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ABSTRACT Microbial endocrinology represents the
intersection of two seemingly disparate fields, microbiology
and neurobiology, and is based on the shared presence of
neurochemicals that are exactly the same in host as well as in
the microorganism. The ability of microorganisms to not only
respond to, but also produce, many of the same neurochemicals
that are produced by the host, such as during periods of stress,
has led to the introduction of this evolutionary-based
mechanism which has a role in the pathogenesis of infectious
disease. The consideration of microbial endocrinology–based
mechanisms has demonstrated, for example, that the prevalent
use of catecholamine-based synthetic drugs in the clinical
setting contributes to the formation of biofilms in indwelling
medical devices. Production of neurochemicals by
microorganisms most often employs the same biosynthetic
pathways as those utilized by the host, indicating that acquisition
of host neurochemical-based signaling system in the host
may have been acquired due to lateral gene transfer from
microorganisms. That both host and microorganism produce
and respond to the very same neurochemicals means that there
is bidirectionality contained with the theoretical underpinnings
of microbial endocrinology. This can be seen in the role of
microbial endocrinology in the microbiota-gut-brain axis and
its relevance to infectious disease. Such shared pathways argue
for a role of microorganism-neurochemical interactions in
infectious disease.

MICROBIAL ENDOCRINOLOGY:
CONCEPTUAL FRAMEWORK
Microbial endocrinology represents the intersection of
two seemingly disparate fields: microbiology and neu-
robiology (Fig 1). The field of microbial endocrinology
was founded in 1993 when the term was first coined by
Lyte (1, 2) based on experimental data obtained the

prior year (3, 4). Although the concept of microbial
endocrinology was founded just over 2 decades ago (1,
3–5), there has been published evidence by numerous
investigators over the preceding 6 decades going back
to 1930 (6), that demonstrate the validity of uniting the
fields of microbiology and neurobiology as a conceptual
framework with which to understand interactions be-
tween the microbiota and the host in the pathogenesis
of infectious disease. It should be appreciated, however,
that approaching microbiology through an interdisci-
plinary “lens” such as microbial endocrinology has rel-
evance outside of the field of infectious disease. As will
be discussed in this article, the ability of microorganisms
to not only respond to, but also produce the very same
neurochemicals that are more typically thought in the
context of mammalian systems, means that host inter-
actions with microorganisms are much more interactive
than previously envisioned. This is the basis of micro-
bial endocrinology (1, 2, 7–9). As such, microbial en-
docrinology has found applications outside of infectious
disease (where it has its developmental roots) including
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other aspects of host health such as the ability of the gut
microbiota to influence the brain and behavior through
the microbiota-gut-brain axis (10–12). This review will
address how and why the fields of microbiology and
neurobiology should intersect and what the relevance of
this interaction is for infectious disease.

Note Regarding Definitions
When attempting to unite certain aspects of two seem-
ingly disparate fields, the use of terms which originated
in one field need to be addressed if they carry the same
meaning in the other. The use of the terms “neuro-
transmitter,” “neuromodulator,” and “neurohormone”
are designations that are associated with neurobiology
and not microbiology. In neurobiology, a neurotrans-
mitter is any chemical messenger that can act locally
between two different neurons. In doing so, it is released
from one neuron and diffuses across a small gap sepa-
rating the two neurons, referred to as a synaptic cleft,
where it binds to a receptor on the second neuron,
thus communicating and possibly propagating a signal.
A neuromodulator is similar to a neurotransmitter but
does not need to be released at a synaptic site and can
act across longer distances and possibly act through a
second messenger. The term neurohormone is used to
identify those substances secreted by neuroendocrine
cells into the systemic circulation that can exert effects
on distant sites. To further complicate matters, any one
chemical can have multiple roles; a neurochemical such

as norepinephrine can be both a neurotransmitter and a
neurohormone.

Given that microorganisms can form communities, a
case can be made that the local release by cells within
one community adjacent to another in a section of the
gut fulfills the requirement of a neurotransmitter. Or
release by one community in the cecum can have down-
stream effects on another microbial community in the
colon, thus fulfilling a neurohormone-type definition.
How one should apply these neurobiological terms to
microbiology has yet to reach any consensus within the
scientific community. Thus, for the purposes of consis-
tency and ease of presentation, any chemical produced
by a microorganism that is also recognized within neu-
robiology as either a neurotransmitter, neuromodulator,
or neurohormone in a mammalian system will be re-
ferred to in this article as simply a “neurochemical.” For
the neurochemicals discussed in this article, the reader is
referred to any standard neuroendocrinology reference
book such as reference 13 for the current definitions
and spectrum of biological activities in animals, encom-
passing their role in homeostasis and various disease
pathologies.

HISTORICAL EVIDENCE FOR MICROBIAL
ENDOCRINOLOGY IN INFECTIOUS DISEASE
In 1983 a clinical report appeared which described the
development of gas gangrene in a 13-year-old girl fol-
lowing the intramuscular injection of epinephrine (14).
That the administration of a neurochemical more com-
monly associated with a stress response should result in
the appearance of a life-threatening infection should not
have come as a surprise to the authors. Even as late as
1968, Harvey and Purnell, commenting on a fatal case
of gas gangrene in a 22-year-old man who had received
an intramuscular injection of epinephrine, wrote that the
practice of epinephrine administration in the buttocks
must be discontinued due to the probability of the in-
jection site harboring clostridial spores (15). However,
knowledge of such associations between an injectable
neurochemical that has varied uses from treatment of
urticaria to suppression of local inflammatory reactions
and the development of a life-threatening infectious dis-
ease had been known since the 1930s (6).

The curious history of a dreaded infectious disease,
gas gangrene, and an injectable catecholamine (epineph-
rine is a member of the catecholamine family; Fig. 2) that
is used to treat a wide spectrum of medical conditions
ranging from anaphylaxis to urticaria is illustrative of
the intersection of neurobiology and microbiology in the

FIGURE 1 The conceptual basis of microbial endocrinology
represents the intersection of microbiology and neurobiology
and is based on the commonly shared neurochemicals that
form the evolutionary basis of cell-to-cell communication in
vertebrates (see text for in-depth discussion).
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pathogenesis of infectious disease. The latter part of the
19th century and early 20th century was a time that
saw both the rise of modern endocrinology as personi-
fied by the first synthesis and application of a purified
endocrine compound, epinephrine (16), and at the same
time the continued development of modern bacteriol-
ogy. Individually, each field continued its upward tra-
jectory of increased understanding of the mechanisms
by which they had respective roles to play in disease and
homeostasis. Little research was done into how the fields
might interact with one another. Undoubtedly, much
of this was due to the prevailing view that the microbe
could not be equated on the same level as multicellu-
lar organisms. However, a more interactive role of the
microbiota with the host beyond the more fundamental
aspects of pathogenesis was envisioned by some at the
time. Concepts that were in many ways the forerunner of
modern thinking in the ability of the microbiota-gut-
brain axis to influence behavior (discussed later in this
article) were advanced by a number of individuals at the
time (17).

From the early to mid-20th century, both clinicians
and microbiologists were aware of the association of
endocrinology and microbiology thanks in large mea-
sure to the cases of epinephrine and gas gangrene re-
ported in the literature. In fact, these researchers early
on identified the mechanism by which the association of
epinephrine with Clostridium perfringens, the causative
agent of gas gangrene, often proved to be a fatal one for
the patient. Prior to the advent of disposable syringes,
metal needles and glass syringes were reused constantly
between patients, with only a cursory cleaning in alco-
hol. Patient to patient transmission of infectious dis-
ease was frequently encountered due to the inadequate
alcohol treatment of syringe needles, which could only
marginally kill actively growing (vegetative) bacterial
cells, but not bacterial spores. As is well understood
today, certain vegetative bacteria such as C. perfringens,
can undergo sporulation. Such spores, which are formed
from the vegetative cells under conditions of nutritional
deprivation, are totally resistant to alcohol treatment
and can only be killed by autoclaving. From those early
reports (6) it was determined that a previously used
syringe needle that had been employed to treat a gas
gangrene patient was then used to administer epineph-
rine to a patient for urticaria. Within 6 hours a fatal
fulminating gas gangrene infection developed. These
reports noting the rapidity of infectious spread in pa-
tients receiving epinephrine injections with contami-
nated needles led A. A. Miles and colleagues in 1948
to begin a series of experiments examining the role of

FIGURE 2 The chemical biosynthetic pathway for catechol-
amines utilizes the same pathway (substrates and cofactors)
in microorganisms as it does in animals (47). Courtesy of
NEUROtiker, licensed under CC-BY-SA 3.0 (https://creative
commons.org/licenses/by/3.0/us/).
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catecholamines in bacterial pathogenesis (18). In these
experiments, the ability of epinephrine to modulate
the in vivo growth of both Gram-positive and Gram-
negative bacteria in a guinea pig model was conclusively
demonstrated in tissue slices with enhancement of
growth of bacteria coinjected with epinephrine that was
log orders greater than that for control slices coinjected
with saline (18). It should be noted that norepinephrine
was not investigated. The authors concluded that the
ability of epinephrine to dramatically enhance bacterial
growth was due to some protective coating of the bac-
teria by epinephrine or an epinephrine-induced inhibi-
tion of immune cell function. The testing of each of these
possible mechanisms, however, met with failure (18).

Significantly, at no time did these authors or others
suggest that the action of epinephrine on bacterial
growth was due to a direct, nonimmune effect as is dis-
cussed in this article. Interestingly, one technique that
has been used by microbiologists to enable gas gangrene
infections to “take” in mice has been the coinjection of
epinephrine along with C. perfringens (19). As C. per-
fringens infections are difficult to establish in a mouse
model, the finding that coinjection with epinephrine
could enhance infectivity proved to be a valuable tool for
medicinal chemists to use in the design of new chemo-
therapeutic drugs against infection. Interestingly, Traub
(19) described that only fresh, and not oxidized, epi-
nephrine solutions were successful in enhancing C. per-
fringens infectivity in mice. With a new generation of
microbiologists and the advent of molecular techniques
to evaluate potential antimicrobials in vitro, the use of
animal models decreased, and this technique was no
longer utilized. In a larger scope, this and the history that
preceded it did not make its presence felt in mainstream
microbiological thought. However, as detailed in the
following section, a flurry of activity by a number of
investigators highlighted the evolutionary relationship
of host neurochemicals in microorganisms and what
this meant for health and the pathogenesis of infectious
disease.

WIDESPREAD PRESENCE OF
NEUROCHEMICALS IN MICROORGANISMS
It is perhaps somewhat surprising to learn that neuro-
chemicals which are more commonly associated with
mammalian nervous systems are in fact widely dispersed
throughout nature. For example, the biogenic amines,
particularly the catecholamine family, have been iden-
tified in plants (20) as well as insects (21) and fish (22), in
addition to most vertebrates. Although textbooks which

deal with neurobiology, endocrinology, and neuro-
physiology certainly do not mention the presence of the
very same neurochemicals in microorganisms, it should
be recognized that their presence in microorganisms
(both prokaryotic and eukaryotic) had been the subject
of intensive research and debate in the 1970s and 1980s.
But more importantly, these groups of investigators were
among the first to ascribe an evolutionary basis to the
shared presence of hormonal peptides in vertebrates
and unicellular microorganisms (23, 24). Others, such as
Mayer and Baldi (25), were among the first to propose
that the evolutionary basis for these shared regulatory
peptides represented a “universal structured code for
biological communication” between individual systems.
In discussing these earlier studies, the terms “hormonal
peptide” and “regulatory peptide” are used as in the
original text instead of “neurochemicals,” as discussed
in the note at the beginning of this article. The reason
is that these early papers were chiefly concerned with
shared peptides and not neurochemicals such as the
catecholamines (23, 24).

What is perhaps most surprising to microbiologists
and neurobiologists is that microorganisms themselves
possess the very same neurochemicals that are found in
vertebrates. The range of neurochemicals and the variety
of microorganisms in which they have been identified
is very large (26). These include, but are not limited
to, acetylcholine (27, 28), histamine (29–31), serotonin
(32–34), catecholamines (33–36), and agmatine (37,
38). All of the preceding neurochemicals are important
components of an animal’s nervous system. The pres-
ence of insulin-like material in microorganisms has also
been extensively documented, with its biological activity
demonstrated in every microorganism examined to date
(26, 39). Other neurochemicals isolated from micro-
organisms which have been shown to have biological
activity in mammalian cells include corticotropin from
Tetrahymena pyriformis (40), somatostatin from Bacil-
lus subtilis (41), and progesterone from Trichophyton
mentagrophytes (42). Numerous other neurochemicals
identified by radioimmunoassay and chromatographic
behavior, as well as the presence of the corresponding
putative receptor, have also been demonstrated in vari-
ous microorganisms (for reviews see references 23, 26,
43).

Investigators have debated the significance of such
neurochemicals in microorganisms for decades. The
most widely accepted theory concerns the use of such
neurochemicals as a form of intercellular communi-
cation (24, 44). Indeed, studies have shown that the
growth of colonies of Escherichia coli involves a high

4 ASMscience.org/MicrobiolSpectrum

Lyte

http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  54.70.40.11

On: Sat, 03 Aug 2019 15:50:20

degree of specialization of function by individual bac-
teria (45, 46) and, presumably, the need for some form
of intercellular communication to accomplish this goal.
It should not, therefore, be surprising that the develop-
ment of intercellular signaling systems in animals has
been proposed to be due to horizontal gene transfer from
bacteria (47). For example, the complete biosynthetic
pathway for the catecholamines is found in bacteria.
This includes all the same substrates and cofactors that
are used in animals (47).

While the ubiquitous distribution of neurochemicals
and receptors throughout nature is not fully appreciated
in the fields of microbiology and neurobiology, it should
be borne in mind that this widespread distribution im-
plies that microorganisms have had ample opportunity
to interact with multicellular systems along a very long
evolutionary time frame. For example, there is an ex-
tensive literature documenting the presence of neuro-
chemicals in normal plant physiology extending from
pollen germination to stimulation of flowering and
catecholamines in particular (48). From an evolutionary
viewpoint, since the upregulation of neurochemicals in
nonvertebrates is also temporally associated with times
of increased rate of infection susceptibility, bacteria
have probably evolved to exploit neurochemicals as
biomarkers of stress and thus host weakness. It then
follows during this evolutionary process that organisms,
such as plants that have to combat bacterial challenges
during periods of stress, have developed means based
on interruption of the microorganisms-neurochemical
interface to combat stress-induced infection.

Critically, evidence has been published that supports
this line of reasoning. In response to the challenge
with the plant pathogen Pseudomonas syringae, which
causes bacterial speck on the leaves of tomato plants,
especially during cold periods, tomato plants produce
the metabolite p-coumaroylnorepinephrine (Fig. 3). As
can be seen in Fig. 3, p-coumaroylnorepinephrine is a
conjugate of hydroxycinnamic acid with norepineph-
rine. Although the purported mechanism of action of
p-coumaroylnorepinephrine is in maintaining plant cell
wall integrity (49), no data was actually presented to
demonstrate this facet of activity. Instead a role for
antimicrobial activity role was demonstrated by Zacares
et al. (50), who reported not only direct antimicrobial
activity of p-coumaroyldopamine against P. syringae,
but also that tomato plants can also synthesize the
hydroxycinnamic acid amides of dopamine to yield
p-coumaroyldopamine (50). Interestingly, the produc-
tion of these hydroxycinnamic acid amides of biogenic
amines has also been reported in as diverse plant species

as pepper (51–53), potato (54, 55), and wheat (56),
thereby indicating evolutionary conservation of an
important metabolite that is only produced in times
of plant stress to protect against bacterial pathogens.
This phenomenon highlights that microorganisms can
interact with potential hosts, be they other bacteria,
plants, insects, fish, or vertebrates, through the micro-
bial endocrinology-based mechanism of shared neuro-
chemicals. The most thoroughly researched interactions
between host (regardless whether the host is plant, fish,
or animal) and infectious microorganism have been con-
cerned in some fashion with stress, as will be discussed in
the following sections.

Note Regarding Bidirectionality
of Microbial Endocrinology
As discussed previously, there is a common evolutionary
pathway in which stress-related neurochemicals first
evolved in bacteria and, through lateral gene transfer,
were acquired by mammals (47). This means that a
“mechanistic bidirectional” signaling pathway for these
neurochemicals exists between microbiota and the host
in which neurochemicals produced by the host can in-
fluence the microorganism (Fig. 4A), and neurochemi-
cals produced by the microorganism, in turn, can affect
the host (Fig. 4B) (5, 57, 58). Although the direction
shown in Fig. 4A is more thoroughly addressed in this
article than the one shown in Fig. 4B, the latter is of
no less significance in the ability of microorganisms to
influence host health. For example, the ability of pro-
biotics to produce neurochemicals has been known for
decades (28). Recently, this ability has been proposed
as a means to influence the microbiota-gut-brain axis

FIGURE 3 The plant metabolite p-coumaroylnorepinephrine
is synthesized in response to stress and infection. This com-
pound as well as p-coumaroyldopamine are hydroxycinnamic
acid amides of norepinephrine (box designates norepineph-
rine part of the structure) and dopamine, respectively, and
have been shown to have direct antimicrobial activity against
the plant pathogen Pseudomonas syringae (50).
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and thereby influence host brain and behavior as well
as potentially influence disease processes that have a
neuroimmune component and can thus be regulated
by compounds that interact with neurochemical recep-
tors on immune cells (59, 60). It should be noted that
in Fig. 4B, diet is included as it can provide the substrates
and cofactors needed by the microorganisms to produce
the neurochemical as part of the biosynthetic pathway
(61–63).

NEUROPHYSIOLOGICAL CONSIDERATIONS
AND THEIR RELEVANCE TO
MICROBIAL ENDOCRINOLOGY
In considering the microorganism-host interface as
regards infectious disease, the neurophysiological envi-
ronment that is present becomes a pivotal factor influ-
encing whether a productive infection may develop.
It must be stated at the outset of this section that the
dynamic and multifactorial nature of both host and

FIGURE 4 The evolution-based neurochemical signaling pathway between microor-
ganism and host means that a neurochemical(s) produced by the host can influence the
microorganism (A), and at the same time a neurochemical(s) produced by the microor-
ganism can, in turn, influence the host (B). As shown in part B, diet plays a crucial part in the
latter because it provides the substrates and cofactors necessary for the microorganism to
produce a specific neurochemical according to a biosynthetic pathway that is the same as
that found in the host.
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microbial factors underlying any infectious disease epi-
sode are highly complex. As such, it should be recog-
nized that a microbial endocrinology-based mechanism
represents only that which may be present at a specific
time point during the infective process. Thus, it is ex-
pressly not the objective of this chapter to obviate or
diminish in any way the multitude of other factors,
whether host or microbial, that are involved in the
pathogenesis of infectious disease.

At the same time, from a conceptual point of view,
any consideration of the neurophysiological environ-
ment must take into account both the host and the
microbe itself. This is because both are equally capable
of producing and responding to neurochemical signals
produced by one another. Further contributing com-
plexity into this already complex equation is the recent
demonstration that neurochemicals produced by one
bacterial genera in the gut can affect another. A recent
example of this can be found in the work by Strandwitz
et al. (64), who showed that production of gamma-
amino butyric acid (GABA) by one gut bacterial species
is required for the growth of another. In this preliminary
work, growth and subsequent isolation of the gut mi-
crobe Flavonifractor spp. from fecal matter was depen-
dent upon a neighboring GABA-producing bacterium,
such as Bacteroides fragilis. This preliminary report sug-
gests that production of any neurochemical by a microbe
may also affect neighboring microbial communities.
Whether the consequences are beneficial or harmful in
creating an environment which may favor or hinder any
potential pathogen has yet to be investigated. Much will
depend on a number of factors such as where in the
gut the neurochemical-producing and neurochemical-
responsive microbial communities are regionally located
as well as whether the communities are luminal or mu-
cosal associated. While an in-depth discussion of neu-
rophysiology and the production of neurochemicals is
beyond the scope of this article (the reader is directed to
standard neuroendocrinological texts such as reference
13), a discussion of the neurochemical environment of
the two main avenues in which pathogenic microorga-
nisms can enter a host is warranted.

Lung Environment
The lungs are extensively innervated by nerves belonging
to the autonomic nervous system. For example, adren-
ergic and cholinergic components of the autonomic
nervous system have been demonstrated to extensively
innervate pulmonary tissue in the pig (65). Such exten-
sive innervation serves a number of functions in the
regulation of normal pulmonary homeostasis such as

control of smooth muscle tone, secretion of mucus from
submucosal glands, and blood flow within the lungs
themselves (66). While there is understandably a large
body of literature on autonomic nervous system–related
receptors in the human regarding treatment option for
a number of pulmonary–related disease states, there is
little knowledge of the neural innervation of the bovine
lung and correspondingly little, if in fact any, reports of
the neuroendocrine environment within the nonhuman
lung following a stress-related event. It can reasonably
be assumed that given the extensive blood flow in the
lung, as well as the abundant noradrenergic nerve in-
nervation which is also present throughout the organ,
that a stress-related event would result in substantial
amounts of catecholamines being present within the
lung space. These stress-released catecholamines would
be then available to interact with any bacterial patho-
gens that might also be present in the lung. One study
which indicated that this would indeed be the case was
performed in sheep where endotoxin-mediated injury to
the lung resulted in elevated plasma levels of both nor-
epinephrine and epinephrine within the lung space (67).

If concentrations of catecholamines such as norepi-
nephrine are indeed elevated within the stressed lung, it is
likely that it would contribute to the infective process by
directly interacting with bacterial pathogens. Anderson
and Armstrong (68) have shown that the in vitro growth
of the respiratory pathogen Bordetella bronchiseptica
is greatly increased in the presence of norepinephrine and
that this ability is, in part, mediated by the ability of
norepinephrine to increase acquisition of transferrin-
bound iron by B. bronchiseptica. That the interaction
of stress-related neurochemicals with the lung may be
an area worth investigating can also be seen in a study
which examined the interaction of the Mycoplasma
hyopneumoniae with norepinephrine. Global transcrip-
tional analysis ofM. hyopneumoniae following exposure
to norepinephrine revealed numerous changes within
the overall pattern of upregulation of protein expression
and downregulation of general metabolism (69).

Gastrointestinal Environment
A cursory examination of the papers dealing with gas-
trointestinal infections and the host environment will
find a predominance of investigations dealing with im-
mune responses. Fewer numbers of reports have dealt
with the host nervous system that innervates the gut,
specifically the division of the nervous system known
as the enteric nervous system (ENS) (70, 71). The ENS is
composed of over 500 million neurons and is in con-
stant communication with the central nervous system
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through nerves such as the vagus nerve, which directly
connects portions of the gut to the brain. It is through
this ENS-vagus connection that information derived
from elements of the ENS that innervate the gut is
transmitted to the brain (70). Further contributing to
the amount of information obtained in the gut are the
luminal epithelial chemosensors, which can respond to
and transmit information regarding bacterial metabo-
lites such as neuroactive compounds that are contained
within the luminal space (72). This gut-to-brain com-
munication has been the subject of intensive study for
many years and is now recognized to play an important
role in the ability of gut-related pathologies to also result
in mental health–related issues such as depression (73).
The inclusion and recognition that microorganisms in-
teract with elements of the ENS and thereby contribute
to the information that is received by the brain con-
cerning the physiological state of the gut has led to the
relatively new field of study known as the microbiota-
gut-brain axis (11).

To give an idea how extensive is the neuronal inner-
vation of the gut and that such innervation can con-
tribute to neurochemicals being present at the mucosal
interface as well as in the mesenteric organs that are
available to interact with microorganisms, the stomach
provides an instructive example since it is essentially a
dopaminergic organ producing the highest amount of
dopamine in the body (74, 75). In fact, the entire length
of the gut contains extensive arrays of neuronal inner-
vation extending to the tips of the gut villi that produce
biogenic amines which can be detected in the luminal
space and are accessible to the microbiota (76, 77). Re-
cent data has also shown that even epithelial cells are
capable of producing neurochemicals such as the cate-
cholamines dopamine and norepinephrine, albeit in the
vaginal tract (78). Brosnahan et al. (78) reported that in
response to infection with Staphylococcus aureus, the
production of norepinephrine and dopamine by vaginal
epithelial cells contributed to an enhanced state of in-
flammation as reflected by increased levels of the cyto-
kines IL-6 and IL-8 and the chemokine MIP-3α. This
recently reported ability of a vaginal epithelial cell to
produce neurochemicals further highlights that bacterial-
neurochemical interactions can occur at a number of
host-bacterial interfaces and that the possible anatomical
sites that can serve as an infectious entry point where
microbial endocrinology can play a part in the infective
process should not be thought to be restricted only to the
gastrointestinal tract (79). Indeed, corneal epithelial cells
have been reported to contain detectable intracellular
concentrations of epinephrine that would be available

to an infectious agent to utilize as it seeks to establish a
productive infection (80). Thus, the examination of gut
epithelial cells for the production of neurochemicals
would seem warranted.

While host contributions of neurochemicals into the
lumen of the gut, as well as presumably interstitial spaces
in the lung, are easily understood due to extensive neu-
ronal innervation in surrounding tissue, contributions
by the microbiota itself have recently been recognized.
Asano et al. (35) reported that while the catecholamines
norepinephrine and dopamine were produced in appre-
ciable physiological amounts in the luminal contents
of specific pathogen-free mice, in germ-free animals
substantially lower amounts were detected. Critically,
whereas the majority of catecholamines in pathogen-free
animals were structurally determined to be free and bi-
ologically active, those found in germ-free animals were
present in a biologically inactive, conjugated form.
Inoculation of germ-free animals with the flora from
specific pathogen-free mice resulted in the production
of free, biologically active catecholamines within the
gut lumen. As such, this report clearly established that
in vivo the microbiota is capable of producing neuro-
chemicals that are commonly only associated with host
production (35).

Other neurochemicals for which host levels were
solely thought to be only due to host-derived production
have also been found to have a portion contributed by
the microbiota. Production of serotonin had been noted
in the intestinal tract of the parasitic nematode Ascaris
suum nearly three decades ago (81, 82). Comparison
of the plasma level of serotonin in conventionally colo-
nized mice with that in germ-free animals revealed
that plasma serotonin levels were nearly 3-fold higher in
the conventionally colonized mice as compared to the
germ-free animals due to the presence of the microbiota
in the conventionally colonized animals (83). More re-
cently, Sridharan and colleagues demonstrated that gut
microbiota in specific pathogen-free mice are able to
produce serotonin (84).

STRESS AND INFECTIOUS DISEASE AS A
MODEL OF THE RELEVANCE OF MICROBIAL
ENDOCRINOLOGY FOR UNDERSTANDING
MECHANISMS GOVERNING THE
PATHOGENESIS OF INFECTIOUS DISEASE
The study of stress and how it relates to infectious dis-
ease has been the most intensely studied facet of micro-
bial endocrinology to date. It provides the best example
of how the study of the intersection of microbiology and
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neurobiology, otherwise referred to as microbial endo-
crinology, can lead to new insights regarding the ability
of microorganisms to cause disease. The majority of
our understanding of the neurochemical outflow from
stress has been through the examination of blood-borne
catecholamine levels (85), reflective of an extensive
catecholaminergic system in the gut (86). A handful
of studies have found high concentrations of neuro-
chemicals being produced within the gut for which little
explanation exists (75, 87). As already mentioned, the
stomach is a dopaminergic organ producing the highest
amount of dopamine in the body (74). The entire length
of the gut contains extensive arrays of neuronal inner-
vation extending to the tips of the gut villi that produce
biogenic amines which can be detected in the luminal
space and are accessible to the microbiota (76, 77, 79).
Throughout the body, most of the neurochemical deg-
radation that is associated with stress is due to enzymes
contained within the gut, not by extragastrointestinal
systems as was once commonly believed (85). The gut is,
therefore, the site where stress and microbiota can in-
teract with consequences for the pathogenesis of infec-
tious disease.

Both physical and psychosocial stress, as well as
alteration of circadian rhythm, have been shown to alter
microbiota community structure within the gut (88–
92). These studies have relied on the analysis of ex vivo
biological samples, primarily fecal matter. Given that
the gut is not homogenously innervated by the ENS, it is
likely that the elaboration of stress-related neurochemi-
cals is primarily located in areas of high innervation.
Recent work performed in murine (89, 93) and porcine
(94) models has shown that the ability of stress to alter
community structure within the gut strongly depends on
the anatomical region of the gut in which the community
is located (presumably correlated with high enteric
innervation as these studies did not also examine neu-
roanatomical innervation in the microbiota sample
regions). This highlights the inability of simple exami-
nation of fecal material to gain an understanding of the
degree to which stress can influence host microbiota.
Because of these limitations in methods, regional differ-
ences in microbiota community structure throughout
the different gut regions are only now beginning to be
elucidated (89, 93, 94).

A pivotal study which demonstrated the rapidity with
which the microbiota community structure within the
gut can rapidly change due to the influx of host stress-
related neurochemicals into the lumen was shown in a
neurotoxin-induced model of trauma (95). One of the
consequences of severe trauma is the massive release of

stress-related neurochemicals, primarily the catechol-
amines (96, 97). At the same time, gut-related infections
primarily due to the emergence of commensal micro-
organisms, such as E. coli, are a well-recognized surgical
issue (98–100). The use of a neurotoxin-induced model
of injury was able to demonstrate that these two events
were not just correlated, but the sudden and massive
release of stress-related neurochemicals was actually the
cause of the altered microbial community structure in
the gut and the emergence of potential Gram-negative
pathogens (95). Within 24 hours following the admin-
istration of the neurotoxin 6-hydroxydopamine, the re-
lease of catecholamines from neurotoxin-injured enteric
neurons into the lumen resulted in the rapid alteration
of microbiota community from one that was dominated
by Gram-positive taxa to one dominated by a single
Gram-negative bacterial species, namely E. coli (95).
Further evidence of the association of neuronal activity
to microbiota composition was observed as injured
nerves rehealed over a 2-week period; the microbiota
community structure returned to normal (95). Exami-
nation of a number of commensal E. coli strains ob-
tained from the feces of healthy donors demonstrated
their ability to rapidly increase their rate of growth
in response to physiological levels of norepinephrine,
thereby suggesting that the release of catecholamines
within the gut may be a contributory factor in trauma-
related sepsis (101).

Note Regarding Experimental Design
Used in the Examination of Microbial
Endocrinology–Based Mechanisms
in Infectious Disease
As the spectrum of neurochemicals that have been
identified in microorganisms is quite extensive, there
is not one mechanism that can be identified that applies
to all. Although it could quite correctly be proposed
that another reason for the lack of common mecha-
nisms being identified to date is the sheer number and
diversity of microorganisms, the principal reason can,
in part, be found in the art of microbial culture itself.
The use of the word “art” is not taken lightly since many
of the media which are used today, especially the rich
media, had their origins in clinical diagnosis and sur-
gical treatment where the rapid growth and quantita-
tion of bacterial numbers determined when to amputate
an infected limb or to simply debride (102). These media
were, and still remain, largely of animal origin and con-
tain highly undefined source materials such as brains
and hearts as can be found in a prototypical example of
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brain-heart infusion broth. The end result is that each
microbiological medium will contain variable amounts
of substrates and cofactors that can be used by the mi-
croorganism in the production of any one specific neu-
rochemical. Further, the origin of the source material
can change, especially if it is of animal origin. For
example, media producers will obtain meat from the
lowest-cost providers, leading to use of cattle from dif-
ferent regions and countries. In this common case, cattle
will be of different genetic origins and undoubtedly will
have been raised on different feed sources. The end result
is that the concentration of neurochemical precursors
and cofactors that are needed as part of the biochemical
synthesis pathway for a particular neurochemical will
vary greatly, leading to incorrect conclusions concerning
the ability of a microorganism to produce or respond to
a specific neurochemical.

An example of this can be seen in a report which
concluded that the addition of epinephrine to trypticase
soy broth did not result in any change in growth (103).
The authors did not even consider that the medium
employed already allowed optimal growth of their test
bacterial species, which in this case was S. aureus. Fur-
ther increases in growth were therefore highly unlikely.
The principal difference between this report fromMagee
et al. (103) and the large numbers of other reports dis-
cussed in this article which have demonstrated the abil-
ity of a wide range of microbial species to respond
to catecholamines is that the former used a rich micro-
biological medium while the latter studies used more
in vivo–relevant media. That an incorrect interpretation
of in vivo results can arise from results based on a less
than ideal in vitro experimental design can be seen in a
report which demonstrated the ability of epinephrine at
a wound site to increase the rate of S. aureus growth by
log orders over the nonepinephrine control (104). In
explaining this in vivo result, Tran et al. (104) dismissed
any consideration of a direct effect of the epinephrine
on the microorganism itself based on the in vitro results
obtained by Magee et al. (103) and instead ascribed the
result due to inhibition of immune responses, although
prior reports, such as those by Miles and colleagues (18,
105), found no evidence of immune suppression as
a mechanism by which epinephrine potentiated intra-
dermal infections. It should be noted that subsequent
studies have shown that epinephrine actually potentiates
the ability of neutrophils to accumulate at the site of in-
fection (106), which would lead to less bacterial growth,
not more.

Other considerations in experimental design have
been covered in detail elsewhere (for review see reference

107). Among the specific points that need to be empha-
sized in addition to those already discussed regarding
medium selection is that of inoculum density. O’Donnell
et al. (108) reported that the lower the inoculum density
in in vitro culture, the greater the response to exoge-
nously added catecholamines. This is not an unexpected
result if considered from an infectious disease standpoint
where the host most often encounters not high infectious
loads, but instead, low doses that then result in disease.
Inoculum densities in the millions or even hundreds of
thousands of colony forming units in tissue culture are
not reflective of the in vivo situation, where as little as 10
colony forming units of an infectious bacterium such as
E. coliO157:H7 can result in infection (109). Utilization
of doses of microorganisms that reflect the amount that
actually results in the development of a productive in-
fection in the host is critical to elucidating the mecha-
nism(s) by which host and microbial factors interact
in the pathogenesis of infection. As such, the overall
consideration that must govern any examination of the
microbial endocrinology–based mechanisms underlying
the pathogenesis of infectious disease is the design of
an experimental system which more closely mimics the
in vivo milieu that the microorganism finds itself in at
the time of initiation of the pathogenic process.

Stress-Related Neurochemicals as Prototypical
Neurochemicals Used in the Examination of
the Role of Microbial Endocrinology in
Infectious Disease
Throughout this article, stress has served as a unifying
theme to illustrate the extent to which microbial endo-
crinology plays a role in infectious disease. This is not as
much owing to any specific editorial design but instead
due to the majority of publications which have utilized
stress-related neurochemicals in experimental design. As
such, the mechanisms underlying the ability of the main
family of stress-related neurochemicals, the catechol-
amines (Fig. 2), to influence the pathogenesis of infec-
tious disease will be the primary focus of this section.
Other neurochemicals not related to the stress response
will also be discussed following the catecholamines.

Catecholamine biochemistry
Principal among the catecholamines that are released
during stress events are epinephrine from the adrenal
medulla and norepinephrine from sympathetic nerve
terminals. Interest in the role that catecholamines may
play in bacterial pathogenesis has been heightened by
the demonstration that catecholamines can directly
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stimulate bacterial growth and elaboration of virulence-
associated properties as well as production of auto-
inducer-like substances (4, 9, 77, 108, 110–117). The
biochemical pathway for the synthesis of catecholamines
is L-dopa (most commonly derived from food sources)
→ dopamine → norepinephrine → epinephrine (Fig. 2).
Given the close structural similarity between the 2,3-
dihydroxybenzoylserine ring of catecholamines to the
catecholate siderophores, it is not surprising to find the
involvement of iron as a mechanism (113).

The question may be asked whether most of the re-
sults seen are simply due to the catecholamine-facilitated
provision of iron. Results from a number of studies in
which iron was not a limiting factor demonstrate that
this is not the case. These include, but are not limited to,
studies such as that of Peterson et al. (118), who showed
that exposure to norepinephrine increased the ratio of
horizontal gene transfer of antibiotic-resistant genes
between enteric pathogens. They further demonstrated
that the ability of norepinephrine to increase horizontal
gene transfer between bacteria was blocked by α but not
β-adrenergic receptor antagonists and that, critically,
these results were observed in iron-replete medium.

Other studies have also demonstrated that the effects
of stress-related neurochemicals are not simply due to
the facilitated provision of iron; some of these include
studies in which exclusively enteric pathogens such as
Yersinia enterocolitica increase growth in the presence
of norepinephrine and dopamine, but not when exposed
to epinephrine (4), despite having been shown in other
studies to increase provision of iron (113). This speci-
ficity in the utilization of specific catecholamines may
have an evolutionary explanation in that bacteria may
have developed the ability to recognize host neuro-
chemicals based on the evolutionary association with
specific anatomical regions of the host. In the case of
epinephrine in the gut, enteric microorganisms would
not encounter this neurochemical since the neurons con-
tained within the ENS that innervates the entire length of
the gut do not possess the enzyme phenylethanolamine-
N-methyltransferase, which is needed for conversion
of norepinephrine to epinephrine in the catecholamine
biosynthetic pathway (Fig. 2) (119). As such, intestinal
pathogens which are not commonly associated with ex-
traintestinal infection, such as Y. enterocolitica, have not
developed the ability to respond to the stress neuro-
chemical epinephrine despite its ability to facilitate the
provision of iron.

Work performed in the 1970s further points out that
iron is simply not the only mechanism. Okamura et al.
(120) demonstrated that while dopamine and norepi-

nephrine can be oxidized by membrane-bound tyramine
oxidase at relative rates of 99% and 77%, respectively,
epinephrine cannot be utilized at all. Again, specificity in
the utilization of individual members of the catechol-
amine family of stress-related neurochemicals by unique
microorganisms provides key insights into mechanisms
and demonstrates that we need to look beyond simple,
albeit critical, mechanisms such as the provision of iron.
That iron provision may be happening at the same time
as part of an infectious microorganism’s response to any
neurochemical should not obscure the search for other
mechanisms. More recently, Xu et al. in 2015 (121)
demonstrated that analysis of the transcriptomic pro-
files of the food-borne pathogen Campylobacter jejuni
NCTC 11168 grown in iron-restricted medium in the
presence or absence of norepinephrine or epinephrine
revealed that each catecholamine elicited the expression
of unique numbers of genes. For example, of the 183 and
156 genes that were differentially expressed by C. jejuni
as a result of growth in epinephrine- or norepinephrine-
containing medium, respectively, only 102 genes were
common to both catecholamine conditions. Those genes
that were differentially expressed encompassed a wide
variety of cellular functions beyond simply iron uptake
extending from DNA repair and metabolism to oxida-
tive stress response and ribosomal protein biosynthe-
sis as well as virulence and motility (121). In a similar
fashion, earlier work by Li et al. (122) demonstrated
that culture of the respiratory pathogen Actinobacillus
pleuropneumoniae with epinephrine or norepinephrine
resulted in the differential expression of 158 and 105
genes, respectively, as compared to controls. Critically,
among the catecholamine-induced differentially regu-
lated genes, only 18 genes were common to both epi-
nephrine and norepinephrine, which suggested that
bacterial pathogens such as A. pleuropneumoniae may
possess multiple responsive systems for individual mem-
bers of the catecholamine family that impact bacterial
physiology.

One of these possible neurochemical-related mecha-
nisms may be the induction of growth factors produced
by microorganisms as part of their response to neuro-
chemicals. The first description of a neurochemical-
induced growth factor produced by a bacterium was
reported in 1996 when E. coliO157:H7 cocultured with
norepinephrine resulted in a supernatant that con-
tained a growth factor that when applied to naïve E. coli
O157:H7 increased the growth rate over 5 logs as com-
pared to controls (110). Remarkably, only amounts as
low as 0.391% of conditioned supernatant from nor-
epinephrine-stimulated bacteria were needed to induce
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rapid growth in naïve cells. Subsequent work demon-
strated that a number of bacterial strains were capable
of production of neurochemical conditioned medium
that could stimulate the growth of naïve cells (123).
Use of this neurochemical-produced conditioned media
has been successfully employed in the resuscitation of
Salmonella enterica serovar Typhimurium and entero-
hemorrhagic E. coli from the viable but nonculturable
state (124) as well as used in the design of a new selective
chromogenic plating medium for the identification of
Bacillus cereus (125). To date, concerted attempts at
elucidating the chemical structure of this neurochemical-
induced growth factor have been unsuccessful (M. Lyte,
unpublished work), although prior work has shown it not
to be a siderophore (110). However, a report by Burton
et al. (126) disputed the nonsiderophore nature of the
norepinephrine-conditioned medium and argued that it
was in fact enterobactin and its breakdown product 2,3-
dihydroxybenzoylserine.

Catecholamine receptor pharmacology
Catecholamines bind to specific receptors: norepineph-
rine to adrenergic receptors (divided into α and β types)
and dopamine and related synthetic compounds based
on catecholamine structure such as dobutamine to
dopaminergic receptors (divided into D1 to D5 sub-
types). Dobutamine is a synthetic derivative of dopamine
and is widely used in the treatment of congestive heart
failure. Although the vast majority of catecholamine
receptor pharmacology has been done in mammalian
systems, the characterization of adrenergic receptors in
nonmammalian systems utilizing pharmacological re-
agents developed for mammalian systems has enabled
the identification of adrenergic receptors in T. pyriformis
(127) and Trypanosoma cruzi (128). The small numbers
of studies that have attempted to examine adrenergic
receptor pharmacology in bacteria have produced con-
flicting results. The first reported study which examined
the ability of adrenergic receptor antagonists to block the
ability of norepinephrine to induce growth of E. coli
suggested the presence of a novel non-α, non-β adrener-
gic receptor in a variety of Gram-negative bacteria (129).
Work by Sperandio and colleagues (130, 131) has shown
that α-adrenergic antagonists could block the ability of
catecholamines to induce the production of autoinducer-
3 in E. coli 0157:H7, suggesting cross-communication
between host endocrine signals and bacterial quorum
sensing system(s). Additionally, Freestone et al. (132)
demonstrated the ability of involvement of dopaminergic
antagonists to block catecholamine-induced growth in
E. coli O157:H7, S. enterica, and Y. enterocolitica.

Catecholamines in the hospital setting and
relevance to infectious disease susceptibility
A majority of infections that are life-threatening occur
in the hospital setting (133). Among these nosocomial
pathogens, two specific genera stand out: Staphylococ-
cus spp. (134) and Clostridium spp. (135). In the case of
the former, coagulase-negative staphylococci, specifi-
cally Staphylococcus epidermidis, and for the latter
Clostridium difficile, are the primary species contribut-
ing to high rates of infection (135–137).

In the hospital setting patients are exposed to high
levels of stress either through clinical protocols involved
in treatment or through the administration of drugs
that dramatically elevate the level of systemic catechol-
amines. Treatments that contribute to high levels of
circulating stress-related neurochemicals include me-
chanical ventilation and parenteral feeding. Mechanical
ventilation is a method of assisted breathing in which
positive pressure is applied via an endotracheal or tra-
cheostomy tube to force air into the patient’s lungs.
Parenteral nutrition refers to feeding nutritional formula
to a patient via an intravenous tube thereby bypassing
the normal oral route of digestion. Human studies have
shown that both mechanical ventilation and parenteral
nutrition result in a sustained elevation of circulating
levels of catecholamines (138, 139). As will be described
in the following sections, these procedures ultimately
play an iatrogenic role in the development of nosocomial
infections.

Coagulase-negative staphylococci
as nosocomial pathogens
Of the 5 million intravascular catheters employed each
year, approximately 250,000 catheter-related blood-
stream infections are reported, with an attributable
mortality of 12 to 25% (140, 141). The organisms most
commonly isolated from indwelling medical devices
belong to the coagulase-negative staphylococci (C-NS).
The C-NS constitute a major component of the skin
microflora and were for many years regarded as sapro-
phytes, or at least as organisms with no or low virulence.
However, the C-NS, in particular S. epidermidis, have
become recognized as serious nosocomial pathogens
associated with indwelling medical devices such as
catheters (142–145) and prosthetic joints (146). The
increasing incidence of infections caused by these bac-
teria can be attributed to their particular affinity for the
biomaterials of the invasive technologies integral to
much of modern medicine. In association with appro-
priate biomaterial surfaces, such as those ranging from
polysilicone in catheters to steel in hip replacements,
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S. epidermidis adheres and proliferates to form biofilms,
highly complex structures that represent functional
communities of microbes (147, 148). Understanding the
environmental factors that can contribute to the ability
of C-NS to act as nosocomial pathogens would be of
obvious benefit to high-risk patients.

Evidence to support a role for catecholamines
in the formation of S. epidermidis biofilms
S. epidermidis biofilms are multilayered microbial cell
clusters embedded within a diffuse extracellular poly-
saccharide (EPS) matrix often referred to as slime (149).
Although the mechanics of biofilm formation are not
yet fully understood (150), it is generally agreed that the
process takes place in two stages: rapid attachment to
the surface followed by a prolonged phase that involves
cellular proliferation and intercellular adhesion (151).
Adherence depends on cell-surface characteristics of the
bacteria, in particular, hydrophobicity (152, 153), the
presence of adhesive surface-associated proteins (154,
155), EPS production (156), the nature of the biomate-
rial (157, 158), and the presence on the indwelling de-
vice of deposited host proteins, such as fibrinogen,
fibronectin, and vitronectin (151). Characterization of
transposon mutants of S. epidermidis deficient in biofilm
formation (159, 160) has shown that initial attachment
is mediated in part by the atlE gene product, a surface-
associated autolysin which also possesses vitronectin-
binding activity (161). Intercellular adhesion and the
formation of multicellular layers requires EPS synthesis,
which is composed of the polysaccharide intercellular
adhesin (PIA), a linear 1,6-linked glucosaminoglycan
(149). Production of PIA is dependent on the icaABC
operon (162). While relatively little is known about
control of atlE expression in S. epidermidis, synthesis of
PIA has recently been shown to be phase-variable (163).

Initial studies had shown that among the Gram-
positive bacteria that could respond to micromolar con-
centrations of neurochemicals were members belonging
to Staphylococcus genera (164). In particular, norepi-
nephrine increased the planktonic growth of S. epi-
dermidis by log orders (164). As the vast majority of
infections occur not as planktonic growth, but instead
as biofilms, Lyte et al. (114) examined the ability of the
catecholamines, and synthetic drugs based on catechol-
amines such as dobutamine that are most often em-
ployed in the clinical setting, to influence the formation
of S. epidermidis biofilms. The exposure of S. epider-
midis to pharmacologically relevant concentrations of
the widely used inotropic drugs, dobutamine and nor-
epinephrine, resulted in increased biofilm growth and

production of EPS as shown by both scanning electron
microscopy and immunofluorescence, respectively (114).
In demonstrating catecholamine and catecholamine-
based synthetic drug-induced induction of S. epidermidis
biofilm, two methodological aspects were employed that
differed from previous studies of biofilm formation and
emphasize the importance of experimental design in the
examination of possible microbial endocrinology–based
mechanisms in an infective process as already discussed.

First, only 10 to 100 colony forming units of S. epi-
dermidis were used to seed the biomaterials (114). This
small amount of bacteria was chosen to reflect physio-
logically relevant infecting doses that were likely to be
encountered in the clinical setting. This is in contrast to
the majority of prior biofilm studies which have used log-
orders higher amounts of bacteria to establish biofilms
(165–167). Second was the use of the culture conditions
which employed a plasma-supplemented minimal media.
This also differs from other studies which have used
rich microbiological media to study biofilm formation,
but which may be argued do not reflect in vivo con-
ditions in which host factors present in plasma which
are recognized to play a role in initial bacterial adhe-
sion are not present. This observation is of particular
consequence since a number of previous publications
had noted that plasma actually prevented S. epidermidis
biofilm formation (167–169). Thus, this work was the
first demonstration that catecholamines and synthetic
drugs based on the catecholamine structure may serve as
an etiological factor in the bacterial colonization of in-
dwelling medical devices due to their ability to stimulate
S. epidermidis growth and biofilm formation (114, 164).

Possible mechanisms by which stress-related
neurochemicals and catecholamine-based
synthetic drugs influence infection
in the clinical setting
Due to their catechol moieties (as previously discussed),
catecholamines have been shown to facilitate the provi-
sion of iron from host iron-sequestering transferrin en-
abling S. epidermidis biofilm formation (114, 164). The
recognized inability of S. epidermidis to grow in normal
human plasma without extra iron supplementation has
been ascribed to the presence of transferrin (170, 171).
The ability of transferrin to sequester iron, coupled with
the lack of a demonstrable mechanism by which S.
epidermidis could acquire such bound iron except in the
presence of therapeutic administration of catecholamines
and synthetic catecholamine-based drugs, suggests that
the use of catecholamine antagonists may provide a
means by which to prevent biofilm formation (172).
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Another report which has expanded the relevance of
understanding microbial endocrinology–based mecha-
nisms in the clinical setting concerns the ability of
catecholamines to facilitate physiological recovery of
antimicrobial-damaged bacteria (173). In an effort to
decrease the incidence of catheter-related bloodstream
infections, the use of antimicrobial-impregnated cathe-
ters has taken on increasing usage (174, 175). However,
the utilization of these catheters, which are usually im-
pregnated on their surface with the antimicrobials ri-
fampin and minocycline, has not decreased the incidence
of catheter-related bloodstream infections. Freestone
et al. (173) demonstrated that while exposure of C-NS
to concentrations of rifampin and minocycline that ex-
ceeded the minimum inhibitory concentration resulted
in nonviable bacteria as confirmed by failure to grow in
culture, the addition of norepinephrine and dopamine at
clinically relevant concentrations resulted in the physi-
ological and growth recovery of antimicrobial-damaged
C-NS.

More recent examinations of the role of catechol-
amines in the formation of biofilms and their relevance
to the clinical setting have been published. Lanter et al.
(176) have reported that addition of physiologically
relevant amounts of norepinephrine induced the ability
of individual clusters of bacteria under conditions of low
iron availability to break off from established Pseu-
domonas aeruginosa biofilms. The authors proposed
that this may be a mechanism by which bacteria such as
P. aeruginosa that can colonize atherosclerotic plaques
can break off due to the hormonal state of the patient,
thereby causing disruption of the plaque integrity ulti-
mately increasing the chance of heart attack and stroke
(176). An earlier report by Freestone et al. (177) had
demonstrated that catecholamines and catecholamine-
based synthetic drugs may also be a causative factor
contributing to the ability of P. aeruginosa to colonize
the airways of critically ill patients, leading to ventilator-
associated pneumonia. Another clinically important bac-
terium that forms biofilms as part of its infectious eti-
ology, Streptococcus pneumoniae, has also been shown
to be responsive to neurochemicals. Sandrini et al. (178)
demonstrated that S. pneumoniae, which is responsible
for community-acquired and nosocomial pneumonia, is
responsive to clinically relevant concentrations of nor-
epinephrine such that exposure not only increased the
expression of genes that are functionally relevant in
metabolism and subsequent host colonization, but also
resulted in increased growth and biofilm formation.

It must be emphasized, however, that (as already
discussed previously) the ability to provide iron may not

be the sole mechanism by which catecholamines and
catecholamine-based synthetic drugs may interact with
microorganisms in the clinical setting to promote growth
and alter virulence-related properties. Data from other
laboratories have shown that catecholamines may mod-
ulate bacterial physiology and virulence in nongrowth-,
noniron-related contexts. Vlisidou et al. (179) used a
ligated ileal loop model of virulence to show that nor-
epinephrine significantly enhanced attachment of E. coli
0157:H7 to calf intestinal tissue, while it has been re-
ported that epinephrine stimulates expression of a type III
protein secretion apparatus andmotility inE. coli 0157 in
a LuxS mutant as well as production of an autoinducer-
3 molecule (180). Interestingly, both the autoinducer-3
and epinephrine-dependent motility responses could be
blocked by the adrenergic receptor blockers propranolol
and phentolamine, suggesting the presence of a receptor-
mediated, non-iron-related, process.

More recently, Pasupuleti et al. (181) has shown that the
ability of norepinephrine to function as a chemoattractant
for enterohemorrhagic E. coli is dependent on the con-
version of norepinephrine to 3,4-dihydroxymandelic acid
following the norepinephrine-dependent induction of genes
encoding tyramine oxidase. The continued production of
a chemoattractant by enterohemorrhagic E. coli already
colonizing the intestinal mucosa due to exposure to host
norepinephrine has been proposed by the authors to serve
as a recruitment vehicle by which additional E. coli, and
potentially other bacteria, may be attracted to the infection
site, thereby contributing to the pathogenic process (181).
And as regards the role of catecholamines in the ability of
bacteria to attach onto surfaces as a first step in biofilm
formation, recent data has further shown the involvement
of non-iron-dependent mechanisms. For example, Park
et al. (182) has demonstrated that exposure of engineered
E. coli which displays a catecholamine-based surface
moiety results in increased adhesion onto a variety of
surface materials.

SPECTRUM OF INFECTIOUS DISEASE–
ASSOCIATED MICROORGANISMS
IS EXTENSIVE AND GROWING
As can be expected, the more one digs into the literature
to find instances of where neurochemicals and bacteria
have been examined, the more one finds papers which
provide tantalizing clues that these two systems, one the
neurophysiological and the other microbial, could in-
teract in totally unexpected ways. For example, C. jejuni
is a highly prevalent food-borne pathogen that re-
quires a microaerophilic environment in the laboratory
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for its propagation. However, the addition of norepi-
nephrine to the microbiological growth medium was
shown by Bowdre et al. to result in tolerance to and
growth of C. jejuni in an aerobic environment (183).
At the time, the wider implications of this important
finding as to the role of neurochemicals in general in the
pathogenesis of infectious disease had not yet been fully
envisioned.

Examination of the literature often reveals interesting
reports of the association of neurochemicals and infec-
tious disease in the same manner as in the case of the
early reports on the role of catecholamines in the de-
velopment of gas gangrene. These reports can stimulate
insightful ideas that inform the design of microbial
endocrinology–based experimental design. For example,
it has been well recognized that certain strains of bac-
teria that are associated with food spoilage can produce
histamine (184–186). Based on these reports, an exam-
ination of microorganisms that can colonize the respi-
ratory tract revealed that infectious bacteria can produce
histamine by decarboxylation of histidine (29). The
possible role of bacteria-produced histamine as an in-
flammatory mediator contributing to respiratory illness
was subsequently proposed (187). Subsequent to these
studies, Voropaeva (188) examined a large cohort of
microbial strains isolated from children with bron-
chial asthma for antimicrobial resistance and the ability
to produce histamine (188). It was demonstrated that
a positive correlation existed between the ability of a
particular infectious strain to produce histamine and
antimicrobial resistance. Whether this could causally
account for the ability of the infectious microorga-
nisms to colonize the airways of children with bronchial
asthma has yet to be shown.

As already noted, a number of groups have shown the
ability of neurochemicals to influence virulence-related
properties of infectious microorganisms in an increasing
number of studies (4, 9, 77, 108, 110–117). In terms of
known virulence factors that contribute to invasion of
host cells, exposure of enterotoxigenic E. coli to nor-
epinephrine was shown to increase the expression of
the K99 pilus adhesion that facilitates attachment to the
gastrointestinal mucosa by over 235-fold (111). Stress-
related neurochemicals have been shown to increase
conjugative transfer of antibiotic-resistant genes be-
tween enteric bacteria, thereby contributing to the in-
creased prevalence of antibiotic-resistant food-borne
bacterial pathogens in the food supply (118). Addition-
ally, the ability of monoamines such as norepineph-
rine and dopamine to alter gene expression has now been
shown for a number of pathogenic microorganisms

including M. hyopneumoniae (69), S. enterica serovar
Typhimurium (189), andVibrio parahaemolyticus (190).

More recently, the motility and biofilm formation of
the aquatic Gram-negative bacterium Vibrio harveyi has
been shown to be responsive to norepinephrine and
dopamine (191). Since V. harveyi is an opportunistic
pathogen for a wide variety of marine animals including
shrimp and oysters, it has been suggested that stress in
these marine animals (such as cold stress) and the sub-
sequent elaboration of stress-related neurochemicals
represent a microbial endocrinology–based mechanism
facilitating infection (192). Similar results have also now
been reported by others for other pathogenic Vibrio spp.
such as Vibrio anguillarum and Vibrio campbellii (193).

It should be noted that although this article has dealt
mainly with prokaryotic microorganisms, the role of
neurochemicals in infectious disease involving eukary-
otic microorganisms such as yeasts and parasites has
also been well documented. In the case of yeasts, the
production and response of yeasts to neurochemicals
such as the stress-related biogenic amines has been
demonstrated (194). An excellent review of the role of
endocrinology in the pathogenesis of fungal infections
has been published (195). Interestingly, reports dealing
with the interaction of parasites with neurochemicals
have also consistently appeared in the literature. For ex-
ample, Plasmodium falciparum was shown to produce a
somatostatin-like peptide similar in structure to that of
mammalian somatostatin (196). The ability of intracel-
lular forms of the parasite T. cruzi to differentiate from
the amastigote for the trypomastigote form was shown
to be able to be triggered when exposed to adrenergic
ligands present in host cells (197). Coppi et al. (198)
have reported that catecholamines could induce the
ability of the enteric parasites Entamoeba invadens and
Entamoeba histolytica to differentiate into the infectious
cyst stage. Remarkably, only mucin had previously been
shown to be able to induce cyst stage formation (199).
As such, the authors have proposed that Entamoeba
spp. possess an autocrine catecholamine system to
stimulate encystation and thereby increase subsequent
infectivity for other animals (198).

Another protozoal parasite,Cryptosporidium parvum,
has also been shown to be responsive to a neurochemi-
cal. Pretreatment of infant mice with agmatine inhibited
infection with C. parvum by altering the cellular metab-
olism to such a degree that colonization of the intestine
was reduced (200). Agmatine, which is a polyamine syn-
thesized within the gastrointestinal tract, has a number
of functions including that as a novel neurotransmitter
whose spectrum of host targets within the nervous system
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is still poorly understood (201, 202). This incomplete
understanding of the cellular targets for agmatine only
further highlights the relevance of the intersection of
microbiology and neurobiology that forms the theoret-
ical basis of microbial endocrinology. Since agmatine is
also synthesized by bacteria (37), the possibility that a
bacteria-produced neurochemical affecting host neuro-
physiology must be considered. Such bacteria-host
interactions which are governed by a neurochemical
produced by both points out the bidirectionality of
microbe-host interactions inherent in a microbial endo-
crinology–based approach.

MICROBIAL ENDOCRINOLOGY AND
THE MICROBIOTA-GUT-BRAIN AXIS:
WHY IT MATTERS IN INFECTIOUS DISEASE
The concept that bacteria in the gut can communicate
with the brain, thereby influencing behavior, and that
the host nervous system can, in turn, influence the com-
position of the gut microbiota, has given rise to the
concept of a microbiota-gut-brain axis (11). An ever-
growing number of studies have demonstrated the abil-
ity of bacteria to influence brain function, for which a
number of possible mechanistic routes have been pro-
posed (10, 12, 59, 60, 203–207). Due to shared neu-
rochemicals between host and microbe, microbial
endocrinology has been proposed as one of the mech-
anisms by which such reciprocal communication be-
tween brain (nervous system) and microorganisms in the
gut can occur (208, 209).

A number of anatomical similarities can be found
between the ENS and the central nervous system (210).
Multiple pathways underlie communication from the
gastrointestinal tract to the brain, with sensory neurons
in the gastrointestinal tract providing a route, via the
vagus nerve, to provide early signaling to the brain re-
garding the presence of potential pathogens within the
gut (211, 212). These studies clearly demonstrate that
host-derived central nervous system–based mechanisms
are capable of detecting changes in the microbial flora
contained within the gastrointestinal system. From an
evolutionary viewpoint, this should make elegant sense
that over the long evolutionary period in which host and
microorganisms have coexisted, that this evolutionary
symbiosis should, in addition to thewell-recognized func-
tions of nutrition etc., also contain an element in which
monitoring of the microbiota is in the best interests of
the host. The bidirectional nature of microbial endocri-
nology implies that the microbiota also responds to the
host with the microbiota-gut-brain axis (7, 208, 209).

While the role of microbial endocrinology in the
microbiota-gut-brain axis as regards behavior is straight-
forward and immediately apparent, its role in infec-
tious disease may be less so but of no less consequence.
Microbial endocrinology, as previously discussed, is
an evolutionary-based concept (2, 5). And as highlighted
already, a number of past investigators have also utilized
evolution as a theoretical basis for examining the possible
health implications of shared messenger molecules be-
tween host and microbe, albeit not in the context of
infectious disease (23–25, 213). Such consideration of
clinical-related disease which has an infectious disease
etiology, as will be discussed in the following section,
holds the potential for the development of new clinical-
based therapies in which the consideration of the recog-
nition of the infectious agent as a neurochemical-respon-
sive organism plays a central role.

SIRS: A Possible Model for the Use of
Microbial Endocrinology in Treatment
of Disease with Infectious Etiology
As the prototypical example of how microbial endocri-
nology can lead to potential new therapies in which the
microbiota-gut-brain is involved, the clinical condition
of systemic inflammatory response syndrome (SIRS) will
be employed. SIRS is one of the leading causes of mor-
tality and morbidity in the surgical intensive care unit
(214). The development of SIRS is characterized by the
production of multiple cytokines as part of an inflam-
matory cascade due to an insult that may be of infectious
origin (215). The incidence of mortality and morbidity
increases dramatically if SIRS progress on to multiple
organ dysfunction syndrome or multiple organ failure
(216). While a number of theories, most prominently the
gut as a motor organ of failure (217–219), have offered
some insight into the pathophysiology, treatment still
remains problematic (220). Ongoing research into the
microbial-based mechanisms responsible for injury-
induced alterations in gut bacterial diversity has con-
tinued in an effort to identify mechanisms that can lead
to effective therapies (221–223). For example, enteral
nutrition contributes favorably to changes in bacterial
populations, but also to maintenance of mucosal integ-
rity including the nerves within the villi that serve as
sensory reporters of gut status, and its use has contrib-
uted to a reduction in mortality (224). Intestinal villi are
innervated by catecholaminergic nerves within the ENS.
Although these adrenergic nerves terminate near the
basolateral membranes of the mucosal epithelial cells
within the gut, they are nonetheless responsive to general
sympathetic activity since enteric adrenergic neurons are
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located in the prevertebral ganglia outside the gut wall
(extrinsic to the gut) and hence are susceptible to mod-
ulation by central nervous system activity.

The continued development of new theories empha-
sizing the interplay of the intestinal mucosa with the
altered gut microbiota emphasizes the critical role of
the gut microbiota in the development of inflamma-
tion. Indeed, use of a probiotic/synbiotic combinatory
therapy has resulted in improvement in mortality and
morbidity in critically ill patients to reduce complica-
tions such as the development of SIRS and multiple
organ failure following trauma (225). However, none of
the current treatments specifically address the contribu-
tory role of altered bidirectional gut-brain neural com-
munication resulting from damaged intestinal mucosal
integrity to the development of inflammation.

Acknowledging that infectious agents are only in-
frequently isolated from patients who have already
undergone multiple rounds of antibiotics during hospi-
talization, the proposed microbial endocrinology–based
hypothesis proposes that the central nervous system
promotes an inflammatory response directed against an
iatrogenically transformed enteric microbiota. During
hospitalization, the immediate and sustained induced
changes in microbial ecology coupled with the wide-
spread damage to intestinal villi, and the enteric nerves
which innervate them, along with the overall high levels
of circulating catecholamines, all synergistically exa-
cerbate the altered neurophysiology of the individual.
Critically, these profound gut-related changes cannot go
unnoticed by the brain in the overall regulation of ho-
meostasis and may, therefore, represent the perceived
threat that is responsible for the ever-escalating inflam-
matory response.

Why Current Treatment Regimens Promote
Microbial Endocrinology–Based Interactions
As viewed from an evolutionary perspective, two dis-
tinct, but interrelated, phases evolve in the development
of SIRS. In the immediate phase following the initial
inciting traumatic event, the pronounced release of large
amounts of stress-related catecholamines coupled with
the loss of enteral nutrition leads to alteration of the
gut microbiome, the so-called undrained abscess of
multiple organ failure (226). Following trauma, altered
bacterial diversity within the gut is well recognized to
occur in the intensive care setting to the extent that the
gut has long been viewed as a reservoir of occult infec-
tion (227). Animal models have revealed an association
between the release of catecholamines and a dramatic
shift from largely Gram-positive anaerobic bacteria to

Gram-negative bacteria, with E. coli as the overwhelm-
ingly predominant Gram-negative species increasing
by log orders in absolute numbers (95, 228). Further,
Alverdy et al. (229) demonstrated that increases in lu-
minal levels of norepinephrine following surgical stress
resulted in increased expression of the PA-I lectin/
adhesin of P. aeruginosa, leading to greater attachment
and colonization of the gut and increasing the even-
tual likelihood of lethal gut-derived sepsis. The gut has
therefore long served as a focal point of inquiry (230).

Within the intensive care unit, interventional strate-
gies may enhance the unwanted consequence of ramping
up the inflammatory cycle. Interventional support, no-
tably the use of total parenteral nutrition, exacerbated
by the administration of synthetic catecholamine-based
drugs, and mechanical ventilation, all contribute to in-
creased sympathetic activation (138, 139). The resultant
highly increased systemic level of catecholamines con-
tributes to the maintenance of a Gram-negative bacterial
population in the gut through direct neuroendocrine-
bacterial interactions as defined by microbial endocri-
nology (231). The overall effect of current interventio-
nal care thus perpetuates the altered gut environment
and most importantly provides continuous signaling to
the central nervous system that the initial inflammatory
response has been inadequate to deal with the altered
gut microbiota. Indeed, as the patient progresses along
a path leading to SIRS, heroic interventional support
measures further increase the components of the “fight
or flight response,” thereby ensuring a continuing high
level of circulating stress-related neurochemicals derived
from both endogenous and exogenous sources. Thus,
from an evolutionary perspective, the response of an
organism to a threat (altered Gram-negative predomi-
nant gut microbiota perceived as an infectious threat)
which has not been contained by an initial response
(inflammatory response) is to continually increase that
response until it proves effective. The end result of this
interventional-driven evolutionary response is the con-
tinual ramping up of the inflammatory response and the
eventual development of SIRS (231).

How a Microbial Endocrinology–Based
Understanding Can Lead to
New Treatment Modalities
Since one of the principal drivers of an altered, largely
Gram-negative, microbiota in the gut is the continual
provision of high levels of catecholamine-based synthetic
drugs as previously discussed (as well, of course, as the
patient’s own trauma-induced host production), more
judicious administration of such drugs, the currently

ASMscience.org/MicrobiolSpectrum 17

Microbial Endocrinology in the Pathogenesis of Infectious Disease

http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  54.70.40.11

On: Sat, 03 Aug 2019 15:50:20

accepted conversion from total parenteral nutrition to
enteral nutrition, and the use of selective beta blockers
should each diminish the overall stress response and
allow the microbiota to return to a more normal com-
position. Beta blockers have already been used success-
fully in the management of severe pediatric burns to
reverse burn injury–induced muscle-protein catabolism
(232). Other points of entry exist that may serve as po-
tential targets for therapeutic intervention. A dual motor
system based on the microbial endocrinology and the
evolutionary symbiosis between the gut and the brain
has been proposed as the basis for the design of new
treatment modalities for SIRS (231).

CONCLUDING THOUGHTS
In the nearly quarter of a century since the introduction
of the proposal that microbial endocrinology has a role
to play in the pathogenesis of infectious disease, in-
creasing numbers of reports (as discussed in this article)
have begun to examine the ability of a wide panoply
of neurochemicals to influence the infectivity of micro-
organisms. There is a rich historical context dating back
to the early 1930s which has shown that neurochemi-
cals have a decisive role to play in infection. As already
discussed, the use of an experimental design that seeks to
more closely mimic the in vivo milieu will continue to
play a critical role in furthering continued examination
of the mechanisms by which microbial endocrinology
can influence the pathogenesis of infectious disease.
This is not an easy undertaking, as experiments cannot
be conducted in the same manner that is widespread
in current microbiological research, namely the use of
rich medium that does not reflect the host environ-
ment that the microorganism must deal with during
the infective process. And the continued development
of the microbiota-gut-brain axis and its relevance re-
garding infection will continue to be an area of high
interest. The intersection of microbiology and neuro-
biology as embodied in microbial endocrinology rep-
resents a translational-oriented research direction that
may yield new insights into the mechanisms responsible
for the development of infectious disease but also point
the way to interrupt such interactions and in this aspect
provide a new generation of anti-infective strategies.

REFERENCES
1. LyteM. 1993. The role of microbial endocrinology in infectious disease.
J Endocrinol 137:343–345.
2. Lyte M. 2010. Microbial endocrinology: a personal journey, p 1–16. In
Lyte M, Freestone PPE (ed), Microbial Endocrinology: Interkingdom
Signaling in Infectious Disease and Health. Springer, New York.

3. Lyte M. 1992. The role of catecholamines in Gram-negative sepsis.
Med Hypotheses 37:255–258.
4. Lyte M, Ernst S. 1992. Catecholamine induced growth of Gram neg-
ative bacteria. Life Sci 50:203–212.
5. Lyte M. 2004. Microbial endocrinology and infectious disease in the
21st century. Trends Microbiol 12:14–20.
6. Renaud M, Miget A. 1930. Role favorisant des perturbations locales
causees par l’adrenaline sur le developpement des infections microbiennes.
C R Seances Soc Biol Fil 103:1052–1054.
7. Lyte M. 2010. The microbial organ in the gut as a driver of homeostasis
and disease. Med Hypotheses 74:634–638.
8. Sandrini S, Aldriwesh M, Alruways M, Freestone P. 2015. Microbial
endocrinology: host-bacteria communication within the gut microbiome.
J Endocrinol 225:R21–R34.
9. Karavolos MH, Williams P, Khan CM. 2011. Interkingdom crosstalk:
host neuroendocrine stress hormones drive the hemolytic behavior of
Salmonella typhi. Virulence 2:371–374.
10. Lyte M. 2013. Microbial endocrinology in the microbiome-gut-
brain axis: how bacterial production and utilization of neurochemicals
influence behavior. PLoS Pathog 9:e1003726. doi:10.1371/journal.ppat
.1003726.
11. Lyte M, Cryan JF. 2014. Microbial Endocrinology: the Microbiota-
Gut-Brain Axis in Health and Disease. Springer, New York, NY.
12. Wall R, Cryan JF, Ross RP, Fitzgerald GF, Dinan TG, Stanton C.
2014. Bacterial neuroactive compounds produced by psychobiotics. Adv
Exp Med Biol 817:221–239.
13. Fink G, Pfaff DW, Levine JE. 2012. Handbook of Neuroendocrinol-
ogy, 1st ed. Academic Press, Boston, MA.
14. TeoWS, Balasubramaniam P. 1983. Gas gangrene after intramuscular
injection of adrenaline. Clin Orthop Relat Res 174:206–207.
15. Harvey PW, Purnell GV. 1968. Fatal case of gas gangrene associated
with intramuscular injections. Br Med J 1:744–746.
16. Yamashima T. 2003. Jokichi Takamine (1854–1922), the samurai
chemist, and his work on adrenalin. J Med Biogr 11:95–102.
17. Bested AC, Logan AC, Selhub EM. 2013. Intestinal microbiota,
probiotics and mental health: from Metchnikoff to modern advances.
Part I. Autointoxication revisited. Gut Pathog 5:5.
18. Evans DG, Miles AA, Niven JS. 1948. The enhancement of bacterial
infections by adrenaline. Br J Exp Pathol 29:20–39.
19. Traub WH, Bauer D, Wolf U. 1991. Virulence of clinical and fecal
isolates of Clostridium perfringens type A for outbred NMRI mice. Che-
motherapy 37:426–435.
20. Kulma A, Szopa J. 2007. Catecholamines are active compounds in
plants. Plant Sci 172:433–440.
21. Pitman RM. 1971. Transmitter substances in insects: a review. Comp
Gen Pharmacol 2:347–371.
22. Guerrero HY, Caceres G, Paiva CL, Marcano D. 1990. Hypothalamic
and telencephalic catecholamine content in the brain of the teleost fish,
Pygocentrus notatus, during the annual reproductive cycle. Gen Comp
Endocrinol 80:257–263.
23. Roth J, LeRoith D, Shiloach J, Rosenzweig JL, Lesniak MA,
Havrankova J. 1982. The evolutionary origins of hormones, neurotrans-
mitters, and other extracellular chemical messengers: implications for
mammalian biology. N Engl J Med 306:523–527.
24. Dohler KD. 1986. Development of hormone receptors: conclusion.
Experientia 42:788–794.
25. Mayer EA, Baldi JP. 1991. Can regulatory peptides be regarded as
words of a biological language. Am J Physiol 261:G171–G184.
26. Lenard J. 1992. Mammalian hormones in microbial cells. Trends
Biochem Sci 17:147–150.
27. Kawashima K,Misawa H,Moriwaki Y, Fujii YX, Fujii T, Horiuchi Y,
Yamada T, Imanaka T, Kamekura M. 2007. Ubiquitous expression of

18 ASMscience.org/MicrobiolSpectrum

Lyte

http://dx.doi.org/10.1371/journal.ppat.1003726
http://dx.doi.org/10.1371/journal.ppat.1003726
http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  54.70.40.11

On: Sat, 03 Aug 2019 15:50:20

acetylcholine and its biological functions in life forms without nervous
systems. Life Sci 80:2206–2209.
28. Stephenson M, Rowatt E. 1947. The production of acetylcholine by a
strain of Lactobacillus plantarum. J Gen Microbiol 1:279–298.
29. Devalia JL, Harmanyeri Y, Cundell DR, Davies RJ, Grady D,
Tabaqchali S. 1988. Variation in histamine synthesis by Gram-negative
and Gram-positive respiratory tract bacteria and the effect of cefaclor.
Royal Society of Medicine Services Ltd International Congress and Sym-
posium Series 128:49–55.
30. Masson F, Talon R, Montel MC. 1996. Histamine and tyramine
production by bacteria frommeat products. Int J Food Microbiol 32:199–
207.
31. Thomas CM, Hong T, van Pijkeren JP, Hemarajata P, Trinh DV,
Hu W, Britton RA, Kalkum M, Versalovic J. 2012. Histamine derived
from probiotic Lactobacillus reuteri suppresses TNF via modulation
of PKA and ERK signaling. PLoS One 7:e31951. doi:10.1371/journal
.pone.0031951.
32. Hurley R, Leask BG, Ruthven CR, Sandler M, Southgate J. 1971.
Investigation of 5-hydroxytryptamine production by Candida albicans
in vitro and in vivo. Microbios 4:133–143.
33. Ozogul F. 2011. Effects of specific lactic acid bacteria species on
biogenic amine production by foodborne pathogens. Int J Food Sci
Technol 46:478–484.
34. Shishov VA, Kirovskaia TA, Kudrin VS, Oleskin AV. 2009. Amine
neuromediators, their precursors, and oxidation products in the culture
of Escherichia coli K-12. Prikl Biokhim Mikrobiol 45:550–554. [In
Russion.]
35. Asano Y, Hiramoto T, Nishino R, Aiba Y, Kimura T, Yoshihara K,
Koga Y, Sudo N. 2012. Critical role of gut microbiota in the production
of biologically active, free catecholamines in the gut lumen of mice. Am J
Physiol Gastrointest Liver Physiol 303:G1288–G1295.
36. Tsavkelova EA, Botvinko IV, Kudrin VS, Oleskin AV. 2000. Detec-
tion of neurotransmitter amines in microorganisms with the use of high-
performance liquid chromatography. Dokl Biochem 372:115–117.
37. RaaschW, Regunathan S, Li G, Reis DJ. 1995. Agmatine, the bacterial
amine, is widely distributed in mammalian tissues. Life Sci 56:2319–2330.
38. Arena ME, Manca de Nadra MC. 2001. Biogenic amine production
by Lactobacillus. J Appl Microbiol 90:158–162.
39. LeRoith D, Shiloach J, Heffron R, Rubinovitz C, Tanenbaum R,
Roth J. 1985. Insulin-related material in microbes: similarities and
differences from mammalian insulins. Can J Biochem Cell Biol 63:839–
849.
40. Leroith D, Liotta AS, Roth J, Shiloach J, Lewis ME, Pert CB, Krieger
DT. 1982. Corticotropin and beta-endorphin-like materials are native to
unicellular organisms. Proc Natl Acad Sci USA 79:2086–2090.
41. LeRoith D, Pickens W, Vinik AI, Shiloach J. 1985. Bacillus subtilis
contains multiple forms of somatostatin-like material. Biochem Biophys
Res Commun 127:713–719.
42. Schar G, Stover EP, Clemons KV, Feldman D, Stevens DA. 1986.
Progesterone binding and inhibition of growth in Trichophyton menta-
grophytes. Infect Immun 52:763–767.
43. Roshchina VV. 2010. Evolutionary considerations of neurotrans-
mitters in microbial, plant and animal cells, p 17–52. In LyteM, Freestone
PP (ed), Microbial Endocrinology: Interkingdom Signaling in Infectious
Disease and Health. Springer, New York, NY.
44. LeRoith D, Roberts CJ, Lesniak MA, Roth J. 1986. Receptors for
intercellular messenger molecules in microbes: similarities to vertebrate
receptors and possible implications for diseases in man. Experientia
42:782–788.
45. Shapiro JA, Hsu C. 1989. Escherichia coli K-12 cell-cell interactions
seen by time-lapse video. J Bacteriol 171:5963–5974.

46. Budrene EO, Berg HC. 1995. Dynamics of formation of symmetrical
patterns by chemotactic bacteria. Nature 376:49–53.

47. Iyer LM, Aravind L, Coon SL, Klein DC, Koonin EV. 2004. Evolution
of cell-cell signaling in animals: did late horizontal gene transfer from
bacteria have a role? Trends Genet 20:292–299.
48. Roshchina VV. 2001. Neurotransmitters in Plant Life. Science
Publishers, Enfield, NH.
49. Von Roepenack-Lahaye E, Newman MA, Schornack S, Hammond-
Kosack KE, Lahaye T, Jones JD, Daniels MJ, Dow JM. 2003. p-
Coumaroylnoradrenaline, a novel plant metabolite implicated in tomato
defense against pathogens. J Biol Chem 278:43373–43383.
50. Zacares L, Lopez-Gresa MP, Fayos J, Primo J, Belles JM, Conejero V.
2007. Induction of p-coumaroyldopamine and feruloyldopamine, two
novel metabolites, in tomato by the bacterial pathogen Pseudomonas
syringae. Mol Plant Microbe Interact 20:1439–1448.
51. Kang S, Back K. 2006. Enriched production of N-hydroxycinnamic
acid amides and biogenic amines in pepper (Capsicum annuum) flowers.
Scientia Horticulturae 108:337–341.
52. Newman MA, von Roepenack-Lahaye E, Parr A, Daniels MJ,
Dow JM. 2001. Induction of hydroxycinnamoyl-tyramine conjugates
in pepper by Xanthomonas campestris, a plant defense response activated
by hrp gene-dependent and hrp gene-independent mechanisms. Mol Plant
Microbe Interact 14:785–792.
53. Newman MA, von Roepenack-Lahaye E, Parr A, Daniels MJ, Dow
JM. 2002. Prior exposure to lipopolysaccharide potentiates expression of
plant defenses in response to bacteria. Plant J 29:487–495.
54. King RR, Calhoun LA. 2005. Characterization of cross-linked
hydroxycinnamic acid amides isolated from potato common scab lesions.
Phytochemistry 66:2468–2473.
55. Mittelstrass K, Treutter D, Plessl M, Heller W, Elstner EF, Heiser I.
2006. Modification of primary and secondary metabolism of potato
plants by nitrogen application differentially affects resistance to Phyto-
phthora infestans and Alternaria solani. Plant Biol (Stuttg) 8:653–661.
56. Morant M, Schoch GA, Ullmann P, Ertunc T, Little D, Olsen
CE, Petersen M, Negrel J, Werck-Reichhart D. 2007. Catalytic activity,
duplication and evolution of the CYP98 cytochrome P450 family in
wheat. Plant Mol Biol 63:1–19.
57. Lyte M, Freestone PPE. 2010. Microbial Endocrinology: Inter-
kingdom Signaling in Infectious Disease and Health. Springer, New York,
NY.
58. Everest P. 2007. Stress and bacteria: microbial endocrinology. Gut
56:1037–1038.
59. Lyte M. 2011. Probiotics function mechanistically as delivery vehicles
for neuroactive compounds: microbial endocrinology in the design and
use of probiotics. Bioessays 33:574–581.
60. Cryan JF, Dinan TG. 2012. Mind-altering microorganisms: the
impact of the gut microbiota on brain and behaviour. Nat Rev Neurosci
13:701–712.
61. Lyte M. 2013. Microbial endocrinology and nutrition: a perspective
on new mechanisms by which diet can influence gut-to-brain communi-
cation. PharmaNutrition 1:35–39.
62. Norris V, Molina F, Gewirtz AT. 2013. Hypothesis: bacteria control
host appetites. J Bacteriol 195:411–416.
63. Alcock J, Maley CC, Aktipis CA. 2014. Is eating behavior manipu-
lated by the gastrointestinal microbiota? Evolutionary pressures and po-
tential mechanisms. Bioessays 36:940–949.
64. Strandwitz P, Kim K-H, Stewart E, Clardy J, Lewis K. 2014. GABA
modulating bacteria in the human gut microbiome, abstr 417, RISE:2014:
Research, Innovation, and Scholarship Expo, Northeastern University,
Boston, MA.
65. Wojtarowicz A, Podlasz P, Czaja K. 2003. Adrenergic and cholinergic
innervation of pulmonary tissue in the pig. Folia Morphol (Warsz)
62:215–218.

66. Belvisi MG. 2002. Overview of the innervation of the lung. Curr Opin
Pharmacol 2:211–215.

ASMscience.org/MicrobiolSpectrum 19

Microbial Endocrinology in the Pathogenesis of Infectious Disease

http://dx.doi.org/10.1371/journal.pone.0031951
http://dx.doi.org/10.1371/journal.pone.0031951
http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  54.70.40.11

On: Sat, 03 Aug 2019 15:50:20

67. Hofford JM, Milakofsky L, Pell S, Vogel W. 1996. A profile of amino
acid and catecholamine levels during endotoxin-induced acute lung injury
in sheep: searching for potential markers of the acute respiratory distress
syndrome. J Lab Clin Med 128:545–551.
68. Anderson MT, Armstrong SK. 2008. Norepinephrine mediates
acquisition of transferrin-iron in Bordetella bronchiseptica. J Bacteriol
190:3940–3947.
69. Oneal MJ, Schafer ER, Madsen ML, Minion FC. 2008. Global tran-
scriptional analysis of Mycoplasma hyopneumoniae following exposure
to norepinephrine. Microbiology 154:2581–2588.
70. Furness JB, Callaghan BP, Rivera LR, Cho HJ. 2014. The enteric
nervous system and gastrointestinal innervation: integrated local and
central control. Adv Exp Med Biol 817:39–71.
71. Lomax AE, Sharkey KA, Furness JB. 2010. The participation of the
sympathetic innervation of the gastrointestinal tract in disease states.
Neurogastroenterol Motil 22:7–18.
72. Breer H, Eberle J, Frick C, Haid D, Widmayer P. 2012. Gastro-
intestinal chemosensation: chemosensory cells in the alimentary tract.
Histochem Cell Biol 138:13–24.
73. Foster JA, McVey Neufeld KA. 2013. Gut-brain axis: how the
microbiome influences anxiety and depression. Trends Neurosci 36:305–
312.
74. Eisenhofer G, Aneman A, Friberg P, Hooper D, Fandriks L, Lonroth
H, Hunyady B, Mezey E. 1997. Substantial production of dopamine in
the human gastrointestinal tract. J Clin Endocrinol Metab 82:3864–3871.
75. Eisenhofer G, Aneman A, Hooper D, Holmes C, Goldstein DS, Friberg
P. 1995. Production and metabolism of dopamine and norepinephrine
in mesenteric organs and liver of swine. Am J Physiol 268:G641–G649.
76. Chen C, Lyte M, Stevens MP, Vulchanova L, Brown DR. 2006.
Mucosally-directed adrenergic nerves and sympathomimetic drugs en-
hance non-intimate adherence of Escherichia coli O157:H7 to porcine
cecum and colon. Eur J Pharmacol 539:116–124.
77. Green BT, Lyte M, Chen C, Xie Y, Casey MA, Kulkarni-Narla A,
Vulchanova L, Brown DR. 2004. Adrenergic modulation of Escherichia
coliO157:H7 adherence to the colonic mucosa.Am J Physiol Gastrointest
Liver Physiol 287:G1238–G1246.
78. Brosnahan AJ, Vulchanova L, Witta SR, Dai Y, Jones BJ, Brown DR.
2013. Norepinephrine potentiates proinflammatory responses of human
vaginal epithelial cells. J Neuroimmunol 259:8–16.
79. Lyte M, Vulchanova L, Brown DR. 2011. Stress at the intestinal
surface: catecholamines and mucosa-bacteria interactions. Cell Tissue Res
343:23–32.
80. Pullar CE, Zhao M, Song B, Pu J, Reid B, Ghoghawala S, McCaig C,
Isseroff RR. 2007. Beta-adrenergic receptor agonists delay while anta-
gonists accelerate epithelial wound healing: evidence of an endogenous
adrenergic network within the corneal epithelium. J Cell Physiol 211:261–
272.
81. Hsu SC, Johansson KR, Donahue MJ. 1986. The bacterial flora of the
intestine of Ascaris suum and 5-hydroxytryptamine production. J Para-
sitol 72:545–549.

82. Shahkolahi AM, DonahueMJ. 1993. Bacterial flora, a possible source
of serotonin in the intestine of adult female Ascaris suum. J Parasitol
79:17–22.

83. Wikoff WR, Anfora AT, Liu J, Schultz PG, Lesley SA, Peters EC,
Siuzdak G. 2009. Metabolomics analysis reveals large effects of gut mi-
croflora on mammalian blood metabolites. Proc Natl Acad Sci USA
106:3698–3703.

84. Sridharan GV, Choi K, Klemashevich C, Wu C, Prabakaran D,
Pan LB, Steinmeyer S, Mueller C, Yousofshahi M, Alaniz RC, Lee K,
Jayaraman A. 2014. Prediction and quantification of bioactive microbiota
metabolites in the mouse gut. Nat Commun 5:5492.

85. Goldstein DS. 2010. Catecholamines 101. Clin Auton Res 20:331–
352.

86. Furness JB. 2012. The enteric nervous system and neurogastroenter-
ology. Nat Rev Gastroenterol Hepatol 9:286–294.
87. Bertrand PP, Bertrand RL. 2010. Serotonin release and uptake in the
gastrointestinal tract. Auton Neurosci 153:47–57.
88. Bailey MT, Dowd SE, Galley JD, Hufnagle AR, Allen RG, Lyte M.
2011. Exposure to a social stressor alters the structure of the intestinal
microbiota: implications for stressor-induced immunomodulation. Brain
Behav Immun 25:397–407.
89. Galley JD, Yu Z, Kumar P, Dowd SE, Lyte M, Bailey MT. 2014. The
structures of the colonic mucosa-associated and luminal microbial com-
munities are distinct and differentially affected by a prolonged murine
stressor. Gut Microbes 5:748–760.
90. Bangsgaard Bendtsen KM, Krych L, SorensenDB, PangW,Nielsen DS,
Josefsen K, Hansen LH, Sorensen SJ, Hansen AK. 2012. Gut microbiota
composition is correlated to grid floor induced stress and behavior in the
BALB/c mouse. PLoS One 7:e46231. doi:10.1371/journal.pone.0046231.
91. Aguilera M, Vergara P, Martinez V. 2013. Stress and antibiotics alter
luminal and wall-adhered microbiota and enhance the local expression of
visceral sensory-related systems in mice. Neurogastroenterol Motil 25:
e515–e529.
92. Thaiss CA, Zeevi D, Levy M, Zilberman-Schapira G, Suez J, Tengeler
AC, Abramson L, Katz MN, Korem T, Zmora N, Kuperman Y, Biton I,
Gilad S, Harmelin A, Shapiro H, Halpern Z, Segal E, Elinav E. 2014.
Transkingdom control of microbiota diurnal oscillations promotes met-
abolic homeostasis. Cell 159:514–529.
93. Galley JD, Nelson MC, Yu Z, Dowd SE, Walter J, Kumar PS, Lyte M,
Bailey MT. 2014. Exposure to a social stressor disrupts the community
structure of the colonic mucosa-associated microbiota. BMC Microbiol
14:189.
94. Looft T, Allen HK, Cantarel BL, Levine UY, Bayles DO, Alt DP,
Henrissat B, Stanton TB. 2014. Bacteria, phages and pigs: the effects of
in-feed antibiotics on the microbiome at different gut locations. ISME J
8:1566–1576.
95. Lyte M, Bailey MT. 1997. Neuroendocrine-bacterial interactions in a
neurotoxin-induced model of trauma. J Surg Res 70:195–201.
96. Woolf PD, McDonald JV, Feliciano DV, Kelly MM, Nichols D, Cox
C. 1992. The catecholamine response to multisystem trauma. Arch Surg
127:899–903.
97. ZetterströmBEM, Palmerio, C, Fine J. 1964. Changes in tissue content
of catechol amines in traumatic shock. Acta Chir Scand 128:13–11.
98. Alverdy JC, Aoys E, Moss GS. 1988. Total parenteral nutrition
promotes bacterial translocation from the gut. Surgery 104:185–190.
99. Hendrickson BA, Guo J, Laughlin R, Chen Y, Alverdy JC. 1999.
Increased type 1 fimbrial expression among commensal Escherichia coli
isolates in the murine cecum following catabolic stress. Infect Immun
67:745–753.
100. Deitch EA. 1990. Bacterial translocation of gut flora. J Trauma 30:
S184–S189.
101. Freestone PP, Williams PH, Haigh RD, Maggs AF, Neal CP, Lyte M.
2002. Growth stimulation of intestinal commensal Escherichia coli by
catecholamines: a possible contributory factor in trauma-induced sepsis.
Shock 18:465–470.
102. Heggers JP, Robson MC. 1991. Quantitative Bacteriology: Its Role
in the Armamentarium of the Surgeon. CRC Press, Boca Raton, FL.
103. Magee C, Rodeheaver GT, Edgerton MT, Golden GT, Haury B,
Edlich RF. 1977. Studies of the mechanisms by which epinephrine
damages tissue defenses. J Surg Res 23:126–131.
104. Tran DT, Miller SH, Buck D, Imatani J, Demuth RJ, Miller MA.
1985. Potentiation of infection by epinephrine. Plast Reconstr Surg 76:
933–934.
105. Miles AA, Miles EM, Burke J. 1957. The value and duration of
defence reactions of the skin to the primary lodgement of bacteria. Br J
Exp Pathol 38:79–96.

20 ASMscience.org/MicrobiolSpectrum

Lyte

http://dx.doi.org/10.1371/journal.pone.0046231
http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  54.70.40.11

On: Sat, 03 Aug 2019 15:50:20

106. Morken JJ, Warren KU, Xie Y, Rodriguez JL, Lyte M. 2002. Epi-
nephrine as a mediator of pulmonary neutrophil sequestration. Shock
18:46–50.
107. Haigh RD. 2010. Experimental design considerations for in vitro
microbial endocrinology investigations, p 291–308. In Lyte M, Freestone
PE (ed), Microbial Endocrinology: Interkingdom Signaling in Infectious
Disease and Health. Springer, New York, NY.
108. O’Donnell PM, Aviles H, LyteM, Sonnenfeld G. 2006. Enhancement
of in vitro growth of pathogenic bacteria by norepinephrine: importance
of inoculum density and role of transferrin. Appl Environ Microbiol
72:5097–5099.
109. Tarr PI, Neill MA. 2001. Escherichia coli O157:H7. Gastroenterol
Clin North Am 30:735–751.
110. Lyte M, Frank CD, Green BT. 1996. Production of an autoinducer
of growth by norepinephrine cultured Escherichia coli O157:H7. FEMS
Microbiol Lett 139:155–159.
111. Lyte M, Erickson AK, Arulanandam BP, Frank CD, Crawford MA,
Francis DH. 1997. Norepinephrine-induced expression of the K99 pilus
adhesin of enterotoxigenic Escherichia coli. Biochem Biophys Res
Commun 232:682–686.
112. Lyte M, Nguyen KT. 1997. Alteration of Escherichia coli O157:H7
growth and molecular fingerprint by the neuroendocrine hormone nor-
adrenaline. Microbios 89:197–213.
113. Freestone PP, Lyte M, Neal CP, Maggs AF, Haigh RD, Williams PH.
2000. The mammalian neuroendocrine hormone norepinephrine supplies
iron for bacterial growth in the presence of transferrin or lactoferrin.
J Bacteriol 182:6091–6098.
114. Lyte M, Freestone PP, Neal CP, Olson BA, Haigh RD, Bayston R,
Williams PH. 2003. Stimulation of Staphylococcus epidermidis growth
and biofilm formation by catecholamine inotropes. Lancet 361:130–135.
115. Rasko D, Moreira C, Li de R, Reading N, Ritchie J, Waldor M,
Williams N, Taussig R, Wei S, Roth M, Hughes D, Huntley J, Fina M,
Falck J, Sperandio V. 2008. Targeting QseC signaling and virulence for
antibiotic development. Science 321:1078–1080.
116. Karavolos M, Spencer H, Bulmer D, Thompson A, Winzer K,
Williams P, Hinton J, Khan C. 2008. Adrenaline modulates the global
transcriptional profile of Salmonella revealing a role in the antimicro-
bial peptide and oxidative stress resistance responses. BMC Genomics
9:458.
117. Kinney KS, Austin CE, Morton DS, Sonnenfeld G. 1999. Catechol-
amine enhancement of Aeromonas hydrophila growth. Microb Pathog
26:85–91.
118. Peterson G, Kumar A, Gart E, Narayanan S. 2011. Catecholamines
increase conjugative gene transfer between enteric bacteria. Microb
Pathog 51:1–8.
119. Furness JB. 2006. The Enteric Nervous System, 2nd ed. Blackwell,
Malden, MA.
120. Okamura H, Murooka Y, Harada T. 1976. Regulation of tyramine
oxidase synthesis in Klebsiella aerogenes. J Bacteriol 127:24–31.

121. Xu F, Wu C, Guo F, Cui G, Zeng X, Yang B, Lin J. 2015.
Transcriptomic analysis of Campylobacter jejuni NCTC 11168 in re-
sponse to epinephrine and norepinephrine. Front Microbiol 6:452.

122. Li L, Xu Z, Zhou Y, Sun L, Liu Z, Chen H, Zhou R. 2012. Global
effects of catecholamines on Actinobacillus pleuropneumoniae gene ex-
pression. PLoS One 7:e31121. doi:10.1371/journal.pone.0031121.

123. Freestone PP, Haigh RD, Williams PH, Lyte M. 1999. Stimulation of
bacterial growth by heat-stable, norepinephrine-induced autoinducers.
FEMS Microbiol Lett 172:53–60.

124. Reissbrodt R, Rienaecker I, Romanova JM, Freestone PP, Haigh RD,
Lyte M, Tschape H, Williams PH. 2002. Resuscitation of Salmonella
enterica serovar typhimurium and enterohemorrhagic Escherichia coli
from the viable but nonculturable state by heat-stable enterobacterial
autoinducer. Appl Environ Microbiol 68:4788–4794.

125. Reissbrodt R, Rassbach A, Burghardt B, Rienacker I, Mietke H,
Schleif J, Tschape H, Lyte M, Williams PH. 2004. Assessment of a new
selective chromogenic Bacillus cereus group plating medium and use
of enterobacterial autoinducer of growth for cultural identification of
Bacillus species. J Clin Microbiol 42:3795–3798.
126. Burton CL, Chhabra SR, Swift S, Baldwin TJ, Withers H, Hill SJ,
Williams P. 2002. The growth response of Escherichia coli to neuro-
transmitters and related catecholamine drugs requires a functional entero-
bactin biosynthesis and uptake system. Infect Immun 70:5913–5923.
127. Iwata H, Kariya K, Fujimoto S. 1969. Effect of compounds affecting
the adrenergic mechanism on cell growth and division of Tetrahymena
pyriformis W. Jpn J Pharmacol 19:275–281.
128. de Castro SL, Oliveira MM. 1987. Radioligand binding character-
ization of beta-adrenergic receptors in the protozoa Trypanosoma cruzi.
Comp Biochem Physiol C 87:5–8.
129. Lyte M, Ernst S. 1993. Alpha and beta adrenergic receptor in-
volvement in catecholamine-induced growth of Gram-negative bacteria.
Biochem Biophys Res Commun 190:447–452.
130. Reading NC, Rasko DA, Torres AG, Sperandio V. 2009. The two-
component system QseEF and the membrane protein QseG link adren-
ergic and stress sensing to bacterial pathogenesis. Proc Natl Acad Sci USA
106:5889–5894.
131. Clarke MB, Hughes DT, Zhu C, Boedeker EC, Sperandio V. 2006.
The QseC sensor kinase: a bacterial adrenergic receptor. Proc Natl Acad
Sci USA 103:10420–10425.
132. Freestone PP, Haigh RD, Lyte M. 2007. Blockade of catecholamine-
induced growth by adrenergic and dopaminergic receptor antagonists
in Escherichia coli O157:H7, Salmonella enterica and Yersinia entero-
colitica. BMC Microbiol 7:8.
133. Rello J, Ricart M, Mirelis B, Quintana E, Gurgui M, Net A, Prats G.
1994. Nosocomial bacteremia in a medical-surgical intensive care unit:
epidemiologic characteristics and factors influencing mortality in 111
episodes. Intensive Care Med 20:94–98.
134. Rupp ME, Archer GL. 1994. Coagulase-negative staphylococci:
pathogens associated with medical progress. Clin Infect Dis 19:231–
243.
135. Gabriel L, Beriot-Mathiot A. 2014. Hospitalization stay and costs
attributable to Clostridium difficile infection: a critical review. J Hosp
Infect 88:12–21.
136. Drekonja DM. 2014. Clostridium difficile infection: current, for-
gotten and emerging treatment options. J Comp Eff Res 3:547–557.
137. Becker K, Heilmann C, Peters G. 2014. Coagulase-negative staphy-
lococci. Clin Microbiol Rev 27:870–926.
138. Helton WS, Rockwell M, Garcia RM, Maier RV, Heitkemper M.
1995. TPN-induced sympathetic activation is related to diet, bacterial
translocation, and an intravenous line. Arch Surg 130:209–214.
139. Mutlu GM, Mutlu EA, Factor P. 2001. GI complications in patients
receiving mechanical ventilation. Chest 119:1222–1241.
140. Crump JA, Collignon PJ. 2000. Intravascular catheter-associated
infections. Eur J Clin Microbiol Infect Dis 19:1–8.
141. Pittet D, Tarara D, Wenzel RP. 1994. Nosocomial bloodstream
infection in critically ill patients. Excess length of stay, extra costs, and
attributable mortality. JAMA 271:1598–1601.
142. Cho SH, Naber K, Hacker J, Ziebuhr W. 2002. Detection of the
icaADBC gene cluster and biofilm formation in Staphylococcus epider-
midis isolates from catheter-related urinary tract infections. Int J Anti-
microb Agents 19:570–575.
143. Ganderton L, Chawla J, Winters C, Wimpenny J, Stickler D. 1992.
Scanning electron microscopy of bacterial biofilms on indwelling bladder
catheters. Eur J Clin Microbiol Infect Dis 11:789–796.
144. Mermel LA, Farr BM, Sherertz RJ, Raad, II, O’Grady N, Harris
JS, Craven DE. 2001. Guidelines for the management of intravascular
catheter-related infections. Clin Infect Dis 32:1249–1272.

ASMscience.org/MicrobiolSpectrum 21

Microbial Endocrinology in the Pathogenesis of Infectious Disease

http://dx.doi.org/10.1371/journal.pone.0031121
http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  54.70.40.11

On: Sat, 03 Aug 2019 15:50:20

145. Molina J, Penuela I, Lepe JA, Gutierrez-Pizarraya A, Gomez MJ,
Garcia-Cabrera E, Cordero E, Aznar J, Pachon J. 2013. Mortality and
hospital stay related to coagulase-negative Staphylococci bacteremia in
non-critical patients. J Infect 66:155–162.
146. Inman RD, Gallegos KV, Brause BD, Redecha PB, Christian CL.
1984. Clinical and microbial features of prosthetic joint infection. Am J
Med 77:47–53.
147. Costerton JW, Stewart PS, Greenberg EP. 1999. Bacterial biofilms:
a common cause of persistent infections. Science 284:1318–1322.
148. Stoodley P, Sauer K, Davies DG, Costerton JW. 2002. Biofilms
as complex differentiated communities. Annu Rev Microbiol 56:187–
209.
149. Mack D, Fischer W, Krokotsch A, Leopold K, Hartmann R, Egge H,
Laufs R. 1996. The intercellular adhesin involved in biofilm accumulation
of Staphylococcus epidermidis is a linear beta-1,6-linked glucosamino-
glycan: purification and structural analysis. J Bacteriol 178:175–183.
150. Gotz F. 2002. Staphylococcus and biofilms.Mol Microbiol 43:1367–
1378.
151. Dunne WM, Jr. 2002. Bacterial adhesion: seen any good biofilms
lately? Clin Microbiol Rev 15:155–166.
152. Molnar C, Hevessy Z, Rozgonyi F, Gemmell CG. 1994. Pathoge-
nicity and virulence of coagulase negative staphylococci in relation to
adherence, hydrophobicity, and toxin production in vitro. J Clin Pathol
47:743–748.
153. Steer JA, Hill GB, Srinivasan S, Southern J, Wilson AP. 1997. Slime
production, adherence and hydrophobicity in coagulase-negative staphy-
lococci causing peritonitis in peritoneal dialysis. J Hosp Infect 37:305–
316.
154. Rupp ME, Archer GL. 1992. Hemagglutination and adherence to
plastic by Staphylococcus epidermidis. Infect Immun 60:4322–4327.
155. Fey PD, Ulphani JS, Gotz F, Heilmann C, Mack D, Rupp ME. 1999.
Characterization of the relationship between polysaccharide intercellular
adhesin and hemagglutination in Staphylococcus epidermidis. J Infect Dis
179:1561–1564.

156. Rohde H, Knobloch JK, Horstkotte MA,Mack D. 2001. Correlation
of biofilm expression types of Staphylococcus epidermidis with poly-
saccharide intercellular adhesin synthesis: evidence for involvement of
icaADBC genotype-independent factors. Med Microbiol Immunol (Berl)
190:105–112.

157. Koerner RJ, Butterworth LA, Mayer IV, Dasbach R, Busscher HJ.
2002. Bacterial adhesion to titanium-oxy-nitride (TiNOX) coatings
with different resistivities: a novel approach for the development of bio-
materials. Biomaterials 23:2835–2840.

158. Arciola CR, Campoccia D, Montanaro L. 2002. Effects on anti-
biotic resistance of Staphylococcus epidermidis following adhesion to
polymethylmethacrylate and to silicone surfaces. Biomaterials 23:1495–
1502.

159. Heilmann C, Gerke C, Perdreau-Remington F, Gotz F. 1996. Char-
acterization of Tn917 insertion mutants of Staphylococcus epidermidis
affected in biofilm formation. Infect Immun 64:277–282.

160. Heilmann C, Schweitzer O, Gerke C, Vanittanakom N, Mack D,
Gotz F. 1996. Molecular basis of intercellular adhesion in the biofilm-
forming Staphylococcus epidermidis. Mol Microbiol 20:1083–1091.

161. Heilmann C, Hussain M, Peters G, Gotz F. 1997. Evidence for
autolysin-mediated primary attachment of Staphylococcus epidermidis to
a polystyrene surface. Mol Microbiol 24:1013–1024.

162. McKenney D, Hubner J, Muller E, Wang Y, Goldmann DA, Pier GB.
1998. The ica locus of Staphylococcus epidermidis encodes production of
the capsular polysaccharide/adhesin. Infect Immun 66:4711–4720.

163. Ziebuhr W, Lossner I, Rachid S, Dietrich K, Gotz F, Hacker J. 2000.
Modulation of the polysaccharide intercellular adhesin (PIA) expression
in biofilm forming Staphylococcus epidermidis. Analysis of genetic mech-
anisms. Adv Exp Med Biol 485:151–157.

164. Neal CP, Freestone PP, Maggs AF, Haigh RD, Williams PH, Lyte M.
2001. Catecholamine inotropes as growth factors for Staphylococcus
epidermidis and other coagulase-negative staphylococci. FEMS Microbiol
Lett 194:163–169.
165. Christensen GD, Simpson WA, Younger JJ, Baddour LM, Barrett
FF, Melton DM, Beachey EH. 1985. Adherence of coagulase-negative
staphylococci to plastic tissue culture plates: a quantitative model for the
adherence of staphylococci to medical devices. J Clin Microbiol 22:996–
1006.
166. Deighton MA, Balkau B. 1990. Adherence measured by microtiter
assay as a virulence marker for Staphylococcus epidermidis infections.
J Clin Microbiol 28:2442–2447.
167. Linton CJ, Sherriff A, Millar MR. 1999. Use of a modified Robbins
device to directly compare the adhesion of Staphylococcus epidermidis
RP62A to surfaces. J Appl Microbiol 86:194–202.
168. Vacheethasanee K, Temenoff JS, Higashi JM, Gary A, Anderson JM,
Bayston R, Marchant RE. 1998. Bacterial surface properties of clinically
isolated Staphylococcus epidermidis strains determine adhesion on poly-
ethylene. J Biomed Mater Res 42:425–432.
169. Galliani S, Viot M, Cremieux A, Van der Auwera P. 1994. Early
adhesion of bacteremic strains of Staphylococcus epidermidis to poly-
styrene: influence of hydrophobicity, slime production, plasma, albumin,
fibrinogen, and fibronectin. J Lab Clin Med 123:685–692.

170. Matinaho S, von Bonsdorff L, Rouhiainen A, Lonnroth M,
Parkkinen J. 2001. Dependence of Staphylococcus epidermidis on non-
transferrin-bound iron for growth. FEMS Microbiol Lett 196:177–182.

171. Lindsay JA, Riley TV, Mee BJ. 1995. Staphylococcus aureus but not
Staphylococcus epidermidis can acquire iron from transferrin. Microbi-
ology 141(Pt 1):197–203.

172. Stewart PS. 2003. New ways to stop biofilm infections. Lancet
361:97.

173. Freestone PP, Haigh RD, Lyte M. 2008. Catecholamine inotrope
resuscitation of antibiotic-damaged staphylococci and its blockade by
specific receptor antagonists. J Infect Dis 197:1044–1052.

174. Crnich CJ, Maki DG. 2004. Are antimicrobial-impregnated catheters
effective? Don’t throw out the baby with the bathwater. Clin Infect Dis
38:1287–1292.

175. Marciante KD, Veenstra DL, Lipsky BA, Saint S. 2003. Which
antimicrobial impregnated central venous catheter should we use? Mod-
eling the costs and outcomes of antimicrobial catheter use. Am J Infect
Control 31:1–8.

176. Lanter BB, Sauer K, Davies DG. 2014. Bacteria present in carotid
arterial plaques are found as biofilm deposits which may contribute to
enhanced risk of plaque rupture. MBio 5:e01206-14. doi:10.1128/mBio
.01206-14.

177. Freestone PP, Hirst RA, Sandrini SM, Sharaff F, Fry H, Hyman S,
O’Callaghan C. 2012. Pseudomonas aeruginosa-catecholamine inotrope
interactions: a contributory factor in the development of ventilator-
associated pneumonia? Chest 142:1200–1210.

178. Sandrini S, Alghofaili F, Freestone P, Yesilkaya H. 2014. Host stress
hormone norepinephrine stimulates pneumococcal growth, biofilm for-
mation and virulence gene expression. BMC Microbiol 14:180.

179. Vlisidou I, Lyte M, van Diemen PM, Hawes P, Monaghan P, Wallis
TS, Stevens MP. 2004. The neuroendocrine stress hormone norepineph-
rine augments Escherichia coli O157:H7-induced enteritis and adherence
in a bovine ligated ileal loop model of infection. Infect Immun 72:5446–
5451.

180. Kendall MM, Sperandio V. 2007. Quorum sensing by enteric path-
ogens. Curr Opin Gastroenterol 23:10–15.

181. Pasupuleti S, Sule N, Cohn WB, MacKenzie DS, Jayaraman A,
Manson MD. 2014. Chemotaxis of Escherichia coli to norepinephrine
(NE) requires conversion of NE to 3,4-dihydroxymandelic acid. J Bacte-
riol 196:3992–4000.

22 ASMscience.org/MicrobiolSpectrum

Lyte

http://dx.doi.org/10.1128/mBio.01206-14
http://dx.doi.org/10.1128/mBio.01206-14
http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  54.70.40.11

On: Sat, 03 Aug 2019 15:50:20

182. Park JP, Choi MJ, Kim SH, Lee SH, Lee H. 2014. Preparation of
sticky Escherichia coli through surface display of an adhesive catechol-
amine moiety. Appl Environ Microbiol 80:43–53.
183. Bowdre JH, Krieg NR, Hoffman PS, Smibert RM. 1976. Stimulatory
effect of dihydroxyphenyl compounds on the aerotolerance of Spirillum
volutans and Campylobacter fetus subspecies jejuni. Appl Environ Micro-
biol 31:127–133.
184. Ienistea C. 1971. Bacterial production and destruction of histamine
in foods, and food poisoning caused by histamine. Nahrung 15:109–113.
185. Tarjan V, Janossy G. 1978. The role of biogenic amines in foods.
Nahrung 22:285–289.
186. Stratton JE. 1990. Biogenic amines in cheese and other fermented
foods: a review. J Food Prot 54:460–470.
187. Devalia JL, Grady D, Harmanyeri Y, Tabaqchali S, Davies RJ. 1989.
Histamine synthesis by respiratory tract micro-organisms: possible role
in pathogenicity. J Clin Pathol 42:516–522.
188. Voropaeva EA. 2002. Resistance to antibiotics and histamine pro-
duction at the bacteria, isolated from the stomatopharynx of the children
with bronchial asthma. Antibiot Khimioter 47:8–13. [In Russian.]
189. Bearson BL, Bearson SM, Uthe JJ, Dowd SE, Houghton JO, Lee I,
Toscano MJ, Lay DC, Jr. 2008. Iron regulated genes of Salmonella
enterica serovar Typhimurium in response to norepinephrine and the
requirement of fepDGC for norepinephrine-enhanced growth. Microbes
Infect 10:807–816.
190. Nakano M, Takahashi A, Sakai Y, Nakaya Y. 2007. Modulation of
pathogenicity with norepinephrine related to the type III secretion system
of Vibrio parahaemolyticus. J Infect Dis 195:1353–1360.
191. Yang Q, Anh ND, Bossier P, Defoirdt T. 2014. Norepinephrine and
dopamine increase motility, biofilm formation, and virulence of Vibrio
harveyi. Front Microbiol 5:584.
192. Lacoste A, Jalabert F, Malham SK, Cueff A, Poulet SA. 2001. Stress
and stress-induced neuroendocrine changes increase the susceptibility of
juvenile oysters (Crassostrea gigas) to Vibrio splendidus. Appl Environ
Microbiol 67:2304–2309.
193. Pande GS, Suong NT, Bossier P, Defoirdt T. 2014. The catechol-
amine stress hormones norepinephrine and dopamine increase the viru-
lence of pathogenic Vibrio anguillarum and Vibrio campbellii. FEMS
Microbiol Ecol 90:761–769.
194. Malikina KD, Shishov VA, Chuvelev DI, Kudrin VS, Oleskin AV.
2010. Regulatory role of monoamine neurotransmitters in Saccharomyces
cerevisiae cells. Prikl Biokhim Mikrobiol 46:672–677. [In Russian.]
195. Clemons KV, Shankar J, Stevens DA. 2010. Mycologic endocrinol-
ogy, p 269–290. In Lyte M, Freestone PPE (ed),Microbial Endocrinology
Interkingdom Signaling in Infectious Disease and Health. Springer, New
York, NY.
196. Pan JX, Mikkelsen RB, Wallach DF, Asher CR. 1987. Synthesis of
a somatostatin-like peptide by Plasmodium falciparum. Mol Biochem
Parasitol 25:107–111.
197. Zavala-Castro JE, Guzman-Marin E, Zavala-Velazquez J. 1995.
Adrenergic ligands trigger intracellular differentiation of Trypanosoma
cruzi. Arch Med Res 26:449–450.

198. Coppi A, Merali S, Eichinger D. 2002. The enteric parasite Ent-
amoeba uses an autocrine catecholamine system during differentiation
into the infectious cyst stage. J Biol Chem 277:8083–8090.

199. Coppi A, Eichinger D. 1999. Regulation of Entamoeba invadens
encystation and gene expression with galactose and N-acetylglucosamine.
Mol Biochem Parasitol 102:67–77.

200. Moore D, Waters WR, Wannemuehler MJ, Harp JA. 2001. Treat-
ment with agmatine inhibits Cryptosporidium parvum infection in infant
mice. J Parasitol 87:211–213.

201. Molderings GJ, Haenisch B. 2012. Agmatine (decarboxylated
L-arginine): physiological role and therapeutic potential. Pharmacol Ther
133:351–365.

202. Haenisch B, von Kugelgen I, Bonisch H, Gothert M, Sauerbruch T,
Schepke M, Marklein G, Hofling K, Schroder D, Molderings GJ. 2008.
Regulatory mechanisms underlying agmatine homeostasis in humans.
Am J Physiol Gastrointest Liver Physiol 295:G1104–G1110.
203. Reid G. 2011. Neuroactive probiotics. Bioessays 33:562.
204. Collins SM, Kassam Z, Bercik P. 2013. The adoptive transfer of
behavioral phenotype via the intestinal microbiota: experimental evidence
and clinical implications. Curr Opin Microbiol 16:240–245.
205. Neufeld KA, Kang N, Bienenstock J, Foster JA. 2011. Effects of intes-
tinal microbiota on anxiety-like behavior. Commun Integr Biol 4:492–494.
206. Bravo JA, Forsythe P, ChewMV, Escaravage E, SavignacHM,Dinan
TG, Bienenstock J, Cryan JF. 2011. Ingestion of Lactobacillus strain
regulates emotional behavior and central GABA receptor expression in a
mouse via the vagus nerve. Proc Natl Acad Sci USA 108:16050–16055.
207. Desbonnet L, Clarke G, Shanahan F, Dinan TG, Cryan JF. 2013.
Microbiota is essential for social development in the mouse. Mol Psychi-
atry [Epub ahead of print.] doi:10.1038/mp.2013.65.
208. Lyte M. 2014. Microbial endocrinology: host-microbiota neuroen-
docrine interactions influencing brain and behavior.Gut Microbes 5:381–
389.
209. Lyte M. 2014. Microbial endocrinology and the microbiota-gut-
brain axis. Adv Exp Med Biol 817:3–24.
210. Jessen KR, Mirsky R. 1983. Astrocyte-like glia in the peripheral
nervous system: an immunohistochemical study of enteric glia. J Neurosci
3:2206–2218.
211. Goehler LE, Gaykema RP, Opitz N, Reddaway R, Badr N, Lyte M.
2005. Activation in vagal afferents and central autonomic pathways: early
responses to intestinal infection with Campylobacter jejuni. Brain Behav
Immun 19:334–344.
212. LyteM, Gaykema R, Goehler L. 2009. Behavior modification of host
by microbes, p 121–127. In Schaechter M (ed), Encyclopedia of Micro-
biology, 3rd ed. Elsevier, Oxford, UK.
213. Le Roith D, Shiloach J, BerelowitzM, Frohman LA, Liotta AS, Krieger
DT, Roth J. 1983. Are messenger molecules in microbes the ancestors
of the vertebrate hormones and tissue factors? Fed Proc 42:2602–2607.
214. Frohlich M, Lefering R, Probst C, Paffrath T, Schneider MM,
Maegele M, Sakka SG, Bouillon B, Wafaisade A, Committee on Emer-
gency Medicine, Intensive Care and Trauma Management of the German
Trauma Society (Sektion NIS). 2014. Epidemiology and risk factors of
multiple-organ failure after multiple trauma: an analysis of 31,154 patients
from the TraumaRegister DGU. J Trauma Acute Care Surg 76:921–927;
discussion 927–928.
215. Tsukamoto T, Chanthaphavong RS, Pape HC. 2010. Current
theories on the pathophysiology of multiple organ failure after trauma.
Injury 41:21–26.
216. Baue AE, Durham R, Faist E. 1998. Systemic inflammatory response
syndrome (SIRS), multiple organ dysfunction syndrome (MODS), multi-
ple organ failure (MOF): are we winning the battle? Shock 10:79–89.
217. Swank GM, Deitch EA. 1996. Role of the gut in multiple organ
failure: bacterial translocation and permeability changes. World J Surg
20:411–417.
218. Wang P, Ba ZF, Cioffi WG, Bland KI, Chaudry IH. 1998. Is gut the
“motor” for producing hepatocellular dysfunction after trauma and
hemorrhagic shock? J Surg Res 74:141–148.
219. Mittal R, Coopersmith CM. 2014. Redefining the gut as the motor of
critical illness. Trends Mol Med 20:214–223.
220. Balk RA. 2014. Systemic inflammatory response syndrome (SIRS):
where did it come from and is it still relevant today? Virulence 5:20–26.
221. Bengmark S. 2012. Pro- and synbiotics to prevent sepsis in major
surgery and severe emergencies. Nutrients 4:91–111.
222. Boyd JH, Russell JA, Fjell CD. 2014. The meta-genome of sepsis:
host genetics, pathogens and the acute immune response. J Innate Immun
6:272–283.

ASMscience.org/MicrobiolSpectrum 23

Microbial Endocrinology in the Pathogenesis of Infectious Disease

http://dx.doi.org/10.1038/mp.2013.65
http://www.ASMscience.org/MicrobiolSpectrum


Downloaded from www.asmscience.org by

IP:  54.70.40.11

On: Sat, 03 Aug 2019 15:50:20

223. Madan JC, Salari RC, Saxena D, Davidson L, O’Toole GA, Moore
JH, Sogin ML, Foster JA, Edwards WH, Palumbo P, Hibberd PL. 2012.
Gut microbial colonisation in premature neonates predicts neonatal
sepsis. Arch Dis Child Fetal Neonatal Ed 97:F456–F462.
224. Sultan S, Forsmark CE. 2010. Therapeutics. Review: enteral nutri-
tion reduces mortality, multiple organ failure, and systemic infection more
than TPN in acute pancreatitis. Ann Intern Med 153:JC1–6.
225. Shimizu K, Ogura H, Asahara T, Nomoto K, Morotomi M, Tasaki
O,Matsushima A, Kuwagata Y, Shimazu T, SugimotoH. 2013. Probiotic/
synbiotic therapy for treating critically ill patients from a gut microbiota
perspective. Dig Dis Sci 58:23–32.
226. Marshall JC, Christou NV, Meakins JL. 1993. The gastrointestinal
tract. The “undrained abscess” of multiple organ failure. Ann Surg
218:111–119.
227. Marshall JC, Christou NV, Horn R, Meakins JL. 1988. The micro-
biology of multiple organ failure. The proximal gastrointestinal tract as
an occult reservoir of pathogens. Arch Surg 123:309–315.

228. Rocha F, Laughlin R, Musch MW, Hendrickson BA, Chang EB,
Alverdy J. 2001. Surgical stress shifts the intestinal Escherichia coli pop-
ulation to that of a more adherent phenotype: role in barrier regulation.
Surgery 130:65–73.
229. Alverdy J, Holbrook C, Rocha F, Seiden L,Wu RL, MuschM, Chang
E, Ohman D, Suh S. 2000. Gut-derived sepsis occurs when the right path-
ogen with the right virulence genes meets the right host: evidence for in vivo
virulence expression in Pseudomonas aeruginosa. Ann Surg 232:480–489.
230. Alverdy JC, Chang EB. 2008. The re-emerging role of the intestinal
microflora in critical illness and inflammation: why the gut hypothesis of
sepsis syndrome will not go away. J Leukoc Biol 83:461–466.
231. LyteM. 2009. Reciprocal gut-brain evolutionary symbiosis provokes
and amplifies the postinjury systemic inflammatory response syndrome.
Surgery 146:950–954.
232. Herndon DN, Hart DW, Wolf SE, Chinkes DL, Wolfe RR. 2001.
Reversal of catabolism by beta-blockade after severe burns.N Engl J Med
345:1223–1229.

24 ASMscience.org/MicrobiolSpectrum

Lyte

http://www.ASMscience.org/MicrobiolSpectrum

