ANTIBIOTICS

The Good and the Bad of Antibiotics
Navdeep S. Chandel* and G. R. Scott Budinger
Bactericidal antibiotics with diverse mechanisms of action induce generation of mitochondrial reactive oxygen species in mammalian cells (Kalghatgi et al., this issue).

Along with vaccines, antibacterial antibiotics are perhaps the most successful pharmacologic therapy of the modern era. The
use of antibiotics has markedly diminished
mortality from infectious diseases, reduced
the burden of tuberculosis in the modern
world, improved survival after trauma, and
allowed the development of therapies that
intentionally or incidentally suppress the
immune system for the treatment of autoimmune diseases and cancer. It is estimated
that children in the United States receive
on average one prescription for an antibiotic every year and that an antibiotic is prescribed in 15 to 20% of outpatient visits in
adults in the United States (1).
Nevertheless, antibiotics have been associated with measureable side effects that tend
to be specific for classes of antibiotics sharing a similar mechanism of action. For example, the aminoglycoside antibiotics, which
block the bacterial 30S ribosome, are associated with an increased risk of acute kidney
injury and ototoxicity, whereas quinolone
antibiotics, which block the bacterial DNA
topoisomerase II, have been associated with
an increased risk of tendinitis. Penicillins,
which disrupt the formation of the bacterial
cell wall, most commonly induce a potentially severe allergic response. In this issue of
Science Translational Medicine, Kalghatgi et
al. similarly suggest that increased systemic
oxidative stress may represent a hidden cost
associated with antibiotic therapy (2).

time-dependent manner. A similar effect
was not observed with antibiotics traditionally thought to be bacteriostatic. These results were confirmed in vivo in mice when
antibiotics administered in their drinking
water resulted in increased markers of oxidant stress in the blood and the mammary
glands. Consistent with these findings, the
administration of the antioxidant N-acetyll-cysteine (NAC), which enhances cellular
antioxidant defenses by increasing concentrations of reduced glutathione, prevented
the generation of ROS in response to antibiotics in vitro and oxidative damage to
tissues in vivo (Fig. 1). The authors showed
that the NAC did not affect the antibacterial activity of the antibiotics in vitro or in
mice with Escherichia coli–induced urinary
tract infections. A major strength of this
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study is the confirmation of ROS generation
in response to antibiotics with a library of
fluorescent dyes, detailed measurements of
mitochondrial function, and markers of oxidation of cellular lipids, proteins, and DNA
both in cells and in mice (2).
Kalghatgi et al. provide strong evidence
suggesting that the mitochondrial electron transport chain (ETC) is the source of
ROS in antibiotic-treated mammalian cells.
They found that antibiotics that increased
ROS generation in cells also inhibited the
rate of oxygen consumption in the cells.
The authors went on to show that the antibiotics could inhibit the function of key
components of complexes I and III of the
mitochondrial ETC isolated from bovine
mitochondria. These complexes represent
the major sites of ROS generation in the
mitochondria. In cells lacking functional
ETCs [generated by growing them in conditions that result in the progressive loss of
mitochondrial DNA (ρ0 cells)], the authors
found that the generation of ROS in response to antibiotics was lost.
A MITOCHONDRIAL MECHANISM
To explain their findings, the investigators
invoked the endosymbiotic hypothesis of
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COLLATERAL DAMAGE
Antibiotics are intended to kill bacteria. Yet,
Kalghatgi et al. found that bactericidal—
but not bacteriostatic—antibiotics may
also damage healthy mammalian tissues
(Fig. 1) (2). The authors found that bactericidal antibiotics with disparate mechanisms
of action increased the generation of reactive oxygen species (ROS) in primary mammalian cells in vitro in a concentration- and
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Fig. 1. The good and the bad of antibiotics. Bacteriostatic antibiotics with diverse mechanisms
of action are known to induce cell death in bacteria. Kalghatgi et al. report that these antibiotics induced the generation of ROS from mitochondria in mammalian cells and in vivo in mice, which led
to tissue damage (2). We also speculate that lower levels of antibiotic-induced mitochondrial ROS
might play a signaling role, explaining some of the unexpected beneficial effects of these agents,
including organismal growth.
www.ScienceTranslationalMedicine.org

3 July 2013 Vol 5 Issue 192 192fs5

1

Downloaded from stm.sciencemag.org on July 4, 2013

FOCUS

mitochondrial evolution (3). Mitochondria
are thought to have evolved at a single point
in evolution when two prokaryotes, an archaeon and α-proteobacterium, developed
a symbiotic relationship in which both were
mutually dependent on one another for
nutritional requirements. Eventually, the
achaeon acquired the α-proteobacterium,
which became the primordial mitochondria. Since that time, the mitochondria
have been subject to continued reductive
evolution, in which responsibility for the
coding and synthesis of mitochondrial proteins has been increasingly reassigned from
the mitochondria to their host nucleus. In
humans, plasmid mitochondrial DNA encodes 13 proteins required for electron
transport, whereas hundreds of other mitochondrial proteins are encoded by the
nuclear genome. According to the endosymbiotic hypothesis, antibiotics targeting fundamental bacterial processes might
inadvertently target conserved processes in
mammalian mitochondria.
Although the mechanisms by which
bactericidal antibiotics interfere with core
bacterial functions are well described, it is
not clear how interrupting these processes
leads to cell death in some bacteria. Kohanski et al. have suggested that mitochondrial
ROS generation is a common pathway of
cell death induced by a divergent class of
bactericidal antibiotics (4). However, two
independent groups of investigators have
recently questioned this hypothesis in simultaneously published articles in Science
(5, 6). The authors of those papers found
that in vitro bacterial killing by antibiotics is similar under aerobic and anaerobic
conditions and failed to find consistent
evidence for bacterial ROS generation in
response to antibiotics. Kalghatgi et al.
confirmed this finding in mammalian cells
by showing that the administration of NAC
had no effect on bacterial killing in vitro
and in vivo (2).
These findings raise important questions as to how bactericidal antibiotics
with very disparate mechanisms of action
induce mitochondrial ROS in mammalian
cells and why some antibiotics induce mitochondrial ROS whereas others do not.
Indeed, Kalghatgi et al. found that kanamycin and spectinomycin—two aminoglycoside antibiotics with similar mechanisms
of action and similar side effect profiles—
had markedly different effects on ROS
generation in isolated mammalian cells.
The ancestral mitochondrial genome most

closely resembles the rickettsial group of
α-proteobacteria. Modern rickettsia are
sensitive to tetracycline (bactericidal) antibiotics, yet Kalghatgi et al. found that
tetracycline did not significantly increase
ROS generation in mammalian cells (2).
The authors’ suggestion that the differences
are attributable to whether the antibiotics
are bactericidal or bacteriostatic is likely
incomplete because this classification is
dependent on the organism being examined, the time allowed for killing, and the
concentration of the antibiotic used.
ANTIBIOTICS: MORE GOOD THAN
HARM
How should the findings of Kalghatgi and
colleagues influence the use of antibiotics?
The good news is that the clinically observable toxicity associated with our current
widespread use of antibiotics appears to be
relatively low when compared with other
commonly used drugs. Even in this paper,
although the authors showed antibioticinduced increases in markers of oxidative
damage in the blood and mammary glands
of treated mice, they did not find evidence
of tissue damage or dysfunction. Mammalian cells have abundant antioxidant
proteins to scavenge the two major forms
of ROS, superoxide anion and hydrogen
peroxide, and can rapidly up-regulate these
antioxidant proteins in response to oxidative stress, mitigating oxidative damage. In
fact, there is very little evidence that oxidative damage plays a major role in prevalent
human disease, as illustrated by the consistent failure of antioxidants in clinical trials.
It seems likely that these robust antioxidant
defenses prevent tissue injury in response
to bactericidal antibiotics in most patients.
However, in patients with high levels of
preexisting oxidative stress, impaired antioxidant defenses, or patients receiving
very long courses of antibiotics, antibioticinduced oxidative stress may become clinically important. Kalghatgi et al. suggest
that the coadministration of NAC to these
patients might mitigate the injury without
adversely affecting bacterial killing.
Although high levels of mitochondrial
ROS are damaging, lower levels of ROS
might promote beneficial effects such as
cellular growth and proliferation (Fig. 1).
The mitochondrial ETC allows electrons to
leak to molecular oxygen to generate superoxide, which is rapidly converted to hydrogen peroxide to activate cytosolic signaling
pathways. We have proposed that these

low levels of mitochondrial-generated hydrogen peroxide have persisted through
evolution because they serve as signals to
indicate the fitness of mitochondrial function before the cell grows, proliferates, or
engages in other cellular processes requiring high levels of energy and biosynthetic
intermediates (7). Emerging data from our
group and others indicate that low levels of
mitochondrial ROS are essential for cellular proliferation, differentiation, and metabolic adaptation. Furthermore, low levels
of mitochondrial ROS can lengthen the
life span of Caenorhabditis elegans and human cells in culture (8). This might explain
the observation that prophylactic lowdose antibiotics administered to livestock
populations result in an increase in the
rates of growth and weight gain, prompting their widespread use as agents to promote growth in commercial animal herds.
Although some of this effect is likely due
to changes in the gut microbiome (9), it is
tempting to speculate that these effects—
and perhaps other reported unexpected
beneficial effects of antibiotics—might result from a low-level increase in the release
of mitochondrial ROS.
IMPACT ACROSS THE BOARD
In conclusion, the study by Kalghatgi et
al. is certain to generate controversy with
respect to ongoing concerns about antibiotic overuse both in clinical medicine
and in agriculture. This controversy will
hopefully fuel additional research into how
some antibiotics interfere with mammalian
mitochondrial metabolism to affect key
metabolic signaling pathways or induce
oxidative cellular damage. As researchers identify new compounds that exhibit
bactericidal properties, they might screen
them by examining their effects on mammalian cells grown in media containing galactose instead of glucose. This forces cells
to rely exclusively on mitochondrial ATP
generation for growth and survival and will
quickly identify any compounds that affect
mitochondrial function.
Identifying and treating potential offtarget effects of antibiotics is important
as we face the challenge of increasing antibiotic resistance, particularly the threat
posed by drug-resistant strains of common
bacteria and extensively drug-resistant Mycobacterium tuberculosis. Successful treatment of these infections is likely to require
multiple antibiotics administered over long
periods of time, and some of these thera-
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pies have already been associated with
treatment-limiting side effects (10). Understanding the molecular mechanisms of
toxicity may aid in the design of adjunctive
therapies to improve antibiotic tolerance.
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