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SUMMARY

Plasticity of skeletal muscle is induced by transcriptional and translational events in response to exercise,
leading to multiple health and performance benefits. The skeletal muscle microenvironment harbors myofib-
ers and mononuclear cells, but the rich cell diversity has been largely ignored in relation to exercise adapta-
tions. Using our workflow of transcriptome profiling of individual myofibers, we observed that their exercise-
induced transcriptional response was surprisingly modest compared with the bulk muscle tissue response.
Through the integration of single-cell data, we identified a small mast cell population likely responsible for
histamine secretion during exercise and for targeting myeloid and vascular cells rather than myofibers. We
demonstrated through histamine H1 or H2 receptor blockade in humans that this paracrine histamine
signaling cascade drives muscle glycogen resynthesis and coordinates the transcriptional exercise
response. Altogether, our cellular deconstruction of the human skeletal muscle microenvironment uncovers
a histamine-driven intercellular communication network steering muscle recovery and adaptation to
exercise.

INTRODUCTION

Skeletal muscle comprises 40% of the human body weight, con-
sisting of multinucleated muscle fibers and multiple other mono-
nuclear cell types. The swift remodeling of skeletal muscle in
response to exercise induces training adaptations (e.g., mito-
chondrial biogenesis) that drive many health-promoting benefits
(e.g., increased insulin sensitivity)." High-intensity interval
training (HIIT) is generally superior in improving the aerobic
capacity of an individual compared with moderate-intensity
continuous training, although it is unclear how exercise intensity
dictates the cellular adaptations in skeletal muscle.” Earlier
studies have focused on how exercise intensity affects muscle
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gene expression,>* phosphoregulation of the muscle prote-
ome,” and biosynthesis of signaling metabolites.®

Despite these important endeavors, the rich cell diversity in
skeletal muscle and its relation to the adaptive response to exer-
cise have not yet received their warranted attention. Muscle
fibers are the dominant cells in skeletal muscle, generally classi-
fied as “slow” and “fast” fibers,” with substantial differences in
the exercise response between both fiber types.®® Next to the
myofibers, an important role for regulation of muscle homeosta-
sis and plasticity can be ascribed to the various residing or infil-
trating mononuclear cells. Bulk transcriptomics datasets have
made it clear that there is a vast transcriptional landscape of ex-
ercise responses and that knowledge on most of the canonical
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Figure 1. Contribution of non-muscle cells to the adaptive response to exercise
(A) Overview of experimental design for the acute human exercise intervention.
(B) Overlap between myofiber-specific and bulk muscle DEGs after HIIT.
(C) Expression time profile of selected genes for myofibers and bulk muscle, including individual data points (n = 12).
(legend continued on next page)

Cell Metabolism 37, 842-856, April 1, 2025 843



¢ CellPress

OPEN ACCESS

exercise-induced genes is insufficient.'® These bulk muscle re-

sources are limited, however, in their ability to disentangle the
contributions of specific cell types. The introduction of various
single-cell omics technologies in skeletal muscle research has
been transforming our view on the heterogeneity and importance
of mononuclear non-muscle cells,"''® but they have up until
now mainly been used to study skeletal muscle regeneration.
For example, endothelial cells'* and fibroblasts'® control muscle
regeneration after limb ischemia via crosstalk with macro-
phages. While some groups have started to explore this
emerging field,'® more work is required to understand exercise
adaptations from a multicellular perspective.

Mast cells, a myeloid cell type that has been largely over-
looked in relation to skeletal muscle, might be one cell type
involved in exercise-induced intercellular crosstalk. Mast cells
may communicate to neighboring cells upon degranulation
with exercise and subsequent release of histamine,'”'® but
necessary evidence is lacking. Here, we show, in humans, that
the exercise-induced transcriptional response of myofibers con-
stitutes only a fraction of the total exercise transcriptome in bulk
muscle, conveying a large unaccounted role for mononuclear
cells. In these, we identified a small mast cell population along-
side a potent paracrine histamine release in human muscle dur-
ing exercise. Experiments with selective blockade of histamine
receptors indicate a histaminergic control of metabolic recovery
and remodeling of human muscle.

RESULTS

Contribution of non-muscle cells to the adaptive
response to exercise

To start exploring the role of mononuclear non-muscle cells in
exercise responses, we applied two transcriptome profiling stra-
tegies to skeletal muscle biopsies collected before and after
high-intensity interval exercise in young, healthy individuals
(12M/2F, 22-42 years old). We first performed bulk muscle total
RNA sequencing (RNA-seq), as this readout comprises both the
myofibers and the different mononuclear non-muscle cells (e.g.,
endothelial cells, fibro-adipogenic progenitors [FAPs], and mac-
rophages). Secondly, we employed our recently described sin-
gle-fiber poly(A+) transcriptome profiling method,'® yielding in-
sights in the myofiber-specific response. The biopsies were
collected before high-intensity interval cycling exercise (exercise
duration: 54 min), immediately after, and after 3 h of recovery
(Figure 1A). After stringent quality control, the myofiber dataset
comprised 912 high-quality fibers (70 fibers on average per
participant, Figure S1A). Between the myofiber and bulk muscle
dataset, there was a 93% overlap in the number of detected
genes (Figure S1B), a similar distribution of transcript biotypes
(coding, long non-coding, or antisense) (Figure S1C), as well as
a high correlation (r = 0.729) in expression of common genes
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(Figure S1D). There was a reasonable overlap between exer-
cise-induced differentially expressed genes (DEGs) at a myo-
fiber-specific level versus bulk muscle, although the number
of DEGs was much higher in bulk muscle (Figure 1B;
Table S1). Induction of several “core” exercise-responsive
genes (PPARGC1A, NR4A3, EGR1, FOS, JUNB, and ANKRD1)
was similar in myofibers versus bulk muscle and similar to the
MetaMEx database'® (Figure S1E). However, many features
showed a divergent response, such as the metalloproteinase
ADAMTS4,?° the transcription factor MYC,?" and the non-coding
LINC00473, which were strongly upregulated only in bulk muscle
(Figure 1C). Genes such as ZNF66, KCNC4, and KANSL2, on the
other hand, only showed exercise-induced up- or downregula-
tion in myofibers. To further compare myofibers versus bulk
muscle, we performed principal-component analysis (PCA) on
the complete dataset of resting, post-exercise, and recovery bi-
opsies. Samples showed a moderate separation by time point,
and only along PC2, in the myofiber-specific samples, while
the exercise-induced separation in the PCA plot was very pro-
nounced along PC1 in bulk muscle (Figure 1D).

These comparisons of exercise-induced effects in myofibers
versus bulk muscle showed that the transcriptional response
of bulk muscle is much more pronounced. Although these differ-
ences could be partly related to a lower sequencing depth of the
myofiber-specific samples, another mechanism could be that
the different mononuclear non-muscle cells, either resident or
infiltrating, harbor a profound potential to affect the skeletal mus-
cle response to exercise. To start appreciating the role of this cell
diversity, we integrated our single-fiber dataset of 925 fibers at
rest'® with a single-cell dataset (4 participants, 37,333 cells) of
human skeletal muscle.” This approach is unique in its ability
to study the complete human skeletal muscle niche, as
compared with widely available single-cell (only mononuclear
cells) or single-nuclei (only nuclear RNA and >85% myonuclear
RNA) transcriptome methods. By annotating the different clus-
ters obtained after integration with well-known marker genes
for different cell types (Figure S1F), we could identify eight gen-
eral categories of different cell types, including FAPs, vascular
cells (smooth muscle/pericytes and endothelial), muscle fibers,
satellite cells, and immune cells (mast cells, other myeloid cells,
and natural killer [NK]/T/B cells) (Figure 1E). As a first step in
exploring the contribution of these mononuclear cell populations
to the adaptive response to exercise, we interrogated if the spe-
cific marker genes of the different cell populations are up- or
downregulated in the bulk muscle exercise dataset. While this
analysis does not discern if there is an infiltration of immune cells
or an upregulation of genes within resident cells, it could repre-
sent the plastic nature of marker genes for non-muscle cells.
Indeed, many of the marker genes are present in the bulk muscle
DEG lists, especially immune and vascular cell markers at both
post-exercise (Figure S1G) and recovery (Figure 1F). Marker

(D) Principal-component analysis for myofibers and bulk muscle. Each dot represents one participant and is colored by time point (pre-exercise, post-exercise, or

recovery) (n = 13).

(E) Integrated UMAP of mononuclear cells and muscle fibers of human skeletal muscle.

(F) Dot plot of the intersection of genes for the DEGs from the bulk muscle exercise dataset (at recovery versus pre-exercise) with the cell identifier genes for the
different populations from the single-cell dataset (top 50 genes per cell type). Color and size of the dots depict exercise-induced change in gene expression (bulk
muscle dataset) and percentage of cells expressing the gene (single-cell dataset), respectively.

See also Table S1.

844 Cell Metabolism 37, 842-856, April 1, 2025



Cell Metabolism ¢ CelPress

OPEN ACCESS

Receptors on muscle fibers
<

MMP2
(MMP2)

IL6ST CALM2
(IL6) GNAS T TTT]

0P| 4 | |

APLNR
(Apelin)

| b ] ||
]
ITGB1
(SPARC) &
D

SPARC LGASS
(SPARC) | | cois =

NAMPT =

NTRK2
S100A4

@
8
28

z

n

ICAM1 Prior interact.
] potential

ATP1B] 16
HLAA I byt
Cp47 08
PDGFB 04
PLEKHO2 -
ILTRN = 00

Ligands on myeloid and mast cells
[}
1%}
1
2

(BDNF)

Signaling from mast cells to other cells

ERFE % c
Myonectin
oy ) | | | | | Smooth muscle/Pericytes [ J [ ] ® [ ]
2 Slow fibers [ ] [ ] ( 3K J [ ]
cXcL8 * > Satellite cells o o o Comm
(IL8) | § NK/T/B cells { @ () e [ ) prob.
L 5 Myeloid cells | ® [ ) () () [ ) () 04
g " 0.3
SUCNR1 % 5 Fast fibers [ ) [ ] L) [ 02
(Succinate) | | | L FAPs o o [ 3K ) 04
| l Endothelial cells ° 0 D 00
N N N © T T T T T T T T T T T T T T T T T
< & NP o o ° #2232 8% EFETLessses
<& o & oF F & ‘\*S\ *és‘ é g 58 g5 g ] £ LeSEETbE §
& & S 22z i~ = e 3
< I g 3
£ ©

Figure 2. Extensive intercellular communication networks in the skeletal muscle niche
(A) Violin plots depicting expression of known myokines and their receptors in the integrated single-cell/fiber dataset. Asterisks and colors indicate significant

enrichment of this gene in the respective cell type.

(B) NicheNet results illustrating the interaction potential of ligands expressed in myeloid cells and their downstream receptors expressed in muscle fibers.
(C) CellChat results of communication pathways from mast cells to other cell types.

genes for the muscle fibers were largely unaffected by exercise.
These data suggest a potential role for mononuclear non-muscle
cells in regulating exercise responses in skeletal muscle.

Extensive intercellular communication networks in the
skeletal muscle niche

After integrating our comprehensive dataset containing all cell
types in human skeletal muscle, we wondered if we could profile
novel cell-cell communication networks in the skeletal muscle
microenvironment.”> We started with a targeted approach
focusing on known secreted myokines involved in intercellular
and interorgan crosstalk and potentially important for driving ex-
ercise adaptations.?**® Capitalizing on this prior knowledge, we
mapped several myokines or their receptors across the different
cell types in our single-cell/fiber dataset to further understand
their role in the muscle microenvironment (Figure 2A). Matrix
metalloproteinase-2 (MMP2), likely important for extracellular
matrix remodeling,?® was exclusively expressed in FAPs, while
FAPs and endothelial cells showed the highest expression for
the interleukin (IL)-6/LIF (leukemia inhibitory factor) receptors
gp130 (IL6ST) and LIFR.?” Vascular cells were also the main con-
tributors for the apelin receptor (APLNR),”® secreted protein
acidic and rich in cysteine (SPARC), and its presumable target
receptor integrin 1 (ITGB1),?° and the receptor for brain-derived
neurotrophic factor (BDNF) (NTRK2).°° Myonectin (CTRP15/
ERFE), potentially involved in the control of cellular autophagy,

was mainly expressed in satellite cells.> Myeloid cells were en-
riched for several features such as IL-8 (CXCL8)*? and the recep-
tor for succinate signaling, SUCNR1.%%** Altogether, this anal-
ysis further underscores the importance of various non-muscle
cells for their contribution to myokine-mediated responses.*®
Leveraging the strength of the integrated single-fiber and sin-
gle-cell dataset, we then employed a more global approach with
NicheNet.*® This cell-cell communication tool allows us to get a
better understanding of intercellular communication networks
that may be active during exercise. For this analysis, we used
the bulk muscle DEGs at both post-exercise and recovery to pre-
dict related ligand-receptor pairs and the (in)activation of their
downstream targets, independent of fiber type. We specifically
focused on the communication from the myeloid cluster (macro-
phages, monocytes, dendritic cells [DCs], and neutrophils) and
mast cells to muscle fibers, since recent evidence is starting to
unravel the essential role of inflammatory signaling for exer-
cise-induced adaptations of skeletal muscle.®” NicheNet identi-
fied a multitude of active ligands expressed on these myeloid
cells, connected in an intertwined signaling network with their
receptors expressed on muscle fibers (Figure 2B). These
involved transforming growth factor § signaling (TGF-B), which
is involved in skeletal muscle regeneration,® functioning via
macrophages and several integrins expressed on muscle fibers.
Several other communication networks, such as ANXA7-DYSF
via mast cells or neutrophil-induced inflammatory signaling via

Cell Metabolism 37, 842-856, April 1, 2025 845
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Figure 3. Histamine receptors are expressed on mononuclear non-muscle cells in human skeletal muscle
(A) Expression of histamine receptors and HDC in the integrated single-cell/fiber dataset. A black border indicates significant enrichment of this gene in the

respective cell type.
(legend continued on next page)
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S100A9/S100A8-TLR4, could all be involved in the intercellular
communication in the muscle microenvironment. This approach
to infer cell-cell communication networks can predict novel
ligand-receptor pairs and signaling pathways that are potentially
relevant for the adaptive response to exercise and could serve as
a resource for future research.

Of particular interest was the presence of a small mast cell
population in our dataset, which has been reported in
some>**C put not other'>*" previously published single-cell da-
tasets on human skeletal muscle. Mast cells are granulocytes
and tissue-residing upon differentiation, but little is known about
their specific role in skeletal muscle, especially in relation to ex-
ercise responses. To start exploring this, we performed a
CellChat analysis,*> which can be used complementary to
NicheNet, with the focus on signaling networks from mast cells
to other cell types in the skeletal muscle niche. Multiple path-
ways were identified with this approach, for example, epidermal
growth factor (EGF) signaling from mast cells to muscle fibers,
previously shown to be involved in muscle mass regulation*®
(Figure 2C). Another potentially interesting network originating
in mast cells is via histamine, signaling to myeloid cells as iden-
tified by CellChat (indicated in red). Histamine is mainly known
for its role in allergies, although we and others have previously
shown that the histamine signaling system also plays an
essential role in driving the adaptive chronic response (aerobic
capacity, insulin sensitivity, and microvascular function) to exer-
cise training in humans.'”"'® We thus decided to further unravel
how this histamine signaling pathway is functioning in skeletal
muscle.

Histamine receptors are expressed on mononuclear
non-muscle cells in human skeletal muscle

Upon their activation, mast cells degranulate and release inflam-
matory cytokines, histamine, and proteases.** Histamine is an
evolutionary old signaling molecule, produced by decarboxyl-
ation of the semi-essential amino acid L-histidine via histidine
decarboxylase (HDC), and functioning via four known G pro-
tein-coupled receptors termed H1-H4.%° To further understand
how mast cells and histamine contribute to the exercise
response, we first assessed the expression of HDC and the spe-
cific histamine receptors in our integrated single-cell/fiber data-
set. HDC appeared to be specific for this small mast cell popu-
lation, indicating that mast cells are probably the unique
histamine producers in human skeletal muscle (Figure 3A). There
was no significant expression of histamine receptors on the mus-
cle fibers, suggesting that histamine signaling in skeletal muscle
is dependent on paracrine signaling among mononuclear non-
muscle cells (Figure 3A). Histamine H1 receptors were signifi-
cantly enriched in myeloid cells, with a lower (and non-signifi-
cant) expression in endothelial cells and FAPs (Figure 3A).
Histamine H2 receptors were significantly expressed on myeloid
cells and smooth muscle cells. Histamine H3 and H4 receptors,
however, were not expressed in skeletal muscle, confirming the
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hypothesis that H1 and H2 receptors are the main drivers for his-
tamine signaling in skeletal muscle.’” To further unravel the
specific expression patterns in the rather general myeloid cell
population, we extracted only these cells from the complete da-
taset and applied the same clustering pipeline as before. We
could identify macrophages, DCs, neutrophils, and two mono-
cyte populations (i.e., classical monocytes [cMonocytes] and
CD16+ monocytes) (Figures 3B and S2A). Closer inspection of
histamine receptor expression in these clusters showed that
H1 receptors are significantly enriched in macrophages, whe-
reas H2 receptor expression is significantly higher in CD16"
monocytes and neutrophils (Figure 3C).

To validate the single-cell/fiber data, we performed an exten-
sive RNAscope screen on cryosections of healthy human skel-
etal muscle biopsies. We selected specific markers for the
different cell types based on the single-cell data: TPSB2 (mast
cells), FOLR2 (macrophages), CD1C (DCs), SLC11A1 (mono-
cytes), PECAM1 (endothelial cells), ACTA2 (smooth muscle
cells), and PDGFRA (FAPs). We could confirm that HDC is exclu-
sively expressed in mast cells (Figures 3D and S2B). Macro-
phages consistently exhibited expression of both H1 and H2 re-
ceptors (Figures 3E and S2C), although the single-cell data
suggested that mainly H1 receptors are expressed on macro-
phages. For both DCs and monocytes, we observed cells with
H2 expression (consistent with single-cell data) and a consider-
able fraction without any histamine receptor expression
(Figures 3F, 3G, S2D, and S2E). The vascular cells were mainly
enriched for H1 receptors (endothelial cells) or H2 receptors
(smooth muscle cells), although some cross-over was observed
for smooth muscle cells (Figures 3H, 3l, S2F, and S2G). FAPs did
not show any expression of histamine receptors, suggesting that
these are likely not involved in the histamine signaling cascade
(Figures 3J and S2H). Importantly, these images show almost
no expression of H1 and little expression of H2 receptor on mus-
cle fibers, confirming that histamine mainly acts on myeloid and
vascular cells in the skeletal muscle microenvironment.

Local exercise-induced histamine release in the human
skeletal muscle microenvironment

The histamine-producing activity of mast cells is likely acti-
vated by exercise, as the enzymatic activity of HDC is
increased in rodents during exercise-like activities.*®*” This
is in accordance with data on known regulators of HDC activ-
ity, such as pH,*® temperature,*® and hypoxia,*° all of which
are also affected during exercise. Since we observed that
HDC is exclusively expressed in mast cells in skeletal muscle
and that the targeted histamine receptors are mainly ex-
pressed on myeloid and vascular cells, we next wondered if
histamine could coordinate responses to exercise via mononu-
clear non-muscle cell crosstalk in the skeletal muscle microen-
vironment. We thus wanted to explore in detail if histamine
levels are elevated in the skeletal muscle microenvironment
during exercise, as has been suggested before.”'"*> We not

(B) Subclustering of myeloid cell cluster, visualized as UMAP.

(C) Violin plots indicating expression of histamine receptor H1 (HRH1) and H2 (HRH2) in the myeloid cells. Asterisks indicate significant enrichment of this gene in

the respective cell type.

(D-J) RNAscope images of co-expression of HDC and histamine receptors (HRH71 and HRH2) with mast cells (TPSB2), macrophages (FOLR2), DCs (CD1C),
monocytes (SLC11A17), endothelial cells (PECAM1), smooth muscle cells (ACTA2), or FAPs (PDGFRA). Scale bars, 5 um.
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Figure 4. Local exercise-induced histamine release in the human skeletal muscle microenvironment

(A) Visual illustration of histamine metabolism pathway.
(B) Visual illustration of design for histamine release experiment.

(C) Interstitial levels of histamine, IAA, and histidine at rest and during exercise. Circles and triangles represent samples from young and older participants,

respectively (n = 12).
(D) Visual illustration of design for histamine release experiment.
(E) Interstitial levels of histamine at each time point (n = 7).

(F) Difference in histamine, IAA, and MIAA levels between venous and arterial blood (n = 7).

only focused on histamine but also on its precursor histidine
and its breakdown products imidazole acetic acid (IAA),
N-methylhistamine (meHIS), and N-methylimidazole acetic
acid (MIAA) (Figure 4A). Firstly, interstitial fluid from human
muscle was collected in a separate experiment on younger
and older individuals during one-leg knee-extensor exercise
(Figure 4B). Histamine, IAA, and histidine all consistently
increased during exercise, independent of age (Figure 4C).
MIAA could not be reliably quantified, and MeHIS was unde-
tected. To verify these results and to better understand the
temporal nature, we performed a follow-up experiment on a
separate cohort of healthy, young males, including sampling
during passive exercise and during recovery (Figure 4D). Hista-
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mine and IAA were confirmed to increase in the muscle inter-
stitium during active exercise and quickly returned to baseline
upon cessation of exercise (Figures 4E and S3A). Histidine
levels did not change in this experiment (Figure S3B). To eval-
uate a potential further release of interstitial histamine into the
circulation, we also collected femoral arterial and venous
blood samples in this human experiment. However, no release
(A-V difference) of histamine or breakdown products (IAA and
MIAA) could be observed (Figure 4F). This was confirmed in an
independent experiment with a similar setup in post-meno-
pausal women (Figure S3C). Altogether, these data show a
clear and consistent local release of histamine into the muscle
microenvironment upon exercise.
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Figure 5. Histamine promotes post-exercise muscle glycogen resynthesis

(A) Muscle glycogen concentration pre-exercise (Pre), post-exercise (Post), and after 3 h of recovery (Rec) for placebo, H1 blockade, and H2 blockade (n = 14).
(B) Plasma glucose and insulin concentrations pre-exercise and at different time points during recovery (n = 14).

(C) Changes in glycogen synthase (GS) activity (I form) at post-exercise and recovery for each condition (n = 14).

(D and E) Phosphorylation levels of (D) AKT at Ser473 and (E) TBC1D1 at Ser237 at each time point (n = 14).

Histamine promotes post-exercise muscle glycogen
resynthesis

We then sought to study the role of exercise-induced histamine
and of its receptors in human muscle by oral administration of
over-the-counter antihistamine medication. Clinically, histamine
H1 and H2 receptor antagonists are used to treat allergy symp-
toms and gastric ulcers, respectively. Since our data showed
that H1 and H2 receptors are expressed on distinct immune
and vascular cell subtypes, we performed a human exercise
study with either blockade of H1 or H2 receptors (or placebo).
We collected muscle biopsies before high-intensity interval ex-
ercise, immediately after, and after 3 h of recovery (Figure S4A).
An adequate metabolic control is essential during the recovery
phase after exercise,>® and an immune cell-mediated regulation
of the skeletal muscle niche has been linked to glucose meta-
bolism.>* One of the hallmarks of muscle metabolic recovery
after exhausting exercise is the capacity to replenish intracel-
lular glycogen stores, which is dependent on optimal glucose
delivery, uptake, and processing.”® Hence, we queried if hista-
mine is involved in glucose metabolism during and after exer-
cise in humans. The results of this experiment showed that
muscle glycogen utilization during exercise did not differ be-
tween the three conditions (placebo, H1 blockade, or H2
blockade). The resynthesis of glycogen during the 3-h recovery
window, however, was impaired with H1 receptor blockade but
not with H2 receptor blockade (Figure 5A). Overall circulating
levels of glucose and insulin were not affected by histamine re-
ceptor blockade, confirming a similar glucose ingestion and
availability (Figure 5B).

As glycogen resynthesis is a key component of adequate re-
covery from exercise, we first questioned if the activity of
glycogen synthase, the main enzyme responsible for glycogen
synthesis, was affected by histamine receptor blockade. The
clear exercise-induced (post-exercise) and additive carbohy-
drate-induced (recovery) increases were similar between the
conditions (Figures 5C and S4B). This was further confirmed
by similar reductions in phosphorylation status, leading to the
enzymatic activation of glycogen synthase (Figures S4C and
S4D). We then probed for well-described targets of the canonical
insulin signaling pathway that lead to GLUT4 translocation and
increased glucose disposal in skeletal muscle.®® Phosphoryla-
tion of targets related to proximal insulin signaling at the level
of AKT was also not different between conditions (Figures 5D
and S4E). Similar results were observed for the phosphoregula-
tion of the Rab GTPases TBC1D4 and TBC1D1, downstream tar-
gets of AKT (Figures 5E, S4F, and S4G). Thus, histamine drives
post-exercise muscle glycogen synthesis via H1 receptor
signaling, independent of insulin-mediated activation of
glycogen synthase and canonical insulin signaling.

Histamine mediates exercise-induced transcriptional
activation of inflammatory signaling

Because canonical insulin signaling targets were not affected by
histamine receptor blockade, we next focused on alternative ex-
ercise-induced signaling events. The metabolic stress sensor
AMPK and its direct substrate acetyl-coenzyme A (CoA) carbox-
ylase (ACC) were consistently phosphorylated by exercise, inde-
pendent of histamine receptor blockade (Figures S5A and S5B).
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Figure 6. Histamine mediates exercise-induced transcriptional activation of inflammatory signaling

(A and B) Phosphorylation levels of (A) p38 MAPK at Thr180/Tyr182 and (B) STAT3 at Tyr705 at each time point (n = 14).

(C) Time profile of blood leukocytes before and after the HIIT exercise in the placebo, H1 blockade, and H2 blockade condition (n = 14).

(D) Overlap of bulk muscle DEGs at post-exercise and during recovery for each condition.

(E) GSEA comparing H1 or H2 blockade versus placebo at post-exercise and recovery using the Hallmark database on the bulk muscle dataset.
(F) Pathway activity inference on the single-fiber dataset for each condition at post-exercise and recovery.

See also Tables S2, S3, S4, S5, and S6.

Mitogen-activated protein kinases (MAPKSs) are important regu-
lators of metabolic control and muscle signaling in response to
oxidative and energetic stress.®®°” The exercise-induced activa-
tion of p38 MAPK was blunted with both H1 and H2 receptor
blockade (Figure 6A), an effect not observed for ERK activation
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(Figure S5C). Activation of p38 MAPK in skeletal muscle is
related to inflammatory processes and cytokine production.®’-®
We also observed a blunting with H1 blockade of the consistent
exercise-induced phosphorylation of STAT3 (Figure 6B), related
to inflammatory processes and activated by multiple cytokines
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(e.g., IL-6) and growth factors (e.g., insulin growth factor
[IGF]-1).59 This is consistent with blunted induction of IL-6 with
combined H1/H2 blockade.®® We could, however, not detect
an activation of the inflammatory p65 subunit of nuclear factor
kB (NF-«B) (Figure S5D). Altogether, these results suggest that
histamine might be involved in the exercise-induced inflamma-
tory signaling in skeletal muscle.

We first confirmed that the paracrine histamine-mediated
signaling events are restricted to the skeletal muscle niche, as
suggested by the absence of a systemic histamine secretion
(Figure 4). Indeed, histamine receptor antagonism did not affect
the exercise-induced temporal changes in circulating immune
cells (Figures 6C and S6A-S6E). We thus turned to our skeletal
muscle samples before and after exercise and employed a
global approach to assess transcriptional regulation of exer-
cise-induced events by using bulk muscle RNA-seq. A similar
number of total DEGs at both post-exercise (+1,500 genes)
and recovery (+2,500 genes) were observed between the three
conditions (Table S2). However, a considerable fraction of these
DEGs were specific to one or two conditions at both post-exer-
cise and recovery (Figure 6D), suggesting a disrupted transcrip-
tional activation with histamine receptor blockade. Gene set
enrichment analysis (GSEA) using the Hallmark database was
then used to obtain insights into differential transcriptional acti-
vation of pathways between conditions at each time point (Fig-
ure 6E; Table S3). The largest effects were observed during the
recovery phase for both H1 and H2 blockade, consistent with
the temporal pattern of immune cell activation and infiltration.®"
As expected, multiple inflammation-related pathways were
downregulated with H1 blockade (interferon response, tumor ne-
crosis factor alpha [TNF-¢] signaling, IL-6-STAT3 signaling, in-
flammatory response). Unexpected differences were found
when comparing the effects of H1 versus H2 receptor blockade,
however. Whereas H1 blockade induced a downregulation of
inflammation-related pathways, these pathways were positively
enriched with H2 blockade. Divergent effects for H1 versus H2
blockade were also uncovered for inferred transcription factor
activities (e.g., STAT3, STAT1, NFKB1, and TP53), with, in gen-
eral, larger effects with H1 blockade (Figure S6F). We then rean-
alyzed a previously published dataset on double blockade of H1
and H2 receptors with biopsy collection before and after aerobic
exercise.®® As reported previously, this double blockade induces
a drastic downregulation of DEGs during recovery but not imme-
diately after exercise (Figure S6G; Table S4). This is concomitant
with a severely blunted enrichment of functional pathways (Fig-
ure S6H; Table S5), and more so compared with single blockade.
These data illustrate that H1 blockade might be dominant during
double blockade and that H1 and H2 receptors cooperate in
driving exercise responses in skeletal muscle.

Finally, we applied our novel single-fiber transcriptomics
workflow to the muscle biopsies collected with histamine recep-
tor blockade (912 fibers for placebo, 929 fibers for H1 blockade,
969 fibers for H2 blockade). This allowed us to decipher if the his-
taminergic signaling that was initiated by exercise in the non-
muscle cells would also result in distinct transcriptional re-
sponses in the myofibers. Pathway activity inference analysis
on pseudobulked myofibers showed activation of multiple path-
ways (Figure 6F; Table S6). Overall, these responses were not
different between placebo and both histamine blockade condi-
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tions, for example, for EGFR, MAPK, phosphatidylinositol
3-kinase (PI3K), and TGF-. Notable exceptions during recovery
were an upregulation of TNF-a and p53 activity in placebo but
downregulation with H1 and especially H2 blockade. Altogether,
histamine receptors appear to be synergistically involved in the
transcriptional regulation of exercise responses, primarily medi-
ated by non-muscle cells and especially in the inflammatory pro-
cesses initiated upon homeostatic perturbations.

DISCUSSION

Most studies on skeletal muscle adaptations with exercise have
focused on the bulk muscle response, therefore limiting the
appreciation of the cellular diversity present in skeletal muscle.
We have previously developed omics workflows on true single fi-
bers to study fiber heterogeneity.®'® By comparing bulk muscle
and myofiber-specific responses to exercise, we show the
importance of a multicellular view of skeletal muscle as a tissue
in which mononuclear cells interact with muscle cells to control
muscle function. This is mainly demonstrated by the fact that
the number of exercise-responsive genes in bulk muscle is an or-
der of magnitude higher than that of only muscle fibers, showing
that much of the activation and deactivation of transcriptional
activity in response to exercise takes place outside the muscle
fibers. As illustrated in the graphical abstract, this expands on
more traditional textbook insights, stating that exercise induces
metabolic perturbation in skeletal muscle fibers, which leads to
signaling (e.g., mTOR and AMPK pathway) and transcriptional
changes and eventually structural adaptations (e.g., hypertrophy
and mitochondrial biogenesis) within those same muscle fi-
bers.®> We focused on several immune cell subtypes, which
have previously been shown to be involved in muscle homeosta-
sis,® and narrowed in on mast cells, a cell population that has
previously remained unnoticed in skeletal muscle.

We specifically uncover a histamine-histamine receptor H1
(HRH1)/histamine receptor H2 (HRH2) axis, likely functioning
via an intercellular network comprising mast cells, expressing
HDC, and other myeloid and vascular cells, expressing hista-
mine receptors. Histamine is selectively and locally released
into the muscle interstitium during exercise in humans. Intersti-
tial histidine levels were several orders of magnitude higher
than histamine (10-200 pM versus 20-300 nM), suggesting
that precursor (histidine) availability is unlikely to be a limiting
factor for histamine production. This refutes an earlier hypoth-
esis that the availability of histidine and alternative pathways
to produce histidine from carnosine might be involved in the
histaminergic signaling in skeletal muscle.®* Furthermore, H1
and H2 receptor blockade induced divergent transcriptional re-
sponses, emphasizing the distinct role of the specific histamine
receptors in the regulation of exercise responses, potentially via
their expression on different immune and vascular cell sub-
types. Follow-up work is needed to pinpoint how histamine re-
ceptor binding initiates transcriptional pathways, especially
during the recovery phase after exercise. Overall, while the im-
mediate histamine signaling is of a paracrine nature between
non-muscle mononuclear cells, the long-term muscle adapta-
tions related to aerobic capacity, insulin sensitivity, and micro-
vascular function are also dependent on this histamine
signaling cascade.'®
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A marked discovery in the histamine blockade experiment was
the potent inhibition of glycogen resynthesis in the H1 receptor
antagonist condition. The involvement of histamine in the regula-
tion of metabolic recovery after exercise is puzzling since the re-
ceptors are not expressed on muscle cells, suggesting a role for
intercellular signaling in the regulation of glucose homeostasis.
The G protein-coupled histamine receptors have previously been
linked to glucose metabolism in mice*” and interstitial glucose
concentrations in humans.®® However, our data show that glucose
processing and handling within myocytes is not affected. Glucose
supply or transsarcolemmal transport are therefore more likely
sites of action related to the impaired glycogen resynthesis.**
We and others have shown that post-exercise perfusion of the
muscle is blunted with histamine receptor blockade.'®® The
perfusion in the muscle microcirculation could also be impaired
with histamine receptor blockade,’>®° which could be directly
related to a lower glucose supply.®” Also, a histamine-mediated
regulatory role in macrophages/monocytes and neutrophils is a
possible contributor to glucose control, as has been shown for
IL-1-mediated GLUT4 translocation via neutrophils®* or the impor-
tance of reactive oxygen species for muscle glucose uptake.®®
This could also be related to the impaired activation of p38
MAPK that we observed, which has been shown to be related to
insulin-independent glucose uptake,®® as also observed in Rac1-
knockout (KO) muscle.”® It also remains unclear if histamine recep-
tors are involved in non-oxidative glucose disposal related to
extracellular matrix proteoglycan remodeling.”""?

Overall, a major contribution of a small cell population such
as mast cells is exciting since research on the role of mast cells
in skeletal muscle is very scarce. A similar intercellular commu-
nication machinery, via muscle cells to stromal satellite cells,
has previously been identified for the mitochondrial metabolite
succinate.>® These data further illustrate the importance of
appreciating the large cell diversity and paracrine signaling
within skeletal muscle to fully understand how muscle controls
metabolic health”® and adapts to exercise. A similar exercise-
induced crosstalk with immune cells has recently been demon-
strated with adipocytes in adipose tissue.”* To more compre-
hensively profile immune cells in human skeletal muscle in the
future, the use of different technologies (e.g., 5'- versus
3’-based sequencing) will be required. It is still unclear, howev-
er, how our cell crosstalk view relates to other signaling events,
such as at the phosphoproteome or metabolome level, and if
this is different between different types of exercise (e.g., high-
intensity interval training, moderate-intensity continuous
training, or resistance training).® Our profiling of novel potential
intercellular communication networks using the CellChat and
NicheNet algorithms identifies a profound complexity depend-
ing on the sender and receiver cell. These approaches help to
identify novel communication networks. For example, we iden-
tified STO0A8/S100A9-TLR4 as a potential signaling network
originating from myeloid cells. A recent paper indeed confirmed
that this communication axis is important for the regulation of
glucose homeostasis and could serve as a therapeutic target
for type 1 diabetes.”> Our results strongly suggest that
modeling of intercellular communication patterns can discover
new regulatory networks of interacting cells.

In conclusion, we uncover distinct exercise-induced transcrip-
tional responses in mononuclear and muscle cells within the
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skeletal muscle microenvironment by integrating single-fiber
and standard single-cell and bulk RNA-seq methodologies. Us-
ing this cellular deconstruction, we identify a histamine signaling
cascade driving glycogen resynthesis and the transcriptional
response to exercise. Our findings substantiate the intricate
intercellular communication networks involved in the control of
muscle homeostasis and remodeling.

Limitations of the study

We opted for an approach in humans, increasing the transla-
tional potential of our findings but hindering detailed mechanistic
insights inherent to in vitro and/or rodent experiments. The latter
types of experiments would help to further understand how
mononuclear non-muscle cells communicate in the muscle
microenvironment to control muscle glycogen resynthesis.
Computational deconvolution approaches could be explored
to profile the dynamics of infiltrating and resident cells during
and after exercise, although these methods are inherently chal-
lenging due to the mixture of mononuclear non-muscle cells
and multinucleated fibers in skeletal muscle. Follow-up experi-
mental work will thus be required to gain additional insights
into these dynamics. Our human exercise trial is also limited by
not including a non-exercise control group, which allows for dis-
secting exercise-induced versus circadian effects on gene
expression.’® Furthermore, our relatively small sample sizes
make it difficult to explore interindividual differences in exercise
or histamine receptor blockade effects.
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Antibodies
Anti-human pGS 2+2a Custom made N/A
Dr. David Grahame Hardie
Anti-human pGS 3a+3b Custom made N/A
Dr. David Grahame Hardie
Anti-human GS total Custom made N/A

Anti-human pAkt Ser473
Anti-human pAkt Thr308
Anti-human Akt total

Anti-human pTBC1D1 Ser237
Anti-human TBC1D1 total
Anti-human pTBCD1D4 Thr642
Anti-human pTBCD1D4 Ser588
Anti-human TBC1D4 total
Anti-human pAMPK Thr172
Anti-human AMPKo2 total
Anti-human pACC Ser80
Anti-human ACC total
Anti-human p-p38 MAPK Thr180/Tyr182
Anti-human p38 MAPK total
Anti-human pERK1/2 Thr202 / Tyr204
Anti-human ERK1/2 total
Anti-human p-p65 NFkp Ser536
Anti-human p65 NFk}p total
Anti-human pSTAT3 Tyr705
HRP Donkey anti-rabbit

HRP Donkey anti-mouse

Human HRH1 RNAscope probe
Human HRH2 RNAscope probe
Human HDC RNAscope probe
Human TPSB2 RNAscope probe
Human FOLR2 RNAscope probe

Dr. Oluf Pedersen

Cell Signaling

Cell Signaling

Cell Signaling

Millipore

Abcam

Cell Signaling

Cell Signaling

Abcam

Cell Signaling

Abcam

Cell Signaling

Dako

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Jackson Immuno Research
Jackson Immuno Research
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics
Advanced Cell Diagnostics

Cat#9271; RRID:AB_329825
Cat#9275; RRID:AB_329828
Cat#3063; RRID:AB_2225186
Cat#07-2268; RRID:AB_11211221
Cat#229504; RRID:AB_2814949
Cat#8881; RRID:AB_2651042
Cat#8730; RRID:AB_10860251
Cat#189890; RRID:AB_2818964
Cat#2531; RRID:AB_330330
Cat#3760; RRID:AB_304055
Cat#3661; RRID:AB_330337
Cat#P0397

Cat#9211; RRID:AB_331641
Cat#9212; RRID:AB_330713
Cat#9101; RRID:AB_331646
Cat#9102; RRID:AB_330744
Cat#3033; RRID:AB_331284
Cat#4764; RRID:AB_823578
Cat#9138; RRID:AB_331262
Cat#711-035-152; RRID:AB_10015282
Cat#715-035-151; RRID:AB_2340771
Cat#416501-C3

Cat#416511-C2

Cat#311441

Cat#577161-C2

Cat#1286201-C1

Human CD1C RNAscope probe Advanced Cell Diagnostics Cat#514761
Human SLC11A1 RNAscope probe Advanced Cell Diagnostics Cat#543541
Human PDGFRA RNAscope probe Advanced Cell Diagnostics Cat#604481
Human PECAM1 RNAscope probe Advanced Cell Diagnostics Cat#487381
Human ACTA2 RNAscope probe Advanced Cell Diagnostics Cat#444771
Wheat germ agglutinin Biotium Cat#290059
DAPI stain Thermo Fisher Scientific Cat#D1306
Chemicals, peptides, and recombinant proteins

RNAlater Thermo Fisher Scientific Cat#AM7021
glucose D-[3-3H] PerkinElmer Cat#NET331A
Ringer-acetate Fresenius Kabi Cat#468932
Histamine Merck Cat#59964
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4-imidazole acetic acid hydrochloride Merck Cat#219991
L-histidine Merck Cat#H8000
histamine-a.,a.,,3-d4 dihydrochloride Merck Cat#762962
N-methylhistamine Sanbio Cat#19516-10
1-methyl-4-imidazole aceKc acid hydrochloride Sanbio Cat#18815-10

Critical commercial assays

Pierce protein assay kit Thermo Fisher Scientific Cat#23225

Pierce Reversible Protein Stain Thermo Fisher Scientific Cat#24585

Kit for PVDF membranes

Immobilon Forte Western HRP substrate Millipore Cat#WBLUF0020

RNAscope multiplex fluorescent reagent kit v2 Advanced Cell Diagnostics Cat#323285

SingleShot Cell Lysis kit Bio-Rad Cat#1725080

QuantSeqg-Pool 3 mMRNA-Seq library prep kit Lexogen Cat#139.96

High sensitivity small DNA Fragment Analysis kit Agilent Technologies Cat#DNF-477-0500

NovaSeq 6000 S2 Reagent Kit v1.5 (200 cycles) lllumina Cat#20028315

NovaSeq 6000 S2 Reagent Kit v1.5 (100 cycles) lllumina Cat#20028316

miRNeasy Mini kit Qiagen Cat#217004

HL-dsDNase kit ArcticZymes Cat#70800

SMARTer Stranded Total RNA-Seq Kit Takara Bio Cat#634487

(v3 - Pico Input 891 Mammalian)

SMARTer RNA Unique Dual Index Kit - 96U Set A Takara Bio Cat#634452

SMARTer RNA Unigque Dual Index Kit — 96U Set B Takara Bio Cat#634457

Deposited data

Bulk muscle RNA-seq data with single This paper EGAD50000000612

histamine receptor blockade

Single-fiber RNA-seq data This paper EGADS50000000612

Single-cell RNA-seq data Turiel et al.? GSE235143

Bulk muscle RNA-seq data with double Romero et al.®” GSE71972

histamine receptor blockade

Data S1 — Source data This paper N/A

Software and algorithms

Rv.4.2.3 CRAN https://www.r-project.org

QuPath v. 0.5.1 QuPath https://qupath.github.io

Imagelab v. 6.1 Bio-Rad https://www.bio-rad.com/en-be/product/
image-lab-software?|D=KRE6P5E8Z

MassLynx v. 4.2 Waters https://www.waters.com/nextgen/en/
products/informatics-and-software/mass-
spectrometry-software/masslynx-mass-
spectrometry-software.html?srsltid=
AfmBOoo1MHbOIWAWzdQXWenTttxdBey79-
cVBf-UtKPRTbl66nN70IBw

QuantSeq Pool analysis pipeline Lexogen https://github.com/Lexogen-Tools/
quantsegpool_analysis

lllustrator v. 29.1 Adobe https://www.adobe.com/be_en/

products/illustrator.html

Other

Cyclus 2 ergometer
Excalibur Sport ergometer

Fexofenadine
Famotidine
Microdialysis catheter (20 kDa)

RBM Elektronik-automation
Lode

Telfast
Aurobindo Pharma
MDialysis AB

https://www.cyclus2.com/en/

https://lode-ergometry.com/product/
excalibur-sport/

N/A
N/A
#8010514
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Histamine blockade experiments

Fourteen (12M, 2F) healthy adults participated in the study. Participants received oral and written information about all study proced-
ures including possible risks associated with participation. After giving written informed consent, participants were medically
screened before final inclusion. All participants were non-smoking, between the age of 22 and 42 years, moderately physically active
and free of chronic diseases or allergy symptoms with no intake of medication or food supplements. General characteristics have
been described before.'® Exercise-related characteristics include maximal heart rate (192 + 9 beats per minute), maximal oxygen
uptake (49.7 + 9.1 mL-min™"-kg™") and power output at peak power (336 + 48 W), gas exchange threshold (128 + 20 W) and respiratory
compensation point (198 + 26 W).

Histamine release experiments

For the first microdialysis experiment, participants consisted of two groups: young (n=4) and old (n=8) healthy men, as described
before.””"® Seven healthy, young men were recruited for the second experiment consisting of microdialysis and arterial-venous sam-
pling.”® Post-menopausal women were recruited for the second arterial-venous sampling experiment.”®

METHOD DETAILS

Histamine blockade experiments

Study design

This study conforms with the 2013 standards set by the Declaration of Helsinki, was approved by the Ethical Committee of Ghent
University Hospital, Belgium (BC-10237) and is registered in ClinicalTrials.gov (NCT05131555). Testing was performed in a temper-
ature- and humidity-controlled room (18 °C and 50%, respectively) at the Sports Science Laboratory Jacques Rogge at Ghent Uni-
versity. Cycling testing and exercise was performed on calibrated cycling ergometers, Cyclus2 (RBM Elektronik-automation, Leipzig,
Germany) or Excalibur Sport (Lode, Groningen, The Netherlands), and preferred cycling cadence was recorded during the first testing
visit and replicated during the following visits. Participants abstained from caffeine, exercise, and alcohol for 24 and 48 h prior to each
pre-experimental and experimental day, respectively. All tests were performed at the same time of day to minimize circadian
differences.

Pre-experimental days

In a cross-over, double-blind (researcher and participants), randomized study design, participants attended the laboratory on 5 oc-
casions. On a first test day, anthropometrical data (height and body weight) were collected and a maximal incremental cycling test
was performed from which maximal performance (maximal oxygen uptake and peak power output) and submaximal ventilatory
thresholds (Gas Exchange Threshold, GET, and Respiratory Compensation Point, RCP) were derived for the following experimental
days. On the second test day (2-3 days later), a familiarisation training was performed to ensure adequate exercise intensities for the
cycling interval training used on the actual experimental days. The intensity of the interval bouts was increased or decreased by +
10 W if deemed necessary. Food intake was similar 24 h prior to the maximal cycling test and familiarisation session, and this familiar-
isation session was planned 4-5 days before the actual experimental days.

Maximal incremental cycling test

The test started by cycling for 6 min at 100/70 W (male/female), followed by 2 min of rest, and a 4-min warm-up at 50/40 W. Then,
work rate increased continuously by 25/20 W every minute until volitional exhaustion despite strong verbal encouragement. Specific
details on measurement instruments and methodology of ventilatory threshold determination have been described previously.'®
Analysis was performed in RStudio using the whippr package (v. 0.1.2).

Experimental days

Participants reported to the laboratory for three parallel experimental days (placebo, H1 receptor blockade and H2 receptor
blockade, in randomized order), separated by 14 days. To ensure similar starting muscle glycogen concentrations on each experi-
mental day, food intake was standardized for 48 h before each day by providing ready-to-eat meals, consisting of approximately
41.4 kcal/kg body weight (BW), 5.1 g/kg BW carbohydrates, 1.4 g/kg BW protein and 1.6 g/kg BW fat per day. On the day of the
experiment, participants consumed a standardized breakfast consisting of white bread, strawberry jam and apple juice (1.5 g/kg
BW carbohydrates). Thirty minutes later, they ingested ~150 mL of water and capsules containing either H1- or H2 receptor blockers
or placebo. Thereafter, a catheter was inserted in an antecubital vein and the first blood sample was taken, together with collection of
a first muscle biopsy of the m. vastus lateralis. Exercise was initiated exactly 60 minutes after intake of the capsules. An exercise ses-
sion started with a 10-minute warm-up at 90% GET, followed by seven intense bouts of three minutes cycling at a power output of
100% RCP + 15% (A maximal power — RCP). Intense bouts were interspersed with 3 minutes active recovery at 90% GET and the
session ended with 5 min of cooling-down at 90% GET. Water intake was allowed ad libitum during the first session and the same
volume was provided for the next 2 sessions. After the exercise bout participants recovered passively by sitting down for 3 h, during
which post-exercise measurements were obtained. Muscle biopsies were taken 0 min and 180 min post-exercise and venous blood
samples after 0, 30, 60, 120 and 180 min. During the first two hours of recovery, participants ingested 1.2 g/kg BW per hour of car-
bohydrates in the form of a gel (Nutritional Energy Gel, Etixx Sports Nutrition, Merelbeke, Belgium) and recovery shakes in skimmed
milk (Carbo-Gy, Etixx Sports Nutrition, Merelbeke, Belgium), kindly provided by Etixx Sports Nutrition.
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H1 and H2 blockade

We employed a single blockade of H1 and H2 receptors with oral, selective antagonists, as similar blockade strategies have been
shown to blunt post-exercise hypotension.®®®' H1 receptors were blocked by administration of 540 mg fexofenadine (Telfast, Sa-
nofi), reaching peak plasma concentrations after +1 h with a +12 h elimination half-life.®> H2 receptors were blocked with 40 mg
famotidine (Pepcid, Aurobindo Pharma), with +2-3 h to peak concentrations and +3-4 h half-life.®® All study drugs (fexofenadine, fa-
motidine, and lactose as placebo) were placed in opaque capsules by a lab technician not involved in data collection or analysis. An
identical amount of antagonist and placebo capsules that were similar in look further ensured optimal blinding of participants and
investigators. For all experiments, participants ingested capsules 1 h before the start of exercise, based on previous research
and the pharmacokinetic properties.

Muscle biopsies

After local anaesthesia (0.5 mL of xylocaine, 1% without epinephrine; Aspen Netherlands B.V., Gorinchem, The Netherlands) and a
small incision (3-5 mm), a biopsy was taken from the m. vastus lateralis using the percutaneous Bergstrom needle biopsy technique
with suction.®* Baseline and immediate post exercise biopsies were taken from the same incision in distal and proximal direction
respectively, while for the biopsy during recovery a new incision (more proximal) was made. The leg was randomly chosen on day
1 and was alternated for the 2 other experimental days. One part of the muscle sample was immediately frozen in liquid nitrogen
and stored at —80 °C until further analysis. Another part of the muscle sample was stored in RNAlater, held at 4 °C for maximum
3 days for fiber dissections and subsequently frozen at —80°C for RNA isolation.

Histamine release experiments

Microdialysis experiment 1

Interstitial samples were collected before and after 30 minutes of one-legged knee extensor exercise. Histamine concentrations were
corrected for probe recovery. Detailed methodology has been described previously.””"®

Microdialysis experiment 2

Interstitial samples were collected at rest, during passive exercise, during active exercise and during recovery. More details can be
found in Van der Stede et al.,”® although only samples from the first two active exercise bouts were used. Muscle interstitial fluid was
collected from a 20 kDa 63 MD catheter with a 30 mm membrane length (#8010514, MDialysis lab, Stockholm, Sweden). A small
amount (1 pL per 10 mL) of glucose D-[3-3H] (#NET331A, PerkinEImer, Waltham, USA) was included in the perfusate, consisting
of Ringer-acetate (#468932, Fresenius Kabi, Copenhagen, Denmark), for calculation of probe recovery. The main purpose of this
determination of probe recovery was to correct for differences in recovery or perfusion from rest, passive movement to exercise.
Arterial-Venous balance experiment 1

Healthy post-menopausal women performed 30 minutes one-legged knee-extensor exercise with collection of samples from the
femoral artery and vein, as described before.”®

Arterial-Venous balance experiment 2

During the experimental procedures of ‘Microdialysis experiment 2°, also femoral arterial and venous samples were collected.

Biochemical analysis

UHPLC-MS/MS

All experiments were performed on a Xevo TQ-S MS/MS system with 2.5 L injection volume, with details described before.”® The
only differences were the used UHPLC solvents for the mobile phase, more specifically solvent A (water + 0.2% formic acid), solvent
B (acetonitrile + 0.2% formic acid) and solvent C (200 mM ammonium formate in water) with a starting gradient of 0:95:5 (v:v:v). His-
tamine (59964), 4-imidazole acetic acid hydrochloride (219991), L-histidine (H8000) and histamine-a,a,B,3-d4 dihydrochloride
(762962) were ordered from Merck. N-methylhistamine (19516-10) and 1-methyl-4-imidazole acetic acid hydrochloride (18815-10)
were ordered from Sanbio. Sample preparation is also identical to previously published methods,® with undiluted samples for micro-
dialysis samples and using histamine-d, as internal standard.

Muscle homogenate and lysate preparation

Muscle samples were freeze-dried (48 hours), dissected free from blood, fat, and connective tissue, and divided into two pieces for
Western blotting and glycogen synthase activity (4 to 8 mg) and glycogen content (2 to 3 mg). For Western blotting and glycogen
synthase activity, freeze-dried muscle samples were homogenized in a fresh batch (1:80 ratio) of ice-cold buffer of pH 7.5 (10% glyc-
erol, 20 mM Na-pyrophosphate, 150 mM NaCl, 50 mM HEPES (pH 7.5), 1% NP-40, 20 mM B-glycerophosphate, 2 mM NazVO,,
10 mM NaF, 2 mM PMSF, 1 mM EDTA (pH 8), 1 mM EGTA (pH 8), 10 ug/mL aprotinin, 10 ug/mL leupeptin, and 3 mM benzamidine)
for 1 minute at 30 Hz (Qiagen Tissuelyzer Il, Retsch GmbH, Haan, Germany). Then, the homogenates were rotated end over end for
1 hat 4°C and centrifuged for 30 min at 17500 g at 4°C, after which the lysates were aliquoted. Total protein content was determined
with a Pierce protein assay kit using BSA standards (#23225, Thermo Scientific, MA, USA).

Muscle glycogen

Muscle glycogen was measured in homogenates after 2 h boiling in 500 pL of 1M hydrochloric acid. Samples were neutralized by
500 pL of 1M sodium hydroxide and glycosyl units were measured by a fluorometric method.®®

Glycogen synthase activity

Glycogen synthase activity was determined in duplicate in the muscle homogenates with varying concentrations of glucose-6-
phosphate (G6P) availability (0.02, 0.17 and 8 mmol/L). The G6P-independent activity (% form) was calculated as ‘(activity at

e4  Cell Metabolism 37, 842-856.e1-e7, April 1, 2025



Cell Metabolism ¢ CellPress

OPEN ACCESS

0.02 mmol/L / activity at 8 mmol/L) x 100’. The fractional velocity (%FV) was calculated as ‘(activity at 0.17 mmol/L / activity at
8 mmol/L) x 100’.

Western blot

Muscle biopsy lysates were diluted to equal protein concentrations in sample buffer (7 mL of 0.5 M Tris-base, 0.93 g dithiothreitol, 1 g
sodium dodecyl sulfate, 3 mL glycerol and 1.2 mg bromophenol blue) and double-distilled water. Equal protein amounts were loaded
on self-casted SDS-PAGE gels, and with all samples from the same participant on the same gel. A standard sample was loaded in
duplicate on every gel to normalize between gels. A standard curve of samples with known protein concentrations were loaded once
for each protein to verify linearity of band intensity. Proteins were separated by gel electrophoresis and semi-dry transferred to PVDF
membranes (Immobilon Transfer Membrane, Millipore, MA, USA). Membranes were blocked for 30 minutes at room temperature and
incubated with primary antibodies over-night at 4 °C. The following day, membranes were washed for 3x5 min in tris-buffered saline
with 0.1% Tween 20 (TBST) and incubated with horseradish peroxidase-conjugated secondary antibodies (Jackson
ImmunoResearch, Ely, UK) for 1 h at room temperature. After washing three times in TBST for 5 min, the membrane was visualized
with chemiluminescence (Millipore, MA, USA) on a ChemiDoc MP imaging system (Bio-Rad Laboratories, CA, USA). After visualiza-
tion, membranes were stained for total protein content to verify equal loading and transfer (#24585, Pierce Reversible Protein Stain
Kit, Thermo Scientific, MA, USA). No membranes were stripped or re-probed. Band quantification was performed with Image Lab
(Bio-Rad Laboratories, CA, USA) and protein content was calculated in arbitrary units normalized to the band intensity of the average
of the standard samples on every gel. Phosphorylated levels were then normalized to the total content of the respective protein
(except for STAT3), and normalized to the baseline values.

Plasma glucose and insulin levels

Blood was collected in sodium fluoride coated tubes (BD Vacutainer, Becton Dickinson, New Jersey, USA), followed by immediate
centrifugation (5 min at 3000 g) and storage at -80 °C until analysis. Glucose (Architect ¢, Abbott) and insulin (Cobas €801, Roche
Diagnostics) levels were determined in the lab for clinical biology at Ghent University Hospital.

Circulating immune cells

Venous blood (K3 EDTA, Vacutest Kima) from an antecubital vein was collected at pre-exercise and each of the recovery time points,
stored at 4 °C and analyzed within 6-8 hours. Blood samples were analyzed for concentrations of leukocytes, including lymphocytes,
monocytes, neutrophils, basophils and eosinophils using an automated hematology analyzer (SYSMEX XN-1000, Sysmex Corpora-
tions) at the WADA-accredited Doping Control Laboratory in Ghent.

RNAscope

Cryosections (10 um) of young, healthy individuals (n = 3) were used for RNAscope fluorescent detection of histamine receptors, his-
tidine decarboxylase and cell type markers. The RNAscope multiplex fluorescent reagent kit v2 (#323285, Advanced Cell Diagnos-
tics, Inc) was used according to the manufacturer’s instructions, with probes against HRH1 (#416501-C3), HRH2 (#416511-C2), HDC
(#311441), TPSB2 (#577161-C2), FOLR2 (#1286201-C1), CD1C (#514761), SLC11A1 (#543541), PDGFRA (#604481), PECAM1
(#487381) and ACTA2 (#444771). Targets were fluorescently labelled with TSA Vivid fluorophore 520 (1:1000, PN 323271), 570
(1:1000, PN 323272) or 650 (1:1500, PN 323273). Immediately after the last washing step, sections were incubated for 20 min at
room temperature with wheat germ agglutinin to identify the muscle fiber membranes (1:25, CF®770 WGA, Biotium, #290059), fol-
lowed by 30 s counterstaining with DAPI (D1306, Invitrogen). Slides were then covered with Prolong Gold Antifade Mountant
(P10144, Invitrogen), dried overnight at room temperature and subsequently stored in the dark at 4 °C. The slides were then imaged
using a fluorescence microscope with a x20 objective (Zeiss Axioscan 7, Zeiss) and images were processed in QuPath (v. 0.5.1).

Single-fiber RNA sequencing

The detailed workflow of our single-fiber transcriptomics methodology has been described before.™®

Fiber isolations

Muscle biopsy chunks were submerged in RNAlater in a petri dish and individual muscle fibers (25 from each biopsy, 3150 fibers in
total) were manually dissected under a light microscope using fine forceps. Immediately after dissection, fibers were incubated in
3 uL of SingleShot Cell Lysis kit (Bio-Rad) at room temperature (10 min), 37 °C (5 min) and 75 °C (5 min) (T100, Bio-Rad), with removal
of DNA (DNase enzyme) and proteins (proteinase K). Lysates were then stored at -80 °C until further processing.

Sequencing

lllumina-compatible polyA+ libraries were generated from 2 pL of muscle fiber lysates using the QuantSeqg-Pool 3’ mMRNA-Seq library
prep kit (Lexogen). Unique Molecular Identifiers (UMIs) and sample-specific i1 indices were added during the first step of reverse
transcription, to allow for sample pooling in the downstream process. After sample pooling, RNA removal, second strand synthesis
(random priming) and i5/i7 index addition, libraries were purified, amplified and purified again. Quality of the libraries was assessed
with a high sensitivity small DNA Fragment Analysis kit (Agilent Technologies, DNF-477-0500). Libraries were then sequenced on a
NovaSeq 6000 instrument with a NovaSeq S2 kit (100 cycles), with loading of 2 nM pools. Sequencing quality control metrics included
a 61-76% of clusters passing filter, 96% clusters occupied and an 89.2% Q30, with 4099 million total reads.

Initial data processing

Read data underwent quality control and was demultiplexed, trimmed, aligned, deduplicated and counted, according to the Lexogen
QuantSeq Pool pipeline (https://github.com/Lexogen-Tools/quantsegpool_analysis). The count matrix was then transformed into a
Seurat object for further processing.®®
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Bulk muscle RNA sequencing

RNA isolation and gDNA removal

Total RNA from the muscle biopsies (approx. 25 mg wet weight) stored in RNAlater was extracted using a miRNeasy Mini kit
(#217004, Qiagen) according to the manufacturer’s instructions. RNA concentrations were quantified using a NanoDrop instrument
after which all samples were diluted to equal RNA concentrations. Removal of gDNA was then performed with a HL-dsDNase kit
(#70800, ArcticZymes) with 20 ng total RNA as input in an 8 pL reaction.

Library preparation and sequencing

DNase-treated RNA (8 puL) was then used for total RNA sequencing library preparation using a SMARTer Stranded Total RNA-Seq Kit
(v3 - Pico Input Mammalian, #634487, Takara) with AMPure XP Beads. Manufacturer’s instructions were followed, with fragmentation
(4 min at 94 °C) included in the cDNA synthesis step and five and twelve cycles during the PCR1 and PCR2 steps, respectively.
SMARTer RNA Unique Dual Index Kit — 96U Set A (#634452, Takara) and Set B (#634457, Takara) were used to allow sequencing
of all samples in one pool. Quality of all libraries was verified using a KAPA gPCR kit (concentration of libraries, in quadruplicate)
and Fragment Analyzer (library size distributions). Libraries were then equimolarly (100 nM per sample) pooled into one final pool
used for sequencing. The libraries were then sequenced using a NovaSeq S2 kit (2 x 100 nucleotides) on a NovaSeq 6000 instrument
with loading of 0.65 nM (1% Phix).

Primary data processing

Adapter trimming was performed using cutadapt (v. 7.76) and UMI counts were extracted with UMItools (v. 7.0.0). Reads were then
mapped to the human genome using STAR (v. 2.7.3a) and invalid UMIs were removed with an in-house developed Python script.
Error rate on spikes were determined with fgbio (v. 7.0.0) and UMIs were added as UM tags in the BAM files. HTSeq (v. 1.15) was
then used for counting of the alignments. Quality control was performed at several intermediate steps with FastQC (v. 0.71.9).

Single-cell RNA sequencing

Detailed methodology of the used dataset has been described previously.?> Gastrocnemius muscle samples were collected from periph-
eral artery disease (PAD) patients (n = 4) and non-PAD participants (n = 4). Metabolically active (Calcein*) mononuclear cells were FACS
sorted and underwent single-cell RNA sequencing using the Chromium Next GEM Single Cell 3’ Reagent kit (v3.1, 10x Genomics). For all
analyses in this paper, only cells from the non-PAD participants were used (n = 37333 cells). Low quality cells were discarded based on
library size (total sum of UMI counts detected per cell), number of detected genes and percentage of reads mapped to mitochondrial
genes. Doublets were identified and removed in every sample using runDoubletFinder from the singleCellTK (v. 2.6.0) package.

Combined H1/H2 blockade RNA sequencing
RNA sequencing data and associated metadata was downloaded from the Gene Expression Omnibus website (GSE71972).

Bioinformatics

Single-fiber quality control

Filtering and quality control were performed for each condition (placebo, H1, H2) separately. Fibers with less than 1000 UMI counts or
1000 detected genes were deleted. All fibers from one participant were deleted for each condition (different participant for each con-
dition), since very few fibers remained for this participant at one of the timepoints. Next, low abundant genes were filtered with as
threshold double the number of fibers in the smallest group (fiber type and timepoint combination). For fiber typing, genes with spe-
cific slow (MYH7, TPM3, TNNT1, ATP2A2, TNNC1, TNNI1) and fast (MYH2, TPM1, TNNT3, ATP2A1, TNNC2, TNNI2) isoforms were
extracted, followed by calculation of proportions of each slow-fast combination. These proportions were ranked from high to low for
each isoform and the bottom knee of that curve was mathematically calculated using the barcodeRanks() function from the Drople-
tUtils package (v. 1.20.0). Fibers were then classified as slow if all 6 genes classified a fiber as slow and maximal 2 genes as fast, or
vice versa. Other fibers were annotated as hybrid fibers. After all quality control and filtering, 912 (placebo), 929 (H1) and 969 (H2)
fibers were retained in each dataset. Count normalization was then performed with the SCTransform() v2 method in Seurat.®”
Single-fiber differential expression analysis

For the single-fiber datasets, differential expression analysis was performed using a pseudobulk approach, important to avoid in-
flated p-values.®® Pseudobulk aggregation was performed using the to_pseudobulk() function from the Libra package (v. 1.0.0). DE-
Seq2 (v. 1.40.2) was then used for the analysis with a ‘subject + time’ (fiber type independent) statistical model. Technical variation in
the form of surrogate variables was modelled with the num.sv(method = ‘be’) and svaseq() functions from the sva (v. 3.48.0) package.
Zero surrogate variables were identified. For significance testing, we used a posteriori fusion scheme integrating fold changes (bio-
logical relevance) and p-values (statistical relevance) with a cut-off of 0.05,%° as used before in -omics skeletal muscle research.®°
Bulk differential expression analysis

The participant that was deleted in the single-fiber analysis for the placebo condition was also deleted in the bulk muscle dataset. One
additional sample from pre-exercise was omitted from the analysis based on quality control (principal component analysis and hier-
archical clustering). Other steps in the differential expression analysis were identical to the single-fiber analysis. No surrogate vari-
ables were identified with the sva analysis for the placebo-only comparisons. For the combined analysis with H1 and H2 blockade,
the statistical model also included a factor representing library preparation batch and two surrogate variables. The same significance
testing strategy was applied to ensure a fair comparison, which also resulted in fewer DEGs compared to using the standard adjusted
p-value cut-off.
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Feature overlap

Common features or DE features were visualized using the eulerr (v. 7.0.0) or circlize (v. 0.4.15) packages. For the bulk versus single-
fiber comparison, log-transformed raw counts were correlated with the cor.test() function with ‘spearman’ method. To compare the
biotype of detected features, the biotype for each gene was accessed using the select() function from the AnnotationDbi (v. 1.62.2)
with the EnsDb.Hsapiens.v86 dataset.

Gene set enrichment analysis

The human Hallmark gene sets were accessed via the msigdbr (v. 7.5.1) package. Differential expression results were ranked by the
Wald statistic and the analysis was performed with the GSEA() function in clusterProfiler with Benjamini-Hochberg p-value adjust-
ment and the ‘fgsea’ method.

Biological pathway activity inference

The top 500 interactions per pathway were retrieved from the weighted pathway information in the PROGENy model with the get_
progeny() function from the decoupleR (v. 2.6.0) package. DE lists containing all genes ranked by the Wald statistic were as input in
the run_mim() function for the actual inference analysis. Heatmaps were created with the pheatmap (v. 1.0.12) package.
Transcription factor activity inference

Differential expression results for the comparisons of input were loaded and used as input, ordered by the ‘stat’ value from DESeq2.
All human regulons were retrieved from the CollecTRI and transcription factor activity was inferred via the run_ulm() function from the
decoupleR (v. 2.6.0) package.

Principal component analysis

Single-fiber PCA was performed on the SCTransformed and scaled data with the prcomp(center = FALSE, scale. = FALSE) function.
The fiber type independent pseudobulked single-fiber data was transformed into a DESeq2 object followed by variance stabilization
using the vst() function. The PCA plot was then produced with the plotPCA() function on the vst data. The identical approach was
applied to the bulk dataset, with the addition of pre-filtering of low abundant genes (only genes with at least 13 samples with a count
of 10 or higher).

Single-fiber and -cell integration

The previously published single-cell dataset®® was integrated with our single-fiber dataset from biopsies at rest.'® From the single-
cell dataset and after quality control, PAD samples were filtered out and all cells per control participant were extracted separately,
excluding the myonuclei which are the result of incomplete digestion of multinucleated muscle cells. Cells were normalized sepa-
rately for each sample with the NormalizeData() function from Seurat. This same initial processing step was performed on the sin-
gle-fiber data, but with fibers from all participants together. These individual Seurat objects were combined and variable features
were selected with the SelectintegrationFeatures() function. The objects were then merged with the merge() function and the previ-
ously determined variable features were assigned to this merged Seurat object. Data was then scaled with ScaleData() while regress-
ing out percent of counts associated with mitochondrial genes, followed by PCA analysis with RunPCA(). The Seurat object was then
integrated using Harmony (v. 0.1.1), followed by UMAP calculation and clustering using the first 20 principal components. Individual
clusters were then annotated based on well-known marker genes for different cell types. Subclustering of the macrophages/mono-
cytes cluster was performed by applying the exact same pipeline after extracting only the cell ID’s associated with these clusters.
Significance testing for expression of genes in specific cell types was performed using the FindMarkers() function with a minimal
log fold-change threshold of 0.25.

CellChat

The workflow of CellChat (v. 2.0.0) was followed,”" as described in the CellChat repository (https://github.com/jinworks/CellChat).
Projection of gene expression onto the protein-protein interaction (PPI) network was not used.

NicheNet

Macrophages, dendritic cells, monocytes, neutrophils and mast cells were selected as sender cells, whilst muscle fibers independent
of fiber type were considered as receiver cells. The NicheNet (v. 2.0.4) workflow®® as described in their repository (https://github.
com/saeyslab/nichenetr) was then applied to our dataset. Gene sets of interest were based on the differential expression results
from our pseudobulked myofiber analysis per timepoint (i.e., post-exercise and recovery). A stringent cut-off of 33% was used to
identify expressed genes in receiver and sender cells. The top 30 active ligands per timepoint were used for receptor network
inference.

QUANTIFICATION AND STATISTICAL ANALYSIS

Individual datapoints and mean values are presented in the figures (SEM for Figure 5B), with sample sizes specified in the relevant
figure captions. Non-bioinformatic statistical analysis was performed using a linear mixed model approach with the Ime4 package (v.
1.1-34) in RStudio. The model was created using the Imer() function for each outcome variable with participant as random effect and
fixed effects depending on the experiment (e.g. ‘exercise’). Homoscedasticity was checked for the model residuals, and the outcome
variable was log-normalized if needed. To check significance of main or interaction effects, the full model was compared with a
reduced model, not containing the factor of interest, by the anova() function. Pairwise comparisons were performed using the em-
means() function from the emmeans package (v. 1.8.8) with tukey adjustment for multiple comparisons.
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