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Abstract

Multicellular organisms are composed of an interactive network of various tissues that are
functionally organized as discrete organs. If aging were slowed in a specific tissue or organ how
would that impact longevity at the organismal level? In recent years, molecular genetic approaches
in invertebrate model systems have dramatically improved our understanding of the aging process
and have provided insight into the preceding question. In this review, we discuss tissue and organ-
specific interventions that prolong lifespan in the nematode C. elegans and the fruit fly Drosophila
melanogaster. These interventions include reduced Insulin/IGF-1 signaling, knockdown of genes
important for mitochondrial electron transport chain function and, finally, up-regulation of the
Drosophila PGC-1 homolog. An emerging theme from these studies is that the intestine is an
important target organ in mediating lifespan extension at the organismal level.
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1. Introduction

The identification and characterization of genetic mutants that display extended longevity
has revolutionized the way we think about and study the aging process (Kenyon, 2005;
Kenyon, 2010). Studies in invertebrate model systems, such as the nematode C. elegansand
the fruit fly Drosophila melanogaster, have been at the forefront of these discoveries. While
employment of these two invertebrate model systems has mostly focused on producing
insights into the aging process at the molecular level, these systems have also allowed for an
improved understanding about the relationship between aging at the level of specific tissues
or organs and organismal lifespan. Many long-lived mutants display a delay in the onset of
age-related changes at the level of individual tissues or organs (Biteau et al., 2010; Garigan
et al., 2002; Herndon et al., 2002; McGee et al., 2011; Wessells et al., 2004). In addition, the
vast array of genetic and molecular tools available in both C. elegansand Drosophila have
allowed investigators to address questions centered on the tissue or organ-specific
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requirements underlying extended lifespan. In other words, genetic studies can be designed
to investigate the impact of exclusive manipulation of the aging rate in one tissue or organ
on organismal lifespan. In this review, we discuss the large number of studies demonstrating
that manipulation of aging-related genes exclusively within one organ—the intestine—
results in an increased lifespan. We discuss these findings in terms of: 1) the importance of
the intestine to the health and viability of the aging animal and 2) the role of the intestine as
a signaling center influencing the rate of aging in responding cells.

Insulin/IGF-1 signaling pathway

The first pathway shown to modulate lifespan in animals was the insulin/IGF-1 signaling
(11S) pathway (Kenyon, 2011). Pioneering studies from a number of C. elegans researchers
showed that mutations in gaf-2, which encodes a hormone receptor similar to the insulin and
IGF-1 receptors, dramatically improve the lifespan of the animal (Kenyon et al., 1993;
Kimura et al., 1997). Other mutations affecting downstream 1S components extend lifespan
as well (Johnson, 1990; Morris et al., 1996). Lifespan extensions induced by decreasing the
activity of DAF-2, or downstream components of the 1S pathway are dependent upon the
activity of the worm FOXO transcription factor DAF-16 (Dorman et al., 1995; Larsen et al.,
1995; Lin et al., 1997; Ogg et al., 1997), the heat-shock transcription factor HSF-1 (Hsu et
al., 2003); and SKN-1 (Tullet et al., 2008), a Nrf-like xenobiotic-response factor. These
transcription factors, in turn, regulate the expression of a large number of downstream
genes, many of which are important in mediating long life (Hsu et al., 2003; Murphy et al.,
2003).

Studies in the fruit fly Drosophila provided the first evidence that reduced IS is a ‘public’ or
evolutionarily conserved mode of life extension (Partridge and Gems, 2002; Russell and
Kahn, 2007). Specific mutant alleles of the Drosophila equivalent of daf-2, InR, and also
chico, an insulin receptor substrate, confer extended lifespan (Clancy et al., 2001; Tatar et
al., 2001). Other manipulations reported to promote long life include partial ablation of
median neurosecretory cells, which produce three of the seven fly insulin-like peptides
(Broughton et al., 2005) and a kinase-dead, dominant negative version of /7R (InRPN)
(Slack et al., 2011). Removal of dFOXO, the fly homolog of DAF-16, almost completely
suppresses the lifespan extension conferred by reduced I1S in Drosophila (Slack et al., 2011;
Yamamoto and Tatar, 2011).

In C. elegans, the tissue or organ-specific requirements for 11S-mediated longevity have
been studied by a number of groups. Altered daf-2 gene activity in neurons can impact
lifespan (Apfeld and Kenyon, 1998; Wolkow et al., 2000), however, the overall importance
of the nervous system in 11S-mediated longevity is controversial (Libina et al., 2003). To
determine whether increased DAF-16 activity in any single tissue was sufficient to extend
the lifespan of daf-2mutants, Libina et al., (2003) expressed a DAF-16::GFP fusion in a
tissue-specific fashion in a daf-2 —/- background. As expected, expression of the fusion
under the control of the daf-16 promoter in daf-16 -/-; daf-2 —/- animals, almost
completely rescued their longevity to darf-16 (+); daf-2 —/- levels. Interestingly, neuronal
expression of dar-16 produced only a modest (~10%) positive effect on longevity, and
expressing aaf-16 specifically in muscles produced no lifespan extension at all. In contrast,
expressing agaf-16in the intestine increased lifespan substantially, by 50% 60%. Together,
these results indicate that the intestine is an important organ in 11S-mediated lifespan
extension in the worm.

As mentioned above, the worm homolog of Nrf2, called SKN-1, a member of the cap-n-
collar family that induces expression of genes encoding antioxidant and detoxifying
enzymes, is an important downstream component of 11S-mediated longevity (Tullet et al.,
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2008). Specifically, SKN-1 is required for the stress tolerance and longevity phenotypes of
daf-2 mutant worms. This requirement is intriguing as it indicates that the longevity of dar-2
mutants (which also requires DAF-16) is mediated in a parallel and non-redundant fashion
by both DAF-16 and SKN-1. Interestingly, SKN-1 is expressed in both the intestine and in
the ASI chemosensory neurons of the worm. In both locations it has been shown to play a
role in lifespan determination-but, in response to different signals. SKN-1 activity in ASI
neurons, but not in the intestine, has been reported to be required for dietary restriction
(DR)-mediated lifespan extension- suggesting that the role of SKN-1 in these neurons is to
regulate the organism-wide response to nutrition (Bishop and Guarente, 2007). In contrast, it
appears that SKN-1 activity in the intestine is important in 11S-mediated longevity (Tullet et
al., 2008). In response to reduced IIS, changes in the nuclear localization of SKN-1 and
upregulation of SKN-1 target genes were observed exclusively in intestinal cells. Moreover,
expression of constitutively nuclear SKN-1 in the intestine is sufficient to extend life span
(Tullet et al., 2008). Therefore, the intestine appears to play an important role both for
DAF-16- (Libina et al., 2003) and also SKN-1-mediated (Tullet et al., 2008) lifespan
extension in C. elegans. Given the importance of these molecules in mediating the pro-
longevity effects of reduced 1S, these findings provide a compelling argument for a central
role for the intestine in this context.

In Drosophila, the inducible Gene-Switch system (Osterwalder et al., 2001; Roman et al.,
2001) has been used to activate dFOXO in different tissues of adult flies. Overexpression of
dFOXO with two driver lines, S;106 (Giannakou et al., 2007; Giannakou et al., 2004) and
S5;32 (Hwangbo et al., 2004), has been reported to increase longevity. Initially, these
findings were interpreted as demonstrating that activation of dFOXO in adipose tissue was
sufficient to extend lifespan. However, subsequent characterization of both S;706 (Alic et
al., 2011; Poirier et al., 2008) and S;32 (Poirier et al., 2008) have shown that both of these
driver lines are also expressed in the intestine. Moreover, recent work with the Drosophila
homolog of the human insulin-like growth factor binding protein 7, IMP-L2, supports the
idea that the intestine is an important organ in 11S-mediated longevity in the fly (Alic et al.,
2011). Increased expression of /mp-L2results in phenotypic changes consistent with
reduced I1S (Alic et al., 2011; Honegger et al., 2008). Furthermore, adult-onset induction
Imp-L2with S;106results in an increased lifespan (Alic et al., 2011). Interestingly, in
response to the inducing agent, an increase in IMP-L2 protein levels was detected in the
intestine. However, no increase in IMP-L2 was detected in the fat body of long-lived flies.
These data suggest that the intestine may be the most relevant organ in S;Z06-mediated life
extension, including the dFOXO studies.

These studies raise an interesting question: are there specific cell types within the intestine
that are important in 11S-mediated life extension? The Drosophila midgut displays functional
and morphological similarities with the mammalian small intestine, as well as with other
vertebrate barrier epithelia. Tissue homeostasis in the midgut is maintained by multipotent
intestinal stem cells (ISCs), which are distributed along the basement membrane (Micchelli
and Perrimon, 2006; Ohlstein and Spradling, 2006). Division of an ISC gives rise to one
daughter cell that retains stem cell fate and another daughter cell that becomes an enteroblast
(EB), both expressing a transcription factor called Escargot (esg). In the intestine, the 5961-
GeneSwitch (GS) driver line is expressed exclusively in ISCs and EBs (Mathur et al., 2010).
At the same time, this driver line shows no detectable expression in muscle tissue or major
organs such as the brain and gonad (Biteau et al., 2010). Therefore, 5961GS provides a
powerful tool to refine our understanding of the relationship between the intestine, 11S and
longevity. Remarkably, recent work has shown that moderate inhibition of 1IS in ISCs/EBs
is sufficient to extend lifespan (Biteau et al., 2010). More specifically, adult-onset induction
of INRPN, DP110PN or RNAI of Akt, with 5961GS results in enhanced longevity (Biteau et
al., 2010). To identify candidate downstream mediators of this effect, the authors activated
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certain FOXO target genes in ISCS/EBS and examined lifespan. Interestingly, up-regulation
of two stress protective genes, Hsp68and Jafracl, was sufficient to extend lifespan.
Therefore, expressing selected FOXO target genes in the ISC/EBs is sufficient to
recapitulate the effects of reduced IS in these cells. Taken together, the data with the S;206
and 5961GS driver lines support a model where reduced I1S in the fly intestine can lead to a
longer life.

Mitochondrial electron transport chain

Mitochondria have been implicated in the aging process in a number of ways (Balaban et al.,
2005; Guarente, 2008; Wallace, 2005). Interestingly, perturbation of genes important for
mitochondrial electron transport chain (ETC) function has been reported to extend lifespan
in diverse species including yeast (Kirchman et al., 1999), worms (Dillin et al., 2002; Feng
etal., 2001; Lee et al., 2003), flies (Copeland et al., 2009) and mice (Dell’agnello et al.,
2007; Lapointe and Hekimi, 2008). However, a detailed understanding of the relationship
between respiratory chain activity and lifespan determination in these models is lacking. As
in the case of 11S-mediated longevity, ETC-mediated longevity has been most extensively
studied in C. elegans. Mutations in c/k-1 (Wong et al., 1995), isp-I (Feng et al., 2001) and
nuo-6 (Yang and Hekimi, 2010b) lead to enhanced lifespan. c/k-1 encodes an enzyme
necessary for the biosynthesis of ubiquinone (Ewbank et al., 1997), an electron transporter
of the respiratory chain, and /sp-1 and nuo-6 encode subunits of the respiratory complexes.
In addition, a number of studies have shown that knockdown of worm genes encoding ETC
subunits also prolongs lifespan (Dillin et al., 2002; Lee et al., 2003) and this effect is
conserved in Drosophila (Copeland et al., 2009).

The idea that inactivating genes required for respiration could have a positive effect on
longevity seems counterintuitive. However, a model has emerged where moderate inhibition
of certain ETC genes can promote longevity whereas strong inhibition is detrimental to
lifespan (Copeland et al., 2009; Rea et al., 2007). Indeed, certain ETC gene mutations in
both worms (Ishii et al., 1998) and flies (Walker et al., 2006) do shorten lifespan.
Interestingly, in both of these cases respiratory complex Il is impaired. In both Drosophila
and C. elegans, there is no clear relationship between extended lifespan and metabolic
parameters such as assembly of respiratory complexes, oxygen consumption and ATP levels
(Copeland et al., 2009; Lee et al., 2003). These findings indicate that ETC-mediated
longevity cannot simply be attributed to reduced energy production leading to a decreased
‘rate of living’. Furthermore, in both flies and worms, ETC-mediated longevity can be
uncoupled from increased stress resistance and reproductive trade-offs (Copeland et al.,
2009; Durieux et al., 2011; Lee et al., 2003).

What is the mechanism underlying ETC-mediated longevity? While still a work in progress,
our understanding of ETC-mediated longevity has increased significantly in recent years.
That said, there have been a number of surprises along the way. Initially, it was presumed
that lifespan extension mediated by RNAI of ETC subunits was the same as that resulting
from ETC gene mutations. However, recent work has shown that, at least in C. elegans, the
underlying mechanisms appear to be distinct (Yang and Hekimi, 2010b). Historically, it has
been believed that reactive oxygen species (ROS) produced by mitochondria cause age-
onset damage and shorten lifespan (Balaban et al., 2005). Interestingly, however, c/k-1,
isp-1 and nuo-6 mutants have been reported to display increased levels of ROS (Lee et al.,
2010; Yang and Hekimi, 2010a). Moreover, this increase in ROS levels appears to be both
necessary and sufficient to promote longevity ROS (Lee et al., 2010; Yang and Hekimi,
2010a). In this model, ROS can trigger mechanisms that slow aging, presumably via
changes in gene expression. More specifically, it has been shown that c/k-1 and /sp-1-
mediated longevity requires the induction (via ROS) of the hypoxia-inducible factor HIF-1
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(Lee et al., 2010). Related work has shown that ¢/k-7 mutants display alterations in gene
expression reminiscent of the response triggered by inhibiting respiration in yeast and
mammalian cells termed the “retrograde response” (Cristina et al., 2009). In addition, both
the c/k-1 transcriptional response and longevity phenotype require the activities of two
similar genes—fsrt-1 and fstr-Z—which encode potential signaling proteins (Cristina et al.,
2009). Interestingly, however, fsrt-1/2 are not required for the longevity phenotype produced
by inhibiting /sp-1. An RNAI screen identified the nuclear homeobox protein CEH-23 as an
important downstream component of ETC-mediated longevity (Walter et al., 2011). In this
case, CEH-23 is required for extended lifespan resulting from mutations in ¢/k-1 and isp-1.

What are the tissue-specific requirements of ETC-mediated longevity? Can altered ETC
gene activity in a specific tissue/organ impact longevity? And if so, is the intestine an
important mediating organ in this context also? In Drosgphila, our group showed that
neuronal knockdown of certain ETC genes can extend lifespan (Copeland et al., 2009).
However, we did not test the effects of intestine-specific knockdown of ETC genes on fly
longevity. In addition, recent work in C. elegans has revealed that tissue or organ-specific
manipulations of ETC gene activity can also impact aging at the level of the organism
(Durieux et al., 2011). Remarkably, knock-down of cco-1, a complex IV subunit, using an
intestine-specific promoter driving a cco-1 hairpin construct significantly increases worm
lifespan. Muscle-specific knockdown of cco-1 produced small negative effects on lifespan in
worms. Consistent with our findings in the fly (Copeland et al., 2009), neuronal knock-down
of cco-1resulted in an increase in lifespan. Interestingly, however, the impact on longevity
from neuronal ETC knockdown was consistently less robust compared to the intestinal
knockdown. Furthermore, knock-down of cco-1 in both the nervous system and the intestine
did not extend lifespan to a greater degree than knock-down in either tissue alone.

In the same study (Durieux et al., 2011), it was also shown that the mitochondrial unfolded
protein response (UPRMT) is required for ETC-mediated longevity. More specifically,
treating long-lived ETC mutant animals with RNAI directed toward components of the
UPR™M plocked extended lifespan. This observation lead the authors to speculate that
induction of the UPRMT may play a role in the tissue-specific nature of ETC-mediated
longevity. In support of this idea, RNAI of cco-1 in neurons was found to activate markers
of the UPRMT in the intestine. Remarkably, neuronal RNA.I of cco-1 induced a UPRMT
reporter to the same extent as animals with intestinal cco-1 RNAI. These data strongly
support a model where the intestine is an important organ in ETC-mediated longevity.
Intestine-specific perturbation of an ETC gene is sufficient to extend lifespan. Furthermore,
although neuronal ETC gene perturbation was also found to promote longevity, the intestine
may play a key role in mediating this effect. Additional support for an important role for the
intestine in ETC-mediated longevity can be found in other genetic studies of long-lived
worms with defects in ETC-related components. As mentioned above, fstr-1 was up-
regulated in ¢/k-1 mutants, and this gene, and/or its homolog fstr-2, is required for a robust
transcriptional retrograde response (Cristina et al., 2009). Moreover, knocking down fstr-1/2
activity with RNAI suppressed the c/k-1 longevity phenotype. Interestingly, 7str-1is
expressed in three neurons located in the head and throughout the intestine, particularly in
the anterior intestinal cells (Cristina et al., 2009). These data suggest that 7str-1 acts in the
intestine and/or in specific neurons to slow the rate of aging in ¢/k-1 mutants. In addition,
the homeobox transcription factor CEH-23 is required for the prolonged lifespan phenotype
of a number of different mitochondrial mutants (Walter et al., 2011). Interestingly, the
expression of CEH-23::GFP is restricted to a handful of neurons and the intestine of the
worm. Moreover, overexpression of ceh-23 using an endogenous promoter is sufficient to
increase wild-type lifespan (Walter et al., 2011). Again, these data support the idea that the
intestine may play a key role in the downstream gene expression changes that mediate
longevity in response to ETC perturbations.
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In mammals, members of the PPARy coactivator-1 (PGC-1) family of transcriptional
coactivators serve as inducible coregulators of nuclear receptors in the control of cellular
energy metabolism (Lin et al., 2005; Scarpulla, 2008). The founding member of the family
PGC-1a was identified through its functional interaction with PPARy in brown adipose
tissue, a mitochondria-rich tissue specialized for thermogenesis (Puigserver et al., 1998).
Up-regulation of PGC-1a induces and coordinates gene expression that stimulates
mitochondrial oxidative metabolism (Puigserver and Spiegelman, 2003). Other members of
the PGC-1 family, namely PGC-18 and PGC-related coactivator (PRC), are also implicated
in modulating mitochondrial function, but their exact role is not as well characterized.
PGC-1 family members also play diverse roles in energy metabolism: PGC-1a and PGC-1p
have been shown to regulate adaptive thermogenesis, mitochondrial biogenesis, glucose/
fatty-acid metabolism, peripheral circadian clock, fiber-type switching in skeletal muscle,
and heart development (Liu and Lin, 2011).

In recent years, a number of studies have linked alterations in PGC-1 gene activity to aging
and age-related diseases in mammalian species (Anderson and Prolla, 2009; Wenz, 2011).
Defects in mitochondrial energy metabolism have been implicated in the pathogenesis of
several neurodegenerative disorders including Huntington’s disease (HD) and Parkinson’s
Disease (PD) (Lin and Beal, 2006). PGC-1a has been identified as a potential therapeutic
target to treat both HD (Cui et al., 2006) and PD (Zheng et al., 2010). More specifically,
increased expression of PGC-1a. provides neuroprotection in transgenic HD mice (Cui et al.,
2006) and separately can block dopaminergic neuron loss in cellular models of PD (Zheng et
al., 2010). Mildly increased expression of PGC-1a was reported to have a therapeutic effect
on the onset and progression of age-related loss of muscle mass (sarcopenia) (Wenz et al.,
2009): muscle-specific expression of PGC-1a preserved mitochondrial function,
neuromuscular junctions, and muscle integrity during aging.

The first report of a PGC-1 homolog in an invertebrate species came from an analysis of the
transcriptional response to refeeding of dietary protein in Drosophila (Gershman et al.,
2007). strikingly, upon refeeding there was an increase in a large number of transcripts
encoding genes with roles in mitochondrial biogenesis, such as mitochondrial DNA binding
proteins, and nuclear encoded mitochondrial ribosome proteins. Interestingly, the study
identified a single ortholog of a PGC-like peptide in the fly genome (CG9809) whose
mRNA increases upon refeeding. Sequence alignments revealed that the N-terminal acidic
domain that mediates transcriptional coactivation for mammalian PGC-1s, and the C-
terminal arginine—serine-rich and RNA recognition domains are highly conserved in the fly
protein. In the same study, they reported that CG9809 gene expression was reduced in
Drosophila S2 cells that expressed a constitutively active dFOXO-A3 construct (Gershman
etal., 2007).

A loss of function study further examined the role of CG9809 in regulating growth and
metabolism (Tiefenbock et al., 2010). Indeed, a P-element insertion allele confers a 25%
reduction in wet weight in adults, which correlated with reduced protein, lipid, glycogen and
trehalose levels per animal. When normalized to body weight, reduced lipid and glycogen
levels were observed in adult males. These phenotypes prompted the authors to name the
mutant fly sparge/-German for ‘asparagus’. Importantly, the authors demonstrated that
DrosophilaPGC-1 (dPGC-1/Spargel) is required for the normal expression of genes
encoding mitochondrial proteins in the larval fat body. At the same time, dPGC-1 does not
appear to be limiting for mitochondrial morphology or abundance in the larval fat body
under normal conditions. A primary interest of our group is the relationship between
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mitochondrial energy metabolism and the aging process (Bahadorani et al., 2010a;
Bahadorani et al., 2010b; Cho et al., 2011; Copeland et al., 2009; Walker et al., 2006). We
reasoned that the fly PGC-1 homolog was an attractive target to examine in the context of
lifespan determination. In the first place we set out to determine whether overexpression of
dPGC-1was sufficient to stimulate mitochondrial gene expression and/or activity. First, we
examined three independent mitochondrial markers, the amount of mtDNA, citrate synthase
activity and the abundance of HSP60, in response to up-regulation of dPGC-1. In doing so,
we discovered that overexpression of dPGC-1 with a ubiquitous GAL4 driver (da-GAL4)
leads to an increase in all three mitochondrial markers both during development and also in
the adult stage (Rera et al., 2011). In addition, we demonstrated that overexpression of
dPGC-1 leads to an increase in the abundance of respiratory complexes I, 111, 1V, and V and
an increase in respiratory chain activity. In mammals, PGC-1a regulates glucose
homeostasis (Herzig et al., 2001; Yoon et al., 2001) and triglyceride (TAG) metabolism
(Zhang et al., 2004). Remarkably, we discovered that up-regulation of dPGC-1 confers
~20% reduction in TAG levels and a significant increase in both the amount of stored
glycogen and free glucose.

Having established that dPGC-1 plays an important role in energy homeostasis in the fly-
consistent with findings in mammals-we set out to examine the impact of dPGC-1on
longevity. In this context, we had no pre-conceived ideas regarding which (if any) tissue
may be important in extending lifespan upon up-regulation of dPGC-1. Instead, we took an
unbiased approach where we used a panel of GAL4 driver lines (with distinct expression
patterns) to overexpress dPGC-1 and studied the impact on longevity. Interestingly, we
failed to observe life extension upon ubiquitous, neuronal or muscle-specific overexpression
of dPGC-1. Instead, we observed robust life extension with two different driver lines: S;106
and 7/GS-2. These drivers are expressed in adipose tissue and the digestive tract (S;106)
and the digestive tract alone ( 7/GS-2). As both driver lines were expressed in the intestine
and the 7/GS-2-mediated longevity effect was particularly robust we concluded that the
intestine is an important tissue in dPGC-I-mediated life extension (Rera et al., 2011).

Given these findings, we were interested to refine the cell-type specific requirements of
dPGC-1-mediated longevity. As discussed earlier, tissue homeostasis in the midgut is
maintained by multipotent intestinal stem cells (ISCs), which are distributed along the
basement membrane (Micchelli and Perrimon, 2006; Ohlstein and Spradling, 2006).
Division of an ISC gives rise to one daughter cell that retains stem cell fate and another
daughter cell that becomes an enteroblast (EB), both expressing a transcription factor called
Escargot (esg). Therefore, we examined the effects of up-regulation of dPGC-1 via
esgGAL4 and 5961GS-hoth of which are expressed in the ISC/EBs within the intestinal
epithelium. Overexpression of dPGC-1 with the constitutive esgGAL4 driver resulted in
extended lifespan compared to isogenic control flies. To validate and extend this finding, we
took advantage of the inducible nature the 5961GS driver to determine whether adult-only
induction of dPGC-1 is sufficient to promote longevity. Indeed, 5961GS > dPGC-1 flies
were significantly longer lived when exposed to the inducing agent exclusively in the adult
stage. This data provides our strongest support for the idea that up-regulation of dPGC-1
within stem and progenitor cells within the intestine is sufficient to extend lifespan at the
organismal level: we and others (Biteau et al., 2010) have failed to detect 5961GS induced
expression in tissues or organs beyond the intestine.

To better understand these findings, we were interested to determine whether dPGC-1
activity was altered in the intestines of flies as a function of age. Remarkably, we found that
dPGC-1 mRNA levels were reduced by ~60% in the intestines of aged flies. Furthermore,
we discovered that aging results in a progressive loss of mitochondrial membrane potential
in the mid-gut region of the intestine. This provides a potential explanation for our
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observation that up-regulation of dPGC-1 in the intestine leads to health benefits. Indeed, we
observed that esgGAL4 > dPGC-1 flies display an increase in both mitochondrial complex |
and complex Il activities in the aged intestine and a maintenance of mitochondrial
membrane potential, compared to controls. Our data provide an intriguing link between
mitochondrial metabolism, stem cell behavior and aging-while highlighting the importance
of the intestine in dPGC-1-mediated longevity (Rera et al., 2011).

Understanding the importance of the intestine in tissue-specific life

extension

As discussed above, an emerging theme in invertebrate aging studies is that the intestine is
an important target organ with respect to genetic interventions that extend lifespan. These
findings are not limited to a single model organism, or a specific mode of life extension.
Given the evolutionary distance between nematodes and arthropods, this provides a
compelling argument for the generality of these findings. Furthermore, although (at least in
the worm) the mechanisms of ETC- and 11S-mediated lifespan extension are clearly distinct
(Dillin et al., 2002; Lee et al., 2003) the intestine has been shown to be an important target
organ in both cases. Thus, the significance of intestine-specific manipulations is a unifying
theme in multiple independent interventions that prolong lifespan in two of the best-studied
model organisms in aging research.

Why would the intestine play such a prominent role in organismal aging? Two plausible
explanations have emerged (Figure 1): 1) maintaining healthy intestinal structure/function is
a critical determinant of lifespan, 2) the intestine is an important signaling center influencing
the rate of aging in responding cells and tissues. Next, we will discuss the evidence
supporting each of these ideas.

The intestine as a signaling center influencing aging in other tissues

Understanding how physiological changes in different tissues/organs are coordinated is a
challenging and fundamental question in biology. In the context of aging research, progress
in this area has been made using invertebrate model systems. Earlier in this review, we
discussed the findings in C. elegans demonstrating that intestine-specific expression of
aaf-16in daf-16 —/-; daf-2 /- animals extended lifespan by 50-60% (compared to <20%
for neuron-specific darf-16 expression) (Libina et al., 2003). To better understand these
findings, the investigators established an in vivo assay for DAF-16 activity: Psod-3:.gfp
transgenic animals (sod-3is a DAF-16 target). As expected, the Psod-3.:.gfp was highly
expressed in many cell types (including neurons) in gaf-2 —/- compared to wild-type
animals. Interestingly, when wild-type worms were subjected to aaf-2 RNAI, Psod-3::gfp
was upregulated in nonneuronal tissues, but not in neurons. Yet these animals lived twice as
long as normal (comparable to gaf-2—-/-). Furthermore, when gaf-2 —/-animals were
subjected to darf-16 RNA., Psod-3::GFPwas downregulated in most tissues, but not
downregulated in neurons. However, these animals lived only slightly longer than daf-16 -/
-, daf-2 —/- double mutants, consistent with a modest longevity role for neuronal gaf-16.
Next, the Psod-3.:gfp was used to determine whether increased DAF-16 activity in one
tissue could lead to the up-regulation of sod-3in other cells. Remarkably, overexpressing
aaf-16in the intestines of wild-type animals increased sod-3::gfp expression not only in the
intestine, but also in other tissues, including the epidermis, head and body muscles, though
not neurons. Neuronal gaf-16increased sod-3:.gfp expression not only in neurons, but also
to a small but significant extent in the epidermis, body and head muscles. In contrast, muscle
aaf-16 did not increase sod-3::gfp expression in the epidermis or neurons. Together, these
data demonstrate that in C. elegans the intestine is an important signaling center influencing
I1S activity and, therefore, the rate of aging in distal tissues. When considering these
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findings, however, it is important to remember that the intestine is the major site of fat
storage in C. elegans, and thus behaves as the animal’s adipose tissue.

As discussed above, recent work has shown that there exist cell non-autonomous cues from
ETC gene knock-down also (Durieux et al., 2011). In this case, it was shown that neuronal
ETC knock-down induced the UPRMT in intestinal cells. However, technical limitations
prevented ascertaining whether intestine-specific ETC perturbations altered gene expression/
physiology in other tissues. It has not escaped our attention that these findings are consistent
with a model whereby neuronal knock-down of ETC genes may lead to an increase or
maintenance of mitochondrial activity in the intestine (due to the induction of the UPRMT),
If so, there may be mechanistic overlap with our findings on dPGC-I-mediated longevity in
the fly (Rera et al., 2011).

Maintaining healthy intestinal homeostasis is an important determinant of lifespan

With hindsight, it is not surprising that these findings point to the intestine as an important
organ with respect to healthy aging. Not only is the intestine essential for the uptake of
nutrients that are a vital source of energy, but it is also an important barrier that protects us
from toxins and pathogens in the environment. As well as a potential signaling center,
another way of thinking about these findings is that they may be telling us that intestinal
homeostasis is of upmost importance to the health and viability of aging animals. But, what
do we know of intestinal aging in flies and worms? Despite being used as a model system in
aging research for more than 20 years only a handful of studies investigating the
pathobiology of aging in C. elegans have been carried out( Garigan et al., 2002; Herndon et
al., 2002). However, just last year, a detailed analysis of the aging pathology of the C.
elegans intestine was reported (McGee et al., 2011). These pathological changes include an
increase in the variability of the shape and size of the intestinal lumen, a loss or
foreshortening of microvilli in regions of the intestine, and a loss of intestinal nuclei with
age. Itis highly likely that these pathological changes will compromise the function of the
organ and, hence, the health of the animal. For example, the loss of intestinal nuclei will
affect the ability of the intestine to generate new mRNA and proteins. Furthermore, it has
been reported, in a beautiful movie on David Gems’s lab website (http://www.ucl.ac.uk/
~uchtdag/), that death ‘begins’ in the worm intestine. Importantly, a systemic reduction of
IS (daf-2—/-) is sufficient to delay markers of intestinal aging in the worm (McGee et al.,
2011). Even after 45 days, at which point wild-type worms are all dead, daf-2-/- animals
do not display loss of intestinal nuclei. However, it is not clear if daf-2 mutants undergo loss
of intestinal nuclei (or other markers of intestinal aging) at the very end of their lifespan.

Given the findings above, we think that it is interesting to consider the earlier work showing
that DAF-16/SKN-1 activation in the intestine is sufficient to extend longevity, in the
context of age-related pathological changes in the intestine. It will be very interesting and
informative to examine age-related changes in the intestine in response to intestine-specific
alterations in I1S/DAF-16/SKN-1. It is possible that these manipulations may delay (or
prevent) markers of intestinal aging. If so, the resulting increase in lifespan that results from
intestine-specific alterations in DAF-16/SKN-1 may result from maintenance of healthy
intestinal structure/function during aging.

Just a few years ago, little was known with respect to age-related changes in the Drosophila
intestine. However, in recent years, progress has been made in this area such that we can
now define a number of hallmarks of intestinal aging in Drosophila (Biteau et al., 2008;
Choi et al., 2008; Park et al., 2009). As discussed earlier, the fly midgut is composed of a
limited number of cell types: large and polyploid EnteroCytes (ECs), the main absorptive
cells in the epithelium; several types of small diploid EnteroEndocrine cells (EEs) and the
common progenitors of these cells, the intestinal stem cells (ISCs: marked by expression of
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the transcription factor escargot, esg) and their diploid daughter cells, EnteroBlasts (EBS).
Initially, it was reported that there was a dramatic increase in stem cell markers (e.g., esg+)
in the guts of old flies (Choi et al., 2008). This was proposed to reflect an increase in the
number of stem cells as well as of EBs and a decline in the number of differentiated ECs.
Subsequently, it was shown that the increased number of esg* cells in old guts does not
simply reflect an increase in the number of ISCs but is caused by retention of stem cell
markers in cells that have EC-like morphology (Biteau et al., 2008). These cells fail to
express EC markers and accumulate basally in the epithelium. The observed age-related loss
of epithelial homeostasis is thus caused by a combination of increased ISC proliferation and
misdifferentiation (Biteau et al., 2008).

As is the case in C. elegans (McGee et al., 2011), a systemic reduction in 11S can delay
intestinal aging in Drosophila (Biteau et al., 2010). Long-lived /nR or chico mutant flies
display a delay in the accumulation of markers of intestinal aging, including markers of ISC
proliferation. As discussed earlier, a moderate reduction in 1S in ISCs and EBs is sufficient
to extend lifespan (Biteau et al., 2010). Furthermore, overexpression of stress protective
genes (regulated by FOXO and hence presumably activated under conditions of reduced
11S), Hsp68and Jafracl, is also sufficient to extend lifespan. Importantly, a moderate
reduction in 1IS in the ISC/EB lineage leads to improved intestinal homeostasis in aged flies
(Biteau et al., 2010). These data are consistent with a model whereby a moderate decrease in
ISC proliferation is associated with a long lifespan. Additional support from this model
comes from our own work with dPGC-1 (Rera et al., 2011): up-regulation of dPGC-1 in the
digestive tract, including restricted expression in ISC/EBs, results in extended lifespan.
Furthermore, up-regulation of dPGC-1 abrogates the precocious activation of ISC
proliferation and delays the accumulation of mis-differentiated cells in the intestinal
epithelium (Rera et al., 2011). In other words, these intestine-specific manipulations that
promote longevity in Drosgphila delay the onset of markers of intestinal aging.

In summary, aging is not kind to the intestines of worms or flies: a number of age-related
cellular and structural changes have been documented to occur in the intestines of both
organisms. It is tempting to speculate that these cellular changes may manifest functional
outcomes in aging animals. An area of obvious interest is the relationship between nutrient
uptake, intestinal aging and longevity. It is possible that alterations in nutrient uptake
resulting from intestinal degeneration may impact the health of the aging animal. If so, then
we would predict that there would be a decline in nutrient stores in aging animals and that
manipulations that delay intestinal aging would result in improved maintenance of metabolic
health. Indeed, overexpression of stress-protective FOXO target genes, via esgGAL4, results
in increased nutrient stores in aged flies (Biteau et al., 2010). This rescue of metabolic
homeostasis correlates with increased starvation tolerance, further supporting the idea that
maintenance of intestinal homeostasis is critical for the metabolic health of aging flies.

In recent years, a more expansive role for the gastrointestinal tract is emerging as an
important source of both neural and systemic signals regulating appetite and body weight
(Sandoval et al., 2008; Strader and Woods, 2005). In mammals, specific neuronal
populations and brain/gut hormones are responsible for sensing and responding to
homeostatic metabolic changes. Deregulation of these sensors/effectors has been shown to
contribute significantly to diabetes or metabolic syndrome (Sandoval et al., 2008; Strader
and Woods, 2005). Recently, it was shown that distinct domains of the Drosgphila intestine
are innervated by both efferent and sensory neurons (Cognigni et al., 2011). Moreover, this
study uncovered a central role for the Drosgphila intestine in the integration of neural,
nutritional, and reproductive information to adjust nutrient intake and utilization. Hence,
altering or improving gut homeostasis during aging could modify the ability of this organ to
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sense and respond to environmental conditions-with important consequences to the health of
the aging fly.

Although the major function of the intestinal epithelium is to absorb nutrients, we should
remind ourselves that the epithelium also serves as an important barrier between the
‘outside’” and ‘inside’ world. Any compromise in intestinal barrier function could expose the
‘inside” world to potentially harmful toxins, irritants, bacteria and other pathogens that also
exist in the gut lumen. But, before we consider such potential consequences, we must first
ask a simple question: is there a loss of intestinal barrier function in aged invertebrate model
organisms? We were interested in this question with respect to our work on the Drosophila
PGC-1 homolog (dPGC-1). To develop an assay of intestinal barrier function, we examined
flies of different ages that had consumed a non-absorbable blue food dye (Rera et al., 2011).
Remarkably, when we did so, we observed a striking difference in the localization of the dye
in young vs old flies after feeding. In young flies, as expected, the blue dye was found
exclusively within the proboscis and digestive tract post-feeding. However, when we
examined old flies we observed a significant fraction of the population where the dye was
found throughout the body. We interpret the “Smurf” phenotype, i.e., the leakage of dye into
the haemolymph and consequently all tissues, to reflect a defect(s) in intestinal integrity.
Importantly, we observed that esgGAL4-mediated activation of dPGC-1 retards the age-
related onset of the “Smurf” phenotype. Therefore, an increase in dPGC-1 expression within
the digestive tract results in improved intestinal integrity in aged flies, which is consistent
with the delay in cellular markers of intestinal aging that we previously discussed. Our
findings suggest that age-related alterations in intestinal barrier function may be important
for organismal aging. In this context, it is interesting to consider the observation that 11S-
mediated longevity, in worms, flies and mice, has been linked to an up-regulation of broad
spectrum cellular detoxification (that is, the phase 1, phase 2 xenobiotic or drug
detoxification system) (McElwee et al., 2007).

We acknowledge that the role of intestinal flora is also emerging as potentially relevant to
intestinal homeostasis and longevity. Indeed, in Drosophila, age-related intestinal defects are
significantly dampened (as indicated by the mitotic index) under axenic conditions (Buchon
etal., 2009) and in C. elegans a strong inverse correlation between intestinal bacterial load
and lifespan has recently been reported (Portal-Celhay et al., 2012). Furthermore, it has been
shown that the Drosophila microbiome modulates host development and energy homeostasis
via the 1IS pathway (Shin et al., 2011). A promising area of future work, therefore, would be
to examine the relationship between intestinal integrity, the gut flora and aging.

Is the intestine significant in mammalian lifespan extension?

Thus far we have discussed data to substantiate the notion that the intestine may be
important in mediating the lifespan-extending effect of diverse genetic interventions /in C.
elegans and Drosophila. 1s such importance merely limited to these invertebrates, or may the
intestine play a significant role in mammalian longevity as well? As one of the ultimate
goals of aging research is to develop therapeutic interventions for aging humans, the
elucidation of this question is of obvious value.

The fact that there is a significant evolutionary distance between nematodes and arthropods
—yet both demonstrate lifespan-extension that may be mediated by intestinal changes—is
evidence that the potential intestinal-mediation of lifespan extension may be a public
mechanism applicable to mammals as well. As with nematodes and flies, age-related
changes in the intestines of mammals have also been observed—changes that may manifest
themselves as functionally detrimental to organismal physiology and survival. For example,
rodents exhibit an increase in intestinal barrier permeability (Katz et al., 1987) and a
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reduction in intestinal sugar and amino acid transport with age (Esposito et al., 1985; Navab
and Winter, 1988). To our knowledge, studies of genetic interventions that extend lifespan
in mammalian models have not reported associated or required changes in intestinal biology.
However, mice subjected to caloric restriction, a dietary intervention that robustly extends
lifespan in a number of diverse invertebrates and mammals, were observed to maintain an
intestinal absorption capacity for sugars and amino acids nearly twice as high as that of
control mice, thereby associating enhanced and/or maintained intestinal function with
lifespan extension (Casirola et al., 1997). Whether or not such an association is causal
remains to be deciphered.

It is an exciting time to be studying the basic biology of aging. Invertebrate model systems
continue to lead the way when it comes to uncovering the deep secrets of aging. One of the
most remarkable findings of recent years has been that organ-specific changes in gene
expression can extend lifespan. Many of these studies, discussed herein, have focused on the
intestine. We have discussed the intestine both as a signaling center and also as a central
player in maintaining metabolic homeostasis. Trying to unravel the precise mechanisms by
which intestinal homeostasis influences aging at the level of the organism will require
considerable time, energy and creativity. In the meantime, are we tempted to speculate?
Why is the intestine so important in this context? What is our ‘gut feeling’? Here, we borrow
from the immortal words of Carl Sagan: “I try not to think with my gut. If I’m serious about
understanding the world, thinking with anything besides my brain, as tempting as that might
be, is likely to get me into trouble. Really, it’s okay to reserve judgment until the evidence is
in.”
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Figure 1. Intestine-specific alterations in gene expression can extend lifespan in C. elegansand D.
melanogaster

In the worm, the intestine is an important target organ for insulin/IGF-1 signaling (11S)-
mediated longevity. Overexpression of either DAF-16 or SKN-1 in the intestine leads to an
increase in longevity. Furthermore, knock-down of cco-1, a mitochondrial complex 1V
subunit, using an intestine-specific promoter driving a cco-1 hairpin construct significantly
increases worm lifespan. In the fly, a moderate reduction in 1IS in intestinal stem (ISC) and
progenitor (enteroblasts; EB) cells can extends lifespan. At the same time, up-regulation of
dPGC-1, the DrosophilaPGC-1 homolog, in ISCS/EBs also promotes longevity. Taken
together, these findings point to the intestine as an important target organ for interventions
that delay aging in invertebrate model systems. An emerging theme from these studies is
that maintaining intestinal homeostasis may be important for the health and vitality of aging
animals.

Ageing Res Rev. Author manuscript; available in PMC 2014 January 01.



