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ABSTRACT

Objective: The immediate signals that couple exercise to metabolic adaptations are incompletely understood. Nicotinamide adenine dinucleotide
phosphate oxidase 4 (Nox4) produces reactive oxygen species (ROS) and plays a significant role in metabolic and vascular adaptation during
stress conditions. Our objective was to determine the role of Nox4 in exercise-induced skeletal muscle metabolism.

Methods: Mice were subjected to acute exercise to assess their immediate responses. mRNA and protein expression responses to Nox4 and
hydrogen peroxide (H,02) were measured by gPCR and immunoblotting. Functional metabolic flux was measured via ex vivo fatty acid and
glucose oxidation assays using 14C-labeled palmitate and glucose, respectively. A chronic exercise regimen was also utilized and the time to
exhaustion along with key markers of exercise adaptation (skeletal muscle citrate synthase and beta-hydroxyacyl-coA-dehydrogenase activity)
were measured. Endothelial-specific Nox4-deficient mice were then subjected to the same acute exercise regimen and their subsequent
substrate oxidation was measured.

Results: We identified key exercise-responsive metabolic genes that depend on H,0- and Nox4 using catalase and Nox4-deficient mice. Nox4
was required for the expression of uncoupling protein 3 (Ucp3), hexokinase 2 (Hk2), and pyruvate dehydrogenase kinase 4 (Pdk4), but not the
expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Pgc-7«). Global Nox4 deletion resulted in decreased UCP3
protein expression and impaired glucose and fatty acid oxidization in response to acute exercise. Furthermore, Nox4-deficient mice demonstrated
impaired adaptation to chronic exercise as measured by the time to exhaustion and activity of skeletal muscle citrate synthase and beta-
hydroxyacyl-coA-dehydrogenase. Importantly, mice deficient in endothelial-Nox4 similarly demonstrated attenuated glucose and fatty acid
oxidation following acute exercise.

Conclusions: We report that H,0, and Nox4 promote immediate responses to exercise in skeletal muscle. Glucose and fatty acid oxidation were
blunted in the Nox4-deficient mice post-exercise, potentially through regulation of UCP3 expression. Our data demonstrate that endothelial-Nox4
is required for glucose and fatty acid oxidation, suggesting inter-tissue cross-talk between the endothelium and skeletal muscle in response to

exercise.
© 2021 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION angiogenesis and mitochondrial biogenesis and enhances glucose and

lipid metabolism [1]. These changes in skeletal muscle metabolism are

Skeletal muscle is an extraordinarily plastic tissue that quickly re-
sponds to repeated contractions in an effort to supply sufficient
adenosine triphosphate (ATP) for working muscle. Exercise is a potent
strategy to reduce muscle wasting and prevent many chronic vascular
and metabolic diseases. A single bout of exercise elicits the immediate
upregulation of mRNA expression associated with metabolic adapta-
tion, stimulation of glucose and fatty acid transport, and increased
substrate oxidation (glucose and fatty acid) [1]. Consistent, repeated
bouts of exercise over weeks to months (chronic exercise) increases

critically linked to skeletal muscle health and systemic metabolism.
Therefore, understanding the initiating stimuli that trigger exercise-
mediated metabolic adaptation is important to characterize the un-
derlying molecular signaling involved in the health benefits of exercise.
Skeletal muscle produces reactive oxygen species (ROS) during ex-
ercise [2]. ROS levels are also increased in subjects with muscular
diseases, leading to fatigue and atrophy [3]. Therefore, ROS production
during exercise was initially thought to be solely deleterious. However,
multiple studies have demonstrated that, in healthy adults, ROS-
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responsive signaling pathways are important for improved glucose
metabolism and increased efficiency of mitochondrial function in
response to exercise [4]. Specifically, human studies have demon-
strated that quenching the ROS signal with antioxidant supplementa-
tion attenuates increased insulin sensitivity and mitochondrial
biogenesis [5]. While studies have documented that exercise-induced
ROS promote muscle adaptation to exercise, the source(s) and target(s)
of these ROS are largely unknown.

Several lines of evidence suggest that exercise promotes ROS produc-
tion in the skeletal muscle from multiple sources (Nox2, Nox4, mito-
chondria, and xanthine oxidase) [6—11]. However, NADPH oxidase (Nox)
enzymes contribute to cytosolic ROS production both at rest and during
contraction [6]. The Nox family of enzymes transfers electrons from
NADPH to molecular oxygen, producing ROS. Inhibition of Nox enzymes
blocks both basal and stretch/contraction-stimulated skeletal muscle
ROS production [6,10]. Skeletal muscle is a mixed tissue; its paren-
chyma consists of myofibers while its stromal composition includes
myocytes, endothelial cells, pericytes, and immune cells. Thus, Nox’s
contribution to skeletal muscle ROS production is likely significantly
influenced by its expression patterns in these different cell types.

Of the multiple types of ROS, hydrogen peroxide (H20-) is an adept
signaling molecule. H,0, is a relatively stable oxidant that is able to
cross membranes and react with protein thiol moieties to produce
post-translational modifications, altering protein function [12]. Nox4 is
unique among the Nox enzymes (Nox 1—5) as it primarily produces
H-05 [13,14] due to a unique third extracytosolic loop (E-loop) [13].
Initially, Nox4 was thought to be constitutively active and regulated at
the transcriptional level; however, other reports have demonstrated
that post-translational modifications introduce an alternative level of
regulation [15]. Recent data demonstrated that Nox4 can be regulated
by ATP levels as it contains an ATP-binding motif [16]. ATP can directly
bind and negatively regulate Nox4 activity, suggesting that Nox4 can
serve as a metabolic sensor and become activated with decreased
mitochondrial ATP levels, which may be important in the response to
exercise. Thus, we hypothesized that Nox4 may be responsible for
initiating metabolic adaptations to exercise. Our findings demonstrate
that Nox4 is responsible for initiating transcriptional changes and
mediating glucose and fatty acid oxidation in skeletal muscle in
response to acute exercise.

2. MATERIALS AND METHODS

2.1. Animals

Nox4-floxed (Nox4™™ mice were obtained from Jun Sadoshima [17]
and bred with the CMV-Cre line (Jackson Laboratories, Bar Harbor, ME;
Jax 006054) to produce a line with global Nox4 deletion (Nox4—/-).
C57BI/6J mice (Jax 000664) were used as controls for the Nox4—/—
mice. To produce the endothelial-specific Nox4 deletion, the Nox4-
floxed mice were bred with Ve-cadherin Cre (Jax 006137). All of
these mouse lines were back crossed for a minimum of 10 generations
to C57BI/6J mice. Male mice were used in all of the groups. All of the
groups were allowed to eat ad libitum throughout the duration of the
study (except during the time periods of exercise/sedentary). The
animals were housed on a 12:12-h light—dark cycle in a temperature-
controlled room at 25 °C. The Virginia Tech and University of Mas-
sachusetts Medical School Institutional Animal Care and Use Com-
mittee approved all of the procedures.

2.2. Exercise intervention
Exercise was conducted on a motorized treadmill (Columbus Instruments
Model #1055-SRM-D58, Columbus, OH, USA). All of the mice were

acclimated to the treadmill for 3 days prior to the exercise regimens. On
day 1, the mice were allowed to stand on the stationary treadmill for
15 min. On day 2, the mice walked on the treadmill at 5 m/min for
15 min. On day 3, the mice began walking at 5 m/min; the treadmill
speed was gradually increased to 15 m/min and the mice ran at this
speed for 15 min. To control for any non-exercise effects of treadmill
running (handling, novel environment, noise, and vibrations), the non-
exercised group of mice (SED) was placed on the top of the treadmill
apparatus for an identical period of time. The mice were not subjected to
electric shock during the treadmill sessions to avoid stress.

The chronic exercise training consisted of treadmill running for 60 min/
day at 18 m/min 5 days/week for 4 weeks. Tissue was harvested
>24 h following the last exercise bout.

The exhaustive exercise protocol [18] began at 5 m/min for 15 min
followed by gradual increases in speed at 3 min intervals until the
treadmill speed reached 24.25 m/min, at which point it was held at this
speed for 30 min or until the mice reached exhaustion. The state of
exhaustion was established by a mouse remaining in the lower quarter
of the treadmill 3 cumulative times despite gentle encouragement.
The acute exercise protocol consisted of a 60 min run beginning with a
4 min warm-up period from which the mice progressed from 0 to
20 m/min. The mice were then exercised at 20 m/min (~85% VO,
max) [19] for the remainder of the 60 min protocol. The mice were
fasted for 4 h prior to exercise to eliminate any acute metabolic
changes due to food and assigned to either a non-exercise control
group or an exercise group. Previous studies showed that healthy
young C57BL/6 mice participating in this exercise protocol completed
the 60 min run close to 100% of the time [20].

2.3. Glucose tolerance test

The mice were fasted for 12 h and glucose (2 g/kg) was delivered by
intraperitoneal injection. Blood samples were harvested from the tail
vein at the indicated times, and glycemia was determined using a
Bayer Breeze 2 glucometer. Data were plotted as milligrams (mg)/
deciliters (dl) over time and the area under the curve (AUC).

2.4. RNA extraction and gene expression

Tissue was harvested and total RNA isolated using QlAzol (QIAGEN) and
Qiagen RNeasy Mini Kit (RNeasy Mini Kit, QIAGEN, 74106). 1 ug of total
RNA was used for one-step real-time reverse transcription PCR (iScript
cDNA Synthesis Kit, 1708890, BioRad). For specific mRNA expression
analysis, TagMan and SYBR Green gene expresssion (Table 1 for SYBR
Green primers) assays were used. The AAcycle threshold method was
used for relative mRNA quantification and the gene expression was
normalized to the housekeeping gene (HPRT).

2.5. Microarray analysis
RNA was harvested from gastrocnemius (GC) and isolated as described
above. The RNA quality was assessed using an Agilent 2100

Table 1 — SYBR Green primer sequences.

Gene Forward Sequence Reverse sequence

Hprt GGACTAATTATGGACAGGACTG GCTCTTCAGTCTGATAAAATCTAC
Sik1 CTGTAGGCTACCCACCTCCT GCGAGTCAGAAGGGTTGACA
M2 TCACCACGACTTCAACGTCC GTTGGGGTCCATTCCGAGAT
Nr4a3 TGCTGCAAAGTGTAACCCAGA ACATCTCAAGCCCTGTCACC
Slc25a25 CACGTGTGTACCACTCTGCT TGCCGTTCCCTCTGTTTCTG
Pdk4 CCGAAGCTGATGACTGGTGT CTTCTCCCGGGTCATCCAAC
Pgc-1a GACAGGTGCCTTCAGTTCAC CAACCAGAGCAGCACACTCTA
Hk2 GCCACCAGACGAAACTGGAT TGTCAAAGTCCCCTCTGCG

Ucp3 CCATGATACGCCTGGGAACT CTGGCGATGGTTCTGTAGGC
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Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Only sam-
ples with an RNA integrity number higher than 7.5 and normal 18-s
and 28-s fractions on microfluidic electrophoresis were used.
Second-strand cDNA was labeled with an Affymetrix WT terminal la-
beling kit, and the samples were hybridized to Affymetrix Mouse Gene
1.0 ST arrays (Affymetrix, Santa Clara, CA, USA). Pathway analysis of
the transcriptomic data was conducted using Ingenuity Pathway
Analysis (IPA, Qiagen). Heatmapper (http://www.heatmapper.ca) was
used to create the heat maps [21].

2.6. Adenoviral constructs

An adenoviral vector expressing CMV-driven catalase (Ad-Cat) was a
gift from Dr. Kai Chen [22]. An adenoviral vector expressing the control
virus, adenoviral CMV GFP (Ad-GFP), was purchased from Vector
Biolabs (Cat 1060). For the in vivo administration of adenovirus, 5 days
before exercise, either Ad-GFP or Ad-Cat (2 x 108 plaque-forming
units) was injected into the gastrocnemius (GC).

2.7. Protein expression

GC was collected and homogenized in lysis buffer (25 mM of HEPES, pH
7.0, and 0.4% CHAPS) with Calbiochem Protease Inhibitor Cocktail Set lll
(EMD Biosciences, La Jolla, CA, USA) for immunoblotting. Proteins (10 g
loaded) were separated by SDS-Page and transferred onto PVDF
membranes. The membranes were blocked in 5% non-fat dry milk or
bovine serum albumin (BSA), washed in tris-buffered saline containing
0.1% Tween-20 (TBST), and then placed in primary antibody: UCP3
(PA1-055, Invitrogen), green fluorescent protein (GFP, ab290, Abcam),
and catalase (MAB3398, R&D Systems). The membranes were then
incubated in secondary antibody (donkey anti-rabbit, 711-035-152,
1:5000, Jackson ImmunoResearch) or goat anti-mouse (LI-COR
1:10,000) and imaged on a Bio-Rad ChemiDoc MP or LI-COR Odyssey
CLx. Blots were analyzed using ImageJ (https://imagej.nih.gov/ij/index.
html) for densitometry and normalized to total protein (control) as
quantified using No-Stain Protein-Labeling Reagent (A44449, Invitrogen),
Ponceau S (59803S, Cell Signaling Technologies) or pan-actin (mAb
8456, Cell Signaling Technologies).

2.8. Substrate oxidation

GC were excised and washed in cold PBS. Approximately 15—50 mg of
muscle was placed in 200 pL of modified sucrose EDTA medium (SET
buffer) containing 250 mM of sucrose, 1 mM of EDTA, 10 mM of Tris—
HCI, and 1 mM of ATP at a pH of 7.4. The muscle samples were minced
with scissors followed by adding SET buffer to produce a final 20-fold
dilution (wt:vol). The samples were then homogenized in a Potter-
Elvehjem glass homogenizer for 10 passes over 30 s at 150 RPM
with a motor-driven Teflon pestle.

Fatty acid oxidation was assessed using radiolabeled fatty acid
([1-"*C]- palmitic acid, American Radiolabeled Chemicals, St. Louis,
MO, USA) to quantify CO, production and '*C-labeled acid-soluble
metabolites. The samples were incubated in 0.5 puCi/mL of [1 -14C]-
palmitic acid for 1 h after which the media was acidified with 200 pLL of
70% perchloric acid for 1 h to liberate '#C0,. The "C0, was trapped in
a tube containing 1 M of NaOH, which was then placed into a scin-
tillation vial with 5 mL of scintillation fluid. The '“C concentrations
within the vials were measured on a 4500 Beckman Coulter scintil-
lation counter. Acid soluble metabolites were determined by collecting
the acidified media and measuring the 4C levels as previously
described [23].

Glucose oxidation was measured utilizing a similar method to that of
fatty acid oxidation with the exception of the substitution of [U—"*C]-
glucose for [1-14C]—palmitic acid. The total protein content in the
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skeletal muscle homogenates was measured via a bicinchoninic acid
procedure (Thermo Fisher Scientific, Waltham, MA, USA) and used to
normalize the oxidation values.

2.9. Metabolic enzyme assays

The activity of citrate synthase (CS), a biochemical marker of mito-
chondrial density and oxidative capacity [24], and beta-hydroxyacyl-
coA-dehydrogenase (BHAD), a key regulatory enzyme in the beta
oxidation of fatty acids to acetyl-CoA, were determined spectropho-
tometrically in muscle homogenates [25]. Briefly, CS activity was
measured at 37 °C in 0.1 M of Tris—HCI (pH 8.3) assay buffer con-
taining 0.12 mM of 5,5’-dithio-bis (2-nitrobenzoic acid) and 0.6 mM of
oxaloacetate. After an initial 2-min absorbance reading taken at
412 nm, the reaction was initiated by adding 3.0 mM of acetyl-CoA,
and the change in absorbance was measured every 10 s for 7 min.
BHAD activity was measured at 37 °C in assay buffer containing 0.1 M
of triethanolamine-HCI, 5 mM of EDTA, and 0.45 mM of NADH (pH 7.0).
After an initial 2-min absorbance reading at 340 nm, the reaction was
initiated by adding 0.1 mM of acetoacetyl-CoA, and the change in
absorbance was measured every 10 s for 5 min. Maximal enzymatic
activity is presented in pM/mg of protein/min.

2.10. Cell culture

Mouse lung endothelial cells were prepared by immunoselection with
anti-ICAM-2 antibody as previously described [26] and used for ex-
periments during passages 2—6. The mouse skeletal muscle cell line
C2C12 was purchased from ATCC and differentiated after reaching
confluence by switching the medium to 2% horse serum and 1 uM of
insulin. Differentiation media was changed every 24 h for the next 3
days.

2.11. Statistics

The results are expressed as means + SEM. Data were analyzed by
GraphPad Prism 8.0 software (GraphPad Software, La Jolla, CA, USA)
using Student’s t-test, one-way analysis of variance (ANOVA), or two-
way ANOVA with the Newman—Keuls post hoc test as appropriate.
Differences were considered significant when p < 0.05*.

3. RESULTS

3.1. Acute exercise transcriptional responses were influenced by
hydrogen peroxide signaling

After an acute bout of exhaustive exercise, multiple metabolic changes
occur in the skeletal muscle, such as increased fatty acid and glucose
metabolism [1]. To gain insight into the immediate signals that initiate the
change in metabolism after exercise, we utilized a single bout of treadmill
exercise on C57BI/6J wild-type (WT) mice and examined the gastroc-
nemius (GC) transcriptomic profiles of the exercised (EX) mice compared
to sedentary (SED) controls (Figure 1A). To elucidate the upstream
pathways mediating these early gene changes, we utilized Ingenuity
Pathway Analysis (IPA, Qiagen) (Figure 1B). Prominent among these
activated pathways was hydrogen peroxide (H20,) signaling. We
confirmed our transcriptomic analysis using gPCR. Figure 1C shows the
top genes from our microarray. Figure 1D confirms expression of genes
involved in metabolic adaptation to acute exercise [27,28]. These genes
include uncoupling protein 3 (Ucp3), known to be important for mediating
substrate oxidation; hexokinase 2 (Hk2), which is involved in glycolysis;
peroxisome proliferator-activated receptor gamma coactivator 1-alpha
(Pgc-1a), which mediates multiple adaptations including mitochondrial
biogenesis; and pyruvate dehydrogenase kinase 4 (Pdk4), which is
involved in metabolic flexibility [29—33]. Together, these data
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Figure 1: Acute exercise mediated early transcriptional responses influenced by hydrogen peroxide. (A) Microarrays were performed on pooled (N = 3/group)
gastrocnemius (GC) muscle from the WT mice after a bout of exhaustive exercise. A heat map of the top upregulated and downregulated genes is shown. (B) Ingenuity Pathway
Analysis (IPA, Qiagen) identified the upstream regulators of the expression patterns after exercise. (C) qPCR confirmed top exercise-responsive genes and (D) exercise-responsive
metabolic genes (N = 5—7/group; *p < 0.05 compared to SED). Data are presented as mean + SEM.

demonstrated that acute exercise increased skeletal muscle expression
of several genes involved in substrate oxidation, suggesting potential
regulation by Ho0,.

3.2. Hydrogen peroxide was responsible for mediating a subset of
genes involved in substrate metabolism after acute exercise

H20, is responsible for mediating multiple signaling pathways [34].
Our IPA results identified H,0, signaling as an upstream pathway
responsible for initiating transcriptional responses to exercise. Thus,
we tested whether H»0, signaling was important in the acute ex-
ercise response using catalase, which is a potent enzyme that re-
duces H,0, to water (Figure 2A). For this experiment, we injected
one hind leg (GC) with adenoviral catalase (Ad-Cat; Supplementary
Figure 1) in the WT mice. The other hind leg was used as a con-
trol and injected with adenoviral GFP (Ad-GFP). We observed robust
protein expression of both GFP and catalase (Supplementary
Figures 1B and C). Gene expression of GFP and catalase was not
different due to treatment (SED vs EX; Supplementary Figures 1B and
C). We then examined the exercise-responsive genes by comparing
the Ad-Cat injected leg to the control Ad-GFP injected leg. We found
that a subset of genes were specifically modified by H,0, after acute
exercise (Slc25a25, Hk2, and Ucp3; Figure 2B), whereas other genes
(Sik1, Mt2, and Nr4a3), were not altered in expression by adding
catalase (Figure 2C).

3.3. Metabolic adaptation to exercise required Nox4

As Nox4 is a prominent Hy02 producer in the skeletal muscle, we
utilized mice with global Nox4 deletion (Nox4—/—; Supplementary
Figure 2) and investigated the genes that changed with exercise. To
identify pathways that were specifically influenced by Nox4 with ex-
ercise, we compared the Nox4—/— EX/SED gene profile with the
control WT EX/SED gene profile and used IPA to determine the top
canonical pathways modified by exercise in the WT mice that were not
activated in the Nox4—/— mice. These data demonstrated that genes
involved in oxidative phosphorylation and mitochondrial metabolism
were not changed with exercise in the mice lacking Nox4 (Figures 3A—
C). To further investigate the transcriptome profile of the Nox4—/—
mice after exercise, we examined their gene expression using qPCR
(Figure 3D). We found that Nox4 expression was important for the
exercise response of Ucp3, Pdk4, and Hk2, but not Pgc-1a.

As our data suggested Nox4 plays an important role in metabolic
adaptation to acute exercise, we determined if the Nox4-deficient mice
had a similarly blunted response to chronic exercise. Indeed, the WT
mice significantly increased the distance and time to exhaustion after
chronic exercise training, but this response was significantly blunted in
the Nox4-deficient mice (Supplementary Figures 3A and B). We
measured enzymes important for metabolic adaptation to exercise.
Citrate synthase (CS) is the first enzyme in the tri-carboxylic acid (TCA)
cycle and a known marker of adaptation to chronic exercise [35]. In the
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Figure 2: Hydrogen peroxide was responsible for mediating a subset of genes involved in metabolism after acute exercise. (A) We utilized catalase, which is a potent
enzyme that reduces H,0, to water to investigate the influence of H,0, (shown in the schematic). Adenoviral catalase (Ad-Cat) was injected into one leg and control virus
(adenoviral GFP; Ad-GFP) was injected into the other leg. Five days post-injection, the treadmill exercised mice were examined by qPCR for gene expression of (B) H,0,-responsive
and (C) H0,-unresponsive transcripts (N = 4/group; *p < 0.05 compared to SED or indicated control leg (paired comparison)). Data are presented as mean + SEM.

red GC, we found that CS enzyme activity was significantly increased in
the WT but not in the Nox4-deficient mice (Supplementary Figures 3C
and D). We similarly examined beta-hydroxyacyl-coA-dehydrogenase
(BHAD) activity as this enzyme is important for fatty acid oxidation
and its enzyme activity increases with exercise [36]. The WT-exercised
red GC had a significant increase in BHAD activity that was not seen in
the Nox4—/— mice (Supplementary Figures 3E and F). Together, these
data suggest the impairment of the immediate responses to exercise in
the mice lacking Nox4 resulted in defects in chronic adaptation to
exercise.

3.4. Endothelial Nox4 was required for substrate oxidation

following acute exercise

Recovery from exercise is a metabolic state involving increased reli-
ance on fatty acid metabolism and the elevated expression of
uncoupling protein 3 (UCP3) [37]. H.0, (Figure 2B) and Nox4
(Figure 3D) are important for the expression of Ucp3 following exercise.
Therefore, we examined UCP3 protein expression and found that the
WT mice had a significant increase in UCP3 after exercise, which was
significantly blunted in the mice lacking Nox4 (Figures 4A and B).
Changes in UCP3 expression are known to modulate substrate
oxidation [38]. Therefore, we investigated both glucose and fatty acid
oxidation following a single acute bout of exercise. In the WT mice, we
found a significant increase in glucose oxidation that was blunted in
the Nox4—/— mice (Figure 4C). Similarly, we found that fatty acid
oxidation significantly increased in the WT mice after acute exercise
and this response was blunted in the Nox4-deficient mice (Figure 4D).
Given the heterogenous cell populations within skeletal muscle, we
wanted to understand the cell type-specific mediation of the changes
in substrate oxidation. Nox4 is highly expressed in the endothelium
(Supplementary Figure 4A). Therefore, we hypothesized that it may be
endothelial Nox4 that principally mediates the response to acute ex-
ercise. To investigate this, we utilized Ve-cadherin-driven Cre mice and
crossed them with our Nox4-floxed mice to generate endothelial cell

(EC)-specific Nox4 deletion (Nox4t°®). With Nox4 deleted in the
endothelium alone, the mixed skeletal muscle expression of Nox4
decreased by ~ 80%, indicating that Nox4 was more highly expressed
in the endothelial cells than myocytes in vivo (Supplementary
Figure 4B). We also found that in the red gastrocnemius, which is
highly vascularized compared to the white GC, Nox4 was more highly
expressed (Supplementary Figure 4C), which also aligns with UCP3
expression [39]. To determine whether endothelial Nox4 deletion
drives gene expression similar to global deletion, we examined the
expression of Ucp3, Pdk4, and Hk2. Following exercise, expression of
these genes was blunted in Nox4c¥? (Figures 4E—G). Next, to assess
the effect of endothelial Nox4 deletion on functional metabolism, we
measured glucose and fatty acid oxidation. We found that the mice
deficient in endothelial Nox4 phenocopied the global Nox4 deletion as
both glucose and fatty acid oxidation were similarly blunted after ex-
ercise (Figures 4H and ), suggesting that endothelial Nox4 may be
important for driving the acute increase in substrate oxidation in
skeletal muscle after exercise.

4. DISCUSSION

In this study, we investigated the metabolic pathways initiated by
exercise and uncovered a novel role of Nox4 in the regulation of
skeletal muscle metabolism. Our primary observations demonstrated
that Nox4 influenced the acute expression of key metabolic transcripts
following exercise. Loss of Nox4 blunted UCP3 expression and
impaired glucose and fatty acid oxidation post-exercise. Endothelial
Nox4 deletion similarly blunted glucose and fatty acid oxidation post-
exercise, suggesting an important role of the endothelium in medi-
ating the early metabolic responses to exercise.

By analyzing the transcriptomic profile of the WT mice, we identified
Ho0, as an important upstream regulator of the skeletal muscle
response to exercise. We then confirmed these observations using
single-leg injections of catalase (an H,0, scavenger). Previous studies
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peroxisome proliferator-activated receptor gamma coactivator 1-alpha (Pgc-7a) (N = 6—7/group; *p < 0.05 compared to SED). Data are presented as mean + SEM.

supported our data by showing that the formation of H,0, occurs in
contracting skeletal muscle [40] and during acute exercise [41]. In
addition, there are multiple H>0--responsive transcription factors such
as Ap-1, Nrf2, Creb, Hif-1, and Nf-kB [42] that are essential for the
metabolic response to exercise and subsequent adaptation. We found
that Nox4 deletion mediated similar gene expression profiles to
catalase expression, indicating that Nox4 may be responsible, in part,
for the exercise-induced H,0- initiation of metabolic gene expression.
Nox4 predominantly produces H,0, [13,14] and may serve as a
metabolic sensor during acute exercise. Nox4 was previously thought
to be constitutively active; however, a recent publication found that
Nox4 directly binds ATP [16], and with decreased mitochondrial ATP,
Nox4 activity increases. In terms of acute exercise, this mechanism of
Nox4 activation would make sense when Nox4-dependent ROS pro-
duction may be driven by decreased mitochondrial ATP.

UCP3 is a major regulator of ROS homeostasis and mitochondrial
metabolism [43]. The UCP3 gene is highly responsive to changes in the
metabolic environment, including diet and exercise, and in both
humans and rodents, expression increases following exercise [29,44].
ROS are known to promote the expression of Ucp3 [45] and specifically
H»05 increases UCP3 expression [46]. This is supported by our data,
which demonstrated that exercise-induced Ucp3 expression was
blunted in the presence of catalase or with deletion of Nox4 following
exercise. It has been proposed that UCP3 abundance correlates with
the degree of fatty acid oxidation [37] which occurs during the recovery
phase following an acute bout of exercise [38]. We observed dimin-
ished UCP3 expression and blunted substrate oxidation in Nox4-
deficient mice after acute exercise. Taken together, these observa-
tions suggest that the induction of UCP3 may be in response to the
increased production of ROS, which drives post-exercise increases in
substrate oxidation [47].

Our data represent a new avenue of investigation in which Nox4 is
responsible for initiating immediate metabolic changes in glucose and
fatty acid oxidation in skeletal muscle. A previous study demonstrated
the importance of Nox4 in acute exercise adaptation in the heart in
which Nox4-deficient mice exhibit reduced mitochondrial antioxidant
capacity as shown through the decreased activation of the ROS-
regulated transcription factor nuclear factor erythroid 2 related factor
(Nrf2) [48]. While Nrf2 was not identified as an upstream regulator in
our studies, we cannot rule out the possibility that Nox4 activation of
Nrf2 occurs in the skeletal muscle, which may be important for some
of the downstream metabolic effects in our models. Our results
regarding the requirement for Nox4 to drive fatty acid oxidation
resonate with findings demonstrating that overexpression of Nox4
promotes fatty acid oxidation in heart failure [49]. Interestingly, in
contrast to our loss-of-function data, Nox4 overexpression in the heart
did not impact glucose oxidation.

Chronic exercise adaptation is the result of multiple acute bouts of
exercise; we found that Nox4 was necessary for adaptive responses to
chronic exercise. Given ROS are short-acting molecules; our hypoth-
esis was that Nox4 initiated immediate metabolic changes that ulti-
mately resulted in chronic adaptation. With chronic exercise, previous
studies have documented that Nox4 is required for increased vascu-
larization [50], which is consistent with studies from our lab and others
demonstrating that Nox4 increases angiogenesis in a mouse model of
peripheral artery disease [26,51]. Importantly, one study concluded
that Nox4 is dispensable for exercise-induced muscle fiber type
switching [52]. This observation may appear to contradict the current
findings, which demonstrated significant adaptations in enzymatic
activity (CS and BHAD) to chronic endurance-type exercise in the WT
mice that was blunted in the Nox4—/— mice. However, it is important
to note that the pathways that drive exercise-induced fiber-type
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switching may differ from those driving metabolic adaptation [53]. In
support of our findings with chronic exercise, a recent publication
similarly reported that Nox4 promoted exercise adaptation in obese
mice, demonstrating increased muscle citrate synthase activity in
response to chronic exercise [54]. Future studies will be important to
address the interactions between physiologic and pathologic ROS
production in skeletal muscle with exercise.

To meet increases in energy demand with exercise, multiple intra-
cellular processes need to occur at different subcellular locations
(plasma membrane, cytosol, and mitochondria) in parallel [1]. This
suggests that localized and/or compartmentalized ROS production may
be important for the spatial and temporal resolution of metabolic
adaptation to different modes of exercise (duration, intensity, and type).
In this study, our data demonstrated the role of Nox4 in oxidative
metabolism, which suggests a deficit in mitochondrial function,
although this speculation will require further study. Recent reports
have demonstrated skeletal muscle Nox2 as a major producer of
cytosolic ROS in acute exercise, which is important for acute glucose
uptake [11] and metabolic stress-responsive gene expression [55].
One study examining loss of Nox2 in both acute and chronic high-
intensity exercise [56] suggested that there was crosstalk between
Nox2 and mitochondrial ROS, emphasizing the potential coordination
between different sites of ROS production in skeletal muscle responses
to exercise. It is likely that Nox2 and Nox4 are responsible for medi-
ating specific signaling pathways via ROS production in different
subcellular microdomains, leading to localized metabolic signaling
responses [57]. In the current study, we did not find any differences in
Nox2 expression in any of our models; however, as Nox2 is mainly
regulated by complex assembly [58], we cannot rule out that a subset
of these metabolic effects was due to Nox2. Given the potential
crosstalk between Nox4 and Nox2, it will be interesting to further
delineate the relative contributions of these Nox members in different
modes of exercise and specific subcellular microdomains.

An additional factor that may be important for defining the metabolic
role of Nox in exercise adaptation is the relative expression and activity
of the Nox members in skeletal muscle. We primarily examined the GC,
which is composed of both red (oxidative) and white (glycolytic)
muscle. Nox4 mRNA expression (Supplementary Figure 4) and activity
is higher in red GC than white GC [39]. Furthermore, mRNA expression
patterns of genes involved in energy metabolism, such as Ucp3, follow
a similar pattern to Nox4 expression in red GC compared to white GC
[39,59]. This was further supported by our findings that glucose and
fatty acid oxidation were blunted after acute exercise in red GC in both
the Nox4—/— and Nox4% 0 mice. Interestingly, our chronic exercise
studies similarly demonstrated a robust influence of Nox4 expression
on enzyme activity in red GC but not in white GC (Supplementary
Figure 3). It is likely that there are multiple sources of ROS produc-
tion both during and post-exercise that mediate discrete signaling
niches based on their localization and expression profiles.
Importantly, we found that endothelial Nox4 may initiate substrate
oxidation with acute exercise in muscle. Skeletal muscle is a mixed
tissue composed of myocytes, endothelial cells, pericytes, and im-
mune cells. Therefore, the Nox contribution to skeletal muscle ROS
production could reflect expression patterns in these other cell types.
Utilizing endothelial-specific Nox4 deletion, the total Nox4 mRNA level
in the skeletal muscle significantly decreased (~ 80%), suggesting
that the endothelium expresses Nox4 much more highly than the
myocytes. Indeed, we found that in vitro, Nox4 was expressed much
more significantly in the microvascular endothelial cells than the
myocytes. We found a comparable impact on gene expression and

substrate oxidation between the endothelial-specific Nox4 and global
Nox4 deletion. These data demonstrated that endothelial Nox4 is
important for influencing exercise-induced immediate changes to
skeletal muscle gene expression and substrate oxidation. Indeed, a
significant relationship between the endothelium and skeletal muscle
in regard to metabolism has been demonstrated as multiple studies
showed that the oxidative capacity of muscles correlates with capillary
density [60,61]. This is in line with the fact that patients with severe
reductions in blood flow reportedly have decreased oxidative capacity
and impaired TCA enzyme activity, which is likely involved in the
development of muscle atrophy [62,63]. While no basal differences in
skeletal muscle capillarization have been observed in mice lacking
Nox4 [50], there may be paracrine signaling between the two tissues
that is responsible for the endothelial Nox4-dependent metabolic
adaptation observed herein. Studies have demonstrated that the
skeletal muscle mitochondria closely line the vasculature [64]. This
strategically places the skeletal muscle mitochondria adjacent to the
endothelium to receive paracrine signals. Additional studies are
needed to further define the inter-tissue crosstalk between the
endothelium and muscle.

5. CONCLUSIONS

Our findings support the hypothesis that Nox4 is responsible for
initiating important immediate metabolic signaling in the skeletal
muscle response to exercise. Taken together, our results demon-
strated that Nox4 serves as a catalyst for altered gene expression and
subsequent glucose and fatty acid oxidation after acute exercise.
Furthermore, we showed that endothelial Nox4 is required for the
response in skeletal muscle, suggesting that inter-tissue crosstalk
between the endothelium and muscle is important for metabolic re-
sponses to exercise.
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ABBREVIATIONS

Nox4 nicotinamide dinucleotide phosphate (NADPH) oxidase 4

Nox4—/— global Nox4 deletion

Nox4™ Nox4 floxed

Nox4EK0  endothelial-specific deletion of Nox4
Ad-Cat adenoviral catalase

Ad-GFP  adenoviral green fluorescent protein
H50- hydrogen peroxide

ROS reactive oxygen species

TCA cycle tri-carboxylic acid cycle
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