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Article Addendum

The microbiota that populates 
the intestinal tract affects many 

physiological processes, such as cell 
proliferation, epithelial barrier function, 
and immune responses. However, the 
molecular mechanisms by which the 
microbiota influences these events remain 
unknown. It was recently reported by 
our research group that specific taxa 
of intestinal bacteria induce the rapid 
and transient enzymatic production of 
reactive oxygen species (ROS) within 
enterocytes. Whereas NADPH oxidase 
2 (Nox2) catalyzed ROS generation 
in response to microbial perception 
by bone marrow-derived phagocytes 
is well-studied, the function of ROS 
generated by Nox1 in enterocytes in 
response to microbial signals is not fully 
understood. It is established that ROS 
can act as signaling molecules in diverse 
transduction pathways by the rapid and 
transient oxidation of oxidant-sensitive 
thiol groups harbored within sensor 
regulatory proteins. Because commensal-
bacterial-stimulated ROS generation in 
enterocytes has been shown to induce 
a wide range of physiological processes, 
in our recent manuscript, we proposed 
a paradigm wherein the influence of 
the microbiota on intestinal physiology 
is mediated in part by redox-dependant 
signaling.

Host-Microbe Interactions  
and Influences  

on Intestinal Physiology

Symbiotic microbes within the 
metazoan gut lumen have co-evolved 
within their hosts over millennia, with 

the inhabitants of the human and murine 
intestine being the topic of intensive 
research efforts over the past 10 y. The 
mammalian intestinal microbiota is 
composed of up to 100 trillion microbes 
from over 500 genera of bacteria from 
two main phyla, namely Bacteroidetes 
and Firmicutes.1 Deep sequencing 
approaches, coupled with computational 
taxonomy, have expanded our knowledge 
of the community composition of the 
gut microbiota.2-4 Population numbers 
differ considerably along the intestinal 
tract with approximately 103 bacteria per 
gram in the jejunum, 108 bacteria per 
gram in the ileum, and 1012 bacteria per 
gram within the colon.5 As well as absolute 
numbers, it is important to consider the 
ecological niche within the intestine, with 
many bacteria residing in the luminal fecal 
stream and others bound to the mucous 
layer or even tightly adhered to the surface 
of epithelial cells.6

The use of germ-free animals 
has enabled discovery of diverse and 
expanding roles for the microbiota in the 
modulation of host metabolic and immune 
functions.7 In addition, the microbiota 
has been shown to modulate epithelial 
cell homeostasis, including proliferation 
and survival, regulation of barrier 
function, and epithelial restitution.8,9 For 
example, small intestinal villi of germ-
free mice have impaired angiogenesis10 
and have a slower crypt to tip transit 
time.11 Colonization of germ-free mice 
with well-characterized symbiotic bacteria 
elicits host transcriptional responses, 
indicating the ability of the intestine to 
sense the presence of non-pathogenic 
bacteria.10 These observations are evidence 
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for a dynamic symbiotic host-microbe 
relationship between the intestine 
and its luminal occupants. It has also 
become apparent that alterations in this 
relationship resulting from changes in the 
composition of the microbiota may induce 
or aggravate intestinal immunity, resulting 
in pathological conditions as is seen in 
inflammatory bowel disease (IBD). In 
addition, changes in the microbiota 
have been shown to be associated with 
conditions including celiac disease, 
metabolic syndrome, and the onset of 
obesity, autoimmune disorders such as 
multiple sclerosis, infectious disease such 
as pseudomembranous colitis, and allergic 
conditions such as asthma.12-14

Thus, increasing evidence shows that 
the microbiota beneficially contributes 
to intestinal health, and increased efforts 
have been made to exploit symbiotic 
bacteria by enhancing the native 
microbiota with exogenous viable bacteria. 
Such “probiotic” microorganisms may 
potentially be therapeutic in inflammatory 
and developmental disorders of the 
intestinal tract.15 However, little is known 
about how the native microbiota and 
probiotic organisms mechanistically 
influence gut biology and how the 
intestine perceives these microbes. This 
addendum summarizes recent findings by 
our research group showing redox-based 
responses within enterocytes following 
contact with bacteria that represents, at 
least in part, a plausible mechanism by 
which symbiotic bacteria transmits their 
beneficial influences on the host.

Deliberate Generation  
of Physiological ROS by Tissues

In macrophages and neutrophils 
(“professional phagocytes”), deliberate 
generation of high levels of ROS function 
as a microbicidal response. In this context, 
perception of prokaryotic translation 
products, tagged with a bacterial-specific 
N-formyl group—of which N-formyl 
methionyl-leucyl-phenylalanine (fMLF) 
is the archetypical example—by a distinct 
class of pattern recognition receptors 
(PRRs) called formyl peptide receptors 
(FPRs), triggers a signaling cascade that 
eventuates in catalyzed generation of 
ROS and bacterial killing. This so-called 

“oxidative burst” in phagocytes is 
catalyzed by an NADPH oxidase, Nox2 
(formerly designated gp120phox)—a basally 
inactive multi-subunit complex comprised 
of a membrane-bound dimer of gp91phox 
and gp22phox.16 The NADPH oxidase 
family, or “Nox” enzymes, are also present 
in many non-phagocytic cell types, with 
Nox1 and Duox2 functionally expressed 
in intestinal epithelia where they likely 
mediate ROS induction in response to 
bacterial contact.17-19 Non-phagocyte Nox-
dependent generation of ROS functions 
in controlling cell signal transduction 
and is observed after receptor activation 
by various growth factors in a wide range 
of tissues.18 Interestingly, orthologs of 
the Nox/NAPDH family mediate ROS 
generation throughout multicellular 
life, with recent studies demonstrating 
a role for ROS in the control of cellular 
proliferation and differentiation of 
Drosophila hematopoietic progenitors,20 
in the control of the transition from 
proliferation to differentiation in the 
plant root,21 and for regeneration of an 
amputated Xenopus tadpole tail.22

Symbiotic Lactobacilli Stimulate 
Gut Epithelial Proliferation  

via Nox-Mediated Generation  
of Reactive Oxygen Species

In the research article featured in this 
commentary,23 we report that commensal 
bacteria, particularly members of the 
genus Lactobacillus, can stimulate 
NADPH oxidase 1 (Nox1)-dependent 
ROS generation and consequent cell 
proliferation in intestinal stem cells rapidly 
upon initial ingestion into the Drosophila 
or murine intestine. In Drosophila, six 
distinct bacteria were isolated and cultured 
(3 Gram-negative and 3 Gram-positive) 
from the luminal content of adult fly and 
gnotobiotically fed to germ-free larvae. 
Only Lactobacillus plantarum induced the 
dNox-dependent generation of cellular 
ROS, and ROS-dependent epithelial cell 
proliferation at time points up to 4 h after 
ingestion. This was in contrast to ingestion 
of the fly pathogen Erwinia carotovora, 
which is reported to induce the generation 
of ROS in enterocytes at 24 h following 
ingestion.24 In addition, depletion of 
dDuox levels in fly enterocytes did not 

inhibit the ability of L. plantarum to elicit 
this response. We recapitulated these 
data showing specificity of lactobacilli 
to induce ROS generation in cultured 
cells, where the well-studied mammalian 
probiotic Lactobacillus rhamnosus GG 
was the most potent inducer of ROS in 
cultured CaCo-2 cells. Finally, using an 
epithelial cell-specific Nox1-deficient 
(B6.Nox1ΔIEC) mouse, we showed that 
ingestion of L. rhamnosus GG induces 
Nox1-dependent ROS-generation and cell 
proliferation in both the small intestine 
and in the colon. Together, the data from 
both Drosophila and mouse identify a 
highly conserved mechanism by which 
symbiotic microorganisms promote 
epithelial growth and development, and 
thus homeostasis. Additionally, the work 
suggests specific redox-mediated functions 
may be assigned to specific bacterial taxa 
and may contribute to the identification of 
microbes with probiotic potential.

In a complementary study, we also 
showed that FPR1-mediated sensing of 
fMLF by the intestine activates redox 
signaling cascades that promote restitution 
of an injured mucosa.25 Injury to the 
intestinal mucosa can occur with infection, 
surgical trauma, and in IBD. Restitution 
of mucosa following injury involves 
induced and coordinated proliferation 
and migration of intestinal epithelial cells. 
Our studies showed that L. rhamnosus 
GG or purified fMLF stimulate FPR1 
on intestinal epithelial cells to activate 
ROS generation via enterocyte Nox1, 
causing rapid phosphorylation of focal 
adhesion kinase (FAK) and the promotion 
of the migration and proliferation of cells 
adjacent to colonic wounds.26 Our findings 
thus demonstrated a novel role for FPR1 
in perceiving the enteric microbiota and 
facilitation of mucosal wound restitution.

Redox Signaling  
and Reactive Cysteines

As mentioned, non-radical ROS, such 
as H

2
O

2
, produced by Nox enzymes 

are now recognized as key regulators 
of numerous intracellular signaling 
pathways.27 The physiological outputs of 
generated ROS depend on the intensity 
and/or duration of the production and 
the subcellular sites of generation.28-30 As 
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short-lived molecules, ROS can have very 
small functional radii, which contribute to 
their selectivity of action. Some receptors 
physically interact with a ROS-generating 
Nox enzyme, probably to limit ROS-
mediated influences to the immediate 
vicinity of target effector proteins.31 The 
mechanism by which ROS exert their 
effects on cell signaling circuitry is by the 
rapid and reversible oxidation of regulatory 
cysteine residues in sensor proteins.32-34 
These proteins serve as ROS-sensitive 

signal transducers via the reversible H
2
O

2
-

mediated oxidation of their active site 
cysteines, allowing a graded response 
to intracellular H

2
O

2
 concentrations. 

In redox-insensitive enzymes, cysteine 
residues are protonated at physiological 
pH (Cys-SH) (pK

a
 ̃ 8.5), whereas so-called 

low-pK
a
 cysteines exist as thiolate anions 

(Cys-S−) and are more readily oxidized by 
H

2
O

2
.34 These redox-sensitive thiolates 

are present under physiological conditions 
in a limited but increasingly recognized 

subset of sensor enzymes, including 
protein tyrosine phosphatases (PTPs),35 
the lipid phosphatase (PTEN),26 MAPKP 
such as DUSP3,36,37 and low-molecular 
weight (LMW)-PTP,38 as well as enzymes 
involved in sumoylation and neddylation 
reactions39 (Fig. 1). The next logical step 
in our investigations will be to expand 
the characterization of regulatory proteins 
and pathways that are sensitive to cellular 
ROS generated in response to symbiotic 
bacteria.

Concluding Remarks

Epithelial generation of ROS through 
microbial contact is a highly conserved 
process with many known, well-
characterized downstream responses. 
This mechanism is an attractive means by 
which a complex microbial community 
could influence a wide range of host 
signaling and homeostatic processes.40 
A comprehensive understanding of this 
mechanism will advance understanding 
of the physiological importance of the 
microbiota in health and disease. As has 
been discussed, oxidative modulation 
of a wide range of sensor proteins is an 
increasingly recognized mechanism of 
signal transduction.30,35 Newly developed, 
high throughput proteomic approaches 
have been developed to identify reactive 
cysteines that can be used to screen for 
microbial-specific, oxidant-sensitive 
regulatory proteins.41 Functional analyses 
of microbial and ROS-dependent 
outcomes on multiple pathways in vivo 
will be challenging future work.
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Figure 1. Cellular signaling pathways regulated by microbial-elicited ROS generation. Commensal 
microbiota and/or their products within the intestinal lumen influence the activity of homeostatic 
processes through the regulation of cellular redox processes. For example, luminal bacteria produce 
and shed small formylated peptides, which are perceived via formyl peptide receptors localized to 
the apical surface of gut epithelia.25 These, and likely other receptors, activate NADPH oxidases that 
transduce microbial signals via highly localized ROS production,23 affecting the oxidation status 
and thus the activity of redox sensor regulatory proteins (in red), such as DUSP3, LMW-PTPase, and 
the Nedd8 ligase, Ubc12. Downstream basic cellular processes, including proliferation, motility, and 
inflammation, can thus be modulated by changes in microbial-dependent cellular redox balance.
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