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In an aging population, intense interest has shifted toward
prolonging health span. Mounting evidence suggests that cellular
reactive species are propagators of cell damage, inflammation, and
cellular senescence. Thus, such species have emerged as putative
provocateurs and targets for senolysis, and a clearer understanding
of their molecular origin and regulation is of paramount impor-
tance. In an inquiry into signaling triggered by aging and proxy
instigator, hyperglycemia, we show that NADPH Oxidase (NOX)
drives cell DNA damage and alters nuclear envelope integrity,
inflammation, tissue dysfunction, and cellular senescence in mice
and humans with similar causality. Most notably, selective NOX1
inhibition rescues age-impaired blood flow and angiogenesis, vaso-
dilation, and the endothelial cell wound response. Indeed, NOX1i
delivery in vivo completely reversed age-impaired hind-limb blood
flow and angiogenesis while disrupting a NOX1-IL-6 senescence-
associated secretory phenotype (SASP) proinflammatory signaling
loop. Relevant to its comorbidity with age, clinical samples from
diabetic versus nondiabetic subjects reveal as operant this NOX1-
mediated vascular senescence and inflammation in humans. On a
mechanistic level, our findings support a previously unidentified
role for IL-6 in this feedforward inflammatory loop and peroxisome
proliferator–activated receptor gamma (PPARγ) down-regulation as
inversely modulating p65-mediated NOX1 transcription. Targeting
this previously unidentified NOX1-SASP signaling axis in aging is
predicted to be an effective strategy for mitigating senescence in
the vasculature and other organ systems.

endothelium | senescence | aging | NADPH oxidase | IL-6

As the US and world population ages and prevalence of dis-
eases that plague the elderly grows, there has been an ever-

burgeoning interest in the aging process, with a goal toward
prolonging life and health span. Notably, decreased lifespan and
disease comorbidities are strongly associated, a pattern typified
in cardiopulmonary diseases (1). However, specific targeted
therapies combating descent of vascular cells into senescence
and the overall vascular aging process are still in their infancy.
Senescence is an irreversible form of cell cycle arrest initiated by
various stimuli including genotoxic and oxidative stress (2), leading
to DNA damage, oncogene activation, and telomere shortening
(3). Augmented senescence is deleterious to organ function vis-à-
vis interference with self-renewal.
Aging is a major risk factor to chronic disease, of which Type

II diabetes is a major comorbidity (4). As such, diabetes is a
recognized cause of accelerated aging through impaired glucose
tolerance and hyperglycemia (5). It is widely acknowledged that
aging with or without diabetes is a risk factor for the development

of cardiovascular pathologies in the elderly, including hyperten-
sion, atherosclerosis, stroke, and peripheral vascular disease. The
latter remain the leading causes of morbidity and mortality in
modern societies (5). A common pathway shared by aging and
hyperglycemia is cellular senescence (5).
As first reported by Harman (6), oxidative stress was intro-

duced as one driver of the aging process, and subsequent studies
inferred a link between it and senescence. Primary sources of
reactive oxygen species (ROS) across cells and organ systems are
NADPH oxidases (NOXs) (7–12). Inasmuch as endothelial cells
(ECs) are essential to normal health and their dysfunction piv-
otal to disease, we examined young versus aged ECs and inter-
rogated mechanisms linking NOX, senescence, and vascular
dysfunction.
Revelatory of the clinical significance of diabetes in the aged

population, hyperglycemia was recapitulated in mouse and hu-
man ECs as a compounding factor for senescence and EC and
tissue dysfunction. Indeed, we postulated that hyperglycemia
would act as “proxy” stimulator of EC senescence (13, 14).
Herein, we present data indicating NADPH oxidase-1 (NOX1)
promotes autoamplification of NOX1 and senescence-associated
secretory phenotypes (SASP) in driving inflammation and
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senescence. More specifically, we provide key insight into a role
for NOX1 in exacerbated NOX1 up-regulation, increased ROS,
p21cip, p53, and p16INK4a, SASP and γ-H2AX, decreased phospho-
Rb and nuclear lamin B1, and a senescent and dysfunctional

phenotype reversed by selective NOX1 blockade in vitro and
in vivo. Remarkably, targeting NOX1 rescued age-impaired an-
giogenesis ex vivo and peripheral blood flow in vivo and nullified
aging-induced senescence and inflammation. Additionally, blockade
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Fig. 1. Advanced-stage aging and HG induce senescence and inhibit proliferation/migration in MAECs. (A) SA-β-gal staining in MAECs from young
(10-wk-old) and aged (58-wk-old) mice, grown in NG and HG EC growth media for 72 h (n = 6). (B) γ-H2AX (pink) immunofluorescent staining [20× (Scale bar,
100 μm) and 120× (Scale bar, 50 μm) magnification] of young and aged MAECs grown in NG and HG media. Nuclei were stained with DAPI (blue). Fluorescence
intensity was quantified from three images/slide, n = 6 independent experiments. (C) mRNA levels of p21cip, p16INK4A, and IL-6 of young and aged MAECs
treated with NG and HG EC media (n = 5 to 8). (D and E) Western blots and cumulative data showing the effects of aging and HG on the levels of p21cip and
phospho-Rb. The levels of p21cip and p-Rb were normalized to the level of β-actin in the same sample (n = 3). (F) Immunofluorescent detection (200×
magnification) of p21cip (red) and lamin B1 (green) grown in NG and HG EC media. Nuclei were stained with DAPI (blue). Fluorescence intensity was quantified
from three images/slide, n = 3 independent experiments. (G) MAEC wound healing affected by age and HG treatment (n = 6). All data were analyzed with
two-way ANOVA followed by Tukey’s test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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of IL-6 disrupted this cycle. Coming full-circle, data from human
diabetic patients corroborate these findings. Our studies proffer a
previously unidentified, tightly controlled signaling axis for drug
intervention. With this broader and in-depth view comes opportu-
nities to define and target a seminal and central cause of aging with
curative consequences to multiple organ systems and an improved
quality of life (15).

Results
Aging and Comorbid Hyperglycemic Stress Synergistically Induce IL-6
and Potentiate Indicators of DNA Damage and EC Senescence.Mouse
aortic ECs (MAECs) from young (8 to 10 wk) and aged (58 wk)
mice were treated with normal glucose (NG, 5 mM glucose +
20 mM mannitol for osmolarity control) or high glucose (HG,
25 mM glucose) for 72 h and contrasted for senescent markers,
DNA damage, and proliferation/migration. Significantly more
senescence-associated β-galactosidase (SA-β-gal)-positive cells
were found in aged MAECs versus young under NG conditions
(1.7 ± 0.2-fold). HG stress increased SA-β-gal by 2.0 ± 0.2-fold
versus NG in young cells (NG − young) and age independently
enhanced SA-β-gal compared to NG − young (1.5 ± 0.2-fold;
Fig. 1A). Moreover, HG and age compounded levels compared
to NG − aged (1.8 ± 0.2-fold; Fig. 1A). Staining for phosphor-
ylated gamma histone 2AX (γ-H2AX; indicative of DNA dam-
age and cellular senescence) revealed increased numbers of
γ-H2AX–positive cells in response to HG in both groups with
the most pronounced effect in HG-treated aged cells (Fig. 1B).
The data are consistent with aging and hyperglycemia potentiating
senescence and DNA damage. In support of this, cell cycle in-
hibitor p21cip messenger RNA (mRNA) (Fig. 1C) and protein
(Fig. 1D) markedly increased with age, with the trascriptional ef-
fect potentiated in HG MAECs. This was followed in HG − aged
MAECs by an increased nuclear p21cip translocation (Fig. 1F).
Nuclear envelope protein lamin B1 markedly decreased with age
and HG (Fig. 1F), demonstrative of a robust senescent phenotype
by either stressor. Senescence modulator p16INK4A was signifi-
cantly augmented, and a principle senescence-associated secretory
phenotype (SASP) cytokine, interleukin 6 (IL-6), rose synergisti-
cally in HG − aged MAECs (Fig. 1C). These changes were ac-
companied by virtual ablation of phospho-Rb in each group
(Fig. 1E). Taken together, the data point to decreased cell cycle
progression and a more pronounced senescent state. Functionally,
we compared proliferative and migratory function in young versus
aged ECs in response to NG and HG with scratch wound healing.
Wound closure (24- versus 0-h) was inhibited in aged versus young
cells and by exposure to HG (Fig. 1G). In aggregate, our data are
consistent with HG being a proxy instigator of age-induced
senescence as postulated.

Selective NOX1 Inhibition Restores to Normal EC Senescence, Impaired
Angiogenesis, and Endothelial Dysfunction. Postulating a role for
NOX1 in the mediation of senescence in response to age and hy-
perglycemia, we showed that hydrogen peroxide (H2O2) production
rates reached a statistical difference in HG − aged versus NG −
young and NG − aged MAECs (SI Appendix, Fig. 1). Moreover,
staining for ROS/lipid peroxidation marker 4-hydroxynonenal
(4-HNE) as well as the footprint indicator of oxidation 3-nitrotyrosine
(3-NT) revealed higher adduct formation with age or HG and a
synergistic rise in response to both factors combined (Fig. 2 A and B).
In line with this, we found that mRNA levels of NOX1 and its

canonical NOXO1 and NOXA1 cytosolic subunits all increased
with age (Fig. 2C). Furthermore, core subunit NOX1 protein was
sharply amplified both with age (Fig. 2D) or HG (Fig. 2E).
Treatment with a selective NOX1 inhibitor [NOXA1ds (16–19),
10 μmol/L] abolished HG-induced protein nitration as shown by
3-NT staining (Fig. 2F) and H2O2 production in aged ECs sup-
plemented with HG (HG − aged, Fig. 2G).

A role for NOX1 in aging/HG-induced senescence was further
illustrated wherein NOXA1ds eradicated a more than six- and
fivefold increase in the number of SA-β-gal–positive cells in re-
sponse to aging and HG, respectively (Fig. 3 A and B). Consis-
tent with these observations, NOXA1ds suppressed (by 59.3 ±
8.8%) γ-H2AX that was augmented approximately threefold
in aged MAECs + HG compared to young NG cells (Fig. 3C). In
addition, HG induced cell-cycle inhibitor p21cip and a loss in
lamin B1, both of which were wholly reversed by NOXA1ds,
reinforcing NOX1’s role in senescence (Fig. 3D). Phenotypically,
NOXA1ds rescued the 24- versus 0-h wound closure change of
aged MAECs in HG media compared to young NG-treated cells
(Fig. 3E), indicating that NOX1-mediated senescence is respon-
sible for functional debilitation (reduced proliferation and mi-
gration). Furthermore, aortas from aged (18 mo) mice displayed
suppressed endothelial sprouting compared to aortas from young
mice (3 mo) (approximately threefold at 21 d). The sprouting
response in aged arteries treated with NOXA1ds was restored
(P < 0.01) and ostensibly surpassed that of young arteries, though
the latter did not reach statistical significance (Fig. 3F). NOXA1ds
reinstated endothelial sprouting in HG media back to normal
growth (Fig. 3G). Additionally, aortas presented with endothelial
dysfunction; that is, maximal dilatation of aortas from aged mice
to endothelium-dependent vasodilator acetylcholine decreased by
62.9 ± 4.9% compared to young. In contrast, NOXA1ds markedly
improved maximal dilatory capacity (from 37.0 ± 4.9 to 74.7 ±
7.8%; Fig. 3H).

Human ECs Mirror Senescence in Murine Cells. Cross-Validation of
NOX1-Selective Inhibitor (NOXA1ds) with NOX1 Knockdown. Hu-
man aortic ECs (HAECs) were employed to cross-examine
foundational experiments in the mouse. NOXA1ds ameliorated
HG-induced reduction in 24-h HAEC wound closure (Fig. 4A).
In addition, p21cip and p53 up-regulation by HG was blocked by
NOXA1ds (Fig. 4B). NOXA1ds is highly selective for NOX1
(16). All the same, we corroborated NOXA1ds-elicited changes
with NOX1 small interfering RNA (siRNA). In line with the
results in MAECs and HAECs, NOX1 siRNA not only nor-
malized SA-β-gal staining (Fig. 4C) but also p21cip and p53 levels
(Fig. 4D) in cells in HG. In aggregate, these findings are strongly
supportive of NOX1 playing a critical role in senescence in both
mouse and human ECs.

Selective NOX1 Inhibition Restores Blood Flow and Suppresses NOX1,
Senescent Markers, and SASP. To investigate in vivo the role of
NOX1 in aging-induced senescence and functional decline,
young and aged mice were treated with scrambled peptide (Scrm
control) or NOX1-selective inhibitor (NOXA1ds; 20 mg/kg/d;
intraperitoneal osmotic pumps) for 28 d. In accordance with
in vitro findings, RT-qPCR detected increased NOX1 and SASP
indicators IL-6 and monocyte chemoattractant protein 1 (MCP1)
in vessels with age (Fig. 5A). NOXA1ds abolished NOX1 and IL-
6, whereas MCP1 displayed a tendency toward a decrease (Fig.
5A). Elevated p21cip and p16ink4a were suppressed by NOXA1ds
(Fig. 5A).
Furthermore, immunofluorescence imaging (IF) of tissue

taken ex vivo from these animals revealed increased NOX1 co-
inciding with EC marker von Willebrand Factor (vWF) in aged
aortic intima compared with young Scrm, a signal abrogated in
aged mouse vessels treated with NOXA1ds (Fig. 5B). Finally, to
assess the contribution of NOX1 to age-related blood flow, we
utilized laser Doppler imaging to determine the rate of hind-limb
femoral artery flow in aged versus young mice, with or without
NOXA1ds. Hind-limb femoral artery blood flow was sharply
reduced with aging (∼50%, aged versus young Scrm) and rescued
in mice treated with NOXA1ds (Fig. 5C).
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Corroboration in Tissue from Human Subjects. In aortas of anony-
mized diabetic versus sex- and age-matched human control
subjects (SI Appendix, Table 1), we detected sharply increased
protein expression of NOX1 and γ-H2AX, while metabolic regu-
lator PPAR-γ was decreased (Fig. 5D). In addition, human tran-
scripts corroborated higher NOX1 (approximately sixfold) and
increased p21cip, p16ink4a (P = 0.056), SASP, IL-6, and MCP1 in
diabetic samples, indicative of increased senescence and inflam-
mation converging with NOX1 (Fig. 5E).

Interplay of PPAR-γ, NF-κB, and IL-6 in Heightened Proinflammatory
Effect of Age and Hyperglycemia.A unique aspect of this study was
the ability to cross-examine senescence modulators from both
the singular and combined effects of comorbid phenotype insti-
gators. Inasmuch as aging and HG might stimulate NF-κB vis-à-
vis oxidation, we examined whether its subunit p65 is activated in

response to each stimulus alone or combined. Active, nuclear
phospho-p65 (p-p65) rose sharply (approximately threefold) in
human ECs in response to HG (SI Appendix, Fig. 2). This strong
effect was substantiated in response to both age and HG. Indeed,
with HG or age, we observed a robust increase in active p-65
(phospho-p65, SI Appendix, Fig. 3A) and its concomitant nuclear
translocation (SI Appendix, Fig. 3B; white arrows, second col-
umn). The latter was reversed by PPAR-γ agonist rosiglitazone
Rsg (white arrows indicating p65 return to cytosol, fourth col-
umn, SI Appendix, Fig. 3B).
Furthermore, PPAR-γ decreased sharply in response to HG

(∼50%), a response compounded by age (∼90%, Fig. 6A). Indeed,
Rsg partially suppressed γ-H2AX (20) and ameliorated wound
closure (Fig. 6 B and C). Accordingly, Rsg was highly effective at
reverting to normal age-related p21cip and HG-perturbed p21cip

and lamin B1 (SI Appendix, Fig. 4 A and B), while PPAR-γ
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Fig. 2. NOX1-mediated ROS production is potentiated by aging and HG. (A) IF microscopy (120× magnification) detection of 4-hydroxynonenal (4-HNE)
adducts (red) affected by aging and HG (representative of three biological replicates). Nuclei were labeled with DAPI (blue). (B) IF microscopy (120× mag-
nification) detection of 3-NT formation (green) affected by aging and HG. Nuclei were labeled with DAPI (blue). (C) Effects of aging on the mRNA levels of
NOX1, NOXO1, and NOXA1 (n = 7 to 8). (D and E) Effects of aging (D) and HG (E) on the protein levels of NOX1. Level of NOX1 is normalized to the level of
β-actin in the same samples (n = 3 to 9). (F) Immunofluorescent microscopy (120× magnification) detection of 3-NT (green) upon HG stimulation of MAECs
treated with NOX1-selective inhibitor NOXA1ds (10 μmol/L) or Scrm (10 μmol/L). Nuclei were stained with DAPI (blue). Fluorescence intensity was quantified
from three images/slide, n = 4 to 6 independent experiments. (G) Effects of NOXA1ds (10 μmol/L) on aging plus HG-induced H2O2 production in MAECs
measured by CBA assay (n = 4). Student’s t test was used in panels C–E. Two-way ANOVA followed by Tukey’s test was used in panels F and G. *P < 0.05, **P <
0.01, ***P < 0.001, ****P < 0.0001.
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knockdown in normal cells increased p53, β-galactosidase ex-
pression, and decreased wound closure (SI Appendix, Fig. 4 C–E).
Our data showing Rsg suppresses p65 translocation to the nucleus
and NOX1 expression (SI Appendix, Figs. 3 and 4) authenticates
PPAR-γ as a “brake” for NF-κB and NOX1 (21, 22). Thus, in our
hands, in young cells when PPAR-γ levels are high or in aged/HG
cells when PPAR-γ is activated, p65 translocation to the nucleus is
prevented (22), thus limiting NF-κB–triggered NOX1 transcrip-
tion (vide infra, Fig. 6D) (23) and senescence (SI Appendix, Figs.
3 A and B, 4 A and B, and 5 and Fig. 6 A–C). In the same vein,
under conditions of aging and/or HG, PPAR-γ is markedly de-
creased (Fig. 6A). This is consistent with a) our findings shown in

SI Appendix, Fig. 5, wherein HG stimulates NOX1 expression and
Rsg eradicates NOX1; and b) an inverse countervailing relation-
ship of PPAR-γ with NOX1 in the aging process.
Harking back to data presented in Fig. 5A, NOX1 inhibition

in vivo disrupts NOX1 expression, senescence indicators, and
suppresses SASP (IL-6 and MCP1), placing NOX1 at the center
of the inflammatory cytokine response (i.e., SASP). We ex-
panded on SASP analysis in vitro by examining not only IL-6 and
MCP1 but also transforming growth factor beta (TGF-β), tumor
necrosis factor alpha (TNF-α), and plasminogen activator inhibi-
tor 1 (PAI1) in aged − HG cells, all of which mirrored in vivo
changes in IL-6 and MCP1 (Fig. 5) and were sharply up-regulated

A B

DC

E F

HG

Fig. 3. NOX1 is involved in aging and HG-induced EC senescence, inhibition of wound healing, impaired angiogenesis, and dysfunction. (A) Effects of a
NOX1-selective inhibitor NOXA1ds (10 μmol/L) on aging-induced increase in SA-β-gal staining in MAECs (n = 3). (B) Effects of NOXA1ds (10 μmol/L) on HG-
induced increase in SA-β-gal staining in MAECs (n = 3). (C) Immunofluorescent microscopy (120× magnification) detection of γ-H2AX (pink) staining in MAEC
nuclei elicited by aging plus HG and inhibited by NOXA1ds (10 μmol/L). Nuclei were stained with DAPI (blue), three images/slide, n = 6. (D) Immunofluorescent
microscopy (200×magnification) detection of lamin B1 (green, nuclear envelope) and p21cip (red) staining showing the effects of NOXA1ds (10 μmol/L) on HG-
induced p21cip up-regulation and lamin B1 suppression. Nuclei were stained with DAPI (blue). Merge with blue nuclear DAPI, purple indicates nuclear p21cip,
three images/slide, n = 3. (E) Effects of NOXA1ds (10 μmol/L) on 24-h wound healing response of aged cells treated with HG compared to young cells cultured
in NG media (n = 3) (Scale bar, 100 μm). (F) Effects of NOXA1ds (10 μmol/L) on aging (18-mo-old)-induced reduction in sprouting angiogenesis from mouse
aortas compared to the young (3-mo-old) mouse aortas (n = 3 to 4) (Scale bar, 100 μm). (G) Effects of NOXA1ds (10 μmol/L) on HG-induced reduction in
sprouting angiogenesis from aortas of young (3-mo-old) mice (n = 4) (Scale bar, 100 μm). (H) Acetylcholine (Ach)-induced endothelium-dependent vasodi-
lation was impaired in aortas from aged (18-mo-old) mice compared to the young (3-mo-old) mice, and NOXA1ds (30 μmol/L, 1 h) ameliorated endothelial
dysfunction in aortas from aged mice (n = 3–4 for each group). One-way ANOVA followed by Tukey’s test was used in panels C and H. Two-way ANOVA
followed by Tukey’s test was used in all the other panels. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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(Fig. 6E). Moreover, the increase in NOX1 in vivo that drove
senescence, tissue malfunction, and IL-6 and MCP1 (Fig. 5) was
quelled in vitro by pretreatment with a selective IKK-1 and -2
inhibitor BMS 345541 [a selective inhibitor of NF-κB complex
(24)] pointing to the primacy of regulation by NF-κB in this
pathway (Fig. 6D). Furthermore, we asked the question of
whether IL-6 can control NOX1 in age- plus HG-evoked inflam-
mation. To that point, pretreatment with blocking IL-6 antibody
(25 ng/mL) decreased NOX1 mRNA in aged −HGECs (Fig. 6F).
In aggregate, these data support a vicious cycle of NF-κB–mediated
and IL-6–induced NOX1 as propagatory of the senescence
phenotype.

Discussion
One of the hallmarks of aging is a decline in cardiovascular health.
Indisputably, cardiovascular disease (CVD) is a significant health
problem as it is the major cause of death in the United States and
worldwide. It is increasingly being appreciated that a common
factor across CVDs and a myriad of other pathologies is oxidative
stress instigated by NOXs (10, 25). It should also be noted that
NOXs and their metabolic products are emerging as signaling
moieties in their own right, which over time and in response to
various stimuli are up-regulated transcriptionally and translation-
ally, transitioning the cell from homeostatic to injurious states.
Despite an enduring interest in the contribution of redox

signaling to aging, the role of NOX in senescence modulation
and its clinical implications remain unknown. Herein, our studies

employing cell culture of murine and human cells, in vivo
translational experiments, and human tissue may be considered
groundbreaking in that they reveal a prominent functional role
for NOX1 in EC senescence and dysfunction in response to two
comorbid factors in humans and provide evidence for the clinical
utility of a NOX1 inhibitor to stave off cardiovascular degener-
ation with aging and hyperglycemia. The salient findings of the
current study are that 1) NOX1 plays a prominent role in murine
and human senescence, aging-related vascular dysfunction, as well
as impaired angiogenesis and blood flow (i.e., a NOX1-selective
inhibitor restores these impairments to normal); 2) NOX1 is
promoted by and propagates DNA damage, senescence, and
SASP expression; 3) NOX1 is at least partially induced by IL-6; 4)
this signaling nexus is corroborated in tissue from human diabetic
patients. Moreover, the studies are demonstrative of 5) a mech-
anism by which NOX1 is derepressed with aging (and hypergly-
cemia) of mouse and human cells; and 6) a counterregulatory
interplay between NF-κB and SASP/IL-6 in this pathway. The
findings underscore the basic, translational, and potential clinical
significance of selective NOX1 inhibition in the preemption of
senescence and tissue dysfunction. Indeed, we expect our findings
herein to provide insight into NOX1’s role in cellular senescence.
Moreover, as ECs are found in all vascularized organ systems, the
direct or paracrine implications for this objective cannot be
overestimated.
Our findings suggest that in young and healthy ECs, PPAR-γ

suppresses NOX1-derived ROS via inhibition of NF-κB, maintaining
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low-grade inflammation and bestowing on ECs their physiologi-
cal integrity and normal migratory and dilatory functions. In
contrast, in aged senescent ECs, our findings support a previously
unidentified role for diminished PPAR-γ releasing the brake on
NF-κB (p65), permitting p65 to translocate to the nucleus and for
NOX1 transcription to rise unabatedly. Based on our findings, we
propose that this and its attendant ROS induce secretion of in-
flammatory cytokines (SASP), leading to transcriptional activation
of NOX1 and ensuing ROS, a senescent signature leading to
impaired angiogenesis, vasodilator function, and blood flow
(Fig. 7).

Aging and diabetes are well-established risk factors for CVD
(5). And epidemiological studies have demonstrated an associ-
ation among the age-related diseases and diabetes (4, 5). Addi-
tionally, both aging and diabetes were shown to correlate with
chronic inflammation (26). Moreover, studies implicate both as
culprits for cellular senescence in cardiovascular aging (5, 27–30).
In support of those findings are studies showing that suppression
of cellular senescence or elimination of senescent cells reverses
phenotypic changes of aging in cell and animal models (31).
However, drivers of oxidative stress that can be targeted to pro-
actively halt the senescence and ensuing inflammatory process are
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unknown. Thus, identifying mechanisms underlying aging- as well
as hyperglycemia-stimulated oxidative stress and senescence in
vascular ECs appears essential to revealing targets that can be
manipulated in patients suffering from multiple age-related car-
diovascular and metabolic pathologies.
In the current study, we illustrated the mechanisms by which

an inverse relation between PPAR-γ and NOX/ROS with age
effects declining EC health and function. Studies have shown
that human aging is associated with increased endothelial se-
nescence as evidenced by elevated senescent indicators (32),
halted angiogenesis (33, 34), and exacerbated endothelial dys-
function (32). Notably, employing human ECs, we observed that
senescence aligns with those in mouse cells. In particular, aged
MAECs displayed increased SA-β-gal (35) activity. We went a
step further and in our hands observed enhanced γ-H2AX (marker
for DNA double strand breaks and senescence) (36) staining
(Fig. 1). Moreover, lamin B1, a structural protein located on the
nuclear envelope, the loss of which is a reported biomarker for
chromatin disorganization and senescence (37, 38), was signifi-
cantly reduced in aged ECs (Fig. 1). Senescence relies on two main

pathways: p53-p21cip-Rb and p16INK4a-Rb signaling pathways, both
of which converge at preventing Rb phosphorylation/activation by
CDK (cyclin D kinase), thus limiting E2F-dependent cell cycle
progression (39–41). Herein, hypophosphorylation of Rb, together
with enhanced expression of p21cip and p16INK4a, are indicative of
increased cell cycle arrest and senescence (Fig. 1). In support of a
senescent phenotype, one of the major SASPs, IL-6 (42), displayed
a trend toward a significant increase in response to aging and was
in fact synergistically and significantly elevated by HG and age
(Fig. 1). This is quite noteworthy in and of itself, in that it points to
IL-6 as a possible driver of the phenotype vis-à-vis its ability to
promote NOX1 (vide infra).
Functional impairment of ECs by aging was also observed,

including weakened wound healing capability (Fig. 1) and
blunted dilatory responses (Fig. 3H), both of which are demon-
strative of established, aging-associated impairments in the hu-
man vasculature (34, 43). Specifically, diminished migratory and
proliferative capacity of vascular ECs witnessed in wound healing
response experiments could be expected to culminate in im-
paired angiogenesis, giving way to age-related decline in vessel
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density, exacerbated ischemic tissue injury, and compromised
recovery from ischemic insults (34, 43). In fact, our findings reveal
an astonishing ability of NOX1-selective inhibitor (NOXA1ds) to
completely restore endothelium-dependent angiogenesis (Fig. 3 F
and G). These salient results underscore the significance of
proactively suppressing NOX1 to stave off senescence and
cardiovascular decline. That notwithstanding, endothelial dys-
function, per se, is an early indicator of atherosclerosis, impaired
microvascular perfusion, and human peripheral vascular disease
(43), and any attempt to preserve EC function could be seen as a
means to avert or halt the disease process. In the current study,
NOX1-selective inhibitor effectively restored endothelial function
and vasodilatation (Fig. 3H). As ECs are found in all organ sys-
tems, the implications for this result cannot be overstated.
Hyperglycemia, a hallmark of diabetes and prevalent in a sub-

stantial cohort of aged patients (19.3%, 2019) (26, 44, 45) with
diabetes, recapitulated most changes we observed with aging. In-
deed, we employed it both as an established modality in the field
to instigate senescence and as a second, clinically relevant insult to
ECs. Consistent with previous publications reporting induction of
senescence in ECs by HG (13, 14), we herein confirmed that se-
nescence indicators are up-regulated (Fig. 1), oxidative stress is
potentiated (Fig. 2 A and B), and cell proliferation/migration are
suppressed (Fig. 1) in mouse ECs cultured in a hyperglycemic
versus normoglycemic environment. Perhaps more importantly,
effectors and markers investigated in mouse mirrored those in

human ECs (Figs. 3–6 and SI Appendix, Fig. 1), and combining
HG and age as factors potentiated and in some cases synergized in
their responses, allowing for an optimal milieu in which to study
advanced senescence in the context of oxidative stress. It is worth
noting that even though aging and hyperglycemia both have, in our
in vitro as well as ex vivo models, stimulated NOX1-depenendent
endothelial senescence and dysfunction, they are considered two
independent instigators for EC senescence in vivo. In particular, as
young and aged mice have similar levels of blood glucose con-
centration as reported by others (46, 47), NOX1-mediated se-
nescence and impaired blood flow observed in the aged animals
(Fig. 5 A–C) should be attributed to advanced age rather than
hyperglycemia. That said, in humans, increasing incidence of di-
abetes with age is reported. Specifically, incidence grows from
below 5% in young adults (20 to 30 y) to 12% in middle-aged
adults (40 to 55 y) and reaches 20% in the aged (65 to 99 y)
population (48). Moreover, our data comparing aortas from
nondiabetic and diabetic age-matched patients (Fig. 5 D and E) as
well as in vitro findings (Figs. 1 and 2 A and B) all have shown that
hyperglycemia compounds the vascular damage triggered by aging.
Therefore, although hyperglycemia might not be the major factor
in age-induced vascular senescence and dysfunction, it is never-
theless clinically relevant to study the effects of HG on senescent
signaling.
The free radical theory of aging, first proposed by Harman (6)

postulated that age-related physiological deterioration is deter-
mined by the endogenous production of ROS in cells. Although
broad in its claims and at times controversial, studies have
inferred ROS participating in vascular aging by promoting en-
dothelial dysfunction in both animals (49) and humans (50, 51).
Notably, NOXs of late have emerged as proximal upstream
signaling nidi that produce tightly regulated ROS levels, educing
signaling involved in cellular phenotypic modulation. From our
perspective, this newfound appreciation of NOXs sheds light on
this theory. Indeed, with NOXs being major generators of ROS
production in the vasculature, involvement of NOX1 was infer-
red in the aging process and organ dysfunction in vessels from
rats (52) and in lung biopsies from human subjects (53). In an-
other report, a pan-NOXi ameliorated vascular function in aged
rats (54).
In the current study, we came at this with the hypothesis that

NOX1 is central to a unique and more-complex process and that
targeting it in vitro and in vivo would have profound salutary
effects on the aging process. Indeed, NOX1 appears to serve as
the proximal stimulus for ECs senescence in that inhibiting
NOX1 effectively 1) suppressed aging +/− HG-induced elevation
in ROS, SA-β-gal, γ-H2AX, and p21cip levels and 2) rescued the
loss of nuclear integrity indicator lamin B1 (Figs. 2 F and G and
3 A–D). Consequently, NOX1-selective inhibitor NOXA1ds dem-
onstrated significant salubrious effects for ECs (i.e., ROS and
SASP suppression), which predictably converged on the NOXi’s
ability to ameliorate impaired functional wound healing response
and to confer an extraordinary permissive effect for angiogenesis
to flourish. Furthermore, corroborating this notable ability of the
NOX1-selective inhibitor, NOX1 siRNA mitigated senescence in
human ECs, illustrated by abolishment of elevated SA-β-gal,
p21cip, and p53 (Fig. 4 C and D). All told, our current and previous
findings (53) advance the notion that NOX1 is a proximal or-
chestrator of regulatory signaling pathways controlling cell se-
nescence and declining organ function.
Quite strikingly in this regard, we show here that aging-

impaired endothelial dysfunction, angiogenesis, and blood flow
is ameliorated by selective NOX1 inhibition. NOX1 inhibition
ameliorated endothelial dysfunction (Fig. 3H) and improved
endothelial sprouting (Fig. 3 F and G). In line with this effect
and improvements in vascular function, we observed a profound
rescue of diminished blood flow with NOXA1ds delivered to
aged mice (Fig. 5C). On broader examination of these findings, it

Fig. 7. Proposed propagation of aging- and hyperglycemia-induced EC se-
nescence and dysfunction, reduced blood flow, and impaired angiogenesis
via NF-kB, NOX1, and IL-6; Inverse modulation by PPAR-γ and targeting
NOX1. In aged ECs or ECs exposed to proxy hyperglycemic stress, diminished
PPAR-γ unleashes NF-κB (p65) for nuclear translocation and NOX1 tran-
scription. IL-6 propagates NOX1-driven ROS, resulting in EC senescence sig-
naling and organ dysfunction. Selective NOX1 inhibitor NOXA1ds halts
senescence, dysfunction, and restores tissue to normal.
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could be that in vessels exposed to NOXA1ds, other cell types
might be expected to exhibit suppressed NOX1 activity as well as
ROS production and thereby exert some influence. That being
said, multiple reports have shown that vasodilation exerted by an
endothelial-independent vasodilator, sodium nitroprusside, is
not altered by age in various vascular beds across multiple dif-
ferent species (55–61). Thus, it appears that aging and ROS do
not affect the ability of smooth muscle to dilate. Together with
effects of NOXA1ds on endothelial function and endothelium-
dependent angiogenesis, we can assert with a considerable level
of confidence that NOXA1ds conferred protection largely via its
impact on ECs, per se. In aggregate, our data in murine and
human ECs indicate that EC NOX1 inhibition and amelioration
of senescence is at the center of the improved blood flow in vivo.
In addition to NOXs, an abundant source of ROS in vascular

cells is clearly mitochondria, the dysfunction of which has been
associated with aging and senescence (62–64). Apart from al-
tering the metabolic profile of cells that triggers cellular senes-
cence (62), mitochondrial electron transport dysfunction with
aging would be expected to potentiate NOX-induced ROS levels
and aggravate cellular senescence by enhancing DNA damage
(65). Interestingly, studies have suggested crosstalk between NOXs
and mitochondria, which purportedly represent a feed-forward
vicious cycle of ROS overproduction under varied pathophysio-
logical conditions, such as hypertension (66) and cancer (67). For
example, angiotensin II (AngII)-stimulated NOXs can elicit mi-
tochondrial dysfunction, as a NOX inhibitor as well as knocking
down p22phox (an essential component of NOXs 1–4) have both
decreased ROS production in mitochondria isolated from AngII-
treated cells (68). It is therefore conceivable that such a feed-
forward interaction between NOXs and mitochondria is extant in
our models and perhaps even bolstered during the aging process. A
more in-depth investigation outside of the current scope of this
study is warranted.
More mechanistically, herein we proffer that senescence de-

pends on liberation of p65 from PPAR-γ in the cytosol (and p65
nuclear translocation) as a consequence of PPAR-γ’s diminution
with age (vide supra). Indeed, we showed that p65/NF-κB acti-
vation is instrumental to NOX1 up-regulation (Fig. 6D). To this
point, we know that NF-κB activation has been shown to be a
driver of NOX1 transcription in other settings. Going a step fur-
ther, our data support a surprising but remarkable feed-forward
redox activation of NOX1 by NOX1 (Fig. 5A). More to the point,
NOX inhibition in vivo significantly suppresses NOX1. It also
appears to attenuate salient indicators of proinflammatory SASP
IL-6 and MCP1 (Fig. 5A).
Expanding on this, we wanted to know whether combined HG

and aging would similarly effect an increase in an array of SASP,

which it did. Intriguingly, a neutralizing antibody for IL-6 caused
a reduction in NOX1 illustrating an induction of NOX1 via in-
flammatory cytokines in age/hyperglycemia. Thus, in aggregate
our findings implicate NOX1 as a central driver of SASP and
suggest a propagative deleterious cycle at play in aged, hyper-
glycemic cells and tissue.
Analysis of aortas from diabetic versus age-matched control

human subjects showed NOX1 and γ-H2AX increased, while
PPAR-γ was decreased (Fig. 5D). Accordingly, mRNA tran-
scripts displayed higher levels of p21cip, IL-6, and MCP1, indic-
ative of increased senescence and inflammation in diabetic
patient samples (Fig. 5E). These data uniformly parallel and
corroborate our observations in murine and human cells.
Collectively, these findings provide exciting evidence that ag-

ing and HG increase the NF-κB–driven NOX1-dependent re-
lease of inflammatory cytokines in ECs and vasculature. The
consequent ROS release predictably fuels the cycle by the ad-
ditional induction of NF-κB and NOX1. Moreover, the data
appear to show that IL-6 plays its part in further advancing this
cycle. In turn, our data align with NOX1-derived ROS propagat-
ing endothelial senescence and dysfunction part and parcel with
inflammation, markedly reduced wound healing, angiogenesis,
and blood flow. Finally, these findings underscore the potential
clinical implications of a NOX1 inhibitor such as ours to stave off
“inflammaging” and senescence and, in doing so, forestall the
development of aging-related cardiovascular decline.

Methods
All methods for this study are described in detail in the SI Appendix,Methods
and Materials, including reagents, cell culture and siRNA transfection, ROS
assays, SA-β-gal staining, quantitative real-time RT-PCR, Western blotting,
fluorescent imaging, in vitro wound scratch assay, blood flow, angiogenesis,
and vessel myography. All animal experiments were approved by the Insti-
tutional Animal Care and Use Committee, University of Pittsburgh, and are
in accordance with NIH guidelines.

Data Availability. Original Western blots, IF images, PCR data, data analysis,
and so on have been deposited in Figshare (10.6084/m9.figshare.12724664).
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