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ARTICLE INFO ABSTRACT

Keywords: CD74, a non-polymorphic type II transmembrane glycoprotein and MHC class II chaperone, is the cell surface

CD74 receptor for the inflammatory cytokine macrophage migration inhibitory factor (MIF) and participates in in-

Etha‘?"l flammatory signaling regulation. This study examined the potential role of CD74 in binge drinking-induced

f\ardlc;lmyocyte cardiac contractile dysfunction. WT and CD74 knockout mice were exposed to ethanol (3 g/kg/d, i.p., for
utophagy

3 days). Echocardiography, cardiomyocyte function, histological staining and autophagy signaling including
AMPK, mTOR, and AMPK downstream signals Skp2 and Sirt]l were evaluated. Our results revealed that ethanol
challenge overtly compromised echocardiographic, cardiomyocyte contractile, intracellular Ca®>* and ultra-
structural properties along with overt apoptosis, inflammation (elevated MIF, IL-1f and IL-6) and mitochondrial
O, production (p < 0.01), the effect of which was reconciled by CD74 ablation (p < 0.01 vs. ethanol group)
with the exception of MIF expression. Ethanol challenge upregulated autophagy (p < 0.001), promoted AMPK
phosphorylation and Sirtl levels (p < 0.003) while suppressing mTOR phosphorylation and Skp2 levels
(p < 0.02). These effects were reversed by CD74 ablation. In vitro studies demonstrated that short-term ethanol
challenge compromised cardiomyocyte contractile function and facilitated GFP-Puncta formation, which were
mitigated by CD74 knockout (p < 0.0001). Moreover, the CD74 ablation-offered beneficial effects against
ethanol-induced cardiomyocyte dysfunction, and GFP-Puncta formation were nullified by the AMPK activator
AICAR, the Skp2 inhibitor C1 or the Sirtl activator SRT1720 (p < 0.0001). Taken together, our data revealed
that CD74 ablation counteracts acute ethanol challenge-induced myocardial dysfunction, inflammation and
apoptosis possibly through an AMPK-mTOR-Skp2-mediated regulation of autophagy.

AMPK
Skp2

1. Introduction myocardial architecture and cardiac pump contractile capacity [4-7]
leading to the condition of alcoholic cardiomyopathy with frequent

Although low to moderate consumption of alcohol (ethanol) bene- alcohol binge intake [3,8-10]. Several cellular and molecular me-
fits cardiovascular function and lowers overall cardiovascular mor- chanisms have been postulated for acute cardiac toxicity of ethanol
bidity and mortality [1-3], binge drinking may severely compromise including direct effects from ethanol or its metabolic products such as
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droethidium; — dL/dt, maximal velocity of relengthening; + dL/dt, maximal velocity of shortening; EDD, end diastolic dimension; ESD, end systolic dimension;
AFFI, fura-fluorescence intensity change; GFP, green fluorescence Protein; IL, interleukin; LV, left ventricle; MIF, migration inhibitory factor; mTOR, mechanistic
target of rapamycin; NCM, Neonatal cardiomyocyte; PS, peak shortening; Sirt, sirtuin; Skp2, S-phase kinase-associated protein 2; TEM, Transmission electron mi-
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acetaldehyde, oxidative stress and mitochondrial damage, and various
forms of cell death [e.g., necrosis, apoptosis and autophagic cell death
(autosis)] [2,3,11-14]. Nonetheless, the precise mechanisms re-
sponsible for binge drinking-induced cardiovascular anomalies remain
poorly understood, imposing a major threat for the proper management
of cardiac health in populations with frequent binge drinking.

Earlier evidence has supported an important role for macrophage
migration inhibitory factor (MIF), a pluripotent cytokine constitutively
expressed and stored in various cell types including immune, en-
dothelial, and epithelial cells, in alcohol-induced liver injury [15,16].
MIF exacerbates ethanol-induced liver injury through promoting che-
mokine production and immune cell infiltration via interaction with its
receptor CD74 [15,17]. Paradoxically, results from our own group have
recently depicted a beneficial role for MIF in obesity and pressure
overload-induced cardiac anomalies through regulation of autophagy, a
highly conserved machinery to removed long-lived or damaged pro-
teins or cell components [18,19]. However, the role of the MIF or its
membrane receptor CD74 in ethanol-induced cardiotoxicity remains
unknown. To this end, the current study was designed to examine the
impact of genetic CD74 deficiency on acute ethanol challenge-induced
cardiac geometric and functional anomalies as well as the underlying
mechanisms involved. Cardiac geometry, ultrastructure and contractile
function were scrutinized in WT and CD74 knockout mice with or
without binge ethanol challenge. Given that our earlier findings de-
monstrated an important role for hyperactivation of adenosine mono-
phosphate-activated protein kinase (AMPK) and AMPK-associated au-
tophagy in the pathogenesis of alcoholic cardiomyopathy [13,20-22],
autophagy indices and AMPK-mediated autophagy regulation were
monitored. Recent evidence revealed an essential role for S-phase ki-
nase-associated protein 2 (Skp2), a F-box component of Skp1/Cullin/F-
box protein-type ubiquitin ligase, in ubiquitination and proteasomal
degradation downstream of AMPK signaling [23]. We went on to ex-
amine the possible role for Skp2 in ethanol toxicity-induced responses
in cardiac contractile function and autophagy. Levels of Skp2 are ele-
vated in multiple pathological conditions such as cancer [24] although
little is known for alcoholic diseases.

2. Materials and methods
2.1. Experimental animals and acute ethanol treatment

All animal procedures were approved the University of Wyoming
Institute of Animal Care and Use Committee (Laramie, WY, USA) and
Zhongshan Hospital Fudan University (Shanghai, China) in accordance
with the NIH Guide for the Care and Use of Laboratory Animals. In
brief, 5-6 month-old adult male C57BL/6 WT and CD74 knockout
(Cd74~’/7) mice were injected intraperitoneally with ethanol (3 g/kg/
d, twice a day at 10:00 and 20:00 h) for 3 consecutive days to mimic
binge ethanol exposure defined in our laboratory and others
[13,22,25-27]. Mice from non-ethanol group received an equal volume
of saline. Production of Cd74~/~ mice were described in detail pre-
viously [28]. All experimental mice were housed in a temperature-
controlled room under a 12 hr/12 hr-light/dark and were allowed ac-
cess to water ad libitum. Mice were sacrificed under anesthesia (80 mg/
kg ketamine and 12 mg/kg xylazine, i.p.) 24 h after last ethanol injec-
tion, blood samples were collected and were immediately deproteinized
with 6.25% trichloroacetic acid solution. Hearts were collected in liquid
nitrogen. Blood ethanol levels were determined using an Alcohol/
Ethanol Assay kit from (Cell Biolab, Inc., San Diego, CA).

2.2. Echocardiographic assessment

Cardiac geometry and function were evaluated in anesthetized
(ketamine 80 mg/kg and xylazine 12 mg/kg, i.p.) mice 24 h after the
last ethanol challenge using a 2-dimensional (2-D) guided M-mode
echocardiography (Vevo 2100, FUJIFILM Visualsonics, Toronto, ON,
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Canada) equipped with a 22-55MHz linear transducer (MS550D,
FUJIFILM VisualSonics, Toronto, ON, Canada). Hearts were imaged in
the 2-D mode using the parasternal long-axis view before switching to
M-mode positioned perpendicular to interventricular septum and pos-
terior wall of left ventricle (LV). Diastolic LV wall thickness, LV end
diastolic dimension (EDD) and LV end systolic dimension (ESD) were
measured. Fractional shortening was calculated as [(EDD-ESD)/
EDD] x 100. Heart rate was averaged over 10 cardiac cycles [29].

2.3. Isolation of cardiomyocytes and measurement of mechanical properties

Immediately following echocardiographic evaluation, hearts were
removed under anesthesia (ketamine 80 mg/kg and xylazine 12 mg/kg,
i.p.) and were digested by Liberase Blendzyme (Roche). Only rod-
shaped cardiomyocytes with clear edges were used. Cardiomyocytes
were visualized with an inverted microscope (IX-70, Olympus, Tokyo,
Japan) and mechanical properties of cardiomyocytes were evaluated
using a SoftEdge MyoCam system (IonOptix Corporation, Milton, MA,
USA) [30]. Peak shortening, time-to -peak shortening (TPS), time-to-
90% relengthening (TRgp), and maximal velocity of shortening and
relengthening ( = dL/dt) were assessed. To evaluate the role of AMPK,
Skp2 and Sirtl in ethanol-induced responses, cardiomyocytes from
adult WT or Cd74~/~ mice were incubated with ethanol (240 mg/dl) at
37 °C for 6 h in the absence or presence of the AMPK activator 5’-ami-
noimidasole-4-carboxamide-1-f-d-ribofuranoside =~ (AICAR, 500 pM)
[31], or the Skp2 inhibitor C1 (10 uM) [32], or the Sirtl activator
SRT1720 (1 uM) [33] prior to assessment of mechanical properties.

2.4. Intracellular Ca®* transients

Cardiomyocytes were incubated with fura-2/AM (0.5 uM; Molecular
Probes) for 10 min and fluorescence intensity was recorded with a dual-
excitation fluorescence photomultiplier system (IonOptix). Myocytes
were placed onto an Olympus IX-70 inverted microscope and imaged
through a Fluor X 40 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 and qualitative change in fura-
2 fluorescence intensity (FFI) was inferred from the FFI ratio at the two
wavelengths (360/380). Fluorescence decay time was calculated as an
indicator of intracellular Ca®* clearing [31].

2.5. Histological staining

After anesthesia, hearts were excised and immediately placed in
10% neutral-buffered formalin at room temperature for 48 h after a
brief wash with PBS. The specimen were embedded in paraffin and then
cut into 3-um sections. The normal procedure of hematoxylin and eosin
staining (H&E staining) were applied to examine the histological
changes following ethanol treatment. The sections were examined and
the images were obtained under a microscope (DXM1200F, Nikon)
[31].

2.6. Transmission electron microscopy (TEM)

Myocardial ultrastructure was evaluated using TEM. In brief, hearts
were fixed with PIPES-buffered formaldehyde-glutaraldehyde. Left
ventricular myocardium was taken from the midventricular region and
was trimmed to 1-mm? blocks. The blocks were fixed using a 10:1 fluid/
tissue ratio overnight at 4 °C. After washing with PIPES buffer along
with 2% sucrose (pH 7.4), myocardial blocks were further processed in
PIPES buffered 1% OsO4 along with 2% sucrose and 1.5% Ks3FE
(CN)g'3H,0 overnight at 22-24 °C. Blocks were then dehydrated using
graded ethanol and propylene oxide, and were ultimately enclosed in
Epon/Araldite. RMC-MTXL ultramicrotome and a Diatome diamond
knife were used to obtain thin sections. Sections were labeled with lead
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citrate and uranyl acetate. Micrographic pictures were taken using a
Hitachi 7500 transmission electron microscope [34].

2.7. Intracellular fluorescence measurement of superoxide (O2)

Intracellular O,~ was monitored by changes in fluorescence in-
tensity from intracellular probe oxidation. In brief, cardiomyocytes
were loaded with 5uM dihydroethidium (DHE) (Molecular Probes,
Eugene, OR, USA) for 30 min at 37 °C and washed with PBS buffer. Cells
were sampled randomly using an Olympus BX-51 microscope equipped
with Olympus MagnaFire™ SP digital camera and ImagePro image
analysis software (Media Cybernetics, Silver Spring, MD, USA).
Fluorescence was calibrated with InSpeck microspheres (Molecular
Probes). The fluorescence intensity values from different fields of view
were calculated using the Image J software, and the average values are
represented [35].

2.8. Western blot

Cardiac tissues from left ventricular were homogenized and sub-
sequent sonicated in a RIPA lysis buffer with 1% protease inhibitor
cocktail. Protein concentration was measured using Bradford assay.
Approximately 20 ug—30 ug proteins were loaded and separated by 15%
SDS-PAGE. Proteins were electrophoretically transferred to ni-
trocellulose membranes. The membranes were incubated in 5% non-fat
milk in Tris-buffered saline buffer. After blocking, the membranes were
incubated overnight at 4°C with anti-MIF (1:1000), anti-CD74
(1:1000), anti-IL-1B (1:1000), anti-IL-6 (1:1000), anti-Bax (1:1000),
anti-Bcl-2 (1:1000), anti-Caspase-3 (1:1000), anti-Atg5 (1:1000), anti-
LC3B (1:500), anti-Beclin-1 (1:1000), anti-p62 (1:1000), anti-AMPK
(1:1000), anti-p-AMPK (Thr'”?, 1:500), anti-mTOR (1:1000), anti-p-
mTOR (Ser***8, 1:1000), anti-Skp2 (1:1000) and anti-Sirtl (1:1000)
antibodies. Membranes were incubated with horseradish peroxidase-
conjugated secondary antibody (1:5000) prior to densitometry using
ChemiDoc Image device (Bio-rad). GAPDH was used as loading control
[34].

2.9. Neonatal cardiomyocyte (NCM) isolation and siRNA silencing

Neonatal (1-2day-old) WT and Cd74~ /- (homozygous, no geno-
typing needed) mice were sterilized with ethanol. Hearts were rinsed
with PBS 3 times and were cut into small pieces prior to 4-5 rounds of
digestion using 0.25% trypsin (Carolina, Burlington, NC, USA). For
each round, 2-4 mL of trypsin was added and heart tissues were in-
cubated at 37 °C for 10 min. The supernatant was filtered with a 200-um
cell strainer (Biologix, Lenexa, KS, USA) and neutralized in DMEM
medium containing fetal bovine serum (20%), 1% penicillin and
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streptomycin (Gibco, Grand Island, NY, USA) to stop digestion. Tissue
fragments were subjected to another round of digestion until they de-
fragmented. Cells were centrifuged at 800 xg for 10 min at room
temperature and cell pellets were resuspended in DMEM medium
containing fetal bovine serum (20%) with 1% penicillin and strepto-
mycin before being plated in an uncoated dish for 1h at 37 °C. The
suspending cardiomyocytes were plated in a confocal plate pre-coated
with 1% gelatin, and cultured for 48 h at 37 °C in the presence of 95%
O, and 5% CO, [34]. Cells were transfected with Skp2 siRNA (F: 5’-
CCACAUGGACUGCUCUCAATT-3; and R: 5- UUGAGAGCAGUCCAUG
UGGTT-3") in DMEM. Forty-eight hrs later, neonatal cardiomyocytes
were exposed to ethanol (240 mg/dl) for another 24 h prior to bio-
chemical assessment.

2.10. LC3B-GFP-adenoviral transfection and drug treatment

NCM from 1 to 2 day-old WT and Cd74~/~ mice were transfected
with GFP-LC3 adenovirus for 24h [34] and were treated ethanol
(240 mg/dl) at 37 °C for 24 h in the absence or presence of the AMPK
activator AICAR (500 uM) [31], or the Skp2 inhibitor C1 (10 uM) [32],
or the Sirtl activator SRT1720 (1 uM) [33]. After treatment, cells were
gently rinsed with PBS 3 times before being fixed in 4% paraf-
ormaldehyde (20 min at room temperature). Cells were rinsed with PBS
after fixation. For autophagy visualization, cells were imaged using the
EVOS® FL Imaging System at x 20 magnification (Life Technologies,
Carlsbad, CA, USA) and number of GFP-LC3 puncta per cell were
counted.

2.11. Statistical analysis

Data are expressed as the mean *= SEM. Statistical significance
(p < 0.05) for each variable was estimated by analysis of variance
followed by Tukey's test for post hoc analysis.

3. Results

3.1. Echocardiographic characteristics of WT and CD74 knockout mice
exposed to ethanol

Neither acute ethanol challenge nor CD74 ablation overtly affected
body and organ (heart, liver and kidney) weights (or organ size when
normalized to body weight) (p > 0.05 vs. WT group). Acute ethanol
challenge significantly increased blood ethanol levels (p < 0.05 vs.
non-treated groups) in a comparable manner in both WT and Cd74~/~
mice. Acute ethanol challenge increased LVESD and decreased frac-
tional shortening (p < 0.01) without affecting LVEDD and diastolic LV
wall thickness, the effect of which was negated by CD74 ablation

Biometric and myocardial contractile parameters of alcohol-treated WT and Cd74~/~ mice.

Parameter WT cd74=/~ WT-ETOH Cd74~/~-ETOH
Body weight (g) 26.6 = 0.7 25.5 * 0.6 25.5 * 0.8 26.4 = 0.8
Heart weight (mg) 143 = 3 140 = 3 141 = 4 143 = 4
Heart/body weight (mg/g) 5.29 = 0.09 5.51 = 0.09 5.55 = 0.07 5.42 = 0.09
Liver weight (g) 1.25 = 0.03 1.23 = 0.02 1.25 = 0.03 1.26 = 0.05
Liver/body weight (mg/g) 46.8 = 0.5 48,5 = 0.9 49.3 = 1.6 47.5 = 0.8
Kidney weight (g) 0.321 + 0.008 0.319 * 0.011 0.312 + 0.014 0.316 + 0.011
Kidney/body weight (mg/g) 12.2 + 0.3 12.5 + 0.3 12.2 + 0.4 12.0 + 0.2
Blood alcohol (mg/dl) Undetectable Undetectable 63.3 + 4.7* 58.4 + 5.2*
LV wall thickness (mm) 0.88 + 0.08 0.85 = 0.06 0.85 = 0.06 0.89 + 0.06
Heart rate (bpm) 461 = 10 454 = 14 474 = 16 478 = 11
LV ESD (mm) 1.51 = 0.14 1.39 = 0.10 2.18 = 0.15* 1.52 = 0.12%
LV EDD (mm) 3.07 = 0.11 2.89 + 0.07 3.09 = 0.20 3.01 = 0.12
Fractional shortening (%) 52.1 = 3.4 52.1 = 2.4 29.8 =+ 1.4* 49.4 + 3.5

LV: left ventricular; ESD: end systolic diameter; EDD: end diastolic diameter; Mean = SEM, n = 8-9 mice per group, *p < 0.01 vs. WT group, *p < 0.05 vs. WT-

ETOH group.
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Fig. 1. Cardiomyocyte contractile and intracellular Ca®>* handling properties from WT and Cd74~/~ mice with or without acute ethanol challenge. A: Resting cell
length; B: Maximal velocity of shortening (+ dL/dt); C: Maximal velocity of relengthening (— dL/dt); D: Peak shortening (PS, normalized to resting cell length); E:
Time-to-peak shortening (TPS); F: Time-t0o-90% relengthening (TRoo); G: Resting Fura-2 fluorescence intensity (FFI); H: Electrically-stimulated rise in FFI (AFFI); and
I: Intracellular Ca®* decay rate. Mean + SEM, n = 79-80 cells (panel A-F) or 51 cells (panel G-I) from 4 mice per group, *p < 0.05 vs. WT group, “p < 0.05 vs.

WT-ETOH group.

(p < 0.01 vs. WT-ETOH group) with little effect from CD74 ablation
itself. Neither acute ethanol challenge nor CD74 ablation affected heart
rate (Table 1).

3.2. Cardiomyocyte mechanics and intracellular Ca** in WT and CD74
knockout mice

Neither ethanol challenge nor CD74 knockout altered the resting
cell length. However, acute ethanol challenge significantly decreased
peak shortening (p < 0.0001) and = dL/dt (p < 0.01) associated
with prolonged TRgo (p = 0.0002) without affecting TPS, the effect of
which was reconciled by CD74 knockout. CD74 knockout itself did not
affect cardiomyocyte mechanics (Fig. 1A-F). To explore the possible
mechanisms behind CD74 ablation-induced benefit against ethanol-in-
duced cardiac anomalies, intracellular Ca>* handling was evaluated in
WT and Cd74~/~ cardiomyocytes with or without ethanol challenge.
Our data revealed that acute ethanol challenge significantly depressed
electrically-induced rise in intracellular Ca?™ (AFFI) (p = 0.0069) and
prolonged intracellular Ca®* decay (p = 0.0023) without affecting
baseline intracellular Ca?* (p = 0.3325), the effect of which was re-
versed by CD74 ablation. CD74 deletion also negated ethanol-elicited
changes in AFFI and intracellular Ca®>* decay without affecting any
notable alteration on intracellular Ca* properties in the absence of
ethanol challenge (Fig. 1G-I).
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3.3. Effect of acute ethanol exposure on myocardial histology,
ultrastructure and mitochondrial O2- production in WT and CD74 knockout
mice

H&E staining indicated that neither acute ethanol challenge nor
CD74 ablation affected cardiomyocyte cross-section area. TEM was
employed to evaluate the ultrastructure of sarcomere and mitochon-
dria. Our data depicted overt cytoarchitectural aberration such as dis-
tortion of sarcomeres and myocardial filaments in ethanol-treated
mouse myocardium, the response was negated by CD74 knockout
without any notable ultrastructural change from CD74 ablation itself
(Fig. 2A-B). Moreover, we evaluated mitochondrial O,  production.
Our data revealed that ethanol challenge increased mitochondrial O~
production (p < 0.0001 vs. WT group), the effect of which was ob-
literated by CD74 knockout (p < 0.0001 vs. WT-ETOH group). CD74
knockout itself did not affect mitochondrial O, production (Fig. 2C-D).

3.4. Effects of acute ethanol exposure and CD74 knockout on inflammation
and apoptosis

To examine possible role of inflammation and apoptosis in CD74
ablation and acute ethanol challenge-induced contractile response,
protein markers for inflammation and apoptosis including the CD74
ligand MIF, IL-1p, IL-6, Bax, Bcl-2 and Caspase-3 were assessed.
Western blot results indicated that acute ethanol challenge significantly
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Fig. 2. Myocardial morphology, ultrastructure, mitochondrial integrity and mitochondrial O,~ production in from WT and Cd74~/~ mice with or without acute
ethanol challenge. A: H&E staining (400 X ); B: Mitochondria and sarcomere ultrastructure using transmission electron microscopy; C: Mitochondrial superoxide

(05 7) production using DHE staining; and D: Pooled data of mitochondrial O, levels. Mean

vs. WT-ETOH group.

upregulated the levels of MIF (p < 0.0001), IL-1f (p = 0.0003), IL-6
(p < 0.0001), Bax (p < 0.0001), Bcl-2 (p = 0.0138) and Caspase-3
(p = 0.0101) without affecting levels of CD74, the effect of which was
cancelled off by CD74 ablation with the exception of MIF. CD74
knockout was validated using Western blot analysis (Fig. 3B, p < 0.001
between WT and cd74~/~ groups). CD74 knockout alone did not
change the levels of these inflammation (except for CD74) or apoptosis
markers (Fig. 3).

3.5. Effects of acute ethanol exposure and CD74 knockout on autophagy

To examine possible role of autophagy in CD74 ablation and
ethanol-induced contractile response, protein markers for autophagy
including Atg5, LC3BI/IL, and p62 were assessed. Western blot results
indicated that acute ethanol challenge significantly upregulated the
levels of Atg5 (p = 0.0006), LC3BII-to-LC3BI ratio (p < 0.0001) and
p62 (p = 0.001), the effect of which was nullified by CD74 ablation.
CD74 knockout alone did not affect these autophagy markers (Fig. 4).

3.6. Effects of acute ethanol exposure and CD74 knockout on AMPK,
mTOR, Skp2 and Sirtl signaling

To explore the possible regulatory mechanisms of autophagy, sig-
naling machineries for essential autophagy regulatory components in-
cluding AMPK and mTOR were monitored. Our data revealed that acute
ethanol challenge significantly increased and decreased the
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+

SEM, n = 8 images per group, *p < 0.05 vs. WT group; p < 0.05

phosphorylation of AMPK and mTOR, respectively (p = 0.0008 and
0.0142, respectively), without affecting pan protein expression of
AMPK and mTOR. Although CD74 ablation itself did affect pan and
phosphorylated AMPK and mTOR, it negated ethanol-induced AMPK
phosphorylation and mTOR dephosphorylation (Fig. 5A-B). Moreover,
acute ethanol challenge downregulated Skp2 (p = 0.004), a down-
stream target of AMPK-mTOR in tumorigenesis and aging [36,37] while
upregulating that of Sirtl (p = 0.0003), the effect of which was miti-
gated by CD74 ablation, with little effect from CD74 knockout itself
(Fig. 5C-D). Further assessment of the potential relationship between
Skp2 and Sirtl using neonatal murine cardiomyocytes revealed that
siRNA silencing of Skp2 effectively negated ethanol exposure-induced
upregulation of Sirtl (p = 0.0273) without eliciting any effect by itself
(Supplemental Fig. 1), suggesting that Skp2 is possibly upstream role of
Sirtl.

3.7. Effects of AMPK activation, Skp2 inhibition and Sirt] activation in
ethanol-induced cardiomyocyte contractile abnormalities

To explore the role of AMPK, Skp2 and Sirtl in ethanol-induced
cardiac contractile properties, isolated cardiomyocytes from WT and
Cd74~/~ mice were challenged with ethanol (240 mg/dl) for 6 h in the
absence or presence of the AMPK activator AICAR (500 uM), the Skp2
inhibitor C1 (10 uM) or the Sirtl activator SRT1720 (1 uM) prior to
assessment of cardiomyocyte mechanics. Our results shown in Fig. 6A-F
revealed that ethanol significantly decreased PS, maximal velocity of
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Fig. 3. Protein levels of MIF, CD74, proinflammatory and apoptotic makers in hearts from WT and Cd74~/~ mice with or without acute ethanol challenge. A: MIF; B:
CD74; C: IL-1B; D: IL-6; E: Bax; F: Bcl-2; and G: Caspase-3. Insets: Representative gel blots depicting levels of MIF, CD74, IL-18, IL-6, Bax, Bcl-2 and Caspase-3 using
specific antibodies (GAPDH as the loading control); Mean + SEM, n = 5-7 mice per group, *p < 0.05 vs. WT group; *p < 0.05 vs. WI-ETOH group.

shortening/relengthening, and prolonged the duration of relengthening
(p < 0.0001 vs. control) without affecting resting cell length and
duration of shortening. Although AICAR, C1 or SRT1720 alone did not
affect these mechanical properties of cardiomyocytes in the absence of
short-term ethanol exposure, it nullified CD74 ablation-induced benefit
against ethanol-elicited cardiomyocyte mechanical anomalies
(p < 0.0001 vs. ETOH group). Our further assessment of the direct
impact of AMPK activation on levels of Skp2 and Sirtl revealed that
incubation of AICAR (500 pM) for 6 h stimulated AMPK phosphoryla-
tion (p = 0.0014), downregulated Skp2 (p = 0.0058) and upregulated
Sirtl (p = 0.002) (Fig. 6G-I). These data consolidated a role for AMPK,
Skp2 and Sirtl in ethanol and CD74 ablation-induced cardiomyocyte
contractile responses.

3.8. Effects of AMPK activation, Skp2 inhibition and Sirtl activation in
ethanol-induced GFP-LC3 formation

To discern the cause-effect relationship of AMPK, Skp2 and Sirt1 in
ethanol-induced autophagic response, neonatal cardiomyocytes from
WT and Cd74~ /- mice were transfected with GFP-LC3 prior to ex-
posure of ethanol (240 mg/dl) for 6 h in the absence or presence of the
AMPK activator AICAR (500 uM), the Skp2 inhibitor C1 (10 uM) or the
Sirtl activator SRT1720 (1 uM). Our results indicated that ethanol
overtly promoted GFP-LC3 puncta (p < 0.0001 vs. control group), the
effect of which was mitigated by CD74 ablation. Although AICAR, C1 or
SRT1720 alone did not affect GFP-LC3 puncta levels, it nullified CD74
ablation-induced benefit against ethanol-elicited GFP-LC3 puncta
overproduction (p < 0.0001 vs. ETOH group). These data consolidated
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a role for AMPK, Skp2 and Sirtl in CD74 ablation-offered protection
against ethanol-induced excessive autophagosome formation (Fig. 7).

4. Discussion

The salient findings from this study demonstrate that genetic CD74
deletion protects the heart against acute ethanol exposure-elicited
cardiac contractile abnormalities, mitochondrial O, production,
apoptosis and inflammation. In accordance with our earlier studies
[22,38], acute ethanol challenge promotes autophagy, AMPK activa-
tion, mTOR dephosphorylation in association with cardiac contractile
dysfunction (as depicted in Fig. 8). Our data further noted down-
regulation of AMPK downstream signal Skp2 and upregulation of Sirtl
in response to acute ethanol challenge. The ablation of CD74, as the
MIF receptor necessary for AMPK upregulation [39], mitigated ethanol-
induced cardiac dysfunction and autophagy anomalies. The in vitro
findings suggest a permissive role for AMPK, Skp2 and Sirtl in CD74
ablation that provides protection against acute ethanol challenge.

In this study, an acute ethanol challenge at the dose of 3 g/kg body
weight was used to mimic binge drinking in humans (approximately
equivalent to 90-100 g/day in human) with pronounced organ damage
[40]. In particular, our results showed overt cardiac contractile dys-
function (enlarged LV ESD, compromised fractional shortening and
cardiomyocyte contractile capacity), ultrastructural changes,
flammation and apoptosis without notable changes in cardiac re-
modeling (heart weight or size and cardiomyocyte cross-sectional area)
in response to acute ethanol challenge. CD74 ablation rescued ethanol-
induced functional, ultrastructural, inflammatory and apoptotic

in-
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Fig. 4. Protein levels of autophagy in hearts from WT and Cd74~/~ mice with or without acute ethanol challenge. A: Representative gel blots depicting levels of
Atg5, LC3BI/1I, and p62 using specific antibodies (GAPDH as loading control); B: Atg5; C: LC3BL D: LC3BIL; E: LC3BII-to-LC3BI ratio; and F: p62. Mean + SEM,
n = 5-7 mice per group, *p < 0.05 vs. WT group; #p < 0.05 vs. WT-ETOH group.

anomalies, supporting a key role for the MIF receptor CD74 in alcoholic
cardiomyopathy. CD74 knockout mice did not show any apparent
morphological or functional responses in the absence of ethanol chal-
lenge, suggesting a minimal contribution of CD74 receptor to physio-
logical cardiac homeostasis. However with acute ethanol challenge,
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cardiomyocytes exhibited severely dampened intracellular Ca®* release
upon electrical stimulus and delayed intracellular Ca®** removal, in line
with our earlier findings [13,21,22]. CD74 knockout itself did not alter
intracellular Ca®>* homeostasis although it rescued against intracellular
Ca®™" mishandling in the face of ethanol challenge. These findings favor

Fig. 5. Protein levels of pan and phosphorylated
AMPK and mTOR, Skp2 and Sirt1 in hearts from WT
and Cd74~/~ mice with or without acute ethanol
challenge. A: p-AMPK (Thr'”?)-to-AMPK ratio; B: p-
mTOR (Ser?**®)-to-mTOR ratio; C: Skp2; and D:
Sirtl. Insets: Representative gel blots depicting levels
of pan and phosphorylated AMPK and mTOR, Skp2
and Sirtl using specific antibodies (GAPDH as
loading control). Mean += SEM, n = 5-6 mice per
group, *p < 0.05 vs. WT group; #p < 0.05 vs. WT-
ETOH group.
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an important role for intracellular Ca>* handling in CD74 ablation with
beneficial mechanical effects against acute ethanol challenge. The ab-
sence of overt cardiac remodeling in response to ethanol challenge is
likely due to the short duration of alcoholism, suggesting that func-
tional and metabolic derangement may occur sooner than discernable
geometric changes in alcoholic injury [41]. In our hands, ethanol
challenge failed to alter liver and kidney weights or sizes, the effect of
which was unaffected by CD74 knockout. Although it is still premature
to exclude any indirect effects of ethanol on the heart from other or-
gans, the cardiac damage resulted from ethanol challenge is unlikely
originated from other organs, given the short timeframe of ethanol
challenge and negative findings from liver and kidney. Data from our
study noted pronounced rises in cardiac MIF levels following ethanol
challenge, in line with the previous findings of elevated MIF levels in
alcoholism [15,16]. Not surprisingly, CD74 ablation failed to ethanol-
induced elevation in MIF levels.

Data from our study revealed that CD74 knockout protects against
ethanol-induced alterations in autophagy (such as protein markers of
Atg5, LC3B, p62 and GFP-Puncta formation), AMPK hyperpho-
sphorylation and mTOR dephosphorylation. Excessive autophagy has
been reported in alcoholic heart damage while inhibition of autophagy
using autophagy inhibitors, AMPK inhibitors or knockout preserves the
heart from alcoholic damage [22,38]. Along the same line, the present
findings suggest a pivotal role for autophagy regulation in CD74
knockout-offered protection against alcoholic cardiomyopathy. A
number of possible mechanisms may act in CD74 ablation-induced
autophagy responses. First, the AMPK-mTOR-mediated autophagy
regulation may contribute to CD74 ablation-induced protection against
ethanol toxicity. Ethanol challenge promotes MIF production (but not
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CD74 levels) and turns on AMPK [20-22], which suppresses mTOR
phosphorylation and facilitates autophagy [42]. Our current findings
revealed that CD74 ablation effectively suppressed AMPK activation
(possibly through interrupting the MIF-AMPK signaling) [39] and re-
stored mTOR phosphorylation in the face of acute ethanol challenge.
CD74 knockout reversed ethanol-induced changes the AMPK down-
stream signaling molecules Skp2 and Sirtl. Along with the direct im-
pact of AMPK activation on levels of Skp2 and Sirtl as shown in Fig. 6,
our observation favors a unique role for Skp2 and Sirt1 in acute ethanol
toxicity and CD74 ablation-induced functional and autophagy re-
sponses. Recent evidence indicated an AMPK-dependent suppression of
Skp2, leading to histone H3 Argl7 demethylation and autophagy in-
duction [23]. Skp2 was shown to serve as a downstream target of
AMPK-mTOR in tumorigenesis and aging [36,37]. Suppression of Skp2
using C1 effectively mitigated CD74 ablation-offered inhibition of car-
diac autophagosome formation and contractile defect in response to
ethanol challenge. Our data further noted that CD74 ablation sup-
presses AMPK-mTOR-Skp2-mediated autophagy in a Sirtl-dependent
mechanism. The permissive role for Sirtl in CD74 ablation-offered
beneficial responses in autophagy and cardiac function against ethanol
received consolidation from the SRT1720-induced removal of CD74
knockout-induced contractile and autophagy benefits. Although a direct
link between Skp2 and Sirtl was not provided in the current study, an
inverse relationship between Skp2 and Sirtuins was noted in non-small
cell lung cancers [43]. Ample evidence suggests that Skp2 functions as
an oncoprotein by targeting a wide range of signaling effectors, such as
the tumor suppressor p27, for degradation [44]. Our current in vitro
findings revealed that ethanol-induced upregulation of Sirtl protein
levels may be cancelled off by silencing Skp2, suggesting a upstream
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role of Skp2 in the regulation of Sirtl. This was also supported by the
direct regulation of AICAR on levels of Skp2 and Sirtl. Second, our
results support a role for mitochondrial integrity and TEM myocardial
ultrastructure in CD74 ablation-induced protection against ethanol
toxicity. Our observations reveal that CD74 knockout reversed ethanol-
induced changes in mitochondrial O5  production and TEM ultra-
structure. Ethanol toxicity may perturb mitochondrial integrity, re-
sulting in compromised morphology, oxidative stress, intracellular
Ca®™" handling and mechanical property [2,38]. It should be noted that
blood alcohol levels were around 60 mg/mL following ethanol chal-
lenge whereas 240 mg/mL was used for in vitro ethanol challenge. The
discrepancy between in vivo and in vitro alcohol levels is mainly at-
tributed to the presence of in vivo hepatic metabolism and timing of
experimentation (at least 24 h after the last ethanol injection).

In conclusion, the findings from the present study indicate that
CD74 participates in mediating ethanol toxicity-induced cardiac con-
tractile and ultrastructural damage through the AMPK-mTOR-Skp2-
mediated regulation of autophagy. These data collectively reveal a
novel mechanism for the MIF receptor CD74 as a potential therapeutic
target in the management of alcoholic organ injury possibly through
regulation of autophagy.
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SEM, n = 4-5 images per group, *p < 0.05 vs. control group,
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