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Abstract

Introduction—Increased gut permeability (“leaky gut”) has been proposed as a potential 

contributor to age-related inflammation and gut dysbiosis. However, information on the 

relationship between a leaky gut and inflammation and physical frailty during aging are limited.

Objective—To investigate the hypothesis that an aging-associated leaky gut is linked to the age-

related inflammation and frailty.

Methods—Two cohorts of healthy adults were studied: young (18–30-years-old, n=19) and older 

(≥70-years-old, n=18). Serum concentrations of the TNF-α and IL6, zonulin (a marker for leaky 

gut) and high-mobility group box protein (HMGB1, a nuclear protein triggering inflammation) 

were measured. Correlations of serum levels of zonulin and HMGB1 with strength of plantar 

flexor muscles and number of steps taken per day were analyzed.

Results—Serum concentration of zonulin and HMGB1 were 22% (p = 0.005) and 16% (p = 

0.010) higher in the older vs young adults. Serum zonulin was positively associated with the 

concentrations of the TNF-α (r=0.357, p=0.032) and IL6 (r=0.345, p=0.043). Importantly, both 

zonulin and HMGB1 were negatively correlated with skeletal muscle strength (zonulin: r=−0.332, 

p=0.048; HMGB1: r=−0.383, p=0.023) and habitual physical activity (zonulin: r=−0.410, 

p=0.016; HMGB1: r=−0.483, p=0.004).
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Conclusions—Serum zonulin was associated with both systemic inflammation and two key 

indices of physical frailty. These data suggest that a leaky gut may play a critical role in the 

development of age-related inflammation and frailty.
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Introduction

Human aging is a continual and progressive process that is associated with a decrease in 

diverse physiological functions across all organ systems.1 These changes result in an 

increased vulnerability to infection and disease with an elevated mortality risk.2 Chronic, 

low-grade inflammation is the most consistent features of chronological aging and various 

age-related diseases/disorders.3 However, the precise mechanisms underlying systemic 

inflammation in aging remain poorly understood. The gut houses the majority of the body’s 

immune cells and the immune system is known to regulate the composition of gut 

microbiota.4 Advanced age is associated with changes in the gut microbiota.5,6 Moreover, 

recent data indicate that gut dysbiosis – a disturbance of the density and/or composition of 

gut microbiota – is associated with systemic inflammation5 as well as the development of 

inflammation-related geriatric syndromes including cognitive impairment7 and physical 

frailty.8

Recently, increased gut permeability (i.e. “leaky gut”)9 has been proposed as a potential 

source of agerelated inflammation. However, few data are available to support this 

innovative hypothesis. Thus, the objective of our study was to determine if the serum 

concentration of zonulin, a physiologic regulator of intestinal permeability10, is increased in 

healthy older people. We also aimed to determine if chronologic age was associated with 

increases in high-mobility group box protein 1 (HMGB1), a nuclear protein that triggers 

inflammation and is commonly found in epithelial cells.11 Finally, we evaluated associations 

of zonulin and HMGB1 with established inflammatory biomarkers of aging as well as 

physical indices related to frailty.

Methods

Healthy adults aged 18–30 (n=19) and ≥70 years (n=18) were recruited for the study, which 

was approved by the University of Florida Institutional Review Board (IRB #688-2009). 

Exclusion criteria designed to recruit healthy individuals free of chronic disease and other 

details of inclusion/exclusion criteria were previously published, and same cohort of subjects 

was also used in this study.12 Strength of the plantar flexor muscles was evaluated based on 

methodology described previously.12 To evaluate physical activity habits, participants wore 

validated physical activity monitor (SenseWear; BodyMedia, Pittsburgh, PA) for 7 days.13 

Fasting venous blood samples were drawn and serum was used to quantify TNF-α 
(Millipore), IL-6 (R & D Systems), HMGB1 (Antibodies online), and zonulin 

(Immundiagnostik AG).
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Statistical Considerations: For all parameters, primary analyses were completed with outliers 

removed using Cook’s distance at a threshold ≥0.20. After outliers were removed, data were 

analyzed initially for normality and homogeneity of variance prior to computation of 

descriptive statistics. Where the assumption of normality was violated, the square root 

transformation was utilized to normalize concentrations of circulating analytes. Meeting the 

assumptions of parametric tests, age-related differences in zonulin and HMGB1 were 

calculated using Student’s t-test for independent samples. Correlation coefficients of zonulin 

and HMGB1 with inflammatory and physical indices were then performed using the Pearson 

test. Where outliers were removed, analyses were repeated and differences reported. For 

correlation analyses involving IL-6, correlations with outliers included were conducted using 

Spearman’s test because the distribution did not meet assumptions of normality. All analyses 

were performed using IBM SPSS Statistics (IBM, Armonk, NY), and data are presented as 

mean ± SD. A two-sided alpha level of 0.05 was utilized throughout to determine statistical 

significance. No correction for multiple comparisons was utilized given the exploratory 

nature of the study.

Results

A total of 19 young and 18 older adults were studied and their pertinent demographic 

characteristics and other data are summarized in Table 1. Both serum zonulin (p = 0.005) 

and HMGB1 (p = 0.010) were higher among older adults than young adults (Figure 1). 

Serum zonulin was correlated with both TNFα (p = 0.032) and IL6 (p = 0.043; Figure 1). In 

contrast, serum HMGB1 was not significantly correlated with either parameter (TNFα: r = 

0.267, p = 0.121; IL6: r = 0.302, p = 0.078). Interestingly, however, both biomarker 

concentrations were correlated with muscle strength (zonulin: r=−0.332, p=0.048; HMGB1: 

r=−0.383, p=0.023) and physical activity measured by steps/day (zonulin: r=−0.410, 

p=0.016; HMGB1: r=−0.483, p=0.004; Figure 2).

For primary analyses, a total of 3 outliers were removed (two for IL-6, one for HMGB1). 

For IL-6, removed outliers were 7.9 and 5.1 SD above the group mean. For HMGB1, the 

removed outlier was 3.2 SD above the group mean. For HGMB1, the group effect remained 

significant with older adults displaying greater systemic concentrations than younger adults 

(p = 0.005). With the outlier included, correlations with HMGB1 remained consistent 

(TNFα: r = 0.233, p = 0.172; peak torque: r = −0.382, p = 0.022; steps/day: r = −0.525, p = 

0.001) with the exception of IL-6 which became statistically significant (r = 0.358, p = 

0.029). The correlation of zonulin with IL6 also fell just beyond the stated threshold for 

statistical significance (r = 0.314, p = 0.058) though the overall trend was similar.

Discussion

The human intestinal tract and bacterial microorganisms within it have recently received 

increasing interest relative to their role in human health and disease. Accumulating evidence 

supports the notion that the “gut” is an important physiologic site, critical for regulating 

immune responses, and associated with development of multiple chronic diseases. The 

central findings of the present study are that 1) serum concentrations of zonulin and HMGB1 

are elevated in a cohort of older compared with younger adults, 2) serum zonulin, but not 
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HMGB1, is positively correlated with concentrations of age-related inflammatory cytokines 

(TNFα and IL6), and 3), concentrations of both zonulin and HMGB1 are negatively 

correlated with skeletal muscle strength and habitual physical activity. The latter are two key 

indices of age-related frailty. To our knowledge, this is the first study to indicate that serum 

concentrations of both zonulin and HMGB1 are elevated in association with advanced age. 

These findings support the suggestion that intestinal permeability and inflammation may 

contribute, at least partially, to age-related increases in chronic inflammation and associated 

disorders/diseases.

Recently, emerging evidence has suggested that the gut microbiota may play an integral role 

in these agerelated inflammatory changes. Though frequently overlooked in considerations 

of human health, gut microorganisms encode >150 times more genes than the human 

genome and are highly involved in numerous metabolic reactions that influence normal host 

physiology and metabolism. To this end, substantial evidence now indicates that the gut 

microbiota is substantially involved in regulatory processes both locally and within organs 

distal from the intestine.14 Accordingly, changes to the gut microbiota appear to have 

tremendous potential for regulating inflammation and overall health of an organism. Several 

studies have found that advanced age is associated with gut dysbiosis.7 Moreover, these 

reports also indicate that dysbiosis is associated with chronic inflammation, as well as, key 

geriatric syndromes including cognitive impairment and physical frailty. Despite these 

intriguing findings, evidence related to the mechanism of dysbiosis-related inflammation is 

sparse. Here we investigated biomarkers related to a “leaky gut” hypothesis suggesting that 

the intestinal barrier preventing harmful substances from reaching the bloodstream is more 

permeable in advanced age. The leaky gut is well-associated with inflammatory bowel 

conditions but is now being proposed as a contributor to a wide variety of health conditions.9 

To our knowledge, only one prior study has reported evidence of increased intestinal 

permeability in older humans. Man and others15 have recently demonstrated that, compared 

with younger adults, ileal tissues from older adults have increased IL-6 concentrations 

accompanied by increased intestinal permeability.

The present study is important in two ways: 1) it provides evidence of intestinal permeability 

using a circulating biomarker, zonulin, which can be easily collected clinically and 2) it 

supports prior associations of gut dysbiosis with chronic inflammation and frailty by 

highlighting associations with biomarkers of intestinal permeability (zonulin) and 

inflammation (HMGB1). These findings are important because they support the suggestion 

that increases in gut permeability are likely to permit release of bacterial metabolites into the 

circulation. Thus, it is tempting to suggest that aging-linked dysbiosis would be associated 

with release of microbial metabolites that would have adverse effects on overall 

physiological homeostasis. These findings also have important implications for advancing 

research related to age-related inflammation and dysbiosis, as well as, potentially suggesting 

a clinically-relevant biomarker for identifying intestinal dysfunction. This was an 

exploratory study limited by a small sample size and our findings warrant replication in 

larger cohorts. Moreover, our findings require replication in more diverse cohorts of older 

adults with a variety of behavioral (i.e. diet/exercise) and medical backgrounds. In 

conclusion, this study’s findings indicate that serum zonulin and HMGB1 concentrations are 

Qi et al. Page 4

J Am Med Dir Assoc. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



elevated in healthy aging and these biomarkers are correlated with several indices of chronic 

inflammation and physical frailty.
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Figure 1. 
Serum zonulin (A) and HMGB1 (B) concentrations among healthy young (n = 19) and older 

adults (n = 18). * indicates p < 0.05 for differences between groups. Scatterplots indicating 

correlation of serum zonulin with tumor necrosis factor α(C, p=0.032) and interleukin 6 (D, 

p=0.043).
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Figure 2. 
Scatterplots indicating correlations of serum zonulin (A, B) and HMGB1 (C, D) with plantar 

flexor muscle strength (A,p=0.048; C,p=0.023) and number of steps taken per day (B, 

p=0.016; D,p=0.004).
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Table 1

Pertinent demographic characteristics of the cohorts

Young Adults
n=19

Older Adults
n=18

Age, years 23.1 ± 3.9 76.7 ± 5.2***

Female, n 8 (42.1%) 7 (38.9%)

Height, cm 175.1 ± 9.1 170.3 ± 10.9

Body Mass, kg 74.1 ± 17.7 76.2 ± 15.5

Body Mass Index, kg* m−2 24.0 ± 4.3 26.2 ± 4.6

Radial Pulse Rate, bpm 71.9 ± 9.7 61.3 ± 10.4**

Systolic BP, mm Hg 115.9 ± 10.5 139.6 ± 18.0***

Diastolic BP, mm Hg 70.3 ± 9.0 73.8 ± 10.4

Serum TNFα, sqrt pg/mL 0.95 ± 0.25 1.36 ± 0.42#

Serum interleukin 6, sqrt pg/mL 1.32 ± 0.41 2.01 ± 0.52***

Muscle strength*, ft-l bs 158.1 ± 58.9 105.2 ± 38.4

Physical activity, steps/day 8431 ± 3358 5560 ± 2844&

TNFα = tumor necrosis factor alpha;

*
Isokinetic Plantar flexor Peak Torque

***
p<0.0001

**
p=0.003

#
p=0.0013

&
p=0.0081
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