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The law of unintended consequences and antibiotics 
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ABSTRACT 

Antibiotic therapy has been of unquestionable 
value in terms of saving lives and reducing suf- 
fering caused by infectious diseases. However, 
the widespread and indiscriminant use of anti- 
biotics has not been without significant con- 
sequences. Some of these consequences include 
increased antibiotic resistance in pathogenic 
strains of bacteria. In addition, the indiscriminate 
use of antibiotics has recently been shown to 
alter the host microbiota and this has been asso- 
ciated with chronic disease. However, abandon- 
ing the use of antibiotics would be unthinkable. 
We have been exploring a strategy of modulating 
the host tolerance/resistance mechanisms as a 
means to ablate infection. We postulate that the 
obvious advantage of this therapeutic strategy 
is that, by targeting host tolerance/resistance 
mechanisms, the selective pressure for the ex- 
pression of pathogen resistance is greatly re- 
duced or altogether absent. 
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1. INTRODUCTION 

Alexander Fleming’s discovery of Penicillin in 1928 
and the dawn of the “Golden Age of Antibiotics” helped 
to spawn the pharmaceutical industry as we know it to- 
day. Antibiotic therapy has been the mainstay medical 
modality for treating infections of all bacterial types and 
has been of unquestionable value in terms of lives saved 
and suffering alleviated from infectious diseases. The 
impact of antibiotics on medical practices is not just lim- 
ited to controlling infectious diseases, as complex surgi- 
cal procedures such as organ transplantation or joint re- 
placement would be inconceivable without prophylactic 
antibiotic therapy. However, the widespread and often 
indiscriminant use of antibiotics in modern industrialized 

societies has not been without consequences and herein 
we broadly refer to these consequences as “antibiotic in- 
duced pathogenesis”, i.e. the generation of diseases re-
sulting from the excessive use of antibiotics. 

2. ANTIBIOTIC-INDUCED  
PATHOGENESIS 

The types of antibiotic induced pathogenesis can be 
broadly characterized as either arising from the effect of 
an antibiotic acting directly on the pathogen (pathogen- 
centric) or the effect of an antibiotic on the host’s micro- 
biota (host-centric). As an example of a host-centric anti- 
biotic induced pathogenesis, Clostridium difficile emerged 
in the 1970’s as an opportunistic pathogen that colonized 
the colon of patients whose intestinal microflora was 
decimated by oral Clindamycin therapy [1]. Today anti- 
biotic resistant C. difficile is a major concern in hospital 
settings with periodic outbreaks occurring in North Ame- 
rica and Europe [1].  

As an example of the pathogen-centric antibiotic in- 
duced pathogenesis, β-lactamase producing Staphylococ- 
cus aureus has emerged as a penicillin-resistant strain 
occurring shortly after the widespread use of penicillin in 
the 1940’s and the broad use of the β-lactam class of 
antibiotics selected for β-lactamase producing S. aureus. 
Today, methicillin-resistant S. aureus (MRSA) is one of 
the major pathogens in hospital-acquired infections as 
evidenced from The Center for Disease Control report 
that more people die yearly from hospital-acquired 
MRSA infections than HIV in the United States and that 
hospital-acquired infections in the United States has added 
an estimated $30 billion in health-care costs annually [2]. 
MRSA was considered as a problem that was largely 
confined to hospitals and extended care facilities. How- 
ever, the possibility of horizontal transfer of resistance 
from the hospital environment to the community has 
been a major concern and recently there have been 
reports of the emergence of a community acquired MRSA 
(CA-MRSA) that has validated this concern [3-5].  

The pathogen-centric type may be the more common 
and obvious method of antibiotic-induced pathogenesis. 
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This is largely because bacteria have harbored a wide 
array of antibiotic resistant genes as a natural survival 
mechanism [6]. In support of this hypothesis, resistance 
genes for all known antibiotics have recently been re- 
ported in the bacterial genome of ancient bacteria [7]. 
The emergence of antibiotic resistant opportunistic pa- 
thogens from environmental reservoirs (Acinetobacter sp. 
and Pseudomonas sp.) serves to make the point that the 
environment is a large reservoir of antibiotic resistance 
genes that can be horizontally transferred to susceptible 
pathogens. For example, it is now believed that the 
multi-drug resistant strains of bacterial pathogens, My- 
cobacterium tuberculosis and Escherichia coli being just 
two examples, have acquired resistance factors via hori- 
zontal transfer of resistance genes from other bacteria 
species (reviewed in [8]). The recent report of an isolated 
strain of Neisseria gonorrhea that is resistant to all 
known antibiotics may be another example of acquired 
resistance from inter-species gene transfer [9]. In fact it 
now appears that the genome of all bacteria species is a 
huge gene-pool upon which all bacteria species can draw. 
Thus, it is readily apparent that the massive selection 
pressure provided by widespread and indiscriminate use 
of antibiotics has selected for the resistance factors in 
modern pathogenic bacteria and that nature is taking care 
of the rest through vertical and horizontal transfer of re- 
sistance genes within and across bacterial species.  

3. ANTIBIOTIC-INDUCED CHRONIC 
DISEASE 

If that is not sobering enough, host-centric antibiotic- 
induced pathogenesis is far more insidious with a poten- 
tial for long-term consequences. Humans are not gnoto- 
biotic, except perhaps at birth, but are hosts to a diverse 
population of beneficial microorganisms—the human 
microbiota. The microbiota in an individual human evolves 
in a more or less orderly manner commencing with the 
natural birth process and continuing throughout life that 
is influenced by the individual’s genetics, diet, and 
environmental exposure factors. Of the more than 50 
bacterial phyla only 4 are found in the human microbio- 
me (Actinobacteria, Bacteriodetes, Firmucutes, and Pro- 
tobacteria) and are located predominantly in the mucosal 
and dermal compartments [10]. This suggests that co- 
evolution and co-adaptation over hundreds of thousands 
of years between humans and their microbiome have 
limited the bacterial diversity to the current steady-state.  

The steady-state dynamics of the human microbiome 
cannot be fully appreciated when thought of as a static 
system, nor as a simple equilibrium. The human micro- 
biota facilitates a wide variety of physiological processes 
(vitamin acquisition and nutrient absorption, tissue inte- 
grity, neuronal function, and immune regulation) and the 

microbiota occupies multiple anatomical compartments. 
Blaser and Kirschner introduced the concept of nested 
equilibria and invoked the Nash equilibrium to describe 
physiological interaction with the microbiota [11]. Ado- 
pted from game theory and applied to complex biological 
interactions, the Nash equilibrium represents a set of 
boundary conditions that if transgressed result in a severe 
penalty that nullifies any competitive advantage arising 
from the transgression. Blaser and Kirschner conceptua- 
lized a series of nested Nash equilibria in which the 
boundary conditions of one compartment contribute to 
the boundary conditions of the others. Thus, the nested 
ecosystems provide stability and adaptive flexibility (to- 
lerance) between the host and the microbiota to tolerate 
potential pathogens; E. coli in the intestinal tract or S. 
aureus on the dermis and nasal mucosa for example. 
Viewed through a lens of nested Nash equilibria we can 
begin to appreciate the potential consequences of host- 
centric antibiotic induced pathogenesis.  

As noted earlier, alteration in the intestinal microbiota 
by Clindamycin therapy enabled antibiotic resistant C. 
difficile to colonize the vacated niche. An example of 
more insidious consequences may be the steady disap- 
pearance of Helicobacter pylori from the human gastric 
microbiota. Blaser and Falko postulate that the concomi- 
tant rise in esophageal reflux, Barrett’s esophagus, and 
esophageal adenocarcinoma may be directly related [12]. 

Th17 cells are a CD4+ T-cell phenotype and these 
cells are a critical subset of effector cells that regulate the 
immune response and confer protection against a wide 
variety of bacterial and fungal pathogens (reviewed in 
[13]). High numbers of Th17 effector cells have been 
strongly associated with several chronic inflammatory 
diseases such as Crohn’s disease, colitis, rheumatoid 
arthritis, asthma, and multiple sclerosis [14]. In addition, 
the regulatory T-cell phenotype (Tregs) is a differentiated 
lineage of CD4+ T-cells that play a central role in immune 
tolerance. These cells are delineated by the Foxp3+ phe- 
notype. Foxp3+ Tregs have been shown to be substantially 
reduced in the stomach of patients devoid of H. pylori 
and epidemiological studies established that H. pylori 
positive individuals have much lower incidences of 
asthma and other related allergic conditions (reviewed in 
[15]).  

Furthermore, there is an inverse relationship between 
Tregs and Th17 cells and the plasticity of the Treg-Th17 
balance in humans has been recently described [16]. We 
speculate that the shifting of the Treg-Th17 balance to- 
wards the Th17 phenotype in the gastric compartment 
could induce a global Th17 response that would provide 
a mechanistic explanation for the higher incidence of 
asthma in individuals devoid of a gastric H. pylori popu- 
lation. Experimental and clinical validation of this hy- 
pothesis would validate the nested Nash equilibrium 
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model and demonstrate that perturbation of the microbi- 
ota (i.e. eradication of H. pylori) in the gastric mucosal 
compartment effects the boundary conditions and the 
Treg-Th17 balance in another (the respiratory tract) lead- 
ing to disease (asthma). 

4. ANTIBIOTIC-INDUCED ALTERATION 
OF THE GUT MICROBIOTA AND 
OBESITY 

Another example of a host-centric antibiotic induced 
pathogenesis may be the epidemic rise in obesity—parti- 
cularly in children. The intestinal microbiota in obese 
patients has been found to be constitutively different 
from that found in normal weight individuals. Morbidly 
obese individuals have an increased proportion of H2- 
producing Prevotellaceae and H2-utilizing methanogenic 
Archaea. Similar results have been observed in obese 
mice as compared to their normal weight counterparts 
[17]. These observations have prompted the hypothesis 
that alteration of the intestinal microbiota in favor of H2- 
producing and H2-utilizing organisms enables a much 
more efficient caloric uptake in obese individuals. 

Sub-therapeutic doses of broad-spectrum antibiotics 
have been used in feed additives in food animal agricul- 
ture for decades because they induce increased weight 
gain in animals, particularly in the young [18]. Thus, for 
several generations, the population in industrialized so- 
cieties has been ingesting sub-therapeutic doses of broad- 
spectrum antibiotic residues from a diet of dairy, meat, 
and poultry products. Could chronic exposure to sub- 
therapeutic doses of broad-spectrum antibiotic residues 
in the diet be having a similar effect on children as it 
does on food animals? Considering the long-term health 
consequences of obesity to the individual and the in- 
creasing burden on the health-care system caused by 
obesity related health issues, this is a question that ur- 
gently needs to be answered. If credible experimental 
research and epidemiological studies support this hy- 
pothesis, then resolving the obesity epidemic by banning 
use of antibiotics as a feed-additive in agriculture is a 
simple solution to this major public health problem. 

5. VACCINE-INDUCED PATHOGENESIS 

The use of pathogen-specific vaccines can have con- 
sequences that are similar to antibiotic induced patho- 
genesis. Streptococcus pneumoniae is tolerated as a nor- 
mal constituent in the nasal microbiota without causing 
disease. A more virulent, encapsulated strain, however, 
causes upper respiratory tract infections, pneumonia, and 
occasionally fatal endocarditis or meningitis. A polyva- 
lent vaccine against the most virulent subtypes of pneu- 
mococcus is effective in reducing the incidence of seri- 
ous infection in at-risk populations such as college stu- 

dents and military recruits [19]. Because, S. aureus and S. 
pneumoniae are ecological competitors [20], the vacating 
S. pneumoniae is being replaced by S. aureus in the 
community [21]. The net effect of a vaccination against S. 
pneumoniae is the replacement of one tolerated bacteria 
with a pathogen and the epidemic rise in the incidence of 
CA-MRSA infections.  

6. ALTERNATIVE APPROACHES 

Abandoning the use of antibiotics is an unthinkable 
answer. However, the development of new antibiotics has 
slowed considerably in recent years, in a large part, due 
to the long lead-time from discovery-to-market for new 
molecular entities, the high failure rates of new drug 
candidates, the short treatment period, and the low reim- 
bursement rates for antibiotics. Thus, medical practi- 
tioners are left in an ever-widening chasm between the 
emergence of new antibiotic resistant pathogens and a 
dearth of therapeutic alternatives. New approaches such 
as the development of inhibitors of bacterial resistance 
factors for use in combination therapy with existing 
antibiotics have promise as a near-term solution [22], but 
new chemical entities exploiting these strategies have yet 
to enter clinical trials.  

We have been exploring a strategy of modulating the 
host tolerance/resistance mechanisms as a means to ablate 
infection from progressing to disease. Mammals have 
evolved tolerance mechanisms to accommodate benefi- 
cial microorganisms as well as potential pathogens, and 
they also have evolved resistance mechanisms to reduce 
the pathogen burden during infection. These two types of 
mechanisms have been reviewed by Schneider and Ayers 
[23] and they classify the regulators of tolerance and 
resistance into three basic classes. The first class, com- 
prises resistance and tolerance that are linked and their 
effects are opposite. Reactive oxygen species is one 
example of this class. The second class is comprised of 
regulators that control both resistance and tolerance in an 
either/or manner and are therefore separable as opposed 
to absolute linkage in the class one effector molecules. 
The third class is comprised of regulators that effect only 
tolerance. The inflammasome signaling platforms repre- 
sent class two and class three regulators. 

The inflammasome comprises a family of cytosolic 
receptors called NOD-like receptors (NLR) that are in- 
volved in innate immune recognition of pathogen associ- 
ated molecular patterns as well as intracellular and ex- 
tracellular damage associated molecular patterns (re- 
viewed in [24]). Thus far, more than 20 inflammasomes 
have been identified and many are present in nearly 
every cell type. NLRP3 is the most extensively studied 
inflammasome and has been found to be activated by a 

iverse range of stimuli including microbial derived pro-  d    
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Figure 1. Potential long-term consequences of broad-spectrum antibiotic us- 
age.  

7. CONCLUDING REMARKS ducts [25-28], environmental factors [29-31] and endoge- 
nous molecules [32-35]. The NLRP3 inflammasome 
would represent a class two regulator of resistance/to- 
lerance. The NLRP6 inflammasome, on the other hand, 
has been recently shown to regulate the composition of 
the microbiota in the colon and therefore would represent 
a class three regulator of tolerance [36].  

Clearly since their discovery, antibiotics have had re- 
markable benefits to mankind in terms of lives saved and 
suffering abated; however, the indiscriminate use of anti-
biotics has not been without significant consequences 
(Figure 1). The 17th century philosopher and scientist, 
Sir Francis Bacon, said “nature to be commanded, must 
be obeyed”. That admonishment appears to be particu- 
larly relevant to the discovery and development of 21st 
century medical therapeutics. The current pharmaceutical 
paradigm for infectious and neoplastic diseases is to ad- 
minister a drug substance that is more toxic to the target 
than it is to the patient, thus creating a therapeutic win- 
dow. For the past 75 years, that strategy has worked for 
infectious disease management, but as discussed herein, 
this success has not been without consequences to 
long-term human health. As an alternative, host toler- 
ance/resistance mechanisms are receiving a great deal of 
attention and are emerging as a new therapeutic target for 
the emerging antibiotic resistant pathogens [37], infec- 
tious diseases [38,39], as well as cancers [40].  

We have described the regulation of the NLRP3 in- 
flammasome as an effective means to prevent Gram- 
positive and Gram-negative bacterial infections from 
progressing to disease, enhancing tolerance; and abro- 
gating disease progression in an experimentally estab- 
lished MRSA infection or a clinically established multi- 
factorial bacterial infection leading to enhanced resis- 
tance [37]. The obvious advantage of this therapeutic 
strategy is that, by targeting the host tolerance/resistance 
mechanisms, the selective pressure for the expression of 
pathogen resistance is greatly reduced or altogether ab- 
sent. This is not to say that such drugs will replace anti- 
biotics. Rather, we envision a medical modality that will 
utilize these anti-infective drugs to prophylactically re- 
duce the incidence of infections that progress to disease. 
Adjunctive therapy with the next generation of highly 
selective, narrow-spectrum antibiotics would be reserved 
for the most serious and intractable infections. New anti- 
biotics would, as a result, be targeting much smaller 
niche markets (specific pathogens) but would command 
higher reimbursement rates and therefore provide greater 
economic incentive for the drug developers to get back in 
the game. 
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