support: Y.R.L., PG.C., G.X., ED. and W.J.
Study supervision: Y.Y. All authors read and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-57612-8.

Correspondence and requests for materials should be addressed to V.H.S.C. or Y.Y.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

SCIENTIFIC REPORTS |

(2020) 10:866 | https://doi.org/10.1038/s41598-020-57612-8


https://doi.org/10.1038/s41598-020-57612-8
https://doi.org/10.1038/s41598-020-57612-8
http://www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFIC REPORTS | (2020) 10:866 | https://doi.org/10.1038/s41598-020-57612-8


https://doi.org/10.1038/s41598-020-57612-8
http://creativecommons.org/licenses/by/4.0/

	Long-term Proton Pump Inhibitor Administration Caused Physiological and Microbiota Changes in Rats

	Results

	Animal model of Omeprazole long-term treatment. 
	Omeprazole caused fecal bacterial changes in rats. 
	Omeprazole-induced metabolites changes in rat. 
	Omeprazole-induced neoplastic transformation of bile duct tissue. 

	Discussion

	Materials and Methods

	Animal study. 
	Immunohistochemistry. 
	16S rRNA gene sequencing and NGS analysis. 
	Global metabolite profiling by GC-TOFMS. 
	Analysis of RNA expression profiles using public databases. 

	Acknowledgements

	Figure 1 Animal model of long-term omeprazole treatment.
	Figure 2 Fecal microbiome distribution in rats with long-term omeprazole treatment.
	Figure 3 Gut microbiota is changed in rats with long-term omeprazole treatment.
	Figure 4 Comparison of metabolites between omeprazole-treated and control Wistar rats.
	Figure 5 Omeprazole induced lesions in the bile duct.
	Table 1 Bacterial phyla identified from the fecal microbiome of rats treated with omeprazole and control.




