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Abstract: Type 2 diabetes (T2D) is a multisystem disease that is the subject of many studies, but the
earliest cause of the disease has yet to be elucidated. Mitochondrial impairment has been associated
with diabetes in several tissues. To extend the association between T2D and mitochondrial impair-
ment to blood cells, we investigated T2D-related changes in peripheral mononucleated blood cells’
(PBMCs) mitochondrial function in two groups of women (CTRL vs. T2D; mean age: 54.1 ± 3.8 vs.
60.9 ± 4.8; mean BMI 25.6 ± 5.2 vs. 30.0 ± 5), together with a panel of blood biomarkers, anthro-
pometric measurements and physiological parameters (VO2max and strength tests). Dual-energy
X-ray absorptiometry (DXA) scan analysis, cardio-pulmonary exercise test and blood biomarkers
confirmed hallmarks of diabetes in the T2D group. Mitochondrial function assays performed with
high resolution respirometry highlighted a significant reduction of mitochondrial respiration in
the ADP-stimulated state (OXPHOS; −30%, p = 0.006) and maximal non-coupled respiration (ET;
−30%, p = 0.004) in PBMCs samples from the T2D group. The total glutathione antioxidant pool
(GSHt) was significantly reduced (−38%: p = 0.04) in plasma samples from the T2D group. The
fraction of glycated hemoglobin (Hb1Ac) was positively associated with markers of inflammation
(C-reactive protein-CRP r = 0.618; p = 0.006) and of dyslipidemia (triglycerides-TG r = 0.815; p < 0.0001).
The same marker (Hb1Ac) was negatively associated with mitochondrial activity levels (OXPHOS
r = −0.502; p = 0.034; ET r = −0.529; p = 0.024). The results obtained in overweight postmenopausal
women from analysis of PBMCs mitochondrial respiration and their association with anthropometric
and physiological parameters indicate that PBMC could represent a reliable model for studying
T2D-related metabolic impairment and could be useful for testing the effectiveness of interventions
targeting mitochondria.
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1. Introduction

Type 2 diabetes (T2D) is a worldwide epidemic disease, and its prevalence has a large
and growing spread, not only in Western countries, but also in “emerging” economies, such
as China and India [1]. In recent years, there has been a growing interest in understanding
whether mitochondria are involved in the onset of the disease and whether mitochondrial
function parameters can be used as biomarkers of the disease. Certainly, mitochondrial
defects have been associated with T2D both in terms of reduction of the expression of genes
involved in mitochondrial biogenesis and of mitochondrial abundance, dynamics, and
function [2].

The diagnosis of diabetes and pre-diabetes relies on indexes of glycemic control, e.g.,
conventional fasting plasma glucose (FPG), impaired glucose tolerance (IGT) or glycated
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hemoglobin (Hb1Ac). While the first two are indexes of acute dysglycemia, Hb1Ac is a
marker of chronic dysglycemia [3]. Almost half of the adult population aged 65 and above
have a pre-diabetic condition, and the distribution of increased Hb1Ac is much higher
in women than in men [4]. The literature is richer in studies on diabetic patients than
on pre-diabetic subjects, but it is becoming evident that there is a relation between the
continual increase in Hb1Ac and a related greater risk of diabetes, and that in the early
steps of this increase, the condition can still be reversed with lifestyle interventions [3,5].

The primary causes for the development of T2D are typically set in obesity and in
physical inactivity, or in an impaired balance between metabolic load versus metabolic
capacity [6]. According to this concept, in relation to diabetes, metabolic load compo-
nents are represented by dietary glycemic load, adiposity (mainly abdominal adiposity),
sedentary lifestyle and stress. On the other hand, metabolic capacity is represented by
pancreatic function, through insulin secretion, and muscle mass, a key player in glucose
clearance [6]. T2D is usually accompanied by several comorbidities such as dyslipidemia,
cardiomyopathies, and microvascular complications that could be partially prevented with
early interventions.

T2D-related dyslipidemia is characterized by elevated triglycerides (TG), elevated
low-density lipoprotein (LDL), and decreased levels of high-density lipoprotein (HDL) [7,8],
and the TG/HDL ratio is also positively associated with T2D and its onset [9–11].

In adults with T2D, the aerobic cardio-respiratory capacity is further reduced com-
pared to healthy subjects, even in the absence of overt cardiovascular disease [12,13]. This
is relevant since the maximal aerobic capacity (VO2max) is a predictor of risk for the devel-
opment of cardiovascular disease, heart failure and mortality [14,15]. A poor VO2max is
further associated with an insufficient level of physical activity, and this factor may have a
pivotal role in the development of T2D. It is well known that individuals with a physically
active lifestyle have a lower risk of developing T2D compared to sedentary people [16,17].
On the other hand, an increase in physical activity reaching the minimal recommended
guidelines (i.e., 150 min of moderate intensity per week) would be associated with a 26%
lower risk of T2D [17].

Although the reasons are still unknown, the risk of diabetes, its side effects and the
outcome of treatment have sex-specific differences. The risk of diabetes in people with over-
weight or obesity is higher in women than in men (eight- and six-fold, respectively) [18,19].
Women are also more susceptible to the deleterious side effects of T2D and hypertension
on cardiovascular health, and the protective effect of therapeutic interventions is more
effective for men than for women [20–23]. In light of these considerations, we chose to
investigate overweight postmenopausal women, since in this population, T2D is the most
common chronic disease [24].

Mitochondria, which are involved in aging and obesity, have been implicated in in-
sulin resistance in T2D [25]. In diabetes, a reduction of the cellular capacity to efficiently
respond to insulin stimulation, together with impaired insulin secretion and action, may
explain many alterations of the mitochondrial function [26]. However, the precise molecu-
lar mechanisms leading to mitochondrial impairment and the cause–effect relationships
linking mitochondrial dysfunction to the disease have not yet been clarified. Mitochondrial
dysfunction has a greater impact in tissues with higher mitochondrial content (i.e., skeletal
muscle, liver, brain, and heart) [27,28]. Many studies have demonstrated T2D-related
alterations of mitochondria both in terms of gene expression and enzyme content and activ-
ity [29–31]. At the molecular level, analysis of gene arrays associated T2D with decreased
expression of genes involved in mitochondrial maintenance, such as PGC1A, NRF1 and
several key players of mitochondrial function [29,32].

Decreased mitochondrial enzymatic activity, content, and fatty acids oxidation have
been reported in muscles from adults with obesity and/or T2D, as well as in T2D animal
experimental models [30]. In samples from the vastus lateralis muscle of diabetic patients,
there is a decreased mitochondrial respiratory capacity, in particular the phosphorylative
capacity stimulated by ADP and sustained by complex I (with pyruvate and malate sub-
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strates) [30]. Reduced mitochondrial activity, namely decreased oxidative phosphorylation
(OXPHOS) at the level of complex I and III, has also been reported in a diabetic mouse
model [33]. Although skeletal muscle is the most frequently used tissue to study the
mechanisms related to T2D, insulin resistance (IR) can also impact other tissues such as the
liver, adipose tissue, brain, cardiac muscle and the gastro-intestinal system [27,34]. In each
tissue, the phenotype associated with T2D is rather specific, but the underlying molecular
pathways impaired are often common [34,35].

In this study, we used peripheral mononucleated blood cells (PBMCs) to investigate
mitochondrial activity in relation to T2D in overweight post-menopausal women. An
increasing number of studies indicate that PBMCs can reflect mitochondrial function at the
systemic level [36,37]. In recent years, both platelets (PLTs) and PBMCs have been proposed
as surrogates for skeletal muscle biopsies to investigate the mitochondrial phenotype, and it
has been proposed that circulating cells may inform on mitochondrial health or dysfunction
at a systemic level [38]. Platelets are a very abundant and rather homogeneous cell popula-
tion. However they are anucleate, and they have the possibility to degranulate and activate,
hence requiring greater attention during the sampling and purification phases [39]. To
these factors is added a very short turnover (every 8 days), making them suitable for punc-
tual and rapid studies [40]. Moreover, platelets could present some bias in a comparison
between healthy and diabetic subjects, as it has been reported that in T2D, these cells have
an increased mean platelet volume (MPV) and are activated [41,42]. On the other hand,
PBMCs are nucleated cells with a longer lifespan (6–7 months); they do not degranulate
and they are easily obtainable and suitable for investigating mitochondrial respiration [43].
However it should be considered that PBMCs are an heterogeneous population of cells, and
thus, their respiratory profile integrates those of lymphocytes and monocytes [44]. For this
reason, it is important to monitor sample compositions and to avoid conditions of intense
stress before blood sampling.

Prior studies have shown alterations in reactive oxygen species (ROS) and in mito-
chondrial transcriptional and protein profiles in PBMCs from diabetic patients [29,31,45],
suggesting that these cells could be a useful tool to investigate T2D-related mitochondrial
dysfunction. However, there is still a lack of information about functional properties of
mitochondria in PBMCs, particularly in diabetic patients. It has been shown that there
is a main effect of diabetes on the maximal respiration in intact cells [46], but a more
detailed characterization of the role of different mitochondrial complexes in the differ-
ent respiratory state is still lacking. In light of these considerations, we decided to use
PBMCs and contribute to fill this gap. We hypothesized that, similarly to other tissues,
PBMCs’ mitochondria from a group of postmenopausal women with T2D would dis-
play an impairment in mitochondrial function, representing an advantageous model both
to investigate the causes of mitochondrial impairment and to evaluate the efficacy of
therapeutic/lifestyle interventions.

We present a case-control study in which the first goal is to compare mitochondrial
function parameters in PBMCs from healthy and T2D or pre-diabetic women. The second
goal is to associate aspects of T2D-altered physiology (anthropometric, physical fitness,
hematochemical parameters) to a characterization of blood cells’ mitochondrial function in
postmenopausal women in health or with T2D.

2. Materials and Methods
2.1. Participant’s Enrollment, Inclusion Criteria and Health Data Collection

Two groups of women (9 healthy (CTRL) and 9 with a diagnosis of type 2 diabetes
(N = 6) or pre-diabetic (N = 3) (T2D)) were recruited in the local area of Verona. All the
participants underwent a medical examination and completed a medical history ques-
tionnaire. The following inclusion criteria were considered: age between 45 and 70, 2 or
more years since menopause, diagnosis of T2D (for the diabetics group) or pre-diabetes
(Hb1Ac ≥ 39 mmol/mol) [47], physical examination in the norm, normal resting ECG. Ex-
clusion criteria were: uncompensated cardio-circulatory pathologies, respiratory diseases,
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renal failure, alcohol and drug abuse and neurological or orthopedic diseases limiting mobil-
ity and exercise capacity. All the participants with diagnosis of T2D were medically treated
with metformin. The study conformed to the principles of the Declaration of Helsinki and
was approved by the Ethics Committee for Clinical Trials of Verona and Rovigo (CESC)
with protocol n◦ 2400CESC. All the participants gave their written informed consent.

2.2. Experimental Design

Before the first data collection, all the subjects underwent a familiarization session to
explain all the experimental procedures that were carried out in a dry run, brief test session.
All the subjects were evaluated in three different experimental sessions on three different
days in the morning—day 1: blood sampling for ematochemical assays and mitochondrial
function assays were carried out; day 2: DXA measurements and leg-press test; day 3:
handgrip strength test and VO2max determination.

2.3. Anthropometry and Body Composition

Body mass (BM) and stature were taken at the nearest 0.1 kg and 0.01 m, respec-
tively, with a Tanita electronic scale BWB-800 MA (Tanita Europe B.V., Amsterdam, The
Netherlands) and a stadiometer (Holtain Ltd., Crymych, Pembs, UK). Body mass index
(BMI, kg/m2) was calculated as body mass/stature2. Body composition (fat mass (FM) [48],
percentage FM (%FM) and lean mass (LM)) were evaluated at the whole-body (WB) and
regional level (trunk, android and gynoid regions) using a total body DXA scanner (QDR
Explorer W, Hologic, Bedford, MA, USA; fan-bean technology, software for Windows XP
version 12.6.1) according to the manufacturer’s procedures. Accordingly, soft tissue body
composition variables were also expressed either as a proportion to total body mass or nor-
malized by square stature (Fat Mass Index (FMI); Lean Mass Index (LMI) [48]). The scanner
was calibrated daily against the standard supplied by the manufacturer to avoid possible
baseline drift. No special preparation was required, with the exception that participants
had to wear underwear and not wear any metal accessories. The effective radiation doses
involved are small (15.5 cGY cm2), making the technique widely applicable. Whole body
scanning time was about seven minutes. Scanning and analyses were performed in the
morning by the same operators (CM, VC) to ensure consistency.

2.4. Handgrip Strength Test

Handgrip strength (HG) of the dominant hand was assessed by a manual hand-
dynamometer (Lafayette Instruments, Lafayette, IN, USA) with adjustable grip. Before
starting the trials, participants performed five minutes of familiarization, standing upright
with arm, forearm and wrist in a neutral position [49]. The participants squeezed the
dynamometer gradually with their maximal effort for 5 s. Three maximal voluntary
grips strengths were, interspersed by 1 min rest between each trial. The best trial with
the dominant hand was used for statistical analysis [10,49]. HG relative to body mass
(HG/BM-Kg/Kg) was also calculated to consider the involvement of body weight in the
maximal muscle strength test [50].

2.5. Leg-Press Test

A seated leg-press device (Technogym S.p.a., Cesena, Italy) was used to measure
the dynamic force production of the leg extensor muscles. Participants were positioned
with a knee angle of 90 degrees, and prior to attempting one repetition maximum (1RM),
they performed five minutes of familiarization where the experimenter taught the correct
lifting and breathing technique at a submaximal load. Participants were instructed to
grasp handles located close to the seat and to keep constant contact with the seat and
backrest during leg extension to a full range of motion (180 degrees). Following a warm-up
phase starting at approximately 70% of the estimated 1RM, the load was progressively
increased until the participants could perform a range between 6 and 10 repetitions in each
attempt that was proved suitable for this kind of population with no strength training
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experience [51]. Load was gradually increased by about 10–15 kg until the individual 1RM
was found. The goal was to reach the desired repetitions in 3–6 attempts, interspersed
by two minutes of rest between each attempt to ensure a full recovery. The Brzycki
1RM prediction equation [52] was then used to estimate the 1RM, based on the load and
repetitions recorded from the participants.

2.6. VO2max

Whole-body aerobic capacity was determined by cardiopulmonary exercise test (CPET)
with continuous breath-by-breath measurement of oxygen consumption during a slightly
modified version of the incremental ramp test previously described [53]. The incremental
test was performed on an electronically braked cycle ergometer (Excalibur Sport, Lode,
Groningen, The Netherlands). The incremental test consisted of 2 min at rest and 3 min
of warm-up at 30 W followed by a continuous increment, every 1 min of the workload
by 10–15 W, depending on the prospective training status of each subject, until voluntary
exhaustion. The latter was defined as the inability to maintain the pedaling frequency
(60–80 revolutions/min), despite vigorous encouragement by the experimenters. Workload
continuous increment was set a priori so that the subjects achieved voluntary exhaustion
in 10–12 min. The ergometer was associated with a metabolic cart (Quark b2, Cosmed,
Rome, Italy) that allowed for continuous, breath-by-breath measures of gas exchange (at
the mouth), ventilation and heart rate (HR). Before each test, the gas analyzers and the
turbine flow meter of the system were calibrated, following the manufacturer’s instructions,
by using a reference gas mixture of known concentration (FO2: 0.16; FCO2: 0.05; N2 as
balance) and a 3.0-litre calibrated syringe.

VO2max was assessed as the mean of the O2 values occurring in the last 30 s of the
constant work-rate test before the interruption. Furthermore, VO2max was normalized by
body mass (VO2max/kg).

2.7. Blood Sampling

Fasting venous blood samples were drawn from an antecubital vein in the morning
(7:00–9:00 a.m.) after a 12 h overnight fast in accordance with the recommendations of
the European Federation of Clinical Chemistry and Laboratory Medicine (EFLM) [54].
Participants were instructed to abstain from strenuous physical activity for 48 h before the
blood samples were taken.

2.8. Hematological Testing

All the samples were processed for routine hematological testing immediately after
collection (<15 min) on the Advia 2120i hematology system (Siemens Healthcare Diagnos-
tics, Deerfield, IL, USA) using standard local procedures at GB Rossi Hospital, Verona, Italy.
The parameters tested included red blood cells count (RBC), hematocrit (HCT), hemoglobin
(HGB), mean red cell volume (MCV), mean red cell hemoglobin content (MCHC), red
blood cell distribution width (RDW), white blood cells (WBC) count, and WBC differ-
ential, including lymphocytes, monocytes, neutrophils, eosinophils, basophils and large
unstained cells, platelet count, and mean platelet volume. The instrument was calibrated
against appropriate proprietary reference standard material and verified with the use of
proprietary controls.

2.9. Clinical Chemistry and Immunochemistry Test

The clinical chemistry and immunochemistry tests were performed on serum aliquots
on the instrument Cobas® 6000 < c501 > and < e601 > module (Roche Diagnostics GmbH,
Penzberg, Germany), according to the manufacturer’s specifications and using proprietary
reagents. The panel of tests included the following markers: Hb1Ac, glucose, C-reactive
protein (CRP), total cholesterol (CholTOT), HDL cholesterol (CholHDL), LDL cholesterol
(CholLDL), and triglycerides (TG). The instrument was calibrated against appropriate
proprietary reference standard materials and verified with the use of proprietary quality
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controls. Plasmatic levels of total glutathione (GSHt) were determined using a colorimetric
assay (Glutathione Assay Kit–Cayman Chemical, Ann Arbor, MI, USA) according to the
manufacturer’s instructions.

2.10. PBMCs Purification

PBMCs were isolated from whole blood collected in 2X9 mL K2-EDTA Vacuettes. All
the procedures were performed at room temperature. The samples were kept under gentle
agitation for 30 min before proceeding with the subsequent centrifugation steps. Whole
blood was diluted 1:1 with RPMI-1640 medium (Sigma-Aldrich, Milano, Italy) and loaded
on a 50 mL LeucoSep tube (Greiner, GmbH) previously prepared with 15 mL of Ficoll
(Cytiva, Uppsala, Sweden AB). The PBMCs cell layer was obtained by centrifugation at
800 g for 10 min in Heraeus 2704 centrifuge with swinging-bucket rotor and transferred to a
new 50 mL Falcon (Becton Dickinson, Franklin Lakes, NJ, USA) tube. Contaminant platelets
were removed with two subsequent washing steps in RPMI (30 mL), each at 100 g for 10 min.
The final pellet was resuspended in MiR05 medium, and cell concentration and composition
were determined using a Sysmex-XN1000 analyzer (Supplementary Figure S1).

2.11. High Resolution Respirometry

High resolution respirometry (HRR) analysis was performed on permeabilized PBMCs
as previously described [55,56]. Purified PBMCs were loaded in the O2k chambers
(3 * 106 cells/chamber) of an Oxygraph-2k (Oroboros Instruments GmbH, Innsbruck,
Austria) for HRR, and a Substrate Uncoupler Inhibitor Titration (SUIT) protocol for per-
meabilized cells was used for analysis [56]. Mitochondrial respiration was analyzed in
different respiratory states: the ROUTINE based on endogenous substrates and ADP levels,
the dissipative fraction of oxygen consumption was recorded in the LEAK corresponding
to the oxygen used to restore dissipative proton-leak, the OXPHOS state corresponding to
active phosphorylative oxidation stimulated by saturating ADP and substrates to sustain
complex I (pyruvate (P) and malate (M) (PM), and glutamate (G) (PMG)) and complex II
(succinate (S) (PMGS)) (Figure 1a,b).

For the ROUTINE, pyruvate 5 mM and malate 0.5 mM were added. Then, cells
were permeabilized with Digitonin (Dig) (10 mg/mL stock in DMSO) to allow specific
substrates to enter the cells and to induce the transition to the LEAK state. The OXPHOSPM
state was triggered by addition of adenine diphosphate (ADP) 1 mM to elicit oxidative
phosphorylation. Glutamate (Sigma Aldrich, Milano, Italy) 10 mM was added to complete
cI-linked respiration (OXPHOSPMG). Succinate 10 mM was then added to induce cII-linked
respiration (OXPHOSPMGS). Next, carbonyl cyanide m-chlorophenyl hydrazine (CCCP)
(Sigma Aldrich, Milano, Italy) or uncoupler titrations (0.25 µM per step) were used to
reach maximum uncoupled respiration, determining the maximal electron transfer capacity
(ET state). Finally, rotenone (Rot) 0.5 µM was added to inhibit cI; thus, ET sustained
by cII activity was evaluated. Lastly, Antimycin A 2.5 µM was used to inhibit cIII, and
residual oxygen consumption (ROX) was measured. Data were recorded and analyzed with
DatLab6 software (Oroboros Instruments GmbH, Innsbruck, Austria) and expressed as
oxygen flow normalized per cell number (JO2–pmol O2/sec*106 cells−1) or flux control ratio
(relative to ET) (FCR). Net OXPHOS and ET capacity factors were calculated by correcting
the OXPHOS and ET values for the LEAK respiration values (OXPHOSPMGS-LEAKPM;
ET- LEAKPM). The ET-reserve capacity was obtained by subtracting the ROUTINE from
ET values.
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Figure 1. (a,b) Representative respirometry traces following high-resolution respirometry protocol
applied to permeabilized PBMCs obtained from CTRL (a) and T2D (b) samples. Blue line: O2

concentration over time; Red line: cell-specific O2 flow (JO2), calculated as the negative time derivative
of O2 concentration, corrected for instrumental background, and expressed as pmol/s*106 cells−1.
For titration steps and SUIT protocol, see the Methods section. Abbreviations: ROUTINE, state;
LEAK, state; OXPHOS, state; ET, Electron transfer pathway; ROX, residual oxygen consumption; PM,
pyruvate and malate; PMG, pyruvate, malate and glutamate (CI-linked electron transfer); PMGS,
pyruvate, malate, glutamate, and succinate (CI&CII-linked electron transfer); Dig, digitonin; ADP,
adenosine diphosphate; u, uncoupler, CCCP titration; Rot, rotenone; Ama, Antimycin A.

2.12. Data Analysis and Statistics

All the data were collected and organized in Excel (Microsoft). Statistical analysis
was performed with Prism 8 (GraphPad Software, San Diego, CA, USA) and SPSS Statis-
tics 27.0 (IBM Corp, Armonk, NY, USA). Normality of data distribution was verified
using the Shapiro–Wilk test. When criteria for normality were not met, non-parametric
Mann–Whitney test was performed (this occurred only for the CRP marker). The compar-
ison of mean values between groups were conducted with unpaired Student’s t test or
two-way ANOVA with Tukey post hoc correction. Pearson correlation was used to examine
the relationship between variables. Significance was set at an α level of 0.05, and results
are presented as mean ± st.dev. The sample size was determined using G∗Power software
(ver 3.1.9.6) [57] to ensure, for key parameters of mitochondrial respirometry assays, suffi-
cient power (1–β = 0.80) to detect significant differences between groups using two-way
ANOVA. A priori determination of the sample size was found to be 8 per group.

3. Results
3.1. Anthropometric Characteristics and Body Composition

A case-control comparison of demographic and anthropometric characteristics of
participating women from CTRL and T2D groups is shown in Table 1. The T2D group had
higher body mass (BM) and BMI (+16.2% and +17.2%, respectively) compared to the CTRL
group (Table 1). The android/gynoid fat mass ratio was significantly higher in the T2D
group (+20%; p = 0.005), and a tendency was observed for trunk fat expressed in percentage
(+17%; p = 0.05).
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Table 1. Anthropometric characteristics of body composition and fat distribution of the participants.
Data relative to each parameter were compared using unpaired Student’s t test. Data are expressed
as mean ± st.dev; (CTRL N = 9; T2D N = 9).

Description CTRL
(N = 9)

T2D
(N = 9)

∆(T2D vs.
CTRL)

(%)

p Value
(Unpaired

Student’s t Test)

Age 54.1 ± 3.8 60.9 ± 4.8 0.004

Ethnicity Caucasian Caucasian

Height (cm) 162 ± 0.05 162 ± 0.07 - ns

BM (kg) 67.8 ± 16.1 78.5 ± 16.8 +16.2 ns

BMI (Kg/m2) 25.6 ± 5.2 30.0 ± 5.9 +17.2 ns

LEAN MASS (kg) 39.7 ± 6.7 44.6 ± 7.9 +13.7 ns

LMI (Kg/m2) 15.1 ± 1.9 17.1 ± 2.6 +13 ns

FAT MASS (Kg) 24.9 ± 9.4 30.8 ± 9.7 +23 ns

FMI (Kg/m2) 9.4 ± 3.2 11.8 ± 3.7 +25 ns

WB FAT(%) 36.4 ± 5.7 38.3 ± 4.4 +5 ns

ANDROID/GYNOID 0.45 ± 0.04 0.54 ± 0.07 +20 0.005

TRUNK FAT(%) 33.8 ± 7.2 39.8 ± 4.5 +17 0.05

3.2. Blood Biomarkers

Hematological and hematochemical analysis from fasting blood samples are reported
in Table S1 and Table 2. The blood cell profile was similar between the two groups, showing
no relevant differences (Table S1). Participants of the T2D group had higher levels of Hb1Ac
(+31.3%; p = 0.002), glucose (+40%; p = 0.008) with a tendency toward higher levels of the
inflammatory marker C-reactive protein (CRP +120%; p = ns) (Table 2). The diabetic group
also showed alterations of the lipidic profile with a characteristic dyslipidemia signature
determined by lower HDL cholesterol (CholHDL −35%; p = 0.005) and higher triglycerides
(TG +63%; p = 0.03) compared to CTRL subjects (Table 2). Consistently, the TG/HDL ratio
is higher in the T2D group (+125%; p = 0.03) (Table 2).

Table 2. Values of circulating blood markers (glycated hemoglobin—Hb1Ac, C-reactive protein—CRP,
total cholesterol—CholTOT, HDL cholesterol—CholHDL, LDL cholesterol—CholLDL, triglycerides—TG,
total glutathione—GSHt). Data for each parameter were compared between the two groups using an
unpaired Student’s t test. Data are expressed as mean ± st.dev (CTRL N = 9; T2D N = 9).

Description CTRL
(N = 9)

T2D
(N = 9)

∆(T2D vs.
CTRL)

(%)

p Value
(Unpaired

Student’s t Test)

Hb1Ac (mmol/mol) 34.4 ± 1.7 45.2 ± 7.6 +31.3 0.002

Glucose (fasting) 4.4 ± 0.7 6.2 ± 1.5 +40 0.008

CRP (mg/L) 1 ± 0 2.2 ± 2.3 +120 ns #

CholTOT (mmol/L) 5.1 ± 0.9 4.9 ± 1.2 −4 ns

CholHDL (mmol/L) 1.9 ± 0.4 1.4 ± 0.3 −35 0.005

CholLDL (mmol/L) 2.9 ± 0.4 3.3 ± 0.7 +13 ns

TG (mmol/L) 0.92 ± 0.4 1.5 ± 0.7 +63 0.03

TG/CholHDL ratio 0.54 ± 0.33 1.21 ± 0.75 +125 0.03

GSHt (%) 100 ± 35.7 61.8 ± 31.8 −38 0.04
# Unpaired Mann–Whitney test.
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3.3. Cardio-Respiratory Function and Fitness

Data obtained from the analysis of cardiopulmonary exercise tests (CPET) comparing
T2D and CTRL women are reported in Table 3. Absolute VO2max and VO2max adjusted for
body mass (VO2max/kg) values were similar between the two groups or tendentially lower
in the T2D group (VO2max/kg −15%; p = ns). The participants in the T2D group had a lower
HRmax (10%, p = 0.01) compared to CTRL group (Table 3).

Table 3. Values of cardiorespiratory fitness (CPET test) and strength parameters (1RM and HG). The
following parameters were considered: maximal cardio-respiratory capacity (VO2max), peak power
output (PPOmax), maximal heart rate (HRmax), one-repetition maximum for the leg extensor muscles
(1RM), and grip strength (HG). Data for each parameter were compared between the two groups
using an unpaired Student’s t test. Data are expressed as mean ± st.dev (CTRL N = 9; T2D N = 9).

Description CTRL
(N = 9)

T2D
(N = 9)

∆(T2D vs.
CTRL)

(%)

p Value
(Unpaired

Student’s t Test)

VO2max (mL) 1857.4 ± 202.5 1856.3 ± 256.0 ns

VO2max/Kg
(mL/Kg) 28.8 ± 7.1 24.5 ± 5.6 −15 ns

PPOmax (Watt) 167.7 ± 18.5 149.1 ± 25.6 −12 ns

HRmax (bpm) 167.2 ± 6.7 151.3 ± 15.0 −10 0.01

1RM (Kg) 168.1 ± 41.1 176.7 ± 48.7 +5 ns

1RM/BM 2.53 ± 0.61 2.27 ± 0.46 −11 ns

HG (Kg) 30.9 ± 4.7 29.6 ± 5.8 −4 ns

HG/BM (Kg/Kg) 0.47 ± 0.09 0.38 ± 0.04 −23 0.02

3.4. Muscle Strength

Functional strength of lower- and upper-limb muscles was tested using a leg-press
and a hand-dynamometer, respectively. The values of absolute leg-press 1RM and 1RM
normalized for body mass (1RM/BM) showed no differences between the two groups
(Table 3). The HG strength was similar between the two groups, but HG values normalized
per body mass (HG/BM) were significantly reduced in the T2D group (−23%; p = 0.02).

3.5. Mitochondrial Function

Mitochondrial function was analyzed in permeabilized PBMCs isolated from freshly
collected blood samples (Figures 1 and 2). Mitochondrial respiration was analyzed in
different respiratory states: the ROUTINE based on endogenous substrates and ADP levels,
the dissipative fraction of oxygen consumption was recorded in the LEAK corresponding
to the oxygen used to restore dissipative proton-leak, and the OXPHOS state corresponding
to active phosphorylative oxidation stimulated by saturating ADP and substrates to sustain
complex I (pyruvate, malate, and glutamate) and complex II (succinate) (Figure 1a,b).

To analyze differences between the mean values of the various respiratory states of
the two groups of subjects, two-way ANOVA of specific oxygen flow values (J◦O2-pmol
O2/s*106 cells−1) was performed (Figure 1c). Overall, we found a significant difference
between groups (ANOVA p < 0.0001); furthermore, samples from the T2D group showed
reduced maximal phosphorylative capacity (OXPHOSPMGS −30%; p = 0.006) and maximal
non-coupled respiratory capacity (ETPMGS −30%; p = 0.004) (Figure 2a, Table 4). We also
evaluated the relative contribution of mitochondrial complexes and substrate combinations
using a qualitative analysis of data expressed as flux control ratios (FCR), in which data
are expressed relatively to the maximal non-coupled oxidative capacity (ET). In this case,
the means of two groups show no relevant difference (Figure 2b, Table 4). Net and reserve
capacities resulted to be significantly reduced in mitochondria from the T2D compared to



Biomedicines 2023, 11, 121 10 of 18

the CTRL group (net OXPHOS capacity −40%, p = 0.03; net ET capacity −38%, p = 0.03;
and ET reserve capacity −41%, p = 0.02) (Figure 2c–e, Table 4).
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Figure 2. Analysis of mitochondrial function in PBMCs from CTRL and T2D samples. (a) Quanti-
tative analysis of the rate of oxygen consumption (expressed as O2 pmol/s per million cells) in the
ROUTINE, LEAK, OXPHOS and ET respiratory states in PBMCs from CTRL and T2D blood samples.
(b) Qualitative analysis of data of mitochondrial function in permeabilized PBMCs expressed relative
to ET (flux control ratio, FCR) in the respiratory states analyzed (ROUTINE, LEAK, OXPHOS and
ET). (c) Net OXPHOS capacity, index of ADP stimulation, for CTRL and T2D PBMC cells calculated
as (OXPHOS–LEAK). (d) Net ET capacity for CTRL and T2D PBMC cells calculated as (ET–LEAK).
(e) ET reserve capacity, index of the potential of substrate uptake and ADP stimulation, for CTRL and
T2D PBMC cells calculated as (ET–ROUTINE). Data are reported as mean ± st.dev (CTRL N = 9; T2D
N = 9); * p < 0.05, ** p < 0.01.

Table 4. Correlation analysis. Pearson’s correlation analysis between individual values of the factors
considered in the whole study.

Factor r p Value

Blood markers

Hb1Ac Age 0.557 0.016

CRP 0.618 0.006

CholHDL −0.553 0.017

TG 0.815 <0.0001

GSTt 0.544 0.020

HRmax −0.651 0.003

Android/Gynoid 0.570 0.013

Trunk PFAT 0.503 0.034

LEAKPM −0.476 0.046

OXPHOSPMGS −0.502 0.034
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Table 4. Cont.

Factor r p Value

ET −0.529 0.024

ET reserve capacity −0.501 0.034

Mitochondrial activity

ROUTINE TG −0.490 0.039

ROUTINEPM HDL 0.487 0.041

LEAKPM Hb1Ac −0.476 0.046

CholHDL 0.565 0.015

TG −0.533 0.023

TRUNK_PFAT −0.556 0.017

OXPHOSPM VO2max/kg 0.477 0.045

HG/BM 0.559 0.016

WB PFAT −0.527 0.025

TRUNK PFAT −0.606 0.008

OXPHOSPMG HG/BM 0.552 0.018

WB PFAT −0.529 0.024

TRUNK PFAT −0.550 0.018

OXPHOSPMGS Hb1Ac −0.502 0.034

CholHDL 0.518 0.028

VO2max/kg 0.464 0.052

HG/BM 0.608 0.007

WB PFAT −0.508 0.032

TRUNK PFAT −0.602 0.008

ETPMGS Hb1Ac −0.529 0.024

CholHDL 0.491 0.039

HG/BM 0.579 0.012

WB PFAT −0.481 0.043

TRUNK PFAT −0.570 0.014

ETS Hb1Ac −0.526 0.025

netOXPHOS capacity CholHDL 0.564 0.015

VO2max/kg 0.504 0.033

HG/BM 0.615 0.007

TRUNK PFAT −0.627 0.005

netET capacity Hb1Ac −0.467 0.051

CholHDL 0.574 0.013

VO2max/kg 0.470 0.049

HG/BM 0.591 0.010

TRUNK PFAT −0.615 0.007

ET reserve capacity Hb1Ac −0.501 0.034

CholHDL 0.597 0.009
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Table 4. Cont.

Factor r p Value

TG −0.460 0.055

VO2max/kg 0.488 0.040

HG/BM 0.613 0.007

TRUNK PFAT −0.649 0.004

3.6. Glutathione Antioxidant Pool

One of the causes related to impaired mitochondrial function in T2D has been sug-
gested to rely on the accumulation of oxidative stress. The antioxidant glutathione (GSHt)
is a primary element in the ROS scavenging system. Hence, we tested the abundance of
the antioxidant GSHt in plasma samples from the two groups. In T2D samples, there is an
important reduction of the GSHt pool (−38%; p = 0.04) (Table 2).

3.7. Correlation Analysis

To investigate the associations between individual values of parameters for the whole
study group, Pearson correlation was performed, and significant associations are reported
in Table 4. The fraction of Hb1Ac is associated with age, CRP, TG levels and with fat
deposits of the android region (TRUNK PFAT and ANDROID/GYNOID). Furthermore,
Hb1Ac is negatively associated with CholHDL, HRmax, and with mitochondrial activity
(LEAK, OXPHOSPMGS, ET, net ET, and ET reserve capacity) (Table 4). Mitochondrial
respiration is associated with several physiological parameters in different respiratory
states (Table 4): it is negatively associated with TG levels in the non-stimulated ROUTINE
and LEAKPM respiratory states, and as mentioned above, it is negatively associated with
Hb1Ac. Mitochondrial respiration is also negatively associated with fat deposits (WB PFAT
and TRUNK PFAT) in OXPHOS, ET and LEAK, OXPHOS, ET, net capacity, and ET reserve
capacity (Table 4). Moreover, mitochondrial oxidative capacity (OXPHOS, net OXPOS
capacity, netET capacity and ET reserve capacity) is positively associated with whole body
maximal oxygen consumption (VO2max) (Table 4).

An unbiased grouping of all the subjects according to hierarchical clustering confirms
the distribution of the subjects in the two groups (Supplementary Figure S2).

4. Discussion

Here, we compared mitochondrial function in samples from two groups of overweight
postmenopausal women (i.e., CTRL vs. T2D), together with a wide panel of parame-
ters describing body composition, blood biomarkers, cardiorespiratory physiology and
strength performance. Our purpose was to verify whether PBMCs from the T2D group
would display an impairment in mitochondrial function, and thus could represent an
advantageous model both to investigate the causes of mitochondrial impairment and to
evaluate the efficacy of therapeutic/lifestyle interventions at a systemic level. Several sig-
nificant differences were found between the two groups: as expected in levels of glycated
hemoglobin and fasting glucose, but also in body composition and fat deposit distribution,
lipidic profile and levels of mitochondrial respiration. Alterations in most of these parame-
ters are well established hallmarks of T2D condition: carbohydrate and lipid metabolism
are closely intertwined, and elevated circulating and intracellular lipids may disrupt
glucose homeostasis.

A wide range of defects in mitochondrial function have been associated with T2D:
defects in mitochondrial bioenergetics, biogenesis and dynamic processes, and in particular,
defects in mitochondrial bioenergetics affect fatty acids transport and metabolism, cellular
metabolism, and ROS accumulation [34,58]. We report an overall reduction in mitochon-
drial respiration in PBMCs that becomes significant during the active ADP-stimulated
oxidative phosphorylation sustained by complex I (OXPHOSPMG) and its combination with
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complex II (OXPHOSPMGS) and the non-coupled maximal respiratory capacity (ET). Con-
sistently, indexes such as net OXPHOS capacity, net ET capacity and ET reserve capacity are
significantly reduced in T2D samples, suggesting that PBMCs cells from T2D subjects are
less capable of conducting ADP phosphorylation. However, analysis of flux control ratios
(FCRs), describing the relative contribution of single mitochondrial complexes or their
combinations to cellular respiration, failed to point out any significant qualitative difference
between mitochondria of CTRL and T2D groups. Reduced expression of a master gene of
mitochondrial biogenesis (PGC1A) has been reported in skeletal muscle samples from T2D
patients, and it has been associated with reduced expression of metabolic and mitochondrial
gene sets [29,59]. In addition, genes involved in the regulation of mitochondria dynamics
display altered patterns of expression, such as the mitochondrial fusion gene MFN2 that
is expressed at lower levels in insulin-resistant individuals [60]. In PBMCs, alterations at
different levels have been associated with T2D: ROS accumulation, mitochondrial transcrip-
tional and protein profile [1]. Several studies focused on defects of mitochondrial function
in T2D, but despite abundant data, it is still unclear whether perturbations of mitochondrial
functions are a cause or a consequence of insulin resistance [61,62]. Altered activity of
mitochondria was reported in the skeletal muscle of T2D patients, showing important
reduction (−40%) of complex I activity and lower oxidative phosphorylation activity of the
ET system [30,63–68], suggesting that T2D-related defects in mitochondrial bioenergetics
may result, at least in part, from a reduction in mitochondrial number. Although skeletal
muscle plays a pivotal role in insulin-stimulated glucose uptake (up to 80%), mitochondrial
dysfunction has consistently been associated with T2D in multiple tissues (liver, white and
brown adipose tissue, brain, cardiac muscle and stem cells) [25,34]. It was already shown
that there is an association between diabetes and maximal mitochondrial respiration in
intact PBMCs [69]; however, in this study, we pushed the investigation of mitochondrial
defects a little further, trying to characterize the contribution of mitochondrial complexes
to cellular bioenergetics (mainly complexes I and II). Our data suggest that in diabetes,
mitochondrial oxidative capacity is also impaired in blood cells, further supporting the idea
that T2D-linked alterations of mitochondrial function may be systemic. More studies are
required to investigate the role of other complexes and pathways (i.e., fatty acids oxidation)
and to verify whether this impairment rises from a reduction of the expression of single
complexes (or their subunits), of mitochondrial content or of dynamic processes.

Regarding the associations between parameters of mitochondrial function and markers
of dysglycemia, dyslipidemia and physical fitness, we found consistent association between
mitochondrial function and the levels of Hb1Ac, circulating lipids (TG and CholHDL) and
between fat distribution (abdominal fat) and cardiorespiratory fitness (VO2max/kg). These
associations confirm the intertwined links between impairment in the control of glycemia,
dyslipidemia, reduced physical performance and mitochondrial function, representing
the pillar of cellular metabolism. We are still far from identifying the single element
that leads to the onset of this multifactorial disease, but we suggest that more attention
should be focused on the continual increase in Hb1Ac. Likewise the use of markers of
mitochondrial function should be further validated and may be implemented to monitor
and early diagnose a decay in an individual’s cellular metabolism. Such markers could
help to identify metabolic changes before the disease becomes irreversible and at a stage
where therapeutic and lifestyle intervention could be more effective, thus reducing the
burden of the health and economic costs of this epidemic.

Between the CTRL and T2D groups, dysregulation of lipid metabolism is evident,
with higher levels of circulating TGs and lower CholHDL, characteristic features of diabetes
associated with an increased risk of cardiovascular disease [3]. Lipid metabolism is regu-
lated at several levels: the adipose tissue is the main storage system for lipids; it releases
lipids (mainly TGs) into circulation following stimulation by the liver. The hormonal and
metabolic changes associated with menopause are followed by fat redistribution toward
the upper body, including the abdominal/visceral area [70]; however, this tendency to
accumulate fat in the abdominal area is exacerbated in T2D [71,72]. To characterize this shift
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in fat distribution, we considered an index of ectopic fat deposition, the ratio between the
android vs. gynoid region fat mass, and the percent of fat in the trunk region. According
to the literature [72], the T2D group had higher ectopic fat deposits in the abdominal
areas as compared to the controls. Associations were found between these parameters
of fat deposition with hematological markers of dyslipidemia and glycated hemoglobin,
reinforcing the idea that hypertrophy of abdominal fat is predictive of T2D [71,72]. Values
relating to abdominal fat storage (i.e., TRUNK PFAT) are also negatively associated with
mitochondrial respiration parameters. These data are consistent with previous studies that
reported a negative correlation between PBMCs ET reserve capacity (“spare respiratory
capacity” in the original) and BMI in overweight and obese older adults [73]. Furthermore,
mitochondrial oxidative capacity (skeletal muscle biopsies) was found to be negatively
associated with markers of systemic inflammation, increasing BMI, adipose tissue and
abdominal obesity [69,74]. Taken together, these observations highlight how adipose tissue
accumulation is closely related to systemic mitochondrial dysfunction.

T2D has also been associated with progressive loss of muscle mass and function, and
this reduction affects its metabolic capacity [75–77]. Parameters describing muscular mass
and its functional properties in subjects with diabetes were clearly lower than those of
healthy subjects [77]. However, in our study, we found no significant differences between
the two groups regarding parameters relating to skeletal muscle mass or muscle strength,
except for handgrip strength expressed relative to body mass. This apparent discrepancy
may be due to the fact that our subjects were all women, and it has been recently reported
that no decline in muscle mass and strength is observed in middle aged/older women with
T2D [78].

In the pathogenesis of T2D, the accumulation of oxidative stress has been implicated,
and it can be due either to increased production of oxidant species or to a reduction in
enzymatic and non-enzymatic antioxidants in diabetic patients. Mitochondria are the
main source and targets of oxidative reactions, and the antioxidant glutathione is a key
element in the ROS scavenging system. Here, we report that in postmenopausal women
with T2D, the total pool of GSHt in serum is reduced as compared to women from the
CTRL group, suggesting that the ROS scavenging system may be less efficient in T2D
patients, and this could lead to increased accumulation of reactive species. Glutathione
is a primary antioxidant, and its total pool has been reported in several studies to be
reduced in T2D patients [79]. GSHt is ubiquitous in the cells and is transported in the
mitochondria, where it plays a role as a redox regulator of ETS complexes involved in
oxidative phosphorylation [80]. This may be a relevant factor to explain the reduced levels
of mitochondrial activity in our T2D samples: several findings in different cell types showed
a dependence of mitochondrial function on GSHt levels [81,82].

We recognize that the choice of PBMCs is targeted to a systemic picture of mitochon-
drial function/dysfunction and that tissue-specific alterations may occur in T2D. However,
the consistency of our findings with the literature relating to other tissues (PBMCs, skeletal
muscle, liver) suggests that data are rather representative of widespread mitochondrial
dysfunction in various organs. We used only the respirometry to assess mitochondrial
impairment; however, the parallel analysis of other biomarkers of mitochondrial content,
or of oxidative stress, may have been helpful to strengthen the interpretation in results and
to disentangle the deficiency in a specific complex or the reduced number of mitochondria.
Although PBMCs are composed of different cell types (monocytes and lymphocytes), we
found no significant difference in PBMCs composition between CTRL and T2D samples
(Supplementary Figure S1). Finally, the small number of participants in our study may
reduce the generalizability of our results. Despite these limitations, the data show a good
consistency both with the literature and within the study presented.



Biomedicines 2023, 11, 121 15 of 18

5. Conclusions

Firstly, our data indicate that in overweight postmenopausal women, T2D-related
mitochondrial activity defects can also be detected in PBMCs cells. This makes this cell
population a suitable model to investigate the mechanisms underlying mitochondrial
dysfunction in T2D and to identify possible targets for therapeutical or interventional
approaches. The consistency of the observations collected with previous studies also
performed on other tissues suggests that PBMCs may be a good and promising alternative
to tissue biopsies for future investigations of mitochondrial function in T2D.

Secondly, we found an association between mitochondrial respiration parameters and
aspects of whole body physiology at different levels (anthropometrics, cardio-respiratory
fitness, hematochemical markers), suggesting that there is a link between mitochondrial
and systemic fitness. Then, in addition to confirming the presence of several hallmarks
of T2D, this study points to the use of PBMCs as an alternative source of mitochondria to
investigate mitochondrial function in T2D, as well as in other pathologies.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11010121/s1, Figure S1: Graphical representation
of the types of cells present in purified PBMCs samples.; Figure S2: Tree diagram of hierarchical
grouping considering markers for all the participants; Table S1: Hematological and hematochemical
parameters obtained from blood samples of the participants.
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