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Abstract
Currently, gastric cancer is one of the leading death-related cancer globally. The etiopathogenesis of gastric cancer is multi-
factorial and includes among others dysbiotic alterations of gastric microbiota. Molecular techniques revealed that stomach is 
not a sterile organ and it is resides with ecosystem of microbes. Due to the fact that the role of Helicobacter pylori infection 
in development of gastric cancer is established and well-studied, this paper is mainly focused on the role of other bacterial 
as well as viral and fungal gut microbiota imbalance in gastric carcinogenesis. Notably, not only the composition of gastric 
microbiota may play an important role in development of gastric cancer, but also its activity. Microbial metabolites, such 
as short-chain fatty acids, polyamines, N-nitroso compounds, and lactate, may significantly affect gastric carcinogenesis. 
Therefore, this paper discussed aforementioned aspects with the interdisciplinary insights (regarding also immunological 
point of view) into the association between gut microbiome and gastric carcinogenesis based on up-to-date studies.
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Introduction

According to the report based on American Cancer Society 
and World Health Organization (WHO) databases, gastric 
cancer (GC), besides lung and liver cancer, is one of the 
most deadly cancers in the general population [1]. Adeno-
carcinoma accounts for approximately 90% of gastric cancer 
cases histologically divided into two major types, i.e., dif-
fuse and intestinal according to the Lauren’s classification 
[2]. WHO classification recognizes four major histologic 
patterns of gastric cancer: papillary, tubular, mucinous and 
poorly cohesive (including signet ring cell carcinoma), plus 
uncommon histologic variants [3].

The main risk factors for gastric cancer are Helicobac-
ter pylori infection, age, male gender, tobacco smoking, 

race, pharmacological treatment, radiation, low level of 
physical activity, eating habits (e.g., high consumption of 
smoked, salty foods and low intake of dietary fiber, vegeta-
bles, fruits), iron deficiency, obesity (especially body mass 
index > 40 kg/m2), and genetic background [2, 4, 5]. Poly-
morphism in pro-inflammatory IL-1β gene cluster, mainly 
IL-1β-31 and IL-1β-511, was considered good candidate, 
although the innovative GWAS (genome wide association 
studies) did not prove these polymorphisms involvement in 
GC development [2, 5]. GWAS pinpointed towards other 
possible candidates such as SNPs (single nucleotide poly-
morphisms) in prostate stem cell antigen (PSCA) gene and 
gene encoding mucin 1–MUC1 gene. Both of them are 
implicated in higher risk of diffuse type of GC [2], although 
it should be considered that, the data come mainly from 
East-Asia region [2].

Age affects the occurrence of gastric cancer with higher 
incidence in elderly population [2]. Howlader et al. reported 
that 29% of GC cases were patients at age between 75 and 
84 years and only 1% of patients at age of 20–34 years [6]. 
Moreover, in Kaźmierczak-Siedlecka et al. retrospective 
analysis, it was noted that range of age of patients with 
gastric/esophageal cancer (who were qualified for home 
enteral nutrition) was 48–93 years whereas average age was 
68 ± 10.1 years [7]. Other potential risk factors which might 
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contribute to development of GC are poor oral hygiene, loss 
of tooth and use of opium [2, 8].

The etiopathogenesis of GC is multifactorial though 
chronic inflammation with H. pylori is the major risk fac-
tor. Notwithstanding, it is estimated that only 3% of peo-
ple who are infected with this bacterium will develop GC 
eventually [9, 10] and, in some cases the tumour progres-
sion is observed even after eradication of H. pylori [11]. 
Other dysbiotic alterations of gastric microbiota might also 
be associated with development of GC; however, they are 
not well established yet. According to the data, some bac-
teria, fungi, and viruses which might be involved in gastric 
carcinogenesis exist [9]. In addition, several gut microbial 
metabolites affect tumorigenic pathways both positively 
as well as negatively. Therefore, in this review, we briefly 
presented gastric microbiota in healthy individuals. Then, 
we discussed gut microbiota imbalance (regarding bacteria, 
fungi, and viruses) in gastric cancer. Since most of papers 
described the role of H. pylori in gastric carcinogenesis very 
well, in this manuscript we mainly focused on other micro-
organisms than H. pylori carcinogenesis context. Finally, 
we showed the role of gut microbial metabolites in gastric 
carcinogenesis.

Gastric microbiota in healthy individuals

Historically, stomach in healthy people was considered as 
a sterile organ [11, 12]. Acidic condition of stomach was 
described as unfavourable environment for colonisation with 
both bacteria and fungi [13]. Nowadays, molecular tech-
niques revealed that stomach is colonised with ecosystem 
of microbes and that the composition of gastric microbiota 
varies individually and depends on several factors, such as 
diet, administration of antibiotics and proton pump inhibitors 
[14–16]. Microbes residing stomach can survive in acidic 
pH. Overall, Proteobacteria, Firmicutes, Bacteroidetes, 
Fusobacteria, and Actinobacteria phyla are the main bacte-
rial components of gastric microbiota in healthy subjects 
[17–19]. Notably, Lactobacillus, Streptococcus, and Pro-
pionibacterium are the most characteristic bacterial genera 
which can be found in stomach [20].

The balance and relationship between gastric microbi-
ota and host’s body are maintained by the innate lymphoid 
cells (ILCs), the elements of which generally are consid-
ered responsible for keeping tissue homeostasis [21]. In the 
stomach milieu especially the ILCs subtype called group 
2 (ILC2s) seems to be important [19, 22]. While the other 
types of ILCs are abundant in other parts of gastrointestinal 
tract, ILC2s are dominant in the stomach. What is inter-
esting, the population itself exists only in the presence of 
microbiota. The data from experiments on germ-free mice 
show evidently lower number of the ILC2s in the stomach 

and experiments on specific pathogen free mice strongly 
suggest that Bacteroidales order is to be responsible for the 
ILC2s stimulation through the induction of specific inter-
leukins production [21, 22]. ILC2s stimulate IgA antibodies 
production by plasma cells and thus help in keeping balance 
and protecting epithelium from bacteria-mediated damage 
and help to eliminate IgA-coated bacteria from the body 
[19, 21, 22].

Fungi constitute approximately 0.2% of microorganisms 
in human body, thus they are integral part of microbiota 
[23]. The most common genera which reside human gut are 
Candida, Saccharomyces as well as Cladosporium [23, 24]. 
Intestinal fungal community play a significant role in human 
body. Among others, it maintains gut homeostasis, inter-
acts with other gut microbes, and affects immune system. 
According to some studies, fungi are isolated from stom-
ach of individuals without symptoms of fungal infections 
in wide range, i.e., 7–33% cases [25–27]. Notwithstanding, 
data regarding the composition of fungal microbiota in stom-
ach are incomplete. The stability of stomach mycobiota is 
also not well investigated yet [28].

As our knowledge about gastric mycobiota is rather 
limited, the understanding of host’s immune system–fungi 
interaction in health is even more elusive. Some recent data 
coming from experiments on mice, delivered by Zhu et al. 
suggest that fungi can have a certain impact on tumorigen-
esis and cannot be ignored as potential causative agents 
[29]. What is also worth to remember, if certain imbalance 
is implicated in the development of cancer, restoring the 
balance may be a useful preventive and therapeutic strat-
egy. That is a reason, why probably in a near future we will 
observe an increased interest in host’s immune system–gas-
tric and gut mycobiota interactions research.

Gut microbiota imbalance in gastric cancer

Bacteria

H. pylori—class I carcinogen for gastric cancer—triggers 
inflammation of gastric mucosa, causes destruction of 
hydrochloric acid-secreting gastric glands and mucosal atro-
phy leading to development of gastric cancer [14, 30–32]. 
H. pylori interacts with other gastrointestinal microbes 
negatively correlating with the alpha diversity of gastric 
microbiota; H. pylori eradication may increase the diversity 
of stomach microbiota [32]. There are other bacteria which 
are enriched in GC and potentially they might be involved 
in gastric carcinogenesis [30]. H. pylori initiates gastric 
inflammation; however, other microbes might maintain 
and progress inflammation, dysplastic alterations and then 
they might cause development of GC [33]. Notably, gastric 
microbiota imbalance observed as a reduction of microbial 
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diversity may cause inflammation and induce genotoxicity, 
thus it promotes gastric cancer development [34].

Sung et al. identified microbes which are associated with 
gastric inflammation, atrophy as well as intestinal metaplasia 
after 1 year eradication of H. pylori [33]. This study regard 
587 patients (H. pylori-positive) which were divided into 
two groups: first receiving H. pylori eradication treatment, 
i.e., omeprazole (20 mg), amoxicillin (1 g) and clarithromy-
cin (500 mg) twice daily per 1 week (n = 295) and second 
group consuming placebo (n = 292). Bacterial taxonomy was 
assessed from stomach specimens (gastric biopsy samples) 
using 16S rRNA sequencing method at baseline and after 
1 year. The level of microbes, such as Acinetobacter lwoffii, 
Streptococcus anginosus, and Ralstonia, was increased 
whereas the amount of Roseburia and Sphingomonas was 
decreased in case of persistent inflammation after 1 year 
from eradication of H. pylori. In addition, oral microbes, 
such as Peptostreptococcus, Streptococcus, Parvimonas, 
Prevotella, Rothia, and Granulicatella, were related to 
persistence of atrophy and intestinal metaplasia whereas 
Faecalibacterium prausnitzii was reduced in patients who 
developed atrophy after 1 year of H. pylori eradication. The 
identification of aforementioned microbes in this context 
open a new promising therapeutic strategies for prevention 
of GC [33]. Recently, in another study it was shown that gas-
tric dysbiosis may persist long period after eradication of H. 
pylori [35]. In addition, gastric microbiota imbalance may be 
associated with development of primary and metachronous 
GC after H. pylori eradication [35].

Several studies revealed the differences in gastric micro-
biota between patients with gastric cancer and control sub-
jects [36–38]. It should be emphasized that differences in 
sample types, sequencing methods, geographic origin as 
well as environmental exposures of the population should be 
taken into consideration during data analysing [34]. These 
aspects are extremely significant during establishing micro-
bial biomarkers, because they are multifactorial-dependent 
and should be validated in wide range of population. Wang 
et al. characterized the composition of gastric microbiota 
using gastric biopsies from antrum or within 5 cm of cancer-
ous lesion [17]. This study included 315 patients (n = 212 
chronic gastritis—controls, n = 103 gastric cancer; China). 
It was observed that gastric mucosa consists of average 
6.9 × 108 bacteria/gram of tissue. Five genera, such as Lac-
tobacillus, Lachnospiraceae, Escherichia-Shigella, Nitros-
pirae, and Burkholderia fungorum, were enriched in gastric 
mucosa specimens in patients with GC. These microbes 
might be involved in carcinogenesis via several mechanisms. 
For instance, Nitrospirae, Lactobacillus, and E. coli partici-
pate in nitrate/nitrite metabolisms. N-nitroso compounds are 
assessed as carcinogen and they are derived from metabo-
lism of nitrate/nitrite [17]. In another study gastric micro-
biota was assessed using shotgun metagenomic sequencing 

on gastric wash [39]. To this study six patients with gas-
tric cancer and five subjects with superficial gastritis (form 
Beijing, China) were enrolled. The level of Neisseria, Allo-
prevotella, Aggregatibacter, Porphyromonoas endodontalis, 
and Streptococcus mitis was increased whereas the amount 
of Sphingobium yanoikuyae was depleted in gastric can-
cer. Notably, S. yanoikuyae is able to degrade carcinogenic 
compounds, thus the reduction level of this bacterium may 
promote carcinogenesis [39].

Interestingly, Oluwabukola Coker et al. investigated the 
gastric mucosal microbiome imbalance across the stages of 
GC [9]. This study included 81 cases regarding superficial 
gastritis (SG), atrophic gastritis (AG), intestinal metapla-
sia (IM), and gastric cancer from China. Gastric mucosal 
samples were analysed using 16S rRNA sequence. It was 
revealed that Parvimonas micra, Dialister pneumosintes, 
Slackia exigua, Peptostreptococcus stomatis, Prevotella 
intermedia, Fusobacterium nucleatum, Prevotellaoris, and 
Catonella morbi were significantly enriched in gastric can-
cer in comparison to precancerous stages [9]. The authors 
noted that oral bacteria were significantly more abundant in 
gastric cancer compared to the benign stages. Oral microbes, 
such as P. stomatis, S. exigua, P. micra, Streptococcus angi-
nosus, and D. pneumosintes, might be involved in gastric 
carcinogenesis and they promote the progression of GC [9].

In systematic review regarding thirteen original articles, 
it was noted that gastric carcinogenesis may be linked to 
the increased level of several bacteria, such as Lactobacil-
lus coleohominis, Klebsiella pneumoniae, Acinetobacter 
baumannii and decreased amount of other microbes, e.g., 
Porphyromonas spp, Neisseria spp., Prevotella pallens, 
and Streptococcus sinensis [40]. In addition, the authors 
emphasized that it remains unclear whether dysbiotic gut 
microbiota alterations are the cause or consequence of car-
cinogenesis [40].

Innate immunity is considered an important part of the 
homeostatic system keeping the balance between micro-
biota and host’s body. It has its role in fighting off the 
bacterial infection also. In inflammatory conditions the 
crosstalk between innate and adaptive immunity is even 
more evident than at times of homeostatic balance, even 
though the engagement of T cells in anti-bacterial response 
is quite late, it is considered indispensable [21, 22]. The 
innate cells involved in the immunological response are 
not only aforementioned ILC2s, but also macrophages, 
natural killers (NKs) and dendritic cells (DCs) residing 
in the lamina propria of the gastric mucosa and answering 
to the presence of foreign PAMPs (pathogen associated 
molecular patterns) by recognising them with TLRs (tool-
like receptors) [41]. Adaptive immunity is at first based on 
the production of IgAs by specific plasma cells stimulated 
by ILC2s, later on it will engage T cells also [22] T cells 
will enhance the response of innate immune system (e.g., 
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neutrophils and the production of antimicrobial peptides) 
and stimulate B cells to further produce antibodies—this 
time mainly IgGs [41, 42].

Whereas the outcome of the inflammatory reaction 
in most of the cases means a complete recovery, some 
specific bacteria-dependent and host-dependent fac-
tors increase the risk for cancer, e.g., GC development. 
H. pylori can acquire some specific genetic properties, 
increasing the risk for more intense inflammatory response 
mediated by IL-22 (CagA variants), IL-8 (Cag A and 
VacA variants), increasing neutrophils infiltration, gastric 
mucosal atrophy (VacA variants) and increasing bacterial 
adherence and colonization mediated by outer membrane 
proteins, i.e., BabA, HopH, and others [41, 43–45]. Host-
specific features increasing the risk for GC development 
are linked to both innate and adaptive immunity [43]. 
TLRs are recognising specific bacterial antigens—PAMPs. 
Normally they can stimulate quite efficient reaction elimi-
nating pathogen(s) from the body. Specific polymorphisms 
of TLRs can lead to a quite potent inflammatory response 
being a gateway to the chronic inflammation and carcino-
genesis [43, 44]. The authors are not going to describe 
them in here as there are many papers dedicated to the 
topic [43, 46]. In addition, what is worth to mention, SNPs 
seem to be strongly ethnic-related [43, 46]. The impor-
tance of TLRs in the development, as well as in the treat-
ment of GC, can be proven by data suggesting that TLRs 
can be promising targets in immunotherapy of gastric can-
cer [46, 47]. Apart from the TLRs polymorphisms, other 
elements of innate immunity can increase the risk of GC, 
such as specific SNPs ofCD14 gene which participate in 
the immune response together with TLR-4 [46, 48] and 
specific variants of NODs [46]. All of them, together with 
numerous identified SNPs in genes encoding cytokines, 
such as, e.g., IL-1, IL-8, IL-10, TNF-α [46], can affect the 
effectiveness of bacteria eradication from the body, the 
risk of chronic inflammation and in unfavourable outcome 
cancer development.

Overall, it should be emphasized that H. pylori is estab-
lished as a main bacterium which lead to development of 
gastric cancer. Notwithstanding, the dysbiotic alterations 
of gut microbiota in GC patients seem to be more compli-
cated and according to aforementioned data several genera 
(Lactobacillus, Lachnospiraceae, Escherichia-Shigella, 
Nitrospirae, and Burkholderia fungorum) are increased in 
these patients. In addition, some studies have also shown 
other changes of gastric microbiota. The difference among 
observed results may be associated with the methods by 
which the bacteria were detected. Currently, 16S rRNA 
sequencing is the most recommended method. In addition, 
gut microbiota depends on many factors and microbial bio-
markers which allow to distinguish GC patients from healthy 
control is also strongly related to among others ethnicity.

Fungi

Mycobiota (fungal microbiota), especially in oncological 
aspects, is relatively poorly investigated [49]. Nevertheless, 
the results of some studies have shown that fungal dysbiosis 
is associated with oral, pancreatic and colorectal carcino-
genesis [23]. Recently, in 2021 Zhong et al. characterized 
the fungal microbiome in GC patients (n = 45) who were 
admitted at the First Affiliated Hospital of China Medical 
University, Shenyang, China [50]. It was shown that the 
abundances of 15 fungal biomarkers allow to distinguish 
patients with GC from control subjects. Notably, Candida 
(p = 0.000246) and Alternaria (p = 0.00341) were increased 
whereas the amount of Saitozyma (p = 0.002324) and Ther-
momyces (p = 0.009158) was decreased in patients with GC. 
In addition, it was also noted that Candida albicans was 
significantly elevated in GC patients and it can be assessed 
as a potential microbial biomarker for these patients [50]. It 
should be emphasized that this yeast promote carcinogenesis 
mainly through triggering inflammation [23].

Candida albicans triggering the secretion of IL-7 by sub-
epithelial macrophages in mice gut [29] leads to the release 
of IL-22 by ILCs. Considering that IL-22 is associated with 
cancer development [51] through the impact on the tumour 
progression and invasion [52] and its’ level is increased in 
many cancers [53, 54], this ability of C. albicans cannot 
be ignored in analysing the potential impact of (dysbiotic) 
microbiota on the development of gastric cancer.

Viruses

The human virome regards all viruses which are present 
in human body and besides bacteria and fungi, is a part of 
microbiota. The composition of virome depends on age, 
life style, and the presence of other component of micro-
biota [55]. Viruses can interact with other microbes, mainly 
bacteria. Several viruses, such as hepatitis B virus (HBV), 
hepatitis C virus (HCV), cytomegalovirus (CMV), human 
herpesvirus 8 (HHV-8), human papilloma virus (HPV), and 
Epstein–Barr virus (EBV), are associated with cancers [56]. 
For instance, HCV and HBV are involved in development of 
hepatocellular carcinoma [57].

It is estimated that approximately 10% of gastric car-
cinomas is Epstein–Barr virus associated gastric cancer 
(EBVaGC) [58]. Tumors which are positive for EBV present 
recurrent PIK3CA (80%), ARID1A (55%) and BCOR (23%) 
mutations as well as JAK2 amplification (25%). Moreover, 
around 50% of EBVaGC present amplification of 9p24.1 
locus CD274(PD-L1) and PDCD1LG2(PD-L2) [3]. It is 
interesting to note that EBVaGC is not considered a risk 
factor for H. pylori induced GC as well as H. pylori infec-
tion is not considered a risk factor for EBVaGC, suggesting 
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the involvement of different carcinogenic pathways in those 
instances [59].

As of right now, it is also well established that EBV 
can inhibit the proliferation of CD8+ T cells and lower the 
cytotoxicity of NK cells. That way it can establish latency 
and protection from the immune system actions at first and 
propagate more easily later. It may lead to the development 
of acute and chronic gastritis after some time and later it 
will increase the risk for tumorigenesis [41, 60]. Moreover, 
specific EBV miRNAs can affect the proliferation and/or 
apoptosis of virus-infected cells increasing the risk for the 
malignancies formation [60, 61]. In general, the pathways 
involved in, e.g., cytokines activity, immune response, leu-
kocytes migration are deregulated and will impact the risk of 
GC development in EBVaGC carriers [62] (Fig. 1).

The association between gut microbial 
metabolites and gastric cancer

In the last few years, the involvement of pathogenic and 
commensal bacteria on the pathogenesis of cancer has been 
confirmed. Bacteria can affect several aspects of cancer, such 
as prevention, induction, response to treatment and devel-
opment of resistance. These effects can be caused not only 
by bacterial genotoxins (e.g., colibactin, CagA, VirA, P37, 
IpgD) but also by common product of bacterial catabolism. 
Several data shown the effect of gut microbial metabolites 
including shot-chain fatty acids (SCFAs), polyamines, and 
product of polyphenol and tryptophan catabolism, on can-
cer development and progression. Bacterial metabolites 
can trigger alterations in the cell cycle and regulate immune 
response through transcriptional and epigenetic metabolites, 

playing a crucial role in carcinogenesis. However, the mech-
anism of these effect is less understood yet and further stud-
ies of the relationship between bacterial metabolites and 
cancer are needed.

Short‑chain fatty acids (SCFAs)

SCFAs, including butyrate, propionate, and acetate, are pro-
duced by gut microbiota from fermentable non-digestible 
carbohydrates [64, 65]. Acetate and propionate are mainly 
produced by Bacteroidetes phylum, whereas butyrate by 
Firmicutes [64]. Diet, age and conditions/diseases can alter 
their concentration and proportion [63]. SCAFs can active 
various cellular mechanisms related mainly to the preven-
tion of carcinogenesis. This impact is associated with the 
regulation of cellular pathway (e.g., Akt/mTOR and MEK/
ERK signalling pathways), transcription factor (downregu-
lation of NF-kB, and epigenetic regulation (e.g., inhibition 
of HDACs–histone deacytylases–activity, DNA methyla-
tion, histone phosphorylation and methylation), resulting 
in regulation of the cell cycle, apoptosis and regulation of 
immune response [66, 67]. Multiple studies have confirmed 
that butyrate plays a significant role in human body and rep-
resent the only SCFA in which the anticarcinogenic activity 
is known [66, 68]. The main butyrate-producer is Faecali-
bacterium prausnitzii belonging to the next-generation pro-
biotics group [64]. It is a source of energy for colonocytes, 
enhances gastrointestinal immunity and maintains intestinal 
barrier integrity [69, 70]. However, butyrate, may also pro-
mote carcinogenesis via increase of aberrant epithelial cells 
proliferation [58, 71].

Matthews et al. investigated the impact of two SCFAs, 
i.e., propionate and butyrate on cell viability as well 

Fig. 1   Gut microbiota imbal-
ance and gastric carcinogenesis. 
Own elaboration based on 
literature [50, 58, 63]
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as cell cycle regulation in a human gastric cancer cell 
line (Kato III) [72]. The cells lines were incubated with 
SCFAs for 24, 48, and 72 h. Induction of apoptosis and 
changes of cell cycle were assessed using flow cytom-
etry. SCFAs induced apoptosis and necrosis in Kato III 
cells. It was also noted that the effect obtained after using 
butyrate was significantly greater compared to the pro-
pionate. Interestingly, sodium butyrate is able to inhibit 
cell proliferation and induce differentiation in a variety of 
cancer cells [73]. It implies alterations in the proliferation 
of apoptosis-related genes in human gastric cells line, 
decreasing the expression of FAK (focal adhesion kinase) 
and increases the expression of DAPK1/2 which induces 
apoptosis [74]. Treatment with sodium butyrate leads to 
the acetylation of p53 that induces p21 (CDKN1A), which 
inhibits the activity of cyclin-dependent kinase 2 (CDK2) 
in G1/S phase with the cycle arrest in G1 [75]. These 
results indicate that the anticancer effect of SCFAs could 
enhance the efficacy of chemotherapeutics used to treat 
gastric cancer [72].

Polyamines (PAs)

Polyamines (PAs) including putrescine, cadaverine, 
spermidine and spermine, are microbial metabolites syn-
thesized in the gut mainly by Firmicutes sp. [76, 77]. 
Polyamines functions are associated with maintaining 
cell wall stability, synthesis of siderophores, protec-
tion against free radicals and acids [78]. As shown in 
cell culture and animal models studies, altered levels of 
intracellular PAs and change in their metabolism are asso-
ciated with several types of cancers [79]. Ornithine decar-
boxylase (ODC) and adenosylmethionine decarboxylase 
1 (AMD1) are key enzymes involved in biosynthesis of 
polyamines. Increased levels of ODC activity and, there-
fore, increased PAs concentration has been associated 
with colorectal cancer development [80]; conversely, a 
diet enrich of probiotics (Bifidobacterium sp, Lactobacil-
lus sp. and Streptococcus sp.) in murine model, resulted 
in a decrease of PAs concentration with anticancer effects 
[81]. The potential function of AMD1 in human gastric 
cancers is unknown. Recently Xu et al. shown that knock 
down of AMD1 in a tumor xenograft model, suppressed 
the tumor growth in vivo and that the inhibition of AMD1 
by an inhibitor SAM486A in human gastric cancer cells 
arrested cell cycle progression during G1-to-S transition 
[82]. Moreover, in this study, patients with high expres-
sion of AMD1 had a much shorter overall survival than 
those with normal/low expression of AMD1. These 
results confirmed the tumorigenic effect of AMD1 on 
human gastric cancers and its impact on the prognosis of 
the patients [82].

N‑nitroso compounds (NOCs) and lactate

It is well-established that nitrosating agents play an impor-
tant role in gastric carcinogenesis [83]. N-nitroso com-
pounds (NOCs) derive in part from diet (e.g., processed 
meat, smoked fish, and certain vegetables) as well as from 
endogenous synthesis [84]. Several bacteria, such as Veil-
lonella, Clostridium, Haemophilus, Staphylococcus, Neis-
seria, Lactobacillus, and Nitrospirae, contribute to gastric 
carcinogenesis by stimulating the production of NOCs [85]. 
Epidemiologic studies have shown that patients with GC 
have higher NOC levels than healthy subjects. Nitrosating or 
nitrate—reducing bacteria were found to be more abundant 
in GC patients than control subjects, although the difference 
between the two groups was not statistically significant [86]. 
Higher nitrate and nitrite reductase activities associated with 
the microbiome were observed in GC rather than in chronic 
gastritis [37].

In vitro and in vivo experiments have demonstrated that 
lactic acid bacteria stimulate the generation of ROS that 
cause DNA damage and enhance the formation of NOCs 
that induce mutagenesis, angiogenesis, and protooncogene 
expression and inhibit apoptosis [87].

The abundance of lactic acid bacteria was shown to be 
increased in patients with GC. Lactate, metabolized by 
lactic acid bacteria, is a source of energy for cancer cells 
[88] and plays a regulatory role in various aspects of car-
cinogenesis including tumor angiogenesis, immune escape, 
tumor cell migration, and metastasis [89]. Higher levels of 
L- and D-lactate and lactate dehydrogenase were recorded in 
patients with gastric cancer than in those with gastric ulcers 
and healthy controls [90].

Others bacterial metabolites

Other metabolites, such as polyphenols and tryptophan, can 
participate in the carcinogenesis. Most of the polyphenol 
metabolites are produced by gut bacteria of Clostridium sp. 
and Eubacterium sp. and by probiotic bacteria (e.g., Bifido-
bacterium, Lactobacillus) [91, 92]. Their anticarcinogenic 
effect is due to the impact on the cell cycle, the apoptosis 
induction and to the inhibition of proinflammatory cytokines 
synthesis [93]. Another metabolite, i.e., tryptophan is mainly 
metabolized by Firmicutes (Clostridium sporogenes, Rumi-
nococcus gnavus and Lactobacillus sp.) but also by some 
opportunistic pathogenic bacteria [94, 95]. More evidence 
indicate that Trp metabolism have an essential role in sup-
pression of anticancer immune responses and in an increase 
in malignant properties of cancer cells, leading tumor pro-
gression [96, 97]. However, although the effect of these 
metabolites on carcinogenesis is now evident, available 
data on the role of bacteria in this process are very little 
yet. Further studies may provide new understanding of the 
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relationship between diet, gut microbiota and carcinogenesis 
to improve both anticancer therapy and cancer prevention 
especially in GC patients [98].

Gastric cancer and gut microbiota‑related 
studies which are currently ongoing 
worldwide

Currently, several studies regarding gastric cancer and gut 
microbiota-related aspects are registered in ClinicalTrials.
gov system (terms: gastric cancer, gut microbiota; accessed 
on 7 August 2021; 12 trials: NCT04980950, NCT04660058, 
NCT04638959,  NCT04365946,  NCT04198051, 
NCT04022109,  NCT04889859,  NCT02833363, 
NCT03250091,  NCT02332213,  NCT04015466, 
NCT03228095). These trials are presented in Table 1.

Conclusions

In conclusion, considering potential bacterial, fungal and 
viral pathomechanism as a sole agent leading to tumori-
genesis and gastric cancer development is very difficult. H. 
pylori infection is considered the most important/the most 
researched causative agent for GC development, but in real-
ity, it is a matter of coexistence and net-effect of many influ-
ences at the time. The association between gut microbial 
metabolites and GC is also observed especially in case of 
SCFAs, PAs, NOCs, and lactate. Therefore, it should be 
emphasized that the modulation of gut microbiota should 
regard not only its composition but also activity aspects.

Funding  No funding.

Declarations 

Conflict of interest  The authors declare no conflict of interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

References

	 1.	 Mattiuzzi C, Lippi G. Current cancer epidemiology. J Epidemiol 
Glob Health. 2019;9:217–22.

	 2.	 Karimi P, Islami F, Anandasabapathy S, Freedman ND, Kaman-
gar F. Gastric cancer: descriptive epidemiology, risk factors, 
screening, and prevention. Cancer Epidemiol Biomarkers Prev. 
2014;23:700–13.

	 3.	 Rodriquenz MG, Roviello G, D’Angelo A, Lavacchi D, Roviello 
F, Polom K. MSI and EBV positive gastric cancer’s subgroups and 
their link with novel immunotherapy. J Clin Med. 2020;9:1427.

	 4.	 Hoyo C, Cook MB, Kamangar F, Freedman ND, Whiteman DC, 
Bernstein L, et al. Body mass index in relation to oesophageal and 
oesophagogastric junction adenocarcinomas: a pooled analysis 
from the International BEACON Consortium. Int J Epidemiol. 
2012;41:1706–18.

	 5.	 Cover TL, Peek RM. Diet, microbial virulence, and Helicobacter 
pylori-induced gastric cancer. Gut Microbes. 2013;4:482–93.

	 6.	 SEER Cancer Statistics Review 1975–2008—Previous Version—
SEER Cancer Statistics. Available online 6 September 2021. 
https://​seer.​cancer.​gov/​archi​ve/​csr/​1975_​2008/

	 7.	 Kaźmierczak-Siedlecka K, Folwarski M, Jankowska B, Spy-
chalski P, Szafrański W, Baran M, et al. Assessment of nutri-
tional status of patients with cancer who are qualified for home 
enteral nutrition—a retrospective analysis. Eur J Trans Clin Med. 
2020;3:16–23.

	 8.	 Ndegwa N, Ploner A, Liu Z, Roosaar A, Axéll T, Ye W. Associa-
tion between poor oral health and gastric cancer: a prospective 
cohort study. Int J Cancer. 2018;143:2281–8.

	 9.	 Coker OO, Dai Z, Nie Y, Zhao G, Cao L, Nakatsu G, et  al. 
Mucosal microbiome dysbiosis in gastric carcinogenesis. Gut. 
2018;67:1024–32.

	10.	 Peek RM, Crabtree JE. Helicobacter infection and gastric neopla-
sia. J Pathol. 2006;208:233–48.

	11.	 Wroblewski LE, Peek RM. Helicobacter pylori, cancer, and the 
gastric microbiota. Adv Exp Med Biol. 2016;908:393–408.

	12.	 Rajilic-Stojanovic M, Figueiredo C, Smet A, Hansen R, Kupcin-
skas J, Rokkas T, et al. Systematic review: gastric microbiota in 
health and disease. Aliment Pharmacol Ther. 2020;51(6):582–602.

	13.	 Zwolińska-Wcisło M, Budak A, Bogdał J, Trojanowska D, Sta-
chura J. Effect of fungal colonization of gastric mucosa on the 
course of gastric ulcers healing. Med Sci Monit. 2001;7:266–75.

	14.	 Kaźmierczak-Siedlecka K, Ruszkowski J, Skonieczna-Żydecka 
K, Jędrzejczak J, Folwarski M, Makarewicz W. Gastrointestinal 
cancers: the role of microbiota in carcinogenesis and the role of 
probiotics and microbiota in anti-cancer therapy efficacy. Cent Eur 
J Immunol. 2020;45:476–87.

	15.	 Zhang S, Shi D, Li M, Li Y, Wang X, Li W. The relationship 
between gastric microbiota and gastric disease. Scand J Gastro-
enterol. 2019;54:391–6.

	16.	 Wu WM, Yang YS, Peng LH. Microbiota in the stomach: new 
insights. J Dig Dis. 2014;15:54–61.

	17.	 Wang L, Zhou J, Xin Y, Geng C, Tian Z, Yu X, et al. Bacterial 
overgrowth and diversification of microbiota in gastric cancer. Eur 
J Gastroenterol Hepatol. 2016;28:261–6.

	18.	 Zhang X, Pan Z. Influence of microbiota on immunity and immu-
notherapy for gastric and esophageal cancers. Gastroenterol Rep. 
2020;8:206–14.

	19.	 Ohno H, Satoh-Takayama N. Stomach microbiota, Helicobac-
ter pylori, and group 2 innate lymphoid cells. Exp Mol Med. 
2020;52:1377–82.

	20.	 Yang I, Nell S, Suerbaum S. Survival in hostile terri-
tory: the microbiota of the stomach. FEMS Microbiol Rev. 
2013;37:736–61.

http://creativecommons.org/licenses/by/4.0/
https://seer.cancer.gov/archive/csr/1975_2008/


9Interdisciplinary insights into the link between gut microbiome and gastric carcinogenesis—…

1 3

	21.	 Kokkinou E, Mjösberg J. Tummy time for ILC2. Immunity. 
2020;52:573–5.

	22.	 Satoh-Takayama N, Kato T, Motomura Y, Kageyama T, Taguchi-
Atarashi N, Kinoshita-Daitoku R, et al. Bacteria-Induced Group 
2 innate lymphoid cells in the stomach provide immune protection 
through induction of IgA. Immunity. 2020;52:635–49.

	23.	 Kaźmierczak-Siedlecka K, Dvořák A, Folwarski M, Daca A, 
Przewłócka K, Makarewicz W. Fungal gut microbiota dysbiosis 
and its role in colorectal, oral, and pancreatic carcinogenesis. Can-
cers. 2020;12:1326.

	24.	 Hoffmann C, Dollive S, Grunberg S, Chen J, Li H, Wu GD, et al. 
Archaea and fungi of the human gut microbiome: correlations 
with diet and bacterial residents. PLoS ONE. 2013;8:66019.

	25.	 Ramani R, Ramani A, Kumari GR, Rao SA, Chkravarthy S, Shi-
vananda PG. Fungal colonization in gastric ulcers. Indian J Pathol 
Microbiol. 1994;37:389–93.

	26.	 Minoli G, Terruzzi V, Butti G, Frigerio G, Rossini A. Gastric 
candidiasis: an endoscopic and histological study in 26 patients. 
Gastrointest Endosc. 1982;28:59–61.

	27.	 Berntsson E. Antibodies to Candida albicans in healthy, colo-
nized, and infected persons. Mykosen. 1984;27:443–51.

	28.	 Ruszkowski J, Kaźmierczak-Siedlecka K, Witkowski JM, 
Dębska-Ślizień A. Mycobiota of the human gastrointestinal 
tract. Postepy Hig Med Dosw. 2020;74:301–13.

	29.	 Zhu Y, Shi T, Lu X, Xu Z, Qu J, Zhang Z, et  al. Fungal-
induced glycolysis in macrophages promotes colon cancer by 
enhancing innate lymphoid cell secretion of IL-22. EMBO J. 
2021;40:105320.

	30.	 Castaño-Rodríguez N, Goh KL, Ming Fock K, Mitchell HM, 
Kaakoush NO. Dysbiosis of the microbiome in gastric carcino-
genesis. Sci Rep. 2017;7:15957.

	31.	 Stewart OA, Wu F, Chen Y. The role of gastric microbiota in 
gastric cancer. Gut Microbes. 2020;11:1220–30.

	32.	 Chen CC, Liou JM, Lee YC, Hong TC, El-Omar EM, Wu MS. 
The interplay between Helicobacter pylori and gastrointestinal 
microbiota. Gut Microbes. 2021;13:1909459.

	33.	 Sung JJY, Coker OO, Chu E, Szeto CH, Luk STY, Lau HCH, 
et al. Gastric microbes associated with gastric inflammation, 
atrophy and intestinal metaplasia 1 year after Helicobacter 
pylori eradication. Gut. 2020;69:1572–80.

	34.	 Pereira-Marques J, Ferreira RM, Pinto-Ribeiro I, Figueiredo 
C. Helicobacter pylori Infection, the Gastric Microbiome and 
Gastric Cancer. Adv Exp Med Biol. 2019;1149:195–210.

	35.	 Watanabe T, Nadatani Y, Suda W, Higashimori A, Otani K, 
Fukunaga S, et al. Long-term persistence of gastric dysbiosis 
after eradication of Helicobacter pylori in patients who under-
went endoscopic submucosal dissection for early gastric cancer. 
Gastric Cancer. 2021;24:710–20.

	36.	 Aviles-Jimenez F, Vazquez-Jimenez F, Medrano-Guzman R, 
Mantilla A, Torres J. Stomach microbiota composition varies 
between patients with non-atrophic gastritis and patients with 
intestinal type of gastric cancer. Sci Rep. 2014;4:4202.

	37.	 Ferreira RM, Pereira-Marques J, Pinto-Ribeiro I, Costa JL, Car-
neiro F, Machado JC, Figueiredo C. Gastric microbial commu-
nity profiling reveals a dysbiotic cancer-associated microbiota. 
Gut. 2018;67:226–36.

	38.	 Eun CS, Kim BK, Han DS, Kim SY, Kim KM, Choi BY, et al. 
Differences in gastric mucosal microbiota profiling in patients 
with chronic gastritis, intestinal metaplasia, and gastric cancer 
using pyrosequencing methods. Helicobacter. 2014;19:407–16.

	39.	 Hu Y-L, Pang W, Huang Y, Zhang Y, Zhang C-J. The gastric 
microbiome is perturbed in advanced gastric adenocarcinoma 
identified through shotgun metagenomics. Front Cell Infect 
Microbiol. 2018;8:433.

	40.	 Dias-Jácome E, Libânio D, Borges-Canha M, Galaghar A, 
Pimentel-Nunes P. Gastric microbiota and carcinogenesis: the 

role of non-Helicobacter pylori bacteria—a systematic review. 
Rev Esp Enferm Dig. 2016;108:530–40.

	41.	 Nie S, Yuan Y. The role of gastric mucosal immunity in gastric 
diseases. J Immunol Res. 2020. https://​doi.​org/​10.​1155/​2020/​
79270​54.

	42.	 Valnes K, Brandtzaeg P, Elgjo K, Stave R. Quantitative distri-
bution of immunoglobulin-producing cells in gastric mucosa: 
relation to chronic gastritis and glandular atrophy. Gut. 
1986;27:505–14.

	43.	 Chmiela M, Karwowska Z, Gonciarz W, Allushi B, Stączek P. 
Host pathogen interactions in Helicobacter pylori related gastric 
cancer. World J Gastroenterol. 2017;23:1521–40.

	44.	 Oleastro M, Ménard A. The role of helicobacter pylori outer 
membrane proteins in adherence and pathogenesis. Biology. 
2013;2:1110–34.

	45.	 Abadi ATB. Strategies used by helicobacter pylori to establish 
persistent infection. World J Gastroenterol. 2017;23:2870–82.

	46.	 Castaño-Rodríguez N, Kaakoush NO, Mitchell HM. Pattern-rec-
ognition receptors and gastric cancer. Front Immunol. 2014;5:336.

	47.	 Cui L, Wang X, Zhang D. TLRs as a promise target along with 
immune checkpoint against gastric cancer. Front Cell Dev Biol. 
2020;8:611444.

	48.	 Wang J, Guo X, Yu S, Song J, Zhang J, Cao Z, et al. Association 
between CD14 gene polymorphisms and cancer risk: a meta-
analysis. PLoS ONE. 2014;9:100122.

	49.	 Papon N, Hohl TM, Zhai B. Mycobiota dysbiosis and gastric 
tumorigenesis. Theranostics. 2021;11:7488–90.

	50.	 Zhong M, Xiong Y, Zhao J, Gao Z, Ma J, Wu Z, et al. Candida 
albicans disorder is associated with gastric carcinogenesis. Thera-
nostics. 2021;11:4945–56.

	51.	 Dong H, Zhu F, Jin S, Tian J. Interleukin-22 regulates gastric 
cancer cell proliferation through regulation of the JNK signaling 
pathway. Exp Ther Med. 2020;20:205–10.

	52.	 Ji Y, Yang X, Li J, Lu Z, Li X, Yu J, et al. IL-22 promotes the 
migration and invasion of gastric cancer cells via IL-22R1/AKT/
MMP-9 signaling. Int J Clin Exp Pathol. 2014;7:3694–703.

	53.	 Xu X, Tang Y, Guo S, Zhang Y, Tian Y, Ni B, et al. Increased 
intratumoral interleukin 22 levels and frequencies of interleukin 
22-producing CD4+ T cells correlate with pancreatic cancer pro-
gression. Pancreas. 2014;43:470–7.

	54.	 Petanidis S, Anestakis D, Argyraki M, Hadzopoulou-Cladaras 
M, Salifoglou A. Differential expression of IL-17, 22 and 23 in 
the progression of colorectal cancer in patients with K-ras Muta-
tion: Ras signal inhibition and crosstalk with GM-CSF and IFN-γ. 
PLoS ONE. 2013;8:73616.

	55.	 Zárate S, Taboada B, Yocupicio-Monroy M, Arias CF. Human 
Virome. Arch Med Res. 2017;48:701–16.

	56.	 Stern J, Miller G, Li X, Saxena D. Virome and bacteriome: two 
sides of the same coin. Curr Opin Virol. 2019;37:37–43.

	57.	 Sagnelli E, Macera M, Russo A, Coppola N, Sagnelli C. Epide-
miological and etiological variations in hepatocellular carcinoma. 
Infection. 2020;48:7–17.

	58.	 Naseem M, Barzi A, Brezden-Masley C, Puccini A, Berger MD, 
Tokunaga R, et al. Outlooks on Epstein-Barr virus associated gas-
tric cancer. Cancer Treat Rev. 2018;66:15–22.

	59.	 Lee J-H, Kim S-H, Han S-H, An J-S, Lee E-S, Kim Y-S. Clinico-
pathological and molecular characteristics of Epstein-Barr virus-
associated gastric carcinoma: a meta-analysis. J Gastroenterol 
Hepatol. 2009;24:354–65.

	60.	 Polakovicova I, Jerez S, Wichmann IA, Sandoval-Bórquez A, Car-
rasco-Véliz N, Corvalán AH. Role of microRNAs and Exosomes 
in Helicobacter pylori and Epstein-Barr Virus Associated Gastric 
Cancers. Front Microbiol. 2018;9:636.

	61.	 Kim H, Choi H, Lee SK. Epstein-Barr virus miR-BART20-5p 
regulates cell proliferation and apoptosis by targeting BAD. Can-
cer Lett. 2015;356:733–42.

https://doi.org/10.1155/2020/7927054
https://doi.org/10.1155/2020/7927054


10	 K. Kaźmierczak‑Siedlecka et al.

1 3

	62.	 Shinozaki-Ushiku A, Kunita A, Fukayama M. Update on 
Epstein-Barr virus and gastric cancer (review). Int J Oncol. 
2015;46:1421–34.

	63.	 Nasr R, Shamseddine A, Mukherji D, Nassar F, Temraz S. The 
crosstalk between microbiome and immune response in gastric 
cancer. Int J Mol Sci. 2020;21:6586.

	64.	 Louis P, Flint HJ. Formation of propionate and butyrate by the 
human colonic microbiota. Environ Microbiol. 2017;19:29–41.

	65.	 Chang CJ, Lin TL, Tsai YL, Wu TR, Lai WF, Lu CC, et al. Next 
generation probiotics in disease amelioration. J Food Drug Anal. 
2019;27:615–22.

	66.	 Feng F-B, Qiu H-Y. Effects of Artesunate on chondrocyte prolif-
eration, apoptosis and autophagy through the PI3K/AKT/mTOR 
signaling pathway in rat models with rheumatoid arthritis. Biomed 
Pharmacother. 2018;102:1209–20.

	67.	 Orchel A, Dzierzewicz Z, Parfiniewicz B, Weglarz L, Wilczok T. 
Butyrate-induced differentiation of colon cancer cells is PKC and 
JNK dependent. Dig Dis Sci. 2005;50:490–8.

	68.	 Singh V, Yang J, Chen T, Zachos NC, Kovbasnjuk O, Verkman 
AS, Donowitz M. Translating molecular physiology of intestinal 
transport into pharmacologic treatment of diarrhea: stimulation 
of Na+ absorption. Clin Gastroenterol Hepatol. 2014;12:27–31.

	69.	 Ratajczak W, Rył A, Mizerski A, Walczakiewicz K, Sipak O, 
Laszczyńska M. Immunomodulatory potential of gut microbi-
ome-derived short-chain fatty acids (SCFAs). Acta Biochim Pol. 
2019;66:1–12.

	70.	 Fu X, Liu Z, Zhu C, Mou H, Kong Q. Nondigestible carbohy-
drates, butyrate, and butyrate-producing bacteria. Crit Rev Food 
Sci Nutr. 2019;59:130–52.

	71.	 Matthews GM, Howarth GS, Butler RN. Short-chain fatty acid 
modulation of apoptosis in the Kato III human gastric carcinoma 
cell line. Cancer Biol Ther. 2007;6:1051–7.

	72.	 Chen G, Ran X, Li B, Li Y, He D, Huang B, et al. Sodium butyrate 
inhibits inflammation and maintains epithelium barrier integrity in 
a TNBS-induced inflammatory bowel disease mice model. EBio-
Medicine. 2018;30:317–25.

	73.	 Bultman SJ, Jobin C. Microbial-derived butyrate: an Oncome-
tabolite or tumor-suppressive metabolite? Cell Host Microbe. 
2014;16:143–5.

	74.	 Bai Z, Zhang Z, Ye Y, Wang S. Sodium butyrate induces differen-
tiation of gastric cancer cells to intestinal cells via the PTEN/phos-
phoinositide 3-kinase pathway. Cell Biol Int. 2010;34:1141–5.

	75.	 Kuefer R, Hofer MD, Altug V, Zorn C, Genze F, Kunzi-Rapp 
K, et al. Sodium butyrate and tributyrin induce in vivo growth 
inhibition and apoptosis in human prostate cancer. Br J Cancer. 
2004;90:535–41.

	76.	 Hanfrey CC, Pearson BM, Hazeldine S, Lee J, Gaskin DJ, 
Woster PM, et al. Alternative spermidine biosynthetic route is 
critical for growth of Campylobacter jejuni and is the domi-
nant polyamine pathway in human gut microbiota. J Biol Chem. 
2011;286:43301–12.

	77.	 Matsumoto M, Benno Y. The relationship between microbiota 
and polyamine concentration in the human intestine: a pilot study. 
Microbiol Immunol. 2007;51:25–35.

	78.	 Koski P, Vaara M. Polyamines as constituents of the outer mem-
branes of Escherichia coli and Salmonella typhimurium. J Bacte-
riol. 1991;173:3695–9.

	79.	 Nowotarski SL, Woster PM, Casero RA. Polyamines and cancer: 
implications for chemotherapy and chemoprevention. Expert Rev 
Mol Med. 2013;15:3.

	80.	 Giardiello FM, Hamilton SR, Hylind LM, Yang VW, Tamez P, 
Casero RA. Ornithine decarboxylase and polyamines in familial 
adenomatous polyposis. Cancer Res. 1997;57:199–201.

	81.	 Linsalata M, Russo F, Notarnicola M, Guerra V, Cavallini A, Cle-
mente C, et al. Effects of genistein on the polyamine metabolism 

and cell growth in DLD-1 human colon cancer cells. Nutr Cancer. 
2005;52:84–93.

	82.	 Xu L, You X, Cao Q, Huang M, Hong LL, Chen XL, et al. Poly-
amine synthesis enzyme AMD1 is closely associated with tumo-
rigenesis and prognosis of human gastric cancers. Carcinogenesis. 
2020;41:214–22.

	83.	 Correa P. Human gastric carcinogenesis: a multistep and mul-
tifactorial process–First American Cancer Society Award Lec-
ture on Cancer Epidemiology and Prevention. Cancer Res. 
1992;52:6735–40.

	84.	 Tsugane S, Sasazuki S. Diet and the risk of gastric cancer: review 
of epidemiological evidence. Gastric Cancer. 2007;10:75–83.

	85.	 Wang C, Song X, Han Z, Li X, Xu Y, Xiao Y. Monitoring nitric 
oxide in subcellular compartments by Hybrid Probe based 
on Rhodamine Spirolactam and SNAP-tag. ACS Chem Biol. 
2016;11:2033–40.

	86.	 Jo HJ, Kim J, Kim N, Park JH, Nam RH, Seok Y-J, et al. Analysis 
of gastric microbiota by pyrosequencing: minor role of bacteria 
other than Helicobacter pylori in the gastric carcinogenesis. Heli-
cobacter. 2016;21:364–74.

	87.	 Vinasco K, Mitchell HM, Kaakoush NO, Castaño-Rodríguez N. 
Microbial carcinogenesis: lactic acid bacteria in gastric cancer. 
Biochim Biophys Acta Rev Cancer. 2019;1872:188309.

	88.	 Faubert B, Li KY, Cai L, Hensley CT, Kim J, Zacharias 
LG, et  al. Lactate metabolism in human lung tumors. Cell. 
2017;171:358–71.

	89.	 San-Millán I, Brooks GA. Reexamining cancer metabolism: lac-
tate production for carcinogenesis could be the purpose and expla-
nation of the Warburg Effect. Carcinogenesis. 2017;38:119–33.

	90.	 Armstrong CP, Dent DM, Berman P, Aitken RJ. The relationship 
between gastric carcinoma and gastric juice lactate (L + D) and 
lactate dehydrogenase. Am J Gastroenterol. 1984;79:675–8.

	91.	 Vinson JA, Proch J, Bose P. Determination of quantity and qual-
ity of polyphenol antioxidants in foods and beverages. Methods 
Enzymol. 2001;335:103–14.

	92.	 Selma MV, Espín JC, Tomás-Barberán FA. Interaction between 
phenolics and gut microbiota: role in human health. J Agric Food 
Chem. 2009;57:6485–501.

	93.	 Larrosa M, Luceri C, Vivoli E, Pagliuca C, Lodovici M, Moneti 
G, et al. Polyphenol metabolites from colonic microbiota exert 
anti-inflammatory activity on different inflammation models. Mol 
Nutr Food Res. 2009;53:1044–54.

	94.	 Slominski A, Pisarchik A, Johansson O, Jing C, Semak I, Slugocki 
G, et al. Tryptophan hydroxylase expression in human skin cells. 
Biochim Biophys Acta. 2003;1639:80–6.

	95.	 Keszthelyi D, Troost FJ, Masclee AAM. Understanding the role of 
tryptophan and serotonin metabolism in gastrointestinal function. 
Neurogastroenterol Motil. 2009;21:1239–49.

	96.	 Pilotte L, Larrieu P, Stroobant V, Colau D, Dolusic E, Frédé-
rick R, et al. Reversal of tumoral immune resistance by inhibi-
tion of tryptophan 2,3-dioxygenase. Proc Natl Acad Sci U S A. 
2012;109:2497–502.

	97.	 Uyttenhove C, Pilotte L, Théate I, Stroobant V, Colau D, Parmen-
tier N, et al. Evidence for a tumoral immune resistance mechanism 
based on tryptophan degradation by indoleamine 2,3-dioxygenase. 
Nat Med. 2003;9:1269–74.

	98.	 Roviello G, Iannone LF, Bersanelli M, Mini E, Catalano M. The 
gut microbiome and efficacy of cancer immunotherapy. Pharmacol 
Ther. 2021. https://​doi.​org/​10.​1016/j.​pharm​thera.​2021.​107973.

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

https://doi.org/10.1016/j.pharmthera.2021.107973

	Interdisciplinary insights into the link between gut microbiome and gastric carcinogenesis—what is currently known?
	Abstract
	Introduction
	Gastric microbiota in healthy individuals
	Gut microbiota imbalance in gastric cancer
	Bacteria
	Fungi
	Viruses

	The association between gut microbial metabolites and gastric cancer
	Short-chain fatty acids (SCFAs)
	Polyamines (PAs)
	N-nitroso compounds (NOCs) and lactate
	Others bacterial metabolites

	Gastric cancer and gut microbiota-related studies which are currently ongoing worldwide
	Conclusions
	References




