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Abstract

Altered mitochondrial DNA (mtDNA) is the most common denominator to numerous metabolic diseases. The present study
sought to investigate the correlation between mtDNA content in lymphocytes and associated clinical risk factors for impaired
fasting glucose (IFG). We included 23 healthy control and 42 IFG participants in this cross-sectional study. The measure-
ments of mtDNA content in lymphocytes and pro-inflammatory markers derived from both normal and diseased individuals
were quantified. Spearman partial correlation and multivariate statistical analyses were employed to evaluate the association
between mtDNA content and other metabolic covariates in IFG. Reduced mtDNA content was observed in the IFG group with
microvascular complications than those without complications. The IFG patients with lowest median of mtDNA content had
considerably elevated hyperglycemia, insulin resistance and inflammation. The adjusted partial correlation analysis showed
that mtDNA content was positively correlated with HDL-cholesterol and IL-10 (P < 0.005 for all). Further, multiple linear
regression analyses verified that reduced mtDNA content in lymphocytes was independently associated with HOMA-IR
(#=0.027, P=0.003), HbAlc (=0.652, P=0.002), HDL-cholesterol (f=—1.056, P=0.021), IL-6 (#=0.423, P=0.002),
IL-10 (f=—-1.234, P=0.043) and TNF-a (#=0.542, P <0.001) after adjustment for confounding factors. Our data show that
reduced mtDNA content in lymphocytes was associated with insulin resistance and inflammation in individuals with IFG.
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Introduction

Diabetes is a global healthcare problem affecting human
population worldwide. According to International Diabetes
Federation (IDF), 415 million people have been diagnosed
with diabetes in 2015 and the number is projected to reach
642 million in 2040. Of this global burden, it is estimated
that about 90% of diabetes patients are suffered from type 2
diabetes (T2D) with a greater degree of insulin resistance.
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Current classifications of individuals at risk of developing
T2D are mainly based on the established factors such as
blood fasting glucose, HbAlc, body mass index (BMI) and
age [1]. Notably, recent estimation showed that up to 70% of
individuals with prediabetes state progressively develop dia-
betes in years [2]. On account of health risks, the transitions
from the early symptoms of insulin resistance including
impaired fasting glucose (IFG) and impaired glucose toler-
ance (IGT) that precedes T2D may take several years. How-
ever, the identification and diagnosis of prediabetes indi-
viduals is not commonly employed in the clinical practice.
The proposed mechanisms underpinning the develop-
ment of these metabolic dysregulations are embedded in
the complex networks of genetics and environmental fac-
tors. A number of considerable reports have revealed that
impaired mitochondrial homeostasis contributes to a broad
range of T2D progressions [3]. Several defects in mitochon-
drial integrity have been found in offspring of type 2 diabetic
patients, proving the degree of heritability [4]. Depletion of
mitochondrial (mtDNA) content in pancreatic islet [5] and
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skeletal muscle tissues [6] of rodent and human participants
with T2D, respectively, has been reported. In this regard,
multiple studies demonstrated that diminished mitochondrial
functions in peripheral blood mononuclear cells (PBMCs)
and endothelial cells from diabetes patients were coupled
with higher level of reactive oxygen species (ROS) [7, 8].
The activations of inflammatory response by multiple stim-
uli in both lymphocytes [9] and monocytes [10] were mainly
modulated by mitochondrial hyperpolarization.

Dysregulated lymphocytes metabolism is among the key
contributors to an enhanced susceptibility to infection in
a poorly controlled hyperglycemia and early stage of dia-
betic states [11]. The leukocytes—macrophage lineage could
be of specific importance as these peripheral cells play an
important role in the chronic low-grade inflammation of
insulin resistance and T2D patients. Diminished mitochon-
drial function of lymphocytes with activation in the cascade
of NF-xB inflammatory signaling in type 2 diabetes was
observed [11]. Nevertheless, the exact mechanism underly-
ing these detrimental events is still a matter of debate. In
light of the ongoing epidemic, future investigation designed
to further explore the relationship between mitochondrial
function and other metabolic parameters of diabetes-asso-
ciated complications is of great interest.

Mitochondrial dysfunction is usually attributed by alter-
ation in mtDNA copy numbers, morphology and severe
defects in mitochondrial genes and proteins, which are ulti-
mately leading to defective oxidative phosphorylation [12,
13]. In recent years, mtDNA content was extensively used
as a surrogate marker of mitochondrial function in a num-
ber of peripheral cells and biofluids for studying metabolic
disease progressions and mechanisms [13]. Though previ-
ous studies have investigated the roles of mtDNA content
in T2D and obesity, none have explored the role of mtDNA
content in lymphocytes as a candidate factor for prediabetes
state such as IFG. Considering these, the aim of the present
study was to investigate the association between mtDNA
content assessed by quantification of mtDNA copy number
in lymphocytes and other clinical risk factors including the
circulating level of inflammatory cytokines of IFG patients.

Materials and methods
Study design and participants recruitment

A total of 93 adult participants with newly diagnosed IFG
or healthy control were recruited from outpatient clinics of
the University Malaya Medical Centre (UMMC), Malaysia,
between February 2015 and June 2015. After a subsequent
routine health checkup, a total of 65 eligible individuals were
included in the study. The participants were divided into
two groups: normal healthy group (n=23) and IFG group
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(n=42). The classification and diagnosis of IFG participants
with hyperglycemia was based on the American Diabetes
Association (ADA) criteria [14], a fasting plasma glucose
(FPG) level from 5.6 to 6.9 mmol/L. All diseased partici-
pants have not received any hypoglycemic drugs, insulin and
diet control. Participants taking statin were also excluded.
Patients with a history of malignancy, infectious, liver dis-
ease and acute illness were omitted in the study. Healthy
control was defined as FPG level from 3.9 to 5.5 mmol/L.
Healthy control participants recruited in the study were tak-
ing no antioxidant supplementation and had no clinical his-
tory of metabolic complications. The study protocol was
approved by the institutional medical ethics review board
of the UMMC (Reference Number: 201495.95) in compli-
ance with the Declaration of Helsinki of the World Medi-
cal Association. All participants underwent the informed
consent process.

Collection of blood and urine sample

The collection of 20 mL venous blood samples from all
participants following 10—12 h of an overnight fasting was
achieved in tubes containing sodium fluoride and ethylen-
ediaminetetraacetic acid (EDTA), EDTA with and without
no anticoagulants. Blood samples were collected in the early
morning. The samples were routinely centrifuged at 2500xg
for 15 min at 4 °C to separate plasma from red blood cells
within 1 h of extraction. Plasma samples were aliquoted
and immediately stored at —80 °C freezer until further use.
Urine samples were collected from first overnight morning
and further processed for biochemical analyses.

Clinical and biochemical assessment

Anthropometric measurements were conducted using a
standard method [15]. All participants were invited to come
on a prescheduled morning at diabetic clinics after an over-
night fasting (> 8 h). The diagnosis of nephropathy for IFG
participants was based on the urinary albumin/creatinine
ratio in a random urine sample of more than 30 mg/g of
creatinine. Funduscopic examination was carried out to
diagnose patients with retinopathy. Diseased participants
with polyneuropathy were identified based on the sensitiv-
ity to light/touch pressure perception using a monofilament
[16]. Plasma glucose and HbAlc levels were determined
by using the glucose oxidase method and high-performance
liquid chromatography (VARIANT™ II and D-10TM Sys-
tems, Bio-Rad, USA), respectively. Serum total cholesterol,
triglycerides, high-density lipoprotein (HDL) and low-den-
sity lipoprotein (LDL) were analyzed using a biochemical
auto-analyzer (Roche COBAS INTEGRA 700; Roche Diag-
nostics, Indianapolis, Indiana). Liver function tests includ-
ing aspartate transaminase (AST), alanine transaminase
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(ALT) and gamma-glutamyl transpeptidase (-GGT) were
quantified using an auto-analyzer (ARCHITECT c16000
System, Abbott Laboratories, IL, USA). Other clinical vari-
ables including height, body weight, BMI and blood pres-
sure (BP) were measured accordingly [15]. A 24-h urine
sample was collected for the measurement of creatinine
and urinary albumin. Serum fasting insulin concentrations
were determined using commercially available enzyme-
linked immunosorbent assay kits (R&D Systems) follow-
ing manufacturer’s instructions. The homeostasis model
assessment of insulin resistance (HOMA-IR) was computed
using a formula (fasting insulin [uU/mL] X fasting glucose
[mmol/L]/22.5).

Measurement of pro-inflammatory cytokines

The quantification of pro-inflammatory cytokines level in
the blood plasma was assessed by commercial ELISA kits
for human IL-1, IL-6, IL-10 and TNF-a (Trevigen, Helger-
man, Gaithersburg, USA) according to the manufacturer’s
instruction. The intra-assay and inter-assay coefficients of
variation were less than 9 and 10%, respectively. The meas-
urement of these circulating cytokines was performed in
triplicate. We observed no significant cross-reactivity and
interference in the assays.

Isolation of lymphocytes

The lymphocytes isolation was achieved by using density
gradient centrifugation method [17] in Gradisol L (Aqua-
Medica, Poland) at 1200xg for 20 min at room temperature.
Afterward, the lymphocytes were washed twice with 0.9%
NaCl solution and spun at 500xg for 10 min. The resulting
lymphocytes suspension was collected and subsequently
washed with PBS. The cells were further diluted with PBS
to obtain a density of 10° cells/ml. The concentration of
lymphocytes was counted using hemocytometer. After isola-
tion, the lymphocytes were stored at —20 °C for further use.

Measurement of mtDNA content

Total genomic DNA was extracted using a commercialized
kit (QIAamp DNA Blood Midi Kit; Qiagen, Hilden, Ger-
many) following the manufacturer’s guidelines. The kit was
designed to extract both nuclear and mitochondrial DNA
(mtDNA) from lymphocytes suspension. The concentration
of purified DNA was assessed using a NanoDrop 2000 spec-
trophotometer Thermo Scientific, Wilmington, DE, USA).
We utilized real-time duplex quantitative PCR to quantify
the relative mtDNA content, using the same primers that
were utilized for the mitochondrial ND1 gene (ND1-F and
NDI1-R) and the single-copy nuclear gene human globulin
(HGB-1 and HGB-2). In brief, the relative quantification of

mtDNA content was performed utilizing two pairs of primer
sequences as follows: ND1 forward (ND1-F), 5'-CCCTAA
AACCCGCCACATCT-3"; ND1 reverse (ND1-R), 5'-GAG
CGATGGTGAGAGCTAAGGT-3'; HGB forward (HGB-1),
5'-GTGCACCTGACTCCTGAGGAGA-3'; HGB reverse
(HGB-2), 5'-CCTTGATACCAACCTGCCCAG-3'". In the
first step, the relative ratio of mtDNA copy number to HGB
copy number was computed for each sample from standard
curve. The second step involved the normalization of the
ratio for each sample used in the study to a calibrator DNA,
thus standardizing between different runs and total quantifi-
cation of relative mtDNA content. A genomic DNA sample
from the healthy control was served as a positive control
(calibrator DNA), and standard curve was measured for each
run to compare results from different independent assays.
It was observed that the value of scaling factor varied from
0.83 to 1.05 across different runs. Further, 8 ng of genomic
DNA was added into PCR mixtures containing the prim-
ers (10 nM each) and 1 X SYBR green mastermix (TaKaRa,
Dalian, China) with a total volume of 20 puL. The amplifica-
tion processes of thermal cycling conditions for both primer
pairs were based on the following conditions; 95 °C for 30 s,
followed by 35 cycles of 94 °C for 30 s, 58 °C for 30 s and
72 °C for 50 s with signal acquisition. One reference DNA
sample was diluted with a threefold increment per dilution to
generate a 5-point standard curve. The R? for each standard
curve was found to be > 0.95, with acceptable SD values set
at 0.25 (for the Ct values).

Statistical analyses

We used the SPSS software (IBM, Armonk, NY, version
19.0) for database management and statistical analyses.
All data are expressed as mean + standard deviation (SD)
for parametric variables. Distribution of data variable was
verified by applying the Kolmogorov—Smirnov test. The
median and interquartile ranges (IQR) were further used
for nonparametric variables. Chi-square test was employed
to evaluate the comparison between groups of categorical
data (percentage). The means statistical differences between
groups were compared and evaluated using the Mann—Whit-
ney test or analysis of variance (ANOVA). To evaluate the
relationship between mtDNA content and some clinical risk
factors, the IFG group was stratified according to the median
level of mtDNA content. A partial correlation analysis after
adjustment by age and sexes was used to assess the inter-
relationship between variables. Multiple linear regression
was executed to normalize the result for the measurement
of mtDNA content in lymphocytes. The association between
mtDNA content and clinical risk factors in IFG groups was
examined by using the multiple logistic regression analyses.
P values (<0.05) were assumed statistically significant.
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Results
Clinical characteristics of the participants

We evaluated 65 participants (42 participants with IFG
and 23 controls). The baseline characteristics of the study
population are summarized in Table 1. Participants in
IFG group were older than those of the control group
(P <0.05). Sexes, total cholesterol, LDL-cholesterol,
albumin, creatinine, ALT and AST were not significantly
differed with the control group. Compared to the nor-
mal group, participants with IFG exhibited higher level
of hypertension, BMI, fasting glucose, fasting insulin,
HbAc, systolic blood pressure, HOMA-IR, triglycerides,
IL-1, IL-6 and TNF-a. However, the levels of HDL-cho-
lesterol and IL-10 were significantly higher in the con-
trol group than those of the IFG group. Overall, 22 IFG
patients had microvascular complications, 49 patients
had kidney disease, 7 patients showed neuropathy and 6
patients presented retinopathy.

Low mtDNA content in lymphocytes was linked
to IFG, microvascular complications and high BP

To verify our hypothesis, we compared the level of mtDNA
content in lymphocytes with study groups, sexes, micro-
vascular complications and BP. Participants with IFG dis-
played a reduced trend of mtDNA content (774.78 +32.1)
compared to the control group (1195.42+63.2) (Fig. 1a,
P <0.05). As shown in Fig. 1b, no statistically significant
difference for sexes, men (670.42+32.1) and women (687.
28 +27.6), was observed on the level of mtDNA content
in lymphocytes among groups (P> 0.05). In addition, the
difference among those of the IFG group in the presence
and absence of microvascular complications was further
evaluated. We observed that those of the IFG participants
with microvascular complications were exhibited (Fig. lc,
P <0.05) with low level of mtDNA content (677.053 +£36.1)
than those of IFG patients without microvascular complica-
tions (978.297 +65). As depicted in Fig. 1d, participants
with high level of BP (systolic) were suffered with reduced
mtDNA content (674.43+53, P <0.05) in lymphocytes
compared to the normal BP group (914.11 +27). This

Table 1 Baseline characteristic

and biochemical parameters of
the study population
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Control (n=23) IFG (n=42) P value
Age (years) 383+1.1 432+1.8 0.043*
Male (%) 323 38.8 0.711
Hypertension (%) 10.6 72.4 <0.001%*
BMI (Kg/m?) 253+1.3 284+1.2 0.043*
Fasting glucose (mmol/L) 39+1.2 6.5+1.6 <0.001*
Fasting insulin (pmol/L) 42.7 (15.8-72.5) 82.3 (40.2-143.3) 0.031*
HbA1c (mmol/mol) 31.8 (25.2-36.3) 57.2 (40.8-74.3) <0.001*
HbAlc (%) 5.1 (4.5-5.5) 7.4 (5.9-8.9) <0.001*
Systolic blood pressure (mmHg) 121.3+11.2 138.7+9.4 <0.001*
Diastolic blood pressure (mmHg) 76.1+8.4 74.3+8.6 0.120
HOMA-IR 1.4 (0.8-2.1) 3.5(1.8-8.7) <0.001*
Total cholesterol (mmol/L) 43+0.3 45+0.2 0.799
HDL-cholesterol (mmol/L) 2.1+0.3 1.3+0.1 <0.001*
LDL-cholesterol (mmol/L) 0.82+0.15 0.95+0.28 0.877
Triglycerides (mmol/L) 1.08+0.3 1.6+0.2 0.021*
Albumin (g/L) 352+7.6 374432 0.872
Creatinine (umol/L) 73.4 (52.3-94.3) 79.3 (52.3-103.2) 0.092
Urinary albumin (mg/g creat) 3.4(0.5-7.2) 7.3(2.4-18.2) 0.021*
ALT (U/L) 19.4+0.5 20.3+0.3 0.213
AST (U/L) 21.3+0.2 21.8+0.4 0.299
Microvascular complications 0 22 <0.001*
IL-1 (pg/mL) 105 (46.2-172.3) 172.1 (138.2-220.1) 0.017*
IL-6 (pg/mL) 152.2+17.2 202.3+12.3 0.046*
IL-10 (pg/mL) 92.3+6.2 60.3+7.0 0.017*
TNF-a (pg/mL) 82.5 (68.3-203.4) 184.5 (149.3-219.2) 0.011*

Unless otherwise indicated, values are mean + SD or medians (interquartile range)

*Statistically significant (P <0.05)
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Fig.1 The level of mtDNA content in lymphocytes among study
groups (control and IFG) (a), sexes (male and female) (b), micro-
vascular complications (absence and presence) (¢) and BP (nor-
mal and high) (d). Normal BP (systolic BP <130 mm Hg; diastolic
BP <85 mm Hg) and high BP (systolic BP>130 mm Hg; diastolic

suggested that the level of mtDNA content in lymphocytes
was able to distinguish the groups based on this metabolic
parameter.

Stratification of median mtDNA content
in lymphocytes from IFG patients to clinical
and inflammatory markers

Our study also revealed that the level of mtDNA content
in lymphocytes can be utilized to stratify the IFG group
according to the median range. We stratified the IFG group
into higher (n=17) and lowest median (n=25) of mtDNA
content. Based on Table 2, IFG patients with lowest median
of mtDNA content in lymphocytes (< 850 per cell) had
considerably increased level of fasting glucose, HbAlc and
HOMA-IR, signifying the severity of these metabolic com-
plications in the IFG group with lowest median of mtDNA
content. However, the IFG group with higher median of
mtDNA content was associated with reduced level of fast-
ing glucose, HbA1c and HOMA-IR compared to those group
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BP>85 mm). Data were expressed as mean+SD. For continuous
variable, differences among groups were computed by ANOVA.
**P<0.05 compared with control group, **P<0.01 compared to
those without microvascular complications and normal BP

Table 2 Clinical parameters, insulin resistance index and pro-inflam-
matory cytokine profiles according to the median of mtDNA content
in lymphocytes from IFG patients

mtDNA content/  mtDNA content/ P value
cell (>850) cell (<850)
n 17 25
Fasting glucose 5.7 (5.3-6.4) 6.4 (5.8-8.9) 0.038*
(mmol/L)
HbAlc (%) 6.1+0.2 79+04 0.021*
HOMA-IR 24 (1.5-5.8) 3.8 (2.7-7.82) 0.017*
IL-1 165.2+134 182+12.3 0.118
IL-6 162.5+13.6 201.7+15.8 0.041*
IL-10 82.8+11.5 523+73 0.032%*
TNF-a 152.3+11.7 182.3+17.2 0.046%*

Data are presented as mean +SD or median and interquartile ranges

of lowest median of mtDNA content. Moreover, we further
explored the correlation between both groups on the relative
level of pro-inflammatory cytokines in the IFG participants.
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We observed that those of the IFG group with reduced
mtDNA content in lymphocytes were significantly exhib-
ited with increased level of IL-6 and TNF-a and decreased
level of IL-10 than those of IFG group with higher median
of mtDNA content. Nevertheless, we found no significant
difference in the level of IL-1 in the median range of mtDNA
content among the IFG group (Table 2).

The level of mtDNA content in lymphocytes
was positively associated with HDL-cholesterol
and IL-10

To explore further correlation between mtDNA content in
lymphocytes and other clinical risk factors, we performed

Table3 Spearman and partial correlation analyses between con-
founding factors and mtDNA content in lymphocytes from IFG
patients

mtDNA content
(age- and gender-

mtDNA content

adjusted)
r P r P

Age (years) —-0.142 0.019*

Hypertension (%) —0.130  0.033* —0.119  0.047*
BMI (kg/m?) —0.203 0.001* —0.196  0.002*
Fasting glucose (mmol/L) —0.652 <0.001* —0.663 <0.001*
Fasting insulin (pmol/L) —-0.711 <0.001* -0.702 <0.001*
HbAlc (%) —-0.723 <0.001* -0.718 <0.001*
HOMA-IR —-0.793 <0.001* -0.784 <0.001*
Total cholesterol (mmol/L) —0.083 0.147 —-0.086 0.149
HDL-cholesterol (mmol/L) 0.342 <0.001*  0.347 <0.001*
LDL-cholesterol (mmol/L) —0.138 0.020* —-0.131 0.031*
Triglycerides (mmol/L) —0.184 0.002* —-0.173  0.005*
Urinary albumin (mg/g -0.032 0115 -0.028 0.121

creat)

ALT (U/L) —-0.023 0.761 -0.018 0.821
AST (U/L) -0.077 0.271 -0.063 0.347
IL-1 (pg/mL) —0.048 0.082 —0.042 0.091
IL-6 (pg/mL) —-0.763 <0.001* —-0.772 <0.001*
IL-10 (pg/mL) 0.437 0.016*%  0.441 0.021*
TNF-a (pg/mL) —-0.755 <0.001* -0.748 <0.001*

Correlations between variables were computed by Spearman’s corre-
lation test and age- and sex-adjusted partial correlation test

the Spearman and partial correlation analyses using a num-
ber of confounding factors as independent variables. It was
demonstrated that mtDNA content was negatively correlated
(P <0.05) with hypertension, BMI, fasting glucose, fasting
insulin, HbA1c, HOMA-IR, LDL-cholesterol, triglycerides,
IL-6 and TNF-« after adjusted by age and sexes (Table 3).
Importantly, we observed the positive relationship (P <0.05)
between mtDNA content in lymphocytes, HDL-cholesterol
and IL-10 level. However, no significant different (P > 0.05)
was detected in the partial correlation analyses after con-
trolling for age and sexes in the levels of total cholesterol,
urinary albumin, ALT, AST and IL-10.

Multiple logistic and linear regression analyses

To obtain clear insight on the role of mtDNA content in lym-
phocytes in IFG, we computed the multiple logistic regres-
sion analyses. Reduced mtDNA content was significantly
correlated with IFG after normalizing for several confound-
ing factors including age, sexes, ALT, AST, triglycerides,
total cholesterol, LDL-cholesterol, HDL-cholesterol, IL-6,
IL-10 and TNF-a (P <0.001 for all) (Table 4). These results
signified that mtDNA content in lymphocytes was linked to
IFG in couple with these clinical risk factors and pro-inflam-
matory cytokines. To functionally validate our calculation
on the association between mtDNA content in lymphocytes
and several covariates, further multiple analyses using mul-
tiple linear regressions were used. It has been shown that
mtDNA content in lymphocytes was independently associ-
ated with HOMA-IR, HbA1c, HDL-cholesterol, IL-6, IL-10
and TNF-a (P <0.001 for all) (Table 5).

Discussion

Several studies to date have looked at the association
between mtDNA copy numbers and other clinical risk fac-
tors from individuals with metabolic syndromes [13]. It is
now becoming clear that many metabolic diseases with early
distinct clinical symptoms are regulated by mitochondrial
signaling in platelets and leukocytes to signify their signals
of bioenergetics dysfunction [18]. In this context, studies
are essentially needed to clarify the correlation between
mtDNA content and other risk factors in the early onset of

Table 4 Clinical parameters

. : Odd ratio 95% confidence interval P value
associated with mtDNA content
in lymphocytes from IFG Age, gender 0.952 (0.941-0.963) <0.001%*
patients using multiple logistic ALT, AST 0.961 (0.948-0.974) <0.001*
regression analyses
Triglycerides, total cholesterol 0.958 (0.939-0.975) <0.001*
LDL-C, HDL-C 0.960 (0.948-0.972) <0.001*
IL-6, IL-10, TNF-a 0.972 (0.958-0.084) <0.001*
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Table 5 Multiple linear regression analyses of mtDNA content in
lymphocytes as dependent variable adjusting for BMI, hypertension
and HDL-cholesterol

b SE, t P value

IFG (no/yes) 9.754 2.652 3.176 <0.001*
Clinical parameters

HOMA-IR 0.027 0.136 0.112 0.003*

HbAlc 0.652 2.438 0.217 0.002*
Lipids

HDL-cholesterol —1.056 1.885 —-0.652 0.021*

(mmol/L)

Inflammatory cytokines

IL-6 0.423 0.122 0.218 0.002*

IL-10 —-1.234 0.762 —0.542 0.043*

TNF-a 0.542 0.122 0.113 <0.001*

Regression coefficients (b), standard error of b (SE,) and ¢ statistic
with corresponding P value

prediabetes individuals. In view of these considerations, the
importance of this study was to provide such understand-
ing on the role of dysregulated mitochondrial metabolism
on associated metabolic parameters in prediabetes. In the
present study, we observed that decreased level of mtDNA
content in lymphocytes derived from IFG individuals was
significantly allied to insulin resistance and inflammation
after adjustment for several confounding factors. Therefore,
we speculated that modulation of mtDNA content in lym-
phocytes may provide a potential therapeutic strategy to
counteract inflammation in the development of prediabetes
and early onset of insulin resistance and T2D. Our data indi-
cate that altered mtDNA content in lymphocytes gives rise
to inflammation and insulin resistance, intrinsically leading
to early stage of diabetes progression in the long run.
Mitochondrial dysfunction and oxidative stress are among
the common denominators contributing to the pathogenesis
of prediabetes states such as insulin resistance and IFG, as
previously reported [19]. Several metabolic dysregulations
in prediabetes are also coupled with several microvascular
complications including retinopathy, nephropathy and neu-
ropathy [20-22]. In this regard, a number of experimental
and epidemiological studies have looked into the metabolic
role of mtDNA level in predicting the risks for diabetes
complications. In a cross-sectional community-based study,
higher mtDNA copy number was associated with decreased
prevalence of microalbuminuria [23]. Another report
revealed that peripheral blood mtDNA content in T2D indi-
viduals with diabetic nephropathy was substantially altered
compared to those without nephropathy, proposing that oxi-
dative stress might play important roles in the development
of this diabetic complication [24]. Moreover, mtDNA dam-
age in rat retina was found to provide subsequent increase
in the risk factors associated with diabetic retinopathy in

streptozotocin-diabetic rats [25]. The compromised mito-
chondrial electron transport chain systems with severe
loss in metabolic memory are among the consequences of
mtDNA damage in development of diabetes complications.
Similarly, another study showed that mtDNA damage in
both isolated retina endothelial cells from rats and human
contributes to a significant alteration in mitochondrial bio-
genesis with accumulation of superoxide radicals [26]. Fur-
thermore, mtDNA damage in peripheral neuron with oxi-
dative stress has been proposed as a unifying mechanism
for diabetic neuropathy [27, 28]. Such oxidative damage in
mitochondrial genome with irregular mitochondrial traffick-
ing in neurons may predispose to increased risk of neurode-
generation in diabetes [29]. Consistently, the current study
showed that IFG patients with microvascular complications
have decreased mtDNA content in lymphocytes compared to
those without complications. Our data suggest that mtDNA
content in lymphocytes may be a useful indicator of micro-
vascular complications in IFG participants.

It has been demonstrated that decreased mtDNA content
in adipose tissue was partly mediated by hyperinsulinemia
and insulin resistance [30]. Several reports indicated the
positive association between reduced mtDNA in peripheral
blood monocytes and early phase of T2D complications [31].
Decreased mtDNA copy number was negatively associated
with the fasting glucose level, diastolic BP and waist-hip cir-
cumference ratio of insulin resistance and T2D patients [32].
Sustained damage in mtDNA content may negatively affects
various complications in diabetic retinopathy, and these del-
eterious effects on mitochondrial genomes can be attenu-
ated by over-expression of manganese superoxide dismutase
[33]. Other studies also found that altered mtDNA copies of
leukocytes were intangibly linked to glucose dysregulation,
leading to hyperglycemia and diabetes incidence [32, 34].
Consistent with these, several lines of evidence suggest the
relationship between mitochondrial genome mutation and
hypertension in a Chinese population [35, 36]. By contrast
to the previous studies, another report revealed that reduced
peripheral blood mtDNA content was not a risk factor for
T2D progression in the offspring of patients with early onset
T2D [37]. In this report, we observed such significance cor-
relations between reduced mtDNA content in lymphocytes
and the high level of fasting glucose and HOMA-IR after
confounding factors adjustment. This phenotype of reduced
mtDNA content was found to be increasing in those indi-
viduals with hypertension. In agreement to these, the present
study appears to clarify the positive relationship between
mtDNA content in lymphocytes and IFG complications.
What is more, our study provides a new layer of evidence
implicating the role of mtDNA content in lymphocytes of
IFG participants with insulin resistance.

HDL-cholesterol is one of the useful clinical markers to
predict the development of numerous metabolic disorders. A
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number of epidemiological studies revealed that low levels
of HDL-cholesterol were consistently linked to the increased
risk of T2D and cardiovascular-related complications [38,
39]. However, whether the increased plasma HDL-choles-
terol level is causally predisposed to the risk of T2D and
its comorbidities is yet to be determined. The association
between mtDNA content and HDL-cholesterol level in dis-
eased groups was previously investigated where reduced
mtDNA content in peripheral blood monocytes was found in
patients at an earlier age of type 2 diabetes onset with lower
HDL level [31]. Furthermore, decreased level of HDL-cho-
lesterol in individuals with hyperlipidemia and metabolic
syndromes has been linked to the depleted mtDNA content
in leukocytes [40]. In light of these previous observations,
along with the current observation here, a significant nega-
tive correlation between mtDNA content in lymphocytes and
plasma HDL-cholesterol in IFG patients was observed. For
that reason, we are suggesting that reduced mtDNA content
in lymphocytes combined with HDL-cholesterol measure-
ment contributes to the improved investigation in classifying
IFG individuals at risk for developing insulin resistance and
T2D.

A causative link has been postulated between inflamma-
tion and insulin resistance. It was proved that the activa-
tion of induced NF-kB activity in diabetic animals with
microvascular complications was partly regulated by
mitochondrial genomes in response to the mitochondrial-
mediated cell death pathways [41]. This inflammatory
activation possibly includes different mechanism involv-
ing N-terminal kinase (JNK) pathways, pro-inflammatory
cytokines release and macrophage recruitment [12, 42].
Of note, prolonged mtDNA damage may lead to impaired
mitophagy process, leading to activation of inflamma-
tory signaling [43]. This effect seems to predominantly
result from altered mtDNA content and other deleterious
effects exhibited by increasing DNA oxidative damage in
numerous peripheral tissues [12]. In this context, it has
been shown that the development of insulin resistance by
decreased tyrosine kinase activity of the insulin receptor
was likely mediated by excess release of TNF-a [44]. High
level of circulating IL-6 may lead to insulin resistance,
T2D and other metabolic dysregulations [44]; however,
IL-6 displays pleiotropic functions in a tissue-specific and
physiological context-dependent manner [45]. Increased
level of circulating IL-10 was proved to enhance skeletal
muscle insulin sensitivity by attenuating obesity-asso-
ciated macrophage infiltration, inflammation and aging
mediated-insulin resistance [46, 47]. In the present study,
we observed amplified levels of TNF-a and IL-6 while
decreased levels of IL-10 that were coincided with reduced
mtDNA content and higher degree of HOMA-IR index
among IFG patients. Our data indicated that increased lev-
els of TNF-a and IL-6 substantially contribute to insulin
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resistance and early onset of IFG stages. Collectively,
these data u support the contention that decreased mtDNA
content in the IFG group is associated with the impaired
glucose metabolism, insulin resistance and inflammation.

Our study has some limitations. We only assessed the
association between mtDNA content in lymphocytes and
other clinical risk factors at a single time point rather than
multiple time points. The measurement of samples at multi-
ple time points allows any prognostic value associated with
the disease progression to be determined. Moreover, the cur-
rent study adopted the cross-sectional design that did not
allow the evaluation of such causality-involved associations.
In addition, a larger sample size of populations is impera-
tively needed to verify and confirm our findings on the cutoff
value for mtDNA content in lymphocytes to further predict
the development of IFG and insulin resistance with other
potential confounders. An experimental design with a large
prospective cohort study would be of value to casually indi-
cate the incidence of mtDNA damage in lymphocytes of IFG
participants. Nevertheless, we have determined the possible
disease risk factors that can be linked with altered mtDNA
content in lymphocytes, thus providing statistical control
for important confounding factors in our study population
of interest.

In summary, we show evidence of multiple associations
between reduced mtDNA content in lymphocytes and other
clinical risk factors including inflammation and insulin
resistance in IFG. We demonstrated that altered mtDNA
content in lymphocytes was observed in IFG individuals
with microvascular complications compared to those with-
out complications. It is of importance to recognize that
decreased mtDNA content was comparatively due to the pro-
longed inflammatory signaling activation induced by hyper-
glycemia in IFG participants. This finding is consistent with
our previous report where impaired mitochondrial activities
lead to the activation of subclinical inflammation [15], lead-
ing to insulin resistance and type 2 diabetes. The current
study revealed that individuals with IFG exhibit a cascade
of events that include depleted level of mtDNA content in
lymphocytes with other increasing metabolic dysregula-
tions, signifying such impairment in mitochondrial genomes
precedes T2D rather than vice versa. Despite the potential
pathophysiological and clinical significance to IFG, to date,
there are no reported studies for measuring perturbations
in mtDNA content in easily accessible human lymphocytes
of individuals with IFG. To the best of our knowledge, this
is the first cross-sectional study addressing the relationship
between reduced mtDNA content in lymphocytes, inflam-
mation, insulin resistance and other established clinical risk
factors in individuals with IFG. Therefore, an understanding
of preventive and therapeutic intervention for prediabetes
patients must take into account the expression and activation
of these retrograde signaling pathways in lymphocytes in
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order to strategize the best complementary approach against
the development of such metabolic perturbations.
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