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Mitochondrial oxygen
metabolism as a potential
predictor of weight loss after
laparoscopic sleeve gastrectomy
for class lll obesity
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Charles Neu™?, Utz Settmacher?, Michael Ardelt?,
Hermann Kissler® and Sina M. Coldewey™*

‘Department of Anesthesiology and Intensive Care Medicine, Jena University Hospital, Friedrich-
Schiller-University Jena, Jena, Germany, 2Septomics Research Centre, Jena University Hospital,
Friedrich-Schiller-University Jena, Jena, Germany, *Department of General, Visceral and Vascular
Surgery, Jena University Hospital, Friedrich-Schiller-University Jena, Jena, Germany

The prevalence of obesity is increasing at an alarming rate in industrialized countries.
Obesity is a systemic disease that causes not only macroscopic alterations, but also
mitochondrial dysfunction. Laparoscopic sleeve gastrectomy (LSG) poses a potential
therapeutic option for patients with severe obesity. In order to ascertain the efficacy
of bariatric interventions, it is important to assess not only weight loss, but also
changes in body composition. Additionally, the aim of this study was to investigate
the association between weight loss and cellular oxygen metabolism, a surrogate for
mitochondrial function. We used bioimpedance analysis (BIA) to assess changes in
weight and body composition in patients up to one year after LSG. To evaluate
mitochondrial oxygen metabolism, we used the Cellular Oxygen Metabolism
Monitor (COMET) to non-invasively measure the mitochondrial oxygen tension
(mitoPO5,), mitochondrial oxygen consumption (mitoVO,) and mitochondrial
oxygen delivery (mitoDO,). We compared the values obtained in patients with
obesity with those of age- and sex-matched healthy controls and investigated
changes up to one year after LSG. 48 patients (46.5 years [35.5-55.3]; 38/48 female
(79.2%); BMI 46.7 [42.5-51.0]) completed the study. They showed a significant weight
loss and a decrease in relative fat mass after six months. We found no differences in
mitochondrial oxygen metabolism between obese patients and healthy controls.
MitoPO,, mitoVO, and mitoDO, did not change up to one year after surgery. It is
noteworthy that patients who exhibited higher mitoPO,, mitoVO,, and mitoDO,
values prior to surgery demonstrated superior weight loss outcomes one year after
LSG. This was the first study to investigate the non-invasively measured
mitochondrial oxygen metabolism in the long-term course after bariatric surgery.
Further studies in larger cohorts are needed to confirm these findings.

Clinical trial registration: https://www.bfarm.de/DE/Das-BfArM/Aufgaben/
Deutsches-Register-Klinischer-Studien/_node.html, identifier DRKS00015891.
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1 Introduction

The World Health Organization defines obesity as abnormal or
excessive fat accumulation with a body mass index (BMI) > 30 kg/m>.
Obesity is a growing health problem in most industrialized countries.
The global economic impact of obesity and its associated
complications, primarily due to an increased cardiovascular risk,
was estimated at approximately US$ 1.96 trillion in 2020 and is
projected to reach to US$ 4.32 trillion in 2035 (1). Obesity is
associated with a range of significant health issues for patients. In
addition to direct consequences such as reduced physical
performance, there is an increased risk of developing secondary
diseases associated with metabolic syndrome, including arterial
hypertension, type 2 diabetes mellitus and dyslipidemia (2).

Once conservative treatment options, including lifestyle
modifications, dietary counseling, and exercise have been
exhausted, bariatric surgery may be considered as a potential
intervention (3). A variety of surgical procedures may be
employed to achieve weight loss, e.g. laparoscopic sleeve
gastrectomy (LSG). LSG involves the excision of a portion of the
stomach and the creation of a sleeve that has minimal capacity for
food intake (3). A number of possible postoperative complications
are provided by Sarkhosh et al. (4).

The primary objective of bariatric procedures is the
achievement of weight loss. This outcome is most commonly
quantified as either the loss of a proportion of total body weight
(percentage total weight loss, % TWL) or excess weight (percentage
excess weight loss, %9EWL) (5, 6). A therapeutic success is
considered as a %TWL > 20 (7, 8) and a %EWL > 50 (6, 9),
respectively. Ideally, weight loss should only affect the excessive fat
mass. The loss of fat-free mass, especially muscle tissue, is
undesirable (10). Differentiated assessments of body composition
can monitor this effect in post-operative follow-up assessments. An
established technique is the bioimpedance analysis (BIA), a rapid,
non-invasive method based on the measurement of the electrical
impedance of a body by applying small, defined alternating
electrical currents through electrodes placed on the patient’s
extremities (11).

In addition to the macroscopic deleterious effects, there is
evidence that obesity can also cause damage at the cellular level.
Boudina et al. provide an overview of numerous studies assessing
the association between mitochondrial dysfunction and obesity in-
vitro and in mouse white adipose tissue (12). Prasun’s review goes
on to describe the possible molecular mechanisms by which
mitochondrial dysfunction may contribute to the development of
metabolic syndrome, as well as potential mitochondrial-targeted
therapeutic approaches (13).

Abbreviations: 5-ALA, 5-aminolevulinic acid; %EWL, percentage excess weight
loss; %TWL, percentage total weight loss; BIA, bioimpedance analysis; COMET,
cellular oxygen metabolism monitor; LSG, laparoscopic sleeve gastrectomy;
mitoPO,, mitochondrial oxygen tension; mitoVO,, mitochondrial oxygen
consumption; mitoDO,, mitochondrial oxygen delivery; PpIX-TSLT,
protoporphyrin-IX-triplet state lifetime technique.
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It remains unclear whether mitochondrial dysfunction is a
consequence or a cause of metabolic syndrome. Historically, the
assessment of mitochondrial function was limited to invasive
techniques i.e. the analysis of tissue biopsies. Mik et al. developed
a non-invasive percutaneous method for measuring mitochondrial
oxygen metabolism (14), which was subsequently developed into a
clinical device, the Cellular Oxygen Metabolism Monitor
(COMET). The method is based on the protoporphyrin IX-triplet
state lifetime technique (PpIX-TSLT) and has provided reliable data
on cellular oxygen metabolism as a surrogate for mitochondrial
function in numerous studies in healthy volunteers and patients
since it was first described in 2006 (15).

The objective of this study was to demonstrate the extent of
weight loss and alterations in body composition resulting from LSG.
Additionally, the study aimed to examine alterations in
mitochondrial oxygen metabolism through non-invasive PpIX-
TSLT measurements. This involved investigating whether there
were differences between obese and non-obese individuals,
whether these alterations changed postoperatively, and to what
extent preoperative differences predicted the outcome of
the surgery.

2 Materials and methods

This analysis is part of the prospective longitudinal single-
center study “Body composition, mitochondrial oxygen
metabolism and metabolome of patients with obesity before and
after bariatric surgery (COMMITMENT)”. The study protocol has
been published (16). The study was approved by the Ethics
Committee of the Friedrich Schiller University Jena (Jena,
Germany) on December 03, 2018 (2018-1192-BO).

2.1 Patient sample

Patients were recruited from February 2019 to February 2023
from the outpatient facilities of the Department of General, Visceral
and Vascular Surgery of the Jena University Hospital, Jena,
Germany. Adult patients with a BMI > 40kg/m?, at least level 2 of
the Edmonton Obesity Staging System with truncal obesity
scheduled for LSG were included. Exclusion criteria were
pregnancy and breastfeeding, participation in another
interventional study, prior participation in this study,
contraindications to COMET measurements including topical 5-
ALA application such as porphyria, excessive photosensitivity and
skin diseases aggravated by sunlight, and the presence of electronic
implants as a contraindication to BIA measurements.

After giving informed consent, all patients underwent a
preoperative assessment (Ty), the LSG (T;) and four postoperative
follow-up assessments: 3 + 1 months (T,), 6 + 1 months (T3), 9 + 1
months (T4) and 12 + 1 months (Ts) after bariatric surgery.

The patient’s preoperative (T,) medical history and current
medication were recorded. During the pre- and all postoperative
visits, the patient’s current weight was recorded, fasting blood
samples were taken and a BIA was performed. PpIX-TSLT
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measurements took place at Ty, T3 and Ts. In order to compare the
PpIX-TSLT variables, we used a reference cohort of patients
matched for age and sex from previous studies (17, 18).

2.2 Bioimpedance analysis

The BIA is a non-invasive measurement for estimating body
composition. For the examination, the CE-certified Medical Body
Composition Analyzer 525 (Seca GmbH & Co. KG, Hamburg,
Germany) was used. We recorded the following variables: absolute
fat mass (kg), relative fat mass (%), fat free mass (kg), skeletal
muscle mass (kg), total body water (1), in addition the raw values of
resistance (Q), reactance (Q) and the corresponding phase angle (°)
were analyzed.

2.3 Non-invasive measurement of the
mitochondrial oxygen metabolism

The CE-certified COMET system (Photonics, Healthcare BV,
Utrecht, Netherlands) was used to non-invasively assess
mitochondrial oxygen metabolism. The approach is based on the
protoporphyrin IX-triplet state lifetime technique (PpIX-TSLT).
The application of 5-aminolevulinic acid (5-ALA) substantially
increases the concentration of PpIX, the final precursor of heme,
in the mitochondria. After excitation by a light pulse, delayed
fluorescence of PpIX can be observed. It is directly associated
with the mitochondrial oxygen tension (mitoPO,) and is
described by Stern-Volmer equation (19). The measurement of
mitoPO, has been calibrated and evaluated for different tissue types
(e.g. heart, liver or skin) (20, 21) and is universally applicable (22).

MitoPO,, mitochondrial oxygen consumption (mitoVO,) and
mitochondrial oxygen delivery (mitoDO,) were determined in a
dynamic measurement according to a standardized measurement
protocol: At least 4 hours before the measurement, a 5-ALA patch
(Alacare®, approx. 4 cm’, 8 mg, photonamic, Wedel, Germany) was
applied to the clavipectoral triangle and covered with an opaque
plaster. After measuring baseline mitoPO, (mmHg), the sensor was
pressed against the clavicle to determine mitoVO, (mmHg/s). After
oxygen in the tissue had been consumed (approx. 30 s), the pressure
was released. MitoDO, (mmHg/s) was calculated from re-
oxygenation measurements (capillary re-filling, approx. 30 s).
This procedure was repeated three times at each time point. The
values of the PpIX-TSLT variables of the repeated measurements
were averaged before the subsequent statistical analysis. The
original measurement protocol allows the determination of the
maximum and average mitoVO, and mitoDO, (17). We report
average mitoVO, and mitoDO,.

Data management, data preparation and estimation of PpIX-
TSLT variables were performed using a self-developed script
(Halley) in MATLAB (MATLAB and Statistics Toolbox Release
2017a, The MathWorks, Inc., Natick, Massachusetts, United States).
A more detailed description can be found in (17).
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2.4 Study endpoints

The primary endpoint of this study was the difference in relative
fat mass between T, and T;. The secondary endpoint was the
difference in mitoVO, between T, and T;. We addressed the
following additional endpoints:

- differences in variables of mitochondrial oxygen metabolism
(mitoPO,, mitoVO, and mitoDO,) between Ty, T5 and T5

- explorative analysis of the association between BIA variables
and variables of mitochondrial oxygen metabolism at Ty, T
and Ts

- explorative cluster analysis: preoperative mitochondrial
oxygen metabolism (T,) and prognostic relevance for
variables of weight loss

2.5 Statistical analysis

For categorical variables, we report absolute (n) and relative
frequencies (%). For metric variables, we report medians and
interquartile ranges.

2.5.1 Longitudinal comparisons

Differences in metric variables (BIA and PpIX-TSLT variables)
between the study time points were tested using Wilcoxon-signed
rank tests. The p values of the tests comparing multiple time points
were adjusted using the Benjamini-Hochberg procedure [false-
discovery rate adjustment (23)].

2.5.2 Matching procedure and corresponding
group differences

Healthy controls from the ICROS study (18) and PICOMET study
(17) with available PpIX-TSLT measurements and BMI < 30 kg/m®
were matched 1:1 for age and sex. We used the optimal clustering
algorithm from the Matchlt R package. Comparisons between
matched controls and patients on metric variables (BIA and PpIX-
TSLT variables) were analyzed using Wilcoxon-signed rank tests.

2.5.3 Explorative subgroup analysis and
corresponding group differences

We used preoperative PpIX-TSLT variables (Tp; mitoPO,,
mitoVO, and mitoDO,) as basis for k-medoids cluster analysis.
The variables were z-standardized before clustering. The cluster
analysis was performed with the clusterboot function of the fpc R
package [Version 2.2-10; (24, 25)]. One hundred subsamples (each
n = 2/3 of the original sample) were randomly selected from the
total sample (n = 36). The number of possible clusters (k) was
limited to 2-5 and the optimum for k was obtained using the
Calinski-Harabasz index. Group differences in categorical variables
were tested with Fisher’s exact tests. Differences in metric variables
were analyzed using Mann-Whitney U tests.
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For the analysis we used R [version 4.1.0, R Foundation for
Statistical Computing, Vienna, Austria; (26)] and R Studio [version
1.4.1717, Boston, MA, USA; (27)]. Missing values were not imputed.
In the case of missing values, the number of patients with non-
missing data points is reported. We considered p values < 0.05 as
statistically significant.

3 Results
3.1 Sample description

A total of 140 patients scheduled for LSG were screened
between February 2019 and February 2023. Of these, 62 patients
consented to participate in the study during the preoperative
assessment. A total of 4 patients did not undergo surgery, and 7
patients withdrew from the study prior to the scheduled surgical
procedure and associated Ty measurement.

Of the 51 patients who underwent T, 48 patients completed the
study in accordance with the study protocol. Two patients became
pregnant during the study and one patient was lost to follow-up
(Figure 1). The demographic data are presented in Table 1.

As depicted in Figure 1, measurement data were not available
for all patients at every visit. This was due to pandemic-related
restrictions of access to outpatient clinics, rare equipment
malfunctions, and, predominantly in the case of PpIX-TSLT
measurements, data sets that could not be evaluated due to poor
measurement quality. To ensure a more reliable evaluation, we
analyzed the time points T3 and Ts and also a trajectory sample
comprising solely patients for whom results were accessible for
all measurements.

3.2 LSG was associated with significant
weight loss

As shown in Table 2, patients lost relevant weight after LSG. At
T3, 37/47 (78.7%) patients exhibited %TWL > 20% and 25/47
(53.2%) patients exhibited %EWL > 50%. At Ts the numbers
were further increased to 44/46 (95.7%) patients achieving %TWL
> 20% and 42/46 (91.3%) patients achieving %EWL > 50%.

3.3 LSG was associated with significant loss
of relative fat mass

The relative fat mass decreased significantly between T, (46.7%
[41.1-50.2%]) and T; (37.7% [32.6-44.4%]) n=46, p<0.001).
Compared to the preoperative values, there was a decrease in fat
mass over all time points while skeletal muscle mass was preserved
(Figure 2). The results of the remaining BIA variables and time
points are shown in Table 3.
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Screened
n=140

Informed consent
n=62

refusal before surgery: n=7; no surgery: n=4

Surgery/follow up data
n=51

irregular end of study: n=3

To
[preoperative]
n=48
|
T:
[surgery]
|
T,

[3+1 months]
n=43/48
|
1y
[6+1 months]
n=47/48

BIA: n=47
COMET: n=36/47 valid measurements

BIA: n=40

BIA: n=47
COMET: n=31/45 valid measurements

Ta
[9£1 months]
n=43/48
|
Ts
[12+1 months]
n=46/48

BIA: n=43

BIA: n=46
COMET: n=30/42 valid measurements

FIGURE 1

Flow chart. BIA, Bioimpedance analysis; COMET, Cellular Oxygen
Metabolism Monitor for the assessment of the mitochondrial oxygen
metabolism with protoporphyrin IX-triplet state lifetime technique.

3.4 LSG was not associated with significant
changes in mitochondrial
oxygen metabolism

We found no significant differences in mitoVO, between T (3.9
mmHg/s [2.4-5.2 mmHg/s]) and T; (3.8 mmHg/s [2.7-4.6 mmHg/s],
n=28 with paired data, p=0.45). There were no significant changes
neither in mitoPO,, nor in mitoDO, between T, and T5. We also found
no significant differences between T, and Ts. The results of the PpIX-
TSLT variables and time points are shown in Table 4.

3.4.1 Feasibility and data quality

Patients applied the 5-ALA patch at least 4 hours prior to
measurement. Despite adherence to the interval, the signal quality
fluctuated, which in some cases resulted in uninterpretable
measurements. For dynamic measurements (mitoVO,, mitoDO,),
sufficient pressure against the clavicle was required to cut off the
blood supply. This was not always feasible due to the presence of
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TABLE 1 Preoperative clinical data.

10.3389/fendo.2024.1488175

TABLE 2 Variables of weight loss.

Total sample o . Trajectory
Visit All patients
B P N=33
Age (years) 46.5 [35.5-55.3] To 128.5 [118.8-148.5]; n=48 130.0 [120.0-148.0]
Sex (female) 38 (79.2%) T2 111.8 [104.8-126.5]; n=40 111.0 [104.0-126.0]
Body height (cm) 168.0 [163.0-176.0] Weight (kg) T3 101.0 [89.5-110.1]; n=47 101.0 [90.0-109.6]
Weight (kg) 128.5 [118.8-148.5] T4 93.0 [82.0-104.5]; n=43 90.0 [82.0-102.9]
Body Mass Index (kg/m?) 46.7 [42.5-51.0] T5 88.9 [80.1-99.1]; n=46 87.0 [80.1-98.0]
Excess weight (kg) 69.2 [57.2-80.0] TO 46.7 [42.5-51.0]; n=48 47.2 [43.6-51.7]
Years with obesity (years) 25.0 [21.0-37.0]; n=45 T2 39.6 [36.6-44.1]; n=40 39.3 [35.9-43.1]
Body Mass
Diabetes mellitus Index (BMI, T3 35.7 [32.0-38.8]; n=47 35.6 [32.0-38.8]
kg/m?)
no diabetes 35 (72.9%) T4 32.1 [29.5-36.0]; n=43 32.1 [29.5-35.2]
Type I 1(2.1%) T5 31.4 [28.9-33.6]; n=46 307 [28.5-33.4]
Type II 12 (25.0%) TO 69.2 [57.2-80.0]; n=48 70.0 [59.0-81.1]
Oral medication 10 (20.8%) T2 50.6 [42.0-61.2]; n=40 49.9 [40.6-60.8]
E
Insulin therapy 6 (12.5%) xeess T3 39.2 [29.0-47.6]; n=47 38.0 [28.8-48.0]
weight (kg)
Arterial hypertension 36 (75.0%) T4 29.7 [21.7-40.2]; n=43 29.7 [21.8-39.2]
Medication 30 (62.5%) T5 26.1 [19.6-33.5]; n=46 26.0 [18.1-33.0]
Dyslipidemia 9 (18.8%) T2 18.0 [16.0-24.3]; n=40 18.0 [15.9-25.0]
Medication 3(6.3%) Weight T3 32.6 [25.4-35.7]; n=47 33.0 [25.9-35.3]
Number of Metabolic diseases’ loss (kg) T4 40.0 [31.8-45.1]; n=43 42.4 [34.4-47.0]
0 8 (16.7%) T5 43.9 [32.8-50.0]; n=46 46.7 [40.0-52.4]
1 24 (50.0%) T2 14.4 [11.9-17.4]; n=40 14.8 [11.5-17.4]
2 14 (29.2%) Total weight T3 23.7 [20.8-27.1]; n=47 24.0 [21.5-27.5]
3 2 (4.2%) loss (%) T4 29.5 [26.1-33.7); n=43 31.0 [27.4-34.4]
Obstructive sleep apnea (OSA) T5 33.8 [26.8-37.8]; n=46 36.5 [30.5-38.5]
Yes 14 (29.2%) T2 6.5 [5.5-8.7]; n=40 6.4 [5.6-8.8]
Continuous positive airway Reduction T3 11.0 [9.3-12.8]; n=47 11.9 [9.6-13.1]
14 (29.2%) .
pressure (CPAP) in BMI
(kg/m?) T4 13.6 [11.2-16.5]; n=43 15.0 [12.9-16.7]
Gastroesophageal reflux )
disease (GERD) 15 (31.3%) T5 15.5 [11.5-17.8]; n=46 17.2 [14.6-18.4]
Medication 15 (31.3%) T2 32.3 [26.3-37.0]; n=40 32.1 [26.4-36.8]
All data in median [interquartile range] or absolute and relative frequencies (%). Excess T3 52.4 [44.5-59.7]; n=47 53.8 [46.3-60.2]
!diabetes mellitus, arterial hypertension, dyslipidemia. weight
loss (%) T4 64.3 [55.6-73.7]; n=43 68.0 [57.7-75.4]
subcutaneous adipose tissue in this region, which can impede the T5 71.7 [61.7-80.6]; n=46 73.3 [65.6-83.8]

accuracy of measurements. Consequently, only 76.6% of
measurements were analyzable at Ty, 68.9% at T3, and 71.4% at
Ts. This study presents a follow-up sample comprising patients who
had analyzable measurements at all three time points.

3.4.2 Comparison with control data

After matching, we found no significant differences between
patients and controls regarding age (patients: 47 [37-56] years vs
controls: 40 [29-64], p=0.87, both n=41) and sex (both groups
n=33/41 females, 80.5%). The BMI differed significantly between

Frontiers in Endocrinology

All data in median [interquartile range].
TO, preoperative; T1, day of surgery (no data acquisition); T2, 3 + 1 months; T3, 6 + 1 months;
T4, 9 + 1 months; T5, 12 + 1 months after laparoscopic sleeve gastrectomy.

patients (Ty: 46.3 [42-50.8] kg/m?) and controls (23.4 [21.3-25.5]
kg/m?, p<0.001, both n=41).

Apart from a significantly lower mitoDO, at T (adjusted p
value = 0.02), we did not find any significant differences between
controls and patients with regard to PpIX-TSLT variables at any
time point (all adjusted p values > 0.05; Table 5; Figure 3).
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3.5 Association between PpIX-TSLT and
BIA variables

At Ty and Ts, no significant associations were identified
between PpIX-TSLT and BIA variables (all raw p-values > 0.05).
At Ts, higher values of mitoDO, were associated with lower values
of absolute (p=-0.39, p=0.034) and relative fat mass (p=-0.40,
p=0.029). In view of the large number of correlations tested, these
relationships should only be interpreted with caution (all adjusted p
values > 0.05; details in Supplementary 01_ PpIX-TSLT_vs_BIA in
Supplementary Table 1).

3.6 Preoperative PpIX-TSLT variables were
associated with long-term
weight outcomes

3.6.1 Correlative analyzes

At study visits T,, T5 and T4 no significant associations were
identified between preoperative PpIX-TSLT variables (T,) and
weight variables (including %EWL and %TWL). Higher
preoperative values of mitoPO, and mitoVO, were associated
with lower body weight, BMI, excess weight and higher excess
weight loss at Ts However, after adjusting for multiple testing none
of the p values was <0.05 (details in Supplementary 02_ PpIX-
TSLT_TO_vs_Outcome in Supplementary Table 1).

3.6.2 Subgroup analysis

In a cluster analysis of preoperative PpIX-TSLT variables two
clusters were identified. Cluster 1 (n=21) was characterized by
significantly higher preoperative levels of mitoPO,, mitoVO, and
mitoDO, compared to cluster 2 (n=15, all FDR adjusted p values
<0.05; Table 6; Figure 4). Following surgical intervention, no

TABLE 3 Results of the bioimpedance analyses.

10.3389/fendo.2024.1488175

1254
)
2 0
T 100
- .a ¢
=
©
o 757
Q
o
o
2 50
[
o
5
o 257
)
aQ
o J
T2 T3 T4 5
(n=39) (n=46) (n=42) (n=46)
visit
. absolute fat mass skeletal muscle mass
FIGURE 2

BIA measurements in patients. Changes in absolute fat mass and
skeletal muscle mass in relation to preoperative values. [T, 3 + 1
months; Tz, 6 + 1 months; T4, 9 + 1 months; Ts, 12 + 1 months after
laparoscopic sleeve gastrectomy].

significant differences were identified in PpIX-TSLT variables
between the two clusters. Additionally, apart from age, no
significant differences were observed between the clusters with
respect to demographic variables, preoperative weight-related
variables and comorbidities.

Patients in cluster 1 (vs cluster 2) showed better outcomes
regarding weight and weight loss at T, and in particular at Ts
(Table 6; Figure 5). After adjusting for multiple testing, patients in
cluster 1 (vs cluster 2) showed significantly lower body weight, BMI,
and excess weight as well as higher total weight loss and excess
weight loss one year after surgery (Ts).

FDR-adjusted p value

All Trajectory
patients N=33 T3 T4
TO 58.2 [52.2-69.5]; n=47 63.8 [55.2-71.3] - * * * *
T2 50.9 [40.8-56.9]; n=40 52.8 [39.9-59.9] * - * * *
Absolute fat
solute T T3 37.6 [31.0-46.3]; n=47 40.2 [32.8-48.7] * * - * *
mass (kg)
T4 32.6 [25.2-37.4]; n=43 32.6 [24.6-37.4] * * * - *
T5 26.6 [20.0-34.2]; n=46 27.1 [19.9-34.9] * * * * -
TO 46.5 [41.4-50.2]; n=47 48.5 [44.3-51.5] - ns * * *
T2 46.1 [38.5-50.1]; n=40 48.7 [38.7-51.0] ns - * * *
Relative fat
cative @ T3 38.2 [32.7-44.4]; n=47 40.8 [34.1-45.2] * * - * *
mass (%)
T4 34.4 [30.0-40.0]; n=43 36.2 [30.3-41.2] * * * - *
T5 32.3 [23.6-36.6]; n=46 34.4 [23.9-37.7 * * * * -
Fat free mass (kg) TO 70.8 [60.0-82.1]; n=47 67.2 [59.6-80.3] - * * * *
(Continued)
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TABLE 3 Continued

FDR-adjusted p value

All Trajectory
patients N=33 T2 T3 T4
T2 62.5 [53.2-73.1]; n=40 58.2 [52.6-70.9] * - ns ns ns
T3 61.3 [53.4-72.6]; n=47 57.9 [50.9-67.7] * ns - ns ns
T4 58.9 [52.1-72.3]; n=43 58.9 [50.0-70.5] * ns ns - ns
T5 59.7 [52.4-71.7); n=46 58.2 [51.3-65.0] * ns ns ns -
TO 352 [30.9-42.1]; n=47 33.7 [30.5-40.2] - * * * *
T2 30.8 [25.6-36.1]; n=40 28.5 [24.7-35.3] * - * * *
f:::tigmde T3 28.9 [25.4-35.4); n=47 27.7 [23.5-32.2] * * - ns ns
T4 27.3 [24.7-35.1]; n=43 27.1 [23.1-32.9] * * ns - ns
T5 27.3 [23.8-32.6]; n=46 26.6 [21.8-31.1] * * ns ns -
TO 53.4 [45.7-61.7); n=47 51.3 [45.5-60.4] - * * * *
T2 47.6 [40.6-54.4]; n=40 442 [39.6-53.1] * - * ns ns
I:Zi l()l‘;dy T3 463 [40.5-542]; n=47 4.1 [38.7-513] . * - ns ns
T4 44.1 [39.1-54.0]; n=43 44.1 [37.6-53.4] * ns ns - ns
T5 44.7 [39.4-53.6]; n=46 43.8 [38.5-48.7] * ns ns ns -
TO 6.6 [6.1-7.4]; n=47 6.6 [6.0-7.4] - * * * *
T2 5.5 [5.0-6.3]; n=40 5.4 [5.0-6.4] * - ns ns ns
Phase angle (°) T3 5.4 [4.9-6.0]; n=47 5.3 [4.9-6.0] * ns - ns ns
T4 5.6 [5.1-6.2]; n=43 5.5 [5.0-6.2] * ns ns - ns
T5 5.7 [5.1-6.4]; n=46 5.6 [5.1-6.3] * ns ns ns -
TO 377.3 [333.5-412.5]; n=47 380.4 [347.3-413.0] - * * * *
T2 398.5 [347.7-456.8]; n=40 414.9 [359.8-458.9] * - ns ns ns
Resistance (Ohm) T3 394.3 [354.7-445.4]; n=47 423.5 [368.5-471.3] * ns - ns ns
T4 401.5 [356.7-444.7]; n=43 408.1 [364.9-458.1] * ns ns - ns
T5 409.5 [357.8-441.3]; n=45 416.4 [371.2-446.1] * ns ns ns -
TO —44.7 [-48.5 to —39.0]; n=47 —44.7 [-48.2 to —40.2] - * * * *
T2 —39.9 [-43.9 to —36.1]; n=40 —40.5 [-44.1 to —37.6] * - ns ns ns
Reactance (Ohm) T3 —39.6 [-42.7 to —36.7]; n=47 —40.5 [-43.7 to —37.8] * ns - ns ns
T4 —40.3 [-44.5 to —35.4]; n=43 —40.3 [-45.1 to —35.7] * ns ns - ns
T5 —41.5 [-45.6 to —36.7]; n=45 —41.6 [-46.6 to —36.9] * ns ns ns -

All data in median [interquartile range]. The last columns show significant differences between time points (Wilcoxon signed-rank tests, false discovery rate adjusted p values <0.05) in the
trajectory sample with available data for all study visits.

TO, preoperative; T1, day of surgery (no data acquisition); T2, 3 + 1 months; T3, 6 + 1 months; T4, 9 + 1 months; T5, 12 + 1 months after laparoscopic sleeve gastrectomy.

*, false discovery rate adjusted p value <0.05; n.s., false discovery rate adjusted p value > 0.05.

these alterations change postoperatively and to what extent

4 Discussion

preoperative differences predict the surgical outcome (16).

The aim of this study was to determine the extent of weight loss
and changes in body composition after LSG. In addition, changes in
mitochondrial oxygen metabolism were to be examined by non-
invasive PpIX-TSLT measurements. It was examined whether there
are differences between obese and non-obese individuals, whether
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As anticipated, the patients exhibited a significant reduction in
body weight six months after LSG, accompanied by a decline in
relative fat mass as assessed through BIA. Mitochondrial oxygen
metabolism demonstrated minimal alteration following surgery and
did not diverge significantly from that observed in healthy controls.
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TABLE 4 Results of the PpIX-TSLT measurements.

FDR-adjusted p value

All Trajectory
patients N=21 TO T3
TO 60.5 [47.8-78.0]; n=36 57.6 [50.0-68.8] - ns ns
mitoPO, (mmHg) T3 62.8 [47.9-76.1]; n=31 62.0 [47.9-73.2] ns - ns
T5 68.5 [58.8-91.3]; n=30 67.4 [57.8-91.7] ns ns -
TO 3.8 [2.4-5.1]; n=36 3.6 [2.4-5.1] - ns ns'
mitoVO, (mmHg/s) T3 4.0 [2.9-4.7]; n=31 4.1 [2.6-4.7] ns - ns
T5 3.0 [2.3-4.4]; n=30 29 [2.1-3.8] ns' ns -
TO 3.7 [2.4-5.9]; n=36 3.8 [2.7-6.3] - ns ns
mitoDO, (mmHg/s) T3 4.4 [3.2-6.9]; n=31 3.7 [3.0-7.1] ns - ns
T5 4.4 [3.2-6.3]; n=30 4.5 [3.4-6.0] ns ns -

All data in median [interquartile range]. The last columns show significant differences between time points (Wilcoxon signed-rank tests, false discovery rate adjusted p values <0.05) in the
trajectory sample with available data for all study visits.

mitoPO,, mitochondrial oxygen tension; mitoVO,, mitochondrial oxygen consumption; mitoDO,, mitochondrial oxygen delivery; PpIX-TSLT, Protoporphyrin IX-Triplet State Lifetime
Technique; TO, preoperative; T3, 6 + 1 months; T5, 12 + 1 months after laparoscopic sleeve gastrectomy.

"' p < 0.05 before false discovery rate adjustment; n.s., false discovery rate adjusted p value > 0.05.

TABLE 5 Comparison of PpIX-TSLT variables between patients and matched controls.

All patients and Trajectory FDR-adj.

matched controls N=21 P value

TO: preoperative

controls 40.0 [29.0-64.0]; n=41 0.87 53.0 [31.0-65.0] 0.68
Age (years)

patients 47.0 [37.0-56.0]; n=41 52.0 [37.0-57.0]
Body Mass Index controls 23.4 [21.3-25.5]; n=41 <0.001 24.1 [21.5-26.0] <0.001

2

(kg/m?) patients 46.3 [42.0-50.8); n=41 43.6 [41.0-49.3]

controls 71.3 [59.9-80.9]; n=36 0.25 70.1 [61.3-80.4] 0.29
MitoPO, (mmHg)

patients 60.5 [47.8-78.0]; n=36 57.6 [50.0-68.8]

controls 3.6 [2.3-4.8]; n=36 0.86 3.6 [2.9-5.7] 0.97
MitoVO, (mmHg/s)

patients 3.8 [2.4-5.1]; n=36 3.6 [2.4-5.1]

controls 5.7 [4.6-7.6]; n=36 0.002 5.4 [4.3-7.6] 0.29
MitoDO, (mmHg/s)

patients 3.7 [2.4-5.9]; n=36 3.8 [2.7-6.3]

T3: 6 + 1 months after surgery

controls 71.0 [59.4-80.6]; n=31 0.64 70.1 [61.3-80.4] 0.29
MitoPO, (mmHg)
patients 62.8 [47.9-76.1]; n=31 62.0 [47.9-73.2]
controls 3.7 [2.3-5.6]; n=31 0.86 3.6 [2.9-5.7] 0.74
MitoVO, (mmHg/s)
patients 4.0 [2.9-4.7]; n=31 4.1 [2.6-4.7]
controls 5.6 [4.3-7.3]; n=31 0.64 54 [4.3-7.6] 0.68
MitoDO, (mmHg/s)
patients 4.4 [3.2-6.9]; n=31 3.7 [3.0-7.1]
(Continued)
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TABLE 5 Continued

All patients and . Trajectory FDR-ad;.

matched controls INEPA P value

T5: 12 + 1 months after surgery

controls 71.3 [60.3-81.9]; n=30 0.86 70.1 [61.3-80.4] 0.78
MitoPO, (mmHg)

patients 68.5 [58.8-91.3]; n=30 67.4 [57.8-91.7]

controls 3.4 [2.4-4.5]; n=30 0.64 3.6 [2.9-5.7] 0.29
MitoVO, (mmHg/s)

patients 3.0 [2.3-4.4]; n=30 2.9 [2.1-3.8]

controls 5.6 [4.4-7.3]; n=30 0.43 5.4 [4.3-7.6] 0.68
MitoDO, (mmHg/s)

patients 4.4 [3.2-6.3]; n=30 4.5 [3.4-6.0]

All data in median [interquartile range]. Results are presented for all patients with available data and the trajectory patient sample with available data for all study visits. False-discovery rate
adjusted p values < 0.05 (Wilcoxon signed-rank tests) are printed in bold.

mitoPO,, mitochondrial oxygen tension; mitoVO,, mitochondrial oxygen consumption; mitoDO,, mitochondrial oxygen delivery; PpIX-TSLT, Protoporphyrin IX-Triplet State
Lifetime Technique.
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FIGURE 3
COMET measurements in patients and matched controls. Values of mitochondrial oxygen tension (mitoPO,, A, D), mitochondrial oxygen
consumption (mitoVO,, B, E), and mitochondrial oxygen delivery (mitoDO,, C, F). Panels D to E show the results for the trajectory patient sample
with available data for all time points (n=21). Asterisks mark false discovery rate adjusted p values <0.05 in group comparisons (Wilcoxon signed-rank
tests). [To, preoperative study visit; Tz, 6 + 1 months; Ts, 12 + 1 months after laparoscopic sleeve gastrectomy].
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TABLE 6 Characterization of the preoperative PpIX-TSLT clusters.

Cluster 1

N=21

Cluster 2
N=15

10.3389/fendo.2024.1488175

Clinical variables

Age (years) TO 40.0 [34.0-52.0]; n=21 58.0 [51.5-61.0]; n=15 0.045
Sex (female) TO 19 (90.5%); n=21 10 (66.7%); n=15 0.27
Body height (cm) TO 166.0 [161.0-170.0]; n=21 171.0 [163.0-177.5]; n=15 0.46
Weight (kg) TO 122.0 [113.0-130.0]; n=21 132.0 [123.5-149.0]; n=15 0.23
Body Mass Index (kg/m?) TO 43.6 [41.3-47.1]; n=21 48.5 [44.0-50.6]; n=15 0.32
Excess weight (kg) TO 59.4 [53.6-74.0]; n=21 75.9 [62.1-79.9]; n=15 027
Years with obesity (years) TO 25.0 [16.5-34.0]; n=19 31.5 [22.0-40.0]; n=14 0.44
Diabetes mellitus TO 3 (14.3%) 6 (40.0%) 0.27
Arterial hypertension TO 13 (61.9%) 13 (86.7%) 0.27
Dyslipidemia TO 3 (14.3%) 4 (26.7%) 0.46
OSA TO 4 (19.0%)* 5 (33.3%)* 0.46
GERD TO 7 (33.3%)° 6 (40.0%)° 0.74
PpIX-TSLT variables
To 74.2 [63.8-89.7); n=21 46.6 [40.2-53.5]; n=15 <0.001
MitoPOypaseline (mmHg) T3 63.8 [48.0-84.5]; n=17 56.2 [43.1-66.4]; n=11 0.264
T5 75.3 [62.6-96.3]; n=16 63.0 [57.2-70.7]; n=11 0.100"
TO 5.1 [4.1-5.6]; n=21 23 [2.1-3.3]; n=15 <0.001
MitoVO,. (mmHg/s) T3 4.1 [33-52]; n=17 3.5 [2.7-4.4]; n=11 0.507
T5 3.0 [2.2-4.1]; n=16 2.7 [2.2-3.5]; n=11 0.512
TO 4.5 [3.1-6.4]; n=21 2.5 [1.7-3.9]; n=15 0.010
MitoDO,..yg (mmHg/s) T3 5.3 [3.0-7.2]; n=17 3.6 [3.2-5.0]; n=11 0.451
T5 4.6 [4.0-5.9]; n=16 3.2 [2.5-6.7]; n=11 0.507
Weight variables
T2 105.5 [99.0-113.8]; n=17 113.0 [106.0-126.0]; n=13 0.36
T3 92.0 [86.7-102.0]; n=20 103.0 [94.9-121.2]; n=15 0.12
Body weight (kg)
T4 83.1 [79.4-95.0]; n=20 102.4 [87.1-110.0]; n=13 0.07
T5 80.6 [76.4-86.6]; n=20 98.3 [88.4-103.6]; n=14 0.028
T2 38.2 [34.4-42.8]; n=17 39.8 [38.2-43.1]; n=13 0.36
T3 32.5 [30.7-37.6]; n=20 37.2 [32.6-39.1]; n=15 0.15
Body Mass Index (kg/m?)
T4 29.8 [28.8-34.1]; n=20 33.7 [31.8-36.3]; n=13 0.07"
T5 28.2 [26.4-33.3]; n=20 32.8 [30.9-34.3]; n=14 0.028
T2 14.9 [12.5-18.0]; n=17 15.0 [12.4-18.0]; n=13 0.93
T3 24.7 [21.4-28.1]; n=20 21.9 [18.8-25.6]; n=15 0.22
Total weight loss (%)
T4 30.4 [27.4-34.4]; n=20 26.9 [24.1-29.6]; n=13 0.07"
T5 35.6 [30.9-38.7]; n=20 28.1 [22.4-30.9]; n=14 0.041
T2 43.8 [34.2-56.1]; n=17 49.9 [43.9-60.8]; n=13 0.36
Excess weight (kg)
T3 29.6 [25.8-42.3]; n=20 44.6 [30.4-49.9]; n=15 0.15
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TABLE 6 Continued

Cluster 1 Cluster 2
INEPA N=15
Weight variables
T4 22.6 [18.8-33.7]; n=20 32.8 [27.0-40.7]; n=13 0.07"
T5 17.2 [13.3-31.0]; n=20 32.1 [24.3-36.4]; n=14 0.028
T2 32.8 [26.5-39.3]; n=17 33.9 [32.0-36.8]; n=13 0.85
T3 54.7 [48.5-66.4]; n=20 48.4 [42.3-55.6]; n=15 0.15
Excess weight loss (%)
T4 71.2 [64.4-79.9]; n=20 57.7 [54.2-63.7]; n=13 0.028
T5 84.1 [70.7-91.1]; n=20 62.2 [53.2-68.9]; n=14 0.011

All data in median [interquartile range] or absolute and relative frequencies (%). Differences in continuous variables were tested using Mann-Whitney U tests. For categorical variables, we applied
Fisher’s exact tests. False-discovery rate (FDR) adjusted p values < 0.05 are printed in bold.

GERD, Gastroesophageal reflux disease; mitoPO,, mitochondrial oxygen tension; mitoVO,, mitochondrial oxygen consumption; mitoDO,, mitochondrial oxygen delivery; OSA, obstructive
sleep apnea; PpIX-TSLT, Protoporphyrin IX-Triplet State Lifetime Technique; T0, preoperative; T1, day of surgery (no data acquisition); T2, 3 + 1 months; T3, 6 + 1 months; T4, 9 + 1 months;

T5, 12 + 1 months after laparoscopic sleeve gastrectomy.

" raw p value <0.05; p values were FDR adjusted separately for clinical, PpIX-TSLT, and weight variables.

Interestingly, preoperative oxygen metabolism was a prognostic
indicator for weight outcomes one year after surgery.

4.1 Bariatric surgery was associated with
significant loss of weight and relative
fat mass

LSG was found to result in a notable reduction in body weight
among the patient cohort. Based on the benchmark variables %
TWL and %EWL (6), the success rate was 90% in the studied cohort
after 12 months and the majority of the weight loss could mainly be
attributed to a reduction in fat mass. The observed weight loss
following LSG in this study was consistent with the findings
reported in the literature (28, 29). Concerning body composition,
the cohort achieved a significant decrease in fat mass while
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FIGURE 4

Preoperative clusters of COMET measurements. Group comparisons of (A) mitochondrial oxygen tension (mitoPO,) (B) mitochondrial oxygen

consumption (mitoVO5,), and (C) mitochondrial oxygen delivery (mitoDO,). Asterisks mark false discovery rate adjusted p values <0.05 in group
comparisons. Asterisks in brackets indicate p values <0.05 before p value adjustment. [To, preoperative study visit; Tz, 6 + 1 months; Ts, 12 + 1

months after laparoscopic sleeve gastrectomy]. PpIX-TSLT, Protoporphyrin IX-Triplet State Lifetime Technique.
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preserving skeletal muscle mass. The magnitude of the loss in
body weight, fat mass and fat-free mass was comparable to that
reported in other studies (30, 31).

4.2 Results of the PplX-
TSLT measurements

4.2.1 Obesity was only partially associated with
alterations in mitochondrial oxygen metabolism
This work was the first to evaluate the mitochondrial oxygen
metabolism during the long-term course after bariatric surgery.
Based on the previous literature, we hypothesized that patients with
obesity would show alterations in mitochondrial oxygen
metabolism and that these alterations may change after LSG. To
evaluate this hypothesis, we first compared the preoperative PpIX-

visit visit

PpIX-TSLT cluster 2
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Clusters of COMET measurements. Longitudinal weight changes. Group comparisons of (A) total weight loss and (B) excess weight loss. Asterisks
mark false discovery rate adjusted p values <0.05 in group comparisons. Asterisks in brackets indicate p values <0.05 before p value adjustment.
[To, 3+ 1 months; Tz, 6 + 1 months; T4, 9 + 1 months; Ts, 12 + 1 months after laparoscopic sleeve gastrectomy]. PpIX-TSLT, Protoporphyrin IX-

Triplet State Lifetime Technique.

TSLT variables in patients with class III obesity with an age- and
sex-matched healthy control group from two previously conducted
cohort studies (17, 18). A significant reduction in oxygen delivery
(mitoDO,) was observed in patients with obesity prior to surgery
compared to controls.

MitoDO,, initially described in healthy controls (17) and
subsequently analyzed in patients with sepsis, has hitherto been
regarded as a surrogate parameter of microcirculatory function. The
observed reduction of mitoDO, in patients with obesity is
consistent with the finding of previous studies that have assessed
the microcirculatory dysfunction in patients with obesity and
demonstrated a prolonged recapillarization time in obese patients
(32) and prolonged recovery time after supra-systolic occlusion
measure by laser doppler in obese children (33). Nevertheless, this
result should be viewed with caution, as it no longer occurs in the
trajectory sample and the small sample size allows only
limited conclusions.

With the exception of preoperative mitoDO,, we found no
significant differences in PpIX-TSLT variables between matched
controls and patients with obesity at any time point. Other
studies using the PpIX-TSLT technique have primarily
addressed the issue of mitochondrial damage in the context of
macro- or microcirculatory disturbances typical of shock (15).
The authors reported short-term differences in the PpIX-TSLT
variables due to acute hemodynamic alterations. Mitochondrial
function can be affected in the long term by metabolic changes
such as those that occur in obesity (12, 13, 34-36), although the
underlying pathophysiological mechanisms are not fully
understood yet (13). It is possible that the mitochondrial
changes in obesity are subject to different mechanisms than
those in shock and therefore cannot be fully characterized by
the determination of the PpIX-TSLT variables. The role of
mitochondria in successful weight loss following bariatric
surgery is currently under investigation (37).

Frontiers in Endocrinology

12

4.2.2 Bariatric surgery was only partially
associated with significant changes in
mitochondrial oxygen metabolism

A number of studies have demonstrated that mitochondrial
dysfunction associated with obesity is potentially reversible (12, 13,
38). To investigate this phenomenon, we first compared PpIX-TSLT
variables from patients who had undergone the LSG procedure six
and 12 months previously with a control group of healthy
individuals. Secondly, we analyzed the trajectory of PpIX-TSLT
variables over time. Thirdly, we performed correlation analyses
between weight-related variables and PpIX-TSLT variables. The
preoperative reduction in oxygen delivery (mitoDO,) observed in
patients was no longer detectable after six and 12 months, and was
comparable to that of healthy controls. In line with the pre-
operative results, the mitoPO, and mitoVO, values at six and 12
months after surgery remained comparable to those of the control
group. Notwithstanding the substantial weight reduction, no
notable discrepancies were observed in the PpIX-TSLT variables
between the preoperative stage and the subsequent time points
following LSG. Finally, in separate correlation analysis at Ty, T3 and
Ts, most associations between PpIX-TSLT variables and weight-
related variables were not statistically significant. However, at Ts,
higher mitoDO, values were associated with lower fat mass. This
result could be attributed to an improved microcirculation due to
less subcutaneous adipose tissue. Given the absence of other reports
on mitochondrial oxygen metabolism following bariatric surgery,
no further conclusions can be drawn at this time, highlighting the
necessity of additional studies in this area.

4.2.3 Preoperative mitochondrial oxygen
metabolism was a prognostic marker for long-
term weight outcomes

In contrast to the aforementioned analyses, another objective
was to ascertain whether the preoperative status of mitochondrial
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oxygen metabolism (PpIX-TSLT variables) is prognostically
relevant for long-term weight-related outcomes following LSG.
The findings of cluster analyses suggest that patients with higher
preoperative values of mitoPO,, mitoVO, and mitoDO, (cluster 1)
tend to exhibit more favorable weight-related outcomes compared
to patients with lower preoperative PpIX-TSLT values (cluster 2).
Age as a potential confounder (39) significantly differed between the
clusters. However, in supplementary regression analysis controlling
for age, baseline excess weight and diabetes status, patients in cluster
1 still showed more pronounced weight-related outcomes at Ts
(Supplementary 03_Regression_Analysis in Supplementary Table
1). The higher weight loss may be attributed to higher
mitochondrial oxygen metabolism. Larsen et al. showed an
association of the oxygen affinity of isolated mitochondria with
the basic metabolic rate in humans (40). Assuming that calorie
intake is reduced equally due to the bariatric surgery, higher
metabolic rate can lead to greater weight loss (41). However, at
this time, we are unable to explain the biochemical mechanisms or
pathways that underlie this relationship between mitochondrial
oxygen metabolism and weight loss.

In general, the data on PpIX-TSLT variables, particular in the
context of obesity, is still scarce. Our results indicate that further
studies focusing on the predictive value of mitochondrial oxygen
metabolism in obesity are warranted.

4.3 Limitations of the study

The monocentric design, limited sample size, and varying
patient numbers, especially for PpIX-TSLT measurements,
between the study visits limit the generalizability of the findings.

Despite the internal standardization of the PpIX-TSLT
measurements, there was considerable variation in the quality of
the data throughout the study. One source of error was the site of
application of the 5-ALA patch. The infraclavicular fossa was
selected for comparability with former studies conducted by our
research group. However, due to subcutaneous adipose tissue, in
some cases sufficient pressure could not be applied against the
clavicle, making dynamic measurements (mitoVO,/mitoDO,)
difficult. Therefore, the pre-sternal region should be selected for
future measurements in obese patients. The patients were explicitly
instructed to apply the patch the evening before the measurement
and to document it accordingly. As demonstrated by Baysan et al.,
the measurement quality remains constant up to 24 hours after
application. However, an exposure time of at least four hours must
elapse before the measurement (42). This was maintained in
all patients.

In accordance with the study protocol, follow-up visits were
scheduled at intervals of three months. In order to ensure a high
level of adherence to appointments, all study examinations were
linked to follow-up visits in the bariatric surgery outpatient clinic.
Unfortunately, many of these appointments were affected by
pandemic-related access restrictions for outpatients, resulting in
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some visits not taking place within the targeted period or being
canceled altogether.

In view of the limitations the results obtained should be regarded
primarily as exploratory and hypothesis generating for future studies.
Those should also investigate the extent to which PpIX-TSLT
variables are associated with postoperative complications or
interventions targeting mitochondrial metabolism (43).

5 Conclusion

The patients who underwent LSG demonstrated the expected
weight loss 12 months post-operatively and exhibited a predominant
loss of adipose tissue, while skeletal muscle mass remained unaltered.
Variables of mitochondrial oxygen metabolism only partially differed
significantly between patients and healthy controls preoperatively
and did not significantly change after LSG. However, patients with
higher values in variables of mitochondrial oxygen metabolism before
LSG showed better weight-related long-term outcomes. Future
studies should address this topic in larger patient cohorts and
multicenter settings, in order to gain a deeper understanding of the
mechanisms underlying the relationship between weight-loss and
mitochondrial oxygen metabolism.
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