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Abstract: Gastrointestinal cancers (GICs) are one of the most recurrent diseases in the world. Among
all GICs, pancreatic cancer (PC) is one of the deadliest and continues to disrupt people’s lives
worldwide. The most frequent pancreatic cancer type is pancreatic ductal adenocarcinoma (PDAC),
representing 90 to 95% of all pancreatic malignancies. PC is one of the cancers with the worst
prognoses due to its non-specific symptoms that lead to a late diagnosis, but also due to the high
resistance it develops to anticancer drugs. Gemcitabine is a standard treatment option for PDAC,
however, resistance to this anticancer drug develops very fast. The microbiome was recently classified
as a cancer hallmark and has emerged in several studies detailing how it promotes drug resistance.
However, this area of study still has seen very little development, and more answers will help in
developing personalized medicine. PC is one of the cancers with the highest mortality rates; therefore,
it is crucial to explore how the microbiome may mold the response to reference drugs used in PDAC,
such as gemcitabine. In this article, we provide a review of what has already been investigated
regarding the impact that the microbiome has on the development of PDAC in terms of its effect on
the gemcitabine pathway, which may influence the response to gemcitabine. Therapeutic advances in
this type of GIC could bring innovative solutions and more effective therapeutic strategies for other
types of GIC, such as colorectal cancer (CRC), due to its close relation with the microbiome.

Keywords: drug resistance; genetic instability; gemcitabine pathways; microbiome-induced resistance;
personalized medicine

1. Introduction

Pancreatic cancer (PC) is in the list of the deadliest types of cancer. Pancreatic neo-
plasms are a critical and growing global public health problem, mainly due to the fact that
epidemiological estimates for PC reveal that it is the seventh major cause of overall cancer
mortality in nations with widely developed industries, as well as the third most frequent
cause of mortality in the USA [1].

Pancreatic ductal adenocarcinoma (PDAC) is notably the most frequent pancreatic
neoplastic cancer, being responsible for approximately 90 to 95% of all pancreatic malig-
nancies [2,3]. PDAC is a violent disease with a 5-year overall survival (OS) rate of merely
11% [4]. The latest advances in chemotherapy treatments have enhanced the results of
resectable PDAC [5] but are still insufficient. In clinical studies, it has been shown that
as soon as patients are diagnosed with PDAC, 80% of them already have the disease in a
late stage, making it impossible to perform surgery with therapeutic intent [6]. The last
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decade has established combination regimens based on gemcitabine as well as fluoropy-
rimidine as standard chemotherapy treatments for metastatic PC [7]; however, median OS
(mOS) rates are still around 1 year [8,9]. In complete discrepancy to other tumor types,
several large-scale trials utilizing targeted agents have been ineffective for PDAC [10–12].
Therefore, according to this finding, it is clear that we do not fully understand this disease
that is increasing in number year after year and that current treatment options reveal to be
inefficient. Consequently, it is urgent to study why this is occurring.

The current obstacles in the treatment of PDAC are, for example, the almost nonex-
istence of methods aiming to screen PDAC and detect its tumors in an initial stage, in
addition to the lack of new and more successful therapeutic modalities. A better under-
standing of the genomics of PDAC, for example of certain subtypes [13,14], has not yet
been reflected in the detection of druggable targets [15], apart from for a minor group of
PDAC tumors carrying mutations on the BRCA or DNA repair genes [16]. The majority
of people diagnosed with PDAC have an advanced stage of cancer described as having a
multifactorial intrinsic resistance, as well as a developed resistance, to existing anticancer
therapies. This significant resistance to chemotherapy has been attributed to various PDAC
characteristics, such as genetic backgrounds, metabolic modifications, and a heterogeneous
tumor microenvironment that has dense fibrosis, in addition to a cellular contexture com-
prising subgroups of cancer-related fibroblasts, immune-suppressive cells, and also a series
of bacteria, which all function differently, molding the particular microenvironment of the
tumor microbiome. Therefore, current investigations have led to the advent of a recent av-
enue of investigation that explains the role that the microbiome plays in acquired resistance
to gemcitabine. This has been made possible since next-generation sequencing tools have
emerged, and their analyses have characterized a particular microbiome in distinct PDAC
tumors [17].

The microbiome is described as a specific microbial community that occupies a rea-
sonably well-established habitat that has different physiochemical characteristics. The
microbiome, in addition to encompassing the microorganisms that constitute it, encom-
passes their domain of activity, which engenders precise ecological niches [18]. This current
definition of the microbiome has been proposed by specialists with a deep understanding
of its various components. In addition to emphasizing its micro-ecosystem, their definition
also takes into account its relationships with macro-ecosystems, such as eukaryotic hosts,
thus revealing its crucial role in both health and disease. It is worth noting that the micro-
biome has recently been identified as a key contributor to the hallmarks of cancer. This
phenomenon has been referred to as an "enabling feature," as the microbiome’s impact on
cancer development and progression is increasingly recognized. Microbes appear to have
an active role in cancer development, being notably considered as a nearly independent
variable in this equation [19]. Growing data show that apart from mediating cancer induc-
tion and growth, the tumor microbiome may also enable the development of resistance to
chemotherapeutic drugs [20–22].

Investigations of PDAC reveal that resistance to therapy, as we mentioned before,
is one of the many reasons why PDAC has low survival rates. Thus, considering the
emerging association of the microbiome with resistance to chemotherapeutic agents such as
gemcitabine, the present review was conducted to collect the latest findings on microbiome-
induced resistance to gemcitabine. A search was carried out in PubMed and B-ON, and for
this, we used “Altered Microbiome” and “PDAC” as keywords jointly or alongside one
another, for example, “Antibiotic Combination”, “Gemcitabine Resistance”, or “Person-
alized Medicine”. Among the obtained data, we used English full-text articles published
from 2015 and later. However, to obtain more clarification and deeper comprehension, we
also analyzed various older articles. Editorials, case reports, abstracts, commentaries, or
manuscripts that were published in languages aside from English did not have a place in
the present review.
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2. The Global Health Problem of Cancer

Cancer is the second most common cause of mortality in the world; it was accountable
for approximately 10 million fatalities in 2020 [23]. Nowadays, 9/10 of major pharmaceuti-
cal companies concentrate on cancer therapies, with breast cancer (BC) in the lead and being
the main aim of studying and developing new drugs. The efficacy of pharmaceuticals in re-
ducing the mortality rate of various types of cancers is widely acknowledged. However, the
most recent report by the International Agency for Research on Cancer (IARC), Globocan
2020, has revealed a surge in the incidence of cancer worldwide. According to the report,
the number of cancer cases is expected to increase from 19.3 million to 30.3 million by the
year 2040. The study underscores the importance of continuous research and development
of cancer therapies to curb the growing incidence of the disease [24].

Cancer is a multifaceted and heterogeneous illness, modulated by a large number of
factors: socioeconomic, environmental, population, tissue, cellular, molecular, or genetic.
All of these factors are known to develop over time. In confronting this complex global
health problem, numerous scientists have attempted to focus their studies on subjacent
disease biology and emerging new groundbreaking therapies. Although the conventional
“one-size-fits-all” non-precision method of patient care through surgery, chemotherapy, ra-
diotherapy, and immunotherapy has accomplished some curative efficiency, many obstacles
still need to be overcome. One example is the relapse of the disease [25], frequently related
to drug resistance [26], which allows tumor metastasis [27,28] and ultimately stimulates
cancer development [29].

3. Personalized Medicine and Oncology

Currently, we are witnessing an emerging change in the oncology therapy model,
specifically in personalized/precision medicine. By utilizing this methodology, a patient’s
therapeutic schedule is improved according to a broad comprehension of that patient’s
individual systems biology [30] concerning health and disease. This encompasses the
collection of extensive information going through the patient’s entire medical history,
considering genetic, phenotypic, lifestyle, and psychosocial features to establish the most
appropriate therapy plan and probable prognosis. This has been greatly simplified by
the comprehensive human genome as well as proteome investigation [31–33], and, as
expected, by parallel technological innovations [34]. Achieving efficient cancer therapy
is the most crucial clinical goal. Nevertheless, the clinical reaction to antitumor agents
is often heterogeneous, representing a key challenge needing to be understand so that
efficient cancer treatment can be developed. Indeed, in personalized medicine, resistance
to chemotherapy and targeted cancer treatment is a major obstacle [35,36]. It is urgent to
have new clinical trial designs, focusing on the heterogeneity of tumors and patients in a
personalized/precision medicine methodology [37].

New sensitive and precise biomarkers and biomarker panels will be determined,
and novel drug targets and drugs recognized. Perhaps it is the adoption of personalized
medicine that currently presents major obstacles, specifically the difficulty of large vol-
umes of data, and worries in several public areas concerning privacy, ethical duties, and
evenhandedness, with an increasing gap in healthcare parity among high- and low-wage
countries and, in several circumstances, even distinct ethnic groups [38]. To handle these
difficulties, cooperations and coalitions based on personalized medicine bring together in-
ternational multidisciplinary groups of innovative leaders, scientists, and oncologists from
universities and industries (e.g., The Oncology Think Tank (TOTT), WR Worldwide Innova-
tive Networking in Personalized Cancer Medicine and the European Personalized Medicine
Association). This is crucial in simplifying real globalization. In this regard, the COVID-19
pandemic has demonstrated how quickly clinical advances can be accomplished, and that
conventional obstacles (e.g., information sharing across large pharmaceutical companies)
can be broken down [37].
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3.1. New Technologies, the Microbiome, and Colorectal Cancer

The emergence of a new technological era has enabled notable advancements in science.
Numerous investigations into microbial proteomics have established that microorganisms
play a significant role in promoting tumor development and metastatic progression. More-
over, there is growing evidence indicating that the microbiome is partly responsible for
the initiation of intestinal tumors. In a pioneering study, Verberkmoes et al. [39] employed
an untargeted shotgun mass spectrometry-based metaproteomics approach to obtain the
first deep proteome measurements of human distal intestinal microbiota. Additionally,
proteomic analyses of stool samples from colorectal cancer (CRC) patients have revealed
the presence of several microbial proteins [40]. Bosch et al. have recognized possible novel
biomarkers for CRC screening using mass spectrometry (MS) analysis of fecal samples.
A panel of four protein biomarkers showed sensitivities of 80% and 45% for screening
CRC and late-stage adenomas, correspondingly, with a specificity of 95% [41]. A quantita-
tive metaproteomic investigation characterized microbial protein abundance distinctions
between stool samples from CRC patients and healthy controls, demonstrating the patho-
genesis of CRC and revealing the encouraging potential of metaproteomics in medical
diagnostics in the future [42].

The human microbiome shows potential as a promising target for cancer development
and therapy. It may be directly oncogenic, through promoting mucosal inflammation or
systemic dysregulation, or may influence anticancer immunity/treatment. Microbiome
study may be important in tumor diagnosis and therapy [43]. As a groundbreaking tool
in biochemical investigation, proteomics can achieve comprehensive protein profiling of
the microbiota, in that way detecting possible biomarkers and revealing modified levels
of cancer-associated proteins and biological pathways. Fecal proteomics, a non-invasive
test, has notable benefits for the detection and authentication of biomarkers for CRC
detection [37].

Gastrointestinal Cancers (GICs) and Microbiome

Gastrointestinal cancers (GICs) are among the most common types of cancers, affecting
individuals diagnosed with oral squamous cell carcinoma (OSCC), tongue squamous
cell carcinoma (TSCC), esophagus squamous cell carcinoma (ESCC), gastric cancer (GC),
colorectal cancer (CRC), and pancreatic cancer (PC) [44,45]. Several factors have been
identified as contributing to gastrointestinal carcinogenesis, including Helicobacter pylori
infection, host genetics, epigenetics, oral and intestinal microbiota, the role of exosomes,
bone marrow-derived stem cells, adult stem cells, and environmental factors. Research
has shown that the presence of Helicobacter pylori infection in the gastrointestinal tract may
increase the risk of developing GICs. Additionally, host genetics and epigenetics may
play a significant role in the development of GICs. The oral and intestinal microbiota and
the role of exosomes have also been linked to the development of GICs. Furthermore,
bone marrow-derived stem cells and adult stem cells may contribute to the progression
of GICs. Environmental factors, such as diet and exposure to carcinogenic substances,
may also increase the risk of developing GICs [46–49]. Regardless of multiple attempts
in several areas, few advances have been accomplished in patient rescue and therapy.
Progress in correct treatments is restricted, as the processes that induce the development of
gastrointestinal cancers are not known. Thus, discovery and understanding of the processes
implicated in gastrointestinal cancers are critical in identifying an appropriate therapeutic
approach [50].

Numerous neoplasms can be localized within the cavities of the human body, including
the respiratory, gastrointestinal, and genitourinary tracts. These anatomical compartments
harbor their distinct microbiomes, which include the fecal microbiome. The presence of
Fusobacterium nucleatum in colorectal tumor tissue is believed to have been transferred from
feces in the intestine to the colonic epithelium, which triggers pro-inflammatory and onco-
genic pathways [51–54]. Fusobacterium nucleatum, a Gram-negative anaerobic bacterium,
expresses the FadA gene, which encodes the FadA protein. This adhesion protein enables
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it to adhere to E-cadherin and invade CRC cells, initiating the beta-catenin-controlled
transcription of oncogenes Myc and Cyclin D1, which enhances cancer cell proliferation.
Remarkably, fecal F. nucleatum does not appear to cause colitis or inflammation-related
colonic carcinogenesis in mouse models [53]. Instead, it recruits tumor-infiltrating immune
cells and increases the number of colonic tumors. F. nucleatum also stimulates colorectal
tumors through the microRNA miR21 in the same mouse model. Inhibitors of miR21 halted
CRC cell line proliferation and invasion [55]. MicroRNAs have been shown to be differ-
entially expressed in normal and tumor tissue in the colon and associated with the colon
microbiome profile, providing another means through which the intestinal epithelium
interacts with bacteria [56]. In mice, Campylobacter jejuni results in the development of
more and larger colorectal tumors than in uninfected mice. However, this outcome can
be minimized with the administration of the antibiotic rapamycin [57]. Other species
associated with CRC in the intestine include Escherichia coli [58], Bacteroides fragilis [59],
Streptococcus bovis [60], and Enterococcus fecalis [61]. Enterotoxigenic Bacteroides fragilis, in
particular, has been shown to stimulate colonic tumors in mice via IL-17 and possibly
through Stat3-driven TH-17T cell reaction [62,63].

Cancer is a complex disease and we have not been able to comprehend it completely.
One fact that is remarkably important is that there are a lot of connections between its
processes, mechanisms of carcinogenesis, and eventually, therapeutic strategies. Therefore,
sometimes the therapeutic strategy for a specific cancer can be found in a completely
different one. There is no doubt that the microbiome plays a key role in carcinogenesis
in the gastrointestinal tract; thus, we aim to analyze the microbiome’s connection with
PC, a GIC that has not seen a lot of therapeutic progress. This may help us to find future
investigation directions for providing treatment solutions for the other types of GIC.

The field of personalized medicine in oncology holds promise for addressing the
current challenges in cancer treatment, particularly in cancers with high mortality rates
such as gastrointestinal cancers (GICs). While linking the microbiome to drug resistance re-
mains a complex task, the first step towards understanding microbiome-induced resistance
and developing effective intervention strategies involves analyzing drug mechanisms of
action in detail and identifying the differences in gene expression responsible for inducing
resistance. While the transition from data analysis to clinical practice presents numerous
challenges, genetic tools can be used to elucidate the underlying mechanisms and facilitate
the development of effective treatment strategies.

4. Chemoresistance in Pancreatic Cancer

Chemoresistance is generally categorized into two groups: intrinsic (de novo or innate)
resistance and acquired resistance [64]. Generally, intrinsic resistance indicates the case
in which chemotherapy is not effective from the beginning of therapy because of the
patient’s genetic factors, while acquired resistance merely occurs after some period of
exposure of tumor cells to antitumor chemotherapeutic drugs, as a result of genetic or
epigenetic modifications in the cancer cells. Regarding acquired resistance, tumor cells may
be sensitive to drugs at the initiation of therapy; however, prolonged therapy eventually
results in refractoriness to chemotherapy [65]. In this review, we will focus on acquired
resistance to gemcitabine.

Gemcitabine and several anticancer drugs are efficient among people diagnosed with
advanced and metastatic PC; however, the occurrence of chemoresistance to gemcitabine
brutally restricts the efficacy of this drug. There is no doubt that PC cells are more chemo-
resistant to gemcitabine compared to other chemotherapy drugs. As the investigation into
the impacts of different chemotherapeutics is still in its beginning, most investigations into
chemoresistance in late-stage PC aim to study gemcitabine. The processes inherent to the
development of resistance to gemcitabine are still not clear. Several transcription factors,
for example, enzymes as well as signaling pathways, included in nucleoside metabolism
are more or less associated with the occurrence of resistance to gemcitabine [66–68].
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5. Gemcitabine and Its Presentation

Gemcitabine, first utilized because of its antiviral properties [69], has been extensively
used as an antitumor chemotherapeutic agent for several solid tumors and, nowadays, in
several lymphomas [70]. Gemcitabine has emerged as a standard therapeutic option for
locally advanced and metastatic pancreatic cancer since 1997. This follows the revelation
by Burris et al. that gemcitabine demonstrated superior overall survival (OS), performance
status, and pain control outcomes when compared to fluorouracil (5-FU) [71]. Its impact on
survival was reasonably small (5.65 months vs. 4.41 months); however, it is notable that the
clinical benefit response (CBR) of gemcitabine was deeper, practically five times greater, in
comparison with 5-FU (23.8% vs. 4.8%) [71].

Gemcitabine remains the main chemotherapy drug used for the treatment of PDAC [72,73].
Nevertheless, the response rate is very modest (around 30%), and even inferior in advanced
cases [74,75]. The use of gemcitabine increases average survival by two to three months [76],
a very poor outcome. Chemoresistance to gemcitabine develops very quickly [77] and
is, consequently, the principal factor restricting drug response. Gemcitabine is utilized
as monotherapy or in combination with other anticancer drugs [78]. The outcomes in
combinatorial therapies are slightly superior compared to monotherapy, but the high
toxicity associated with combinatorial regimens means that gemcitabine is utilized alone
on many occasions [79].

Chemical Structure and Properties

Gemcitabine (also recognized as dFdC: 2′,2′-difluoro-2′-deoxycytidine, Figure 1) is an
analog of deoxycytidine nucleoside whose anti-proliferative characteristics are dependent
on various inhibitory actions on DNA synthesis, stopping the progression of the cell
cycle at the limit of the G1/S phase [80]. Figure 1 illustrates the differentiation that
becomes evident when we compare side by side the deoxycytidine nucleoside, which
is part of DNA, and gemcitabine, which contains two fluorine atoms. It is clear that the
process of DNA synthesis is not capable of differentiating the two molecules; therefore, it
randomly incorporates 2-deoxicytidine and gemcitabine [79]. Compared to the cytosine
arabinoside (Ara-C), which was the first nucleoside analog shown to be clinically effective,
gemcitabine has various distinctive properties and a precise spectrum of activity [81,82].
The unique characteristics of gemcitabine concerning its cellular pharmacology, metabolism,
and mechanisms of action occur due to the structural variations between the fluorine
substituents in the second position of the furanose ring of dFdC (Figure 1) [83].
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is competition between gemcitabine and this nucleoside. It is important to mention that DNA is
formed in part by four different nucleosides, and the cytosine deoxyribonucleoside is one of them.
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6. Gemcitabine’s Mechanism of Action

To comprehend the mechanisms of microbiome-induced resistance to gemcitabine
treatment, it is essential to analyze its mechanism of action in detail. Consequently, to
explore gemcitabine’s mechanism of action, we need to consider three distinct phases
of activation as well as one phase of inactivation: how gemcitabine accesses the cell; its
intracellular activation; and the impacts of gemcitabine on DNA synthesis and intracellular
inactivation [79].

6.1. Gemcitabine Access to the Cell

After gemcitabine enters into the circulatory system, it transports the drug to the
tumor; however, it faces several significant difficulties. The first is the reduced vascular
supply of the tumor, and the second, highly significant, is the dense stroma located around
the cell, which provides a protective barrier [79].

Gemcitabine is highly hydrophilic, therefore passive diffusion across the lipid bilayer
of the hydrophobic cellular plasma membrane is not rapid and not significant. To effectively
enter into the cells, gemcitabine needs physiologic nucleoside transporter proteins to pass
through the plasma membrane [85]. There are two groups of transporter proteins: equili-
brative transporters and concentrative transporters. The first group are the bi-directional
human equilibrative nuclear transporters (hENTs) and they can be found in almost every
cell type, and hENT1, as well as hENT2, can mediate gemcitabine uptake in the direction
of the concentration gradient. The second group is the human concentrative nucleoside
transporters (hCNTs), which are antiporters that extrude sodium during the import of
nucleosides. Human concentrative nucleoside transporter 1 (hCNT1) and hCNT3 are the
two recognized concentrative nucleoside/sodium co-transporters in humans, which can
transport gemcitabine into a cell using the energy gained from Na+ extrusion. Transporter
proteins are capable of functioning against the substrate concentration gradient. However,
the human concentrative nucleoside transporter 3 (hCNT3) exhibits a lower level of selec-
tivity compared to the other concentrative transporters in terms of receiving pyrimidine
and purine nucleosides. In contrast, hCNT1 and hCNT2 display a more efficient reception
of pyrimidine and purine nucleosides, respectively. Despite its broad tissue expression,
hCNT3 appears to be less selective in its ability to receive these nucleosides [86–88].

The transport of nucleosides across biological membranes in the direction of the
concentration gradient is facilitated by hENTs, which exhibit bidirectional transport capa-
bilities. On the other hand, hCNTs are sodium-dependent symporters that mediate the
unidirectional transport of nucleosides into cells [89]. There are five human nucleoside
transporters (NTs) known to facilitate the transport of gemcitabine into cells: hCNT1,
hCNT2, hCNT3, hENT1, and hENT2. Nonetheless, kinetic studies conducted on human
cell lines have revealed that the intracellular uptake of dFdC is primarily mediated by
hENT1 (SLC29A1) and, to a lesser extent, by hENT2 (SLC29A2), hCNT1 (SLC28A1), and
hCNT3 (SLC28A3) [83,90]. As a result, patients who express or overexpress genes encoding
these proteins are expected to exhibit improved intracellular drug access [79]. Patients with
reduced levels of the hENT1 protein may exhibit resistance to gemcitabine, which can be
clinically verified [91]. Greenhalf et al. [92] conducted a study to investigate changes in
overall survival (OS) between patients who underwent ablative surgery, comparing those
with high and low hENT1 expressions (ESPAC3 trial). The findings of this study, which was
conducted on a significant population of 380 patients, indicated that gemcitabine should
not be administered to patients with low hENT1 expression (Figure 2) [92].
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gemcitabine into the cells: hCNT1, hCNT2, hCNT3, hENT1, and hENT2. The hENTs mediate
bidirectional transport, while the hCNTs mediate unidirectional transport of gemcitabine into cells.
It is important to mention that resistance to gemcitabine may occur firstly because of different
expressions of genes that encode for the human nucleoside transporters. If there is low expression,
gemcitabine may not be able to enter the cell.

6.2. Gemcitabine’s Intracellular Activation

Gemcitabine, an anticancer drug, is transported by nucleoside transporters (NTs) and
upon entering the cell, it undergoes several phosphorylation steps. Initially, deoxycytidine
kinase (dCK) phosphorylates gemcitabine to gemcitabine monophosphate (dFdCMP),
which is then further phosphorylated to gemcitabine diphosphate (dFdCDP) by pyrimidine
nucleoside monophosphate kinase (NMPK, also known as UMP/CMP), and finally to
gemcitabine triphosphate (dFdCTP) by nucleoside diphosphate kinase (NDPK) [80,82].
The first phosphorylation step, catalyzed by dCK, is the rate-limiting step in gemcitabine
activation. Downregulation of dCK, which results in acquired resistance to gemcitabine
chemotherapy, inhibits the first step of gemcitabine activation. Studies have shown that
a low expression of dCK has been linked to poor prognoses and reduced survival rates
in resectable pancreatic cancer patients receiving gemcitabine therapy [93,94]. Therefore,
monitoring the expression of dCK could be crucial for predicting the responses of pancreatic
cancer patients to gemcitabine therapy.

Gemcitabine is an anticancer drug that aims to block the cell cycle, and to do so, it
needs to interfere with DNA replication. To do this, gemcitabine’s major cellular metabolite
and active form, dFdCTP, behaves as a competitive substrate of deoxycytidine triphosphate
(dCTP). Throughout the DNA replication process, dFdCTP is incorporated into DNA,
therefore stopping chain elongation of the DNA and triggering cell death via apoptosis
(Figure 3) [80,82].
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6.3. Effects on DNA Synthesis

dFdC shows cell phase specificity, mainly destroying cells undergoing DNA synthesis.
The various impacts on DNA synthesis resulting from the use of gemcitabine may be
the reason for the drug’s cytotoxic activity. As we mentioned before, gemcitabine is
phosphorylated to gemcitabine monophosphate (dFdCMP) by the enzyme deoxycytidine
kinase (dCK) once there is an influx of nucleoside transporters in the cell membranes
(Figure 3), which undergo complex intracellular conversion into gemcitabine diphosphate
(dFdCDP) as well as triphosphate (dFdCTP), the two active forms. The combined action
of these two metabolites is the reason for gemcitabine’s cytotoxicity. On one hand, DNA
polymerase is inhibited by competition between dFdCTP and deoxycytidine triphosphate
(dCTP). On the other hand, the efficient ribonucleoside reductase inhibitor, dFdCDP, may
result in a reduction in deoxyribonucleotide pools, and these are necessary for DNA
synthesis, allowing the improvement of dFdCTP action. Essentially, dFdCTP competes
with natural deoxycytidine 5′-triphosphate (dCTP) for insertion into replicating DNA; once
a dFdCTP molecule is inserted into DNA, an extra deoxyribonucleotide is incorporated
into the growing DNA strands, after which DNA synthesis stops and cannot continue
anymore, resulting in DNA chain termination. Therefore, this “masked chain termination”
mechanism can camouflage dFdCTP and DNA repair enzymes cannot detect it; therefore,
gemcitabine ends up locked into the DNA. This has consequences and results in the
malfunction of DNA repair mechanisms [83].

Gemcitabine has a noteworthy process that enhances its activation, designated “self-
potentiation”. Thus, this “self-potentiation” extends the preservation of high concentrations
of intracellular gemcitabine metabolites and increases it. Furthermore, it improves the
chance of its effective incorporation into nucleic acids, predominantly in DNA, by decreas-
ing the levels of competing natural metabolites [95]. The metabolite of gemcitabine, known
as dFdCDP, is highly effective in putting a stop to the action of ribonucleotide reductase
(RR), which is an enzyme that plays a crucial role in regulating the biosynthesis of DNA
through the control of nucleoside triphosphate (NTP) formation. RR plays a key role in
the formation of deoxyribonucleotides, which are essential for DNA synthesis and repair.
It facilitates the conversion of cytidinediphosphate (CDP) into deoxycytidindiphosphate
(dCDP). If RR is inhibited, it can lead to a decrease in the cellular concentration of the
four DNA monomers, which are needed for DNA synthesis, resulting in the simplification
of incorporating dFdCTP into DNA [83,95,96]. Gemcitabine, a nucleoside antimetabo-
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lite, leads to faster phosphorylation of dFdC in the two active forms, reduced metabolic
clearance of gemcitabine nucleotides by deoxycytidine monophosphate deaminase, and
better dFdCTP incorporation into DNA. This self-potentiation process is believed to be
responsible for the superior antitumor efficiency of dFdC compared to other nucleoside
antimetabolites [97–99].

Recent research has revealed a novel process of action associated with the primary
catabolite of dFdC. Specifically, this process involves the inhibition of thymidylate syn-
thase (TS). The inhibition of this enzyme has been shown to increase the incorporation
of 2-deoxyuridine (UdR) into DNA, resulting in indirect harm to the DNA. Additionally,
it has been observed that 2′,2′-difluoro-2′-deoxyuridine (dFdU), which was previously
considered an inert metabolite of gemcitabine (dFdC), also plays a role in this process.
These findings have significant implications for the clinical administration of gemcitabine,
whether administered alone or in combination with other treatments such as radiation.
Therefore, it can be concluded that thymidylate synthase is a target of dFdC [100].

Gemcitabine has four effects that work to stop cell cycle progression in the synthetic
phase. Firstly, it inhibits ribonucleotide reductase (RR), which is associated with the synthe-
sis of deoxycytidine monophosphate that eventually incorporates into DNA. Secondly, it
acts as an antimetabolite and blocks the replication process by integrating into the DNA
chain. Thirdly, gemcitabine indirectly leads to apoptosis as it is not capable of excision
repair. Lastly, this drug also has inhibitory impacts on thymidylate synthase [79]. These
mechanisms of gemcitabine could be a starting point to inspire scientists to find innovative
ways to fight cancer.

6.4. Intracellular Inactivation

One of the primary mechanisms of gemcitabine’s inactivation is through its conver-
sion to the major metabolite 2′,2′-difluoro-2′-deoxyuridine (dFdU) by cytidine deaminase
(CDA) [101]. Cytidine deaminase catabolizes gemcitabine in tissues, transforming gem-
citabine into 2′,2′-difluorodeoxyuridine, which then competes with the uptake of gemc-
itabine due to its transport via the nucleoside transporters hENT and hCNT [102]. This
reveals that cytidine deaminase plays a dual role in gemcitabine resistance: one in inacti-
vating gemcitabine and a second in indirectly reducing its transport into the cell. Notably,
cytidine deaminase is inhibited if difluorouridine expulsion is blocked; therefore, it has
inhibitory effects on cytidine deaminase [103].

7. The Pancreatic Human Microbiome

Traditionally, the presence of a microbiome within the pancreas has not been acknowl-
edged. However, Li et al. conducted gene-specific PCR of bacterial 16S rRNA to investigate
the microbial components in pancreatic cyst fluids. Their findings revealed predominant
microbial constituents such as Bacteroides, Escherichia/Shigella, and Acidaminococcus [104].
These results unveiled the presence of local microbiota in the pancreas and confirmed
that pancreatic cyst fluid is a crucial sample for microbial identification. Presently, apart
from P. gingivalis and H. pylori, other microbes have been identified in pancreatic cancer
(PC) tissues. Utilizing 16S rRNA gene sequencing, Pushalkar et al. detected high pro-
portions of Proteobacteria (45%), Bacteroidetes (31%), and Firmicutes (22%) species in PC
tissues [105]. Interestingly, they concluded that the microbiome proportions in PC tissue
differed from those of normal pancreatic tissue. Other research studies have reported
similar results [106,107]. Thus, the pancreas is not sterile and possesses a microbial en-
vironment that could potentially affect the manifestation and progression of PC. Several
multifaceted processes involving numerous factors may alter the pancreatic microbiome.
These modifications may occur naturally or through non-natural means [108].

Fungi and Viruses in PC Development

Recent investigations have suggested an association between fungi and viruses and the
onset of pancreatic cancer. For example, a prospective cohort study carried out in Sweden
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found that Candida infection in the oral cavity was significantly linked to the occurrence of
pancreatic cancer [109]. According to a population-based cohort study conducted in Taiwan,
individuals infected with Candida are at a notably higher risk of developing PC. The study’s
results suggest a significant association between Candida infection and the likelihood of PC,
which has important implications for clinical practice and public health [110].

Further investigation is required to establish the connections between fungal infections
and pancreatic cancer. The causal association between hepatitis viruses and hepatocellular
carcinoma is well documented. However, some studies suggest that hepatitis viruses may
also be linked to pancreatic cancer. Katakura et al. reported elevated serum levels of
pancreatic enzymes in patients with viral hepatitis, suggesting a potential association [111].
Jin et al. have established a correlation between the hepatitis B virus and chronic pancreati-
tis [112]. Studies have found a correlation between chronic hepatitis, chronic pancreatitis,
and pancreatic cancer (PC). These findings underscore the importance of considering the
possible role of viruses in the development of PC. It is essential to recognize that viral
infections can have a lasting impact on the health of an individual and, therefore, should
not be overlooked as a possible risk factor for PC [108].

There has been a recent discovery of a potential association between fungal and viral
infections and the onset of pancreatic cancer. It is crucial to conduct further research into
this link to gain a better understanding of the underlying mechanisms and to develop
targeted prevention and treatment methods. Prioritizing research in this field is important
to advance our knowledge of pancreatic cancer and to ultimately save lives.

8. Microbiome and Gemcitabine Resistance

As we mentioned before, chemotherapy continues to be the first line of therapy
for PC at every stage; however, the impact of therapy often varies in each patient [113].
Recent investigations have shown that the microbiome plays a critical role in evaluating
the effectiveness and side effects of chemotherapy [114,115]. Chemotherapy could also
influence the microbiome through various processes [108].

Gemcitabine (2′,2′-difluorodeoxycytidine) is a drug used as a conventional chemother-
apeutic treatment that is extensively administered as therapy for different cancers, in-
cluding PC. Nevertheless, bacteria, mainly belonging to Gammaproteobacteria, are able to
convert gemcitabine to 2′,2′-difluorodeoxyuridine, an inactive form of gemcitabine [113],
utilizing cytidine deaminase (CDA) [116,117]. Geller et al. utilized deep sequencing of
bacterial 16S rDNA to identify the microbial composition associated with pancreatic tu-
mors. Their findings revealed that the majority of microbes identified belonged to the
γ-proteobacteria phylum, with predominant representation from species of Enterobacter and
Pseudomonas [113]. These microbes are capable of generating CDA, resulting in degradation
of and resistance to gemcitabine [113]. The therapeutic efficacy of chemotherapeutic drugs
is often compromised by the presence of the pyrimidine nucleoside phosphorylase (PyNP)
generated by mycoplasmas. This is due to the indirect potentiation of the deamination
of these drugs [118]. Additionally, PyNP removes the natural pyrimidine nucleosides
uridine, 2′-deoxyuridine, and thymidine, which are known to prevent the deamination of
gemcitabine [118]. Moreover, in various types of cancer, certain microbes have been found
to decrease the effectiveness of gemcitabine. For instance, Mycoplasma hyorhinis contamina-
tion has been shown to induce resistance to gemcitabine in laboratory cultures [119,120].
Panos et al. conducted a study in which they observed that the activity of gemcitabine
decreased when it was incubated with E. coli supernatants [121]. It has been suggested that
the combination of antibiotics and gemcitabine could provide a new strategy for enhancing
chemosensitivity in patients with pancreatic cancer (PC). However, it should be noted that
the use of antibiotics is not without potential adverse effects. Iida et al. demonstrated
that in cases of lymphoma, colon carcinoma, and melanoma, mice that were treated with
antibiotics or were germ-free and subsequently engrafted with tumors did not respond to
CpG-oligonucleotide immunotherapy or platinum chemotherapy. Moreover, antibiotic-
treated mice exhibited a downregulation of genes associated with antigen presentation and
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adaptive immune responses, while genes associated with cancer were upregulated [122].
The question of whether antibiotics can be employed in combination therapy schedules
for cancer, and which antibiotics are suitable for such an application, remains a subject
of future investigation. Further research is required to gain a better understanding of the
potential benefits and risks of utilizing antibiotics in combination with cancer treatment.

Microorganisms have the ability to modulate the efficacy of gemcitabine, a chemother-
apeutic agent. However, it is noteworthy that this drug may also disrupt the composition
of the human microbiome [123]. Chemotherapy has been reported to cause damage to the
gastrointestinal mucosa, through direct cytotoxic effects on cells or by inducing alterations
in the intestinal microbiome. As such, it is important to consider the potential adverse
effects of chemotherapy on the gastrointestinal tract, as this can have significant implica-
tions for the overall health and well-being of the patient. It is therefore recommended that
patients undergoing chemotherapy be closely monitored for any signs of gastrointestinal
toxicity, and appropriate interventions be taken to manage these side effects and promote
optimal health outcomes [124,125].

The normal intestinal microbiome of mice comprises two dominant phyla, namely the
Firmicutes and Bacteroidetes species. However, in gemcitabine-treated mice, Proteobacteria
and Verrucomicrobia were found to replace these phyla. This alteration led to intestinal
inflammation and stimulated the development of PC [126–130]. Another investigation
revealed that gemcitabine therapy stimulated infection by Clostridium difficile, which was
undetectable in mice in which gemcitabine was not administered [126]. Besides the mi-
crobiome itself, some investigations have also discovered that gemcitabine produces con-
siderable alterations in the metabolomic profiles linked to certain microbes [131–134]. For
instance, Panebianco et al. discovered that inosine levels were notably decreased in mice
administered gemcitabine; the mice also exhibited jaundice and had higher hypoxanthine
levels [126]. Inosine is a naturally occurring metabolite of adenosine, which possesses anti-
inflammatory and immunosuppressive properties. It has been observed that Inosine offers
protective effects against inflammation induced by lipopolysaccharide (LPS) [134,135].
However, the use of gemcitabine in cancer treatment can lead to damage to the microbiome,
resulting in a vicious cycle that promotes tumor growth. Despite the progress made in this
field, this microbe–host–drug relationship remains unclear. The biological complexity of
this issue continues to pose a significant challenge to personalized medicine [136]. A more
in-depth investigation of the role that the microbiome plays in chemotherapy resistance in
PC is necessary to improve the prognosis of this disease [108].

9. Antibiotics

The administration of antibiotics either prior to or during gemcitabine-containing
treatment regimens has demonstrated improved outcomes in patients with pancreatic can-
cer (PC) [137,138]. Recently, a retrospective, single-center Japanese investigation reported
a positive correlation between late-stage PC patients who received antibiotics and their
increased progression-free survival (PFS) and overall survival (OS) rates when compared
with those who did not receive antibiotics during systemic combination therapy with gem-
citabine and nab-paclitaxel (5.8 vs. 2.7 months and 11.0 vs. 8.4 months, respectively) [139].
Similarly, a recent retrospective cohort study that included 3850 patients with primary
metastatic pancreatic ductal adenocarcinoma (PDAC) who received first-line chemotherapy
with gemcitabine or fluorouracil found a significant positive association between the receipt
of antibiotics and both OS and cancer-specific survival (CSS) rates. Patients who received
antibiotics were matched using propensity scores with those who did not receive antibi-
otics in the month before or after starting first-line chemotherapy. Receipt of antibiotics
was associated with an 11% increase in OS (hazard ratio (HR), 0.89; 95% CI, 0.83–0.96;
p = 0.003) and a 16% increase in CSS (HR, 0.84; 95% CI, 0.77–0.92; p < 0.001) among patients
who underwent gemcitabine therapy [140]. However, no correlation was found between
the receipt of antibiotics and OS (HR, 1.08; 95% CI, 0.90–1.29; p = 0.41) or CSS (HR, 1.12;
95% CI, 0.90–1.36; p = 0.29) in patients who received fluorouracil [140]. These findings



Biomedicines 2024, 12, 227 13 of 23

confirm that antibiotics have the potential to modulate bacteria-mediated gemcitabine
resistance and enhance PDAC’s response to treatment.

Fluoroquinolones (FQs), for example, levofloxacin and moxifloxacin, have shown to
have proapoptotic and antiproliferative impacts [141–144] with specific data relating to
PC [119], although they may still act through modulation of the immune response [144].
Nevertheless, antibiotics have revealed mixed results when linked to cancer treatment [140],
in part due to the extensive variability of the precise antibiotics analyzed, the type of can-
cer, and the multifaceted microbial–immune interaction involved [145]. It has become
evident that addressing the aforementioned issues requires the involvement of multidisci-
plinary teams.

9.1. Fluoroquinolones

Quinolones are a groundbreaking class of antibacterial agents that are entirely syn-
thetic and represent a significant advancement in the field of anti-infective therapy. Unlike
natural antibiotics, quinolones were not intentionally designed based on pre-existing
molecules. The scaffold of quinolones was subsequently fine-tuned to fluoroquinolones
(FQs), which have become a vital component of the treatment regimen for bacterial infec-
tions caused by both Gram-positive and Gram-negative bacteria. Currently, only a few
antimicrobial agents exhibit a broad spectrum of activity against both types of bacteria,
making FQs a unique and valuable class of antibiotics. FQs are considered to be privi-
leged antibiotics because of their extensive bactericidal activity, which occurs at clinically
achievable doses, their wide therapeutic index, which means they are relatively safe to
use, and their relatively low resistance levels. Additionally, FQs are synthetically tractable,
meaning that their chemical structure can be modified to improve their efficacy and reduce
their toxicity. As a result, FQs have become widely accepted and are extensively used in
clinical settings to fight bacterial infections [146,147]. The mechanism of action of these
drugs involves their attachment to a specific intracellular target located in the cytosol
of bacterial cells. Once attached, they effectively inhibit the activity of topoisomerase
II enzymes, namely gyrase as well as Top IV, with a marked selectivity for prokaryotic
enzymes. These enzymes are essential for DNA transcription, duplication, repair, and
recombination, and, therefore, the process of DNA replication is interrupted [148]. The
innate physicochemical properties of fluoroquinolones (FQs) are remarkable, primarily
due to their ability to traverse the orthogonal lipid bilayers of Gram-negative bacteria,
which is a task that some naturally occurring antibiotics are incapable of achieving. The
remarkable success of fluoroquinolones is attributed to their intrinsic capabilities, including
their intracellular targeting and appropriate physicochemical properties. These qualities
have made them an excellent reference scaffold for developing highly effective antibacterial
agents [143].

Fluoroquinolones, a class of antibiotics that includes ciprofloxacin and moxifloxacin,
are frequently used to treat bacterial infections of the lungs, including pneumonia. Recent
studies have revealed that fluoroquinolones exhibit inhibitory effects against a range of
cancers [149–151]. Levofloxacin, a second-generation fluoroquinolone, has been identified
as a promising agent for breast cancer treatment due to its selective targeting of breast
cancer cells over normal breast cells [152].

In a study conducted by Song et al., levofloxacin was evaluated as a potential treatment
for lung cancer. The researchers found that levofloxacin induces mitochondrial dysfunction
and oxidative damage in lung cancer cells, leading to growth arrest and apoptosis [142].
This effect was observed across multiple lung cancer cell lines, including A549, H3255,
NCL-H69, and H460. These results suggest that levofloxacin is effective against lung cancer
cells regardless of their cellular origin and genetic pattern. Notably, the inhibitory effects of
levofloxacin were also observed in H460 cells, which are resistant to gefitinib due to EGFR
and KRAS mutations [153]. Moreover, the study’s in vivo xenograft lung cancer mouse
model confirmed that levofloxacin significantly arrested lung tumor growth by inhibiting
proliferation and inducing apoptosis. These findings add to the growing body of evidence
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supporting the anti-cancer properties of levofloxacin. In addition to breast cancer, lung
cancer can now be added to the list of cancers targeted by levofloxacin [142]. The potential
for administering different antibiotics and their positive effects extends beyond PC, as
revealed by these data. Although there is limited research on the combination of antibiotics
with gemcitabine in pancreatic cancer, it presents a valuable opportunity for exploration in
the future.

Immunomodulatory Properties of Fluoroquinolones

There is mounting evidence to suggest that some antibiotics can be beneficial not only
by killing or inhibiting the growth of bacteria, but also indirectly by affecting the immune
system [154–156]. The first indication of the potential immunomodulatory properties of
FQs was published in the late 1980s [157,158]. Although the mechanisms of the antibac-
terial activity and effects of FQs have been extensively studied in vitro and in vivo, the
mechanism underlying their immunomodulatory activities remains unclear. However,
some researchers have proposed a possible cascade of intracellular processes that may lead
to stimulatory or inhibitory effects on cytokines, chemokines, and other components of
the immune system [159,160]. The immune system plays a crucial role in detecting and
eliminating invading organisms and pathogens in the body’s tissues. The colonization
of epithelial surfaces by bacteria triggers a complex cytokine network and inflammatory
responses due to the release of proinflammatory components such as exoenzymes, exotox-
ins, polysaccharides, lipoteichoic and teichoic acid, peptidoglycan, and DNA fragments.
In such a complex environment, the immune system induces inflammation at the site
of perturbation to attack and eliminate foreign tissue/cells, leading to the production of
chemokines. It is important to note that inflammation is not a disease but a physiological
response to a diseased state utilized by the body to combat the disease itself [161,162].

Chemokines are a diverse family of cytokines that play a vital role in our body’s
immune response. They act as chemoattractants, guiding immune cells such as lympho-
cytes to the sites of inflammation or injury. These signaling proteins can be classified
into two categories: inflammatory chemokines and homeostatic chemokines. Inflamma-
tory chemokines are produced in response to pro-inflammatory stimuli, such as viruses,
lipopolysaccharides (LPSs), tumor necrosis factors (TNFs), or interleukin-1 (IL-1). On the
other hand, homeostatic chemokines are secreted constitutively by certain tissues and
are responsible for regulating the migration of leukocytes in the absence of any external
stimuli. Understanding the function and regulation of chemokines can provide insights
into the mechanisms underlying immune responses and help develop therapies for diseases
involving the immune system [163–165].

FQs have been found to interact with bacterial adherence to and colonization of
epithelial surfaces, while also modulating the release of proinflammatory bacterial prod-
ucts [159,160]. In vitro studies have demonstrated a dose-dependent inhibition of IL-
1 and TNF-α synthesis by ciprofloxacin, moxifloxacin, levofloxacin, trovafloxacin, and
grepafloxacin at therapeutic concentrations in LPS-stimulated monocytes. Interestingly,
these same fluoroquinolones were found to super-induce interleukin-2 (IL-2) in vitro [158].
Research has found that ciprofloxacin induces a direct concentration-dependent inhibition
of LPS activity [166]. The effects of ciprofloxacin, rufloxacin, difloxacin, tremafloxacin, and
trovafloxacin were evaluated in vivo in a preclinical Bacteroides fragilis intra-abdominal
infection model. The study showed that subtherapeutic doses eliminated the pathogen
in 66% of treated animals [167–172]. This in vitro testing of FQs against Bacteroides frag-
ilis indicates their ineffectiveness, suggesting that their protective effects are not due to
antibacterial properties. Rather, these effects are likely due to the modulation of TNF
production in vivo. Additionally, interleukin-2 (IL-2), a T-cell growth factor, is an “early
expressed” gene that is produced within a few hours of activation, two to three days before
cell division initiation. It has been hypothesized that the IL-2 super-inducing activities
of quinolones, such as ciprofloxacin, enhance drug uptake during this crucial stage of
cell division, ultimately modulating the rate of proliferation. This phenomenon has been
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observed in the pulsing of phytohemagglutinin-stimulated peripheral blood lymphocytes
(PBLs) with ciprofloxacin [158,172,173].

The immunomodulatory properties carry significant and expansive benefits and im-
plications, which are evident in various fields. The ability to regulate the immune system’s
response presents a promising potential in treating various disorders and diseases. The
immunomodulatory effects are far-reaching, and their potential in enhancing medical
treatments cannot be overstated. Inhibiting monokine synthesis, specifically IL-1 and
TNF-, could be advantageous in combating septicemia and septic shock where overstimu-
lation of inflammation by LPS is a major virulence factor of hard-to-treat Gram-negative
organisms. Additionally, the super-induction of IL-2 synthesis could be relevant in im-
munocompromised cancer patients who require external assistance for the regulation of
cell proliferation [146]. These benefits and implications should be considered in the context
of developing treatment strategies for such conditions.

It has been noted that the immunomodulatory effects of FQs are typically associ-
ated with the presence of co-stimulants, stressors, or triggers on cells or experimental
animals. However, when administered to healthy volunteers or intact animals, or when
exposed to various cells in vitro, FQs alone did not exhibit any significant immunomod-
ulatory effects [146,147]. Therefore, it is necessary to exercise caution in interpreting the
potential therapeutic relevance of FQs, as their intrinsic antibacterial activities may be of
greater significance.

10. Conclusions and Potential Microbiome Role in PDAC Chemotherapeutics

The microbiome is an emerging cancer hallmark that still seems to be not quite
understood. Currently, there are many barriers hindering the success of the microbiome
in PDAC chemotherapeutic strategies. There is no doubt that personalized medicine can
change the course of the cancer disease as we know it today. Through the advent of omics
such as genomics, proteomics, metabolomics, phenomics, and transcriptomics, we have the
tools to decipher each patient’s unique features.

As we discover the bacteria and fungi participating in the disposition, action, and
toxicity of drugs, we may be able to inactivate/activate them with the aim of improving
chemotherapy and reducing cytotoxicity and cancer progression. Nevertheless, this field of
investigation is still at an early stage. Choy et al. have revealed concern that experimental
models studying the association between the microbiome and chemotherapy resistance may
not be generalizable [116]. The microbiome could be a target in future chemotherapeutic
methods; however, it is necessary to first elucidate the effect of host, environmental, and
local tumor tissue factors on the constitution and role of the microbiome [116,174,175].
There is a necessity to collect and analyze more robust data, particularly for PDAC, on the
medical use of chemotherapy drugs co-administered with antibiotics and/or antifungals,
evaluating their influence on disease outcomes. As we start to comprehend the host-,
environmental-, and tumor-specific impacts on the tumor microenvironment (TME), we
can investigate individualized pharmaco-microbiomics and therapy approaches based on
biomarkers and patient demographics [176].

Data on cytidine deaminase (CDA) activity modulation mechanisms in PC are almost
non-existent. CDA is encoded by a gene known to be highly polymorphic, therefore future
investigations could analyze CDA expression, variants, and polymorphisms, as well as
clinical trials that could attempt to correlate the effects of genetic changes in the structure
of the enzyme that could result in different reactions to treatment.

Furthermore, the role of ribonucleotide reductase (RR) in the mechanism of action
of gemcitabine is of significant importance. Therefore, an investigation into the regula-
tion of RR gene expression could prove particularly compelling. Gene upregulation or
downregulation may be a contributing factor to the development of acquired resistance
to gemcitabine. As such, it would be advantageous to conduct further studies to analyze
genomic alterations, methylation, genetic variants, and mRNA expression levels of the RR
genes in pancreatic cancer.
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The field of cancer treatment is witnessing a paradigm shift towards personalized
medicine based on genetic traits. A thorough analysis of the expression, variants, and
polymorphisms of CDA and the regulation of RR gene expression can pave the way for
the development of effective cancer treatments. A greater understanding of the correlation
between genetic features and resistance to gemcitabine can facilitate a more personalized
approach to treatment. By leveraging patient data and optimizing cancer treatment, we can
make a significant impact on the lives of individuals affected by pancreatic cancer. Future
research in this area could explore the possibility of microbiome-induced polymorphisms
and genetic alterations and their potential correlation with drug toxicity and resistance to
gemcitabine. A deeper investigation of this interplay between microbiome and genetics
could offer valuable insights into personalized medicine and drug development, and thus
warrant further attention from the scientific community.
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