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Regulation of virulence of Campylobacter jejuni by norepinephrine
has implications for the husbandry of food production animals and
transmission of infection to man

B
acteria living within the environs of
a host (whether human or animal)
are subject to stressful conditions

and have to overcome them to survive.1 2

In particular, enteric bacterial pathogens
have to tolerate exposure to the acid
environment of the stomach, resist the
detergent-like activity of bile salts and
ever decreasing oxygen concentrations as
they descend the gastrointestinal tract,
the presence of a competing microbial
flora and the antimicrobial peptides of
the epithelial surfaces they encounter.
Bacteria—whether commensal, obligate
or opportunist pathogens—live in a per-
manent state of stress and regulate their
gene expression and, in the case of
potential pathogens, virulence gene
expression1 2 in response to these envir-
onmental stresses.

The mammalian or avian hosts har-
bouring these organisms may themselves
be subject to conditions that induce stress
and the physiological responses that
characterise that rather imprecise term.
Thus, ill human patients in hospital—
whether due to acute illness, infection,
any form of accidental/induced trauma or
animals reared and transported under
some food production conditions—have
a neurophysiological response to stress by
the local (enteric) and systemic release of
catecholamine hormones and, in particu-
lar, norepinephrine (noradrenaline) by
the enteric nervous system.3 4

It has been recognised for some time
that norepinephrine potentiates bacterial
growth both in vivo and in vitro and
induces expression of virulence determi-
nants in enteric pathogens, particularly
Escherichia coli.5 6 In this issue of Gut,
Cogan et al7 (see page 1060) provide
evidence that norepinephrine also regu-
lates virulence in the important intestinal
food-borne pathogen Campylobacter jejuni.
Norepinephrine, in the presence of iron-
limiting conditions, increases C jejuni
growth, motility and bacterial invasion
into cultured intestinal (Caco-2) cells and
decreases the time taken for the organism
to affect Caco-2 cell tight junction barrier

function. The implications for animal
husbandry in particular and the physio-
logical state of the organism for transmis-
sion and disease causation in a human
host are intriguing.

Lyte3 4 has termed the study of the
interaction of microbes with stress hor-
mones ‘‘microbial endocrinology’’. There
has been an increasing awareness of the
role of neuroendocrine hormones in the
pathogenesis of infectious disease. Thus,
exposure of enteropathogenic E coli
(EPEC) to norepinephrine for 6 h
increases bacterial growth when using a
small bacterial inoculum under iron-
limiting conditions.8 9 Intriguingly, the
host iron-binding proteins transferrin
(TF) and lactoferrin (LF) were required
for norepinephrine to stimulate growth of
E coli. Bacteria require iron for growth in
vivo, but iron is limited for bacterial
growth by host iron-binding proteins.
Norepinephrine at physiological concen-
trations complexes with these host iron-
binding proteins, and the organism can
bind and use these complexes as a source
of iron in vitro. Radiolabelled iron com-
plexed to TF and LF is taken up by the
bacterial cells and norepinephrine was
also internalised by the organism. Thus,
the effect of norepinephrine on bacterial
growth is mediated by its ability to
complex with host iron-binding proteins
and, in turn, for the bacteria to use the
iron in these complexes for growth. This
observation has implications for com-
mensal organisms involved in sepsis in
hospitalised patients. Using faecal isolates
of E coli, Freestone et al10 showed that iron
removal from LF and TF complexed to
norepinephrine required an intact 3,4-
dihydroxybenzoyl (catechol) structure,
whereas norepinephrine metabolites in
which the catechol moiety had been
modified were not used as a source of
iron by E coli. A role for catecholamine-
mediated bacterial iron supply in the
pathophysiology of gut-derived sepsis
was proposed.

It has recently been shown that epi-
nephrine/norepinephrine is involved in

the quorum sensing of bacteria.11 12

Quorum sensing is a cell to cell signalling
mechanism in which bacteria respond to
hormone-like molecules called autoindu-
cers (AIs) produced by other growing
bacteria of the same species in the same
environment. Enterohaemorrhagic E coli
0157:H7 has an autoinducer, AI-3, which
is involved in interkingdom signalling
with epinephrine/norepinephrine, and it
is this signalling that activates transcrip-
tion of virulence genes. QseC sensor
kinase is a bacterial receptor for both
AI-3 and epinephrine/norepinephrine, the
first identified bacterial adrenergic recep-
tor.11 Adrenergic antagonists can specifi-
cally block these responses and a qseC
mutant is reduced in virulence in a rabbit
model of infection. Neuroendocrine hor-
mones can also affect expression of
attachment organelles in bacteria.
Norepinephrine has been shown to
increase expression of the K99 pilus
adhesin of enterotoxigenic E coli in vitro13

and also of E coli type 1 fimbriae in vivo
following surgical stress.14 Use of an ex
vivo tissue culture model has shown that
norepinephrine or dopamine stimulation
of enteric nerves in the tissue increases
the adhesion of E coli 0157 to caecal
epithelium which could be prevented by
prior treatment with adrenergic receptor
antagonists.15 Norepinephrine also aug-
ments E coli O157:H7-induced intestinal
inflammatory and secretory responses as
well as bacterial adherence to intestinal
mucosa in a bovine ligated ileal loop
model of infection. Norepinephrine mod-
ulation of enteritis and adherence was
dependent on the ability of E coli O157:H7
to form attaching and effacing lesions.16

Using a surgical stress model in animals
which increased norepinephrine in the
gut, animals were subsequently chal-
lenged with Pseudomonas aeruginosa. This
resulted in increased mucosal adhesion of
P aeruginosa through increased expression
of bacterial adhesion.17 These hormones
also increase the growth of Salmonella
species,18 Listeria monocytogenes19 and inva-
sion of Salmonella choleraesuis into intest-
inal epithelia.20

Food production animals may not live a
stress-free lifestyle, particularly animals
and poultry intensively reared. The work
by Cogan et al7 published in this issue of
Gut, if extrapolated to the animal or bird
intestine in which C jejuni are living,
suggests that stress in animals may
encourage colonisation by C jejuni. The
pathogenic determinants of C jejuni are
still relatively little understood, so any
insight into virulence regulation is wel-
come. Motility is an absolute requirement
for virulence in C jejuni animal models of
disease (reviewed by Konkel et al21) and
addition of norepinephrine to organisms
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grown in iron-limiting conditions
resulted in increased motility and restora-
tion of the iron replete motile phenotype
in their studies. Flagella are also impor-
tant in the colonisation of the chicken
gastrointestinal tract.21 In addition, fla-
gella are also the means by which
secreted bacterial virulence factors are
delivered into host eukaryotic cells,
effecting bacterial invasion into epithe-
lia.21 Increased motility and invasion also
implies increased fitness for transmission
within the poultry flock or for causing
disease in man. It is well known that
poultry abattoir workers during their first
period of employment suffer from epi-
sodes of acute diarrhoea.22 Does this
reflect intense exposure to organisms
with enhanced virulence from stressed
animals? Over time the number of epi-
sodes decreases, suggesting acquired
immune protection from exposure to
different serotypes of C jejuni. What are
the wider implications for the many
infections acquired from food and are
there differences in the ability of C jejuni
to cause disease in man if they are present
in food from a stressed or stress-free
animal or bird?

It has been known for a long time that
stress in man and animals increases
susceptibility to infectious diseases.23

What was perhaps unexpected is that
bacterial stress responses imposed by the
host environment on the organism and
the host’s norepinephrine stress response
imposed by infection both potentiate the
growth and virulence of the organism.
Bacteria/stress hormone interaction is
likely to be one of many variables
whereby the virulence of C jejuni is
regulated. All of us are ‘‘stressed’’ at
some time, and it is intriguing to spec-
ulate whether that translates into a
particular susceptibility to gastrointest-
inal or, indeed, any type of infection due
to increased production of enteric nor-
epinephrine. As most C jejuni infections in

man in the western world are sporadic in
nature,24 are we more susceptible to these
organisms in stressful times? The produc-
tion of stress-free ‘‘happy’’ animals for
food may have implications for prevent-
ing the acquisition and potential trans-
mission of disease adapted C jejuni.25
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