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The emergence of infections caused by bacterial pathogens that are resistant to current
antibiotic therapy is a critical healthcare challenge. Aminoglycosides are natural antibiotics
with broad spectrum of activity; however, their clinical use is limited due to considerable
nephrotoxicity. Moreover, drug-resistant bacteria that cause infections in human as well
as livestock are less responsive to conventional antibiotics. Herein, we report the in vitro
antibacterial evaluation of five different aminoglycosides, including ribostamycin, against
a panel of Gram-positive and Gram-negative pathogens. Eight of the tested bacterial
strains are linked to gastrointestinal (Gl) infections. The minimum inhibitory concentration
(MIC) of ribostamycin against three different Escherichia coli strains is in the range of
0.9-7.2 pM and against a strain of Haemophilus influenzae is 0.5 pM. We also found that
the MIC of ribostamycin was considerably enhanced from 57.2 to 7.2 pM, an 8-fold
improvement, when bacteria were treated with a combination of ribostamycin and
ethylenediaminetetraacetic acid (EDTA). These findings demonstrate a promising approach
to enhance the clinical potential of ribostamycin and provide a rational for its antibiotic
reclassification from special level to non-restricted level.

Keywords: antibiotic, aminoglycoside, drug resistance, Escherichia coli, ethylenediaminetetraacetic acid,
infection, netilmicin, ribostamycin

INTRODUCTION

Infections caused by emerging pathogenic bacteria, including those that are resistant to commonly
used antibiotics, have become a major global health problem (Parks et al., 2012; Beceiro et al,,
2013). The Centers for Disease Control and Prevention (CDC) estimates that more than
2.8 million infections in the United States are caused by antibiotic-resistant bacteria. Moreover,
approximately 35,000 people die due to infections caused by drug-resistant bacteria (CDC,
2019). Infections caused by drug-resistant bacterial pathogens have become a major clinical
threat in the recent years (Woodford et al., 2011; Yoganathan et al., 2013; Stryjewski and Corey, 2014;
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Yoganathan and Miller, 2015; Xu et al, 2016; Frieri et al,
2017). More specifically, the outer membrane in Gram-negative
bacteria is an additional barrier to overcome when treating
infections caused by such pathogens (Nikaido and Nakae, 1980;
Yoganathan et al., 2011; Steinbuch and Fridman, 2016; Masi
et al., 2017; Wright et al, 2017). Many of the Gram-positive
and Gram-negative pathogens are also the cause of infection
in livestock, leading to challenges in veterinary medicine
(Hillerton and Berry, 2005; Schabauer et al, 2018). Hence,
there is a pressing need to develop new antibiotic leads and
new methods to sensitize existing antibiotics against Gram-
negative bacteria.

Among the different classes of antibiotics currently available
for treatment of bacterial infections, aminoglycosides represent
a structurally unique natural antibiotic class (Houghton et al.,
2010; Woodford et al., 2011; Krause et al., 2016). Due to the
presence of several amino groups, aminoglycosides are
characterized as cationic molecules (Figure 1). Some of the
common aminoglycosides that are either clinically used or
exhibit clinical potential include gentamicin, amikacin, netilmicin,
isepamicin, and ribostamycin (Figure 1; Durante-Mangoni et al.,
2009; Avent et al., 2011).

Aminoglycosides are potent and broad-spectrum antibiotics.
Their primary mechanism of action relates to inhibition of
bacterial protein synthesis via binding to bacterial 30S ribosomal
subunit through hydrogen bond and ionic interactions (Kotra
et al., 2000; Magnet and Blanchard, 2005; Kapoor et al., 2017).
The positive charges of aminoglycosides have also been known
to disrupt the integrity of bacterial cell membrane, which
leads to pore-formation and subsequent cell death (Kotra et al.,
2000; Magnet and Blanchard, 2005). Gentamicin is one of the
aminoglycosides widely used in combination with other
aminoglycosides for treating bacterial infections caused by
Pseudomonas aeruginosa, Staphylococcus aureus, Enterobacter,
and other pathogens (Hancock, 1981). Amikacin is another
potent aminoglycoside, which is usually used for the treatment
of aminoglycoside resistant infections (Vaara, 1992; Krause
et al, 2016; Ramirez and Tolmasky, 2017). Netilmicin is a

semisynthetic aminoglycoside, which shows similar activity as
gentamicin  with less toxicity (Miller et al, 1976).
Isepamicin exhibits similar antibiotic spectrum as amikacin
and is active against various Gram-negative bacteria (Falagas
et al., 2012). Ribostamycin is a natural aminoglycoside, which
has a broad-spectrum antibiotic activity (Horibe et al., 2001).
Despite their broad-spectrum activity, nephrotoxicity and
ototoxicity of aminoglycosides have been major adverse effects
that limit their clinical use. The cationic property associated
with the amino groups within this class of antibiotics is thought
to play an important role in their toxicity profile (Lopez-Novoa
et al,, 2011). Typically, aminoglycoside associated adverse effects
are managed via an extended interval dosing regimen, monitoring
serum concentration following administration and avoiding
co-administration of diuretics, nephrotoxic agents, or ototoxic
medicines (Tulkens, 1999; Nakashima et al., 2000; Beauchamp
and Labrecque, 2001; Rizzi and Hirose, 2007; Selimoglu, 2007).
Bacteria develop resistance following prolonged usage of
aminoglycosides in clinical settings (Jana and Deb, 2006; Vong
and Auclair, 2012; Garneau-Tsodikova and Labby, 2016). Since
the utility of clinically available aminoglycosides is greatly
limited due to adverse toxicity and drug-resistance, it is
important to identify new members of this class of antibiotics
that exhibit low toxicity and improved efficacy against
pathogenic bacteria.

Within the given members of aminoglycosides in Figure 1,
ribostamycin is not on the list for routine clinical use in North
America, Europe, or China (Avent et al, 2011 and Krause
et al., 2016). Additionally, it is claimed to be classified as a
“special level” antibiotic in China due to limited data available
on the antibiotic spectrum and toxicity. Similarly, netilmicin
and isepamicin, which are also not used clinically worldwide,
are also classified as “restricted level” antibiotics in China. In
an attempt to better understand the antibiotic spectrum and
nephrotoxicity of these less popular aminoglycosides, we evaluated
their antibiotic activity against a panel of Gram-positive and
Gram-negative bacteria. To the best of our understanding,
ribostamycin has not been tested against many clinically relevant
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FIGURE 1 | Structures of selected aminoglycoside antibiotics.
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bacterial strains, and there has not been any attempt to improve
its efficacy against bacteria that are resistant to ribostamycin.
The purpose of this work is to disclose the bioactivity data
for ribostamycin and investigate its toxicity profile compared
to gentamicin. The data may help researchers to consider
ribostamycin as a non-restricted level antibiotic for clinical
studies. Herein, we disclose the antibacterial and nephrotoxicity
evaluation of ribostamycin, along with gentamicin, amikacin,
netilmicin, and isepamicin. We also report the utility of
ethylenediaminetetraacetic acid (EDTA) as an adjuvant to improve
the efficacy of ribostamycin against Gram-negative bacteria.

MATERIALS AND METHODS

Reagents

Dulbeccos Modified Eagles Medium (DMEM), fetal bovine
serum (FBS), 0.25% trypsin, and penicillin/streptomycin were
purchased from Corning Incorporated (Corning, NY).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) powder and dimethylsulfoxide (DMSO) were bought
from Sigma-Aldrich (St. Louis, MO). Antibiotics were purchased
from the following vendors: gentamicin sulfate (VWR®), amikacin
(MP Biomedicals), netilmicin sulfate (AK Scientific), and
isepamicin sulfate (AK Scientific). Ethylenediaminetetraacetic
acid tetrasodium salt, resazurin sodium salt, and lysogeny broth
(LB) media were purchased from VWR.

Cell Lines and Cell Culture

Human embryonic kidney (HEK293) cells and Madin-Darby
Canine Kidney (MDCKII) cells were selected to perform the
nephrotoxicity assay. Each cell line was cultured in DMEM
medium containing 10% FBS and 1% penicillin/streptomycin
at 37°C in a humidified incubator containing 5% CO,. HEK293
and MDCKII cells were grown as an adherent monolayer.
Target bacterial strains, Escherichia coli (ATCC 25922, ATCC
4157, ATCC 12435, and ATCC 10798), P. aeruginosa (ATCC
27853), Haemophilus influenzae (ATCC 49247), Staphylococcus
epidermidis (ATCC 12228), Sta. aureus (ATCC 12600),
Enterococcus  faecalis (ATCC 29212), and Streptococcus
pneumoniae (ATCC 49619), were purchased from ATCC. All
bacterial strains were grown in LB medium at 37°C in an
incubator, with shaking at 200 rpm.

Minimum Inhibitory Concentration Assay
MIC Determination

Bacteria were first inoculated in 10 ml of LB for 16 h in shaker
at 37°C. The next day, 100 pl of the inoculum was transferred
to a test tube with fresh media to obtain an inoculum with
~5 x 10° CFU/ml (EUCAST of ESCMID, 2003). All
aminoglycosides were dissolved in water to prepare samples for
testing. Drugs were prepared as serially diluted concentration
of 64, 32, 16, 8, 4, 2, 1, 0.5, and 0.25 pg/ml and 100 pl was
transferred into a 96-well plate (Corning #353072). Then, 100 pl
of 5 x 10° CFU/ml inoculum was transferred into each well
with the test drug. The plate was then incubated at 37°C for 14 h.

The ODg, was recorded using microplate reader (ELx808). MICs
are reported as the lowest concentration at which no bacterial
growth was observed.

MIC Determination for Combination With EDTA
Ribostamycin solution (100 pl) with different concentrations
(64, 32, 16, 8, 4, 2, 1, and 0.5-0.25 pg/ml) was added to each
well. Then, 5 pl of EDTA (1 mg/ml) solution was added to
each well. Subsequently, 100 pl of ~5 x 10° CFU/ml inoculum
was added into each well. The plates were then incubated at
37°C for 14 h. The ODgy, was recorded using a microplate
reader. MICs are reported as the lowest concentration at which
no bacterial growth was observed.

MIC Determination Using Resazurin Dye

Sterile resazurin solution (0.02% by weight in water) was added
into the 96-well plate after 16 h of incubation in a plate reader.
The plate was further incubated for another 3 h to let the
bacteria react with the resazurin dye at 37°C. After incubation,
color change was used to estimate the MIC values. The well
color changed from blue to purple/pink was estimated to be the
MIC value.

Cytotoxicity Assay

HEK293 and MDCKII cells were selected to perform the
nephrotoxicity assay. Nephrotoxicity of the antibiotics was
determined by the MTT assay (Carmichael et al., 1987). Briefly,
cells were collected and seeded evenly into 96-well plates
(5 x 10° cells per well) and were maintained overnight. At
the next day, different concentrations of each antibiotics were
added into the designated wells. After 68 h of incubation,
20 pl MTT solution (4 mg/ml) was added to each well and
the cells were further incubated for additional 4 h in the
incubator. Then, the supernatant was discarded and 100 pl
of DMSO was added to dissolve the formazan crystals. The
light absorbance was determined by using an accuSkan™ GO
UV/Vis Microplate Spectrophotometer (Fisher Scientific, Fair
Lawn, NJ) at a wavelength of 570 nm.

RESULTS

Bacterial Susceptibility to Aminoglycosides
The in vitro activity of five different aminoglycosides (gentamicin,
amikacin, netilmicin, isepamicin, and ribostamycin) was evaluated
against a panel of Gram-negative and Gram-positive bacteria:
Es. coli (ATCC 25922), P. aeruginosa (ATCC 27853), H. influenzae
(ATCC 49247), Sta. epidermidis (ATCC 12228), Sta. aureus
(ATCC 12600), En. faecalis (ATCC 29212), and Str. pneumoniae
(ATCC 49619). The bacterial strains selected for this study
are linked to various human infections, including respiratory,
urinary tract (UT), bacteremia, or gastrointestinal (GI) infections.
En. faecalis is typically characterized as a gut commensal
organism; however, it is linked to frequent and serious infections,
including UT infection (UTI) and bacteremia (Shankar et al.,
2001). Sta. aureus is also part of commensal flora, yet a major
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cause of human infections, including skin, soft-tissue, respiratory,
and bacteremia. Moreover, it has been reported that Sta. aureus
is linked to UTI in hospitalized patients with intravenous
catheter-related phlebitis and patients in long-term care facilities
(Muder et al., 2006; Baraboutis et al., 2010).

Minimum inhibitory concentration values of aminoglycosides
were determined using a microplate assay, where test samples
were added to each well containing the bacterial inoculum
(~5 x 10° CFU/ml). All antibiotics were dissolved in water to
prepare the stock solutions. The effectiveness of the compounds
was measured over a 14-h period by measuring the optical density
at 600 nm using a BioTek ELx808 Microplate Reader (EUCAST,
2003; Clinical and Laboratory Standards Institute, 2012).

As an initial screening, we tested these five aminoglycosides
against seven representative bacteria. The MIC values from the
evaluation are given in Figure 2. We observed that all amino-
glycosides are very potent against H. influenzae, Sta. epidermidis,
and Str. pneumoniae, with MIC values between 0.1 and 13.7 uM.
All seven bacterial strains tested are sensitive to netilmicin, with
MIC values between 0.1-5.6 pM. The MIC value of ribostamycin
against Es. coli was moderate (MIC = 29.0 pM) and very weak
against P, aeruginosa, Sta. aureus, and En. faecalis (MIC > 115.8 pM).
However, ribostamycin showed very potent MIC of 0.5 and 7.2 pM
against H. influenzae and Str. pneumoniae, respectively.

As a next phase, we investigated the potential of ribostamycin
as a new antibiotic for the treatment of infections caused by
Es. coli and Staphylococcus species due to their clinical importance.
For this study, we selected five different Es. coli strains (ATCC
25922, ATCC 4157, ATCC 35218, ATCC 12435, and ATCC
10798). One of these five strains is a f-lactam-resistant
Es. coli (ATCC 35218). We have included a Sta. aureus strain

(ATCC 12600) as another example of drug-resistant bacteria
(resistant to Cloxacillin) in our study (Marcos et al,, 1999).
The MIC values for these bacterial strains are provided in
Figure 3. The data from this study indicate that all
aminoglycosides are very potent against three of the Es. coli
strains (ATCC 4157, ATCC 12435, and ATCC 10798), with
an MIC of 0.2-7.2 pM. Ribostamycin was less effective against
two of the Es. coli strains (ATCC 25922 and ATCC 35218),
with an MIC value of 29.0 and 57.9 puM, respectively. We also
observed that both Sta. aureus strains from this study were
not sensitive to ribostamycin (Figure 3, MIC of 57.9 and
115.8 pM). These data suggest that inherent antibiotic resistance
to a PB-lactam antibiotic makes the bacterial strain less sensitive
to ribostamycin. As a comparison, it has been reported that
methicillin-resistant Sta. aureus (MRSA) isolates show resistance
to gentamicin (MIC = 134-536 mM) and amikacin
(MIC = 55-437 mM; Freitas et al., 1999). Despite the low
potency against these bacterial strains, ribostamycin is highly
effective against majority of the Es. coli and a Sta. epidermidis
strains (Figure 3).

Antibacterial Activity of Ribostamycin in
Combination With EDTA

EDTA, a small molecule metal ion chelator, was explored as
potential adjuvant to improve the antibacterial spectrum of
tested aminoglycosides (Brown and Richards, 1965; Leive, 1965;
Sparks et al., 1994; Lambert et al., 2004; Martin-Visscher et al.,
2011; Lebeaux et al., 2014). The first step in this co-treatment
approach is to determine a suitable EDTA concentration that
is non-toxic to bacteria used in our study. We screened a
series of concentrations of EDTA from 0.1 to 52.6 mM, to
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FIGURE 2 | Antibacterial activity of aminoglycosides against selected Gram-positive and Gram-negative bacteria.
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FIGURE 3 | Antibacterial activity of aminoglycosides against selected Escherichia coli and Staphylococcus pathogens.

determine a non-toxic EDTA concentration. We found that
the MIC values of EDTA against Es. coli was 6,600 mM
(2.5 mg/ml), Sta. aureus was 0.4 mM (0.16 mg/ml), and P
aeruginosa was 13,200 mM (5 mg/ml). To ensure that a low
EDTA concentration was used for our studies, we settled with
2,640 pM concentration of EDTA for the combination treatment.
When treated with ribostamycin and EDTA (2,640 pM), the
MIC value of ribostamycin against first Es. coli strain (ATCC
25922) was unaffected and remained as 29.0 pM (Table 1 and
Figure 4). However, for the second Es. coli strain (ATCC
35218), the MIC value was enhanced from 57.9 to 7.2 pM
(Figure 4), which was a remarkable 8-fold improvement in
potency. Based on this, we strongly believe that a combination
approach using EDTA is a useful strategy to sensitize Es. coli
strains toward ribostamycin. We also tested the ability of EDTA
to sensitize Sta. aureus and P. aeruginosa (Table 1). EDTA
was found to be toxic to Sta. aureus at very low concentration
(MIC = 0.4 mM); hence, it limited our ability to improve the
MIC of ribostamycin against Sta. aureus. On the other hand,
P aeruginosa did not respond to EDTA-based combination
treatment under the tested conditions. It appears, that for
different types of bacteria, EDTA concentration needs to
be optimized separately, based on the MIC value of EDTA
against each organism. Based on the mechanism of action of
aminoglycosides, it is known that aminoglycoside class antibiotics
exhibit bactericidal activity. Hence, it is reasonable to claim
that ribostamycin alone or in combination with EDTA is causing
bactericidal activity. Furthermore, there is sufficient literature
precedent to support that EDTA acts synergistically with
aminoglycosides to improve the inherent antibacterial activity
against bacterial pathogens (Lebeaux et al., 2015).

TABLE 1 | Ribostamycin co-treatment with EDTA against Gram-positive and
Gram-negative bacteria.

MIC value (M)

Ribostamycin EDTA® Ribostamycin + EDTA
(2,640 uM)

Es. coli 57.9 6,600 7.2

(ATCC 35218)

Es. coli 29.0 6,600 29.0

(ATCC 25922)

Sta. aureus 29.0 0.4 <0.1

(ATCC 12600)

P, aeruginosa >116 13,200 >116

(ATCC 27859)

EDTA single treatment concentrations tested against Es. coli and Sta. aureus: 52.6,
26.3,13.2, 6.6, 3.3, 1.6, 0.8, 0.4, 0.2, and 0.7 mM.

IMIC of EDTA was determined to be the lowest concentration inhibited bacterial growth
by itself.

In vitro Cytotoxicity of Aminoglycosides

We also determined the nephrotoxicity of ribostamycin and
netilmicin in two kidney cell lines, HEK293 and MDCK cells.
For a comparison, we also tested the nephrotoxicity of gentamicin,
isepamicin, and amikacin (Table 2). The ICs, values of all the
antibiotics were well above 100 mM in HEK293 cells. The
ICs, values of gentamicin and netilmicin were about 32 mM
while other antibiotics were well above 100 mM in MDCK
cells. Based on the data, it is evident that ribostamycin, the
aminoglycoside of interest to us, shows no toxicity against the
kidney cell lines. Moreover, ribostamycin behaves similar to
other aminoglycosides in terms of cytotoxicity.
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FIGURE 4 | Minimum inhibitory concentration (MIC) values of ribostamycin
co-treatment with ethylenediaminetetraacetic acid (EDTA) against Es. coli strains.

TABLE 2 | Cytotoxicity of aminoglycosides against two different kidney cell lines.

ICs, value = SD? (mM)
HEK293 MDCK
Gentamicin sulfate >100 32.5+0.8
Isepamicin sulfate >100 >100
Netilmicin >100 328+25
Amikacin >100 >100
Ribostamycin >100 >100

ICs, values are represented as mean + SD of at least three independent experiments
performed in triplicate.

DISCUSSION

Antibiotic resistance in Gram-negative bacteria, including
Es. coli and P. aeruginosa strains, is a growing health problem
in human and veterinary health. Aminoglycosides have been
identified as potent natural antibiotics; yet, there has been
limited data on the antibiotic profile and kidney toxicity of
some members within aminoglycosides. More specifically,
ribostamycin has not been extensively studied against bacterial
pathogens. Our study investigates the spectrum of activity
of ribostamycin and other members of aminoglycoside
family. Our initial screening indicated that all tested
aminoglycosides (gentamicin, amikacin, netilmicin, isepamicin,
and ribostamycin) are highly potent against H. influenzae,
Sta. epidermidis, and Str. pneumoniae. These strains have been
more commonly implicated with lung infections (Jones, 2010).
The MIC values we have determined for the common
aminoglycosides, including gentamicin, netilmicin, and
amikacin, are in agreement with the standard MIC values
reported in the literature (Chaudhary et al,, 2012; Lebeaux
et al., 2015). We are particularly excited about our data
showing that netilmicin and ribostamycin, two of the less
commonly studied aminoglycosides, showed an MIC value
as low as 0.1 pM. It is important to note that ribostamycin
showed comparable activity against these three strains of
bacteria as gentamicin. It is also important to note that
netilmicin is more active against P. aeruginosa and En. faecalis

compared to gentamicin. One limitation of ribostamycin is
its inability to kill P. aeruginosa and En. faecalis. However,
this observation is a key in, perhaps, discovering new derivatives
of ribostamycin to target these resistant bacteria. Next phase
of our investigation focused on evaluating these
aminoglycosides against a panel of bacteria that cause GI
infections. GI infections caused via foodborne bacterial
pathogens, such as Es. coli, have been a major clinical problem.
The CDC reports that Es. coli infections account for
approximately 265,000 infections each year in the US. Such
infections are frequently linked to contaminated ground meat
and vegetables, such as romaine lettuce (CDC, 2020). From
our initial screening, we found that ribostamycin showed
promising antibacterial activity against several bacteria,
including five Es. coli strains (MIC of 0.9-29.0 pM).
Ribostamycin is less effective against a f-lactam resistant Es.
coli and Sta. aureus strains. Although this is a limitation,
the observation gave us a reason to investigate alternative
approaches to improve the efficacy of ribostamycin against
these less sensitive pathogens. We also noticed that netilmicin
is highly potent against all eight pathogens tested, with MIC
values at least two times better than that of gentamicin. For
all seven different bacteria tested, the MIC value of netilmicin
is less than 5.6 pM, indicating netilmicin being a promising
lead for further biological studies.

Since ribostamycin exhibited low activity against two
Es. coli strains and two Sta. aureus strains, we investigate
an adjuvant-based strategy to improve the efficacy of
ribostamycin against these bacteria. One of the factors that
affect the efficacy of aminoglycosides relates to their inability
to get into the bacterial cell via passive diffusion, due to
their highly polar nature. Traditionally, aminoglycosides
enter bacterial cell via active transport and rely on the
proton motive force (Jana and Deb, 2006). For this reason,
anaerobic bacteria are generally resistant to aminoglycosides.
Small molecule induced aminoglycoside uptake has been
a useful strategy to overcome drug resistance relating to
poor drug transport into bacterial cells (Lebeaux et al,
2014; Radlinski et al., 2019). EDTA, a small molecule metal
ion chelator, has been reported as a highly effective additive
that increases bacterial membrane permeability and improves
the efficacy of antibiotics (Brown and Richards, 1965; Leive,
1965; Sparks et al., 1994; Lambert et al., 2004; Martin-Visscher
et al,, 2011; Lebeaux et al., 2014). EDTA has been effectively
used in combination with many antibiotics, including
gentamicin and amikacin, where a synergistic activity with
these antibiotics has been observed (Lambert et al., 2004;
Lebeaux et al,, 2015; Umerska et al., 2018; Khazandi et al,,
2019). Based on literature precedent, we hypothesized that
the efficacy of ribostamycin against resistant bacteria can
be improved via a combination treatment with an adjuvant,
such as EDTA.

We found that EDTA exhibited no toxicity against the
B-lactam-resistant Es. coli (ATCC 35218) up to 6.6 mM
concentration. When this strain of Es. coli was treated with
ribostamycin, in combination with EDTA (2.6 mM), the MIC
of ribostamycin was improved considerably to 7.2 pM. This
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remarkable increase shows that EDTA can be an effective
adjuvant to overcome ribostamycin resistance in some strains
of Es. coli. This antibacterial activity improvement is achieved
with a 2.5-fold lower EDTA concentration than the measured
MIC value of EDTA against Es. coli. It appears that EDTA
at the tested concentration (2.6 mM) is very effective in
destabilizing the Es. coli membrane and allowing the uptake
of ribostamycin into the cell. The same strategy did not work
against Sta. aureus and P aeruginosa. We suspect that the
EDTA concentration needs to be adjusted to each type of
pathogen, as their sensitivity seems to be different. In the
case of Sta. aureus, EDTA is too toxic, as Gram-positive bacteria
lack the outer membrane. In the case of P aeruginosa, a
much higher concentration of EDTA is likely needed, perhaps,
due to their inherent low outer membrane permeability and
presence of efflux pumps (Pang et al., 2019). Yet, our findings
suggest that ribostamycin can be made effective in eradicating
drug-resistant Es. coli. Due to its mechanism of action and
literature reports (Lebeaux et al., 2015), it is likely that EDTA
acts in a synergistic fashion to improve the antibacterial activity
of ribostamycin.

EDTA is a highly polar molecule due to the presence of
two amino groups and four carboxylic acid motifs, making
it less permeable through cell membrane (Drisko, 2018). As
our goal is to treat GI infections, where the antibiotic
(ribostamycin) and the adjuvant (EDTA) are expected to
remain in the GI tract, we anticipate that there is minimal
concern regarding systemic toxicity of EDTA. Moreover, EDTA
is approved as a chelating agent for the treatment of heavy
metal poisoning by the US Food and Drug Administration
(US FDA; Wax, 2013) and widely used as component of
pharmaceutical formulations. Hence, the combination treatment
approach we report here is a highly viable approach to
improve the efficacy of ribostamycin against GI infection
causing pathogens.

One of the major clinical concerns of aminoglycosides is
their nephrotoxicity (Tulkens, 1999). Due to limited toxicity
data available for the netilmicin and ribostamycin, which are
of high interest to us, it is important to evaluate and disclose
their toxicity against kidney cell lines. Based on the results,
the ICs, values for all aminoglycosides are more than 100 mM
against HEK293 cell line. The cytotoxicity for ribostamycin is
more than 100 mM against MDCK cell line as well (Table 2).
Therefore, it is a clear evident that ribostamycin and netilmicin
exhibit no toxicity against the kidney cells. During the application
of ribostamycin for the treatment of GI infection, we anticipate
minimal absorption from the GI tract. Yet, even if some amount
of ribostamycin gets absorbed, our cytotoxicity data indicate
that ribostamycin and netilmicin are less likely to cause adverse
nephrotoxicity. During the combination treatment of ribostamycin
or any other antibiotics with EDTA, the toxicity profile against
the kidney cell lines is a valid concern. It has been validated
that EDTA has an ICs, value of 3.4 mM against HEK293 and
MDCK cell lines (Khazandi et al., 2019). During our evaluation,
we used 2.6 mM EDTA to effectively improve the antibacterial
activity of ribostamycin, which is considerably lower than the
reported ICs, value of EDTA against the two kidney cell lines.

Hence, we anticipate no toxicity concern against kidney cell
lines for the combination treatment at the tested concentration.
Moreover, EDTA is clinically used for chelation therapy as
per FDA guidelines (Wax, 2013).

In conclusion, we have evaluated the antibacterial activity
of five different aminoglycosides, including netilmicin and
ribostamycin, which are classified as “restricted level” and
“special level” antibiotics, respectively, in China. Both
netilmicin and ribostamycin exhibit very potent activity
against several pathogenic bacteria at MIC of 0.2-7.2 pM.
Our evaluation of ribostamycin against several GI infection
causing bacteria shows that ribostamycin is potently against
many different Es. coli strains. We also identified EDTA as
a small molecule adjuvant to enhance the efficacy of
ribostamycin against a drug-resistant Es. coli strain, where
an 8-fold improvement of the MIC value of ribostamycin
is achieved. Finally, our nephrotoxicity study shows that
ribostamycin is essentially non-toxic toward two different
kidney cell lines, with an IC;, of greater than 100 mM.
Based on our biological evaluation, ribostamycin shows great
promise as a useful therapeutic option to eradicate the
pathogens that cause GI infections by itself or in combination
with EDTA.
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