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ABSTRACT
Aim: We investigated how weight loss induced by bariatric surgery or lifestyle intervention affects skeletal muscle mitochondrial 
metabolism.
Methods: We studied two weight-loss cohorts: RYSA (BMI ≥ 35 kg/m2; n = 39, including 18 with diabetes) undergoing bariat-
ric surgery, and CRYO (BMI ≥ 30 kg/m2; n = 19) undergoing a lifestyle intervention with a low-calorie diet. Assessments were 
performed at 5–6 and 12 months and included muscle proteome (LC–MS/MS), mitochondrial biogenesis by mtDNA amount 
(qPCR), number and morphology (transmission electron microscopy) in both cohorts, and mitochondrial oxidative capacity 
(high-resolution respirometry) in the surgery cohort.
Results: Both cohorts achieved clinically meaningful weight loss, greater following surgery (24.4% vs 9.0% at 12 months). Per 
1% weight loss, bariatric surgery was associated with significant downregulation of glycolysis pathways at 12 months. OXPHOS 
complex subunit proteins were associated with upregulation in individuals without diabetes but downregulation in those with 
diabetes. Lifestyle intervention was associated with downregulated OXPHOS complex subunits at 5 months. Mitochondrial mor-
phology remained unchanged, while mtDNA amount correlated negatively with weight loss percentage in both cohorts. In the 
surgery cohort, complex I and complex I + II-mediated respiration increased 3.2- and 2.9-fold at 12 months, reflecting improved 
oxidative capacity.
Conclusion: Bariatric surgery was associated with increased skeletal muscle mitochondrial respiration despite unchanged mor-
phology and reduced mtDNA amount, whereas lifestyle-induced weight loss showed a transient downregulation of OXPHOS-
related proteins with other mitochondrial markers remaining stable. Surgery-induced weight loss may reflect improved 
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mitochondrial efficiency in skeletal muscle, potentially influenced by diabetes status. Long-term functional mitochondrial adap-
tations after weight loss require future studies.
Trial Registration: RYSA: Clini​calTr​ials.​gov ID NCT02882685; CRYO: Clini​calTr​ials.​gov ID NCT01312090

1   |   Introduction

With over 2.5 billion people affected in 2022 [1], overweight or 
obesity have become a major global public health challenge, 
contributing to a wide range of complications, including type 2 
diabetes (T2DM), cardiovascular diseases, and some cancers [2].

Reducing body weight substantially lowers health risks for in-
dividuals with obesity. Even a moderate weight loss of 5%–10% 
through caloric restriction enhances the metabolic profile  [3]. 
Despite these benefits, sustaining weight loss through lifestyle 
modifications proves challenging, with relatively low success 
rates [4]. In contrast, bariatric surgery, though more invasive, 
yields more substantial and sustainable weight loss and fre-
quently results in improvement or remission of type 2 diabetes 
and other associated complications [5].

Obesity and weight loss both affect cellular metabolism. 
Mitochondria, essential for cellular energy conversion, undergo 
many changes in obesity in skeletal muscle [6], including lower re-
spiratory capacity, downregulated mitochondria-related transcrip-
tion [7], reduced mitochondrial amount and mitochondria-related 
protein levels, impaired mitochondrial dynamics, and increased 
ROS production [8]. While weight loss improves metabolic health, 
it also reduces muscle mass and resting energy expenditure [9], 
raising questions about its effects on mitochondrial function. 
Notably, the impact of different weight loss methods, such as bar-
iatric surgery versus lifestyle interventions including low-calorie 
diets, on mitochondrial function remains underexplored.

Bariatric surgery may enhance skeletal muscle mitochondrial 
function post-operation, particularly long-term (for extensive re-
view, see [10]). Following Roux-en-Y Gastric Bypass (RYGB), mito-
chondrial respiration increased without changes in mitochondrial 
quantity or oxidative phosphorylation (OXPHOS) complex subunit 
protein levels and mitochondrial respiration further increased 
with an exercise program post-surgery [11]. Improvements in mi-
tochondrial network and morphology, reduced fission, and con-
stant mitochondrial amount have also been observed [12]. RYGB 
has also increased ADP-stimulated coupled mitochondrial res-
piration and phosphate/oxygen (P/O) ratio when normalized to 
citrate synthase in isolated mitochondria, indicating improved mi-
tochondrial efficiency [13]. A recent meta-analysis linked surgery 
to increased mitochondrial amount and Complex I-linked respi-
ration [14]. However, some studies report unchanged respiration 
[15, 16], mitochondrial amount [16], or gene expression of biogene-
sis markers [17] following surgery. Downregulated TCA cycle and 
OXPHOS gene expression were found without altered protein ex-
pression [18]. Overall, muscle mitochondrial metabolism appears 
to benefit from surgery, but results vary by follow-up duration, 
metabolic status including diabetes status, and exercise levels [10].

Following lifestyle or diet-induced weight loss, most studies 
show limited or no changes in skeletal muscle mitochondrial 

metabolism. The CALERIE study, which applied 25% caloric 
restriction for 6 months to 2 years [19–21], found increased mi-
tochondrial biogenesis at 6 months in overweight individuals 
[19]. After 12 months, mtDNA amount decreased, mitochondrial 
biogenesis remained unchanged and there were no changes in 
in vivo mitochondrial O2 uptake or ATP fluxes [21]. Overall, the 
prevailing trend is that lifestyle-induced weight loss does not 
consistently reverse the decreased mitochondrial oxidative ca-
pacity observed in obesity [10].

However, comparisons between lifestyle and surgery studies are 
difficult to interpret because follow-up durations differ and the 
mitochondrial markers assessed vary across studies. Here, we 
retrospectively examined changes in mitochondria-related pro-
files in skeletal muscle following both bariatric surgery and life-
style weight-loss interventions, up to 12 months post-intervention. 
To support comparisons between the two cohorts, we performed 
a uniform set of high-quality analyses on the muscle proteome 
and mitochondrial markers across both cohorts. In addition, we 
measured mitochondrial respiration in the surgery cohort and ac-
counted for baseline type 2 diabetes. This approach helped min-
imize technical variability and enabled clearer interpretation of 
longitudinal changes within each cohort.

2   |   Materials and Methods

2.1   |   Study Participants

2.1.1   |   RYSA Study

The ongoing clinical study RYSA is a parallel-group randomized 
controlled trial comparing RYGB to One-Anastomosis Gastric 
Bypass (OAGB) [22, 23].

A total of 121 adults (BMI ≥ 35 kg/m2) were randomly assigned 
(1:1 ratio) at Helsinki and Oulu University Hospitals in Finland 
to undergo either RYGB or OAGB. Baseline measurements 
were conducted 8 weeks pre-surgery, followed by a 4- to 6-
week low-calorie diet (800–1000 kcal/day). Surgical procedures 
maintained consistent bypassed intestine lengths. Follow-up 
measurements were done at 6 and 12 months post-surgery. 
We analyzed data from a maximum of 39 participants (RYGB: 
n = 19; OAGB: n = 20), including 18 individuals with type 2 di-
abetes, for whom we had skeletal muscle mtDNA amount data 
from at least two time points available.

2.1.2   |   CRYO Study

CRYO was a case–control lifestyle intervention study [24, 25] 
with 19 adults with obesity but without type 2 diabetes or med-
ications. Participants underwent a 6-week low-calorie diet, fol-
lowed by a weight-maintenance phase with group and individual 
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counseling focused on eating, physical activity, and behavioral 
therapy. Follow-up measurements were done at 5 and 12 months.

Both studies followed the Declaration of Helsinki principles and 
received approval from the Ethics Committee of the Helsinki and 
Uusimaa Health District. Participants gave informed consent.

2.2   |   Anthropometrics, Body Composition 
and Physical Activity

Weight and height were measured in a fasting state with light 
clothing. Body composition was measured using dual-energy 
X-ray absorptiometry (Lunar iDXA, GE Healthcare, Wisconsin, 
USA) and analyzed using enCORE Software Platform v17 (GE 
Healthcare). Physical activity was measured using the Baecke 
questionnaire [26].

2.3   |   Clinical Chemistry

Blood samples were collected after a 12-h fast and frozen at 
−80°C. Samples were analyzed at HUSLAB (Helsinki University 
Hospital, Finland) for blood count, lipids, glucose homeostasis, 
and high-sensitivity C-reactive protein (hs-CRP) using stan-
dardized methods [7, 23].

2.4   |   Skeletal Muscle Biopsy Collection

After fasting blood sampling, a needle biopsy was taken from 
the vastus lateralis muscle under sterile conditions and local an-
esthesia with a 5-mm Bergström needle [27]. The muscle speci-
men was divided, with samples for DNA and protein extractions 
snap-frozen in liquid nitrogen and stored at −80°C. One piece 
was collected for transmission electron microscopy (TEM) and, 
in the surgery cohort, another was preserved for ex vivo mito-
chondrial respiration.

2.5   |   Sample Preparations for Proteomics

Proteins were extracted from the snap-frozen muscle specimens 
in the lifestyle cohort (n = 19) and a subset of the surgery cohort 
(n = 33). Briefly, approximately 15 mg of tissue was homogenized 
in a RIPA-M buffer, followed by a full lyse in 8 M urea. The pro-
teins were precipitated by acetone and further processed using a 
commercial kit (PreOmics, Germany). Peptide digestion, wash-
ing, and preparation to 0.5 g/L concentration in “LC-LOAD” sol-
vent were performed according to manufacturer's instructions 
(Data S1: Methods).

2.6   |   Proteomics Analyses

LC–MS/MS was performed using a Q Exactive Hybrid 
Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific) 
connected to an Ultimate 3000 RSLCnano (Dionex) ultra-high 
pressure nanoflow chromatography system. Peptides were sep-
arated on an in-house C18 column (150 nm × 0.075 mm × 3 μm, 
Dr. Maisch Reprosil-Pur) over 120 min at a flow rate of 250 nL/

min with a linear gradient of acetonitrile increasing from 1% to 
27%. The mass spectrometer was operated in data dependent 
mode (70 000 FWHM, 300–1600 m/z), selecting the 12 most in-
tense ions for fragmentation (Data S1: Methods).

MS/MS spectra were matched against Uniprot Homo sapiens 
database (2021_03) containing 78 120 entries using MaxQuant 
(version 2.0.3.0) [28, 29]. Label-free quantitative ion intensities 
were generated by specifying trypsin as the digestion enzyme 
whilst allowing two missed cleavages and a 1% false discovery 
rate on peptides and proteins in searches (Data S1: Methods).

2.7   |   Transmission Electron Microscopy (TEM)

Samples for TEM analyses were fixed in 2.5% glutaraldehyde. For 
plastic embedding, they were treated with 1% osmium tetroxide, 
dehydrated in ethanol, and embedded in epoxy resin. Sections 
were stained with methylene blue (0.5%, w/v) and boric acid (1%, 
w/v), then examined with a light microscope to select areas for 
TEM. 60–90 nm sections were cut and stained with uranyl acetate 
and lead citrate, and examined with a JEM-1400 microscope (Jeol).

From a subset (surgery cohort, n = 17; lifestyle cohort, n = 8), 15 
TEM images were taken at each timepoint from the intermy-
ofibrillar area. Participants were selected based on weight loss 
outcomes: individuals without (n = 9) and with (n = 8) type 2 di-
abetes with average weight loss were chosen from the surgery 
cohort, while those with the greatest weight loss were selected 
from the lifestyle cohort (n = 8) in an effort to match the degree 
of weight loss observed in the surgery cohort. Each single mito-
chondrion was painted in Microscopy Image Browser [30], and 
morphological characteristics were analyzed. Moreover, lipid 
droplets were painted and counted (See Data S1: Methods).

2.8   |   mtDNA Amount Quantification

DNA was extracted using 20–30 mg of frozen skeletal muscle 
specimen with the AllPrep RNA, DNA, miRNA Universal Kit 
(QIAGEN, Nordic, Solletuna, Sweden). The qPCR was per-
formed with 10 ng of total DNA using SYBR Green PCR Master 
Mix (iQ Custom SYBR Green Supermix; Bio-Rad). MT-CYTB 
and MT-ND5 were used as mitochondrial and HBB and B2M 
as nuclear genes (Data  S1: Methods). Data were analyzed in 
qBASEplus version 3.0 (Biogazelle).

2.9   |   High-Resolution Respirometry

Fresh muscle specimen stored in BIOPS buffer (2.77 mM 
CaK2EGTA, 7.23 mM K2EGTA, 20 mM imidazole, 20 mM 
taurine, 50 mM MES hydrate, 0.5 mM DTT, 6.56 mM MgCl2, 
5.77 mM ATP and 15 mM phosphocreatine) [31] was separated 
into fibers and treated with saponin (50 μg/mL) for 30 min and 
then washed with MiR05 buffer (0.5 mM EGTA, 3 mM MgCl2, 
60 mM lactobionic acid, 20 mM taurine, 10 mM KH2PO4, 
20 mM HEPES, 110 mM D-sucrose, 1 g/L BSA). 1–3 mg of per-
meabilized fibers were measured in a respirometric cham-
ber containing 2 mL MIR05 under ambient oxygen conditions 
with Oxygraph-2 k equipment (O2k, Oroboros Instruments, 
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Innsbruck, Austria). All measurements were achieved at the 
normal ambient oxygen range in the chamber and oxygen con-
centrations were above 100 nmol ml−1. All the used buffers, 
substrates and inhibitors were prepared according to Oroboros 
Instruments instructions [31].

The substrate-uncoupler-inhibition-titration protocol began 
with background respiration measurement until a stable flux 
was achieved, usually around 5 min. Complex I (CI)-mediated 
leak respiration was assessed with sodium glutamate (10 mM), 
sodium malate (2 mM), and sodium pyruvate (5 mM), followed 
by CI-mediated respiration with 5 mM ADP. Mitochondrial 
membrane integrity check was checked by 10 μM cytochrome 
c. Maximal ADP-stimulated coupled respiration was mea-
sured by convergent input of electrons via CI and complex II 
(CII) after adding 10 mM succinate. Oligomycin (10 μM), an 
ATP synthase inhibitor, determined CI & CII-mediated leak 
respiration. FCCP (2 to 2.5 μM) was stepwise titrated until 
maximal uncoupled respiration (max CI & CII) was reached. 
0.5 μM rotenone was added to inhibit CI and obtain maxi-
mal CII respiration. Non-mitochondrial respiration was de-
termined with 2.5 μM antimycin A as it inhibits complex III 
(CIII), the level of which was subtracted from all other values 
as background.

Oxygen flux was quantified using the DatLab analysis software 
7.3.0.3 and corrected for muscle wet mass and given as oxygen 
flux expressed as pmol mg−1 s−1. All traces met the cytochrome 
c quality control criteria. We also calculated coupling efficiency 
(CoupEff): (CI & CII—Leak CI & CII)/CI & CII, indicating the 
proportion of ATP synthesis-linked respiration from CI & CII 
respiration, and coupling control ratio (L/P): Leak CI/CI & CII, 
indicating the proportion of CI-linked proton leak from CI & CII 
respiration.

2.10   |   Statistical Analyses

All data were analyzed using SPSS for Mac (version 29.0.2.0; 
SPSS Inc., Chicago, IL, USA) or R (version 4.3.2) and RStudio 
(2023.9.1.494). Figure and table legends specify statistical tests, 
sample sizes, and significance thresholds. Data are reported as 
mean ± SD or median [IQR] for skewed variables.

2.10.1   |   Anthropometric and Clinical Variables

Anthropometric and clinical changes were analyzed using 
a linear mixed model with time point as explanatory variable 
with Restricted Maximum Likelihood (REML). Bonferroni cor-
rection adjusted the timepoint comparisons. Skewed variables 
were visually inspected by histograms and Q–Q plots and loge-
transformed before analysis. We considered p < 0.05 statistically 
significant.

2.10.2   |   Proteomics Data Processing and Differential 
Expression Analysis

In skeletal muscle proteomics analyses, we selected only those 
proteins with valid identifications and filtered out proteins 

identified exclusively by peptides carrying one or more modi-
fied amino acids, as well as decoy proteins marked as reverse, to 
ensure data quality. We log2-transformed the data and applied 
conservative filtering, retaining only those proteins detected 
in at least six (30%) samples at any time point in any group. 
We imputed the missing values using the impute_na function 
with the minProb method (promor package) [32], applying a 
Gaussian distribution centered on each protein's minimal ob-
served value [33].

Differential protein analysis used dream (VariancePartition 
package) [34] with linear mixed models including group, weight 
loss percentage (modeled continuously to estimate change per 
%-point), and their interaction as fixed effects, and a random 
intercept per participant. Baseline weight and height were 
covariates. The data was split into baseline–5/6-month and 
baseline–12-month subsets, and models were fit separately for 
each. To assess whether baseline type 2 diabetes status was as-
sociated with protein changes in the surgery cohort, group was 
replaced with diabetes status. Proteome baseline differences 
were derived from the same models but using time point as an 
explanatory variable.

2.10.3   |   Biological Pathway Analyses

We investigated significantly changed proteins (surgery cohort 
FDR p < 0.05; lifestyle cohort p < 0.05) using Ingenuity Pathway 
Analysis (IPA) with p < 0.05 as cutoff (version 145 030 503, 
Ingenuity Systems, Redwood City, CA, USA). The Ingenuity 
Knowledge Base was used as the reference set.

2.11   |   Mitochondrial Measures

Changes in targeted mitochondrial parameters (e.g., mtDNA 
amount, TEM, and high-resolution respirometry) were analyzed 
using a generalized linear model with time point as explanatory 
variable and Bonferroni correction. We considered p < 0.05 sta-
tistically significant. Spearman's rank correlations were used 
to evaluate associations between changes in anthropometric/
clinical parameters and changes in mitochondrial markers from 
baseline to 12 months.

3   |   Results

3.1   |   Participant Characteristics at Baseline 
and After Weight Loss

At baseline, the participants from the surgery cohort, compared 
to the participants in the lifestyle cohort, were older, had more 
body adiposity and more appendicular soft lean tissue mass, and 
were metabolically unhealthier with regards to glucose metab-
olism and inflammation (Table 1). The participants who under-
went surgery also scored lower on the Baecke sports index at 
baseline (Table 1).

In the surgery cohort, average weight loss reached 
20.8% ± 5.0% at 6 months and 24.4% ± 7.3% at 12 months. In 
the lifestyle cohort, participants lost on average 11.8% ± 5.3% 
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at 5 months and 9.0% ± 7.4% at 12 months. Clinical measures 
for lipid metabolism and insulin sensitivity generally reflected 
changes in weight and were improved in both cohorts, partic-
ularly following bariatric surgery. The total physical activity 
and sports indexes improved in both cohorts (Table 1). In the 
surgery cohort, changes over time were not statistically dif-
ferent between participants with and without type 2 diabetes 
(Table S1).

3.2   |   Skeletal Muscle Proteome Differences 
Between Cohorts at Baseline

We first explored baseline differences in the global proteome, 
covering 1050 proteins, between the two weight loss cohorts. 
At baseline, 103 proteins showed differential expression (FDR 
p < 0.05), with 60% downregulated in the surgery cohort com-
pared to the lifestyle cohort (Table S2). The top pathways were 
associated with downregulated 40S ribosomal subunit proteins 
and downregulated respiratory electron transport proteins in 
the surgery cohort compared to the lifestyle cohort (Table S3), 
suggesting lower baseline protein synthesis and mitochondria-
related protein levels in the surgery cohort.

3.3   |   The Skeletal Muscle Proteome Alterations 
Following Surgery and Lifestyle Intervention

Six months after surgery, we identified 47 significantly (FDR 
p < 0.05) altered proteins that associated with weight loss per-
centage, with 55% showing downregulation compared to base-
line. At 12 months, 57 proteins were significantly associated 
with weight loss percentage, of which 81% were downregulated 
compared to baseline (Table S2). In the lifestyle cohort, none of 
the proteins were associated with weight loss percentage (FDR 
p < 0.05) at 5 or 12 months. Although adjusted p-values were not 
significant, clear signals emerged that merited further investi-
gation. At 5 months we identified 104 proteins associating with 
weight loss percentage (nominal p < 0.05), with 44% showing 
downregulation. At 12 months, 43 proteins were significantly 
associated, with 67% downregulated (Table S2). These findings 
indicate that surgery is associated with more pronounced and 
sustained proteomic remodeling in skeletal muscle compared to 
a lifestyle intervention.

3.4   |   Downregulation of Cholesterol Signaling 
Proteins at 6-Months and Glycolysis Proteins at 
12-Months Post-Surgery

Six months after surgery, weight loss percentage was pri-
marily associated with cholesterol signaling (e.g., LXR/RXR 
Activation, z-score: −2.23) and acute phase response signaling 
pathways (Figure 1A). The downregulated proteins included 
APOB, C3, and ORM1/ORM2. At 12 months, the top changed 
pathway was glycolysis (z-score: −2.24) with downregulated 
proteins like ALDOA, ENO3, GAPDH, PGAM2, PKM, and 
TPI1 (FDR p < 0.05) (Figure  1A, Table  S2). Moreover, detox-
ification of ROS (e.g., downregulated PRDX1 and SOD1 pro-
teins) and unfolded protein response pathways were enriched 
(Figure 1A, Table S4).

3.5   |   Downregulation of Oxidative 
Phosphorylation Proteins at 5-Months in 
the Lifestyle Cohort

In the lifestyle cohort, at 5 months, weight loss percentage was 
related to mitochondrial function pathways, which were pre-
dicted to be downregulated, including OXPHOS (z-score: −2.83) 
and TCA cycle (z-score: −2.00) (Figure 1B). At 12 months, pro-
teins related to calcium signaling were overrepresented, but 
without directionality available (Figure 1B, Table S5).

3.6   |   Mitochondria-Related Protein Changes 
Following Both Weight Loss Interventions

Since mitochondrial function is crucial for energy metab-
olism and skeletal muscle adaptation to weight loss [10], we 
focused on mitochondria-related proteins from the MitoMiner 
database [35]. Of 2210 MitoMiner proteins, 391 were detected 
(Table  S2). After surgery, the top MitoMiner protein path-
ways were related to protein unfolding and BCAA catabo-
lism at 6 months, and glycolysis and detoxification of ROS at 
12 months (Figure  S1A). In the lifestyle cohort, at 5 months, 
the top pathways were related to OXPHOS and at 12 months 
to fatty acid activation (Figure S1B). However, the direction-
ality of these pathways could not be determined, except for 
downregulation of OXPHOS at 5 months in the lifestyle cohort 
(z-score: −2.7).

3.7   |   Skeletal Muscle Mitochondrial Number, 
Shape and Lipid Droplets Remained the Same 
Following Both Weight Loss Interventions

To assess potential structural mitochondrial changes follow-
ing weight loss, we conducted a quantitative analysis using 
TEM (Figure  2A,B), measuring mitochondrial number and 
area (mass) (Figure 2C,D), perimeter, eccentricity (roundness), 
form factor (branching), and aspect ratio (length-to-width ratio) 
(Figure 2E–H) in a subset of participants. Mitochondrial mor-
phology and spatial organization are key indicators of functional 
integrity, with fragmentation often linked to dysfunction and in-
creased branching associated with healthier mitochondria [36]. 
Overall, none of these parameters changed significantly after 
weight loss, regardless of whether it was induced by surgery or a 
lifestyle intervention.

Moreover, considering the close interplay between mitochon-
dria and lipid storage, along with studies reporting lipid droplet 
remodeling following weight loss [37], we next analyzed lipid 
droplet number and area after both interventions. We found that 
the number and area of lipid droplets remained statistically un-
changed after weight loss, whether achieved through surgery or 
lifestyle intervention (Figure 2I,J).

3.8   |   MtDNA Amount Decreased Following 
Weight Loss

MtDNA amount, a marker for mitochondrial content and biogen-
esis, decreased post-surgery at both 6-months (e.g., CYTB Fold 
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Change (FC) 0.70 ± 0.23 AU, p < 0.001) and 12-months (CYTB 
FC 0.77 ± 0.23 AU, p < 0.001). In the lifestyle cohort, mtDNA 
amount was not statistically changed (e.g., CYTB FC 6-months: 
0.80 ± 0.27 AU; FC 12-months: 1.02 ± 0.43 AU) (Figure  3). 
Pooling both cohorts to span the full weight-loss range, weight 
loss percentage correlated negatively with mtDNA change 
at 12-months (CYTB ρ = −0.284, p = 0.041; ND5 ρ = −0.522, 
p < 0.001; n = 52; Figure 3C,D; Table S6), indicating that greater 
weight loss, irrespective of intervention type, is associated with 
lower mtDNA.

3.9   |   Skeletal Muscle Mitochondrial Respiration 
Increased Following Surgery

To investigate potential functional improvements in mi-
tochondrial respiration after surgery, we performed high-
resolution respirometry. At 12 months, compared to baseline, 
CI-mediated respiration increased 3.2-fold (43.4 ± 15.0 vs 
14.3 ± 2.4 pmol mg−1 s−1, p < 0.001) and CI + II-mediated respi-
ration increased 2.9-fold (72.7 ± 17.2 vs 25.5 ± 2.9, p < 0.001). 
Leak CI-mediated respiration increased 2.1-fold at 6 months 
(p < 0.011) and 1.8-fold at 12 months (p < 0.037) (Figure 4A). 
Maximal uncoupled CI + II- and CII-mediated respiration 
and CI + II-mediated leak respiration remained similar. The 
coupling efficiency (i.e., the proportion of ATP synthesis-
linked respiration from CI & CII respiration) increased at 
12-months (p < 0.001), indicating improved mitochondrial ef-
ficiency (Figure 4B). In line, the coupling control (L/P) ratio 
(i.e., the proton leak relative to total proton gradient gener-
ated by CI + CII) decreased significantly after 12 months 
(Figure  4B) and the CI + CII-mediated coupled respiration 
nearly matched the uncoupled maximal CI + II-mediated res-
piration at 12 months, indicating an increased coupling ca-
pacity (Figure  4A). This implies that after bariatric surgery, 

muscle utilizes the OXPHOS machinery more efficiently for 
energy conversion.

Physical activity is a strong regulator of mitochondrial function 
[11]. We found a positive correlation between increases in Baecke 
sports index and those in CI-mediated respiration between base-
line and 12 months (ρ = 0.82, p = 0.046, n = 6, Table S6), indicat-
ing that physical activity may relate to improved mitochondrial 
function.

3.10   |   Skeletal Muscle Proteome, but Not Other 
Mitochondrial Markers, Responded Differently in 
People With Type 2 Diabetes Following Surgery

Within the surgery cohort, we performed a sub-analysis to as-
sess the link between type 2 diabetes status and mitochondrial 
measures [38]. At baseline, no proteins differed between non-
diabetes and diabetes at the FDR p < 0.05 level, but 94 proteins 
showed nominal difference (p < 0.05) (Table S7), with upregu-
lated OXPHOS and electron transport pathways in the individu-
als with diabetes (z > 2.4) (Table S8).

At 6 months, 20 proteins (FDR p < 0.05) associated with weight 
loss percentage in individuals without diabetes, but none in 
those with diabetes. In individuals without diabetes, top path-
ways for proteins associating with weight loss percentage 
(nominal p < 0.05) included increased OXPHOS and mitochon-
drial protein degradation (z-scores > 4), whereas in those with 
diabetes weight loss percentage associated with downregu-
lated OXPHOS (z-score: −3.3) and beta-oxidation at 12 months 
(Figure  S2, Table  S9). Mitochondrial morphology (Figure  S3), 
mtDNA amount and respiration (Figure  S4) responses to sur-
gery showed no diabetes-specific differences. These results 
indicate that metabolic status may modulate skeletal muscle 

FIGURE 1    |    Top 10 biological pathways for skeletal muscle proteome changes upon surgery-induced and lifestyle-induced weight loss interven-
tions. Protein enrichment for biological pathways using differentially expressed proteins associated with weight loss percentage at the respective 
timepoint in the surgery cohort (RYSA, n = 33) (FDR p < 0.05) (A) and lifestyle cohort (CRYO, n = 19) (nominal p < 0.05) (B). The top 10 significant 
findings from the ingenuity pathway analysis (IPA) tool (p < 0.05) are shown. IPA calculated pathway directionality z-scores based on the number 
of activated (z-score > 0), inhibited (z-score < 0), or neutral (z-score = 0) genes. Z-scores > 2 or < −2 were considered statistically significant. Results 
ranked according to statistical significance.
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mitochondrial protein responses to surgery, while other mito-
chondrial features appear similar.

4   |   Discussion

In this study, we offer new insights into how weight loss 
from bariatric surgery or a lifestyle intervention affects skel-
etal muscle mitochondria. Both interventions led to clinically 
meaningful weight loss, but their impact on mitochondrial 
markers and the muscle proteome varied. Following bariatric 
surgery, skeletal muscle mitochondrial efficiency improved 
as respiration was increased, despite a reduction in mtDNA 
amount, and stable mitochondrial number, morphology, and 
mitochondria-related protein expression. Diabetes status may 
have modulated mitochondria-related protein expression to 
surgery. OXPHOS complex subunit proteins were associated 
with upregulation in Individuals without diabetes but down-
regulation in those with diabetes. In contrast, after lifestyle-
induced weight loss, we observed a decrease in OXPHOS 
complex subunit proteins at 5 months, while other mitochon-
drial markers remained stable.

Our key finding was that surgery-induced weight loss was asso-
ciated with increased ADP-stimulated coupled mitochondrial 
respiration. Prior studies on the effects of bariatric surgery 
and skeletal muscle mitochondrial respiration have been in-
consistent [10]. While some report increased Complex I-linked 
ADP-stimulated respiration [14], others describe unchanged 
or reduced mitochondrial respiration after RYGB [15, 16]. We 
observed a greater coupling efficiency and lower coupling con-
trol (L/P) ratio, indicating improved mitochondrial efficiency 
and improved ATP production relative to proton leak. This 
pattern indicates bioenergetic efficiency gains without detect-
able changes in mitochondrial content or morphology [39]. 
Supporting this, ROS detoxification proteins were downreg-
ulated after surgery, consistent with reduced oxidative stress. 
Additionally, decreased glycolysis-related protein expression 
supports enhanced mitochondrial respiration, indicating a met-
abolic shift toward more oxidative metabolism [40]. Overall, 
our findings indicate that bariatric surgery may improve skele-
tal muscle mitochondrial efficiency and oxidative capacity.

Mitochondrial biogenesis markers, for example, mitochon-
drial number and morphology, were not substantially changed 

FIGURE 2    |    Skeletal muscle mitochondrial and lipid droplets number and morphology did not significantly change following surgery- and 
lifestyle-induced weight loss interventions. TEM images of muscle intermyofibrillar mitochondria (M) and lipid droplets (L) from two representa-
tive study participants before and after (A) lifestyle-induced weight loss and (B) and after surgery-induced weight loss. Magnification, ×2000. Scale 
bars, 2 μm. Quantification of (C) the number of mitochondria, (D) mitochondrial surface area per total muscle fiber area, (E) average eccentricity of 
mitochondria, (F) average perimeter of mitochondria, (G) aspect ratio (the length-to-width ratio of mitochondria), (H) form factor (the branching of 
mitochondria), (I) lipid droplet number and (J) average lipid droplet area in skeletal muscle. The bars indicate the mean ± SD and dots indicate indi-
vidual measurements. Blue bars: lifestyle cohort (n = 8), red bars: surgery cohort (n = 17).
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in either weight-loss cohort. The impact of obesity on skeletal 
muscle mitochondrial morphology varies, with some studies 
showing improvements in subsarcolemmal mitochondria and 
others in the intermyofibrillar fraction upon nutritional or ex-
ercise stimuli [6]. Our analysis focused on intermyofibrillar mi-
tochondria, leaving other muscle fiber subtypes or regions near 
the sarcolemma unexplored. MtDNA amount is often used as a 
marker of mitochondrial biogenesis, but it has shown a poor cor-
relation with mitochondrial number/content, mass, and activ-
ity in skeletal muscle [41]. While mtDNA levels decreased after 
surgery, a stable mitochondrial number and morphology suggest 
this does not reflect mitochondrial content loss but may indi-
cate altered mtDNA regulation in mtDNA replication, repair, 
or degradation. This mtDNA amount reduction may be linked 
to improved mitochondrial efficiency, where lower mtDNA 
copy number suffices due to enhanced mitochondrial function. 

Few mitochondria-related proteins were downregulated post-
surgery, mainly in ROS detoxification pathways, implying 
reduced oxidative stress rather than impaired mitochondrial 
biogenesis. In the lifestyle cohort, OXPHOS-related protein 
expression decreased at 5 months, with no other statistically 
significant changes in mitochondrial biogenesis markers, con-
sistent with previous findings of minimal mitochondrial adap-
tation to lifestyle-induced weight loss [10]. Overall, our findings 
indicate that post-surgery mitochondrial improvements may be 
qualitative rather than quantitative, with enhanced respiration 
and minimal or no statistically significant changes in mitochon-
drial biogenesis markers.

Neither surgery-induced nor lifestyle-induced weight loss al-
tered myocellular lipid droplet number or area. Previous stud-
ies have reported reduced lipid droplets following bariatric 

FIGURE 3    |    Skeletal muscle mtDNA amount following surgery- and lifestyle-induced weight loss. Relative mtDNA amount to nuclear DNA con-
tent measured by amplifying (A) CYTB and (B) ND5 mitochondrial gene areas with qPCR. The bars indicate the mean ± SD and dots indicate individ-
ual measurements. Blue bars: lifestyle cohort (CRYO, n = 19), red bars: surgery cohort (RYSA, n = 39). *p < 0.05 (generalized linear model with time 
point as explanatory variable and Bonferroni post hoc correction). (C) and (D) Spearman rank correlations of weight loss percentage with change in 
(C) CYTB and (D) ND5 from baseline to 12 months.

= -0.284
p = 0.041

= -0.522
p <  0.001
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surgery, with decreased intramuscle triglyceride content after 
RYGB [11, 12] and biliopancreatic diversion [42], at varying in-
tervals from 3 to 18 months. Results on lipid droplets following 
lifestyle-induced weight loss are less consistent. After 7 weeks of 
very low caloric diet, no changes in intramuscular triglycerides 
were observed [43], but their levels were increased after 16-
week caloric restriction [44]. Further studies are needed to 
define how weight loss modifies intramyocellular lipid droplet 
dynamics and composition, and how they affect mitochondrial 
metabolism [37].

We also examined whether baseline diabetes status affected mi-
tochondrial adaptations after surgery. For instance, in a prior 
RYGB study, females with diabetes showed downregulated 
OXPHOS genes preoperatively but upregulated post-surgery in 
parallel with improved glucose metabolism, whereas individ-
uals without diabetes showed no change [45]. At baseline, we 
observed higher expression of some OXPHOS complex subunit 
proteins, contrary to other studies [46, 47]. Post-surgery, we 
found increased skeletal muscle OXPHOS protein expression 
in individuals without diabetes, but downregulation in those 
with diabetes, despite no apparent changes in mitochondrial 
morphology or mtDNA amount. These findings indicate that di-
abetes status may modulate OXPHOS complex subunit proteins' 
responses to surgery.

Overall, this study suggests that skeletal muscle mitochon-
drial metabolism upon weight loss may be affected differently 
by surgery and lifestyle intervention. While the mechanisms 
remain unclear, bariatric surgery may enhance mitochondrial 

oxidative metabolism by multiple signals such as bile acids [48], 
gut hormones [49], and microbiome-related products including 
short-chain fatty acids [50], which also respond differently to 
weight-loss methods. Physical activity stimulates skeletal mus-
cle mitochondrial biogenesis and oxidative metabolism [51] and 
combining a low-calorie diet with exercise is more effective 
[10]. Correspondingly, we observed a positive correlation be-
tween changes in physical activity and changes in CI-mediated 
respiration.

The primary strength of this study is having a uniform set of 
high-quality mitochondrial analyses (proteomics, TEM, mtDNA 
amount) across both weight loss cohorts, allowing comparison 
at similar timepoints while minimizing technical variability. 
Although energy balance may have varied during biopsies, par-
ticipants likely achieved stable weight at 12 months. However, 
differences between cohorts, including age, presence of type 2 
diabetes, and the magnitude of weight loss may influence mito-
chondrial outcomes and should be considered when interpreting 
the results. Mitochondrial and lipid droplet characteristics can 
vary by muscle fiber type, but TEM imaging did not allow fiber-
type differentiation. Additionally, we only examined mitochon-
drial respiration following bariatric surgery. Moreover, we did 
not measure muscle strength and endurance in either cohort, 
which limits interpretation of how the observed mitochondrial 
adaptations relate to muscle function. Future studies should ex-
plore the functional consequences of lifestyle-induced weight 
loss on skeletal muscle mitochondrial activity and function as 
posttranscriptional and/or translational regulatory mechanisms 
may be important.

FIGURE 4    |    Mitochondrial respiration increases following surgery-induced weight loss. (A) Mitochondrial respiration normalized to tissue mass. 
(B) Coupling efficiency (CoupEff) and LEAK/OXPHOS (L/P) ratio normalized to tissue mass. Red bars: surgery cohort (n = 8). Data are mean ± SD 
and dots indicate individual measurements. *p < 0.05 (generalized linear model with time point as explanatory variable and Bonferroni post hoc 
correction). Added substrates and inhibitors for respiration measurements are shown in chronological order over the plot. FCCP, carbonylcyanide-4-
(trifluoromethoxy)-phenylhydrazone; Omy, oligomycin; PGM, pyruvate, glutamate, malate; Rot, rotenone; S, succinate.
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In summary, after bariatric surgery, skeletal muscle mitochon-
drial efficiency improved as respiration was increased, despite a 
reduction in mtDNA amount, and stable mitochondrial number, 
morphology, and mitochondria-related protein expression. After 
lifestyle-induced weight loss, OXPHOS proteins declined at the 
5-month mark, while other mitochondrial markers remained 
stable. Diabetes status affected mitochondria-related proteins 
differentially, but not other mitochondrial markers. In skeletal 
muscle, weight loss through bariatric surgery may preserve mi-
tochondrial capacity, but may be influenced by type 2 diabetes. 
Future investigations should prioritize exploring skeletal muscle 
oxidative capacity following lifestyle-induced weight loss and 
different metabolic states.
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