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Abstract: Proton pump inhibitors (PPIs) are one of the most prescribed drugs around the world. PPIs
induce microbiota modulation such as obesity both in humans and in animal models. However, since
PPIs can induce microbiota modulation despite the absence of a high-fat diet or weight gain, it is
an interesting model to correlate microbiota modulation with the establishment of non-alcoholic
fatty liver disease (NAFLD). We investigated the effect of pantoprazole treatment on TLR4 signaling
and liver histology in C57BL/6J mice for 60 days, trying to correlate microbiota modulation with
some aspects of liver injury. We performed glucose (GTT) and insulin (ITT) tolerance tests, serum
lipopolysaccharide (LPS) dosage, liver histology, liver and intestine extraction for Western blot and
qPCR. Fecal microbiota were investigated via metagenomics. Chronic treatment with pantoprazole
induced microbiota modulation and impaired ileum barrier integrity, without an association with
insulin resistance. Furthermore, increased circulating LPS and increased Toll-like receptor 4 (TLR4)
and TGFβ downstream signaling may have an important role in the development of the observed
liver microvesicular steatosis and fibrosis. Finally, this model of PPI-induced changes in microbiota
might be useful to investigate liver microvesicular steatosis and fibrosis.

Keywords: microbiota; proton pump inhibitors; liver steatosis

1. Introduction

PPIs are one of the most prescribed drugs around the world [1–4] to treat heartburn,
gastroesophageal reflux disorder (GERD) and to prevent gastroduodenal ulcers [2–4]. Most
of the time, these drugs are prescribed for long periods without weighing up the risks and
benefits. The list of adverse events induced by these drugs has increased in the past few
years, but it is important to mention that only a few have established causalities [5–9].

PPIs have clear effects on structural and functional changes in the gastric mucosa, but
the relationship between these drugs and gastrointestinal malignancies is not evidence-
based [10–13]. On the other hand, previous data showed that chronic PPI use could be
accompanied by an increased risk of enteric infections [9]. These data are supported
by epidemiologic studies and meta-analyses, and the mechanism seems to be related to
changes induced by these drugs on the gut microbiota [14–22]. The microbiota modulation
induced by PPIs is very similar to microbiota seen in animal models of obesity and human
obesity [23–27]. In this regard, changes in microbiota composition have been causally
related to obesity and its complications [23–26].

NAFLD is one of the most common complications of obesity, and its prevalence
(from 1989 to 2017) in the world population has ranged from 11.2% to 37.2% [28–30]. In
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the past five years, data coming from different sources have shown that dysbiosis has
an important role in the development of NAFLD [28–30]. The mechanisms by which
microbiota modulation can have a role in the induction of NAFLD include the reduced
production of short-chain fatty acids produced by bacteria and increased serum LPS,
indicating an alteration in the intestinal barrier, which will induce liver inflammation
through TLR4 [23]. NAFLD can progress to NASH, which is characterized by advanced
fibrosis, and this process seems to be influenced by the microbiota [28–32]. Recent evidence
suggests a link between NAFLD and PPI use, probably through gastric achlorhydria which
induces alterations in microbiota, but these studies were performed in alcohol-fed mice
and in obese mice [33,34].

It is important to mention that most animal models of NAFLD and NASH use a
high-fat diet or high-caloric diet, which by themselves can modulate microbiota, making it
difficult to establish a direct correlation between gut microbiota with NAFLD. However,
since PPIs can induce microbiota modulation similar to obesity, but without a high-fat diet
or weight gain, we believe that it is an interesting model to correlate microbiota modulation
with liver injury. Thus, we investigated the effect of pantoprazole treatment for 60 days on
glucose metabolism, the intestinal barrier integrity, associated with TLR4 signaling, and
liver histology, trying to correlate microbiota modulation with some aspects of liver injury.

2. Results
2.1. Animal Characterization

Pantoprazole-treated (PZOL) mice presented similar body weights at the end of
treatment when compared to vehicle-treated mice (CTL) (CTL: 26.84 ± 2.289 and PZOL:
25.86 ± 1.136; p-value 0.2196; Figure 1A). Furthermore, the GTT also presented similar
curves (Figure 1B) without any difference in the area under the curve (CTL: 18,174 ± 2171
and PZOL: 16,202 ± 2411; p = 0.1075). On the other hand, the fasting blood glucose was
lower in PZOL mice than in CTL mice (CTL: 103.3 ± 7.44 and PZOL: 80.88 ± 12.93; p-value
0.0008; Figure 1C), and it also showed a tendency to be lower at the end of the GTT,
i.e., 120 min after glucose infusion (CTL: 153 ± 24.8 and PZOL: 132 ± 33.0; p-value 0.1368;
Figure 1D). In addition, pantoprazole treatment was able to improve insulin sensitivity, as
shown by the increase in kITT (CTL: 5.057 ± 2.820 and PZOL: 8.171 ± 1.674; p-value 0.0077:
Figure 1E).

2.2. Microbiome Data Analysis after 60 Days of Pantoprazole

To investigate how pantoprazole treatment, for 60 days, affected microbiota, first, we
analyzed the α-diversity, estimated by the Shannon index. This method is used to measure
the diversity present within a sample or community. The Shannon index considered
two measures: richness (total number of species) and evenness (abundances of the species).
The alpha diversity was higher in the PZOL group when compared with the CTL group
(p-value 0.0009; Figure 2A).

Then, we analyzed the beta diversity, which provides a way to compare the diversity or
composition between two samples or microbial communities. This analysis was performed
using the phyloseq package [35]. Principal coordinate analysis (PCoA) based on the Bray–
Curtis distance parameter showed the essential difference between the PZOL group and
the CTL group. A p-value for each comparison was obtained from PERMANOVA and
considered significant at p-value < 0.05. (PERMANOVA F-value: 31.518; R-squared: 0.69243;
p-value < 0.001; Figure 2B).

In hierarchical cluster analysis, each sample begins as a separate cluster and the
algorithm proceeds to combine them until all samples belong to one cluster. The hierarchical
cluster analysis at the genus level was based on Bray–Curtis metrics and Ward’s linkage
(clustering to minimize the sum of squares of any two clusters). The sample hierarchical
cluster analysis (dendrogram and heatmap) showed that the PZOL group and CTL group
belonged to two clusters (Figure 2C,D).
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Figure 1. Effect of pantoprazole treatment. (A) Body weight (CTL: n = 8 and PZOL: n = 12); (B) GTT 
curve and AUC (CTL: n = 8 and PZOL: n = 8); (C) fasting blood glucose (CTL: n = 8 and PZOL: n = 
8); (D) blood glucose 120 min after glucose injection (CTL: n = 8 and PZOL: n = 8); (E) kITT, from 
CTL and PZOL-treated mice (CTL: n = 8 and PZOL: n = 11). Data are expressed as mean ± standard 
deviation and t-test statistical comparisons. 
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Figure 1. Effect of pantoprazole treatment. (A) Body weight (CTL: n = 8 and PZOL: n = 12); (B) GTT
curve and AUC (CTL: n = 8 and PZOL: n = 8); (C) fasting blood glucose (CTL: n = 8 and PZOL: n = 8);
(D) blood glucose 120 min after glucose injection (CTL: n = 8 and PZOL: n = 8); (E) kITT, from CTL
and PZOL-treated mice (CTL: n = 8 and PZOL: n = 11). Data are expressed as mean ± standard
deviation and t-test statistical comparisons.

The taxonomic composition at the phylum and genus level can be viewed at the
individual-sample level (Figure 3A,B). LDA Effect Size (LEfSe) was used for the biomarker
discovery and explanation of high-dimensional metagenomic data. It incorporated sta-
tistical significance with biological consistency (effect size) estimation. It performed a
non-parametric factorial Kruskal–Wallis (KW) sum-rank test, and the default was an ad-
justed p-value cutoff = 0.05. The LEfSe analysis confirmed the differences between the PZOL
and CTL group and identified a total of three phyla enriched in the PZOL group (Firmi-
cutes, Tenericutes and Proteobacteria) and just one phylum in the CTL group (Bacteroidetes)
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(Figure 3C). At the genus level, there were five genera enriched in the CTL group (Clostrid-
ium, Sutterella, Candidatus_Arthromitus, Bacteroides and Parabacteroides) and six genera in the
PZOL group (Bifidobacterium, Bilophila, Anaeroplasma, Oscillospira, Helicobacter and Odorib-
acter). (Figure 3D). BioProject accession number PRJNA751763 (www.ncbi.nlm.nih.gov
(accessed on 3 August 2021)).
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Figure 2. Community profiling and clustering analysis. (A) Alpha diversity measure using Shan-
non diversity index at genus level represented as boxplot. Each boxplot represents the diversity
distribution of a group (p-value: 0.0009—Mann–Whitney); (B) beta diversity. Principal coordinate
analysis (PCoA): comparison of between-community diversity based on Bray–Curtis distance param-
eter. p-value for each comparison was obtained from PERMANOVA and considered significant at
p-value < 0.05. [PERMANOVA] F-value: 31.518; R-squared: 0.69243; p-value < 0.001; (C,D) hierarchi-
cal cluster analysis: each sample begins as a separate cluster and the algorithm proceeds to combine
them until all samples belong to one cluster; (C) dendrogram; and (D) heatmap. (n = 8 animals
per group).
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Figure 3. Taxonomic composition of community and LEfSe at phyla or genus level. Taxonomic
composition of community through direct quantitative comparison of abundances of phyla (A) and
genus (B) using stacked bar plot at individual sample level. LDA Effect Size (LEfSe) for phyla
(C) and genus (D). LDA was used for biomarker discovery and explanation of high-dimensional
metagenomic data. It incorporates statistical significance with biological consistency (effect size)
estimation. The default was adjusted p-value cutoff = 0.05. (n = 8 animals per group).

2.3. Pantoprazole-Induced Alterations in mRNA and Proteins of the Epithelial Barrier Integrity in
Ileum but Not in Colon

Previous data showed that the modulation of microbiota can induce alterations in
epithelial barrier integrity, which in most cases is accompanied by an increase in circulating
LPS. Since LPS from microbiota reach the liver through the portal vein before reaching
peripheral circulation, we determined LPS levels in the portal veins and peripheral veins of
the CTL and PZOL groups. The results showed that LPS was higher in the PZOL group in
both the portal (CTL: 0.5875 ± 0.0665 and PZOL: 0.725 ± 0.1128; p-value 0.05) and cava
(CTL: 0.5575 ± 0.1444 and PZOL: 0.7331 ± 0.1161; p-value 0.0034) veins, suggesting that
this bacterial lipid translocates the intestinal epithelial barrier (Figure 4A,B).

We next investigated the effect of pantoprazole on the proteins of the intestinal ep-
ithelium barrier in the ileum and colon. The results showed that 60 days of treatment with
pantoprazole induced a reduction in tight junction proteins claudin (CTL: 0.9375 ± 0.3377
and PZOL: 0.4712 ± 0.1813 p-value 0.0040), occludin (CTL: 0.4325 ± 0.4444 and PZOL:
0.1 ± 0.0886; p-value 0.1927) and ZO-1 (CTL: 1± 0.2084 and PZOL: 0.001 ± 0.0008; p < 0.0001)
in the ileum (Figure 4C,D). Moreover, the adherens junctions E-cadherin (CTL: 1± 0.5660 and
PZOL: 0.0582 ± 0.1145; p-value 0.0286) and beta-catenin (CTL: 1.01 ±0.2940 and PZOL:
0.4325 ± 0.0386; p-value 0.0080) were also decreased in ileum (Figure 4C,D). Analyzing
these proteins in the colon, we observed similar levels between the groups claudin (CTL:
1.3225 ± 0.2315 and PZOL: 1.0675 ± 0.2519 p-value 0.1867), occludin (CTL: 1.02 ± 0.2284
and PZOL: 0.87 ± 0.0920; p-value 0.2689) and ZO-1 (CTL: 1.0125 ± 0.3531 and PZOL:
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1.125 ± 0.4313; p-value 0.7005), E-cadherin (CTL: 0.975± 0.4260 and PZOL: 0.9875 ± 0.4761;
p-value 0.9701) and beta-catenin (CTL: 0.9925 ± 0.1635 and PZOL: 0.9775 ± 0.3995; p-value
0.9469) (Figure 5A,B).
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Figure 4. Pantoprazole induced alterations in epithelial barrier integrity in ileum. (A) LPS levels
in portal vein (CTL: n = 4 and PZOL: n = 8) and (B) cava vein (CTL: n = 12 and PZOL: n = 12);
(C) tissue levels of tight junction proteins (claudin, occludin and ZO-1), and adherens junction
proteins (e-cadherin and beta-catenin) and (D) quantification of the Western blots (CTL: n = 4 and
PZOL: n = 4). Data are expressed as mean ± standard deviation and t-test statistical comparisons.
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Figure 5. Pantoprazole does not induce alterations in epithelial barrier integrity in colon. (A) Tissue
levels of tight junction proteins (claudin, occludin and ZO-1), and tissue levels of adherens junction
proteins (e-cadherin and beta-catenin); (B) quantification of the Western blots (n = 4 to 8 animals per
group). Data are expressed as mean ± standard deviation and t-test statistical comparisons.

The reduction in protein levels may be a consequence of reduced protein synthesis
and/or increased protein degradation. We then investigated the expression of mRNA of the
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proteins of the intestinal epithelial barrier in the ileum. The results showed that there was a
decrease in OCLN mRNA (CTL: 0.05216 ± 0.002065 and PZOL: 0.0150 ± 0.0070; p-value
0.0043; Figure 6A) and TJP2 mRNA (CTL: 0.0146 ± 0.0020 and PZOL: 0.0091 ± 0.0023;
p-value 0.0260; Figure 6B), but no change in CLDN1 mRNA (CTL: 0.0001524± 0.0001118 and
PZOL: 0.0002318 ± 0.0001475; p-value 0.4762; Figure 6C) and an increase in TJP1 mRNA
(CTL: 0.02272 ± 0.0096 and PZOL: 0.0512 ± 0.01425; p-value 0.0152; Figure 6D). In addi-
tion, there was a decrease in Aqp3 mRNA expression (CTL: 0.0052 ± 0.0024 and PZOL:
0.0011 ± 0.0011; p-value 0.0043; Figure 6E) and GLP2R mRNA (CTL: 0.0004 ± 0.0001 and
PZOL: 0.0001 ± 3.953 × 10−5; p-value 0.0173; Figure 6F).

Alcian blue (AB) staining was used to visualize the total (neutral and acid) mucins in
the ileum. A lower protein level of mucin was found in the ileum in the PZOL group
compared to the CTL group, with the differences being statistically significant (CTL:
15,835 ± 2984 and PZOL: 8609 ± 2327; p-value 0.0027) (Figure 7). Our data suggest that
animals treated with pantoprazole for 60 days had altered intestinal permeability.
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mRNA levels of tight junction proteins (A) occludin (CTL: n = 6 and PZOL: n = 6), (B) ZO-2 (CTL:
n = 4 and PZOL: n = 4), (C) claudin (CTL: n = 6 and PZOL: n = 4), (D) ZO-1 (CTL: n = 6 and PZOL:
n = 6), (E) aquaporin 3 (CTL: n = 6 and PZOL: n = 6), (F) GLP2R (CTL: n = 6 and PZOL: n = 5).
Mean ± standard deviation and t-test statistical comparisons.
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In preliminary experiments, we investigated the effect of 30 days of pantoprazole on
microbiota modulation and on intestinal permeability (Supplemental Figure S1A–C). The
results showed that 30 days of pantoprazole did not change microbiota composition nor
change proteins’ levels of mucin (Supplemental Figure S1D,E).

2.4. Pantoprazole-Induced Liver Fibrosis and Inflammation

Next, we analyzed the effect of pantoprazole treatment in the liver of mice. The
morphological analysis of the liver tissue via hematoxylin and eosin staining (Figure 8A)
suggests that animals treated with pantoprazole for 60 days might have had microvesic-
ular steatosis, but it is difficult to confirm with this staining. In order to confirm this
finding, the hepatic content of neutral lipids was evaluated through Oil-Red-O (ORO)
staining (Figure 8B). Our data revealed that the hepatic content of neutral lipids in the
PZOL group was 60% higher than in the CTL group (CTL: 679,600 ± 99,270 and PZOL:
1,088,000 ± 147,100; p-value 0.0382; Figure 8C). Furthermore, the analysis of collagen
content in liver tissue (Figure 8D) showed that animals treated with pantoprazole for
60 days showed higher collagen labeling than animals in the respective control group (CTL:
5.082 ± 0.3889 and PZOL: 9.417 ± 0.3789; p-value < 0.0001; Figure 8E). Liver triglycerides
(TG) contents in the PZOL group were increased compared to those in the CTL group
(CTL: 7.14 ± 0.6351 and PZOL: 9.336 ± 1.731; p-value < 0.0159 Figure 8F). The evalua-
tion of liver enzymes showed elevated serum values of ALT (CTL: 10.73 ± 2.0400 and
PZOL: 13.32 ± 2.166; p-value < 0.0287 Figure 8G) but not AST (CTL: 18.62 ± 5.376 and
PZOL: 17.98 ± 4.892; p-value < 0.8049 Figure 8H) in the PZOL group compared with the
control group.

The increase in systemic LPS in pantoprazole-treated mice might be responsible
for the increase in liver inflammation and/or fibrosis. LPS is the ligand of TLR4, and
thus, we decided to analyze the TLR4 signaling and inflammatory pathway. We per-
formed TLR4, MYD88 and IRF3 gene expression analysis, and the results showed that
the PZOL group had a clear increase in the expression of these three genes, compared to
the CTL group (CTL: TLR4: 0.0005 ± 0.0001 and PZOL: 0.0012 ± 0.0003; p-value 0.0079;
MYD88: CTL: 0.0003 ± 8.785 × 10−5 and PZOL: 0.0005 ± 0.0001; p-value 0.0152; IRF3: CTL:
8.674 × 10−5 ± 6.518 × 10−5 and PZOL: 0.0004 ± 0.0003; p-value 0.0079; Figure 9A–C).
Moreover, we also investigated the protein levels of TLR4, MyD88 and downstream
signaling JNK phosphorylation. Pantoprazole-treated mice had increased TLR4 (CTL:
1.004 ± 0.1376 and PZOL: 1.34 ± 0.1557; p-value 0.0178) and MyD88 (CTL: 1.007 ± 0.046
and PZOL: 1.237 ± 0.162 p-value 0.0228) protein expression (Figure 9D) and increased JNK
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(pJNK/JNK: CTL: 1.017 ± 0.0635 and PZOL: 1.422 ± 0.3303; p-value < 0.049) phosphoryla-
tion (Figure 9E). Furthermore, we observed an increase in TGFβ (CTL: 1.017 ± 0.2817 and
PZOL: 2.122 ± 0.452; p-value < 0.0092) and in its receptor (TGFβR: CTL: 0.9889 ± 0.1281
and PZOL: 1.896 ± 0.5311; p-value 0.020) in pantoprazole-treated mice (Figure 9E).
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Figure 8. Pantoprazole induced liver inflammation and fibrosis. (A) Representative HE images: CTL
and PZOL groups; (B) representative ORO images: CTL and PZOL groups; (C) ORO quantification
graph of CTL (n = 9) and PZOL (n = 10); (D) representative PS images; (E) PS quantification graph of
CTL (n = 5) and PZOL (n = 5) groups. Images obtained with 20× objective. (F) Liver TG quantification
graph of CTL (n = 4) and PZOL (n = 4) groups. (G,H) Serum ALT and AST quantification graph of
CTL (n = 7) and PZOL groups (n = 9). Mean ± standard deviation and t-test statistical comparisons.
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Figure 9. Inflammatory and TGFβ signaling in liver of pantoprazole-treated mice. mRNA levels of
(A) TLR4; (B) MyD88; (C) IRF3 (n = 5 animals per group); (D) representative Western blots of TLR4 and
MyD88; and quantification of the Western blots (n = 4 animals per group); (E) representative Western
blots of phosphorylated JNK and total TGFβ, TGFβ receptor and of α-tubulin of CTL and PZOL-
treated mice and quantification of the Western blots (n = 4 animals per group). Mean ± standard
deviation and t-test statistical comparisons.

3. Discussion

The present study demonstrated that chronic treatment with PPIs induces clear
changes in intestinal microbiota and the intestinal barrier. Additionally, the impairment
on intestinal barrier integrity was associated with an increase in LPS circulating levels,
which activates a hepatic signaling cascade in the liver, accompanied by an increase in liver
microvesicular steatosis and fibrosis. Our data are in accordance with Takashima et al.,
who demonstrated that PPIs enhance intestinal permeability, associated with changes in
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microbiota composition [36]. However, in our study, we went further and investigated the
implications of these changes in intestinal permeability and dysbiosis on hepatic injury.

The microbiota composition in the gastric fluid of PPI-treated animals and humans
showed an increase in microbial diversity [14,22,37,38]. Our results demonstrated an
increase in alpha diversity in the feces of mice after 60 days of PPI treatment. This is an
expected result since the main action of PPIs is to reduce gastric acid secretion, inducing
an increase in gastric pH. In some studies, microbiota composition in the feces was also
investigated, and although not uniformly observed, most studies showed that the chronic
use of PPIs modulates microbiota diversity and the abundance of commensals in the
colon [14,22,37–39].

The changes in microbiota induced by pantoprazole were dramatic, starting at the phy-
lum level with an increase in the abundance of Firmicutes and Proteobacteria, a reduction
in the Bacteriodetes and significant increase in the Firmicutes/Bacteroidetes ratio, which
is a marker of inflammatory processes [23]. The alteration of the Proteobacteria phylum
was marked by the increase in bacteria of the Bilophila and Helicobacter genus. The Bilophila
genus have already been described in association with the loss of intestinal barrier function,
inflammation, alterations in glucose metabolism and hepatic steatosis [39]. Helicobacter can
indirectly induce insulin resistance (IR) and NAFLD by generating chronic inflammation
or directly by activating signaling pathways [40].

Helicobacter pylori (H. pylori) is strictly dependent on intragastric pH since it enters the
replicative phase at pH 6–7, and at pH 3–6, it transforms into its coccoid form, which is
resistant to antibiotics [41]. In this way, previous to the use of antibiotics to treat H. Pylori,
it is recommended to treated patients with PPIs in order to change H pylori form from
the resistant to the replication phase, in which it is more susceptible to the action of
the antibiotic.

It is important to emphasize that these changes in microbiota were accompanied by an
increase in circulating levels of LPS. Firmicutes and Proteobacteria are two main phyla that
have LPS in plasma membrane, and these two phyla were increased in PPI-treated mice.

Although LPS has a role in the development of insulin resistance (IR), this hormonal
resistance has more complex mechanisms, which are not limited to modulations of mi-
crobiota [29–31]. Although pantoprazole induced marked changes in microbiota and in
portal and cava LPS levels, we did not observe systemic IR. On the other hand, there
was an improvement in insulin sensitivity associated with a reduction in fasting glucose
levels. These improvements in insulin sensitivity and in glucose metabolism have also been
described in type 2 diabetic patients using PPIs [39]. Although we did not investigate the
molecular mechanism for this improvement in insulin sensitivity, previous data showed
that the increase in gastrin levels induced by PPIs possibly acts as an incretin mimetic,
improving insulin secretion and glucose metabolism [42–44].

Previous data showed that under normal conditions, gastric acid acts as a kind of
barrier, impairing the progression down to the lower GI tract of bacteria not well-adapted
to low pH [37]. Treatment with PPIs removes this barrier, allowing colonization by these
bacteria, which can also influence the ecological equilibrium of the microbiota in the lower
GI tract. Another mechanism by which PPIs can alter microbiota is through a direct
antimicrobial effect of PPIs, acting in ATPases of bacteria, which are very similar to the
human H+/K+ ATPase targeted by PPIs [45]. However, since we only observed changes in
microbiota after 60 days of PPIs, we can suggest that the changes in pH might have the
main role in the modulation of microbiota.

PPIs induce a clear alteration in the epithelial intestinal barrier, characterized by a
decrease in tight junction proteins, also associated with a decrease in adherents’ proteins.
The decrease in tight junction proteins such as occludin may be a consequence of reduced
synthesis. However, ZO-1 protein reduction certainly is independent of mRNA, which was
increased, probably trying to compensate the reduction in protein tissue levels. In parallel,
there was also a decrease in the mRNA of aquaporin 3 and of the receptor of GLP2, which
are also important for the integrity of the intestinal barrier [46–48].
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The alterations in the intestinal barrier have consequences in liver lipid storage and
inflammation. Our data showed that the use of PPIs for 60 days can mildly increase the
accumulation of TG in liver and also the serum values of ALT. PPI induced microvesicular
steatosis, which might be a more severe form of steatosis [49]. In accordance, there was also
an increase in markers of liver fibrosis [50].

Previous data showed that dysbiosis in the gut could influence liver fibrosis [50–52]
through the translocation of bacteria and/or their products across the intestinal barrier. In
this regard, the increase in circulating levels of LPS in the portal vein probably contributed
to the increased fibrosis. LPS binds to TLR4 in the liver and induces signaling pathways
characterized by an increase in IKKβ/NFκB [53] and JNK activation. Our data showing
an increase in the phosphorylation of these two serine kinases indicates an increase in
LPS signaling in the liver of PPI-treated mice. Previous data showed that the blockade of
TLR4 signaling or the use of antibiotics that reduce the microbiota improves experimental
liver fibrosis [51]. It is important to mention that TLR4 signaling to the nucleus uses
NFκB through IKKβ, AP-1 through JNK and IRF3 directly, and these three pathways were
activated in the livers of PPI-treated mice [53].

TLR4 is expressed in different cells in the liver, including hepatocytes, hepatic stellate
cells (HSCs), and Kupffer cells. In HSCs, TLR4 can activate a fibrogenic phenotype, produc-
ing chemokines and adhesion molecules that recruit Kupffer cells [31,51,52]. The Kupffer
cells increase TGFβ production, which will activate fibrogenesis. Our data show that this
mechanism is probably operating in the liver of pantoprazole-treated mice because, in
addition to the activation of downstream TLR4 signaling, we also observed an increase in
TGFβ tissue levels in these mice.

Different from our data, a previous report by Lu et al. showed that pantoprazole
improved liver fibrosis and suppressed hepatic stellate cell activation in mice. In addition,
they also showed in cells that PPIs can downregulate hepatic fibrogenic gene expression
via YAP (Yes-associated protein). However, it is important to mention that there are
clear methodological differences between our data and this study that can explain the
discrepancy in the results. First, in their study, Lu et al. used PPIs for fourteen days in
mice, which is probably not sufficient to induce changes in intestinal microbiota and/or in
intestinal permeability. The model they used of hepatic injury is completely different from
ours, and some of their results are obtained in cell culture. In preliminary experiments, we
showed that 30 days of PPIs was not able to change microbiota or intestinal permeability.
This explains why we used PPI for 60 days. In this regard, we can suggest that although
PPIs for short periods or in vitro can have protective effects on hepatic fibrosis, long-term
PPI use can induce dysbiosis, change intestinal permeability and induce hepatic steatosis
and fibrosis.

Our data showing that the long-term use of PPIs can alter microbiota and intestinal
permeability and contribute to induce microvesicular steatosis and fibrosis are important
as an initial model for the study of these interactions in vivo. However, it is important that
future studies also investigate the effects of long-term PPIs on animal models of heartburn
or GERD.

In summary, our data showed that chronic treatment with pantoprazole induced the
modulation of microbiota which was not associated with IR. However, the alteration in
intestinal permeability, associated with the increase in circulating levels of LPS, TLR4 down-
stream signaling and TGFβ, may have an important role in the increased microvesicular
steatosis and fibrosis. Finally, this model of PPI-induced changes in microbiota might be
useful to investigate liver microvesicular steatosis and fibrosis.

4. Materials and Methods
4.1. Animal Characterization

All animal handling and experiments were performed following the National Institute
of Health guidelines for the use of experimental animals and were approved by the Care of
Animals and Ethical Committee for Animal Research of the State University of Campinas
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(CEUA Protocol 4924-1/2018). To carry out the study, male C57BL/6J mice were provided
by the Multidisciplinary Center for Biological Investigation on Laboratory Animal Science—
University of Campinas (Campinas,SP, Brazil). Mice were kept in the animal facility with a
constant light/dark cycle (12 h/12 h), room temperature (22 ◦C) and humidity, and they
received standard rodent chow (3.39 kcal/g; Nuvilab CR-1, Nuvital Quimtia, (Colombo,
PR, Brazil) and water ad libitum.

After 1 week of acclimation, 8–12-week-old mice were randomly divided into two ex-
perimental groups. Control mice (CTL, n ≥ 8) were fed with standard rodent chow and
had free access to drinking water and supplement with vehicle by gavage three times a
week. Pantoprazole-treated mice (PZOL, n ≥ 8) were fed with standard rodent chow and
free access to water and supplement with a dose of 150 mg/kg of pantoprazole by gavage
three times a week, on Mondays, Wednesdays and Fridays.

4.2. Glucose and Insulin Tolerance Test

For the GTT, mice were fasted overnight and received an intraperitoneal (IP) injection
of glucose (1 g/kg). Blood samples were collected from the tail, and the glucose level was
determined using a glucose monitor (Glucometer; Bayer, Tarrytown, NY, USA) immediately
before IP injection and after 30, 60, 90 and 120 min. For the ITT, mice fasted for six hours
received an IP injection of insulin (1.5 IU/kg). Blood samples were collected from the tail,
and glucose was measured with a glucometer immediately before IP injection and after
5, 10, 15, 20, 25 and 30 min. Insulin tolerance was assessed by glucose clearance over the
initial minutes of the insulin challenge and through the rate constant for plasma glucose
disappearance (Kitt) [54].

4.3. Serum Dosage of LPS

Serum samples were obtained from the cava vein and portal vein and diluted to 20%
(vol./vol.) with endotoxin-free water and then heated at 70 ◦C for 10 min to inactivate serum
proteins. Then, LPS was quantified using a commercial Limulus Amebocyte Assay kit
(Cambrex, Walkersville, MD, USA) according to the manufacturer’s protocol, as previously
described [55].

4.4. TG, ALT, and AST Determination

Liver samples were subjected to lipid extraction as previously described [56,57]. Briefly,
the samples were homogenized in a solution containing chloroform and methanol using
the BeadBlaster 24 microtube homogenizer (Benchmark Scientific, Inc., Sayreville, NJ, USA)
and gently shook overnight at 4 ◦C. After the incubation, the samples were added with
0.6% NaCl solution and centrifuged (4000× g for 20 min at 4 ◦C) for removal of the organic
layer. The organic fraction was dried at room temperature, reconstituted in 100 µL of iso-
propanol and used for triglycerides’ (TGs’) quantification with an enzymatic/colorimetric
kit (LABORLAB, Sao Paulo, SP, Brazil). Serum alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST) were measured with the kinetic UV method using the ALT
(GPT) or AST (GOT) Liquid Stable Reagent according to the manufacturer’s specifications
(LABORLAB, Sao Paulo, SP, Brazil).

4.5. Tissue Extraction for Immunoblotting

Mice were fasted for 6 h before procedures. Mice were anesthetized with an intraperi-
toneal administration of ketamine (100 mg/kg) and xylazine hydrochloride (10 mg/kg), and
after the loss of foot, tail and corneal reflexes, they were utilized. Liver and intestine frag-
ments (~100 mg) were collected and homogenized in extraction buffer (10 mmol/L EDTA,
100 mmol/L Tris (pH 7.4), containing 100 mmol/L sodium pyrophosphate, 100 mmol/L
sodium fluoride, 10 mmol/L sodium vanadate, 2 mmol/L PMSF and 0.1 mg of apro-
tinin/mL, 1% Triton-X 100). Samples were centrifuged at 11,000 rpm and 4 ◦C, and the
supernatants were used. The samples were subjected to electrophoresis and Western
blotting. The primary antibodies used were anti-phospho-JNK (sc-6254 Santa Cruz), anti-
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phospho-IkBα (sc-7977 Santa Cruz), anti-JNK (sc-1648 Santa Cruz), anti-TGFβ (ab92486 Ab-
cam), anti-TGFβ Receptor (ab31013 Abcam), anti-TLR4 (ab22048 Abcam), anti-Myd88
(sc-11356 Santa Cruz), anti-ZO-1 (61-7300 Thermo Fisher), anti-Occludin (71-1500 Thermo
Fisher), anti-Claudin 1 (#13995 Cell Signalling), anti-E-cadherin (sc-7870 Santa Cruz), anti-
Beta catenin (sc-1496 Santa Cruz), anti-α-tubulin (#2144 Cell Signalling) and anti-β-actin
(#4967 Cell Signalling) at 1:1000 dilution. The secondary antibody (Thermo Scientific) linked
to a peroxidase molecule, at 1:10,000 dilution, reacted with the chemiluminescence solution
(ClarityTM Western ECL substrate kit, BioRad ©), and the membranes were developed
in photodocumentation (Gel Doc ™ XR, BioRad ©), generating digital files. Later, images
were analyzed using the ImageLab software (v. 5.2.1 build 11, BioRad © Laboratories).

4.6. Histology and Morphometric Analysis

Liver fragments were fixed at room temperature by immersion in 4% formaldehyde
in 0.1 M phosphate buffer, pH 7.4, dehydrated, bleached and embedded in paraffin [58].
Five micrometer sections were stained with hematoxylin and eosin to analyze the liver
morphology or Picro Sirus red (PS) solution to assess the presence or absence of liver fibrosis
through the quantification of the interstitial collagen content. The interstitial collagen area
was determined for the entire PS-stained liver section by using digitized images captured
using the Axio Scope A1 microscope with an Axio Cam MRc digital camera (Carls Zeiss,
Oberkochen, Germany) and the Axio Vision Release 4.8.2 software. Colored images were
converted to 8 bit, and a default B&W was set. Since we assumed a constant background
signal (threshold) for all images, the percentage of positive area for the PS staining of each
field was recorded. On average, 15 fields were analyzed for animals under a 20× objective.

Liver sections for neutral lipid staining with ORO were obtained and processed
based on previous studies [59,60]. Briefly, liver fragments were embedded in Tissue-Tek
O.C.T. compound and immediately frozen in n-hexane with liquid nitrogen (N2). Fifteen
micrometer serial cryostat sections were mounted onto aminopropyltriethoxysilane-coated
glass slides. Three sections from different parts of the samples (200 µm apart) were disposed
per slide, and two slides per animal were analyzed. Liver sections were incubated with
ORO for 10 min at room temperature and then rinsed with tap water for 30 min. After
rinsing, a water-soluble mounting medium was used prior to observation via microscopy.
Four different fields of each section were acquired with an Olympus BX51TF microscope
equipped with a digital camera (DP72, Olympus, Tokyo, Japan) under a 20× objective.
Colored images were converted to 8 bit. Thereafter, a default red was set, and the threshold
was adjusted to evaluate the optical density of the positive area for ORO staining of each
field. An individual background signal was assumed for each image. All histological
analyses were performed using the ImageJ software (version 1.53e).

The ileum was collected from animals, and this intestinal segment was cleaned and
longitudinally opened with the luminal side facing upward. Gently and slowly, the ileum
was wrapped around the toothpick to form a Swiss roll. Once the entire length of the
ileum was rolled, we placed it into a tissue cassette and fixed it at room temperature by
immersion in 4% formaldehyde in 0.1 M phosphate buffer, pH 7.4, dehydrated, bleached
and embedded in paraffin [61]. In each cassette, we had an ileum Swiss roll from three
different mice. Five micrometer sections were stained with alcian blue pH2.5 (AB) to stain
the mucus. Digitalized images were captured using the Axio Scope A1 microscope with an
Axio Cam MRc digital camera (Carls Zeiss, Oberkochen, Germany) and the Axio Vision
Release 4.8.2 software. Colored images were converted to 8 bit, and a default B&W was set.
The percent of mucus-stain-positive area per microvilli area was measured. All histological
analyses were performed using the ImageJ software (version 1.53e).

4.7. Microbiota Analysis

Fecal samples were collected directly from the rectal ampulla after (n = 8) the treatment
period and were stored at −80 ◦C until the analysis. Samples were collected, stored and
processed in a controlled environment to minimize the risk of contamination. The genomic
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DNA from 200 mg of stool was extracted using the QIAamp DNA Stool Mini Kit (Qiagen,
Hilden, Germany). A negative control (water from QIAamp DNA Stool Mini Kit) was used
from an extraction step to the final sequencing, and a mock microbial DNA community
standard was used as a positive control (ZymoBIOMICS Irvine, CA, USA). For each sample,
the V3–V4 hyper-variable region of the bacterial 16S rRNA gene was amplified followed
by Illumina 16S Metagenomic Sequencing Library Preparation guide [62]. The taxonomic
composition of the bacterial communities was obtained by analyzing the V3–V4 region
of the 16S rRNA gene using the Illumina® MiSeq platform. The constructions of the
DNA sequencing libraries were performed according to the manufacturer’s instructions
(Illumina, San Diego, CA, USA) [62] and followed the same flow described by Caporaso
et al. (2012) [63]. The fastq sequences were analyzed using the Illumina 16S Metagenomics
software which performs the taxonomic classification of the V3–V4 region of the 16S rRNA
gene using the DADA2 database (accessed on June 2020) [64]. Paired abundance analyses
were performed using the IBM SPSS® 20.0 software (Wilcoxon Signed Ranks Test). The
analysis of alpha and beta diversity was performed using the MicrobiomeAnalyst [65,66].
The graphs were generated using GraphPad Prism 7.0.

4.8. qPCR

Total RNA was obtained from the ileum, colon, and liver from both groups of mice
using RNeasy Mini Kit from Qiagen as described in the manufacturer’s protocol ( Qiagen
Inc, CA, USA). For tissue samples, the first-strand cDNA was synthesized using High
Capacity cDNA Reverse Transcription Kit as described in the manufacturer’s protocol
(Applied Biosystem, CA, USA). TaqMan and Quant Studio 6 Flex Real-Time PCR System
and Data Assist™ software Applied Biosystems, CA, USA) were used to get the rela-
tive expression levels of the genes: Ocln Mm00500912_m1; Tjp2 Mm00495620_m1; Cldn1
Mm00516701_m1; Tjp1 Mm00493699_m1; Aqp3 Mm01208560_m1; Glpr2 Mm01329475_m1.
SybrGreen PCR Master Mix (Applied Biosystem, CA, USA) was used to get the relative
expression levels of the genes: 150 nM of Tlr4 (Fw: 5′- GGCCATTGCTGCCAACAT –3′; Rv:
5′- CAACAATCACCTTTCGGCTTTT -3′), 150 nM of MyD88 forward and reverse primers
(Fw: 5'- TCGATGCCTTCATCTGCTATTG -3′; Rv: 5′- GGT CGGATCATCTCCTGCACAAA
-3′) and 150 nM of Irf3 (Fw: 5′- TTCCCGGGAGGGATAAGC -3′; Rv: 5′- GGGCAGAGCG-
GAAATTCC -3′) [53]. Gapdh and B2m expression were used as endogenous control, and
samples from control mice were used as calibrators. A negative “No Template Control”
was also included for each primer pair.

4.9. Statistical Analyses

The data were expressed as means ± standard deviation. For statistical analysis, the
groups were compared using Student’s t-test. The level of significance was set at p < 0.05.

Supplementary Materials: The following supporting information can be download at: www.mdpi.
com/xxx/s1.

Author Contributions: Conceptualization, M.J.A.S.; methodology, H.B.A., K.C.G.D.A., D.G., A.S.,
C.J.T., S.B. and G.Z.R.; project administration, H.B.A. and D.G.; supervision, M.J.A.S.; writing—
original draft, H.B.A.; writing—review and editing, A.S., G.Z.R. and M.J.A.S. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by grants from INCT Obesidade e Diabetes CNPq (465693/2014-8)
and FAPESP (2014/50907-5; 2019/03196-0; 2020/06397-3).

Institutional Review Board Statement: The study was conducted according to the National Institute
of Health guidelines for the use of experimental animals and approved by the Care of Animals
and Ethical Committee for Animal Research of the State University of Campinas (CEUA Protocol
4924-1/2018).

Informed Consent Statement: Not applicable.

www.mdpi.com/xxx/s1
www.mdpi.com/xxx/s1


Int. J. Mol. Sci. 2022, 23, 13766 16 of 18

Data Availability Statement: BioProject accession number PRJNA751763 (www.ncbi.nlm.nih.gov
(accessed on 3 August 2021)).

Acknowledgments: This present study is dedicated to the memory of Jósimo Pinheiro. This work
was supported by grants from the INCT Obesidade e Diabetes CNPq (465693/2014-8) and FAPESP
(2014/50907-5; 2019/03196-0; 2020/06397-3).

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

References
1. Scarpignato, C.; Pelosini, I.; Di Mario, F. Acid suppression therapy: Where do we go from here? Dig. Dis. 2006, 24, 11–46.

[CrossRef]
2. DeVault, K.R.; Castell, D.O.; Gastroenterology, A.C.o. Updated guidelines for the diagnosis and treatment of gastroesophageal

reflux disease. Am. J. Gastroenterol. 2005, 100, 190–200. [CrossRef]
3. Sharma, V.K.; Leontiadis, G.I.; Howden, C.W. Meta-analysis of randomized controlled trials comparing standard clinical doses of

omeprazole and lansoprazole in erosive oesophagitis. Aliment. Pharmacol. Ther. 2001, 15, 227–231. [CrossRef]
4. Suzuki, H.; Okada, S.; Hibi, T. Proton-pump inhibitors for the treatment of functional dyspepsia. Therap. Adv. Gastroenterol. 2011,

4, 219–226. [CrossRef]
5. Bardou, M.; Toubouti, Y.; Benhaberou-Brun, D.; Rahme, E.; Barkun, A.N. Meta-analysis: Proton-pump inhibition in high-risk

patients with acute peptic ulcer bleeding. Aliment. Pharmacol. Ther. 2005, 21, 677–686. [CrossRef]
6. Islam, M.M.; Poly, T.N.; Walther, B.A.; Dubey, N.K.; Anggraini Ningrum, D.N.; Shabbir, S.A.; Jack Li, Y.C. Adverse outcomes

of long-term use of proton pump inhibitors: A systematic review and meta-analysis. Eur. J. Gastroenterol. Hepatol. 2018, 30,
1395–1405. [CrossRef]

7. de la Coba Ortiz, C.; Argüelles Arias, F.; Martín de Argila de Prados, C.; Júdez Gutiérrez, J.; Linares Rodríguez, A.; Ortega Alonso,
A.; Rodríguez de Santiago, E.; Rodríguez-Téllez, M.; Vera Mendoza, M.I.; Aguilera Castro, L.; et al. Proton-pump inhibitors
adverse effects: A review of the evidence and position statement by the Sociedad Española de Patología Digestiva. Rev. Esp.
Enferm. Dig. 2016, 108, 207–224. [CrossRef]

8. Eom, C.S.; Jeon, C.Y.; Lim, J.W.; Cho, E.G.; Park, S.M.; Lee, K.S. Use of acid-suppressive drugs and risk of pneumonia: A systematic
review and meta-analysis. CMAJ 2011, 183, 310–319. [CrossRef]

9. Malfertheiner, P.; Kandulski, A.; Venerito, M. Proton-pump inhibitors: Understanding the complications and risks. Nat. Rev.
Gastroenterol. Hepatol. 2017, 14, 697–710. [CrossRef]

10. Cheung, K.S.; Chan, E.W.; Wong, A.Y.S.; Chen, L.; Wong, I.C.K.; Leung, W.K. Long-term proton pump inhibitors and risk of
gastric cancer development after treatment for. Gut 2018, 67, 28–35. [CrossRef]

11. Song, H.; Zhu, J.; Lu, D. Long-term proton pump inhibitor (PPI) use and the development of gastric pre-malignant lesions.
Cochrane Database Syst. Rev. 2014, 12, CD010623. [CrossRef] [PubMed]

12. Sung, J.; Kim, N.; Lee, J.; Hwang, Y.J.; Kim, H.W.; Chung, J.W.; Kim, J.W.; Lee, D.H. Associations among Gastric Juice pH, Atrophic
Gastritis, Intestinal Metaplasia and. Gut Liver 2018, 12, 158–164. [CrossRef] [PubMed]

13. Correa, P. Helicobacter pylori and gastric carcinogenesis. Am. J. Surg. Pathol. 1995, 19 (Suppl. S1), S37–S43. [PubMed]
14. Tsuda, A.; Suda, W.; Morita, H.; Takanashi, K.; Takagi, A.; Koga, Y.; Hattori, M. Influence of Proton-Pump Inhibitors on the

Luminal Microbiota in the Gastrointestinal Tract. Clin. Transl. Gastroenterol. 2015, 6, e89. [CrossRef]
15. Freedberg, D.E.; Toussaint, N.C.; Chen, S.P.; Ratner, A.J.; Whittier, S.; Wang, T.C.; Wang, H.H.; Abrams, J.A. Proton Pump Inhibitors

Alter Specific Taxa in the Human Gastrointestinal Microbiome: A Crossover Trial. Gastroenterology 2015, 149, 883–885.e889.
[CrossRef] [PubMed]

16. Takagi, T.; Naito, Y.; Inoue, R.; Kashiwagi, S.; Uchiyama, K.; Mizushima, K.; Tsuchiya, S.; Okayama, T.; Dohi, O.; Yoshida, N.; et al.
The influence of long-term use of proton pump inhibitors on the gut microbiota: An age-sex-matched case-control study. J. Clin.
Biochem. Nutr. 2018, 62, 100–105. [CrossRef]

17. Jandhyala, S.M.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Nageshwar Reddy, D. Role of the normal gut
microbiota. World. J. Gastroenterol. 2015, 21, 8787–8803. [CrossRef]

18. 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]

19. Minalyan, A.; Gabrielyan, L.; Scott, D.; Jacobs, J.; Pisegna, J.R. The Gastric and Intestinal Microbiome: Role of Proton Pump
Inhibitors. Curr. Gastroenterol. Rep. 2017, 19, 42. [CrossRef]

20. Imhann, F.; Vich Vila, A.; Bonder, M.J.; Lopez Manosalva, A.G.; Koonen, D.P.Y.; Fu, J.; Wijmenga, C.; Zhernakova, A.; Weersma,
R.K. The influence of proton pump inhibitors and other commonly used medication on the gut microbiota. Gut Microbes 2017, 8,
351–358. [CrossRef]

21. Bruno, G.; Zaccari, P.; Rocco, G.; Scalese, G.; Panetta, C.; Porowska, B.; Pontone, S.; Severi, C. Proton pump inhibitors and
dysbiosis: Current knowledge and aspects to be clarified. World J. Gastroenterol. 2019, 25, 2706–2719. [CrossRef] [PubMed]

22. Imhann, F.; Bonder, M.J.; Vich Vila, A.; Fu, J.; Mujagic, Z.; Vork, L.; Tigchelaar, E.F.; Jankipersadsing, S.A.; Cenit, M.C.; Harmsen,
H.J.; et al. Proton pump inhibitors affect the gut microbiome. Gut 2016, 65, 740–748. [CrossRef] [PubMed]

www.ncbi.nlm.nih.gov
http://doi.org/10.1159/000091298
http://doi.org/10.1111/j.1572-0241.2005.41217.x
http://doi.org/10.1046/j.1365-2036.2001.00904.x
http://doi.org/10.1177/1756283X11398735
http://doi.org/10.1111/j.1365-2036.2005.02391.x
http://doi.org/10.1097/MEG.0000000000001198
http://doi.org/10.17235/reed.2016.4232/2016
http://doi.org/10.1503/cmaj.092129
http://doi.org/10.1038/nrgastro.2017.117
http://doi.org/10.1136/gutjnl-2017-314605
http://doi.org/10.1002/14651858.CD010623.pub2
http://www.ncbi.nlm.nih.gov/pubmed/25464111
http://doi.org/10.5009/gnl17063
http://www.ncbi.nlm.nih.gov/pubmed/28918609
http://www.ncbi.nlm.nih.gov/pubmed/7762738
http://doi.org/10.1038/ctg.2015.20
http://doi.org/10.1053/j.gastro.2015.06.043
http://www.ncbi.nlm.nih.gov/pubmed/26164495
http://doi.org/10.3164/jcbn.17-78
http://doi.org/10.3748/wjg.v21.i29.8787
http://doi.org/10.1002/ncp.10181
http://doi.org/10.1007/s11894-017-0577-6
http://doi.org/10.1080/19490976.2017.1284732
http://doi.org/10.3748/wjg.v25.i22.2706
http://www.ncbi.nlm.nih.gov/pubmed/31235994
http://doi.org/10.1136/gutjnl-2015-310376
http://www.ncbi.nlm.nih.gov/pubmed/26657899


Int. J. Mol. Sci. 2022, 23, 13766 17 of 18

23. Saad, M.J.; Santos, A.; Prada, P.O. Linking Gut Microbiota and Inflammation to Obesity and Insulin Resistance. Physiology 2016,
31, 283–293. [CrossRef]

24. Tsukumo, D.M.; Carvalho, B.M.; Carvalho Filho, M.A.; Saad, M.J. Translational research into gut microbiota: New horizons on
obesity treatment: Updated 2014. Arch. Endocrinol. Metab. 2015, 59, 154–160. [CrossRef] [PubMed]

25. Carvalho, B.M.; Saad, M.J. Influence of gut microbiota on subclinical inflammation and insulin resistance. Mediators Inflamm.
2013, 2013, 986734. [CrossRef]

26. Jiao, N.; Baker, S.S.; Nugent, C.A.; Tsompana, M.; Cai, L.; Wang, Y.; Buck, M.J.; Genco, R.J.; Baker, R.D.; Zhu, R.; et al. Gut
microbiome may contribute to insulin resistance and systemic inflammation in obese rodents: A meta-analysis. Physiol. Genomics
2018, 50, 244–254. [CrossRef]

27. Zhi, C.; Huang, J.; Wang, J.; Cao, H.; Bai, Y.; Guo, J.; Su, Z. Connection between gut microbiome and the development of obesity.
Eur. J. Clin. Microbiol. Infect. Dis. 2019, 38, 1987–1998. [CrossRef]

28. Michelotti, G.A.; Machado, M.V.; Diehl, A.M. NAFLD, NASH and liver cancer. Nat. Rev. Gastroenterol. Hepatol. 2013, 10, 656–665.
[CrossRef]

29. Younossi, Z.; Anstee, Q.M.; Marietti, M.; Hardy, T.; Henry, L.; Eslam, M.; George, J.; Bugianesi, E. Global burden of NAFLD and
NASH: Trends, predictions, risk factors and prevention. Nat. Rev. Gastroenterol. Hepatol. 2018, 15, 11–20. [CrossRef]

30. Friedman, S.L.; Neuschwander-Tetri, B.A.; Rinella, M.; Sanyal, A.J. Mechanisms of NAFLD development and therapeutic
strategies. Nat. Med. 2018, 24, 908–922. [CrossRef]

31. Kolodziejczyk, A.A.; Zheng, D.; Shibolet, O.; Elinav, E. The role of the microbiome in NAFLD and NASH. EMBO Mol. Med. 2019,
11, e9302. [CrossRef] [PubMed]

32. Pyo, J.H.; Kim, T.J.; Lee, H.; Choi, S.C.; Cho, S.J.; Choi, Y.H.; Min, Y.W.; Min, B.H.; Lee, J.H.; Kang, M.; et al. Proton pump inhibitors
use and the risk of fatty liver disease: A nationwide cohort study. J. Gastroenterol. Hepatol. 2021, 36, 1235–1243. [CrossRef]
[PubMed]

33. Llorente, C.; Jepsen, P.; Inamine, T.; Wang, L.; Bluemel, S.; Wang, H.J.; Loomba, R.; Bajaj, J.S.; Schubert, M.L.; Sikaroodi, M.; et al.
Gastric acid suppression promotes alcoholic liver disease by inducing overgrowth of intestinal Enterococcus. Nat. Commun. 2017,
8, 837. [CrossRef]

34. Lee, S.M.; Kim, N.; Nam, R.H.; Park, J.H.; Choi, S.I.; Park, Y.T.; Kim, Y.R.; Seok, Y.J.; Shin, C.M.; Lee, D.H. Gut microbiota and
butyrate level changes associated with the long-term administration of proton pump inhibitors to old rats. Sci. Rep. 2019, 9, 6626.
[CrossRef]

35. McMurdie, P.J.; Holmes, S. phyloseq: An R package for reproducible interactive analysis and graphics of microbiome census data.
PLoS ONE 2013, 8, e61217. [CrossRef] [PubMed]

36. Takashima, S.; Tanaka, F.; Kawaguchi, Y.; Usui, Y.; Fujimoto, K.; Nadatani, Y.; Otani, K.; Hosomi, S.; Nagami, Y.; Kamata,
N.; et al. Proton pump inhibitors enhance intestinal permeability via dysbiosis of gut microbiota under stressed conditions in
mice. Neurogastroenterol. Motil. 2020, 32, e13841. [CrossRef]

37. Jackson, M.A.; Goodrich, J.K.; Maxan, M.E.; Freedberg, D.E.; Abrams, J.A.; Poole, A.C.; Sutter, J.L.; Welter, D.; Ley, R.E.; Bell,
J.T.; et al. Proton pump inhibitors alter the composition of the gut microbiota. Gut 2016, 65, 749–756. [CrossRef]

38. Amir, I.; Konikoff, F.M.; Oppenheim, M.; Gophna, U.; Half, E.E. Gastric microbiota is altered in oesophagitis and Barrett’s
oesophagus and further modified by proton pump inhibitors. Environ. Microbiol. 2014, 16, 2905–2914. [CrossRef]

39. Natividad, J.M.; Lamas, B.; Pham, H.P.; Michel, M.L.; Rainteau, D.; Bridonneau, C.; da Costa, G.; van Hylckama Vlieg, J.; Sovran,
B.; Chamignon, C.; et al. Bilophila wadsworthia aggravates high fat diet induced metabolic dysfunctions in mice. Nat. Commun.
2018, 9, 2802. [CrossRef]

40. Chen, C.; Zhang, C.; Wang, X.; Zhang, F.; Zhang, Z.; Ma, P.; Feng, S. Helicobacter pylori infection may increase the severity of
nonalcoholic fatty liver disease via promoting liver function damage, glycometabolism, lipid metabolism, inflammatory reaction
and metabolic syndrome. Eur. J. Gastroenterol. Hepatol. 2020, 32, 857–866. [CrossRef]

41. Ierardi, E.; Losurdo, G.; Fortezza, R.F.; Principi, M.; Barone, M.; Leo, A.D. Optimizing proton pump inhibitors in. World J.
Gastroenterol. 2019, 25, 5097–5104. [CrossRef] [PubMed]

42. Peng, C.C.; Tu, Y.K.; Lee, G.Y.; Chang, R.H.; Huang, Y.; Bukhari, K.; Tsai, Y.C.; Fu, Y.; Huang, H.K.; Munir, K.M. Effects of Proton
Pump Inhibitors on Glycemic Control and Incident Diabetes: A Systematic Review and Meta-Analysis. J. Clin. Endocrinol. Metab.
2021, 106, 3354–3366. [CrossRef]

43. Singh, P.; Indaram, A.; Greenberg, R.; Visvalingam, V.; Bank, S. Long term omeprazole therapy for reflux esophagitis:follow-up in
serum gastrin levels, EC cell hyperplasia and neoplasia. World J. Gastroenterol. 2000, 6, 789–792. [CrossRef] [PubMed]

44. Suarez-Pinzon, W.L.; Lakey, J.R.; Rabinovitch, A. Combination therapy with glucagon-like peptide-1 and gastrin induces beta-cell
neogenesis from pancreatic duct cells in human islets transplanted in immunodeficient diabetic mice. Cell Transplant. 2008, 17,
631–640. [CrossRef] [PubMed]
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