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Nutrition and the Lifecycle

Resiliency of the Digestive System During Aging

and the Impact of Diet

Lisa M. Sanders, PhD, RDN
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Increases in life expectancy are contributing to rapid growth
in the aging population around the globe. Aging is accompa-
nied by physiological decline and susceptibility to age-related
diseases. To enable healthy aging, it is important to under-
stand the independent effects of aging on biological systems
and how comorbidities and lifestyle factors may influence the
health of these systems. The digestive system is a multifunc-
tional set of tissues and organs that not only enable the diges-
tion and absorption of nutrients, but also serves as a physical
and immunological barrier to the external environment and
the primary interface to commensal microbes. This review ex-
amined current evidence regarding the effects of aging on gas-
trointestinal function, including digestion, absorption, matility,
microbiome, and barrier function. Overall, the digestive system

Lisa M. Sanders, PhD, RDN, is a consulting scientist for Midwest Biomedical Re-
search, Addison, lllinois; and owner and principal of Cornerstone Nutrition, LLC,
Battle Creek, Michigan. Her research interests include dietary factors influencing
digestive health and nutritional benefits of grains and grain-based foods.

Shellen Goltz, PhD, RDN, is an R&D principal scientist at PepsiCo, Inc,
Chicago, lllinois.

Kevin C. Maki, PhD, is the president and chief science officer of Midwest
Biomedical Research, Addison, lllinois; and Department of Applied Health
Science, School of Public Health, Indiana University, Bloomington, Indiana.

His primary research interest is the design and conduct of randomized,
controlled clinical trials to evaluate lifestyle and pharmaceutical interven-
tions for prevention and management of chronic diseases.

L.M.S. has received research funding or consulting fees in the last 24 months
from the following: PepsiCo, General Mills, Pharmavite, Kellogg Company,
Cereal & Grains Association, and the Institute of Food Technologists. S.G. is
an employee of PepsiCo, Inc. K.C.M. has received research funding and/or
consulting fees in the last 24 months from the following: 89bio, Inc, Acasti
Pharma Inc, Beren Therapeutics, Bragg Live Products, Cargill, Eli Lilly and
Company, General Mills, Greenyn Biotechnology, Hass Avocado Board, Indiana
University Foundation, Matinas BioPharma, Medifast, National Cattlemen's Beef
Association, National Dairy Council, Naturmega, New Amsterdam Pharma,
PepsiCo, and Pharmavite. The views expressed in this report are those of
the authors and do not necessarily represent position or policy of PepsiCo,
Inc. This research was funded by PepsiCo, Inc. The sponsor contributed to
the conceptualization of the study and provided feedback on the final article.

Correspondence: Kevin C. Maki, PhD, Department of Applied Health Science,
Indiana University School of Public Health—Bloomington, 1025 East 7th St,
PH 111, Bloomington, IN 47401 (kcmaki@iu.edu).

Copyright © 2023 The Authors. Published by Wolters Kluwer Health, Inc.
This is an open-access article distributed under the terms of the Creative
Commons Attribution-Non Commercial-No Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to download and share the work provided
it is properly cited. The work cannot be changed in any way or used com-
mercially without permission from the journal.

DOI: 10.1097/NT.00000000000006 16

Volume 58, Number 4, July/August 2023

is quite resilient to the normal aging process with comorbidities
and other lifestyle factors contributing to most digestive health
issues associated with aging. Emerging research on the gut
microbiome and barrier function suggests an important role
for the digestive system in the etiology of many age-related dis-
eases and demonstrates how diet may be able to modify the
effects of chronic diseases. Nutr Today 2023;58(4):165-174

INTRODUCTION

Currently, it is estimated that 9% of the global population is
65 years or older, and this percentage is expected to almost
double by 2050." Further, if fertility rates continue to decline,
it is expected that by 2100 there will be 50% more adults
older than 80 years than children younger than 15 years
around the globe.? Age-related diseases account for more
than 50% of the global burden of disease, with a higher
prevalence of these diseases in developed countries.® Thus,
maintaining health during aging is a public health priority
with important social and economic consequences.

Of particular importance is the health of the digestive sys-
tem, as it is critical for the nourishment of the body, serving as
the primary site of digestion and absorption of nutrients and
water. It also serves as the first line of defense against ingested
microbes and toxins by creating a barrier of entry into the
body as well as an acidic environment in the upper intestine
(eg, stomach pH approximately 1.5-2.0) to neutralize poten-
tially harmful bacteria.

The digestive system is also inhabited by commensal
microorganisms, particularly in the large intestine where
the pH is higher (eg, 5.4-6.9), which have the potential to
influence host physiology and impact the aging process. Al-
though it has long been known that these microbes are capa-
ble of digesting food components that humans cannot, results
from emerging research suggest these microbes and their func-
tional potential may play an even larger role in host physiology
and metabolism than previously considered. Although the line
of investigation is still in its infancy, and studies in humans are
limited, preclinical models have provided potential mechanis-
tic insights into the ability of the microbiome to influence
the aging process through impacts on barrier function, im-
mune function, and cellular metabolism,® which will be
discussed in more detail in later sections.
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The health of the digestive system is key to the health of
the entire body, and it is therefore important to understand
how the function and physiology of the digestive system
change during aging. This can prove challenging with
coexisting conditions associated with aging, such as chronic
inflammation or medication use, which can have secondary
effects on the digestive system, independent of aging. Fur-
thermore, understanding the role of environmental and life-
style factors, such as diet, may provide a way to modify the
ormal progression of aging to favor prolonged health.

Several reviews have been written on the impacts of diet
and/or aging on various components within the digestive
system, but few reviews examined the intersection of aging
and diet on the digestive system as a whole. This review of
reviews will discuss physiological and functional changes
to the digestive system during healthy aging and the poten-
tial impact of diet on these changes.

>

Multiple factors, including comor-
bidities and medication use, can put
older adults at risk of nutrient insuffi-
ciency through negative impacts on

digestion and absorption.

v)

igestion and Absorption in Aging

urrent evidence suggests nutrient digestion and absorption
re well-maintained during healthy aging with possible small

changes that may not be clinically significant (Table 1). How-

ever, comorbidities and medication use, common in the
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aging population, can negatively impact digestion and
absorption, placing older adults at risk of nutrient insuffi-
ciency. The major factor impacting nutrient adequacy is
the decline in food intake that naturally occurs during the
aging process, frequently termed the “anorexia of aging.”
Food intake begins to decline during the fourth decade,
and studies suggest energy intake is 16% to 38% lower in
healthy individuals in their 70s compared young adults.*”
The primary physiological mechanisms driving the reduction
in intake are reduced energy requirements, as physical activity
and resting metabolic rate decline, and an apparent increased re-
sponse to inhibitory satiety signals.>” For example, older individ-
uals report greater satiety than younger individuals when pro-
vided the same preload.® Further, young people who are under-
fed develop hyperphagia that is not observed in underfed older
individuals.® As aging progresses, diminished taste and smell
reduce the enjoyment of food, further contributing to re-
duced intake. Poor dentition, swallowing difficulties, medica-
tions (including antidepressants and antineoplastics), and co-
morbidities, such as cancer or dementia, can exacerbate poor
food intake in the elderly. Thus, adequate digestion and
absorption are critical during aging as food intake declines.

Digestive secretions, such as gastric acids, pancreatic en-
zymes, and bile acids, do not appear to change substantially
with healthy aging.” "' Imaging studies suggest the size of
the pancreas begins to decline after age 60 years, but this is
not necessarily associated with a decline in pancreatic function,
particularly for healthy individuals.'*™? There are also no known
age-related impairments in bile acid secretion."

However, comorbidities are more common in the ag-
ing population, such as cholelithiasis (gallstones),
Helicobacter pylori infections, and medications, including
proton pump inhibitors, can impact digestive secretions.

L-:ITRN Effects of the Normal Aging Process on Digestion, Absorption, and
Gastrointestinal Motility

Gastrointestinal Function Effect of Aging
Digestive secretions (eg, gastric acids, bile acids) No change
Carbohydrate digestion and absorption No change

Possible lactase nonpersistence

Protein digestion and absorption

Possible decline in elderly

Lipid digestion and absorption

Possible small decline

Micronutrient digestion and absorption

No change

Esophageal motility

Decreased peristaltic contractility
Relaxation of lower esophageal sphincter

Gastric motility

Possible slower gastric emptying

Small intestinal motility

Unchanged

Colonic motility

Possible longer transit time
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The prevalence of cholelithiasis in individuals older than
65 years is 15% to 25% and can lead to complications in bile
acid release. Prolonged use of proton pump inhibitors for
conditions such as gastroesophageal reflux disease (GERD)
has been shown to lead to hypochlorhydria or achlorhydria,
which can reduce the bioavailability of micronutrients, such
as folic acid, iron, and vitamin B;,>%' In fact, vitamin By,
malabsorption resulting from hypochlorhydria impacts up
to 30% of older adults, and B vitamin insufficiency (B;, and
folate) has been linked to increased risk of stroke and risk
of fractures.™ A reduction in gastric acid can also lead to small
intestine bacterial overgrowth (SIBO) as the bacteria are
allowed to pass into the small intestine and colonize. Small in-
testine bacterial overgrowth can further exacerbate vitamin
B, deficiency as the bacteria utilize vitamin By,, leaving less
for absorption.'* Small intestine bacterial overgrowth is more
prevalent in the elderly, particularly those in long-term care
facilities, but even among healthy elderly in the United
Kingdom, the prevalence was reported to be 14.5%.”'

Macronutrient digestion and absorp-
tion remains fairly stable throughout

the healthy aging process.

Absorption of macronutrients also seems to be well maintained
during healthy aging. Carbohydrate digestion and absorption
do not appear to be altered during aging, even into advanced
age ® although the research in this area is outdated. While re-
sults from some studies have suggested a possible decline, it
is unclear if this is truly a function of digestion and absorp-
tion or age-related declines in gastric emptying.>®

Older individuals may experience impairments in lac-
tose digestion due to a reduction in lactase activity, also known
as lactase nonpersistence.>'%1>1° Lactase nonpersistence gener-
ally increases in adulthood and may also appear secondary to
gastrointestinal infections that disrupt the gut barrier, yet not
all individuals will experience digestive symptoms, such as
bloating or flatulence, with consumption of lactose. In addi-
tion, many adults who self-report lactose intolerance show
no evidence of lactose malabsorption when breath hydro-
gen is measured.’>!® The amount of lactose consumed
may also be important as one study that administered lactose
based on body weight did not find a difference in digestive
symptoms between young and old individuals with lactase
nonpersistence.'® Some studies have proposed that starch di-
gestion is impaired in the elderly, but these studies have pri-
marily used breath hydrogen tests, which can be influenced
by undiagnosed SIBO in elderly subjects; thus, it is unclear
if starch digestion is impaired in healthy aging.®

There is also little evidence of impaired protein digestion
and absorption during the normal aging process. Older studies
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evaluated nitrogen excretion in the feces as an indirect measure
of protein digestion and absorption, and at low to high in-
takes (0.4-1.6 g/kg per day), no age-related differences
were observed.® More recent studies, using proteins with in-
trinsically labeled amino acids, have reported no difference
in protein digestion and absorption in young (mean + SEM,
23 + 1 years) versus older (64 + 1 years) men'’; however, a
similar study in elderly men (mean + SEM, 75 + 1 years)
showed a decrease in protein digestion and absorption com-
pared with young men."®

There is a decline in muscle protein synthesis with ag-
ing, and the prevalence of sarcopenia increases with age,
which can contribute to falls, physical disabilities, and poor
quality of life.'” Thus, adequate dietary protein intake and
exercise are critical for the maintenance of muscle mass in
the aging population. However, most of the decline in
muscle protein synthesis with aging is likely due to ana-
bolic resistance (a lack of muscle protein synthesis even
with stimuli such as dietary protein and exercise) rather
than inadequate absorption of amino acids.'” This is sup-
ported by data showing an increase in amino acid intake
(and consequently absorption) or resistance exercise can
improve the anabolic response to dietary protein in aging
individuals.®® Still more studies are needed to evaluate
age-related changes in protein digestion and absorption,
particularly in the elderly, and if this may contribute to an
increased need for protein during aging.

Lipid digestion and absorption appear to be generally
well preserved; however, some reports suggest a decline
with aging. > Most studies on lipid absorption in older individ-
uals are dated and used primarily indirect measures of fat ab-
sorption, such as fat-soluble vitamin absorption and fecal fat
content. Studies analyzing fecal fat show no to small de-
clines in fat absorption in older adults, whereas studies of
fat-soluble vitamins show no impact on digestion and absorp-
tion, but potential issues with chylomicron clearance and lipo-
protein metabolism that could impact vitamin status.® For ex-
ample, older adults clear vitamin A—containing chylomicrons
half as quickly as younger adults, suggesting impairments
in chylomicron clearance or lipoprotein lipase activity.**

Similar to macronutrients, micronutrient absorption is
resilient to the effects of age, with most micronutrient in-
sufficiencies resulting from inadequate intake and concur-
rent diseases or comorbidities.>'*!? For example, vitamin
B, insufficiency is more frequent in aging individuals, but
is primarily driven by hypochlorhydria or achlorhydria
secondary to medications or competition from bacteria in
SIBO.%'%M Hypochlorhydria may also contribute to de-
clines in mineral absorption, such as iron and calcium,
which require acid to maintain these minerals in their most
bioavailable form. For example, gastric acid helps keep iron
in the ferrous form (Fe*"), which is more bioavailable than
the ferric form (Fe®"). There is some evidence that calcium
uptake in the intestine may decline with age, particularly
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in individuals older than 75 years, but results in humans are
inconsistent.** Vitamin D deficiency, also common in older
individuals, may be due to decreased absorption, but re-
searchers speculate it is likely a decrease in skin cholecal-
ciferol production or reduced conversion that is a more
likely factor.*

Current research suggests that con-
current disorders or medications may
play a bigger role in decreased gastro-
mntestinal motility and transit rate

rather than the normal aging process.

Gastrointestinal Motility and Transit

It has long been considered that gastrointestinal motility
and transit rate decline during the aging process, primarily
because of the increasing prevalence of disorders, such as
dysphagia, GERD, dyspepsia, and constipation. However,
clinical evidence suggests concurrent disorders or medica-
tions may play a bigger role in this pathology than the
normal aging process (Table 1).

In the upper intestine, evidence suggests that esopha-
geal motility may be impaired with aging, but data are con-
flicting and depend on the outcome measured. A recent
study in healthy adults ranging in age from 20 to 80 years
showed no significant impact of age on total esophageal
transit time for thickened foods (eg, nectar and pudding).*
Others have also shown no differences in overall transit time,
but a recent systematic review and meta-analysis showed the
most common age-related changes were a decrease in peri-
staltic contractility in the distal esophagus as well as a reduc-
tion in the relaxation of the lower esophageal sphincter,*
both of which would seem to contribute to GERD. Gastro-
esophageal reflux disease is more prevalent in the aging
population, with estimates ranging from 15% to 40% of in-
dividuals 50 years or older.”*> However, a recent epidemi-
ologic study in the United States revealed a significant in-
crease in the prevalence of GERD in populations between
30 and 39 years of age, whereas the prevalence remained
the same in older individuals.?® Thus, although physiolog-
ical changes during aging may contribute to GERD, it seems
other factors beyond the normal aging process may also
play a role in the development of GERD.

Gastric motility and small intestinal motility do not ap-
pear to be independently altered by age.”'*"*® Although
results from some studies suggest gastric emptying may be
slower in older individuals, the data are conflicting and may de-
pend on the composition of the meal or the methodology used
to measure motility. For example, a high-fat meal has been
shown to slow gastric emptying in older adults, but other
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studies with mixed meals or liquids have shown no difference
in gastric emptying between healthy older and younger
subjects. !

There have also been mixed results on the independent
effects of aging on colonic transit, with some studies show-
ing longer transit times in older individuals, whereas others
show no significant changes.”*~*° However, several fac-
tors associated with aging, such as medication use (eg, opi-
oids), low physical activity, and low dietary fiber intake,
have been shown to slow transit.”?”#*3° These factors, as
well as changes in anorectal physiology associated with ag-
ing, are proposed to be the primary reasons for increased
prevalence of constipation in the aging population. Recent
studies have also suggested neurodegenerative changes in
the enteric nervous system may contribute to changes in in-
testinal motility in older individuals, but findings have been
inconsistent, and more research is needed.?®?132 Endocrine
disorders associated with aging, such as type 2 diabetes and
hypothyroidism, have been shown to decrease gastric and
intestinal motility, which may partially explain changes in
gastrointestinal motility with age.*”

Gut Microbiota Populations and Function
Although older studies evaluated the effects of aging on
gastrointestinal digestion, absorption, and motility, recent
studies have focused more often on changes to the gut
microbiome with aging. Human microbiome research is a
rapidly advancing field, and although many studies have
evaluated changes in the microbiome with aging, there is
still a lack of framework to determine how these changes
are associated with overall health. For example, many stud-
ies and reviews discuss “age-related dysbiosis,” yet there is
no accepted characterization of healthy microbiota. Thus,
determination of dysbiosis is often predicated upon as-
sumptions of what characterizes a healthy microbiome. Fur-
thermore, if microbiome changes are a result of the natural
aging process or if the aging process causes changes in the
gut microbiome is also unknown. Therefore, much more re-
search is needed in this area before strong conclusions as
to the effects of aging on the microbiome, or vice versa,
can be reached.

It is becoming more evident that gut microbiota play an
important role in human physiology. The gut microbiota
can harvest energy from food components that our diges-
tive enzymes are incapable of degrading, synthesize vita-
mins, and suppress the colonization of harmful bacteria. >
The microbiota may also play a role in the development of
gut immune function and maintenance of the gut bar-
rier.>>3537 For example, in germ-free animals, there is a re-
duction of gut-associated immune cells and impairments in
lymphoid structures, which are restored when the animals
are treated with commensal microbes.™ Results from studies
suggest that the microbiome in early life is highly dynamic,
but a core microbiome is established in childhood, which

Volume 58, Number 4, July/August 2023
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appears to remain stable, with possible subtle changes,
into adulthood.>*>3% However, as aging continues, some,
but not all, studies have shown a loss of microbiota stabil-
ity, changes in the balance of microbiota populations, and
increases in opportunistic pathogens.**2>3- Interest-
ingly, this appears to be highly individualized and may
be more related to physiological age than chronological
age. Furthermore, geography may be an important factor
as studies in different countries have reported different ef-
fects on the microbiota in aging individuals.**

The most frequent changes to the microbiota observed
during aging include changes in composition and meta-
bolic function and in the diversity of the microbiota. A re-
cent systematic review evaluated 27 studies in humans that
qualitatively compared changes in gut microbes and mi-
crobial functions between young and old individuals.** In
some studies, older individuals could be separated into no-
nagenarians (90-99 years) and centenarians (100+ years)
and “younger-old” adults (60-89 years), whereas young
adults were typically 20 to 50 years of age. The authors
evaluated changes in alpha diversity (within-sample), beta
diversity (between-sample), microbiota composition, and
microbial metabolic activity. They concluded that alpha di-
versity increases with aging; however, several authors re-
ported no change in alpha diversity, and most of the stud-
ies finding a significant increase were comparing nonage-
narians and centenarians to younger-old or young adults.
Indeed, several other reviews have reported an increase
in diversity in centenarians, and they are often considered
a model of healthy, successful aging, whereas data in frail
elderly tend to show a decline in alpha diversity ***' Beta
diversity results showed a more consistent difference be-
tween younger and older adults, although a few publica-
tions reported no significant difference.*® Changes in micro-
bial populations were less consistent because of differences
in taxonomic levels examined between studies.

At the phylum level, several studies showed a decrease
in Firmicutes and an increase in Proteobacteria in older in-
dividuals, but this was not consistent across all studies, and
changes in Firmicutes appeared to be somewhat depen-
dent on living conditions. At the genus level, more consis-
tent results were observed, with most studies reporting an
increase in Akkermansia and a decline in Faecalibacterium
with aging. Increases in Akkermansia may be considered
beneficial as certain species, such as Akkermansia
muciniphila, have been associated with improvements in bar-
rier function in animal models.*?

However, Faecalibacterium are well-known producers
of the short-chain fatty acid (SCFA), butyrate, an important
energy source for the intestinal cells and with potential
anti-inflammatory properties; thus, a decline with aging
may not be desirable.** Unsurprisingly, the systematic re-
view also reported a decreased capacity to produce SCFAs
in older individuals. Two studies that evaluated centenarians

Volume 58, Number 4, July/August 2023

reported an increased functional capacity to produce SCFAs,
again suggesting that the oldest-old may be a representation
of healthy, successful aging. One of the strengths of the review
was the inclusion of studies using high-throughput sequencing
methods, which have been shown to be more accurate than
older sequencing methodologies.*>* However, an important
limitation is the inclusion of studies with individuals having co-
morbidities and recent antibiotic use, which may alter microbi-
ota and microbiota function independently from age. Accord-
ingly, these findings may not be reflective of the natural ag-
ing process, but rather associated with comorbidities or
medication use during aging. Furthermore, although data
from centenarians appear promising for the study of healthy
aging, it is unclear if these findings are due to the aging pro-
cess or an indication of other healthy lifestyle factors, such
as physical activity or a prudent diet.

Gut Permeability and Barrier Function

The intestinal tract is the first line of defense against patho-
gens and toxins encountered in the lumen, while also serving
as the site of absorption of nutrients in the diet. Thus, there is
a critical balance that must be maintained to ensure optimal
nutrient absorption while preventing the translocation of
pathogens and toxins. A loss of this balance can lead to an in-
vasion of pathogenic bacteria and toxins across the epithelial
barrier triggering an enhanced inflammatory response. Dam-
age to the intestinal barrier has been linked to inflammatory
bowel disease, celiac disease, and leaky gut.**

The gut barrier is composed of the intestinal epithelial cells
and their intercellular junctions, which provide a physical bar-
rier as well as limiting paracellular passage of large molecules
(>20 kDa) and bacteria across the epithelial layer.*>*> Within
the epithelium, goblet cells secrete mucus, which forms an ad-
ditional barrier between the luminal contents and epithelial cell
surface. In addition to a physical barrier, the gut-associated
lymphoid tissue provides an immune barrier to pathogens. **
Paneth cells in the epithelial layer secrete antimicrobial com-
pounds, and B cells in the lamina propria secrete immunoglob-
ulin A (IgA), both of which prevent adhesion of pathogenic
bacteria to the epithelial cells.”® Emerging evidence suggests
the commensal microbiota also play a critical role in the main-
tenance and health of the gastrointestinal barrier through
nourishment of the epithelial cells and the generation of
molecules that strengthen the epithelial barrier.>*

Despite the importance of this barrier, there are relatively
few studies in humans evaluating changes in intestinal perme-
ability with aging. Studies in multiple animal models, including
nonhuman primates, have shown an increase in intestinal per-
meability with aging (Table 2).%%%7 This may be partially due
to intestinal stem cell exhaustion leading to an inability to repair
damaged tissue, thus increasing permeability.®* Investiga-
tions in nonhuman primates have shown reduced expression
of proteins critical for intercellular tight junctions, such as
zonulin and occludin, and an increased permeability to larger
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molecules in older animals.” However, studies in humans have
shown no changes in the expression of these proteins or
changes in permeability to large molecules with age. 4747

An interesting study in mice showed that aging may also
impair the ability to recover from a disruption in the intes-
tinal barrier. Young mice were able to recover quickly from
an insult to the gastrointestinal barrier, but aged mice did
not recover and developed sepsis from bacterial transloca-
tion.* The inability to repair the intestinal barrier has been
linked to inflammatory bowel disease, leaky gut, and celiac
disease. The effect of aging on restoration of the intestinal
barrier has not been evaluated in humans.

Changes in the thickness of the mucus layer do not
seem to occur in older adults, but this has been evaluated
only in the small intestine.*” Similarly, rodent models have
shown a small increase in the number of goblet cells in the

ileum of aged mice, suggesting an increase in mucus pro-
Qo

duction with age. However, in rodent models of acceler-
ated aging, old animals have been shown to have a thinner
colonic mucus layer compared with younger animals.?’
Whether these changes also occur in the human colonic
mucus layer has not been confirmed.*

Alterations to the secretion of antimicrobial compounds
and IgA with aging have also not been well-characterized
in humans but have been studied in animal models. Some
studies in rodents and nonhuman primates have shown a
decline in intestinal IgA with aging in response to an anti-
gen challenge, but other studies have shown no change
and even an increase in IgA.%’47 Rodent models have also
shown mixed effects for antimicrobial compounds with a
decline in the expression of some proteins, whereas others
are increased.”’ Interestingly, studies in germ-free mice have
shown an alteration in the maturation of the gut-associated
lymphoid tissue with significantly fewer IgA-secreting B
cells, suggesting the microbiota may play a critical role in
the development and stimulation of immune defenses in
the intestine.’*>! Thus, if there are changes to the intestinal
barrier with aging, it may be a consequence of changes in
the gut microbiota. However, the directionality of a potential
causal relationship may be difficult to tease out in humans.

As noted previously, changes in the intestinal microbiome
may occur during aging, and several researchers have sug-
gested that these changes can have a substantial impact on
gut barrier function.*¥%>! For example, animal studies have
shown the SCFA, butyrate, to reduce paracellular permeabil-
ity by enhancement of tight junctions, and in vitro studies sug-
gest butyrate can induce the production of mucus by goblet
cells and regulate T-cell differentiation. >*3%445%5! yet several
studies in humans have shown Faecalibacterium and other
butyrate-producing bacteria to decline with aging,*3>4%>!
Therefore, it can be hypothesized that a reduction in these
bacteria with aging may lead to an increase in gut perme-
ability. In addition, an increase in certain Proteobacteria
during aging™ may lead to an increase in lipopolysaccha-
ride production, which can trigger the expression of in-
flammatory cytokines in the intestine.>*>!

Currently, some of the best evidence for the impact of
the gut microbiota on barrier function during aging comes
from germ-free rodent models. When young, germ-free
mice are housed with aged conventional mice, they de-
velop an increase in intestinal permeability and inflamma-
tion, which is not seen when cohoused with young mice.**
Similar results were reported when young germ-free mice
were transplanted with microbiota from aged mice.* Fur-
thermore, young, germ-free mice transplanted with micro-
biota from aged mice sometimes show a decline in butyrate
and other SCFA production,>* although this has not been
shown consistently.”® However, these results should be
interpreted with caution, and some researchers have advised
against overextrapolation of animal data to infer causality.”

Further research in humans 1is
needed to confirm changes in intesti-
nal barrier permeability and function

seen in animal models.

Effects of Aging on the Intestinal Barrier in Preclinical Models

Components of the Intestinal Barrier

Effects of Aging in Preclinical Models

Confirmed in Humans

Epithelial cells and intercellular junctions Increase in paracellular permeability No
Reduced expression of tight junction proteins No
Mucosal layer Uncertain No
Antimicrobial compounds and immunoglobulin A | Uncertain No
Commensal microbiota Butyrate increases tight junctions No
Declines in butyrate-producing bacteria Yes
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Potential Impact of Diet on Digestive Changes
With Aging

As previously discussed, lifestyle factors, such as diet, can play
a role in digestive health, so several studies have focused on
dietary patterns and components that promote the health of
the intestine. This includes plant-based, high-fiber diets, as
well as probiotics and prebiotics, targeting the health of the
large intestine. Emerging research on plant polyphenols
suggests these compounds may also contribute to the
health of the intestine.”®

Dietary fiber and fiber supplements are often the first line
of treatment for older individuals experiencing a decline in
stool frequency or constipation. Several systematic reviews
and meta-analyses have shown certain dietary fibers, such
as cereal fibers, beta-fructans, and vegetable fibers, to be
moderately effective in the treatment of chronic constipation
and to also improve stool frequency and transit time in indi-
viduals experiencing slower than normal transit times. >
However, when the etiology of constipation is due to medica-
tions or changes in anorectal physiology, there is less likely to
be a benefit of fiber. Medications, such as anticholinergics or
opioids, reduce peristalsis and colonic propulsion, which is
unlikely to be changed by the addition of bulk with fiber.%"*
In these cases, it is preferred to change the medication, if pos-
sible. Changes in anorectal physiology, such as impaired rec-
tal sensation and decreased rectal compliance, are not a result
of impaired transit and thus unlikely to be changed with fiber
intake.”#”*’ Some probiotics have also been evaluated for
their ability to improve laxation and treat constipation. A sys-
tematic review reported probiotics were efficacious for the
treatment of constipation in elderly individuals, but the re-
view included only four randomized controlled trials and five
observational studies, which varied greatly in populations,
probiotic strain, study duration, and study quality, so addi-
tional clinical trials are needed on specific probiotics in older
populations.®!

More recent research has evaluated the role of diet on gut
microbiota composition and metabolism, as well as the im-
pact to barrier integrity and inflammation. Plant-based diets,
particularly a Mediterranean diet pattern, have received con-
siderable attention as studies have shown a reduced risk of
chronic diseases and conditions, such as cancer, metabolic
syndrome, and cardiovascular disease, and improvements
in associated risk factors.”*** Because plant-based diets
are typically higher in dietary fiber, a major nutrient source
for the gut microbes, some have hypothesized that the ben-
efits of plant-based diets may be mediated through changes
in the microbiome and impacts on inflammation.®>%>% Yet,
only a few studies have evaluated this hypothesis. Although
initial study results are promising, showing an increase in
butyrate-producing bacteria, such as Faecalibacterium
prausnitzii and Roseburia, and increases in fecal SCFAs, %72
not all studies with plant-based diets show a change in the
microbiota.”"”?
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Furthermore, few studies have evaluated the effects of a
plant-based diet in older adults”""?; thus, further investiga-
tions in this population are needed. Studies on dietary fiber
interventions, rather than a plant-based diet per se, are more nu-
merous and show an increase in certain beneficial bacteria and
fecal butyrate levels.”*” However, most of these studies are on
isolated fructans and oligosaccharides (also considered prebi-
otics); thus, these results may not apply to a diet rich in a variety
of fibers from multiple food sources. Dietary polyphenols,
contained in a variety of plant foods, may be able to influence
the gut microbiota. Findings from recent systematic reviews
and clinical trials suggest polyphenols, such as anthocyanins,
proanthocyanins, catechins, and isoflavones, may act as
prebiotics by selectively stimulating the growth of benefi-
cial microbes and increasing the production of SCFAs.>7®

Although most of the work is preclinical, at least one
clinical study reported a polyphenol-rich diet (approxi-
mately 750 mg polyphenols per day from foods such as blue-
berries, pomegranate, green tea, and dark chocolate) for
8 weeks, compared with a normal diet, with half the polyphe-
nol content, was able to increase butyrate-producing bacteria
and reduce serum zonulin (an indirect marker of intestinal
permeability) in elderly individuals diagnosed with “leaky
gut” as determined by elevated serum zonulin levels.”

Fewer dietary studies have specifically targeted changes in
intestinal permeability, choosing more often to focus on
changes in microbiota. However, some authors have sug-
gested high-fat or Western-style diets may contribute to a de-
cline in gut barrier function by disrupting tight junctions, gener-
ating proinflammatory cytokines, and promoting microbiota
that degrade the mucus barrier.”””® Although most of the evi-
dence is in i vitro and animal models, some studies in
humans have shown elevations in gut-derived lipopolysaccha-
ride in the serum during high-fat diets, compared with low-fat
diets, indicative of an increase in intestinal permeability.”® More
research is needed in this area, particularly on diets and dietary
components that may enhance the intestinal barrier. In addi-
tion, studies comparing older and younger individuals are
needed to determine the interaction of diet and aging on in-
testinal permeability.

While a plant-based, high-fiber diet,
and the addition of polyphenols, prebi-
otics, and probiotics may have benefi-
cial health effects, further research in
humans is needed to confirm the effect
of these dietary factors on the gut mi-
crobiota and intestinal permeability.
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CONCLUSIONS

As advances in medicine have enabled people to live lon-

ger

, it is now critical for research to focus on extending the

quality and not only the length of life. To do this, it is imper-

ing

o ative to distinguish between the physiological effects of ag-

and senescence and the pathological effects associated

with chronic disease, lifestyle factors, or medications. Sur-

% prisingly, relatively little is known about the independent

effects of aging on gastrointestinal function. However,

g existing evidence suggests the functions of the digestive

system are incredibly resilient to the aging process, and
age-related changes are more likely subtle, whereas changes
due to lifestyle factors, comorbidities, and medications are
likely responsible for most of the digestive issues experienced
in the aging population. Thus, digestive health may be a good
barometer for overall health during aging. Emerging research
on the gut microbiome and barrier function may yield impor-
tant insights into the etiology of many age-related diseases
and enable better understanding of how diet may be able
to promote healthy aging and avoid or minimize the effects
of chronic disease. Furthermore, studies of gastrointestinal
function in healthy individuals of advanced age (eg, cente-
narians) may provide insight into the healthy aging process
as well as lifestyle factors that could contribute to improved
quality of life.
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