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Abstract

Aging, medication use, and global function are associated with changes in the microbiome. However, their interrelationships and changes over
time require further characterization. In a longitudinal aging mouse study, we investigated the effects of aging, chronic polypharmacy with
a high Drug Burden Index (DBI, measure of total anticholinergic and sedative medication exposure) and gradual cessation (deprescribing)
on the microbiome, further exploring any association with global outcomes. Chronic administration of high DBI polypharmacy attenuated
the aging-related reduction in alpha diversity, which was not sustained after deprescribing. Beta diversity and LEfSe (Linear discriminant
analysis Effect Size) features varied with age, polypharmacy, and deprescribing. Aging with and without polypharmacy shared decreases in
Bifidobacteriaceae, Paraprevotellaceae, Bacteroidaceae, and Clostridiaceae, while only aging with polypharmacy showed increased LEfSe
features. Microbiome diversity correlated with frailty, nesting, and open field performance. Polypharmacy deprescribing reversed changes that
occurred with treatment. However, the microbiome did not recover to its pretreatment composition at 12 months, nor develop the same aging-
related changes from 12 to 24 months as the control group. Overall, aging, chronic polypharmacy, and deprescribing differentially affected the
diversity and composition of the gut microbiome, which is associated with frailty and function.
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Globally adults aged 65 years and older are a growing population,
and with a high prevalence of multimorbidity, have high medica-
tion use (1). Polypharmacy, the use of 5 or more concurrent medi-
cations, is prevalent in one to two third of older people in studies
internationally (1-3). The World Health Organization recognizes
polypharmacy as a major risk to patient health when inappropri-
ately prescribed, promoting “medication safety in polypharmacy” as
a target to achieve the current “Medication Without Harm” Global
Patient Safety Challenge (4). For older adults living in the United
States, Europe, and Australia, antihypertensive and lipid-lowering

medication classes have some of the highest prescription rates (5-7).
Use of anticholinergic and sedative medications is also increased in
older adults, consistent with an increase in the prevalence of indica-
tions including pain, urinary incontinence, mental health disorders,
and sleep changes (8).

The Drug Burden Index (DBI) is a clinical risk assessment
tool that measures total anticholinergic and sedative medication
exposure (9). DBI for each prescribed sedative/anticholinergic
medication is calculated from an estimate of the dose-response
equation (daily dose taken/[minimum recommended daily dose
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+ daily dose taken]), and DBI for the individual is the sum of the
DBIs of each sedative/anticholinergic medication that they take (9).
Polypharmacy and increasing DBI are associated with adverse geri-
atric outcomes, including impaired physical and cognitive function
(10). Inappropriate polypharmacy can be reduced by withdrawing
medicines (deprescribing) (11). Furthermore, physiological changes
during aging, including body composition, renal function, and hep-
atic function, alter the individual’s response to medications (12,13).

The gut microbiome changes significantly in a wide range of
health conditions and geriatric syndromes, including cardiovascular
diseases (14), dementia (15), and frailty (16,17). It also undergoes
physiological changes at different life stages, including extensive
compositional and functional alterations during aging (15,18).

While the gut microbiome influences disease processes that
are indications for medication prescription, it also influences the
pharmacokinetics and pharmacodynamics of medications, and medi-
cations influence the microbiome (15). Enterohepatic circulation
provides direct communication with the gut microbiome, enabling
secondary metabolite production and pharmacotherapy, including
prodrug activation (15,19). The first comprehensive in vitro study
of nonantibiotic medications showed 24% of approximately 1 200
medications, inhibit at least 1 of 40 common human gut microbes
(19). Recent case—control and cross-sectional human studies have fur-
ther characterized microbiome changes with the use of nonantibiotic
medications, including antihypertensives, lipid-lowering agents, anti-
cholinergics, and sedatives (20-25). Furthermore, polypharmacy,
independent of the type of medications used in combination, is asso-
ciated with changes in the microbiome (20,21).

Further studies are needed to elucidate the effects of mul-
tiple medications on the microbiome, in vivo effects, and whether
microbiome changes are related to functional performance. While
interpretation of human studies is limited by variations in diet,
disease, and medications (number and type), animal studies can con-
trol these variables to elucidate the biological effects of aging, or of
a treatment regimen on the microbiome.

We previously developed a chronic polypharmacy aging mouse
model and found that mice chronically treated with high DBI
polypharmacy became frailer and had impaired physical function
and activities of daily living (26), while deprescribing reversed
some of these findings. Here we use our aging mouse model of
polypharmacy to evaluate the effects of aging and polypharmacy
on the microbiome in vivo. This study aims to investigate the ef-
fect of aging, polypharmacy, and aging with polypharmacy, on the
microbiome as measured by alpha and beta diversity indices, and
LEfSe (Linear discriminant analysis Effect Size) features. It further
explores whether polypharmacy-related microbiome changes are re-
versible with deprescribing. Finally, we investigate any correlations
between microbiome changes and in vivo frailty/function, affected
by this polypharmacy regimen.

Materials and Methods

Animals

In this study, the C57BL/6] (B6) male mice were obtained from and
housed at the Kearns facility (Kolling Institute of Medical Research,
Sydney, Australia). All procedures and experiments were approved
by the Animal Ethics Committee of the Northern Sydney Local
Health District, Sydney, Australia (RESP/15/21). Animal monitoring
(health status checks) and food and water replenishments occurred
weekly. “Breeder” mice at the Kearns facility are replaced every

ten generations with breeders from the Animal Resource Centre in
Perth, WA, Australia, to maintain genetic similarity with the Jackson
laboratory. At 6-8 weeks, mice were housed in cages of up to 3,
maintained on a 12-hour light-dark cycle (lights on 07:00, lights off
19:00) with ad libitum access to water and regular chow provided by
the facility (Rat and Mouse Premium Breeder Diet containing 23%
protein, Gordon Specialty Feed, NSW, Australia).

The study design is summarized in Supplementary Figure 1. At
10 months, all animals were switched to the base-diet (Standard
Meat Free Mouse and Rat Feed, 20% protein, Specialty Feeds,
Western Australia, Perth, Australia), which they were maintained
for the remainder of the study. Animals were randomly allocated
to treatment groups after the first round of functional testing at
12 months. This consisted of receiving medication in their water
and/or food (polypharmacy) or received no added medication at all
(control). As detailed in (26), the larger study comprised 13 cohorts
of mice, each group staggered 3—4 weeks from the preceding group
when obtained, and in all scheduled experimental procedures that
followed. Each cohort comprised a maximum of thirty mice, with
n = 2-5 mice representing each treatment group. Mice involved in
the microbiome study were from cohorts 6-14.

Drug Treatment Groups

Within each cohort, animals were randomly assigned to either
control or high DBI polypharmacy. Animals assigned to high DBI
polypharmacy received: Simvastatin (20 mg/kg/d), metoprolol
(350 mg/kg/d), oxybutynin (27.2 mg/kg/d), citalopram (15 mg/
kg/d) in food, and oxycodone (5 mg/kg/d) in water. Criteria to se-
lect these medications ensured drug classes are commonly used by
older Australians, are rarely dose-adjusted in old age, show similar
pharmacokinetic and pharmacodynamic profiles in mice and hu-
mans, and did not show toxic effects in previous mouse studies when
administered alone (26).

After completing all functional tests at 21 months, animals re-
ceiving medication treatment were stratified to be deprescribed or to
remain on the medication, ensuring an equal distribution of animals
into each group. This stratification was based on their frailty index
score (27) (frailty assessment detailed later), equally distributing ani-
mals according to frailty into each group, to ensure prescribed and
deprescribed animals had the same frailty distribution at 21 months.

Animal Handling and Frailty, Nesting, Open Field,

and Blood Pressure Measurement

Animals were routinely handled by the researchers during weekly
monitoring checks and additional scheduled experiments. To reduce
anxiety, the same researchers were responsible for conducting the
experiments, and apart from the Kearns facility staff, the animals
were not exposed to any other individuals. Additionally, animals
were tested during their light cycle and habituated to the room for
30 minutes before undertaking any experimental procedure.

The frailty, nesting and open field assessments, and blood pres-
sure measurement on the same mice are described briefly later with
turther details in (26). Utilizing the Mouse Clinical Frailty Index as
an assessment tool, frailty was assessed as a cumulation of deficits
over 31 parameters (scored as 0, 0.5, or 1) that included systemic fea-
tures (weight/temperature) and changes in various systems, including
the nervous system, musculoskeletal, integumentary, respiratory, and
gastrointestinal (27). Frailty assessment was carried out by one re-
searcher (J.M.) throughout the study, who was blinded to animal ID
and treatment group.
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Nesting assessment indicated the in-cage daily activities of mice in a
naturalistic setting, using methods developed by Hess et al. (28). Scoring
was completed at each age point by 2 independent treatment-blinded
researchers. Nests were built by all cage members, so mice in the same
cage received the same nesting score. Each nest was scored in 4 separate
quadrants that were summed together for the total score (max. 20).
Each quadrant scored 0-5 according to the criteria: O—undisturbed;
1—disturbed; 2—flat; 3—cup; 4—incomplete dome; 5—full dome.

Open field provided an enclosed spaced (open at the top) in which
each mouse was placed alone for 5 minutes under red light, allowing
recording of their movement from a camera mounted above. These
methods were adapted from Justice et al. (29), and developed to trans-
lationally capture the functional assessment of locomotion in humans.
The ANY-maze program (ANY-maze, Stoelting Co., Wood Dale, IL)
was then used to measure the distance traveled by each mouse from the
video recordings, which were labeled blinded to treatment condition.

Blood pressure measurement occurred on the same 2 days for mice in
the same cohort, and at the same time of the 12-hour light cycle (1-5 pm)
for different cohorts of mice staggered 3—4 weeks apart to ensure testing
at the same age. Systolic and diastolic measurements were automated
using the CODA noninvasive blood pressure system (Kent Scientific
Corporation, Torrington, CT), and the tail-cuff method was used.

Fecal Boli Collection

Animal feces were collected during the routine blood pressure meas-
urements (within 12-hour light cycle between 1 pm and 5 pm),
during which animals remained immobile and isolated from other
cage members for about 15 minutes at a time. On rare occasions
where the mouse did not produce feces, samples were collected,
under identical conditions, during the following blood pressure
measurement 2 days later. Collected samples were snap frozen in
liquid nitrogen and transported to be stored in a —=80°C freezer. All
equipment, including the blood pressure cuffs were sanitized with
70% ethanol and wiped dry between use in different animals.

DNA Extraction and 16S Sequencing

Microbial DNA was extracted from samples using FastPrep DNA
extraction kits. Extracted samples were then aliquoted onto a PCR
plate and sent to Ramaciotti, UNSW, for 16S sequencing of the
V3-V4 (341f-805r) regions, with MiSeq v3 2x300bp sequencing.

Microbiome Sequencing Data Processing and
Statistical Analysis

Amplicon data were denoised with dada2 (30) embedded in giime2
(31). Host contamination was removed using Bowtie 2 (version
2.4.2) (32). Taxonomy annotation of the data was performed using
qiime2 feature classifier plugin with the relevant greengene database
and ITS database, respectively.

R (version 4.0.4) packages qiime2R (33) and phyloseq (34) were
employed for diversities analysis. Mann—Whitney—Wilcoxon test
was applied in the comparison of the means of the Alpha diver-
sities between different groups. To access the significance of treat-
ments and other metadata variables between 2 distance matrices
in the Beta diversity analysis, adonis (Permutational Multivariate
Analysis of Variance Using Distance Matrices) was used to permute
the distance matrix 999 times to yield p values and ESS (explained
sum of squares). In the identification of treatment-associated signa-
tures, LEfSe (35) were evaluated with alpha value for the factorial
Kruskal-Wallis test among classes equals 0.5 and threshold on the
logarithmic LDA score for discriminative features equals 2.

To interpret findings from the microbiome data, aging effects inde-
pendent of polypharmacy use were observed in microbiome changes
within control mice from 12 to 24 months. The effect of aging with
high DBI polypharmacy was assessed in high DBI polypharmacy
mice from 12 to 24 months. Changes from 12 to 15 months in high
DBI polypharmacy mice characterized the main medication effects.
In the subset of high DBI polypharmacy mice that were deprescribed
from the medications, changes from 15 to 24 months and 21 to 24
characterized were assessed for deprescribing effects.

Results

Aging and Deprescribing Polypharmacy Both Affect
Alpha Diversity. These Relationships Are Reflected
Through Correlations With Nesting and Frailty

Several measures of alpha diversity were obtained (Figure 1A and
B; Supplementary Figure 2A-D), and comparisons made between
groups and at different timepoints (ages). Among nonmedicated
aged control mice, Shannon alpha diversity decreased from 12 to
21 months (p = .021) and from 12 to 24 months (p = .041; Figure
1A and B). During the first age-associated changes at 21 months,
Shannon alpha-diversity was negatively correlated with frailty
(Supplementary Figure 3C), with no significant relationship at any
other timepoint, including 24 months (Supplementary Figure 2 A, B,
and D). At 12 months, alpha diversity was positively correlated with
higher nesting performance (Supplementary Figure 3A), and there
was no relationship with nesting at other timepoints.

Comparing alpha diversity in high DBI polypharmacy to con-
trol at each timepoint, we saw no significant difference to suggest
polypharmacy effects (Supplementary Table 2). However, unlike
the control, the polypharmacy group showed no significant change
between timepoints on either measure of alpha diversity (Figure
1A and B; Supplementary Table 2), suggesting treatment effects of
this specific polypharmacy regimen might have overridden aging
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Figure 1. Alpha diversity measures: (A) Observed features and (B) Shannon
index, of all mouse treatment groups (control = unmedicated mice;
High DBI = mice receiving high DBI polypharmacy from 12 months; High
DBI Dep = mice receiving high DBI polypharmacy from 12 months with
deprescribing starting at 21 months). Animal numbers in each treatment group
at each timepoint are summarized in Supplementary Table 1. Comparisons
between age points and treatment groups were conducted using Mann-
Whitney-Wilcoxon test. Supplementary Table 2 lists statistically significant
comparisons; p values less than .05 are reported as significant and indicated
by an * in the color of the treatment group between timepoint comparisons
at which there is a significant difference. Comparing observed features, there
was an overall significant change in polypharmacy deprescribed overtime
(p = .026), and significant decrease from 15 to 24 months in polypharmacy
deprescribed animals (p = .011). Analyses were performed using “R (version
4.0.4) packages. DBl = Drug Burden Index; Dep = deprescribed. Refer to
online version for access to the colour figures.
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effects. This is further supported by polypharmacy deprescribed Beta Diversity Changes With Aging, Polypharmacy,
mice showing an overall decrease (p = .026) in observed alpha diver- and Deprescribing, and Correlates With Frailty,

sity over time, which decreased significantly from 15 months (first Nesting Performance, and Open Field Performance
timepoint following medication prescription) to 24 months (first Beta diversity changes were measured by comparing the Principal
timepoint following deprescription; p = .011).

This high DBI polypharmacy regimen prevented age-related
changes seen in alpha-diversity of the microbiome of control

animals, and deprescribing removed medication effects. Further

Coordinates Analysis (PCoA) plotsevaluated by Bray-Curtis distances,
between groups. Several measures of beta-diversity were obtained
(Figure 2A and B; Supplementary Figure SA-C), and associations with
metadata including mouse food intake, water intake and number of
mice per cage were explored (Supplementary Figure 6A-C). Analyses
showed significant overall change with age and drug treatment

examining the correlations, we found that alpha-diversity and
frailty/function correlated with each other in polypharmacy-
treated mice, which occurred at 15 months (main medication
effects) and 24 months (deprescribing effects). Mice adminis-
tered high DBI polypharmacy showed a significant positive cor-
relation between frailty and alpha-diversity only at 15 months
(Supplementary Figure 4A), and in deprescribed mice, alpha-
diversity was negatively correlated with nesting at 24 months

(p < .05; Supplementary Table 3; Figure 2A and B). Comparing suc-
cessive age points for control mice indicated a significant change
only occurred between 21 and 24 months.

Comparing control and high DBI polypharmacy mice, at
12 months, we saw no difference between the groups (Figure 2A).

After randomization to treatment groups, control and high DBI
(Supplementary Figure 4D).
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Figure 2. Principal Coordinates Analysis (PCoA) plots using Bray-Curtis dissimilarities of mouse microbiome samples at 12 months to 24 months. (A) Displays
beta-diversity at each age point (12, 15, 21, and 24 months) sorted according to allocated treatment group (pretreatment = at 12 months before treatment
group randomization; control = unmedicated mice; High DBI = mice receiving high DBI polypharmacy from 12 months; High DBI Dep = mice receiving high
DBI polypharmacy from 12 months with deprescribing starting at 21 months). Figure 2(B) Superimposes all beta-diversity data points in (A). In Figure 2(A and
B) color represents treatment group at timepoint (purple = pretreatment; red = control; blue = high DBI; yellow = high DBI deprescribed). In Figures 2(B-E)
shape represents final treatment group at 24 months (circle = control; triangle = High DBI; square = High DBI deprescribed), and size of indicator displays
different timepoints (12 months = smallest indicator size, increasing through 15 and 21 months, to 24 months = largest indicator size). Statistically, significant
comparisons in Figure 2(A and B) are summarized in Supplementary Table 3; p values less than .05 are reported as significant and indicated by an *. Figures
2(C-E) display: (C) total frailty score where higher frailty score indicated higher frailty, (D) nesting score where higher nesting score indicates better nesting,
and (E) open field distance traveled where higher distance traveled indicates more activity. Performance is sorted by quadrants for the relative performance of
all mice (indicated by color; 25% = lowest to 100% = highest). Beta diversity had a significant relationship with frailty (R2 = 0.022, p =.001), nesting (R2 = 0.025,
p=.001), and open field distance traveled (R2 = 0.013, p = .015). Animal numbers in each treatment group at each timepoint are summarized in Supplementary
Table 1. Comparisons between age points and treatment groups were conducted using Mann-Whitney-Wilcoxon test. Analyses were performed using “R
(version 4.0.4) packages. DBI = Drug Burden Index; Dep = deprescribed. Refer to online version for access to the colour figures.
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polypharmacy administered mice were significantly different at
15 months (R? = 0.117, p = .002), 21 months (R? = 0.108, p = .002),
and 24 months (R*> = 0.098, p = .002; Figure 2A). After deprescribing
a subset of high DBI polypharmacy animals at 21 months, high DBI
polypharmacy deprescribed was significantly different to high DBI
polypharmacy at 24 months (R? = 0.089, p = .022), but not to con-
trol (R? = 0.047, p = .276), indicating a reversal of polypharmacy
effects after deprescribing (Figure 2A).

Finally, beta diversity was assessed in relation to metadata vari-
ables (Figure 2C-E). Our analyses showed that animals with a higher
total frailty score, and performance in the lowest quadrant for
nesting and open field, generally clustered at the bottom of the PCoA
plots (Figure 2C-E). Consistently, mice with lower frailty scores clus-
tered at the top of the PCoA plots. The low performers in nesting
and open field, and mice with higher frailty were mostly treated with
high DBI polypharmacy, as published previously (26). Using Bray-
Curtis dissimilarities, we also discovered that beta diversity had a
significant relationship with frailty (R? = 0.022, p = .001), nesting
(R?*=0.025,p =.001), and open field distance traveled (R*> = 0.013,
p =.015; Figure 2C-E).

Mice Aging With and Without Polypharmacy

Share Decreases in Bifidobacteriaceae,
Paraprevotellaceae, Bacteroidaceae, and
Clostridiaceae, While Mice Receiving Polypharmacy
Show More Increased Features

LEfSe feature analyses were utilized to understand how aging,
polypharmacy, and deprescribing affected specific microbes, by
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°

Lo ¥

comparing LEfSe features within each group across all timepoints.
Comparisons between timepoints within treatment groups are sum-
marized at the phylum level (Supplementary Table 4), class level
(Supplementary Table 5), order level (Supplementary Table 6),
family level (Supplementary Table 7), genus level (Supplementary
Table 8), and species level (Supplementary Table 9). Aging effects
in the control mice involved decreases across various phyla, spe-
cifically Actinobacteria, Bacteroidetes, Firmicutes, Proteobacteria,
and Tenericutes (Figure 3A). Only S24_7 from the Bacteroidetes
phylum showed an increase over these timepoint comparisons.
Breakdowns into 12vs135, 15vs21, and 21vs24 month comparisons
(Supplementary Figure 7A-C) suggest aging changes in control mice
were acquired at various timepoints and increases of certain bac-
terial populations were outnumbered by decreases.

Aging with polypharmacy effects characterized by high DBI
polypharmacy changes from 12 to 24 months (Figure 3B and
C), shared features with control while showing additional de-
creases in Actinobacteria and Bacteroidetes phyla; increases in
Verrucomicrobia and Firmicutes; and both increases and decreases
in Coriobacteriaceae (p_Actinobacteria) and Desulfovibrionaceae
(p_Proteobacteria) families. To assess the stability of changes
in features induced by the polypharmacy regimen, the high DBI
polypharmacy group that remained on the medications after
21 months were analyzed separately to the deprescribed, showing
a similar overall pattern of change from 12 to 15 months (Figure
4A and B), which then reversed in the high DBI deprescribed
group from 21 to 24 months (Figure 4D). From 12 to 15 months,
both high DBI polypharmacy groups showed a significant de-
crease in Bifidobacteriaceae, Clostridiacea, Lactobacillaceae, and
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c. Venn diagram representing LEfSe feature changes at the family level from 12 to 24 months
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Figure 3. Aging in control and high DBI polypharmacy groups showing shared and disparate changes in microbial composition between 12 and 24 months.
In the cladograms comparing control and high DBI polypharmacy changes from 12 to 24 months (A and B), red color indicates LEfSe features that decreased
between the 2 timepoints, while green indicates increase. Venn diagram summarizes LEfSe feature changes at the family level from 12 to 24 months in control
and polypharmacy groups that were shared, and those only found in that group (C). Animal numbers in each treatment group at each timepoint are summarized

in Supplementary Table 1. DBl = Drug Burden Index; LEfSe = Linear discriminant analysis Effect Size. Refer to online version for access to the colour figures.
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Figure 4. Polypharmacy administration starting at age 12 months affects specific microbes evident in both groups taking polypharmacy from 12 to 15 months
(A-C). Deprescribing at 21 months leads to recovery of these microbes between 21 and 24 months (D). Red color indicates LEfSe features that decreased
between the 2 timepoints, while green indicates increase. Animal numbers in each treatment group at each timepoint are summarized in SupplementaryTable 1.
DBI = Drug Burden Index; LEfSe = Linear discriminant analysis Effect Size. Refer to online version for access to the colour figures.

Turicibacteraceae families, and increase in Desulfovibrionaceae,
Lachnospiraceae, and Prevotellaceae families (Figure 4C).

Unlike the control group, perturbations specific to the high DBI
polypharmacy LEfSe features mainly occurred between 12 and
15 months (following the initiation of medication), which persisted
throughout the study (Supplementary Figure 8A-C). There were
no significant changes between 15 and 21 months (Supplementary
Figure 8B), which may indicate medication use dominated aging ef-
fects. Changes from 21 to 24 months suggest this timeframe is more
sensitive to polypharmacy and aging interaction effects.

LEfSe Features in High DBI Polypharmacy
Deprescribed Mice Did Not Recover Completely to
Pretreatment Levels, and These Changes Were Not
Found With Aging in Control Mice

Pertubations in the gut microbiome of the high DBI polypharmacy
group that were deprescribed are summarized in Supplementary
Figure 9A-C. Deprescribing at 21 months reversed a lot of changes
following polypharmacy at 15 months (Figure 4D), however,
deprescribing medications did not recover LEfSe features com-
pletely (Figure 5). From 12 months (pretreatment) to 24 months
(3 months postdeprescribing), high DBI polypharmacy deprescribed
mice showed a significant increase in the Erysipelotrichaceae
family, and reductions in Porphyromonadaceae, Turicibacteraceae,
Clostridiaceae, Lachnospiraceae, and Ruminococcaceae families
(Figure SA and C). Between 12 and 24 months, control mice only
shared a decrease in the Clostridiaceae family (Figure 5B and C).

LEfSe Correlations With Global Function

LEfSe features were correlated with different functional
comes to identify any characterizing microbes. Control mice at
12 months showed a positive correlation between frailty score and
Turicibacteraceae and Anaeroplasmataceae families. The correlation
did not persist at 24 months (Supplementary Figure 10A and B).
Nesting performance at both 12 and 24 months showed a significant
negative correlation with the Lactobacillaceae family (Supplementary
Figure 10A and B). Open field performance showed significant cor-
relations with different family members of the same phylum at
12 months, and significant positive correlations with several fam-
ilies in the Firmicutes phylum at 24 months (Supplementary Figure
10A and B). In the 2 groups of mice given high DBI polypharmacy
feed (prescribed throughout vs. deprescribed), there were no con-
sistent correlations between metadata variables and LEfSe features

out-

(Supplementary Figure 10C-E).

Discussion

Nonantibiotic medications, especially administered together in
polypharmacy regimens, affect the gut microbiome (19-21).
This study utilized a longitudinal in vivo aging mouse model of
polypharmacy, and 16s sequencing of the microbiome, showing
microbiome changes with age, polypharmacy, and deprescribing.
Aging effects on microbiome diversity were detected at 21 and
24 months, while polypharmacy-related changes were greater and
overrode aging-related changes as measured using diversity indices
and LEfSe features.
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Figure 5. Recovery from polypharmacy medication effects on LEfSe features is seen by subtracting normal aging changes (seen in control mice from 12 to
24 months) from pre- to posttreatment changes in the high DBI polypharmacy deprescribed group. Cladogram compares the microbiome of polypharmacy
mice pretreatment at 12 months, with the microbiome posttreatment in the same mice randomly allocated to the high DBI polypharmacy deprescribed group
(A). Red color indicates LEfSe features that decreased between the 2 timepoints, while green indicates increase. Venn diagram compares changes in high DBI
polypharmacy deprescribed from 12 to 24 months (showing which microbes did not recover to pretreatment levels) to control from 12 to 24 months (showing
aging effects; B). Animal numbers in each treatment group at each timepoint are summarized in SupplementaryTable 1. DBl = Drug Burden Index; LEfSe = Linear
discriminant analysis Effect Size. Refer to online version for access to the colour figures.

Alpha-diversity decreased with increasing age in the control but
not in the polypharmacy group and changed following deprescribing
of medications. Beta-diversity changed with aging, polypharmacy
treatment, but not aging plus polypharmacy. A cross-sectional study
of older adults of different ages who may have taken a range of
medications, found that alpha-diversity increased with age, but de-
creased in centenarians (18). Other studies report alpha-diversity re-
mains constant in adulthood until the development of morbidities
(or the increase of biological age—sometimes measured by frailty)
(36,37). Some clinical observational studies report associations
between frailty and alpha diversity (17,37), inconsistent to others
showing no association (38). Discrepancies may be attributed to fac-
tors difficult to control in human studies, including diet and varying
medication combinations. Increasing medication number accounts
for more changes in alpha diversity than frailty or multimorbidity,
according to multivariate analyses (21). The polypharmacy regimen
increasing alpha-diversity in this study is contrary to a negative cor-
relation between a number of medications and alpha-diversity obser-
vations in hospitalized older people (21) and in community-dwelling
participants with a mean age of 66 years (39). This difference might
be explained by differences in the type of medications comprising
the polypharmacy regimens, or by residual confounding by indica-
tion for the drug in the human studies. In humans, increased alpha-
diversity is associated with higher physical function (40), while
sarcopenia, frailty, and activities of daily living are also associated
with microbiome changes (41). However, in this study correlation
between alpha diversity and metadata variables, including frailty
are likely separately driven by medication effects, as significant
relationships occur at timepoints following medication introduc-
tion (15 months) and medication deprescription (24 months), and
nonmedicated control mice show reverse correlation relationships
with alpha-diversity.

Bacterial changes consistent across control and high DBI
polypharmacy mice, indicate aging effects uninterrupted by
polypharmacy. Short-chain fatty acid (SCFA) producers are gen-
erally reduced with aging. The Clostridiaceae family, important in
maintaining inflammation “homeostasis” and potential contributors
to longevity (42), decreased in control and high DBI polypharmacy
mice. The Clostridium cluster XIVa similarly decreased in another

study of 18-to-24-month mice (42). Consistent with their involve-
ment in longevity, in another study, mice aged 800 days had more
Clostridiaceae than mice aged 600 days (43). The Lactobacillaceae
family, also SCFA producers, decreased in control mice between 15
and 21 months and in high DBI polypharmacy from 12 to 15 months.
Interestingly, both high DBI polypharmacy groups (remained on
polypharmacy, and deprescribed), had increased Lactobacillaceae
from 21 to 24 months, when control animals showed no change.
Aging-associated changes that were only found in the control group
included decreased Firmicutes phyla (also SCFA producers), and
Bacteroidetes initially decreasing from 12 to 15 months, to then
increased at 21 months. Similarly, in cross-sectional human gut
microbiota studies, Firmicutes decreases with increasing age, while
Bacteroidetes increases (44), trends most pronounced in adults living
in nursing homes compared with those living in the community (16).
Interestingly animals treated with high DBI polypharmacy did not
show this pattern.

Polypharmacy effects change over the course of treatment,
whereby different microbes were affected by the drugs at dif-
ferent timepoints. From 12 to 15 months, the Bacteroidetes phyla
declined in control, and specifically the Prevotellaceae family,
which increased in a subset of high DBI polypharmacy animals.
Medication-associated increase of Bacteroidetes phyla has been de-
scribed following selective serotonin reuptake inhibitor (SSRI) use
(45), while statin use reduced Bacteroidetes levels (46). From 15 to
21 months, Bacteroidetes increased in control animals, while the
Bacteroidaceae family declined in a subset of high DBI polypharmacy
animals. Between 21 and 24 months, Bacteroidetes phyla members
remained unchanged in control, while the Rikenellaceae family and
Parabacteroides distasonis decreased in high DBI deprescribed ani-
mals. Comparable changes in members of the Bacteroidetes phylum
have been associated with type 2 diabetic statin users with increased
SCFAs (47), and mice that responded poorly to statin treatment (48).
However, these studies did not control for the age of participants as
a factor influencing medication-microbiome interactions. From 21 to
24 months control microbiome decreased in Actinobacteria phyla, as
found in older adults (49), while increasing in both polypharmacy and
polypharmacy deprescribed. Statins have increased Actinobacteria
levels in acute coronary syndrome patients (47), and may be driving
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the polypharmacy effects. Our findings suggest that the microbiome
may be more sensitive to specific drug effects at certain ages, and
this polypharmacy regimen could be a beneficial mediator of aging
effects on the microbiome.

It is not clear which constituents of the high DBI polypharmacy
regimen are driving these effects. Focusing on Firmicutes, for ex-
ample, which only reduced in nontreated control mice suggesting
the polypharmacy regimen attenuates aging effects by increasing
levels; opioids increased Firmicutes in an animal study (22), statins
have both increased Firmicutes in humans and animals (23,24)
and decreased Firmicutes abundance in animals (46), while SSRIs
reduced Firmicutes in humans and animals (45,50) beta-blockers
have reduced Firmicutes in humans (25). A recent multiomic study
of patients with the cardiometabolic disease found, taking statin
and beta-blocker medication combinations led to microbiome
changes that opposed the effects of disease severity markers on the
microbiome (51). This is consistent with our polypharmacy regimen
also shifting the microbiome toward a healthier state, which may be
driven by the additive effects of simvastatin and metoprolol.

Despite the polypharmacy regimen showing different effects
at different timepoints, reversal of polypharmacy effects observed
from 12 to 15 months, were the main changes in polypharmacy
deprescribed animals from 21 to 24 months. Therefore, a significant
number of features affected by polypharmacy remained unchanged
during the length of chronic medication intake and reversed when
deprescribed. Similarly, following ciprofloxacin antibiotic cessation,
communities showed an incomplete return to their initial state and
composition of the gut microbiota stabilized, but was altered from its
initial stable state (52). Alterations from a pretreatment (12 months)
steady state at 24 months (3 months postdeprescribing) in our study,
could be a consequence of aging, however, demonstrating a similar
change over the course of weeks (52) (or in our study months)
suggests medications can also have permanent effects. While the
specific microbiome changes seen with polypharmacy differed be-
tween our interventional polypharmacy mouse model and the ob-
servational studies in humans, after ceasing medications, there are
consistent trends across both study types toward recovery to pre-
treatment microbiome. Nagata et al. found an increasing number
of medications used positively correlated with several Streptococcus
and Lactobacillus species (39) (contrary to our current mouse study
finding Lactobacillaceae decreased at 15 months for mice adminis-
tered high DBI polypharmacy), and patients who reduced the number
of drugs showed decreased Streptococcus and Lactobacillus (39)
(current study—Lactobacillaceae increased following deprescribing,
as well as in mice that continued on high DBI polypharmacy at
24 months). Reexposure to microbes may be a critical factor con-
tributing to recovery. In a mouse study, recovery of S24-7 species
from ciprofloxacin only occurred in specific cages via coprophagia,
while single-housing disrupted recovery (53).

Deprescribing from polypharmacy also showed disparate
changes in aging, as polypharmacy deprescribed mice had no
common changes with control from 21 to 24 months. Opposite
to control, Bifidobacterium increased in high DBI polypharmacy
deprescribed, which usually decreases with age (49). Furthermore,
high DBI polypharmacy deprescribed animals had increased
Lactobacillus and decreased Rikenellaceae, shared with high DBI
polypharmacy animals remaining on the medication. Studies have
reported a decreased abundance of Bifidobacteria and Lactobacilli
in older adults (43), suggesting the medications are countering aging-
related effects. In mice, Bifidobacterium inhibits proinflammatory

cytokines and colonic senescence while showing protective effects
that facilitate colonic tight junctions and mucus production. In older
adults and centenarians, Bifidobacterium abundance negatively cor-
relates with increased inflammatory status (inflammaging) (54). Like
our findings with control and contrary to high DBI polypharmacy
and deprescribed, there was overrepresentation of the Rikenellaceae
family in middle-aged and older aged mice (43). Finally, high DBI
polypharmacy deprescribed were also the only group to show a
decrease in the Verrucomicrobia phylum, specifically Akkermansia
Muciniphila. This bacterium has beneficial health properties, known
to reduce in old age, it is inversely correlated with metabolic syn-
dromes and inflammatory disease severity, with supplementation
showing beneficial effects on metabolic syndrome and disease re-
versal (55). Interestingly, the Desulfovibrio genus, which also de-
creased in this timepoint, has been described to have the opposite
effects to Akkermansia Muciniphila, with reductions in Desulfovibrio
associated with reduced plasma inflammatory markers, and increase
associated with type 2 diabetes and obesity (56).

The strengths of the current study include its longitudinal design,
randomized clinically relevant interventions, detailed robust meta-
data, and wide range of analytic techniques used, however, further
improvements could be made. Utilizing whole genome sequencing to
functionally assess the microbiome, analyzing fecal and serum fatty-
acid levels, assessing the single drug constituents of the polypharmacy
regimen individually in different doses, and assessing the effects of
other common medication classes in polypharmacy combinations,
will all provide higher explanatory power to the effect of medica-
tions. Female mice may yield different findings, as polypharmacy af-
fects female mice differently on global function measures, including
activities of daily living (57), and microbiome sex differences exist
across the life span (36). Furthermore, this is a mouse study, which
may limit its generalizability in humans. Polypharmacy regimens in
humans vary in medication combinations and concentrations and
are prescribed to manage morbidities—which develop with con-
tribution from a varying assortment of modifiable (including diet,
exercise, medication intake, epigenetics, and environment), and
nonmodifiable (including genetics) risk factors. Our study isolates
polypharmacy medication intake to study its effect, aiming to con-
tribute toward understanding the complex physiological interactions
involved in aging.

Further studies are needed to elucidate the polypharmacy-
microbiome interactions in different medication combinations.
Characterizing these changes in animal models where usual
confounders like diet are controlled between groups will also help
understand whether there is a core microbiome signature for all
polypharmacy combinations, or whether the perturbations that
occur are specific to the medication constituents of the regimen.

In conclusion, treatment effects with the polypharmacy regimen
override aging effects, are robust when both high DBI polypharmacy
groups (receiving polypharmacy from 12 to 24 months, vs. 12 to
21 months) are analyzed separately, and deprescribing shows evi-
dence for reversal. While this high DBI polypharmacy combin-
ation increased frailty and reduced functional performance on a
phenotypic level, it prevented normal age-related changes in the
microbiome.

Supplementary Material

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



Journals of Gerontology: BIOLOGICAL SCIENCES, 2023, Vol. 78, No. 2 221

Funding

This study was funded by the Penney Ageing Research Unit, Royal North
Shore Hospital, St Leonards, Australia. G.G. is supported by a University of
Sydney Postgraduate scholarship. EE is funded by grants from the Australian
Federal Government through the St George and Sutherland Medical Research
Foundation (grants RG172354 & RG180264).

Conflict of Interest

None declared.

Acknowledgments

We would like to thank research assistants Jennifer Debenham, Caitlin Logan,
and Doug Drak, and KEARNS facility staff for their contribution to the
animal experiments in this work.

Author Contributions

G.G. contributed to design of the study, acquisition, analysis, and interpret-
ation of the data, drafting, and finalizing the manuscript. J.M. contributed
to design of the study, acquisition, and interpretation of the data, and final-
izing the manuscript. EZ. completed the bioinformatic analysis of the data and
contributed to interpretation of data, and finalizing the manuscript. M.B. and
T.T. both contributed to acquisition of the data, and finalizing the manuscript.
E.E.-O. contributed to analysis and interpretation of the data, and finalizing
the manuscript. S.N.H. contributed to design of the study, interpretation of
the data, supervised acquisition, and analysis of the data, and finalizing the

manuscript.

References

1. Charlesworth CJ, Smit E, Lee DS, Alramadhan F, Odden MC. Polypharmacy
among adults aged 65 years and older in the United States: 1988-2010. J
Gerontol A Biol Sci Med Sci. 2015;70(8):989-995. doi:10.1093/gerona/
glv013

2. Page AT, Falster MO, Litchfield M, Pearson SA, Etherton-Beer C.
Polypharmacy among older Australians, 2006-2017: a population-based
study. Med | Aust. 2019;211(2):71-75. d0i:10.5694/mja2.50244

3. Midao L, Giardini A, Menditto E, Kardas P, Costa E. Polypharmacy preva-
lence among older adults based on the survey of health, ageing and retire-
ment in Europe. Arch Gerontol Geriatr. 2018;78:213-220. doi:10.1016/j.
archger.2018.06.018

4. Medication Safety in Polypharmacy. Geneva: World Health Organization;
2019 WHO/UHC/SDS/2019.11). Licence: CC BY-NC-SA 3.0 IGO.

5. Lockery JE, Ernst ME, Broder JC, et al. Prescription medication use in
older adults without major cardiovascular disease enrolled in the Aspirin in
Reducing Events in the Elderly (ASPREE) clinical trial. Pharmacotherapy.
2020;40(10):1042-1053. doi:10.1002/phar.2461

6. Morgan TK, Williamson M, Pirotta M, Stewart K, Myers SP, Barnes J.
A national census of medicines use: a 24-hour snapshot of Australians
aged 50 years and older. Med | Aust. 2012;196(1):50-53. doi:10.5694/
mjall.10698

7. Strampelli A, Cerreta F, Vucic K. Medication use among older people in
Europe: implications for regulatory assessment and co-prescription of new
medicines. Br | Clin Pharmacol. 2020;86(10):1912-1920. doi:10.1111/
bep.14462

8. Kouladjian L, Gnjidic D, Chen TF, Mangoni AA, Hilmer SN. Drug Burden
Index in older adults: theoretical and practical issues. Clin Interv Aging.
2014;9:1503-1515. doi:10.2147/CIA.S66660

9. Hilmer SN, Mager DE, Simonsick EM, et al. A drug burden index to define
the functional burden of medications in older people. Arch Intern Med.
2007;167(8):781-787. doi:10.1001/archinte.167.8.781

10. Hilmer SN, Gnjidic D. The effects of polypharmacy in older adults. Clin
Pharmacol Ther. 2009;85(1):86-88. doi:10.1038/clpt.2008.224

11. Scott IA, Hilmer SN, Reeve E, et al. Reducing inappropriate polypharmacy:
the process of deprescribing. JAMA Intern Med. 2015;175(5):827-834.
doi:10.1001/jamainternmed.2015.0324

12. Hilmer SN, McLachlan AJ, Le Couteur DG. Clinical pharmacology in
the geriatric patient. Fundam Clin Pharmacol. 2007;21(3):217-230.
doi:10.1111/.1472-8206.2007.00473.x

13. McLean AJ, Le Couteur DG. Aging biology and geriatric clinical pharma-
cology. Pharmacol Rev. 2004;56(2):163-184. doi:10.1124/pr.56.2.4

14. Kazemian N, Mahmoudi M, Halperin F, Wu JC, Pakpour S. Gut microbiota
and cardiovascular disease: opportunities and challenges. Microbiome.
2020;8(1):36. doi:10.1186/s40168-020-00821-0

15. Gemikonakli G, Mach ], Hilmer SN. Interactions between the aging
gut microbiome and common geriatric giants: polypharmacy, frailty,
and dementia. | Gerontol A Biol Sci Med Sci. 2021;76(6):1019-1028.
doi:10.1093/geronal/glaa047

16. Claesson M]J, Jeffery IB, Conde S, et al. Gut microbiota composition
correlates with diet and health in the elderly. Nature. 2012;488(7410):
178-184. d0i:10.1038/nature11319

17. Jackson MA, Jeffery IB, Beaumont M, et al. Signatures of early frailty
in the gut microbiota. Genome Med. 2016;8(1):8. doi:10.1186/
s13073-016-0262-7

18. Odamaki T, Kato K, Sugahara H, et al. Age-related changes in gut micro-
biota composition from newborn to centenarian: a cross-sectional study.
BMC Microbiol. 2016;16:90. doi:10.1186/s12866-016-0708-5

19. Maier L, Pruteanu M, Kuhn M, et al. Extensive impact of non-antibiotic
drugs on human gut bacteria. Nature. 2018;555(7698):623-628.
doi:10.1038/nature25979

20. Vich Vila A, Collij V, Sanna S, et al. Impact of commonly used drugs on the
composition and metabolic function of the gut microbiota. Nat Commun.
2020;11(1):362. doi:10.1038/s41467-019-14177-z

21. Ticinesi A, Milani C, Lauretani F, et al. Gut microbiota composition is
associated with polypharmacy in elderly hospitalized patients. Sci Rep.
2017;7(1):11102. doi:10.1038/s41598-017-10734-y

22. Banerjee S, Sindberg G, Wang F, et al. Opioid-induced gut microbial dis-
ruption and bile dysregulation leads to gut barrier compromise and sus-
tained systemic inflammation. Mucosal Immunol. 2016;9(6):1418-1428.
do0i:10.1038/mi.2016.9

23. Kim J, Lee H, An J, et al. Alterations in gut microbiota by statin therapy
and possible intermediate effects on hyperglycemia and hyperlipidemia.
Front Microbiol. 2019;10:1947. d0i:10.3389/fmicb.2019.01947

24. Dias AM, Cordeiro G, Estevinho MM, et al. Gut bacterial microbiome
composition and statin intake-A systematic review. Pharmacol Res
Perspect. 2020;8(3):¢00601. doi:10.1002/prp2.601

25. Lin YT, Lin TY, Hung SC, et al. Differences in the microbial composition
of hemodialysis patients treated with and without beta-blockers. J Pers
Med. 2021;11(3):198. d0i:10.3390/jpm11030198

26. Mach ], Gemikonakli G, Logan C, et al. Chronic polypharmacy with
increasing drug burden index exacerbates frailty and impairs physical
function, with effects attenuated by deprescribing, in aged mice. ] Gerontol
A Biol Sci Med Sci. 2021;76(6):1010-1018. doi:10.1093/gerona/glaa060

27. Whitehead JC, Hildebrand BA, Sun M, et al. A clinical frailty index in
aging mice: comparisons with frailty index data in humans. | Gerontol
A Biol Sci Med Sci. 2014;69(6):621-632. doi:10.1093/gerona/glt136

28. Hess SE, Rohr S, Dufour BD, Gaskill BN, Pajor EA, Garner JP. Home im-
provement: C57BL/6] mice given more naturalistic nesting materials build
better nests. ] Am Assoc Lab Anim Sci. 2008;47(6):25-31.

29. Justice JN, Carter CS, Beck HJ, et al. Battery of behavioral tests in mice
that models age-associated changes in human motor function. Age
(Dordr). 2014;36(2):583-592. doi:10.1007/s11357-013-9589-9

30. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJ, Holmes SP.
DADAZ2: high-resolution sample inference from Illumina amplicon data.
Nat Methods. 2016;13(7):581-583. doi:10.1038/nmeth.3869

31. Bolyen E, Rideout JR, Dillon MR, et al. Reproducible, interactive, scalable
and extensible microbiome data science using QIIME 2. Nat Biotechnol.
2019;37(8):852-857. doi:10.1038/s41587-019-0209-9

32. Langmead B, Salzberg SL. Fast gapped-read alignment with Bowtie 2. Nat
Methods. 2012;9(4):357-359. d0i:10.1038/nmeth.1923


https://doi.org/10.1093/gerona/glv013
https://doi.org/10.1093/gerona/glv013
https://doi.org/10.5694/mja2.50244
https://doi.org/10.1016/j.archger.2018.06.018
https://doi.org/10.1016/j.archger.2018.06.018
https://doi.org/10.1002/phar.2461
https://doi.org/10.5694/mja11.10698
https://doi.org/10.5694/mja11.10698
https://doi.org/10.1111/bcp.14462
https://doi.org/10.1111/bcp.14462
https://doi.org/10.2147/CIA.S66660
https://doi.org/10.1001/archinte.167.8.781
https://doi.org/10.1038/clpt.2008.224
https://doi.org/10.1001/jamainternmed.2015.0324
https://doi.org/10.1111/j.1472-8206.2007.00473.x
https://doi.org/10.1124/pr.56.2.4
https://doi.org/10.1186/s40168-020-00821-0
https://doi.org/10.1093/gerona/glaa047
https://doi.org/10.1038/nature11319
https://doi.org/10.1186/s13073-016-0262-7
https://doi.org/10.1186/s13073-016-0262-7
https://doi.org/10.1186/s12866-016-0708-5
https://doi.org/10.1038/nature25979
https://doi.org/10.1038/s41467-019-14177-z
https://doi.org/10.1038/s41598-017-10734-y
https://doi.org/10.1038/mi.2016.9
https://doi.org/10.3389/fmicb.2019.01947
https://doi.org/10.1002/prp2.601
https://doi.org/10.3390/jpm11030198
https://doi.org/10.1093/gerona/glaa060
https://doi.org/10.1093/gerona/glt136
https://doi.org/10.1007/s11357-013-9589-9
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/nmeth.1923

222

Journals of Gerontology: BIOLOGICAL SCIENCES, 2023, Vol. 78, No. 2

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Bisanz JE. giime2R: importing QIIME2 artifacts and associated data into
R sessions. 2018; https://github.com/jbisanz/qiime2R.

McMurdie PJ, Holmes S. phyloseq: an R package for reproducible inter-
active analysis and graphics of microbiome census data. PLoS One.
2013;8(4):€61217. doi:10.1371/journal.pone.0061217

Segata N, Izard ], Waldron L, et al. Metagenomic biomarker dis-
covery and explanation. Genome Biol. 2011;12(6):R60. doi:10.1186/
gb-2011-12-6-r60

de la Cuesta-Zuluaga ], Kelley ST, Chen Y, et al. Age- and sex-
dependent patterns of gut microbial diversity in human adults. mSystems
2019;4(4):e00261-00319. doi:10.1128/mSystems.00261-19

Maffei V], Kim S, Blanchard E, et al. Biological aging and the human
gut microbiota. | Gerontol A Biol Sci Med Sci. 2017;72(11):1474-1482.
doi:10.1093/gerona/glx042

Zhang L, Liao J, Chen Q, et al. Characterization of the gut microbiota
in frail elderly patients. Aging Clin Exp Res. 2020;32(10):2001-2011.
do0i:10.1007/s40520-019-01385-2

Nagata N, Nishijima S, Miyoshi-Akiyama T, et al. Population-level
metagenomics uncovers distinct effects of multiple medications on the
human gut microbiome. Gastroenterology. 2022;163(4):1038-1052.
doi:10.1053/j.gastro.2022.06.070

Estaki M, Pither J, Baumeister P, et al. Cardiorespiratory fitness as a pre-
dictor of intestinal microbial diversity and distinct metagenomic functions.
Microbiome. 2016;4(1):42. doi:10.1186/s40168-016-0189-7

Shimizu Y. Gut microbiota in common elderly diseases affecting activ-
ities of daily living. World | Gastroenterol. 2018;24(42):4750-4758.
doi:10.3748/wjg.v24.i142.4750

Bodogai M, O’Connell J, Kim K, et al. Commensal bacteria contribute to
insulin resistance in aging by activating innate Bla cells. Sci Transl Med.
2018;10(467):eaat4271. doi:10.1126/scitranslmed.aat4271

Langille MG, Meehan C]J, Koenig JE, et al. Microbial shifts in the aging
mouse gut. Microbiome. 2014;2(1):50. doi:10.1186/s40168-014-0050-9
Mariat D, Firmesse O, Levenez F, et al. The Firmicutes/Bacteroidetes ratio
of the human microbiota changes with age. BMC Microbiol. 2009;9:123.
doi:10.1186/1471-2180-9-123

Zhang W, Qu W, Wang H, Yan H. Antidepressants fluoxetine and ami-
triptyline induce alterations in intestinal microbiota and gut microbiome
function in rats exposed to chronic unpredictable mild stress. Transl
Psychiatry. 2021;11(1):131. doi:10.1038/s41398-021-01254-5

He X, Zheng N, He ], et al. Gut microbiota modulation attenuated
the hypolipidemic effect of simvastatin in high-fat/cholesterol-diet

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

fed mice. | Proteome Res. 2017;16(5):1900-1910. doi:10.1021/acs.
jproteome.6b00984

Caparros-Martin JA, Lareu RR, Ramsay ]JP, et al. Statin therapy causes
gut dysbiosis in mice through a PXR-dependent mechanism. Microbiome.
2017;5(1):95. doi:10.1186/s40168-017-0312-4

Akyea RK, Kai J, Qureshi N, Iyen B, Weng SF. Sub-optimal cholesterol
response to initiation of statins and future risk of cardiovascular disease.
Heart. 2019;105(13):975-981. doi:10.1136/heartjnl-2018-314253
Haran JP, McCormick BA. Aging, frailty, and the microbiome-how
dysbiosis influences human aging and disease. Gastroenterology.
2021;160(2):507-523. doi:10.1053/j.gastro.2020.09.060

Jiang H, Ling Z, Zhang Y, et al. Altered fecal microbiota compos-
ition in patients with major depressive disorder. Brain Behav Immun.
2015;48:186-194. doi:10.1016/5.bbi.2015.03.016

Forslund SK, Chakaroun R, Zimmermann-Kogadeeva M, et al.
Combinatorial, additive and dose-dependent drug-microbiome as-
sociations. Nature. 2021;600(7889):500-50S5. doi:10.1038/
s41586-021-04177-9

Dethlefsen L, Relman DA. Incomplete recovery and individualized re-
sponses of the human distal gut microbiota to repeated antibiotic per-
turbation. Proc Natl Acad Sci USA. 2011;108(suppl 1):4554-4561.
do0i:10.1073/pnas.1000087107

Ng KM, Aranda-Diaz A, Tropini C, et al. Recovery of the gut micro-
biota after antibiotics depends on host diet, community context, and en-
vironmental reservoirs. Cell Host Microbe. 2019;26(5):650-665 e654.
do0i:10.1016/j.chom.2019.10.011

Biagi E, Nylund L, Candela M, et al. Through ageing, and beyond: gut
microbiota and inflammatory status in seniors and centenarians. PLoS
One. 2010;5(5):¢10667. doi:10.1371/journal.pone.0010667

Xu 'Y, Wang N, Tan HY, Li S, Zhang C, Feng Y. Function of akkermansia
muciniphila in obesity: interactions with lipid metabolism, immune re-
sponse and gut systems. Fromt Microbiol. 2020;11:219. doi:10.3389/
fmicb.2020.00219

Vinke PC, El Aidy S, van Dijk G. The role of supplemental complex dietary
carbohydrates and gut microbiota in promoting cardiometabolic and im-
munological health in obesity: lessons from healthy non-obese individuals.
Front Nutr. 2017;4:34. doi:10.3389/fnut.2017.00034

. Tran T, Mach ], Gemikonakli G, et al. Diurnal effects of polypharmacy

with high drug burden index on physical activities over 23 h
differ with age and sex. Sci Rep. 2022;12(1):2168. doi:10.1038/
$41598-022-06039-4


https://github.com/jbisanz/qiime2R
https://doi.org/10.1371/journal.pone.0061217
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1128/mSystems.00261-19
https://doi.org/10.1093/gerona/glx042
https://doi.org/10.1007/s40520-019-01385-2
https://doi.org/10.1053/j.gastro.2022.06.070
https://doi.org/10.1186/s40168-016-0189-7
https://doi.org/10.3748/wjg.v24.i42.4750
https://doi.org/10.1126/scitranslmed.aat4271
https://doi.org/10.1186/s40168-014-0050-9
https://doi.org/10.1186/1471-2180-9-123
https://doi.org/10.1038/s41398-021-01254-5
https://doi.org/10.1021/acs.jproteome.6b00984
https://doi.org/10.1021/acs.jproteome.6b00984
https://doi.org/10.1186/s40168-017-0312-4
https://doi.org/10.1136/heartjnl-2018-314253
https://doi.org/10.1053/j.gastro.2020.09.060
https://doi.org/10.1016/j.bbi.2015.03.016
https://doi.org/10.1038/s41586-021-04177-9
https://doi.org/10.1038/s41586-021-04177-9
https://doi.org/10.1073/pnas.1000087107
https://doi.org/10.1016/j.chom.2019.10.011
https://doi.org/10.1371/journal.pone.0010667
https://doi.org/10.3389/fmicb.2020.00219
https://doi.org/10.3389/fmicb.2020.00219
https://doi.org/10.3389/fnut.2017.00034
https://doi.org/10.1038/s41598-022-06039-4
https://doi.org/10.1038/s41598-022-06039-4

