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Mitochondrial respiration remains limited.
Puberty P Methods: In this cross-sectional study, mitochondrial oxygen consumption rates (OCR, pmol/min/3 x 10° cells)

PBMG and ATP production (pmol ATP/min/3 x 10° cells) were assessed using extracellular flux analysis in peripheral
blood mononuclear cells (PBMCs) from 212 children and adolescents (6-18 years) with obesity, stratified by
pubertal stage and degree of IR or T2DM.

Results: In the prepubertal group, IR participants had higher total (126.82 + 7.92 vs. 109.38 + 35.31, p = 0.028)
and mitochondrial (86.04 + 20.29 vs. 73.84 + 23.55, p = 0.028) ATP production than insulin-sensitive (IS)
peers. Postpubertal adolescents with T2DM showed lower basal OCR (14.21 + 4.03 vs. 19.61 + 7.51, p = 0.049),
ATP-linked OCR (11.51 + 3.69 vs. 16.90 + 6.83, p = 0.016), and mitochondrial ATP production (64.35 + 34.39
vs. 91.63 + 34.92, p = 0.040) compared to IS, as well as lower coupling efficiency than the IR group (80.11 +
8.87 vs. 86.70 + 5.14 %, p = 0.002).

Conclusion: PBMC-based mitochondrial bioenergetic profiling suggests mitochondrial differences across different
stages of IS, IR, and T2DM in pediatric obesity and may serve as a minimally invasive biomarker of early
metabolic impairment.

Background: Pediatric obesity is associated with early-onset cardiometabolic disorders related to metabolic
syndrome (MetS), including insulin resistance (IR) and type 2 diabetes (T2DM). Mitochondrial dysfunction plays
a key role in their pathogenesis, but evidence on mitochondrial health in children and adolescents with obesity

Type 2 Diabetes Mellitus
ATP production

1. Introduction

Early-in-life obesity is one of the most critical public health chal-
lenges of the 21st century, with prevalence rates continuing to rise
globally. According to the World Health Organization (WHO), the
prevalence of overweight among European children aged 5-9 years has
reached 29.5 %, while obesity affects 11.6 %, marking a substantial

increase over the past three decades [1]. Childhood obesity is associated
with a wide range of serious physical and psychological complications. It
constitutes a major risk factor for metabolic syndrome (MetS), type 2
diabetes mellitus (T2DM), cardiovascular disease, and other chronic
conditions [2,3]. Obesity and associated comorbidities in childhood may
lead to persistent health impairments extending into adulthood,
underscoring the need for early identification and intervention [4].
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Globally, the incidence of youth-onset T2DM has risen by approxi-
mately 30 % over the past twenty years, paralleling the increase in pe-
diatric obesity and influenced by lifestyle factors such as high intake of
sugar-sweetened beverages. The insidious and often prolonged sub-
clinical course of T2DM, combined with limited awareness among pa-
tients and caregivers, can contribute to delayed diagnosis [5]. Although
a T2DM diagnosis remains relatively rare in adolescents and the number
of affected youths being treated in specialized centers is still low. The
SWEETS e.V. registry registered 614 new cases of youth onset of T2DM
in the EU between 2012 and 2021 [6]. The disease course in this age
group appears more aggressive, with earlier and more severe comor-
bidities compared to adult-onset T2DM [7].

Insulin resistance (IR) is a critical pathophysiological link between
obesity and its metabolic consequences. IR is a metabolic tipping point
where compensatory mechanisms of glucose and lipid homeostasis start
failing [8]. Declining insulin sensitivity triggers a cascade of systemic
disturbances, progressively impairing metabolic health. These processes
set the course for the development or progress of MetS and T2DM [9].
Understanding the molecular and cellular determinants of IR is essential
for early risk stratification and intervention in pediatric populations.

Mitochondria are essential organelles responsible for cellular energy
metabolism, providing ATP through oxidative phosphorylation and
harboring or regulating numerous metabolic pathways. Mitochondrial
dysfunction has been recognized as a pivotal factor in the development
of cardiometabolic diseases, particularly through its contribution to
insulin resistance, the MetS, and chronic low-grade inflammation [10].

Chronic energy surplus and excessive body fat accumulation can
impair mitochondrial function [11,12]. Mitochondrial dysfunction
manifests as reduced oxidative phosphorylation capacity, increased
production of reactive oxygen species (ROS) and consequent oxidative
stress, leading to cellular damage and progressive metabolic deteriora-
tion [13].

A growing body of evidence links mitochondrial dysfunction to the
onset and progression of T2DM, primarily by promoting IR. Impaired
oxidative phosphorylation and mitochondrial metabolic pathway
disruption compromise insulin signaling and glucose utilization. These
defects reflect alterations in mitochondrial dynamics and respiratory
chain efficiency, resulting in decreased ATP production and elevated
ROS levels [14].

Oxidative stress arising from mitochondrial dysfunction, together
with systemic inflammation, constitutes a central component of MetS.
The close relationship between mitochondrial impairment and meta-
bolic dysregulation underscores the importance of mitochondrial
integrity in preventing and treating metabolic disorders. Clarifying these
underlying mechanisms will help develop new therapeutic strategies
and enhance early detection of metabolic dysfunction [15].

Previous studies have measured mitochondrial dysfunction in adi-
pocytes together with skeletal or liver cells [16]. Accessing those cells,
especially in pediatric cohorts, is very invasive and therefore limited.
Peripheral blood mononuclear cells (PBMCs), which include lympho-
cytes and monocytes, can be used as a minimally invasive model for
investigating mitochondrial function. The accessibility of PBMCs
through standard blood testing makes them an excellent choice for pe-
diatric research applications [17]. Research has demonstrated that
mitochondrial respiration in PBMCs correlates with skeletal muscle
respiration and other known clinical parameters [18,19]. Comparative
analyses between PBMCs and other cell types have further validated
their use in pediatric populations. In a study investigating mitochondrial
function across different human cell types, PBMCs were used to evaluate
age-related reductions in mitochondrial activity, highlighting their po-
tential in clinical research [20].

Altered PBMC metabolism has been observed in adults with obesity
and related metabolic conditions, including T2DM, supporting the po-
tential of PBMCs as indicators of systemic metabolic health [21,22].
Nevertheless, early-in-life studies investigating metabolic health in
PBMCs from children and adolescents across different age groups and
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pubertal stages remain limited.

This study aims to identify differences in mitochondrial respiration
in freshly isolated PBMCs among children and adolescents with obesity
and varying degrees of insulin resistance, taking into consideration the
physiological insulin resistance during puberty, as well as in adolescents
with T2DM.

2. Materials and methods
2.1. Study design

This study is part of an Horizon Europe funded multicenter project
PAS GRAS ,Derisking metabolic, environmental and behavioral de-
terminants of obesity in children, adolescents and young adults”, which
investigates individual risk factors for the development of obesity and its
consequential diseases from early childhood to adulthood.

Written consent was obtained from the Ethical Commission of Uni-
versity Medicine Halle, Germany (#2023-238). The study was con-
ducted in accordance with the Declaration of Helsinki and the STROBE
criteria. Written informed consent was obtained from the parents or
legal guardians of all participants. Children aged 6 to 16 provided
written assent to participate, while participants aged 16 and older also
provided informed consent.

In this monocenter study, two groups of participants were recruited
between December 2023 and October 2025:

Group A): Children and adolescents aged 6-18 years with obesity
(BMI > 90th percentile according to German reference values [23].

Group B): Adolescents with obesity and manifest T2DM according to
WHO guidelines [24], aged 6-19 years with obesity (BMI > 90,
percentile) [23].

Exclusion criteria were syndromic obesity, pregnancy, and chronic
disease preventing study participation.

Participants of group A) were stratified into three groups based on
pubertal development: prepubertal (Tanner stage 1), peripubertal
(Tanner stages 2-3), and postpubertal (Tanner stages 4-5). Individuals
of group B) were all in the postpubertal stage (Tanner stages 4-5).
Participants older than 12 years with disturbed glucose tolerance (i.e.,
serum glucose > 7.8 mmol/1 < 11.1 mmol/]) or severe insulin resistance
(i.e., HOMA-IR > 97th percentile) were offered treatment with metfor-
min with a starting dose of 500 mg per day and escalation to 500 mg
twice daily after 2 weeks.

For analysis of mitochondrial respiration, participants were further
stratified based on insulin sensitivity. Insulin resistance (IR) was defined
using the homeostasis model assessment of insulin resistance (HOMA-
IR) with a cutoff at the 90th percentile adjusted for age [25]. Three
subgroups were formed: (1) insulin-sensitive children (HOMA-IR < 90th
percentile) (IS), (2) insulin-resistant (HOMA-IR > 90th percentile) (IR),
and (3) participants with T2DM.

2.2. Anthropometric measurements and biochemical parameters

Body height and weight were measured according to standardized
procedures in all participants wearing light underwear. Body mass index
(BMI) was calculated as weight in kilograms divided by height in meters
squared and converted to standard deviation scores (BMI-SDS) accord-
ing to German reference data [23]. Overweight was defined as BMI-SDS
> 1.28 (90th percentile), obesity as BMI-SDS > 1.88 SDS (97th
percentile), and extreme obesity as BMI-SDS > 2.58 SDS (99.5th
percentile) [26].

Waist circumference was measured with a flexible tape measure
according to standard procedures, and the waist-to-height ratio (WHtR)
was calculated by dividing waist circumference (cm) by height (cm).
WHIHR is an established measure of visceral obesity, with values > 0.5
indicating increased cardiometabolic risk [27,28]. Pubertal develop-
ment was assessed by trained clinicians according to standard Tanner
staging criteria [29].
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Fasting venous blood samples were collected for the determination of
glucose, insulin, HbA1lc, uric acid (UA), alanine aminotransferase (ALT),
aspartate aminotransferase (AST), gamma-glutamyl transpeptidase
(GGTP), total cholesterol, HDL-cholesterol and triglycerides at the
clinical laboratory of the University clinic Halle (Saale), Germany using
standardized analytic procedures (Supplementary Table S1). HOMA-IR
was calculated by multiplying fasting glucose [mmol/1] by fasting in-
sulin [mU/1] and dividing by 22.5 [30].

2.3. Isolation of PBMCs

PBMCs were isolated from fasting venous blood samples using Leu-
cosep tubes (Greiner Bio-One, cat. no. 163290). 10 ml Leucosep tubes
were prefilled with 3 ml Pancoll human 1.077 g/ml density gradient
medium (PAN Biotech, cat. no. P04-60500) at room temperature (RT,
21°C) and spun for 1 min at 1000 x g with the brake on. 7 ml of whole
blood were then layered onto the porous barrier, and the tube was spun
at 1000 x g for 10 min at RT with the brake off. The enriched mono-
nuclear cell layer (buffy coat) was collected using Pasteur pipettes. The
harvested cells were washed with 10 ml phosphate-buffered saline (PBS)
and spun at RT for 10 min at 1000 x g, brakes on. Residual erythrocytes
were removed by incubation with 3 ml erythrocyte lysis buffer (c-c-pro
GmbH, cat. no. PL-29-L). After washing the cells again with 13 ml PBS,
cells were counted and viability assessed with trypan blue exclusion
using a Neubauer improved counting chamber. PBMCs were immedi-
ately used for extracellular flux analysis as described below.

2.4. Measurement of bioenergetics in PBMCs

Measurements of PBMC oxygen consumption and ATP production
rates were carried out using a Seahorse XF96 Analyzer (RRID:
SCR_019545) controlled by Wave software (Agilent, Santa Clara, USA,
RRID: SCR_024491).

The day before running the assay, a 96-well plate was coated with
poly-D-lysine (GibcoTM, cat. no. A3890401) and stored at 4°C, upside
down. On the day of measurement, freshly isolated PBMCs were resus-
pended in Seahorse XF RPMI Medium (pH 7.4) supplemented with 10
mM glucose, 1 mM sodium pyruvate and 2 mM glutamine (Agilent,
Santa Clara, USA, cat. no. 103576-100). A total of 300,000 cells per well
were seeded in 80 pl assay medium, with 5 technical replicates per
sample and up to 10 samples per plate. The plate was centrifuged at 50
x g, RT, brakes off, for 5 min in one direction, then at 80 x g, RT, brakes
off, for 5 min in the opposite direction. Each well was gently brought up
to a total volume of 175 pl. The plate was incubated at 37°C without COy
for 60 min before starting the assay.

The Agilent Seahorse XF Cell Mito Stress Test and the Agilent Sea-
horse XF Real-Time ATP Rate Assay (Agilent, Santa Clara, USA, cat. no.
103015-100) were applied to separate halves of each plate according to
the manufacturer’s instructions to assess oxygen consumption rates
(OCR) and ATP production [31]. The sensor cartridges, hydrated the day
before the experiment, were loaded with the compound solutions of the
mitochondrial respiration modulators. For the Cell Mito Stress Test, port
A was filled with 20 pl oligomycin (final concentration 2 uM), port B
with 22 pl Carbonyl cyanide-4 (trifluoromethoxy) phenylhydrazone
(FCCP) (final concentration 2 uM), and port C with 25 pl rotenone and
antimycin A (final concentration 0.5 pM). For the Real-Time ATP Rate
Assay, port A was filled with 20 ul oligomycin (final concentration 2
uM), port B with 22 pl rotenone and antimycin A (final concentration
0.5 uM), and port C with 25 pl assay medium. After sensor calibration,
the cell plate was loaded into the Seahorse Analyzer, and measurements
were acquired over 4 repeated cycles.

Mitochondrial parameters of the Mito Stress Test were calculated
from normalized raw data using the manufacturer’s analysis guidelines
[31]. Based on these data, the Bioenergetic Health Index (BHI) was
calculated as described by Chacko et al. using the formula: BHI = log
((reserve capacity) * (ATP-linked oxygen consumption) / (non-
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mitochondrial oxygen consumption) * (proton leak)) [32]. The BHI
combines favorable components and potential deleterious effects of
mitochondrial respiration into a single composite measure of mito-
chondrial bioenergetic health. Higher BHI values indicate better mito-
chondrial respiratory function and have previously been shown to be
sensitive to bioenergetic impairment [33].

The parameters of the ATP Rate Assay were calculated using the
Oxygen Consumption Rates (OCR) and Extracellular Acidification Rate
(ECAR) in the Agilent Seahorse Wave Software as described before [34].

2.5. Statistical analyses

Descriptive statistics were used to summarize demographic,
anthropometric, and biochemical characteristics. Continuous variables
are reported as mean + standard deviation (SD) and as median with
interquartile ranges (Q1, Q3), whereas categorical variables are pre-
sented as absolute frequencies and percentages.

Differences in clinical parameters between pubertal subgroups,
defined by Tanner stage, were examined using one-way analysis of
variance (ANOVA), followed by post hoc tests where appropriate. For
mitochondrial respiration and ATP production, unpaired two-tailed t-
tests were used for comparisons between two groups (IR vs IS), and one-
way ANOVA with post hoc tests was used for comparisons among three
groups (IR, IS, T2DM).

In children without manifest T2DM, Pearson correlation analyses
were performed between mitochondrial respiration and ATP production
parameters and variables related to IR and T2DM, as well as the treat-
ment with metformin. A p-value < 0.05 was considered statistically
significant for all analyses.

All statistical analyses were carried out using IBM SPSS Statistics
version 28.0 and GraphPad Prism version 10.2.0.

3. Results

A total of 200 participants from group A) were stratified into three
groups according to pubertal stage: prepubertal (Tanner stage 1, n =
69), peripubertal (Tanner stages 2-3, n = 64), and postpubertal (Tanner
stages 4-5, n = 67). Group B) with n = 12 T2DM participants were
compared with postpubertal peers from group A).

The sex distribution did not differ significantly between groups (p =
0.260). BMI-SDS increased during puberty (p = 0.051), peaking in the
postpubertal group (2.91 + 0.68). HOMA-IR scores demonstrated a
significant increase across groups (p < 0.001), with the highest values
observed in participants with T2DM (10.4 + 8.3). The percentage of
participants with IR (HOMA-IR > 90th percentile) compared to IS par-
ticipants rose from 65.2 % in the prepubertal to 82.1 % in the post-
pubertal group. The percentage of participants treated with metformin
increased from 11.6 % (prepubertal) to 42.2 % (peripubertal) and 74.6
% (postpubertal). All participants with T2DM were treated with met-
formin. Detailed group characteristics are summarized in Table 1.

Fasting glucose and HbA1c levels were significantly elevated in the
T2DM group compared to participants without manifest diabetes (both
p < 0.001). Fasting insulin concentrations steadily increased across
puberty (p < 0.001).

Lipid parameters showed a significant decline in HDL cholesterol
during puberty (p = 0.024), while triglyceride levels did not vary be-
tween pubertal stages (p = 0.057). Uric acid levels increased signifi-
cantly with pubertal progression (p < 0.001). Liver enzymes displayed
minimal variations between groups, with AST being highest in the
prepubertal group (0.52 + 0.15, p = 0.013), and GGTP peaking in the
postpubertal T2DM group (0.54 + 0.41, p < 0.001) (Table 1).

3.1. Mitochondrial oxygen consumption rates (OCR) and ATP production

Mitochondrial OCR and ATP production were measured at each
pubertal stage, comparing IR and IS children. In the postpubertal group,
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Table 1
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Descriptive statistics from study population. P-values for continuous variables from one-way ANOVA, and for categorical variables from Chi-square test.

Variables Prepubertal Tanner 1 N =  Peripubertal Tanner 2 & 3 N Postpubertal Tanner 4 & 5N T2DM Tanner 4 & 5 N P
69 =64 =67 =12 —Value

Sex
Female 29 (42.0 %) 28 (43.8 %) 34 (50.7 %) 3 (25 %) 0.260
Male 40 (58.0 %) 36 (56.2 %) 33 (49.3 %) 9 (75 %)
Age [years]
Mean + SD 9.7 + 1.8 125+ 1.6 152+ 1.6 15.1 + 2.4 <0.001
Median (Q1, Q3) 9.9 (8.1, 11.0) 12.6 (11.3,13.6) 15.3(13.3,16.3) 15.1 (13.1, 16.9)
BMI-SDS
Mean + SD 2.60 + 0.46 2.57 + 0.56 2.86 + 0.67 2.53 £0.77 0.051
Median (Q1, Q3) 2.60 (2.25; 2.98) 2.59 (2.21, 2.93) 2.76 (2.35, 3.26) 2.65 (1.99, 2.99)
WHtR
Mean + SD 0.57 + 0.06 0.59 + 0.07 0.60 + 0.08 0.59 + 0.07 0.176
Median (Q1, Q3) 0.58 (0.53, 0.62) 0.58 (0.54, 0.64) 0.60 (0.54, 0.66) 0.59 (0.52, 0.65)
HOMA-IR
Mean + SD 3.7+22 5.5+ 3.0 6.0 + 3.0 10.4 £ 8.3 <0.001
Median (Q1, Q3) 3.1(2.3,4.5) 5.1(3.3,7.2) 5.6 (3.9,7.9) 6.5 (4.0, 18.5)
Insulin-Resistance (HOMA-IR > 90. 45 (65.2 %) 50 (78.1 %) 56 (83.6 %)

Percentile)
Metformin
Treatment 8 (11.6 %) 27 (42.2 %) 50 (74.6 %) 12 (100 %)
No Treatment 61 (88.4 %) 37 (57.8 %) 17 (25.4 %) 0 (0 %)
Fasting Glucose [mmol/1]
Mean + SD 4.83 +0.38 5.01 + 0.43 4.91 £ 0.35 6.66 + 1.58 <0.001
Median (Q1, Q3) 4.79 (4.58, 5.10) 5.00 (4.76, 5.23) 4.91 (4.65, 5.12) 6.56 (5.44, 6.96)
Fasting Insulin [mU/1]
Mean + SD 17.04 + 9.61 24.39 +12.34 27.14 +£12.80 33.34 + 24.90 <0.001
Median (Q1, Q3) 15.10 (10.55, 19.55) 23.70 (15.35, 30.60) 26.05 (17.75, 32.45) 22.00 (14.30, 47.55)
HbAlc [%]
Mean + SD 5.4+ 0.3 5.4+ 0.3 5.4+ 0.3 6.4 + 0.7 <0.001
Median (Q1, Q3) 5.5 (5.3, 5.6) 5.4 (5.1, 5.6) 5.4 (5.2, 5.6) 6.4 (5.8, 6.9)
HbAlc [mmol/mol]
Mean + SD 36+3 36+3 35+3 47 £7 <0.001
Median (Q1, Q3) 36 (34, 38) 35 (33, 38) 35(33,37) 46 (40, 52)
Total Cholesterol [mmol/1]
Mean + SD 4.23 £ 0.61 3.82 £0.73 4.11 £ 0.75 4.00 £+ 0.80 0.013
Median (Q1, Q3) 4.25 (3.78, 4.64) 3.75(3.32, 4.41) 4.05 (3.65, 4.51) 4.03 (3.38, 4.56)
HDL-Cholesterol [mmol/1]
Mean + SD 1.23 £ 0.34 1.13 + 0.26 1.12+£0.21 1.07 £ 0.28 0.024
Median (Q1, Q3) 1.24 (1.0, 1.43) 1.10 (0.97, 1.27) 1.07 (0.99, 1.27) 1.06 (0.83, 1.23)
Triglyceride [mmol/1]
Mean + SD 1.12 + 0.47 1.18 £ 0.74 1.32 £ 0.76 1.28 + 0.60 0.196
Median (Q1, Q3) 0.96 (0.73, 1.42) 1.04 (0.72, 1.39) 1.13(0.93, 1.43) 1.16 (0.79, 1.77)
Uric Acid [pmol/1]
Mean =+ SD 302.0 + 62.8 352.8 + 83.2 369.2 + 83.0 333.5 £ 46.7 <0.001
Median (Q1, Q3) 304.4 (262.0, 345.8) 341.6 (299.2, 406.0) 364.6 (300.5, 430.6) 330.8 (297.7, 363,7)
AST [ukat/1]
Mean + SD 0.52 + 0.15 0.48 +0.13 0.43 +£0.12 0.44 + 0.18 0.013
Median (Q1, Q3) 0.51 (0.43, 0.60) 0.45 (0.38, 0.55) 0.41 (0.33, 0.52) 0.37 (0.32, 0.51)
ALT [pkat/1]
Mean + SD 0.48 + 0.20 0.51 + 0.27 0.52 + 0.32 0.59 + 0.36 0.580
Median (Q1, Q3) 0.42 (0.33, 0.59) 0.41 (0.31, 0.57) 0.43 (0.30, 0.61) 0.46 (0.35, 0.74)
GGPT [ukat/1]
Mean + SD 0.31 + 0.08 0.32 +0.14 0.40 + 0.19 0.54 + 0.41 <0.001

Median (Q1, Q3)

0.30 (0.25, 0.37)

0.28 (0.23, 0.36)

0.36 (0.26, 0.49)

0.37 (0.21, 0.99)

these were additionally compared with adolescents with T2DM.
Descriptive statistics for PBMC mitochondrial bioenergetic parameters
in each group and pubertal stage are shown in Supplementary Table S2a,
and the corresponding mean group differences (CI 95 %) and effect sizes
are presented in Supplementary Table S2b.

In the prepubertal group (Fig. 1) IR participants showed increased
BHI (1.85 £ 0.24 vs. 1.69 + 0.29, p = 0.018), total (126.82 + 27.92 vs.
109.38 + 35.31 pmol ATP/min/3 x 10° cells, p = 0.028) and mitoATP
(86.04 + 20.29 vs. 73.84 + 23.55 pmol ATP/min/3 x 10° cells, p =
0.028) ATP production compared to IS participants.

In the peripubertal group (Fig. 2), IR participants showed elevated
glyco ATP compared to IS peers (50.66 + 28.10 vs. 34.40 £+ 8.94 pmol
ATP/min/3 x 10° cells, p = 0.038). The other bioenergetic parameters
did not differ significantly between groups.

In the postpubertal group (Fig. 3), the BHI in T2DM (1.61 + 0.19)
was lower than in IR (1.89 + 0.24, p = 0.004) and IS (1.92 + 0.42, p =

0.015). Coupling efficiency was reduced in T2DM compared with IR
(80.11 + 8.87 vs. 86.70 + 5,14 %, p = 0.002). T2DM values were
reduced compared to IS in basal respiration (14.21 + 4.03 vs. 19.61 +
7.51 pmol/min/3 x 10° cells, p = 0.049), ATP production-related OCR
(11.51 + 3.69 vs. 16.90 + 6.83 pmol/min/3 x 10° cells, p = 0.016) and
mito ATP (64.35 + 34.39 vs. 91.63 + 34.92 pmol ATP/min/3 x 10°
cells, p = 0.040).

PBMC OCR parameters did not correlate with anthropometric pa-
rameters, including BMI-SDS and WHtR, or with sex. Primary respira-
tory parameters showed no significant correlations to IR-related blood
parameters. However, BHI correlated weakly with age (r = 0.172, p =
0.015), WHIR (r = 0.156, p = 0.027), and fasting glucose (r =0.170,p =
0.017). Correlation analyses, taking into account mitochondrial respi-
ration and ATP production rates in association to pharmacological
treatment with metformin, did not reveal any significant correlations
(Table 2).



M. Rechtsteiner et al.

BHI Basal Respiration
3.0q4 p=0.0182 404 p=0.0730
N
. ?‘3 L4
2.5 . =, 30 &
. A 8 . *
204 3.8 £204 e .
% B E
[=}
°
1.5 :.’ - 104 °8°
o ¢ 3] *
o
1.0 T T —T7
A IS IR B IS IR
ATP-Production related OCR Proton Leak
s0- p =0.0515 p = 0.5623
2 < % 6
204 o - % .
e :' 2 2 .o
£ L £ . B
= LJ = oo H
3 104 83 S 3 i =
< ¢ 221 o3 '% °
8 . 8 $eg
<} <} .
0- o—F
E 1S IR F 1S IR
totalATP mitoATP
p =0.0277
250 p = 0.0277 150
2 K
B200q e < 8 ; *
5 150 8 2 51 4 t;‘
= H) < S ad
E . % E wr %
= 100 -.-!—. = 3
E o..'. 3“; E 50 :’ L
0 T T 0-
I IS IR J IS IR

Diabetes Research and Clinical Practice 237 (2026) 113300

Maximal Respiration Spare Respiratory Capacity

_  p=0.0716
=27 p=00655 0 —_—
% 150 $ % -
X had % 1004
g o . L ‘c .
£ 100 H o0y £ S o,
s - : oniE
fE; 50 B E S0 &5 A
o g T’ o YY) .'-3":.
Q o o® . o o®.
o o o%e .
T —
Cc Is IR D IS IR
Coupling Efficiency Non-Mitochondrial OCR
p=0.3616 p =0.8229
100+ 8 — 0
¢ @ o &
34 LY 3 . °
90 e ;. ..‘ "‘22 6+ o0 .’
e 5| o2t M
00 ,® < ' #
X 80 _eq L4 = 4- eele
L% £ e
4 = 3 -ﬁ
° 4 ]
° o £
70 s 24 [hd °
4
Q
o
60— 0-
G IS IR H IS IR
glycoATP
p=0.1212
80
s |+ o3
3
et 60 -
(5: ... a
£409 L. e
E g% "
<
S20q °
13
o L]
o—"
K IS IR

Fig. 1. Prepubertal participants: mitochondrial respiration parameters in insulin-sensitive (IS) and insulin-resistant (IR) children. (A) Bioenergetic Health Index
(BHI). (B-H) mitochondrial respiratory parameters measured as oxygen consumption rate (OCR), including basal respiration, maximal respiration, spare respiratory
capacity, ATP production-related OCR, proton leak, coupling efficiency and non-mitochondrial OCR. (I-K) Total ATP production, mitochondrial ATP production
(mitoATP) and glycolytic ATP production (glycoATP), expressed as pmol ATP per minute per 3 x 10° cells. Points represent individual values with group means; p

values from unpaired two-tailed t test.

4. Discussion

To the best of our knowledge, this study is the first to examine
mitochondrial respiration in freshly isolated PBMCs from pre-, peri-, and
postpubertal children and adolescents with obesity and varying degrees
of insulin resistance or manifest T2DM. The aims of this study were a) to
determine whether obesity-related metabolic impairment, defined by IR
or manifest T2DM, is associated with alterations in mitochondrial
respiration and b) to evaluate the potential of PBMCs as a minimally
invasive biomarker of metabolic health in pediatric populations.

These data offer several important insights into the relevance of
mitochondrial bioenergetic profiling in PBMCs in the context of pedi-
atric obesity and metabolic disease:

First, our data show that mitochondrial OCR, ATP production, and
BHI in fresh PBMCs, as markers of bioenergetic health can be surrogates
of the degree of metabolic impairment in childhood obesity.

Second, in the prepubertal group, mitochondrial respiration was,
interestingly, elevated in IR children. BHI, total ATP production, and
mitoATP were significantly higher. Basal and maximal respiration, spare
respiratory capacity, and OCR-related ATP production showed trends
towards elevated values in IR. This finding might reflect mitochondrial
adaptation or compensation in response to chronic overnutrition or
elevated blood glucose levels. The elevated mitochondrial respiration in

PBMCs, which include immune cells from IR participants, may also be
attributed to increased systemic inflammation. This observation of
increased inflammation and oxidative metabolism has actually been
already described in animal models of metabolic dysfunction-associated
steatotic liver disease [35]. Previous studies have shown a strong cor-
relation between HOMA-IR and inflammatory markers, such as
interleukin-6 and C-reactive protein [36]. However, this hypothesis does
not account for the observed alteration in mitochondrial respiration
following the onset of T2DM, despite the continued progression in
inflammation [37]. Bohm et al. reported similar findings in adipocytes
from adults: subjects with insulin resistance had elevated mitochondrial
respiration rates compared with participants with insulin-sensitive
obesity [16,38].

Third, in peripubertal children and adolescents with obesity, mito-
chondrial respiration parameters showed no differences except for gly-
coATP, which was higher in IR. GlycoATP indicates the amount of ATP
that is produced from glycolysis rather than the more effective oxidative
phosphorylation. In our study population, only 21.9 % of peripubertal
participants were classified as IS, even though the age-corrected HOMA-
IR percentiles from Hammel et al. show a HOMA-IR of 3.6 at the 90th
percentile [25]. Children who were not considered IR still showed
elevated fasting glucose and insulin values. Puberty is a critical window
during which the risk for MetS and other metabolic diseases increases in
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Fig. 2. Peripubertal participants: mitochondrial respiration parameters in insulin-sensitive (IS) and insulin-resistant (IR) children. (A) Bioenergetic Health Index
(BHI). (B-H) mitochondrial respiratory parameters measured as oxygen consumption rate (OCR), including basal respiration, maximal respiration, spare respiratory
capacity, ATP production-related OCR, proton leak, coupling efficiency and non-mitochondrial OCR. (I-K) Total ATP production, mitochondrial ATP production
(mitoATP) and glycolytic ATP production (glycoATP), expressed as pmol ATP per minute per 3 x 10° cells. Points represent individual values with group means; p

values from unpaired two-tailed t test.

adolescents [39]. In our study, mitochondrial function did not differ
between the peripubertal group and the pre- and postpubertal groups.
Fourth, and most importantly, the findings for the T2DM group show
lower coupling efficiency than in IR postpubertal adolescents, reflecting
reduced efficiency of oxygen utilization for ATP production. This in-
dicates a reduced ability to handle metabolic stress, suggesting mito-
chondrial alterations, impaired energy production, and reduced
metabolic flexibility. Possible biological implications include oxidative
stress, cellular senescence, or chronic metabolic disease. Basal respira-
tion, ATP production-related OCR, and mitochondrial ATP were signif-
icantly lower in T2DM compared to the IS group in the same pubertal
stage. The BHI in T2DM was significantly lower than in both the IS and
IR groups. None of the primary parameters used to calculate the BHI
showed significant differences between IR and T2DM postpubertal
youths. This result suggests that the BHI, a composite index reflecting
multiple aspects of mitochondrial respiration, may serve to amplify
small differences in parameters, serving as an better early indicator for
mitochondrial alterations than isolated respiratory parameters [32,33].
Simultaneously, the BHI does not indicate which process of mitochon-
drial respiration is altered, although several studies have shown its
usefulness in mitochondrial research [18]. These results are consistent
with earlier research demonstrating associations between PBMC bio-
energetics and metabolic status in adults [18,22]. The alterations in
mitochondrial performance likely reflect increased oxidative stress,

diminished ATP production efficiency, and altered mitochondrial func-
tion, all of which have been implicated in insulin resistance and the
progression of metabolic syndrome development [15,40].

However, in the postpubertal group, no differences in mitochondrial
respiration were observed between IS and IR participants. To further
examine the relationship between PBMC mitochondrial respiration pa-
rameters and metabolic status beyond categorical groups, a Pearson
correlation analysis was conducted between respiratory parameters and
clinical markers of IR and T2DM. Overall, primary mitochondrial res-
piratory parameters did not show strong correlations, whereas the BHI
demonstrated only weak positive associations with age, WHtR, and
fasting glucose. These findings suggest that mitochondrial respiration
captures aspects of metabolic health that are not fully reflected by
common anthropometric or biochemical parameters.

Carvalho et al. have also investigated mitochondrial respiration in
fresh PBMCs from children with normal weight, overweight, or obesity;
however, analyses were limited to prepubertal children (5-10 years).
The authors showed — among other results — that PBMC mitochondrial
respiration positively correlated with BMIz, HOMA-IR, fasting glucose
and insulin, but was negatively correlated with inflammatory cytokines
in prepubertal children. In line with our results, the authors concluded
that PBMCs from young children with overweight/obesity may already
exhibit adaptations to the metabolic stressors associated with IR and
that PBMC metabolism correlates with whole-body metabolism [41].
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Fig. 3. Postpubertal participants: mitochondrial respiration parameters in insulin-sensitive (IS), insulin-resistant (IR), and children with type 2 diabetes (T2DM). (A)
Bioenergetic Health Index (BHI). (B-H) mitochondrial respiratory parameters measured as oxygen consumption rate (OCR), including basal respiration, maximal
respiration, spare respiratory capacity, ATP production-related OCR, proton leak, coupling efficiency and non-mitochondrial OCR. (I-K) Total ATP production,
mitochondrial ATP production (mitoATP) and glycolytic ATP production (glycoATP), expressed as pmol ATP per minute per 3 x 10° cells. Points represent individual

values with group means; p values from ANOVA and post-hoc tests.

Thus, we confirmed and extended these findings by showing that
mitochondrial respiration parameters were elevated in the presence of
IR and exhibited significant disturbances in youth with obesity and
manifest T2DM.

Similar results in adults were reported by Pinho et al. and Barbosa
et al. [16,42]. These studies evaluated and compared bioenergetics and
energy substrate preference by omental and subcutaneous adipose tissue
from 40 adult subjects with obesity at distinct metabolic stages. In
accordance with our results, the authors showed that the oxidative
phosphorylation capacity of adipose tissue differs with the progression
of metabolic disease and that subjects with obesity and diabetes had the
lowest mitochondrial respiratory capacity in both subcutaneous and
omental adipose tissues [42].

Taken together, our findings confirm and extend previous work by
showing for the first time that mitochondrial adaptation to chronic
overnutrition is already present in pre-, peri-, and postpubertal children
with obesity, and that these compensatory mechanisms fail once T2DM
develops, despite the young age of the participants. The pubertal-stage-
specific patterns suggest that strategies to preserve or restore metabolic

and mitochondrial health may need to be tailored to different phases of
puberty. Targeting IR and obesity early in puberty could be critical to
prevent mitochondrial decline. This underscores the importance of
early, proactive prevention strategies in children and adolescents at high
risk [39].

4.1. Strengths and limitations

Our study population comprises an anthropometrically, clinically,
and metabolically well-characterized sample of children and adolescents
with obesity, spanning all pubertal stages from Tanner stage 1 (prepu-
bertal) to Tanner stage 5 (postpubertal). A total of 212 participants were
included, representing a markedly larger sample than in previously
published studies. The subdivision into groups based on age-adjusted IR,
using HOMA-IR percentiles, or on the presence of T2DM provides a
clearer picture of the relationship between mitochondrial alteration and
metabolic impairment, while also minimizing confounders such as pu-
berty and age. To the best of our knowledge, this is also the first study to
include a well-defined group of adolescent patients with T2DM in such
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Pearson Correlation Analysis between mitochondrial respiration / ATP production parameters and IR / T2DM related parameters, including metformin treatment, in

pre-, peri- and postpubertal participants with obesity, without T2DM (n = 200).

Mito Stress Test

ATP Rate Assay

Basal ATP Maximal Proton Spare Coupling BHI glycoATP mitoATP Total
Respiration production- Respiration Leak Respiratory Efficiency Production Production ATP
related OCR Capacity (%)

Sex
T 0.129 0.129 0.110 0.085 0.106 0.006 0.138 —0.054 0.091 0.056
P 0.069 0.069 0.120 0.229 0.139 0.929 0.051 0.446 0.200 0.436
Metformin

treatment
r —-0,025 —-0,005 —0,022 —-0,088 —-0,018 0,064 0,099 —0,052 0,033 0,011
P 0,728 0,942 0,754 0,217 0,799 0,366 0,161 0,462 0,640 0,875
Age
r 0.009 —-0.020 —0.046 —-0.097 —0.020 0.125 0.172 0.028 —0.026 0.004
P 0.897 0.778 0.173 0.173 0.553 0.079 0.015 0.696 0.710 0.953
BMI-SDS
T 0.009 0.024 0.086 —0.048 0.096 0.019 0.103 0.095 0.042 0.074
P 0.897 0.734 0.227 0.499 0.176 0.789 0.145 0.181 0.557 0.298
WHtR
T 0.051 0.068 0.313 —0.027 0.140 0.057 0.156 0.092 0.048 0.071
P 0.469 0.336 0.065 0.704 0.048 0.419 0.027 0.193 0.499 0.319
fasting

Glucose
r 0.088 0.095 0.091 0.031 0.089 0.092 0.170 0.074 0.068 0.080
P 0.220 0.181 0.201 0.662 0.214 0.199 0.017 0.299 0.263 0.263
fasting

insulin
r 0.079 0.091 0.101 0.007 0.100 0.078 0.107 0.029 0.055 0.057
P 0.268 0.199 0.155 0.919 0.159 0.273 0.132 0.686 0.442 0.422
HOMA-IR
r 0.010 0.025 0.043 —0.047 0.046 0.095 0.114 0.011 —-0.017 —0.004
P 0.884 0.728 0.549 0.515 0.526 0.186 0.110 0.877 0.813 0.957
HbAlc
r 0.015 0.007 —0.012 0.041 —0.051 —0.083 —0.020  0.004 0.045 0.020
p 0.828 0.920 0.864 0.567 0.839 0.245 0.781 0.956 0.527 0.779

analyses. Another strength is the use of fresh PBMCs, a minimally
invasive and easily accessible surrogate tissue, to assess mitochondrial
respiration in a pediatric population. Prior work has described that
PBMCs can mirror metabolic activity in less accessible tissues such as
muscle and liver, supporting their suitability for this purpose [17,19].
The findings further demonstrate the practical value of using circulating
cell mitochondrial respiration to distinguish different stages of dysme-
tabolism in pediatric cohorts, particularly for identifying metabolic
disturbances at an early stage. We also applied the BHI, a well-
established and validated marker of metabolic health, in pediatric pa-
tients with varying degrees of metabolic impairment. We show, for the
first time and regard this as a major strength of our study, that mito-
chondrial respiration analysis in children and adolescents with obesity
and T2DM can serve as a novel diagnostic tool, providing essential in-
sights into mitochondrial bioenergetics during early metabolic disease
progression. The use of minimally invasive sampling of PBMCs from
venous blood makes this approach ethically and logistically feasible in
pediatric research. It supports its potential translation into routine
clinical practice for early detection and risk assessment.

The main limitation of this study is the relatively small sample size of
participants with manifest T2DM, as T2DM still remains a rare condition
in adolescents. Furthermore, although we adjusted for key confounders,
such as age and puberty, other factors known to influence insulin
sensitivity and mitochondrial function, such as physical activity levels
and dietary intake, were not systematically captured. In addition, our
cross-sectional design has compared different individuals at each pu-
bertal stage rather than the same individual followed over time. Baseline
differences, including birth weight, family medical history and other
factors may differ between groups and could be a potential source of
bias. Another potential limitation of this study, as with many studies
conducted in PBMCs, is that, although it offers a convenient, minimally
invasive model, this cell population is inherently heterogeneous [43].

PBMCs are composed predominantly of lymphocytes — including T cells,
B cells, and natural killer (NK) cells — with monocytes representing a
smaller fraction and dendritic cells only a minor population [43]. PBMCs
are functionally heterogeneous and, importantly, can also differ meta-
bolically: quiescent immune-cell subsets, particularly naive lympho-
cytes, generally rely more on oxidative phosphorylation (OXPHOS),
whereas activation is associated with metabolic reprogramming
[44,45]. In addition, interindividual variability may arise from the do-
nor’s physiological status and other biological differences [46].Despite
this variability, PBMC respiration is a recognized readout of personal-
ized bioenergetic fitness [47].

5. Conclusion

We demonstrate that markers of mitochondrial respiration and ATP
production, which serve as indicators of bioenergetic health, are asso-
ciated with the extent of metabolic impairment in childhood obesity.
Thus, PBMC-based mitochondrial bioenergetic profiling may represent a
sensitive biomarker of early metabolic impairment in obese children and
adolescents with varying degrees of insulin resistance. In prepubertal
participants with insulin resistance, mitochondrial respiration was
increased. Bioenergetic parameters in postpubertal participants with
obesity and T2DM were significantly lower compared to postpubertal
peers with obesity alone. Further studies are required to confirm the
clinical utility of this approach and to investigate the progression of
mitochondrial function across different stages of metabolic deteriora-
tion. Future work should incorporate immunophenotyping or single-cell
methodologies to better account for PBMC heterogeneity and to deter-
mine whether immune cell subsets drive the observed mitochondrial
alterations.
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