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Abstract

Cellular senescence contributes to age-related disorders including physical dysfunction, disabilities, and mortality caused by tissue inflammation
and damage. Senescent cells accumulate in multiple tissues with aging and at etiological sites of multiple chronic disorders. The senolytic drug
combination, Dasatinib plus Quercetin (D+Q), is known to reduce senescent cell abundance in aged mice. However, the effects of long-term
D+Q treatment on intestinal senescent cell and inflammatory burden and microbiome composition in aged mice remain unknown. Here,
we examine the effect of D+Q on senescence (p16"** and p21°*') and inflammation (Cxcl1, Il1B, 116, Mcp1, and Tnfa) markers in small
(ileum) and large (caecum and colon) intestine in aged mice (7 = 10) compared to age-matched placebo-treated mice (7 = 10). Additionally,
we examine microbial composition along the intestinal tract in these mice. D+Q-treated mice show significantly lower senescent cell (p16
and p21 expression) and inflammatory (Cxcl1, Il1B, Il6, Mcp1, and Tnfo expression) burden in small and large intestine compared with
control mice. Further, we find specific microbial signatures in ileal, cecal, colonic, and fecal regions that are distinctly modulated by D+Q, with
modulation being most prominent in small intestine. Further analyses reveal specific correlation of senescence and inflammation markers with
specific microbial signatures. Together, these data demonstrate that the senolytic treatment reduces intestinal senescence and inflammation
while altering specific microbiota signatures and suggest that the optimized senolytic regimens might improve health via reducing intestinal
senescence, inflammation, and microbial dysbiosis in older subjects.
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Aging is a natural and multifactorial phenomenon characterized by
degenerative processes resulting from multiple alterations in mo-
lecular pathways and consequently compromised cellular and tissue
functions (1,2). As such, aging is the leading risk factor for multiple
diseases including cardiovascular diseases, cancers, diabetes, and
neurological diseases. Cellular senescence, a process that essentially
entails permanent proliferative arrest of cells in response to various
stressors, has emerged as a potentially important contributor to aging
and age-related diseases and hence is a target of therapeutic inter-
ventions (3). Senolytic drugs hold promise for specifically targeting
and clearing out the senescent cells, thereby restoring the function
in tissues or organisms (4). Some of the most studied senolytics in-
clude navitoclax (ABT-263) (5), danazol (6), nicotinamide riboside
(7), fisetin (8), curcumin (9), dasatinib (D), and quercetin (Q) (4).
Dasatinib plus quercetin (D+Q) treatment has been shown to de-
crease senescence cell burden (10), improve survival (11), and alle-
viate fibrotic pulmonary disease (12) and physical dysfunction (11).

The human body harbors an estimated 38 trillion bacteria, which
outnumber human cells. This combination of commensal, symbiotic,
and pathogenic microorganisms is known as the microbiome. The
host—microbiota relationship is so tightly linked that most of the
functions in the host are mediated or influenced by its bacteria (13).
Some of the important functions of gut microbiota that influence
host health include fiber catabolism, vitamin and amino acid biosyn-
thesis, xenobiotic detoxification, host immune system modulation,
and resistance to pathogens, among many others (14). Accordingly,
propelled by the discoveries of the involvement of gut microbes
in cancer, neurodegenerative diseases, metabolic disorders, and
immunity, the research on gut microbiota has recently gained mo-
mentous and global momentum (15).

There is increasing evidence that the composition of the gut
microbiome plays a role in host longevity. In particular context to
host aging, the microbiota appear to play a contributing role in
certain types of age-related dysfunction, such as changes in innate
immunity, sarcopenia, frailty, and cognitive dysfunction (16). Studies
in model organisms including the nematode (17), fly (18), fish (19),
mouse (20), and even humans (21,22) have provided valuable in-
sights into the relationship between the gut microbiome and host
aging. Aging has physiological effects on both the host (23) and the
microbiome (24), suggesting that host-microbiota interactions im-
pact the progression and qualities of age-related changes.

Emerging evidence suggests that the senescent cell burden is in-
creased by chronological aging and that the short-term treatment
with senolytic drugs in chronologically aged mice can alleviate sev-
eral aging-related phenotypes (4,10-12). However, effects of treat-
ment with senolytics such as the dasatinib and quercetin (D+Q) on
the state of intestinal senescence and inflammatory burden in aged
mice remain unclear. Considering the emerging evidence suggesting
the senotherapeutic potential of D+Q (4,10-12), it is plausible that
the benefits (lowered senescence and inflammation) of D+Q treat-
ment in the gut of aged mice may partly involve additional mechan-
isms, such as modulation of the gut microbiome. However, whether
and how the oral ingestion of these senolytic agents affects gut
microbiome composition in aged mice remains largely unstudied. To
this end, we herein systematically examine the microbiota compos-
ition along different sections of the intestinal tract, that is, the ileum,
caecum, and colon as well as in feces of D+Q-treated versus placebo-
treated old mice. Possibly, by modulating the microbiome, senolytics
could alleviate certain adverse consequences of aging, such as frailty.
The ability of some flavonoids, such as quercetin, resveratrol, and
catechin, to regulate the gut microbiota has been documented in

animal models (25-27). The positive influence of senolytics on cer-
tain organismal functions might at least be partly mediated by the
microbiota, through their ability to metabolize and/or regulate the
bioavailability of multiple drugs and nutrients. In these context, this
study aims to evaluate the effects of senolytic combination D+Q on
intestinal senescence and inflammation markers as well as on the
composition of intestinal microbiota in older mice.

Method

Animals

All the procedures used in this study were approved by the
Institutional Animal Care and Use Committee of the University of
Central Florida. BALB/c (albino) mice (7 = 20; 18 months old; fe-
males) were obtained from National Institute on Aging (NIA) Office
of Biological Resources and the NIA Aged Rodent Colony and were
maintained in a pathogen-free facility under temperature- and light-
controlled conditions (22 + 2°C, 12 hours light/dark regimen) with
free access to food and water.

Senolytic Intervention

To determine whether D+Q senolytic treatment reduces senescence
and inflammation in the intestine of aged mice, we used 3 (young)
and 18 (old) months old BALB/c mice (n = 40) maintained on
standard chow. The mice were randomly divided into the following
4 groups: (i) Young control (YC): placebo group (1 = 10); (ii) Young
treatment (YT): D+Q-treated groups; (iii) Old controls (OC): placebo
group (n = 10); and (iv) Old treatment (OT): D+Q-treated group
(n = 10). Based on previous studies, the intervention (D+Q or pla-
cebo) was performed for 3 consecutive days every 2 weeks over a
10-week period. Dasatinib was purchased from LC Laboratories
(Woburn, MA); Quercetin was purchased from Sigma-Aldrich (St
Louis, MO). Dasatinib (5 mg/kg) plus Quercetin (50 mg/kg) was pre-
pared in a diluted solution comprising 10% ethanol (Sigma-Aldrich
E7023), 30% polyethylene glycol 400 (Sigma—Aldrich 91893), and
60% Phosal 50 PG (Lipoid LLC, Newark, NJ). For the OT group,
D+Q was administered by oral gavage in 100-150 pL and the OC
received an equal volume of placebo solution by oral gavage. Fecal
pellets were collected asceptically and separately for each mouse
at 3 days after the last day of treatment and 1 day before the eu-
thanasia. On the day of euthanasia, the mice were anesthetized with
isoflurane, bled by cardiac puncture, and sacrificed by cervical dis-
location. Fecal samples were also collected from the terminal ileum
(YC,n=5;YT,n=5;0C,n=235; OT,n=235),caecum (YC, 72 = 5; YT,
n="5 0C,n=15;0T,n=23),and colon (YC,n = 5; YT, n = 5; OC,
n=35; OT, n = 5). All the samples were snap frozen in liquid nitrogen
and stored at ~80°C until further processing and use.

Measurement of Intestinal Inflammation and
Senescence Markers

The mRNA expression of senescence and inflammation markers
in ileum, caecum, and colon tissues was measured as described
previously (28). Briefly, the tissue samples were removed from
-80°C storage and the total RNA was isolated by Trizol extrac-
tion method according to the manufacturer’s specifications (Thermo
Fisher, Waltham, MA). cDNA was prepared in 20 pL reaction vol-
umes using the High Capacity Reverse Transcriptase Kit (Roche
Live Science, Basel, Switzerland); 50 ng of total RNA was used
for qRT-PCR for all genes except p16"*%* (100 ng). qRT-PCR reac-
tions (20 pL) were prepared with Roche FastStart Universal SYBR
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Green with ROX (Roche Live Science) and run on a QuantStudio
3 thermocycler (Thermo Fisher). Expression changes of p16™*#,
p21%rt) 1116 (interleukin-1-B), Il6 (interleukin-6), Tnfa (tumor
necrois factor-a), Mcpl (Monocyte chemoattractant protein 1),
Cxcll (chemokine (C-X-C motif) ligand 1), and Lmnb1 (Lamin
B-1) genes were quantified by qRT-PCR and analyzed by the
AACt method using Gapdh (Glyceraldehyde 3-phosphate de-
hydrogenase) gene as housekeeping control for normalizing the
expression levels. Primers used were as follows: Gapdh (Fwd
5-AAGGTCATCCCAGAGCTGAA-3" and Rev 5-CTGCTTCACC
ACCTTCTTGA-3'), p16™*# (Fwd 5-CCCAACGCCCCGAACT-3"
and Rev  5-GCAGAAGAGCTGCTACGTGAA-3"), p21¢©r
(Fwd 5-GTCAGGCTGGTCTGCCTCCG-3" and Rev
50-CGGTCCCGTGGACAGTGAGCAG-30), Il1p (Fwd 5-TCCT
GTGTGATGAAAGACGGCAC-3” and Rev 5-GTGCTGATGTAC
CAGTTGGGGAAC-3'), 1l6 (Fwd 5-CTGGGAAATCGTGGAAT-3"
and Rev §5-CCAGTTTGGTAGCATCCATC-3"), Tnfa (Fwd
5-ATGAGAAGTTCCCAAATGGC-3"andRev 5"-CTCCACTTGGT
GGTTTGCTA-3"), Mcp1 (Fwd 5-GCATCCACGTGTTGGCTCA-3’
and Rev 5-CTCCAGCCTACTCATTGGGATCA-3’),
Cxcll (Fwd 5-ACCCGCTCGCTTCTCTGT-3* and Rev
5-AAGGGAGCTTCAGGGTCAAG-3), and Lmnb1
(Fwd 5-GGGAAGTTTATTCGCTTGAAGA and Rev
5-ATCTCCCAGCCTCCCATT).

Microbiota Analysis

All the intestinal and fecal samples were shipped to the Microbiome
Core Facility at The University of North Carolina for microbiome
sequencing (Chapel Hill, NC). Stool DNA was isolated on a King
Fisher Flex automated instrument (Thermo Fisher Scientific, Grand
Island, NY) using the MagMAX DNA protocol. Briefly, stool sam-
ples were placed in sterile 2 mL tubes containing 200 mg of <10°
um glass beads (Sigma, St. Louis, MO) and 0.5 mL of lysis/binding
buffer. Samples were then submitted to bead beating for 3 minutes
on a Qiagen TissueLyser II at 30 Hz, followed by centrifugation at
21 000 x g for 3 minutes. Next, 115 pL of supernatant was placed
in a MME-96 (MagMAX Express-96) deep well plate followed by
addition of magnetic bead mix and isopropanol. Finally, the sample
plate was immediately placed into the King Fisher Flex instrument
along with 2 isopropanol-based and 2 ethanol-based washing solu-
tion plates as well as an elution buffer plate and the MME-96 pro-
cessor script was executed. DNA was stored in elution buffer at
-20°C prior to further processing. Genomic DNA (12.5 ng) was
amplified using universal primers targeting the V4 region of the bac-
terial 16S rRNA gene (29,30). Primer sequences (515F - 5 TCGT
CGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMG
CCGCGGTAA 3’ and 806R - S’GTCTCGTGGGCTCGGAGATG
TGTATAAGAGACAGGGACTACHVGGGTWTCTAAT 3°) con-
tained overhang adapters appended to the 5" end of each primer for
compatibility with the Illumina sequencing platform. Briefly, master
mixes contained 12.5 ng of total DNA, 0.2 pM of each primer, and
2x KAPA HiFi HotStart ReadyMix (KAPA Biosystems, Wilmington,
MA). Each sample was initially denatured at 95°C for 3 minutes, fol-
lowed by cycling of denaturing at 95°C for 30 seconds, annealing at
55°C for 30 seconds and a 30 second extension at 72°C (25 cycles), a
S-minute extension at 72°C, and a final hold at 4°C. AMPure XP re-
agent (Beckman Coulter, Indianapolis, IN) was used for purification
of each 16S amplicon. Furthermore, each sample was amplified using
a limited cycle PCR program, adding Illumina sequencing adapters
and dual-index barcodes (index 1(i7) and index 2(i5)) (Illumina, San

Diego, CA) to the amplicon target. Each sample was denatured at
95°C for 3 minutes, followed by a denaturing cycle of 95°C for 30
seconds, annealing at 55°C for 30 seconds and a 30-second extension
at 72°C (8 cycles), a S-minute extension at 72°C, and a final hold at
4°C. The final libraries were purified once more using the AMPure
XP reagent (Beckman Coulter) and quantified and normalized be-
fore pooling. Finally, the DNA library pool was denatured with
NaOH, diluted with hybridization buffer, and heat denatured prior
to loading on a MiSeq reagent cartridge (v3; Illumina Inc.) and on
the MiSeq (PE250; Illumina) for paired-end sequencing. Automated
cluster generation and paired-end sequencing with dual reads were
performed as instructed by the manufacturer.

The resulting sequences (.fastq files) were processed using the
QIIME2 (Quantitative Insinghts Into Microbial Ecology) software
suite (31) in a miniconda environment. The sequences were sub-
jected to de-multiplexing based on unique barcodes assigned to each
sample. Subsequent quality control was performed with the DADA2
pipeline using the q2-dada2 plugin (32). Of a total of 12,257,715
sequences originally obtained, 8,238,099 (mean 82 381 =
3981) sequences were obtained after quality-filtering, adapter trim-
ming, denoising, and removal of non-chimeric amplicons using
DADA2’s default parameters. Alpha-rarefaction was performed
at the lowest sequencing depth, that is, 9000 bp, to avoid the bias
of sequencing depth. Bacterial taxonomy was assigned using the
Ribosomal Database Project (RDP)-classifier natively implemented
in DADA2 and trained against the Greengenes reference database
(13.8) with the Greengenes-trained Naive Bayes classifier provided
by QIIME 2 (gg-13-8- 99-nb-classifier.qza) (33). Community rich-
ness (alpha-diversity) indices included observed operational taxo-
nomic units, Shannon index, and Faith_PD (phylogenetic diversity)
index. Community dissimilarities (B-diversity) were quantitatively
evaluated by unweighted UniFrac, weighted UniFrac, Jaccard, and
Bray-Curtis distance within QIIME and were represented by a prin-
cipal coordinte analysis (PCoA) plot. The raw read counts were
transfomed to relative abundances by dividing each value by the
total reads per sample, and collapsed operational taxonomic units to
taxonomic levels by summing their respective relative abundances.

Data Analyses

The statistical analysis of gene expression profiles was performed
using GraphPad Prism 6.0 software. Two-tailed Wilcoxon Rank-
sum test (premutation 999) was used to calculate the relative gene
expression between the 2 groups. Statistical significance was set at
o = 0.05. Microbiome data were analyzed using R software package
(version 3.6.1). The B-diversity of the microbiome was assessed
using the Bray-Curtis dissimilarity index and was visualized by
PCoA plots to visually depict global differences between the sam-
ples and groups. Statistical analysis for differential clustering of
samples on the PCoA plot was done by a PERMANOVA (permuta-
tional analysis of variance) test using 999 permutations. Statistical
significance of a-diversity indices and taxon abundance between
treatment (OT) versus control (OC) group was assessed with 2-tailed
unpaired Student’s #-test. Bacterial taxa uniquely modulated by
D+Q treatment (OT vs OC group) were determined by using the
biomarker discovery algorithm LEfSe (Linear discriminatory ana-
lysis [LDA] Effect Size) with parameters set at LDA score of more
than 2.0 and p-value of less than .01 (34). The LEfSe analysis first
performs nonparametric factorial Kruskal-Wallis sum-rank test to
identify taxa with significant differential abundance with respect to
the groups, then validates the biological significance using pairwise
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unpaired Wilcoxon rank-sum test, finally followed by LDA analysis
to estimate the effect size of each differentially abundant taxon.
The normalization method of taxon abundance data consisted of
data transformation and scaling. Data transformation was done by
generalized log-transformation (base 2) and data scaling by auto-
scaling (mean-centered and divided by standard deviation of each
variable). Spearman correlations of bacterial taxa with inflamma-
tory markers were calculated in GraphPad Prism software (version
6.0). Co-occurrence networks between bacterial taxa and inflamma-
tory markers were calculated by using open-source software Gephi
(version 0.9.2; www.gephi.org). Modularity-based co-occurrence
networks between bacterial taxa with inflammatory markers were
analyzed at a Spearman correlation cutoff of between 0.5 and 1.0
(positive correlation) and between -1.0 and -0.5 (negative correl-
ation) and p-value cutoff of less than .05; the selected correlation
data were imported into Gephi; and the following modularity ana-
lyses and keystone node identification were performed within Gephi.
Because of the small sample size, we were unable to construct modu-
larity networks with a FDR (false discovery rate)-adjusted p-value.
The volcano plots depicting log2-fold differences in the bacterial taxa
between the 2 groups were created within R. Hierarchical clustering
heat-maps depicting the patterns of abundance, log2-fold changes,
and correlation were constructed within R using the “heatmap.2”
package. Unless otherwise stated, the values are presented as mean
= standard error of mean. Statistical significance was set at a = 0.05.

Results

SenolyticTreatment With Dasatinib and Quercetin
Reduces Intestinal Cellular Senescence and
Inflammatory Burden in Aged Mice

The expression of p16"*#* and p21°*" (markers of senescent cells)
and Cxcl1, 1118, 1l6, Mcpl, and Tnfa (markers of senescence-
associated secretory phenotype [SASP] and inflammation) (35) was
measured to assess the senescence and inflammation burden in intes-
tinal tissues viz. ileum, caecum, and colon. Interestingly, we found
significantly lower mRNA expression of both p16"% and p21¢*! in
all of the intestinal segments including ileum, caecum, and colon in
D+Q-treated old mice (OT) versus placebo-treated old control mice
(OC) (Figure la—), wherein p16/* expression was lowest in ileum
(p < .001) compared to that in colon (p < .01). Likewise, the ex-
pression levels of all of the inflammation markers were also mark-
edly lower in all of the intestinal tissues of the D+Q-treated mice
compared to control mice (Figure 1a—c). In addition to that, Lmnb1
showed highest expression in OT group for ileum, caecum and colon
intestinal tissues (p < .01). The expression of p16"*#, p21¢r' Cxcll,
I11B, 116, Mcp1, Tnfa, and Lmnb1 genes of ileum, caecum, and colon
intestinal tissues was not statistically different between young mice
D+Q treated and nontreated (p > .05).

Senolytic Treatment With Dasatinib and Quercetin

Modulates the Intestinal Microbiota in Aged Mice

The analysis of alpha- and beta-diversity did not show remarkable
differences between the OT (D+Q treated) versus the OC (control)
groups (Supplementary Figure 1) in any of the intestinal samples.
However, several noticeable differences were seen at the phylum
level between the 2 groups (Figure 2a—d). Interestingly, differences
were more prominent in the upper gut, that is, ileum, compared to
caecum, colon, or feces. Specifically, we found considerably higher
abundance of the phylum Verrucomicrobia and lower abundance of

the phylum Firmicutes in the ileum of OT versus OC mice (Figure 2a
and e). A similar but less prominent trend in abundance of these 2
phyla was also seen in the descending parts of the gastrointestinal
tract (Figure 2b—d and j-1). However, these numerically consider-
able differences did not achieve statistical significance in terms of
p-value, probably due to lower sample size and higher standard de-
viation. In addition, we found higher overall ratio of gram-positive
versus gram-negative taxa in the ileum of OT versus OC mice, but
not in the descending parts of the gut, that is, caecum and colon
(Figure 2i-k). In contrast, this ratio was slightly lower in the feces
of OT versus OC mice (Figure 21). Further analysis at the level of
major genera also clearly distinguished the microbiota composition
in OT versus OC mice, although the difference was more prominent
in ileum when compared with caecum, colon, or feces (Figure 2m-p).
In line with differences seen at the phylum level, the abundance
of genus Akkermansia (the representative member of the phylum
Verrucomicrobia) was higher in OT versus OC mice, wherein the
difference was more prominent in ileum followed by caecum, colon,
and feces. Furthermore, the abundance of genus Lactobacillus (be-
longing to the phylum Firmicutes) was lower in the ileum of OT
versus OC mice (Figure 2m).

Further logarithmic analyses revealed several bacterial taxa
that were significantly or insignificantly higher or lower in OT
versus OC mice (Figure 3), with several taxa showing similar or
contrasting patterns in different sections of the GI tract. In ileum,
the abundance of genera Sutterella and Dorea was significantly
higher while that of an unknown taxon from Lachnospiraceae
family was significantly lower in OT versus OC mice (Figure 3a).
In addition, the proportion of Akkermansia muciniphila was in-
significantly but considerably higher, while that of Mucispirillum
schaedleri and Butyricicoccus pullicaecorum was insignificantly
lower in OT versus OC mice. Interestingly, as in the case of ileum,
the abundance of Sutterella and an unknown taxon from the
genus Dorea was significantly higher while that of an unclassi-
fied genus of the Lachnospiraceae family was lower in the caecum
of OT versus OC mice (Figure 3b). In addition, the abundance
of phylum Proteobacteria, genus Ruminococcus and an unclas-
sified genus of family Coriobacteriaceae was significantly higher
while that of an unclassified taxon from the phylum OD1 (also
known as Parcubacteria) was significantly lower in the caecum
of OT versus OC mice. In contrast, no significant difference in
colon was seen between these 2 groups of mice (Figure 3c), al-
though there was a slightly higher proportion of an unclassified
genus of the Coriobacteriaceae family and a slightly lower pro-
portion of the genus Staphylococcus in the colon of OT versus
OC mice. On the other hand, several differences were seen in the
feces of these mice that were distinct from those seen in the other
sections of the gastrointestinal (GI) tract (Figure 3d). The abun-
dance of phylum OD1 and 2 of its unclassified family and genus
taxa was significantly higher, while that phylum Proteobacteria
and genus Sutterella was significantly lower in the feces of OT
versus OC mice (Figure 3d). In addition, the abundance of genus
Parabacteroides was significantly higher while that of genus
Roseburia and species B pullicaecorum was significantly lower
in OT versus OC mice (Figure 3d). Further aggregated hierarch-
ical clustering analysis of all of these microbiota differences in
different GI sections revealed several similar as well as distinct
patterns in the carriage of bacterial taxa in different parts of the
GI tract, while demonstrating that senolytic treatment induced
the most prominent changes in the ileal microbiota compared
to cecal, colon, or fecal microbiota (Figure 3e). Hierarchical
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Figure 1. Treatment with senolytic combination, Dasatinib plus Quercetin, reduces intestinal senescence and inflammatory burden in aged mice. mRNA levels
of markers of senescence (p16™“ and p21°r’) and SASP/inflammation, (Cxcl1, Il1B, 1I6, Mcp1, Tnfa, and Lmnb1) in ileum (a), caecum (b), and colon (c) of aged
mice treated with the senolytic agent combination, D+Q (OT; n = 5) versus placebo-treated control (OC; n=5) mice. *p < .05 and **p < .01.

clustering showed that, in terms of differences in the abundance
of different bacterial taxa, ileal microbiota is unique from all of
the other sections with the most prominent and broadest dif-
ferences and is relatively similar to caecal microbiota followed
by colonic and fecal microbiota (Figure 3e). Overall, the abun-
dance of A muciniphila and Ruminococcus was higher while that
of Staphylococcus was lower—with different magnitudes—in all
of the four specimens of OT versus OC mice. Furthermore, the

proportion of Proteobacteria, Suiterella, Dehalobacterium, and
rc4-4 was higher while that of Clostridium cocleatum was lower
in ileum, caecum, and colon, but not feces. Further numeric plots
showing only the bacterial taxa with logarithmic differences over
or under 0.5 Log, fold change in different sections of the GI tract
also clearly show that the effect of D+Q senolytic treatment on
microbiota was most prominent in ileum followed by caecum,
feces, and colon (Figure 4a-d).
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Figure 2. Treatment with senolytic combination, Dasatinib plus Quercetin,
modulates the intestinal microbiota in aged mice. The microbiota composition
at the level of major bacterial phyla (a-h), the ratio of gram-positive to gram-
negative bacterial taxa (i-l), and the microbiota composition at the level of major
bacterial families (m-p) in ileum, caecum, colon, and feces of aged mice treated
with the senolytic agent combination, D+Q (OT, n = 10) versus placebo-treated
control (OC; n=10) mice. Full color version is available within the online issue.

Reduction in Senescence and Inflammation

Following SenolyticTreatment Correlates With

Distinct Microbiome Signatures in Small and Large
Intestine of Aged Mice

To identify the gut microbiome signatures that are associated with in-
testinal cellular senescence and inflammatory factor genes in aged mice,
we applied nonparametric testing using Spearman’s rank correlation
followed by hierarchal heat-map cluster analyses. This revealed spe-
cific arrays of positive and negative correlation of cellular senescence
and inflammatory markers with specific microbiota clades (Figure 5);
however, these arrays differed greatly between different sections of
the gut. As shown in Figure Sa—c, the patterns of correlation between
gut microbial taxa and senescence-inflammation markers yielded dis-
tinct arrays in ileum, caecum, and colon. However, we also found
several signatures that demonstrated similar patterns among these
intestinal sections. For example, Clostridiales:f:g, Staphylococcus,
and Lachnospiraceae correlated positively with all of the markers in
all the intestinal tissues (Figure Sa—c). Likewise, Coriobacteriaceae;g
and Akkermansia correlated negatively with these markers in all of
the tissues. In contrast, Butyrivibrio correlated negatively with these
markers only in caecum and colon. Butyricicococcus pullicaecorum,
Ruminococcaceae, and Oscillospira correlated positively with these
markers in colon but negatively in ileum and caecum. To simplify
and visualize these correlation arrays, we extracted the signifi-
cant correlation subsets (Spearman’s rho > 0.7 and p < .05) and
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Figure 3. Treatment with senolytic combination, Dasatinib plus Quercetin,
induces distinct signatures of microbiota modulation along the intestinal
tract in aged mice. Volcano-scatter plots (a—d) and hierarchical clustering
heat-map (e) depicting specific changes (log2-fold difference greater than 1
or less than —1) in the proportion of bacterial taxa in ileal, cecal, colonic, and
fecal microbiota in aged mice treated with the senolytic agent combination,
D+Q (OT; n = 10), compared with placebo-treated control (OC; n = 10) mice.

Full color version is available within the online issue.

constructed separate correlation networks for the three intestinal
tissues (Figure 5d—f), which revealed distinct co-occurrence network
arrays among ileum versus caecum versus colon (Figure 5b and d).
In ileum, 116 expression remained the most central marker followed
by p16"** both of which were centrally and negatively linked with
several bacterial taxa (Figure 5d). The genus Dorea and one of its
unknown species Dorea;s were consistently and negatively connected
to 116, p16"** and p21°r'; Staphylococcus and Clostridiales;f;g
connected positively with Cxcll; and Peptococcaceae was linked
negatively to /18 in ileum (Figure 5d). In contrast, the correlation
network was different and more dense in caecum and was centrally
dominated by Cxcl1 followed by p16"** and Mcp1 (Figure Se).
Cxcll correlated positively with Firmicutes and Lachnospiraceae
and negatively to Ruminococcus, Bacteroides and Dehalobacterium.
The expression of p16 was associated negatively with Ruminococci,
Coriobacteria and Oscillospira and positively with Clostridiales.
On bacterial side, Ruminococci, Coriobacteria, and Oscillospira re-
mained negatively connected to most of the markers (Figure Se). On
the other hand, the co-occurrence network in colon was centrally
dominated by p16™*+#, which connected positively with Clostridia,
Roseburia, Lachnospiraceae, and Butyricicococcus and negatively
with Coriobacteriaceae (Figure 5f). Furthermore, Sutterella and
Clostridium methylpentosum correlated negatively and positively, re-
spectively, with p21%*'; Dehalobacterium correlated negatively with



Journals of Gerontology: BIOLOGICAL SCIENCES, 2021, Vol. 76, No. 11

1901

(a) lleum (b) Caecum (c) _cColon (d
Akkarmansia mucinphia Do2as Twicibacesr Buyrividvio
Doza Caviovazaraceasy roé-¢ p-c01
Suzerzla Suzezla Coviobazaraceazg 0D1.c0M9
Erysipserichacaasg Prossobacaria Akkarmansia mucinphie A'!aafn fusis
Caprozoccus Anasonusts Slawia Emerobacariacese;
Molicuss suyriavio Ssuerzia Faranaa :‘L ‘:
ia musinphi Dahalodacisrum
) RFS31g Akermansia mucinphie - ) B Akkarmansia musinphia
Ruminococcacsasy 1084 Ruminococcus gnavus i Cosviaassta
umi y umi y 0D1.c/01, . L
Ruminocozcus me.as - 9 i Coviovazaraceazg
Cosvigialast Erronaciacese; . osea.: 2 i Saphylocoscus
Anasspas Dehalodacerium Chsridim cocleatim niillum sehazaisri
Rumvnococcaceae Paranaceies 3 Anaeonsss pulicacarum
Moginarariassazg RUMinocos5us gnavus Suyrigooccus pulicecaum Erowsobazieria
Anasotisis Oscilospia Mugspiillum schasdleri Sumermla
Eroesobacearia Tuicivacser 1 Staphylococcus Tuicinacear
rot-¢ Lacnospiracaasg I+ 530 3 6 Rossdwia
Caodazizraceas R q:;f:;,: Log2 fold-change 420 2 4
Lagobazilus e
Cosvidium cozisazim p_co1 (OT vs. OC) Log? fold-change
Emsrodacsriacaas; Closyidium medylpenzasum (OT vs. OC)
Feprococcacaas; Staphylococcus
oD1.c019 0019
p-o1 5 -3 0 3 &
hylocossus
Siaphytocacar Log? fold-change
Lachnospiracaasg s
Mugspirllum schasaleri (OT vs. OC)
Bugyriccoccus puliscorum
5 -3 0 3 8
Log2 fold-change

(OT vs. OC)

Figure 4. Treatment with senolytic combination, Dasatinib plus Quercetin, induces specific changes in the microbiota along the intestinal tract in aged mice. Bar
graphs depicting distinct arrays of changes (log2-fold difference more than 1 or less than —1) in the proportion of bacterial taxa in ileal (a), cecal (b), colonic (c),
and fecal (d) microbiota in aged mice treated with the senolytic agent combination, D+Q (OT; n = 10) versus placebo-treated control (OC; n = 10) mice. *p < .05.

Full color version is available within the online issue.

Tnfa; and Peptococcaceae correlated positively with Cxcll in colon
(Figure 5f).

Discussion

This study points to the potential role of senolytics (D+Q) for al-
leviating intestinal senescent cell abundance and inflammation and
modulating the gut microbiota in aged mice. It is widely accepted
that cellular senescence plays a crucial role in aging and age-related
diseases (36). Several studies have shown that the D+Q tretment
decreases the burden of senescent cells (10) and improves metabolic
health and survival (11). In addition, the first human trial with this
combination showed beneficial effects against fibrotic pulmonary
disease and potential health benefits in diabetic patients (10,12).
Furthermore, D+Q has been shown to improve cardiac function and
carotid vascular reactivity (4), osteoporosis symptoms, and physical
function (11) following short- or long-term treatment. However, to
our knowledge, the role of this senolytic drug combination in in-
testinal aging and gut microbiota modulation remains unexplored.
The intestine is one of the most versatile epithelia in our body. It is
involved in many physiological processes, including nutrient uptake as
well as immune modulation, and interfaces with a complex commensal
microbiome (37). The intestine presents an important physical and
chemical barrier to the environment, while also functioning as an in-
tegration site that responds to diverse physiological and pathophysio-
logical stimuli (38). These stimuli include metabolites, age-related
changes, microbiota, and inflammation-associated processes. Aging
presents an important challenge for the constantly renewing epithelium
and its protective function. In these mileus, the treatment with D+Q

could decrease the number of senescent cells, alleviate adverse effects of
the senescence-associated secretory phonotype (SASP), and delay intes-
tinal aging. Senescent cells secrete a range of interleukins, inflammatory
cytokines and growth factors (collectively referred to as SASP) that can
affect surrounding cells (35). The SASP factors (Cxcl1, Il1, Il6, Mcp1,
and Tnfa) measured in the present study have previously been shown
to have higher expression in senescent versus non-seescent cells in dif-
ferent tissues (39), consistent with their importance as SASP factors. We
found that, when compared with placebo-treated mice, mice receiving
D+Q treatment had lower senescence markers expression in different
intestinal sections viz. ileum, caecum, and colon. The mRNA levels of
p16"*4 and p219r! were lower in all the intestinal sections in D+Q-
treated versus control mice, suggesting reduced senescence. The ex-
pression of Cxcl1, Il1f3, and 1I6 was lower in all the intestinal sections
in D+Q-treated mice, while that of Mcp1 and Tnfa was significantly
lower in caecum and colon with an insignificant decline in ileum. In
addition, the expression of Lmnb1 gene was higher in old D+Q-treated
mice. Lmnb1 protein loss accours when cells undergo senescence (40).
The nuclear surface of the nuclear envelope is lined by structural pro-
teins, which contributes to the size, shape, and stability o the nucleus
(41). One of the major families of these proteins are the Lamin B
family. This family of proteins is required to a proper organogenesis
and cell survival (42). Mice that lack a functional Lmnb1 gene die min-
utes after birth (43). In addition, fibroblast from these mice has a de-
fected nuclei membrane and undergo premature senescence in culture.
Collectively, these data suggested ameliorative effect of senolytic D+Q
treatment on intestinal senescence as well as inflammatory burden in
different intestinal sections of aged mice. Notably, differences in these
markers were measured in tissues harvested several days after cessation
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Figure 5. Reduction in intestinal senescence and inflammation following treatment with senolytic combination, Dasatinib plus Quercetin, correlates with specific
and distinct microbiome signatures in small versus large intestine in aged mice. (a—c) Hierarchical heat-maps depicting the Spearman’s correlation of cellular
senescence and inflammatory markers with bacterial taxa in ileum (a), caecum (b), and colon (c) of aged mice treated with the senolytic agent combination, D+Q.
Correlation networks showing selected subsets (Spearman’s correlation rank between 0.7 and 1.0 [positive correlation] and between -1.0 and -0.7 [negative
correlation]; p-value less than .05) of significant correlations of cellular senescence and inflammatory markers with bacterial taxa in ileum (d), caecum (e), and
colon (f) of aged mice treated with the senolytic agent combination, D+Q. Full color version is available within the online issue.
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of the senolytic therapy, which concords the “hit and run” mechanisms
of senolytics and suggests that D+Q treatment may have long-lasting
effects without continued presence of D+Q in the gut.

Given the proximal interaction of gut microbes with enteric and
immune cells, it is conceivable that the effect of D+Q treatment may
extend beyond the mechanisms of reduced senescence and inflam-
mation. D+Q treatment might improve the immune function and
clear and kill senescent T-cells and natural killer (NK) cells, which in
turn improves the clearance of senescent cells. Alterations in immune
function may also modulate the intestinal microbiota. Emerging evi-
dence suggests that the gut microbiota imbalance (dysbiosis) is asso-
ciated with the development of age-associated disorders and reduced
survival (44). Unhealthy perturbations in gut microbiota are related
to disrupted host nutrient signaling pathways and metabolism (45),
which may contribute to age-associated pathologies, thereby nega-
tively affecting host health (46). Our data show that D+Q-treated
mice, besides having lower intestinal senescence and inflammation
burden, also showed distinct microbiota signatures when compared
with control mice. The microbiota change drastically over the course
of host’s lifetime, and aging is correlated with a reduction in mi-
crobial diversity and alterations in microbiota composition (24,44).
The gut microbiome can modulate many of the host physiological
processes including metabolism, cognitive function, innate immunity
as well as cellular senescence, thereby potentially contributing to
frailty, dysfunction, and disease (44,47). Thus, our data of modu-
lated microbiota in mice treated with senolytic D+Q are interesting
in context to the modulation of aging processes and suggest that the
modulation of microbiota might be one of the mechanisms by which
senolytics reduce the adverse consequences associated with aging, at
least those related to senescence and inflammaging. Interestingly, we
found that the microbiota differences in D+Q-treated versus control
mice were more prominent in ileum when compared with those in
caecum and colon. This might be because of likelihood of higher
concentration or bioavailability of these drugs in this first intestinal
compartment and site of action, or may be because the microbiota
of ileum are different and relatively simpler than those of the lower
gut. It is known that the flavonoids, including quercetin, are exten-
sively metabolized in both small and large intestines by the resident
microflora. Hence, considering that different sections of the intestine
harbor different microbial communities (and microbial enzymes), the
distinct arrays of microbial metabolism among these intestinal com-
ponents might explain these microbiota differences. For example,
the intake of flavonoid-rich foods is known to induce changes in the
gut microbiota composition, with a reduced ratio of Firmicutes to
Bacteroidetes and an increased proportion of A muciniphila, which
correlate with reduced inflammation, possibly conferring protection
against detrimental effects of a high-fat diet (48). We also found
slightly lower Firmicutes-Bacteroidetes ratio and higher abundance
of A muciniphila in D+Q-treated mice, which correlated negatively
with inflammatory and senescence markers in all of the intestinal
sections. Increased Akkermansia abundance has been linked with
reduced intestinal permeability and gut-to-blood leakage of endo-
toxins (eg, lipopolysaccharides), thereby alleviating diet-induced
obesity and insulin resistance (49). Besides Akkermansia, the other
taxa that were higher in D+Q-treated mice included Ruminococcus,
Oscillospira, Dorea, Sutterella, and Butyrivibrio, all of which are
gut commensals and play an important role in host health through
aiding in host nutrition and metabolism and secreting beneficial
metabolites such as butyrate. Interestingly, the majority of these
taxa, including Ruminococcus, Dorea, Coprococcus, Oscillospira,
Bacteroides, and Sutterella, correlated negatively with several

inflammatory and senescence markers, suggesting that the senolytic
treatment may modulate the microbiota in a positive manner. These
data demonstrate specific and distinct gut microbiome signatures,
which might be linked directly or indirectly to the senolytic treat-
ment via changes occurring in the cellular senescence and inflam-
matory gene expression arrays in the ileum and colon of aged mice.
Notably, the same D+Q intervention in young mice did not
show such changes in the microbiome composition. There was
no difference in alpha- or beta-diversity of the microbiome in
D+Q-treated versus placebo-treated young mice (Supplementary
Figure 2). Moreover, there was no difference at further taxon level
in the feces of D+Q-treated versus placebo-treated young mice
(Supplementary Figure 3). In other intestinal tissues also, only a
few differences were seen in young mice, all of which were con-
trasting to differences observed in the older mice (Supplementary
Figure 3). For instance, the genus Akkermansia, which was found
to be higher in all the intestinal segments of D+Q-treated older
mice, was found to be lower in the ileum of D+Q-treated young
mice. In addition, the genus Staphylococcus, which was lower in
different intestinal sections of D+Q-treated older mice, decreased
in the ileum and colon of D+Q-treated young mice. Also, the
genera Ruminococcus and Blautia, which were higher in D+Q-
treated older mice, were found to be lower in the caecum of D+Q-
treated young mice (Supplementary Figure 3). This demonstrates
that the effect of D+Q treatment on microbiota is different and
much less prominent when compared with that in older mice and
further corroborates that D+Q may influence the microbiome via
reducing senescence/inflammatory burden specifically in older
mice. Altogether, these findings hint that the gut microbiota might
play a role in mediating the beneficial effects of senolytics, thereby
leading to a reduction in inflammation and senescent cell burden.
It should be an interesting topic for future studies to examine if
this interaction between senolytics and the gut microbiota is direct
or is indirect through altered host physiology and metabolism.
The intestinal epithelial lining, together with gut bacteria, is
the first site of interaction between senolytics and the host immune
system, and this interaction can influence the microbiota, which can
in turn influence enteric-immune homeostasis and gut permeability.
Indeed, the maintenance of microbe-favorable intestinal tract con-
ditions, in addition to systemic immune function, is important for
preventing microbial translocation from gut to the systemic cir-
culation, a phenomenon that may otherwise instigate age-related
pathologies. Therefore, restoration of gut epithelial integrity and re-
straining microbial translocation is a potential targets for senolytic
therapy. Furthermore, age-related changes in the microbiota toward
gram-negative and endotoxigenic bacteria are known to induce cel-
lular senescence and apoptosis in endothelial cells and damage to in-
testinal epithelial cells and gut-associated lymphoid tissues thereby
disrupting the intestinal epithelial barrier integrity (50-54). Hence,
microbiota modulation by senolytics might also help in the improve-
ment of intestinal health by reducing the prevalence of endotoxigenic
bacteria in favor of beneficial bacteria, such as Bacteroides, thereby
protecting intestinal barrier (44). Aging processes affect multiple
body tissues and organs, including the gut microbiome. Inflammation
is a well-known hallmark of cellular senescence but the links between
senescence and microbiota remain relatively underexplored. It has
been speculated that the gut microbiome might influence senescence
in various organs, including the gastrointestinal tract (47). Our data
showing significant correlations among inflammatory and senescence
markers and specific gut commensals are consistent with this specula-
tion and suggest that the gut microbiota may be associated with host
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cellular senescence and inflammaging and might even at least partly
be involved in mediating some of the beneficial effects of senolytics
on host age-related health. Further understanding of whether and
how senolytics, besides decreasing senescent cell abundance and in-
flammation and modulating microbioma, affect intestinal barrier in-
tegrity and permeability will be important to dissect the mechanisms
underlying the beneficial effects of senolytics. Further investigation
of effects of senolytic drugs on microbial metabolites, for example,
short-chain fatty acids, could further facilitate this understanding.

Conclusion

To our knowledge, this is the first report demonstrating the effect of
senolytic treatment on intestinal senescence and inflammatory burden
as well as the gut microbiota composition along different intestinal
sections in aged mice. The data show significantly lower expression
of intestinal cellular senescence and inflammatory markers in small as
well as large intestine in D+Q-treated mice while also revealing distinct
gut microbiota signatures when compared with placebo-treated mice.
The findings suggest that the senolytic drug combination, D+Q, might
reduce the burden of gut senescent cells and hyper-inflammation,
thereby improving the health span and remaining survival in aged
subjects, a speculation that requires considerable further testing. In
addition, our data hint toward the possible link of gut microbiota with
the effects of senolytic drugs as well as with the hallmarks of host cel-
lular senescence and aging. The study paves the way for prospective
more inclusive, longitudinal, mechanistic, and preclinical studies—and
perhaps even clinical trials—to understand and validate the potential
of D+Q therapy in disorders associated with aging, senescence, inflam-
mation, and microbiota dysbiosis.

Supplementary Material

Supplementary data are available at The Journals of Gerontology,
Series A: Biological Sciences and Medical Sciences online.
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