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Abstract

Advances in bacterial DNA sequencing allow for characterization of the human commensal
bacterial community (i.e., microbiota) and its corresponding genome (i.e., microbiome). Surveys
of healthy adults reveal that each unique body habitat (e.g., gut, skin, oral cavity, vagina) is
characterized by a signature composite of bacteria. Aging is accompanied by a myriad of clinical
issues, including a basal pro-inflammatory state (i.e.,inflamm-aging), that directly interface with
the microbiotaof older adults and enhance susceptibility to disease. Studies in older adults
demonstrate that the gut microbiotacorrelates with diet, location of residence (e.g., community
dwelling, long term care settings), and basal level of inflammation.Links exist between the
microbiotaand a variety of clinical issues plaguing older adults including physical frailty,
Clostridium difficile colitis, vulvovaginal atrophy, colorectal carcinoma and atherosclerotic
disease. Manipulation of the microbiota andmicrobiome of older adults holds promise as an
innovative strategy to affect comorbidities associated with aging.

General Aspects Of Thehuman Microbiota And Microbiome

Leeuwenhoek's discovery of“wee beasties” from mouth scrapings was the first evidence that
humans are co-inhabited by microbes. Since 1890, when Koch isolated the anthrax
bacteria(1), culture methods have improved. However, most microbes (e.g., bacterial
microorganisms) cannot be cultured using conventional methods(2).In 1977, Woese and Fox
proposed that the 16S ribosomal RNA subunitcan classify bacteria, including our
commensal microbial flora(3).This small RNA subunit isevolutionarilyconserved among
prokaryotes, but it contains nine hypervariable regions (V1-V9) useful for phylogenetic
analysis. Ongoing advances in next generation sequencing of 16S ribosomal RNA genes,
and whole genome shot gun sequencing, allow for large-scale analysis and characterization
of the human bacterial community(i.e., the microbiota); the genome of the microbiotais
referred toas the microbiome(4, 5). It is estimated that there are about 100 trillion bacteria
associated with humans that outnumberour human cells by a factor of ten(6). Therefore, the
primary eukaryotic genome of humans is supplemented by thissecond prokaryotic genome
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of microbes(7). This represents a paradigm shift for medicine in which our relationship with
microbes is nowviewed as a complex symbiosis instead of a potential source for clinical
infectious disease. The purpose of this review is to highlight the role of the microbiota and
microbiome in health and disease with its potential clinical relevance to older adults.

Survey of Microbiota from Human Body Habitats

In 2009,Costello et al. reported the results of a surveyof nine healthy adults of both sexes
from multiple body habitats: stool, oral cavity,nostrils,external auditory canal, hair on head,
and a variety of skin sites. Using 16S ribosomal RNA gene sequencing, theyfound that
across all body habitats, most sequences belonged to four bacterial phyla: Firmicutes,
Actinobacteria, Proteobacteria, and Bacteroidetes. Each body habitat had a
uniquecomposition of bacterial microbiota that reflected properties of the local environment.
Within each habitat, there was large variation between individuals; however,there was
stabilitywhen comparing the baseline with follow-up sampling within the same
individual(8).

The Human Microbiome Project Consortium

The Human Microbiome Project consortium is a multidisciplinary international effort to
characterize the human microbiota and microbiome(4). In 2012, theconsortium reported a
large study that recruited 242 healthy adults,of both gendersbetween the ages of 18 and 40
years,in the United States to further characterize the microbiotaand microbiome. Women
underwent sampling at 18 body sites,including the skin, nose, mouth, throat, vagina and
feces, and men were sampled at 15 sites(9). Of these subjects, 131 were resampled, with
amean of 219 days after the initial sample, to determine the stability of the microbiota and
microbiome over time. Bacterial communities were compared using taxonomic profiling of
16S rRNA gene sequences using pyrosequencing, and metagenomic profiling using whole
genome shotgun sequencing. The study confirmed previous findings that each body habitat
had a distinct microbial communitywith a signature composite of taxa (Table 1). Most
metabolic pathways were uniformly distributed across individuals and body habitats,
indicating a redundancy in bacterial metabolism. The oral cavity and the stool hadthe most
diverse bacterial communities (i.e., the most alpha diversity). Conversely, the vaginal
microbial community showed the lowest alpha diversitywith domination by
Lactobacillusspecies. The oral cavity had the lowest diversity between subjects (i.e., beta
diversity), as opposed to the skin which had the highest beta diversity. The gut microbiota
showed an inverse relationship between Bacteroidetes and Firmicutes; subjects dominant in
Bacteroideteshad a minority of Firmicutes(9). Overall, bacterial communities were
relatively stable comparing the baseline to repeat sampling within the same subject, but the
bacterial communitiesshowed large variation between subjects. The stability of the
microbiome within an individual suggests a mutually beneficial stable coexistencebetween
the microbiota and the human host. The implication is that any disturbance in the microbiota
may be predictive of disease.
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Lifespan, The Microbiota, And The Immune Response

Newborn children have bacterial communities that reflect vaginal or Cesarean section
delivery. Vaginally-delivered newborns have bacterial communities dominated byvaginal
flora, such as Lactobacillus species. Conversely, newborns delivered by Cesarean section
have microbiota dominant in skin flora, such as Staphyl ococcusspecies(10). The infant gut
microbiota become more diverse over time as diet changes. For example, ingestion of solid
food is associated with an increase in gut Bacteroidetes(11). The compaosition of the gut
microbiotain children approximatesthe composition seen in adults by the age of three years
(12).

Aging is accompanied by a myriad of clinical issues (Figure 1). Older adults(i.e., over age
65 years) have a high prevalence of co-morbid disease(13) and concomitant exposure to
multiple medications, including antibiotics. The aging alimentary tract is subject to a variety
of changes:impaired dentition and salivary function, decreased motility with constipation,
diverticular disease, and dietary modification(14). Together, these factors may contribute to
changes in the microbiota among older adults, and may ultimately enhance susceptibility to
infectious diseases. For example Clostridium difficile colitis is thought to arise from a
disturbance in the microbiota that is associated with antibiotic use. One can speculate that
other infectious diseases (e.g.,urinary tract infection,pneumonia), as well aschronic health
conditions, may be associated with changes in the microbiota and the
associatedmicrobiome(15, 16).

The term “inflamm-aging” was created to describe the pro-inflammatory environment that
exists in older adults(17). Older adults have high concentrations of acute phase reactantsand
pro-inflammatory cytokines, andthis inflammation dysregulation is accompanied by
impaired immune responses to pathogens and vaccines(18). Inflammation has been
implicated in the development of several age-related co-morbid conditions,
includingatherosclerosis and neurodegeneration(19, 20). Inflamm-aging may relatetochronic
antigenic stimulation from chronic viral infections likeCytomegalovirus (CMV)(21)or
fromgut bacterial translocation. Bacterial translocation is supported by high blood levels of
lipopolysaccharide (LPS) binding protein and high urinary excretion of microbial by-
products among older adults(22, 23).

Accumulating evidence in animal models suggest that the microbiota and microbiome help
shape the innate and adaptive immune system(24) with a delicate balance of pro- and anti-
inflammatory responses. Toll like receptors (TLRs), pattern recognition receptors that
function as sensors of microbial products like LPS, initiate the inflammatory response. TLRs
detect commensal bacteria in the gut, and TLR activation by commensals is necessary for
protection against gut injury and maintaining homeostasis(25). Additionally, short-chain
fatty acids (e.g., butyrate), products of bacterial fermentation by commensals, have anti-
inflammatorypropertiesin multiple immune cell types(26). Some Clostridium strains in the
gut also show anti-inflammatory properties, by induction of the anti-inflammatory cytokine
IL-10 and CD4+ regulatory T cells(27).
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There is also accumulating evidence that the microbiome may affect the aging process, as
demonstrated in studies of invertebrates such as Caenorhabditis elegans (C. elegans). For
example, C.elegans is normally grown in co-culture with bacteria that serve as a source of
nutrients and other products that the nematode cannot synthesize itself. Several studies have
shown an increase or decrease in worm lifespan depending on the type of coexisting
bacteria, and whether specific bacterial products are produced(28).

In conclusion, the above studies suggest that the microbiota may shape the host immune
system, contribute to inflamm-aging, lead tochronic health conditions, and modulate the
aging process.

The Microbiotaof Older Adults

The ELDERMET consortium was established in 2007 to characterize the intestinal
microbiota of older adults. In 2011, the investigators reported the study of 161 adult subjects
from Ireland, aged 65 years and older, who underwent fecal sampling; a subset of 26
subjects were re-sampled three months later. Nine younger subjects served as controls.
Among older adult subject fecal samples, the phylum Bacteroideteswas dominant at 57%
compared with 40% for the phylum Firmicutes. Conversely, the younger control subject
fecal samples were dominated by Firmicutes at 51% compared to Bacteroidetes at 41%.
Antibiotic exposure was associated with a relative increase in Bacteroidetes and decrease in
Firmicutes, Actinobacteria, andProteobacteria. The degree and type of changes in taxa with
antibiotic exposure differed between subjects. Overall, the composition of the intestinal
microbiota showed much individual variation among older adults(29).

Gut Microbiota, Inflammation and Physical Frailty among Older Adults

In 2012, a follow up study evaluated the intestinal microbiota of 178 older adults of Irish
descentaged 64 to 102 years. Thirteen young adults, with a mean age of 36 years, served as a
control group. The subjects were stratified by diet and community residence setting to
understand the individual variation of intestinal microbiota, and its impact on measures of
inflammation and physical frailty. Subjects stratified by residence setting included: 83
whowere community dwellers; 20 who attended an out patient day hospital; 15 who were in
short-term (<6 weeks) rehabilitation care; and, 60 who were in long-term residential
care(30). UniFracbeta-diversity analysis, a measure of similarity between communities,
showed clear separation of the intestinal microbiota between long-term residential subjects
andcommunity-dwelling subjects.

Long-term residential subjects were noted to have a higher proportion of the Bacteroidetes
phylumin their gut compared to a higher proportion of Firmicutes among the community
dwellers. Overall, it took about one year for the intestinal microbiota of long-term residential
subjects to deviate from community dwellers.

Analysis of the subjects revealed four diet groups (DG) that were characterized by fat and
fiber content (DG 1: low fat/high fiber, DG2: moderate fat/high fiber, DG3: moderate
fat/low fiber, DG4: high fat/low fiber). Groups DG1 and 2 included 98% of the day hospital
and community dwelling subjects. DG3 and DG4 included 83% of the long-term residential
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care subjects. The heterogeneity of the microbiota was noted to be most diverse within the
DG1 (low fat/high fiber) group and least diverse among the DG3 and DG4 groups. Markers
of inflammation were also measured in the subjects. SerumC-reactive protein (CRP), IL-6,
IL-8,and TNF-a were found to be higher in long-term residential care subjects and subjects
in short term rehabilitation care as compared to community dwellers. Functional status and
measures of frailty(e.g., Barthel Index of Activities of Daily Living, Functional
Independence Measure, Geriatric Depression Test, Charlson index of co-morbidity, and
mini-mental status exams) showed evidence for impaired function and increased
frailtyamong the long-term residential care subjects compared to all other groups(30).
Overall, site of residence and diet were associated with patterns of intestinal microbiota that
also correlated with systemic inflammation and functional impairment (Table 2). Although
these associations are without proven cause and effect, one could hypothesize that changes
in diet might influence the microbiota and functional capacity of older adults.

Studies onthe island of Sardinia reveal a geographic region that is distinguished by
unusually high numbers of centenarians who eat a simple Mediterranean diet(31). The NU-
AGE project was designed to determine whether the Mediterranean dietcan affect the
process of inflamm-aging, the microbiota, and functional status. This ongoing study includes
1,250 older individuals, aged 65-79 years, from Europe. For one year, half the cohortis
designed to ingest the Mediterranean diet and half ingest their normal diet. Investigators will
determine whether the Mediterranean diet changes the gut microbiota, inflammatory
markers, metabolic signatures, and functional status, compared to a normal diet among older
adults (32).

The Role of the Microbiota in Clostridium difficile colitis in Older Adults

Perturbation of the gut microbiota (i.e., dysbiosis) may have implications in many infectious
disease processes of older adults, particularly Clostridium difficile colitis. The association of
Clostridium difficile infection (CDI) with preceding antibiotic exposure suggests that the
intestinal microbiota are altered and predispose the patient to Clostridium difficile
colonization, toxin production and disease when exposed to the pathogen(33). Older adults,
aged 65 and older, account for the majority of morbidity and mortality associated with CDI
(15), and CDI is a common cause of acute diarrhea among nursing home residents. The high
burden of CDI among older adults likely relates to their contact with healthcare
environments (e.g., hospitals, nursing homes) where they are exposed to both antibiotics and
Clostridium difficile spores. Antibiotic treatment of an initial episode of CDI (e.qg., with oral
metronidazole or vancomyecin) results in recurrent disease in up t035% of patients.
Manipulation of the fecal microbiota by fecal transplantation from healthy donors is a
plausible approach for recurrent disease refractory to repeated antibiotic treatment(34). A
recent randomized trial showed that fecal microbiota transplantation (FMT) was effective in
the therapy of recurrent CDI. Forty-three patients were randomized to receive either FMT
plusoral vancomycin treatment for 4-5 days, oral vancomycin treatment for 14 days alone, or
oral vancomycin treatment for 14 days plus bowel lavage on day 4 or 5. Enrolled subjects
included older adults with a mean age of > 65 years in all three treatment arms. The primary
endpoint was cure without evidence for relapse within 10 weeks of treatment initiation. The
infusion of donor feces plus oral vancomycin treatment was found to be superior toboth
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regimens of vancomycin without donor feces infusion(35). The diversity of the fecal
microbiota was low in subjects before fecal infusion, but it approached the diversity of
donor microbiota two weeks after fecal infusion.

Recently published results from an animal model showed that a phylogenetically diverse
mixture of 6 bacterial strains (selected among the phyla of Firmicutes, Bacteroidetes, and
Actinobacteria) cured C. difficile colitis in mice and caused expansion of healthy
commensals(36). Data from the human trial and mouse model support the concept that
manipulating the intestinal microbiotaby adoptive bacteriotherapyis a plausible strategy to
reconstitute the intestinal microbiota and preventre current CDI among older adults.

The Role of the Microbiota in Other Chronic Conditions of Older Adults

The microbiota have been implicated in other physical conditions that affect older adults.
Menopause is often accompanied by vulvovaginal atrophy, a syndrome that consists of
vaginal dryness, soreness, and dyspareunia. Studies of the vaginal microbiota in postmen
opausal women reveal that vulvovaginal atrophy is associated with a low abundance of
Lactobacillus (which normally dominates the vaginal flora) and high bacterial diversity(37,
38). Intake of oral lactobacilli may play a role in restoration of vaginal flora as suggested by
a small, randomized controlled study in postmen opausal women (39). Restoration of
vaginal flora may improve symptoms of vulvovaginal atrophy, but requires further
investigation.

Multiple reports suggest that intestinal microbiota play a role in the development of colon
cancer, a common disease among older adults(40). Genomic analysis of the microbiota of
colon carcinomas and adenomas show an enrichment of Fusobacterium species compared to
matched non-cancerous tissue samples(41-43). Patients with colorectal cancer, and colon
adenomas, also show enrichment of Fusobacterium species in stool samples(43).In a study
comparing stool microbiota of subjects with and without colon cancer, a decrease in butyrate
producing bacteria and an increase of opportunistic pathogens were noted in subjects with
colon cancer(44). These changes are hypothesized to contribute to the inflammatory
environment that may promote tumorigenesis.

The microbiota may also play a role in cardiovascular disease among older adults. The
association between periodontal infection and cardiovascular risk is well established in the
literature (45). Increased burden of periodontal disease-causing bacteria in the oral cavity,
commonly seen among older adults including nursing home residents, is associated with
both increased carotid intima media thickness and hypertension (46, 47). Evaluation of the
microbiota in the oral cavity and atherosclerotic plaques of subjects with atherosclerosis
(compared to healthy controls) shows that the relative abundance of bacterial phyla seen in
atherosclerotic plaquescorrelated with the bacterial phyla seen in the oral cavity(48).
Production of trimethylamine-N-oxide (TMAQ),a pro-atherosclerotic metabolite of
phosphatidylcholinein the intestine, has also implicated the gut microbiota in cardiovascular
disease. Among a cohort of 4007 subjects with a mean age of 63 years, higher baseline
plasma levels of TMAO were predictive of increased cardiovascular events after adjustment
of standard risk factors. These data suggest a link between the metabolism of gut microbiota
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and cardiovascular disease(49), which may have new implications for treating
cardiovascular disease in the future.

Overall, the microbiota have been linked to a number of disease processes, both infectious
and degenerative, that affect older adults. Current data only describe associations; further

investigationis required to assess cause and effect link and whether intervention strategies
are effective.

Overall Conclusions

Elie Metchnikoff theorized in the early 20t century that the process of aging was the result
ofreactive phagocytes destroying healthy tissueas a response to autotoxins in the intestine.
He believed that aging could be delayed by manipulation of the intestinal flora with daily
ingestion of yogurt(50). The human immune system is likely influenced by the gut
microbiota, and their interaction plausibly contributes to the process of inflamm-aging.
Ongoing studies suggest that dietis associated with both the gut microbiota andsystemic
inflammation with an impact on functional status of older adults. Future studies are needed
to determine a causal relationship.

The complex relationship between humans and the one trillion bacterial microbiota that
form our microbiome remains largely unexplored. The implications for medicine are
provocative, since it is likely that our complex symbiosis affects every aspect of health.
Manipulating the intestinal microbiota and microbiome may be beneficial for maintaining
health and treating disease, particularly among older adults. The relationship between the
microbiome of other human ecological niches (e.g., oral cavity, skin, vagina) and the
development of other clinical diseases that are common among older adults (e.qg.,
pneumonia, urinary tract infection, reactive airways disease, and other malignancies) remain
important areas of future study.
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Association Between the Microbiome and Clinical I1ssues Impacting Older Adults.
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Table 1

Predominating Phyla of Specific Human Habitat

Body Habitat

Mouth
Gut
Skin
Vagina

Predominating Phylaa

Firmicutes (e.g., Sreptococcus) >Proteobacteria (e.g., Haemophilus), Bacteroidetes (e.g., Prevotella)
Bacteroidetes (e.g., Bacteroides), Firmicutes (e.g., Streptococcus)

Actinobacteria (e.g., Propionibacterium) >Firmicutes (e.g., Staphylococcus)

Firmicutes (e.g., Lactobacillus)

Predominating Phlya of Specific Body Habitats (adapted from references 8, 9).

a . . L . . .
Respective genera in dominating phyla are listed in parenthesis.
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Table 2

Correlation of Microbiota, Diet, Inflammation, and Frailty among Older Adults

Page 12

DG1 low fat/high fiber
DG2 moderate fat/high fiber
DG3 moderate fat/low fiber
DG4 high fat/low fiber

Associations Long term care (> 6 Rehabilitation Day Hospital Community Dwellers
weeks) care (<6
weeks)
Diet Group DG3, DG4 predominate Variable® DG1, DG2 predominate DG1, DG2 predominate

Inflammatory Markers (TNF-a,
IL-6, IL-8, CRP)

Highest

Intermediateb

Intermediateb

Lowest

Functional status/Frailty

Impaired function &
frailty predominate

Intermediate®

Intermediate®

Normal function predominates

Microbiota Predominating Phyla

Bacteroidetes predominate

Variabled

Variabled

Firmicutes predominate

Contents of table are adapted from reference 30.

a_. . . . A
Dietary patterns were variable among subjects in rehabilitation care (<6 weeks).

Inflammatory markers for subjects in rehabilitation care (<6 weeks) and day hospital subjects fell in an intermediate range between levels seen in

long stay and community dwellers.

Functional status and frailty measures showed a spectrum between community dwellers and long stay subjects. Rehabilitation and day hospital
subjects showed variability of function compared to community dwellers that had a predominance of normal function and long stay subjects that
had a predominance of impaired function and frailty.

Predominance of either Bacteroidetes andFirmicutes varied among rehabilitation and day hospital subjects, compared to long stay and community
dwellers which were more defined with respect to predominance of Phyla.
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