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Background and Objectives: A pathological increase in intestinal permeability causes muscle loss and physical decline by inducing
systemic inflammation and oxidative stress. However, most relevant studies investigate older adults, and the appropriate data across
age spans remain elusive. This study aimed to examine the associations of intestinal permeability with muscle loss and physical
decline across a large span of ages. We measured plasma zonulin, a marker of increased intestinal permeability, from adolescents to
octogenarians in association with muscle health and gait speed.

Research Methods and Procedures: In this cross-sectional, observational study, we recruited healthy men, including young
(age=18-35 years, n=135), middle-aged (age=35-59 years, n=118), and older (age=60-90 years, n=163) adults for evaluating -
handgrip strength (HGS), skeletal muscle mass index (SMI), and gait speed. We also measured plasma zonulin, c-reactive proteins
(CRP), and 8—isoprostanes using ELISA assays.

Results: Plasma zonulin gradually increased from young and middle-aged to older adults (all p<0.05). Conversely, HGS and gait
speed were progressively reduced from young and middle-aged to older adults (all p<0.05). In addition, older adults also exhibited
lower SMI than young and middle-aged men (both p<0.05). Plasma zonulin exhibited significant negative correlations with HGS and
gait speed and positive correlations with CRP and 8-isoprostanes in middle-aged and older men (all p<0.05). We also found significant
areas under the curve for the efficacy of plasma zonulin in diagnosing low HGS (<27kg) and gait speed (0.8 m/s). After adjustment for
age, plasma zonulin demonstrated robust negative correlations with HGS and gait speed and positive correlations with CRP and
8-isoprostanes in the cumulative cohort.

Conclusion: Altogether, an increasing intestinal leak from middle age onward contributes to muscle weakness and physical decline.
Our data is clinically relevant in understanding and treating physical dependency in middle-aged and older adults.
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Introduction

The human intestine is a significant interface between the external environment and our body systems." A tightly packed
layer of epithelial cells covers the external surface of the intestine. This enormous mucosal surface (200 m” in area)
ensures the controlled trafficking of microbes and their metabolites, nutrients, toxins, and other material between the
intestinal interior and systemic circulation.! Intestinal tight junctions between epithelial cells primarily control the
selective permeability of intestinal mucosa.'” The intestinal mucosa releases selective materials into the systemic
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circulation in a healthy state. However, disease conditions and aging cause the disruption of the intestinal mucosal barrier
and the release of several bacterial toxins into the circulation.! These toxins cause immunosuppression and increase
systemic inflammation and oxidative stress, which are implicated in the pathogenesis of several diseases.?

Zonulin, an enterotoxin released by the intestinal mucosal cells, is a critical regulator of tight junctions.'
Disruption of intestinal tight junctions results in zonulin release in the systemic circulation.” Growing evidence
suggests plasma zonulin as a marker of increased intestinal permeability. Moreover, elevated plasma zonulin is
a signature feature of several chronic inflammatory diseases.” A causal association between plasma zonulin levels
and disease phenotype is also described as the inhibition of zonulin partly reduces disease severity in laboratory and
clinical studies.*

A healthy skeletal muscle is critical for maintaining functional independence in the activities of daily living.
However, the quality and quantity of skeletal muscle declines with advancing age, termed sarcopenia.” The process of
sarcopenia starts in the fourth decade of life and advances with advancing age.® An estimated 10-16% of the global
elderly population is affected by sarcopenia. Moreover, the prevalence of sarcopenia is higher in older adults with age-
related diseases and a sedentary lifestyle.” Sarcopenia is also a critical trigger of functional dependency and reduced
activities of daily living. Several causative factors of sarcopenia are known.®® More recently, a pathological increase in
intestinal permeability has been recognized as a contributor to muscle loss and functional dependency in advancing age.’
Specifically, we have reported negative associations of plasma zonulin with muscle strength, mass, and physical capacity
in older adults with chronic obstructive pulmonary disease,'® heart failure,'' and Alzheimer’s disease.'” However, these
studies were conducted in older adults with pathological sarcopenia. Conversely, how intestinal permeability relates to
muscle loss and physical decline during physiological aging from early adulthood to advanced age is unknown.
A rigorous dissection of such a relation is warranted since several factors independent of age can compromise skeletal
muscle and physical capacity, such as a sedentary lifestyle, malnutrition, muscle unloading, and subclinical
diseases.®”"'*"'* Therefore, it is critical to investigate the potential contribution of increased intestinal permeability to
the loss of skeletal muscle and physical capacity from early adulthood to advanced age.

We hypothesize that intestinal leak is a critical contributor to muscle decline and the loss of physical capacity at
various ages. To test this hypothesis, we measured plasma zonulin levels relevant to skeletal muscle mass, strength, and
physical capacity during a wide range of age spectra from late adolescence to octogenarians.

Materials and Methods
Study Design & Participants

In this observational, cross-sectional study, we categorized the study participants into three groups, including young (age
= 18-35 years, n = 135), middle-aged (age = 35-59 years, n = 118), and old (age = 60-90 years, n = 163) men after
obtaining written informed consent. The age grouping was based on a previous study investigating changes in skeletal
muscle and physical capacity across an extensive lifespan.'> A minimal sample size of 114 was determined for each age
group to achieve a 95% confidence interval and 5% margin of error, given an expected population proportion of 8%. This
sample size is sufficient to detect statistically and biologically meaningful results. This calculation was based on an
estimated population proportion of 8%, ensuring the statistical and biological significance of our findings. Therefore, we
are confident in the adequacy of our sample size for each age group.

The participants were recruited at the Gomal Medical College (GMC), Dera Ismail Khan, Pakistan, and Rehman
Medical Institute (RMI), Peshawar, Pakistan. We have previously described the recruitment criteria in detail.'® Briefly,
the participants with walking ability who provided written informed consent were included. Conversely, participants with
uncontrolled hypertension, diabetes mellitus, organ failures, prolonged bed rest, and recent surgeries were excluded.'’
Sarcopenia was diagnosed as having HGS < 27 kg, SMI < 7 kg/m?, and gait speed < 0.8 m/s, according to the European
Working Group on Sarcopenia in Older People-2.'® Prior ethics approval was obtained from the Human Research Ethics
Committee of GMC and the Clinical Research Ethics Committee of RMI, Pakistan. This study was conducted under the
declaration of Helsinki."’
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HGS, Body Composition, and Gait Speed

The HGS was assessed by having participants seated on a chair with their elbows flexed at a 90-degree angle by the side
of the body. The participants were requested to squeeze the dynamometer three times with maximal force without
movements of the other body parts (CAMRY, South El Monte, CA, USA).%® The highest of the three readings was
recorded for statistical analysis.?' Body composition, including fat and skeletal muscle mass index (ASMI) was assessed
using a bioelectrical impedance analysis scale (RENPHO, Dubai, UAE) consistent with our previous report.'®
Participants were asked to walk at their normal pace for six meters to assess gait speed. The time taken to complete
the distance was recorded to calculate the gait speed in meters per second, aligning with the established methods."!

Measurement of Circulating Biomarkers

Blood samples were collected from the fasting participants between 8§ am and 10 am. Plasma was immediately isolated
through centrifugation and stored at —80°C for further analysis.”> The plasma levels of zonulin (Cat # K5601,
Immundiagnostik AG, Bensheim, Germany),” c-reactive proteins (CRP) (R&D Systems, Minneapolis, MN, USA),'?
8—isoprostanes (Cayman Chemical, Ann Arbor, MI, USA),?* and creatine kinase (Catalog # EHCKMB, Thermo Fischer
Scientific, Dubai, United Arab Emirates),”® were measured using ELISA assays according to the manufacturer’s
instructions.

Statistical Analysis

The one-way analysis of variance with Tukey’s post-hoc test was used to compare the three groups for physical and
biochemical markers. Linear regression analysis was used to measure the relations of plasma zonulin with plasma
biochemistry and sarcopenia parameters. Receiver operating characteristics (ROC) curves were generated to investigate
the potential of zonulin in diagnosing low HGS, gait speed, and SMI. The data are presented as mean and standard
deviation, and the p-value < 0.05 was taken as statistically significant. Data were analyzed using GraphPad Prism v 8.0.

Results

Characteristics of the Participants

The details about the anthropometry, sarcopenia indices, plasma biochemistry, and comorbidities are described in
Table 1. The middle-aged and older adults had lower BMI and phase angles than the younger group (both p < 0.01).
Similarly, the HGS and gait speed were lower in middle-aged and older adults than in younger participants (p < 0.05).
Older adults also exhibited lower SMI than the other two groups. The proportions of participants with the HGS and gait
speed below the respective cutoff values were higher in the middle-aged and older adults than in the younger group (both
p < 0.05) (Table 1). Conversely, a higher proportion of participants below the cutoff value for SMI was only found in
older adults but not in the middle-aged group. We also found higher plasma zonulin, CRP, 8-isoprostanes, and creatine
kinase in middle-aged than young participants, which further increased in older adults (all p <0.05). Lastly, the older
adults also exhibited a higher occurrence of anemia, hyperlipidemia, and sarcopenia (all p < 0.05) (Table 1).

Changes in Plasma Zonulin with Age and Plasma Biochemistry

We next asked if plasma zonulin levels correlate with age and plasma biomarkers of inflammation, oxidative stress, and
muscle damage. Plasma zonulin exhibited no significant correlations with age in younger participants but exhibited
moderate, albeit statistically significant correlations with age in middle-aged (r* = 0.087, p < 0.05) and older (r* = 0.071,
p < 0.05) adults (Figure 1A). Similarly, we found no correlation of zonulin with plasma CRP in young participants but
found significant correlations between zonulin and CRP in middle-aged (r* = 0.085, p < 0.05) and older (r* = 0.122, p <
0.05) adults (Figure 1B). Next, we investigated the correlations between plasma zonulin and 8-isoprostanes as markers of
oxidative stress. We found significant correlations of plasma zonulin with 8-isoprostanes in all three groups of
participants, including young (r* = 0.097, p < 0.05), middle-aged (r* = 0.135, p < 0.05), and older (r* = 0.107, p <
0.05) adults (Figure 1C). Conversely, we found no significant correlation between plasma zonulin and creatine kinase
levels as a marker of muscle injury (Figure 1D).
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Table | Anthropometry, Body Composition, Comorbidities, and Plasma Biochemistry of the Study

Population.
Young (18-34 years Middle-aged (35-59 years Old (=60 years
g g
(n = 135) (n=118) (n=163)

Age 278 + 43 46.6 + 6.8* 71 £ 7.2%#
BMI (Kg/m?) 24.36 £ 3.2 25.89 + 3* 25.11 £32
Phase angle 6.03 + 0.45 5.85 + 0.36* 5.64 + 0.25%#
HGS (Kg) 39.1 £72 324 + 74% 24.7 + 7.5
HGS < 27 Kg, n (%) 6 (44) 26 (22) * 100 (61.4) *#
HGS > 27 Kg, n (%) 131 (95.6) 92 (78) * 63 (60.8) *#
Gait speed (m/s) 1.34 £ 0.21 1.09 £ 0.23 * 0.86 £ 0.18 *#
Gait speed < 0.8 m/s, n (%) 2 (1.4) 12 (10.1) * 66 (40.5) *#
Gait speed > 0.8 m/s, n (%) 133 (98.6) 106 (89.9) * 97 (59.5) *#
SMI (Kg/m?) 792+ 13 774+ 12 7014 £ 12 %%
SMI < 7 Kg/m?, n (%) 31 (22.9) 33 (27.9) 68 (41.7) *#
SMI > 7 Kg/m?, n (%) 104 (77.1) 95 (72.1) 95 (58.3) *#
Zonulin (ng/mL) 1.56 + 0.34 1.71 + 0.26* 2.02 + 0.37 *#
CRP (mgll) 1.47 + 0.37 1.68 + 0.41* 2.14 = 0.34%#
8-isoprostanes (pg/mL) 30.06 £ 5.9 3492 + 6.15% 46.35 = 1637
Creatine kinase (1U/l) 140.1 + 36.3 161.6 + 37.8* 176.1 + 50%#
Comorbidities, n (%)
Anemia 19 (14.07) 29 (24.58) * 53 (32.52) *
Diabetes Mellitus 0 4 (3.39) 12 (7.36)
Hypertension 0 7 (5.93) 15 (9.2)
Hyperlipidemia 12 (8.89) 18 (15.25) 37 22.7) *#
Cardiovascular diseases 0 5 (4.24) 9 (5.52)
Cancer 0 3 (2.54) 5 (3.07)
Sarcopenia 0 6 (5.08) 34 (20.86) #
Miscellaneous 5@3.7) 16 (13.56) * 21 (12.88) *

Notes: *p < 0.05 Vs Young, #p < 0.05 Vs Middle-Aged. Values are Expressed as Mean * SD, One-Way Analysis-of-Variance.
Abbreviations: BMI, Body Mass Index; HGS, Handgrip Strength; SMI, Skeletal Mass Index; CRP, c-Reactive Proteins.

Changes in Plasma Zonulin with Skeletal Muscle Quality and Quantity

We next asked if plasma zonulin exhibits correlations with HGS, gait speed, SMI, and phase angles as markers of skeletal
muscle quality and quantity. Plasma zonulin levels exhibited significant correlations with HGS in middle-aged (r* =
0.127, p < 0.05) and older (r* = 0.155, p < 0.05) adults (Figure 2A). Similarly, zonulin exhibited significant correlations
with gait speed in middle-aged (r* = 0.076, p < 0.05) and older (r* = 0.164, p < 0.05) adults (Figure 2B). However,
a significant correlation between zonulin and SMI was only observed in older adults (r* = 0.067, p < 0.05) (Figure 2C).
On the other hand, we found no correlation between zonulin and phase angle in any of the three age groups (Figure 2D).

Diagnostic Potential of Plasma Zonulin for Low HGS, Gait Speed, and SMI

We next investigated the diagnostic potential of plasma zonulin for low HGS (< 27 kg), low SMI (< 7 kg/m?), and low gait
speed (< 0.8 m/s) in the cumulative study cohort (Figure 3). Plasma zonulin demonstrated significant diagnostic potential for
low HGS in the cumulative study pool (AUC = 0.758, 95% CI = 0.711—0.806, p < 0.001) (Figure 3A). We found
a comparative diagnostic potential of plasma zonulin for low gait speed in the study population (AUC = 0.741, 95% CI =
0.686—0.794, p < 0.001) (Figure 3B). Conversely, plasma zonulin exhibited a weak, albeit statistically significant diagnostic
potential for low SMI in the study population (AUC = 0.609, 95% CI = 0.554—0.664, p = 0.01) (Figure 3C).
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Figure 2 Plasma zonulin levels according to HGS (A), gait speed (B), SMI (C), and phase angle (D) in young (n=135), middle-aged (n=118), and older (n=163) adults, *p < 0.05.
Abbreviations: HGS, handgrip strength; SMI, skeletal mass index.

Regressions and Correlations of Plasma Zonulin

Lastly, we investigated the regressions and correlations of plasma zonulin with physical and plasma biochemical markers.
Without adjustment for age, plasma zonulin exhibited various degrees of significant regressions and correlations with
plasma CRP, 8-isoprostanes, HGS, and gait speed in the individual age groups (Table 2). Conversely, the cumulative
study pool exhibited significant correlations of plasma zonulin with all three plasma biomarkers (CRP, 8-isoprostanes,
and creatine kinase) and all four markers of skeletal muscle health (HGS, gait speed, SMI, and phase angle) (Table 2).
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Figure 3 ROC curves showing the diagnostic potential of plasma zonulin for low HGS < 27 kg (A), low gait speed < 0.8 m/s (B), and low SMI < 7 kg/m2 (C) in the
cumulative study pool (n=416).
Abbreviations: ROC, receiver operating characteristic; HGS, handgrip strength; SMI, skeletal mass index.

After adjustment for age, we found robust correlations of plasma zonulin with HGS and gait speed, while relatively

weaker but statistically significant correlations of plasma zonulin with CRP, 8-isoprostanes, and phase angle. Conversely,

plasma zonulin exhibited no significant correlations with creatine kinase and SMI in age-adjusted analysis (Table 2).

Table 2 Regression Values and Correlation Coefficients of Unadjusted and Age-Adjusted Values of Plasma Zonulin with CRP,
8-Isoprostanes, Creatine Kinase, HGS, Gait Speed, SMI, and Phase Angle in Young, Middle-Aged, Older Adults, and Cumulative

Study Population.

Regression Correlation Coefficient

All Young Middle-aged oid All Young Middle-aged old

(n=416) | (n=135) (n=118) (n=163) (n=416) | (n=135) (n=118) (n=163)
Unadjusted
CRP 0.3751 —0.0411 0.1791 0.3772 0.208* 0.003 0.085* 0.122*
8-isoprostanes 0.0131 0.0122 0.0041 0.0073 0.213* 0.097* 0.135*% 0.107*
Creatine kinase 0.0022 0.0009 0.0005 0.0011 0.067* 0.011 0.007 0.018
HGS —0.0215 —0.0071 —0.0121 —0.0195 0.279* 0.022 0.127* 0.155%
Gait speed -0.7217 —0.3101 —0.3219 —0.8242 0.283* 0.047 0.076* 0.164*
SMI —0.0704 0.0231 —0.0334 —0.0775 0.056* 0.007 0.027 0.067*
Phase angle 0.0449 —0.1031 —=0.111 —0.1972 0.119* 0.016 0.023 0.018
Age-adjusted
CRP 0.0852 —0.0032 0.0521 0.1158 0.135* 0.012 0.058 0.102%*
8-isoprostanes 0.0028 —0.001 | 0.0003 0.0018 0.108* 0.017 0.028 0.081*
Creatine kinase 0.0015 0.0001 0.0021 0.0009 0.047 0.003 0.015 0.022
HGS —0.0195 —0.0066 —0.0103 —0.0152 0.227% 0.039 0.163* 0.142*

(Continued)
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Table 2 (Continued).

Regression Correlation Coefficient
All Young Middle-aged Oold All Young Middle-aged Oold
(n=416) | (n=135) (n=118) (n=163) (n=416) | (n=135) (n=118) (n=163)
Gait speed —-0.3283 -0.2731 —0.1852 0.4912 0.211* 0.029 0.093* 0.183*
SMI —-0.0331 —0.0006 —0.0256 -0.0513 0.042 0.004 0.011 0.038
Phase angle 0.0151 -0.0007 —0.0889 -0.1388 0.096* 0.011 0.015 0.108*

Note: *p < 0.05.
Abbreviations: CRP, c-Reactive Proteins; HGS, Handgrip Strength; SMI, Skeletal Mass Index.

Discussion

This research aimed to investigate the potential contributions of intestinal leaks to muscle detriment and physical decline
across an extensive range of age ranges. We found an age-associated increase in plasma zonulin levels and a reduction in
HGS and gait speed. Plasma zonulin showed negative correlations with HGS and gait speed from middle age onward.
Aging was also associated with increased plasma CRP, 8-isoprostanes, and creatine kinase levels, which provide
a mechanistic connection between increased intestinal permeability and muscle decline. After adjustment for age, we
found robust negative correlations of zonulin with HGS and gait speed and positive correlations with CRP, 8-isopros-
tanes, and creatine kinase. Together, these findings show the potential contribution of intestinal leak to muscle weakness
and reduced gait speed, which may partly be due to heightened systemic inflammation and oxidative stress.

To our knowledge, this is the first study investigating plasma zonulin levels across the lifespan from late adolescence.
However, an age-associated disruption of the intestinal mucosal barrier has previously been reported.?® Specifically, the
intestinal tissues exhibited higher inflammatory cytokines and molecular signs of mucosal disruption with advancing
age.?® Interestingly, a higher expression of claudin proteins was also reported in older vs younger adults.?® Claudin is
a critical regular of intestinal permeability, and its higher expression is reported in patients with leaky gut.>” We have
previously reported a moderate coupling between plasma claudin and zonulin levels in patients with intestinal leak and
repair.'” These findings support our data on an age-associated increase in intestinal permeability.

We report robust associations of plasma zonulin with HGS and gait speed in middle-aged and older adults. These
findings are consistent with the onset of the sarcopenia process from the fourth decade of life onward.® Specifically, an
age-related gradual decline in HGS and gait speed is reported from the fourth decade of life.”**° We also found a gradual
increase in plasma zonulin levels in middle-aged to older adults. The negative correlation of plasma zonulin with HGS is
consistent with the previously established gut-muscle axis.>** Moreover, we have reported similar inverse correlations
between plasma zonulin and HGS in older adults.'®'? Here, we extend these findings to show similar correlations in the
middle-aged population. Our data indicate that the intestinal leak may be a potential trigger of the sarcopenia process in
addition to its well-established contribution to ongoing sarcopenia in advanced age. We did not find a significant
correlation between plasma zonulin and HGS in younger adults. Thus, within the physiological limits of young age,
the intestinal mucosa and muscle strength do not exhibit potential coupling. Conversely, we propose an age-associated
coupling between intestinal leak and muscle weakness as the pathologies of aging set in.

Gait speed is a critical measure of physical capacity, as people with low gait speed exhibit a higher risk of
a dependent lifestyle.’ We found that the correlation of gait speed with plasma zonulin was modest in middle-aged
and robust in older adults. Conversely, younger adults exhibited no significant correlation between gait speed and plasma
zonulin levels. Our findings in older adults are consistent with our previous reports from sarcopenic men with age-related
diseases.'”"'" Muscle weakness is a significant cause of low gait speed. Thus, the intestinal leak may negatively affect
gait speed by reducing the strength of lower limb muscles. However, gait speed is also affected by poor neural control
and joint diseases.”' Intestinal leaks are also implicated in patients with neurodegeneration and arthritis.' Together, these
reports support our finding of a negative correlation between gait speed and plasma zonulin levels.
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We found a modest correlation between plasma zonulin and SMI in older adults. Similarly, plasma zonulin exhibited
low diagnostic efficacy for SMI below the cutoff limit of 7 kg/m?. In most muscle-wasting conditions, the onset of
muscle weakness precedes muscle atrophy.®” This is partly due to an intrinsic defect in the muscle excitation-contraction
coupling mechanism without affecting muscle quantity. Thus, it is possible that increased intestinal permeability
primarily affects muscle quality more than quantity. This possibility is consistent with our previous reports in patients
with intestinal leaks.'™'? In addition to muscle weakness, poor neural control and joint diseases may contribute to
reduced gait speed.>’ Previous studies have reported the potential contribution of intestinal leaks to neural decline and
arthritis," which agrees with our findings.

The higher CRP and 8-isoprostanes in middle-aged and older adults represent the age-related increase in systemic
inflammation and oxidative stress. The significant correlations of plasma zonulin with CRP and 8-isoprostanes unravel
the intestinal leak as a potential contributor to elevated inflammation and oxidative stress of aging. Increased intestinal
permeability causes the leakage of bacterial lipopolysaccharides and other toxins in the blood, which induce systemic
inflammation and oxidative stress.' It is generally well recognized that inflammation and oxidative stress cause or
contribute to age-related degeneration of multiple body organs, including skeletal muscle.**-** Thus, we propose that the
intestinal leak partially reduces HGS and gait speed by inducing systemic inflammation and oxidative stress.

This study has certain strengths. A large and representative sample size of each age group ensures the biological
significance of our data. All participants had similar ethnicity, cultural, and social backgrounds, which reduces the
lifestyle and dietary variations associated with intestinal permeability and physical health. The major limitation of the
study is the inclusion of only the male population. We did not monitor the diets of individual participants, which may
affect intestinal permeability. We did not measure the knee extensor strength, which may be more relevant to activities of
daily living, such as walking, climbing stairs, or rising from the bed.

In conclusion, we report an age-associated increase in plasma zonulin levels from middle-aged to octogenarians. The
association of plasma zonulin with reduced HGS and gait speed shows a potential contribution of increased intestinal
permeability to muscle decline. Future studies should dissect individual bacteria and their products about aging and
physical compromise.
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