
Introduction

Health variability increases dramatically as age increases 
for reasons that are still undefined.  Successful aging is 
consistently associated with low inflammatory cytokine levels 
and preservation of insulin sensitivity. Chronic low-grade 
sterile inflammation is associated with age-related diseases, 
such as diabetes and cardiovascular disease, and has been 
postulated to have a central role in accelerating multi-organ 
disease (1-3) .  In elderly persons without chronic disease, 
measures of pro-inflammatory cytokine levels were higher 
in both vascular cells and serum, supporting the dogma that 
inflammation occurs with ‘normal’ aging and be involved 
in the pathogenesis of age-related diseases (4). However the 
underlying source of this inflammation has been yet to be fully 
elucidated.  Changed body composition, including greater 
visceral adiposity, has been suggested to be a common source 
of systemic inflammation in older patients (5). Interleukin 
6 (IL-6) is the inflammatory cytokine that has been most 
frequently associated with loss of health (1, 2, 6, 7). However, 
other studies have identified tumor necrosis factor-α [TNF-
α] (8) or other inflammatory biomarkers (9) as being more 
closely associated with health than IL-6. The tissue sources and 
stimuli for these cytokine profiles are multiple and still being 
characterized.

Intestinal barrier dysfunction leads to microbial 
translocation (MT) of live bacteria or bacterial products 

present in the gastrointestinal tract to extra-intestinal sites, 
thus inciting inflammatory responses through toll-like 
receptor signaling. MT biomarkers measured in the circulation 
include lipopolysaccharide binding protein 1 (LBP1) and the 
co-receptor soluble CD14, both involved in the presentation 
of antigens to toll like receptors present on most cell 
membranes. MT has been observed in healthy older people 
who were overweight and associates with higher inflammatory 
biomarkers (10-12). Recent data demonstrates that intestinal 
barrier dysfunction correlates with lifespan across a range 
of Drosophila genotypes and environmental conditions (13). 
Critically, intestinal barrier dysfunction was a better predictor 
of age-onset mortality than chronological age. The intact 
intestinal epithelium forms a selective barrier that permits 
the absorption and limits host contact with harmful entities 
including microorganisms, dietary antigens, and environmental 
toxins. 

Intestinal epithelial cells are in constant interaction 
with intestinal luminal content and contribute to host 
defense through several physical barrier and immune-
based mechanisms (14).  The mechanisms underlying 
the loss of normal intestinal barrier function with healthy 
aging are unknown. Age is known to affect the intestinal 
microbiome, and is speculated to be partly responsible for 
the increased inflammation and health decline observed in 
elderly populations (15, 16). Immune senescence, dietary 
changes, and reduced intestinal motility are other factors that 
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may contribute to the loss of barrier function and increased 
MT seen with aging (16-18). Other “environmental factors” 
such as dietary fat and fructose, and obesity are known to 
increase MT and endotoxemia and thus confound human 
studies of aging and intestinal barrier function (19-21). Using a 
monkey model of human aging, we aim to describe age-related 
changes in intestinal function and microbiome in a relevant 
animal model, not confounded by environmental influences 
such as disease, diet, or social environment.  We hypothesize 
that aged monkeys will have reduced intestinal integrity and 
therefore have evidence of greater systemic inflammation. We 
examine intestinal microbiomes and motility as factors that may 
underpin changes in intestinal barrier integrity with aging. 

Methods

Animal procedures
All study procedures were approved by and performed 

in accordance with the Wake Forest University Institutional 
Animal Care and Use Committee.  The study populations 
were sourced from a multigenerational pedigreed colony 
of vervet monkeys (Chlorcebus aethiops sabaeus).  A total 
of 44 premenopausal female monkeys were included in the 
primary study. Subsets of these animals were included in 
studies of motility, intestinal permeability, and microbiome 
differences. The age range extended from 6.1 years to 21.9 
years (maximum lifespan ≈ 27 years; Table 1). “Young” is 
equivalent to approximately 25 to 30 year old, and the “old” 
to that of 60 to 65 year old humans.  Menopause is seen rarely, 
and only at extreme ages (22). Animals were housed in indoor/ 
outdoor corrals varying from 380 to 1482 square feet with 
elevated perches, platforms, and climbing structures.  During 
blood sampling, motility assessments, and fecal collection, 
monkeys were housed singly for approximately four days.  
All monkeys were fed commercial low fat, high carbohydrate 
primate laboratory chow (Diet 5038, Lab Diet, Purina, St. 
Louis, MO) supplemented with five time weekly fresh produce 
for the duration of the primary study. The microbiome was 
determined from a subset of young and old monkeys under this 
dietary condition and a more westernized diet described below. 
All animals had ad libitum access to food and opportunities 
for exercise resulting in equivalent and stable life-long 
environmental, dietary, and social conditions.  

For blood collection, animals were fasted overnight prior to 
being sedated with ketamine and dexmedetomidine (5 mg/kg 
and 25 ug/kg intramuscularly, respectively) to enable femoral 
venipuncture.  Plasma was processed and stored at -80°C.  All 
analyses were measured by ELISA in plasma and endpoints 
included: LBP1 (Hycult Biotech, Netherlands), citrulline 
(MyBioSource Inc., San Diego CA); C reactive protein (CRP; 
ALPCO Inc., Salem, NH), IL-6 and soluble CD14 (sCD14; 
R&D Systems, Minneapolis, MN). 

All monkeys had waist circumference measured by placing 
a measuring tape around the abdomen at the level of the 

umbilicus and the circumference measured in centimeters. 
Fasting glucose concentrations were measured in all monkeys 
and insulin concentrations were available for 20 monkeys, 
enabling homeostasis model assessment index calculations. All 
endpoints were measured as previously described (21).

Intestinal motility
Twenty two monkeys were administered Barium 

Impregnated Polyethylene Spheres (BIPs) via orogastric 
intubation under ketamine and dexmedetomidine sedation.  The 
BIPs dose was confirmed  radioagraphically. Whole body serial 
radiographs were taken at 24, 48, and 72 hours post-dose and 
the number of markers counted and expressed as the percent of 
total BIPs dosed.  

Intestinal permeability
Seven monkeys (4 old and 3 young) were orally 

administered fluorescein-isothiocyanate conjugated dextran 
40kD (FITC-Dextran) to determine intestinal integrity.  
Orogastric intubation facilitated dosing of 500 mg/kg (200 
mg/mL) and was coupled with blood collection at baseline 
and at 24, 48, and 72 hours post-administration.  Fluorescence 
presence was measured in duplicate at each time point and was 
defined as being positive when the mean count was more than 4 
standard deviations above the blank.

Microbiome
Ten vervet monkeys (6 old and 4 young) from the same 

colony of vervet monkeys were moved to pair-housing for 
evaluation before and after a short-term dietary fructose 
challenge (21). They had approximately 400 grams of fecal 
material per monkey opportunistically collected at weekly 
intervals over a 5 week period. Samples were flash frozen 
in liquid nitrogen and stored at -80°C until DNA extraction. 
DNA extraction was performed via QIAGEN ® QIAmp® Fast 
DNA Stool Mini Kit and DNA quality assessed by agarose 
gel.  Eluted DNA was quantitated using UV spectrometry with 
a Nano-Drop ND-1000.  For gene sequencing, the amplicon 
primers for the 16S variable V6 regions were synthesized for 
the gene-specific region preparation of the feces. Illumina 
Nextera XT indices (Illumina Inc. San Diego, CA) were used 
for the preparation of the library from multiple pooled samples. 
16S rRNA sequences from two of the timepoints from this 
study have been previously published (21).  The details of 
methodology used for taxonomic assignment and data analysis 
are presented in the Supplementary Data file. 

Data analysis
Data are presented as mean +/- standard error of mean 

(SEM) for each group.  Group sizes for each measure are 
indicated in figure and tables. Data was analyzed for normality 
and logarithmically transformed where necessary (LBP1, 
glucose) before analysis of variance was performed to assess 
for group differences.  CRP and sCD14 data was analyzed using 
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z-scores as we utilized kits from different lots run on different 
days. Actual values for CRP and sCD14 are supplied in the 

for trends.

impaired fasting glucose (based on current American Diabetes 

and without these individuals, and outcomes were not different. 
Data shown includes raw values with all monkeys included.  
Co-varying results for body weight and waist circumference 
was also conducted and did not change any outcomes reported. 

 
Results 

monkeys were observed to be in overall good health, mobile, 
have normal appetite and fecal consistency. Redistribution 
of body fat is present as evidenced by old monkeys having 
significantly but moderately enlarged waist circumferences 

been defined as waist circumference > 40.5cm and the study 

monkeys are of normal adiposity (23). Despite their general 
good health, old monkeys demonstrate more than a 3-fold 

1A). IL-6 levels were highly variable in both age groups, and 
thus not significantly different despite a 4-fold greater group 

was seen in the old monkeys with significantly elevated LBP1, 
which is a surrogate biomarker for exposure to greater amounts 

promote innate cellular responses to endotoxin. sCD14 was 
non-significantly higher in old monkeys but there was a 
very strong positive association between LBP1 and sCD14 

positive association was present and statistically significant 
when the young and old animals are separately evaluated. 
Citrulline was evaluated as a marker of mucosal health and 
mass (24) and was not statistically different between groups. 

related barrier dysfunction, with all of the young monkeys able 
to efficiently exclude this marker from translocating from the 
intestinal lumen into the general circulation. 

Figure 1
A) C-reactive protein (CRP) concentrations in plasma of young 

Evaluation of intestinal motility revealed dramatic age-

Table 1  

N (young/old) Young Old p-value
Age (yrs) 20/24 20.3 (0.53)
BW (kg) 20/24 0.52
Waist (cm) 20/24 0.01

75.2 (15.3) 0.52
23.4 (3.40)

0.73
Interleukin-6 (pg/mL) 60.3 (51.7) 0.45
C-reactive protein (ng/L) 20/24 1.20 (0.31)
Lipopolysaccheride binding protein-1 (ng/L) 12/14 2.36 (1.13) 14.5 (4.54) 0.02
Soluble CD14 (mg/mL) 133 (70.3) 0.34
Citrulline (ug/mL) 15/17 1.71 (0.25) 0.74
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timepoints post-dosing, marker clearance was delayed in old 
monkeys. A representative radiograph at 72 hours is shown 

predominantly large bowl motility reductions with age, as 
percentage differences become more exaggerated as time 
passed and markers were retained in the colon.

Figure 2

percentage of total administered markers (depicted in B) 

0 presumed to result of unaccounted emesis/regurgitation, 

versus young monkey group at the same time point.  
B) Representative radiographic comparison of a young and old 

monkey at 72 hours post–dose

In order to determine whether age was associated with 
changes to the microbial community, we sampled 10 monkeys 
longitudinally, sampling each individual 5 times over a 
time-period of 5weeks.  As described previously (21), the 
monkeys had shared common environmental, genetic, and 
dietary life experiences prior to this experimental comparison of 
microbiomes while consuming either a control or experimental 

significant in either models built individually for animals on 

individual monkey was highly constant, with highly significant 
p-values associated with stability of the microbial community 

2 and 3).  We also found significant p-values indicating that 
the microbial community shifted with time across the entire 
population of monkeys during the course of the experiments 

indicates the presence of a modest, but statistically significant, 
degree of taxonomic drift within the small population of 

measurements of the fecal microbiome do not preclude the 
possibility that mucosal microbiome interactions do differ 
between young and the old. However, the gross equivalence in 
the fecal microbiome across age groups from these monkeys 
points to the importance that other age-related factors, such as 
intestinal motility, play in permitting microbial translocation 
and inflammation in the aged population.

Figure 3
A) Multidimensional scaling (MDS) fecal microbiomic 

profiles at the family level from old and young monkeys while 

by squares ( ) and young by triangles (
between age groups were observed. B) Multidimensional 

scaling (MDS) fecal microbiomic profiles at the family level 
from old and young monkeys while consuming a high fructose 

) 
and young by triangles (

groups were observed

Discussion 

is the first study to measure microbial translocation marker 
coincidently with motility and direct measures of permeability. 
We see evidence of microbial translocation, and permeation of 
macromolecules across the mucosal barrier without gross signs 

gastrointestinal and cardiometabolic physiologies to humans, 
and age-associated changes are present despite consumption 
of an optimized diet (low fat, few calories as simple sugars, 
and adequate dietary fiber). Consequentially these animals 
are non-obese (23), however this is not the nutritional context 
of westernized nations. High fat, sugar diets and obesity 
increase microbial translocation and these factors combined 
with increasing gut leakiness with age may underpin why the 
prevalence of metabolic syndrome and related disorders in 
people increases with age (25). 

C-reactive protein is an acute phase protein primarily 
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produced in the liver, which is the first tissue exposed to 
the portal circulation with its microbial contents, and is 
circulating at much higher levels in old monkeys. We suggest 
that this inflammatory background will augment negative 
Western diet-related effects on vascular and insulin-responsive 
tissues. Aged persons have exaggerated vascular and insulin 
resistant responses to diet challenges (26, 27) consistent with 
this concept. Histological assessments of aged baboon colon 
supports loss of intestinal integrity and barrier function in 
the absence of clinical of histological evidence of disease 

cannot determine whether the loss of normal propulsive activity 
precedes loss of barrier function, or if barrier dysfunction leads 
to motility changes. Either scenario is plausible as reduced 
motility leads to alterations in the intestinal contents and the 
mucosal interface (31, 32). Motility reduction with aging isn’t 
fully understood but is a clinically significant problem, with 
constipation rates in older people estimated at more than double 
the prevalence in the general population, with females being 
disproportionately affected (33). Reduced intestinal motility 
may be the result of compounding effects of neuromuscular 
changes seen with age. In the colons of human patients, age-
related neuronal loss is associated with a greater proportion 
of abnormal myenteric ganglia, appearing with cavities (31). 

abundance with aging is not universally observed, but 
degenerative changes in some neural populations is likely with 
loss of glial cells shown to affect barrier function (34).

Multiple deficits in contractile signaling pathways also exist 
on top of reduced neurotransmitter signaling (35). Diabetes, 
seen commonly with aging, is known to result in poor intestinal 
motility. We did not observe further reductions in intestinal 
motility in the few diabetic monkeys included in our study, 

myocytes from skeletal tissue show reduced contractile ability 
(36) an effect that may be reflected also in smooth muscle. 

Changed intestinal motility will alter both the environment 

citrulline data reported herein grossly suggests that mucosal 

indicate the intactness of the mucosal barrier, or its immune 
competence. A leaky mucosa exposes the sub-mucosal tissues 

sensitize afferent and efferent neurons of enteric nervous 
system and alter neuromuscular signaling, pain sensation 

altered motility, mucosal inflammatory responses and degraded 
barrier competency has been described for inflammatory bowel 
diseases but has yet to be applied to normal aging of the 
intestines.  Infiltration of bacteria or their byproducts initiates 
dysfunctional intestinal immune responses which has been 

Even independently of aging, mucosal barrier injury directly 
triggers a systemic inflammatory response that precedes the 
onset of bacteremia. 

Immunity additionally wanes with age, contributing to 
inflammatory burdens (40). Human and nonhuman primates 
share age-related shifts in immune cell profiles and greater 
systemic inflammation, most commonly associated with 

competent mechanism to manage locally and systemically 
detected microbial antigens, negative effects of circulating 

systemic functional decline seen with aging has been 
traditionally captured in animal studies as mortality rates, but 
a promising surrogate marker in people and animal models 
is physical function indices (1, 13, 16). LBP1, the marker of 
microbial translocation is elevated in elderly monkeys and 
people (10), and has been related to physical functioning in 
healthy aged people. Microbial translocation also correlated 
positively with inflammatory marker in this study of healthy 
aging. 

Chronic low-grade sterile inflammation is associated 
with age-related diseases, such as diabetes, cancer, and 
cardiovascular disease, and postulated to have a central 
role in accelerating these disease processes.  Interestingly, 
proinflammatory cytokines are elevated in the vascular cells 
and serum of elderly persons with no overt signs of disease, 

Table 2 

family level

MDS Axis Percent variation 
explained

Age p-value Days p-value Diet p-value Cage/Animal Effect

1 34.50% 5.72 x 10-5 0.00
2 15.65% 0.077 4.33 x 10-15

3 0.006 0.336 -7

4 7.71% -5 1.71 x 10-5

5 5.24% 0.042
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suggesting inflammation accompanying the natural aging 
process may contribute to the onset of age-related diseases 
(4). A growing body of evidence, which we subscribe to, 
implicates decline in gastrointestinal barrier function as 
a cause of increased systemic inflammation. High impact 
invertebrate studies that demonstrate intestinal barrier function 
lead to functional decline and mortality, also demonstrate 
that preservation of barrier function through improved 
proteostasis can lead to lifespan and healthspan extension (13, 
41). Translation of these exciting findings to an appropriate 
mammalian animal model, such as the aged non-human primate 
that we describe, is required.

The microbiomic profile was not appreciably different in 
our young and old monkeys. This is not surprising due to 
the consistency of the shared genetics, diet and dietary fiber 
amounts, social community, lack of medication effects, and 
housing exposures (42-44). The fecal microbiome represents 
a “catch-all” approach for estimation of colonic contents 
and may not represent location-specific microbiomes. The 
microbiome in close association with the mucosal surface may 
differ between young and old, and is a sub-population of the 
general microbiome that cannot be captured with gross fecal 
analysis (15). Microbes able to colonize the outer intestinal 
mucus layer, and the presence of this protective mucus, are 
both features that prevent metabolic disease development in 
animal experiments (14, 45). Intestinal epithelial cell-surface 
modulation (glycosylation) occurs by bacteria, and pathogenic 
gram negative bacteria are able to degrade mucin and tight 
junction proteins that modulate paracellular translocation (46).  
Microbiome manipulations can alter mucosal permeability 
in mice (47) and one potential mechanism is stimulation of 
cannabinoid receptors which facilitate increased permeability of 
the intestinal barrier (48). 

The microbiome in aging people displays greater inter-
individual variation than that of younger adults and clinical 
studies have repeatedly demonstrated that geography, diet, and 
medication affects the microbiome making generalizations 
about age difficult (16, 25).  Slower intestinal motility such as 
we observed can alter the microbiome by virtue of reducing the 
amount of nutritive substance that reaches the colon, resulting 
in selective expansion of unfavorable anaerobes (15). Probiotics 
and fiber supplementation have been widely recommended 
to combat motility reductions and restore colonic health but 
conclusive results are not available. We have evidence from 
this and prior studies that short-term dietary changes do not 
greatly modulate the microbiome, while the components of 
a western diet (high fat, high simple sugars, caloric excess) 
all have been shown to reduce intestinal barrier function 
and increase microbial translocation/endotoxemia (19, 21, 
49, 50). This could mean that minor microbiomic population 
changes or altered metabolism of the microbiome can affect 
the mucosa greatly. Our monkey study indicates a dramatic 
difference in LBP1 between young and old individuals and 
to contextualize the significance of this, the magnitude of the 

observed difference far exceeds that seen between healthy 
and diabetic patients (50). Endotoxemia has gained a high 
level of interest as it pertains to metabolic disease risk, but its 
contribution to age-associated multi-organ disease is possibly of 
greater public health importance. Invertebrate models link gut 
integrity with muscle function and insulin sensitivity (13, 41), 
and rodents with altered microbiomes have reduced integrity 
in both intestinal epithelium and the vascular endothelium of 
the brain (47). Barrier function and microbial translocation is 
a multi-systemic process. The older citizens of westernized 
countries typically consume western diets that drive greater 
microbial translocation, and such diets have been related to 
microbiomic changes and frailty in the elderly (16). Poor diets 
will potentially exacerbate age-related reductions in barrier 
function of the gut and extra-intestinal tissues such as the blood 
brain barrier. 

Our monkey study has some limitations to acknowledge. 
It is a small study, but the homogeneity of the monkey’s life 
experiences and genetics enabled meaningful comparisons 
regarding physiological changes with age. We have only 
evaluated monkeys cross-sectionally, generating a phenotype 
that can be intervened on or followed longitudinally. The 
aging monkey model presented also substantiates its use for 
evaluating intestinal immune profiles, and interventions aimed 
to improve intestinal barrier function. We did not evaluate 
the mucosal microbiome which is more specific to microbial 
translocation than the fecal microbiome. Although food intake 
was not measured, reduced activity and thus caloric expenditure 
was seen in old monkeys despite comparable bodyweights, 
reduced food intake may be inferred. Our study has strengths in 
that it evaluates age-related changes in a relevant primate model 
unconfounded by diet or environment, and points to intestinal 
aging as an important and conserved biogerontological 
phenomena. In doing so, we translate findings from invertebrate 
studies and substantiate the gut as under-appreciated organ to 
support in the aging process. We conclude that impairment of 
gastrointestinal function (motility and barrier integrity) as a 
result of aging may be a source of low grade endotoxemia that 
initiates inflammation in healthy, normal aging populations.  
Maintaining gastrointestinal motility may be a primary 
preventive factor in age-related diseases.  Interventions to 
normalize motility and mucosal integrity may improve health in 
older people.
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