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Objective: Recent findings have associated insulin resistance and obesity with increased gut 
permeability. However, it still remains unclear whether obesity may be the underlining factor 
for the association between gut permeability and insulin resistance. This study investigated 
the relationship between gut permeability, measures of obesity, and markers of insulin 
resistance in young adults.
Materials and Methods: A cross-sectional quantitative study which enrolled 151 young 
South African adults was conducted. Anthropometric measurements were performed to 
assess obesity. Adiponectin, leptin, and zonulin, a marker for gut permeability, were assayed. 
Insulin and fasting glucose were assayed and used to determine insulin resistance (HOMA- 
IR), insulin sensitivity (%S) and beta cell function (%B).
Results: Decreased adiponectin and increased leptin were associated (p<0.05) with obesity. 
HOMA-IR inversely correlated (p<0.05) with adiponectin but positively with leptin to 
adiponectin (Lept/ADP) ratio (p<0.05) in females. Markers of insulin resistance were not 
associated (p>0.05) with obesity. Overweight/obese (O/O) females had a significantly 
(p<0.01) higher zonulin concentration than lean females. Zonulin positively associated 
(p<0.05) with body mass index and visceral fat, as well as with HOMA-IR and insulin 
concentration. Lept/ADP ratio, an inflammatory marker, was associated with risk of insulin 
resistance. Increased insulin, a maker for insulin resistance, was associated with risk of gut 
permeability.
Conclusion: Insulin resistance was associated with gut permeability without a direct influ
ence by obesity in young adults. The lack of relationship between obesity and insulin 
resistance was possibly mediated by the contribution of obesity to gut permeability. This 
finding suggests that gut permeability may be a potential independent risk factor for the 
development of insulin resistance in healthy obese young adults.
Keywords: obesity, gut permeability, inflammation, insulin resistance

Introduction
Insulin resistance is a metabolic state in which cells fail to sufficiently respond to 
insulin.1 This insulin impaired response results in decreased uptake of glucose by 
muscle and adipose tissues.1 Insulin resistance, characterised by hyperinsulinaemia 
and hyperglycaemia leads to the development of type 2 diabetes mellitus (T2DM).2 

It is estimated that diabetes mellitus affects more than 415 million people which 
translates to 8.8% of people worldwide.3 According to International Diabetes 
Federation (IDF), it was estimated that 7% (3.6–14.1%), that is, 2.286 million 
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South African adults (20–79 years) were diabetic in 2017.4 

Also, over five million South Africans are pre-diabetic 
(insulin resistant) and there are many more who are 
undiagnosed.5

Several factors such as obesity, smoking, alcohol, phy
sical inactivity, genetics, and advancing age contribute to 
the development of insulin resistance among which obe
sity is considered to be the primary factor.6 Obesity is 
characterized by increased adipose tissue because of the 
consumption of a high fat/energy diet and lack of physical 
activity. The excess energy is stored in adipocytes as 
triglycerides under the control of insulin. In adipocytes, 
adipokines such as leptin and adiponectin, among others, 
are produced to modulate lipid metabolism.7 Leptin is 
a pro-inflammatory adipokine that regulates food-intake 
and energy expenditure, and therefore, leptin concentration 
in adipose tissue is dependent on the amount of energy 
stored.8 Increased adipocyte size due to obesity increases 
leptin synthesis leading to leptin resistance. As such, 
hyperleptinaemia (leptin resistance) is associated with obe
sity, low grade inflammation and insulin resistance.9 

Adiponectin, on the other hand, is an anti-inflammatory 
adipokine molecule that regulates the storage of fatty acid 
in adipocytes and has been shown to increase the expres
sion of enzymes involved in β-oxidation of fatty acids 
reducing circulatory free fatty acids thereby preventing 
the development of insulin resistance.10 In obesity, adipo
cyte hypertrophy results in compromised blood supply to 
adipose tissue resulting in the development of a hypoxic 
state.11 In the hypoxic state, the adipocytes release chemo
kines that induces the recruitment of macrophages to the 
adipose tissue thus promoting the production of pro- 
inflammatory cytokines. Studies have shown that obesity 
induces pro-inflammatory factors such as TNF-α, IL-1β 
and IL-6, as well as hypoxia and oxidative stress, inhibit
ing adiponectin production in adipocytes.12 Also, leptin 
upregulates pro-inflammatory cytokines in adipocytes.13 

Evidence indicates that obesity promotes chronic low- 
grade inflammatory state, shown by increased levels of 
inflammatory markers which contribute directly to the 
development of insulin resistance14 and T2DM.15 Studies 
have reported that increased leptin: adiponectin ratio is 
strongly associated with metabolic syndrome (MetS) and 
cardiovascular disease risk than isolated leptin or adipo
nectin concentrations.16

Obesity and inflammation are also associated with 
increased intestinal permeability.17,18 In the human gastro
intestinal tract, there are trillions of microorganisms 

collectively called microbiota. Under normal conditions, 
the intestinal mucosa is permeable to nutrients and water 
but serve as a barrier to microbiota from penetrating and 
entering the circulation through tight junctions. Alterations 
in the composition of microbiota by high-fat diet, obesity 
and local intestinal inflammation can result in the secretion 
of zonulin by enterocytes resulting in further disruption of 
tight junctions and leaky intestinal mucosa.18 This 
increases the seepage of bacteria and bacterial components 
such as lipopolysaccharide (LPS) across the intestinal 
mucosa.19 A high blood endotoxin level can further trigger 
local inflammation or gain access to circulation and con
tribute to systemic inflammation through cytokine release. 
Continuous infusion of endotoxins or high endotoxin 
levels in the blood may, therefore, worsen peripheral 
inflammation associated with obesity. It is postulated that 
endotoxin-induced inflammation which results from gut- 
permeability also contributes to the development of insulin 
resistance.20

Though some studies have shown gut permeability to 
be associated with insulin resistance,21 it still remains 
unclear whether obesity may be the underlining factor 
for the association between gut permeability and insulin 
resistance as obesity and inflammation have been shown to 
be major contributors to the development of insulin 
resistance.22 Since obesity-induced insulin resistance is 
age dependent, often observed in older population than in 
young adults, studies in young apparently healthy adults 
are scarce.23,24 Therefore, the purpose of this study was to 
investigate gut permeability as a potential contributor to 
insulin resistance in apparently healthy obese young adult 
population.

Materials and Methods
Study Design and Population
This was a cross-sectional quantitative study which enrolled 
18–25-year-old, apparently healthy students at Walter Sisulu 
University, Mthatha, Eastern Cape Province of South Africa.

Ethical Consideration
The study was conducted in accordance with the guide
lines of the Helsinki Declaration (2008 reviewed version) 
as well as local and national regulations in South Africa. 
Ethical approval was obtained from the Walter Sisulu 
University Faculty of Health Sciences Research Ethics 
Committee with approval number: [040/2019] on the 26th 

of June 2019. After careful explanation of the purpose and 
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aim of the study, written informed consent was obtained 
from each volunteering student before enrolment into the 
study. The study adhered to the standards of reporting and 
was in accordance with the National Data Protection Acts 
as the identity of the participants was kept confidential. 
There were no important changes in the methods after 
study commencement.

Inclusion/Exclusion Criteria
Registered students both male and female of Walter Sisulu 
University aged 18–25 years who had fasted overnight 
were recruited for the study. Students with or any history 
of diagnosed diabetes and on medication, weight loss 
programmes or on medication, chronic intestinal disorder, 
previous surgery within the gastrointestinal tract, immune 
suppressing medication, history of liver diseases, pregnant 
or lactating were excluded from the study.

Anthropometric Measurements
Anthropometric measurements were performed in accordance 
with the International Standards for Anthropometric 
Assessments25 on all participants. Participants’ waist circum
ference (WC) was measured at the approximate mid-point 
between the lower margin of the last palpable rib and the top 
of the iliac crest using an anthropometric tape in centimetres 
(cm). Height was measured using a wall-mounted stadiometer 
(Electronic body scale TCS-200-RT) and recorded to the 
nearest 0.1cm. Body composition was assessed using the 
Omron (BF500) which uses bioelectrical impedance analysis 
and was used to measure weight (kg), body mass index (BMI) 
in kg/m2, visceral fat (VF%) and skeletal muscle fat (SMF%). 
Participants with BMI<25 were considered lean while 
BMI≥25 were classified as overweight/obese (O/O) according 
to the International Obesity Task Force (IOTF) BMI 
Classification.26

Blood Collection and Biochemical 
Analysis
Five millilitre (5mL) of blood was collected into ethyle
nediaminetetraacetic acid (EDTA) tubes and fasting glu
cose was measured using Accu-Chek® Active glucometer 
(Roche Diabetes Care South Africa (Pty) Ltd). A portion 
of the whole blood was centrifuged (Eppendorf 5810 R) 
for 15 minutes at 1000×g to obtain plasma. The plasma 
was used to determine zonulin, insulin, adiponectin and 
leptin. Zonulin, insulin, adiponectin and leptin were mea
sured using a commercial ELISA kit [Elabscience 

Biotechnology Co., Ltd with catalogue E-EL-H1507, 
E-EL-H2665, E-EL-H2665, E-EL-H0004 respectively] as 
per manufacturer’s protocol.

Assessment of Insulin Resistance
Fasting glucose concentration and plasma insulin concen
tration were computed in the HOMA2 calculator v2.2.3 
(https://www.dtu.ox.ac.uk/homacalculator/download.php) 
to determine homeostasis model assessment of insulin 
resistance (HOMA-IR), insulin sensitivity (%S) and beta- 
cell function (%B).

HOMA � IR ¼
insulin pMolð Þ� fasting glucose mg

dL

� �

405 

Statistical Analyses
Data were analysed using GraphPad Prism version 5 and 
IBM Statistical Package for Social Sciences (SPSS) ver
sion 20. The data were presented as mean ± standard 
error of mean (S.E.M) in tables and figures. 
Independent sample T-test was used to compare mean 
differences of continuous variables between lean and 
overweight/obese participants. Pearson correlation was 
used to determine the relationship between gut perme
ability, measures of obesity, and insulin resistance. The 
standardised beta coefficient (β) was determined by mul
tiple linear regression analysis using continuous variables 
to predict the associated relationship between gut perme
ability, measures of obesity, and insulin resistance. 
A causal mediation analysis based on OLS regression 
analysis by Process.sps through custom dialogue in 
SPSS was performed to assess the mediatory effect of 
gut permeability on the relationship between obesity and 
insulin resistance. A p-value ≤0.05 was considered to be 
statistically significant.

Results
Characteristics of Study Participants
One hundred and fifty-one (151) participants participated in 
the study of which 77 (51%) were females and 74 (49%) 
were males. Based on BMI, 34.4% (52/151) of the partici
pants were overweight/obese among which 32 were females 
while 20 were males. The study population matched for age 
and height as they were not significantly (p>0.005) different 
among overweight/obese and lean participants. The body 
weight, BMI, WC and VF% for overweight/obese indivi
duals were significantly (p < 0.05) higher compared to lean 
individuals for the cohort and both gender (Table 1).

Dovepress                                                                                                                                                      Mkumbuzi et al

Diabetes, Metabolic Syndrome and Obesity: Targets and Therapy 2020:13                                         submit your manuscript | www.dovepress.com                                                                                                                                                                                                                       

DovePress                                                                                                                       
2999

Powered by TCPDF (www.tcpdf.org)

https://www.dtu.ox.ac.uk/homacalculator/download.php
http://www.dovepress.com
http://www.dovepress.com


Effect of Obesity on Inflammatory Markers
Adiponectin, an anti-inflammatory markers was significantly 
(p<0.05) lower in overweight/obese individuals compared to 
their lean counterparts in the cohort and in males and females 
(Figure 1). Moreover, leptin which is a pre-inflammatory 
molecule was significantly (p<0.05) higher in overweight/ 
obese individuals compared to lean participants in the cohort 
and in both gender (Figure 2). Similarly, leptin to adiponectin 
ratio was significantly (p<0.05) higher in overweight/obese 
than in lean individuals in the cohort and in both gender 
(Figure 3).

Effect of Obesity on Gut Permeability
Zonulin is a surrogate marker for gut permeability. In this study, 
overweight/obese females showed a significantly (p<0.01) higher 
zonulin concentration than lean females. In the cohort, the 

overweight/obese group showed a significantly (p<0.01) higher 
concentration of zonulin than the lean cohort group (Figure 4).

Effect of Obesity on Glucose 
Homeostasis and Insulin Action
All variables of insulin resistance; fasting glucose, insulin 
in plasma, HOMA-IR, percentage insulin sensitivity (%S) 
and beta cell function (%B) were similar (p>0.05) between 
lean and overweight/obese individuals across all groups 
for females, males, and the cohort (Table 2).

Relationship of Insulin Resistance with 
Body Composition, Glucose Homeostasis 
and Inflammatory Markers
HOMA-IR correlated (p<0.0001) positively with insulin 
and beta-cell function (%B) but it was associated (p<0.01) 

Table 1 Characteristics of Participants

Variables Females (n=77) Males (n=74) Cohort (n=151)

Lean (n=45) O/O (n=32) Lean (n=54) O/O (n=20) Lean (n=99) O/O (n=52)

Age (yrs) 21.49±0.27 21.88±0.38 22.65±0.39 22.43±0.24 22.00±0.19 22.17±0.28

Height (m) 1.61±0.01 1.60±0.01 1.69±0.01 1.704±0.01 1.65±0.01 1.65±0.01
Weight (kg) 53.53±1.16 80.40±2.57*** 65.23±1.22 93.82±6.76*** 60.89±1.03 82.27± 2.48***

BMI (kg/m2) 21.14±0.44 30.36±0.94*** 22.75±0.40 32.10±2.27*** 22.15±0.31 30.60±0.87 ***

WC (cm) 70.86±1.06 93.92±2.29*** 74.19±1.27 89.52±2.61*** 72.67± 0.85 92.23±1.73***
SMF (%) 26.48±0.75 24.59±1.75** 34.23±1.49 32.14±1.21 30.71±0.96 27.49±1.27*

VF (%) 3.65±0.17 7.03±0.33*** 4.31±0.26 10.80±0.70*** 4.01±0.17 8.48±0.42 ***

Notes: Data was presented as mean ± SEM. p≤0.05 was considered statistically significant. *p<0.05, **p<0.01, ***p<0.001. 
Abbreviations: SEM, standard error of the mean; O/O, overweight/obesity; BMI, body mass index; WC, waist circumference; SMF, skeletal muscle fat; VF, visceral fat.

Figure 1 Plasma adiponectin level between overweight/obese and lean subjects. Data is expressed as mean ± standard error of the mean. p≤0.05 was considered statistically 
significant, *p<0.05, **p<0.01, ***p<0.001.  
Abbreviations: F lean, lean females; F O/O, overweight/obese females; M lean, lean males; M O/O, overweight/obese males.
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Figure 3 Leptin to adiponectin ratio between overweight/obese and lean subjects. Data is expressed as mean ± standard error of the mean. p≤0.05 was considered 
statistically significant, ***p<0.001.  
Abbreviations: F lean, lean females; F O/O, overweight/obese females; M lean, lean males; M O/O, overweight/obese males.

Figure 2 Plasma leptin level between overweight/obese and lean subjects. Data is expressed as mean ± standard error of the mean. p≤0.05 was considered statistically 
significant, *p<0.05, ***p<0.001.  
Abbreviations: F lean, lean females; F O/O, overweight/obese females; M lean, lean males; M O/O, overweight/obese males.

Figure 4 Plasma zonulin between lean and overweight/obese subjects. Data is expressed as mean ± standard error of the mean. p≤0.05 was considered statistically 
significant, **p<0.01. Abbreviations: F lean, lean females; F O/O, overweight/obese females; M lean, lean males; M O/O, overweight/obese males.
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negatively with insulin sensitivity (%S) in the cohort as 
well as in males and females. HOMA-IR positively asso
ciated (p<0.05) with fasting glucose in the cohort and in 
females. Adiponectin inversely correlated (p<0.05) with 
HOMA-IR in females while leptin to adiponectin ratio 
showed a (p<0.05) positive relationship with HOMA-IR 
in females (Table 3).

Following age adjustment, linear regression of a fitted 
model (F=2.155; p=0.024) for the relationship of HOMA- 
IR with study parameters showed adiponectin, leptin and 
Leptin/adiponectin ratio to predict insulin resistance (R2= 
0.134, Adj.R2= 0.072; p<0.05) in the cohort. Leptin/adi
ponectin ratio showed the greatest prediction for insulin 
resistance (β: 0.492; p=0.022) in the cohort. In males, 
a strong fitted model (F=2447.8; p<0.001) showed fasting 
glucose, insulin and β-cell function with likelihood for 
insulin resistance (R2= 0.998; Adj.R2=0.997; p<0.001). 
In females, a fitted model (F=3.075; p=0.002) showed 
adiponectin, leptin and Leptin/adiponectin ratio to predict 
insulin resistance (R2= 0.346, Adj.R2 = 0.233 p<0.01). 

Leptin/adiponectin ratio showed the greatest prediction 
(β: 0.858; p=0.001) for insulin resistance (Table 4).

Relationship of Zonulin with Body 
Composition, Inflammatory and Glucose 
Homeostasis Markers
Zonulin positively associated (p<0.05) with body mass 
index and visceral fat in the cohort and in females but 
positively correlated (p<0.05) with waist circumference 
only in females. Zonulin showed a positive association 
(p<0.05) with glucose homeostasis markers; HOMA-IR 
and insulin concentration only in females. Inflammatory 
markers; adiponectin and leptin as well as leptin to adipo
nectin ratio showed no relationship (p>0.05) with zonulin 
(Table 5).

Linear regression after age adjustment of an unfitted 
model (F=1.44; p=0.169) for the relationship of zonulin 
with study parameters showed increased insulin with like
lihood of gut permeability (R2= 0.094, Adj.R2= 0.029; 

Table 2 Markers of Glucose Homeostasis and Insulin Action

Variables Females Males Cohort

Lean O/O Lean O/O Lean O/O

FG (mmol/L) 5.22 ± 0.06 5.19 ± 0.07 5.14 ± 0.09 5.11 ±0.13 5.18 ±0.06 5.16 ± 0.07

Insulin (uIU/µL) 6.78 ± 0.47 7.09 ± 0.04 6.61 ± 0.19 6.75 ± 0.36 6.69 ± 0.24 6.96 ± 0.26
HOMA-IR 0.89 ± 0.06 0.93 ± 0.05 0.86 ± 0.03 0.87 ± 0.05 0.95 ± 1.07 0.91 ± 0.03

%S 122.9 ± 4.1 113.9 ± 4.34 121 ± 3.21 119.1 ± 5.4 121.7 ± 2.55 115.9 ± 3.37

%B 79.68 ± 3.0 84.13 ± 3.37 84.4 ± 3.14 85.36 ± 5.93 82.28 ± 2.19 84.6 ± 3.05

Note: Data was presented as mean ± SEM. 
Abbreviations: SEM, standard error of the mean; O/O, overweight/obese; FG, fasting glucose; HOMA-IR, homeostasis model assessment of insulin resistance; %S, insulin 
sensitivity; %B, beta-cell function.

Table 3 Correlation of HOMA-IR with Body Composition, Inflammatory and Glucose Homeostasis Markers

Variables vs HOMA-IR Females Males Cohort

r p-value r p-value r p-value

BMI 0.14 0.221 0.063 0.593 0.069 0.399

WC 0.17 0.142 0.031 0.794 0.140 0.088
VF 0.20 0.077 0.015 0.899 0.107 0.192

FG 0.28 0.013* 0.190 0.106 0.208 0.010*

Insulin 0.93 <0.0001*** 0.976 <0.0001*** 0.978 <0.0001***
%S −0.96 <0.0001*** −0.999 <0.0001*** −0.998 <0.0001***

%B 0.44 <0.0001*** 0.320 0.005** 0.415 <0.0001***

Adiponectin −0.22 0.05* 0.006 0.96 −0.078 0.34
Leptin 0.21 0.069 −0.04 0.73 0.04436 0.59

Lept/ADP 0.23 0.042* −0.05 0.66 0.05742 0.49

Notes: *p< 0.05, **p< 0.01, and ***p< 0.001. 
Abbreviations: r, correlation coefficient; BMI, body mass index; WC, waist circumference; VF, visceral fat; FG, fasting glucose; HOMA-IR, homeostasis model assessment of 
insulin resistance; %S, insulin sensitivity; %B, beta-cell function; Lept/ADP, leptin to adiponectin ratio.
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p<0.05) in the cohort. In males, an unfitted model 
(F=0.651; p=0.749) showed no factor to predict gut per
meability (R2= 0.084; Adj.R2=−0.045; p>0.05). In 
females, a fitted model (F=2.721; p=0.009) for zonulin 
with study parameters showed increased visceral fat and 
insulin to predict gut permeability (R2= 0.271, Adj.R2= 
0.171; p<0.01). Results are summarised in Table 6.

Mediation Effect of Gut Permeability on 
the Relationship Between Obesity and 
Insulin Resistance
Since obesity was associated with gut permeability but not 
with insulin resistance, we hypothesised gut permeability 
to have a possible mediation effect on the relationship 
between obesity and insulin resistance. As such, 
a mediation analysis was performed. The relationship 

between obesity and insulin resistance was indirectly 
mediated through gut permeability by 13.46%. When, 
age and sex were considered as covariates, the relationship 
between obesity and insulin resistance was mediated by 
11.52% and 14.8%, respectively, through gut permeability. 
This finding suggests that the lack of relationship between 
obesity and insulin resistance could partially be attributed 
to the indirect relationship of obesity and gut permeability, 
which in turn influences insulin resistance (Table 7 and 
Figure 5A).

Discussion
Insulin resistance is a feature of metabolic syndrome 
together with obesity, elevated blood glucose and high 
triglycerides thus, increasing the risk of T2DM and cardi
ovascular diseases.27 Though insulin resistance is known 

Table 4 Linear Regression of HOMA-IR with Body Composition, Inflammatory and Glucose Homeostasis Markers

Variables vs HOMA-IR Females Males Cohort

β p-value β p-value β p-value

BMI −0.140 0.592 0.029 0.162 −0.001 0.614

WC 0.137 0.544 0.001 0.967 0.037 0.805
VF 0.145 0.390 −0.035 0.072 0.061 0.611

FG 0.665 0.258 0.095 0.001** 0.052 0.841

Insulin −0.755 0.147 1.001 0.001** −0.100 0.622
%S 0.042 0.898 0.004 0.897 −0.114 0.520

%B 1.144 0.167 0.043 0.032* 0.186 0.531

Adiponectin 0.831 <0.001*** 0.003 0.673 0.482 <0.001***
Leptin −0.77 <0.001*** −0.019 0.299 −0. 458 0.022*

Lept/ADP 0.858 0.001*** 0.018 0.345 0.492 0.022*

Notes: *p< 0.05, **p< 0.01, and ***p< 0.001. 
Abbreviations: β, standardized regression coefficient; BMI, body mass index; WC, waist circumference; VF, visceral fat; FG, fasting glucose; HOMA-IR, homeostasis model 
assessment of insulin resistance; %S, insulin sensitivity; %B, beta-cell function; Lept/ADP, leptin to adiponectin ratio.

Table 5 Correlation of Zonulin with Body Composition, Inflammatory and Glucose Homeostasis Markers

Variables Vs Zonulin Females Males Cohort

r p-value r p-value r p-value

BMI 0.38 0.0007*** −0.02 0.84 0.20 0.01*

WC 0.29 0.01* −0.06 0.61 0.14 0.08
VF 0.48 <0.0001*** −0.02 0.84 0.20 0.01*

FG 0.05 0.64 0.15 0.20 0.11 0.18

Insulin 0.27 0.019* −0.03 0.82 0.12 0.19
HOMA-IR 0.24 0.038* −0.03 0.81 0.12 0.13

Adiponectin −0.20 0.09 0.06 0.59 −0.073 0.37

Leptin 0.11 0.32 0.07 0.57 0.073 0.37
Lept/ADP 0.15 0.19 0.05 0.65 0.087 0.29

Notes: *p< 0.05, ***p< 0.001. 
Abbreviations: r, correlation coefficient; BMI, body mass index; WC, waist circumference; VF, visceral fat; FG, fasting glucose; HOMA-IR, homeostasis model assessment of 
insulin resistance; %S, insulin sensitivity; %B, beta-cell function; Lept/ADP, leptin to adiponectin ratio.
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to be associated with obesity, there is growing evidence 
that gut permeability, measures of obesity, and insulin 
resistance are associated.28 Recent findings have asso
ciated insulin resistance with increased gut 
permeability.21 However, it still remains unclear whether 
obesity may be the underlining factors for such observa
tion. However, obesity-induced insulin resistance is age 
dependent, often observed in older population than in 
young adults.24 More so, since insulin resistance is not 
routinely checked as part of clinical management, many 
cases may go undiagnosed, especially young adults. We, 
therefore, resolve to assess the relationship between mea
sures of obesity, gut permeability and markers of insulin 
resistance in young adults. Obesity is a known risk factor 
for insulin resistance.29 There is concern of increasing 
prevalence of obesity in South Africa.30 In this study, 
overweight/obesity was prevalent (34.4%) in young 
South African adults with a greater prevalence observed 
in females than in males. Previous studies have also 
reported a higher prevalence of obesity in females than 
in males.31

Normally obesity, especially abdominal obesity is asso
ciated with hypertrophy of adipocytes resulting in adipose 

tissue hypoxia.31 In the hypoxic state, adipocytes are asso
ciated with over secretion of pro-inflammatory cytokines 
such as TNF-α, IL-6, leptin and CRP and hyposecretion of 
anti-inflammatory cytokines such as adiponectin.16 This 
imbalance in cytokine secretion by adipocytes is asso
ciated with local adipose inflammation, and lipolysis. 
Significantly increased leptin as well as leptin to adipo
nectin ratio was observed while adiponectin was signifi
cantly lower in obese subjects. This finding suggests that 
obesity induces inflammation and concurs with previous 
studies which have shown elevated leptin level in obese 
subjects and reduced adiponectin due to obesity-induced 
inflammation.32

Obesity-induced inflammation and lipolysis is known 
to promote insulin resistance.12 Increased visceral fat is 
associated with risk of abdominal obesity and with 
increased secretion of proinflammatory cytokines which 
act as autocrine signals to metabolic tissues (liver, skeletal 
muscle, and adipose tissues) decreasing insulin 
sensitivity33 and leading to insulin resistance.34 In this 
study, adiponectin was inversely associated with HOMA- 
IR in females while leptin to adiponectin ratio showed 
a positive relationship with HOMA-IR in females. 

Table 6 Linear Regression of Zonulin with Body Composition, Inflammatory and Glucose Homeostasis Markers

Variables Vs Zonulin Females Males Cohort

β p-value β p-value β p-value

BMI −0.196 0.459 0.103 0.799 0.101 0.584

WC 0.215 0.354 −0.02 0.916 0.098 0.604
VF 0.419 0.017* −0.187 0.622 −0.039 0.791

FG −0.049 0.675 −0.007 0.984 0.105 0.136

Insulin 0.268 0.021* −1.457 0.535 0.175 0.048*
HOMA-IR 0.045 0.723 1.632 0.496 0.040 0.561

Adiponectin −0.191 0.367 −0.095 0.555 −0.094 0.460

Leptin 0.110 0.626 0.363 0.307 0.086 0.600
Lept/ADP −0.300 0.286 −0.331 0.391 −0.182 0.430

Note: *p< 0.05. 
Abbreviations: β, standardized regression coefficient; BMI, body mass index; WC, waist circumference; VF, visceral fat; FG, fasting glucose; HOMA-IR, homeostasis model 
assessment of insulin resistance; %S, insulin sensitivity; %B, beta-cell function; Lept/ADP, leptin to adiponectin ratio.

Table 7 Mediation Effect of Gut Permeability on the Relationship of Obesity and Insulin Resistance

Covariate X to Y X to M M to Y Mediator Effect Total Effect % Mediation p-value

0.0208 1.1546 0.0024 0.0028 0.0208 13.46 <0.05

Age 0.0238 1.0586 0.0029 0.0031 0.0269 11.52 <0.05
Sex 0.0167 1.1563 0.0025 0.0029 0.0196 14.80 <0.05

Notes: X: Obesity defined by waist circumference (independent variable); Y: insulin resistance defined by HOMA-IR (dependent variable); M: Gut permeability defined by 
zonulin (mediator); X to Y: coefficient of relationship between X and Y; X to M: coefficient of relationship between X and M; M to Y: coefficient of relationship between 
M and Y.
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Hyperinsulinaemia and increased HOMA-IR are character
istics of insulin resistance. In hyperinsulinaemia, there is 
increased insulin concentration in circulation even when 
there is a low concentration of glucose in blood. Also, 
HOMA-IR, a measure to assess insulin resistance is 
derived from fasting glucose and plasma insulin concen
tration. Therefore, an increase in HOMA-IR is associated 
with a decrease in insulin sensitivity (insulin resistance) in 
tissues.35 As expected, HOMA-IR inversely associated 
with insulin sensitivity while it showed a positive corre
lated with hyperinsulinaemia, fasting glucose and beta cell 
function across all groups. More so, hyperinsulinaemia, 

increased fasting glucose and poor beta cell function was 
associated with risk of insulin resistance as previously 
reported.35 Previous studies have demonstrated a positive 
relationship of insulin resistance with obesity measures.36 

In the current study, insulin concentration, HOMA-IR, 
insulin sensitivity and pancreatic β cell function were 
similar between lean and overweight/obese individuals. 
More so, measures of obesity showed no associated risk 
of insulin resistance. This finding suggests that obesity in 
young adults was not associated with insulin resistance. 
Though surprising, this finding conforms with previous 
studies that showed no association between obesity and 

Figure 5 Mediation effect and summary of findings. (A) Mediation effect of gut permeability on the relationship between obesity and insulin resistance. The numeric figures 
represent the coefficient of relationship; X: Independent variable, Y: Dependent variable and M: Mediator variable. (B) Schematic summary of findings. A: Metabolically 
healthy obesity in young adults promote gut and systemic inflammation; B: Inflammation in the gut promotes gut permeability; C: Gut permeability leads to insulin resistance; 
D: Systemic inflammation promotes insulin resistance; E: Metabolically healthy obesity in young adults is associated with gut permeability; F: Metabolically healthy obesity in 
young adults is not associated with insulin resistance.
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insulin resistance to describe a condition called metaboli
cally healthy obesity (MHO) or otherwise known as meta
bolically benign obesity which is more common in young 
adults that make them less susceptible to insulin resistance 
and metabolic diseases.37 In fact, it has been reported that 
MHO individuals comprise about 30% of obese population 
and about 10% of adults in the general population.38 Also, 
it has been shown that MHO subjects have similar insulin 
sensitivity status to that of non-obese individuals and have 
lower liver fat content than obese insulin-resistant (OIR) 
individuals.39 More so, it has been suggested that the 
pathogenesis of obesity-induced insulin resistance takes 
a longer time to develop and therefore, it may be in its 
early stages in young adults.23

Recent findings suggest a relationship between insulin 
resistance, obesity and gut permeability.40 Abdominal obe
sity is associated with gut permeability which is linked to 
dysbiosis of the gut microbiota due to the consumption of 
western diet. The western diet reduces the protective mucus 
layer and the production of anti-microbial factors and mucin 
by enterocytes.41 When the protective mucus layer is 
reduced, it makes it easier for bacteria and bacterial compo
nents to pass through the intestinal barrier. The invasive 
bacteria trigger inflammatory responses resulting in the upre
gulation of pro-inflammatory cytokines and secretion of 
zonulin, an intestinal tight junction regulator.42 Higher zonu
lin concentration has been observed in obese than lean 
individuals.43 In this study, overweight/obese individuals 
had higher serum zonulin concentration than their lean coun
terparts. Also, a positive association was observed between 
zonulin and measures of obesity with visceral fat presenting 
increased risk of gut permeability. These findings confirm 
previous reports that obesity promotes gut permeability.40 

Following secretion of zonulin into the intestinal lumen, it 
transactivates epidermal growth factor receptor (EGFR) 
through the proteinase activating receptor 2 (PAR2). This 
complex phosphorylates zonula occludens proteins, resulting 
in small intestine’s tight junction disassembling opening the 
paracellular pathway.44 The opening of the paracellular path
way results in bacteria entering the circulation which triggers 
systemic inflammation. In turn, systemic inflammation 
releases circulating pro-inflammatory cytokines which 
induces insulin resistance in metabolic tissues.44 In this 
study, increased leptin to adiponectin ratio, markers of 
inflammation showed increased likelihood to promote insulin 
resistance. Studies have shown a positive association 
between serum zonulin, measures of obesity, 
inflammation43 and insulin resistance.40 In the current 

study, insulin resistance variables (insulin concentration and 
HOMA-IR) positively associated with zonulin and increased 
insulin showed risk of gut permeability, confirming previous 
reports that have shown gut permeability to be associated 
with insulin resistance.38

In a nutshell, gut permeability was associated indepen
dently with obesity and insulin resistance but however, an 
association between obesity and insulin resistance was not 
observed. We hypothesized a possible mediation effect of 
gut permeability to affect the relationship between obesity 
and insulin resistance since obesity was associated with 
gut permeability. Mediation analysis showed that the rela
tionship between obesity and insulin resistance could be 
indirectly or partially affected by the presence of gut 
permeability which was induced by obesity. Since gut 
permeability was associated with insulin resistance, this 
finding suggests that obesity was not associated with insu
lin resistance as a result of its indirect effect on gut 
permeability in young adults. The possible explanation of 
the findings of this study has been summarised in 
Figure 5B.

Conclusion
This study showed that gut permeability was associated 
with insulin resistance in young adults. Though a high 
prevalence of overweight/obesity was observed, obesity 
was not associated with insulin resistance. The association 
between obesity and gut permeability may possibly have 
indirectly mediated the relationship between obesity and 
insulin resistance. The association of gut permeability with 
insulin resistance without the direct implication of obesity 
suggests that gut permeability may be a potential indepen
dent contributory risk factor to the development of insulin 
resistance in healthy obese young adults. This call for 
public health concern as other underlining risk factors 
such as gut permeability may be implicated in insulin 
resistance-related diseases such as T2DM and cardiovas
cular diseases. However, further studies with large popula
tion size and more robust designs may be needed to 
address this observation.
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