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Macrophage Migration Inhibitory Factor Deficiency Augments

Doxorubicin-Induced Cardiomyopathy
Xihui Xu, MD, PhD; Richard Bucala, MD, PhD; Jun Ren, MD, PhD, FAHA

Background—Recent evidence has depicted a role of macrophage migration inhibitory factor (MIF) in cardiac homeostasis under
pathological conditions. This study was designed to evaluate the role of MIF in doxorubicin-induced cardiomyopathy and the
underlying mechanism involved with a focus on autophagy.

Methods and Results—Wild-type (WT) and MIF knockout (MIF~/~) mice were given saline or doxorubicin (20 mg/kg cumulative,
i.p.). A cohort of WT and MIF~/~ mice was given rapamycin (6 mg/kg, i.p.) with or without bafilomycin A1 (BafA1, 3 pumol/kg per
day, i.p.) for 1 week prior to doxorubicin challenge. To consolidate a role for MIF in the maintenance of cardiac homeostasis
following doxorubicin challenge, recombinant mouse MIF (rmMIF) was given to MIF~/~ mice challenged with or without
doxorubicin. Echocardiographic, cardiomyocyte function, and intracellular Ca** handling were evaluated. Autophagy and apoptosis
were examined. Mitochondrial morphology and function were examined using transmission electron microscopy, JC-1 staining,
MitoSOX Red fluorescence, and mitochondrial respiration complex assay. DHE staining was used to evaluate reactive oxygen
species (ROS) generation. MIF knockout exacerbated doxorubicin-induced mortality and cardiomyopathy (compromised fractional
shortening, cardiomyocyte and mitochondrial function, apoptosis, and ROS generation). These detrimental effects of doxorubicin
were accompanied by defective autophagolysosome formation, the effect of which was exacerbated by MIF knockout. Rapamycin
pretreatment rescued doxorubicin-induced cardiomyopathy in WT and MIF~/~ mice. Blocking autophagolysosome formation using
BafA1 negated the cardioprotective effect of rapamycin and rmMIF.

Conclusions—Our data suggest that MIF serves as an indispensable cardioprotective factor against doxorubicin-induced
cardiomyopathy with an underlying mechanism through facilitating autophagolysosome formation. (/ Am Heart Assoc. 2013;2:
€000439 doi: 10.1161/JAHA.113.000439)
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D oxorubicin has been used extensively as a potent
anticancer chemotherapeutic agent since the late
1960s." Nonetheless, accumulating studies have depicted that
doxorubicin directly triggers cardiotoxicity, thus limiting its
clinical application.? Chronic use of doxorubicin has been
shown to prompt cardiotoxicity and congestive heart failure in a
dose-dependent manner.? * Although ample studies have been
seen with regard to doxorubicin-induced cardiomyopathy, the
precise mechanisms of action behind doxorubicin toxicity still
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remain elusive.* A number of signaling molecules have been
identified for doxorubicin-induced cardiomyopathy and resulted
cell death."®* Among the signaling molecules mentioned,
oxidative stress derived from subcellular sources, including
mitochondria, NOS, NADPH, and ion complexes, appears to play
an essential role in doxorubicin-induced cardiac remodeling and
contractile defects.>™ At the same time, experimental studies
have demonstrated a pivotal role for apoptosis and necrosis in
doxorubicin-induced cardiomyocyte death.*

Macrophage migration inhibitory factor (MIF) was initially
identified as a proinflammatory cytokine expressed ubiqui-
tously.'® Recent studies also indicated that MIF may be
secreted by cardiomyocytes.'' More intriguingly, various
studies have demonstrated that MIF is involved in the
regulation of cardiac function under different pathological
conditions including burn injury,'? diabetes mellitus,’® and
ischemia-reperfusion injury.'™'*"® The cardioprotective effect
of MIF is believed to be mainly dependent on the activation of
AMPK and inhibition of JNK under ischemia reperfusion
injury." "' However, whether and how MIF is involved in
doxorubicin-induced cardiomyopathy is still unknown.
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Autophagy is an evolutionarily conserved pathway respon-
sible for bulk degradation of intracellular components.'® It is
accepted that basal autophagy may be cardioprotective and
serve as an indispensable factor in maintaining cardiac
geometry and function.'”'® Although ample studies have
indicated increased cardiac autophagy in response to various
stress-inducers, it is still controversial whether autophagy
induction is adaptive or maladaptive.'”?? While certain
studies suggest that autophagy induction may be detrimental
to pressure overload-induced cardiac hypertrophy and heart
failure,2%%? others indicate that autophagy induction may be
cardioprotective in pressure overload-induced cardiac hyper-
trophy in experimental and clinical settings of heart fail-
ure.'8:21:23 Although the role of autophagy in the maintenance
of cardiac geometry and function is extensively studied, its
role in doxorubicin-induced cardiomyopathy remains unclear.
Recent in vitro studies suggested that autophagy activation is
detrimental for cardiomyocyte survival®*2° although the role
of autophagy may be different in the in vivo model of
doxorubicin-induced cardiomyopathy.?®?” To this end, this
study was designed to examine the role of MIF in the etiology
of doxorubicin-induced cardiomyopathy, and the underlying
mechanisms involved with a special focus on autophagy.

Methods

Experimental Animals

All animal procedures performed in this study were approved
by the Animal Care and Use Committee at the University of
Wyoming (Laramie, WY) and was in compliance with the Guide
for the Care and Use of Laboratory Animals published by the
US National Institutes of Health (NIH Publication No. 85-23,
revised 1996). In brief, 4-month-old adult male Wild-type (WT)
and MIF~/~ mice, both with the C57BL/6 background were
given doxorubicin (10 mg/kg, i.p., twice at 3-day intervals,
20 mg/kg cumulative, Sigma, D-1515) or the vehicle
saline.®**® A cohort of WT and MIF/~ mice was given
rapamycin (6 mg/kg, i.p., at 2-day intervals, 3 injections) for
1 week prior to doxorubicin challenge (Figure 1).2° Mice were
housed in a climate-controlled environment (22.84+2.0°C, 45%
to 50% humidity) with a 12/12-light/dark cycle with access
to food and water ad libitum until experimentation.

Echocardiographic Assessment

Cardiac geometry and function were evaluated in anesthetized
(ketamine 80 mg/kg and xylazine 12 mg/kg, i.p.) mice (8 to
9 per group) using the 2-dimensional guided M-mode
echocardiography (Philips SONOS 5500, Phillips Medical
Systems) equipped with a 15 to 6 MHz linear transducer
(Phillips Medical Systems). The chests were shaved and mice

were placed in a shallow left lateral position on a heating pad.
Using the 2-dimensional (2D) parasternal short-axis image
obtained at a level close to papillary muscles as a guide, a
2D-guided M-mode trace crossing the anterior and posterior wall
of the LV was obtained at a sweep speed of 50 mm/s. The
echocardiographer was blind to treatment. Caution was taken
to avoid excessive pressure over the chest, which may induce
bradycardia and deformation of the heart. Left ventricular (LV)
anterior and posterior wall dimensions during diastole and
systole were recorded from 3 consecutive cycles in M-mode
using a method adopted by the American Society of Echo-
cardiography. Fractional shortening was calculated from LV
end-diastolic (EDD) and end-systolic (ESD) diameters using
the equation (EDD—ESD)/EDD x 100. The estimated echocar-
diographically derived LV mass was calculated as ([LVEDD+
septal wall thickness+posterior wall thickness]®*—LVEDD?)x
1.055, where 1.055 (mg/mm?®) denotes the density of
myocardium. Heart rates were averaged over 10 consecutive
cycles.®

Isolation of Murine Cardiomyocytes

Hearts were rapidly removed from anesthetized mice and
mounted onto a temperature-controlled (37°C) Langendorff
system. After perfusion with a modified Tyrode’s solution
(Ca®" free) for 2 minutes, the heart was digested with a Ca®*-
free KHB buffer containing liberase blendzyme 4 (Hoffmann-La
Roche Inc) for 20 minutes. The modified Tyrode solution (pH
7.4) contained the following (in mmol/L): NaCl 135, KCI 4.0,
MgCl, 1.0, HEPES 10, NaH,PO, 0.33, glucose 10, butanedi-
one monoxime 10, and the solution was gassed with 5% CO,—
95% 0,. The digested heart then was removed from the
cannula and the left ventricle was cut into small pieces in the
modified Tyrode’s solution. Tissue pieces were gently agitated
and a pellet of cells was resuspended. Extracellular Ca”* was
added incrementally back to 1.20 mmol/L over 30 minutes.
A yield of at least 60% to 70% viable rod-shaped cardiomyo-
cytes with clear sarcomere striations was achieved. Only
rod-shaped myocytes with clear edges were selected for
contractile and intracellular Ca* studies.

Cell Shortening/Relengthening

Mechanical properties of cardiomyocytes (100 to 130 cells
from 5 mice per group) were assessed using a SoftEdge
MyoCam system (lonOptix Corporation). lonOptix SoftEdge
software was used to capture changes in cardiomyocyte
length during shortening and relengthening. In brief, cardio-
myocytes were placed in a Warner chamber mounted on the
stage of an inverted microscope (Olympus, [X-70) and
superfused (=1 mL/minutes at 25°C) with a buffer containing
(in mmol/L): 131 NaCl, 4 KCI, 1 CaCl,, 1 MgCl,, 10 glucose,

DOI: 10.1161/JAHA.113.000439

Journal of the American Heart Association 2

HDOYVIASHY TVNIDIYO



MIF and Doxorubicin-Induced Cardiomyopathy Xu et al

—_—— -
----- (pox
------- (10 mg/kg, i.p., twice at 3-day intervals, 20 mg/ kg .
MIF kO cumulative.) \
—_———— . _ ) =Functional Study
| (10 mg/kg, .|tp., twice at 3-day intervals, 20 mg/
MIF ko -D OX I kg cumulative.) =Histological Study
———= Ll
=== - . .
+rmMIF : BafAl : 3 pmol/ kg, ip. daily for 7 days ) Mitochondrial Function Study
————— =Autophagic Flux Study (Western Blot)
_— - _— - ;
| (10 mg/kg, i.p., twice
. I Rapa | I DOX | at 3-day intervals, 20
’\. h____ h————l mg/ kg cumulative.) /
. . === '“
(6 mg/kg, i.p., 3 times 3 U k
MIF kO at 2-day intervals .) : BafAl | fialll\":)nr 7 disl)p

Figure 1. Study flowchart explaining the various groups of mice and treatments. BafA 1 indicates bafilomycin A1; DOX, doxorubicin; i.p., intraperitoneal,
ko, knockout; MIF, migration inhibitory factor; Rapa, rapamycin; rmMIF, recombinant mouse macrophage migration inhibitory factor; WT, wild type.

10 HEPES, at pH 7.4. Cells were field stimulated with supra-
threshold voltage at a frequency of 0.5 Hz, 3 ms duration,
using a pair of platinum wires placed on opposite sides of the
chamber connected to a FHC stimulator (Brunswick, NE). The
myocyte being studied was displayed on the computer
monitor using an lonOptix MyoCam camera. lonOptix Soft-
Edge software was used to capture changes in cell length
during shortening and relengthening. Cell shortening and
relengthening were assessed using the following indices: peak
shortening (PS)—the amplitude myocytes shortened on
electrical stimulation, which is indicative of peak ventricular
contractility; time-to-PS (TPS)—the duration of myocyte
shortening, which is indicative of contraction duration; time-
to-90% re-lengthening (TRgo)—the duration to reach 90%
relengthening, which represents cardiomyocyte relaxation
duration (90% rather 100% re-lengthening was used to avoid
signal noise at baseline concentration); and maximal veloc-
ities of shortening (+dL/dt) and relengthening (—dL/dt)}—
maximal slope (derivative) of shortening and relengthening
phases, which are indications of maximal velocities of
ventricular pressure rise/fall.

Intracellular Ca%* Transient Measurement

Myocytes (100 to 130 cells from 5 mice per group) were
loaded with fura-2/AM (0.5 pmol/L) for 10 minutes and
fluorescence measurements were recorded with a dual-
excitation fluorescence photomultiplier system (lonOptix).
Cardiomyocytes were placed on an Olympus IX-70 inverted
microscope and imaged through a Fluor x40 oil objective.
Cells were exposed to light emitted by a 75 W lamp and
passed through either a 360 or a 380 nm filter, while being
stimulated to contract at 0.5 Hz. Fluorescence emissions
were detected between 480 and 520 nm by a photomultiplier

tube after first illuminating the cells at 360 nm for 0.5 sec-
onds then at 380 nm for the duration of the recording
protocol (333 Hz sampling rate). The 360 nm excitation scan
was repeated at the end of the protocol and qualitative
changes in intracellular Ca?* concentration were inferred from
the ratio of fura-2 fluorescence intensity (FFI) at 2 wave-
lengths (360/380). Fluorescence decay time was measured
as an indication of the intracellular Ca®" clearing rate.

Western Blot Analysis

Murine (5 to 6 mice per group) hearts were flash-frozen in liquid
nitrogen and stored at —80°C before protein extraction. For
protein extraction, heart tissues were homogenized and
sonicated in RIPA buffer containing 20 mmol/L Tris (pH 7.4),
150 mmol/L NaCl, 1 mmol/L EDTA, 1 mmol/L EGTA, 1%
Triton, 0.1% sodium dodecyl sulfate (SDS), and a protease
inhibitor cocktail (Roche Diagnostics). Heart homogenates
containing equal amount of proteins were resolved by SDS-
polyacrylamide gels in a mini-gel apparatus (Mini-PROTEAN I,
Bio-Rad) and proteins were transferred to nitrocellulose
membranes, incubated overnight with primary antibodies at
4°C. After washing 3 times, the membranes were incubated
with horseradish peroxidase (HRP)-coupled secondary anti-
body for 1 hr at room temperature. The membranes were
washed again 3 times for 10 minutes each time, and the
signals were quantified with a Bio-Rad calibrated densitometer.
The densitometric intensity of immunoblot bands was normal-
ized to that of GAPDH. For reprobing, membranes were
stripped with 50 mmol/L Tris-HCI, 2% SDS, and 0.1 mol/L
B-mercaptoethanol (pH 6.8). Polyclonal rabbit antibodies
against MIF (Santa Cruz, sc-20121), phosphorylated AMPK
(PAMPKar) at Thr172 (Cell Signaling, 2535S), total AMPKa. (Cell
Signaling, 2532S), Bip (Cell Signaling, 3177S), LC3B (Cell

DOI: 10.1161/JAHA.113.000439

Journal of the American Heart Association 3

HDYVHASHY TVNIDIYO



MIF and Doxorubicin-Induced Cardiomyopathy Xu et al

Signaling, 3868S), GAPDH (Cell Signaling, 2118L), p62 (Guinea
Pig; Enzo Life Sciences, GP62-C), and ubiquitin (Abcam,
ab7780) were examined by standard Western immunoblotting.

TUNEL Staining

Mouse (9 mice per group) hearts were frozen immediately
after euthanasia, and 7-um thickness sections were obtained
using a Leica, cryomicrotome (Model CM3050S, Leica
Microsystems). Sections were stained with in situ terminal
dUTP nick end-labeling (TUNEL) staining kit (Roche Diagnos-
tics Corporation, 11684795910) to detect apoptotic cells
according to the manufacturer’s instructions.®' To confirm
apoptosis for both cardiomyocytes and noncardiomyocytes in
the heart, we performed triple immunofluorescence for
DESMIN, TUNEL, and DAPI for nuclei.®? Tissue sections were
first stained with DESMIN (Cell Signaling, D93F5, 5332)
followed by Alexa Fluor 568 (Invitrogen, A-11011), then
stained with TUNEL staining kit (Roche Diagnostics Corpora-
tion, 11684795910). Nuclei were stained with DAPI. An Image
J software was employed for quantitative analysis. False-
positive TUNEL spots were ascertained by nuclear counter-
staining with DAPI and enumeration by Image ] analysis.

Immunohistochemical Staining of a-Smooth
Muscle Actin

Frozen left ventricle was sectioned at 7-um thickness by a
Leica, cryomicrotome (Leica Microsystems) prior to fixation in
4% paraformaldehyde for 10 minutes. Following 3 washes
using distilled water, slides were incubated with the anti-o-
SMA antibody (abcam, ab5694) overnight at room tempera-
ture. They were then stained with Alexa Fluor 568 (Invitrogen,
A-11011). Slides were mounted with aqueous mounting
media, coverslipped, and visualized using an Olympus BX-51
light microscope (Olympus America Inc).

H&E Staining

Following anesthesia, hearts were arrested in diastole with
saturated KCI, excised and fixed in 10% neutral-buffered
formalin at room temperature for 24 hours. The specimen was
processed through graded alcohols, cleared in xylenes, embed-
ded in paraffin, serial sections were cut at 5-um and stained
H&E, dehydrated, and mounted. Myocardial inflammation was
examined under a light microscope (Olympus America Inc).*?

MIF Reconstitution

For MIF reconstitution, MIF~/~ mice were given recombinant
mouse MIF (rmMIF, 2 injections of 10 pg of lipopolysaccha-
ride [LPS]-free rmMIF at 24-hour intervals, i.p.). Prior to

doxorubicin administration, MIF~/~ mice were given the first
injection of rmMIF (i.p., 10 pg). To maintain MIF level in vivo,
MIF~/~ mice were given rmMIF (i.p., 10 pg) daily prior to
experimentation (Figure 1).%*

Mitochondrial Electron Transport Chain
Enzymatic Activity (Cytochrome C Oxidase
[CCO], Succinate/Cytochrome C Reductase,
and Reduced Nicotinamide Adenine
Dinucleotide [NADH]/Succinate Cytochrome C
Reductase)

Mitochondrial electron transport chain enzymatic activity was
evaluated as previously described.®®> Mitochondria were
isolated from left ventricles (5 to 6 mice per group) for
analysis of mitochondrial respiration. CCO activity was
detected by monitoring the change in absorbance at
550 nm (AAsso) resulting from the oxidation of reduced
cytochrome c. The CCO activity was monitored until AAssg
was ~0.6 U, at which point potassium cyanide (0.17 mmol/L)
was added to terminate the CCO reaction. Succinate
(12.5 mmol/L) was added to detect succinate: cytochrome
¢ reductase activity by monitoring AAsso. Next, malonate
(17 mmol/L) was added to terminate succinate:cytochrome ¢
reductase. NADH (2.8 nmol/L) was added, and NADH:
cytochrome c reductase activity was measured by monitoring
AAssq. The rate of cytochrome ¢ oxidation orreduction (nmole
per minute) was calculated using a molar extinction coeffi-
cient of 19 600 for cytochrome c.*°

Transmission Electron Microscopy

Small cubic pieces <1 mm?® were dissected from the left
ventricle and fixed with 2.5% glutaraldehyde in 0.1 mol/L
sodium phosphate (pH 7.4) overnight at 4°C. After postfix-
ation in 1% 0sO,4, samples were dehydrated through graded
alcohols and embedded in Epon Araldite. Ultrathin sections
(50 nm) were cut using an ultramicrotome (Ultracut E, Leica),
and stained with uranyl acetate and lead citrate. The
specimens were viewed on a Hitachi H-7000 Electron
Microscope (Pleasanton, CA). Images were captured with a
Gatan high resolution 4 kx4 k digital camera and Gatan
Ditital Micrograph software. In 5 randomly picked regions of
each sample, the area of mitochondria was calculated (=50
mitochondria per group).>®”

Measurement of Mitochondrial Membrane
Potential (AWm)

Mitochondrial membrane potential was evaluated using JC-1
(Invitrogen, T-3168) as described.*®3? Cardiomyocytes (~50
cells from 3 mice per group) isolated from WT and MIF~/~
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mice following doxorubicin or saline treatment were seeded
on gelatin-coated culture chamber slides and stained with JC-
1 (5 pmol/L) at 37°C for 10 minutes. Cells were rinsed with
the HEPES-saline buffer. Fluorescence of each sample was
read at excitation wavelength of 490 nm and emission
wavelength of 530 and 590 nm using a spectrofluorimeter
(Spectra MaxGeminiXS, Spectra Max, Atlanta, GA). In healthy
cells, a high concentration of JC-1 forms aggregates that yield
red fluorescence at =590 nm. In unhealthy cells, JC-1 exists
as a monomer at low concentration emitting red fluorescence
at =530 nm. Results in fluorescence intensity were
expressed as the ratio of 590- to 530-nm emission.

Detection of Mitochondrial ROS Using MitoSOX
Red Fluorescence

Mitochondrial-derived ROS (O, in particular) was measured
by incubating cardiomyocytes with MitoSOX as previously
described.*® Briefly, cardiomyocytes (50 fields per group)
isolated from WT and MIF~/~ mice with or without doxoru-
bicin treatment were incubated with MitoSOX Red (2 umol/L,
Molecular Probes) at 37°C for 10 minutes. Following incuba-
tion for 1 hour at 37°C, cardiomyocytes were rinsed with the
perfusion buffer and MitoSOX Red fluorescence intensity was
measured at 510/ 580 nm using an Olympus BX51 micro-
scope equipped with a digital cooled charged-coupled device
camera. InSpeck microspheres (Molecular Probes) were used
to calibrate MitoSOX Red fluorescence by calculating the
ratio of myocyte fluorescent intensities to the fluorescent
beads.*°

Detection of Reactive Oxygen Species Production

To evaluate tissue production of ROS (O, in particular), fresh,
frozen left ventricular myocardium (7-um sections) was incu-
bated with dihydroethidium (2 mmol/L; Molecular Probes,
D-1168) for 1 hour at room temperature, as previously
described.*’ Following 2 washes by phosphate buffered saline
(PBS), the sections were stained with DAPI (1 png/mL, Sigma,
D9564) for 5 minutes at room temperature. Slides were rinsed
3 times with PBS, mounted with prolong gold antifade mounting
reagent and coverslipped. Tissue slides were examined using an
Olympus BX-51 epifluorescence microscope. The numbers of
DHE-positive nuclei and the total nuclei were counted (50 fields
per group), as described previously.*’

Blood Pressure Measurement

Systolic and diastolic blood pressure was examined in
conscious mice (8 mice per group) using a CODA semi-
automated non-invasive blood pressure device (Kent Scientific
Co).**

Administration of Rapamycin

Rapamycin was dissolved as previously described.*® One week

prior to doxorubicin injection, rapamycin (6 mg/kg, i.p., LC
Laboratories, R-5000) was administered to WT and MIF~/~ AAC
or saline-treated mice for 3 times at 2-day intervals (Figure 1).%°

Assessment of Autophagic Flux

To assess the role of autophagy flux in rapamycin-induced
myocardial responses, WT and MIF ™/~ mice (5 to 6 mice per
group) were treated with the lysosomal inhibitor bafilomycin
A1 (BafA1, 3 umol/kg, i.p.) daily for 7 days immediately
following the initiation of rapamycin administration.** To
evaluate the role of autophagy flux in rmMIF-induced bene-
ficial myocardial response, if any, MIF ™/~ mice were treated
Baf A1 (3 umol/kg, i.p.) daily for 7 days immediately
following the injection of rmMIF (Figure 1).

Data Analysis

D’Agostino-Pearson omnibus test was used to determine the
normality of data. Data were expressed as Mean+SEM.
Statistical significance (P<0.05) was estimated by one-way
analysis of variation (ANOVA) followed by a Tukey’s test for
post hoc analysis. Two-way ANOVA was employed to discern
potential interactions among doxorubicin, rapamycin, bafilo-
mycin A1, rmMIF treatment and MIF genotype in Figures 8, 9A
through 9F, and 10. The log rank test was used for Kaplan-
Meier survival comparison. All statistics were performed with
GraphPad Prism 4.0 software (GraphPad).

Results

MIF Deficiency Accentuates Doxorubicin-induced
Cardiac Remodeling

MIF is known to be expressed constitutively in murine
cardiomyocytes and released in response to ischemic
injury.’" Seven days following initial injection of doxorubicin,
myocardial MIF expression was significantly upregulated
(Figure 2A and 2B). There was no mortality in either WT or
MIF knockout saline groups (n=12). With doxorubicin chal-
lenge, MIF~/~ mice displayed a significantly greater mortality
(53.8%, P<0.05 versus WT group, n=13 mice) compared with
WT mice (16.7%, n=12) (Figure 2C). Little phenotypical
changes were observed in MIF~/~ mice, as evidenced by
physiological parameters such as heart rate and blood
pressure (Table 1). Echocardiography was performed to
examine doxorubicin-induced myocardial remodeling in WT
and MIF~/~ mice. Neither saline nor MIF deletion significantly
affected cardiac geometry. Doxorubicin treatment significantly
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Figure 2. A, Representative gel blots depicting protein levels of MIF and GAPDH (loading control) using specific antibodies. B, Quantitative
analysis of MIF expression (normalized to GAPDH). C, Kaplan-Meier survival curves of WT and MIF™/~ mice after doxorubicin (DOX) injection
(P<0.05 using the Log-rank test). D, Wall thickness; E, septal thickness; F, fractional shortening (FS); G, LV end diastolic diameter (LVEDD); H, LV
end systolic diameter (LVESD); |, ejection fraction (EF); J and K, immunohistochemical staining of a-SMA in WT and doxorubicin-treated WT hearts;
L and M, H&E staining in WT and doxorubicin-treated WT hearts. Mean-+SEM, n=8 to 9 mice per group, *P<0.05 vs WT, #P<0.05 vs WT DOX
group. ko indicates knockout; MIF, macrophage migration inhibitory factor; a-SMA, a-smooth muscle actin; WT, wild type.

increased LVEDD and LVESD, as well as decreased
fractional shortening and ejection fraction without affecting
LV wall and septal thickness in WT mice (P<0.05 versus WT
mice in the absence of doxorubicin). Interestingly, doxoru-
bicin-induced cardiac remodeling was exacerbated by MIF

knockout as evidenced by more pronounced changes in wall
thickness, septal thickness, LVEDD, LVESD, fractional
shortening, and ejection fractioning (Figure 2D through 2I).
In addition, doxorubicin significantly increased the lung/
body weight ratio, with a more pronounced effect in MIF~/~

Table 1. Hemodynamics of WT and MIF~/~ Mice Treated With or Without DOX

WT WT DOX MIFko MIFko DOX
Lung weight/body weight, mg/g 5.71+0.26 7.63+0.23* 5.36+0.29 9.54+0.44*"
Heart rate, bpm 511.34+6.0 506.64+6.5

Diastolic blood pressure, mm Hg 87.44+3.8 87.4+3.4

Systolic blood pressure, mm Hg 121.9+4.4 115.4+3.2

Mean blood pressure, mm Hg 98.7+3.9 96.0+3.3

Mean+SEM, n=8 mice per group. DOX indicates doxorubicin; ko, knockout; MIF, migration inhibitory factor; WT, wild type.

#P<0.05, vs the WT group; "P<0.05, vs the WT DOX group.
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mice (Table 1). These results suggest that MIF knockout
may exacerbate doxorubicin-induced cardiac dysfunction,
leading to the development of heart failure and increased
mortality.

We also examined the possibility that additional cell
populations may contribute to increased myocardial MIF
protein. a-Smooth muscle actin («-SMA), primarily expressed
in smooth muscle cells, is a widely used indicator for
myofibroblast.45 In WT mice, vascular smooth muscle cells
were positively stained with a-SMA while few myofibroblasts
were found in myocardial interstitial tissues (Figure 2J).
Treatment with doxorubicin did not significantly alter the
number of myofibroblasts (Figure 2K). In addition, H&E
staining showed that doxorubicin did not overtly increase
the number of inflammatory cells in myocardium (Figure 2L
and 2M).®® Taken together, these data suggest that the

cardiac cellular source of MIF after doxorubicin treatment is
predominantly from cardiomyocytes.

MIF Deficiency Augments Doxorubicin-induced
Cardiomyocyte Dysfunction

Consistent with echocardiographic findings, 7 days following
the initial doxorubicin challenge, cardiomyocyte contractile
function was suppressed in WT mice, as evidenced by
decreased peaking shortening (PS) and maximal velocity of
shortening/relengthening (dL/dt), increased TRqq associated
with unchanged TPS. Neither saline treatment nor MIF knock-
out affected cardiomyocyte contractile properties. However,
MIF knockout overtly accentuated doxorubicin-induced cardio-
myocyte contractile dysfunction (manifested by further
depressed PS and 4dL/dt) (Figure 3A through 3F). Reconsti-
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Figure 3. Cardiomyocyte contractile and intracellular Ca** handling properties in WT and MIF~/~ mice 7 days after doxorubicin (DOX) injection.

A, Resting cell length; B, peak shortening (PS, normalized to resting cell length); C, maximal velocity of shortening (+dL/dt); D, maximal velocity of

relengthening (—dL/dt); E, time-to-PS (TPS); F, time-to-90% relengthening (TRgo); G, resting fura-2 fluorescence intensity (FFI); H, electrically
stimulated rise in FFI (AFFI); I, single exponential intracellular Ca®* decay rate. Mean+SEM, n=100 to 130 cells from 5 mice per group, *P<0.05 vs
WT group, *P<0.05 vs WT DOX group. ko indicates knockout; MIF, macrophage migration inhibitory factor; WT, wild type.
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tution of MIF~/~ mice with rmMIF partially but significantly
rescued doxorubicin-induced cardiomyocyte contractile anom-
alies in MIF~/~ mice, as evidenced by normalized PS, £dL/dt
and TRyo. Cardiomyocyte contractile function in control MIF 7~
mice was not affected by rmMIF (Figure 9A through 9F).

To further uncover the potential mechanisms behind
doxorubicin-induced cardiomyocyte contractile dysfunction
in WT and MIF™/~ mice, intracellular Ca?" handling was
monitored in cardiomyocytes from WT and MIF~/~ mice with
or without doxorubicin treatment. Our data showed that
doxorubicin promoted intracellular Ca®" disturbance in car-
diomyocytes as evidenced by a reduced electrical stimulus-
induced rise in intracellular Ca?" and prolonged intracellular
Ca®" clearance associated with unchanged baseline intracel-
lular Ca®"* levels. Although MIF deficiency did not elicit any
notable effect on intracellular Ca®* properties, it exacerbated
doxorubicin-induced intracellular Ca?* mishandling (Figure 3G
through 3I).

MIF Deficiency Exacerbates Doxorubicin-induced
Cardiomyocyte Apoptosis

Given evidence that apoptosis plays an important role in
doxorubicin-induced cardiomyopathy,* apoptosis was examined
in cardiomyocytes from WT and MIF~/~ mice using confocal
microscopy. One week after the initial challenge, doxorubicin
significantly increased apoptosis in myocardial tissues, rem-
iniscent to previous reports.” Our triple immunofluorescence
staining confirmed that doxorubicin induced apoptosis in
cardiomyocytes. More importantly, MIF deficiency exacerbated
doxorubicin-induced cardiomyocyte apoptosis (Figure 4A
through 4P and 4Y). In MIF~/~ mice, rmMIF did not significantly
affect cardiomyocyte viability. However, rmMIF subtly
although significantly attenuated doxorubicin-induced cardio-
myocyte cell death (Figure 4Q through 4Y).

MIF Deficiency Augments Doxorubicin-induced
Mitochondrial Dysfunction

Given that mitochondria play a key role in apoptosis induction
and that doxorubicin may directly trigger cardiac mitochond-
rionopathy,*** mitochondrial function was evaluated in cardio-
myocytes from WT and MIF~/~ mice treated with or without
doxorubicin. Neither saline nor MIF deficiency affected mito-
chondrial morphology as evidenced by organized cristae
structure and intact morphology (Figure 5A and 5C). As
expected, doxorubicin elicited overt cardiac ultrastructural
changes characterized by mitochondrial swelling, disorganiza-
tion of cristae and loss of sarcomere integrity (Figure 5B). MIF
deficiency exacerbated doxorubicin-induced mitochondrial
morphological changes (Figure 5D). Mitochondria from MIF 7~
mice treated with doxorubicin showed more pronounced

swelling and fragmentation of the cristae (Figure 5D). Quanti-
fication showed that doxorubicin treatment significantly
increased mitochondrial area, the effect of which was exacer-
bated in MIF~/~ mice (Figure 5E). Next, JC-1 was employed to
monitor the mitochondrial membrane potential in cardiomyo-
cytes.®®3? Our results showed a significant reduction in the red,
green fluorescence ratio in cardiomyocytes from doxorubicin-
treated WT mice, the effect of which was exacerbated by MIF
knockout (Figure 5F through 51 and 5L). Neither saline nor MIF
deficiency exerted any significant effect on AUm (Figure 5F, 5,
and 5L). Although rmMIF did not overtly influence AUm in
cardiomyocytes isolated from untreated MIF™/~ mice, it
significantly ameliorated doxorubicin-induced A¥m loss in
MIF~/~ mice (Figure 5) through 5L). Furthermore, our
data demonstrated that MIF knockout significantly exacer-
bated doxorubicin-induced changes in mitochondrial respira-
tion (Figure 5M through 50). These data indicate that
doxorubicin treatment dampened mitochondrial function and
respiration, the effect of which was exacerbated by deletion of
MIF.

MIF Deficiency Exacerbates Doxorubicin-induced
Cardiac ROS Generation

Next, DHE was used to evaluate ROS (O, in particular)
production in the hearts from WT and MIF~/~ mice with or
without doxorubicin treatment. Neither saline treatment nor
MIF deficiency significantly affected DHE staining. Doxorubicin
significantly increased ROS generation, consistent with previ-
ous report.>* More importantly, doxorubicin-induced ROS
production was further enhanced by MIF deficiency (Figure 6A
through 6L and 6Q), indicating a role of ROS generation in MIF
deficiency-accentuated myocardial response following
doxorubicin challenge. Furthermore, MitoSOX Red was
employed to detect levels of ROS derived from mitochondria.
MitoSOX Red is widely employed for detection of mitochondrial
0,7, the primary source of ROS in mitochondria.*® Our data
revealed that doxorubicin treatment significantly promoted
mitochondria-derived ROS, the effect of which was exacerbated
by MIF deletion (Figure 6M through 6P and 6R).

MIF Deficiency Augments Doxorubicin-caused
Autophagolysosome Formation Deficit

By electron microscopic examination, doxorubicin treatment
was found to dramatically promote accumulation of double-
membrane vacuoles (Figure 5B and 5D), indicating that
doxorubicin leads to possibly reduced formation of
autophagolysosomes.”” MIF deficiency further increased
doxorubicin-induced accumulation of these double-membrane
vacuoles in myocardial tissues, suggesting that the absence
of MIF exacerbates doxorubicin-induced reduction of auto-
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Figure 4. Confocal microscopic images depicting MIF deficiency-induced accentuation of doxorubicin (DOX)-induced cardiomyocyte apoptosis.
A through X, Frozen myocardial sections from WT and MIF~/~ mice treated with either saline or DOX were stained with desmin (red), TUNEL
(green), and nucleus with DAPI (blue). Data were from 3 independent experiments each with 3 mice per group (for a total of 9 mice per group).
Arrows denote cardiomyocyte apoptosis (the co-localization of desmin, TUNEL and DAPI staining); Y, Quantitative analysis of apoptosis using
TUNEL staining 7 days after DOX injection (=50 fields from 3 mice per group). Mean+SEM, n=3 mice per group, *P<0.05 vs WT group, #P<0.05
vs WT DOX group, fpP<0.05 vs MIFko DOX group. DAPI indicates 4’,6-diamidino-2-phenylindole; ko, knockout; MIF, macrophage migration
inhibitory factor; rmMIF, recombinant mouse macrophage migration inhibitory factor; TUNEL, terminal dUTP nick end-labeling; WT, wild type.

phagolysosome in the heart. Western blot also was employed
to evaluate cardiac autophagolysosome formation. Consis-
tently, our data suggested that doxorubicin treatment
suppressed cardiac autophagolysosome formation, as evi-
denced by the increased LC3BIl and p62 (Figure 7A, 7D
through 7G). Moreover, MIF deficiency further augmented
doxorubicin-induced interruption of autophagolysosome
formation (Figure 7A, 7D through 7G). Although rmMIF itself
failed to significantly alter myocardial autophagic flux in
control MIF~/~ mice, it significantly reconciled doxorubicin-

induced disruption of autophagic flux in MIF~/~ mice (Figure
9G through 9K). Furthermore, our data showed that
doxorubicin inhibited cardiac AMPK phosphorylation while
increasing marker of ER stress and accumulation of ubiqui-
tinated proteins in myocardial tissues, the effects of which
were exacerbated by MIF deficiency (Figure 7A through 7C,
7H, 71). Taken together, these data suggested that doxoru-
bicin treatment inhibits formation of autophagolysosome in
the heart, with a more pronounced effect under MIF
deficiency.
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Figure 5. Mitochondrial morphology, function, and respiration in hearts from WT and MIF~/~ mice treated with saline or doxorubicin (DOX).
Representative transmission electron microscopy (TEM) image of left ventricular tissues (A through D, scale bar=500 nm); E, quantitative analysis
of the percentage of mitochondrial area (=50 mitochondria per group); representative images of JC-1 staining of cardiomyocytes (F through K,
scale bar=30 pum); L, quantitative analysis of the red/green fluorescence ratio (=50 cardiomyocytes from 3 mice per group); mitochondrial
respiration (M, CCO activity/complex IV; N, complex I/lll; O, complex II/Ill). M1: Healthy mitochondria; M3: degenerating mitochondria; Sar:
sarcomere; arrows denote double membrane vacuoles. Mean+SEM, n=50 cardiomyocytes per group, *P<0.05 vs saline group, *P<0.05 vs WT
DOX group, p<0.05 vs MIFko DOX group. CCO indicates cytochrome c oxidase; ko, knockout; MIF, macrophage migration inhibitory factor;
rmMIF, recombinant mouse macrophage migration inhibitory factor; WT, wild type.

Rapamycin Pretreatment Alleviated Doxorubicin-
induced Cardiomyopathy in WT and MIF~/~ Mice

Since doxorubicin-induced cardiomyopathy was associated
with autophagolysosome formation defect, we next analyzed
the effect of autophagy activation using rapamycin, a specific
inhibitor of mammalian target of rapamycin (mTOR) to induce
autophagy.?”*” One week of rapamycin pretreatment failed to
significantly influence cardiac geometry in WT and MIF~/~

mice. However, rapamycin pretreatment dramatically pro-
tected against doxorubicin-induced cardiac remodeling in
WT mice, as evidenced by improved LVESD, FS and EF
(Figure 8C, 8E, and 8F). More importantly, it significantly
alleviated the detrimental effect of MIF deficiency in murine
hearts following doxorubicin challenge. Cardiac geometry was
not significantly affected by rapamycin or MIF deficiency
(Figure 8A through 8F).
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Representative images of heart sections from WT and MIF~/~ mice stained with DHE and DAPI. Oxidized DHE intercalates into DNA and the nuclei
appear in red; M through P, Representative images of MitoSOX-stained cardiomyocytes from WT and MIF~/~ mice treated with or without DOX. Data
were from 3 independent experiments each with 3 mice per group (for a total of 9 mice per group); Q, Quantitative analysis of DHE-positive nuclei
7 days after DOX injection (=50 fields from 3 mice per group); R, MitoSOX red fluorescence intensity. Mean+SEM, n=50 fields per group, *P<0.05 vs
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To further confirm the beneficial effect of rapamycin against
doxorubicin-induced cardiomyopathy, cardiomyocyte contrac-
tile function was evaluated. Our data revealed that rapamycin
rescued doxorubicin-induced cardiomyocyte contractile
dysfunction as evidenced by normalized peaking shortening
(PS) and maximal velocity of shortening/relengthening (+dL/dt).
More importantly, rapamycin pretreatment protected against
doxorubicin-induced contractile dysfunction in cardiomyo-

cytes from MIF/~ mice. Neither rapamycin nor MIF
deficiency significantly affected cardiomyocyte contractile
function (Figure 9A through 9F). To further examine if
the beneficial effect of rapamycin relies on autophagy flux,
bafilomycin A1 was employed to block autophagolysosome
formation.** Our data showed that inhibiting autophagolyso-
some formation with bafilomycin A1 negated the cardiopro-
tective effect of rapamycin, favoring the notion that facilitated
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Figure 7. Effect of MIF deficiency on doxorubicin (DOX)-induced changes in autophagy, ER stress and ubiquitination. A, Representative gel blots
depicting levels of p-AMPK, t-AMPK, LC3BI/Il, p62, Bip, ubiquitin, and GAPDH (loading control) using specific antibodies. B, AMPKa
phosphorylation (Thr'”?, pAMPKo-to-AMPKat ratio). C, Total AMPK expression. D, LC3B | expression. E, LC3B Il expression. F, LC3B Il-to-l ratio.
G, p62 expression. H, Bip expression. |, Ubiquitin expression. Mean+SEM, n = 5 to 6 mice per group, *P<0.05 vs WT group, #P<0.05 vs WT DOX
group. ER indicates endoplasmic reticulum; ko, knockout; MIF, macrophage migration inhibitory factor; p-AMPK, phosphorylated AMP kinase; t-

AMPK, total AMP kinase; WT, wild type.

autophagolysosome formation might be the primary mecha-
nism behind the beneficial effect of rapamycin pretreatment
(Figure 9A through 9F).

We went on to further examine ROS generation in
myocardial tissues from doxorubicin-treated WT and MIF~/~
mice following a 1-week pretreatment with rapamycin.
Doxorubicin-induced ROS were dramatically alleviated in
myocardial tissues from WT and MIF~/~ mice pretreated
with rapamycin (Figure 10). These findings implicate that
rapamycin pretreatment significantly attenuates doxorubicin-
induced cardiomyopathy in WT and MIF~/~ mice.

Discussion

The salient findings from our present work suggest that
endogenous MIF may serve as a unique protective factor for

doxorubicin-induced cardiomyopathy. Doxorubicin-induced
cardiac remodeling and dysfunction were accentuated by
genetic MIF deficiency, as evidenced by more pronounced
adverse effects on mortality, myocardial geometry, and func-
tion. In addition, MIF deficiency exacerbated doxorubicin-
induced apoptosis, mitochondrial injury (TEM image, JC-1
staining and mitochondrial respiration) and ROS generation
(global or mitochondria originated O, ). Our TEM and Western
blot data indicated that doxorubicin suppressed the degrada-
tion of cardiac autophagosomes, and that these effects were
exacerbated by MIF deficiency. In MIF~/~ mice, reconstitution
with recombinant MIF partially although significantly improved
doxorubicin-induced cardiomyocyte contractile dysfunction,
cardiomyocyte cell death, mitochondrial dysfunction, and
interrupted myocardial autophagic flux. Pretreatment with
rapamycin to induce cardiac autophagy dramatically attenuated
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Figure 8. Echocardiographic parametersin WT and MIF~/~ mice treated with rapamycin for 7 days prior to doxorubicin (DOX) challenge. A, LV wall
thickness; B, septal thickness; C, fractional shortening (FS, %); D, LVEDD; E, LVESD; F, ejection fraction (EF, %). Mean+SEM, n=8 to 9 mice per group,
*P<0.05 vs WT group, #p<0.05 vs WT DOX group, Tp<0.05 vs MIF knockout DOX group. ko indicates knockout; LV, left ventricle; LVEDD, LV end
diastolic diameter; LVESD, LV end systolic diameter; MIF, macrophage migration inhibitory factor; Rapa, rapamycin; WT, wild type.

doxorubicin-induced cardiomyopathy in WT and MIF ™/~ mice.
More importantly, treatment with bafilomycin A1 confirmed
that facilitated autophagolysosome formation was probably the
primary mechanism underlying the cardioprotective effect of
rmMIF and rapamycin. Taken together, these data indicate that
by facilitating autophagolysosome formation, endogenous MIF
exerts a cardioprotective action by preventing doxorubicin-
induced exacerbation of cardiomyopathy. Facilitation of cardiac
autophagy may be beneficial for the treatment of doxorubicin-
induced cardiomyopathy, especially in those patients who are
genetic low producers of MIF.*8

Our echocardiographic data showed that doxorubicin
treatment increased LVEDD and LVESD, as well as decreased
fractional shortening and ejection fraction in WT hearts. These
findings are in agreement with the previous findings of cardiac
remodeling induced by acute doxorubicin treatment.® MIF
deletion further exacerbated the doxorubicin-induced rise in
the lung/body weight ratio, suggesting that the doxorubicin-
challenged MIF~/~ mice might have already developed heart
failure prior to death.* In addition, data from the present
study revealed that doxorubicin treatment triggered
cardiomyocyte contractile dysfunction, including suppressed
peak shortening and maximal velocity of shortening/relength-
ening. Moreover, intracellular Ca?* handling was disturbed in
response to doxorubicin treatment, as evidenced by a
depressed electrically stimulated rise in intracellular Ca®"

(AFFI) and prolonged intracellular Ca®* clearance. MIF defi-
ciency itself was not found to significantly affect cardiac
geometry, cardiomyocyte contractile function, and intracellu-
lar Ca®" handling properties. However, the absence of MIF
exacerbated doxorubicin-induced cardiac remodeling, cardio-
myocyte contractile dysfunction, and disturbances in intra-
cellular Ca®?* handling. Accumulating evidence indicates a
pivotal role of interrupted intracellular Ca®* homeostasis in
cardiac pathological responses,®®? further suggesting a
specific function of MIF in the maintenance of intracellular
Ca”" handling in cardiomyocytes during doxorubicin chal-
lenge. Although it is still unclear how MIF-1 deficiency
exacerbates doxorubicin-induced intracellular Ca** handing,
myocardial autophagy is speculated to play a role. Our
previous report showed that myocardial autophagy activity is
involved in the regulation of intracellular Ca®* handing in
cardiomyocytes.®® Moreover, our present finding that recon-
stitution of rmMIF significantly improved cardiomyocyte
function in doxorubicin-treated MIF~/~ mice further con-
firmed the indispensible role of MIF in the maintenance of
cardiac homeostasis in the face of doxorubicin challenge.

As a cytokine involved in innate immunity, MIF plays an
essential role in mediating antimicrobial and stress
responses.'® There is an increasing recent interest in the
role of MIF in the etiology of cardiovascular diseases,
including atherosclerosis,®*°® coronary heart disease,’® type
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Figure 9. A through F, Cardiomyocyte contractile properties of WT and MIF~/~ mice treated with rmMIF reconstitution or rapamycin in the
presence or absence of the lysosomal inhibitor bafilomycin A1 (BafA1, 3 umol/kg per day, i.p.) for 7 days immediately following initiation of
rmMIF or rapamycin treatment. A, Resting cell length; B, peak shortening (PS, normalized to resting cell length); C, +dL/dt; D, —dL/dt; E, TPS;
F, TRgo. Mean=+SEM, n=100 to 130 cells from 5 mice per group, *P<0.05 vs WT group, #¥P<0.05 vs WT DOX group, 'P<0.05 vs MIFko DOX group.
G through K, Effect of rmMIF reconstitution on myocardial autophagy flux in MIF~/~ mice treated with or without DOX. G, Representative gel blots
depicting protein levels of LC3BI/Il, p62 and GAPDH (loading control) using specific antibodies; H, LC3B | expression; |, LC3B Il expression;
J, LC3B II-to-LC3B | ratio; K, p62 expression. Mean+SEM, n=5 to 6 mice per group, *P<0.05 vs WT group, *P<0.05 vs WT DOX group. BafA1
indiactes bafilomycin A1; -+dL/dt, maximal velocity of shortening; —dL/dt, maximal velocity of relengthening; DOX, doxorubicin; i.p.,
intraperitoneal; ko, knockout; MIF, macrophage migration inhibitory factor; Rapa, rapamycin; rmMIF, recombinant mouse macrophage migration
inhibitory factor; TPS, time-to-PS; TR, time-to-90% relengthening; WT, wild type.

2 diabetes mellitus-associated cardiac complications,'®°7-°8 results indicate that MIF deficiency exacerbates cardiac
cardiac ischemia reperfusion injury,’"'*'® and pressure geometric, cardiomyocyte contractile, and intracellular Ca®*
overload-induced cardiac hypertrophy.®® MIF has been shown handling defects induced by doxorubicin treatment. Our data
to be expressed in cardiomyocytes and to be secreted by showed that MIF deficiency further suppressed cardiac AMPK
cardiomyocytes.'"'* In the course of ischemia/reperfusion, in response to doxorubicin treatment.

type 1 diabetes or pressure overload, endogenous MIF has Our in vivo data revealed, for the first time, that MIF
been demonstrated to be tissue protective against stress- deficiency exacerbates doxorubicin-induced deficit of cardiac
caused cardiac injuries.'"'* "> The mechanism through autophagolysosome formation. Our TEM data displayed that
which MIF exerts its cardioprotective effect is dependent doxorubicin overtly promoted the accumulation of double-
upon binding to and activating its cardiac receptor CD74.'"'° membrane vacuoles in myocardial tissues, representing an
More importantly, the cardioprotective effect of MIF may rely increased cellular content of autophagosomes. In addition,
on activation of AMPK'"'* and inhibition of the JNK/MAPK our data depicted a significant rise in LC3B I, a widely
pathway.'® Reminiscent of these previous findings, the current accepted marker for autophagosomes, in cardiac tissue
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Figure 10. ROS production in hearts of WT and MIF~/~ mice treated with saline or doxorubicin (DOX) in the absence or presence of rapamycin
pretreatment. Frozen myocardial tissue sections were stained with DHE (red), and nucleus with DAPI (blue). Data were from 3 independent
experiments each with 3 mice per group (for a total of 9 mice per group). The percentage of DHE-positive nuclei was quantified (=50 fields from 3
mice per group, scale bar=50 um). Mean+SEM, n=50 fields per group, *P<0.05 vs WT group, *P<0.05 vs WT DOX group, 'P<0.05 vs MIF
knockout DOX group. DOX indicates doxorubicin; ko, knockout; MIF, macrophage migration inhibitory factor; Rapa, rapamycin; WT, wild type.

following doxorubicin challenge. The increased appearance of
LC3B Il may be caused by either an increase in its formation
(autophagy initiation), or inhibition of its degradation (auto-
phagolysosome formation).3¢**° p62, also known as
SQSTM1/sequestome 1, is an autophagy adaptor protein
specifically degraded by autophagy.®'"%? Total cellular content
of p62 inversely correlates with autophagy function. Our data
showed that p62 was increased in cardiac tissues following
doxorubicin treatment, the effect of which was further
augmented by MIF deficiency. An increase in LC3B Il with a
concomitant elevation in p62 suggests a deficit in autophago-
lysosome formation following doxorubicin treatment. However,
in vitro data suggests that doxorubicin at low dosages may
induce autophagy in cardiomyocytes, which is detrimental to
cardiomyocyte survival.?*?° It may be speculated that such
discrepancies in doxorubicin-induced autophagy response may
be attributed to different experimental settings. For example,
autophagy was deemed detrimental in the in vitro setting of
doxorubicin (1 pmol/L) treatment.”*%> On the other hand, our
group and others used a 20 mg/kg cumulative dose of

doxorubicin in vivo to trigger doxorubicin cardiomyopathy
acutely.>?42° Although the precise mechanism behind MIF-
regulated autophagolysosome formation remains unknown, our
data suggest that MIF deficiency exacerbates doxorubicin-
induced defect in cardiac autophagolysosome formation, which
may further exacerbate doxorubicin cardiomyopathy.

Perhaps the most intriguing finding from our current study is
that facilitated autophagy using rapamycin rescued doxorubi-
cin-induced changes in cardiac geometry and contractile
function in WT and MIF~/~ mice. As a specific inhibitor of
mammalian target of rapamycin (mTOR), rapamycin is a potent
inducer of autophagy.?*°® Data from other laboratories have
shown that starvation-induced autophagy is beneficial for
homeostasis of cardiac geometry in the face of doxorubicin
toxicity.?® At the same time, recent studies showed that prior
starvation, a widely employed inducer for autophagy, is capable
of rescuing doxorubicin-induced deficit in cardiac autophago-
lysosome formation.?® Although the precise underlying mech-
anisms are unclear, it is possible that pretreatment with
rapamycin might activate cardiac autophagy to increase
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myocardial ATP levels to prevent doxorubicin-induced deficit in
autophagolysosome formation.?* Further experiments are
warranted to identify the possible mechanisms underlying the
beneficial effect of rapamycin pretreatment against doxorubi-
cin-induced cardiomyopathy.

In conclusion, the findings from our present study provide
the first evidence that MIF exerts a permissive role in
doxorubicin cardiomyopathy. Our data revealed a pivotal role
of interrupted autophagolysosome formation in doxorubicin-
induced cardiac anomalies in WT and MIF~/~ mice. Moreover,
facilitating autophagy using rapamycin and replenishment of
MIF using rmMIF significantly ameliorated doxorubicin-
induced cardiac anomalies. Although it is still premature to
discern the precise mechanism through which MIF governs
myocardial autophagolysosome formation in the setting of
doxorubicin challenge, our current study has shed some light
towards a better understanding for the role of MIF and
autophagy in the maintenance of myocardial geometry and
function under doxorubicin toxicity. Further study is warranted
to elucidate the underlying mechanisms as well as the
therapeutic potential of pharmacologically augmented auto-
phagy in the management of doxorubicin cardiomyopathy.®*
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