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ABSTRACT

BACKGROUND Doxorubicin (DOXO) chemotherapy increases risk for cardiovascular disease in part by inducing endo-
thelial dysfunction in conduit arteries. However, the mechanisms mediating DOXO-associated endothelial dysfunction in
(intact) arteries and treatment strategies are not established.

OBJECTIVES We tested the hypothesis that DOXO impairs endothelial function in conduit arteries via excessive
mitochondrial reactive oxygen species (ROS) and that these effects could be prevented by treatment with a
mitochondrial-targeted antioxidant (MitoQ).

METHODS Endothelial function (endothelium-dependent dilation [EDD] to acetylcholine) and vascular mitochondrial
ROS were assessed 4 weeks following administration (10 mg/kg intraperitoneal injection) of DOXO. A separate cohort of
mice received chronic (4 weeks) oral supplementation with MitoQ (drinking water) for 4 weeks following DOXO.

RESULTS EDD in isolated pressurized carotid arteries was 55% lower 4 weeks following DOXO (peak EDD, DOXO:

42 + 7% vs. sham: 94 + 3%; p = 0.006). Vascular mitochondrial ROS was 52% higher and manganese (mitochondrial)
superoxide dismutase was 70% lower after DOXO versus sham (p = 0.0008). Endothelial function was rescued by
administration of the mitochondrial-targeted antioxidant, MitoQ, to the perfusate. Exposure to plasma from DOXO-
treated mice increased mitochondrial ROS in cultured endothelial cells. Analyses of plasma showed differences in
oxidative stress-related metabolites and a marked reduction in vascular endothelial growth factor A in DOXO mice, and
restoring vascular endothelial growth factor A to sham levels normalized mitochondrial ROS in endothelial cells incu-
bated with plasma from DOXO mice. Oral MitoQ supplementation following DOXO prevented the reduction in EDD
(97 + 1%; p = 0.002 vs. DOXO alone) by ameliorating mitochondrial ROS suppression of EDD.

CONCLUSIONS DOXO-induced endothelial dysfunction in conduit arteries is mediated by excessive mitochondrial ROS
and ameliorated by mitochondrial-specific antioxidant treatment. Mitochondrial ROS is a viable therapeutic

target for mitigating arterial dysfunction with DOXO. (J Am Coll Cardiol CardioOnc 2020;2:475-88) © 2020 The Authors.
Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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ABBREVIATIONS
AND ACRONYMS

ACh = acetylcholine

DOXO = doxorubicin

EDD = endothelium-dependent

dilation

L-NAME = N(gamma)-nitro-L-

arginine

MitoQ = mitoquinol mesylate,

or [10-(2,5-dihydroxy-3,4-

dimethoxy-6-methylphenyl)
decyl] triphenyl-phosphonium,

monomethanesulfonate

NO = nitric oxide

SNP = sodium nitroprusside
SOD = superoxide dismutase

VEGF = vascular endothelial

growth factor

pproximately 650,000 people un-
dergo chemotherapy treatment
annually (1). In many cases, these
treatments are effective in treating the can-
cer, but severely damage the cardiovascular
system of the surviving patients (2). As a
result, cardiovascular disease is a leading
cause of later morbidity and mortality among
chemotherapy-treated cancer survivors (3).
Anthracyclines are first-line chemotherapy
agents for several common cancers, including
leukemias, breast cancer, and lymphomas,
that exert particularly toxic effects on the
cardiovascular system (4). Doxorubicin
(DOXO) is the most commonly used anthra-
cycline (5), and its use markedly increases the
risk of subsequent cardiovascular disease (6).
As such, elucidating the mechanisms under-
lying the adverse cardiovascular effects of DOXO is an

ongoing research priority, as it may help identify
therapeutic approaches.

To date, the majority of research on DOXO has
focused on its effects on the heart and, specifically,
cardiomyocytes. Mechanistic studies in preclinical
models implicate excessive bioactivity of reactive
oxygen species (ROS) such as superoxide and conse-
quent oxidative stress in DOXO-induced damage to
cardiomyocytes (7,8). The excessive ROS bioactivity
in cardiomyocytes after DOXO treatment appears to
be mediated by some combination of increased ROS
production and suppression of endogenous antioxi-
dant enzymes (8,9). Several sources of excessive ROS
production have been identified, including the mito-
chondria (10). Indeed, DOXO directly induces mito-
chondrial dysfunction and stimulates superoxide
production in cardiomyocytes (11,12).

Recent work suggests an important role of the
vascular endothelium in DOXO-associated cardiovas-
cular effects (13). DOXO is administered systemically,
and vascular endothelial cells are exposed to circu-
lating DOXO before the compound is taken up by car-
diomyocytes and other tissues. In vitro studies
performed in endothelial cell culture indicate that
DOXO induces mitochondrial dysfunction, down-
regulates antioxidant enzymes, and increases ROS
bioactivity (14,15). Consistent with these observations,
endothelial function of intact arteries assessed by
endothelium-dependent dilation (EDD) is impaired in
DOXO-treated animal models (16,17) and patients
compared with untreated control subjects (18). How-
ever, the mechanisms by which DOXO induces this
endothelial dysfunction in vivo have not been
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established, nor is there evidence that therapeutic
strategies based on these mechanisms can preserve
endothelial function after DOXO.

Here, we systematically investigated the underly-
ing mechanisms by which DOXO impairs endothelial
function in intact (conduit) arteries and show that a
mitochondrial-specific antioxidant can prevent these
effects.

METHODS

Detailed descriptions of all procedures and statistical
analyses are provided in the Supplemental Material.
Studies were approved by the University of Colorado
Boulder Institutional Care and Use Committee (Pro-
tocol# 2618) and conformed to the Guide for the Use
of Laboratory Animals.

Male C57BL6/J mice (4 months of age) were
randomly assigned to receive DOXO (10 mg/kg intra-
peritoneal injection; n = 4) or sham (intraperitoneal
injection of saline; n = 4). This method of administra-
tion causes cardiovascular dysfunction in 4-month-
old C57BL6/J mice (19). An additional cohort of mice
received DOXO (n = 4) or DOXO + the mitochondrial-
targeted antioxidant mitoquinol mesylate (10-[2,5-
dihydroxy-3,4-dimethoxy-6-methylphenyl] decyl)
(MitoQ) (250 umol/l in drinking water; n = 5) for
4 weeks (20), initiated on the same day immediately
following DOXO. Data are presented separately for
each cohort for vascular endothelial function, but
DOXO samples were combined for biochemical ex-
periments. Estrogen may be protective against DOXO-
induced cardiac dysfunction (21); thus, only male mice
were used in the present study to determine the
mechanism by which DOXO causes vascular endothe-
lial dysfunction without the confounding effects of
female sex hormones.

All mice were euthanized 4 weeks following
treatment via cardiac puncture (under inhaled iso-
flurane anesthesia). Blood was spun and plasma was
isolated and saved for cell culture experiments (22)
and for assessment of circulating factors, as described
in the Supplemental Appendix. Following sacrifice,
carotid arteries were excised and cannulated on glass
pipettes for assessment of endothelium-dependent
and -independent dilation, as described in the
Supplemental Appendix. Then, the thoracic aorta was
dissected and cleaned, and 1-mm rings were used for
assessment of total (22) and mitochondrial-specific
ROS (20) or were flash frozen, as described in the
Supplemental Appendix. All data are reported as
mean + SEM.
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RESULTS

ANIMAL CHARACTERISTICS. Young (4-month-old)
male C57BL6/J mice were administered with a single
intraperitoneal injection of sterile 1x phosphate-
buffered saline (Sham) or DOXO (10 mg/kg in sterile
1x phosphate-buffered saline) and sacrificed 4 weeks
later. As observed in previous studies (16,23), body
mass at the time of sacrifice was lower (-12%) in the
group administered with DOXO (Table 1). Lower body
mass with DOXO was associated with lower heart,
quadriceps, gastrocnemius, and epididymal white
adipose tissue mass, food consumption (-17%), and
water intake (—26%) (Table 1). There were no signifi-
cant differences in the mass of other tissues and
organs (Supplemental Table 1).

EFFECT OF DOXO ON VASCULAR ENDOTHELIAL
FUNCTION. Carotid artery resting (DOXO: 419 =+
10 um vs. sham: 412 + 11 um; p = 0.702) and
maximal (DOXO: 449 4+ 12 pm vs. sham: 457 +
11 um; p = 0.653) diameters did not differ between
groups. Carotid artery EDD, measured by the in-
crease in luminal diameter in response to increasing
concentrations of acetylcholine, was 57% lower in
DOXO versus sham control mice (peak EDD: DOXO,
40 + 7% vs. sham, 94 + 3%; p = 0.006), indicating a
marked impairment in vascular endothelial function
with DOXO treatment (Figure 1A). To determine how
DOXO impairs EDD, we first measured endothelium-
independent dilation as the dilatory response to
sodium nitroprusside, a nitric oxide (NO) donor. We
found no difference between groups (peak: DOXO
versus sham: p = 0.724) (Figure 1B), indicating that
DOXO does not impair EDD by reducing vascular
smooth muscle relaxation to NO. Next, we assessed
the effects of DOXO on NO-mediated EDD. Admin-
istration of the NO synthase inhibitor, N(gamma)-
nitro-L-arginine (L-NAME), reduced EDD in both
groups, but the decrease was greater in the sham
mice, abolishing the group differences in EDD
(p = 0.546) (Figure 1A). As a result, NO-mediated
dilation (peak response to acetylcholine [ACh]
alone [-] peak response to ACh + L-NAME) was 67%
lower in the DOXO compared with sham mice (p <
0.001) (Figure 1C). Together, these observations
indicate that DOXO impairs NO-mediated EDD
rather than decreasing vascular smooth muscle
sensitivity to NO.

EXCESS TOTAL ROS-ASSOCIATED SUPPRESSION OF
ENDOTHELIAL FUNCTION BY DOXO. Excess bioac-
tivity of ROS is a key mechanism underlying re-
ductions in NO bioavailability in the endothelium

in several physiological (e.g., aging) and
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TABLE 1 Body Mass, Tissue Mass, Energy Intake, and Water Intake

Sham (n = 4) DOXO (n = 4) p Value
Body mass, g 28.5 + 0.9 252 +1.0 0.017
Heart, mg 151.5 £ 15.1 1235+ 4.5 0.042
Quadriceps, mg 389.8 +18.8 290.0 +14.8 0.003
Gastrocnemius, mg 309.0 £ 43 233.8 £ 204 0.029
Epididymal white adipose tissue, mg  468.5 +£19.9 187.1+25.7 <0.001
Food intake, kcals/day 12.6 £ 0.4 105+ 0.3 0.024
Water intake, ml/day 3.8 +0.1 28 +0.1 0.003

Values are mean + SEM.
DOXO = doxorubicin.

pathophysiological states (24). To determine the ef-
fect of DOXO on vascular ROS bioactivity, we first
assessed ROS in the aorta using electronic para-
magnetic resonance spectroscopy and found it was
40% greater (p = 0.002) in the DOXO- than Sham-
treated mice (Figure 2A). Next, to determine if this
excess ROS had a functional role in the impaired EDD
of DOXO-treated mice, we assessed EDD in isolated
carotid arteries with and without prior incubation
with the superoxide dismutase (SOD) mimetic/ROS
scavenger, TEMPOL. We found that TEMPOL admin-
istration completely restored peak EDD in the DOXO
mice to sham levels (Figures 2B and 2C), indicating
that impaired EDD with DOXO is likely due to exces-
sive vascular ROS bioactivity. Moreover, we found no
differences in the abundance of the cytosolic (SOD1)
and extracellular (SOD3) isoforms of SOD, a major
endogenous antioxidant enzyme, in the aorta of the
DOXO and sham animals (SOD1: p = 0.157; SOD3:
p = 0.854) (Figures 2D and 2E). These observations
indicate that DOXO-associated EDD impairment is
likely due to excessive bioactivity of ROS without
stimulating expected compensatory increases in SOD1
or SOD3.

ROLE OF MITOCHONDRIAL-SPECIFIC ROS IN
DOXO-INDUCED ENDOTHELIAL DYSFUNCTION.
DOXO is reported to induce excess bioactivity of
mitochondrial ROS in endothelial cells in vitro (25),
but the effects of DOXO on mitochondrial ROS in
intact arteries has not been investigated. Accordingly,
we next assessed mitochondrial ROS bioactivity in
the aorta. We found that aortic mitochondrial ROS
was 52% greater (p < 0.001) in DOXO-treated mice
compared with sham (Figure 3A). To determine if this
excess mitochondrial ROS plays a role in DOXO-
induced endothelial dysfunction, we incubated ca-
rotid arteries from DOXO-treated mice with the
mitochondrial-targeted antioxidant, MitoQ, prior to
assessing EDD. Incubation with MitoQ fully restored
peak EDD (%) in DOXO treated mice to levels
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FIGURE 1 Doxorubicin-Induced Endothelial Dysfunction in Conduit Arteries Is Mediated by Reduced Nitric Oxide Signaling
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(A) Dose-response endothelium-dependent dilation (EDD) to acetylcholine (ACh) in isolated carotid arteries, with and without the nitric oxide (NO)-synthase inhibitor,
L-NAME. (B) Dose-response endothelium independent dilation to the NO donor sodium nitroprusside (SNP). (C) Peak NO-mediated dilation to ACh, assessed as the
difference between peak EDD in the absence versus presence of the NO synthase inhibitor N(w)-nitro-L-arginine methyl ester (L-NAME). n = 4 (sham); n = 4
(doxorubicin [DOXO]). Data are the mean &+ SEM. *p < 0.05 vs. sham; #p < 0.05 within group response for ACh vs. ACh + L-NAME.

observed in sham control mice (Figures 3B to 3C). To
determine if increased vascular mitochondrial ROS
after DOXO treatment developed in conjunction with
reduced endogenous mitochondrial antioxidant de-
fenses, we also assessed aortic protein abundance of
manganese SOD, the mitochondrial isoform of SOD
(SOD2). We found that aortic SOD2 abundance was
~70% lower in DOXO versus sham (p < 0.001)
(Figure 3D). Together, these results indicate that the
greater total bioactivity of vascular ROS and tonic
ROS-related suppression of EDD in DOXO-compared
with sham-treated mice is mediated by excessive
bioactivity of mitochondrial ROS in the absence of
appropriate compensatory up-regulation mitochon-
drial SOD antioxidant defenses.

STIMULATION OF TOTAL AND MITOCHONDRIAL ROS
BIOACTIVITY BY DOXO TREATMENT IS INDUCED BY
SYSTEMIC CIRCULATING FACTORS. We
recently shown that in vivo pharmacological treat-
ments can influence ROS bioactivity in cultured
endothelial cells by inducing changes in the circu-
lating milieu that persist after the treatment com-
pound has been cleared from the circulation (22). We

have

hypothesized that this mechanism might be involved
in excessive ROS stimulation after DOXO treatment,
as DOXO and its primary metabolite, doxorubicinol,
are cleared from plasma within 24 to 96 h of admin-
istration (26). To test this hypothesis, we used an
ex vivo model in which human umbilical vein endo-
thelial cells (HUVECs) are treated for 24 h with ROS
with plasma obtained from DOXO and sham-treated

mice (upon sacrifice) after which ROS was
assessed (22).

We first sought to establish that total ROS bioac-
tivity was increased in HUVECs exposed to plasma
from DOXO-treated mice compared with sham control
mice. To do so, we assessed total cellular ROS using
the CellROX fluorescent probe (Thermo Fisher [Wal-
tham, Massachusetts]; catalog# C10422) and found
that ROS bioactivity was greater in HUVECs incubated
with plasma from DOXO-treated mice compared with
sham control mice (p < 0.001) (Figures 4A and 4E).

Next, we aimed to determine if enhanced mito-
chondrial ROS contributed to the greater total HUVEC
ROS induced by DOXO administration by assessing
mitochondrial ROS bioactivity using the MitoSOX
fluorescent probe (Thermo Fisher, Catalog# M36008).
We observed greater mitochondrial ROS in HUVECs
exposed to plasma obtained from DOXO compared
with sham-treated animals (p < 0.001) (Figures 4B and
4E). To determine if this greater ROS bioactivity was
linked to changes in mitochondrial volume, we
incubated HUVECs with the fluorescent probe, Mito-
Tracker Green (Thermo Fisher, Catalog# M7514). We
found that mitochondrial volume in HUVECs was
40% lower (p < 0.001) following incubation with
plasma from DOXO-treated mice compared with sham
control mice (Figures 4C and 4E). By accounting for
mitochondrial volume, we established that DOXO-
induced stimulation of mitochondrial ROS is a result
of greater mitochondrial ROS per volume of mito-
chondria, and not due to an increase in mitochondrial
number (DOXO- vs. sham-treated mice; p = 0.002)
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FIGURE 2 Impaired Conduit Artery Endothelial Function With Doxorubicin Is Mediated by Excessive Reactive Oxygen Species
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(A) Whole-cell reactive oxygen species (ROS) in aortic segments. Representative electron paramagnetic resonance spectra are shown above. (B) Dose-response and (C)
peak endothelium-dependent dilation (EDD) in isolated carotid arteries in response to acetylcholine in the presence or absence of the superoxide dismutase (SOD)
mimetic, TEMPOL (1.0 pum, 60 min incubation to scavenge ROS). Aortic protein abundance of (D) SOD1 and (E) SOD3; representative images from the WES capillary
electrophoresis automated Western blot system are shown above. Protein abundance of target proteins are normalized to protein abundance of GAPDH. Data are the
mean + SEM. n = 4 (sham); n = 4 (doxorubicin [DOXQ]); n = 4 (DOXO + TEMPOL). *p < 0.05 vs. sham; #p < 0.05 doxorubicin (DOXO) + TEMPOL vs. DOXO.

(Figure 4D). Collectively, these findings demonstrate
that plasma from DOXO-treated mice increases total
ROS bioactivity in endothelial cells ex vivo, and that
greater mitochondrial ROS contributes to this effect,
independent of DOXO-induced reductions in endo-
thelial cell mitochondrial volume.

DOXO-INDUCED CHANGES IN SYSTEMIC FACTORS
RELATED TO MITOCHONDRIAL ROS BIOACTIVITY.
Metabolomics. We next sought to identify changes
in circulating molecular factors and pathways that
may have contributed to the higher mitochondrial

ROS bioactivity associated with DOXO treatment. To
do so, we first performed a targeted metabolomics
analysis on plasma from DOXO- and sham-treated
mice, focusing on central carbon and nitrogen
metabolites, which are key components of redox
homeostasis (27). Partial least squares discriminant
analysis showed a discrimination of the plasma
metabolite profiles of the 2 groups (Supplemental
Figure 1), indicating clear differences in the DOXO-
and sham-treated mice. We found that selective
metabolites associated with mitochondrial ROS
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FIGURE 3 Excessive Reactive Oxygen Species From Mitochondria Mediate Doxorubicin-Induced Endothelial Dysfunction

in Conduit Arteries
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(A) Mitochondrial reactive oxygen species (ROS) in aortic segments. Representative electron paramagnetic resonance spectra are shown
above. (B) Dose-response and (C) peak endothelium-dependent dilation (EDD) to acetylcholine in the presence of the mitochondrial-targeted
antioxidant, MitoQ (1.0 umol/L, 60 min incubation to scavenge mitochondrial-specific reactive oxygen species). (D) Aortic protein abundance
of superoxide dismutase-2 (S0D2); representative images from the WES capillary electrophoresis automated Western blot system are shown
above. Protein abundance of target proteins are normalized to protein abundance of GAPDH. Data are the mean + SEM. n = 4 (sham); n =4
(doxorubicin [DOXO]); n = 5 (DOXO + MitoQ). *p < 0.05 vs. sham; #p < 0.05 doxorubicin (DOXO) -+ MitoQ vs. DOXO.

differed in plasma from the DOXO versus sham
animals, including: diphosphate (p = 0.048), which
typically is reduced during states of mitochondrial
oxidative stress (28); lactate (p = 0.031), a byproduct
of glycolysis that in some physiological states may
be reduced to preserve redox homeostasis in
mitochondria (28); guanine (p = 0.046), a nucleotide

base that could be reduced by excess mitochondrial
ROS (29); ribose phosphate (p = 0.044), a product of
the pentose phosphate pathway that is commonly
lower during periods of oxidative stress and is
associated with mitochondrial dysfunction (30); and
5-hydroxyindoleacetate (p = 0.033), a primary
metabolite of serotonin that is implicated in
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FIGURE 4 Plasma From Doxorubicin-Treated Mice Increases Total and Mitochondrial Specific Reactive Oxygen Species in Vascular Endothelial Cells
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Quantification of (A) whole cell reactive oxygen species (ROS) (CellROX) and (B) mitochondrial ROS (MitoSOX) in human umbilical vein endothelial cells (HUVECs)
following a 24-h incubation with plasma from sham and doxorubicin (DOXO)-treated mice or with fetal cow serum (FCS) (control condition). (C) HUVEC mitochondrial
number (MitoTracker Green) following a 24-h incubation with plasma from sham- and DOXO-treated mice. (D) Mitochondrial ROS expressed relative to mitochondrial
number in HUVECs following 24-h incubation with plasma from sham- and DOXO-treated mice. (E) Representative images of CellROX, MitoSOX, and MitoTracker in
HUVECs following 24-h incubation with plasma from sham- and DOXO-treated mice. Data are the mean + SEM. *p < 0.05 vs. sham.

oxidative stress and mitochondrial toxicity (31)
(Supplemental Figure 2). To determine associations
of these plasma metabolites with mitochondrial-
specific aortic ROS, we performed linear regression
analyses. We found that plasma diphosphate
(p = 0.053) and lactate (p = 0.067) tended to be
positively associated with aortic mitochondrial ROS
(Supplemental Figure 3). A full report of metabolite
abundance is provided in Supplemental Table 2.

Dot blot array. To expand on this initial analysis of
potential circulating signals influenced by DOXO
treatment, we next targeted inflammatory pathways,
given that DOXO administration is associated with
higher levels of pro-inflammatory proteins in the
circulation (32). To address this aim, we assessed
plasma concentrations of 20 different cytokines and
chemokines via a dot-blot array. We found that all but
2 of these markers did not differ significantly in
plasma from DOXO-treated mice compared with sham

control mice (Table 2). The exceptions were the anti-
inflammatory cytokine interleukin-4, which was
only slightly (<5%), but significantly (p 0.043)
lower in the DOXO mice, and vascular endothelial
growth factor-A (VEGF-A), which stood out as being
40% lower in the DOXO treated group (p < 0.001).
Moreover, plasma VEGF-A was inversely associated
(p = 0.001) with mitochondrial ROS (Supplemental
Figure 4). These findings indicated that VEGF-A, a
protein signaling molecule in endothelial cells, may
be associated with DOXO-induced modulation of ROS
in endothelial cells.

RESTORING VEGF-A IN PLASMA FROM
DOXO-TREATED MICE REDUCES MITOCHONDRIAL
ROS BIOACTIVITY IN ENDOTHELIAL CELLS. We next
sought to determine the possible effects of reduced
circulating levels of VEGF-A in regulating DOXO-
induced mitochondrial ROS bioactivity in HUVECs.
To accomplish this, we supplemented plasma from
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TABLE 2 Plasma Cytokine, Chemokine, and VEGF-A Levels
(pg/ml) Following Sham (n = 4) and DOXO (n = 8) Administration

Sham (n = 4) DOXO (n = 8) p Value
IL-Ta 197 £1 196 + 2 0.862
IL-1B 347 £3 347 £1 0.686
IL-2 258 + 16 272 + 6 0.342
IL-3 715 + 32 699 + 16 0.21
IL-4 8704 844 x5 0.043
IL-5 722 +1 4 £2 0.091
IL-6 95 +1 89 +7 0.097
IL-9 185+ 4 194 + 4 0113
IL-10 284 £1 277 £5 0.062
IL-12-p70 162 +1 156 + 6 0.216
IL-13 155 + 2 155 +£ 1 0.303
IL-17A 150 £ 2 142+ 8 0.053
CCL5 251+ 2 250 £1 0.607
CXcL1 227 +1 228 +1 0.764
GM-CSF 808 + 13 788 +£ 8 0.225
IFN-y 1081 + 2 1080 £ 1 0.644
MCP-1 204 +£1 201 +£3 0.075
M-CSF 317 £1 318 £ 2 0.905
TNF-a 47 £5 34 +£2 0.055
VEGF-A 228+ 3 138+2 <0.001
Values are mean + SEM and are expressed relative to an internal positive control.
Values in bold indicate a statistical difference. Plasma was analyzed by
immunoblot.

CCL = chemokine (C-C motif) ligand (CCL); CXCL = chemokine (C-X-C motif)
ligand (CXCL); GM-CSF = granulocyte-macrophage colony stimulating factor;
IFN = interferon; IL = interleukin; MCP = monocyte chemoattractant protein; M-
CSF = monocyte-colony stimulating factor; TNF = tumor necrosis factor;
VEGF = vascular endothelial growth factor.

DOXO-treated mice with 90 pg/ml VEGF-A to
normalize VEGF-A to concentrations observed in
sham control mice, and then assessed the effect on
mitochondrial ROS in HUVECs via MitoSOX fluores-
cence after a 24-h incubation period. We found that
restoring VEGF-A in plasma from DOXO-treated mice
normalized mitochondrial ROS in HUVECs compared
with sham plasma (Figure 5). To demonstrate that this
effect of VEGF-A supplementation of plasma was
specific to DOXO-treated mice, we also supplemented
sham plasma with the equivalent concentration of
VEGF-A and found no change in mitochondrial ROS
(sham vs. sham + VEGF-A; p = 0.937). Overall, these
observations suggest that reductions in circulating
VEGF-A may contribute to greater mitochondrial-
derived ROS bioactivity in endothelial cells
following DOXO.

IN VIVO SUPPLEMENTATION WITH MitoQ PREVENTS
DOXO-INDUCED VASCULAR ENDOTHELIAL
DYSFUNCTION BY SUPPRESSING BIOACTIVITY OF
MITOCHONDRIAL ROS AND PRESERVING NO
SIGNALING. Collectively, our findings strongly
implicated excess mitochondrial ROS as a key mech-

anism  mediating DOXO-induced endothelial
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dysfunction. As such, we postulated that targeting
excess mitochondrial ROS following DOXO adminis-
tration may be an effective strategy for preventing
endothelial dysfunction with DOXO. To explore this
possibility, we next determined if in vivo supple-
mentation of the mitochondria-specific antioxidant
MitoQ (250 umol/l in drinking water for 4 weeks)
could prevent DOXO-induced endothelial dysfunc-
tion versus administration of DOXO alone. MitoQ
supplementation was initiated immediately following
DOXO administration, rather than concomitantly, as
the National Cancer Institute advises against adjunct
antioxidant administration with chemotherapy (33).
This guideline is based on concerns that antioxidant
therapy may interfere with the effectiveness of these
cancer-suppressing drugs and may lead to adverse
clinical outcomes (34).

Animal characteristics. In vivo MitoQ supplemen-
tation did not influence body weight (DOXO: 26.2 +
1.0 g vs. DOXO + MitoQ: 26.2 + 1.4 g; p = 0.927), energy
intake (DOXO0: 10.7 + 0.3 kcals/day vs. DOXO + MitoQ:
10.3 + 0.6 kcals/day; p =0.794), or water intake (DOXO:
2.6 + 0.1 ml vs. DOXO + MitoQ: 2.7 & 0.2 ml; p = 0.945)
in DOXO-treated mice. MitoQ supplementation did not
influence heart, skeletal muscle, or adipose tissue
mass (Supplemental Table 3).

Vascular endothelial function: NO-mediated
EDD. Carotid artery resting (DOXO: 415 + 9 pum Vvs.
DOXO + MitoQ: 417 & 32 um; p = 0.946) and maximal
(DOXO: 455 + 13 um vs. DOXO + MitoQ: 448 + 8 um;
p = 0.667) diameters did not differ between the
groups (resting, p = 0.90; maximal, p = 0.981). Most
importantly, MitoQ supplementation completely
prevented DOXO-induced impairments in carotid ar-
tery EDD (peak EDD: DOXO + MitoQ vs. DOXO;
p = 0.002) (Figure 6A).

Next, we determined if in vivo MitoQ supplemen-
tation prevented DOXO-induced impairments in EDD
by influencing endothelium-independent dilation
(i.e., by altering vascular smooth muscle sensitivity to
NO). We found no difference in the dilatory responses
to sodium nitroprusside between DOXO and DOXO +
MitoQ mice (peak EDD; p = 0.637) or Sham and
DOXO + MitoQ mice (peak EDD, p = 0.645), indicating
no effects of MitoQ on smooth muscle sensitivity to
NO (Figure 6B).

We then sought to determine if MitoQ supple-
mentation prevented DOXO treatment-induced im-
pairments in NO-mediated EDD. Administration of
the NO synthase inhibitor L-NAME abolished group
differences in peak EDD (DMQ vs. DOXO: p = 0.525;
DMQ vs. sham: p = 0.453), indicating that MitoQ
supplementation prevented the DOXO-induced
impairment in NO-mediated EDD (Figure 6C).
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Species in Endothelial Cells

FIGURE 5 Vascular Endothelial Growth Factor-A Contributes to Doxorubicin-Associated Modulation of Mitochondrial Reactive Oxygen
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(A) Quantification and (B) representative images of mitochondrial reactive oxygen species (MitoSox fluorescence) in human umbilical vein
endothelial cells following 24-h incubation with plasma from Sham-treated mice, Sham-treated plasma -+ supplementation with vascular

with VEGF-A (90 pg/ml). Data are the mean + SEM. *p < 0.05 vs. sham.
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Last, to determine if in vivo MitoQ supplementa-
tion prevented DOXO-induced reductions in
NO-mediated EDD by inhibiting mitochondrial ROS-
related suppression of EDD, we incubated carotid
arteries from DOXO + MitoQ mice with MitoQ, prior to
assessing EDD. There was no further improvement in
EDD following acute MitoQ incubation (Peak EDD:
DMQ vs. DMQ + MitoQ; p = 0.997) (Figure 6D).
Together, these observations provide experimental
evidence that in vivo MitoQ supplementation might
be an effective strategy for preventing DOXO
treatment-associated stimulation of mitochondrial
ROS, vascular endothelial dysfunction, and specif-
ically, the NO-mediated component of EDD.

DISCUSSION

DOXO chemotherapy has been shown to impair
endothelial function (i.e., reduce EDD) in conduit
arteries of cancer survivors (18). However, the
underlying mechanisms and associated therapeutic
targets have not been established, because
mechanism-focused investigations to date have been
largely limited to endothelial cell culture models
(35,36). In the present study, we first determined that
DOXO treatment impaired endothelial function in
conduit arteries as a result of decreased NO-mediated
EDD and not due to reduced vascular smooth muscle
responsiveness to NO. Next, we identified excessive

ROS as a key mechanism underlying DOXO-induced
endothelial dysfunction in conduit arteries, and
then identified mitochondria as a key source of the
excess ROS bioactivity. Subsequently, we established
that systemic circulating factors from the DOXO-
treated mice stimulated increased endothelial mito-
chondrial ROS and identified potential molecular
transducers that differed in plasma obtained from the
DOXO and sham groups. Because lower concentra-
tions of VEGF-A in the DOXO mice appeared to be the
strongest signal, we restored VEGF-A to sham control
levels and showed that doing so normalized endo-
thelial mitochondrial ROS. Last, to establish excessive
mitochondrial ROS as a potential therapeutic target
for preventing DOXO treatment-induced endothelial
dysfunction in conduit arteries, we supplemented the
drinking water of mice with the mitochondrial-
targeted antioxidant, MitoQ, for 4 weeks following
DOXO administration. Oral MitoQ supplementation
prevented the impairment in EDD in DOXO-treated
mice by preventing excessive mitochondrial ROS-
driven oxidative stress and consequent reductions
in NO-mediated EDD. Overall, our findings demon-
strate that excessive mitochondrial ROS bioactivity is
a key mechanism in DOXO-induced endothelial
dysfunction in conduit arteries and provide initial
evidence for the potential efficacy of mitochondrial
ROS-lowering therapies to preserve vascular health in
cancer survivors treated with such drugs.
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FIGURE 6 MitoQ Supplementation Prevents Doxorubicin-Induced Endothelial Dysfunction in Conduit Arteries by Preventing Excessive
Mitochondrial Reactive Oxygen Species-Associated Suppression of Endothelium-Dependent Dilation and Nitric Oxide Signaling
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(A) Dose-response endothelium-dependent dilation (EDD) to acetylcholine (ACh) and ACh in the presence of the nitric oxide (NO)-synthase
inhibitor, N(w)-nitro-L-arginine methyl ester (L-NAME). (B) Dose-response EDD to the NO donor sodium nitroprusside (SNP). (C) Peak NO-
mediated dilation to ACh, assessed as the difference between peak EDD in the absence versus presence of the NO synthase inhibitor L-NAME.
(D) Peak EDD in the presence of MitoQ (1.0 umol/l, 60 min incubation to scavenge mitochondrial-specific reactive oxygen species). DMQ:
doxorubicin (DOXO) + in vivo MitoQ. Data are the mean & SEM. n = 4 (doxorubicin [DOX0]); n = 5 (DOXO + MitoQ). *p < 0.05, DOXO vs.

DOXO accumulates in the mitochondria (37) and
damages mitochondrial DNA (38), which can lead to
an increased production of ROS from the mitochon-
dria (39). Moreover, and consistent with our findings,
in vitro experiments have shown that treatment of
cultured cardiomyocytes and endothelial cells with
DOXO results in elevated production of mitochondrial
ROS (15) and reduced abundance of mitochondrial
antioxidant enzymes (11,40). The present results
extend these observations by demonstrating that
DOXO treatment in vivo stimulates excess mito-
chondrial ROS in intact conduit arteries while sup-
pressing SOD2 abundance, that is, rather than

inducing an appropriate physiological compensatory
increase in this important mitochondrial antioxidant.
These findings also are in agreement with previous
work reporting excess production of mitochondrial
ROS and impaired vascular endothelial function in
mice with genetic SOD2 insufficiency (41). It should
be noted that other ROS generating pathways may
also contribute, including oxido-reductases such as
endothelial NO synthase or NADPH cytochrome P450
reductase (42).

Another key finding from our experiments was that
changes in the composition of the circulating milieu
may contribute to DOXO treatment-associated
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CENTRAL ILLUSTRATION Working Hypothesis
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An increase in mitochondria-derived reactive oxygen species (ROS) with doxorubicin contributes to a state of oxidative stress and reduction in
nitric oxide (NO) signaling that promotes the development of endothelial dysfunction in conduit arteries. Mitochondria-targeted antioxidant
treatment with MitoQ may be a therapeutic strategy for reducing oxidative stress and preserving conduit artery endothelial function with
doxorubicin to reduce cardiovascular disease risk.
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stimulation of excess vascular ROS, consistent with
recent observations from our laboratory in the setting
of aging (22). The scope of the present investigation
precluded an exhaustive interrogation of the identity
of the factors involved. However, using a targeted
plasma metabolomics analysis, there was a tendency
to an overall lower abundance of nucleic acid bases
(adenosine, thymidine, cytidine, and guanine), as well
as glycolytic and pentose phosphate intermediates, all
of which may be associated with states of higher
oxidative stress (28,30,43). Particularly, diphosphate
and lactate were positively related to vascular mito-
chondrial ROS. In a second targeted analysis, we
assessed the abundance of circulating cytokines, che-
mokines, and VEGF-A in plasma from DOXO and sham
mice, given that DOXO chemotherapy increases
circulating abundance of pro-inflammatory cytokines
(32) and inflammation can stimulate synthesis of ROS
(44). This analysis revealed substantially lower circu-
lating VEGF-A concentrations in the DOXO-treated
mice. As a follow-up, we subsequently showed that
restoring VEGF-A to sham levels normalized mito-
chondrial ROS in endothelial cells, demonstrating a
role for VEGF-A in regulating endothelial cell mito-
chondrial ROS with DOXO. These results are in agree-
ment with previous findings in mice in which whole-
body overexpression of VEGF-B prevented DOXO-
induced impairments in aortic EDD and car-
diomyocyte mitochondrial respiration (17).

Chronic oral supplementation with the mitochon-
drial targeted antioxidant MitoQ reverses age-related
impairments in NO-mediated endothelial function by
mitigating excessive mitochondrial ROS-related sup-
pression of EDD (20,45). The present study demon-
strates that chronic MitoQ supplementation also
prevents the increases in mitochondrial ROS and
consequent reductions in NO-mediated EDD in
conduit arteries induced by DOXO treatment. This is
potentially clinically relevant as MitoQ is commer-
cially available and safe for use in humans (46,47),
and we have shown that 6 weeks of oral supplemen-
tation with this compound improves endothelial
function in healthy older adults (45). Patients who
have undergone DOXO chemotherapy also have
vascular endothelial dysfunction (18), and nonspe-
cific (48) and mitochondrial-targeted (49,50) antiox-
idant therapies can be effective in settings of DOXO-
induced cardiomyopathy. As such, MitoQ may hold
promise for anthracycline-treated patients, although
the use of antioxidant treatment with chemotherapy
should strictly adhere to National Cancer Institute
guidelines (33).
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STUDY studies
should consider other experimental approaches to
facilitate translation to patient populations, including
use of tumor-bearing animals to model human can-
cer; administering DOXO intravenously in smaller
consecutive doses over time; larger sample sizes; and

mechanistic analyses to determine if the treatment

LIMITATIONS. Future preclinical

has direct or off target effects. Additionally, future
studies should assess cardiac function in parallel with
vascular function.

Endothelial cells produce endothelin (ET)-1, a pro-
vasoconstrictor and pro-atherogenic molecule that is
elevated in the setting of heart failure (51) and in
patients treated with DOXO chemotherapy (52,53).
Moreover, ET-1 stimulates mitochondrial ROS pro-
duction in endothelial cells (54). Thus, strategies
aimed at preventing DOXO-induced increases in ET-1
may lower endothelial mitochondrial ROS production
and improve cardiovascular function.

CONCLUSIONS

Our results demonstrate that DOXO-induced endo-
thelial dysfunction in intact conduit arteries is
mediated by reduced NO signaling secondary to
excessive bioactivity of mitochondrial ROS in the
absence of an appropriate compensatory upregula-
tion of mitochondrial SOD (Central Illustration).
Importantly, we show that chronic oral supplemen-
tation with the mitochondrial-targeted antioxidant
MitoQ can prevent DOXO-induced endothelial
dysfunction in conduit arteries of nontumor-bearing
mice by mitigating excessive mitochondrial ROS
suppression of EDD. Healthy vascular endothelial
function is associated with a marked reduction in
future risk of heart failure (55), the major clinical
cardiovascular consequence of anthracycline treat-
ment (56). As such, lifestyle and pharmacological
strategies that preserve endothelial function hold
promise for preventing heart failure and other
adverse cardiovascular outcomes associated with
anthracycline cancer therapy.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This
study demonstrates that excessive mitochondrial reactive
oxygen species is a key mechanism underlying doxoru-
bicin-associated vascular endothelial dysfunction.
Furthermore, this study suggests that oral mitochondrial-
targeted antioxidant supplementation is a potential
therapeutic strategy for treating excess mitochondrial
reactive oxygen species-related suppression of vascular
endothelial dysfunction with doxorubicin.

Doxorubicin, Endothelial Dysfunction, and Mitochondrial Oxidative Stress

TRANSLATIONAL OUTLOOK: Future studies should
determine the long-term efficacy of mitochondrial-
targeted antioxidant supplementation in treating
doxorubicin-induced vascular endothelial function in
tumor-bearing animals, so as to more closely resemble
the human condition. Supplementation should occur at a
time following chemotherapy that is aligned with the
guidelines put forth by the National Cancer Institute. A
detailed assessment of cardiac function is also necessary

prior to human studies.
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