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Abstract. Helicobacter pylori (Hp) infection is a major cause 
of gastrointestinal disease. However, the pathogenesis of gastric 
mucosa injury by Hp has remained elusive. Small non‑coding 
RNA (sRNA) is a type of widespread RNA in prokaryotic 
organisms and regulates bacterial growth, reproduction and 
virulence. In the present study, Hp sRNA profiles were gener-
ated to reveal the sequences and possible functions of sRNA 
by bioinformatics analysis. The role of sRNA in tinidazole 
(TNZ) treatment was also explored. Total sRNAs of HP26695 
were sequenced using an Illumina HiSeq2000. Detected Tags 
were then compared with a known sRNA database to build 
an sRNA profile. Reverse transcription‑quantitative (RT‑q)
PCR products were sequenced directly and agarose gel elec-
trophoresis was used to identify NAT‑67 and 5'ureB‑sRNA 
in HP. Furthermore, HP was treated with TNZ for 6, 12 and 
24 h. The bacterial concentration was measured, the expres-
sion of NAT‑67, 5'ureB‑sRNA and ceuE was determined by 
RT‑qPCR and superoxide dismutase (SOD) activity and reac-
tive oxygen species (ROS) production were detected. A total of 
163 sRNA tags were predicted in Hp through bioinformatics 
analysis. Among them, 35 tags were evolutionarily aconserved 

in different Hp strains. By target prediction, it was indicated 
that certain candidate sRNAs were associated with bacte-
rial oxidative stress, virulence and chemotaxis. It was also 
observed that NAT‑67 and 5'ureB‑sRNA were downregulated 
in TNZ‑treated HP. TNZ treatment inhibited the growth of Hp, 
which was accompanied by downregulation of ceuE and SOD 
activity, as well as upregulation of ROS. RNA sequencing and 
bioinformatics are valuable in predicting the expression profile 
and function of sRNA in HP. sRNA‑targeted genes may be 
associated with virulence, oxidative stress and chemokines. 
Downregulation of NAT‑67 by TNZ may be involved in Hp 
oxidative stress regulation, which may comprise one of the 
mechanisms of the antibacterial effects of TNZ. 

Introduction

Helicobacter pylori (Hp), a gram‑negative bacterium, thrives 
in the acidic environment of the stomach and is the major 
risk factor for chronic gastric ulcer and gastric cancer. Hp 
secretes virulence factors, including cytotoxic‑associated 
gene A (CagA), vacuolated cytotoxic A (VacA) and urease, 
which cause DNA damage and cell vacuolization of gastric 
mucosa cells, and then destroy tight junctions between cells 
and damage the cell barrier by inducing oxidative stress 
and activating the inflammatory response (1,2). In addition 
to Hp virulence proteins, it has been suggested that small 
non‑coding RNA may regulate mRNA stability and protein 
translation, which finally affect bacterial growth and repro-
duction and contribute to virulence.

Bacterial small non‑coding RNA (sRNA), 50‑500  nt 
nucleotides in length, is a type of widespread RNA in 
prokaryotic organisms, similar to microRNA (miRNA/miR) 
in eukaryotes. Through nucleotide pairing, sRNA is able to 
target mRNAs and regulate mRNA stability and protein 
translation, which finally affects bacterial growth and repro-
duction and contributes to virulence. Since 1967, the first 
sRNA 6S RNA was isolated from Escherichia coli (E. coli) 
and hundreds of sRNAs have been identified in E. coli and 
other bacteria (3,4). However, to date, only 7 sRNAs have been 
identified in Hp, but research is still in its infancy (5‑9). For 
instance, a study has reported that acid‑sensing chemotaxis 
receptor TlpB, which has a vital role in colonization, was 
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upregulated in repG (HPnc5490) deletion mutant Hp (6). Hp 
5'ureB‑sRNA, a cis‑encoded antisense small RNA regulated 
by the HP0165‑HP0166 two‑component system, enhanced 
the expression of ureAB, consequently protecting it from an 
acid environment (7,10). Another prediction suggested that 
Hp sRNA NAT‑67 was completely complementary to HP1561 
(ceuE), a periplasmic iron‑binding protein that may regulate 
oxidative stress (8). All of these studies suggested that sRNAs 
have critical roles in the growth, colonization and invasion 
of Hp. Bioinformatics prediction suggested that there may 
be hundreds of sRNAs in Hp (5). However, the full extent of 
sRNAs in bacterial chromosomes, as well as their types and 
functions, remain elusive. Investigating the sRNA expression 
spectrum of HP is crucial to reveal the biological functions of 
sRNA and further anti‑bacterial therapy.

sRNA has been indicated to be involved in the response 
of bacteria to environmental fluctuations, including oxidative 
stress and antibiotic drug exposure. The levels of reactive 
oxygen species (ROS) were significantly elevated in small 
RNAs RyhB‑1 and RyhB‑2 deletion mutant Salmonella 
Typhimurium, proving RyhB to be an anti‑oxidative stress 
factor (11). Analysis of the small RNA transcriptional response 
in multidrug‑resistant Staphylococcus aureus (S.  aureus) 
suggested that 39 sRNAs were significantly changed by four 
major classes of antibiotics (12). Furthermore, sRNA SprX 
(alias RsaOR) shaped bacterial resistance to glycopeptides, an 
invaluable treatment for methicillin‑resistant staphylococcal 
infections  (13). Azithromycin inhibits the expression of 
small RNAs RsmY and RsmZ in Pseudomonas aeruginosa 
(P. aeruginosa), hence affecting quorum sensing and biofilm 
formation, which may be a bactericidal mechanism  (14). 
That is to say that sRNA may contribute to the regulation of 
sensitivity to antibiotic exposure and resistance to oxidative 
stress. It is well‑known that tinidazole (TNZ) is commonly 
used for HP treatment by inducing oxidative stress, but the 
exact mechanism has remained to be fully elucidated. It was 
hypothesized that sRNA from HP is involved in the regulation 
of oxidative stress induced by TNZ.

In the present study, an HP sRNA profile was 
generated to predict the possible functions of sRNA by using 
bioinformatics analysis, aiming to explore the role of sRNA in 
HP with TNZ exposure.

Materials and methods

Bacterial strain and growth conditions. The HP stains 26695 
and SS1 were obtained from the American Type Culture 
Collection. Primary plate cultures of HP were grown from 
glycerol stocks on trypticase soy agar (TSA) plates with 
5% sheep blood (Thermo Fisher Scientific, Inc.) for 2‑3 days 
in a microaerobic environment (5% O2, 10% CO2, 85% N2) 
at 37˚C. The overnight culture of HP26695 on TSA plates 
supplemented with 5% sheep blood was suspended in brain 
heart infusion medium containing 12% sheep blood to an 
optical density of 106 colony‑forming units (CFU)/ml with 
shaking slowly under microaerobic conditions at 37˚C. When 
necessary, the following antibiotics were added at the indicated 
final concentrations: Vancomycin (50 µg/ml), polymyxin B 
(10 U/ml), amphotericin B (125 µg/ml) and trimethoprim 
(25 µg/ml; all from Melone Pharmaceutical Co., Ltd.). HP 

in the logarithmic phase was treated with TNZ (10‑5, 3x10‑5, 
10‑4M) and then subjected to microaerobic conditions at 37˚C 
for 24 h. The logarithmic phase of bacteria is a growth peak, 
which is able to avoid the effect of bacterial death on the 
results.

RNA preparation. Total RNA was isolated from HP strains 
using TRIzol reagent (Takara Biotechnology Co., Ltd.). The 
concentration and purity of eluted RNA was determined 
spectrophotometrically (Beckman Coulter, Inc.) [optical 
density at 260 nm (OD260)/OD280 ratio between 1.8 and 2.2]. 
The ribosomal RNA was removed prior to deep sequencing.

Bioinformatics analysis by The Beijing Genomics Institute. 
Total RNA from HP26695 was sequenced using an Illumina 
HiSeq2000 (Ilumina, Inc.). The reads were spliced based on 
overlap relations. According to their genomic locations, tags in 
the intergenic region (IGR) and antisense mRNA (AM) were 
listed as candidate tags. Among them, candidate sRNAs were 
defined as sRNAs whose expression level was >20 reads. The 
spliced tags were directly compared with 7 sRNAs with known 
sequences, since the database used had not incorporated the 
known sequences of HP. For the functional annotation of 
candidate sRNAs, two methods were used. Based on sequence 
similarity, candidate RNAs were subjected to BLAST analysis 
against four databases (sRNAMap (http://srnamap.mbc.
nctu.edu.tw), sRNATarBase (http://ccb.bmi.ac.cn), miRBase 
(http://www.mirbase.org) and SIPHI (http://newbio.cs.wisc.
edu). Small RNAs possessed secondary structure conservation. 
The secondary structures of candidate sRNAs were therefore 
compared using Infernal software (http://infernal.janelia.org/) 
and the Rfam database (http://rfam.janelia.org/) was utilized 
for family classification. Subsequently, the secondary struc-
tures of candidate sRNAs were analyzed by RNAfold (http://
rna.tbi.univie.ac.at/cgi‑bin/RNAfold.cgi), based on minimum 
free energy and base‑paring probability. In addition, certain 
concerned target genes were selected to predict candidate 
sRNAs (Fig. S1).

Reverse transcription‑quantitative (RT‑q)PCR and product 
sequencing. In order to detect the expression of mRNAs and 
sRNAs, RNA (0.2‑0.5 µg) was subjected to RT‑PCR using 
the PrimeScript reverse transcription reagent kit (Takara 
Biotechnology Co., Ltd.) according to the manufacturer's 
protocol. Quantitative analysis of the expression of mRNAs 
and sRNAs was performed using the ABI 7300 Real‑Time 
PCR system (Thermo Fisher Scientific, Inc.) with SYBR 
Premix Ex Taq™ (Takara Biotechnology Co., Ltd.). The 
cycling conditions were as follows: Initial incubation at 95˚C 
for 15 sec, followed by 40 cycles of denaturation at 95˚C for 
5 sec and annealing at 60˚C for 31 sec. 23S rRNA was used as 
the housekeeping gene. The primer sequences used are listed 
in Table I. The 2‑ΔΔCq method was used to analyze the relative 
changes in gene expression from RT‑qPCR experiments (15). 
The products were collected by 2% agarose gel electropho-
resis, and sequencing was performed by Sangon Biotech Co., 
Ltd. (Shanghai, China).

Bacterial density detection. The OD600 was detected using 
an ultraviolet spectrophotometer (Beckman Coulter, Inc.). 
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OD600=1 was considered to indicate a corresponding density 
for HP of 108 CFU/ml. 

Superoxide dismutase (SOD) activity. The activity of SOD in HP 
was determined using a Total Superoxide Dismutase Assay Kit 
with WST‑8 (Beyotime Institute of Biotechnology). Cell lysates 
were prepared following various designated treatments. Assays 
were performed on 96‑well microtiter plates by incubating 20 µl 
cell lysate protein per sample in 160 µl reaction buffer (151 µl 
SOD detection buffer, 8 µl WST‑8 and 1 µl enzyme solution) and 
then adding 20 µl starting work buffer (0.5 µl starting buffer and 
19.5 µl SOD detection buffer). Lysates were incubated at 37˚C 
for 30 min. The OD450 nm were measured using an ultraviolet 
spectrophotometer (Beckman Coulter, Inc.). The procedure was 
performed according to the manufacturer's protocol.

ROS determination. ROS in the Hp were visualized using the 
dichloro‑dihydro‑fluorescein diacetate (DCFH‑DA) fluorescent 
probe (Beyotime Institute of Biotechnology). In brief, HP was 
prepared after the respective treatment and then resuspended 
in DCFH‑DA probe (10 µM) at a density of 107 CFU/ml. The 
mixture was incubated at 37˚C for 30 min and then washed with 
PBS buffer until clear. The ultrasonic probe was immersed into 
the cell suspension for ultrasonic crushing. The total ultrasonic 
time was ~2 min. Finally, the absorbance of cell lysates was 
measured at 450 nm (Beckman Coulter; DU800).

Statistical analysis. Data were analyzed using SPSS 17.0 
(IBM, Corp.). Values are expressed as the mean ± standard 
error of the mean. Analysis of variance followed by the 
Newman‑Student‑Keuls test was used to analyze the results. 
P<0.05 was considered to indicate a statistically significant 
difference. 

Results

Construction of the sRNA library of HP. The concentration 
of samples used for sequencing was >150 ng/µl, the ratio of 
23S rRNA to 16S rRNA 1.6 was >1.5 and the RNA integrity 
number was 7.8, which met the requirements for constructing 
an sRNA library, according to the Small RNA Sample 
Preparation protocol of Illumina HiSeq2000. The 18‑150 nt 

long fragments were purified after being excised from the gel 
and then sequenced by the Illumina HiSeq2000. A total of 
592,125 tags were sequenced, including 84 and 234 that map 
to AM and the IGR, accounting for 4.3 and 11.98%, respec-
tively. Among them, 163  tags had >20 reads and therefore 
defined as candidate sRNAs and named sRNA001‑sRNA163. 
The length distribution of the candidate sRNAs is illustrated 
in Fig. 1. A total of 72 candidate sRNAs were <50 nt long, 
63 tags were 51‑100 nt long, 11 tags were 101‑150 nt long, 6 tags 
were 151‑200 nt long and 11 tags were >200 nt long (Fig. 1A). 
When mapping the spliced tags to the known sequence, only 
5 sRNAs [6S RNA, NAT‑67, 5'ureB‑sRNA, repG (HPnc5490) 
and NAT‑39] had matching pieces; the others (IG‑443 and 
IG‑524) were undetected.

Annotation and secondary structure of candidate sRNAs in 
HP. Two methods were adopted for candidate sRNA annotation: 
Sequence conservation and secondary structure conservation. 
As presented in Fig. 1, 35 sRNAs were sequence‑similar and 97 
were secondary structure‑conservative. Among them, 30 tags 
were sequence‑similar and secondary structure‑conservative. 
From what has been discussed above, 61 sRNAs were reported 
for the first time. RNAfold (http://rna.tbi.univie.ac.at/cgi‑bin/
RNAfold.cgi) was used to predict the secondary structure 
of candidate sRNAs. Representative results from Fig.  1B 
indicate that sRNA008 (112 nt) was encoded at the antisense 
strand, which is in opposite orientation to the IGR between 
HP0017 and HP0018, and sRNA099 (431 nt) was encoded at 
the antisense strand in the IGR between HP1143 and HP1147 
(Fig. 1F). sRNA014 (66 nt) was encoded at the sense strand, 
opposite HP0098 (Fig. 1C). sRNA078 (76 nt) was encoded 
at the antisense strand, adjacent to HP0896 and HP0897 
(Fig. 1G). Their secondary structures are presented in Fig. 1.

Target prediction of candidate sRNAs. IntaRNA was 
employed to forecast targets of candidate sRNAs. The 
strategy of this software is base‑paring, leading to two further 
predicted targets of one sRNA, and entries with a free energy 
of >‑22 kcal/mol were filtered out. A total of 1,247 targets of 
79 candidate sRNAs met the requirements. Therefore, sRNA 
interactions with genes of interest, including genes associated 
with oxidative stress, virulence factors and chemotaxis, were 

Table I. Primers used for polymerase chain reaction.

Nucleotide	 Sequence

5'‑ureB‑sRNA	 Forward: 5'‑CTTTAGCATCCATATCCGCATT‑3'
	R everse: 5'‑GACTGGTGGCATTGTCACAATA‑3'
NAT‑67	 Forward: 5'‑ACTTTTTATTGGGCGTCCTC‑3'
	R everse: 5'‑AGAACTGGGTCCACAGCAGA‑3'
ceuE	 Forward: 5'‑CGCAAGAAGTCAAAGTCAAGG‑3'
	R everse: 5'‑CGCCTACAACCCTATTCCAA‑3'
23S rRNA	 Forward: 5'‑GCTCGTGTCGTGAGATGTTG‑3'
	R everse: 5'‑GATCGTGTAAGTGAGATGG‑3'

rRNA, ribosomal RNA; sRNA, small non‑coding RNA.
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predicted. The results suggested that sRNAs that may regu-
late virulence factors were sRNA057, sRNA126, sRNA055, 
sRNA121 and sRNA025 (Fig. 2A). Chemotaxis‑associated 
genes may be regulated by sRNA057, sRNA090, sRNA055, 
sRNA12 and sRNA025 (Fig.  2B). The known sequence 
NAT‑67 and sRNA057 may be associated with the regulation 
of oxidative stress (Fig. 2C).

Verification of NAT‑67 and 5'ureB‑sRNA. In order to verify 
the existence of HP RNAs, RT‑qPCR primers for NAT‑67 and 
5'ureB‑sRNA were designed. The DNA fragment was directly 
electrophoresed and sequenced. The results (Fig.  3) were 
consistent with previous reports (5,8). 

TNZ inhibits bacterial viability and downregulates NAT‑67 
and 5'ureB‑sRNA. TNZ is used for HP treatment by inducing 
oxidative stress and cell death but the exact mechanism has 
remained to be fully elucidated. Furthermore, it has been 
demonstrated that certain sRNAs, including RyhB and 
RybA, are involved in the regulation of oxidative stress (11). 
Consequently, the association between TNZ‑induced cell death 
and sRNAs was investigated. Under liquid culture conditions, 
the growth cycle of HP was ~48 h (Fig. 4A). TNZ was added 
at the middle of the logarithmic phase (10 h), since, during 
this phase, sRNAs begin to be expressed and the response 
of bacteria to environmental stimuli is at its most sensitive. 
The growth of HP was significantly suppressed following 

Figure 1. (A) Venn diagram presenting the Hp candidate sRNAs length distribution and the annotation of candidate sRNAs. Gray, total candidate sRNAs; 
blue, sequence conservative sRNAs; green, secondary structure evolutionarily conserved sRNAs; light blue, both conservative. Annotation and secondary 
structure of Hp candidate sRNAs. Gene locations of representative sRNAs were shown in (B) sRNA008, (C) sRNA014, (F) sRNA099 and (G) sRNA078. Their 
respective secondary structures are presented below. (D) Secondary structure of sRNA008. (E) Secondary structure of sRNA014. (H) Secondary structure of 
sRNA099. (I) Secondary structure of sRNA078. Hp, Helicobacter pylori; sRNA, small non‑coding RNA.
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Figure 2. Target prediction of candidate sRNAs. Targets associated with (A) virulence factors, (B) chemotaxis and (C) oxidative stress are provided. Blue, 
type Ⅳ secretion system‑associated genes; yellow, cag‑pathogenicity island protein; red, vacuolating cytotoxin‑associated genes; purple, chemotaxis 
protein‑encoding genes; pale yellow, methyl‑accepting chemotaxis protein‑associated genes; green, ceuE; orange, peroxidase. Hp, Helicobacter pylori; sRNA, 
small non‑coding RNA.

Figure 3. Verification of five known sRNA of Hp including Nat‑39, Nat‑67, IG‑443, IG‑524 and 5'ureB‑sRNA. (A) Reverse transcription‑quantitative PCR 
was performed, and the amplified products of five sRNAs were electrophoresed in a 2% agarose gel. 5'ureB‑sRNA and Nat‑67 can be detected clearly and 
Nat‑39, IG‑443 and IG‑524 were weakly detected. (B) 5'ureB‑sRNA PCR products were sequenced. (C) Nat‑67 PCR products were sequenced. sRNA, small 
non‑coding RNA; Hp, Helicobacter pylori.
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treatment with TNZ, particularly at 12 h (Fig. 4B). Of note, 
the expression of NAT‑67 and 5'ureB‑sRNA was significantly 
reduced (Fig. 4C and D).

TNZ downregulates ceuE and induces oxidative stress. It was 
reported that NAT‑67 may be the regulator of iron‑binding 
protein ceuE, which may participate in the regulation of 

Figure 4. Effect of TNZ on the expression of sRNA and oxidative stress levels in HP. (A) Growth curve of Hp SS1. (B) Cell viability in the presence of 
TNZ was determined with an ultraviolet spectrophotometer. (C and D) The expression of (C) 5'ureB‑sRNA and (D) NAT‑67 was determined by RT‑qPCR. 
(E) ROS levels. (F) The expression of ceuE was detected by RT‑qPCR. (G) SOD activity. Values are expressed as the mean ± standard error of the mean (n=5). 
*P<0.05, **P<0.01 vs. Control. CFU, colony‑forming units; RT‑qPCR, reverse transcription‑quantitative PCR; ROS, reactive oxygen species; SOD, superoxide 
dismutase; Hp, Helicobacter pylori; sRNA, small non‑coding RNA; TNZ, tinidazole.



Molecular Medicine REPORTS  22:  1227-1234,  2020 1233

oxidative stress. The expression of ceuE and oxidative stress 
in TNZ‑treated Hp were therefore observed. It was indicated 
that TNZ significantly decreased ceuE expression and SOD 
activity, while increasing ROS levels (Fig.  4E‑G). These 
results suggested that the induction of cell death by TNZ 
may be achieved through the downregulation of NAT‑67 and 
induction of oxidative stress. 

Discussion

The significance of sRNA (50‑500 nt in length) in the regu-
lation of bacteria is becoming increasingly apparent. These 
molecules are involved in the regulation of a wide range of 
physiological responses, cellular metabolism and reactions 
to environmental stimuli (e.g., pH or temperature shifts), 
ultimately contributing to survival and virulence (16). It has 
been demonstrated that sRNA is involved in the response 
of bacteria to environmental fluctuations, including oxida-
tive stress and antibiotic drug exposure. For instance, 
azithromycin inhibits the expression of small RNAs RsmY 
and RsmZ in P. aeruginosa, which may be a bactericidal 
mechanism (14).

Hp, which specifically colonizes the gastric epithelium, 
is the dominant pathogenic factor for chronic gastric ulcer 
and gastric cancer. Recent studies have indicated that sRNAs 
were crucial to the growth, colonization and pathogenicity of 
Hp. For instance, nucleotide pairing revealed that Hp sRNA 
NAT‑67 was completely complementary to periplasmic 
iron‑binding protein HP1561 (ceuE), suggesting that NAT‑67 
may be a regulator in iron homeostasis and oxidative stress (8). 
5'ureB‑sRNA, a cis‑encoded antisense small RNA regulated 
by the HP0165‑HP0166 two‑component system in Hp, 
enhanced expression of ureB, consequently protecting it from 
acid (7,10). Furthermore, 5'ureB knockout in Hp markedly 
inhibited the inflammatory response of gastric mucosa epithe-
lial cells (17). However, at present, the full extent of sRNAs 
in Hp chromosomes remains elusive. While bioinformatics 
prediction indicated that hundreds of sRNAs may exist in Hp, 
only 7 sRNAs had a known nucleotide sequence (5,8‑9). In the 
present study, the sRNA expression spectrum was reported for 
the first time. The results provided 163 candidate sRNAs in Hp. 
Among the 7 known sRNAs, 5, including 6S RNA, NAT‑67, 
5'ureB‑sRNA, repG (HPnc5490) and NAT‑39, matched the 
sequence in the present study, while IG‑443 and IG‑524 were 
undetected. A possible reason for this is that sRNA varies 
with time and environment. Furthermore, RNAfold was used 
for secondary structure and IntaRNA for target prediction. 
Based on base‑paring, the so‑called predicted targets with a 
free energy of below ‑22 kcal/mol were filtered out. In order to 
obtain a more specific result, the interactions between sRNAs 
and genes of interest, including genes associated with oxida-
tive stress, virulence factors and chemotaxis, were predicted. 
It was indicated that several sRNAs, including NAT‑67, are 
highly correlated with these genes. Bioinformatics analysis of 
HP is momentous and may facilitate future research on sRNA 
and understanding the pathogenic mechanism of HP.

In the present study, bioinformatics analysis and gene 
sequencing were combined to determine gene location, 
sequence similarity and secondary structure. However, this 
approach had its limitations in predicting series of sRNAs. 

First, the sRNAs screened in the present study were located in 
IGRs and AM, but some were encoded by open reading frames 
and untranslated regions (UTRs), and therefore, certain tags 
may have been missed. In addition, it is required to analyze 
the initiator and terminator, as the candidate sRNAs were 
short clips. However, the major limitation is the reliability 
and repeatability of the bioinformatics analysis, the results of 
which require to be confirmed. In the present study, RT‑qPCR 
and sequencing were performed. The northern blot and gene 
chip would be the choices in further studies.

NAT‑67 is involved in regulating ceuE (HP1561) and ceuE 
is associated with HP growth (9). For this reason, the influence 
of TNZ, a frequently‑used clinical drug for HP infection, on 
sRNA expression and bacterial growth was assessed. TNZ 
suppressed Hp growth while downregulating NAT‑67 and 
ceuE. However, the effects of sRNA regulation depend on 
the binding site of target mRNAs. If the binding site contains 
a ribosome binding site, it prevents 30S ribosomes from 
binding to mRNA, which suppresses transcription or degrades 
mRNA (18). On the other hand, if the binding site of mRNA 
forms a specific secondary structure, combination with sRNA 
results in hairpin opening, so that mRNA stabilizes and/or 
promotes translation (4). E. coli sRNA RyhB binding to the 
5'‑UTR of cirA increased mRNA stability and translation (19). 
S. aureus sRNA FasX combining with a virulence‑associated 
gene also enhanced its activity (20). These results supported 
that TNZ exerts its antibacterial effect by downregulating 
NAT‑67 and then inhibiting ceuE.

HP1561 (ceuE), a periplasmic iron‑binding protein that 
binds and transports iron into cell, has an important role in 
iron homeostasis. NAT‑67 (90 nt) was encoded in the IGR 
between gene ftsW and tsaA, with perfect complementarity to 
HP1561 (ceuE). Iron is the key ion for survival and growth. Hp 
expresses only a single SOD, the iron‑cofactor one, known as 
SODB (21). Therefore, a decrease in the cellular iron concen-
tration of HP leads to a decrease in SOD activity and increase 
in oxidative stress. The present study indicated that TNZ expo-
sure restrained NAT‑67 and ceuE expression, accompanied 
by a SOD activity decrease and ROS increase. These results 
provided novel experimental evidence with regards to the 
antimicrobial mechanism of TNZ.

It is now accepted that miRNAs have crucial regulatory 
roles in almost all pathological processes by regulating cell 
growth, proliferation, differentiation and apoptosis. Recent 
results have suggested that miRNAs not only execute func-
tions within the original cells but may also be initiatively 
secreted to regulate adjacent or distant cells functions, and 
are even transmitted from one species to another, facilitating 
crosstalk, communication or signal interference between 
them  (22‑24). For example, Rhodovulum sulfidophilum 
bacterial extracellular RNAs have been reported in the 
literature (25). Nucleic acids were detected in Lactobacillus 
culture filtrate and the major group were RNAs (including 
sRNAs) (26). Studies have reported that sequence‑similar 
miRNAs may coordinately regulate one target mRNA 
and thus, microRNA‑mediated miRNA regulation may 
be a novel model (27). For instance, cardiac miR‑378 and 
miR‑499 regulated miR‑143  (28‑29). It may therefore be 
speculated that bacteria‑secreted sRNAs may be a novel 
pathogenic factor.
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