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Abstract

Background and aims Pancreatic ductal adenocarcinoma (PDAC) represents the fourth cause of cancer-related death. We
aimed to evaluate whether gemcitabine treatment shapes the gut microbiota in a model of PDAC xenografted mice.
Materials and methods Pancreatic cancer xenograft mice were subjected to gemcitabine injection once per week for 3 weeks
to assess the tumor volume as compared to control mice injected with normal saline solution. The composition of fecal
microbiota, the activation of NF-kB pathway in cancer tissues and the serum metabolomics were further analyzed.

Results Gemcitabine considerably decreases the proportion of Gram- positive Firmicutes (from about 39 to 17%) and the
Gram- negative Bacteroidetes (from 38 to 17%) which are the two dominant phyla in the gut of tumor-bearing control mice.
This downshift was replaced by an increase of Proteobacteria (Escherichia coli and Aeromonas hydrophila) from 15 up to
32% and Verrucomicrobia (Akkermansia muciniphila) from 5 to 33% in the gut of drug-receiving mice. An overall increase
in inflammation-associated bacteria was observed upon gemcitabine. Consistently, activation of the NF-kB canonical path-
way was found in cancer tissues from gemcitabine-treated mice. Serum metabolomics revealed a significant decrease of
the purine compounds inosine and xanthine, and a decreasing trend for their metabolically-related molecule hypoxanthine.
Discussion Understanding chemotherapy side effects may explain the lack of activity or the chemoresistant processes and
it may help to set up strategies to improve the effectiveness of therapy.
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Introduction reaching 5-year survival [3]. This poor outcome is attribut-

able to lack of early symptoms, to limited biomarkers and

Pancreatic ductal adenocarcinoma (PDAC) accounts for
85-95% of pancreatic cancers [1, 2], which represent the
fourth lethal malignancy, with only less than 5% of patients
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screening tools which delay diagnosis. The latter is respon-
sible of the aggressiveness of the disease with early meta-
static spreading and chemoresistance processes [4—6]. From
the point of view of clinical management, PDAC can be
classified into (1) localized, resectable cancer, (2) locally
advanced, unresectable cancer and (3) metastatic cancer [1].
Only 10-20% of patients are eligible for surgical resection,
which remains the only curative option [1, 7, 8]. Chemo-
therapy represents the first-line approach in the treatment of
the advanced and metastatic disease [2, 4]. Among chemo-
therapeutic agents, gemcitabine represents the standard
of care in the treatment of such disease, as a single agent
or in combination with other drugs to improve its efficacy
[2, 7]. Despite being the gold standard in the treatment of
PDAC, gemcitabine-based therapies provide only a modest
improvement in prognosis, mainly because of both intrinsic
or acquired drug resistance phenomema.

@ Springer


http://orcid.org/0000-0002-3492-1153
http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-018-3549-0&domain=pdf

774

Cancer Chemotherapy and Pharmacology (2018) 81:773-782

Nowadays, it is evident that inflammation plays a central
role both in the onset and in the progression of PDAC [9,
10], not only as a risk factor but also as a consequence of
cancer itself [11]. The persistence of an inflammatory state
hinders the curability of the disease, that is why different
anti-inflammatory drugs are being currently evaluated as
supportive strategies in the management of PDAC [12, 13].
Given the poor responsiveness of PDAC to traditional chem-
otherapeutic agents, and the pivotal role of inflammation
in the course of the disease, finding alternative additional
approaches which may improve the clinical outcome is an
interesting and promising challenge.

A growing and exciting field of research is represented
by the study of microbiota, the community of commensal,
symbiotic and pathogen microorganisms living within host’s
body [14], mostly (99%) in the gut [15], which are known
to take part and modulate many physiological and patho-
logical processes [16]. Carcinogenesis, tumor progression
and response to anticancer therapies are important processes
known to be influenced by gut microbiota [17]. The majority
of reports linking gut microbiota to cancer concern colorec-
tal cancer, as the natural seat where microorganisms reside.
Intestinal microbiota, however, not only acts locally but also
at distant sites, through bacterial translocation or through
the release of microorganism-associated molecular patterns
(MAMPs) that reach other organs anatomically linked to
the gut [15]. In this regard, changes in gut microbiota com-
position are suggested to influence also pancreatic cancer
[11, 14, 18], as it was demonstrated for alterations in oral
microbiota [11, 14, 19, 20].

Several pre-clinical and clinical studies were conducted
with the aim to evaluate the impact of chemotherapy on the
composition of gut microbiota and the subsequent devel-
opment of gastrointestinal mucositis, which is a frequently
observed side effect in patients receiving chemo- or radio-
therapy [21].

In this study, we aimed to evaluate whether gemcitabine
treatment influences the gut microbiota and serum metabo-
lomic in a model of PDAC xenografted mice. Reducing the
side effects of chemotherapy may be useful to set up integra-
tive therapeutic strategies which may help to enhance the
effectiveness of therapy.

Materials and methods

Animal study

The animal study was performed in an AAALAC (Asso-
ciation for Assessment and Accreditation of Laboratory
Animal Care International) accredited experimental facil-

ity. Principles of laboratory animal care were followed for
the welfare of animals in experimental neoplasia. Protocols
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were approved by the Institutional Animal Care and Use
Committee. As previously reported [24], BxPC-3-luc cells
in log phase of growth were suspended in a PBS/matrigel
mixture (1:1) and 5 x 10° cells/mouse were injected subcuta-
neously into the right flank of 5-6 weeks old female Nu/Nu
nude mice. The tumor was allowed to grow until the desired
size (~ 100 mm3) was reached, then mice were randomly
allocated into two different treatment groups (6 per group):
Group 1 (Normal saline, i.p, qw), group 2 (Gemcitabine,
25 mg/kg, i.p, qw). Gemcitabine was dissolved in saline
(0.9% NaCl w/v in water) to generate a final concentration
of 10 mg/ml. The drug was freshly dissolved before use.
The intraperitoneal injection volume was 100 pl/10 g mouse
weight. Treatment was administered for up to 3 weeks with
one i.p. injection of gemcitabine per week after which the
animals were sacrificed once tumor volume reached 2500
mm? or they showed signs of a deteriorating health. Fresh
fecal samples from animals of both experimental groups
were collected into sterile eppendorfs and kept at — 80 °C
until use.

Microbiota analysis

Analysis of microbiota composition was performed as
already described [18]. Briefly, genomic DNA was extracted
from feces using MoBio Power Fecal DNA extraction kits
(MoBio, Carlsbad, Canada) according to the manufacturer’s
instructions. Amplicons (~450 bp) obtained with universal
primers targeting the V3-V4 hypervariable region of the 16S
rRNA gene were sequenced on Illumina MiSeq 2x 250 v2
platform. Sequence data were quality-controlled and ana-
lyzed using the open source program BION-meta, according
to author’s instructions.

Immunoblotting

Total protein extraction from snap-frozen pancreatic can-
cer xenograft specimens was obtained through mechani-
cal and detergent-based lysis, using RIPA buffer supple-
mented with protease inhibitor cocktail (COMPLETE;
Roche Diagnostics, Mannheim, Germany), 1 mM sodium
orthovanadate and 1 mM sodium fluoride as phosphatase
inhibitors. Equal amounts of protein extract, determined by
Bradford method, were separated by SDS—PAGE and blotted
on PVDF membranes (Whatman, Dassel, Germany). The
membranes were blocked with 5% milk dissolved in TBS
containing 0.1% Tween 20 and incubated overnight at 4 °C
with primary antibodies as follows: anti-phospho-NF-kB
p65 (Ser536) (1:1000, Cell Signaling Technology, Cat. #
3033), anti-NF-xB p65 (1:1000, Cell Signaling Technol-
ogy, Cat. # 8242), anti-phospho-IxBa (Ser32) (1:1000, Cell
Signaling Technology, Cat. # 2859), anti-IkBa (1:1000, Cell
Signaling Technology, Cat. # 4814), anti-GAPDH (1:8000,
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Merck Millipore, Cat. # ABS16). After incubation of the
membranes with respective horseradish-peroxidase-conju-
gated secondary antibodies, protein bands were detected by
enhanced chemo-luminescence (Thermo Fisher Scientific).

LC-MS analysis of serum metabolomics

Serum proteins were precipitated using acetonitrile. The
supernatant was diluted 1:1 in a acetonitrile/milliQ water
mixture. Liquid chromatography/Mass spectrometry was
used to analyze serum metabolites. The samples were ana-
lyzed using a slightly modified version of the acidic protocol
(positive and negative ionization) described by Paglia et al.
[22]. For quality control, a mixed pooled sample was cre-
ated by taking a small aliquot from each sample. Every 4-5
samples this QC sample was analyzed. A targeted approach
was used to extract the response of compounds included in
a standard list of 97 compounds.

Statistical analysis

Data are expressed as mean + standard deviation of the
mean. Statistical significance was assumed as p <0.05 (¥),
p<0.01 (**) or p<0.001 (***). To explore the association
of gut microbiota taxa with metabolites and both phospho-
rylated and total IxkBa protein levels, Pearson’s correlations
were estimated using SAS software.

Results

Effect of gemcitabine on pancreatic tumor growth
and fecal microbiota

As a first step, we evaluated the effect of gemcitabine treat-
ment on pancreatic tumor growth in our xenograft mouse
model. As shown in Fig. 1a, mice subjected to gemcitabine
treatment displayed a ~35% reduction in tumor volume at
the end of the therapy (p =0.05). Moreover, mice treated
with gemcitabine displayed a trend toward decreased body
weight (22.7 + 1.5 gr control vs 20.3 + 2.7 gr gemcitabine
treated) compared with control mice, without reaching sta-
tistical significance (Fig. 1b). Furthermore, Fig. 1c shows

the relative abundance of the top 15 most represented
bacterial taxa in both control and gemcitabine-treated
group. In agreement with the literature [23, 24], the Gram-
positive Firmicutes (to which belong Lachnospiraceae,
Lactobacillusanimalis, Ruminococcaceae, Blautia,
Anaerotruncus, Roseburia, Erysipelatoclostridium and
Peptoclostridium difficile) and the Gram-negative Bacte-
roidetes (to which belong Bacteroidales and Alistipes) are
the two dominant phyla in the gut of tumor-bearing control
mice. Gemcitabine, however, considerably decrease the
proportion of both phyla (from about 39 to 17% as regards
Firmicutes, from 38 to 17% as regards Bacteroidetes) and
concomitantly supported the growth of Proteobacteria
(mainly Escherichia coli and Aeromonas hydrophila, 32 vs
17% in control mice) and Verrucomicrobia (mainly Akker-
mansia muciniphila, 33 vs 5% in control mice) that are the
most represented phyla in the gut of drug-receiving mice
(Table 1). Looking at lower taxonomic levels, the bacteria
belonging to the Bacteroidales order were approximately
halved in the gemcitabine group compared to the control,
and similarly, a net decrease in the relative abundance of
the Lachnospiraceae family (from about 16 to 6%) and
of the Ruminococcaceae (from 10 to ~2%) was observed
in chemotherapy-treated mice. Bacteria belonging to the
genus of Erysipelatoclostridium, from about 4% in con-
trol group, almost disappeared in gemcitabine-treated
mice, and the same drop was observed for the Alistipes
and Anaerotruncus (less than 2% in control group ver-
sus ~0% in gemcitabine treated mice). However, the most
striking differences between the two experimental groups
were observed at the species level, with A. muciniphila and
Escherichia coli significantly increased while B. acidifa-
ciens decreased in gemcitabine- treated mice compared
to controls. Less pronounced but still noteworthy, L. ani-
malis, representing about 4% of the bacterial abundance
in controls was detectable in minor amounts in treated
animals; conversely P. difficile, which was not detected
at all in control mice, was found to represent about 4%
of gut microbiota in the gemcitabine group. As we will
discuss later, the overall alteration observed in microbiota
composition is suggestive of a pro-inflammatory bacterial
profile in the gut of gemcitabine-treated mice.

Table 1 Phylum-level gut

. . Lo Control (%) Gemcitabine
microbiota composition in
cont.roll and gemmtabme— Firmicutes: Lachnospiraceae, Lactobacillus animalis, Ruminococcaceae, 39 17% |
receiving mice Blautia, Anaerotruncus, Roseburia, Erysipelatoclostridium, Pepto-
clostridium difficile
Bacteroidetes: Bacteroidales, Alistipes 38 17% |
Proteobacteria: Escherichia coli, Aeromonas hydrophila 15 32% 1
Verrucomicrobia: Akkermansia muciniphila 5 33% 1
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Fig.1 Tumor volume evaluation (a). Body weight of xenografted
pancreatic cancer mice vs gemcitabine-treated mice (b). Results are
expressed as means+ SD. Differences were considered as significant

Gemcitabine treatment influences NF-kB
inflammatory pathway

To confirm whether gemcitabine could be responsible for a
worsening of inflammation which notoriously fuels pancre-
atic cancer [11, 25], we assessed the activation status of the
NF-xB pathway, which plays a critical role in inflammatory
conditions, in the biopsies of pancreatic cancer mice. The
most frequently activated form of NF-kB is a heterodimer
composed of p65 and p50, which is sequestered in the cyto-
plasm by binding with a member of IkB proteins (e.g. IkBa),
in basal conditions. In the canonical activation pathway, IkB
is phosphorylated and subsequently polyubiquitinylated and
degraded by proteasome. This allows NF-kB to move to the
nucleus and promote transcription of its target genes [26].
In addition, phosphorylation events involving the NF-xB
proteins themselves can also occur, as alternative ways of
activation [27].

Figure 2a—c shows significant changes upon gemcitabine
treatment in the total amount and the phosphorylated content
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when p <0.05 (*). Mean composition of bacterial taxa in mice fecal
samples (c¢). The average abundance (average sum of reads in relative
scale, %) of the most represented 15 bacterial taxa is shown

of IkBa. In detail, IkBa phosphorylation increased (p=0.03)
(Fig. 2b), while the total amount of the protein decreased
(p=0.03) (Fig. 2¢), indicating an activation of the inflam-
matory pathway. We also investigated the phosphorylation
level of NF-kB p65 (S536) (Fig. 2d, e). A trend towards an
increase in NF-kB p65 phosphorylation, without reaching
statistical significance, was observed in the gemcitabine-
treated mice.

Metabolomic profile in gemcitabine-treated PC mice

We next evaluated the metabolomic profile of serum sam-
ples collected from both control and gemcitabine-treated
animals. Using a targeted approach, a total of 42 out of 97
compounds were detected in mice sera, namely: (iso)leu-
cine, acetyl-carnitine, a-ketoglutaric acid, arginine, aspara-
gine, aspartic acid, carnitine, citric acid, citrulline, creatine,
creatinine, cystine, cytidine, dihydroxyacetone-phosphate,
fumaric acid, glucose, glucose-x-phosphate, glutamic acid,
glutamine, histidine, hypoxanthine, inosine, itaconic acid,
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Fig.2 Immunoblot detection (a) and quantification of relative
phospho-IkBa normalized to total IkBa protein expression (b) and
of relative total IkBa protein level (c¢) in tumor tissue of control and
gemcitabine-treated mice. Immunoblot detection (d) and quantifica-

lactic acid, lysine, malic acid, methionine, myoinositol,
nicotine amide, ornitine, pantothenic acid, phenylalanine,
phosphoenolpyruvic acid, proline, pyridoxamine, serine,
succinic acid, taurine, tryptophane, tyrosine, uridine, and
xanthine (Fig. 3). Among these compounds, a significant
decrease of the purine bases inosine and xanthine, and a
decreasing trend for their metabolically-related compound
(i.e. hypoxanthine) were observed in the gemcitabine group
as compared to the control group.

Association of gut microbiota profile
with metabolites levels and NF-kB signaling

Finally we performed, with only an exploratory intent due to
the low number of replicates as feces of the mice housed in
the same cage were pooled, a correlation analysis between
changes in gut microbiota and the observed alterations of
the serum metabolites and NF-«xB signaling, irrespective of
the treatment administered to animals. Table 2 shows the
associations of microbiota taxa with: (1) xanthine, inosine
and hypoxanthine serum levels; (2) ph-IkBo/ IkBa and
total IkBa protein levels in cancer tissues. The observed
statistically significant associations are highlighted in bold
(Table 2). In detail, a positive correlation between the phy-
lum Firmicutes and both hypoxanthine and IkBa levels was
observed. Lachnospiraceae and Peptoclostridium correlated
with ph-IkBa/IkBa, in a negative and a positive fashion,
respectively. Lactobacillus, Erysipelatoclostridium, Aero-
monas and Enterobacter were found positively associated

tion (e) of relative phospho-p65NF-kB normalized to total p6SNF-kB
protein expression in control tumor tissue and gemcitabine-treated
mice. Results are expressed as means +SD. Differences were consid-
ered as significant when p <0.05 (*)

with hypoxanthine and IkBa levels. A positive correlation
was observed between Lachnospiraceae_NK4A136_group
and both xanthine and inosine, while Ruminococcaceae_
NK4A214_group and Anaerotruncus were positively cor-
related only with inosine levels.

Discussion

In recent times, extensive efforts have been devoted to the
study of human gut microbiota, as it has become clear that
the composition and function of this complex microbial
community considerably influence a large number of physi-
ological and pathological processes, including metabolism,
immunity, inflammation and cancer [16, 28]. For this reason,
microbiota is frequently termed the “hidden organ” [29] or
the “forgotten organ” [30]. Although microbiota is relatively
stable over time [28], a number of environmental factors,
such as diet and drugs (above all antibiotics), can neverthe-
less shape its composition [18, 28], thus producing effects
impacting on health. Several pre-clinical and clinical stud-
ies, reviewed by Touchefeu [21], have demonstrated that
anticancer therapies perturb gut microbial profile, which is
often linked to the development of detrimental effects such
as gastrointestinal mucositis.

The current study shows that gemcitabine treatment
causes substantial modifications in the intestinal microbial
community of mice bearing PDAC in comparison to their
non-treated counterpart. The vast majority of gut microbiota
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Fig.3 Quantification of the 42 metabolic compounds detected in control and gemcitabine-treated mice serum samples. Results are expressed as
means + SD. Differences were considered as significant when p <0.05 (*), p <0.01 (**) or p <0.001 (**%*)

is composed of bacteria, especially belonging to two domi-
nant phyla, Firmicutes and Bacteroidetes [23, 24, 31]. As
a first result, we observed that both these phyla turned out
to be widely under-represented in the gut of gemcitabine-
receiving mice, whose bacterial composition was shifted in
favor of two other phyla, Proteobacteria (mainly E. coli)
and Verrucomicrobia (mainly A. muciniphila) which are
generally minor constituents of gut microbiota [23]. An
overgrowth of Proteobacteria is known to be related to
intestinal inflammation [32, 33], and a concomitant decrease
in Firmicutes is associated with intestinal bowel diseases
(IBD) [33-36]. Similarly, the Bacteroidetes phylum and the
Lachnospiraceae family were found to be reduced in human
IBD [37]. Moreover, A. muciniphila, a mucin-degrading bac-
terium, strongly increased in gemcitabine-treated mice, has
been found to favor gut inflammation because of its muco-
lytic activity [38]. A decrease in unclassified Bacteroidales,
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whose relative abundance is approximately halved in gemcit-
abine-treated mice compared to controls, has been described
in a mouse model of colitis [39]. This shift of microbiota
towards an inflammation-related bacterial profile may, on the
one hand, be responsible for gastrointestinal mucositis and
side effects which are often observed after chemotherapy
treatment and, on the other hand, paradoxically exacerbate
the inflammatory state which is a critical factor fueling
pancreatic cancer [11, 25]. Inflammation increases intesti-
nal permeability thus allowing bacteria to enter the circula-
tion and move to distant organs [11]. Bacterial transloca-
tion through the bloodstream, direct reflux through the main
pancreatic ducts or the activation of the immune system by
soluble MAMPs are all proposed mechanisms to explain
how intestinal microbiota may affect pancreatic carcinogen-
esis [11, 15]. One of the pathways commonly activated in
inflammation is the NF-kB signaling, which is also triggered
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Table 2 Correlation analysis between gut microbiota taxa and serum metabolites and NF-kB signaling
Xanthine Inosine Hypoxanthine IKBa ph-IKBa/IKBa
Firmicutes p=0.0504 p=0.1244 p=0.0757 p=0.0297 p=0.171
r=0.94567 r=0.87556 r=0.92427 r=0.97026 r=—0.829
Bacteroidetes p=0.47 p=0.3071 p=0.961 p=0.9176 p=0.3558
r=0.53003 r=0.69292 r=0.03899 r=0.08236 r=—0.64417
Proteobacteria p=0.5883 p=0.5429 p=0.8346 p=0.6508 p=0.1383
r=—0.41175 r=—0.45707 r=—0.16537 r=—0.34924 r=0.86168
Verrucomicrobia p=0.2732 p=0.2165 p=0.5015 p=0.594 p=0.6436
r=-—10.72679 r=—0.78347 r=—0.49854 r=—0.40602 r=0.35636
Lachnospiraceae p=0.1278 p=0.081 p=0.4274 p=0.3326 p=0.019
r=0.87217 r=0.91903 r=0.57265 r=0.66738 r=-0.98102
Ruminococcaceae p=0.1418 p=0.062 p=0.5047 p=0.4399 p=0.091
r=0.85823 r=0.93796 r=0.49527 r=0.56014 r=—10.90903
Alistipes p=0.515 p=0.3467 p=0.9847 p=0.9598 p=0.3546
r=0.48496 r=0.65334 r=—0.01527 r=0.04018 r=-—0.4539
Lactobacillus p=0.2392 p=0.3884 p=0.0176 p=0.0399 p=0.5566
r=0.76085 r=0.61156 r=0.98237 r=0.96008 r=—0.44338
Blautia p=0.4066 p=0.2916 p=0.8283 p=0.6994 p=0.101
r=0.5934 r=0.70844 r=0.17174 r=0.30064 r=—0.89899
Lachnospiraceae_NK4A136_group p=0.0057 p=0.0307 p=0.1362 p=0.1034 p=0.1396
r=0.99433 r=0.96926 r=0.86377 r=0.89661 r=—0.86042
Roseburia p=0.9752 p=0.8986 p=0.9019 p=0.7357 p=0.6112
r=0.02481 r=0.10141 r=—0.09806 r=—0.26428 r=0.38885
Peptoclostridium p=0.1124 p=0.1235 p=0.2821 p=0.18 p=0.0239
r=—0.88755 r=—0.87654 r=-—0.71788 r=—10.82003 r=0.97614
Anaerotruncus p=0.1145 p=0.0439 p=0.4586 p=0.4 p=0.0928
r=0.88553 r=0.95609 r=0.54144 r=0.59998 r=-0.90719
Ruminococcaceae_ NK4A214_group p=0.1204 p=0.0424 p=0.4745 p=0.4331 p=0.14
r=0.87964 r=0.95764 r=0.52549 r=0.56685 r=—0.86004
Erysipelatoclostridium p=0.2664 p=0.4203 p=0.0253 p=0.0584 p=0.611
r=0.73363 r=0.57973 r=0.97472 r=0.94158 r=—10.38897
Aeromonas p=0.0894 p=0.1828 p=0.0477 p=0.0087 p=0.2328
r=0.91059 r=0.81724 r=0.95226 r=0.99135 r=-0.76719
Akkermansia p=0.2732 p=0.2165 p=0.5015 p=0.594 p=0.6436
r=-—0.72679 r=—0.78347 r=—0.49854 r=—0.40602 r=0.35636
Bacteroides p=0.6403 p=0.4575 p=0.8629 p=0.8781 p=0.5552
r=0.3597 r=—0.54245 r=-0.13714 r=-0.2189 r= —0.44484
Enterobacter p=0.1154 p=0.2276 p=0.0016 p=0.0266 p=0.4422
r=0.88464 r=0.77244 r=0.99838 r=0.97336 r=—0.55778

For each model, the Pearson correlation coefficient (r) and the p value (p) are reported. The statistically significant results are shown in bold

by the binding of MAMPs to Toll- like receptors (TLRs) of
the host [26]. Immunoblots performed on pancreatic cancer
tissues, clearly revealed in gemcitabine-receiving mice an
activation of the canonical NF-kB pathway, that is the one
most frequently triggered by TLR signaling [26]. Indeed,
IkBa phosphorylation is increased and, accordingly, IkBa
total form was decreased as a consequence of its degrada-
tion. When we investigated the phosphorylation of S536 of
the p65 subunit as an alternative way of activation, a trend

towards an increase was observed in the gemcitabine-treated
mice, although not reaching statistical significance. This
result, supported by correlation analyses, strongly suggests
that the shifts observed in gut microbiota after gemcitabine
treatment may have reflected at distant sites and may have
had consequences on clinical outcome.

In our study, gemcitabine treatment produced a consid-
erable decrease in the relative abundance of two bacterial
families, namely Lachnospiraceae and Ruminococcaceae.
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Numerous members of these families are known for their
ability to generate butyrate as a product of fermentation of
non-digestible carbohydrates [40]. Aside from being the
main energy source for colonic epithelial cells [41], butyrate
has shown anti-proliferative and pro-apoptotic effects in
several cancer cell lines [41-45], including pancreatic can-
cer cells [44, 46] and anti-angiogenic properties [47-49].
Moreover, butyrate inhibits in vitro invasiveness of pancre-
atic cancer cells by altering integrin expression [50]. Even
though, to the best of our knowledge, these in vitro find-
ings still need confirmation in in vivo models of PDAC, it
is tempting to speculate that strategies aimed at increasing
butyrate-producing bacteria may enhance the gemcitabine
anticancer effect. Furthermore, butyrate also possesses other
beneficial properties, since it has anti-inflammatory effects,
activates immunity [51] and stimulates the synthesis of
mucus layer counteracting intestinal permeability [41, 51].

The current work revealed that gemcitabine therapy
caused the appearance of Peptoclostridium difficile (previ-
ously known as Clostridum difficile [52]), which was not
detected at all in the microbiota of untreated mice. P. dif-
ficile is an infectious microorganism responsible for a range
of gastrointestinal manifestations, from mild to severe and
lethal, whose growth is favored by factors perturbing the gut
microbial eubiosis, such as antibiotic therapy [53]. Previous
studies have also documented infections from this bacterium
associated with various chemotherapeutic agents [54-56].
Together with P. difficile (belonging to the Clostridium clus-
ter XI), overgrowth of Enterobacteriacea, to which E.coli
belongs, is a frequent consequence of chemotherapies [57,
58].

Previous studies investigating the effect of chemothera-
pies on gut microbiota also revealed significant alteration on
metabolomics [59, 60], since the interaction between bacte-
ria and the host may impact on the host metabolic phenotype
[61, 62]. In this regard, we performed a targeted analysis
of mice serum metabolites and found a highly significant
decrease of inosine in gemcitabine-receiving mice. Inosine
is a naturally occurring metabolite of adenosine, with which
it shares anti-inflammatory and immunosuppressive proper-
ties [63, 64] and has a protective effect against LPS-induced
inflammation [64, 65]. Interestingly, microbiota itself may
concur to determine inosine levels, since it has been dem-
onstrated that Lactobacillus reuteri reverses inosine deple-
tion [62]. Together with inosine, its metabolically-related
compound (xanthine) was also significantly decreased while
a decreasing trend of hypoxanthine was observed. A cor-
relation analysis revealed the association between the abun-
dance of some microbial taxa and the levels of the aforesaid
metabolites.

Overall, our study suggests that gemcitabine induces sig-
nificant modifications of the intestinal microbiota, many of
which may be detrimental for its own efficacy. In addition,

@ Springer

chemotherapy is associated with the promotion of inflam-
mation at the pancreatic level and with a decreased in serum
levels of inosine, xanthine and hypoxanthine, which likely
are correlated to the observed dysbiosis. The results of the
current study have yielded new insights in understanding
the impact of gemcitabine therapy in PDAC on microbiota
profile. Despite mouse models are being largely employed
in the field of microbiota research [66], it should be taken
into account that mouse and human microbiota, although
similar at the phylum level, are largely different at lower
taxonomic levels [21]. For this reason, further studies are
needed to assess the impact of gemcitabine treatment on
the human gut microbial communities, which may lead to
plan supportive strategies to be used in the clinical setting to
improve chemotherapy efficacy, reduce adverse effects and
ensure a better prognosis for patients.
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