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Destination of aminoglycoside antibiotics in the
‘post-antibiotic era’

Yoshiaki Takahashi and Masayuki Igarashi

Aminoglycoside antibiotics (AGAs) were developed at the dawn of the antibiotics era and have significantly aided in the

treatment of infectious diseases. Aminoglycosides have become one of the four major types of antibiotics in use today and,

fortunately, still have an important role in the clinical treatment of severe bacterial infections. In this review, the current usage,

modes of action and side effects of AGAs, along with the most common bacterial resistance mechanisms, are outlined. Finally,

the recent development situation and possibility of new AGAs in the ‘post-antibiotic era’ are considered.
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INTRODUCTION

In recent years, antimicrobial resistance (AMR) has emerged as a
global health problem. In 2011, the Director-General of the World
Health Organization issued an important warning about AMR, with
the message ‘no action today means no cure tomorrow.’1 This
document sounded a warning bell regarding the imminent arrival of
the ‘post-antibiotic era,’ a time when antibacterial drugs no longer
have any effect against pathogenic bacteria.2,3 The O'Neill Commission
also warned that without immediate action, the number of deaths
caused by antimicrobial-resistant bacteria will explosively increase
worldwide, to approximately 10 million deaths by 2050.4 With this
rising sense of crisis, AMR was recognized as being on par with the
global economy and terrorism in terms of importance by the G7 Ise-
Shima Summit in 2016. As a result, all of the attending countries
agreed to cooperate in working to address the issue of AMR.
In 2013, the United States Centers for Disease Control and

Prevention listed several pathogenic bacteria that are considered a
serious threat and for which the development of effective antimicrobial
drugs is urgently needed.5 These bacteria include Clostridium
difficile, carbapenem-resistant Enterobacteriaceae (CRE), drug-resistant
Neisseria gonorrhoeae, multidrug-resistant (MDR) Acinetobacter,
drug-resistant Campylobacter, extended spectrum β-lactamase-produ-
cing Enterobacteriaceae, vancomycin-resistant Enterococcus, MDR
Pseudomonas aeruginosa, drug-resistant non-typhoidal Salmonella,
drug-resistant Salmonella Typhi, drug-resistant Shigella, methicillin-
resistant Staphylococcus aureus (MRSA), drug-resistant Streptococcus
pneumoniae and drug-resistant Mycobacterium tuberculosis. Gram-
negative bacteria account for more than half of these listed pathogens
and the response to MDR Gram-negative bacteria can be used as the
framework of future AMR measures. At the time that the list was
released, even carbapenems, which are the most powerful antimicrobial
agents, showed no effect against CRE, leading the United States of
Centers for Disease Control and Prevention to refer to CRE as

‘nightmare bacteria.’ The threat of CRE have been reported
worldwide6 and the prevalence of new CRE strains that produce the
New Delhi metallo-β-lactamase-1 (NDM-1) enzyme has been rapidly
increasing in India, Pakistan, Bangladesh, Thailand and China, as well as
in several countries in Europe.7,8 The NDM-1-encoding gene blaNDM-1

is contained on a transferable plasmid, meaning that it is easily
transferred between bacterial strains/species. As the diffusion of this
enzyme is associated with the generation of new drug-resistant bacterial
strains, the global dissemination of blaNDM-1 is alarming.9–12 In
addition, colistin-resistance gene mcr-1 has been found in a wide
variety of Escherichia coli strains in China,13 leading to the emergence of
strains showing resistance to colistin, an antibiotic of last resort.
Inevitably, the first case of human infection caused by one of these
‘superbugs’ was reported in the United States in 2016, causing concern
worldwide.14

The emergence and spread of MDR bacteria is a global threat to
public health and the economy, and urgent countermeasures are
required to address the problem of AMR.15–17 In this review, we
outline the current situation of aminoglycoside antibiotics (AGAs) in
the viewpoint as the researcher of new antibacterial medicines and
discuss the roles and possibilities of aminoglycoside antibiotics in the
‘post-antibiotic era.’

AMINOGLYCOSIDE ANTIBIOTICS

Since the discovery of streptomycin18 by Waksman in 1944, more than
200 kinds of AGAs produced by soil microorganisms (Streptomyces,
Micromonospora, Streptoalloteichus, Bacillus, etc.) have been discovered.
AGAs generally have a broad antimicrobial spectrum and have strong
bactericidal activity against most Gram-negative bacteria, including
Acinetobacter, Citrobacter, Enterobacter, E. coli, Klebsiella, Proteus,
Providencia, Pseudomonas, Salmonella, Serratia and Shigella species.19

However, although AGAs show good antimicrobial activity against
clinically important Gram-positive bacteria such as staphylococci and
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M. tuberculosis, they are not so effective against streptococci, pneu-
mococci and enterococci. In addition, anaerobic bacteria are generally
resistant to AGAs, because transport of the antibiotics into the cell is
oxygen dependent.20–23

AGAs are chemically stable, have immediate effect against patho-
genic bacteria and have a synergistic effect with other antibacterial
drugs (for example, β-lactam antibiotics).19,24 More than 70 years have
passed since the first development of AGAs and β-lactam antibiotics
have become the mainstay of antimicrobial therapy. However, AGAs
remain the backbone of treatment protocols for serious infections
caused by Gram-negative bacteria, including antimicrobial-resistant
strains.19,23

Currently used AGAs
AGAs in the fields of medicine and pharmacology mean basic
oligosaccharides, which are glycosides composed of sugars, amino
sugars and pseudo sugars such as cyclitols and/or aminocyclitols. They
are water-soluble and are characterized by having basic properties.
Table 1 shows representative AGAs currently used in medical,

animal husbandry and agricultural fields in G7 countries. Naturally
occurring products for medical use include streptomycin, neomycin,25

kanamycin (kanamycin A),26 paromomycin,27,28 spectinomycin,29

gentamicin,30 tobramycin31,32 and ribostamycin.33 In the 1970s,
significant progress was made in the development of effective
aminoglycoside derivatives aimed at overcoming the problems of drug
resistance and toxicity.34–36 As a result, semi-synthetic products such
as dibekacin,37 amikacin,38 arbekacin39 and isepamicin40,41 were
launched onto the market.
Streptomycin, kanamycin and amikacin are used in the treatment of

tuberculosis, and neomycin, kanamycin, gentamicin, tobramycin,
ribostamycin, dibekacin, amikacin and isepamicin are used for
antimicrobial therapy in a general clinical setting. Spectinomycin,
paromomycin and arbekacin are used as specialized therapeutic agents
in the treatment of gonorrhea, intestinal amebiasis and MRSA,
respectively. Dihydrostreptomycin, used for the treatment of bovine
mastitis, was initially produced synthetically by reduction of
streptomycin,42,43 but was later found to be produced naturally by
Streptomyces humidus.44 Apramycin45 is used for the treatment of
bacterial diarrhea in livestock. Many of these naturally produced
clinical antibiotics are now also being used in veterinary medicine.
Kasugamycin46 and validamycin47,48 were developed as agrichemicals
for rice farming and their use has significantly increased worldwide
with the expansion of rice production in recent years. The structures
of these AGAs are shown in Figure 1.
Umezawa et al. significantly contributed to the development of

AGAs. After the discovery and commercialization of kanamycin, he
succeeded in developing the practical applications of the therapeutic
antimicrobial agents kanamycin B (bekanamycin)26 and dibekacin, as
well as the anti-MRSA drug arbekacin and the pesticide kasugamycin.
The AGAs listed in Figure 1 can be roughly classified into two types

based on their chemical structures: those that contain
2-deoxystreptamine (2-DOS) (kanamycin, tobramycin, dibekacin,
gentamicin, amikacin, arbekacin, isepamicin, paromomycin, neomy-
cin, ribostamycin and apramycin) and those that do not (streptomy-
cin, dihydrostreptomycin, spectinomycin, kasugamycin and
validamycin). There are a much greater number of 2-DOS-
containing AGAs (2-DOS-AGAs) and these drugs can be classified
further into a 4,5-disubstituted type (paromomycin, neomycin and
ribostamycin), a 4,6-disubstituted type (kanamycin, tobramycin,
dibekacin, gentamicin, amikacin, arbekacin and isepamicin) and an

‘other’ type (apramycin) based on differences in the site of sugar
attachment.
Based on their antibacterial spectra, the clinically useful AGAs are

classified into a group of compounds characterized by anti-
tuberculosis activity (including streptomycin, kanamycin and amika-
cin), a group of compounds with antimicrobial activity against Gram-
negative bacteria, except P. aeruginosa (including ribostamycin,
paromomycin and neomycin) and a highly useful group of com-
pounds with antimicrobial activity against a wide range of bacterial
species, including P. aeruginosa (including gentamicin, tobramycin,
dibekacin, amikacin, arbekacin and isepamicin). Finally, spectinomy-
cin is in a group of its own, as it is only indicated for the use of
treatment of penicillinase-producing N. gonorrhoeae.

Modes of action
Although the modes of action of AGAs are complicated, the major
mechanism involved in their bactericidal activity is their ability to bind
to the decoding region of the 16S ribosomal RNA (rRNA) component
of the 30S subunit of bacterial ribosomes49–52 and interfere with
various aspects of protein synthesis.21

When 2-DOS-AGAs bind to the A-site in the decoding region, the
rRNA undergoes a conformational change resulting in a state similar
to the ‘decoding state,’ leading to the misreading of mRNA.53–58

Peptide chain elongation does not occur due to the failure of the
mechanism that ensures translation accuracy, resulting in the synthesis
of defective proteins.36,59 The aberrant proteins inserted and accumu-
lated in the cell membrane lead to altered permeability and the
resulting increase in intracellular AGA concentrations is thought to
have an important role in the bactericidal effect and the post antibiotic
effect of AGAs.19,24,60 Furthermore, it is thought that 2-DOS-AGAs
inhibit translocation by immobilizing peptidyl-tRNA at the A-site of
the ribosome, consequently inhibiting protein synthesis.56,61–63 Some
2-DOS-AGAs (kanamycin, neomycin B and gentamycin) also bind to
the 23S rRNA component of the 50S subunit.64,65 This binding to the
allosteric site affects the mobility of ribosomal subunits, which
interferes with translation and ribosome recycling.57,66–68 In addition,
the oxidative stress21,69 caused by superoxide and formation of
hydroxyl radicals, and a detrimental effect on the integrity of the cell
wall and outer membrane damage70,71 have been reported.
Streptomycin has a different binding site to other AGAs in

proximity of the decoding center of 16S rRNA. Its binding decreases
the translation fidelity by interfering with initial tRNA selection and
proofreading.23,49 In addition, it has been reported that streptomycin
disrupts the 70S initiation complex72 and inhibits the termination
reaction of protein synthesis.73 Spectinomycin also targets a different
region of the 16S rRNA from the binding site of other 2-DOS-AGAs.23

Binding of spectinomycin blocks the attachment of elongation factor
G and prevents the translocation of peptidyl-tRNA from the ribosomal
A-site, thereby interfering with bacterial protein synthesis.19,24,74–76

As a cyclitol unit, spectinomycin and kasugamycin contain an
actinamine and a D-chiro-inositol instead of 2-DOS, respectively. As
these two antibiotics do not cause codon misreading such as other
AGAs, it can be deduced that the active center of the AGAs that is
responsible for the codon misreading is the 2-DOS portion, which is
an important pharmacophore required for anchoring drugs to the
target RNA.23,77

The mechanisms of action of kasugamycin and validamycin differ
from those of clinical AGAs. Kasugamycin inhibits the initiation of
translation by interfering with the interaction between mRNA and the
30S subunit.78 In contrast, the antibacterial effects of validamycin are
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Figure 1 Structures of the aminoglycoside antibiotics listed in Table 1.
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attributed to its ability to inhibit trehalase, thereby depleting a major
cellular energy source.79

Side effects and dose
It is known that nephrotoxicity and ototoxicity are caused by
administration of AGAs. Although the damage inflicted by AGAs on
the kidney is usually reversible,80,81 the damage to the inner ear is
permanent.82,83 As the damage caused by AGAs is thought to occur in
a concentration-dependent manner,84 therapeutic drug monitoring is
commonly used to predict the effects of the antibiotics and identify
any side effects.85 During the recent development of novel AGAs
targeting severe bacterial infections, particular attention is paid to the
potential nephrotoxicity of the drugs.
AGAs are not absorbed from the gastrointestinal tract and are

generally administered parenterally or topically. After parenteral
administration, AGAs are almost entirely excreted in the urine by
glomerular filtration without being metabolized within 48 h of
administration and some of the drug is reabsorbed via the proximal
renal tubular epithelial cells.86 Endocytic receptor megalin,87,88 which
is highly expressed on the luminal side of proximal tubular epithelial
cells, has an affinity for AGAs.89 Renal cellular necrosis is ultimately
caused by AGAs that are taken up via megalin and accumulated in the
kidney cells.90 The degree of damage to the kidneys correlates with the
amount of accumulated AGAs.91

AGAs exert concentration-dependent antibacterial activity, and
effective bactericidal action can be expected by increasing the ratio
between the peak concentration (Cmax) and the minimum inhibitory
concentration.92,93 In addition, AGAs have a post-antibiotic effect,19

meaning that the bactericidal effect persists even if the blood
concentration of the drug decreases below the minimum inhibitory
concentration.94 The duration of this post-antibiotic effect is reported
to be extended as Cmax increases.

95

In recent years, a method for reducing toxicity has been proposed
based on pharmacokinetic/pharmacodynamic studies.96 A once-daily
dosing regimen is recommended, in which a sufficient increase in
Cmax through high-dose administration and an uptake suppression of
AGAs into the kidneys under a low trough concentration are
expected.97–103

Resistance mechanisms
Several mechanisms of bacterial resistance to AGAs have been
reported. These include the following: (1) inactivation by

aminoglycoside-modifying enzymes; (2) modification of the active
site by 16S rRNA methyltransferases; (3) target modification by
mutation75,104 (for example, ribosomal protein mutation105–110 and
point mutation of rRNA83,111–115); (4) change of uptake;23,57,116 and
(5) enhancement of efflux systems.21,24,57,117–119 The most clinically
significant resistance mechanisms are inactivation by modifying
enzymes, which are generally acquired via the uptake of a transferable
plasmid from another resistant strain and modification of the active
site by 16S rRNA methyltransferases.
Enzymatic modification of AGAs is mediated by aminoglycoside

acetyltransferases, phosphotransferases or nucleotidyltransferases,
which are commonly found in both Gram-positive and Gram-negative
bacteria.19,21,24,55,120 These enzymes modify a specific amino group or
hydroxyl group in the AGAs. The modifying enzymes and sites of
modification for kanamycin and streptomycin are shown in Figure 2.
The first study on the inactivation of kanamycin by modifying

enzymes was carried out by Professor Hamao Umezawa and it
established a foundation for the subsequent elucidation of the many
bacterial AGA resistance mechanisms.121–124 Based on the study of
aminoglycoside-modifying enzymes, the antibacterial agent dibekacin,
which is effective against resistant bacteria, was developed by removing
the hydroxyl groups, which are subject to enzymatic modification, at
the C-3ʹ and C-4ʹ positions of kanamycin B. Further study on
dibekacin led to the development of arbekacin, an effective medicine
for infections caused by MRSA, and which is stable in the presence of
most aminoglycoside-inactivating enzymes produced by Gram-
positive and Gram-negative bacteria (Figure 3).
There are no enzymes that simultaneously modify and inactivate all

types of AGAs. However, recent clinical isolates have a tendency to
acquire resistance against a wide variety of AGAs by obtaining genes
coding for a plurality of modifying inactivation enzymes on a
transferable plasmid.
In addition to acquisition of genes encoding aminoglycoside-

modifying enzymes, the emergence of highly drug-resistant bacteria
that produce enzymes that modify the active site of the 16S rRNA has
become prominent in recent years.125,126 These are enzymes that
methylate the specific bases in the 16S rRNA present in the 30S
ribosomal subunit that are involved in bacterial protein synthesis. If
methylation occurs, AGAs cannot bind to the active site in the 16S
rRNA and are therefore ineffective. Resistance caused by these
plasmid-mediated 16S rRNA methyltransferases is worrisome, because
the plasmids are highly mobile and the enzymes have a wide substrate

Figure 2 Sites of enzymatic modification of kanamycins and streptomycin. AAC, aminoglycoside acetyltransferase; ANT, aminoglycoside nucleotidyltransferase;
APH, aminoglycoside phosphotransferase. A Full color version of this figure is available at Journal of Antibiotics online.
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range. 16S rRNA methyltransferases are currently only found in
Gram-negative bacteria.125 Many different methyltransferases have
been identified, including ArmA,127,128 RmtA,129 RmtB,130 RmtC,131

RmtD,132 RmtE,133 RmtF,134 RmtG,135 RmtH136 and NpmA,137 and
are classified in two distinct groups based on whether they target the
N-7 position of nucleotide G1405 (Liou et al.138) of the 16S rRNA or
the N-1 position of nucleotide A1408 (Beauclerk and Cundliffe,139 and
Dunkle et al.140) (Figure 4). N7-G1405 16S rRNA methyltransferases
mainly confer high-level resistance to the 4,6-disubstituted AGAs,
including kanamycin and gentamicin. Methylation of N1-A1408
induces high-level resistance to the 4,6-disubstituted and 4,5-disub-
stituted AGAs, such as neomycin, and can even confer resistance to
apramycin, which has a considerably different molecular structure.125

Many of these methyltransferases are relatively small (250–290 aa in
length)131,136 and use S-adenosyl-L-methionine as a methyl group
donor.57,141 Of particular concern is the finding that experimentally
introduced methyltransferase genes can confer aminoglycoside resis-
tance in Gram-positive pathogens.142

CRE strains that produce NDM-1-type metallo-β-lactamase often
retain their N7-G1405 rRNA methyltransferase-encoding
genes.141,143,144 As these pathogens are highly resistant to a wide
range of AGAs, future expansion of epidemic areas is of particular
concern.125

Recent developments in the design of novel AGAs
At the beginning of this century, many pharmaceutical companies
moved away from the development of antibacterial drugs and research
into novel antibacterial antibiotics is stagnating. This move was caused
in part by the shrinking market for antibiotics in developed countries
as well as the fact that bacteria are acquiring antibacterial resistance
faster than new drugs can be developed, making it difficult for

pharmaceutical companies to recover development costs compared
with drugs of other genres. This is compounded by the short
administration period of most antibiotics, meaning that they are not
profitable in general. However, it is now recognized that AMR is a
major threat to global health and the development of novel medicines
effective against MDR bacteria is strongly required.
Under such a background, The Infectious Diseases Society of

America that raised the sense of crisis, proposed the slogan ‘BAD
BUGS, NEED DRUGS The 10 x ‘20 initiative’145 in 2010. In response
to this initiative, research and development activities began with the
goal of developing 10 new drugs that are effective against resistant
bacteria by 2020 under the cooperation of the government, companies,
and academic societies. As a result, multiple new antibacterial
drugs, including ceftolozane/tazobactam146,147 and ceftazidime/
avibactam148,149 for the treatment of MDR Gram-negative bacterial
infections, ceftaroline150 for the treatment of bacterial skin infections
and bacterial pneumonia, tedizolid,151,152 dalbavancin153,154 and
oritavancin155,156 for the treatment of MRSA, fidaxomicin157 for the
treatment of C. difficile-associated diarrhea and bedaquiline158,159 for
the treatment of MDR tuberculosis cases have been developed by the
spring of 2017.160,161 In addition, the antifungal drug isavuconazole162

was also developed in 2015.
Unfortunately, we are yet to develop drugs effective against

Enterobacteriaceaes producing metallo-β-lactamase such as NDM-1,
as well as MDR P. aeruginosa. However, because these bacteria are still
relatively sensitive to AGAs, AGAs are expected to have a significant
role as a lead compound in the development of new drugs against
these important MDR pathogens.
Recent developments in AGA production can roughly be divided

into two categories: (1) novel drugs that improve the effects of existing
AGAs by providing a drug delivery system and (2) drugs with a novel

Figure 3 Evolution of kanamycin and the structures of representative compounds. A Full color version of this figure is available at Journal of Antibiotics
online.
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structure that are effective against MDR bacteria. Examples of
developments that fall into these two categories are described below.

Provision of a drug delivery system. TOBI163–165: Tobramycin is a
kanamycin-type AGA and is one component of the nebramycins
produced by Streptomyces tenebrarius.31 Tobramycin was first isolated
by Eli Lilly and Company in 1967. TOBI is an inhalation solution
containing tobramycin as an active ingredient, and it is inhaled into
the lungs using a nebulizer or an inhaler device. This medication
provides a high topical dose of tobramycin to the lungs of patients
with cystic fibrosis, a genetic disorder often characterized by chronic P.
aeruginosa infection. TOBI significantly improves the lung function in
these patients without the adverse side effects observed following
parenteral AGA administration. TOBI was developed by the Patho-
Genesis Corporation in the United States in 1997, after which the
manufacture and sales were handled by Novartis International AG.
TOBI is currently approved in more than 40 countries worldwide.
ARIKACE166–168: Amikacin38 is a semi-synthetic AGA produced by

introducing a (S)-4-amino-2-hydroxybutyric acid into the amino
group at the C-1 position of kanamycin and was inspired by the
structure of natural antibiotic butirosin.169,170 Amikacin shows

antibacterial activity against Gram-negative bacteria, Gram-positive
bacteria (including MRSA) and acid-fast bacteria. In addition, it has
the advantage of not being easily inactivated by aminoglycoside-
modifying enzymes.
ARIKACE is a form of amikacin enclosed in liposomal nanocap-

sules and is administered using a nebulizer system. Inhaled liposomal
amikacin is expected to penetrate into bacterial biofilms and prolong
the release of amikacin in the lungs while minimizing systemic
exposure.171 Phase 3 clinical trials of ARIKACE in patients with
non-tuberculous mycobacterial lung infections and phase 2 trials in
patients with chronic P. aeruginosa in non-cystic fibrosis bronchiec-
tasis are currently being carried out by Imsmed Inc.
BAY41-6551 (Niederman et al.172): BAY41-6551 is an inhaled

amikacin solution being developed by Bayer HealthCare Pharmaceu-
ticals Inc. A global phase 3 clinical trial is being conducted to evaluate
the efficacy and safety of adjunctive aerosolized BAY41-6551 in the
treatment of intubated and mechanically ventilated patients with
Gram-negative pneumonia receiving standard-of-care intravenous
antibiotics.
ME1100 (Baba et al.173) (arbekacin inhalation solution):

Arbekacin39 is a semi-synthetic antibiotic synthesized from antimi-
crobial drug dibekacin, derived from kanamycin B, by introducing the
above-mentioned (S)-4-amino-2-hydroxybutyric acid into the amino
group at the C-1 position. Arbekacin is a third-generation kanamycin-
type drug (Figure 3) and is used clinically for the treatment of
pneumonia and sepsis caused by MRSA. ME1100 is a new arbekacin
formulation optimized for inhalation. Using a dedicated inhalation
device, it is possible to increase the drug concentration in the lower
respiratory tract (the main site of infection), resulting in excellent
antibacterial effects and a reduction in the systemic side effects.
ME1100 is currently undergoing phase 1b clinical trials in the

United States by Meiji Seika Pharma Co., Ltd. It is classified as a
Qualified Infectious Disease Product with Fast Track status for the
adjunctive treatment of mechanically ventilated patients with bacterial
pneumonia caused by MRSA and resistant bacteria such as Klebsiella
pneumoniae, P. aeruginosa and Acinetobacter.

AGAs with a novel structure effective against resistant bacteria.
Plazomicin174–176: Plazomicin is a next generation AGA synthetically
derived from sisomicin177,178 by appending an (S)-4-amino-2-hydro-
xybutyric acid to the amino group at the C-1 position and a
hydroxyethyl group to the amino group at the C-6ʹ position
(Figure 5). Plazomicin shows excellent antibacterial activity against
MRSA, K. pneumoniae and Enterobacteriaceae, and it is stable in the
presence of various clinically relevant aminoglycoside-modifying
enzymes. However, similar to older parenteral AGAs, plazomicin is
not effective against NDM-1-producing CRE, resistant bacteria con-
taining a 16S rRNA methyltransferase, and MDR P. aeruginosa.143,179

Plazomicin was designated Fast Track by the United States Food and
Drug Administration in 2012, and is currently undergoing phase 3
clinical trials by Achaogen Inc. as a therapeutic agent in patients with
complicated urinary tract infections and acute pyelonephritis caused
by Enterobacteriaceae, including CRE.
2-Hydroxyarbekacin (2-OH-ABK)180–182: 2-OH-ABK is a semi-

synthetic AGA specifically designed to reduce the nephrotoxicity of the
anti-MRSA drug arbekacin, which is a fourth-generation kanamycin-
type drug (Figure 3). Although many aminoglycoside derivatives have
been synthesized in an attempt to improve the antibacterial activity
and reduce the toxicity,34,35 a kanamycin-type derivative modified the
C-2 position has not been reported.

Figure 4 Decoding site in bacterial 16S ribosomal RNA. The ribosomal RNA
is numbered according the numbering used in E. coli 16S ribosomal RNA.
(a) Secondary structure50 of the aminoglycoside-binding site in 16S
ribosomal RNA and the methylation positions. The box indicates the
sequence corresponding to the highly conserved A-site. (b) Interaction of
apramycin and gentamicin C1a with the 16S ribosomal RNA in the A-site.
(b-1) Crystal structure of apramycin with Thermus thermophilus; PDB code
is 4AQY.83 (b-2) Crystal structure of gentamicin C1a with E. coli; PDB code
is 2QB9.66 In all figures, helix 44 of the 30S subunit is represented in the
cartoon model, and the A1405 and G1408 residues are further indicated in
the stick model. Possible hydrogen bonds are drawn as dashed lines
between the antibiotic and the amino group of A1405 or G1408. A Full
color version of this figure is available at Journal of Antibiotics online.
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2-OH-ABK is a derivative in which an equatorial hydroxyl group
has been introduced at the C-2 position of arbekacin, resulting in a
markedly lower nephrotoxicity than that of arbekacin. In addition,
2-OH-ABK was effective against arbekacin-resistant bacteria and
showed better antibacterial activity than arbekacin against MRSA
and P. aeruginosa. Initially, 2-OH-ABK was synthesized through the
condensation of mono-saccharide with pseudo-disaccharide but has
recently been efficiently synthesized183 from the natural product
2-hydroxykanamycin B.184

TS3112 (Takahashi et al.185): Among the AGAs, apramycin contains
a unique sugar molecule, aprosamine, in which the aminooctadiose,
which has a trans-decalin structure, is glycosidically linked to 2-DOS.
The inhibition of translocation is thought to be the major mode of
action of apramycin.186,187 Clinical CRE isolates are usually relatively
sensitive to apramycin having such a characteristic structure.143,188

TS3112 is an apramycin derivative developed at the Institute of
Microbial Chemistry and it shows excellent activity against 16S rRNA
methyltransferase-producing bacteria that are highly resistant to AGAs
and against MDR NDM-1-producing Enterobacteriaceae (Figure 5). In
addition, because TS3112 is effective against P. aeruginosa and
Acinetobacter, including resistant strains, it is likely to become a key
drug in the treatment of infectious diseases caused by MDR Gram-
negative bacteria.189

Future directions for AGAs
In February 2017, the World Health Organization published the first
bacteria catalogue ‘World Health Organization priority pathogens list
for R&D of new antibiotics’ to identify bacterial pathogens that pose
the greatest threat to human health.190 According to this list,
carbapenem-resistant Acinetobacter baumannii, carbapenem-resistant
P. aeruginosa and carbapenem-resistant extended spectrum β-lacta-
mase-producing Enterobacteriaceae are included in the most urgent
category (Priority 1: critical). These pathogens symbolize the arrival of
the “post-antibiotic era”, and the list strongly outlines the threat posed
by MDR Gram-negative bacteria to global public health.
Although existing AGAs are still mainly effective against members

of the family Enterobacteriaceae, including E. coli and K. pneumoniae,
AGAs are inactive against highly resistant bacteria producing 16S
rRNA methyltransferases. Many of the emerging CRE strains that
express various resistance enzymes, including NDM-1, frequently also
contain 16S rRNA methyltransferases along with carbapenemase.
Currently, only colistin is effective for treatment of infections caused
by these resistant bacteria, although colistin-resistant CRE are already
being reported.191 Therefore, the development of next-generation
AGAs, effective against 16S rRNA methyltransferase-producing MDR
Gram-negative bacteria and with reduced side effects, is essential for
the treatment of serious bacterial infections.

CONCLUSIONS

This review covered the current usage, modes of action, side effects
and resistance mechanisms of bacteria against representative AGAs,
and summarized recent developments in the discovery of novel
aminoglycoside drugs in the face of the ‘post-antibiotic era.’ In the
case of tobramycin, amikacin and arbekacin, novel drug delivery
systems are being developed to obtain increased efficacy and reduced
systemic side effects by administering antibiotics directly to the
infection site. 2-OH-ABK was developed via a challenging synthesis
process, but this synthetic success is an example of how the
nephrotoxicity of AGAs can be reduced while still maintaining high
antibacterial activity. Finally, the unique apramycin derivative TS3112,
which is effective against MDR Enterobacteriaceae, Acinetobacter and
P. aeruginosa strains producing 16S rRNA methyltransferases, is an
example of the type of next-generation AGAs that could be used in the
‘post-antibiotic era.’ If we can continue with this recent progress,
AGAs could greatly contribute to global public health by aiding in the
fight against drug-resistant bacteria.

DEDICATION

This review article is dedicated to Professor Hamao Umezawa with
respect and admiration for his achievements in science and medicine.

CONFLICT OF INTEREST
The authors declare no conflict of interest.

ACKNOWLEDGEMENTS

We are grateful to Dr Kazuaki Matoba of the Institute of Microbial Chemistry

(BIKAKEN) for graphical support.

1 World Health Organization. World Health Day–7 April. http://www.who.int/world-
health-day/2011/en/ (2011).

2 Kåhrström, C. T. Entering a post-antibiotic era? Nat. Rev. Microbiol. 11, 146 (2013).
3 Alanis, A. J. Resistance to antibiotics: are we in the post-antibiotic era? Arch. Med.

Res. 36, 697–705 (2005).
4 Williams, D. N. Antimicrobial resistance: are we at the dawn of the post-antibiotic era?

J. R. Coll. Physicians Edinb. 46, 150–156 (2016).
5 United States Centers for Disease Control and Prevention. Antibiotic resistance threats

in the United States. http://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-
threats-2013-508.pdf (2013).

6 Centers for Disease Control and Prevention. Vital signs: carbapenem-resistant
Enterobacteriaceae. MMWR Morb. Mortal. Wkly Rep. 62, 165–170 (2013).

7 Berrazeg, M. et al. New Delhi Metallo-beta-lactamase around the world: an eReview
using Google Maps. Euro Surveill. 19, pii20809 (2014).

8 Dortet, L., Poirel, L. & Nordmann, P. Worldwide dissemination of the NDM-type
carbapenemases in Gram-negative bacteria. Biomed. Res. Int. 2014,
249856 (2014).

9 Teo, J. W. P., La, M.-V., Jureen, R. & Lin, R. T. P. Emergence of a New Delhi metallo-
β-lactamase-1-producing Pseudomonas aeruginosa in Singapore. Emerg. Microbes
Infect. 4, e72 (2015).

10 Khajuria, A., Praharaj, A. K., Kumar, M. & Grover, N. Emergence of NDM-1 in the
clinical isolates of Pseudomonas aeruginosa in India. J. Clin. Diagn. Res. 7,
1328–1331 (2013).

Figure 5 Structures of plazomicin and TS3112.

Destination of aminoglycoside antibiotics
Y Takahashi and M Igarashi

11

The Journal of Antibiotics

http://www.who.int/world-health-day/2011/en/
http://www.who.int/world-health-day/2011/en/
http://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
http://www.cdc.gov/drugresistance/threat-report-2013/pdf/ar-threats-2013-508.pdf
iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Highlight

iAnnotate User
Underline

iAnnotate User
Highlight

iAnnotate User
Underline



11 Rimrang, B. et al. Emergence of NDM-1- and IMP-14a-producing Enterobacteriaceae
in Thailand. J. Antimicrob. Chemother. 67, 2626–2630 (2012).

12 Jamal, W. Y., Albert, M. J. & Rotimi, V. O. High prevalence of New Delhi metallo-β-
lactamase-1 (NDM-1) producers among carbapenem-resistant Enterobacteriaceae
in Kuwait. PLoS ONE 11, e0152638 (2016).

13 Liu, Y.-Y. et al. Emergence of plasmid-mediated colistin resistance mechanism MCR-1
in animals and human beings in China: a microbiological and molecular
biological study. Lancet Infect. Dis. 16, 161–168 (2016).

14 McGann, P. et al. Escherichia coli harboring mcr-1 and blaCTX-M on a novel IncF
plasmid: first report of mcr-1 in the United States. Antimicrob. Agents Chemother. 60,
4420–4421 (2016).

15 The Lancet Infectious Diseases. Time for global political action on antimicrobial
resistance. Lancet Infect. Dis. 16, 1085 (2016).

16 Piddock, L. J. V. Reflecting on the final report of the O'Neill Review on antimicrobial
resistance. Lancet Infect. Dis. 16, 767–768 (2016).

17 Barriere, S. L. Clinical, economic and societal impact of antibiotic resistance. Expert
Opin. Phamacother. 16, 151–153 (2015).

18 Schatz, A., Bugie, E. & Waksman, S. A. Streptomycin, a substance exhibiting
antibiotic activity against Gram-positive and Gram-negative bacteria. Proc. Soc. Exptl.
Biol. Med. 55, 66–69 (1944).

19 Vakulenko, S. B. & Mobashery, S. Versatility of aminoglycosides and prospects for
their future. Clin. Microbiol. Rev. 16, 430–450 (2003).

20 Bryan, L. E., Kowand, S. K. & Van Den Elzen, H. M. Mechanism of aminoglycoside
antibiotic resistance in anaerobic bacteria: Clostridium perfringens and Bacteroides
fragilis. Antimicrob. Agents Chemother. 15, 7–13 (1979).

21 Beker, B. & Cooper, M. A. Aminoglycoside antibiotics in the 21st century. ACS Chem.
Biol. 8, 105–115 (2013).

22 Nayak-Rao, S. Aminoglycoside use in renal failure. Indian J. Nephrol. 20,
121–124 (2010).

23 Hermann, T. Aminoglycoside antibiotics: old drugs and new therapeutic approaches.
Cell. Mol. Life Sci. 64, 1841–1852 (2007).

24 Magnet, S. & Blanchard, J. S. Molecular insights into aminoglycoside action and
resistance. Chem. Rev. 105, 477–497 (2005).

25 Waksman, S. A. & Lechevalier, H. A. Neomycin, a new antibiotic active against
streptomycin-resistant bacteria, including tuberculosis organisms. Science 109,
305–307 (1949).

26 Umezawa, H. et al. Production and isolation of a new antibiotic, kanamycin. J.
Antibiot. A10, 181–188 (1957).

27 Frohardt, R. P., Haskell, T. H., Ehrlich, J. & Knudsen, M. P. Antibiotic and methods
for obtaining same. US2916485 (1959).

28 Haskell, T. H. & Hanessian, S. The configuration of paromose. J. Org. Chem. 28,
2598–2604 (1963).

29 Mason, D. J., Dietz, A. & Smith, R. M. Actinospectacin, a new antibiotic. I. Discovery
and biological properties. Antimicrob. Agents Chemother. 11, 118–122 (1961).

30 Weinstein, M. J. et al. Gentamicin, a new antibiotic complex from Micromonospora. J.
Med. Chem. 6, 463–464 (1963).

31 Stark, W. M., Hoehn, M. M. & Knox, N. G. Nebramycin, a new broad-spectrum
antibiotic complex. I. Detection and biosynthesis. Antimicrob. Agents Chemother. 7,
314–323 (1968).

32 Koch, K. F., Davis, F. A. & Rhoades, J. A. Nebramycin: separation of the complex and
identification of factors 4, 5, and 5ʹ. J. Antibiot. 26, 745–751 (1973).

33 Shomura, T. et al. Studies on antibiotic SF-733, a new antibiotic. I Taxonomy,
isolation and characterization. J. Antibiot. 23, 155–161 (1970).

34 Umezawa, S., Tsuchiya, T. in Handbook of Experimental Pharmacology, Vol. 62
(eds Umezawa H. & Hooper I. R.) 37–110 (Springer-Verlag, Berlin, Germany, 1982).

35 Mingeot-Leclercq, M.-P. & Tulkens, P. M. Aminoglycosides: nephrotoxicity. Antimi-
crob. Agents Chemother. 43, 1003–1012 (1999).

36 Mingeot-Leclercq, M.-P., Glupczynski, Y. & Tulkens, P. M. Aminoglycosides: activity
and resistance. Antimicrob. Agents Chemother. 43, 727–737 (1999).

37 Umezawa, H., Umezawa, S., Tsuchiya, T. & Okazaki, Y. 3', 4'-Dideoxy-kanamycin B
active against kanamycin-resistant Escherichia coli and Pseudomonas aeruginosa. J.
Antibiot. 24, 485–487 (1971).

38 Kawaguchi, H., Naito, T., Nakagawa, S. & Fujisawa, K. BB-K8, a new semisynthetic
aminoglycoside antibiotic. J. Antibiot. 25, 695–708 (1972).

39 Kondo, S., Iinuma, K., Yamamoto, H., Maeda, K. & Umezawa, H. Syntheses of 1-N-
{(S)-4-amino-2-hydroxybutyryl}-kanamycin B and -3′,4′-dideoxykanamycin B active
against kanamycin-resistant bacteria. J. Antibiot. 26, 412–415 (1973).

40 Wright, J. J. & Daniels, P. J. L. Aminoacyl derivatives of aminoglycoside antibiotics.
BE824657 (1975).

41 Nagabhushan, T. L., Cooper, A. B., Tsai, H., Daniels, P. J. L. & Miller, G. H. The
syntheses and biological properties of 1-N-(S-4-amino-2-hydroxybutyryl)-gentamicin B
and 1-N-(S-3-amino-2-hydroxypropionyl)-gentamicin B. J. Antibiot. 31,
681–687 (1978).

42 Bartz, Q. R., Controulis, J., Crooks, H. M. Jr. & Rebstock, M. C. Dihydrostreptomycin.
J. Am. Chem. Soc. 68, 2163–2166 (1946).

43 Peck, R. L., Hoffhine, C. E. Jr. & Folkers, K. Streptomyces antibiotics. IX.
Dihydrostreptomycin. J. Am. Chem. Soc. 68, 1390–1391 (1946).

44 Tatsuka, S. et al. Studies on antibiotics. XVI. Isolation and identification of
dihydrostreptomycin produced by a new streptomyces, Streptomyces humidus
nov. sp. Chem. Pharm. Bull. 5, 343–349 (1957).

45 O’Connor, S., Lam, L. K. T., Jones, N. D. & Chaney, M. O. Apramycin, a unique
aminocyclitol antibiotic. J. Org. Chem. 41, 2087–2092 (1976).

46 Umezawa, H. et al. A new antibiotic, kasugamycin. J. Antibiot. A18,
101–103 (1965).

47 Iwasa, T., Yamamoto, H. & Shibata, M. Studies on validamycins, new antibiotics. I. J.
Antibiot. 23, 595–602 (1970).

48 Iwasa, T., Kameda, Y., Asai, M., Horii, S. & Mizuno, K. Studies on validamycins, new
antibiotics. IV Isolation and characterization of validamycins A and B. J. Antibiot. 24,
119–123 (1971).

49 Carter, A. P. et al. Functional insights from the structure of the 30S ribosomal subunit
and its interactions with antibiotics. Nature 407, 340–348 (2000).

50 Fourmy, D., Recht, M. I., Blanchard, S. C. & Puglisi, J. D. Structure of the A site of
Escherichia coli 16S ribosomal RNA complexed with an aminoglycoside antibiotic.
Science 274, 1367–1371 (1996).

51 Wong, C.-H., Hendrix, M., Priestley, E. S. & Greenberg, W. A. Specificity of
aminoglycoside antibiotics for the A-site of the decoding region of ribosomal RNA.
Chem. Biol. 5, 397–406 (1998).

52 Vicens, Q. & Westhof, E. Molecular recognition of aminoglycoside antibiotics by
ribosomal RNA and resistance enzymes: an analysis of x-ray crystal structures.
Biopolymers 70, 42–57 (2003).

53 Shandrick, S. et al. Monitoring molecular recognition of the ribosomal decoding site.
Angew. Chem. Int. Ed. 43, 3177–3182 (2004).

54 Kaul, M., Barbieri, C. M. & Pilch, D. S. Fluorescence-based approach for detecting
and characterizing antibiotic-induced conformational changes in ribosomal RNA:
comparing aminoglycoside binding to prokaryotic and eukaryotic ribosomal RNA
sequences. J. Am. Chem. Soc. 126, 3447–3453 (2004).

55 Ramirez, M. S. & Tolmasky, M. E. Aminoglycoside modifying enzymes. Drug Resist.
Updat. 13, 151–171 (2010).

56 Tanaka, N., Matsunaga, K., Hirata, A., Matsuhisa, Y. & Nishimura, T. Mechanism of
action of habekacin, a novel amino acid-containing aminoglycoside antibiotic.
Antimicrob. Agents Chemother. 24, 797–802 (1983).

57 Garneau-Tsodikova, S. & Labby, K. J. Mechanisms of resistance to aminoglycoside
antibiotics: overview and perspectives. Med. Chem. Comm. 7, 11–27 (2016).

58 Pape, T., Wintermeyer, W. & Rodnina, M. V. Conformational switch in the decoding
region of 16S rRNA during aminoacyl-tRNA selection on the ribosome. Nat. Struct.
Biol. 7, 104–107 (2000).

59 Kondo, J., Westhof, E. in Aminoglycoside Antibiotics: From Chemical Biology to Drug
Discovery (ed. Arya D. P.) 209–223 (Wiley-Interscience, Hoboken, NJ, USA, 2007).

60 Busse, H.-J., Wöstmann, C. & Bakker, E. P. The bactericidal action of streptomycin:
membrane permeabilization caused by the insertion of mistranslated proteins into the
cytoplasmic membrane of Escherichia coli and subsequent caging of the antibiotic
inside the cells due to degradation of these proteins. J. Gen. Microbiol. 138,
551–561 (1992).

61 Misumi, M. & Tanaka, N. Mechanism of inhibition of translocation by kanamycin and
viomycin: a comparative study with fusidic acid. Biochem. Biophys. Res. Commun.
92, 647–654 (1980).

62 Feldman, M. B., Terry, D. S., Altman, R. B. & Blanchard, S. C. Aminoglycoside activity
observed on single pre-translocation ribosome complexes. Nat. Chem. Biol. 6,
54–62 (2010).

63 Huth, M. E., Ricci, A. J. & Chen, A. G. Mechanisms of aminoglycoside ototoxicity and
targets of hair cell protection. Int. J. Otolaryngol. 2011, 1–19 (2011).

64 Misumi, M., Nishimura, T., Komai, T. & Tanaka, N. Interaction of kanamycin and
related antibiotics with the large subunit of ribosomes and the inhibition of
translocation. Biochem. Biophys. Res. Commun. 84, 358–365 (1978).

65 Akiyama, T. & Tanaka, N. Ribosomal proteins S9 and L6 participate in the binding of
[3H] dibekacin to E. coli ribosomes. J. Antibiot. 34, 763–769 (1981).

66 Borovinskaya, M. A. et al. Structural basis for aminoglycoside inhibition of bacterial
ribosome recycling. Nat. Struct. Mol. Biol. 14, 727–732 (2007).

67 Wang, L. et al. Allosteric control of the ribosome by small-molecule antibiotics. Nat.
Struct. Mol. Biol. 19, 957–963 (2012).

68 Wasserman, M. R. et al. Chemically related 4,5-linked aminoglycoside antibiotics
drive subunit rotation in opposite directions. Nat. Commun. 6, 7896 (2015).

69 Kohanski, M. A., Dwyer, D. J., Hayete, B., Lawrence, C. A. & Collins, J. J. A common
mechanism of cellular death induced by bactericidal antibiotics. Cell 130,
797–810 (2007).

70 Matsunaga, K., Yamaki, H., Nishimura, T. & Tanaka, N. Inhibition of DNA replication
initiation by aminoglycoside antibiotics. Antimicrob. Agents Chemother. 30,
468–474 (1986).

71 Martin, N. L. & Beveridge, T. J. Gentamicin interaction with Pseudomonas aeruginosa
cell envelope. Antimicrob. Agents Chemother. 29, 1079–1087 (1986).

72 Okuyama, A., Watanabe, T. & Tanaka, N. Effects of aminoglycoside antibiotics on
initiation of viral RNA-directed protein synthesis. J. Antibiot. 25, 212–218 (1972).

73 Scolnik, E. M. & Caskey, C. T. Peptide chain termination, V. The role of release factors
in mRNA terminator codon recognition. Proc. Natl Acad. Sci. USA 64,
1235–1241 (1969).

74 Hong, W., Zeng, J. & Xie, J. Antibiotic drugs targeting bacterial RNAs. Acta Pharm.
Sin. B 4, 258–265 (2014).

75 Unemo, M. et al. Neisseria gonorrhoeae strain with high-level resistance to spectino-
mycin due to a novel resistance mechanism (mutated ribosomal protein S5) verified
in Norway. Antimicrob. Agents Chemother. 57, 1057–1061 (2013).

76 Borovinskaya, M. A., Shoji, S., Holton, J. M., Fredrick, K. & Cate, J. H. D. A steric
block in translation caused by the antibiotic spectinomycin. ACS Chem. Biol. 2,
545–552 (2007).

77 Tanaka, N., Masukawa, H. & Umezawa, H. Structural basis of kanamycin for
miscoding activity. Biochem. Biophys. Res. Commun. 26, 544–549 (1967).

Destination of aminoglycoside antibiotics
Y Takahashi and M Igarashi

12

The Journal of Antibiotics



78 Mankin, A. Antibiotic blocks mRNA path on the ribosome. Nat. Struct. Mol. Biol. 13,
858–860 (2006).

79 Shigemoto, R., Okuno, T. & Matsuura, K. Effect of validamycin A on the activity of
trehalase of Rhizoctonia solani and several sclerotial fungi. Ann. Phytopath. Soc.
Japan 55, 238–241 (1989).

80 Toubeau, G. et al. Tissue repair in rat kidney cortex after short treatment with
aminoglycosides at low doses. A comparative biochemical and morphometric study.
Lab. Invest. 54, 385–393 (1986).

81 Peloquin, C. A. et al. Aminoglycoside toxicity: daily versus thrice-weekly dosing for
treatment of mycobacterial diseases. Clin. Infect. Dis. 38, 1538–1544 (2004).

82 Selimoglu, E. Aminoglycoside-induced ototoxicity. Curr. Pharm. Des. 13,
119–126 (2007).

83 Matt, T. et al. Dissociation of antibacterial activity and aminoglycoside ototoxicity in
the 4-monosubstituted 2-deoxystreptamine apramycin. Proc. Natl Acad. Sci. USA
109, 10984–10989 (2012).

84 Lopez-Novoa, J. M., Quiros, Y., Vicente, L., Morales, A. I. & Lopez-Hernandez, F. J.
New insights into the mechanism of aminoglycoside nephrotoxicity: an integrative
point of view. Kidney Int. 79, 33–45 (2011).

85 Roberts, J. A., Norris, R., Paterson, D. L. & Martin, J. H. Therapeutic drug monitoring
of antimicrobials. Br. J. Clin. Pharmacol. 73, 27–36 (2012).

86 Nagai, J. & Takano, M. Molecular aspects of renal handling of aminoglycosides and
strategies for preventing the nephrotoxicity. Drug Metab. Pharmacokinet. 19,
159–170 (2004).

87 Saito, A., Pietromonaco, S., Loo, A. K. & Farquhar, M. G. Complete cloning and
sequencing of rat gp330/“megalin,” a distinctive member of the low density
lipoprotein receptor gene family. Proc. Natl Acad. Sci. USA 91,
9725–9729 (1994).

88 Christensen, E. I. & Birn, H. Megalin and cubilin: multifunctional endocytic receptors.
Nat. Rev. Mol. Cell Biol. 3, 258–268 (2002).

89 Moestrup, S. K. et al. Evidence that epithelial glycoprotein 330/megalin mediates
uptake of polybasic drugs. J. Clin. Invest. 96, 1404–1413 (1995).

90 Schmitz, C. et al. Megalin deficiency offers protection from renal aminoglycoside
accumulation. J. Biol. Chem. 277, 618–622 (2002).

91 Rybak, M. J. et al. Prospective evaluation of the effect of an aminoglycoside dosing
regimen on rates of observed nephrotoxicity and ototoxicity. Antimicrob. Agents
Chemother. 43, 1549–1555 (1999).

92 Nicolau, D. P. Optimizing outcomes with antimicrobial therapy through pharmacody-
namic profiling. J. Infect. Chemother. 9, 292–296 (2003).

93 Burgess, D. S. Use of pharmacokinetics and pharmacodynamics to optimize
antimicrobial treatment of Pseudomonas aeruginosa infections. Clin. Infect. Dis. 40,
S99–S104 (2005).

94 Spivey, J. M. The postantibiotic effect. Clin. Pharm. 11, 865–875 (1992).
95 Gilbert, D. N. Once-daily aminoglycoside therapy. Antimicrob. Agents Chemother. 35,

399–405 (1991).
96 Rougier, F. et al. PK/PD modeling of aminoglycoside nephrotoxicity. Pathol. Biol. 51,

234–236 (2003).
97 Nicolau, D. P. et al. Experience with a once-daily aminoglycoside program adminis-

tered to 2,184 adult patients. Antimicrob. Agents Chemother. 39, 650–655 (1995).
98 Prins, J. M., Buller, H. R., Speelman, P., Kuijper, E. J. & Tange, R. A. Once versus

thrice daily gentamicin in patients with serious infections. Lancet 341,
335–339 (1993).

99 Raz, R., Adawi, M. & Romano, S. Intravenous administration of gentamicin once
daily versus thrice daily in adults. Eur. J. Clin. Microbiol. Infect. Dis. 14,
88–91 (1995).

100 Ferriols-Lisart, R. & Alos-Alminana, M. Effectiveness and safety of once-daily
aminoglycosides: a meta-analysis. Am. J. Health Syst. Pharm. 53,
1141–1150 (1996).

101 Freeman, C. D. & Strayer, A. H. Mega-analysis of meta-analysis: an examination of
meta-analysis with an emphasis on once-daily aminoglycoside comparative trials.
Pharmacotherapy 16, 1093–1102 (1996).

102 Hatala, R., Dinh, T. & Cook, D. J. Once-daily aminoglycoside dosing in immunocom-
petent adults: a meta-analysis. Ann. Intern. Med. 124, 708–716 (1996).

103 Ali, M. Z. & Goetz, M. B. A meta-analysis of the relative efficacy and toxicity of single
daily dosing versus multiple daily dosing of aminoglycosides. Clin. Infect Dis. 24,
796–809 (1997).

104 Springer, B. et al. Mechanisms of streptomycin resistance: selection of mutations in
the 16S rRNA gene conferring resistance. Antimicrob. Agents Chemother. 45,
2877–2884 (2001).

105 Björkman, J., Samuelsson, P., Andersson, D. I. & Hughes, D. Novel ribosomal
mutations affecting translational accuracy, antibiotic resistance and virulence of
Salmonella typhimurium. Mol. Microbiol. 31, 53–58 (1999).

106 Santos, L. C. Review: the molecular basis of resistance inMycobacterium tuberculosis.
Open J. Med. Microbiol. 2, 24–36 (2012).

107 Maus, C. E., Plikaytis, B. B. & Shinnick, T. M. Molecular analysis of cross-resistance to
capreomycin, kanamycin, amikacin, and viomycin in Mycobacterium tuberculosis.
Antimicrob. Agents Chemother. 49, 3192–3197 (2005).

108 Georghiou, S. B. et al. Evaluation of genetic mutations associated withMycobacterium
tuberculosis resistance to amikacin, kanamycin and capreomycin: a systematic review.
PLoS ONE 7, e33275 (2012).

109 Nessar, R., Cambau, E., Reyrat, J. M., Murray, A. & Gicquel, B. Mycobacterium
abscessus: a new antibiotic nightmare. J. Antimicrob. Chemother. 67,
810–818 (2012).

110 Suzuki, Y. et al. Detection of kanamycin-resistant Mycobacterium tuberculosis by
identifying mutations in the 16S rRNA gene. J. Clin. Microbiol. 36,
1220–1225 (1998).

111 Cooksey, R. C., Morlock, G. P., Mcqueen, A., Glickman, S. E. & Crawford, J. T.
Characterization of streptomycin resistance mechanisms among Mycobacterium
tuberculosis isolates from patients in New York City. Antimicrob. Agents Chemother.
40, 1186–1188 (1996).

112 Prammananan, T. et al. A single 16S ribosomal RNA substitution is responsible for
resistance to amikacin and other 2-deoxystreptamine aminoglycosides in Mycobacter-
ium abscessus andMycobacterium chelonae. J. Infect. Dis. 177, 1573–1581 (1998).

113 De Stasio, E. A., Moazed, D., Noller, H. F. & Dahlberg, A. E. Mutations in 16S
ribosomal RNA disrupt antibiotic-RNA interactions. EMBO J. 8, 1213–1216 (1989).

114 Gregory, S. T., Carr, J. F. & Dahlberg, A. E. A mutation in the decoding center of
Thermus thermophilus 16S rRNA suggests a novel mechanism of streptomycin
resistance. J. Bacteriol. 187, 2200–2202 (2005).

115 Hobbie, S. N. et al. Binding of neomycin-class aminoglycoside antibiotics to mutant
ribosomes with alterations in the A Site of 16S rRNA. Antimicrob. Agents Chemother.
50, 1489–1496 (2006).

116 Muir, M. E., Hanwell, D. R. & Wallace, B. J. Characterization of a respiratory mutant of
Escherichia coli with reduced uptake of aminoglycoside antibiotics. Biochim. Biophys.
Acta 638, 234–241 (1981).

117 Li, X.-Z. & Nikaido, H. Efflux-mediated drug resistance in bacteria—An update. Drugs
69, 1555–1623 (2009).

118 Poole, K. Efflux-mediated antimicrobial resistance. J. Antimicrob. Chemother. 56,
20–51 (2005).

119 Poole, K. Aminoglycoside resistance in Pseudomonas aeruginosa. Antimicrob. Agents
Chemother. 49, 479–487 (2005).

120 Shaw, K. J., Rather, P. N., Hare, R. S. & Miller, G. H. Molecular genetics of
aminoglycoside resistance genes and familial relationships of the aminoglycoside-
modifying enzymes. Microbiol. Rev. 57, 138–163 (1993).

121 Umezawa, H., Okanishi, M., Utahara, R., Maeda, K. & Kondo, S. Isolation and
structure of kanamycin inactivated by a cell free system of kanamycin-resistant E. coli.
J. Antibiot. 21, 136–141 (1967).

122 Okanishi, M., Kondo, S., Utahara, R. & Umezawa, H. Phosphorylation and inactivation
of aminoglycosidic antibiotics by E. coli carrying R factor. J. Antibiot. 21,
13–21 (1968).

123 Takasawa, S., Utahara, R., Okanishi, M., Maeda, K. & Umezawa, H. Studies on
adenylylstreptomycin, a product of streptomycin inactivation by E. coli carrying the
R-factor. J. Antibiot. 21, 477–484 (1968).

124 Umezawa, H., Kondo, S. in Aminoglycoside Antibiotics (eds Umezawa H. & Hooper I.
R.) 267–292 (Springer-Verlag, Berlin, Germany, 1982).

125 Doi, Y., Wachino, J. & Arakawa, Y. Aminoglycoside resistance: the emergence of
acquired 16S ribosomal RNA methyltransferases. Infect. Dis. Clin. North Am. 30,
523–537 (2016).

126 Doi, Y. & Arakawa, Y. 16S ribosomal RNA methylation: emerging resistance
mechanism against aminoglycosides. Clin. Infect. Dis. 45, 88–94 (2007).

127 Galimand, M., Courvalin, P. & Lambert, T. Plasmid-mediated high-level resistance to
aminoglycosides in Enterobacteriaceae due to 16S rRNA methylation. Antimicrob.
Agents Chemother. 47, 2565–2571 (2003).

128 Golebiewski, M. et al. Complete nucleotide sequence of the pCTX-M3 plasmid and its
involvement in spread of the extended-spectrum β-lactamase gene blaCTX-M-3.
Antimicrob. Agents Chemother. 51, 3789–3795 (2007).

129 Yokoyama, K. et al. Acquisition of 16S rRNA methylase gene in Pseudomonas
aeruginosa. Lancet 362, 1888–1893 (2003).

130 Doi, Y. et al. Plasmid-mediated 16S rRNA methylase in Serratia marcescens
conferring high-level resistance to aminoglycosides. Antimicrob. Agents Chemother.
48, 491–496 (2004).

131 Wachino, J. et al. Novel plasmid-mediated 16S rRNA methylase, RmtC, found in a
Proteus mirabilis isolate demonstrating extraordinary high-level resistance against
various aminoglycosides. Antimicrob. Agents Chemother. 50, 178–184 (2006).

132 Doi, Y., de Oliveira Garcia, D., Adams, J. & Paterson, D. L. Coproduction of novel 16S
rRNA methylase RmtD and metallo-β-lactamase SPM-1 in a panresistant Pseudomo-
nas aeruginosa isolate from Brazil. Antimicrob. Agents Chemother. 51,
852–856 (2007).

133 Davis, M. A. et al. Discovery of a gene conferring multiple-aminoglycoside resistance in
Escherichia coli. Antimicrob. Agents Chemother. 54, 2666–2669 (2010).

134 Galimand, M., Courvalin, P. & Lambert, T. RmtF, a new member of the aminoglycoside
resistance 16S rRNA N7 G1405 methyltransferase family. Antimicrob. Agents Che-
mother. 56, 3960–3962 (2012).

135 Bueno, M. F. C., Francisco, G. R., O’Hara, J. A., de Oliveira Garcia, D. & Doi, Y.
Coproduction of 16S rRNA methyltransferase RmtD or RmtG with KPC-2 and CTX-M
group extended-spectrum β-lactamases in Klebsiella pneumoniae. Antimicrob. Agents
Chemother. 57, 2397–2400 (2013).

136 O’Hara, J. A. et al. Novel 16S rRNA methyltransferase RmtH produced by Klebsiella
pneumoniae associated with war-related trauma. Antimicrob. Agents Chemother. 57,
2413–2416 (2013).

137 Wachino, J. et al. Novel plasmid-mediated 16S rRNA m1A1408 methyltransferases,
NpmA, found in a clinically isolated Escherichia coli strain resistant to
structurally diverse aminoglycosides. Antimicrob. Agents Chemother. 51,
4401–4409 (2007).

138 Liou, G. F., Yoshizawa, S., Courvalin, P. & Galimand, M. Aminoglycoside resistance by
ArmA-mediated ribosomal 16S methylation in human bacterial pathogens. J. Mol.
Biol. 359, 358–364 (2006).

Destination of aminoglycoside antibiotics
Y Takahashi and M Igarashi

13

The Journal of Antibiotics



139 Beauclerk, A. A. D. & Cundliffe, E. Site of action of two ribosomal RNA methylases
responsible for resistance to aminoglycosides. J. Mol. Biol. 193, 661–671 (1987).

140 Dunkle, J. A. et al. Molecular recognition and modification of the 30S ribosome by the
aminoglycoside-resistance methyltransferase NpmA. Proc. Natl Acad. Sci. USA 111,
6275–6280 (2014).

141 Wachino, J. & Arakawa, Y. Exogenously acquired 16S rRNA methyltransferases found
in aminoglycoside-resistant pathogenic Gram-negative bacteria: an update. Drug
Resist. Updat. 15, 133–148 (2012).

142 Wachino, J. et al. RmtC introduces G1405 methylation in 16S rRNA and confers high-
level aminoglycoside resistance on Gram-positive microorganisms. FEMS Microbiol.
Lett. 311, 56–60 (2010).

143 Livermore, D. M. et al. Activity of aminoglycosides, including ACHN-490, against
carbapenem-resistant Enterobacteriaceae isolates. J. Antimicrob. Chemother. 66,
48–53 (2011).

144 Sartor, A. L. et al. Molecular epidemiology of NDM-1-producing Enterobacteriaceae
and Acinetobacter baumannii isolates from Pakistan. Antimicrob. Agents Chemother.
58, 5589–5593 (2014).

145 Infectious Diseases Society of America. The 10× ‘20 initiative: pursuing a global
commitment to develop 10 new antibacterial drugs by 2020. Clin. Infect. Dis. 50,
1081–1083 (2010).

146 Cluck, D., Lewis, P., Stayer, B., Spivey, J. & Moorman, J. Ceftolozane-tazobactam: a
new-generation cephalosporin. Am. J. Health Syst. Pharm. 72, 2135–2146 (2015).

147 Zhanel, G. G. et al. Ceftolozane/tazobactam: a novel cephalosporin/β-lactamase
inhibitor combination with activity against multidrug-resistant gram-negative bacilli.
Drugs 74, 31–51 (2014).

148 Carmeli, Y. et al. Ceftazidime-avibactam or best available therapy in patients with
ceftazidime-resistant Enterobacteriaceae and Pseudomonas aeruginosa complicated
urinary tract infections or complicated intra-abdominal infections (REPRISE): a
randomised, pathogen-directed, phase 3 study. Lancet Infect. Dis. 16,
661–673 (2016).

149 Zhanel, G. G. et al. Ceftazidime-avibactam: a novel cephalosporin/β-lactamase
inhibitor combination. Drugs 73, 159–177 (2013).

150 Laudano, J. B. Ceftaroline fosamil: a new broad-spectrum cephalosporin. J. Anti-
microb. Chemother. 66, iii11–iii18 (2011).

151 Wong, E. & Rab, S. Tedizolid phosphate (Sivextro) a second-generation oxazolidinone
to treat acute bacterial skin and skin structure infections. Pharmacy Ther. 39,
555–558, 579 (2014).

152 Zhanel, G. G. et al. Tedizolid: a novel oxazolidinone with potent activity against
multidrug-resistant gram-positive pathogens. Drugs 75, 253–270 (2015).

153 Leuthner, K. D., Buechler, K. A., Kogan, D., Saguros, A. & Lee, H. S. Clinical efficacy
of dalbavancin for the treatment of acute bacterial skin and skin structure infections
(ABSSSI). Ther. Clin. Risk Manag. 12, 931–940 (2016).

154 Chen, A. Y., Zervos, M. J. & Vazquez, J. A. Dalbavancin: a novel antimicrobial. Int. J.
Clin. Pract. 61, 853–863 (2007).

155 Brade, K. D., Rybak, J. M. & Rybak, M. J. Oritavancin: a new lipoglycopeptide
antibiotic in the treatment of Gram-positive infections. Infect. Dis. Ther. 5,
1–15 (2016).

156 Mattox, J., Belliveau, P. & Durand, C. Oritavancin: a novel lipoglycopeptide. Consult.
Pharm. 31, 86–95 (2016).

157 Zhanel, G. G., Walkty, A. J. & Karlowsky, J. A. Fidaxomicin: a novel agent for the
treatment of Clostridium difficile infection. Can. J. Infect. Dis. Med. Microbiol. 26,
305–312 (2015).

158 Mahajan, R. Bedaquiline: first FDA-approved tuberculosis drug in 40 years. Int. J.
Appl. Basic Med. Res. 3, 1–2 (2013).

159 Deoghare, S. Bedaquiline: a new drug approved for treatment of multidrug-resistant
tuberculosis. Indian J. Pharmacol. 45, 536–537 (2013).

160 Dreak, D., Outterson, K., Powers, J. H. & Kesselheim, A. S. Progress in the fight
against multidrug-resistant bacteria? A review of U.S. Food and Drug Administration-
approved antibiotics, 2010–2015. Ann. Intern. Med. 165, 363–372 (2016).

161 Draenert, R., Seybold, U., Grützner, E. & Bogner, J. R. Novel antibiotics: are we still in
the pre-post-antibiotic era? Infection 43, 145–151 (2015).

162 Miceli, M. H. & Kauffman, C. A. Isavuconazole: a new broad-spectrum triazole
antifungal agent. Clin. Infect. Dis. 61, 1558–1565 (2015).

163 Cheer, S. M., Waugh, J. & Noble, S. Inhaled tobramycin (TOBI): a review of its use in
the management of Pseudomonas aeruginosa infections in patients with cystic
fibrosis. Drugs 63, 2501–2520 (2003).

164 Geller, D. E. et al. Pharmacokinetics and bioavailability of aerosolized tobramycin in
cystic fibrosis. Chest 122, 219–226 (2002).

165 Pai, V. B. & Nahata, M. C. Efficacy and safety of aerosolized tobramycin in cystic
fibrosis. Pediatr. Pulmonol. 32, 314–327 (2001).

166 Olivier, K. N. et al. Randomized trial of liposomal amikacin for inhalation in
nontuberculous mycobacterial lung disease. Am. J. Respir. Crit. Care Med. 195,
814–823 (2017).

167 Rose, S. J., Neville, M. E., Gupta, R. & Bermudez, L. E. Delivery of aerosolized
liposomal amikacin as a novel approach for the treatment of nontuberculous
mycobacteria in an experimental model of pulmonary infection. PLoS ONE 9,
e108703 (2014).

168 Clancy, J. P. et al. Phase II studies of nebulised arikace in CF patients with
Pseudomonas aeruginosa infection. Thorax 68, 818–825 (2013).

169 Woo, P. W. K., Dion, H. W. & Bartz, Q. R. Butirosins A and B, aminoglycoside
antibiotics. I. Structural units. Tetrahedron Lett. 2617–2620 (1971).

170 Woo, P. W. K., Dion, H. W. & Bartz, Q. R. Butirosins A and B, aminoglycoside
antibiotics. III. Structures. Tetrahedron Lett. 2625–2628 (1971).

171 Meers, P. et al. Biofilm penetration, triggered release and in vivo activity of inhaled
liposomal amikacin in chronic Pseudomonas aeruginosa lung infections. J. Antimi-
crob. Chemother. 61, 859–868 (2008).

172 Niederman, M. S. et al. BAY41-6551 achieves bactericidal tracheal aspirate amikacin
concentrations in mechanically ventilated patients with Gram-negative pneumonia.
Intensive Care Med. 38, 263–271 (2011).

173 Baba, N. et al. ME1100: in vivo efficacy of a new inhaled formulation of arbekacin,
semi-synthetic aminoglycoside antibiotic. 25th European Congress of Clinical Micro-
biology and Infectious Diseases (ECCMID), Poster P245; Copenhagen, Denmark, 2015.

174 Landman, D. et al. Activity of a novel aminoglycoside, ACHN-490, against clinical
isolates of Escherichia coli and Klebsiella pneumoniae from New York City. J.
Antimicrob. Chemother. 65, 2123–2127 (2010).

175 Zhanel, G. G. et al. Comparison of the next generation aminoglycoside plazomicin to
gentamicin, tobramycin and amikacin. Expert Rev. Anti Infect. Ther. 10,
459–473 (2012).

176 Endimiani, A. et al. ACHN-490, a neoglycoside with potent in vitro activity against
multidrug-resistant Klebsiella pneumoniae isolates. Antimicrob. Agents Chemother.
53, 4504–4507 (2009).

177 Weinstein, M. J. et al. Antibiotic 6640, a new Micromonospora-produced aminoglyco-
side antibiotic. J. Antibiot. 23, 551–554 (1970).

178 Cooper, D. J., Jaret, R. S. & Reimann, H. Structure of sisomicin, a novel unsaturated
aminoglycoside antibiotic from Micromonospora inyoensis. J. C. S. Chem. Commun.
285–286 (1971).

179 Aggen, J. B. et al. Synthesis and spectrum of the neoglycoside ACHN-490.
Antimicrob. Agents Chemother. 54, 4636–4642 (2010).

180 Miyake, T. et al. Discovery of 2-OH-ABK, a new aminoglycoside antibiotic with
reduced nephrotoxicity. 53rd Interscience Conference on Antimicrobial Agents and
Chemotherapy, Poster F-636 (Denver, CO, USA, 2013).

181 Kobayashi, Y. et al. Novel aminoglycoside antibiotics. US0152653 (2016).
182 Takahashi, Y. et al. Discovery of 2-hydroxyarbekacin, a new aminoglycoside antibiotic

with reduced nephrotoxicity. J. Antibiot. (e-pub ahead of print 28 June 2017; doi:
10.1038/ja.2017.60).

183 Takahashi, Y. & Umemura, E. Method for producing aminoglycoside antibiotic.
WO 2017/078097 A1 (2017).

184 Sumida, N. et al. New aminoglycoside antibiotics substance, method for producing
the same and pharmaceutical use thereof. US034405 (2011).

185 Takahashi, Y., Umemura, E., Ida, T. & Igarashi, M. Novel aminoglycoside antibiotic
effective against multidrug-resistant bacteria. WO 2017/018528 A1 (2017).

186 Perzynski, S., Cannon, M., Cundliffe, E., Chahwala, S. B. & Davies, J. Effects of
apramycin, a novel aminoglycoside antibiotic on bacterial protein synthesis. Eur. J.
Biochem. 99, 623–628 (1979).

187 Han, Q. et al. Molecular recognition by glycoside pseudo base pairs and triples in an
apramycin-RNA complex. Angew. Chem. Int. Ed. 44, 2694–2700 (2005).

188 Smith, K. P. & Kirby, J. E. Evaluation of apramycin activity against carbapenem-
resistant and -susceptible strains of Enterobacteriaceae. Diagn. Microbiol. Infect. Dis.
86, 439–441 (2016).

189 Umemura, E. et al. TS3112, a novel aminoglycoside antibiotics active against
multidrug-resistant pathogens producing 16S rRNA methyltransferases: synthesis
and structure-activity relationships. ASM Microbe 2017, Poster Sunday-335, New
Orleans, LA, USA, 2017.

190 World Health Organization. Global priority list of antibiotic-resistant bacteria to guide
research, discovery, and development of new antibiotics (2017). http://www.who.int/
medicines/publications/global-priority-list-antibiotic-resistant-bacteria/ Accessed 27
February 2017.

191 Mediavilla, J. R. et al. Colistin- and carbapenem-resistant Escherichia coli harboring
mcr-1 and blaNDM-5, causing a complicated urinary tract infection in a patient from
the United States. MBio 7, e01191–16 (2016).

Destination of aminoglycoside antibiotics
Y Takahashi and M Igarashi

14

The Journal of Antibiotics

http://dx.doi.org/10.10.1038/ja.2017.60
http://www.who.int/medicines/publications/global-priority-list-antibiotic-resistant-bacteria/en/
http://www.who.int/medicines/publications/global-priority-list-antibiotic-resistant-bacteria/en/

	Destination of aminoglycoside antibiotics in the &#x02018;post-antibiotic era&#x02019;
	Introduction
	Aminoglycoside antibiotics
	Currently used AGAs
	Modes of action

	Table 1 Representative aminoglycoside antibiotics currently used in medical, animal husbandry and agricultural fields in G7 countries
	Figure 1 Structures of the aminoglycoside antibiotics listed in Table�1.
	Side effects and dose
	Resistance mechanisms

	Figure 2 Sites of enzymatic modification of kanamycins and streptomycin.
	Recent developments in the design of novel AGAs

	Figure 3 Evolution of kanamycin and the structures of representative compounds.
	Outline placeholder
	Provision of a drug delivery system
	AGAs with a novel structure effective against resistant bacteria


	Figure 4 Decoding site in bacterial 16S ribosomal RNA.
	Future directions for AGAs

	Conclusions
	Dedication
	A5
	ACKNOWLEDGEMENTS
	Figure 5 Structures of plazomicin and TS3112.




