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The gastrointestinal tract, due to its role as a digestive organ and as a barrier between the exterior and interior milieus,
is critically impacted by dietary, environmental, and inflammatory conditions that influence health and lifespan. Work in
flies is now uncovering the multifaceted molecular mechanisms that control homeostasis in this tissue, and establishing
its central role in health and lifespan of metazoans. The Drosophila intestine has thus emerged as a productive, geneti-
cally accessible model to study various aspects of the pathophysiology of aging. Studies in flies have characterized the
maintenance of regenerative homeostasis, the development of immune senescence, the loss of epithelial barrier function,
the decline in metabolic homeostasis, as well as the maintenance of epithelial diversity in this tissue. Due to its funda-
mental similarity to vertebrate intestines, it can be anticipated that findings obtained in this system will have important
implications for our understanding of age-related changes in the human intestine. Here, I review recent studies exploring
age-related changes in the fly intestine, and their insight into the regulation of health and lifespan of the animal.
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Introduction

The intestine of aging animals suffers structural and
functional decline (Kirkwood 2004; Biteau et al. 2008,
2010; Choi et al. 2008; Park et al. 2009; Hochmuth
et al. 2011; Karpac et al. 2013; Rera et al. 2013, 2011,
2012). This decline limits the health of the animal, and it
has been established in Drosophila that the intestine rep-
resents an important target organ with respect to genetic
interventions that promote longevity (Biteau et al. 2010;
Guo et al. 2014; Rera et al. 2013). These findings sug-
gest that maintaining intestinal integrity is an important
determinant of health and viability at the organismal
level. Studies in flies have further established that the
age-related decline of the intestine is caused by perturba-
tions in a range of critical intestinal functions: (i) regen-
eration, (ii) barrier function, (iii) immune homeostasis,
(iv) metabolism, and (v) epithelial compartmentalization.
The experimental tools available in flies have allowed
dissecting the molecular mechanisms causing these per-
turbations. An integrated model for the age-related func-
tional decline and for the systemic consequences of this
decline is thus starting to emerge. In the following, I will
review this model and discuss recent findings.

Although mammals and Drosophila develop as deuter-
ostomes and protostomes, respectively, their adult diges-
tive tracts are structurally and functionally analogous
(Pitsouli et al. 2009). Signaling mechanisms that control
epithelial regeneration, innate immunity, and inflamma-
tion, as well as host–commensal interactions in the intes-
tine are evolutionarily conserved (Apidianakis et al. 2009;

Buchon, Broderick, Chakrabarti, et al. 2009; Colotta et al.
2009; Cronin et al. 2009; Jiang et al. 2009; Lee et al.
2009; Garrett et al. 2010; Grivennikov et al. 2010; Biteau
et al. 2011). The Drosophila intestine thus provides a
genetically accessible model that allows investigating the
maintenance of homeostasis in aging gastrointestinal tracts
mechanistically. It has a number of significant advantages
over mammalian models: (i) ease and speed of genetic
analysis, (ii) a lack of adaptive immunity, simplifying
direct readouts of commensal-induced inflammation, (iii)
naturally occurring, age-related intestinal dysplasia (Biteau
et al. 2008), (iv) a relatively defined microflora, recent
studies revealed only about 10 major microbial phylotypes
in the fly’s gut (Ryu et al. 2008), and (v) short lifespan.
Comprehensive studies aimed at integrating age-related
changes in regeneration, immune homeostasis, size, and
composition of the commensal flora, metabolic function,
and intestinal barrier function, as well as at understanding
the impact of these changes on overall lifespan, are thus
possible for the first time.

Age-related decline of epithelial regeneration

The intestinal epithelium is a high-turnover tissue in both
flies and mammals. It undergoes constant renewal and
regeneration, fueled by a dedicated population of intesti-
nal stem cells (ISCs). At the same time, the proliferative
activity of ISCs is highly plastic, responding to stress
and nutritional cues to preserve epithelial integrity and to
adjust epithelial size to changing dietary conditions.

*Corresponding author. Email: hjasper@buckinstitute.org

© 2014 [The Author]. Published by Taylor & Francis.
This is an Open Access article. Non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly attributed, cited, and is not
altered, transformed, or built upon in any way, is permitted. The moral rights of the named [author(s)/rightsholder] have been asserted.

Invertebrate Reproduction & Development, 2015
Vol. 59, No. S1, 51–58, http://dx.doi.org/10.1080/07924259.2014.963713

mailto:hjasper@buckinstitute.org
http://dx.doi.org/10.1080/07924259.2014.963713


Aging is accompanied by a loss of proliferative
homeostasis and of regenerative capacity in high-
turnover tissues, including in the intestinal epithelium.
Accordingly, as populations’ age, the incidence of
inflammatory bowel diseases (IBDs) and gastrointestinal
cancers is increasing (Lanzoni et al. 2008). To design
rational therapies for these diseases, a better understand-
ing of the causes and consequences of the age-related
loss of proliferative homeostasis in intestinal epithelia is
required.

Renewal of the Drosophila intestinal epithelium
mechanistically and morphologically resembles cell
turnover in the intestinal epithelium of mammals
(Micchelli & Perrimon 2006; Ohlstein & Spradling 2006,
2007; Radtke et al. 2006; Biteau et al. 2011). ISCs are the
only dividing cells in the intestinal epithelium and can
give rise to at least two differentiated intestinal cell types:
enteroendocrine cells (EEs) and enterocytes (ECs)
(Micchelli & Perrimon 2006; Ohlstein & Spradling 2006,
2007). This lineage is critical for normal tissue turnover,
as well as for epithelial recovery after damage or infection
(Buchon, Broderick, Chakrabarti, et al. 2009; Buchon,
Broderick, Poidevin, et al. 2009; Jiang et al. 2009). In the
aging intestine, deregulation of ISC proliferation results in
epithelial dysplasia. ISC proliferation strongly increases,
and polyploid, mis-differentiated cells accumulate in the
epithelium, disrupting its apico-basal organization, and
perturbing epithelial function (Biteau et al. 2008, 2010;
Buchon, Broderick, Chakrabarti, et al. 2009; Choi et al.
2008). Intestinal dysplasia is accompanied by metabolic
decline, loss of barrier function, systemic infection, and
ultimately death of the animal (Biteau et al. 2010; Rera
et al. 2011, 2012; Karpac et al. 2013). Accordingly,
limiting the rate of ISC proliferation in the aging intestine
is sufficient to extend lifespan (Biteau et al. 2010; Rera
et al. 2011; Guo et al. 2014).

ISC proliferation rates are regulated by a number of
stress and growth signaling pathways, including the
Jun-N-terminal Kinase (JNK), Jak/Stat, p38 MAPK, and
EGFR pathways that integrate various local and systemic
signals to control regenerative responses (Biteau et al.
2008; Amcheslavsky et al. 2009; Apidianakis et al. 2009;
Buchon, Broderick, Chakrabarti, et al. 2009; Buchon,
Broderick, Poidevin, et al. 2009; Chatterjee & Ip 2009;
Jiang et al. 2009; Biteau et al. 2010; Buchon et al. 2010;
Biteau & Jasper 2011; Jiang et al. 2011, reviewed in
Biteau & Jasper 2011; Buchon, Broderick, et al. 2013). The
age-related decline of proliferative homeostasis seems to be
fundamentally a consequence of deregulation of the interac-
tion between the intestinal epithelium and the commensal
bacterial population, resulting in commensal dysbiosis and
a condition that is reminiscent of a general inflammatory
state of the epithelium that chronically and excessively
stimulates proliferation of ISCs (Guo et al. 2014).

Immune homeostasis and host/commensal interactions

In a variety of model systems, loss of tissue homeostasis
and cancer progression is associated with inflammation
(Mantovani 2005, 2009; Colotta et al. 2009; Grivennikov
et al. 2010). This association is particularly significant in
barrier epithelia, due to the frequent and required interac-
tion between epithelial cells (which mount innate
immune responses) and the commensal microflora, but
also with pathogenic microorganisms. In humans,
changes in commensal populations (‘dysbiosis’) are not
only associated with disorders like IBD, autoimmune
and allergic diseases, obesity, and diabetes (Clemente
et al. 2012), but also chronic inflammation and cancer
(Uronis et al. 2009; Kaser et al. 2010; Claesson et al.
2011; Claesson et al. 2012). It has therefore been pro-
posed that manipulating host/commensal interactions
might be a viable avenue to promote healthy aging
(Ottaviani et al. 2011; Biagi et al. 2013), yet better
mechanistic insight into the interactions between the
microflora, innate immune responses, and regenerative
processes in the intestinal epithelium is needed (Garrett
et al. 2010; Clemente et al. 2012; Holmes et al. 2012).

The Drosophila intestine is a productive model to
explore these interactions (Buchon, Broderick, et al.
2013; Chambers & Schneider 2012). In young flies,
commensal bacteria maintain basal activation of JNK
and Jak/Stat activities in ISCs, ensuring low levels of
epithelial renewal (Buchon, Broderick, Chakrabarti, et al.
2009). In older flies, however, the number of micro-
organisms found in the lumen of the gut significantly
increases (Ren et al. 2007). This dysbiosis chronically
activates stress signaling pathways, inducing the epithe-
lial dysplasia described above. Accordingly, axenically
aged flies have significantly fewer mitotic ISCs than con-
ventionally reared animals of the same age, and show a
significant delay in the development of age-associated
dysplasia (Buchon, Broderick, Chakrabarti, et al. 2009;
Guo et al. 2014). An age-related impairment in the abil-
ity to manage the intestinal microflora thus appears to be
the underlying cause of intestinal dysplasia, limiting life-
span (Guo et al. 2014) (Figure 1).

Management of the commensal flora and innate
immune responses to pathogens are achieved primarily
by two strategies acting in Drosophila ECs (Leulier &
Royet 2009): (1) expression and activation of Dual
Oxidase (Duox), which initiates an oxidative burst
response, producing high levels of reactive oxygen spe-
cies (ROS) (Ha et al. 2005; Ha, Lee, Park, et al. 2009;
Lee, Seo, et al. 2009); and (2) activation of the immune
deficiency (IMD/Relish) pathway, which activates the
NFkB-like transcription factor Relish (Rel) (Buchon,
Broderick, Chakrabarti, et al. 2009; Leulier & Royet
2009). Relish induces expression of antimicrobial pep-
tides (AMPs) (Kim & Kim 2005). In aging intestines,
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the Rel/NFkB signaling pathway becomes chronically
and excessively activated. Chronic activation of IMD/
Relish signaling in the gut can sensitize flies to bacterial
infection and shorten lifespan (Maillet et al. 2008;
Bonnay et al. 2013), and in aging flies, this hyperactiva-
tion causes immune senescence and the described
commensal dysbiosis (Guo et al. 2014). Dysbiosis, in
turn, triggers the Duox-mediated ROS response, which
promotes ISC over-proliferation, presumably by
activating JNK signaling and by inhibiting the Nrf2
homologue CncC in ISCs (Libert et al. 2006; Ren et al.
2007; Hochmuth et al. 2011; Guo et al. 2014).

In a recent study, we have shown that this age-related
deregulation of IMD/Relish signaling is caused by

Foxo-mediated repression of peptidoglycan recognition
proteins (PGRPs) of the SC class (Guo et al. 2014).
PGRP-SCs are negative regulators of the IMD/Rel path-
way, and over-expressing PGRP-SC2 in ECs accordingly
prevents age-associated dysbiosis and dysplasia, and
extends lifespan in conventionally, but not in axenically
reared animals. These findings suggest that a breakdown
of host/commensal interactions is central to the age-
associated tissue degeneration in barrier epithelia, and
identify strategies to promote tissue homeostasis by
improving these interactions, thus extending lifespan
(Guo et al. 2014). In mammals, deregulation of NFkB/
AMP signaling has been associated with the pathogene-
sis of IBDs, suggesting that the mechanisms driving the

Figure 1. Studying the pathophysiology of aging in the Drosophila intestine.
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loss of tissue homeostasis are conserved, and that modu-
lating NFkB signaling to preserve homeostasis in the
aging organism may be a promising strategy (Karin et al.
2006; Nenci et al. 2007; Xavier & Podolsky 2007).

The relationship between bacterial load and longevity
is complex, however. In flies, commensal bacteria can
have both beneficial and deleterious consequences, and
completely eliminating pathogenic and commensal bacte-
ria does not lead to lifespan extension (Brummel et al.
2004; Ren et al. 2007; Shin et al. 2011; Storelli et al.
2011). Our recent study suggests, however, that lifespan
can be extended, when, rather than eliminating all bacte-
ria from the gut, innate immune homeostasis is improved
and the gut microbiota is maintained in a youthful state
(Guo et al. 2014). The fact that PGRP-SC2 over-
expression fails to extend lifespan in axenic conditions
supports this interpretation.

Age-related changes in digestive function and the
decline of metabolic homeostasis

Aging is associated with a loss of metabolic homeostasis,
commonly caused by the deregulation of adaptive signal-
ing interactions that coordinate energy metabolism with
dietary changes (Barzilai et al. 2012). The mechanisms
driving age-related changes in these adaptive responses
remain largely unclear. Of note, the development of epi-
thelial dysplasia is associated with a decline in the
expression of trypsin genes in the gut, as well as with a
general decline in energy stores (glycogen and triglycer-
ides). Preventing dysplasia by limiting ISC proliferation
rates is sufficient to restore trypsin expression, and to
prevent the age-associated decline in energy stores
(Biteau et al. 2010). Recently, we have further character-
ized the age-related deregulation of an adaptive meta-
bolic response in the intestine, and the associated
development of metabolic dysfunction (Karpac et al.
2013). Strikingly, the age-related chronic activation of
Foxo in ECs that promotes innate immune senescence
also perturbs the digestive function of the intestine: In
young flies, activation of Foxo in ECs is required to
inhibit the expression of evolutionarily conserved lipases
as part of a metabolic response to dietary changes. This
adaptive mechanism becomes chronically activated in the
aging intestine, mediated (in part) by changes in JNK
signaling. Age-related chronic JNK/Foxo activation in
enterocytes is deleterious, leading to sustained repression
of intestinal lipase expression and the disruption of sys-
temic lipid homeostasis. As in the innate immune
response, changes in the regulation of Foxo-mediated
adaptive responses, thus contribute to the age-associated
breakdown of metabolic homeostasis. The reasons for
the age-associated chronic activation of Foxo remain
unclear, however, and are interesting subjects for further
study.

In addition to changes in the digestive function of
the gut, changes in cellular metabolism of intestinal epi-
thelial cells also play an important role in the age-related
decline of this tissue. Regulating mitochondrial activity
may therefore be a strategy to delay the onset of pathol-
ogy and extend healthspan. In the fly intestine, this pre-
diction has been tested using the Drosophila PGC-1
homolog (dPGC-1/spargel), a key regulator of mitochon-
drial energy metabolism (Rera et al. 2011). Strikingly,
over-expression of dPGC-1 in ISC/EBs delays the onset
of intestinal dysplasia and extends lifespan, suggesting
that stimulating mitochondrial activity in specific cells of
barrier epithelia is indeed an effective strategy to delay
tissue aging and promote homeostasis.

Age-related changes in barrier function

Changes in intestinal barrier function have been reported
in aging vertebrates (Katz et al. 1987), and a growing
number of disorders have been linked to these changes,
including inflammatory disorders (Farhadi et al. 2003;
Fasano & Shea-Donohue 2005), multiple sclerosis
(Yacyshyn et al. 1996), chronic heart failure (Sandek
et al. 2008), cancer (Lin et al. 2012; Ullman & Itzkowitz
2011), and Parkinson’s disease (Forsyth et al. 2011).
Intestinal barrier dysfunction is further common in criti-
cally ill patients and has been linked to development of
the multiple organ dysfunction syndrome (Doig et al.
1998; Fink & Delude 2005; Harris et al. 1992). These
observations suggest that barrier dysfunction plays a
critical role in the etiology and/or mortality associated
with many age-related diseases.

Recently, a noninvasive assay to determine intestinal
integrity in individual flies has been developed that
allows testing this hypothesis (Rera et al. 2011). Using
this assay, it was shown that loss of intestinal integrity
accompanies aging across a range of Drosophila geno-
types and environmental conditions, and that interven-
tions that extend lifespan (such as reduced temperature
or dietary restriction) delay the onset of intestinal barrier
defects, whereas interventions that shorten lifespan (such
as loss of subunit b of mitochondrial complex II (sdhB))
accelerate the onset of intestinal barrier defects. Strik-
ingly, intestinal barrier dysfunction is a better predictor
of age-onset mortality than chronological age (Rera et al.
2012).

Flies with intestinal barrier dysfunction display
increased expression of AMPs, impaired IIS and reduced
metabolic stores compared with age-matched animals
without intestinal barrier defects (Rera et al. 2012).
These findings suggest that a consequence of the loss of
barrier function is systemic infection, yet the exact mech-
anisms causing mortality in response to barrier break-
down have still to be investigated.
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Using the Drosophila intestine to understand the
maintenance of epithelial compartmentalization

The high rate of tissue regeneration along the gastroin-
testinal tract requires that mechanisms that ensure the
functional diversity of newly formed intestinal cells are
sustained throughout the lifespan of the organism. Such
mechanisms are poorly understood, yet are likely to
include short-range signaling interactions and cell auton-
omous cues that maintain diverse stem cell identities, as
well as long-range signals that impart positional informa-
tion along the gastrointestinal tract (Barker et al. 2010).

Recent studies have begun using the fly intestine as a
model for compartment maintenance and region-specific
regenerative activity (Buchon, Osman, et al. 2013; Li,
Qi, et al. 2013; Marianes & Spradling 2013), and have
suggested that compartment identities change in the
aging intestinal epithelium, potentially perturbing midgut
homeostasis (Buchon, Osman, et al. 2013). The midgut
of flies can broadly be subdivided into the anterior mid-
gut, the middle midgut, which contains an acidic gastric
or copper cell region (CCR (Dubreuil 2004)), and the
posterior midgut (PM). Finer subdivisions have been
achieved by characterizing morphology and molecular
makeup of intestinal epithelial cells in more detail
(Buchon, Osman, et al. 2013; Marianes & Spradling
2013). ISCs can be found in each of these compartments
(Hou 2010; Biteau et al. 2011; Strand & Micchelli
2011). ISCs in the PM express escargot (esg) and Delta
(Dl), and divide asymmetrically to give rise to a precur-
sor cell (the Dl-/esg + Enteroblast, EB), which will fur-
ther differentiate into either Pdm – expressing
Enterocytes (ECs) or prospero (pros) – expressing EEs
(Micchelli & Perrimon 2006; Ohlstein & Spradling
2006, 2007). In the CCR, esg+ gastric stem cells
(GSSCs) respond to stress by inducing regeneration of
three different cell types: Dve+/Labial+/Cut+ Copper
cells (CCs, which secrete hydrochloric acid), Dve+/weak
Labial+/Cut− interstitial cells, and Pros+ endocrine cells
(Strand & Micchelli 2011). The gastric region is main-
tained by a gradient of Dpp signaling activity, which is
high in the gastric region and segregates GSSCs from
PM ISCs (Guo et al. 2013; Li, Qi, et al. 2013).

Dpp is a Drosophila orthologue of Bmp2/4 (Affolter
& Basler 2007), and the BMP signaling pathway has an
evolutionarily conserved function in development and
homeostasis of gastrointestinal epithelia (Haramis et al.
2004; Que et al. 2006; Jacobs et al. 2012). In the mouse,
Bmp signaling establishes the esophageal epithelium
(Jacobs et al. 2012), where Bmp-4 activity has been pro-
posed to influence cell identities by regulating the expres-
sion of the homeotic gene Cdx (Que et al. 2006). In the
mouse intestine, Bmp signaling controls differentiation of
the secretory cell lineage (Auclair et al. 2007).

Similar to this role of Bmp signaling in vertebrates,
Dpp is involved in multiple aspects of gastrointestinal
development in Drosophila (Nakagoshi 2005; Mathur
et al. 2010). Recent studies have further suggested that
Dpp signaling promotes survival of ECs, recovery of
ISCs into a quiescent state after injury, that it can influ-
ence ISC self-renewal, and that Dpp signaling is critical
to establish regional stem cell identities during metamor-
phosis (Guo et al. 2013; Li, Zhang, et al. 2013; Driver &
Ohlstein 2014; Tian & Jiang 2014). This multifaceted
role of Dpp signaling in the regulation of intestinal
regeneration is fascinating and will be of significant
interest for future studies seeking to develop a compre-
hensive understanding of the role of Dpp in regulating
intestinal homeostasis.

Concluding remarks

The Drosophila gut is rapidly emerging as the premier
model system to characterize the integration of genetic
and environmental conditions that influence health and
lifespan. Due to its critical function as a semi-permeable
barrier, its central role in the animal’s longevity, as well
as its experimental accessibility, it can be anticipated that
this organ will continue to provide critical insight into
pathophysiological aspects of aging, as well as into new
intervention strategies to extend lifespan.
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