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OBJECTIVES This study investigated the cardioprotective effect of repeated remote ischemic preconditioning (rRIC) on

doxorubicin-induced cardiotoxicity in mice.

BACKGROUND Doxorubicin is an effective chemotherapeutic agent for a wide range of tumor types but its use and

dosing are limited by acute and chronic cardiotoxicity. Remote ischemic conditioning (RIC) is cardioprotective in multiple

cardiovascular injury models, but the effectiveness of rRIC in doxorubicin-induced cardiotoxicity has not been fully

elucidated.

METHODS rRIC was performed on mice before and after doxorubicin administration. Cardiac function was assessed by

echocardiography and myocardial biology was tested by molecular approaches.

RESULTS Doxorubicin administration induced acute cardiotoxicity, as indicated by reduced cardiac function, reduced

myocyte cross-section area and increased extracellular collagen deposition, increased circulating cardiac muscle damage

markers, and decreased heart weight. Doxorubicin also adversely affected other organs, including the kidney, liver, and

spleen, as evaluated by circulating markers or organ weight loss. rRIC not only abrogated doxorubicin-induced cardio-

toxicity (left ventricular ejection fraction, doxorubicin 47.5 � 1.1%, doxorubicin þ rRIC 51.6 � 0.7%, p ¼ 0.017), but also

was associated with multiorgan protection. Within the myocardium, rRIC attenuated doxorubicin-induced cardiomyocyte

apoptosis, reduced inflammation, and increased autophagy signaling.

CONCLUSIONS rRIC may be a promising approach to reduce doxorubicin-induced cardiotoxicity.

(J Am Coll Cardiol CardioOnc 2020;2:41–52) © 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/).
A nthracyclines are a class of chemotherapeutic
drugs used to treat a wide range of hemato-
logical malignances and solid tumors,

including leukemias, lymphomas, neuroblastoma,
soft tissue and bone sarcomas, breast carcinoma,
and ovarian carcinoma. Despite decades of use, the
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ABBR EV I A T I ON S

AND ACRONYMS

BUN = blood urea nitrogen

rRIC = repeated remote

ischemic conditioning
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and lipids, leading to cell death (1,2).
Furthermore, because of its planar structure,
doxorubicin intercalates between adjacent
GC base pairs, probably due to specific
hydrogen-bond formation between doxoru-
bicin and guanine (3), leading to the forma-
tion of DNA adducts with resultant torsional stress
and nucleosome destabilization (4). This intercala-
tion also inhibits progression of topoisomerase II
involved in DNA replication, transcription, and DNA
repair (5). Interfered topoisomerase II results in
double-strand DNA breaks and cell death. Other
studies have shown that doxorubicin increases intra-
cellular ceramides that arrest the cell cycle via pro-
teolytic activating transcription factor CREB3L1
(cAMP response element binding protein 3-like 1) (6).
SEE PAGE 53
Although the anticancer mechanisms continue to
be investigated, the antiproliferative effects of
doxorubicin clearly also target proliferative non-
cancer cells, such as stem cells in the bone marrow
and hair follicles, commonly leading to hematologic
side effects and hair loss during treatment. However,
cardiotoxicity has emerged as one of the most con-
cerning adverse effects of the use of doxorubicin in
cancer therapy. The risk of cardiomyopathy has been
noted to increase with dose, and is estimated to be
7%, 18%, to 65% with cumulative anthracycline doses
of 150, 350, and 550 mg/m2, respectively (7). There is
considerable interindividual variability, however,
with adverse effects at much lower doses seen in
some patients. Clinically, cardiac function is usually
assessed by echocardiography before and after
doxorubicin administration. Strain echocardiography
may be a more sensitive measure to detect early
cardiotoxicity of doxorubicin (8), and cardiac mag-
netic resonance imaging also can be used to monitor
cardiac function. Previously, serial radionuclide im-
aging had been used to assess left ventricular ejection
fraction, and endomyocardial biopsies were some-
times obtained to characterize the myocardial dam-
age with anthracyclines (9,10).

Several approaches to mitigate cardiotoxicity have
been suggested, including: 1) limiting cumulative
dose; 2) extended infusion time to reduce peak blood
levels; 3) liposomal doxorubicin to increase tumor
tissue distribution (11); 4) concomitant treatment
with dexrazoxane (12), the only drug approved spe-
cifically to prevent doxorubicin-induced cardiotox-
icity; and 5) primary or secondary prevention of
worsening cardiomyopathy with neurohormonal an-
tagonists. The merits of these approaches have been
reviewed elsewhere (13), but improved approaches to
reduce doxorubicin cardiotoxicity remain a clinical
need.

Remote ischemic conditioning (RIC), induced by
repeated cyclic occlusion of blood flow and reperfu-
sion of a limb, protects the heart in various animal
models and clinical scenarios of ischemia/reperfusion
injury (14), postinfarction ventricular remodeling
(15), and sepsis-induced cardiomyopathy (16). Besides
the heart, RIC has been shown to be protective in
other organs, including liver, brain, kidney, lung,
gastrointestinal tract, skeletal muscle, and even skin
flaps.

We therefore performed this proof-of-principle
study to test the effect of repeated RIC (rRIC) on
doxorubicin-induced cardiotoxicity in mice. We
additionally performed preliminary studies to assess
the potential effects of rRIC on doxorubicin-induced
multiorgan dysfunction.

METHODS

ANIMAL EXPERIMENT. All animal protocols were
approved by the Institutional Animal Care and Use
Committees of the Cincinnati Children’s Hospital
Medical Center in accordance with the Animal Wel-
fare Act and Public Health Service Policy on Humane
Care and Use of Laboratory Animals. Mice were
housed in a fully equipped animal facility, with free
access to food and water ad libitum, and on a 12-h
dark/light cycle. Male 9-week-old C57 mice were or-
dered from Charles River Laboratories (Wilmington,
Massachusetts). Baseline echocardiography was per-
formed after a 48-h acclimation. Animals with normal
heart function (baseline ejection fraction between
50% and 65%) were randomized to receive doxoru-
bicin 10 mg/kg (doxorubicin group, n ¼ 8) or an
equivalent volume of saline (vehicle group, n ¼ 8)
injected via intraperitoneal injection. RIC was per-
formed 30 min before doxorubicin injection and then
repeated at the same time every day for the following
5 days (doxorubicin þ rRIC group, n ¼ 8). The mice
were euthanized after echocardiography on day 6.
Heparinized blood was collected from the inferior
caval vein, and subsequently plasma was isolated by
centrifugation, aliquoted, snap frozen in liquid ni-
trogen, and kept at �80�C for biomarker and inflam-
matory factor assays. Vital organs, including heart,
liver, kidney, and spleen, were harvested and
weighed. The heart was sliced into 3 pieces trans-
versely after removal of the atriums, and the middle
section was embedded in optimal cutting tempera-
ture compound for histology, apoptosis, and other
immune stains. The remainder was homogenized and
prepared for protein analysis.
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rRIC. We used a protocol of 4 cycles of 5 min of hin-
dlimb ischemia, induced by tourniquet, followed by
5 min of reperfusion using the method we have
described before (17). Ischemia was confirmed by
pallor and cyanosis of the lower limb below the
tourniquet. As noted previously, this was performed
30 min before doxorubicin injection and then
repeated at the same time every day for 5 days.

WESTERN BLOT. Heart tissue was homogenized in a
lysis buffer containing 150mM NaCl, 50mM Tris$Cl
(pH 7.5), 0.5% deoxycholate, 0.1% sodium dodecyl
sulfate, 1% nonidet P-40, PhosSTOP, and Complete
Mini. Protein concentration was determined using a
Coomassie protein assay kit and bovine serum albu-
min was used as the standard. Cardiac protein levels
were determined by Western blot analysis (mini-gel,
100 mg loading weight) as described previously (18)
and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as the loading control.

ECHOCARDIOGRAPHY. Cardiac function was evalu-
ated by echocardiography by using the Vevo2100
mouse echocardiography system equipped with a 40-
MHz high-frequency transducer. Studies were per-
formed under anesthesia induced by isoflurane
inhalation. Anesthetic depth was indicated by heart
rate, and all images were obtained between 400 and
600 beats/min. Measurements and calculations were
made offline by investigators blinded to treatments.

CARDIOMYOCYTE CROSS-SECTIONAL AREA. After
air drying and fixation in ice-cold acetone, the slides
were treated with 3.3 U/ml neuraminidase type v for
60 min at room temperature. The slides then were
incubated with fluorescein-labeled peanut agglutinin
and rhodamine-labeled Griffonia simplicifolia lectin I
for 2 h at room temperature. The slides were covered
with coverslip in presence of antifade fluorescent
mounting medium and sealed with nail polish oil.
Four radially oriented microscope fields were
selected from each section and photographed under
a �40 objective. Myocyte cross-section area was
measured with Image J (National Institutes of Health,
Bethesda, Maryland) and 4 images from the same
sample were averaged.

APOPTOSIS. Frozen sections were air dried for 30
min, then fixed in ice-cold acetone for 10 min. The
slides were immune-stained with a-smooth muscle
actin antibody and a Texas-red conjugated second
antibody. Apoptotic nuclei were stained with a TACS
TDT-Fluor in situ apoptosis detection kit from
RnDSystem. The total nuclei count was made after
staining with 40,6-diamidino-2-phenylindole. Five
images were obtained with 3 filters: green for
apoptosis, red for a-smooth muscle actin, and blue for
40,6-diamidino-2-phenylindole under �20 objective
using Nikon (Tokyo, Japan) Eclipse confocal micro-
scopy equipped with NIS-Elements software. The 3
color images were merged together and apoptotic
nuclei expressed as number per field.

MYOCARDIAL FIBROSIS. Frozen section slides were
air dried for 30 min, then fixed in Bonin’s solution,
and stained with Pico-Sirius for 60 min. The slides
were washed with acid water and mounted with a
resinous medium after dehydration and cleared with
xylene. Five images per slide were obtained
under �20 objective and collagen area was analyzed
with Image J software, as previously described in
detail (18).

BIOMARKER ASSAYS. Circulating biomarkers of or-
gan injury were assayed with the following commer-
cially available kits: uric acid with a Uric Acid
Colorimetric/Fluorometric Assay kit; aspartate
aminotransferase activity with a Colorimetric Assay kit
from Biovision (Milpitas, California); Creatine kinase
with an EnzyChrom Creatine Kinase Assay kit from
BioAssay System (Hayward, California); and troponin I
with a Mouse High Sensitivity Cardiac Troponin I Elisa
kit from MyBioSource (San Diego, California).

CIRCULATING INFLAMMATORY MARKERS. The con-
centration of inflammatory factors in plasma was
determined with a Mouse Inflammation Array Q1,
sandwich enzyme-linked immunosorbent assay–
based quantitative array platform from RayBiotech
Life (Peachtree Corners, Georgia) following the man-
ufacturer’s directions. The array detects 40 inflam-
matory factors and each antibody is arrayed on
standard glass slide in quadruplicate.

STATISTICAL ANALYSIS. Data are expressed as the
mean � SE unless otherwise noted. Differences be-
tween 2 groups were analyzed by a 2-tailed t-test,
and multiple groups were compared using 1-way
analysis of variance and post hoc Tukey’s or
Bonferroni-Holm correction. A value of p < 0.05 was
regarded as a significant. Analysis was carried out
with SAS software version 9.4 (SAS Institute, Cary,
North Carolina) and Excel 2016 (Microsoft,
Redmond, Washington).

RESULTS

rRIC REDUCES THE INFLAMMATORY RESPONSE TO

DOXORUBICIN THERAPY. Doxorubicin is well known
to induce a systemic inflammatory reaction (19),
which, in turn, can be associated with multiorgan
dysfunction. Previous data from our laboratory
showed that RIC improved lipopolysaccharide-
induced cardiomyopathy and reduces systemic



TABLE 1 rRIC Globally Antagonized Doxorubicin-induced Alteration of

Inflammatory Factors

Vehicle
(n ¼ 8)

Dox
(n ¼ 8)

Dox/rRIC
(n ¼ 8) p Value

BLC 23.9 (15.2–28.1) 52.1 (34.8–108)* 47.6 (33.9–60.4)* 0.004

CD30L 0.39 (0–1.6) 0.68 (0–3.0) 0.22 (0–1.7) 0.74

Eotaxin 601 � 22.6 692 � 17.7 746 � 38.2† 0.009

Eotaxin-2 89.6 (50–127) 132 (71.5–512) 129 (118–136) 0.28

Fas L 1.9 (0.28–3.6) 3.5 (1.2–9.1) 1.8 (0–5.3) 0.40

G-CSF 29.4 (17.0–74.0) 56.1 (18.7–131) 29.1 (10.4–114) 0.69

GM-CSF 3.0 � 0.46 3.5 � 1.1 2.4 � 0.74 0.51

ICAM-1 959 � 144 1436 � 40.9† 1425 � 114* 0.016

IFNg 8.1 (5.6–9.7) 4.6 (3.3–6.8) 5.7 (3.2–9.1) 0.26

IL-1a 1.4 (0.27–2.5) 1.4 (0.76–2.7) 1.7 (1.4–6.4) 0.39

IL-1b 13.8 (6.2–16.1) 6.4 (4.7–12.3) 11.2 (5.2–17.5) 0.68

IL-2 5.1 (4.1–8.9) 4.9 (1.0–7.4) 4.5 (2.5–8.3) 0.72

IL-3 0.32 (0.19–0.50) 0.16 (0.02–0.25) 0.02 (0–0.16)* 0.024

IL-4 1.8 � 0.20 2.2 � 0.38 1.6 � 0.43 0.85

IL-5 5.4 (0–12) 0.22 (0–7.62) 1.98 (0–10.8) 0.78

IL-6 3.6 (2.6–6.8) 4.6 (3.4–14.9) 3.5 (0.68–6.68) 0.42

IL-7 0 (0–0) 5.1 (0–57.2)* 0 (0–1.35) 0.050

IL-10 13.2 (7.5–21.9) 7.3 (2.4–13.3) 12.8 (7.7–18.6) 0.34

IL-12p70 5.7 (2.6–7.0) 2.4 (0–4.1) 1.9 (0–7.4) 0.14

IL-13 3.6 (1.4–10.8) 10.5 (0–19.9) 11.7 (2.5–14.5) 0.67

IL-15 0 (0–2.9) 0 (0–13.1) 0.78 (0–12.7) 0.47

IL-17 2.6 (2.0–4.1) 5.5 (3.7–14.6) 3.8 (3.3–4.6) 0.08

IL-21 0 (0–0.65) 1.3 (0.56–3.4) 0.43 (0–2.1) 0.07

KC 1.9 (1.6–5.4) 3.4 (2.4–4.6) 2.6 (2.0–5.0) 0.55

Leptin 283 � 51.6 173 � 47.5 269 � 41.0 0.14

LIX 67.5 (36.5–88.9) 57 (49.1–74.4) 69.4 (49.1–112.0) 0.80

MCP-1 4.9 (3.5–8.4) 9.6 (6.9–13.4) 7.6 (6.1–9.2) 0.18

MCP-5 8.1 (5.4–9.5) 30.3 (17.5–63.0)† 21.3 (15.6–24.9)† 0.001

MCSF 0.38 (0.24–0.65) 0.37 (0.31–0.63) 0.66 (0.47–1.00) 0.28

MIG 348 � 93.8 273.3 � 45.4 278 � 55.6 0.82

MIP-1a 2.6 � 0.22 2.0 � 0.16 3.3 � 0.48‡ 0.023

MIP-1g 1,200 (1,120–1,250) 1,060 (985–1,130) 1,050 (946–1,160) 0.050

PF4 3,436 � 105 3,212 � 211 3,360 � 170 0.64

RANTES 2.9 (2.6–3.2) 3.2 (2.7–3.4) 2.6 (0.67–3.0) 0.40

TARC 4.8 (3.5–6.0) 7.9 (6.7–8.7)* 5.7 (5.1–7.7) 0.007

TCA-3 10.8 � 0.36 21.2 � 3.35* 15.5 � 2.6 0.015

TIMP-1 365 (301–430) 1,130 (923–1,260)† 828 (786–1,100)† <0.001

TNF-a 3.8 (1.5–4.8) 3.7 (1.8–5.4) 2.1 (1.5–5.3) 0.95

TNF RI 998 � 32.4 1,366 � 46.2† 1,112 � 74.7‡ 0.005

TNF RII 69.3 (58.4–81.0) 115 (102–169)* 144 (94.3–186.0)† 0.009

Values are median (interquartile range [Q1 and Q3]) or mean � SE. Multiplex inflammatory array quantified 40
inflammatory factors, and in 28 factors rRIC abrogated doxorubicin-induced alteration. Concentrations in pg/ml.
*p < 0.05. †p < 0.01 versus vehicle. ‡p < 0.05 versus doxorubicin alone.

BLC ¼ B lymphocyte chemoattractant (CXCL13); CD30L ¼ tumor necrosis factor ligand superfamily member 8
(TNFSF8, CD30 ligand); Fas L ¼ Fas ligand (CD95L, CD178); G-CSF ¼ granulocyte colony-stimulating factor;
GM-CSF ¼ granulocyte-macrophage colony-stimulating factor; ICAM ¼ intercellular adhesion molecule (CD54);
IFN ¼ interferon; IL ¼ interleukin; KC ¼ keratinocyte-derived chemokine (C-X-C motif chemokine receptor 1,
CXCL1); LIX ¼ lipopolysaccharide-induced CXC chemokine; MCP ¼ monocyte chemoattractant protein (CCL2);
MCSF¼macrophage colony-stimulating factor; MIG ¼monokine induced by gamma (CXCL9); MIP¼macrophage
inflammatory protein (CCL3); PF ¼ platelet factor (CXCL4); RANTES ¼ regulated upon activation, normal T cell
expressed and secreted (CCL5); TARC ¼ thymus and activation regulated chemokine (CCL17); TCA-3 ¼ CCL1,
I-309; TIMP ¼ tissue inhibitor matrix metalloproteinase; TNF ¼ tumor necrosis factor; TNFR ¼ tumor necrosis
factor receptor.
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inflammatory responses in a mouse sepsis model (16).
As expected, doxorubicin induced a systemic in-
flammatory reaction in our animals, with 39 of 40 of
the inflammatory markers showing proinflammatory
directional change (12 of them reaching statistical
significance). rRIC reversed these responses in
most of the inflammatory factors, although only
macrophage inflammatory protein-1g and tumor ne-
crosis factor receptor-1 reached statistical signifi-
cance, when compared with doxorubicin alone
(Table 1).

rRIC PRESERVES ORGAN WEIGHT. We found that
rRIC had little effect on doxorubicin-induced body
weight loss (Figure 1A), but significantly attenuated
the doxorubicin-induced decrease in heart weight
corrected for body weight (Figure 1B). Although
doxorubicin reduced kidney weight, it failed to reach
statistical significance compared with vehicle; how-
ever, kidney weight was significantly improved by
rRIC when the doxorubicin and doxorubicin þ rRIC
groups were compared (Figure 1C). The significant
effect of doxorubicin on spleen weight was also
partially abrogated by rRIC (Figure 1D), but the liver
was unaffected by doxorubicin and, as such, it was
unchanged in the doxorubicin þ rRIC group (Figure 1E).

rRIC IMPROVES CIRCULATING BIOMARKER

EVIDENCE OF MULTIORGAN DYSFUNCTION. We
next examined circulating markers of organ dysfunc-
tion. These data are shown in Figure 2. As a marker of
predominantly skeletal muscle damage, creatinine
kinase levels after doxorubicin treatment were
increased up to 4-fold compared with vehicle, and this
increase was completely abrogated by rRIC (Figure 2A).
Cardiac troponin I release showed a similar profile to
that of creatinine kinase. Doxorubicin led to signifi-
cantly increased troponin I levels and, again, rRIC
completely abrogated this effect (Figure 2B). Doxoru-
bicin also significantly increased circulating aspartate
aminotransferase, and rRIC restored levels to near
normal (Figure 2C). The changes in blood urea nitrogen
(BUN) (Figure 2D) were perhaps unexpected. Although
there was no difference between controls and the
doxorubicin þ rRIC groups, BUN in the doxorubicin
treated animals fell. We speculate that this may relate
to a decrease in skeletal muscle mass evidenced by the
raised creatine kinase levels, and plasma BUN being
closely related to muscle mass in the absence of renal
dysfunction. Overall, these data suggest that besides
cardiotoxicity, doxorubicin also has detrimental



FIGURE 1 rRIC Reduced Doxorubicin-Induced Multiorgan Weight Loss

At end of the experiment, body weight of the animals was measured (A), organs were harvested and weighed, and corrected by body weight.

The tested organs include heart (B), kidney (C), spleen (D), and liver (E). *p < 0.05 and **p < 0.01 versus vehicle, whereas †p < 0.05 and

††p < 0.01 versus doxorubicin alone. n ¼ 8 in each of the groups (vehicle, doxorubicin, doxorubicin þ rRIC). BW ¼ body weight; Dox

¼ doxorubicin; Dox/RIC ¼ doxorubicin þ remote ischemic conditioning; HW ¼ heart weight; KW ¼ kidney weight; LW ¼ liver weight; rRIC ¼
repeated remote ischemic conditioning; SW ¼ spleen weight; Veh ¼ vehicle.
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effects on skeletal muscle, liver, and spleen, which
was reduced by rRIC.

rRIC PRESERVES CARDIAC FUNCTION. High-dose
doxorubicin (10 mg/kg) decreased cardiac function
as evaluated by echocardiography. Both ejection
fraction and fractional shortening were significantly
reduced compared with vehicle-treated animals. rRIC
significantly abrogated this decline in cardiac func-
tion, as indicated by improved ejection fraction
(doxorubicin 47.5 � 1.1%, doxorubicin þ rRIC 51.6 �
0.7%, p ¼ 0.017) and fractional shortening (vehicle
27.9 � 0.7, doxorubicin 23.6 � 0.7, doxorubicin þ rRIC
26.0 � 0.5, p < 0.02) at 5 days (Figure 3).
rRIC REDUCES MYOCARDIAL FIBROSIS. Myocyte
cross-sectional area was reduced by doxorubicin,
and this reduction was significantly reversed by rRIC
(Figure 4). Doxorubicin also led to a 4-fold increase in



FIGURE 2 rRIC Inhibited Doxorubicin-Induced Alteration of Circulating Markers of Multiorgan Dysfunction

Circulating multiorgan markers were tested with commercially available assay kits. The tested markers include creatinine kinase (CK) (A),

troponin I (B), aspartate aminotransferase (AST) (C), and blood urea nitrogen (BUN) (D). *p < 0.05 and **p < 0.01 versus vehicle, whereas

†p < 0.05 versus doxorubicin alone. n ¼ 8 in each of the groups (vehicle, doxorubicin, doxorubicin þ rRIC). Abbreviations as in Figure 1.

FIGURE 3 rRIC Abrogated Doxorubicin-Induced Cardiac Function Decline

Echocardiography was performed under isoflurane anesthesia. Representative m-mode 2-dimensional images (A). Ejection fraction (EF)

(B) and fraction shortening (FS) (C). **p < 0.01 versus vehicle, †p< 0.05 versus doxorubicin alone. n ¼ 8 in each of the groups (vehicle,

doxorubicin, doxorubicin þ rRIC). Abbreviations as in Figure 1.
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FIGURE 4 rRIC Protected Against Doxorubicin-induced Cardiotoxicity at the Tissue Level

Extracellular collagen was stained with Sirius Red (A), quantified with Image J, and expressed as fold change versus vehicle (C). Represen-

tative picture for myocyte cross-section area (MCSA) (B) and quantified in (D). *p < 0.05 versus vehicle, whereas †p < 0.05 versus

doxorubicin alone. Scale bar in A is 20 mm and 25 mm in B. n ¼ 8 in each of the groups (vehicle, doxorubicin, doxorubicin þ rRIC). Abbreviations

as in Figure 1.
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collagen content in the extracellular matrix, and this
was significantly reduced by rRIC.

rRIC REDUCES DOXORUBICIN-INDUCED MYOCYTE

APOPTOSIS. Figure 5 shows that doxorubicin led
to a marked increase in cardiac myocyte apoptosis
when compared with vehicle. This was significantly
reduced by rRIC (Figures 5A and 5B). Western
blot analysis showed that rRIC also blocked
doxorubicin-induced Bax overexpression (Figure 5C),
but Bcl2 was not affected (Figure 5D), suggesting
that modification of Bax signaling is, at least in
part, involved in the beneficial effect of rRIC on
doxorubicin-induced cardiomyocyte apoptosis.

rRIC INCREASES MYOCARDIAL PRO-AUTOPHAGY

SIGNALING. Autophagy flux has been shown
impaired by doxorubicin (20,21), and previous studies
from our laboratory and others showed that myocar-
dial autophagy signaling is enhanced by RIC (22–24).
We therefore examined autophagy signaling in our
animals. As shown in Figure 6, doxorubicin had mini-
mal effect on autophagy proteins LC3 and p62/
SQSTM1, but rRIC significantly increased their
expression. The other measured autophagy protein
Atg5 was not affected by doxorubicin or concurrent
rRIC. This enhanced autophagy signaling may
contribute to the beneficial effects of rRIC on
doxorubicin-induced cardiotoxicity and warrants
future study.
DISCUSSION

This study demonstrates, for the first time, that rRIC
ameliorates acute doxorubicin-induced cardiotoxicity
in vivo. rRIC not only improves cardiac function,
but our data also suggest multiorgan protection.
In terms of the cardioprotection, rRIC: 1) reduced
doxorubicin-induced troponin I elevations,



FIGURE 5 rRIC Abrogated Doxorubicin-Induced Cardiomyocyte Apoptosis

Apoptosis was assayed by TUNEL (terminal deoxynucleotidyl transferase dUTP nick end labeling) stain (A) and quantified (B) by Image J expressed as apoptotic nuclei

per image. Apoptotic protein Bax (C) and Bcl2 (D) were quantified by Western blot and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as loading

control. *p < 0.05 and **p < 0.01 versus vehicle, whereas †p < 0.05 versus doxorubicin alone. Scale bar is 25 mm. n ¼ 8 in each of the groups (vehicle, doxorubicin,

doxorubicin þ rRIC). Abbreviations as in Figure 1.
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suggesting reduced myocardial damage; 2) improved
cardiac function evaluated by echocardiography; 3)
modified myocardial structural responses as indi-
cated by improved cardiomyocyte cross-sectional
area and reduced fibrosis; and 4) increased cardiac
pro-autophagy signaling and reduced cardiomyocyte
apoptosis (Central Illustration).

As discussed earlier, the mechanisms of the
beneficially cytotoxic effects of doxorubicin on
cancer cells continues to be explored and debated
(25–27). Similarly, the exact mechanisms of the car-
dioprotective effects of RIC remain to be fully
delineated. That said, it is clear that the effects of
RIC go beyond simple induction of ischemia resis-
tance, or modification of reperfusion injury,
as it has been shown to be effective in other models
of injury that do not involve ischemia-reperfusion
injury, such as contrast-induced nephropathy
(28,29) and sepsis-induced cardiomyopathy (16,30).
The mechanisms underlying these latter effects also
remain to be fully elucidated, but almost certainly
involve reduction of oxidative stress and inflamma-
tion (30,31).

Although it is difficult to provide a comprehensive
mechanistic explanation for the benefits of rRIC in
doxorubicin-induced cardiotoxicity, our data suggest
substantial benefits that, given the potential clinical
impact, would warrant future investigation. One of
the most notable effects of rRIC was the complete
abrogation of the 4-fold increase in cardiomyocyte
apoptosis induced by doxorubicin. Doxorubicin-
induced apoptosis has been well described in



FIGURE 6 rRIC Increased Cardiac Autophagy Proteins

Autophagy proteins were quantified by Western blot analysis as described

under Methods. Cardiac LC3 (A), p62/SQSTM1 (B), and Atg5 (C) were

quantified and expressed as the ratio over loading control glyceraldehyde-3-

phosphate dehydrogenase (GAPDH). *p < 0.05 versus vehicle and ††p <

0.01 versus doxorubicin alone. n ¼ 8 in each of the groups (vehicle,

doxorubicin, doxorubicin þ rRIC). Abbreviations as in Figure 1.
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both cardiac myocytes (32) and cancer cells (33). Our
data showed that doxorubicin significantly induced
Bax, the earliest identified pro-apoptotic member of
the Bcl-2 protein family. This increase in Bax
was rescued completely by rRIC and consequently
the number of apoptotic nuclei was markedly
reduced by rRIC. It is worth noting, however, that
rRIC only partially reduced the number of
doxorubicin-induced apoptotic nuclei, despite
rescuing Bax, suggesting Bax is only one of several
apoptotic mechanisms at play. Interestingly, neither
doxorubicin nor rRIC had an effect on Bcl2 expression,
but the effect of rRIC to reduce apoptosis in the
absence of changes in Bcl2 signaling is compatible
with previous observations of the effect of RIC
to reduce apoptosis after ischemia-reperfusion
injury (34).

Similarly, the current data are consistent with our
previous studies showing that rRIC enhances auto-
phagy signaling (14,22). In this study, we showed that
rRIC enhanced autophagy protein expression
including LC3 I/II and p62/SGSTM1. Autophagy is a
highly regulated process of cell death. It is a multistep
process including recruitment to the autophagosomal
membrane of p62/SQSTM1 ubiquitinated denatured
protein, LC3 II, and other autophagy proteins.
Elevation of LC3 and p62/SQSTM1 in general indicates
increased autophagosome formation, suggesting
ether increased autophagy activity or blockade of
autophagosome clearance. The process of autophagy
can be inhibited at multiple steps and leads to
cell stress and death. Doxorubicin has been
showed to interfere with the late steps of autophagy
leading to transient autophagosome accumulation,
which returns to normal levels by 7 days after
doxorubicin injection (20,35). Our data, showing no
residual autophagy activation 6 days after doxoru-
bicin injection, are compatible with these prior
observations; however, continued RIC leads to
persistent pro-autophagy signaling, perhaps contrib-
uting to the cardioprotection we observed. The
involvement of apoptosis and autophagy in rRIC-
diminished doxorubicin-induced cardiotoxicity is
consistent with the recent report by Gertz et al. (36).
In their study, a higher dose of doxorubicin was
used (20 mg/kg) and only 1 episode of RIC, consisting
of 3 cycles of 5-min occlusion and 5-min reperfusion,
was used, 1 h before therapy. Their data showed that
this RIC abrogated doxorubicin-induced apoptosis,
and enhanced autophagy signaling (36). Interest-
ingly, in contrast to our findings, despite the higher
dose of doxorubicin, there was no significant change
in cardiac function in their animals, although long-
term survival was enhanced, perhaps reflecting



CENTRAL ILLUSTRATION Effects of Remote Ischemic Conditioning on
Doxorubicin-Induced Cardiotoxicity

He, Q. et al. J Am Coll Cardiol CardioOnc. 2020;2(1):41–52.

Injection of doxorubicin caused decline of cardiac function, increased cardiac fibrosis, decreased myocyte cross-section area, and increased

cardiomyocyte apoptosis. Remote ischemic conditioning abrogated doxorubicin-induced cardiotoxicity. rRIC ¼ repeated remote ischemic

conditioning.
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some of the multiorgan benefits that we additionally
showed in our study.

The relationship between the modification of sys-
temic inflammatory responses and the reduction in
autophagocytic and apoptotic cell death we observed
must remain speculative. Cardiac dysfunction can be
induced as part of the systemic inflammatory
response, and we have previously shown that



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Dose-dependent

cardiotoxicity of doxorubicin limits its use in patients with cancer.

The mechanisms of doxorubicin cardiotoxicity are not fully un-

derstood and effective approaches to reduce cardiotoxicity are

an important clinical need. Our data in mice show rRIC is an

effective noninvasive strategy to protect the heart and other

organs from doxorubicin toxicity.

TRANSLATIONAL OUTLOOK: We demonstrated that rRIC

protects doxorubicin-induced cardiotoxicity in a mouse model.

Further studies of the acute and chronic effects of rRIC, and

confirmation that the anticancer effects of doxorubicin are un-

affected by rRIC, are necessary prior to clinical translation.
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mortality associated with this “sepsis-induced” car-
diomyopathy can be reduced by rRIC (16). Sepsis-
induced cardiomyopathy tends to be transient, how-
ever, and sustained myocardial structural changes are
rare, unlike what is seen with doxorubicin-induced
cardiotoxicity. Conversely, widespread cell death
from any cause can induce a systemic inflammatory
reaction, and it may be reasonable to suggest that
our observations are more consistent with rRIC,
primarily affording protection against cytotoxic cell
death, with resulting reduced systemic inflammatory
responses, rather than vice versa.

Finally, we showed that rRIC not only provided
myocardial protection, but also positively influenced
other organs, in terms of preventing reductions in
size and improving some aspects of their function.
The underlying mechanisms of, and potential clinical
impact of, these “off-target” benefits remain to be
seen, but again may be important areas for future
investigation.

STUDY LIMITATIONS. Given the lack of prior studies
regarding the potential role of this strategy of rRIC in
doxorubicin-induced cardiotoxicity, this “proof-of-
principle” study has necessary limitations. We
only measured the effects of rRIC at a single
time point, 6 days after administration. We
therefore have no data regarding any effect on early
responses, and no longer-term data showing that the
improvements we observed are sustained beyond the
period of rRIC administration. The improved struc-
tural integrity of the myocardium, with improved
cardiomyocyte cross-sectional area, and reduced
fibrosis, are encouraging, but clearly further
studies, focused on improving our mechanistic un-
derstanding, and confirming long-term benefit,
are required.

Given that rRIC can be induced noninvasively
using a blood pressure cuff, its translation into
clinical trials has been quite rapid, but the impact
despite encouraging preclinical and proof-of-
principle clinical trials has been disappointing in
larger studies (37). Multiple factors for lack of
clinical effect have been postulated, including older
patient age, the effect of comorbidities, and the
concomitant effect of drugs that may inhibit the
rRIC effect or themselves induce a “conditioned”
state (38–40). These factors may be less of a
problem in the sometimes younger population of
patients in whom doxorubicin is used for chemo-
therapy, but our data cannot address a potential
concern of the effect of rRIC on the beneficial
cytotoxicity that underlies its benefits as a cancer
therapeutic. Further studies of this potential adverse
effect of rRIC in a tumor-bearing model are clearly
needed, and careful attention is also needed to un-
derstand the potential effects of rRIC on tumor effi-
cacy in any early-phase clinical trials. Future
experimental studies also should be designed to
elucidate the mechanisms of rRIC in preventing
doxorubicin cardiotoxicity, as they may identify new
targets for the development of specific therapeutic
agents.

CONCLUSIONS

These data show that rRIC reduces doxorubicin car-
diotoxicity in a mouse model of acute injury. These
preliminary data suggest that further mechanistic
studies of the acute and chronic effects of rRIC are
warranted.
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