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ABSTRACT

The union of microbiology and neurobiology, which 
has been termed microbial endocrinology, is defined as 
the study of the ability of microorganisms to produce 
and respond to neurochemicals that originate either 
within the microorganisms themselves or within the 
host they inhabit. It serves as the basis for an evo-
lutionarily derived method of communication between 
a host and its microbiota. Mechanisms elucidated by 
microbial endocrinology give new insight into the ways 
the microbiota can affect host stress, metabolic effi-
ciency, resistance to disease, and other factors that may 
prove relevant to the dairy industry.
Key words: epithelium, microbiology, infection, 
microbiota-gut-brain axis

CONNECTION BETWEEN THE GUT MICROBIAL 
COMMUNITY AND STRESS

Animals experience a variety of stressors that occur 
when they transition between physiological conditions, 
when they are exposed to changing environments, and 
when these and other stressors interact. Environmen-
tal stress, particularly heat stress, has long been es-
tablished as influencing dairy animal performance in 
measures including growth, reproduction, and lactation 
(Collier et al., 2006). Heat stress during the transition 
to lactation can be especially detrimental to dairy cattle 
performance (Baumgard and Rhoads, 2012, 2013). Ac-
climation to stress in ruminants includes numerous en-
docrine changes, such as reduced aldosterone secretion, 
reduced glucocorticoid secretion, increased epinephrine, 

and increased progesterone secretion by the adrenal 
glands; decreased thyroxine secretion by the thyroid 
gland; increased leptin secretion by adipose tissue; de-
creased somatotropin and increased prolactin secretion 
by the anterior pituitary; and decreased estrone sulfate 
secretion by the placenta (Bernabucci et al., 2010). 
Although extensive studies of rumen microbial ecol-
ogy and the effect of dietary alterations on microbial 
communities, nutrient supply, and animal performance 
have been conducted, investigations into the effects of 
animal stressors on the microbiome of ruminants are 
in their infancy (Malmuthuge and Guan, 2017). Initial 
work has identified alterations in rumen microbiota 
when heifers were heat stressed (Uyeno et al., 2010), 
when cows were subjected to intravenous challenges 
with LPS (Jing et al., 2014), and when cows transition 
to lactation, especially when the rumen becomes aci-
dotic (Wetzels et al., 2016). Given that links between 
stress, the neuroendocrine system, and the microbiota 
are well established, even if not completely understood 
in other mammals (Furness et al., 2013; Furness, 2016; 
Schroeder and Backhed, 2016), it is likely that similar 
relationships will be identified in ruminants.

Stress can act through the central nervous system 
and effect changes to the microbiota through the 
sympathoadrenal and hypothalamic-pituitary-adrenal 
axes (Lyte, 2016b). These neurochemical axes release 
chemicals that can act on and change the microbiota. 
Changes in the host’s microbiota may then feedback 
onto the host through the gut-brain axis to effect fur-
ther changes. Simply stated, the microbiota and host 
are intimately linked in a bidirectional way (Figure 
1). A physiological model drawn from our understand-
ing of the interactions of microbes with the endocrine 
and enteric nervous systems has been developed and 
is termed the microbiota-gut-brain axis. Food ingested 
by the host can be metabolized by the microbiota in 
ways that generate specialized metabolites that have 
the potential to modulate host health (Sharon et al., 
2014). Neurochemical metabolites can be taken up into 
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the circulation or interact with the host locally at the 
level of the enteric nervous system. Some signals may 
be transduced to the brain, where they can influence 
cognition and behavior, whereas other signals may re-
sult in changes in the enteric system, which feedback on 
the microbiota in a bidirectional way.

Among many potential signals that can pass between 
a host and the microbiota, the catecholamine molecule 
norepinephrine (NE) is considered to be of particular 
importance. For the purposes of this limited review, 
NE will serve as a prototypical example for the manner 
in which bacterial-neuroendocrine interactions function 
within the larger context of microbial endocrinology. 
Norepinephrine normally functions as a neurotransmit-
ter in the digestive tract, but can act as a hormone as 
well when it is released from the adrenal medulla in 
response to a stressful stimulus and carried through the 
blood to the ruminal and intestinal epithelia. Norepi-
nephrine is among several chemical mediators that may 
play an important role in modulating host-bacteria 
interactions (Hughes and Sperandio, 2008). Although 
many investigations of NE actions on the intestinal mu-
cosa have been carried out, the majority of these have 
used rodent, rabbit, or guinea pig models and only a 

relatively small number have been conducted with live-
stock species, and those have been performed mainly 
on the porcine intestine. As few analogous studies exist 
in cattle, we reviewed host-bacteria interactions at the 
intestinal mucosa surfaces and NE-host-bacteria inter-
actions, citing relevant studies in cattle when available.

INTERDOMAIN COMMUNICATION  
IN THE INTESTINAL MUCOSA

Through the production and release of chemical 
signals or by physical or structural interactions, the 
various members of the ruminal and intestinal micro-
bial communities are capable of communicating with 
each other across taxonomic boundaries, including 
interdomain signaling between prokaryotes (bacteria) 
and eukaryotes (e.g., fungi). This microbial signaling 
extends to cells of the host as well, which is the sub-
ject of the emerging field of microbial endocrinology. 
In the rumen, bacteria have been observed to make 
direct contact with the stratum corneum of the strati-
fied, squamous ruminal epithelium as well as rumen 
papillae (McCowan et al., 1978; Mueller et al., 1984). 
The surface of the stratum corneum is colonized by 

Figure 1. Bidirectional nature of microbial endocrinology in which neurochemicals produced by the host and microbiota can influence each 
other. Neurochemicals produced by the microbiota can influence the host (1) as well as responsive microorganisms within the overall microbial 
community in the alimentary tract (2). The host response to neurochemicals may include physiological changes (intestinal motility, water reab-
sorption, secretory), behavioral changes (appetite, mood), or immunological states (i.e., inflammation). Similarly, the microbiota can respond 
to neurochemicals secreted from either the host (such as during periods of stress; 3) or other microorganisms (2) through altered physiology 
(i.e., infection, secretion, or environmental tolerance). Physiological changes in the host may feedback onto the neurochemical producers of the 
microbiota (4). Neurochemical responsive members of the microbiota also have the capacity to generate a response that affects the host (5). 
Together these pathways have the capacity to lead to reciprocal responses, as indicated by the paired arrows, and are part of the more general-
ized microbiota-gut-brain axis (Lyte, 2014).
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microbes in the rumen but, under normal conditions, 
these microbes do not penetrate this layer of dead cells 
and reach the stratum granulosum (Graham and Sim-
mons, 2005; Steele et al., 2016). The glandular ruminal 
epithelium has no endocrine or resident immune cells 
and is sparsely innervated, at least in cattle (Kitamura 
et al., 1987; Kitamura et al., 1993; Teixeira et al., 1998).

In the intestinal tract, the simple columnar epithe-
lium of the intestinal mucosa with its crypt-villus/
surface cell arrangement is the initial point of bacte-
rial contact with the host. Goblet cells and crypt cells 
in the mucosa secrete mucin and water, respectively, 
to form inner and outer blankets of mucus harboring 
distinct populations of commensal microbes and ulti-
mately protecting the mucosal surface from pathogen 
colonization in monogastrics (Atuma et al., 2001) and 
ruminants (Steele et al., 2016). The intestinal mucosa 
in particular has been a focus for investigations of inter-
domain crosstalk between bacteria and their mamma-
lian hosts. It contains the largest number of endocrine 
cells in the body, which are diffusely distributed along 
its length, a substantial population of resident immune 
cells that provide innate and adaptive immune defense, 
and an intramural nervous system capable of support-
ing preprogrammed behavior that can be modulated by 
the central and autonomic nervous systems. Cell to cell 
communication occurs among different host cell types 
in or near the mucosa as well as with bacteria and other 
microorganisms. Additional knowledge of the role of 
the mucus in ruminants as a barrier and how it inter-
acts with epimural microorganisms is needed (Bradford 
et al., 2015, 2016; Steele et al., 2016).

NOREPINEPHRINE AFFECTS THE GUT MICROBIAL 
COMMUNITY VIA INTESTINAL MUCOSA

Norepinephrine can act on adrenergic receptors lo-
cated on submucosal nerves or the basolateral mem-
branes of various cell types in the intestinal mucosa 
to influence bacterial interactions with the mucosal 
surface (Figure 2). First, in intestinal mucosa explants 
from swine, NE affects active transepithelial ion and 
fluid transport as measured by changes in short-circuit 
current. In the small intestine, it acts through alpha-2 
adrenergic receptors on submucosal enteric nerves to de-
crease changes in short-circuit current, an effect attrib-
uted to increased chloride absorption. Its effects on the 
colonic mucosa are quite different, as it acts directly on 
colonic epithelial cells to increase active chloride secre-
tion; this latter effect is mediated by alpha-1 adrenergic 
receptors (Brown and O’Grady, 1997). These effects of 
ion transport, with the accompanying movement of 
water through aquaporin channels, could influence the 
viscosity and thickness of the mucus layers covering the 

mucosa in these 2 intestinal regions and, by extension, 
affect the commensal microbial populations residing in 
the inner and outer mucus layers.

Second, NE appears to promote the vectorial move-
ment of secretory immunoglobulin A (SIgA) through 
epithelial cells onto the mucosal surface and into the 
overlying mucus layers. At these locations, SIgA has 
important roles in retaining and clearing pathogenic 
bacteria to promote an anti-inflammatory environment, 
which is critical for preserving intestinal barrier func-
tion, as well as shaping and maintaining homeostasis 
in the commensal microbial community (Sutherland et 
al., 2016). In mucosal explants from swine small intes-
tine and colon, at low micromolar concentrations, NE 
appears to accelerate the rate at which the polymeric 
IgA receptor ferries dimeric IgA from plasma B cells in 
the lamina propria to the mucosal surface. This effect 
appears to be mediated by alpha-1 adrenergic receptors 
on mucosal epithelial cells (Schmidt et al., 2007). It is 
not clear if this process occurs in vivo, as an earlier in-
vestigation suggests that NE, acting through a nervous 
mechanism, decreases SIgA output from the isolated, 
perfused porcine ileum (Schmidt et al., 1999).

Third, NE reversibly promotes adherence of patho-
genic (Escherichia coli O157:H7) and some strains of 
nonpathogenic Escherichia coli to the mucosal surface 
of the cecal and colonic mucosa explants from swine 
(Green et al., 2004; Chen et al., 2006). It appears to 
enhance rapid, nonintimate association of these bacte-
ria to the colonic mucosal surface by acting on epithe-
lial alpha-2 adrenergic receptors with a 50% effective 
concentration of approximately 1 µM. This adrenergic 
receptor subtype is coupled through G proteins to a 
decrease in cyclic AMP levels, with a corresponding 
decrease in protein kinase A activity. Indirectly act-
ing sympathomimetic drugs, such as tyramine and 
the protein kinase A inhibitor Rp-cAMPS, mimic this 
NE action. The underlying mechanism has not been 
discovered, although it is hypothesized that NE and 
its downstream intracellular effectors unveil a bacterial 
adherence factor, such as extracellular matrix proteins 
or mannose-binding proteins, on the luminal aspect of 
mucosal epithelial cells (Green et al., 2004).

In summary, NE may act through the intestinal 
mucosa at low (1–10 µM) concentrations to promote 
mucosal interactions with bacteria in the gut lumen, 
through at least 3 mechanisms that are mediated by 
conventional α-adrenergic receptors. First, hydration-
associated changes in the thickness of mucus layers 
covering the mucosa; second, increased SIgA delivery 
to the mucosal surface through actions on polymeric 
IgA receptor and luminal ionic and fluid movements; 
and third, promotion of early bacterial adherence to 
the mucosal surface.



5622 LYTE ET AL.

Journal of Dairy Science Vol. 101 No. 6, 2018

DIRECT ACTIONS OF NOREPINEPHRINE  
ON INTESTINAL BACTERIAL CELLS

Norepinephrine present in the intestinal lumen does 
not appear to arise solely from the host. Evidence that 
microbes in vivo can synthesize various biogenic amines, 
such as NE, has been shown in rodents (Asano et al., 
2012). Given that the in vitro production of biogenic 
amines by bacterial genera used in food production 
(and which are also found in the gastrointestinal tract 
of many mammalian species) has been reported for 
decades (Silla Santos, 1996; Pessione and Cirrincione, 
2016), it is likely that the microbiota of other species 
can also produce physiologically relevant levels of bio-
genic amines that may influence host physiology. At 
high (>50 µM) concentrations, NE can act directly on 
bacteria to influence their chemotaxis toward the mu-

cosal surface as well as enhance their growth and viru-
lence. Lyte and Ernst (1992) were the first investigators 
to report the direct effects of NE on the growth and 
virulence characteristics of bacteria (E. coli) in vitro. In 
their original studies as well as in subsequent investiga-
tions of these phenomena in E. coli and many other 
bacterial species, NE produced its effects on growth 
and virulence at concentrations >50 µM, which are 
considerably higher than the concentrations of NE ef-
fective in altering intestinal mucosal function. However, 
extended incubation (18 h) of Pseudomonas aeruginosa 
with NE or epinephrine at concentrations as low as 5 
µM has been reported to increase bacterial numbers 
(Freestone et al., 2012). Moreover, lower concentrations 
of epinephrine (≥5 µM) can affect intracellular events 
in E. coli, such as phosphorylation or gene transcrip-
tion (Clarke et al., 2006). Some studies have reported 

Figure 2. Effects of norepinephrine (NE) acting on epithelial cells at low micromolar concentrations in altering host-microbe interactions at 
the intestinal mucosal surface. In the top image, in explants of intestinal mucosa (small intestine and colon from swine), NE acts on basolat-
eral alpha-1 adrenergic receptors (α1-AR) to increase transepithelial transport of dimeric immunoglobulin A (dIgA) to the mucosal surface as 
secretory IgA (SIgA). This calcium-mediated action appears to be due to an enhanced shuttling of the polymeric IgA receptor (pIgR) from the 
epithelial cell basolateral membrane to the apical membrane. In the bottom image, NE promotes nonintimate adherence of Escherichia coli to the 
mucosal surface of the cecal and colonic mucosa explants from swine by acting on basolateral alpha-2 adrenergic membrane receptors (α2-AR) 
coupled to decreases in intracellular cyclic AMP levels and protein kinase A (PKA) activity. There exist multiple alpha subunit proteins that 
form part of larger, heterotrimeric GTP-binding proteins (or G proteins). These proteins link receptor stimulation to the activation of various 
signaling pathways in epithelial cells. Gi is termed an inhibitory alpha subunit of a G protein because it inhibits the formation of the second 
messenger, cyclic AMP. Gq is a completely different alpha subunit of a G protein that was isolated by Mono Q anion-exchange chromatography 
in the early 1990s, hence the subscripted q. Color version available online.
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that specific adrenergic antagonists, particularly 
α-adrenergic antagonists such as phentolamine, can 
inhibit the direct actions of NE on bacteria, but the an-
tagonist concentrations required to do so are very high 
(Clarke et al., 2006). This suggests that conventional 
adrenergic receptors are not expressed on bacteria and 
do not mediate NE actions.

How does NE influence bacterial function, if not 
through specific adrenergic receptors? First, bacte-
rial catecholates such as enterobactin and salmochelin 
maintain bacterial growth by binding to ferric iron and 
delivering it to bacteria under iron-restricted condi-
tions (Ellermann and Arthur, 2017). Similar to these 
microbially-generated substances, NE contains a cat-
echolate moiety, and it too possesses the characteristics 
of a siderophore. This mechanism appears to explain 
some of its effects on bacterial growth (Freestone et al., 
2012).

Second, in addition to functioning as siderophores, 
catecholamines can facilitate the liberation of iron 
from the iron-binding proteins lactoferrin and transfer-
rin. Catecholamines form direct complexes with ferric 
iron within transferrin and lactoferrin (Sandrini et al., 
2010). Subsequently, Fe+3 bound to the transferrin 
enzyme is reduced to the Fe+2 that accompanies the 
release of free iron. In the presence of norepinephrine, 
Holo-transferrin, the iron-replete form of transferrin 
progressively releases iron and undergoes conversion to 
the iron-depleted apo-transferrin form. These changes 
are evident by both electron paramagnetic resonance 
spectrometry as well as PAGE. Sandrini et al. (2010) 
reported parallel findings for both transferrin and lac-
toferrin, and it is thus likely that a reductive mecha-
nism of iron release is common to the liberation of iron 
from both enzymes. Whereas these findings provide for 
a mechanism by which stress-related neurochemicals 
influence the physiology of microorganisms, other non-
iron-related mechanisms may also be involved. For ex-
ample, the first description that prokaryotic microbes 
possess a plasma membrane monoamine transporter 
and an organic cation transporter capable of facilitat-
ing the uptake of neurochemicals such as NE has been 
recently published (Lyte and Brown, 2018). This find-
ing of a hitherto unrecognized mechanism by which a 
bacterium may interact with host signals demonstrates 
that multiple mechanisms exist that microorganisms 
may use to interact with host neurochemicals [see Lyte 
(2016b) for a more comprehensive review].

Third, other research groups (Curtis et al., 2014; 
Moreira et al., 2016) have suggested that NE can in-
teract with a quorum sensor histidine kinase (QseC) 
that is present in bacteria. The QseC is linked to genes 
encoding bacterial virulence factors as well as genes 

whose protein products control aspects of bacterial 
growth and colony density. Animal pathogens that pos-
sess QseC or a QseC homolog include E. coli, Shigella, 
Salmonella, Klebsiella, Vibrio, Pseudomonas, Acineto-
bacter, Francisella, and Yersinia. These pathogens have 
developed a synthetic allosteric modulator of this quo-
rum sensor kinase, which has been shown to inhibit the 
effects of NE (Rasko and Sperandio, 2010). The QseC 
does not have the pharmacological characteristics of an 
adrenergic receptor because it has relatively low affin-
ity for NE, is not inhibited by conventional adrenergic 
receptor antagonists at low concentrations, and is not 
particularly stereoselective. At a high concentration of 
5 mM, NE increased E. coli O157:H7 adherence as well 
as intestinal fluid secretion and neutrophil influx when 
introduced with these bacteria into isolated ileal loops 
of anesthetized bull calves. This effect was dependent 
upon the expression of virulence genes in this bacterial 
strain necessary to form attaching and effacing lesions 
(Vlisidou et al., 2004). The finding is consistent with 
the concept that QseC is linked to the expression of 
virulence genes in enterohemorrhagic E. coli.

Fourth, NE acting on bacterial QseC can induce the 
production of bacterial enzymes that oxidize locally 
produced NE to its common metabolite, 3,4-dihydroxy-
mandelic acid (DHMA). This substance can act as a 
potent chemotactic agent in bacterial species expressing 
the serine chemoreceptor, Tsr (Figure 3). Bacteria such 
as E. coli that possess Tsr can follow 3,4-dihydroxyman-
delic acid up its concentration gradient to the bacteria 
from which it was expressed. Through this mechanism, 
it has been proposed that bacteria stimulated by NE 
to adhere to the intestinal epithelium through a QseC-
dependent mechanism could then oxidize NE and call 
other bacteria to join them at the mucosal surface 
(Pasupuleti et al., 2014). Intestinal regions that appear 
to favor bacterial colonization include the perifollicular 
areas of discrete Peyer’s patches in the upper small 
intestine; these areas have a relatively high density of 
sympathetic nerves (Green et al., 2003; Chiocchetti et 
al., 2008).

Whereas it is clear that catecholamines have the po-
tential to directly act on bacteria to promote growth 
and virulence gene expression, the mechanism(s) by 
which these effects are affected are still incompletely 
understood. We have already touched on 2 hypotheses, 
(1) the capacity for catecholamines to facilitate the 
supply of iron under iron-limiting conditions and (2) 
the ability for catecholamines to interact with the quo-
rum sensor histidine kinase QsecC. However, it must 
be emphasized that another mechanism(s) may exist 
by which catecholamines and catecholamine-based syn-
thetic drugs could interact with microorganisms.
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Norepinephrine enhances the in vivo replication of 
Salmonella enterica serovar Typhimurium within the 
bovine ileum (Pullinger et al., 2010). Neither QesC nor 
QseE are required for this effect and mutant knockouts 
∆qsecC, ∆qseE, and ∆qseCE all retain a higher rate 
of in vivo net replication in response to NE. Although 
an iron uptake-related phenomena may partially ex-
plain this finding, it is also conceivable that some other 
mechanism might account for this growth enhancement 
effect. The catecholamines dopamine, NE, and epineph-
rine all have the capacity to chelate iron through the 
cis-diol portion of the catechol moiety. However, the 
catechol moiety is also present in the catecholamine 
precursor and l-DOPA (l-3,4-dihydroxyphenylalanine) 
has the capacity to complex with iron (Linert et al., 
1991). Because many plant-derived foodstuffs contain 
significant quantities of l-DOPA or the l-DOPA precur-
sor tyrosine (readily converted to l-DOPA by bacterial 
tyrosine hydrolase), l-DOPA is likely to be available in 
at least some portions of the ruminant digestive tract. 
Given this finding, it would seem counterintuitive that 
there would be a special advantage in utilizing catechol-
amines, such as NE or dopamine, for iron uptake when a 
potentially suitable uptake molecule, such as l-DOPA, 
might be available. Structurally, there is little reason 
to believe any great differences exist in iron-binding 
capacity between l-DOPA, dopamine, norepinephrine, 
and epinephrine. No study has yet examined the pos-

sible differences between l-DOPA and its downstream 
products dopamine, epinephrine, and NE.

Idiosyncratic effects distinct to individual catechol-
amines have nevertheless been observed. The bacterial 
pathogen Actinobacillus pleuropneumoniae manifests 
differential expression of 158 and 105 genes when ex-
posed to epinephrine or NE, respectively (Li et al., 
2012). This finding suggests that some bacteria are 
capable of distinguishing between different catechol-
amines. As adrenergic sensor kinases such as QseC and 
QseE cannot account for all of these observations, it 
seems probable that other recognition and signaling 
mechanisms exist. Whatever the case may be, NE can 
be present in intestinal luminal fluids at concentra-
tions that can act on bacteria to enhance their growth, 
virulence, and interactions with entero-adherent bacte-
ria. The means by which neurochemicals may achieve 
these changes could be multifactorial, with new, novel 
mechanisms yet to be elucidated. The results of stud-
ies of NE on the intestinal mucosa, especially those 
performed in swine described above, could be quite ap-
plicable to understanding the actions of NE and other 
catecholamines in the dairy cow intestinal mucosa. 
Many opportunities remain to investigate the ability of 
stress and the consequent production of catecholamines 
to influence cow health. These studies should extend 
to the role of stress and catecholamines in modifying 
the susceptibility of dairy cattle to infectious diseases 

Figure 3. Norepinephrine (NE) can interact with the quorum sensor histidine kinase (QseC) that is expressed in several bacterial species. 
QseC is linked to genes encoding bacterial virulence factors as well as genes whose protein products control aspects of bacterial growth and 
colony density. When activated by NE, QseC can induce the production of bacterial enzymes (TynA, FeaB) that catalyze the oxidation of locally 
produced NE to its common metabolite, 3,4-dihydroxymandelic acid (DHMA). This latter substance can act as a potent chemotactic signal in 
bacterial species that express the serine chemoreceptor (Tsr). Bacteria such as Escherichia coli that possess Tsr can follow DHMA up its con-
centration gradient to the bacteria that expressed it. Through this mechanism, it has been proposed that bacteria stimulated by NE to adhere 
to the intestinal epithelium through a QseC-dependent mechanism could subsequently oxidize NE and call other bacteria to join them at the 
mucosal surface (Pasupuleti et al., 2014). EHEC = enterohemorrhagic E. coli. Color version available online.
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through their ability to alter the gut microbial com-
munity.

DRAWING PARALLELS BETWEEN  
NONRUMINANTS AND RUMINANTS

Unlike the alimentary tracts of mammals such as 
humans or rodents, those of dairy cattle are uniquely 
complex with 4 highly specialized forestomaches. As 
such, the microbial biogeography of the bovine alimen-
tary tract displays a commensurate increase in relative 
complexity. For example, studies have shown more than 
twice the number of operational taxonomic units in the 
foregut as in the intestinal structures past the stomach 
(Mao et al., 2015). Under normal (healthy) conditions, 
a common mammalian microbiota is dominated by Fir-
micutes (65.7% by sequencing), Bacteroidetes (16.3%), 
Proteobacteria (8.8%), and Actinobacteria (4.7%; Ley et 
al., 2008). Likewise, in cattle, Firmicutes, Bacteroidetes, 
and Proteobacteria predominate (Bickhart and Weimer, 
2018). However, the composition, population dynamics, 
and functions of microbial communities can vary radi-
cally between different gut locations and are affected by 
diet and by physiological and health status of the cow 
(Bickhart and Weimer, 2018; Pitta et al., 2018). The 
relative abundances of genes involved in carbohydrate 
metabolism are heavily represented in digesta samples 
from the forestomaches, whereas genes related to AA 
metabolism are enriched in mucosal samples (Mao et 
al., 2015). Given observations of this nature and differ-
ences in specific functions of the digestive tract (Steele 
et al., 2016), it is reasonable to infer that the unique 
microbial behavior and diversity inherent to these 
regions have the capacity to influence feed efficiency 
and other metabolic characteristics (Bravo and Wall, 
2016). It is also likely that interactions between the 
cow and its rumen microbes could be manipulated to 
improve cattle productivity and well-being (Bickhart 
and Weimer, 2018).

Though the structures of the forestomaches may lack 
the dense innervation of more distal gastrointestinal 
structures, this does not mean resident organisms that 
produce neurochemicals or other signaling molecules in 
these compartments cannot widely influence host sta-
tus. The rumen lining consists of keratinized stratified 
tissue, unlike the simple columnar epithelium associ-
ated with most intestinal sites. Though the absorptive 
features of the rumen are distinct from gastrointestinal 
regions lined with mucosal surfaces, the transport of 
many molecules from the rumen, including short-chain 
fatty acids such as acetate, propionate, and butyrate 
generated by intraruminal microbial fermentation, has 
been well established (Graham and Simmons, 2005; 
Baldwin and Connor, 2017).

Electrolyte transport of Na+ via the distribution of 
the Na+-K+-ATPase is also well documented. Though 
we know of no studies that specifically document the 
ability of catecholamines to influence these processes in 
the rumen, we have already noted that catecholamines 
have the potential to effect changes in the growth 
and metabolism of various microbes. As a corollary, 
it follows that effects on elements of the microbiota 
responsible for producing short-chain fatty acids could 
dramatically alter animal productivity. Furthermore, 
as described above, NE and dopamine can influence 
mucosal ion and water transport throughout the diges-
tive tract (Zhang et al., 2007). If similar findings can 
be documented in the rumen, then it may well follow 
that the microbiota has the potential to affect other ab-
sorptive pathways through osmotic and gradient driven 
influences. Though such mechanisms can be imagined 
through the lens of microbial endocrinology, research is 
needed to substantiate any specific hypotheses.

Exposure of animals to stressful stimuli has been 
found to produce changes in the gut microbiota (Mack-
os et al., 2017). The release of catecholamines from in-
jured enteric neurons is associated with a rapid altera-
tion of the microbiota community from one dominated 
by gram-positive taxa to one dominated by a single 
gram-negative bacterial species, Escherichia coli (Lyte 
and Bailey, 1997). In some species, decreased microbial 
diversity has been associated with health problems 
ranging from recurrent Clostridium difficile infection to 
metabolic disturbances (Chang et al., 2008; Claesson 
et al., 2012). Given a possible link between microbial 
diversity and the overall metabolic state of the host, 
it is not a wide leap to suggest signals that alter this 
balance may also have the potential to more profoundly 
affect the metabolism of the host.

Clostridium perfringens, the agent responsible for the 
majority of cases of enterotoxemia in cattle as well as 
the highly fatal jejunal hemorrhage syndrome (Elhanafy 
et al., 2013) holds an interesting parallel with some 
hallmark observations in the field of microbial endocri-
nology. In most cases of this syndrome, C. perfringens 
can be isolated from lesions and intestinal contents; 
however, simply inoculating the purified organism into 
an animal does not reproduce the disease (Abutarbush 
and Radostits, 2005). Interestingly, C. perfringens is 
also the earliest reported example of a microorgan-
ism whose growth is influenced by a neurochemical. 
During the early 20th century, the drainage of bacte-
rial abscesses and administration of drugs was often 
achieved through the usage of reusable glass syringes. 
Cleaning methods of the day left trace quantities of C. 
perfringens, but this typically was inconsequential, as 
the spores were mostly dormant. In the early 1930s, the 
catecholamine epinephrine was the first manufactured 
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hormone to be used in the clinical setting. Soon after 
this development, reports began to appear of patients 
suffering from fulminating sepsis hours after treatment 
with epinephrine. Epinephrine increases the growth 
rate of C. perfringens and decreases the infective dose 
by up to 1 million fold (Renaud, 1930; Cooper, 1946). 
Utilizing a perspective based in microbial endocrinol-
ogy, it can be suggested that successful infection may 
be dependent not just on the presence of the infectious 
agent, but also the presence of a signaling host factor, 
such as a stress-derived catecholamine, that could initi-
ate bacterial virulence. In fact, expression of the K99 
pilus adhesin of enterotoxigenic E. coli was shown to be 
increased over 280 fold in the presence of NE, thereby 
greatly enhancing its ability to attach to the intestinal 
mucosa and initiate infection (Lyte et al., 1997).

FUTURE AVENUES OF STUDY  
AND AN APPLICATION OF THE PRINCIPLES  

OF MICROBIAL ENDOCRINOLOGY  
TO RUMINANT HEALTH

Presently, the application of microbial endocrinology-
based concepts to the alimentary tract of dairy cattle 
is still relatively new, with experiments examining the 
ruminal environment in the formative stage. Little is 
known concerning the neurohormonal innervation of 
the alimentary tract, although the ruminal epithelium 
does not possess the neurohormonal signaling circuitry 
that is present in the intestinal mucosa (Kitamura et 
al., 1987; Kitamura et al., 1993; Teixeira et al., 1998). 
There are, however, a few examples of research involv-
ing neuroendocrine-based applications such as the 
use of beta-adrenergic agonists to improve gain and 
efficiency in ruminants during the final days prior to 
harvest (Walker and Drouillard, 2012). As such, we do 
not know how microbial endocrinology concepts might 
apply to the ruminal microbial environment. How-
ever, interactions between epimural microorganisms 
and chemical signals released from discrete strata of 
ruminal epithelial cells may exist. Although our short 
review has mainly been concerned with stress-derived 
neurochemicals, principally NE, other microbially 
derived hormones and signaling molecules have been 
demonstrated. For example, lactobacilli and bifidobac-
teria have been shown to produce γ-aminobutyric acid; 
Candida, Streptococcus, Escherichia, and Enterococcus 
can synthesize serotonin; and lactobacilli, lactococci, 
streptococci, and enterococci are capable of making 
histamine (for a complete description of the range of 
microbially produced neurochemicals see Lyte, 2016a). 
Given the enormous microbial diversity of the ruminal 
compartments, it is possible that ruminant microbes 
harbor many of the synthetic pathways requisite for 

these chemicals. The physiological significance of such 
production in ruminants is as yet unexplored. Similarly, 
the capacity for some groups of bacteria to produce 
biologically active molecules such as neurochemicals 
has the capacity to shape broader microbial communi-
ties, which remains a possible avenue for even relatively 
small groups of bacteria might influence a host as large 
as a ruminant.

One avenue of potential research suggested by the 
application of a microbial endocrinology-based ap-
proach to ruminant health is the mining of the genomic 
and metabolomic databases that have been established. 
For example, bovine metabolome databases have re-
cently been established (Goldansaz et al., 2017; www 
.cowmetdb .ca and www .lmdb .ca). The use of such data-
bases, however, should be approached with caution due 
to the well-recognized challenges that are inherent in 
the use of such databases (Smirnov et al., 2016).

As studies specifically testing microbial endocrinol-
ogy-based interventions in ruminants are currently 
few, it seems premature to offer any specific advice in 
regard to animal husbandry practices beyond the evi-
dent need to limit stress, as stressful conditions could 
expose the ruminant digestive tract to stress-related 
catecholamines such as NE at high concentrations. The 
realization that members of gut microbial communi-
ties have the capacity to generate neurochemicals from 
foodstuffs does suggest that a closer examination of 
feed content may lead to dietary modifications.

Skilled cattle farmers are aware of the importance 
of the microbiome-diet connection in conditions such 
as ruminal acidosis. In this condition, an overabun-
dance of simple sugars rapidly changes the microbial 
community structure, which in turn generates copious 
amounts of fermented products and acids that can lead 
to serious health problems. Perhaps a closer inspection 
of feed from the neurochemical perspective will shine 
a light on other conditions that could be related to an 
overabundance of neurochemicals and their precursors. 
For example, consider that the neurochemical precur-
sor tyrosine is a common component of most animal 
feed sources including grains. Farmers wishing to avoid 
some of the complications of stress in their animals 
might select less tyrosine-rich foods if they learn that 
tyrosine could heighten aggression in stressed individu-
als (Lieberman et al., 2015). Likewise, improved under-
standing of alterations in resident microbiota during 
growth (Meale et al., 2017), during metabolic disor-
ders such as milk fat depression (Pitta et al., 2018), 
and during stressful conditions (Kvidera et al., 2017) 
will likely increase the number of studies that assess 
host-microbiome interactions. Although in its infancy, 
great potential exists for the examination of microbial 
endocrinology-based mechanisms within the alimentary 

www.cowmetdb.ca
www.cowmetdb.ca
www.lmdb.ca
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tract to yield valuable new information that could 
translate into new methods and management strate-
gies to improve the well-being and productivity of dairy 
cattle and other ruminant species.
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