
HEALTH AND MED IC INE

High-throughput proteomics uncovers exercise training
and type 2 diabetes–induced changes in human white
adipose tissue
Jeppe Kjærgaard Larsen1†, Rikke Kruse2,3*, Navid Sahebekhtiari2,3, Roger Moreno-Justicia1,
Gerard Gomez Jorba1, Maria H. Petersen2, Martin E. de Almeida2,4, Niels Ørtenblad4,
Atul S. Deshmukh1*, Kurt Højlund2,3*

White adipose tissue (WAT) is important for metabolic homeostasis. We established the differential proteomic
signatures of WAT in glucose-tolerant lean and obese individuals and patients with type 2 diabetes (T2D) and
the response to 8 weeks of high-intensity interval training (HIIT). Using a high-throughput and reproducible
mass spectrometry–based proteomics pipeline, we identified 3773 proteins and found that most regulated pro-
teins displayed progression in markers of dysfunctional WAT from lean to obese to T2D individuals and were
highly associated with clinical measures such as insulin sensitivity and HbA1c. We propose that these distinct
markers could serve as potential clinical biomarkers. HIIT induced onlyminor changes in theWAT proteome. This
included an increase inWAT ferritin levels independent of obesity and T2D, andWAT ferritin levels were strongly
correlated with individual insulin sensitivity. Together, we report a proteomic signature of WAT related to
obesity and T2D and highlight an unrecognized role of human WAT iron metabolism in exercise training
adaptations.
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INTRODUCTION
The prevalence of obesity and type 2 diabetes (T2D) is increasing
worldwide, with obesity and inactivity being a major driver of
insulin resistance and, consequently, the development of T2D.
Physical activity play an essential role in the management of both
obesity and T2D (1, 2), and exercise training improves whole-
body insulin sensitivity, body composition, and cardiorespiratory
fitness (V̇O2 max) in both glucose-tolerant lean and obese individ-
uals and patients with T2D (1–6). In humans, this is accompanied
by improved lipid droplet distribution and increased content of mi-
tochondria and enzymes involved in insulin signaling to glucose
transport and glycogen synthesis in skeletal muscle (3, 7–10).
However, whether beneficial adaptations to exercise training
occur in human adipose tissue remains largely unknown.

White adipose tissue (WAT) is the major fat-storing organ and
serves as the source of numerous secreted adipokines, including
leptin and adiponectin, that regulate metabolic processes through-
out the body. Obesity-induced insulin resistance is associated with
adipose tissue dysfunction, which is characterized by adipocyte hy-
pertrophy, enhanced accumulation of extracellular matrix (ECM)
components, fibrosis, and inflammation with increased macro-
phage infiltration, leading to increased secretion of pro-inflamma-
tory cytokines and reduced secretion of adiponectin (11–16).
Furthermore, adipose tissue dysfunction is associated with an im-
paired mitochondrial oxidative metabolism and increased lipolysis
(13, 15–17). These alterations lead to lipid overflow and ectopic lipid

deposition in metabolic tissues such as muscle and liver, which, to-
gether with low-grade systemic inflammation, are believed to con-
tribute to insulin resistance, and increased risk of T2D (16, 18).
However, in humans, the presence of adipose tissue dysfunction
in insulin-resistant individuals has mainly been documented by
transcriptional profiling (13–15, 17, 19, 20), whereas only few
studies, using proteomics analysis of subcutaneous WAT
(scWAT), has confirmed a reduced abundance of mitochondrial
proteins in insulin-resistant individuals (21, 22). A deeper proteo-
mic characterization of the changes in scWAT associated with
obesity and T2D is, therefore, needed to improve our understanding
of adipose tissue dysfunction in humans.

Exercise training has been reported to cause adaptations inWAT
that may contribute to changes in whole-body metabolism. These
changes include an improved transcriptional profile of genes
related to mitochondrial function and inflammation, and changes
in targetedmarkers of lipid and glucose metabolism, as demonstrat-
ed in rodents, healthy humans, and men with dysglycemia and/or
obesity (23–31). However, these studies were mainly performed in
rodents or used a hypothesis-based approach focusing on a subset
of genes or proteins in the scWAT of humans (20, 29–31). Hence,
further unbiased proteomic studies are needed to identify novel
markers of exercise training–induced changes in human WAT.

Mass spectrometry (MS)–based proteomics has emerged as a
powerful tool for unbiased, system-wide quantification of global
and targeted protein analyses (32). Although several studies have
revealed important insights into the scWAT tissue proteome, the
quantitative readouts at the protein level have been insufficient to
capture biological or pathological protein dynamics due to the
nature of the technologies used (21, 33–36). With the latest devel-
opments in liquid chromatography (LC)–MS instrumentation,
sample preparation workflows, and computational workflows, pro-
teomics is emerging as a powerful technology in biomedical and
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clinical research (32, 37–41). We reasoned that the substantial de-
velopments in MS-based proteomics technologies could reveal
novel information into the WAT proteome in obesity and T2D
and provide an insight into how exercise training influences the
adipose tissue proteome.

Here, we applied a high-throughput and high-sensitivity prote-
omics pipeline to map and compare theWAT proteome of subcuta-
neous abdominal adipose tissue biopsies obtained from glucose-
tolerant lean and obese men and men with T2D at baseline and
after 8 weeks of high-intensity interval training (HIIT) combining
rowing and cycling exercise.

RESULTS
Metabolic health in obesity and T2D and effects of HIIT
This work represents a prespecified secondary analysis of a non-
randomized intervention study. The clinical and metabolic charac-
teristics were reported recently (6). In brief, fasting serum insulin,
plasma glucose and triglycerides levels, and HbA1c were elevated in
men with T2D (table S1). Body weight, body mass index (BMI),
waist, total fat, and lean body mass were lower in the lean group
compared with the other groups. Men with T2D and glucose-toler-
ant obese and lean men had the same self-reported physical activity
level, while V̇O2max was lower in the diabetic group compared with
the other groups but also in the obese versus the lean group. Insulin
sensitivity measured as the insulin-stimulated glucose infusion rate
(GIR) was ~40% lower in men with T2D compared with both obese
and lean men (all, P < 0.01).

As reported (6), 8 weeks of HIIT protocol increased V̇O2 max by
8 to 15% (all, P < 0.01) and slightly reduced body weight and BMI
(all, P < 0.05) in all groups (table S1). This was accompanied by a
greater loss of total fat mass (1.6 to 2.3 kg; all, P < 0.05) than increase
in lean bodymass (0.6 to 1.5 kg; all, P < 0.05) in all groups. TheHIIT
protocol markedly increased insulin sensitivity (~30 to 40%) in all
groups. The posttraining insulin sensitivity in men with T2D
reached the pretraining levels of insulin sensitivity in the obese
and lean men. There were no differences in any of the above
HIIT-induced responses between the groups. In men with T2D,
the HIIT protocol caused a clinically relevant decrease in HbA1c
by ~4 mM.

Comprehensive high-throughput proteome analysis of
human WAT
Abdominal scWAT biopsies were collected from lean, obese, and
T2D men before and after 8 weeks of HIIT (Fig. 1A). To map the
human WAT proteome, we lysed a total of 92 samples in SDS lysis
buffer and performed the protein aggregation capture (PAC)
method in a 96-well plate format (Fig. 1B) (38). The resulting
tryptic peptides were analyzed on an Evosep LC instrument
coupled to an Exploris mass spectrometer. Samples were measured
by data-independent acquisition (DIA) and matched to a project-
specific library (6154 proteins), which led to quantification of
3773 proteins in total (in average 2554 proteins per sample). The
abundance range span ~ five orders of magnitude and the quanti-
fication included the low abundant adipose-derived hormone leptin
(Fig. 1, C and D). Our state-of-the-art workflow enabled an unprec-
edented proteome depth in highly challenging tissue biopsies of
human scWAT using only 44 min analysis time per sample (30
samples/day). The MS runs demonstrated high quantitative

reproducibility between runs with a median Pearson correlation co-
efficient of 0.94 (fig. S1A).

Adipose tissue is a heterogeneous tissue consisting of a variety of
different cell types, including adipocytes, immune cells, fibroblasts,
and smooth muscle cells (42). When ranking the quantified pro-
teins based on their abundance, as expected, blood contamination
markers [hemoglobin subunit beta (HBB), hemoglobin subunit
alpha-1 (HBA1), and albumin (ALB)] constituted the most abun-
dant proteins identified, followed by the adipocyte-specific
markers [fatty acid binding protein, adipocyte (FABP4), and peril-
ipin-1 (PLIN1)] (Fig. 1D). Proteins known to regulate insulin-stim-
ulated glucose uptake [ras-related protein Rab-10 (RAB10) and
glucose transporter type 4 (SLC2A4/GLUT4)] and adipokines in-
volved in whole-body metabolism (adiponectin and leptin) were
also identified. For further analysis, we applied stringent filtering
and included only proteins (n = 2106), which were quantified in
75% of all samples. Next, we explored the WAT proteome using a
principal components analysis (PCA). WAT heterogeneity on PC1
was explained independently of the group (lean, obese, and T2D)
(fig. S1C); however, there was a gradual group separation on PC2
(x axis) and PC3 (y axis) (Fig. 1E). Coloring the PCA by individual
fat mass (kg) suggests that the PC2 and PC3 separation could be
driven partly by adiposity (fig. S1D).

Obesity and T2D related differences in the adipose tissue
proteome
Previous studies have characterized the proteome of isolated human
adipocytes and found massive depot-specific differences (43, 44).
However, the context of adipocytes in their native environment
and the interplay with other cell types is crucial to understand the
state of adipose tissue in health and disease. Here, we compared dif-
ferences at baseline between groups and found 246, 130, and 89 pro-
teins to differ (unadjusted P < 0.05) in the T2D-lean, T2D-obese,
and obese-lean comparisons, respectively (data file S1C). Of these,
48 proteins (25 up-regulated and 23 down-regulated) differed sig-
nificantly between patients with T2D and lean healthy individuals
(Fig. 2A and data file S1D) after correction for multiple testing [false
discovery rate (FDR) < 0.10)].

Themajority of the down-regulated proteins in T2D are involved
in mitochondrial processes, including fatty acid metabolism
[acetyl–coenzyme A (CoA) carboxylase 2 (ACACB), glycerol-3-
phosphate acyltransferase 1 (GPAM), hydroxyacyl-coenzyme A de-
hydrogenase (HADH), cAMP-dependent protein kinase type II-
beta regulatory subunit (PRKAR2B), and very-long-chain enoyl-
CoA reductase (TECR)], tricarboxylic acid (TCA) cycle and elec-
tron transport [cytochrome b5 (CYB5A), electron transfer flavopro-
tein-ubiquinone oxidoreductase (ETFDH), and 2-oxoglutarate
dehydrogenase complex component E1 (OGDH)], mitochondrial
transport [tricarboxylate transport protein, mitochondrial
(SLC25A1)], adenosine triphosphate (ATP) resynthesis/energy
shuttling [creatine kinase B-type (CKB)], apoptosis [apoptosis-in-
ducing factor 1, mitochondrial (AIFM1)], and other processes [al-
dehyde dehydrogenase 7A1 (ALDH7A1), atypical kinase COQ8A,
mitochondrial (COQ8A), glycine N-acyltransferase (GLYAT), and
C-1-tetrahydrofolate synthase (MTHFD1)]. Regulators of insulin
signaling [tensin-2 (TNS2)] and canonical WNT signaling
[catenin beta-1 (CTNNB1) and catenin delta-1 (CTNND1)] were
also down-regulated in T2D. Several of the up-regulated proteins
in T2D are involved in ECM [serine protease (HTRA1), integrin
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alpha-V (ITGAV), protein S100-A6 (S100A6), and protein S100-A4
(S100A4)], immune response [monocyte differentiation antigen
CD14 (CD14), macrophage migration inhibitory factor (MIF),
and vitronectin (VTN)], and endoplasmic reticulum (ER) stress
[ER chaperone BiP (HSPA5) and calreticulin (CALR)] but also in-
cluded the lysosomal adaptor protein, regulator complex protein
(LAMTOR1), which was recently demonstrated to be essential for
the polarization ofM2macrophages (45). Overall, these findings are
in line with reported transcriptomic signatures of adipose tissue
dysfunction in obesity and T2D in humans (13–15, 17, 19).

There were no statistically significant differences observed in the
T2D-obese or obese-lean comparisons when correcting for multiple
testing (FDR < 0.1). However, when applying a less stringent P value
threshold (unadjusted P < 0.01), several of the T2D-obese–regulated
proteins were changing in the same direction as in the T2D-lean
comparison (fig. S2, A and B, and data file S1C). Leptin, the
major marker of adiposity, was identified and quantified in 63 of
91 samples and showed an expected elevation in the T2D group
(T2D versus lean, unadjusted P = 0.002) and a high association
with total fat mass (r = 0.59 and P = 1.8 × 10−4) (fig. S2, C and D).

We further investigated the patterns of the 48 proteins that were
significantly different between lean men andmen with T2D at base-
line (data file S1D). The most significantly regulated proteins dis-
played a gradual increase or decrease in abundance from lean to
obese to T2D (Fig. 2B), suggesting that obesity, even in glucose-tol-
erant individuals, causes changes in the scWAT proteome that are

further altered in the same direction during the development of
T2D. Notably, some proteins were equally abundant in the lean
and obese groups but showed marked changes in abundance in
the T2D group (profiles marked in red, Fig. 2B). The most promi-
nent example was HTRA1, which showed a threefold increase (1.6
log2 fold change) in scWAT from patients with T2D (Fig. 2C). We
also found that annexin A3 (ANXA3) showed a similar abundance
in the lean and obese groups but wasmarkedly decreased in the T2D
group (Fig. 2C). A few proteins showed similar abundance in the
obese and T2D group, including ITGAV and ALDH7A1, which
are an integrin receptor and a semialdehyde dehydrogenase, respec-
tively (profiles marked in blue, Fig. 2B). The differences in these
WAT proteins could be mainly obesity driven. To validate our pro-
teomics findings, we determined the protein abundance of HTRA1
and ITGAV by Western blotting in the scWAT samples. The results
were consistent with the proteomics data showing between-group
differences for both HTRA1 (P = 0.036) and ITGAV (P = 0.003)
as well as strong correlations (HTRA1, τ = 0.48 and P = 2.6 ×
10−11; ITGAV, τ = 0.25 and P = 5.5 × 10−4) between the proteomics
and Western blotting measurements (fig. S2, E to I).

As known from microarray-based transcriptomic studies of
tissues in insulin-resistant individuals, most, if not all, differences
at the single gene level disappears after correction for multiple
testing (46, 47). To gain further insight into cellular and biological
processes altered in scWAT in relation to T2D and obesity, respec-
tively, we therefore performed gene set enrichment analysis (GSEA)

Fig. 1. High-throughput proteome analysis of human scWAT. (A) Graphic illustration of the study design. (B) Proteomics workflow from sampling and lysis of scWAT to
analysis. (C) Number of scWAT proteins quantified per sample in each of the three groups. (D) Dynamic range plot of ranked protein abundance (log10 intensity) showing
relevant adipocyte-specificmarkers (blue dots) and blood contaminants (red dots). (E) Principal component (PC) analysis plot of component 2 (x axis) and component 3 (y
axis). Dots are colored by group.
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of gene ontology (GO)–cellular components (CC) and GO–biolog-
ical processes (BP) using the whole proteome as background. When
restricting GO terms to those regulated (FDR < 0.1) in both the
T2D-lean and T2D-obese comparisons, we observed that terms
related to several mitochondrial processes, including electron trans-
port, oxidative phosphorylation, TCA cycle, and fatty acid metabo-
lism were strongly down-regulated, whereas ECM and immune
response related terms were strongly up-regulated in scWAT of pa-
tients with T2D (Fig. 2D and data file S1F). This suggests that these
changes are highly related to T2D. When comparing the overlap of
the regulated GO terms in the Obese-lean and T2D-lean compari-
sons, we found several terms related to cell adhesion,

morphogenesis, and differentiation as well as blood coagulation
and wound healing to be up-regulated and terms related to amino
acid metabolism to be down-regulated in obese individuals with
and without T2D (Fig. 2E and data file S1G).

Correlation of clinical parameters with scWAT proteins
The majority of scWAT proteins altered in the T2D state showed a
gradual change in abundance from lean to obese to T2D, suggesting
that theymay play a role in the progression from healthy to dysfunc-
tional WAT. To reveal molecular individuality linked to the clinical
phenotype, we correlated the 48 significantly regulated proteins
(T2D-lean) with five clinical variables; total fat mass, insulin

Fig. 2. Baseline proteome differences in scWAT from lean, obese, and T2D individuals. (A) Volcano plot showing baseline (pre) comparison of the WAT proteome
between T2D and lean individuals (FDR < 10%). Most regulated proteins are highlighted. (B) Profile plot of significant T2D-lean regulated proteins. Dots connected by a
line represent the profile of protein. Proteins with a distinct profile are highlighted in red and blue. (C) Boxplot of highlighted proteins with distinct profile curves between
groups. (D and E) GO biological processes (GOBP) and cellular components (GOCC) enrichment analysis. Gene ratios of overlapping terms between T2D-obese (B), obese-
lean (C) (y axis), and T2D-lean (x axis) are shown. Dots are colored by adjusted P value and size is based on the number of proteins in the enriched category.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Larsen et al., Sci. Adv. 9, eadi7548 (2023) 29 November 2023 4 of 15



sensitivity (GIR), glycemic control (HbA1c), plasma triglycerides,
and V̇O2 max and found several significant associations (Fig. 3A
and data file S1E). Overall, 18 of the regulated unique proteins cor-
related with one or more of these five clinical variables. In particu-
lar, the protein abundance of tubulin beta-2A (TUBB2A) was
strongly negatively associated (τ = −0.46; P < 0.001) with insulin
sensitivity (GIR), whereas ANXA3 was strongly positively associat-
ed (τ = 0.45 and P < 0.001) with GIR (Fig. 3B). ANXA3 also corre-
lated positively with V̇O2 max and negatively with HbA1c and
plasma triglyceride levels (data file S1E). The macrophage infiltra-
tion marker, CD14, showed a negative correlation with GIR (τ =
−0.39; P = 1.1 × 10−4), consistent with previous research showing
that CD14-positive macrophages drive inflammation-induced
insulin resistance (Fig. 3C) (48). The protein with the strongest cor-
relation to HbA1c was MIF, mainly driven by the T2D group (τ =
0.36 and P = 5.3 × 10−4) (Fig. 3D).MIF is a secreted protein involved
in adipose tissue inflammation and is suggested to stimulate the
release of pro-inflammatory cytokines with whole-body systemic
effects (49).

Impact of HIIT on scWAT in lean, obese, and T2D individuals
Exercise training improves whole-body insulin sensitivity in both
glucose-tolerant lean and obese individuals as well as in patients
with T2D (1–6), but the contribution of scWAT to this and other
healthy metabolic adaptations is less clear. In the current study,
we investigated the effect of 8 weeks of HIIT on abdominal
scWAT in healthy lean and obese individuals and in obese patients
with T2D. This was assessed by performing MS-based proteomics
on scWAT biopsies taken before and after the HIIT intervention,
thereby using a paired design.

To our surprise, only three proteins, ferritin light chain (FTL),
ferritin heavy chain-1 (FTH1), and reduced form of nicotinamide
adenine dinucleotide (NADH) dehydrogenase(ubiquinone) 1 alpha
subcomplex subunit 10 (NDUFA10) were significantly changed
(FDR < 0.10) in response to exercise training in at least one of the
groups (Fig. 4A and table S2C). The low impact of exercise training
on the human WAT proteome could be attributed to baseline dif-
ferences within the three groups and the heterogenous nature of ex-
ercise training responses.

The lean and T2D groups showed a significant increase in
scWAT FTL and FTH1 levels (obese: FTL, unadjusted P = 0.007;

Fig. 3. Correlation of clinical parameters with scWAT proteins. (A) Correlation analysis of significantly regulated proteins at baseline with five clinical parameters.
−Log10 (P value) on y axis. Most significant proteins are highlighted. (B and C) Kendall’s rank correlation of ANXA3 and CD14 protein abundance (log2 intensity, y axis)
and GIR (mg/min/m2). (D) Kendall’s rank correlation of MIF and HbA1c (mmol/mol). Kendall’s τ coefficient and P value are shown.
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Fig. 4. Effects of exercise training on the human scWAT. (A) Volcano plot of group-wise log2 fold changes post- versus pretraining. Significant proteins are highlighted
(FDR < 10%). (B) Selected representative GOCC terms significantly changing with exercise training in the lean and obese group. (C) Selected representative GOCC and
GOBP terms significantly changing with exercise training in the T2D group. (D and E) Boxplot of FTL and FTH1 protein abundance (log2 intensity) in human scWAT pre/
post exercise training. (F and G) Boxplot of FTL and FTH1 protein abundance (arbitrary unit) obtained from Western blot analysis in human scWAT pre/post exercise
training. (H) Representative immunoblots from Western blot analysis.
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and FTH1, unadjusted P = 0.064). There was also a significant main
effect (FDR < 0.10) of exercise training in the pooled cohort of par-
ticipants for both FTL and FTH1 (FTL, unadjusted P = 4.69 × 10−10;
and FTH1, unadjusted P = 7.02 × 10−10), representing an average
increase by 75 and 66%, respectively (Fig. 4, D and E). To validate
this observation, we performed a Western blot analysis and verified
that both ferritin subunits were exercise-training–responsive pro-
teins in human scWAT. Here, we identified a significant increase
in both FTL and FTH1 abundances (both main effect, P < 0.001)
after 8 weeks of HIIT (Fig. 4, F to H). A post hoc analysis revealed
group-specific differences in the HIIT-mediated changes in FTL
abundance as this was only significant in the lean (P = 0.015) and
T2D (P < 0.001) groups, confirming the proteomic findings. The
proteomics levels of FTL and FTH1 showed strong correlations
with the abundances measured by Western blotting (FTL, r =
0.83 and P = 5.01 × 10−12) (fig. S3A). Circulating ferritin can be
taken up into cells via the transferrin receptor protein 1 (TfR1);
however, WAT TfR1 abundance did not differ between groups or
change in response to HIIT when measured using Western blotting
(HIIT main effect, P = 0.661) (fig. S3, B and C).

Next, we performed a GSEA of the changes in GO-CC and GO-
BP in response to the exercise training protocol. We found consid-
erable similarities between the HIIT-induced changes in scWAT
from the lean and obese groups (Fig. 4B and data file S1H). Unex-
pectedly, several GO terms related to mitochondrial components
were down-regulated in the lean and obese groups, whereas ECM
and lipoprotein particle components were up-regulated. A lipid
droplet GO-CC term was also down-regulated in scWAT from the
obese group. This might indicate smaller lipid droplets, which is
consistent with the loss of total fat mass observed after HIIT (6).
Compared to the lean and obese groups, the T2D group showed a
different profile in the HIIT-regulated GO terms. Thus, in the T2D
group, we found that terms involved in immune responses, comple-
ment activation, stress responses, coagulation, and wound healing,
as well as secretory-related terms were down-regulated in response
to training (Fig. 4C and data file S1I). This HIIT-induced response
could be explained as an alleviation of the elevated levels of GO
terms related to immune response and complement activation ob-
served at baseline in the T2D group (Fig. 2D). Terms related to
protein synthesis, including ribosome, RNA splicing, and transla-
tion were all up-regulated, suggesting a remodeling of theWAT pro-
teomic composition in patients with T2D in response to training.
All three groups showed a HIIT-induced increase in small lyso-
some–related GO-CC terms containing the FTH1 and FTL
subunits.

Adaptations to HIIT in scWAT associates with both local and
systemic iron metabolism
Intrigued by the HIIT-induced up-regulation of FTL and FTH1 in
scWAT, we performed a repeatedmeasures correlation on the abun-
dance of each ferritin subunit in WAT with individual measures of
insulin sensitivity (GIR) before and after the 8 weeks of HIIT. We
found a highly significant association between the increase in WAT
ferritin levels and improvements in insulin sensitivity (FTL, P = 1.81
× 10−7; and FTH1, P = 4 × 10−7) (Fig. 5, A and B). We next mea-
sured if there was a systemic change in iron homeostasis by measur-
ing iron content markers in the serum of the study participants. We
found an overall effect of HIIT in lowering serum iron levels (main
effect, P = 0.013) (Fig. 5C). While serum transferrin, the primary

iron-transporting protein in the blood, showed a slight increase
(main effect, P < 0.001), there was a remarkable decrease in
serum ferritin (87.52 μg/liter; main effect, P < 0.001) in response
to HIIT (Fig. 5, D and E). Thus, the HIIT-induced increase in fer-
ritin subunit levels in scWAT is not caused by blood contamination.
As circulating ferritin levels have been linked to the risk of obesity
and T2D, we performed a repeated measures correlation of serum
ferritin with GIR, and FTL and FTH abundance in WAT deter-
mined by proteomics. We found serum ferritin to be negatively cor-
related with insulin sensitivity (r = −0.67 and P = 6.3 × 10−7) (Fig.
5F), which aligns with previous studies (50, 51). In addition, WAT
FTL levels negatively correlated with serum ferritin (r = −0.62 and P
= 8.17 × 10−6), suggesting a coordinated regulation between whole-
body and adipose tissue–specific iron storage capacity. Together, we
propose a model where the iron storage capacity of WAT increases
in response to HIIT, thereby contributing to a lowered systemic free
iron content and a reduction in the intracellular labile free iron pool
and cellular oxidative stress (Fig. 5G). This may lead to reduced re-
active oxygen species (ROS) production through the Fenton reac-
tion, ultimately reducing mitochondrial damage and lipid
peroxidation.

DISCUSSION
Human WAT has a profound impact on whole-body metabolism
and is attracting attention as a therapeutic target in obesity and
T2D. Recent evidence, particularly in rodents, suggests that exercise
training–induced adaptations inWATmay contribute to the whole-
body effects of exercise training (23–26, 28–31). Here, we investigat-
ed changes in the human WAT proteomes related to obesity and
T2D as well as induced by 8 weeks of HIIT in glucose-tolerant
lean and obese individuals and patients with T2D. Using a state-
of-the-art high-throughput proteomics technology, we accurately
quantified >3500 proteins across all samples. To our knowledge,
this is the most comprehensive scWAT proteome from an unprec-
edentedly large number of lean and obese individuals and patients
with T2D. Our analysis revealed multiple obesity- and T2D-related
changes in the scWAT proteomes but unexpectedly, few changes in
response to HIIT. A majority of the scWAT proteins, and related
cellular and biological processes affected by obesity and T2D,
showed a gradual change in abundance from the lean to obese to
T2D group, suggesting that the scWAT proteome in obese individ-
uals is already in transition to the dysfunctional scWAT proteome
observed in patients with T2D. Although HIIT markedly improved
whole-body insulin sensitivity, V̇O2 max, and body composition in
all groups, it only had minor effects on the scWAT proteome.
However, HIIT significantly altered proteins involved in iron ho-
meostasis, providing additional insights into the field.

Transcriptomic studies have reported obesity and T2D related
changes in human scWAT (13–15, 17, 19); however, to what
extent these alterations are present at the protein level is largely
unknown. While previous studies have provided insights into the
human scWAT proteome, they generally reported a much lower
number of proteins identified and quantified in smaller cohorts of
individuals (28, 33–36). The much more comprehensive coverage
and quantification of the human scWAT proteome in our study
was achieved by an improved sample preparation using the PAC
method (38), highly reproducible chromatography (39), and a sen-
sitive mass spectrometer (40). We observed that the obese scWAT
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proteome appears to exist in a transition state toward the dysfunc-
tional scWAT proteome observed in T2D. Our data indicate that the
down-regulation of several mitochondrial processes and up-regula-
tion of ECM and immune response-related pathways is mainly
driven by T2D, whereas the up-regulation of proteins involved in
cell adhesion, morphogenesis, and growth (e.g., up-regulation of

ERK cascade) is driven primarily by obesity. The results from our
proteomics study of human scWAT extend the findings in previous
transcriptomic studies (13, 15, 17, 19, 21, 52, 53) by showing that
increased markers of immune responses, complement activation,
and ECM components as well as reduced markers of mitochondrial

Fig. 5. Exercise training remodels iron homeostasis. (A and B) Repeated-measures correlation of human scWAT FTL and FTH1 protein expression (log2 intensity) and
GIR (mg/min/m2). (C to E) Serummeasurements of iron (μM), transferrin (μM), and ferritin (μg/liter). (F) Repeated-measures correlationmatrix of parameters related to iron
homeostasis. (G) Graphical illustration of a proposed model of iron homeostasis in human scWAT. HIIT elevates intracellular ferritin levels, promoting iron storage and
diminishing the free iron labile pool. This reduces Fe2+ oxidation in the Fenton reaction, subsequently leading to fewer radical oxygen species. Such a mechanism could
protect the cell from mitochondrial damage and lipid peroxidation.
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capacity in scWAT, also at the proteomic level, are crucial factors
involved in dysfunctional scWAT in T2D.

Some proteins displayed a discrete rather than continuous ex-
pression profile between lean, obese, and patients with T2D. For in-
stance, the abundance of the protein HTRA1, a secreted protease
that suppresses adipogenesis and lipid droplet formation in
human mesenchymal stem cells (54), was threefold elevated in pa-
tients with T2D compared to both lean and obese individuals. An
earlier report suggests that HTRA1 is primarily located in blood
vessels in WAT and is highly expressed in insulin-resistant individ-
uals (54). Since HTRA1 is a known adipogenesis suppressor, it may
act as a late-phase negative regulator to prevent adipocyte differen-
tiation in patients with T2D. Conversely, compared to the lean
group, the protein levels of the integrin receptor, ITGAV, were
high in both the obese and T2D groups, and they were similar
between the obese and T2D group. Since ITGAV is known to
modify adipose cell proliferation and differentiation (55), ITGAV
is likely involved in the alterations in the adipose cell morphology
and function in WAT from obese men and men with T2D. Last, we
found ALDH7A1, a protein that protects cells against oxidative
stress (56), being down-regulated in obesity and T2D, indicating
lower protection against oxidative damage under these pathophys-
iological conditions.

Associating individual proteomic signatures with clinical pheno-
types can be valuable in disease diagnosis and surveillance (57). To
this end, we correlated five commonly used clinical parameters with
the abundance of scWAT proteins regulated in patients with T2D
compared with lean individuals. We found the strongest inverse as-
sociation between insulin sensitivity and the abundance of
TUBB2A. The protein TUBB2A has the highest expression in
adipose tissue and has previously been found to be increased in
scWAT of insulin-resistant individuals (36, 58). Several of the pro-
teins showing significant associations with the clinical phenotypes
are known as secreted proteins, including CD14, MIF, and ANXA3.
CD14 is likely to be secreted from infiltrating/resident immune
cells, but increased expression of adipocyteCD14mRNA expression
has also been reported in obese individuals (48). MIF is a secreted
protein involved in adipose tissue inflammation and is suggested to
stimulate the release of pro-inflammatory cytokines with whole-
body systemic effects (49). In addition, MIF has been proposed as
an effective antidiabetic therapeutic target, as MIF antagonists show
great promise to reduce pro-inflammatory cytokines and lower
blood glucose levels in mice (59). Last, the secreted protein
ANXA3 showed a strong positive correlation with insulin sensitiv-
ity. ANXA3 is a negative regulator of adipocyte differentiation and
knockdown of ANXA3 in 3T3-L1 adipocytes increased lipid droplet
accumulation (60). The role of ANXA3 in the adiposemetabolism is
unclear, despite its high expression in murine adipose tissue (60).
We speculate that the panel of regulated secreted scWAT proteins,
which displays a strong correlation with clinical phenotypes, could
be used as potential noninvasive plasma biomarkers of whole-body
insulin sensitivity or glycemic control in T2D.

Despite a marked beneficial effect of the HIIT protocol on
whole-body insulin sensitivity, V̇O2 max, and body composition
in glucose-tolerant lean and obese individuals and patients with
T2D, only a few significant changes in scWAT protein abundance
were observed after HIIT. However, when using GSEA, several GO-
CC terms showed similar HIIT-induced responses in the lean and
obese individuals. Notably, several groups of proteins representing

different components of mitochondria were down-regulated in re-
sponse to HIIT in these glucose-tolerant groups. Our results extend
previous reports of decreased (61) or unchanged mitochondrial re-
spiratory capacity (20, 62) and lack of changes in mitochondrial
content and abundance of targeted proteins involved in mitochon-
drial biogenesis and oxidative phosphorylation in scWAT of lean
and obese individuals following exercise training interventions of
various durations (6 to 12 weeks), types, and intensities (20, 61–
63). Furthermore, in one of these studies (20), exercise training
did not improve several other markers of adipose tissue function,
such as adipocyte morphology, measures of lipolysis, and markers
of inflammation, browning, or adipokines. Our unbiased, large-
scale proteomic approach strongly supports these observations sug-
gesting that, e.g., the increase in insulin sensitivity in response to
exercise training is not mediated by improvements in known
markers of adipose tissue dysfunction, at least not in nondiabetic
individuals. However, as speculated in previous studies (20, 61–
63), longer intervention periods with intense exercise training and
larger reductions in fat mass may be necessary to achieve improve-
ments in these markers of adipose tissue dysfunction.

While GO terms related to mitochondrial processes were unal-
tered by HIIT in the T2D group, exercise training in this group
caused potential beneficial changes in the scWAT proteome.
Thus, GO terms related to secretion, immune responses, comple-
ment activation, stress responses, coagulation, and wound healing
were decreased. This is particularly interesting, as some of these
terms were elevated at baseline in T2D or obesity in our study, in
line with previous transcriptomic evidence of enhanced inflamma-
tory pathways, including immune responses and complement and
coagulation cascades inWAT in obesity and T2D (15, 19, 63, 64). In
addition, GO terms such as the ribosome, RNA splicing, and trans-
lation were all up-regulated by HIIT in scWAT in the T2D group.
These results suggest that exercise training can remodel and
improve at least some components of the exaggerated dysfunctional
scWAT state observed in individuals with T2D (13).

Iron is essential for several fundamental metabolic functions, in-
cluding the transportation of oxygen. The risk of developing T2D
has been found to be positively associated with iron overload and/
or the body iron stores most often measured as serum ferritin (65–
70). Serum ferritin is furthermore inversely associated with plasma
adiponectin in a cohort of individuals with or at an increased risk of
T2D and cardiovascular diseases (71, 72). In the present study, we
found no differences in the baseline levels of serum iron, ferritin,
transferrin, or WAT ferritin subunits between the groups. This is
in line with a study of the expression of iron metabolism-related
genes, including FTL, FTH, and TFR, in WAT of lean, overweight,
and heavily obese individuals (73). In that study, no basal differenc-
es were seen between groups inWAT, whereas the expression of FTL
in visceral adipose tissue was increased in the heavily obese group,
suggesting depot-specific differences in iron metabolism (73). One
study recently explored the effects of exercise training on tissue iron
homeostasis in obese men and women and found that HIIT de-
creased protein ferritin levels in serum, skeletal muscle, and liver
(74). In line with existing evidence, we found that HIIT decreased
serum ferritin and iron, but unexpectedly, HIIT increased the
protein levels of the ferritin subunits in scWAT. The increase in
WAT ferritin levels was observed across all groups and this increase
in WAT ferritin subunit levels was strongly associated with the im-
provement in whole-body insulin sensitivity. Notably, a strong
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negative correlation was observed between serum ferritin and
insulin sensitivity in response to HIIT, whereas a positive correla-
tion between WAT ferritin protein levels and insulin sensitivity was
seen in response to HIIT. This has not been previously reported.
These findings appear to contradict other studies, which have
found a negative relationship between WAT ferritin transcript
levels and insulin sensitivity (73, 75). However, caution should be
exercised when interpreting these baseline differences related to
insulin sensitivity and the insulin-sensitizing effect of exercise train-
ing. First, in one of the studies, WAT ferritin was measured in vis-
ceral adipose tissue biopsies (73), and second, both studies
measured mRNA levels rather than the protein abundance. Free in-
tracellular iron increases the translation of ferritin in a posttran-
scriptional manner (76, 77), making it crucial to determine
protein levels, as these may differ from transcript levels, in particu-
lar in disease states.

The descriptive nature of the present study only allows us to
speculate about the mechanism causing the HIIT-mediated
changes in scWAT ferritin abundance. On the basis of the observa-
tions from the current study, we propose a model where the iron
storage capacity of scWAT increases in response to HIIT. In cul-
tured 3T3-L1 adipocytes, insulin induces a rapid translocation of
transferrin receptors to the cell surface following insulin adminis-
tration (78, 79). The translocation of transferrin receptors and
binding of transferrin to the cell surface was associated with an in-
creased uptake of iron (78, 79). Although subsequent studies have
found that the trafficking of the transferrin receptor and GLUT4
occurs via different mechanisms in adipocytes (80, 81), improved
whole-body insulin sensitivity following HIIT may be associated
with increased iron uptake in human scWAT. As the cytosolic fer-
ritin abundance is positively regulated by the intracellular iron levels
(82), we therefore suggest that the identified increase in WAT ferri-
tin serves as a protective measure to store iron in an inert form (82,
83), thus preventing it from facilitating the formation of toxic free-
radical species that may damage the tissue. Ferritin appears to be
important for adipose tissue function as deletion of the Fth gene
in mice severely impairs adipose tissue metabolism and disturbs
redox balance (84). The protein abundance of FTL and FTH1 has
furthermore been found to increase during adipocyte differentia-
tion, which contradicts the notion of WAT ferritin being harmful
(85). Moreover, FTL expression in macrophages protects against li-
popolysaccharide-induced inflammation and oxidative stress (86),
suggesting that both ferritin subunits contribute to iron metabo-
lism. Last, overexpression of ferritin in 3T3-L1 adipocytes shields
the cells from iron-induced lipid peroxidation and damage (85).
Therefore, it is likely that the HIIT-induced increase in WAT ferri-
tin subunit levels protects adipocytes from oxidative stress and
damage. Further studies are warranted to establish a role for the in-
creased scWAT ferritin levels in response to exercise training
in humans.

In conclusion, our findings provide additional insights into the
scWAT proteome changes associated with obesity and T2D and in
response to HIIT combining rowing and cycling. However, further
research with larger cohort sizes is needed to validate and build
upon these results. Last, the high-throughput proteomics workflow
presented here is well suited for larger-scale studies.

MATERIALS AND METHODS
Human participants
The clinical and metabolic results from this nonrandomized inter-
vention study were reported recently (6). In brief, the study included
middle-aged, obese men with T2D (n = 15) carefully matched to
glucose-tolerant obese (n = 15) and lean (n = 18) men (table S1),
all with a low to moderate level of self-reported physical activity,
with no difference between groups. The sample size was estimated
to detect a difference in insulin sensitivity at baseline between pa-
tients with T2D and lean men and an increase in insulin sensitivity
in response to exercise training (6). In patients with T2D, use of
glucose-lowering agents was restricted to the use of metformin,
DPP4 inhibitors, and/or sulphonylureas in addition to blood pres-
sure and lipid-loweringmedication (6). The nondiabetic individuals
had normal glucose tolerance as evaluated by a 2-hour plasma
glucose level below 7.8 mM after an oral glucose tolerance test, an
HbA1c within the normal range and no family history of diabetes,
and they were not taking any medication. One lean man and three
obese men had fasting plasma glucose values corresponding to im-
paired fasting glucose. All participants had normal results on blood
screening tests and ECG. Four participants did not complete the
HIIT protocol. Informed consent was obtained from all individuals
before participation.

Ethics approval
The study was approved by the Regional Scientific Ethical Commit-
tees for Southern Denmark (project ID: S-20170142) and per-
formed in accordance with the Helsinki Declaration II. The study
was registered at ClinicalTrials.gov (NCT03500016).

Study design
All participants were examined on 2 days before (days 1 and 2) and
after (days 3 and 4) a HIIT protocol combining rowing and cycling
as previously reported (6). On days 1 and 3, body composition was
assessed by dual-energy x-ray absorptiometry, and V̇O2 max was
determined by an incremental exercise test. On days 2 and 4, bio-
chemical characteristics, insulin sensitivity, and substrate metabo-
lism were determined after an overnight fast using a
hyperinsulinemic-euglycemic clamp with tracer glucose (2-hour
basal period and 3-hour insulin infusion, 40 mU m−2 min−1) com-
bined with indirect calorimetry (6). Day 4 took place 48 hours after
the V̇O2 max test. The participants were instructed to refrain from
alcohol and caffeine 24 hours before the test days and from physical
activity 48 hours before test. Furthermore, participants were in-
formed not to change their dietary habits during the intervention
period. In patients with T2D, all medication was withdrawn 1
week before the clamp studies but was otherwise continued
during the intervention period. In the present study, we report
the prespecified secondary outcome of global changes in protein
abundance using proteomics on adipose tissue biopsies. For
further details regarding biological samples, antibodies, chemicals,
peptides, recombinant proteins, deposited data, software, and algo-
rithms, please refer to our key resources table (table S2).

High-intensity interval training
The training protocol consisted of 8 weeks of supervised HIIT com-
bining rowing and cycling, with three sessions per week. Most train-
ing sessions (>95%) took place in the afternoon. In brief, each HIIT
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session started with a 10-min warm-up period followed by training
blocks of 5 × 1 min high-intensity intervals (86 to 88% of max heart
rate) on either rowing or cycle ergometers interspersed by 1-min
active or resting recovery. Between the training blocks, the partici-
pants had a 4-min break in which they shifted from cycling to
rowing or vice versa. The number of training blocks was gradually
increased from two to five during the intervention period as a block
was added every second week. Halfway through the HIIT protocol,
the workload was adjusted according to a V̇O2 max test to maintain
the relative workload and intensity throughout the training period.
The attendance rate to the HIIT sessions was above 95% in all three
groups (6).

Sample collection
Abdominal scWAT biopsies were obtained on day 2 and day 4 fol-
lowing the 2-hour basal period of the clamp. The biopsies were ob-
tained using a modified Bergström needle with suction under local
anaesthesia (lidocaine) and then blotted free of any visible blood
and connective tissue and frozen in liquid nitrogen.

Sample preparation for proteomics analysis
Snap-frozen adipose tissue biopsies were powdered and homoge-
nized in SDS buffer (100 mM tris-HCl, pH 8.5, 1% SDS) with an
Ultra Turbax blender (IKA). Homogenates were then boiled at
95°C for 10 min in a Thermomixer (Eppendorf ) at 1000 RPM
and sonicated using a tip sonicator for 30 s, 1-s on/off at amplitude
50%. Then, 25 U of benzonase were added to each sample and ho-
mogenate were incubated in a thermomixer at 37°C for 30 min. Ho-
mogenates were centrifuged at 16,000g for 10 min and supernatant
lysate was transferred to a new tube and sample protein concentra-
tion was determined using DC assay (Thermo Fisher Scientific).
Forty micrograms of protein was reduced and alkylated by addition
of dithiothreitol and chloroacetamide to a final concentration of 10
and 40 mM, respectively, followed by a 45-min incubation at room
temperature without agitation. Proteins were digested following a
96-well adapted PAC protocol (38). In brief, a 1:4 protein to bead
ratio was added to the sample lysate and protein aggregation was
induced by dispensing acetonitrile (ACN) to a final concentration
of 70%, followed by a 10-min incubation without agitation. Then,
the sample plates were placed in a magnetic stand (Dynamag
Thermo) and beads with protein aggregates were first washed
twice with 100% ACN and then twice with 70% EtOH. All washes
were performed without removing the plates from the magnetic
stand. After discarding the last wash, beads were resuspended in
50 μl of digestion buffer (50 mM tris-HCl, pH 8.5) and 1:500
enzyme to protein ratio of LysC (Wako) was added to the protein
mixture and incubated in a Thermomixer for 1 hour at 40°C. After-
ward, 1:100 enzyme to protein ratio of trypsin was added to the
mixture and proteins were digested overnight at 37°C. The next
day, digestion was quenched by addition of 1% trifluoroacetic
acid (TFA) in isopropanol. Peptides were cleaned for salts and re-
maining lipids using styrenedivinylbenzene–reverse phase sulfonate
and eluted in 1.25% NH4OH and 80% ACN. Peptides were dried
completely and resuspended in 0.1% TFA and 5% ACN and
loaded on Evotips.

Proteomics analysis
A total of 200 ng of peptides were loaded on a disposable Evotip C18
trap column (Evosep Biosystem) according to the manufacturer’s

instruction. Evotips were wetted with 2-propanol, activated with
0.1% formic acid in ACN and equilibrated with 0.1% formic acid.
Peptides were added to the tips and centrifuged at 1000g for 2
min. Evotips were then washed with 0.1% formic acid and stored
by adding 200 μl 0.1% formic acid until LC-MS measurements. A
project-specific library was generated from a peptide pool of all
samples. In brief, 20 μg of peptides were fractionated using high-
pH reverse-phase chromatography on a Kinetex 2.6 um EVO C18
100 Å, 150 × 0.3 mm column (Phenomenex) using an EASY-nLC
1200 System (Thermo Fisher Scientific) operating at 1.5 μl/min. A
62-min step gradient from 3 to 60% solvent B [10 mM triethylam-
monium bicarbonate (TEAB) in 80% ACN] and solvent A (10 mM
TEAB in water) was used for separation. A total of 98 fractions were
collected and concatenated into 24 fractions. Two hundred nano-
grams of peptide from each fraction was loaded onto Evotips as de-
scribed earlier.

Peptides were analyzed by partially eluting from Evotips with
<35% ACN and analyzed with Evosep One LC system (Evosep Bio-
systems) coupled online to an Orbitrap Exploris 480 mass spec-
trometer (Thermo Fisher Scientific). Eluted peptides were
separated on a 15-cm-long PepSep column [150 μm inner diameter
packed with 1.5 μm of Reprosil-Pur C18 beads (Dr Maisch)] using
standard preset gradient method (44 min, 30 samples per day) and
electrosprayed with stainless emitter (30 μm inner diameter) at 2.3
kV. For the single-shot adipose tissue proteome, the data were ac-
quired in DIA mode. Each acquisition cycle consisted of a survey
scan at a resolution of 120,000 [normalized automatic gain
control (AGC) of 300%; scan range, 350 to 1400 m/z (mass/
charge ratio)] followed by 49 DIA cycles with dynamic isolation
windows at a resolution of 15,000 where precursor ions were frag-
mented with high-energy collisional dissociation (HCD) of 27%.
The data were acquired in profile mode using positive polarity.

To generate the library, each peptide fractions were measured in
data-dependent acquisition (DDA) mode with automatic switching
between MS and MS/MS using a top 15 method. MS spectra were
acquired in the Orbitrap analyzer with a mass range of 350 to 1400
m/z and 60,000 resolution (normalized AGC target 300%). HCD
peptide fragments acquired at 30 normalized collision energy
were analyzed at 15000 resolution (normalized AGC target
200%). The data were acquired in profile mode using positive
polarity.

Data analysis
For library generation, raw spectra from library DDA and experi-
mental DIA files were processed in FragPipe v19.0 with the DIA_-
SpecLib_Quant workflow. This was performedwith default settings,
which include a minimum peptide length of seven amino acids and
a maximum of two missed cleavages. M-oxidation and NQ-deam-
ination were set as variable modifications. Raw spectra were
searched against the Human Uniprot reviewed FASTA (August
2021 release, 20435 entries). Raw files were then searched with
DIA-NN v1.8.2 (beta) workflow in the FragPipe software (37, 41)
against the project-specific library with default settings, which
include peptide length set to 7 to 30 amino acids and a maximum
of two missed cleavages. Carbamidomethylation, N-terminal exci-
sion, and M-oxidation were set as variable modifications. Quantifi-
cation was based on robust LC (high precision) and match between
runs was enabled. Precursor FDR was set to 1%.
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Differential proteome analysis
The protein group file was imported into R v.4.2.1. Protein intensi-
ties were log2 transformed and filtered to be quantified in at least
75% of samples across the entire data. Data normality was checked
by plotting histograms and Q-Q plot (see fig. S1B). Before data anal-
ysis, one sample was excluded as outlier due to low protein identi-
fications (<1000 IDs). To check data clustering and potential batch
effects, a scaled PCA was performed on complete observations
(1063 proteins) by the prcomp (stats package) function. This re-
vealed one batch effect related to LC-MS instrumentation. For the
PCA (Fig. 1E), this batch effect was removed by the removeBatch-
Effect (limma package). For analysis of differentially expressed pro-
teins, the batch effect was added as a covariate to the linear mixed
model. To test for differentially expressed proteins, the lmFit
(Limma) function was applied. The average intersubject correlation
was estimated by the duplicateCorrelation function (Limma) and
added to the linear model. Empirical Bayes smoothing of standard
errors and moderation of t and f statistics were computed by the
eBayes function. Contrasts were computed and coefficients were ex-
tracted. This allowed us to look for main effects of groups at base-
line, main effect of HIIT, and interaction of group and HIIT as well
as individual comparisons within groups. P values were adjusted
with the Benjamini-Hochberg (BH) method and significance level
set to 10% FDR.

Gene set enrichment analysis
GSEAwas performed with the clusterProfiler package. All logFC in-
tensities were ranked in a descending order and searched for GO
terms (org.Hs.eg.db). Our whole adipose tissue proteome was
used as background. The number of permutations was set to
10,000 and P values were corrected by the BH method using an
FDR of 10%.

Western blotting
The proteins were separated by SDS-PAGE on appropriate Mini-
PROTEAN YGX stain-free gels (Bio-Rad Laboratories, Herlev,
DK) and transferred to a polyvinylidene difluoride membrane (Im-
mobilon Transfer Membranes; Millipore, Bagsværd, Denmark) by
semidry blotting. The same amount of total lysate protein (7 μg) was
loaded for each sample. The Western blots were conducted in a ba-
lanced design with samples from all experimental conditions
present on all gels and an internal control were included on each
gel to allow correction for variation between gels. A standard
curve is furthermore included to ensure that quantification of
each probed protein is within a linear range. In the Western blot
analysis, the relative abundance of a protein is normalized to the
stain-free signal from the entire lane. The membrane was blocked
in a tris-buffered saline with Tween 20 with milk (3%) or bovine
serum albumin (3%) solution and afterward probed with primary
antibodies. The protein bands were probed with enhanced chemi-
luminescence (Merck Millipore, Billerica, MA) and subsequently
visualized using the ChemiDoc XRS+ system (Bio-Rad Laborato-
ries, Herlev, DK) and quantified using Image Lab version 6.1
(Bio-Rad Laboratories, Herlev, DK). The abundance of any
protein of interest are normalized to the total gel stain of the corre-
sponding lane, which is obtained using the BioRad stain free
imaging system (Bio-Rad Laboratories, Herlev, DK).

Serum iron measures
Serum ferritin, transferrin, and iron were determined by routine
clinical laboratory methods at Odense University Hospital using a
Cobas 8000 (Roche, Basal, Switzerland).

Statistical analysis
TheWestern blot data and serummeasures of iron, transferrin, and
ferritin were analyzed using a two-way analysis of variance
(ANOVA) with repeated measures and a Student-Newman-Keul
post hoc test. Significance was accepted at P < 0.05.

For baseline correlation (presamples), clinical parameters were
log2 transformed and only complete pairwise observations were
correlated with the cor.test function. Log2-transformed clinical pa-
rameters were tested for normality by the Shapiro-Wilk test, and
either Kendall’s rank or Pearson correlation test was applied. To cal-
culate the repeated-measures correlation (paired pre-post samples),
we applied the rmcorr function as described in (87). Clinical param-
eters were log2 transformed before the correlation analysis. To
assess intersample reproducibility, we performed a Pearson correla-
tion analysis by the cor.test function. Sample correlation coeffi-
cients were plotted group-wise in a boxplot (fig. S1A).

Supplementary Materials
This PDF file includes:
Figs. S1 to S3
Tables S1 and S2
Legend for data S1

Other Supplementary Material for this
manuscript includes the following:
Data S1
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