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Blood-flow restriction resistance training improves
skeletal muscle mitochondrial capacity and
cardiovascular risk factors in type 2 diabetes
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In brief

Trinks et al. showed that blood-flow
restriction training (BFRT) provides a low-
load alternative to conventional
resistance training (CREST), making it
well suited for individuals with type 2
diabetes who have musculoskeletal
limitations or reduced functional capacity
because of promising effects on muscle
strength, hypertrophy, mitochondrial
capacity, and body composition.
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SUMMARY

Impaired muscle strength and mitochondrial functionality are hallmarks of type 2 diabetes (T2D). Conven-
tional combined resistance/endurance exercise training has limited efficacy to simultaneously improve mus-
cle function and metabolism. We examined whether low-load blood-flow restriction training (BFRT) increases
both muscle strength and mitochondrial oxidative capacity in T2D. Over 12 weeks, BFRT and conventional
resistance training (CREST) similarly improved muscle strength despite lower workload in BFRT. Uniquely,
BFRT enhanced muscle and adipose tissue oxidative capacity and increased muscle mitochondrial content.
Transcriptomic profiling revealed more pronounced changes, particularly in angiogenesis-linked pathways,
upon BFRT. BFRT also preferentially led to reductions in visceral adipose tissue volume and waist circum-
ference, whereas CREST more effectively decreased subcutaneous adipose tissue volume. Both interven-
tions lowered resting heart rate and diastolic blood pressure. These findings position BFRT as a promising
low-load exercising strategy to simultaneously improve mitochondrial oxidative capacity, muscle strength,
and body composition in individuals with T2D.

INTRODUCTION

About 90% of all people with diabetes have type 2 diabetes
(T2D), with skeletal muscle insulin resistance as its key feature.
Persons with T2D exhibit not only reduced skeletal muscle mass
and strength®™ but also lower skeletal muscle mitochondrial
density and oxidative function as well as exercise capacity.*"°
Aging, overweight, and sedentarism are the main drivers of skel-
etal muscle impairments and sarcopenia in T2D.”*

Both endurance and resistance exercise training are integral to
the lifestyle modification recommended by international guide-

lines for the management of T2D and related cardiovascular dis-
ease (CVD).° Chronic exercise training improves insulin sensi-
tivity and features of skeletal muscle mitochondrial function, as
assessed either in vivo by 3'P magnetic resonance spectroscopy
(MRS)'™"" or ex vivo by high-resolution respirometry.'®'°
Nevertheless, there is an ongoing debate on the optimal and
most efficient exercise program for persons with T2D. Although
combined aerobic and resistance exercise training programs
have demonstrated efficacy in improving mitochondrial oxida-
tive capacity and insulin sensitivity in people with T2D,"%'¢ the
relative contribution of resistance training to the overall training
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Table 1. Characteristics of the study population

BFRT CREST
Week 0 Week 12 Week 0 Week 12

N (m/f) 10 (9/1) 10 (7/3)

Age (years) 62 (55; 68) 56 (52; 62)

Body weight (kg) 92.9(88.2; 110.9)  92.0 (84.6; 112.7)% P =202 859 (83.6; 102) 84.8 (82.5; 100.5)% P = %-02

BMI (kg/m?) 31.2 (27.5; 34.2) 30.7 (27.2; 33.7)% P =005 29.6 (24.9; 33.6) 29.5 (24.3; 31.8)* P =003

WHR 1.00 (0.95; 1.02) 1.01 (0.96; 1.03) 0.90 (0.88; 0.96)* =293 .91 (0.90; 0.96)" P = 0:006

Waist circumference (cm) 106 (94; 122) 104 (96; 119) 96 (94; 101) 94 (92; 96)

Blood glucose (mg/dL) 133 (116; 148) 133 (121; 145) 140 (120; 159) 139 (117; 170)

HbA, (%) 6.9 (6.4; 7.1) 6.7 (6.5; 7.1) 7.1(6.5;7.9) 7.0 (6.4; 7.5)

HbA, . (mmol/mol) 52 (47; 54) 50 (48; 54) 54 (48; 63) 53 (47; 59)

Systolic blood pressure (mmHg) 146 (140; 151) 137 (130; 145) 147 (138; 156) 138 (127; 148)% P = 0.02

Diastolic blood pressure (mmHg) 90 (87; 91) 79 (77; 82)% P = 001 89 (76; 92) 82 (72; 86)% P = 0004

FRS-CHD 0.10 (0.07; 0.13) 0.07 (0.05; 0.10) 0.05 (0.01; 0.09) 0.06 (0.03; 0.08)

FRS-CVD 0.28 (0.22; 0.35) 0.22 (0.18; 0.24) 0.16 (0.14; 0.30) 0.19 (0.15; 0.21)

Heart rate (1/min) 76 (66; 81) 68 (61; 70)* P = 002 67 (62; 72) 62 (53; 67)% P =008

VO,max (mL/min/kg)
hsCRP (mg/dL)
LDL cholesterol (mg/dL)

20.3 (17.0; 22.4)
0.16 (0.11; 0.19)
125 (113; 139)

22.2 (20.5; 23.1)
0.21 (0.11; 0.24)
125 (107; 142)

HDL cholesterol (mg/dL) 47 (37; 49) 44 (39; 48)
Triglycerides (mg/dL) 103 (79; 164) 126 (76; 190)
NEFA (umol/L) 476 (339; 563) 441 (365; 470)

25.9 (22.2; 27.4)
0.11 (0.06; 0.35)
110 (107; 129)
46 (42; 51)

128 (89; 203)
438 (370; 530)

30.0 (24.7; 30.7)% P = 0-01
0.10 (0.04; 0.14)

107 (93; 124)

51 (44; 52)

103 (79; 132)% P = 003
411 (345; 538)

Data are shown as median (1! quartile; 3" quartile). Measurements were performed after an overnight fast. BFRT, blood flow restriction training; BMI,
body mass index; CREST, conventional resistance training; FRS-CHD, Framingham risk score-coronary heart disease; FRS-CVD, Framingham
risk score-cardiovascular disease; HDL, high-density lipoprotein; hsCRP, high-sensitivity C-reactive protein; LDL, low-density lipoprotein; NEFA,

non-esterified fatty acid; HbA,., glycated hemoglobin; W, week; WHR, waist-to-hip ratio.

%p < 0.05, pre vs. post
bp < 0.05, CREST vs. BFRT

load is often low, limiting increases in muscle mass.'” Further-
more, combined training programs also demand substantial
time commitment, which can discourage long-term participation
among persons with diabetes. On the other hand, while resis-
tance training can also increase insulin sensitivity along with
enhanced skeletal muscle mass and strength,18 the effects on
energy and mitochondrial metabolism are largely unknown.
However, conventional resistance training (CREST) with loads
of ~70% of the one-repetition maximum (1-RM) is not feasible
for all people with T2D'® due to limitations in baseline muscle
strength, arthropathies, or other comorbidities that make high-
intensity resistance training challenging or unsafe.’ This may
be one of the reasons why only a few people follow the recom-
mendations for physical activity participation.?°

Interestingly, resistance training with low loads (20%-40%
1-RM) and mild blood-flow restriction via inflation cuffs may
serve as an effective alternative training method by inducing
local muscle hypoxia, which activates satellite cells, promotes
muscle hypertrophy, and triggers mitochondrial biogenesis.?'2*
Indeed, recent evidence in healthy individuals suggests that this
training modality can enhance mitochondrial metabolism, angio-
genesis, and oxygen delivery.?* " Blood-flow restriction training
(BFRT) has also been shown to improve muscle function and
performance in athletic populations, making it a versatile tool
across fitness levels.”® Although BFRT seems to be similarly
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effective as CREST in improving muscle strength and mass as
well as cardiovascular function in healthy individuals,® no
studies have been reported employing BFRT in people with T2D.

Thus, we hypothesized that in people with T2D, BFRT could be
a more effective training modality than CREST for improving
skeletal muscle strength and oxidative capacity despite lower
exercise intensity. Furthermore, we also assessed the effects
of BFRT on adipose tissue distribution, insulin sensitivity, and
CVD risk factors. To this end, we performed a randomized paral-
lel-group trial comparing 12 weeks of supervised BFRT and
CREST in individuals with T2D employing detailed metabolic
phenotyping using state-of-the-art in vivo and ex vivo methods.

RESULTS

Cohort characteristics

At baseline, 20 participants with T2D had overweight, class 1 or 2
obesity, good glucometabolic control, and comparable other
anthropometric and cardiometabolic parameters in both groups
(Table 1). Their medication use is listed in Table S1.

BFRT and CREST are equally effective in improving
muscle strength and mass

At baseline, BFRT and CREST did not differ in terms of quadri-
ceps muscle volume, muscle cross-sectional area, or leg
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Figure 1. Muscle strength and mass after
12 weeks of resistance training
Quadriceps femoris volume (A), cross-sectional
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strength (Figure 1). Both groups exhibited comparable increases
in muscle adaptations as assessed by magnetic resonance im-
aging (MRI) (Figures 1A and 1B) as well as functional features
(Figures 1C and 1D). Quadriceps muscle volume and cross-
sectional area increased by 4.3% (p = 0.02) and 4.4%
(p = 0.04) in BFRT as well as by 3.4% and 5.0% (both
p < 0.001) in CREST, respectively. Leg extension and flexion
strength increased by 22.5% and by 17.6% in BFRT as well as
by 32.3% and by 30.8% in CREST (all p < 0.001). No significant
interaction (group x training) effects between groups were
observed for any of these parameters.

BFRT specifically improves skeletal muscle
mitochondrial oxidative capacity

At baseline, parameters of skeletal muscle mitochondrial function
did not differ between groups. BFRT improved skeletal muscle
mitochondrial complex | (Cl)-OXPHOS capacity upon pyruvate,
malate, and ADP by 52% (p = 0.003) and CI+II-OXPHOS capacity
upon succinate by 58% (p = 0.002; Figures 2A and 2B), while
CREST did not result in any significant changes of all mitochon-
drial states. Skeletal muscle citrate synthase (CS) activity, as a
surrogate marker of mitochondrial content,*° increased only after
BFRT by 109% (p < 0.001; Figure 2C), but not after CREST (21%,
p = 0.62; Figure 2C). Mitochondrial DNA (mtDNA) did not change
in either group (both p = 0.08; Figure 2D).

We further investigated the sensitivity of skeletal muscle mito-
chondrial respiration to ADP, an intrinsic qualitative property of
mitochondria, by assessing the apparent K,, for ADP. The
apparent K, for ADP showed a strong trend toward a rise in

levels of peroxisome proliferator-acti-

vated receptor gamma coactivator-1 o
(PGC-1a; p = 0.01 vs. p = 0.11), AMP-activated protein kinase
(AMPK) a (o = 0.02 vs. p = 0.16), and mitochondrial transcription
factor A (TFAM; p = 0.05 vs. p = 0.44). Neither BFRT nor CREST
affected skeletal muscle hypoxia-inducible factor 1 o (HIF-1a)
(p =0.15 vs. p = 0.88) (Figures 3A-3D) or the mechanistic target
of rapamycin (mTOR) (both p > 0.05; Figure S1A). Protein levels
of hexokinase (HXK)1 and HXK2 (Figure 3D) also increased only
after BFRT (p = 0.003; p = 0.01), but not after CREST (p = 0.39;
p =0.06). The enzyme activities of HXK and phosphofructokinase
(PFK) remained unchanged with training in both groups (p > 0.05;
Figures S1B and S1C). Plasma interleukin-6 (IL-6) was not altered
in both groups (p > 0.05; Figure S1D), whereas plasma myostatin
levels increased following CREST (p = 0.01) but not BFRT
(p = 0.74; Figure 3F).

To further understand the molecular adaptations to CREST and
BFRT, we performed RNA sequencing (RNA-seq) analysis. Using
a statistical cutoff of p < 0.05 and an absolute fold change of 1.5,
we identified 18 differentially expressed genes (DEGs) in CREST
and 110 DEGs in BFRT. Volcano plot analysis further illustrated
that the transcriptional response was stronger in the BFRT group
than in the CREST group (Figures 4A and 4B). We next performed
KEGG gene set enrichment analysis (GSEA) for both groups and
plotted corresponding NES scores for the top 20 positively en-
riched gene sets from the BFRT group (Figure 4C). Among these
gene sets, 4 gene sets are related to angiogenesis (extracellular
matrix [ECM]-receptor interaction, relaxin signaling pathway,
vascular smooth muscle contraction, and platelet activation).
Three out of these 4 gene sets showed stronger enrichment
in the BFRT group compared with the partly nonsignificant
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Figure 2. Skeletal muscle mitochondrial
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and kinetics for ADP sensitivity (E) and maximal
velocity (F) in skeletal muscle before and after
12 weeks of blood-flow restriction (BFRT) and
conventional resistance training (CREST). Data
are shown as means + SD; W, week.
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(p > 0.05; Figure S2). As further surro-
gates of insulin sensitivity, we also
measured hepatic lipid content by MRS
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80 Vimax and intramuscular fat fractions by MRI.

Hepatic lipid content and volume re-
mained unchanged in both groups (all
p > 0.05; Table 2). Intramuscular fat frac-
tion slightly decreased in BFRT (—11.4%;
% p =0.08) and CREST (—12.5%; p = 0.03).

BFRT preferentially reduces VAT
volume
Whole-body fat volume (WBF), as as-
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enrichment in the CREST group, suggesting that BFRT stimulates
angiogenesis-related pathways to a greater extent than CREST.
Consistently, when plotting the top 30 core enrichment genes
from the GSEA and person-normalized heatmaps were created,
these heatmaps featured many important angiogenesis-relevant
genes, including endothelial growth factors (VEGFA, VEGFB,
and VEGFC), nitric-oxide synthases (NOS2), and extracellular-
matrix collagens (COL1A1, COL1A2, COL3A1, COL4A1, and
COL4A2). Furthermore, the heatmaps also suggested that the
transcriptional response is more consistent among BFRT partici-
pants than among the CREST participants (Figure 4D).

BFRT and CREST for 12 weeks affect neither whole-
body nor adipose insulin sensitivity

Insulin sensitivity was lower in the BFRT than in the CREST group
before (p = 0.01) and after the training intervention (o = 0.02;
Table 2). Neither BFRT nor CREST improved insulin sensitivity,
as assessed from clamp-derived M-value (mostly reflecting skel-
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Wo  wa2 sessed by MRI, declined in BFRT by
trend (—5.1%; p = 0.07) and significantly
in CREST (—4.4%; p = 0.01; Figure 5A).
Of note, visceral adipose tissue (VAT) vol-

ume decreased markedly and exclusively by —13.3% (p < 0.001)
in BFRT, but not in CREST (-3.1%; p = 0.30; Figure 5B).
Conversely, subcutaneous adipose tissue (SAT) volume was
reduced only in CREST by —5% (p = 0.01), but not in BFRT
(—=3%, p = 0.20; Figure 5C).

BFRT uniquely enhances adipose tissue mitochondrial
oxidative capacity
Impaired adipose mitochondrial capacity has also been related
to reduced insulin sensitivity and can be improved by exercise.®’
Both training modes did not affect adipose mitochondrial ClI-
OXPHOS capacity, while only BFRT increased Cl+II-OXPHOS
capacity by 24% (p = 0.04; Figures S3A and S3B). Also, both
training modes did not affect adipose CS activity (Figure S3C),
while only BFRT increased mtDNA by 4.3% (p = 0.02 vs. CREST:
p = 0.31; Figure S3D).

Adipose tissue apparent K, for ADP remained unchanged
with both BFRT and CREST (Figure S3E). However, exclusively
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Figure 3. Molecular responses of skeletal
muscle to BFRT and CREST
Hypoxia-inducible factor 1 « (HIF-1a, A), peroxi-
some proliferator-activated receptor gamma
coactivator 1 a (PGC-1a, B), mitochondrial tran-
scription factor A (TFAM, C), AMP-activated pro-
tein kinase (AMPK) « (D), hexokinase (HXK) 2 (E),
and myostatin (F) protein levels before and after
12 weeks of blood-flow restriction (BFRT) and
conventional resistance training (CREST). Data
are shown as means + SD; W, week.
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DISCUSSION

This study demonstrates that BFRT
elicits comparable improvements in skel-
etal muscle strength and stimulation of
muscle hypertrophy as CREST in individ-
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BFRT increased Vax by 54% (p = 0.002), while CREST had no
effect (p = 0.23; Figure S3F), suggesting that BFRT enhances
maximal mitochondrial respiratory capacity in adipose tissue
independently of ADP sensitivity.

Effects of BFRT and CREST on cardiovascular risk
factors

Body mass index (BMI) decreased by about 2% in both groups
(both p < 0.05; Table 1), but only BFRT showed a trend toward
reduced waist circumference (—2%, p = 0.07). BFRT (p = 0.48)
and CREST (p = 0.89) did not change the Framingham risk
scores for CVD. Similarly, both training modes did not affect Fra-
mingham risk scores for coronary heart disease (p = 0.12 for
BFRT and p = 0.69 for CREST). Resting heart rate decreased
similarly by BFRT (—6.4 bpm; p = 0.02) and CREST (—6.8 bpm;
p = 0.03). BFRT and CREST decreased diastolic blood pressure
(—8.8 mmHg; p = 0.01 and —6.0 mmHg; p = 0.004) (Table 1).
Systolic blood pressure decreased by trend upon BFRT

T T
0 w12

uals with T2D, despite markedly lower
training intensity. BFRT specifically re-
duces VAT volume while enhancing skel-
etal muscle and adipose tissue mitochondrial oxidative capacity.
Furthermore, BFRT had more pronounced effects on skeletal
muscle molecular adaptations of metabolism and angiogenesis.
Collectively, these findings demonstrate additional metabolic
benefits of BFRT over CREST for individuals with T2D.

The comparable increases in muscle strength and muscle
mass were observed in the face of much lower training intensity
of 30% vs. 70% of the 1-RM with BFRT than with CREST. These
findings extend the growing body of evidence showing compa-
rable improvements in muscle strength and stimulation of hyper-
trophy with both modalities in healthy individuals,> older
adults,®® those with musculoskeletal conditions,** and people
with obesity and T2D. Despite methodological differences
across studies, the consistent hypertrophic and strength gains
observed with BFRT highlight its clinical utility as a reduced-
load yet effective resistance training strategy. Given the inverse
association between muscular strength and mortality risk,*®
BFRT may be particularly valuable to prevent loss of muscle
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Figure 4. Transcriptional response to BFRT
and CREST

(A and B) Volcano plots showing differentially ex-
pressed genes (DEGs) for each contrast, including
blood-flow restriction training (BFRT) weeks 0 vs.
12 (A) and conventional resistance training
(CREST) weeks 0 vs. 12 (B). Red indicates signif-
1 icantly upregulated, and blue indicates signifi-
cantly downregulated according to adjusted
p < 0.05, |FC| > 1.5. Gene set enrichment analysis
(GSEA,) of the top 20 positively enriched pathways
in BFRT weeks 0 vs. 12.

(C and D) Dot size represents gene ratio, color
denotes contrast, and significance is indicated by
filled circles (adjusted p < 0.05; C). Heatmap of the
top 30 genes contributing to core enrichment of
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mass that occurs following incretin-based or bariatric surgery-
induced weight loss.*® Although skeletal muscle mass and
strength increased with exercise training, mTOR protein levels
remained unchanged. In the present study, skeletal muscle bi-
opsies were collected ~72 h after exercising, so we may have
missed the peak in mTOR signaling response. Indeed, mTOR
pathway activation is often transient and time-sensitive, peaking
within hours post-exercise and returning to baseline within 24—
48 h.>"*® Of note, myostatin increased following CREST, but
not BFRT, as previously reported for resistance training without
evidence for impaired muscle adaptation.®® Hypertrophy despite
elevated myostatin levels may result from compensatory mech-
anisms such as increased follistatin-like related gene levels and
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chondrial oxidative capacity were only
improved in BFRT, but not in CREST.
So far, conventional endurance exercise
has been repeatedly reported to stimu-
late mitochondrial biogenesis, enhance
mitochondrial function, and improve in-
sulin sensitivity in both healthy individ-
uals'® and those with T2D.*° High-load
resistance training has been shown to
enhance mitochondrial respiratory func-
tion only in a few studies of healthy indi-
viduals."®*" Such high-load resistance
training is unlikely to be feasible for indi-
viduals with T2D and musculoskeletal
limitations. Therefore, our finding that
BFRT improves both muscle strength and mitochondrial capac-
ity at low exercise intensity is promising for diabetes prevention
and treatment. This specific effect of BFRT on oxidative capacity
was primarily driven by an increase in muscle mitochondrial con-
tent, as evidenced by enhanced CS activity. To investigate the
molecular mechanisms underlying the distinct effects of BFRT
and CREST, we examined key regulators of mitochondrial
biogenesis and energy metabolism. BFRT selectively increased
protein levels of HXK, PGC-1a, AMPKa, and TFAM consistent
with enhanced mitochondrial signaling,*>*® while both training
modes did not affect HIF-1a. Most likely, BFRT may therefore
increase mitochondrial biogenesis via increased intracellular
energetic stress, activating AMPK and enhanced PGC-1a
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Table 2. Effects of CREST and BFRT on tissue-specific insulin sensitivity and insulin signaling

BFRT CREST
Week 0 Week 12 Week 0 Week 12

M-value (mg/kg/min) 1.7 (1.3; 2.3) 2.5(1.1; 2.8) 3.6 (3.5; 3.8)% P = 001 4.0 (2.6; 7.0)> P = 002

Intramuscular fat fraction (%) 5.5 (3.7; 8.3) 4.2 (3.8;7.6) 4.6 (3.8; 5.6) 4.5 (3.2; 5.0 P =008

HOMA-IR 2.9 (2.3;3.7) 2.7 (2.5; 3.4) 2.1 (1.7; 2.3)> P =008 1.9 (1.5; 2.3)" P = 004

HL content (%) 8.9 (6.1; 16.1) 7.3(6.6; 11.8) 5.3 (1.8; 15.5) 4.6 (1.8;12.0)

Liver volume (cm®) 1,703 (1,573; 1,884)

1,664 (1,419; 1,984)

1,565 (1,477; 1,865) 1,493 (1,408; 1,982)

Data are shown as median (15!

quartile; 3 quartile); measurements were obtained under overnight fasted conditions. Expression of proteins involved

in insulin signaling was analyzed by western blot. BFRT, blood flow restriction training; CREST, conventional resistance training; HOMA-IR, homeo-

static model assessment of insulin resistance; HL, hepatic lipid content.
% < 0.05, W0 vs. W12
Pp < 0.05, CREST vs. BFRT

expression, as reviewed recently.’* Interestingly, HXK enzyme
activity did not change in either group following the training inter-
vention. These results are in line with previous findings showing
elevated HXK mRNA levels after exercise without a correspond-
ing increase in HXK enzyme activity in people with T2D.*° To
further elucidate the molecular adaptations, we performed
RNA-seq analysis, which revealed a markedly stronger tran-
scriptional response in the BFRT group (110 DEGs) compared
with CREST (18 DEGs). Although the overall number of DEGs
was modest, GSEA highlighted several angiogenesis-related
pathways—including ECM-receptor interaction, vascular
smooth muscle contraction, and platelet activation—predomi-
nantly enriched in BFRT. This suggests that BFRT may more
robustly stimulate vascular remodeling processes than CREST.
Participant-normalized heatmaps of the top enriched genes
further supported this observation, showing consistent upregu-
lation of angiogenesis-associated genes such as VEGFA,
VEGFB, NOS2, and several collagens (COL1A1, COL3A1, and
COL4A1/2) in BFRT participants. These findings support the hy-
pothesis that prolonged restricted blood flow may serve as a
stimulus for transcriptional angiogenesis programs not typically
activated by CREST. Notably, the more homogeneous transcrip-
tional activation seen in BFRT may be particularly advantageous
for individuals who typically exhibit blunted responses to con-
ventional training, offering a potentially more reliable molecular
stimulus in populations with reduced trainability.

Another potential explanation for the enhanced oxidative ca-
pacity of mitochondrial function with blood-flow restriction is
the increased recruitment of muscle fibers due to occlusion.
According to Henneman’s “size principle,” maximal muscle fi-
ber recruitment—critical for muscle adaptation and neural acti-
vation —typically requires heavy training loads.“® However, low-
load BFRT creates a mild ischemic condition that promotes
metabolic stress mediators, which also result in recruitment
of type Il fibers.”” Such enhanced contractile activity has
been shown to drive mitochondrial adaptation*® and likely
explains the greater improvements in oxidative capacity
observed in the BFRT group. We refrained from normalizing
skeletal muscle mitochondrial respiration to CS activity or
miDNA, as individual mitochondrial properties turn over at
highly independent rates,”® rendering these markers unreliable
to reflect changes in mitochondrial content in response to exer-
cise interventions.

We also found that only BFRT reduced ADP sensitivity —man-
ifested as an increased K, for ADP. Interestingly, it has previ-
ously been shown that 6 weeks of continuous and intermittent
endurance training decreased ADP sensitivity in untrained indi-
viduals.*® Likewise, 6 weeks of high-intensity interval training
(HIIT) in men and women resulted in decreased ADP sensitivity
and increased K, in muscle, mirroring our findings after BFRT
and suggesting that both training modalities may induce similar
mitochondrial adaptations.”’ These findings suggest a meta-
bolic adaptation toward a more oxidative phenotype, enhancing
energy production for sustained muscular activity. An increased
Vmax further corroborates these mitochondrial adaptations in
skeletal muscle and adipose tissue, indicating that the enhanced
mitochondrial function results in a greater capacity for maximal
oxidative phosphorylation, supporting sustained metabolism
during prolonged physical activity.

Another clinically relevant finding of our study is the specific ef-
fect of BFRT on body composition with selective reduction in
VAT volume and, consequently, a decrease in waist circumfer-
ence. This is noteworthy given the strong association between
VAT and triglyceride-rich lipoproteins, fatty acids, inflammation,
and cardiovascular risk.’ The mechanisms underlying this spe-
cific effect of BFRT warrant further investigation but may involve
unique hormonal or metabolic responses to blood-flow restric-
tion. Given that changes in body weight and muscle mass gains
were similar between groups, the VAT volume reduction in BFRT
is more likely driven by inducing a distinct physiological stress.*®
Thus, intermittent ischemia-reperfusion cycles may stimulate the
release of lipolytic hormones, such as catecholamines and
growth hormone, promoting fat mobilization and VAT reduc-
tion.>* Additionally, the higher metabolic demand of BFRT,
despite lower external loads, could contribute to greater lipid
turnover and selective fat loss.”® Remarkably, despite these
beneficial effects of BFRT, we here found no improvements in in-
sulin sensitivity in either group. This lack of effect of BFRT or
CREST on insulin sensitivity may be explained by the relatively
low gain in muscle mass in our program, which may have been
insufficient to drive meaningful metabolic improvements and
which likely can be explained by the short intervention duration,
as it has been shown that the strongest glycemic effects typically
occur after 12-16 weeks."®

Although participants in the BFRT group exhibited lower in-
sulin sensitivity at baseline, this group nonetheless showed
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Figure 5. Changes in adipose tissue after 12 weeks of resistance
training

Whole-body adiposity (A), visceral adiposity (B), and subcutaneous adiposity
(C) measured by magnetic resonance imaging before and after 12 weeks of
blood-flow restriction (BFRT) and conventional resistance training (CREST).
Data are shown as mean + SD; W, week.

pronounced metabolic improvements, underscoring the effi-
cacy of BFRT even in individuals with worse insulin resis-
tance.”” Despite the lack of improvement in insulin sensitivity,
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both CREST and BFRT reduced resting heart rate and diastolic
blood pressure, emphasizing their potential to improve cardio-
vascular health. Furthermore, both training regimens also re-
sulted in improvements in maximal aerobic capacity, indicating
that resistance training, including BFRT, can yield cardiovascu-
lar benefits typically associated with endurance training.>®
Given the present findings, future studies could investigate
the effect of BFRT in individuals with diabetes-related arterial
disease,’® CVDs,®° and other conditions, such as frailty,?® sar-
copenia,®’ and abdominal adiposity.®® In case of beneficial
results, BFRT could represent a novel strategy for prevention
and treatment for those individuals. In support of this, prelimi-
nary evidence suggests that BFRT may be an efficient
and safe strategy to prevent and attenuate the progression
of diabetes-related complications such as neuropathy and
nephropathy.®®:%*

The strengths of our study include the randomized parallel-
group design, allowing for direct comparison of the controlled
supervised BFRT and CREST on the different outcomes in indi-
viduals with T2D. Another strength is the comprehensive pheno-
typing approach, utilizing clinical and functional measurement of
skeletal muscle and adipose tissue along with assessment of
in vivo insulin sensitivity and CVD risk factors. Given its low-
load nature and metabolic benefits, BFRT may represent a
promising exercise strategy for individuals with T2D, pending
evaluation in broader clinical contexts.

Limitations of the study

Study limitations include the relatively small sample size, which
was not sufficient to perform sex-specific analyses and limits
the generalizability of our findings. The small sample size was
in part due to constraints imposed by the COVID-19 pandemic.
Additionally, the inclusion of a predominantly European popula-
tion with well-controlled T2D further limits the broader generaliz-
ability of our results. Moreover, the BFRT and CREST groups
were not sex-matched so that a potential sex/gender effect
cannot be excluded. Furthermore, both groups performed
different numbers of repetitions per set. Also, including another
group performing the identical number of sets and repetitions
as the BFRT group, but without occlusion, would have allowed
for a clearer attribution of effects. However, total training volume,
i.e., sets x repetitions x weight, was comparable between the
groups (Table S2). Also, the relatively short intervention duration
may have prevented observing the full spectrum of metabolic
changes, particularly regarding insulin sensitivity and glycemic
control. However, the 12-week design already allowed for the
detection of the early changes induced by both resistance
training approaches.

In conclusion, we demonstrate that BFRT (1) elicits similar im-
provements in muscle strength and induces hypertrophy as
CREST, despite significantly lower mechanical load; (2) specif-
ically improves skeletal muscle and adipose tissue mitochondrial
oxidative capacity accompanied by upregulation of molecular
markers of mitochondrial signaling, metabolic remodeling, and
angiogenic processes; and (3) selectively reduces VAT volumes,
which likely translates into its cardiometabolic benefits. Given its
low mechanical load, BFRT is therefore a practical and safe alter-
native for individuals with T2D who have musculoskeletal limita-
tions or reduced functional capacity.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

IRS1 Millipore Cat#06-248; RRID: AB_2127890
pIRS(Ser1101) Cell Signaling Technology Cat#2385; RRID: AB_330363
AKT Cell Signaling Technology Cat#9272; RRID: AB_329827
PAKT(Serd73) Cell Signaling Technology Cat#4060; RRID: AB_2315049
PAKT(Thr308) Cell Signaling Technology Cat#4056; RRID: AB_331163
TFAM Cell Signaling Technology Cat#7495; RRID: AB_10841294
HXK1 Cell Signaling Technology Cat#2024; RRID: AB_2116996
HXK2 Cell Signaling Technology Cat#2106; RRID: AB_823520
PGC Abcam Cat#ab191838; RRID: AB_2721267
mTOR Cell Signaling Technology Cat#2972; RRID: AB_2262884
AMPKa Cell Signaling Technology Cat#2532; RRID: AB_330331
PAMPKu(Thr172) Cell Signaling Technology Cat#2535; RRID: AB_331250
HIF 1« Novus Biological Cat#NB100-134; RRID: AB_350071
PFKM Bio-Techne Cat#MAB7687; RRID: AB_2861389
Anti-rabbit IgG HRP-conjugated Cell Signaling Technology Cat#7074; RRID: AB_2099233
Anti-mouse IgG HRP-conjugated Cell Signaling Technology Cat#7076; RRID: AB_330924
Biological samples

Human skeletal muscle Human De-identified

Human adipose tissue Human De-identified

Chemicals, peptides, and recombinant proteins

4x Laemmli Sample Buffer BioRad Cat#1610747

Milk Powder Roth Cat#T145.3

Tween20 SigmaAldrich Cat#P1379

10x Tris/Glycine Buffer BioRad Cat#1610734

10x Tris/Glycine/SDS BioRad Cat#1610732

Malate Sigma Cat# M1000

Pyruvate Sigma Cat# P2256

Succinate Sigma Cat# S2378

ADP Sigma Cat# A5285

Cytochrome c Sigma Cat# C7752

Saponin Sigma Cat# S7900-25

Digitonin Sigma-Aldrich Cat# D5628

Critical commercial assays

HK activity assay kit Abcam Cat#ab136957

PFK activity assay kit Abcam Cat#ab155898

Elisa IL-6 Biovendo Cat#RD194015200R

Elisa myostatin Invitrogen Cat#EH215RB

NEX Poly(A) Beads 2.0 Auto (48rxn) Revvity Cat#NOVA-512994

NEX Rapid Dir RNAseq Auto Kit 2.0 (48rxn) Revvity Cat#NOVA-5198-43

Novaseq S1 Reagent Kit v1.5 (200 cycles) lllumina Cat#20028318

D1000 Screentape Agilent Cat#5067-1582

D1000 Reagents Agilent Cat#5067-1583

D1000 Ladder Agilent Cat#5067-1586

Agilent RNA 6000 Nano Kit Agilent Cat#5067-1511

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Qubit tubes ThermoFisher Scientific Cat#Q32856
Qubit 1x dsDNA High Sensitivity ThermoFisher Scientific Cat#Q33231
500 assay RNA high Sens.Qubit Fisher Emergo Cat#10320093/ Q32855
Deposited data

RNA-seq data This Paper GSE312780
Western Blots This Paper Data S1

Raw Data This Paper Data S1
Oligonucleotides

Primer for LPL forward primer: Eurofins N/A
CGAGTCGTCTTTCTCCTGATGAT reverse primer:

TTCTGGATTCCAATGCTTCGA

Primer for ND1 forward primers: Eurofins N/A
CCCTAAAACCCGCCACATCT reverse primers:

GAGCGATGGTGAGAGCTAAGGT

Recombinant DNA

Human LPL plasmid Origene Cat#RC203766
Human ND1 plasmid Origene Cat#SC101172
Software and algorithms

GraphPad Prism (version 10.2.3) GraphPad N/A
EndNoteX9 EndNote N/A

SAS (version 9.4) SAS N/A

FastQC (version 0.12.1) https://www.bioinformatics.babraham.  N/A

ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.  N/A
ac.uk/projects/trim_galore/

Trim Galore! (version 0.6.10)

The R Project for Statistical Computing (version 4.5.1)  https://www.r-project.org/ N/A

STAR aligner (version 2.7.11b) Dobin et al.®® https://pubmed.ncbi.nlm.nih.gov/23104886/
SALMON (version 1.10.3) Patro et al.®® https://pubmed.ncbi.nim.nih.gov/28263959/
Tximport (version 1.36.1) Soneson et al.®” https://pubmed.ncbi.nlm.nih.gov/26925227/
DESeq?2 (version 1.48.2) Love et al.® https://pubmed.ncbi.nim.nih.gov/25516281/
clusterProfiler package (version 4.16.0) Wu et al.?? https://pubmed.ncbi.nim.nih.gov/33879213/

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Study participants
This study included sedentary, Caucasian women (n=4) and men (n=16) with type 2 diabetes who were recruited between October
2019 and January 2024. Diagnosis of diabetes was based on the criteria of the American Diabetes Association (Figure S4).”° At in-
clusion, volunteers confirmed stable body weight over the past six months. Exclusion criteria included regular endurance or resis-
tance training (>75-150 minutes of vigorous-intensity exercise per week) within the last 3 months, acute or chronic cardiovascular,
renal, respiratory, thyroid, or liver diseases, cancer, diabetic neuropathy, muscular dystrophy, use of insulin-sensitizing, immuno-
modulatory medications, anticoagulants, or beta-blockers, pregnancy, alcohol consumption exceeding 20 g/day (women) or
30 g/day (men), and smoking.

Prior to inclusion, all participants provided written informed consent. The study was approved by the ethics committee of the Med-
ical Faculty of Heinrich Heine University Disseldorf (reference number 2019-419), registered at Clinicaltrials.gov (identifier:
NCT04222231), and conducted in accordance with the Declaration of Helsinki.

METHOD DETAILS
Study design
Participants underwent a screening visit (V1) to confirm eligibility based on inclusion and exclusion criteria. Examinations included

magnetic resonance imaging and anthropometric assessments. Those meeting all criteria were invited for a second visit (V2) to
assess insulin sensitivity and collect biopsies of the musculus vastus lateralis and subcutaneous abdominal adipose tissue

e2  Cell Metabolism 38, 1-12.e1-e6, April 7, 2026


http://Clinicaltrials.gov
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/
https://www.r-project.org/
https://pubmed.ncbi.nlm.nih.gov/23104886/
https://pubmed.ncbi.nlm.nih.gov/28263959/
https://pubmed.ncbi.nlm.nih.gov/26925227/
https://pubmed.ncbi.nlm.nih.gov/25516281/
https://pubmed.ncbi.nlm.nih.gov/33879213/

Please cite this article in press as: Trinks et al., Blood-flow restriction resistance training improves skeletal muscle mitochondrial capacity and cardio-
vascular risk factors in type 2 diabetes, Cell Metabolism (2025), https://doi.org/10.1016/j.cmet.2025.12.016

Cell Metabolism ¢? CellPress

OPEN ACCESS

(Figure S5). One participant (Resist19) had elevated hsCRP (2.95 mg/dl) at V2, so the results were excluded from the analysis. Eight
days later, participants began a 12-week, three-times-weekly supervised intervention, either BFRT or CREST.

Venous blood sampling and spiroergometry were performed before the first training session (V3). Forty-eight to seventy-two hours
after the final training session, the last two examination days (V4) were conducted, including spiroergometry and all measurements
from V1 and V2 (Figure S4). Participants were instructed to maintain their current medication regimen; however, one participant
(Resist48) increased their semaglutide dose (1 mg/5 days to 2 mg/7 days) after one week of training.

Exercise training protocol and BFRT

Prior to the start of the training, all participants underwent submaximal strength testing to determine their 1-RM and establish initial
training loads. This test was repeated every 2-3 weeks to adjust the load and account for the training progress, following recognized
guidelines and using established 1-RM prediction equations based on repetitions-to-fatigue.”' Training was conducted three times
per week (Mon, Wed, Fri) and included a 10-minute warm-up on a cycle ergometer (Technogym, Neu-Isenburg, Germany), followed
by supervised resistance training with or without blood flow restriction (Table S2). Sessions were fully supervised by qualified
instructors.

During training, arterial and venous blood flow to the exercising thigh muscles was reduced by 60% and 100%, respectively, in all
BFRT participants.” A tourniquet cuff (Delfi Medical, Vancouver, BC, Canada) was placed around the proximal end of the working
limb to reduce blood flow. Cuff inflation pressure was set based on the estimated limb occlusion pressure, the minimum pressure
required to occlude arterial blood flow. The cuffs remained inflated until the final exercise set was completed. In line, the occlusion
was sustained throughout the 30 sec rest period between the sets to make sure that BFRT elicits its intended effects (e.g. metabolite
activation).>® However, the cuffs were deflated between the exercises.”? Although generally well tolerated, blood-flow restriction
training carries potential risks such as venous collapse, thrombosis, and nerve compression, highlighting the importance of standard-
ized protocols and medical supervision to ensure safe implementation. Of note, available evidence suggests that BFRT neither
adversely affects blood pressure, nerve conduction velocity, blood coagulation, venous pressure or muscle integrity, nor poses
greater risk of injury compared to CREST.?*"® Upper body exercise bouts were conducted without blood flow restriction and low
loads in both groups for general conditioning and to maintain muscular balance (30% of 1-RM, Table S2).

Metabolic characterization

Up to eight days before the first and ~72 hours after the last training, participants underwent a hyperinsulinemic-euglycemic clamp in
the morning after an overnight fast to assess whole-body and hepatic insulin sensitivity.”* During the 60-120 min clamp (40 mU
insulin / [m? body surface area x min], Insuman Rapid, Sanofi-Aventis, Germany), blood glucose was maintained at ~90 mg/dl by
adjusting a 20% glucose infusion (2% enriched with D-[6,6-2H,]glucose) every 5 minutes. Whole-body insulin sensitivity (M-value)
was calculated as described previously,'* and HOMA-IR was calculated as fasting plasma c-peptide (ng/ml) x fasting plasma
glucose (mg/dL) / 22.5.

Tissue biopsies

Tissue biopsies were obtained from subcutaneous abdominal adipose tissue (0.5-2 g) and the musculus vastus lateralis (100-150 mg)
under local anesthesia with 2% lidocaine before the first and at ~72 hours after the last training session. Adipose tissue was collected
via a small skin incision using an aspiration needle, while muscle biopsies were taken with a Bergstrém needle. Samples were then
cleaned of blood and connective tissue, with a fresh subsample transferred into ice-cold relaxing medium (BIOPS) for mitochondrial
function analysis.”® The remaining tissue was immediately stored in liquid nitrogen and frozen at -80°C for later analysis.

High-resolution respirometry

Ex vivo mitochondrial respiration was analyzed using high-resolution respirometry (Oxygraph-2k; Oroboros Instruments, Innsbruck,
Austria), which features two closed reaction chambers, each filled with 2 ml of MIRO5 at 37°C. A polarographic sensor (OroborPOS)
in each chamber measures oxygen concentration and flux (oxygen consumption per second per milligram of tissue wet weight,
pmol/s/mg), indicating mass-specific mitochondrial respiration. All measurements were performed in duplicates and recorded
with DatLab software 7.4.0.4 (Oroboros Instruments, Innsbruck, Austria). Instrumental background oxygen flux was corrected online,
accounting for sensor consumption and oxygen diffusion. Prior to measurements, sensors were calibrated at air saturation using
DatLab software.

Skeletal muscle assessment

Fibers were placed in BIOPS solution in a petri dish on an ice-cold metal plate and separated with fine-tipped forceps. Permeabili-
zation was achieved by incubating fibers in BIOPS solution with 50 pg/ml saponin at 4 °C with gentle agitation for 30 min.”® Following
two 10-min washes at 4°C in ice-cold mitochondrial respiration medium, wet weight (~2 mg) was measured using a microscale
(Mettler-Toledo XP205, Columbus, OH, USA), and subsamples were added to chambers. Leak respiration (L) with Cl-linked substrate
(2 mM malate, 5 mM pyruvate; [CI]L, data not shown) was determined, followed by stepwise ADP titration (12.5 uM - 25 uM - 175 pM -
250 pM - 500 pM = 1 mM -2 mM - 4 mM - 6 mM) to assess mitochondrial ADP sensitivity. OXPHOS capacity (P) with CI&ClI-linked
substrates (plus 10 mM succinate; [Cl+II]P) was then measured. Mitochondrial membrane integrity was assessed by adding 10 pM
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cytochrome c (samples with >10% increase in respiration were excluded; data missing from 5 participants). Chamber oxygen con-
centration was maintained between 250 and 400 pM to prevent oxygen diffusion limitation.

Adipose tissue assessment

Wet weight (~20 mg) was determined using a microscale (Mettler-Toledo XP205) and subsamples were transferred into the cham-
bers. Subsequently, digitonin (5 pg/ml) was added to achieve membrane permeabilization. Leak respiration (L) with electron input
through CI ([CI]L) was induced after addition of malate (2 mM) and pyruvate (5 mM). Mitochondrial ADP sensitivity was assessed
by incremental titration of ADP (50 puM - 100 pM - 250 uM - 500 pM - 1 mM - 2.5 mM -5 mM). P with convergent electron input through
Cl and ClI ([CI+ClI]P) was determined following addition of succinate (10 mM). Mitochondrial membrane integrity was assessed by
adding 10 uM cytochrome c (samples with >10% increase in respiration were excluded; data missing in 5 participants).

Mitochondrial content

CS activity was determined as a surrogate measure for mitochondrial content (Sigma-Aldrich) as described previously.*° mtDNA was
extracted from 15 mg and 25 mg musculus vastus lateralis and subcutaneous adipose tissue, respectively using DNeasy Blood &
Tissue kit (Qiagen, Disseldorf, DE) following manufacturer’s instructions. Briefly, the tissues were lysed using ATL plus buffer and
proteinase K at 56°C for 2 h. Later, DNA was purified using DNeasy mini spin column and dissolved in 40 ul AE buffer. Finally,
DNA concentration and purity were determined by nanoplate reader (Tecan, Mannedorf, CH) and diluted to 5 ng/ul using PCR grade
H>0. Mitochondrial DNA copy number was quantified with StepOne Plus PCR system (Applied Biosystems, Foster City, USA) using
primers for nuclear gene lipoprotein lipase (LPL) (forward primer: CGAGTCGTCTTTCTCCTGATGAT reverse primer: TTCTGGATTC
CAATGCTTCGA) and mitochondrial gene NADH dehydrogenase subunit 1 (ND1) (forward primers: CCCTAAAACCCGCCACATCT
reverse primers: GAGCGATGGTGAGAGCTAAGGT). DNA copy number for each gene was determined by comparing log-linear stan-
dard curves created using plasmid for LPL and ND1 (OriGene, Maryland, USA). Mitochondrial DNA copy number was expressed as
the logarithm of mitochondrial to nuclear DNA ratio as previously described.”® A melting curve was created to ensure primer spec-
ificity. Each sample was measured in duplicate. Inter-run calibrator was used to account for between-run differences.

Spiroergometry

Nine volunteers (11 participants could not perform an exercise test due to the COVID-19 restrictions for human studies) underwent an
incremental exhaustive exercise test on a cycle ergometer (Ergometrics 900, Ergoline, Bitz, Germany),”” with continuous monitoring
of oxygen consumption (VO,) and carbon dioxide production (VCO,). Parameters from breath-by-breath gas analysis are given as
averaged data over 8 breaths. During the test, continuous monitoring comprised 12-lead electrocardiogram, heart rate and blood
pressure measurements. Work rate was continuously increased every 15 seconds according to the workload profile, and the incre-
mental part of the test lasted 8-12 minutes. VO,max Was recorded at maximal exertion and refers to the maximum oxygen uptake
averaged over 8 breaths.

Laboratory analyses

Serum and plasma samples were analyzed in the biomedical laboratory as described earlier.”® Plasma levels of interleukin-6 (Bio-
vendor, Cat N: RD194015200R) and myostatin (Invitrogen, Cat N: EH215RB) were analyzed by ELISA according to the manufac-
turer’s instructions with intra-assay CVs <10% for both assays. Hexokinase and phosphofructokinase activities were measured
colorimetrically in samples of skeletal muscle tissue at 450 nm following the manufacturer’s instructions (Abcam, Cambridge, UK).

Magnetic resonance (MR)based measurements

All MR measurements were performed after an overnight fast on a clinical 3-T MR scanner (Achieva X-series, Philips Healthcare,
Best, The Netherlands). Adipose tissue analysis: whole-body, visceral and subcutaneous adiposity were quantified by whole-
body MRI employing T1-weighted fast spin-echo’® and post-processed by a trained operator using SliceOmatic v5.0 software
(Tomovision, Montréal, QC, Canada). Liver lipid content and liver volume analyses: 'H-MRS was performed for quantitative assess-
ment of hepatic lipid content using single voxel stimulated echo acquisition mode (STEAM; repetition time (TR) / echo time (TE) =
4000/ 10 ms). The voxel was positioned within a homogeneous part of liver tissue, avoiding major vessels and gallbladder (volume
of interest (VOI) = 25x25x25 mm®).2° Hepatic lipid content was quantified as the ratio of intensities of the methylene [-(CH.)n-] peak at
1.3 ppm of liver "H spectra to the combined signal intensities of the water and methylene peaks [fat content (%) = CH./(water+CH,)].
The difference in transverse relaxation times of water and fat peaks was corrected as described before.?" Liver volume was assessed
using 2-echo Dixon MRI (TR = 3.76 ms, TE4,» = 1.32 / 2.4 ms, slice thickness = 2 mm, no gap) and processed using SliceOmatic v5.0
software (TomoVision).

Skeletal muscle analysis

The volume of the quadriceps femoris muscle (vastus lateralis, intermedius, medialis, and rectus femoris) of the left thigh was deter-
mined using 2-echo Dixon MRI (TR =4.1 ms, TE,,, = 1.45/2.8 ms, slice thickness = 2.5 mm, no gap) by a trained operator using Amira
Software (Thermo Fisher Scientific, Berlin, Germany). Intramuscular fat fraction (muscle proton density fat fraction) and cross-
sectional area of the quadriceps femoris muscle (vastus lateralis, intermedius, medialis, and rectus femoris) were determined using
mDixon-Quant measurements, acquired on the transversal plane (6-echo 3D Dixon: TR / TE / ATE = 10 / 1.45 / 1.1 ms, slice
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thickness = 5 mm, no gap). Intramuscular fat fraction was calculated as described in Lichtenstein et al.?” The cross-sectional area

was segmented using Amira Software (Thermo Fischer Scientific, Berlin, Germany) at the midthigh level.®®

Cardiovascular risk scores

Framingham Risk Scores have been calculated as describes before.” In detail, the Framingham Risk Score for Coronary Heart Dis-
ease (FRS-CHD) was used to assess the 10-year risk of an individual of developing CHD. FRS-CHD was calculated based on age,
sex, systolic blood pressure, total and HDL-cholesterol, smoking status and treatment for hypertension. The Framingham Risk Score
for Cardiovascular Disease (FRS-CVD) estimates the 10-year risk of an individual for a cardiovascular event in regard to age, sex,
systolic blood pressure, total and HDL-cholesterol, smoking status, treatment for hypertension and diabetes mellitus.

Western blotting
Protein content was evaluated by Western blotting as described previously.®” Briefly, ~30 mg of frozen skeletal muscle was homog-
enized in 300 pl lysis buffer 25 mM Tris-HCI, 1 mM EDTA, 150 mM NaCl, 0.2% NP-40] supplemented with protease (complete Tab-
lets, EASYpack, Roche Diagnostics, Basel, Switzerland) and phosphatase (PhosSTOP, EASYpack, Roche Diagnostics) inhibitors.
Homogenates were disrupted in a Tissue Lyzer (3 x 1 min at 20 Hz) and centrifuged at 13,000 rpm for 15 min at 4 °C to remove insol-
uble material.

Protein extracts (25-30 pg) were mixed with reducing Laemmli buffer containing 2-mercaptoethanol (Bio-Rad, CA, USA), boiled for
5 min at 95 °C, and separated on 4-20% Mini-PROTEAN TGX Stain-Free Gels (Bio-Rad 199 Laboratories, California, USA), which
were activated with ultraviolet radiation for 1 minute prior to immunoblotting. Proteins were transferred to polyvinylidene difluoride
membranes using the Trans-Blot Turbo Transfer System (Bio-Rad) and membranes were imaged using the ChemiDoc MP and quan-
tified using ImagelLab 6.0.1 (Bio-Rad) for normalization. Membranes were blocked for 2 h at room temperature (RT) using the blocking
solution (5% milk in tris-buffered saline with Tween, TBST) and then incubated overnight with primary antibodies at 4 °C. Only
commercially available antibodies were used, without additional validation. Next day, membranes were washed with TBST buffer
and incubated for 1 h at RT with HRP-conjugated secondary antibodies. Finally, the membranes were coated with Immobilon West-
ern Chemiluminescent HRP substrate (Millipore, Danvers, MA, USA) and imaged with the Bio-Rad ChemiDoc MP system. Band in-
tensities were quantified with ImageLab 6.0.1 (Bio-Rad) and expressed as arbitrary units normalized to total protein content. To ac-
count for gel-to-gel variation, an inter-run calibrator (IRC) was loaded as reference sample on each gel (Data S1).5* As some
participants refused a second skeletal muscle biopsy, the number of samples available for insulin signaling was as follows: BFRT:
n=6 for IRS1; n=4 for p-IRS(Ser''%"); n=7 for AKT, p-AKT(Ser*’®) and p-AKT(Thr*%%). CREST: n=6 for IRS1; n=4 for p-IRS(Ser''%");
n=6 for AKT, p-AKT(Ser*"®) and p-AKT(Thr3%8),

RNAseq data analysis

Count tables were reconstructed from quant.sf files per sequenced sample using tximport®” with the lengthScaledTPM option
(version 1.36.1). Differential gene expression analysis was performed using DESeq2°® (version 1.48.2) with shrinkage of fold-changes
using apeglm (version 1.30.0). Genes with fewer than 10 total counts across all samples were excluded prior to normalization. The
following interaction model was applied: ~ cohort + cohort:person_within_cohort + cohort:timepoint, allowing detection of main
before and after effects, and their statistical interaction. Specifically, the model tested: (i) the main effect of CREST (before vs. after),
(ii) the main effect of BFRT (before vs. after), and (iii) their interaction (whether the effect of before and after differs between CREST and
BFRT). Genes with an adjusted p-value < 0.05 and an absolute log2FC > 0.585 were considered significantly differentially expressed.
Gene set enrichment analysis (GSEA) was performed using the gseKEGG() function from the clusterProfiler package®® (version
4.16.0) with parameters: organism = “mmu”, pvalueCutoff = 1, pAdjustMethod = “BH”, minGSSize = 0, seed = TRUE, and eps = 0.%°

RNA-Seq data processing

Raw FASTQ were processed using nf-core/rnaseq v3.20.0 of the nf-core collection: nextflow run nf-core/rnaseq -r 3.20.0 -profile
mamba —-max_cpus 32 -max_memory 180.GB —-max_time 2400.h -input Samples.csv —outdir ./NF_core_results1 —fasta /Gencode_
human/release_44/GRCh38.primary_assembly.genome.fa.gz —-gtf /Gencode_human/release_44/gencode.v44.primary_assem-
bly.annotation.gtf.gz —-gencode true —save_reference true.

This approach automates quality control, trimming, alignment (or pseudo-alignment), quantification and reporting of RNA-seq ex-
periments. Read quality control (QC) was assessed using FastQC (version 0.12.1) and adapter sequences were trimmed with Trim
Galore! (version 0.6.10), removing reads with Phred quality scores < 20. Quality summaries across samples were compiled using
MultiQC (version 1.30). Filtered reads were aligned to the Homo sapiens reference genome (GENCODE v44, GRCh38.primary_
assembly) using the STAR aligner® (version 2.7.11b) and SALMON®® (version 1.10.3) with default parameters implemented in
nf-core/rnaseq. Duplicate reads were marked, and gene-level counts were obtained using featureCounts (release 2.0.6). Samples
retained between approximately 41 and 62 million high-quality mapped reads (mapping quality > 0). All downstream statistical
and differential expression analyses were performed in R (version 4.5.1) using the gene-level count matrix produced by the pipeline.
All samples passed the sequencing QC. One participant was excluded from the BFRT group upon visual inspection of PCA and
correlation matrices. GEO: GSE312780.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed with SAS (version 9.4; SAS Institute, Cary, NC, USA). Figures were drawn using GraphPadPrism
(version 10.2.3; GraphPad Software, San Diego, CA, USA). Data analysis was performed blinded to group allocation to prevent bias.

To investigate the changes from WO to W12 and the differences in these changes between groups, we performed linear mixed
models. The underlying model was specified as Outcome = visit x group, allowing separate modeling of the outcome means for
each of the four visit-by-group combinations. Group membership was included as a fixed effect, and the time point of the investiga-
tion was modeled as a random effect. The variance-covariance matrices of the W0 and W12 outcomes were modeled independently
for both training groups. No assumptions were made about the structure of the two 2 x2 variance-covariance matrices; instead, they
were estimated directly from the data. This approach helped to prevent inflation of type | and type Il errors due to violations of the
homoscedasticity assumption (i.e., equal variances across the four visit-by-group combinations). Interaction effects between visit
and group were estimated using the corresponding least squares means (LS-means) and tested with a two-sided t-test.

For log-transformed variables, changes were expressed as relative changes, while for other variables, absolute changes were re-
ported. Fisher’s exact test was used toassess differences in sex distribution between groups. The data underlying all figures are pro-
vided in Data S1 - Source Data.

ADDITIONAL RESOURCES

Clinicaltrials.gov (Identifier number: NCT04222231): Study Details | NCT04222231 | RESIST! Blood-flow Restriction Resistance
Training for Improving Insulin Sensitivity in Type 2 Diabetes | ClinicalTrials.gov
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