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BACKGROUND: Presently, we investigated hypothesized roles and mechanisms of cell type–specific, selective activation of 
different vascular NOX (NADPH oxidase) isoforms in obesity and metabolic syndrome.

METHODS: Wild-type, NOX1/2/4 global knockout mice, endothelial/VSMC-specific NOX1 knockout mice, or vascular 
endothelial-speicifc NOX1 knockin mice were exposed to high-fat diet feeding prior to phenotypical analyses of obesity and 
metabolic syndrome, as well as of exercise capacity, skeletal muscle mitochondrial function, and novel genetic signatures.

RESULTS: Expression of NOX1 was significantly upregulated in wild-type mice fed a high-fat diet. Global knockout of 
NOX1 (NOX1−/y), rather than of NOX2/NOX4, markedly abrogated high-fat feeding–induced body weight/fat mass gain, 
preadipocyte differentiation, fatty liver, glucose intolerance, and insulin/leptin resistance. Intriguingly, endothelial-specific 
NOX1 knockout (Cdh5cre [cadherin 5 (vascular endothelial cadherin) promoter–driven Cre recombinase (endothelial-
specific Cre expression)]-NOX1CKO), rather than vascular smooth muscle-specific NOX1 knockout (Myh11cre [myosin 
heavy chain 11 promoter–driven Cre recombinase (smooth muscle–specific Cre expression)]-NOX1CKO), substantially 
alleviated obesity and metabolic syndrome. Consistently, endothelial-specific NOX1 knockin mice (Cdh5cre-NOX1CKI) 
fed a high-fat diet displayed exaggerated metabolic disorders. Endothelial cell–specific knockout/knockin of NOX1 was 
confirmed using endothelial cell washout experiments. Food/water intakes were not different from corresponding controls in 
high-fat fed NOX1−/y, Cdh5cre-NOX1CKO, or Cdh5cre-NOX1CKI mice, indicating no difference in energy intake. Instead, 
spontaneous activity, exercise capacity, mitochondrial oxygen consumption/ATP production, skeletal muscle mitochondrial 
function (ROS production and swelling activity), and mitochondrial cristae structure were all substantially improved in NOX1−/y 
or Cdh5cre-NOX1CKO mice, indicating augmented energy expenditure attributed to preserved skeletal muscle mitochondrial 
function. Supportively, Cdh5cre-NOX1CKI mice displayed deteriorated exercise capacity and skeletal muscle mitochondrial 
dysfunction. Endothelium-dependent vasorelaxation was restored in high-fat fed NOX1−/y or Cdh5cre-NOX1CKO mice, 
confirming improved endothelial function. RNA-sequencing identified 4 genes (Cntnap4 [contactin-associated protein-like 
4], Sgsm1, Tll2, and Syt9) and 7 genes (Odf3l2, Col9a1 [collagen type IX alpha 1 chain], Cldn23, Atp5g2, Nkx6-3, Ntsr2, 
and Zfp69) significantly downregulated/upregulated in high-fat fed Cdh5cre-NOX1CKO mice, among which Cntnap4 and 
Col9a1 linked to muscular disorders. Importantly, we observed marked upregulation of NOX1 in isolated coronary arteries 
from human patients with obesity.

CONCLUSIONS: Taken together, our data for the first time establish a novel and paradigm-shifting concept that endothelial 
NOX1 drives systematic metabolic phenotypes, via impairment in skeletal muscle mitochondrial dysfunction with novel 
genetic signatures. Tissue-specific targeting of endothelial NOX1 and novel candidate genes may prove to be robustly 
effective in treating obesity and metabolic syndrome.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Obesity has proven to be a global epidemic with, how-
ever, unclear molecular mechanisms for its develop-
ment and progression.1 It is estimated that 39% to 

49% of the population worldwide (2.8–3.5 billion people) 
is overweight or obese.1,2 Obesity is a chronic, complex, 
heterogeneous disease that impacts all organ systems, 
resulting in severe health consequences and a huge eco-
nomic burden for patients and society.3,4 WHO estimates 
that at least 2.8 million people die each year as a result 
of being obese or overweight.5 Although pharmacologi-
cal, surgical, and device interventions have been used to 
treat obesity, these practices have not been consistently 
effective in managing obesity and its complications at the 
population level.4,6,7 Currently, there are 6 major Food and 
Drug Administration–approved antiobesity medications: 
phentermine, orlistat, phentermine/topiramate extended 
release, lorcaserin, naltrexone sustained release/bupro-
pion sustained release, and liraglutide.3 Nonetheless, all 
of these drugs have varying degrees of adverse effects 
or contraindications and are not optimal for long-term 
treatment of obesity.3 Therefore, identification of detailed 
molecular mechanisms of obesity is in urgent need to 
enable development of novel and effective therapeutics 
for the treatment of obesity and metabolic syndrome.

Oxidative stress has been implicated in the devel-
opment of obesity and metabolic syndrome.8,9 We have 
previously established an innovative, paradigm-shifting 
concept that vascular oxidative stress is a driving force 
for the development of systematic obesity and metabolic 
syndrome, rather than being a mere consequence.8 Mice 
with overproduction of reactive oxygen species (ROS) in 
the vasculature displayed markedly exaggerated obesity 

Nonstandard Abbreviations and Acronyms

BMI	 body mass index
Cdh5cre	� cadherin 5 (vascular endothelial cad-

herin) promoter–driven Cre recombinase 
(endothelial-specific Cre expression)

Cntnap4	 contactin-associated protein-like 4
Col9a1	 collagen type IX alpha 1 chain
DHFR	 dihydrofolate reductase
EC	 endothelial cell
eNOS	 endothelial nitric oxide synthase
IPA	 Ingenuity Pathway Analysis
Myh11cre	� myosin heavy chain 11 promoter–

driven Cre recombinase (smooth 
muscle–specific Cre expression)

NOX	 NADPH oxidase
NOX1	 NOX isoform 1
NOX1CKI	� cre-inducible NOX1flox/flox knockin/

floxed mice
NOX1CKO	 �cre-inducible NOX1flox/flox knockout/

floxed mice
NOX2	 NOX isoform 2
NOX3	 NOX isoform 3
NOX4	 NOX isoform 4
PCR	 polymerase chain reaction
RCR	 respiratory control ratio
ROS	 reactive oxygen species
UCLA	 University of California, Los Angeles
WT	 wild type

Novelty and Significance

What Is Known?
• Oxidative stress is involved in the development of obe-

sity and metabolic syndrome.
• Activation of NOX (NADPH oxidase) has been impli-

cated in obesity and metabolic syndrome.

What New Information Does This Article 
Contribute?
• NOX1 (NOX isoform 1), but not NOX2 (NOX isoform 

2) or NOX4 (NOX isoform 4), mediates the develop-
ment of obesity and metabolic syndrome.

• Endothelial-specific activation of NOX1 drives obesity 
and metabolic syndrome attributed to exercise inca-
pacity and reduced energy expenditure.

• Endothelial-specific NOX1 activation mediates skeletal 
muscle mitochondrial dysfunction to result in deficien-
cies in exercise capacity and energy expenditure.

• Novel genetic signatures of skeletal Cntnap4 
(contactin-associated protein-like 4) and Col9a1 (col-
lagen type IX alpha 1 chain) have been identified as 

potential new targets for the treatment of obesity and 
metabolic syndrome.

• Our findings for the first time mechanistically demon-
strate a critical driving role of endothelial NOX1 activation 
in the development of obesity and metabolic syndrome.

Oxidative stress attributed to activation of NOX 
has been implicated in obesity and metabolic syn-
drome. However, this study reveals a novel role of 
endothelial-specific activation of NOX1 in driving these 
conditions by impairing exercise capacity to reduce 
energy expenditure, while NOX2 and NOX4 are dis-
pensable. Mechanistically, endothelial NOX1 activation 
induces skeletal muscle mitochondrial dysfunction, 
leading to metabolic deficiencies. In addition, novel 
genetic signatures, Cntnap4 and Col9a1, were iden-
tified as potential therapeutic targets. These findings 
provide the first mechanistic evidence that endothelial 
NOX1 is a key driver of obesity and metabolic syn-
drome, offering new insights for targeted interventions.
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and metabolic syndrome in response to high-fat feeding.8 
p22phox (also known as cytochrome b-245 light chain), 
as the only membrane-bound subunit for NOX (NADPH 
oxidase), is required for catalytic activation of NOX1 
(NOX isoform 1), NOX2 (NOX isoform 2), NOX3 (NOX 
isoform 3), and NOX4 (NOX isoform 4),10,11 among which 
NOX1, NOX2, and NOX4 are expressed in the vascular 
cells.12,13 Of note, NOX family enzymes have emerged 
as the predominant sources of ROS production dur-
ing the pathogenesis of cardiovascular diseases.11,14–18 
We and others have identified differential roles of dif-
ferent NOX isoforms in mediating the development of 
different pathological conditions of hypertension, aortic 
aneurysms, diabetic vascular dysfunction under either 
type 1 or type 2 conditions, ischemia-reperfusion injury 
of the heart, and cardiac arrhythmia.11,19–30 Therefore, we 
sought to identify whether there is a direct, causal role 
of NOX in driving obesity and metabolic syndrome in 
response to high-fat feeding, the specific isoform(s) of 
NOX that is(are) involved, potential tissue/cell-specific 
roles of NOX isoforms, and the underlying molecular 
mechanisms.

In this study, our data clearly demonstrate that global 
knockout of NOX1, rather than of NOX2 or NOX4, 
protects against obesity and metabolic syndrome 
under high-fat feeding. NOX1 expression was mark-
edly upregulated in wild-type (WT) mice fed a high-fat 
diet. Endothelial cell (EC) NOX1, rather than vascular 
smooth muscle NOX1, is specifically involved in this 
process. While energy intake was not different, high-
fat feeding–induced impairment in energy expenditure, 
spontaneous activity, exercise capacity, mitochondrial 
oxygen consumption/ATP production, skeletal mus-
cle mitochondrial function, and mitochondrial cristae 
structure were all substantially improved in global or 
endothelial-specific NOX1 knockout mice, whereas 
these phenotypes and mechanistic alternations were 
exaggerated in endothelial-specific NOX1 knockin 
mice. The endothelial-specific knockout/knockin of 
NOX1 was validated using EC washout experiments. 
Therefore, enhanced energy expenditure attributed to 
improved skeletal muscle mitochondrial function results 
in restored spontaneous activity and exercise capacity, 
which underlies protection against obesity and meta-
bolic syndrome by global or endothelial-specific deletion 
of NOX1. Endothelium-dependent vasorelaxation was 
restored in high-fat–fed NOX1−/y or Cdh5cre (cadherin 
5 [vascular endothelial cadherin] promoter–driven Cre 
recombinase [endothelial-specific Cre expression])-cre-
inducible NOX1flox/flox knockout (Cdh5cre-NOX1CKO), 
confirming improved endothelial function. Novel targets 
of Cntnap4 (contactin-associated protein-like 4) and 
Col9a1 (collagen type IX alpha 1 chain) were identi-
fied by RNA-sequencing and validation analyses in 
Cdh5cre-NOX1CKO mice to account for the mechanis-
tic regulations of skeletal muscle function. Importantly, 

we observed marked upregulation of NOX1 in the coro-
nary arteries of human patients with obesity. For the first 
time, these findings establish a novel, significant, spe-
cific, and selective role of endothelial NOX1 in driving 
obesity and metabolic syndrome via impairment in skel-
etal muscle mitochondrial function/energy expenditure 
with novel genetic signatures, targeting of which may be 
robustly effective in treating human metabolic disorders.

METHODS
Data Availability
The original data supporting the main findings of this study 
are available from the corresponding author upon reasonable 
request. Except for the most critical methods paragraphs pre-
sented below, other detailed methods have been included in 
the Supplemental Material.

Generation of Endothelial Specific NOX1CKO 
and NOX1 CKI mice and Experimental Design
The NOX1 floxed mice were generated by the Transgenic 
Mouse Facility at the University of California, Irvine, using the 
European Conditional Mouse Mutagenesis Program–targeted 
male embryonic stem cells cell line. In brief, a loxP (locus of 
X-over P1 sites recognized by Cre recombinase) NOX1 tar-
geting construct with simultaneous insertion of an orphan loxP 
site and an FRT-neo-FRT (Flippase recognition target [FRT]-
flanked neomycin resistance cassette)-loxP resistance cas-
sette was inserted into the NOX1 genomic locus to target exon 
3 to exon 8 (E3–E8) of NOX1 by Cre-mediated excision. For 
genotyping of NOX1 floxed mice the polymerase chain reaction 
(PCR) primers used were 5′- GTACTAAACAGAGAAAGGCTCT 
CCC-3′, 5′-TACTGGGACAGCTTCCTGCATCCC-3′, and 5′- 
CAACGGGTTCTTCTGTTAGTCC-3′. The PCR amplification 
was performed using the conditions of 95 °C for 3 minutes, 
followed by 35 cycles of 92 °C for 30 s, 61 °C for 30 s, and 
72 °C for 30 s. PCR products were separated on 1.8% aga-
rose gel, with a 407-base pair band indicating the presence 
of the mutant allele. A 527-base pair product from PCR indi-
cates the WT allele. The mice were backcrossed in-house to 
the C57BL/6 background for >10 generations.

The floxed mice used to generate endothelial-specific 
NOX1 knockin mice were created in-house. A floxed stop 
codon was inserted before the genomic locus of the NOX1 
gene that can be excised once Cre is induced by tamoxi-
fen. For the NOX1CKI genotyping, the PCR primers used 
were 5′-CTCAAGCTTCGAATATGGGAAACTG-3′ and 
5′-GATCCAATGGCTTTCTCAGTGTACG-3′. The PCR amplifi-
cation was performed using the conditions of 95 °C for 5 min-
utes, followed by 29 cycles of 92 °C for 30 s, 56 °C for 30 s, 
and 72 °C for 30 s. PCR products were separated on 1.8% 
agarose gel, with a 290-base pair band indicating the presence 
of a transgenic band. The mice were backcrossed in-house to 
the C57BL/6 background for >10 generations.

The Cdh5 (cadherin 5; PAC [P1 artificial chromosome])-
CreERT2 (Cre recombinase–estrogen receptor T2 fusion 
protein [tamoxifen-inducible Cre recombinase]) founder mice 
(endothelial Cre mice)31 were generously provided by Dr Ralf 
Adams from the Vascular Development Laboratory, Cancer 
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Research UK London Research Institute, London, United 
Kingdom. For Cdh5 (PAC)-CreERT2 genotyping, PCR primers 
used were 5′-GCCTGCATTACCGGTCGATGCAACGAGTG-3′ 
and 5′-CTGGCAATTTCGGCTATACGTAACAGGGTG-3′. The 
PCR amplification was performed using the conditions of 95 °C 
for 5 minutes, followed by 29 cycles of 92 °C for 30 s, 60 °C 
for 30 s, and 72 °C for 30 s. PCR products were separated on 
1.8% agarose gel, with a 345-base pair band indicating the 
presence of a transgenic band. The tg(Myh11-cre/ERT2)1Soff 
(vascular smooth muscle cells [VSMC] Cre) was originally pur-
chased from Jackson Laboratory (Stock No: 019079). For 
Myh11-cre/ERT2 genotyping, PCR primers used were 5′-TGA 
CCC CAT CTC TTC ACT CC-3′ and 5′-AGT CCC TCACAT CCT 
CAGGTT-3′. The PCR amplification was performed using the 
conditions of 94 °C for 2 minutes, followed by 10 cycles of 
94 °C for 20 s, 65 °C for 15 s, and 68 °C for 15 s, and then fol-
lowed by 28 cycles of 94 °C for 15 s, 60 °C for 15 s, and 72 °C 
for 15 s. PCR products were separated on 1.8% agarose gel, 
with a 287-base pair band indicating the presence of a trans-
genic band. The NOX1 floxed mice were crossed with Cdh5-cre 
or Myh11-cre to generate Cdh5cre-NOX1CKO (EC-specific 
NOX1 knockout mice) or Myh11cre (myosin heavy chain 11 
promoter–driven Cre recombinase [smooth muscle–specific 
Cre expression])-NOX1CKO (VSMC-specific NOX1 knock-
out mice) for experiments. The inducible NOX1flox/flox knockin/
floxed mice were crossed with Cdh5-cre mice to generate 
Cdh5cre-NOX1CKI (EC-specific NOX1 knockin/overexpress-
ing) mice for experiments. All of the mice have been bred and 
maintained at the University of California, Los Angeles (UCLA). 
Tamoxifen was dissolved in a sunflower seed oil/ethanol (10:1) 
mixture at 10 mg/mL, and 5-week-old Cdh5cre-NOX1CKO/
WT, Myh11cre-NOX1CKO/WT, and Cdh5cre-NOX1CKI/WT 
mice were injected with 2 mg of tamoxifen intraperitoneally for 
5 consecutive days.8,32,33

Animal Studies Using WT and Various Knockout 
and Knockin Mice
All animals mentioned above and experimental procedures 
were approved by the institutional animal care and use com-
mittee at UCLA. Before experimentation, animals were kept in 
ventilated cages with free access to water and standard chow 
and cared for by Division of Laboratory Animal Medicine staff 
until 8 weeks old. Mice were randomly divided into 2 dietary 
groups and fed either regular chow (5053, 13.2% fat; LabDiet, 
St. Louis, MO) or a high-fat diet (with 42% calories from fat, 
TD.88137, Envigo, New Jersey, NY) for 8 weeks.

Measurements of Food and Water Intake, and 
Determination of Oxygen Consumption in 
Individual Animals Using Metabolic Cages
Diet and water intake of mice were monitored weekly for 8 
consecutive weeks until the end of the protocol. Oxygen con-
sumption was measured using an Oxymax Comprehensive 
Lab Animal Monitoring System (Oxymax-CLAMS; Columbus 
Instruments, Columbus, OH). Eight weeks after the mice were 
fed a regular diet or a high-fat diet, the animals were subjected 
to Metabolic Cage analyses. Animals were individually housed 
in an open-circuit chamber for 3 days with ad libitum access 
to food and water. Oxygen consumption was measured by the 

Oxymax system for mice housed individually, and the data were 
analyzed using the CLAMS Examination Tool (CLAX; Columbus 
Instruments), version 2.1.0.34

Assessment of Spontaneous Activity
After 8 weeks of dietary intervention (regular chow versus high-
fat diet), mouse spontaneous activity in the 12-hour dark cycle 
was monitored by video-recording using infrared webcams, and 
the real-time motions of the individual animals were analyzed 
using motion-detection software as we previously published.8

Assessment of Exercise Capacity
As mentioned above, mice were randomly assigned to either a 
regular chow or a high-fat diet group and fed accordingly for 8 
weeks before subsequent experiments. Mouse exercise capac-
ity was examined using a specialized mouse Treadmill (Exer 
3/6 model, Columbus Instruments) as previously described 
with modifications.35 Before measurement, mice were trained 
for 2 days at a constant speed of 6 m/min for 30 minutes. 
For assessment of exercise capacity, mice were subjected to 
a 5-minute warm-up period at 6 m/min, after which tread-
mill speed was incrementally increased to 30 m/min, and the 
mice were run for 40 minutes with speed escalating at 1.2 m/
min every 2 minutes. An electric shock at 1.0-mA current was 
applied at the back of the treadmill to motivate mice to run. 
Exhaustion was defined as the point when mice remained on 
shockers for >10 s and were not able to jump back on the 
track. Exercise capacity was evaluated by time, total distance 
traveled, and speed at exhaustion point.

Mitochondrial Isolation and Assessment of 
Respirational Capacity
Upon harvesting of tissues, mitochondria were freshly isolated 
by differential centrifugation. In brief, freshly harvested skeletal 
muscles were homogenized using a DWK Life Sciences Kimble 
Kontes Duall Tissue Grinders (size 23, Kimble, Thermo-Fisher 
Scientific, Grand Island, NY) in homogenization buffer con-
taining 250-mmol/L sucrose, 1-mmol/L ethylene glycol-bis 
(β-aminoethyl ether)-N, N, N′, N′-tetraacetic acid, 10-mmol/L 
HEPES, and 10-mmol/L Tris-HCl, pH 7.4. The homogenates 
were centrifuged at 800g for 7 minutes, and then, the superna-
tants were transferred to new tubes and centrifuged at 4000g 
for 15 minutes. The pellet was rinsed with homogenization 
buffer without ethylene glycol-bis (β-aminoethyl ether)-N, N, 
N′, N′-tetraacetic acid and then centrifuged at 4000g for 15 
minutes. Rinsed pellets were resuspended in homogenization 
buffer without ethylene glycol-bis (β-aminoethyl ether)-N, N, N′, 
N′-tetraacetic acid. Respirational capacity of fresh mitochondria 
was examined using a Seahorse XF 24-3 analyzer (Seahorse 
Bioscience, UCLA Biosciences Cellular Bioenergetics Core) 
according to the manufacturer’s instructions. The respira-
tory control ratio (RCR) was calculated as State III/State IVo, 
induced by the addition of Oligomycin.

Mitochondrial Swelling Assay
Freshly isolated mitochondria were incubated with swelling 
buffer containing 250-mmol/L sucrose, 10-mmol/L Tris (pH 
7.4), and 5-mmol/L succinate for 1 minute at room temperature 
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before swelling was initiated by the addition of 250-µmol/L 
CaCl2. Mitochondrial swelling was measured by monitoring 
the decrease in absorbance at 540 nm using a Synergy Plate 
Reader (Synergy H1 Hybrid Reader, Biotek/Agilent, Santa 
Clara, CA) as we previously described.8,27

Examination of Mitochondrial Cristae Structures 
by Electron Microscopy
Freshly harvested soleus muscle was immediately immersed in 
electron microscopy grade fixing solution (0.1M PB with 2.5% 
glutaraldehyde and 4% paraformaldehyde, pH 7.4). Specimen 
processing and imaging were performed at the UCLA Brain 
Research Institute Electron Microscopy Core Laboratory. 
Muscular mitochondria were imaged by JEOL 100CX trans-
mission electron microscope (JEOL Ltd) at magnifications of 
×2900 and ×7200, respectively.

RNA-Sequencing/RNA-Sequencing Analysis
RNAs isolated from soleus muscles of experimental mice (3 
each group from 4 experimental groups of Cdh5cre-WT mice 
under regular diet, Cdh5cre-WT mice under high-fat diet, 
Cdh5cre-NOX1CKO mice under regular diet, and Cdh5cre-
NOX1CKO mice under high-fat diet) were subjected to RNA-
sequencing at the UCLA Technology Center for Genomics & 
Bioinformatics. KAPA Stranded RNA-SeqKit was used for pre-
paring the libraries for RNA-sequencing. Sequencing was per-
formed on an Illumina HiSeq 3000 for a single read, 50 runs. 
Data quality checks were done on Illumina SAV. Demultiplexing 
was performed by using Illumina Bcl2fastq2, version 2.17, pro-
gram. Reads were first mapped to the latest UCSC transcript 
set with Bowtie2, version 2.1.0, and gene expression levels were 
estimated by RSEM, version 1.2.15. Gene expression was nor-
malized by the trimmed mean of M-values. The edgeR program 
was used to identify the differentially expressed genes. RNA 
species that increase >2-fold or decrease >2-fold in the soleus 
muscle of WT mice under high-fat feeding (group 3) compared 
with WT mice with a regular diet (group 1) were screened out. 
Then, protein-coding RNAs were chosen from these RNA 
species. The protein-coding RNAs decreased by >1.5-fold or 
increased by >1.5-fold in Cdh5Cre-NOX1CKO mice under 
high-fat feeding (group 4) compared with WT littermates under 
high-fat feeding (group 3) were selected. The significantly 
upregulated or downregulated protein-coding RNAs (P<0.05) 
were further analyzed by Ingenuity Pathway Analysis (IPA; see 
below) to explore their relationship to skeletal muscle function.

IPA Analysis
The differentially regulated protein-coding RNAs identified 
by RNA-sequencing analysis were analyzed by QIAGEN IPA 
(content version: 68752261, https://www.qiagenbioinformat-
ics.com/products/ingenuity-pathway-analysis) to reveal those 
implicated in skeletal and muscular disorders for subsequent 
analyses.

Analysis of NOX1 Expression in Human 
Patients
Coronary artery samples of a total of 15 human subjects (body 
mass index [BMI] <25, n=6; BMI >25, n=9) were used for 

the determination of NOX1 expression. All protocols were 
approved by the institutional review board at the Medical 
College of Wisconsin to collect fresh, otherwise discarded, ex-
planted, donated hearts from the Versiti Institute. Specimens 
from individuals were categorized based on BMI. Coronary 
arteries were dissected and immediately transferred to ice-cold 
PBS solution to preserve tissue integrity. Connective tissue was 
carefully removed, and the arteries were divided into sections. 
Sections of the coronary arteries were lysated and subjected to 
WB analysis for NOX1 expression as described above.

Statistical Analysis
Statistical analyses were performed using GraphPad Prism 
10.6.0 (GraphPad Software, San Diego, CA). Normality was 
assessed using the Shapiro-Wilk test for data sets with n≥6; 
normally distributed data were analyzed using parametric tests, 
while nonnormally distributed data or data sets with n<6 were 
analyzed using nonparametric tests.

For 2-group comparisons, the Student t test was used for 
normally distributed data with equal variances (determined by 
the F-test), the Welch t test for normally distributed data with 
unequal variances, and the Mann-Whitney U test for nonpara-
metric data. For comparisons involving ≥3 groups with n≥6, 
variance homogeneity was assessed using the Brown-Forsythe 
test, and 1-way ANOVA or 2-way ANOVA (for 2 independent 
factors) with the Tukey or Newman-Keuls multiple comparison 
test was used or nonparametric data with the Kruskal-Wallis 
test followed by the Dunn post hoc test. For comparisons 
involving 4 groups with n<6, aligned rank transform ANOVA 
followed by 2-tailed Welch t tests was used (eg, for data in 
Figure 1F, when a 2-group comparison between WT and NOX1 
gKO mice under a high-fat diet is the data to be analyzed).

For experiments with repeated measurements with n≥6, 
overall effects were assessed by 2-way repeated-measures 
ANOVA, and differences at individual time points were evalu-
ated using 2-way ANOVA with the Tukey or Newman-Keuls 
post hoc test. For experiments with repeated measurements 
with n<6, a mixed-effects model (restricted maximum likeli-
hood [REML]) with the Dunnett or Holm-Šídák multiple com-
parison tests was used. Nonlinear regression (nonlinear curve 
fitting) was applied to analyze relaxation responses. Post hoc 
pairwise comparisons were adjusted for multiple testing, and 
statistical significance was defined as 2-sided P<0.05.

RESULTS
Global NOX1 Knockout Selectively Attenuates 
High-Fat Feeding–Induced Obesity and 
Metabolic Syndrome
We have previously demonstrated that vascular-driven 
ROS production mediates high-fat-diet–induced obe-
sity and metabolic syndrome, establishing a paradigm-
shifting concept that vascular ROS function serves 
as a causal factor, rather than a consequence, for/of 
the development of obesity and metabolic syndrome. 
Overexpression of p22phox in the vascular cells results 
in activation of NOX and consequent skeletal mito-
chondrial dysfunction to result in impaired spontaneous 
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activity and energy expenditure.8 Of note, all of the 
NOX isoforms, except for NOX5 that is not present 
in rodents, require p22phox for enzymatic activation.11 

NOX3 is expressed primarily in the inner ear.11 There-
fore, we next examined direct causal role(s) of NOX iso-
forms (NOX1, NOX2, and NOX4) in mediating high-fat 

Figure 1. Global knockout of NOX1 (NADPH oxidase isoform 1) attenuated high-fat-diet–induced obesity and metabolic 
syndrome.
A, Genotyping of NOX1 (X-link) mice. Male WT: wild type (806 bp). Male KO: knockout (667 bp). Male NOX1 global knockout mice and WT 
littermate controls of 8 weeks of age were fed a high-fat diet (42% calories from fat) or a regular diet for 8 weeks. B, Representative images of 
mice of different groups with changes in body weight after 8 weeks of high-fat feeding. Body weight was markedly increased in high-fat–fed WT 
mice, which was substantially attenuated by global knockout of NOX1. Body weight and tissue mass were determined weekly using EchoMRI. C, 
Weekly changes in body weight of different groups, indicating that high-fat-diet–induced body weight gain was substantially alleviated in NOX1 
global knockout mice starting from week 2. n=5 for the WT regular diet group; n=6 mice for the NOX1−/y regular diet group; n=5 for the WT 
high-fat-diet group; and n=6 for the NOX1−/y high-fat-diet group. D, Weekly changes in fat mass indicating that high-fat-diet–induced adipose 
tissue accumulation was near completely attenuated in NOX1 global knockout mice. n=5 for the WT regular diet group; n=6 for the NOX1−/y 
regular diet group; n=5 for the WT high-fat-diet group; and n=6 for the NOX1−/y high-fat-diet group. E, Lean mass normalized to tibial length, 
indicating no change after 8 weeks of high-fat feeding in all experimental groups. n=3 for the WT regular diet group; n=3 for the NOX1−/y regular 
diet group; n=3 for the WT high-fat-diet group; and n=4 for the NOX1−/y high-fat-diet group. F, Liver weight normalized to tibial length indicating 
development of fatty liver in high-fat–fed WT mice, which was markedly abrogated in NOX1 global knockout mice. n=5 for the WT regular diet 
group; n=6 for the NOX1−/y regular diet group; n=7 for the WT high-fat-diet group; and n=5 for the NOX1−/y high-fat-diet group. G, Preadipocyte 
differentiation data indicating reduced differentiation in preadipocytes isolated from NOX1 global knockout mice fed a high-fat diet but elevated 
differentiation in mice overexpressing vascular p22phox (cytochrome b-245 alpha chain). Preadipocytes were isolated from the inguinal adipose 
tissue depot, differentiated into mature adipocytes, and stained with Oil Red O (ORO). After the staining, ORO was extracted for the determination 
of absorbance at 510 nm. n=12 for the WT group; n=4 for the NOX1−/y group; and n=4 for the Tgsm/p22phox group. H, Results of glucose tolerance 
tests indicating significantly increased glucose intolerance in high-fat–fed WT mice, which was substantially alleviated by NOX1 global knockout. 
n=3 for the WT regular diet group; n=4 for the NOX1−/y regular diet group; n=8 for the WT high-fat-diet group; and n=6 for the NOX1−/y high-
fat-diet group. I, Plasma insulin levels indicating markedly increased circulating levels of insulin in high-fat–fed WT mice, which were substantially 
diminished by NOX1 global knockout. n=5 for the WT regular diet group; n=5 for the NOX1−/y regular diet group; n=8 for the WT high-fat-diet 
group; and n=5 for the NOX1−/y high-fat-diet group. J, Plasma leptin levels indicating markedly increased circulating levels of leptin in high-
fat–fed WT mice, which were nearly completely attenuated by NOX1 global knockout mice. n=5 for the WT regular diet group; n=6 mice for the 
NOX1−/y regular diet group; n=5 for the WT high-fat-diet group; and n=5 for the NOX1−/y high-fat-diet group. K, Upregulation of NOX1 protein 
expression in high-fat–fed WT mice. The WT mice were fed a high-fat diet as described, and the aortas were freshly isolated for the determination 
of NOX1 protein expression by Western blotting. n=4 for each group. C, D, I, and J were assessed by a mixed-effects model (restricted maximum 
likelihood [REML]) with the Dunnett multiple comparisons tests. E and F were assessed by aligned rank transform (ART) ANOVA followed by 
planned comparisons using the 2-tailed Welch t tests. G was analyzed using 1-way ANOVA with the Dunnett T3 multiple comparisons test. H was 
assessed by mixed-effects model (REML) with the Holm-Šídák multiple comparisons test. K was analyzed using the Mann-Whitney U test. Data 
are shown as mean±SEM. All of the specific P values have been included in each graph figure.
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feeding–induced obesity and metabolic syndrome, 
employing high-fat–fed global knockout mice with dele-
tion in NOX1, NOX2, or NOX4. As shown in Figure 1, 
in NOX1 global knockout mice, verified by genotyping 
(Figure 1A), high-fat-diet–induced body weight gain 
was substantially attenuated (Figure 1B and 1C). How-
ever, body weight gain was not affected by NOX2 global 
knockout (Figure S1A), while NOX4 global knockout 
increased body weight by contrast in response to high-
fat feeding (Figure S2A). Consistent with decreased 
body weight gain, adipose mass gain was also reduced 
almost to regular diet levels in high-fat–fed NOX1 
global knockout mice (Figure 1D), while lean mass was 
not different between high-fat–fed NOX1 global knock-
out and WT littermate groups (Figure 1E). High-fat-
diet–induced increase in liver weight was also markedly 
attenuated in NOX1 global knockout mice (Figure 1F). 
Of note, organ weights of lung, spleen, and kidney were 
not affected by high-fat feeding or regulated in NOX1 
global knockout mice, while NOX1 global knockout also 
had no effects on elevated heart weights in response to 
high-fat feeding (Figure S3A through S3E). In addition, 
primary preadipocytes were isolated from high-fat–fed 
WT, NOX1 global knockout, and tgsm/p22phox mice. Cul-
tured preadipocytes were induced to differentiate using 
a differentiation cocktail, and adipocyte differentiation 
activity was analyzed as described in the Methods sec-
tion. As shown in Figure 1G, NOX1 deletion signifi-
cantly attenuated preadipocyte differentiation, which is 
consistent with reduced fat mass gain in vivo. On the 
contrary, preadipocytes from high-fat–fed tgsm/p22phox 
mice had increased adipogenesis (Figure 1G).

We next examined whether global NOX1 deletion 
is able to modify metabolic parameters under high-fat 
feeding. We examined glucose clearance rate in high-
fat–fed animals. As shown in Figure 1H, intraperitoneal 
glucose challenge revealed a marked delay in glucose 
clearance or increase in glucose intolerance in high-fat–
fed WT mice compared with the regular diet group, while 
NOX1 global knockout substantially attenuated this 
response. However, high-fat–fed NOX2 global knockout 
mice (Figure S1B) and NOX4 global knockout mice (Fig-
ure S2B) displayed no difference from high-fat–fed WT 
mice in glucose intolerance. Of note, circulating insulin 
and leptin levels were significantly upregulated in high-
fat–fed WT mice compared with the regular diet group 
(Figure 1I and 1J). NOX1 global deletion in mice, how-
ever, markedly attenuated plasma insulin levels at 6 and 
8 weeks (Figure 1I) and leptin levels at 2, 4, 6, and 8 
weeks (Figure 1J). Importantly, NOX1 protein expression 
was indeed markedly upregulated in high-fat–fed WT 
mice (Figure 1K).

Taken together, these results clearly demonstrate that 
NOX1, instead of NOX2 or NOX4, selectively mediates 
high-fat feeding–induced obesity and metabolic syn-
drome in mice.

Endothelial-Specific Deletion of NOX1 
Abrogates High-Fat Feeding–Induced Obesity 
and Metabolic Syndrome
We have shown that NOX-derived vascular ROS play 
a causal role in the development of obesity and meta-
bolic syndrome,8 and that NOX1 deletion robustly alle-
viates high-fat feeding–induced phenotypes of obesity 
and metabolic syndrome as described above. NOX1 
is expressed in ECs, smooth muscle cells, and cardio-
myocytes in the cardiovascular system.11 Based on our 
previous findings that NOX activation impairs skeletal 
muscle mitochondrial function, hence impairing spon-
taneous activity,8 we hypothesize that vascular NOX1 
activation drives initial ROS production under high-fat 
feeding and consequent ROS-dependent triggering of 
mitochondrial dysfunction in nearby skeletal muscle. To 
dissect the specific cell/tissue type in the vasculature 
that is specifically involved in NOX1-driven develop-
ment of obesity and metabolic syndrome, we generated 
endothelial or VSMC-specific NOX1 knockout mice for 
the first time in-house and subjected the animals to 
high-fat feeding.

To induce cell type–specific knockout of NOX1, we 
first created a Cre-inducible NOX1 knockout gene con-
struct by inserting an orphan loxP site and an FRT-neo-
FRT-loxP resistance cassette inserted into the NOX1 
genomic locus to target exon 3 to exon 8 (E3–E8) of 
NOX1 (Figure 2A). The floxed NOX1 founders were 
verified by genotyping (Figure 2B) and backcrossed 
in-house to the C57BL/6 background for >10 genera-
tions. Then, the mice were crossed with Cdh5Cre mice,31 
which were also verified by genotyping (Figure 2B) to 
generate endothelial-specific NOX1 knockout mice 
(Cdh5Cre-NOX1CKO mice). Using EC washout experi-
ments as we previously published to examine EC-spe-
cific gene expression, we found that NOX1 expression 
was successfully knocked out in Cdh5Cre-NOX1CKO 
mice compared with the littermate controls (Figure 2C). 
NOX1 expression was only blunted in the EC fraction 
but not in the EC-denuded aortic fraction (Figure 2C). 
eNOS (endothelial nitric oxide synthase) was used as 
an internal control for successful isolation of ECs from 
the aortas, with it being present only in the EC fraction 
(Figure 2C).

Eight-week-old Cdh5Cre-NOX1CKO mice and lit-
termate controls were subjected to a high-fat diet or a 
regular diet for 8 weeks. As shown in Figure 2D and 2E, 
compared with Cdh5Cre-WT littermates, high-fat feed-
ing–induced body weight gain was completely attenu-
ated in Cdh5Cre-NOX1CKO mice, to the baseline as 
in regular diet–fed mice. Consistent with decreased 
body weight gain, adipose mass gain was also substan-
tially lower in high-fat–fed Cdh5Cre-NOX1CKO mice 
(Figure 2F and 2G), while lean mass was not different 
between the Cdh5Cre-NOX1CKO and Cdh5Cre-WT 
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Figure 2. Endothelial-specific NOX1 (NADPH oxidase isoform 1) knockout attenuated high-fat-diet–induced obesity and 
metabolic syndrome.
A, Gene targeting strategy for the generation of NOX1-floxed mice (cre-inducible NOX1flox/flox knockout/floxed mice) showing the position of the 
loxP (locus of X-over P1 sites recognized by Cre recombinase) sequences (black inverted triangle) within the gene targeting construct before 
and after exons 3 to 8 (E3–E8) of NOX1. The floxed mice were crossed with endothelial cell (EC) cre mice of Cdh5 (cadherin 5; PAC [P1 
artificial chromosome])-CreERT2 (Cre recombinase–estrogen receptor T2 fusion protein [tamoxifen-inducible Cre recombinase]) to generate 
Cdh5cre (cadherin 5 [vascular endothelial cadherin] promoter–driven Cre recombinase [endothelial-specific Cre expression])-NOX1CKO mice for 
endothelial-specific deletion of NOX1. B, Genotyping of Cdh5cre-NOX1CKO mice. WT: wild type (527 bp). KO: knockout (407 bp). Cdh5cre: 345 
bp (homozygotes). Male Cdh5Cre mice (Cdh5cre-NOX1CKO and WT) were injected with tamoxifen at 5 weeks old and then fed with a high-fat 
diet (42% calories from fat) or a regular diet at the age of 8 weeks for 8 weeks. C, EC washout experiments indicating selective knockout of NOX1 
in ECs isolated from mouse aortas, while the expression of NOX1 did not change in EC-denuded aortas. eNOS (endothelial nitric oxide synthase) 
expression was used to serve as a control for successful isolation of ECs without contamination from the EC-denuded fraction. D, Representative 
images of mice from Cdh5Cre-WT and Cdh5Cre-NOX1CKO groups fed with a regular diet or a high-fat diet for 8 weeks. Body weight was 
markedly increased in high-fat–fed Cdh5Cre-WT mice, which was substantially attenuated in Cdh5Cre-NOX1CKO mice with endothelial-specific 
deletion of NOX1. Body weight and tissue mass were determined weekly using EchoMRI. E, Weekly changes in body weight of different groups, 
indicating that high-fat-diet–induced body weight gain was substantially alleviated in endothelial-specific NOX1 knockout mice starting from week 
4. n=9 for the WT regular diet group; n=8 for the Cdh5Cre-NOX1CKO regular diet group; n=9 for the WT high-fat-diet group; and n=9 for the 
Cdh5Cre-NOX1CKO high-fat-diet group. F, Weekly changes in fat mass indicating that high-fat-diet–induced adipose tissue accumulation was 
nearly completely attenuated in Cdh5Cre-NOX1CKO mice. n=9 for the WT regular diet group; n=8 for the Cdh5Cre-NOX1CKO regular diet group; 
n=9 for the WT high-fat-diet group; and n=9 for the Cdh5Cre-NOX1CKO high-fat-diet group. G, Fat mass normalized to tibial length, indicating 
that high-fat-diet–induced increase in fat mass in Cdh5Cre-WT mice was markedly abrogated in Cdh5Cre-NOX1CKO mice. n=9 for the WT 
regular diet group; n=8 for the Cdh5Cre-NOX1CKO regular diet group; n=9 for the WT high-fat-diet group; and n=9 for the Cdh5Cre-NOX1CKO 
high-fat-diet group. H, Weekly changes in lean mass indicating that lean mass gain was not changed in high-fed mice of different groups, except 
for one data point. n=9 for the WT regular diet group; n=8 for the Cdh5Cre-NOX1CKO regular diet group; n=9 for the WT high-fat-diet group; 
and n=9 for the Cdh5Cre-NOX1CKO high-fat-diet group. I, Lean mass normalized to tibial length, indicating no change after 8 weeks of high-
fat feeding in all experimental groups. n=9 for the WT regular diet group; n=8 for the Cdh5Cre-NOX1CKO regular diet group; n=9 for the WT 
high-fat-diet group; and n=9 for the Cdh5Cre-NOX1CKO high-fat-diet group. J, Liver weight normalized to tibial length indicating development of 
fatty liver in high-fat–fed Cdh5Cre-WT mice, which was markedly alleviated in Cdh5Cre-NOX1CKO mice. n=6 for the WT regular diet group; n=5 
for the Cdh5Cre-NOX1CKO regular diet group; n=8 for the WT high-fat-diet group; and n=6 for the Cdh5Cre-NOX1CKO high-fat-diet group. K, 
Preadipocyte differentiation data indicating markedly attenuated differentiation in preadipocytes isolated from Cdh5Cre-NOX1CKO mice fed a 
high-fat diet. Preadipocytes were isolated from the inguinal adipose tissue depot, differentiated into mature adipocytes, and stained with Oil Red O 
(ORO). After the staining, ORO was extracted for the determination of absorbance at 510 nm. n=8 per group. L, Results of glucose tolerance tests 
indicating significantly increased glucose intolerance in high-fat–fed Cdh5Cre-WT mice, which was abolished in Cdh5Cre-NOX1CKO mice. n=8 
for the WT regular diet group; n=6 for the Cdh5Cre-NOX1CKO regular diet group; n=9 for the WT high-fat-diet group; and n=8 for the Cdh5Cre-
NOX1CKO high-fat-diet group. M, Plasma insulin levels indicating markedly increased (Continued)
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littermate groups after high-fat feeding (Figure 2H and 
2I). In addition to decreased fat mass gain, we also 
observed markedly attenuated liver weight in high-fat–
fed Cdh5Cre-NOX1CKO mice compared with their 
Cdh5Cre-WT littermates (Figure 2J), whereas organ 
weights of heart, lung, spleen, and kidney were not 
affected by endothelial-specific NOX1 knockout (Figure 
S4A through S4E). Endothelial-specific NOX1 deletion 
also significantly attenuated preadipocyte differentiation 
(Figure 2K), which is consistent with reduced fat mass 
gain in vivo.

We further examined metabolic parameters in high-
fat–fed endothelial-specific NOX1 knockout mice. As 
shown in Figure 2L, intraperitoneal glucose challenge 
revealed that endothelial-specific NOX1 deletion com-
pletely attenuated high-fat feeding–induced glucose 
intolerance to the levels in regular diet–fed animals. In 
addition, endothelial-specific NOX1 deletion in mice 
abrogated elevations in plasma insulin levels at 8 weeks 
(Figure 2M) and that in plasma leptin levels at 6 and 8 
weeks (Figure 2N).

Taken together, these results for the first time dem-
onstrate that NOX1 situated in the ECs plays an impor-
tant role in mediating high-fat-diet–induced obesity and 
metabolic syndrome in mice.

Smooth Muscle–Specific Deletion of NOX1 Has 
No Effect on High-Fat Feeding–Induced Obesity 
and Metabolic Syndrome
NOX1 is expressed in ECs and vascular smooth muscle 
cells in the vasculature.11 NOX1 in either cell type can 
be activated first to potentially transduce ROS signals 
to provoke mitochondrial dysfunction in adjacent skeletal 
muscle. Therefore, we also examined whether specific 
deletion of NOX1 in smooth muscle cells has any effects 
on high-fat feeding–induced obesity and metabolic 
syndrome. NOX1 floxed mice were crossed with Myh-
11Cre mice to generate smooth muscle–specific NOX1 
knockout mice (Myh11Cre-NOX1CKO mice) for the first 
time, which were verified by genotyping (Figure S5A). As 
shown in Figure S5B through S5E, body weight gain and 
fat mass gain in Myh11Cre-NOX1CKO and Myh11Cre-
NOX1WT mice were significantly and equally increased 
in response to high-fat feeding compared with chew diet–
fed Myh11Cre-NOX1CKO and Myh11Cre-NOX1WT 

mice, respectively. Notably, lean mass was increased in 
Myh11Cre-NOX1CKO mice compared with Myh11Cre-
WT littermates after high-fat feeding for 4 to 8 weeks 
(Figure S5F and S5G), but there was no significant 
change when normalized to the tibial length.

We also examined whether smooth muscle–spe-
cific NOX1 deletion was able to modify metabolic 
parameters under high-fat feeding. As shown in Fig-
ure S5H, intraperitoneal glucose challenge revealed 
equally impaired glucose tolerance in high-fat–fed 
Myh11Cre-NOX1CKO and Myh11Cre-NOX1WT mice 
compared with regular diet–fed Myh11Cre-NOX1CKO 
and Myh11Cre-NOX1WT mice, respectively. In addition, 
high-fat feeding resulted in similar phenotypes of insulin 
and leptin resistance in both Myh11Cre-NOX1CKO mice 
and Myh11Cre-WT mice (Figure S5I and S5J). Of note, 
no evidence is available on NOX1 regulation in vascular 
smooth muscle cells of human obese subjects, indicat-
ing potential irrelevance of its regulation. Taken together, 
these data indicate that smooth muscle–specific NOX1 
ablation in mice has no effect on phenotypes of obesity 
and metabolic syndrome. Therefore, NOX1 activation in 
ECs, rather than in smooth muscle cells, plays a specific 
and selective causal role in mediating high-fat-diet–
induced obesity and metabolic syndrome in mice.

Endothelial-Specific NOX1 Transgenesis 
Induces Exaggerated Obesity and Metabolic 
Syndrome in Response to High-Fat Feeding
To further evaluate the intermediate role of endothelial 
NOX1 in high-fat feeding–induced obesity and metabolic 
syndrome, cre-inducible NOX1 knockin/floxed mice were 
generated for the first time in-house, as described in Fig-
ure 3A, and backcrossed to the C57BL/6 background 
for >10 generations. Then, the mice were crossed with 
Cdh5Cre mice to generate endothelial-specific NOX1 
knockin (Cdh5Cre-NOX1CKI mice) mice, which were 
verified by genotyping (Figure 3B). Using EC washout 
experiments as we previously published to examine EC-
specific gene expression, we found that NOX1 expres-
sion was successfully knocked in in Cdh5Cre-NOX1CKO 
mice compared with the littermate controls (Figure 3C). 
NOX1 expression was only enhanced in the EC fraction 
but not in the EC-denuded aortic fraction (Figure 3C). 
eNOS was used as an internal control for successful 

Figure 2 Continued.  circulating levels of insulin in high-fat–fed Cdh5Cre-WT mice, which were nearly completely diminished in Cdh5Cre-
NOX1CKO mice. n=9 for the WT regular diet group; n=8 for the Cdh5Cre-NOX1CKO regular diet group; n=10 for the WT high-fat-diet group; 
and n=9 for the Cdh5Cre-NOX1CKO high-fat-diet group. N, Plasma leptin levels indicating markedly increased circulating levels of leptin in 
high-fat–fed Cdh5Cre-WT mice, which were markedly attenuated in Cdh5Cre-NOX1CKO mice. n=8 for the WT regular diet group; n=9 for the 
Cdh5Cre-NOX1CKO regular diet group; n=9 for the WT high-fat-diet group; and n=8 for the Cdh5Cre-NOX1CKO high-fat-diet group. For E, F, 
H, and L through N, overall effects were assessed by 2-way repeated-measures ANOVA, and differences at individual time points were evaluated 
using 2-way ANOVA with the Tukey or Newman-Keuls post hoc testing. G was analyzed using 2-way ANOVA with the Tukey post hoc test. I 
was analyzed using 2-way ANOVA with the Newman-Keuls post hoc test. J was assessed by aligned rank transform (ART) ANOVA followed by 
planned comparisons using the 2-tailed Welch t tests. K was analyzed using an unpaired t test. Data are shown as mean±SEM. All of the specific 
P values have been included in each graph figure.
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Figure 3. Endothelial-specific transgenesis of NOX1 (NADPH oxidase isoform 1) exacerbated high-fat-diet–induced obesity and 
metabolic syndrome.
A, Gene targeting strategy for the generation of cre-inducible NOX1flox/flox knockin/floxed mice. B, Genotyping of Cdh5cre (cadherin 5 [vascular 
endothelial cadherin] promoter–driven Cre recombinase [endothelial-specific Cre expression])-NOX1CKI mice. The cre-inducible NOX1flox/

flox knockin/floxed mice were crossed with Cdh5cre mice to generate Cdh5cre-NOX1CKI mice for endothelial-specific transgenesis of NOX1. 
NOX1CKI: 290 bp. Cdh5cre: 345 bp. Male Cdh5cre mice (Cdh5cre-NOX1CKI and wild type [WT]) were injected with tamoxifen at 5 weeks 
old and then fed a high-fat diet (42% calories from fat) or a regular diet at the age of 8 weeks for 8 weeks. C, Endothelial cell (EC) washout 
experiments indicating selective knockin of NOX1 in ECs isolated from mouse aortas, while the expression of NOX1 did not change in EC-
denuded aortas. eNOS (endothelial nitric oxide synthase) expression was used to serve as a control for successful isolation of ECs without 
contamination from the EC-denuded fraction. D, Representative images of mice from Cdh5Cre-WT and Cdh5cre-NOX1CKI groups fed with 
a regular diet or high-fat diet after 8 weeks. Body weight was substantially further increased in high-fat–fed Cdh5cre-NOX1CKI mice with 
endothelial-specific NOX1 transgenesis compared with the Cdh5Cre-WT controls. E, Weekly changes in body weight of different groups, 
indicating that high-fat-diet–induced exaggerated body weight gain in endothelial-specific NOX1 transgenic mice starting from week 3. n=10 for 
the WT regular diet group; n=5 for Cdh5Cre-NOX1CKI regular diet group; n=6 for the WT high-fat-diet group; and n=8 for Cdh5Cre-NOX1CKI 
high-fat-diet group. EchoMRI was used to detect body weight and tissue mass weekly. F, Weekly changes in fat mass indicating that high-fat-
diet–induced exaggerated adipose tissue accumulation in Cdh5cre-NOX1CKI mice. n=10 for the WT regular diet group; n=5 for Cdh5Cre-
NOX1CKI regular diet group; n=6 for the WT high-fat-diet group; and n=8 for Cdh5Cre-NOX1CKI high-fat-diet group. G, Fat mass normalized 
to tibial length, indicating that high-fat-diet–induced increase in fat mass in Cdh5Cre-WT mice was further elevated in Cdh5cre-NOX1CKI mice. 
n=10 or WT regular diet group; n=6 or Cdh5Cre-NOX1CKI regular diet group; n=6 for the WT high-fat-diet group; and n=8 for Cdh5Cre-
NOX1CKI high-fat-diet group. H, Weekly changes in lean mass indicating that lean mass gain was not different between high-fat–fed Cdh5cre-
NOX1CKI mice and high-fat–fed Cdh5Cre-WT mice. n=10 for the WT regular diet group; n=5 for Cdh5Cre-NOX1CKI regular diet group; n=6 
for the WT high-fat-diet group; and n=8 for Cdh5Cre-NOX1CKI high-fat-diet group. I, Lean mass normalized to tibial length, indicating the same 
lean mass between high-fat–fed Cdh5cre-NOX1CKI mice and high-fat–fed Cdh5Cre-WT mice at week 8. n=10 for the WT regular diet group; 
n=5 for Cdh5Cre-NOX1CKI regular diet group; n=6 for the WT high-fat-diet group; and n=8 for Cdh5Cre-NOX1CKI high-fat-diet group. J, 
Liver weight normalized to tibial length indicating development of fatty liver in high-fat–fed Cdh5Cre-WT mice, which was further exaggerated 
in high-fat–fed Cdh5cre-NOX1CKI mice. n=6 for the WT regular diet group; n=5 for Cdh5Cre-NOX1CKI regular diet group; n=6 for the WT 
high-fat-diet group; and n=6 for Cdh5Cre-NOX1CKI high-fat-diet group. K, Preadipocyte differentiation data indicating markedly further elevated 
differentiation in preadipocytes isolated from Cdh5cre-NOX1CKI mice fed a high-fat diet. Preadipocytes were isolated from the inguinal adipose 
tissue depot, differentiated into mature adipocytes, and stained with Oil Red O (ORO). After the staining, ORO was extracted for the determination 
of absorbance at 510 nm. n=8 for WT; n=7 or Cdh5Cre-NOX1CKI regular diet group. L, Results of glucose tolerance tests indicating significantly 
further deteriorated glucose intolerance in high-fat–fed Cdh5cre-NOX1CKI mice compared with high-fat–fed Cdh5Cre-WT mice. n=10 for the 
WT regular diet group; n=6 for Cdh5Cre-NOX1CKI regular diet group; n=6 for the WT high-fat-diet group; and n=8 for Cdh5Cre-NOX1CKI 
high-fat-diet group. M, Plasma insulin levels indicating significantly further deteriorated insulin resistance in high-fat–fed Cdh5cre-NOX1CKI mice 
compared with high-fat–fed Cdh5Cre-WT mice. n=10 for the WT regular diet group; n=5 for Cdh5Cre-NOX1CKI regular diet group; n=6 for the 
WT high-fat-diet group; and n=8 for Cdh5Cre-NOX1CKI high-fat-diet group. N, Plasma leptin levels indicating significantly further (Continued)
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isolation of ECs from the aortas, with it being present 
only in the EC fraction (Figure 3C).

Eight-week-old Cdh5Cre-NOX1CKI and littermate 
control mice were subjected to a high-fat diet or a regu-
lar diet for 8 weeks. As shown in Figure 4D and 4E, body 
weight gain of Cdh5Cre-NOX1CKI mice was signifi-
cantly further increased compared with that of Cdh5Cre-
WT littermates on a high-fat diet. Consistently, adipose 
mass gain was also significantly further increased in 
high-fat–fed Cdh5Cre-NOX1CKI mice (Figure 3F 
and 3G), while lean mass was not different between 
Cdh5Cre-NOX1CKI and Cdh5Cre-WT littermate groups 
(Figure 3H and 3I). Of note, liver weight in high-fat–fed 
Cdh5Cre-NOX1CKI mice was also significantly higher 
than that of high-fat–fed Cdh5Cre-WT littermates (Fig-
ure 3J), whereas organ weights of heart, lung, spleen, 
and kidney were not different in endothelial-specific 
NOX1 knockin mice compared with control littermates 
(Figure S6A through S6E). Furthermore, preadipocytes 
isolated from high-fat–fed Cdh5Cre-NOX1CKI mice had 
a significantly higher differentiation rate compared with 
that of Cdh5Cre-WT littermate mice fed a high-fat diet 
(Figure 3K), which is consistent with further increased 
fat mass gain in vivo.

In addition, high-fat–fed Cdh5Cre-NOX1CKI mice 
displayed more severely delayed glucose clearance 
compared with Cdh5Cre-WT littermates (Figure 3L). 
High-fat–fed Cdh5Cre-NOX1CKI mice also had further 
increased plasma insulin levels at 2, 4, 6, and 8 weeks 
(Figure 3M) and further elevated leptin levels at 4, 6, and 
8 weeks (Figure 3N).

Taken together, these results additionally confirm that 
endothelial-specific activation of NOX1 plays a vital role 
in mediating high-fat feeding–induced obesity and meta-
bolic syndrome.

NOX1 Global Knockout Abrogates Obesity 
and Metabolic Syndrome via Preservation of 
Skeletal Function to Maintain Spontaneous 
Activity and Exercise Capacity
Because NOX1 global knockout and WT mice had 
similar energy and water intake during high-fat feed-
ing (Figure 4A and 4B), we examined whether energy 
expenditure was altered in high-fat–fed NOX1 global 
knockout mice by measuring spontaneous activity and 

exercise capacity. We assessed the spontaneous activity 
of regular diet–fed or high-fat-diet–fed animals using an 
infrared video monitoring system as we previously pub-
lished.8 Of note, spontaneous activity was increased in 
NOX1 global knockout mice at baseline when fed a reg-
ular diet (Figure 4C). High-fat feeding markedly reduced 
spontaneous activity in WT littermates, which was com-
pletely restored to more than baseline in NOX1 global 
knockout mice (Figure 4C), indicating robust protective 
effects of NOX1 deletion in preserving spontaneous 
activity to maintain normal energy expenditure during 
high-fat feeding. To further evaluate exercise capacity in 
high-fat–fed NOX1 global knockouts versus WT litter-
mates, we used a mouse treadmill to measure exercise 
capacity, with parameters recorded for exhaustion time, 
exhaustion travel distance, and exhaustion speed for 
each animal. Compared with high-fat–fed WT littermates, 
NOX1 global knockout mice fed a high-fat diet displayed 
significantly longer exhaustion time, longer traveled dis-
tance, and higher exhaustion speed (Figure 4D through 
4F, respectively). Importantly, the completely preserved 
spontaneous activity and much improved exercise capac-
ity ensure sufficient energy expenditure to alleviate the 
development of obesity.

It is known that oxygen consumption is positively cor-
related with physical activity. We next examined real-time 
oxygen consumption in mice using metabolic cages 
(Oxymax-CLAMS; Columbus Instruments). We found 
that oxygen consumption was enhanced in high-fat–fed 
NOX1 global knockout mice compared with WT litter-
mates (Figure 4G and 4H). The VCO2 showed the same 
trend as for VO2 (Figure 4I and 4J). These data indicate 
that NOX1 global knockout restores energy expenditure 
in high-fat–fed animals. The increased energy expendi-
ture is attributed to completely preserved spontaneous 
activity and augmented exercise capacity as described 
above.

In addition, we examined ATP production by assess-
ing skeletal muscle mitochondrial respiratory control ratio 
(RCR) using Seahorse. Skeletal muscle mitochondrial 
RCR was significantly decreased in high-fat–fed WT lit-
termates, which was, however, completely recovered to 
baseline by NOX1 global knockout (Figure 4K). Given 
that RCR is an index of the tightness of coupling between 
respiration and phosphorylation, a higher value of RCR 
in NOX1 global knockout mice indicates a tighter link 
between the amount of O2 consumed and the formation 

Figure 3 Continued.  deteriorated leptin resistance in high-fat–fed Cdh5cre-NOX1CKI mice compared with high-fat–fed Cdh5Cre-WT mice. 
n=10 for the WT regular diet group; n=5 for Cdh5Cre-NOX1CKI regular diet group; n=6 for the WT high-fat-diet group; and n=8 for Cdh5Cre-
NOX1CKI high-fat-diet group. E, F, and H were assessed by a mixed-effects model (restricted maximum likelihood [REML]) with the Dunnett 
multiple comparisons tests. M and N were assessed by mixed-effects model (REML) with the Holm-Šídák multiple comparisons test. For L, 
overall effects were assessed by 2-way repeated-measures ANOVA, and differences at individual time points were evaluated using 2-way ANOVA 
with the Tukey post hoc testing. G was analyzed using 2-way ANOVA with the Newman-Keuls post hoc test. I and J were assessed by aligned 
rank transform (ART) ANOVA followed by planned comparisons using the 2-tailed Welch t tests. K was analyzed using an unpaired t test. Data 
are shown as mean±SEM. All of the specific P values have been included in each graph figure.
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Figure 4. NOX1 (NADPH oxidase isoform 1) global knockout enhanced spontaneous activity and exercise capacity via 
preservation of skeletal mitochondrial function under high-fat feeding.
A, Grouped data of food intake in wild-type (WT) and NOX1 global knockout mice (NOX1−/y) mice, indicating similar food intake between the 2 
groups in response to a high-fat diet. n=8 per group. B, Grouped data of water intake in WT and NOX1−/y mice indicating similar water intake 
between the 2 groups in response to a high-fat diet. n=8 per group. C, Mouse spontaneous activity data indicating significantly reduced nighttime 
activity in high-fat–fed WT mice, which was markedly restored in NOX1−/y mice. n=9 for the WT regular diet group; n=14 for the NOX1−/y regular 
diet group; n=14 for the WT high-fat-diet group; and n=14 for the NOX1−/y high-fat-diet group. Mouse spontaneous activity was analyzed by 
a video monitoring system. In additional experiments, regular diet–fed and high-fat-diet–fed mice were assayed for exercise capacity using a 
mouse treadmill system. Exercise capacity was assessed by determining (D) exhaustion time, (E) total distance traveled at exhaustion, and (F) 
speed at exhaustion. By all 3 parameters, the exercise capacity was found markedly preserved in high-fat–fed NOX1−/y mice compared with WT 
controls. n=7 for the WT regular diet group; n=6 for the NOX1−/y regular diet group; n=7 for the WT high-fat-diet group; and n=8 for the NOX1−/y 
high-fat-diet group. G, Oxygen consumption data indicating preserved oxygen consumption in high-fat–fed NOX1−/y, which varied normally with 
circadian rhythm. n=5 for WT; n=6 for NOX1−/y. Oxygen consumption was measured using an Oxymax Comprehensive Lab Animal Monitoring 
System. H, Oxygen consumption during both nighttime and daytime was significantly improved in high-fat–fed NOX1−/y mice compared with 
WT controls. *P<0.05 compared with high-fat–fed WT. n=5 for WT; n=6 for NOX1−/y. I, CO2 production data indicating preserved levels of 
CO2 production in high-fat–fed NOX1 global knockout mice, which varied normally with circadian rhythm. n=5 for WT; n=6 for NOX1−/y. CO2 
production was measured using an Oxymax Comprehensive Lab Animal Monitoring System. J, CO2 production during both nighttime and daytime 
was significantly improved in NOX1−/y mice fed a high-fat diet. n=5 for WT; n=6 for NOX1−/y. K, Respiratory control ratio (RCR), determined in 
mitochondria freshly isolated from skeletal muscle using a Seahorse XF24-3 analyzer, was found markedly decreased in high-fat–fed WT mice, 
which was substantially restored in NOX1−/y mice. n=12 for the WT regular diet group; n=12 for the NOX1−/y regular diet group; n=14 for the 
WT high-fat-diet group; and n=13 for the NOX1−/y high-fat-diet group. Respirational capacity was measured in the XF24 cell culture microplates 
using a Seahorse XF 24-3 analyzer. L, Skeletal mitochondrial swelling data indicating completely reversed swelling activity in high-fat–fed 
NOX1−/y mice compared with WT controls. n=9 for the WT regular diet group; n=6 for the NOX1−/y regular diet group; n=7 for the WT high-fat-
diet group; and n=8 for the NOX1−/y high-fat-diet group. Fresh mitochondria were isolated from skeletal muscle, and mitochondrial swelling was 
measured by monitoring the decrease in absorbance at 540 nm upon calcium stimulation. M, Representative images of mitochondria in soleus 
muscle examined by electron microscopy (EM) at resolution of ×2900 and ×7200, indicating disorganization of mitochondrial cristae in high-fat–
fed WT, and further aggregated response in tgsm/p22phox mice, while this was completely reversed in high-fat–fed NOX1−/y mice. EM was used to 
examine mitochondrial cristae structures. N, Superoxide production data indicating substantially diminished mitochondrial superoxide production in 
skeletal muscle mitochondrial preparation from high-fat–fed NOX1−/y mice compared with high-fat–fed WT mice. n=5 for WT; n=6 for NOX1−/y. 
An electron spin resonance (ESR) spectrometer was used to detect superoxide production from freshly prepared skeletal muscle (Continued)
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of ATP, confirming that the mitochondria are functioning 
more efficiently in NOX1 global knockout mice. Likewise, 
calcium-induced mitochondrial swelling, as a readout of 
mitochondrial dysfunction, was significantly increased in 
high-fat–fed WT littermates, which was, however, com-
pletely attenuated in NOX1 global knockout mice (Fig-
ure 4L), indicating preserved mitochondrial integrity. In 
addition, we examined the cristae structure of the mito-
chondria in the soleus muscle by transmission electron 
microscopy. Notably, swollen mitochondria with perturba-
tion of cristae structure were observed in tgsm/p22phox mice 
fed with a high-fat diet (Figure 4M). It has been reported 
that the oxidative phosphorylation system is organized in 
folded cristae.36 Upon perturbation of cristae, the elec-
tron transport chain is less efficient, and mitochondrial 
performance will decrease. Importantly, the density and 
structure of mitochondrial cristae were fully restored 
in high-fat–fed NOX1 global knockout mice compared 
with that of WT littermates (Figure 4M), further indicat-
ing preserved mitochondrial respiratory performance. We 
also measured mitochondrial ROS production as one of 
the indicators of changes in mitochondrial function. As 
shown in Figure 4, skeletal muscle mitochondrial pro-
duction of superoxide was significantly decreased in 
high-fat–fed NOX1 global knockout mice compared with 
WT littermates. Taken together, these data indicate that 
NOX1 ablation preserved spontaneous activity and exer-
cise capacity via maintenance of skeletal muscle func-
tion attributed to preserved mitochondrial function, which 
was reflected by increased oxygen consumption and 
ATP production, reduced mitochondrial swelling activity 
and superoxide production, and restored mitochondrial 
cristae structure.

Endothelial-Specific NOX1 Deletion Abrogates 
Obesity and Metabolic Syndrome via 
Preservation of Skeletal Function to Maintain 
Spontaneous Activity and Exercise Capacity
Because global NOX1 ablation protects mice from 
high-fat feeding–induced obesity via preservation of 
mitochondrial function to maintain spontaneous activity 
and exercise capacity as described above, we further 
examined the specific role of endothelial NOX1 in this 
response. Because Cdh5Cre-NOX1CKO and Cdh5Cre-
WT mice had similar food and water intake under high-fat 
feeding (Figure 5A and 5B), we compared spontaneous 
activity and exercise capacity between the 2 groups. 
High-fat feeding markedly reduced spontaneous activity 
in WT littermates, which was restored to near baseline in 

Cdh5Cre-NOX1CKO mice (Figure 5C), indicating robust 
protective effects of endothelial NOX1 deletion in pre-
serving spontaneous activity to maintain normal energy 
expenditure during high-fat feeding. Data indicate that 
compared with high-fat–fed WT littermates, high-fat–fed 
Cdh5Cre-NOX1CKO mice also had preserved exercise 
capacity, reflected by significantly longer exhaustion 
time, longer traveled distance, and higher exhaustion 
speed (Figure 5D through 5F, respectively). Besides, 
oxygen consumption (Figure 5G and 5H) and carbon 
dioxide production (Figure 5I and 5J) were both signifi-
cantly enhanced in high-fat–fed Cdh5Cre-NOX1CKO 
mice compared with Cdh5Cre-WT littermates. These 
data indicate that endothelial NOX1 knockout restores 
energy expenditure via preserved spontaneous activity 
and exercise capacity to protect from high-fat feeding–
induced obesity and metabolic syndrome.

Skeletal mitochondrial functions were examined next 
to validate the elucidated mechanisms, if similar in NOX1 
global knockout mice. Transmission electron microscopy 
results revealed that the density and structure of mito-
chondrial cristae in soleus muscle Cdh5Cre-NOX1CKO 
were fully restored compared with high-fat–fed 
Cdh5Cre-WT littermates (Figure 5K). Besides, the signifi-
cant increase in calcium-induced mitochondrial swelling 
induced by high-fat feeding in Cdh5Cre-WT littermates 
was completely attenuated in Cdh5Cre-NOX1CKO mice 
(Figure 5L), indicating protected mitochondrial integrity by 
endothelial-specific NOX1 deletion. In addition, increased 
mitochondrial superoxide production in skeletal muscle of 
high-fat–fed Cdh5Cre-WT littermates was significantly 
alleviated in high-fat–fed Cdh5Cre-NOX1CKO mice 
(Figure 5M). Therefore, endothelial-specific NOX1 dele-
tion protects against high-fat feeding–induced obesity via 
preservation of skeletal muscle mitochondrial function to 
maintain efficient energy expenditure.

Smooth Muscle–Specific NOX1 Deletion Has 
No Effect on Skeletal Function and Exercise 
Capacity in Response to High-Fat Feeding
In addition to phenotype analyses for obesity and meta-
bolic syndrome in high-fat–fed Myh11Cre-NOX1CKO 
mice as described above, we also examined changes 
in skeletal function and exercise capacity in these ani-
mals under high-fat feeding. As shown in Figure S7A 
through S7C, data from treadmill exercise indicate that 
Myh11Cre-NOX1CKO and Myh11Cre-WT littermates 
had similar exhaustion time, distance traveled, and 
exhaustion speed under high-fat feeding. In addition, 

Figure 4 Continued.  mitochondria. For A, B, and L, overall effects were assessed by 2-way repeated-measures ANOVA, and differences at 
individual time points were evaluated using 2-way ANOVA with the Tukey post hoc testing. C and F were analyzed using 2-way ANOVA with the 
Tukey post hoc test. G through J were analyzed using the Mann-Whitney U test for daytime and nighttime. D, E, and K were analyzed using 2-way 
ANOVA with the Newman-Keuls post hoc test. N was analyzed using the Mann-Whitney U test. Data are shown as mean±SEM. All of the specific 
P values have been included in each graph figure.
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Figure 5. Endothelial-specific NOX1 (NADPH oxidase isoform 1) deletion improved spontaneous activity and exercise capacity 
via preservation of skeletal mitochondrial function under high-fat feeding.
A, Grouped data of food intake in Cdh5Cre (cadherin 5 [vascular endothelial cadherin] promoter–driven Cre recombinase [endothelial-specific 
Cre expression])-wild-type (WT) and Cdh5Cre-NOX1CKO mice, indicating similar food intake between the 2 groups in response to a high-fat 
diet. n=13 for WT; n=4 for Cdh5Cre-NOX1CKO. B, Grouped data of water intake in Cdh5Cre-WT and Cdh5Cre-NOX1CKO mice, indicating 
similar water intake between the 2 groups in response to a high-fat diet. n=13 for WT; n=4 for Cdh5Cre-NOX1CKO. C, Mouse spontaneous 
activity data indicating significantly reduced nighttime activity in high-fat–fed Cdh5Cre-WT mice, which was markedly restored in Cdh5Cre-
NOX1CKO mice. n=8 for the WT regular diet group; n=8 for the Cdh5Cre-NOX1CKO regular diet group; n=7 for the WT high-fat-diet group; and 
n=7 for the Cdh5Cre-NOX1CKO high-fat-diet group. Mouse spontaneous activity was analyzed by a video monitoring system as we previously 
published. In additional experiments, regular diet–fed and high-fat–fed mice were assayed for exercise capacity using a mouse treadmill system. 
Exercise capacity was assessed by determining (D) exhaustion time, (E) total distance traveled at exhaustion, and (F) speed at exhaustion. By all 
3 parameters, the exercise capacity was found to be markedly decreased in high-fat–fed Cdh5Cre-WT mice, while it was substantially restored 
in Cdh5Cre-NOX1CKO mice. n=6 for the WT regular diet group; n=6 for the Cdh5Cre-NOX1CKO regular diet group; n=9 for the WT high-fat-
diet group; and n=9 for the Cdh5Cre-NOX1CKO high-fat-diet group. G, Oxygen consumption data indicating preserved oxygen consumption in 
high-fat–fed Cdh5Cre-NOX1CKO, which varied normally with circadian rhythm. n=7 for WT; n=10 for Cdh5Cre-NOX1CKO. Oxygen consumption 
was measured using an Oxymax Comprehensive Lab Animal Monitoring System. H, Oxygen consumption during both nighttime and daytime was 
significantly improved in Cdh5Cre-NOX1CKO mice fed a high-fat diet. *P<0.05 compared with high-fat–fed Cdh5Cre-WT. n=7 for WT; n=10 
for Cdh5Cre-NOX1CKO. I, CO2 production data indicating preserved levels of CO2 production in high-fat–fed Cdh5Cre-NOX1CKO mice, which 
varied normally with circadian rhythm. *P<0.05 compared with high-fat–fed Cdh5Cre-WT. n=7 for WT; n=10 for Cdh5Cre-NOX1CKO. CO2 
production was measured using an Oxymax Comprehensive Lab Animal Monitoring System. J, CO2 production during both nighttime and daytime 
was significantly improved in high-fat–fed Cdh5Cre-NOX1CKO mice compared with WT controls. n=7 for WT; n=10 for (Continued)
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calcium-induced mitochondrial swelling and mitochon-
drial superoxide production were not affected in high-
fat–fed Myh11Cre-NOX1CKO mice compared with 
high-fat–fed Myh11Cre-WT littermates (Figure S7D and 
S7E).

Therefore, endothelial NOX1, rather than smooth 
muscle NOX1, plays a critical intermediate role in high-
fat-diet–induced obesity and metabolic syndrome, 
knockout of which protected against the phenotypes via 
preservation of skeletal mitochondrial function to main-
tain spontaneous activity and exercise capacity for suf-
ficient energy expenditure.

Endothelial-Specific NOX1 Transgenesis 
Worsens Obesity via Deterioration of Skeletal 
Dysfunction to Impair Exercise Capacity
In further experiments, we also examined exercise capacity 
and skeletal mitochondrial function in endothelial-specific 
NOX1 knockin mice. As shown in Figure 6A and 6B, 
Cdh5Cre-NOX1CKI and Cdh5Cre-WT mice had simi-
lar food and water intake. With treadmill training, high-
fat–fed Cdh5Cre-NOX1CKI mice displayed significantly 
shorter exhaustion time, shorter traveled distance, and 
lower exhaustion speed compared with high-fat–fed 
Cdh5Cre-WT littermates (Figure 6C through 6E, respec-
tively). In addition, mitochondrial swelling in the skeletal 
muscle of Cdh5Cre-NOX1CKI mice was deteriorated 
compared with WT littermates after high-fat feeding 
(Figure 6F), indicating worsened mitochondrial integrity 
by overexpression of endothelial NOX1. Transmission 
electron microscopy results showed lower density and 
disrupted structure of mitochondrial cristae in Cdh5Cre-
NOX1CKI compared with Cdh5Cre-WT mice under high-
fat feeding (Figure 6G). Skeletal muscle mitochondrial 
superoxide production was also significantly increased 
in high-fat–fed Cdh5Cre-NOX1CKI mice compared 
with high-fat–fed Cdh5Cre-WT littermates (Figure 6H). 
Therefore, overexpression of NOX1 specifically in the 
endothelium deteriorated exercise incapacity and skeletal 
mitochondrial dysfunction to further worsen phenotypes 
of obesity and metabolic syndrome.

Restoration of Endothelium-Dependent 
Vasorelaxation in High-Fat Fed Global and 
Endothelial-Specific NOX1 Knockout Mice
Endothelium-dependent vasorelaxation was assessed 
as we previously reported.34,37 Importantly, the impaired 
endothelium-dependent vasorelaxation in high-fat–fed 
WT mice was completely restored in both global NOX1 
knockout mice (Figure S8A) and endothelial-specific 
NOX1 knockout mice (Figure S8B), confirming improve-
ment in endothelial function in these animals under 
high-fat diet feeding. This supports the hypothesis that 
endothelial-specific knockdown of NOX1 exerts protec-
tive effects on obesity and metabolic syndrome via ini-
tial preservation of endothelial function and subsequent 
protection of adjacent skeletal muscle mitochondrial 
function, resulting in restored spontaneous and exercise 
activities to facilitate energy expenditure.

Novel Genetic Signatures in High-Fat Fed 
Endothelial-Specific NOX1 Knockout Mice 
Relevant to Skeletal Muscle Function: Cntnap4 
and Col9a1
An RNA-sequencing experiment was performed to elu-
cidate potential targets of endothelial-specific activation 
of NOX1 in modulating skeletal muscle function to result 
in obesity and metabolic syndrome. The data indicate 
that 1912 RNA species were upregulated > 2-fold in 
the soleus muscle of WT mice under high-fat feeding 
(group 3) compared with WT mice with a regular diet 
(group 1), among which 667 were protein-coding RNAs 
(Figure 7A). Among the 667 differentially expressed 
genes, 408 were downregulated >1.5-fold in Cdh5Cre-
NOX1CKO mice under high-fat feeding (group 4) com-
pared with WT littermates under high-fat feeding (group 
3; Figure 7B), and 23 protein-coding RNAs were fur-
ther screened out by significant differences (P<0.05) 
between group 3 and group 1 (Figure 7B and 7C). In 
addition, 4 protein-coding RNAs were significantly down-
regulated (P<0.05) in group 4 compared with group 3 
among the 23 protein-coding RNAs (Figure 7B and 7D).

Figure 5 Continued.  Cdh5Cre-NOX1CKO. K, Representative images of mitochondria in soleus muscle examined by electron microscopy (EM) 
at resolution of ×2900 and ×7200, indicating disorganization of mitochondrial cristae in Cdh5Cre-WT mice and complete reversal in Cdh5Cre-
NOX1CKO mice, both under high-fat feeding. EM was used to examine mitochondrial cristae structures. L, Skeletal mitochondrial data indicating 
completely reversed swelling activity in Cdh5Cre-NOX1CKO mice fed a high-fat diet compared with high-fat–fed Cdh5Cre-WT mice. n=7 for 
the WT regular diet group; n=9 for the Cdh5Cre-NOX1CKO regular diet group; n=8 for the WT high-fat-diet group; and n=8 for the Cdh5Cre-
NOX1CKO high-fat-diet group. Fresh mitochondria were isolated from skeletal muscle, and mitochondrial swelling was measured by monitoring 
the decrease in absorbance at 540 nm upon calcium stimulation. M, Superoxide production indicating substantially diminished mitochondrial 
superoxide production in skeletal muscle mitochondrial preparation in high-fat–fed Cdh5Cre-NOX1CKO mice compared with high-fat–fed 
Cdh5Cre-WT mice. n=6 per group. An electron spin resonance (ESR) spectrophotometer was used to detect superoxide production from freshly 
prepared skeletal muscle mitochondria. A and B were assessed by a mixed-effects model (restricted maximum likelihood [REML]) with the 
Bonferroni multiple comparisons test. For L, overall effects were assessed by 2-way repeated-measures ANOVA, and differences at individual 
time points were evaluated using 2-way ANOVA with the Tukey or Newman-Keuls post hoc testing. G through J were analyzed using an unpaired 
t test for daytime and nighttime. C, D, and F were analyzed using 2-way ANOVA with the Newman-Keuls post hoc test. E was analyzed using 
2-way ANOVA with the Tukey post hoc test. M was analyzed using the Mann-Whitney U test. Data are shown as mean±SEM. All of the specific P 
values have been included in each graph figure.
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Figure 6. Endothelial-specific NOX1 (NADPH oxidase isoform 1) transgenesis further impaired exercise capacity via 
deteriorating skeletal mitochondrial function under high-fat feeding.
A, Grouped data of food intake in Cdh5Cre (cadherin 5 [vascular endothelial cadherin] promoter–driven Cre recombinase [endothelial-specific 
Cre expression])-wild-type (WT) and Cdh5Cre-NOX1CKI mice, indicating similar food intake between the 2 groups in response to a high-fat diet. 
n=8 for WT; n=11 for Cdh5Cre-NOX1CKI. B, Grouped data of water intake in Cdh5Cre-WT and Cdh5Cre-NOX1CKI mice, indicating similar 
water intake between the 2 groups in response to a high-fat diet. n=8 for WT; n=10 for Cdh5Cre-NOX1CKI. In additional experiments, regular 
diet–fed and high-fat–fed Cdh5Cre-WT and Cdh5Cre-NOX1CKI mice were assayed for exercise capacity using a mouse treadmill system. 
Exercise capacity was assessed by determining (C) exhaustion time, (D) total distance traveled at exhaustion, and (E) speed at exhaustion. By 
all 3 parameters, the exercise capacity was found to be markedly decreased in high-fat–fed Cdh5Cre-WT mice, which was substantially further 
deteriorated in high-fat–fed Cdh5Cre-NOX1CKI mice. n=10 for the WT regular diet group; n=6 for the Cdh5Cre-cre-inducible NOX1flox/flox 
knockout/floxed mice (NOX1CKO) regular diet group; n=8 for the WT high-fat-diet group; and n=8 for the Cdh5Cre-NOX1CKO high-fat-diet 
group. F, Skeletal mitochondrial swelling activity was significantly increased in high-fat–fed Cdh5Cre-WT mice, which was substantially further 
deteriorated in high-fat–fed Cdh5Cre-NOX1CKI mice. Fresh mitochondria were isolated from skeletal muscle, and mitochondrial swelling was 
measured by monitoring the decrease in absorbance at 540 nm upon calcium stimulation. n=10 for the WT regular diet group; n=9 for the 
Cdh5Cre-NOX1CKO regular diet group; n=7 for the WT high-fat-diet group; and n=8 for the Cdh5Cre-NOX1CKO high-fat-diet group. G, 
Representative images of mitochondria in soleus muscle examined by electron microscopy (EM) at resolution of ×2900 and ×7200, indicating 
disorganization of mitochondrial cristae in high-fat–fed Cdh5Cre-WT mice, which was substantially further deteriorated in high-fat–fed Cdh5Cre-
NOX1CKI mice. EM was used to examine mitochondrial cristae structures. H, Superoxide production data indicating markedly elevated superoxide 
production in skeletal muscle mitochondrial preparation from high-fat–fed Cdh5Cre-NOX1CKI mice compared with high-fat–fed Cdh5Cre-WT 
mice. n=8 for WT; n=10 for Cdh5Cre-NOX1CKI. An electron spin resonance (ESR) spectrophotometer was used to detect superoxide production 
from freshly prepared skeletal muscle mitochondria. For A, B, and F, overall effects were assessed by 2-way repeated-measures ANOVA, and 
differences at individual time points were evaluated using 2-way ANOVA with the Tukey or Newman-Keuls post hoc testing. C through E were 
analyzed using 2-way ANOVA with the Newman-Keuls post hoc test. H was analyzed using the unpaired t test. Data are shown as mean±SEM. 
All of the specific P values have been included in each graph figure.
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Figure 7. Novel genetic signatures in endothelial-specific NOX1 (NADPH oxidase isoform 1) knockout mice that are linked to 
modulation of muscular function: Cntnap4 (contactin-associated protein-like 4) and Col9a1 (collagen type IX alpha 1 chain).
Soleus muscle samples were prepared from 4 experimental groups of regular diet–fed wild-type (WT) mice (group 1), regular diet–fed Cdh5Cre 
(cadherin 5 [vascular endothelial cadherin] promoter–driven Cre recombinase [endothelial-specific Cre expression])-cre-inducible NOX1flox/flox  
knockout/floxed mice (Cdh5Cre-NOX1CKO; group 2), high-fat–fed WT mice (group 3) and high-fat–fed Cdh5Cre-NOX1CKO mice (group 4), 
and RNA extracted and subjected to RNA-sequencing analysis (n=3 for each group). A, Upregulated RNAs (>2-fold) identified from group 3 
comparison to group 1, including coding RNAs and noncoding regulatory RNAs. B, The screening process to identify protein-coding genes that 
were significantly upregulated in group 3 compared with group 1 while, at the same time, significantly downregulated in group 4 compared with 
group 3. C, The list of genes that were significantly upregulated in group 3 compared with group 1. D, The list of genes that were significantly 
downregulated in group 4 compared with group 3. E, Downregulated RNAs (>2-fold) identified from group 3 comparison to group 1, including 
coding RNAs and noncoding regulatory RNAs. F, The screening process to identify protein-coding genes that were significantly downregulated 
in group 3 compared with group 1 while, at the same time, significantly upregulated in group 4 compared with group 3. G, The list of genes that 
were significantly downregulated compared with group 3. H, The list of genes that were significantly upregulated in group 4 compared with 
group 3. I, The predicted interrelationship between the screened-out genes, and skeletal and muscular disorders analyzed by QIAGEN Ingenuity 
Pathway Analysis (IPA). J, Western blotting results of protein expression levels of Cntnap4 and Col9a1 in soleus muscles of chew diet–fed or 
high-fat-diet–fed Cdh5cre-WT and Cdh5cre-NOX1CKO mice, confirming similar trends of regulations as identified by RNA-sequencing analysis.
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On the other hand, 1998 RNA species were down-
regulated >2-folds in group 3 compared with group 
1, and 665 were protein-coding RNAs among them 
(Figure 7E). Out of these 665 differentially expressed 
genes, 336 protein-coding RNAs were increased >1.5-
fold in group 4 compared with group 3 (Figure 7F), and 
32 protein-coding RNAs were filtered out according to 
significant differences (P<0.05) between group 3 and 
group 1 (Figure 7F and 7G). Furthermore, 7 protein-
coding RNAs were significantly upregulated (P<0.05) in 
group 4 compared with group 3 among the 32 protein-
coding RNAs (Figure 7F and 7H).

Next, QIAGEN IPA was used to explore the relation-
ship between the modulated genes in the soleus muscle 
of Cdh5Cre-NOX1CKO mice and the function of skele-
tal and muscular disorders. Among the 4 downregulated 
genes (group 4 versus group 3) and 7 upregulated genes 
(group 4 versus group 3) screened out by 4 consecutive 
steps of comparison as described above, only Cntnap4 
and Col9a1 were found to connect to the function of 
skeletal and muscular disorders (Figure 7I). Results of 
Western blotting analyses confirmed that Cntnap4 was 
increased by high-fat feeding while decreased by endo-
thelial NOX1 knockout, and Col9a1 was upregulated 
by high-fat feeding while downregulated by endothelial 
NOX1 knockout (Figure 7J).

Therefore, Cntnap4 and Col9a1 in the soleus mus-
cle may represent novel genetic signatures underlying 
endothelial-specific NOX1 activation-driven develop-
ment of obesity and metabolic syndrome, via impairment 
in spontaneous activity and exercise capacity under a 
high-fat diet.

Upregulation of NOX1 in Coronary Arteries of 
Human Patients With Obesity
To further validate the translational relevance of our find-
ings, we examined the expression of NOX1 in human 
coronary artery samples isolated from subjects with obe-
sity and normal controls. Coronary artery samples of a 
total of 15 human subjects (BMI <25, n=6; BMI >25, 
n=9) were used for the determination of NOX1 expres-
sion. The normal weight group consisted of 6 subjects 
(age: 35.5±9.17 years) with BMI<25, at 18.8±1.33, 
while the obese group of 9 patients had BMI>25 at 
32.5±1.79 (age: 54.4±4.17 years). The authoriza-
tion and collection of the samples are described in the 
Methods section. Freshly isolated coronary arteries were 
dissected, removed of connective tissue carefully, sec-
tioned for separate storage, and snap-frozen. Sections 
of the coronary arteries were lysated and subjected to 
WB analysis for NOX1 expression as described in the 
Methods section. Importantly, we found that NOX1 pro-
tein abundance was significantly increased in the coro-
nary arteries of human patients with obesity. Shown are 
representative Western blots and grouped quantitative 

data in Figure 8. One limitation is that we have not been 
able to isolate EC fractions from these tissue samples to 
examine NOX1 expression selectively in ECs, which war-
rants further investigation when additional samples are 
collected from future cohorts.

DISCUSSION
The most significant findings of this study are given as 
follows: (1) global knockout of NOX1, rather than of 
NOX2/NOX4, substantially abrogated features of obe-
sity and metabolic syndrome, including increased body 
weight, fat mass, liver weight, adipocyte differentiation, 
glucose intolerance, plasma insulin, and leptin levels. (2) 
endothelial-specific NOX1 deletion, rather than vascular 
smooth muscle–specific NOX1 deletion, substantially 
alleviated features of obesity and metabolic syndrome 
in response to high-fat feeding, establishing a novel, 
selective, and tissue-specific role of endothelial NOX1 

Figure 8. Upregulation of NOX1 (NADPH oxidase isoform 1) 
in coronary arteries of human patients with obesity.
Human patients with obesity and control subjects were enrolled 
at the Versiti Institute of the Medical College of Wisconsin with 
approval from the institutional review board at the Medical College 
of Wisconsin. Specimens from individuals were categorized based 
on body mass index (BMI). Coronary arteries were dissected and 
immediately transferred to ice-cold PBS solution to preserve tissue 
integrity. Connective tissue was carefully removed, and the arteries 
were divided into sections and snap-frozen. Sections of the coronary 
arteries were lysated and subjected to Western blotting analysis 
for NOX1 expression. Shown are representative Western blots and 
grouped densitometric data indicating marked upregulation of NOX1 
in the coronary arteries of human patients with obesity with BMI 
>25. n=6 for patients with BMI <25; n=9 for patients with BMI >25. 
Data were analyzed using the unpaired t test. Data are shown as 
mean±SEM. The specific P value has been included in the graph.
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in driving systematic metabolic responses. This is further 
confirmed by data collected using endothelial-specific 
NOX1 knockin mice, in which high-fat feeding resulted in 
exaggerated phenotypes of obesity and metabolic syn-
drome. (3) Global and EC-specific deletion of NOX1 in 
mice led to preserved energy expenditure under high-fat 
feeding via restoration of skeletal muscle mitochondrial 
function to result in preserved spontaneous activity and 
exercise capacity, therefore alleviating the development 
of obesity and metabolic syndrome. This is further vali-
dated by data from EC-specific knockin mice in which 
a high-fat-diet–induced worsened skeletal muscle mito-
chondrial dysfunction and exercise incapacity. (4) RNA-
sequencing analyses identified novel genetic signatures 
of Cntnap4 and Col9a1 in soleus muscles of endothelial-
specific NOX1 knockout mice under a high-fat diet, which 
are linked to the modulation of skeletal muscle function. 
(5) NOX1 expression was significantly upregulated in 
human patients with obesity, indicating robust transla-
tional relevance of our findings. These observations are 
paradigm-shifting in establishing a novel, significant, 
specific, and selective role of endothelial-specific activa-
tion of NOX1 in driving obesity and metabolic syndrome 
under high-fat feeding, via deficiencies in skeletal muscle 
mitochondrial function to result in impaired spontaneous 
activity, exercise capacity, and energy expenditure.

Accumulating evidence has demonstrated that the 
NOX family of enzymes plays a major role in the patho-
genesis of various vascular diseases, such as hyperten-
sion, aortic aneurysms, atherosclerosis, and diabetic 
vascular complications, as well as for the development of 
cardiac disorders, including ischemia-reperfusion injury, 
myocardial infarction, heart failure, and cardiac arrhyth-
mias.11 NOX1, NOX2, or NOX4 lies upstream of DHFR 
(dihydrofolate reductase) deficiency to induce abdominal 
aortic aneurysm formation.21,23 NOX4-induced ROS pro-
duction mediates development of thoracic aortic aneu-
rysm and abdominal aortic aneurysm in Marfan syndrome 
mice.22 NOX4 activation, subsequent ROS production, and 
redox-sensitive CaMKII (calcium/calmodulin-dependent 
protein kinase II) activation underlie the pathogenesis 
of cardiac arrhythmia.30 Either NOX1 or NOX2, or both, 
has been shown to be activated in the processes of ath-
erosclerosis,38 while other studies implicated a protective 
role of NOX4 in atherosclerosis utilizing different model 
systems.39–41 As the only membrane-bound subunit for 
NOX, p22phox is required for catalytic activation of NOX1 
to NOX4,10,11 and excessive vascular ROS produced 
by p22phox plays a causal role in obesity by promoting 
inflammation, adipogenesis, and exercise intolerance.8 
However, the differential roles and related molecular 
mechanisms of NOX isoforms in the modulation of obe-
sity and metabolic syndrome had remained completely 
unknown until our present study. High-fat-diet–induced 
body weight gain, fat mass gain, liver weight gain, preadi-
pocyte differentiation, glucose intolerance, insulin/leptin 

resistance, and hypercholesterolemia were all substan-
tially alleviated in NOX1 global knockout mice but unaf-
fected in NOX2 or NOX4 global knockout mice. Of note, 
this protective effect was not derived from changes in 
energy intake, as WT and NOX1 global knockout mice 
had similar intake of food and water. On the other hand, 
high-fat feeding–induced impairment in spontaneous 
activity, exercise capacity, respiratory performance, and 
skeletal muscle mitochondrial function were all mark-
edly abrogated in NOX1 global knockout mice to result 
in improved ATP production and energy expenditure. In 
addition, endothelium-dependent vasorelaxation was also 
fully restored in global and endothelial-specific NOX1 
knockout mice, confirming improvement in endothelial 
function as the initiating factor of the protective signaling. 
Taken together with our earlier observations that vascular 
p22phox-dependent NOX drives development of obesity 
and metabolic syndrome, our data at first verified that 
vascular NOX1 rather than NOX2 or NOX4 is the source 
of vascular oxidative stress that is acting as a driving force 
to induce phenotypes of obesity and metabolic syndrome 
under high-fat feeding. These findings further establish 
the paradigm-shifting concept that vascular-derived oxi-
dative stress from activated NOX1 is a cause of obesity 
and metabolic syndrome rather than a consequence.

Oxidative stress has been shown to impair skel-
etal muscle energy metabolism in mice and human 
patients.35,42–46 Angiotensin II–induced oxidative stress 
causes deficiency in mitochondrial respiration in skeletal 
muscle of C57BL/6 mice.44 Systemic oxidative stress 
has been found to be associated with impaired skeletal 
muscle energy metabolism in patients with metabolic 
syndrome or heart failure.42,43 Our previous work also 
revealed skeletal muscle mitochondrial dysfunction in 
mice with vascular ROS overproduction.8 However, the 
exact source of ROS and how it impacts skeletal muscle 
function have remained unclear until our present study. In 
this work, we elucidated that vascular endothelial NOX1, 
rather than smooth muscle cell NOX1, produced ROS to 
damage skeletal muscle mitochondrial function, result-
ing in impaired spontaneous activity and exercise capac-
ity under high-fat diet. Consistently, endothelial-specific 
overexpression of NOX1 in mice led to deteriorated 
skeletal muscle mitochondrial dysfunction in response to 
high-fat feeding. Besides, mitochondrial ROS production 
was decreased by endothelial-specific NOX1 knockout 
while increased by endothelial-specific NOX1 knockin. Of 
note, blood vessels are closely intertwined with skeletal 
muscle tissues lying between the fascicles and bundles 
of muscle fibers. Each muscle is supplied by many capil-
laries, which contain lots of ECs rather than smooth mus-
cle cells. The increase in bulk muscle blood flow observed 
during exercise is accompanied by a substantial elevation 
in capillary recruitment within the muscle that expands the 
surface area.47 This close association reduces the diffu-
sion distances, allowing for efficient exchange of oxygen 
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and nutrients required for contraction and rapid removal 
of injurious metabolic wastes. Therefore, vascular ROS is 
capable of diffusing to adjacent skeletal muscle cells to 
induce mitochondrial dysfunction and mitochondrial ROS 
production in these cells.

Exercise intolerance and mitochondrial complex I 
and II deficiencies have been reported in high-fat–fed 
C57/BL6 mice.35 Alongside these changes, the respira-
tory control ratio (RCR), as the single most useful gen-
eral measure of function in isolated mitochondria,48 was 
impaired in high-fat–fed WT mice in our present study but 
substantially restored by global and endothelial-specific 
knockout of NOX1. Excessive mitochondrial swelling, 
representative of impaired mitochondrial integrity that 
occurs following increased opening of mitochondrial 
permeability transition pores, is a central player that can 
induce cell death through apoptosis or necrosis, depend-
ing on the availability of ATP.49 Mitochondrial swelling has 
been reported in skeletal muscle of mice fed a high-fat 
diet due to increased ROS production in the muscle.50 
In this study, we found markedly increased mitochondrial 
swelling by high-fat feeding in WT mice, while global and 
endothelial-specific deletion of NOX1 completely attenu-
ated this process. However, endothelial-specific NOX1 
knockin further increased mitochondrial swelling under 
high-fat feeding. We also found that high-fat feeding–
induced marked increase in mitochondrial ROS produc-
tion in skeletal muscle was substantially alleviated by 
global or endothelial-specific knockout of NOX1. By con-
trast, NOX1-specific overexpression in ECs exaggerated 
mitochondrial ROS production in skeletal muscle. Taken 
together, these data indicate that endothelial-specific 
NOX1 activation induces skeletal muscle mitochondrial 
dysfunction that is characterized by reduced respira-
tory performance, increased mitochondrial swelling, 
and increased mitochondrial ROS production. The mito-
chondrial electron transport chain is located within 
mitochondrial cristae where it generates the electrochem-
ical potential across the invaginated inner mitochondrial 
membranes, which is used for ATP synthesis.51 Cristae 
orientation, curvature, and density per surface area are 
nonrandom, exhibiting directionality and orientation that 
may enable cristae membranes of adjacent mitochondria 
to become physically and energetically coordinated.51 
In this work, we revealed that disorganized mitochon-
drial cristae in WT mice fed a high-fat diet, which was 
completely abrogated by global or endothelial-specific 
deletion of NOX1. Of note, we found much lower den-
sity and more disrupted structure of mitochondrial cris-
tae in endothelial-specific NOX1 knockin mice. These 
results showed that endothelial-specific NOX1 activation 
destroys mitochondrial cristae structure and ATP produc-
tion. Therefore, endothelial-specific activation of NOX1 
impairs skeletal muscle mitochondrial function through a 
diversity of processes, resulting in impairment in sponta-
neous activity and exercise capacity to suppress energy 

expenditure. This conclusion is supported by data from 
both endothelial-specific knockout and knockin mice.

Global NOX1 knockout mice have been previously 
studied for their roles in diabetic vascular dysfunction 
and atherogenesis, as reported by others and our own 
work.8,24,52,53 Besides being implicated to mediate dia-
betic endothelial dysfunction and accelerated atherogen-
esis,8,24,52–54 it was reported that NOX1 is involved in the 
dysfunction of liver sinusoids in nonalcoholic fatty liver 
disease.55 These findings seem to share similarity with our 
previous work establishing a critical role of p22phox in medi-
ating obesity and metabolic syndrome as a catalytic sub-
unit capable of activating NOX1,8 which was highlighted 
by an editorial commentary emphasizing a paradigm-
shifting novel concept of vascular ROS driving systematic 
responses of obesity and metabolic syndrome.56 It would 
also be critical to further examine detailed mechanistic 
pathways by which endothelial NOX1 is triggered to initi-
ate the processes of obesity and metabolic dysfunction.

Importantly, the only 2 novel genes of Cntnap4 
and Col9a1 were specifically screened out via RNA-
sequencing and IPA analysis in this study, which are 
regulated in the skeletal muscle to be responsible for 
the changes in function induced by high-fat feeding that 
was reversed by endothelial-specific deletion of NOX1. 
Existing studies indicate that Cntnap4 is a member of 
the neurexin superfamily of transmembrane molecules 
that have critical functions in neuronal cell communica-
tion.57 It was shown that Cntnap4 plays a critical role in 
osteogenesis, which is the first functional annotation for 
Cntnap4 in the musculoskeletal system.57 Interestingly, 
recent studies indicate that microRNA-34 uniquely reg-
ulates Cntnap4 expression, which may be regulated in 
obesity to contribute to Cntnap4-dependent modulation 
of skeletal muscle function.58 The Col9a1 gene has been 
implicated in the initial stages of skeletal muscle cell dif-
ferentiation and found associated with the longissimus 
dorsi muscle in the pig.59 Some of the genetic variants 
of Col9a1 have been identified.60 It would be interesting 
to explore whether these variants are present in human 
patients with obesity. In this research, we found that 
Cntnap4 was upregulated, while Col9a1 was downreg-
ulated in the skeletal muscle of high-fat–fed WT mice, 
and endothelial-specific NOX1 ablation reversed these 
responses, indicating that the regulation of these novel 
genes likely underlie high-fat feeding–induced skeletal 
muscle phenotypes that are correctable by deletion of 
endothelial NOX1. Detailed molecular pathways control-
ling the regulation of Cntnap4 and Col9a1 in skeletal 
muscle warrant further investigations.

Importantly, utilizing coronary arteries isolated from 
human patients with obesity and control subjects, we 
found that NOX1 protein expression was markedly 
increased in obese subjects (BMI >25) compared with 
normal weight controls (BMI <25). This indicates that 
the sophisticated mechanistic insights we identified for 
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vascular NOX1-driven development of obesity and met-
abolic syndrome, are relevant to human subjects with 
great translational potential. Of note, this regulation we 
observed is consistent with previous work by Matsumoto 
at al,55 reporting upregulated NOX1 mRNA expression in 
human nonalcoholic steatohepatitis patients.

Of note, our studies were performed primarily using 
male mice. It would be important to also examine the 
new pathways and mechanisms in female mice. It was 
shown that female mitochondria have higher functional 
capacity and greater resistance to oxidative damage than 
male mitochondria.61 Whereas mitochondria might be less 
injured in obese females, preservation of mitochondrial 
function might have more sensitive outcomes in reducing 
obesity and metabolic syndrome. It was proposed that sex 
steroid hormones and gut microbiota diversity, chromo-
somal and genetic variables, and behavioral and sociocul-
tural variables all influence obesity development in men 
and women. It is, therefore, a complex question to address 
how the endothelial-specific NOX1 activation drives obe-
sity in females differentially, which warrants immediate 
further studies.62 Many novel mediators in adipose tissues 
have been recently revealed,63,64 and it is also important to 
understand how they differ between males and females 
in regulating adipogenesis and obesity.

In conclusion, observations in our present study firmly 
establish a direct causal role of endothelial-specific activa-
tion of NOX1 in driving the development of systematic dis-
orders of obesity and metabolic syndrome. ROS produced 
from activated NOX1 in the ECs diffuses to adjacent skel-
etal muscle to induce mitochondrial dysfunction, resulting 
in impaired spontaneous activity and exercise capacity, 
and ultimately a severe deficiency in energy expenditure 
to allow development of obesity and metabolic syndrome. 
Novel genes of Cntnap4 and Col9a1 in skeletal muscle 
were identified being relevant to these processes. NOX1 
protein expression was indeed upregulated in the coro-
nary arteries of human patients with obesity. Therefore, 
specific and selective targeting of endothelial NOX1, or 
Cntmap4/Col9a1 in the skeletal muscle, may prove to be 
innovatively and robustly effective for the treatment and 
prevention of obesity and metabolic syndrome.
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