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a b s t r a c t

Type 2 diabetes (T2D) is a metabolic disorder characterised by hyperglycaemia, reduced insulin secretion, 
and increased insulin resistance, yet its mechanisms are not fully understood. While genetic predisposition 
contributes to the variable disease presentation across different ethnic populations, it does not fully explain 
the burden of T2D. Global 5-methylcytosine (5-mC) has emerged as an important regulator of gene ex
pression, influencing disease pathogenesis through interactions with environmental factors. In parallel, 
circulating exosomes have attracted significant attention in research due to their role in mediating cell-to- 
cell communication and their capability to transport bioactive molecules, including methylated genomic 
DNA, that influence gene expression and metabolic pathways. The combined contribution of 5-mC and 
circulating exosome concentration to T2D pathogenesis in African populations remains poorly understood. 
A South African community case-control study of 40 T2D cases and 40 healthy controls quantified exosomes 
and 5-mC using their corresponding enzyme-linked immunosorbent assay. Associations of variables with 
T2D were evaluated using linear and logistic regression models. Serum exosome concentrations were po
sitively correlated with global 5-mC (r = 0.269, p = 0.016). Global 5-mC levels were positively associated with 
triglycerides (r = 0.232, p = 0.038) and inversely correlated with weight in the diabetic group (r = -0.342, 
p = 0.038), while exosomes showed a sex-specific inverse association with diastolic blood pressure in males 
(r = -0.585, p = 0.028). However, neither biomarker independently predicted T2D after adjustment for 
confounders. These findings suggest a modest interplay between epigenetic modification and exosome 
signalling, warranting further investigation in larger studies.
© 2026 Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access 

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Diabetes mellitus has become a major public health concern 
globally [1]. The International Diabetes Federation reported that 
10.5% (536.6 million) people aged 20–79 years are diabetic, and this 
prevalence is estimated to increase to 12.2% (783.2 million) by 2035 
[2]. In Africa, South Africa had the highest reported cases of diabetes 
which increased from 1.9 million in 2011 to 4.2 million cases by 2021 
[1]. Type 2 diabetes (T2D), a predominant type of diabetes is a 
multifactorial disorder characterised by hyperglycaemia, reduced 
insulin secretion, and increased insulin resistance [3]. Despite ex
tensive research, the mechanisms underlying T2D remain 

incompletely elucidated. Genome-Wide Association Studies (GWAS) 
have identified genes associated with the development of T2D, 
however, these explain only 10% of T2D heritability [4]. It is sug
gested that an interplay between genetic and environmental factors 
increases T2D susceptibility through epigenetic modifications. En
vironmental factors act on genes thereby inducing their expression 
by activating intracellular signalling pathways through epigenetic 
mechanisms including DNA methylation [5].

DNA methylation (DNAM), the most studied epigenetic mod
ification, is the covalent transfer of a methyl group to the fifth carbon 
of cytosine to form 5-methylcytosine (5-mC) in cytosine-guanine 
(CpG) dinucleotides, leading to reduced gene expression and func
tion [6]. This type of reaction is catalysed by a family of enzymes 
known as DNA methyltransferases (DNMTs), while S-adeno
sylmethionine acts as a methyl donor. DNAM typically reduces gene 
expression by suppressing transcription [7]. Several studies have 
investigated DNAM in T2D [8–10], however, findings remain incon
sistent, likely due to differences in population characteristics, 
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sample types, the type of DNA methylation, and study design. Global 
DNA hypermethylation was reported in peripheral blood mono
nuclear cells of pre-diabetic and treatment naïve T2D individuals of 
mixed ancestry in South Africa [9]. On the other hand, Martín-Núñez 
et al. [11] demonstrated a negative association between Long Inter
spersed Nuclear Element-1 (LINE-1) DNA methylation in peripheral 
blood and T2D risk using a smaller sample size from a Spanish po
pulation. Notably, there is still limited evidence on DNAM and its 
relationship with T2D in South African populations, underscoring 
the need for further investigation in this context.

The development and progression of T2D is also influenced by a 
cross-talk between cells mediated by exosomes. Exosomes are ex
tracellular nano-vesicles released by most cell types, including β- 
cells, adipocytes, immune, endothelial, muscle, renal cells etc. They 
are involved in intercellular communication through the transfer of 
proteins, lipids, and nucleic acids under normal and pathophysio
logical conditions [12,13]. Exosomes released by cells reflect the 
metabolic state of their tissue of origin. The quantity and composi
tion of these vesicles vary with the organism’s physiological and 
pathogenic states, including in T2D. Therefore, they are capable of 
altering the physiological state of the recipient cell such as lipid and 
glucose metabolism, which contribute to insulin resistance [14]. 
While exosome research often focuses on cell-specific vesicles, this 
study specifically examines circulating (global) exosome levels in 
serum, which represent a composite signal derived from multiple 
tissues. Circulating exosomes are particularly relevant in clinical 
research due to their accessibility and their ability to reflect systemic 
physiological and pathological states. In metabolic disorders such as 
T2D, alterations in the abundance and cargo of these vesicles have 
been implicated in processes including disrupted glucose and lipid 
metabolism, inflammation, and insulin resistance. As such, global 
exosome levels may serve as integrated biomarkers and therapeutic 
targets for T2D [15].

Despite the known roles of global 5-mC and exosomes in meta
bolic regulation, data on their combined profiles across many po
pulations, including Black South Africans, remain scarce. That 
exosomes carry biomolecules, including genomic DNA with epige
netic patterns, from cell to cell is of interest in the pathogenesis of 
many diseases and requires investigation. Furthermore, there is a 
need to evaluate the clinical utility of whole blood and serum as 
simplified, accessible matrices for detecting epigenetic and cellular 
signals in these demographics, necessitating targeted investigations 
to bridge these gaps. Hence, this study was designed as a pilot in
vestigation to assess the feasibility of participant recruitment, bio
logical sample collection, and the use of serum and whole blood for 
the measurement of global exosomes and 5-mC, respectively, among 
Black South Africans in the Eastern Cape, while providing pre
liminary data on their potential association with T2D.

Materials and methods

Study design and population

The present study was a pilot cross-sectional case-control study 
that enrolled 40 T2D and 40 non-diabetic individuals aged ≥ 30 years 
of black ethnic group residing in Alfred Nzo, Chris Hani and OR 
Tambo districts in the Eastern Cape Province South Africa. The spe
cified ethnic group was chosen because it constitutes the majority of 
the total population in the three districts where recruitment of study 
participants was conducted. We chose only 3 districts due to re
duced sample size with OR Tambo and Alfred Nzo being considered 
as one of the districts with highest reported cases of diabetes in the 
Eastern Cape province [16]. To our knowledge, this is the first study 
to investigate DNA methylation profile and exosomes from type 2 
diabetic individuals in comparison with non-diabetic controls in 
South Africa. For this reason, we conducted a pilot study with a 

reduced sample size to evaluate the clinical utility of serum as a 
simplified biological matrix for quantification of circulating exo
somes and whole blood for global 5-mC measurement using ELISA, 
and evaluating the possibility of detecting any existing association 
between these biomarkers and T2D.

Inclusion and exclusion criteria. This study included individuals 
aged ≥ 30 years residing in Alferd Nzo, Chris Hani and OR Tambo 
districts. The control group included non-diabetic individuals 
(HbA1c < 6.5%), while newly diagnosed type 2 diabetic individuals 
were included as a case group (HbA1c ≥ 6.5%) according to World 
Health Organization diagnostic criteria. Type 1 diabetic patients, 
patients with gestational diabetes, diabetic participants on medica
tion and/or insulin treatment, those with diabetic complications 
such as retinopathy, chronic kidney diseases, cardiovascular diseases 
and infectious diseases such as tuberculosis and/or HIV infections 
and pregnant woman, individuals who smoked and consumed al
cohol were excluded. Participants were asked to provide their clinic/ 
medical cards as evidence to help determine the presence of these 
medical conditions.

Data collection and anthropometric measurements

A standardised questionnaire was used by trained fieldworkers to 
collect demographic data from participants, including age, sex, and 
family history of cardiovascular disease and diabetes mellitus. The 
data were collected using Research Electronic Data Capturer 
(REDcap) data management tool version 12.5.15. A non-stretchable 
tape measure was used to measure participants’ waist circumference 
(WC) at the narrowest point between the top of the iliac crest and 
the lower rib, after maximal exhalation, in centimetres (cm). Height 
was measured using a Portable Stadiometer (HM01 Model) and 
readings were recorded to the nearest 0.1 centimetre (cm). A body 
composition monitor (Tanita BC-1000 Model) was used to measure 
weight in kilograms (kg). Body mass index (BMI) was computed 
using the formula: BMI = [weight (kg)/ height (m²)]. Blood pressure 
was measured at one minute interval using an automated blood 
pressure monitor (UA-654MR Model) after resting for 5 min. The 
average for the three readings was calculated and then used as the 
participant’s blood pressure.

Blood collection and biochemical analysis

The blood-drawing procedure was explained to study partici
pants, and they were asked to sit for 15 min before the blood was 
drawn with their back supported with forearm supinated and rested 
on a comfortable surface. Afterwards, venous blood samples were 
collected by a professional nurse from the median cubital vein of any 
arm in which the vein was easily visible from the participant and 
transferred to ethylenediaminetetraacetic acid (EDTA)-treated and 
serum-separating tubes to be processed for biochemical analysis. 
Biochemical parameters were analysed at the National Health 
Laboratory Services (Mthatha, South Africa) including random 
plasma glucose, total cholesterol (TC), high-density lipoprotein 
cholesterol (HDL-c), triglycerides (TG), low-density lipoprotein 
cholesterol (LDL-c), and glycated haemoglobin (HbA1c), certified by 
National Glycohemoglobin Standardization Program (NGSP). Further, 
EDTA- blood and serum samples were collected for DNA extraction 
and exosome quantification respectively, and stored at - 40°C until 
analysis.

DNA methylation quantification

DNA was extracted from 200 µL of stored peripheral blood in 
ethylenediaminetetraacetic acid (EDTA) tubes using the GeneJet 
whole blood DNA purification Mini kit (Thermoscientific, Waltham, 
MA, USA). DNA concentrations were determined using a Nanodrop 
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One/OneC Spectrophotometer (Thermoscientific, Waltham, MA, 
USA). Global DNA methylation was quantified using the 5-methyl
cytosine (5-mC) DNA ELISA kit (Zymo Research, USA). These kits 
were used according to the manufacturer’s instructions. Briefly, 
100 ng of pure DNA with a 260/280 nm ratio of ∼1.8 was allowed to 
bind to the ELISA plate, thereafter, the methylated DNA was detected 
using a 5-methylcytosine monoclonal antibody and the absorbance 
was read at 450 nm on a BioTekVR ELX 800 plate reader (BioTek 
Instruments Inc., Winooski, VT, USA). A logarithmic regression curve 
was generated and 5-mC percentage values were extrapolated from 
the curve using the formulas:

=

= = =

e

e

% 5mC ,

R 0.995 and % 5mC , R 0.945.

Absorbance

Absorbance

( 0.0945)
0.1422

²
( 0.218)

0.141 ²

Exosomes quantification

Serum exosomes were determined using Overall Exosome 
Capture and Quantification ELISA kit (Biovision, Milpitas, CA, USA) 
according to manufacturer’s instructions. Briefly, 100 µL of serum 
samples were added to the wells to bind exosomes following in
cubation and washings with wash buffer. One hundred µL of both 
mouse anti-human exosome detection antibody solution and 
Streptavidin-HRP conjugated antibody solution were added to the 
wells. Absorbance was read at 450 nm within 10 min using an ELISA 
reader (Dasitaly, Polambara Sabina, Rome, Italy). All samples were 
assayed in duplicates. A standard curve was generated using absor
bance (y-axis) against the concentration of exosomes values (x-axis) 
of the controls, and the unknown concentration of exosomes were 
extrapolated from the curve using the formulas:  

y = 0.0049x + 0.0078, R² = 0.9941 and 0.0019x + 0.0098, R² = 0.9804.                                                                                                  

Statistical analysis

Statistical analysis was performed using R, version 2.8.1. All data 
were tested for normality using the Shapiro-Wilk test. Data was 
presented as mean (standard deviation) for normally distributed 
variables and median (25th - 75th percentile) for non-parametric 
variables. The differences between two groups (non-diabetic vs T2D) 
for clinical and biochemical parameters, exosomes and global DNA 
methylation levels were tested using Student’s t- test for normally 
distributed data and Mann-Whitney U test for non-normally dis
tributed data. Spearman rank correlation was used to calculate 
correlations between continuous variables for non-normally dis
tributed data. Multiple logistic regression was used to determine the 
association of exosomes and 5-mC DNAM with the dichotomous 
outcome of T2D (adjusted for age, gender, triglycerides, systolic 
blood pressure and diastolic blood pressure). Variables were ad
justed in the multiple logistic regression if established as traditional 
risk factors or associated with exosomes and 5-mC DNAM in bi
variate analysis in the overall group. A statistical significant level of 
less than 0.05 was considered.

Results

Characteristics of study participants

The study population consisted of 40 type 2 diabetic (7 men and 
33 women) and 40 non-diabetic individuals (7 men and 33 women). 
Table 1 represents the characteristics of study participants based on 
glycaemic status. Diabetic participants were significantly older than 

controls (p < 0.05). Some biochemical parameters like random 
plasma glucose (RPG), triglycerides (TG), and diastolic blood pres
sure were significantly higher in T2D individuals compared to non- 
diabetic group (p ˂ 0.05). However, no significant differences 
(p ≥ 0.05) were observed in total cholesterol (TC), high-density li
poprotein (HDL), low-density lipoprotein (LDL), height, weight, body 
mass index (BMI), waist circumference (WC) and systolic blood 
pressure (SBP). Between the two groups, no statistically significant 
difference was found in the level of 5-mC DNAM percentage 
(p = 0.516) (Fig. 1). No significant difference was observed in exo
some concentrations between the diabetic and non-diabetic groups 
(p = 0.564) (Fig. 2).

Characteristics of study participants stratified by gender

As shown in Table 2, height was significantly higher in men 
compared to women (p  <  0.001). However, BMI and WC were sig
nificantly higher (p ˂ 0.05) in women compared with men. On con
trary, there were no significant differences in age, HbA1c, RPG, TC, 
TG, HDL, LDL, weight, WC, SBP and DBP (p ≥ 0.05) between the two 
genders.

Table 1 
Characteristics of study participants based on diabetes status. 

Variables Non-diabetic  
(n = 40)

T2D  
(n = 40)

p- value

Gender (male/female) 33/7 33/7 1.000
Age (years) 50.70 (12.52) 56.88 (8.83) 0.013
RPG (mmol/L) 4.75 (5.38–10.98) 7.40 (5.38–10.98) <  0.001
TC (mmol/L) 4.29 (3.95–4.89) 4.95 (4.03–5.49) 0.079
TG (mmol/L) 1.31 (0.93–1.77) 1.87 (1.40–2.81) <  0.001
HDL (mmol/L) 1.20 1.07–1.46) 1.30 (1.05–1.52) 0.634
LDL (mmol/L) 2.47 (2.13–2.99) 2.63 (2.25–3.25) 0.336
Height (cm) 161.84 (7.47) 161.57 (8.41) 0.883
Weight (kg) 85.25 (69.47–94.63) 91.30 (73.40–97.10) 0.273
BMI (kg/m²) 31.48 (7.13) 33.56 (6.38) 0.188
WC (cm) 101.07 (17.06) 104.74 (11.64) 0.281
SBP (mm Hg) 130.67 

(121.33–136.17)
137.83 
(123.92–150.0)

0.070

DBP (mm Hg) 83.16 (75.58–88.58) 89.14 (83.33–86.25) 0.016

RPG: random plasma glucose; TC: total cholesterol; TG: triglycerides; HDL: high- 
density lipoprotein; LDL: low-density-lipoprotein; BMI: body mass index; WC: waist 
circumference, SBP: systolic blood pressure; DBP: diastolic blood pressure. p  <  0.05: 
statistically significant.

Fig. 1. Comparison of 5-mC DNA methylation percentage between controls and cases, 
(p = 0.516). Results are represented as median and interquartile range (error bars). 5- 
mC: 5-methylcytosine; non-diabetic: individuals with normal concentrations of gly
cated haemoglobin; T2D: individuals with type 2 diabetes.
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Correlation analysis of DNA methylation with clinical and biochemical 
parameters

Spearman rank correlation analysis results of 5-mC DNAM per
centage with clinical and biochemical parameters based on diabetes 
status are depicted in Table 3. 5-mC DNAM percentage was posi
tively correlated with triglycerides in the entire group (r = 0.232, 

p = 0.038) and the control group (r = 0.453, p = 0.003). On the other 
hand, 5-mC DNAM percentage was inversely correlated with weight 
(r = -0.342, p = 0.038) in diabetic group. When stratified according to 
gender, a positive correlation was observed between 5-mC DNAM 
and triglycerides in men (r = 0.587, p = 0.027) (Table 4).

Correlation analysis of exosomes with clinical and biochemical 
parameters

Spearman rank correlation analysis was conducted to determine 
any possible relationship between serum exosome concentrations 
and T2D-related clinical parameters. Serum exosomes were posi
tively correlated with 5-mC DNAM in the overall (r = 0.269, p = 0.016) 
and non-diabetic group (r = 0.329, p = 0.038) (Table 5). Furthermore, 
serum exosomes were inversely correlated with diastolic blood 
pressure (r = -0.585, p = 0.028) in men only (Table 6).

.5. Multiple logistic regression analysis of 5-mC DNA methylation and 
exosome concentrations

Multiple logistic regression analysis was conducted to investigate 
whether exosomes and 5-mC DNA methylation were predictors of 
T2D after adjusting for potential confounding factors, including age, 

Fig. 2. Comparison of serum exosome concentrations between controls (non-dia
betic) and cases (diabetic) (p = 0.564). Results are represented as median and inter
quartile range (error bars). non-diabetic: individuals with normal concentrations of 
glycated haemoglobin; T2D: individuals with type 2 diabetes.

Table 2 
Characteristics of study participants stratified by gender. 

Men (n = 14) Women (n = 66) p-value

Age (years) 57.50 (44.50–67.00) 54.50 (48.50–60.75) 0.270
HbA1c (%) 6.20 (5.60–7.15) 6.25 (5.80–8.47) 0.510
RPG (mmol/L) 5.05 (4.63–5.68) 5.45 (4.63–8.30) 0.389
TC (mmol/L) 4.20 (3.93–5.71) 4.60 (4.06–5.25) 0.723
TG (mmol/L) 1.48 (1.21–2.63) 1.52 (1.41–2.26) 0.894
HDL (mmol/L) 1.10 (0.99–1.40) 1.30 (1.09–1.50) 0.231
LDL (mmol/L) 2.32 (1.84–3.62) 2.54 (2.28–3.05) 0.432
Height (cm) 170.0 (166.0–173.0) 159. 0 

(154.25–1.64.75)
<  0.001

Weight (kg) 78.30 (62.10–88.30) 87.95 (73.10–97.78) 0.054
BMI (kg/m²) 27.68 (21.30–28.84) 35.02 (30.02–37.73) <  0.001
WC (cm) 92.89 (14.22) 105.30 (13.69) 0.003
SBP (mm Hg) 132.33 

(123.08–142.75)
131.75 
(123.67–144.42)

0.528

DBP (mm Hg) 81.0 (75.92–90.33) 87.59 (80.17–94.58) 0.147

RPG: random plasma glucose; HbA1c: glycated haemoglobin; TC: total cholesterol; 
TG: triglycerides; HDL: high- density lipoprotein; LDL: low-density lipoprotein; BMI: 
body mass index; WC: waist circumference; SBP: systolic blood pressure; DBP: dia
stolic blood pressure. p  <  0.05: statistically significant.

Table 3 
Correlation analysis of DNA methylation percentage with clinical and biochemical 
parameters according to diabetes status. 

Variables Total (n = 80) Non-diabetic (n = 40) T2D (n = 40)

r p r p r p

Age (years) 0.011 0.924 0.144 0.375 -0.120 0.461
RPG (mmol/L) -0.109 0.336 -0.171 0.292 -0.113 0.487
HbA1c (%) 0.002 0.986 0.259 0.106 -0.049 0.764
TC (mmol/L) 0.150 0.183 0.286 0.074 0.001 0.995
TG (mmol/L) 0.232 0.038 0.453 0.003 0.037 0.820
HDL (mmol/L) -0.065 0.568 -0.156 0.336 0.103 0.525
LDL (mmol/L) 0.137 0.225 0.187 0.247 0.082 0.615
Height (cm) -0.057 0.630 0.090 0.593 -0.125 0.460
Weight (kg) -0.061 0.603 0.159 0.341 -0.342 0.038
BMI (kg/m²) -0.074 0.526 0.071 0.672 -0.246 0.142
WC (cm) 0.052 0.660 0.301 0.074 -0.256 0.120
SBP (mm Hg) -0.073 0.526 0.104 0.536 -0.180 0.267
DBP (mm Hg) -0.192 0.093 -0.043 0.796 -0.298 0.061

RPG: random plasma glucose; HbA1c: glycated haemoglobin; TC: total cholesterol; 
TG: triglycerides; HDL: high- density lipoprotein; LDL: low-density lipoprotein; BMI: 
body mass index; WC: waist circumference; SBP: systolic blood pressure; DBP: dia
stolic blood pressure. p  <  0.05: statistically significant

Table 4 
Correlation analysis of DNA methylation with clinical and biochemical parameters 
according to gender. 

Variables Men (n = 14) Women (n = 66)

r p r P

Age (years) -0.073 0.805 0.044 0.723
RPG (mmol/L) 0.004 0.989 -0.123 0.326
HbA1c (%) -0.030 0.918 -0.007 0.957
TC (mmol/L) 0.407 0.149 0.068 0.587
TG (mmol/L) 0.587 0.027 0.167 0.179
HDL-c (mmol/L) -0.015 0.960 -0.109 0.383
LDL-c (mmol/L) -0.015 0.960 0.111 0.377
Height (cm) -0.193 0.527 0.019 0.886
Weight (kg) 0.046 0.881 -0.075 0.563
BMI (kg/m²) 0.100 0.744 -0.089 0.492
WC (cm) 0.118 0.687 0.089 0.500
SBP (mm Hg) 0.257 0.376 -0.131 0.303
DBP (mm Hg) -0.128 0.662 -0.181 0.151

RPG: random plasma glucose; HbA1c: glycated haemoglobin; TC: total cholesterol; 
TG: triglycerides; HDL: high-density lipoprotein; LDL: low-density lipoprotein; BMI: 
body mass index; WC: waist circumference; SBP: systolic blood pressure; DBP: dia
stolic blood pressure. p  <  0.05: statistically significant.

Table 5 
Correlation analysis of exosome concentrations with clinical and biochemical para
meters according to diabetes status. 

Variables Total (n = 80) Non-diabetic (n = 40) T2D (n = 40)

r p r p r p

Age (years) -0.016 0.889 0.042 0.796 -0.185 0.253
RPG (mmol/L) 0.097 0.391 0.115 0.479 -0.015 0.925
HbA1c (%) 0.068 0.547 -0.147 0.366 0.196 0.225
TC (mmol/L) -0.049 0.669 -0.096 0.555 -0.061 0.707
TG (mmol/L) -0.038 0.740 0.032 0.846 -0.111 0.496
HDL (mmol/L) 0.020 0.857 -0.008 0.963 0.018 0.912
LDL (mmol/L) -0.033 0.773 -0.181 0.265 0.086 0.596
Height (cm) -0.057 0.630 0.063 0.707 -0.167 0.323
Weight (kg) -0.134 0.252 -0.190 0.254 -0.089 0.602
BMI (kg/m²) -0.112 0.338 -0.292 0.076 0.058 0.732
WC (cm) -0.066 0.576 -0.134 0.435 0.002 0.990
SBP (mm Hg) -0.199 0.081 -0.150 0.370 -0.256 0.111
DBP (mm Hg) -0.140 0.221 -0.023 0.889 -0.282 0.078
5-mC (%) 0.269 0.016 0.329 0.038 0.257 0.110

RPG: random plasma glucose; HbA1c: glycated haemoglobin; TC: total cholesterol; 
TG: triglycerides; HDL: high density- lipoprotein l; LDL: low-density lipoprotein; BMI: 
body mass index; WC: waist circumference, SBP: systolic blood pressure; DBP: dia
stolic blood pressure. p  <  0.05: statistically significant.
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gender, TG, SBP and DBP. The analysis showed no significant asso
ciations of exosomes (OR = 1.02, 95% CI: 0.99 – 1.05, p = 0.124) and 
DNAM (OR = 0.97, CI: 0.93 – 1.01, p = 0.096) with the risk of devel
oping T2D (Table 7).

Discussion

In this study, we investigated 5-mC DNAM profiles and circu
lating exosome levels in type 2 diabetic and non-diabetic Black 
South Africans residing in the Eastern Cape Province. Our study 
found no statistically significant difference in 5-mC DNAM profiles 
between diabetic and non-diabetic individuals. Consistent with our 
findings, Simar et al. [8] reported no statistically significant differ
ence in global DNAM from peripheral blood mononuclear cells of 
lean, obese and T2D individuals. However, the study also showed 
that global DNAM was positively correlated with insulin resistance 
in the same population. Another study demonstrated that in
dividuals with impaired glucose tolerance and T2D had decreased 
global DNAM levels in peripheral blood leukocytes compared to 
normal individuals [17]. The inconsistent findings may be explained 
by differences in genetic background of study populations, sample 
size, biological source of DNA, and environmental and lifestyle fac
tors that may influence the development of T2D.

In the present study, global DNAM was quantified using an ELISA- 
based 5-mC in whole blood, providing an overall estimate without 
locus-specific resolution. In contrast, Wu et al. [10] assessed LINE-1 
methylation using quantitative methylation-specific PCR in periph
eral blood, thereby targeting repetitive elements commonly used as 
representative indicators of the total 5mC content across the 
genome. Luttmer et al. [17] employed liquid chromatography, mass 
spectrometry to quantify DNAM in peripheral blood leukocytes, of
fering a more precise and quantitative assessment, alongside a 
substantially larger sample size. These methodological and 

biological differences, particularly in genomic resolution, analytical 
sensitivity, and cellular source of genomic DNA, may contribute to 
variability in findings across studies and should be carefully con
sidered when interpreting the results.

Interestingly, there was a negative correlation between global 
DNAM and body weight in the diabetic group. The negative trend 
observed between global DNAM and body weight in the diabetic 
group is likely reflecting hypomethylation, which activates in
flammation-related genes and leads to insulin resistance and T2D. 
This inverse relationship suggests that increasing adiposity in the 
diabetic state may be associated with global DNA hypomethylation. 
One plausible biological explanation is that, in an obesogenic en
vironment, methylation of certain genes is decreased, leading to the 
activation of inflammation-related genes and exacerbating the 
chronic low-grade inflammatory milieu characteristic of T2D. 
Obesity is well known to promote systemic inflammation through 
adipocyte expansion and hypoxia-induced necrosis, which activate 
inflammation and recruit immune cells into adipose tissue [18,19]. 
Chronic inflammation decreases insulin sensitivity, leading to the 
development of T2D. Therefore, DNAM plays a critical role in reg
ulating these inflammatory pathways, and global hypomethylation 
has been associated with increased transcriptional activity of genes 
involved in metabolic and inflammatory processes [20,21]. Reduced 
global methylation levels may reflect a permissive epigenetic land
scape that enhances pro-inflammatory gene expression, con
tributing to metabolic dysregulation in T2D.

The results of our study, however, contrast with those reported 
by Na et al. [22], who reported a positive association between BMI 
and global DNAM in a cohort of Korean women. Similar positive 
associations have also been reported in certain population groups 
[23], suggesting that the relationship between adiposity and DNA 
methylation may not be uniform across populations. These dis
crepancies may be attributed to differences in genetic background, 
adiposity measures, body fat and lean mass composition, environ
mental exposures, dietary patterns, and the metabolic character
istics of the study populations. Ethnic-specific epigenetic variation 
has increasingly been recognised, particularly in populations with 
differing burdens of metabolic disease [24]. Furthermore, metho
dological differences, including the assessment of global methylation 
(e.g., LINE-1 vs. total 5-mC quantification) and the use of BMI versus 
body weight as a proxy for adiposity, may also contribute to the 
contrasting findings.

We observed a positive correlation between 5-mC DNAM and 
triglycerides in men. This could be explained by hormonal differ
ences between men and women [25]. In women, oestrogens pro
mote the hypermethylation of promoters in lipogenic genes such as 
PPARG (Peroxisome Proliferator-Activated Receptor Gamma) and LPL 
(Lipoprotein Lipase), thereby inhibiting triglyceride synthesis and 
enhancing their clearance through increased HDL levels [26,27]. 
Conversely, in men, testosterone induces hypomethylation, which 
upregulates the expression of SREBF1 (Sterol Regulatory Element 
Binding Transcription Factor 1) and ACOX1 (Acyl-CoA Oxidase 1). 
This leads to elevated blood triglyceride levels due to increased 
hepatic lipogenesis and reduced visceral lipolysis [28,29]. However, 
we cannot be certain about this specific mechanism in our popula
tion because of the global DNAM approach that we have used. A 
study conducted in obese patients undergoing bariatric surgery or an 
energy-restricted diet observed a positive correlation between 5- 
hydroxymethylcytosine (5hmC) DNAM and triglycerides [30]. In 
contrast to our results, no association was observed between DNAM 
and triglycerides in another study when visceral adipose tissue of 
severely obese individuals was used [31].

T2D development is driven by exosome-mediated intercellular 
communication. Therefore, we compared exosomal concentrations 
between the two groups. There was no significant difference in 
exosome concentration between the T2D group and controls. 

Table 6 
Correlation analysis of exosome concentrations with clinical and biochemical para
meters according to gender. 

Clinical variables Men (n = 14) Women (n = 66)

r p r p

Age (years) 0.093 0.753 -0.054 0.666
RPG (mmol/L) -0.196 0.502 0.159 0.203
HbA1c (%) -0.035 0.904 0.112 0.372
TC (mmol/L) -0.117 0.691 0.012 0.922
TG (mmol/L) -0.370 0.193 0.025 0.843
HDL (mmol/L) 0.284 0.325 -0.023 0.852
LDL (mmol/L) -0.348 0.223 0.055 0.661
Height (cm) -0.274 0.365 -0.029 0.825
Weight (kg) -0.256 0.399 -0.114 0.377
BMI (kg/m²) -0.226 0.459 -0.120 0.352
WC (cm) -0.044 0.881 -0.078 0.555
SBP (mm Hg) -0.489 0.076 -0.129 0.311
DBP (mm Hg) -0.585 0.028 0.001 0.992
5-mc % 0.230 0.064 0.433 0.122

RPG: random plasma glucose; TC: total cholesterol; TG: triglycerides; HDL: high 
density lipoprotein; LDL: low-density lipoprotein; BMI: body mass index; WC: waist 
circumference, SBP: systolic blood pressure; DBP: diastolic blood pressure; 5-mC: 5- 
methylcytosine. p  <  0.05: statistically significant.

Table 7 
Multiple logistic regression analysis evaluating the association of exosomes and 5mc 
% DNA methylation with T2D. 

Predictor OR 95% Confidence interval P

Exosomes (µg/µL) 1.02 0.99 – 1.05 0.124
DNA methylation (5mc%) 0.97 0.93 – 1.01 0.096

In multiple logistic regression, exosomes and DNA methylation were considered as 
independent predictors. Adjusted for age, gender, triglycerides, total cholesterol, 
systolic blood pressure and diastolic blood pressure. OR: Odds ratio, CI: confidence of 
interval.
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Similarly, a meta-analysis study that included 128 studies observed a 
statistically non-significant difference in extracellular vesicles iso
lated from leukocytes of T2D compared to non-diabetics [32]. In 
contrast to our findings, Rodrigues et al. [33] observed significantly 
higher microparticles extracted from platelets, leukocytes and en
dothelial cells in people with diabetic kidney disease compared to 
non-diabetic people.

We observed a negative correlation between exosomes and dia
stolic blood pressure in men. It is possible that exosomes may be 
secreted to regulate blood pressure during physiological conditions, 
hence the observed results. Exosomes have been identified to play an 
important role in angiogenesis for repairing damaged blood vessels 
[34]. Furthermore, exosomes participate in the regulation of home
ostasis in the cardiovascular system through intercellular commu
nication [35]. In disagreement with our results, platelet-derived 
extracellular vesicles were positively correlated with therapy-in
duced nocturnal systolic and diastolic blood pressure [36]. Another 
study reported that circulating endothelial extracellular vesicles 
were associated with increased blood pressure in both normal in
dividuals and patients with well-controlled hypertension [37]. The 
inconsistent results can be related to differences in isolated extra
cellular vesicle subtypes and study populations.

We further investigated whether there was any association be
tween global 5-mC DNAM and exosomes in T2D and non-diabetic 
patients. We observed a significant positive association between 
exosomes and global DNAM. There is emerging evidence that 
genomic DNA is one of the active biomolecules packaged in exo
somes [38]. Exosomes may increase in response to environmental 
stimuli and stimulate specific signalling pathways in target cells 
[39], resulting to changes in DNAM patterns and gene expression to 
regulate biological processes including glucose homeostasis.

Furthermore, we observed that exosomes and global 5-mC DNAM 
were not independent predictors of T2D. The absence of an asso
ciation between exosomes and global DNAM suggests that they may 
not be useful biomarkers for identifying people with T2D. This may 
be explained by interactions between environmental and biological 
factors that may affect physiological and pathophysiological reg
ulation of glucose metabolism.

In the current study, DNAM and exosomes were measured using 
ELISA, a cost-effective method that is more reliable for use in 
middle-income countries than gene-specific methylation techniques 
and flow cytometry. However, the study has several limitations that 
must be considered. A small sample size, consistent with the pilot 
design, may have limited the statistical power and reduced the 
ability to detect subtle associations, particularly in subgroup ana
lyses. The imbalance in sex distribution further limits the gen
eralisability of sex-specific findings. In addition, the cross-sectional 
design limits the investigation of the causal effect. Furthermore, 
global DNAM was measured in whole blood, which comprises a 
heterogeneous mixture of leukocyte populations and circulating 
cell-free DNA derived from multiple tissues. This biological com
plexity could have diluted or obscured tissue-specific epigenetic 
signals originating from metabolically relevant organs such as the 
pancreas, liver, adipose tissue, and skeletal muscle. The use of whole 
blood introduces heterogeneity from mixed cell populations and 
circulating cell-free DNA, potentially obscuring tissue-specific epi
genetic patterns (pancreas, liver, adipose tissue, muscle) [40]. Epi
genetic patterns are highly tissue-specific; therefore, whole-blood 
measurements may not accurately reflect disease-relevant changes, 
potentially contributing to the statistically non-significant associa
tions observed in this study.

Similarly, circulating exosomes were quantified as total con
centrations without characterisation of their cellular origin, poten
tially masking biologically relevant and tissue-specific effects. 
Additionally, participants’ medical conditions were self-reported, 
which may have introduced reporting bias. This is sometimes due to 

social desirability, which leads respondents to underreport negative 
outcomes or experiences [41]. Lastly, residual confounding from 
unmeasured factors such as diet and physical activity cannot be 
excluded.

Conclusion

This study shows a modest yet statistically significant correlation 
between circulating exosomes and global 5-mC DNAM within the 
general population and among non-diabetic individuals. However, 
neither of these markers demonstrated a statistically significant 
association with T2D risk after adjustment for confounding factors, 
suggesting limited utility as standalone indicators of global disease 
risk. These findings should be interpreted with caution, given the 
identified limitations, which may have compromised the robustness 
of the analysis. The absence of significant associations may, in part, 
be explained by biological and methodological factors. Notably, 
using whole blood for DNAM analysis introduces substantial com
plexity, as it contains a mixture of cellular DNA and circulating cell- 
free DNA (cfDNA) derived from multiple tissues. Given that epige
netic patterns are highly tissue-specific, this composite signal may 
dilute or obscure disease-relevant methylation changes occurring in 
key metabolic organs such as the pancreas, liver, adipose tissue, and 
skeletal muscle. Similarly, quantifying total circulating exosomes 
without characterising their cellular origin or molecular cargo may 
have masked biologically meaningful, tissue-specific effects.

Overall, these findings suggest that global measures of DNAM 
and exosome concentration may not adequately capture the mole
cular heterogeneity underlying T2D. Future studies should therefore 
include well-characterised larger populations and adopt tissue- 
specific or cell-resolved approaches, including targeted or genome- 
wide methylation profiling and detailed exosome characterisation, 
to better clarify the relationship between exosome-mediated com
munication and DNAM in individuals with T2D.
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