ORIGINAL ARTICLE

https://doi.org/10.1590/1806-9282.20220493

Evaluation of toxin-antitoxin genes, antibiotic resistance, and
virulence genes in Pseudomonas aeruginosa isolates

Umut Safiye Say Coskun®* @, Yelda Dagcioglu?

SUMMARY

OBJECTIVE: Toxin-antitoxin genes RelBE and HigBA are known to be involved in the formation of biofilm, which is an important virulence factor for
Pseudomonas aeruginosa. The purpose of this study was to determine the presence of toxin-antitoxin genes and exoenzyme S and exotoxin A virulence
genes in P.aeruginosa isolates and whether there is a relationship between toxin-antitoxin genes and virulence genes as well as antibiotic resistance.
METHODS: Identification of the isolates and antibiotic susceptibilities was determined by a VITEK 2 (bioMérieux, France) automated system. The
presence of toxin-antitoxin genes, virulence genes, and transcription levels were detected by real-time polymerase chain reaction.

RESULTS: RelBE and HigBA genes were detected in 94.3% (82/87) of P. aeruginosa isolates, and exoenzyme S and exotoxin A genes were detected in all
of the isolates (n=87). All of the isolates that harbor the toxin-antitoxin and virulence genes were transcribed. There was a significant increase in the
RelBE gene transcription level inimipenem- and meropenem-sensitive isolates and in the HigBA gene transcription level in amikacin-sensitive isolates
(p<0.05). There was a significant correlation between RelBE and exoenzyme S (p=0.001).

CONCLUSION: The findings suggest that antibiotic resistance may be linked to toxin-antitoxin genes. Furthermore, the relationship between RelBE
and exoenzyme S indicates that toxin-antitoxin genes in P. aeruginosa isolates are not only related to antibiotic resistance but also play an influential
role in bacterial virulence. Larger collections of comprehensive studies on this subject are required. These studies should contribute significantly to

the solution of the antibiotic resistance problem.
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INTRODUCTION

Pseudomonas aeruginosa (P aeruginosa) is one of the major
pathogens causing hospital-acquired infections, particularly
affecting patients with immunocompromised or prolonged
stay in the intensive care unit'. As a pathogen, P aeruginosa is
of growing clinical significance as a result of its inherent resis-
tance to multiple antimicrobials and its ability to develop high-
level multidrug resistance (MDR) due to the presence of a lot
of virulence factors expressed in its genome.

These virulence factors allow 2 aeruginosa to easily reproduce
and live in both the host cell and the environment. Virulence
factors can cause a number of harmful effects, including dam-
age to tissues, the spread of infection to blood and tissue, the
escape of bacteria from the host cell defense, and disease pro-
gression. In addition, they can induce antibiotic resistance in
P aeruginosa, making treatment difficul?’.

In recent years, studies on toxin-antitoxin (TA) genes have
shown that they are associated with virulence regulation, biofilm
formation, plasmid maintenance, and antibiotic resistance®*.
TA genes are small operons composed of both a growth-in-
hibitory toxin and an antitoxin that regulates toxin activity by
direct inhibition. This antitoxin also plays a role in cell physiol-
ogy by acting as a regulator of transcription””. Previous studies
have shown that TA genes play several important physiologi-
cal roles and, therefore, may be able to treat infections caused
by MDR bacteria®.

It has been indicated that TA genes are involved in the
formation of biofilm, which is an important virulence fac-
tor for P aeruginosa'®'> The purpose of this study was to
determine the presence of Re/BE and HigBA TA genes and
exoenzyme S (ExoS) and exoroxin A (ToxA) virulence genes in

P aeruginosa isolates. In addition, we aimed to investigate
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whether there is a relationship between TA genes and viru-
lence genes as well as whether TA genes are associated with

antibiotic resistance.

METHODS

Bacterial isolates and antimicrobial
susceptibility testing

This study included 87 P aeruginosa isolates from vari-
ous samples sent to the Microbiology Laboratory at Tokat
Gaziosmanpasa University Training and Research Hospital
between January 2016 and March 2017. Identification and
antibiotic resistance profile of P aeruginosa isolates were deter-
mined by a Vitek 2 (bioMérieux, France) automated system
according to Clinical and Laboratory Standards Institute crite-
ria'®. The total number of susceptible and resistant antibiotics
is not equal to all antibiotics because not all antibiotics have
been studied in every isolate. Only one isolate was obtained
from each patient. P aeruginosa ATCC 27853 isolates were

used as quality controls.

Genomic DNA isolation of RelBE, HigBA, ExoS,
and ToxA genes in Pseudomonas aeruginosa
isolates by real-time polymerase chain reaction
A volume of 10° McFarland bacterial suspension (1.5 pLL) was
centrifuged at 12,500 x g for 5 min. Then, 200 UL of lysozyme
was added to the pellet and incubated at 37°C for 30 min.
To degrade the RNA, 4 pL of RNase A (50 mg/mL) was added
to the sample, which was vortexed for 10 min at room tem-
perature. In addition, 40 UL of proteinase K was added, and
the DNA isolation was completed according to the manufac-
turer’s recommendations using a Magnesia 16 isolation device

(Anatolia Geneworks, Turkey).

Total RNA isolation from Pseudomonas
aeruginosa isolates

The prepared bacterial suspension (1.5 nWL) was centri-
fuged at 12,500 x g for 5 min and 200 UL of RB buffer
prepared with mercaptoethanol was added to the pellet,
and RNA isolation was performed by using the Magnesia
16 Cultured Cell and Tissue Total RNA Extraction Kit.
To degrade the genomic DNA, 20 pL of 10" reaction mix,
7.5 uL of DNase I, and 172.5 pL of water were added to
each sample, and pure RNA was obtained. RNA isola-
tion was performed using a Magnesia 16 isolation device

(Anatolia Geneworks, Turkey).
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Preparation of cDNA from total RNA in
Pseudomonas aeruginosa isolates

The cDNA mixture was prepared by adding 10 UL of water, 8
UL of the reaction mix, and 2 UL of reverse transcriptase (RT)
to the final volume of 20 pL. The cDNA was prepared using
a Montania 4896 real-time PCR device (Anatolia Geneworks,
Turkey) for a total of 40 min as follows: 5 min at 22°C, 30 min
at42°C, and 5 min at 85°C. The activity of the gene region was
proven by the detection of the cDNA using SYBR green dye.

Detection of RelBE, HigBA, ExoS, and ToxA genes
expression in Pseudomonas aeruginosa by real-time
polymerase chain reaction

All of the genes were prepared by mixing 12.5 puL of Super
SYBR Mix, 0.5 uL of forward and reverse primers, 6.5 UL of
water, and 3 UL of cDNA for a total volume of 20 UL. The gene
expression levels were detected by a Montana 4896 real-time
PCR device (Anatolia Geneworks, Turkey).

The amplification programs for Re/BE, HigBA, ExoS, and
ToxA were as follows: 3 min of denaturation at 95°C and 45 cycles
of 15-s denaturation at 95°C; for the Re/BE primer, binding at
56°C for 45 s; elongation at 72°C for 30 s, followed by a final
elongation step in which the temperature was increased from
60 to 90°C; for the HigBA, ExoS, and ToxA primers, binding at
52°C for 45 s; elongation at 72°C for 30 s, followed by a final
elongation step in which the temperature was increased from
60 to 90°C. The primers were used in the PCR step according

to the previous study'>'.

Statistical analysis

Statistical analysis was performed by using commercial soft-
ware IBM SPSS Statistics version 20 (SPSS Inc., an IBM Corp.,
Somers, NY, USA). The differences between antibiotic resis-
tance in the P aeruginosa isolates and the transcription levels
of the TA and virulence genes were investigated with indepen-
dent samples t-test and Mann-Whitney U test. The relationship
between Re/BE and HigBA genes and ExoS and ToxA genes was
investigated with the Pearson’s correlation test. The values of

p<0.05 were considered significant.

Ethics
This study was approved by the Ethics Committee of Tokat
Gaziosmanpasa University (number 17/KAEK/022).

RESULTS

The isolates were obtained from respiratory samples (40.3%,
n=35), wound samples (26.4%, n=23), urine (20.7%, n=18),
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blood (11.5%, n=10), and sterile body fluid samples (1.1%,
n=1). The P aeruginosa isolates had the highest rates of anti-
biotic resistance to aztreonam 64.4% (47/73), piperacillin-ta-
zobactam 64% (55/86), imipenem 42.7% (35/82), and mero-
penem 36.8% (32/87). While the Re/BE and HigBA genes were
detected in 94.3% (82/87) of the P aeruginosa isolates (n=87),
the ExoS and 7oxA genes were detected in all of the isolates
(n=87). It is shown that TA genes (82/82) and virulence genes
(87/87) are involved.

There was a significant increase in the Re/BE gene transcription
level in imipenem- and meropenem-sensitive isolates (p<0.05).
There were no correlations between Re/BE and HigBA gene
transcription levels with any of the other antibiotics (p>0.05).
Antibiotic susceptibility rates of isolates and the relationship
between antibiotic susceptibilities and transcription levels of
RelBE and HigBA TA genes are shown in Table 1. There was
a significant correlation between Re/BE and ExoS (p=0.001);

none of the other correlations were significant.

DISCUSSION

The MDR P aeruginosa caused 32,600 estimated infections
among hospitalized patients and 2,700 estimated deaths in
the United States. Some types of MDR P, aeruginosa are

resistant to nearly all antibiotics, including carbapenems, which
means that several classes of antibiotics including aminogly-
cosides, cephalosporins, fluoroquinolones, and carbapenems
may not cure these infections'. In recent years, the increase
in carbapenem-resistant frequency among P aeruginosa is
becoming a major challenge. The reported rates of carbape-
nem resistance seem to be considerably different (12-67%)
in various regions'>". In this study, it was observed that the
carbapenem’s resistance rates were consistent with the previ-
ous studies. It is seen that carbapenems still maintain their
importance among the antibiotics used in the treatment of
P, aeruginosa infections.

Pseudomonas aeruginosa have virulence factors including
biofilm, 7oxA, ExoS, pigments, mucoid exopolysaccharide, lipo-
polysaccharide, protease, leucocidin, and hemolysins. 7oxA is
secreted outside the cell and causes cell death and cell damage
as well as suppression of host response by inhibiting protein
synthesis'®. Nikbin et al. indicated E£x0S and 7oxA genes existed
in wound samples at rates of 62 and 90% and in respiratory
system at rates of 47.4 and 46.6%, respectively. They indicated
that the prevalence of 7oxA gene was significantly higher in the
pulmonary tract and burn isolates. In addition, the difference
between ExoS prevalence in isolates from the pulmonary tract
and burn isolates was statistically significant'.

Table 1. Antibiotic susceptibility rates of isolates and the relationship between antibiotic susceptibilities and expression levels of RelBE and HigBA

Toxin-antitoxin genes.

-_- = gene H,gBA o

Piperacillin-tazobactam Sensitive 0.436° 0.7232
Seftazidime Sensitive 62 71.3 0.154° 0.636?
Sefepime Sensitive 55 66.3 0331 0.431°
Aztreonam Sensitive 26 35.6 0.4492 0.664°
Imipenem Sensitive 47 57.3 0.002: 0.365°
Meropenem Sensitive 55 63.2 0.043° 0.367°
Amikacin Sensitive 80 92.0 0.6272 0.050?
Gentamycin Sensitive 75 86.2 0.756° 0.181°
Netilmicin Sensitive 64 87.7 0.8482 0.2282
Tobramycin Sensitive 67 93.1 0.406P 0.086°
Siprofloxacin Sensitive 67 77.9 0.251° 0.144:
Levofloxacin Sensitive 52 72.2 0.23¢° 0.323°
Colistine Sensitive 82 100 = =

TA: toxin-antitoxin. The total number of susceptible and resistant antibiotics is not equal to all antibiotics because not all antibiotics have been studied in
every isolate. Differences in antibiotic resistance in P. aeruginosa isolates and transcription levels of TA genes were investigated with the independent samples
t-test and Mann-Whitney U test. The relationship between RelBE and HigBA genes and ExoS and ToxA genes was investigated with a Pearson’s correlation test.
*Independent samples t-test. "Mann-Whitney U-test. Bold indicates statistically significant p-value.

53

Rev Assoc Med Bras 2023;69(1):51-55



Toxin-antitoxin and virulence genes in Pseudomonas aeruginosa

Faraji et al. in 2016 reported that ExoS and 7oxA genes were
detected in cystic fibrosis isolates at rates of 70.8 and 63.1%,
respectively®’. Wolska et al. indicated that the ExoS gene was
present in 78.5% of 62 P aeruginosa isolates, while the ToxA
gene was found in 88.7%. In this study, all the P aeruginosa
isolates had ExoS and 7oxA genes. Therefore, the statistical dis-
tribution of virulence genes according to the samples has not
been studied. However, most isolates were isolated from respi-
ratory tract samples. The results of this study determined that
ExoS and ToxA virulence factors are found at high rates in P
aeruginosa isolates, which is consistent with previous studies.

Hemati et al. observed biofilm formation in 87.5% of
140 P aeruginosa isolates; furthermore, the TA genes MazEF,
RelBE, HigBA, CcdAB, and MgsR were found at rates of 85.71,
100, 1.42, 100, and 57.14%, respectively. In addition, they
reported a relationship between biofilm formation and TA gene
expression’. In 2016, Wood et al. detected the HigBA gene in
P aeruginosa PA14 isolate and investigated the biofilm forma-
tion by using crystal violet, pyocyanin production by using
acetic acid, and dichloromethane and pyoverdine production
by using chrome azurol S agar plate method. They indicated
that the HigBA TA gene is effective not only on biofilm for-
mation but also on pyoverdine production'’.

Previous studies have determined that P zeruginosa isolates
have Re/BE and HigBA TA genes”'**'*2. Guo et al. demonstrated
the antitoxin HigA regulates virulence in 22 Aeruginosa by bind-
ing especially to the promoter region of the MvfR gene that
regulates pyocyanin synthesis’. Song et al. indicated that HigA-
mediated transcriptional inhibition on stress stimulation could
affect virulence genes and also take attention to the potential of
the HigBA TA system as an antibacterial treatment target®. In
2022, Zadeh et al. determined that ciprofloxacin and colistin
may induce persister cell formation by enhancing the expres-
sion of type II TA systems during stationary and exponential
phases?. Also, it was shown that there was a strong correlation
between the mazEF TA gene and resistance against gentamicin,
meropenem, and amikacin’.

Even though TA genes and virulence genes were consid-
ered to be associated with antibiotic resistance, we observed
the level of Re/BE gene expression was higher in imipenem-
and meropenem-sensitive isolates, and the level of HigBA gene
expression was higher in amikacin-susceptible isolates. In our

previous study, we investigated the relationship between toxin
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genes and antibiotic resistance in a different bacterial collec-
tion consisting of 92 P aeruginosa and 148 staphylococci iso-
lates. It was found that in P aeruginosa, the level of Re/lBE TA
gene expression is increased in isolates sensitive to aztreonam
compared to those resistant to aztreonam. Also, in staphylo-
cocci, the levels of mazEF gene expression were found to be
higher in isolates sensitive to gentamicin, ciprofloxacin, levo-
floxacin, clindamycin, phosphomycine, nitrofurantoin, fusidic
acid, and cefoxitin compared to those resistant to the above
antibiotics®. In the present study, we observed that toxin genes
were associated with antibiotic resistance, and Re/BE TA gene
expression was associated with the exoS virulence gene in P

aeruginosa isolates.

CONCLUSION

The fact that TA genes are expressed more in strains sensitive to
carbapenems should draw attention to these strains, which may
cause serious infections that are difficult to treat in the future.
The relationship between Re/BE and ExoS indicates that TA genes
in P aeruginosa isolates are not only related to antibiotic resis-
tance but also play important roles in bacterial pathogenesis and
virulence. Further studies including larger numbers of genes are
necessary to illustrate the role of TA genes in the pathogenesis of
P aeruginosa and to elucidate their connection with antibiotic
resistance. These studies should make a significant contribution
to the solution of the antibiotic resistance problem.

ETHICAL APPROVAL

This study was financially supported by Tokat Gaziosmanpasa
University Scientific Research and Projects Unit (project number
2015/25). This study was presented in the 4th National Clinical
Microbiology Congress (Abstract Paper/Poster) (publication
number: 3825136). All the protocols were performed under the
supervision of the Ethics Committee of Tokat Gaziosmanpasa
University (number 17/KAEK/022).

AUTHORS’ CONTRIBUTIONS

USSC: Conceptualization, Methodology, Writing — origi-
nal draft, Writing — review & editing. YD: Data curation,
Methodology, and Writing — review & editing.

Rev Assoc Med Bras 2023:69(1):51-55



Coskun, U.S. S. et al.

REFERENCES

1

10.

11.

12.

U.S. Department of Health and Human Services. Antibiotic resistance
threats in the United States, 2019. Atlanta (GA): U.S. Department
of Health and Human Services.

Poole K. Multidrug efflux pumps and antimicrobial resistance in
Pseudomonas aeruginosa and related organisms. J Mol Microbiol
Biotechnol. 2001;3(2):255-64. PMID: 11321581

Breidenstein EB, de la Fuente-Nunez C, Hancock RE. Pseudomonas
aeruginosa: all roads lead to resistance. Trends Microbiol.
2011;19(8):419-26. https://doi.org/10.1016/.tim.2011.04.005

Zhou J, Li S, Li H, Jin'Y, Bai F, Cheng Z, et al. Identification of a
toxin-antitoxin system that contributes to persister formation
by reducing NAD in Pseudomonas aeruginosa. Microorganisms.
2021;9(4):753. https://doi.org/10.3390/microorganisms2040753

GuoY,SunC,LiY, Tang K,NiS,Wang X. Antitoxin HigAinhibits virulence
gene mvfR expression in Pseudomonas aeruginosa. Environ Microbiol.
2019;21(8):2707-23. https://doi.org/10.1111/1462-2920.14595

SongY, Zhang S, Luo G, Shen Y, Li C, Zhu Y, et al. Type Il antitoxin
HigA is a key virulence regulator in Pseudomonas aeruginosa.
ACS Infect Dis. 2021;7(10):2930-40. https://doi.org/10.1021/
acsinfecdis.1c00401

Buts L, Lah J, Dao-ThiMH, Wyns L, Loris R. Toxin-antitoxin odules
as bacterial metabolic stress managers. Trends Biochem Sci.
2005;30(12):672-9. https://doi.org/10.1016/j.tibs.2005.10.004

Habib G, Zhu Q, Sun B. Bioinformatics and functional assessment
of toxin-antitoxin systems in Staphylococcus aureus. Toxins (Basel).
2018;10(11):473. https://doi.org/10.3390/toxins 10110473

Hemati S, Azizi-Jalilian F, Pakzad |, Taherikalani M, Maleki A, Karimi
S,etal. The correlation between the presence of quorum sensing,
toxin-antitoxin system genes and MIC values with ability of biofilm
formation in clinical isolates of Pseudomonas aeruginosa. Iran J
Microbiol. 2014;6(3):133-9. PMID: 25870745

Wood TL, Wood TK. The HigB/HigA toxin/antitoxin system of
Pseudomonas aeruginosa influences the virulence factors pyochelin,
pyocyanin, and biofilm formation. Microbiologyopen. 2016;5(3):499-
511. https://doi.org/10.1002/mbo3.346

Abdulhag N, Nawaz Z, Zahoor MA, Siddique AB. Association of
biofilm formation with multi drug resistance in clinical isolates
of Pseudomonas aeruginosa. EXCLI J. 2020;19:201-8. https://doi.
org/10.17179/excli2019-2049

Williams JJ, Halvorsen EM, Dwyer EM, DiFazio RM, Hergenrother
PJ. Toxin-antitoxin (TA) systems are prevalent and transcribed in
clinicalisolates of Pseudomonas aeruginosa and methicillin-resistant
Staphylococcus aureus. FEMS Microbiol Lett. 2011;322(1):41-50.
https://doi.org/10.1111/j.1574-6968.2011.02330.x

55

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Clinical and Laboratory Standards Institute. Performance standards
for antimicrobial susceptibility testing. In: Proceedings of the 22nd
Informational Supplement, M100-522. Wayne (PA): CLSI; 2012.

Wolska K, Kot B, Jakubczak A. Phenotypic and genotypic diversity
of Pseudomonas aeruginosa strains isolated from hospitals in
siedlce (Poland). Braz J Microbiol. 2012;43(1):274-82. https://
doi.org/10.1590/51517-83822012000100032

Somily A, Balkhy HH, Enani MAS, Althawadi SI, Alawi M, Al Johani SM,
et al. Antimicrobial resistance trends of non-fermenter gram negative
bacteriain Saudi Arabia: asix-year national study. J Infect Public Health.
2021;14(9):1144-50. https://doi.org/10.1016/j.jiph.2021.07.007

Saleem S, Bokhari H. Resistance profile of genetically distinct clinical
Pseudomonas aeruginosa isolates from public hospitals in central
Pakistan. J Infect Public Health. 2020;13(4):598-605. https://doi.
org/10.1016/}.jiph.2019.08.019

Copur Cicek A, Erturk A, Ejder N, Rakici E, Kostakoglu U, Esen Yildiz |,
et al. Screening of antimicrobial resistance genes and epidemiological
features inhospital and community-associated carbapenem-resistant
Pseudomonas aeruginosainfections. Infect Drug Resist. 2021;14:1517-
26. https://doi.org/10.2147/IDR.S299742

Vidal DR, Garrone P, Banchereau J. Immunosuppressive effects of
Pseudomonas aeruginosa exotoxin Aon human B-lymphocytes. Toxicon.
1993;31(1):27-34. https://doi.org/10.1016/0041-0101(93)20353-k

Nikbin VS, Aslani MM, Sharafi Z, Hashemipour M, Shahcheraghi F,
Ebrahimipour GH. Molecular identification and detection of virulence
genesamong Psetidomonas aeruginosaisolated fromdifferent infectious
origins. Iran J Microbiol. 2012;4(3):118-23. PMID: 23066485

Faraji F, Mahzounieh M, Ebrahimi A, Fallah F, Teymournejad O,
Lajevardi B. Molecular detection of virulence genes in Pseudomonas
aeruginosa isolated from children with Cystic Fibrosis and
burn wounds in Iran. Microb Pathog. 2016;99:1-4. https://doi.
org/10.1016/j.micpath.2016.07.013

Say Coskun US, Copur Cicek A, Kilinc C, Guckan R, Dagcioglu Y,
Demir O, et al. Effect of mazEF, higBA, and relBE toxin-antitoxin
systems on antibiotic resistance in Pseudomonas aeruginosa and
Staphylococcusisolates. Malawi Med J. 2018;30(2):67-72. https://
doi.org/10.4314/mmjv30i2.3

Zadeh RG, Kalani BS, Ari MM, Talebi M, Razavi S, Jazi FM. Isolation
of persister cells within the biofilm and relative gene expression
analysis of type Il toxin/antitoxin system in Pseudomonas aeruginosa
isolates in exponential and stationary phases. J Glob Antimicrob
Resist. 2022;28:30-7. https://doi.org/10.1016/j.jgar.2021.11.009

Zhang Y, Xia B, Li M, Shi J, Long Y, Jin Y, et al. HigB reciprocally
controls biofilm formation and the expression of type |1l secretion
system genes through influencing the intracellular c-di-GMP level
in Pseudomonas aeruginosa. Toxins (Basel). 2018;10(11):424. https://
doi.org/10.3390/toxins 10110424

QIO

BY NC

Rev Assoc Med Bras 2023;69(1):51-55


https://www.ncbi.nlm.nih.gov/pubmed/?term=Breidenstein EB%5BAuthor%5D&cauthor=true&cauthor_uid=21664819
https://www.ncbi.nlm.nih.gov/pubmed/?term=de la Fuente-N%C3%BA%C3%B1ez C%5BAuthor%5D&cauthor=true&cauthor_uid=21664819
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hancock RE%5BAuthor%5D&cauthor=true&cauthor_uid=21664819
https://www.ncbi.nlm.nih.gov/pubmed/21664819
https://doi.org/10.1016/j.tim.2011.04.005
https://doi.org/10.3390/microorganisms9040753
https://doi.org/10.1111/1462-2920.14595
https://doi.org/10.1021/acsinfecdis.1c00401
https://doi.org/10.1021/acsinfecdis.1c00401
https://doi.org/10.1016/j.tibs.2005.10.004
https://doi.org/10.3390/toxins10110473
https://www.ncbi.nlm.nih.gov/pubmed/25870745
https://www.ncbi.nlm.nih.gov/pubmed/25870745
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4906001/
https://doi.org/10.1002/mbo3.346
https://doi.org/10.17179/excli2019-2049
https://doi.org/10.17179/excli2019-2049
https://www.ncbi.nlm.nih.gov/pubmed/?term=DiFazio RM%5BAuthor%5D&cauthor=true&cauthor_uid=21658105
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hergenrother PJ%5BAuthor%5D&cauthor=true&cauthor_uid=21658105
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hergenrother PJ%5BAuthor%5D&cauthor=true&cauthor_uid=21658105
https://doi.org/10.1111/j.1574-6968.2011.02330.x
https://www.ncbi.nlm.nih.gov/pubmed/?term=Wolska K%5BAuthor%5D&cauthor=true&cauthor_uid=24031829
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kot B%5BAuthor%5D&cauthor=true&cauthor_uid=24031829
https://www.ncbi.nlm.nih.gov/pubmed/?term=Jakubczak A%5BAuthor%5D&cauthor=true&cauthor_uid=24031829
https://www.ncbi.nlm.nih.gov/pubmed/24031829
https://doi.org/10.1590/S1517-83822012000100032
https://doi.org/10.1590/S1517-83822012000100032
https://doi.org/10.1016/j.jiph.2021.07.007
https://doi.org/10.1016/j.jiph.2019.08.019
https://doi.org/10.1016/j.jiph.2019.08.019
https://doi.org/10.2147/IDR.S299742
https://www.ncbi.nlm.nih.gov/pubmed/?term=Vidal DR%5BAuthor%5D&cauthor=true&cauthor_uid=8446960
https://www.ncbi.nlm.nih.gov/pubmed/?term=Garrone P%5BAuthor%5D&cauthor=true&cauthor_uid=8446960
https://www.ncbi.nlm.nih.gov/pubmed/?term=Banchereau J%5BAuthor%5D&cauthor=true&cauthor_uid=8446960
https://www.ncbi.nlm.nih.gov/pubmed/8446960
https://doi.org/10.1016/0041-0101(93)90353-k
https://www.ncbi.nlm.nih.gov/pubmed/?term=Hashemipour M%5BAuthor%5D&cauthor=true&cauthor_uid=23066485
https://www.ncbi.nlm.nih.gov/pubmed/?term=Shahcheraghi F%5BAuthor%5D&cauthor=true&cauthor_uid=23066485
https://www.ncbi.nlm.nih.gov/pubmed/?term=Ebrahimipour GH%5BAuthor%5D&cauthor=true&cauthor_uid=23066485
https://www.ncbi.nlm.nih.gov/pubmed/23066485
https://www.ncbi.nlm.nih.gov/pubmed/23066485
https://www.ncbi.nlm.nih.gov/pubmed/23066485
https://www.ncbi.nlm.nih.gov/pubmed/?term=Fallah F%5BAuthor%5D&cauthor=true&cauthor_uid=27457974
https://www.ncbi.nlm.nih.gov/pubmed/?term=Teymournejad O%5BAuthor%5D&cauthor=true&cauthor_uid=27457974
https://www.ncbi.nlm.nih.gov/pubmed/?term=Lajevardi B%5BAuthor%5D&cauthor=true&cauthor_uid=27457974
https://www.ncbi.nlm.nih.gov/pubmed/27457974
https://www.ncbi.nlm.nih.gov/pubmed/27457974
https://www.ncbi.nlm.nih.gov/pubmed/27457974
https://doi.org/10.1016/j.micpath.2016.07.013
https://doi.org/10.1016/j.micpath.2016.07.013
https://www.ncbi.nlm.nih.gov/pubmed/?term=Cicek AC%5BAuthor%5D&cauthor=true&cauthor_uid=30627331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Kilinc C%5BAuthor%5D&cauthor=true&cauthor_uid=30627331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Guckan R%5BAuthor%5D&cauthor=true&cauthor_uid=30627331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dagcioglu Y%5BAuthor%5D&cauthor=true&cauthor_uid=30627331
https://www.ncbi.nlm.nih.gov/pubmed/?term=Demir O%5BAuthor%5D&cauthor=true&cauthor_uid=30627331
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6307074/
https://doi.org/10.4314/mmj.v30i2.3
https://doi.org/10.4314/mmj.v30i2.3
https://doi.org/10.1016/j.jgar.2021.11.009
https://doi.org/10.3390/toxins10110424
https://doi.org/10.3390/toxins10110424

