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ABSTRACT: The intestine, a high-turnover tissue, plays a critical role in regulating aging and health in both
vertebrates and invertebrates. Maintaining the epithelial barrier function of the intestine by preserving innate
immune homeostasis significantly delays aging and prevents mortality. In an effort to explore effective chemicals
and materials that can improve intestinal integrity, we performed a nonbiased screen utilizing Drosophila as an
animal model. We showed that long-term uptake of aspirin markedly prevented age-onset gut leakage, the over-
proliferation of intestinal stem cells, and the dysbiosis of commensal microbiota in fruit flies. Mechanistically,
aspirin efficiently downregulated chronic activation of intestinal immune deficiency signaling during aging.
Furthermore, our in vivo and in vitro biochemical analyses indicated that aspirin is a negative modulator in control
of the K63-linked ubiquitination of Imd. Our findings uncover a novel regulatory mechanism by which aspirin

positively modulates intestinal homeostasis, thus delaying aging, in Drosophila.
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Longevity is influenced by a variety of both intrinsic and
extrinsic factors, which include heredity, sex, diet, health
conditions, living environment, and so on [1-8]. In recent
decades, numerous studies have highlighted the pivotal
roles of components of the digestive tract, such as the gut,
in regulating the process of aging and lifespan in both
invertebrates and vertebrates [9-12]. In the aged gut, the
excessive proliferation of stem cells and dysregulation of
differentiated epithelial cells lead to intestinal dysplasia,
which normally causes organismal mortality [10, 13-15].
Additionally, as one of the most important organs in
contact with the external environment, the gut contains a
certain number of symbiotic bacteria, and the bacterial

load demonstrates dramatic expansion during the aging
process [10, 11]. It has been suggested that the intestinal
tract provides the best living environment for
microorganisms; these florae and their metabolites also
directly or indirectly affect many biological activities of
the host, such as nutrition processing, digestion and
absorption, energy balance, immune function, intestinal
development and maturation [12, 16-19]. Downregulation
of the association between host and commensal bacteria
can cause intestinal barrier dysfunction, dysbiosis of the
microbiota, diseases such as diabetes, autoimmune
reactions, and even death [11, 20, 21].
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Based on the great similarity of its intestine with the
mammalian gut tissue and the availability of powerful
genetic manipulation approaches, Drosophila
melanogaster has emerged as a popular model organism
to study the association between intestinal homeostasis
and longevity. In response to the microbiota, the gut of the
fruit fly mainly activates the processes of host defense and
the proliferation of intestinal stem cells (ISCs), both of
which involve the immune deficiency (Imd) pathway [17,
22]. Previous evidence has shown that the Imd pathway
tends to become hyperactive during aging, leading to the
disruption of intestinal homeostasis, which can shorten
lifespan [10, 17]. Negative regulation of Imd signals can
positively contribute to the turnover of 1ISCs, homeostasis
of the microbiota, and the maintenance of epithelial
barrier function and extend lifespan [11, 23].

In Drosophila, the Imd signaling pathway is normally
activated by gram-negative bacterial infection, which
results in the expression of a set of antimicrobial peptides
(AMPs), such as Attacin, Cecropin and Diptericin [22].
Expression of these AMPs requires the PGRP-LC
receptor in the Imd pathway and the signal-dependent
cleavage and nuclear translocation of Relish, an NF-xB
family transcription factor [24-26]. It has been
demonstrated that ubiquitination plays a pivotal role in
signal transduction in the Drosophila Imd pathway [22,
27]. Regulators that control the ubiquitin-related
processes of key factors such as Imd [28], Dredd [29],
Tak1 [30], or Relish [31] effectively determine the fate of
the Imd signaling pathway and related biological
activities [22, 32]. Deeper insight into these processes
would reveal novel therapeutic options or medicines for
the treatment of diseases and pathological conditions in
mammalian systems.

To explore potential materials and molecules to help
improve the epithelial barrier function of the intestine, we
utilized Drosophila as an animal model and performed a
large-scale screen of various drugs and agricultural
products, such as aspirin, vitamins, strawberry slurry, and
different kinds of tea extracts. We provide compelling
evidence that aspirin plays a positive role in restricting
age-onset gut leakage and dysbiosis of the living
microbiota to delay the fruit fly aging process.
Mechanistically, aspirin effectively downregulates the
intestinal Imd signaling pathway by negatively
controlling the K63-linked ubiquitination of Imd, thus
preventing the hyperexpression of Imd-related AMPs
during aging. Restriction of Imd signals in Drosophila
intestines markedly cripples the amelioration of gut
integrity and lifespan extension induced by dietary
supplementation of aspirin. Thus, our study uncovers a
novel Imd-dependent regulatory mechanism by which
aspirin modulates Drosophila intestinal homeostasis and
the aging process.

MATERIALS AND METHODS
Drosophila strains

All flies were reared under standard culture conditions.
The w8 strain was utilized as control and host for P-
element-mediated transformation. Other strains used in
this study include: 1) P{NP1-gal4} and P{Esg-
gal4},P{Uasp-gfp};P{Tub-gal80®}, kind gifts from Dr.
Yun Zhao (Shanghai Institutes for Biological Science,
Chinese Academy of Sciences); 2) P{Uasp-imd-IR(KK)}
and P{Uasp-relish-IR(KK)}, stocks that were obtained
from Vienna Drosophila Resource Center; 3) diap2’®,
diap2 mutant fly that was obtained from Bloomington
Stock Center; 4) P{Uasp-artmiR-takl}, knockdown
transgene that was obtained from Tsinghua University Fly
Stock Center; 5) P{Uasp-myc-imd}, in which coding
sequence of Myc-Imd was placed under the control of the
UAS promoter.

Cell culture and reporter assay

Drosophila S2 cells were cultured with insect medium
(Hyclone) at 27 °C. For reporter assays, S2 cells were
transfected with indicated expression plasmids along with
ActinP-Renilla and AttacinP-Luciferase (Att-Luc), in
which the luciferase coding sequence was placed under
the attacin promoter. ActinP-Renilla was used as internal
control. Twenty-four hours post transfection, cells were
treated with indicated concentrations of aspirin for 12 h.
Activities of both Firefly Luciferase and Renilla were then
examined according to the manufacturer’s instructions
(Promega). For data analysis, the activity of Firefly
Luciferase was normalized to activity of Renilla.

Lifespan and “Smurfs” assays

Twenty virgins (wW'''® or heterozygotes with indicated
genotypes) were crossed to 20 indicated heterozygous
males (back-crossed at least five generations into w!!8),
Progeny was harvested and transferred to new vials for
mating. After 24 h, female flies were collected and raised
on culture medium (supplemented with indicated
concentrations of aspirin or not) with a density of 30 to 35
flies in each vial. Flies were transferred to new vials and
counted for death every 2-day throughout adult life.

For “Smurfs” assay, the non-absorbent blue dye
(FD&C blue #1) was used to analyze the intestinal barrier
integrity in Drosophila according to standard methods as
previously described [33]. In brief, indicated adult flies
were transferred to a medium containing blue dye (2.5%
w/v) for 2.5 h, and then the numbers of “Smurfs” were
calculated.
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For experimental manipulations under axenic
conditions, fruit fly foods were supplemented with
antibiotics including ampicillin (500 pg/mL), tetracycline
(50 pg/mL), and rifamycin (200 pug/mL). Vials containing
foods were autoclaved for 30 min, followed by 12 h of
irradiation by a radioactive cesium source.

Fluorescein feeding assay

To examine the potential effects of additional aspirin on
the food consumption of experimental flies, we performed
the Fluorescein feeding assay as previously described
[34]. Briefly, flies from aspirin-treated and control groups
(on the 10" day) were transferred to vials with foods
containing 50 uM Fluorescein (Sigma). Two hours later,
10 flies were collected (9 independent replicates for each
group) and lysed with 10 mM K-phosphate buffer (pH
6.0). After centrifugation, lysates were added into 96-well
plate (Corning) and analyzed in a plate reader (Tecan).
The levels of Fluorescein were determined by excitation
at 480 nm and emission at 521 nm, respectively. In this
assay, equal volume of K-phosphate buffer was used as
baseline control.

Fly gut immunohistochemistry

Whole guts from indicated adults were dissected in 1 x<
phosphate-buffered saline (PBS) and fixed in fix solution
(4% formaldehyde and 0.25% Tween-20 in 1 <PBS) for
30 min at room temperature, followed by washing (3
times, total 1 h) and blocking (1 h) in PBTA (0.3%
Tween-20 and 1.5% BSA in 1 =< PBS). Samples were
incubated with indicated antibodies (diluted in PBTA)
and Hoechst or DAPI to mark the nucleus, followed by
observation under confocal microscopy. Primary and
secondary antibodies were rabbit anti-pH3 antibodies,
rabbit anti-Myc antibodies, and Alexa 555-coupled anti-
rabbit antibodies, respectively.

For experiments detecting GFP signals in indicated guts,
samples were directly incubated with Hoechst after
treatments of fixing and blocking, followed by
observation under confocal microscopy.

Quantitative PCR assays

For bacterial 16s rRNA gene analysis, intestines were
dissected from indicated flies in sterile 1 <PBS over ice.
Samples were then stored in sterile tubes at -80°C
overnight, followed by genomic DNA extraction utilizing
the Microbiome DNA Purification Kit (Thermo). For
examination of specific mRNA level, total RNA was
isolated with Trizol Reagent (Invitrogen), followed by
cDNA synthesis using the first-strand cDNA synthesis kit
(Transgen) according to the manufacturer’s instructions.

Quantitative PCR experiments were performed using
SYBR Green Mix (Transgen) in triplicate on a Bio-Rad
iCycler iQ5 PCR Thermal Cycler. Concentrations of
specific targets were normalized to endogenous reference
rp49. Data shown are relative levels of 16s rRNA or
specific mMRNA compared with those of the control
groups. Primers for quantitative PCR are listed in Table 1.

Table 1. Detailed information of primers used for
quantitative PCR assays.

Name Sequence

16s-F AGAGTTTGATCCTGGCTCAG

16s-R CTGCTGCCTYCCGTA

Diptericin-F TTTGCAGTCCAGGGTCACCA

Diptericin-R CACGAGCCTCCATTCAGTCCAATCTCGG
Attacin-F CACCAGATCCTAATCGTGGCCCTGGG
Attacin-R ACGCGAATGGGTCCTGTTGT

Cecropin A1-F | TTTCGTCGCTCTCATTCTGG

Cecropin A1-R | GACAATCCCACCCAGCTTCCCGATTGC

Imd-F CAATCTTTGGCGGGAAGGAG

Imd-R GGCTCCGCTGTTGTTGTTAT

Rp49-F CACGATAGCATACAGGCCCAAGATCGG
Rp49-R GCCATTTGTGCGACAGCTTAG

RNA-seq analysis

Wild-type flies (w!'®) were reared with standard foods
(control) or dietary supplemented with 1 mg/L aspirin. At
the age of 60" day, guts were dissected, and total RNA
was isolated with Trizol Reagent (Invitrogen). The purity
and concentration of RNA were measured using the
NanoPhotometer spectrophotometer (IMPLEN) and
Qubit RNA Assay Kit in Qubit 2.0 Flurometer (Life
Technologies), respectively. Samples were then
sequenced and analyzed by Allewgene Technologies Co.,
Ltd.

Ubiquitination assay

Transfected S2 cells or intestines were harvested and
lysed in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM
NaCl, 0.5% Nonidet P-40, 10% glycerol, and 1% SDS).
Samples were then boiled for 5 min and combined with
binding buffer (50 mM Tris-HCI, pH 7.5, 150 mM NacCl,
0.5% Nonidet P-40, and 10% glycerol) to adjust the SDS
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to a final concentration of 0.1%. Lysates were subjected
to sonication and immunoprecipitated utilizing anti-Flag
M2 beads (Sigma, for S2 cell samples) or anti-Myc
agarose beads (Abmart, for intestine samples) for 4 h,
followed by washing treatment with wash buffer (50 mM

Tris-HCI, pH 7.5, 500 mM NacCl, 0.5% Nonidet P-40, and
10% glycerol) for 3 times (total 1 h). Samples were loaded
and subjected to western blotting assays to detect the
ubiquitination levels of Imd.
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Figure 1. Aspirin ameliorates Drosophila intestinal integrity during aging. (A) Drosophila gut barrier function was assayed
by utilizing a non-absorbent blue food dye (FD&C blue #1). Left panel, “Non-Smurfs”; right panel, “Smurfs”. (B) Wild-type
flies (w!/"®) were reared with standard Drosophila foods (control groups), or with foods supplemented with aspirin (0.5 mg/L
and 1 mg/L, respectively). At indicated ages (10-day, 30-day, and 60-day, respectively) flies from different groups were
subjected to “Smurfs” assays. Proportions of flies showing gut leakage were analyzed and shown. Error bars represent s.d.
(n=3). (C) Wild-type flies (w'!!%) were reared with standard Drosophila foods (control groups), or with foods supplemented
with aspirin (0.5 mg/L and 1 mg/L, respectively). At the 10 day, flies were collected and subjected to feeding assays. Levels
of Fluorescein from indicated groups were monitored and shown. Error bars represent s.d. (n=9). (D) Flies genotyping P{Esg-
gal4} ,P{Uasp-gfp};P{Tub-gal80"} were maintained without (control groups) or with diet-supplementation of aspirin (0.5
mg/L and 1 mg/L, respectively). At indicated ages (10-day, 30-day, and 60-day, respectively) guts were dissected and subjected
to immunostaining assays. Proportions of GFP positive cells per area were analyzed and shown. Error bars represent s.d. (n=3).
(E) Wild-type Flies (w'''%) were reared in the way same as in B. At indicated ages (10-day, 30-day, and 60-day, respectively)
guts were dissected and subjected to immunostaining assays utilizing the antibodies against pH3. Proportions of pH3 positive
cells per gut were analyzed and shown. Error bars represent s.d. (n=3). In B-E, the two-tailed Student’s t test was utilized to
perform data analyses. *p<0.05, **p<0.01, ***p<0.001, N.S., not significant.

SDD-AGE assay

The aggregation of Imd protein was examined by SDD-
AGE analysis as previously described [23]. Briefly,
dissected guts were lysed with lysis buffer (50 mM Tris-
HCI, pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 10%
glycerol, and 1mM phenylmethylsulfonyl fluoride) over

ice for 30 min, followed by centrifugation (13000 rpm at
4°C) for 10 min. Supernatant was carefully collected and
loaded with loading buffer (0.5 < TBE, 10% glycerol, 2%
SDS, 0.0025% bromophenol blue) at room temperature
for 15 min. Newly-prepared 1.5% agarose gel with 0.1%
SDS was pre-run by electrophoresis in running buffer (1
x TBE and 0.1% SDS) for 1 h at 4°C. Loaded protein
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samples were then subjected to electrophoresis for Lhand  significant differences between values were determined
transferred to PVDF membrane (Millipore) for by the two-tailed Student’s t test and statistical analyses

immunoblotting analysis. are shown as means and standard deviations (s.d.). 2) Log
rank test: the data of survival rate and protein stability
Statistical methods assays were collected from three biological replicates and

significant differences were analyzed by the Log rank test
1) Two-tailed Student’s t test: data from reporter assays, using PASW Statistics 18 software. All statistical
quantitative PCR assays, immunostaining experiments analyses are shown as means =+s.d. For all tests, a p value
and mean lifespan analyses were analyzed from three  of less than 0.05 was considered statistically significant. *
biological replicates; data from fluorescein feeding assay P <0.05, ** P <0.01, *** P <0.001, N.S., not significant.
was analyzed from nine independent replicates. All the
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Figure 2. Aspirin prevents age-onset gut microbial dysbiosis and prolongs lifespan. (A) Wild-type flies (w18) were reared with
standard Drosophila foods (control), or with foods supplemented with aspirin (0.5 mg/L and 1 mg/L, respectively). Intestines were
dissected from indicated adult flies at various ages (day 10, 30, and 60, respectively). Genomic DNA was extracted, followed by
quantitative PCR assays of the 16s rRNA gene to determine the commensal bacterial levels. Error bars represent s.d. (n=3). (B)
Wild-type flies (w''!8) were reared in the way same as in A. Intestinal homogenates of indicated flies were prepared and plated on
nutrient-rich medium allowing growth of intestinal microbiota. CFUs per gut were further counted and shown. Error bars represent
s.d. (n=3). (C-D) Flies were reared as in A, and then were collected and subjected to lifespan assays. Survival curves were analyzed
and shown in ¢; mean longevities of samples from C were shown in D. Error bars represent s.d. (n=3). (E-G) Wild-type flies (w!!18)
were reared with standard Drosophila foods (Asp-) or dietary supplementation with aspirin (1 mg/L, Asp+) under axenic condition.
Flies were then subjected to lifespan assay (E) or “Smurfs” assay (G) as indicated. Mean longevities of samples from E were shown
in F. Error bars represent s.d. (n=3). In A, B, D, F, and G, the two-tailed Student’s t test was utilized to perform data analyses. In C

and E, the log rank test was used to analyze the statistical variance of the survival rates. *p<0.05, **p<0.01, ***p<0.001, N.S., not
significant.
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Figure 3. Aspirin negatively regulates Imd signaling pathway both in S2 cells and gut tissues. (A-B) S2 cells were
transfected with expression plasmids of constitutively activated PGRP-LCa (A) or Imd (B) together with Att-Luc and
Renilla vectors. Twenty-four hours post transfection, cells were treated with different doses of aspirin (0.1 mM, 0.5 mM,
and 1 mM, respectively) for 12 h, followed by luciferase assays (upper panel) and western blotting assays with indicated
antibodies (lower panels). Error bars represent s.d. (n=3). (C-E) S2 cells were transfected with Imd expression plasmids
for 24 h and treated with aspirin (0.1 mM, 0.5 mM, and 1 mM, respectively) for 12 h as indicated. Cells were then lysed
and subjected to gRT-PCR assays to detect the mRNA levels of diptericin (upper panel in C), attacin (D), and cecropin
Al (E) and western blotting assays with indicated antibodies (lower panel in C). Error bars represent s.d. (n=3). (F-H)
Wild-type flies (w'8) were reared with standard Drosophila foods (control), or with foods supplemented with aspirin
(0.5 mg/L and 1 mg/L, respectively). Intestines were dissected from indicated groups at various ages (day 10, 30, and
60, respectively), followed by gRT-PCR assays to determine the mRNA levels of diptericin (F), attacin (G), and cecropin
Al (H). Error bars represent s.d. (n=3). In A-H, the two-tailed Student’s t test was utilized to perform data analyses.
*p<0.05, **p<0.01, ***p<0.001, N.S., not significant.
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RESULTS

Long-term uptake of aspirin prevents age-onset
intestinal barrier dysfunction

To explore functional chemicals and/or materials for the
modulation of gut homeostasis, we utilized Drosophila as
an animal model and performed noninvasive “Smurfs”
experiments, in which a harmless, nonabsorbent blue dye
(FD&C blue #1) was used to determine the epithelial
barrier integrity of the intestine as previously described
[33]. In this assay, flies in which the blue dye mainly
concentrated within digestive tissues were referred to as
“Non-Smurfs”; flies whose whole bodies were almost all
blue were counted as “Smurfs” (Fig. 1A). First, we raised
fruit flies with standard food or food supplemented with
aspirin, vitamins, strawberry slurry, or tea extracts. At 10
days, 30 days, and 60 days of age, the flies were subjected
to “Smurfs” assays. Interestingly, we observed that the
addition of dietary aspirin to food (0.5 mg/L and 1.0
mg/L) resulted in a marked reduction in the proportion
(almost 20% to 50%) of aged “Smurfs” (Fig. 1B),
compared with that among the age-matched controls.
These results suggest that aspirin might play a role in
positively regulating the epithelial barrier function of the
Drosophila intestine during aging. Notably, additional
aspirin hardly affected the amount of food consumed by
the tested flies (Fig. 1C), suggesting that the beneficial
role of aspirin in preventing age-onset gut leakage was not
due to dietary restriction.
Additional aspirin ameliorates intestinal
during aging

We then sought to determine whether aspirin plays a role
in regulating the homeostasis of the intestine. We utilized
a widely used transgenic fly strain, P{Esg-gal4},P{Uasp-
gfp};P{Tub-gal80%}, in which the intestinal stem cells
(ISCs) and/or enteroblasts were GFP positive [35]. Under
confocal microscopy, we found that more cells were GFP
positive in the gut of aged flies than in the gut of young
flies (Fig. 1D), which is consistent with previous findings
[33]. Moreover, we observed an almost 20% to 40%
decrease in the number of GFP-positive cells in the aspirin
(0.5 mg/L)-treated group compared with the controls (Fig.
1D). A further increase in aspirin (1 mg/L) resulted in a
greater reduction in the number of GFP-positive cells
(Fig. 1D). To further measure the proliferative integrity of
the 1SCs, we utilized antibodies against the
phosphorylated histone H3 (pH3) protein, a marker of cell
cycle progression through mitosis [36], to perform
immunostaining assays. As shown in Fig. 1E, aspirin
markedly delayed the over-proliferation of ISCs, as
among the aged flies, the increase in the number of pH3-
positive cells in the intestine was significantly prevented

integrity

in the aspirin-treated group. Taken together, our results
suggest that additional aspirin efficiently prevents the
hyperplastic phenotype in the aged gut and limits the
proliferation of intestinal progenitor cells.

Aspirin limits age-onset expansion of the intestinal
microbiota and prolongs lifespan

In Drosophila, age-onset dysfunction of the intestine
normally correlates with microbiota imbalance and is a
presage of mortality [10, 11]. Thus, we sought to
determine the impacts of aspirin on commensal flora in
the gut and the host lifespan. We dissected the guts of
Drosophila at different ages with or without aspirin
treatment and performed quantitative polymerase chain
reaction (QPCR) assays to detect the levels of the bacterial
16s rRNA gene, which is widely used to represent the
overall extent of the commensal microbiota [37]. As
shown in Fig. 2A, levels of the 16s rRNA gene in the
aspirin-supplemented groups were much lower than those
in the control groups (an almost 40% to 60% reduction),
suggesting that aspirin prevents age-onset expansion of
the microbial community in the fruit fly intestine. Similar
results were obtained when the numbers of colony-
forming units (CFUs) from the gut microbiota were
examined (Fig. 2B). To further detect the contribution of
aspirin in controlling the Drosophila lifespan, we
maintained experimental fruit flies in vials under standard
rearing conditions and performed detailed lifespan assays
as previously described [23]. As shown in Fig. 2C-D,
wild-type adults whose food was supplemented with
aspirin (0.5 mg/L and 1 mg/L, respectively) displayed a
clearly prolonged lifespan compared with the lifespan of
those without aspirin treatment. This was consistent with
the results of previous studies [34, 38].

Then, we sought to elucidate whether aspirin
prevents age-onset intestinal dysfunction and the aging
process through its regulatory role in control of the gut
microbiota. We performed “Smurfs” and lifespan assays
utilizing wild-type flies under axenic conditions. As
shown in Fig. 2E-G, treatment with aspirin still markedly
suppressed age-onset gut barrier failure and prolonged
lifespan in germ-free adult flies. Collectively, our results
indicate that aspirin plays a beneficial role in controlling
intestinal homeostasis and lifespan in Drosophila.

Aspirin negatively regulates the Imd signaling pathway

Numerous studies have shown that Imd signaling in the
Drosophila gut is highly related to intestinal homeostasis
and longevity [11, 22, 23, 30]. The restriction of age-onset
Imd signals positively contributes to the maintenance of
gut barrier function and thus promotes lifespan [11, 23].
We then sought to determine whether aspirin plays a role
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in modulating the Imd signaling pathway. To this end, we
first utilized Drosophila S2 cells and performed Imd
signaling-based luciferase reporter assays as previously
described [39]. As shown in Fig. 3A-B, the addition of
aspirin dramatically decreased the luciferase activity
induced by the overexpression of either constitutively
activated PGRP-LCa receptor (PGRP-LCa™*!""@) [40] or
Imd, suggesting that aspirin might play a negative role in

controlling Imd signals. Next, we performed quantitative
reverse transcriptional polymerase chain reaction (QRT-
PCR) assays to determine the endogenous expression
profiles of the diptericin, attacin, and cecropin Al genes,
which encode Imd-related antimicrobial peptides
(AMPs). As shown in Fig. 3C-E, aspirin markedly
prevented the expression of these genes in S2 cells in a
dose-dependent manner.
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Figure 4. Prevention of Imd weakens advantageous effects of aspirin in modulating gut homeostasis and fly
lifespan. (A) Guts of P{NP1-gal4} (wild-type controls, referred as “>w") and P{NP1-gal4}; P{Uasp-imd-IR(KK)}
(referred as “>imd-IR”) were dissected and subjected to qRT-PCR assays to detected the expressional levels of
imd. Error bars represent s.d. (n=3). (B-F) Flies including “>w” and “>imd-IR” were reared with standard
Drosophila foods, or with foods supplemented with aspirin (0.5 mg/L and 1 mg/L, respectively), and subjected to
lifespan assays. Survival curves were analyzed and shown in B (“>w”) and C (“>imd-IR”); mean longevities of
samples from B and C were shown in D (“>w”) and E (“>imd-IR”); fold changes of mean longevities of “>w”
and “>imd-IR” were analyzed and shown in F. Error bars represent s.d. (n=3). (G-H) Flies including “>w” and
“>imd-IR” were reared with standard Drosophila foods, or with foods supplemented with aspirin (0.5 mg/L and 1
mg/L, respectively). At various ages (day 10, 30, and 50, respectively) flies were subjected to “Smurfs” assays
(G) or intestines were dissected from indicated adult flies, followed by genomic DNA extraction and quantitative
PCR assays to determine the bacterial 16s rRNA levels (H). Error bars represent s.d. (n=3). In A, and D-H, the
two-tailed Student’s t test was utilized to perform data analyses. In B and C, the log rank test was used to analyze
the statistical variance of the survival rates. *p<0.05, **p<0.01, ***p<0.001, N.S., not significant.
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To further determine the role of aspirin in regulating
Imd signals in vivo, we collected guts from flies that were
fed aspirin-supplemented (0.5 mg/L and 1 mg/L) food as
well as control flies at different ages and performed gRT-
PCR analyses. As shown in Fig. 3F-H, among aged flies,
diptericin, attacin, and cecropin Al transcripts in the gut
were significantly downregulated in aspirin-treated flies
compared with age-matched controls. Similar results were
obtained when the flies were reared under axenic
conditions (Fig. S1A-C). Taken together, our results
suggest that aspirin likely plays a negative role in
controlling the Drosophila Imd signaling pathway,
promoting intestinal homeostasis during aging.

Aspirin mediates intestinal homeostasis and aging in an
Imd-dependent manner

To determine whether aspirin positively contributes to gut
integrity and the aging process through its functional role
in controlling the Imd signaling pathway, we performed
genetic manipulation and obtained the progenies of
P{NP1-gal4};P{Uasp-imd-IR(KK)}, in which intestinal
imd expression was significantly prevented (Fig. 4A) [11,
41]. As shown in Fig. 4B-F, the enhancement of lifespan
induced by additional aspirin in flies with the P{NP1-
gald};P{Uasp-imd-IR(KK)} genotype turned out to be
much weaker than that of the wild-type controls, implying
that aspirin positively contributes to Drosophila
longevity, most likely in a manner dependent on Imd.
Then, we performed “Smurfs” assays and found that the
knockdown of imd preserved the age-onset reduction in
intestinal leaking induced by the addition of dietary
aspirin (Fig. 4G). Moreover, our quantitative PCR
experiments to detect the populations of the gut
microbiota showed that restricting Imd expression clearly
prevented the decrease in total bacterial quantity by
supplementation of the diet with aspirin (Fig. 4H).

Next, we sought to determine whether the blockade
of other factors in Imd signaling would inhibit the
physiological benefits of additional aspirin in foods. We
used several knockdown transgenic fly strains, including
P{NP1-gal4};P{Uasp-artmir-takl} and P{NP1-gal4};
P{Uasp-relish-IR(KK)}, in which the expression of Takl
and Relish, respectively, in the intestinal tissues was
clearly prevented [23, 41]. As shown in Fig. S2A-G,
downregulation of either Takl or Relish dramatically
prevented the dietary aspirin-induced promotion of
intestinal homeostasis and extension of lifespan.
Consistent results were obtained when diap2 mutant flies
were utilized (Fig. S3E-H). Collectively, our genetic
evidence indicates that aspirin promoted gut homeostasis
and extended the Drosophila lifespan based on its
regulatory role in controlling intestinal Imd signals.

Aspirin is dispensable for transcriptional regulation of
the Imd signaling pathway

Then, we sought to explore how aspirin negatively
regulates the Imd signaling pathway in the Drosophila
gut. We performed RNA-sequencing (RNA-seq) analysis
utilizing the guts dissected from age-matched (60-day-
old) w!!® flies whose food had been supplemented
without (control) or with aspirin (1 mg/L). The expression
profiles of approximately 9300 genes were obtained from
sequencing databases, and further bioinformatic analysis
revealed that more than 80% of these genes were
expressed in both groups (Fig. 5A), suggesting that aspirin
does not mainly exert its effects through awakening
sleeping genes. In addition, the transcript levels of almost
5000 genes were significantly altered (2806 were
upregulated and 2181 were downregulated in the aspirin-
treated groups compared to control groups) due to long-
term aspirin uptake (Fig. 5B). Gene ontology enrichment
analysis displayed that these genes were mainly involved
in biological processes that include DNA metabolism,
responses to stress and/or pathogenic bacteria, and so on
(Fig. 5C).

Consistently, we observed that AMP genes controlled
by the Imd pathway, such as diptericin and attacin, were
greatly downregulated in the aspirin-treated groups (Fig.
5D). However, we failed to discover any significant
alterations in the expression of core factors in Imd
signaling transduction, such as imd, bendless, effete, tak1,
tab2, dredd, fadd, kenny, ird5, and relish (Fig. 5E).
K63-linked

Aspirin  negatively modulates  the

ubiquitination of Imd

Ubiquitination plays an essential role in downstream
signal transduction in the Drosophila Imd pathway [22,
32]. Thus, we sought to examine whether aspirin impacts
the ubiquitination pattern of Imd. We transfected S2 cells
with plasmids for the expression of Flag-tagged Imd and
HA-tagged ubiquitin and then treated them with aspirin at
different concentrations (0.1 mM and 05 mM,
respectively). As shown by our ubiquitination assays (Fig.
6A-B), Imd ubiquitination was easily detected in the
control group (treated with an equal volume of DMSO
solution) and markedly decreased in the aspirin-treated
groups. We then utilized another two plasmids, UbK63
and UbK48 (all lysine residues except lysine 63 and 48,
respectively, had been mutated to an alanine residue) [39],
and performed ubiquitination assays to detect the K63-
and K48-linked ubiquitination of Imd, respectively. As
shown in Fig. 6C-D, additional aspirin markedly
prevented the K63-linked ubiquitination of Imd. The K48-
linked ubiquitination of Imd was hardly affected by
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aspirin (Fig. S3A-B). Notably, aspirin was dispensable for
regulating the stability of Imd in S2 cells (Fig. 6E-F).
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Figure 5. Aspirin is dispensable for transcriptional control of key factors of Imd pathway. (A-C) Wild-type flies
(w8 were reared with standard Drosophila foods (control), or with foods supplemented with aspirin (1 mg/L). On the
60" day, intestines were dissected from indicated adult flies, followed by total RNA extraction and RNA-seq analysis.
Venn diagram (A), volcano plots (B), and gene ontology (C) analyses of differentially expressed genes from
comparisons of RNA-seq data were analyzed and shown. (D-E) Expressional levels of several AMP genes (D) and key
factors in Imd pathway (E) as indicated were analyzed from RNA-seq data and shown.

To further confirm these results in vivo, we generated
transgenic  flies P{NP1-gal4}/P{Uasp-myc-imd}, in
which the Myc-tagged Imd protein was clearly expressed
in intestinal cells. We collected guts from aged P{NP1-
gald}/P{Uasp-myc-imd} flies whose diet had been
supplemented with or without aspirin and performed
ubiquitination assays. As shown in Fig. 6G-H, the level of

Imd ubiquitination was significantly reduced in the gut
samples from aspirin-treated groups compared with those
from the untreated controls. When we utilized specific
antibodies for K63-linked ubiquitin or polyubiquitin, we
obtained similar results (Fig. S3I-J).
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Figure 6. Aspirin negatively modulates K63-linked ubiquitination of Imd. (A-D) S2 cells were transfected
with expression plasmids as indicated (A and C) for 36 h, and treated with different doses of aspirin (0.1 mM and
0.5 mM, respectively) or equal volume of DMSO buffer (control) for 12 h. Cells were then harvested and
subjected to ubiquitination assays to monitor the levels of ubiquitination (A) or K63-linked ubiquitination (C) of
Imd. Densitometry analyses to quantify intensities of ubiquitinated proteins in A and C were analyzed and shown
in B and D, respectively. Error bars represent s.d. (n=3). (E-F) S2 cells were transfected with expression plasmids
for 36 h and treated with or without aspirin (0.5 mM) for 12 h as indicated. Cells were then treated with CHX
(final concentration at 50 ng/mL) for different times, followed by western blotting assays to assess Imd protein
levels (E). Densitometry analysis to quantify Imd expression was shown in F. Error bars represent s.d. (n = 3).
(G-H) Flies genotyping P{NP1-gal4}/P{Uasp-myc-imd} (referred as “NP1>Myc- Imd”) were reared with
standard Drosophila foods (control), or with foods supplemented with aspirin (1 mg/L). On the 50t day, intestines
were dissected from indicated adult flies, followed by ubiquitination assays to determine the levels of
ubiquitinated Imd (G). Densitometry analysis to quantify ubiquitination patterns of Imd was shown in H. Error
bars represent s.d. (n = 3). In B, C, and H, the two-tailed Student’s t test was utilized to perform data analyses. In
F, the log rank test was used to analyze the statistical variance of the protein stability. **p<0.01, ***p<0.001,
N.S., not significant.
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A previous study indicated that the amyloid formation
of Imd is required for downstream signal activation and
constitutes a regulatory step used by negative modulators
[42]. We then sought to determine whether aspirin
controls Imd activity through affecting the aggregation of
Imd. Our semi-denaturing detergent agarose gel
electrophoresis (SDD-AGE) experiments showed that the
addition of aspirin to the fly diet hardly altered the
aggregation of Imd in aged adults (Fig. S5C-D). These
results were further confirmed by immunostaining assays
using gut samples from aged flies (Fig. S3K). Taken
together, our results suggest that aspirin negatively
controls the Imd signaling pathway mainly through
restricting the K63-linked ubiquitination of Imd.

DISCUSSION

Numerous studies have highlighted the essential roles of
the intestine and its living commensal microflora in aging
and longevity regulation [10, 11, 43-48]. In Drosophila,
the innate immune Imd signaling pathway has been shown
to be highly correlated with intestinal homeostasis during
aging [11, 22, 30]; hyperregulation of Imd signaling
normally leads to dysbiosis of the gut microbiota,
breakdown of the gut epithelial barrier, aging-related
disorders and even death [10, 23]. Fine-tuned control of
intestinal conditions by restricting Imd signals can protect
the host against intestinal leakage and prolong lifespan
[10, 11, 23]. In an effort to explore functional materials
and/or chemicals that modulate epithelial barrier function,
we performed a nonbiased screen utilizing Drosophila as
an animal model. Intriguingly, we found that aspirin
might prevent intestinal barrier dysfunction during aging
since it significantly reduced the proportion of “Smurfs”
flies. Further experimental approaches indicated that
dietary complementation with aspirin likely inhibits age-
onset expansion of the gut microbiota and intestinal
dysplasia, thus delaying aging and extending lifespan in
Drosophila. Our in vitro and in vivo biochemical analyses
revealed that aspirin specifically prevents the K63-linked
ubiquitination of Imd to negatively modulate Imd signal
transduction and restrict the expression of downstream
AMP genes. Genetic evidence has shown that
downregulation of the Imd signaling pathway by the
knockdown of imd or takl or mutation of diap2
significantly reduced the benefits of additional aspirin in
promoting gut homeostasis and extending lifespan.
Collectively, our results strongly suggest that aspirin
promotes intestinal barrier function and delays aging
through negatively controlling the intestinal Imd signaling
pathway in Drosophila.

Previous studies have indicated that aspirin could
improve the lifespan and healthspan of Drosophila by
modulating metabolic profiles [38]. Other studies in C.

elegans suggested that aspirin upregulated metabolic
pathways to extend the lifespan in a germline-dependent
manner [49]. Although our genetic evidence
demonstrated that aspirin promotes gut homeostasis to
prolong the longevity of Drosophila in a way that involves
Imd signaling, RNA-seq analysis of the guts showed that
additional aspirin might lead to alterations in the
expression levels of several important genes that control
metabolic processes, such as the glucose, peptidoglycan,
starch, and sucrose metabolic pathways. In fact, we noted
that restricting Imd signaling activity in the gut could only
partially abrogate the extension in lifespan but nearly fully
reversed the amelioration of intestinal integrity induced
by additional aspirin, implying that aspirin prolongs
consumer’s lifespan might through its other unknown
biological  functions.  Nevertheless, our study
demonstrates at least one novel molecular mechanism by
which aspirin  positively contributes to intestinal
homeostasis to extend lifespan in Drosophila.

How does aspirin antagonize the Imd signaling
pathway? Our unbiased RNA-seq analysis of the
intestines from age-matched Drosophila treated with or
without aspirin revealed no significant alterations in the
transcript levels of key genes in the Imd signaling
pathway, suggesting that aspirin might not be responsible
for the transcriptional control of these factors. Based upon
the importance of ubiquitination in signal transduction of
the Imd pathway [22, 32], we performed ubiquitination
assays both in vitro and vivo systems, and found that
aspirin markedly prevented the K63-linked ubiquitination
of Imd. However, we failed to observe any detectable
variations due to the addition of aspirin when the K48-
linked ubiquitination and stability of Imd were examined,
although one study in Neuro A2 mouse cells suggested
that aspirin can inhibit proteasome activity in a dose- and
time-dependent manner, resulting in an increase in
ubiquitinated proteins [50]. Because the aggregation of
Imd is essential for downstream signal transduction [42]
and a previous study suggested that aspirin functions to
antagonize protein aggregation by promoting acetylation
[51], we then detected whether aspirin affects assembly of
the Drosophila Imd protein. Our SDD-AGE assays
further indicated that additional aspirin hardly altered the
levels of Imd aggregates both in vitro and in vivo. Taken
together, our findings support the notion that aspirin
negatively modulates the Drosophila Imd signaling
pathway by specifically preventing the K63-linked
ubiquitination of Imd.

In summary, our results indicate that dietary
supplementation with aspirin dramatically ameliorated
age-onset gut leakage and delayed aging in Drosophila.
Analysis of the molecular mechanism showed that aspirin
prevents the Imd signaling pathway by specifically
restricting the K63-linked ubiquitination of Imd, which in
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turn positively contributes to maintaining homeostasis of
the fly gut and extending lifespan.
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