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Abstract

Background—Macrophage migration inhibitory factor (MIF) plays a role in the development of
obesity and diabetes. However, whether MIF plays a role in fat diet-induced obesity and
associated cardiac anomalies still remains unknown. The aim of this study was to examine the
impact of MIF knockout on high fat diet-induced obesity, obesity-associated cardiac anomalies
and the underlying mechanisms involved with a focus on Akt-mediated autophagy.

Methods—Adult male wild-type (WT) and MIF knockout (MIF~~) mice were placed on 45%
high fat diet for 5 months. Oxygen consumption, CO, production, respiratory exchange ratio
(RER), locomotor activity, and heat generation were measured using energy calorimeter.
Echocardiographic, cardiomyocyte mechanical and intracellular Ca* properties were assessed.
Apoptosis was examined using TUNEL staining and western blot analysis. Akt signaling pathway
and autophagy markers were evaluated. Cardiomyocytes isolated from WT and MIF™~ mice were
treated with recombinant mouse MIF (rmMIF).

Results—High fat diet feeding elicited increased body weight gain, insulin resistance, and
caloric disturbance in WT and MIF~~ mice. High fat diet induced unfavorable geometric,
contractile and histological changes in the heart, the effects of which were alleviated by MIF
knockout. In addition, fat diet-induced cardiac anomalies were associated with Akt activation and
autophagy suppression, which were nullified by MIF deficiency. In cardiomyocytes from WT
mice, autophagy was inhibited by exogenous rmMIF through Akt activation. In addition, MIF
knockout rescued palmitic acid-induced suppression of cardiomyocyte autophagy, the effect of
which was nullified by rmMIF.

Conclusions—These results indicate that MIF knockout preserved obesity-associated cardiac
anomalies without affecting fat diet-induced obesity, probably through restoring myocardial
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autophagy in an Akt-dependent manner. Our findings provide new insights for the role of MIF in
obesity and associated cardiac anomalies.
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INTRODUCTION

Obesity, manifested as excessive accumulation of body fat, is rapidly approaching an
epidemic proportion and represents a devastating health concern in the United States (1).
Accumulating evidence suggests that obesity imposes unfavorable sequelae on cardiac
geometry and function (2, 3). These changes are usually characterized by left ventricular
(LV) hypertrophy, myocardial interstitial fibrosis and lipid accumulation, LV systolic and
diastolic dysfunction, and cardiomyocyte contractile anomalies (4, 5). Uncorrected obesity is
believed to exacerbate cardiac defects, leading to heart failure and increased cardiac
morbidity in obese individuals (6). Among the available experimental models for obesity,
high fat diet intake serves as an established model for diet-induced obesity to elucidate the
mechanisms behind obesity-associated cardiac injury (7-9).

Macrophage migration inhibitory factor (MIF) is a multifunctional proinflammatory
cytokine produced by both immune and non-immune cells including cardiomyocytes (10,
11). Ample clinical and experimental studies have suggested that MIF might play an
important role in the development of obesity and insulin resistance (12-15). In nondiabetic
obese female subjects and high fat diet fed obese mice, circulating MIF mRNA and protein
levels are significantly elevated (13, 15). In addition, human studies suggest that individuals
with high MIF levels often display a higher susceptibility to type Il diabetes and coronary
heart disease (16-18). On the other hand, ample studies have shown that MIF is
cardioprotective under a number of pathological conditions such as ischemia-reperfusion
(11, 19), pressure overload (20, 21), energy deprivation (22) and doxorubicin-induced
cardiomyopathy (23). Nonetheless, the role for MIF in high fat diet intake-induced obesity
and associated cardiac anomalies remains essentially elusive.

Autophagy, an evolutionarily conserved mechanism for bulk degradation of intracellular
components, has been demonstrated to play an important role in the maintenance of cardiac
homeostasis under pathophysiological conditions (24-26). More importantly, recent studies
indicate that myocardial autophagy is altered in animal models of high fat diet-induced
obesity (7, 8), diabetes mellitus (27), and metabolic syndrome (22, 28), resulting in
unfavorable cardiac geometric and functional changes. However, the current available data
for myocardial autophagy seems to be somewhat conflicting under these metabolic stress
conditions, possibly attributed to the differences in experimental settings (7, 8, 22, 27, 28).

To this end, this study was designed to examine the role of MIF in high fat diet-induced
obesity and associated cardiac injury, if any, and the underlying mechanisms with a special
focus on autophagy. Our data show that MIF deficiency alleviated cardiac anomalies in diet-
induced mouse model of obesity, probably through restoring myocardial autophagy.
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METHODS

Experimental Animals

All animal procedures carried out in this study were approved by the Animal Care and Use
Committee at the University of Wyoming (Laramie, WY, USA) and was in compliance with
the Guide for the Care and Use of Laboratory Animals published by the US National
Institutes of Health (Eighth Edition, 2011). In brief, six-week-old adult male C57/BL6 (wild
type, WT) and MIF~~ knockout mice (28 + 1.5 g), were randomly assigned to a low-fat (10
and 70% of total calorie from fat and carbohydrate, respectively, #D12450B, Research Diets
Inc., New Brunswick, NJ, USA) or a high fat (45 and 35% of total calorie from fat and
carbohydrate, respectively, #D12451) for 20 weeks (29). Cholesterol contents were 18 and
196.5 mg/ kg for low- and high-fat diets, respectively. High-fat diet was slightly calorically
rich (4.83 vs. 3.91 kcal/g for low-fat diet) due to higher fat composition. Mice were housed
in a climate-controlled environment (22.8 £ 2.0 °C, 45 — 50% humidity) with a 12/ 12 -
light/ dark cycle with ad libitum access to tap water and diet.

Intraperitoneal Glucose Tolerance Test (IPGTT)

Prior to sacrifice, mice were fasted for 12 hrs and were given an intraperitoneal (i.p.)
injection of glucose (2 g-kg~1-body weight). Blood samples were drawn from the tail vein
immediately before the glucose challenge, as well as 15, 30, 60 and 120 min thereafter.
Blood glucose levels were determined using an Accu-Chek Il glucose analyzer. Area under
the curve (AUC) was calculated using trapezoidal analysis for each adjacent time points and
blood glucose levels.

Histological Examination

Following anesthesia, hearts were arrested in diastole with saturated KCI, excised and fixed
in 10% neutral-buffered formalin at room temperature for 24 hrs. The specimen was
processed through graded alcohols, cleared in xylenes, embedded in paraffin. Serial sections
were cut at 5-um thickness and stained with the FITC-tagged wheat germ agglutinin to
examine cardiomyocyte size and Masson's trichrome to evaluate fibrosis. Cardiomyocyte
cross-sectional areas from cardiomyocytes with clear myofiber outlines and collagen volume
fraction were measured on a digital microscope ( x 400) using the Image J (versionl1.34S)
software (21).

TUNEL staining

TUNEL staining was performed as previously described (22). In brief, 7-um frozen left
ventricular sections were obtained using a Leica, cryomicrotome (Model CM3050S, Leica
Microsystems, Buffalo Grove, IL, USA). Sections were stained with an in situ terminal
dUTP nick end-labeling (TUNEL) staining kit (11684795910, Roche Diagnostics
Corporation, USA) to detect apoptotic cells according to the manufacturer's instructions.
Cardiomyocytes were further stained with a Desmin antibody (#4042, Cell Signaling
Technology, USA). Nuclei were stained with DAPI. Following coverslip embedding, the
sections were imaged through an inverted laser-scanning confocal microscope at x100
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magnification (Zeiss 710, Thornwood, NY, USA). The percentage of TUNEL positive
nuclei was quantified using an ImageJ software (30).

Echocardiographic Assessment

Echocardiographic measurement was performed as previously described (22). Briefly,
Cardiac geometry and function were evaluated in anesthetized (Avertin 2.5%, 10 pul / g, b.w.,
i.p.) mice using the two-dimensional guided M-mode echocardiography (Philips SONOS
5500) equipped with a 15- 6 MHz linear transducer (Phillips Medical Systems, Andover,
MD). Fractional shortening was calculated from LV end-diastolic (EDD) and end-systolic
(ESD) diameters using the equation of (EDD-ESD)/EDD x 100. Heart rates were averaged
over 10 cycles.

Blood Pressure Measurement

Following the 20-week diet feeding, systolic and diastolic blood pressure was examined in
mice using a CODA semi-automated non-invasive blood pressure device (Kent Scientific
Co, Torrington, CT, USA).

Body Fat Composition

After the 20-week high fat diet feeding, mice body fat composition was measured using the
Dual Energy X-ray Absorptiometry (DEXA, GE Lunar Prodigy™ 8743; Madison, WI,
USA). Difference in absorbance of the X-ray was detected based on tissue density. Fat
composition was calculated using fat and body mass by the DEXA software (31).

Whole-Animal Calorimetry

An oxymax indirect calorimetry system was employed to measure metabolic parameters,
including O, consumption, CO, production, heat generation and physical activity (Oxymax
Equal Flow System, Columbus, Instruments, Columbus, OH, USA) (32). The respiratory
exchange ratio (RER) was calculated using an Oxymas software (version 4.62). RER is
defined as the ratio of CO, production (V¢cop) to O, consumption (Vo) (33).

Isolation of Mouse 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 min, the heart was digested with a CaZ*-free KHB buffer containing
liberase blendzyme 4 (Hoffmann-La Roche Inc., Indianapolis, IN) for 20 min. The modified
Tyrode solution (pH 7.4) contained the following (in mM): NaCl 135, KCI 4.0, MgCl, 1.0,
HEPES 10, NaH,PO, 0.33, glucose 10, butanedione monoxime 10, and the solution was
gassed with 5% CO,-95% O,. The digested heart was then 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 the pellet of cells was resuspended. Extracellular Ca2* was added
incrementally back to 1.20 mM over 30 min. A yield of at least 60—70% viable rod-shaped
cardiomyocytes with clear sarcomere striations was achieved which was not affected by
diet-induced obesity or MIF deficiency. Only rod-shaped myocytes with clear edges were
selected for contractile studies (22).
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Cell Shortening/ Relengthening

Mechanical properties of cardiomyocytes were assessed using an lonOptix™ SoftEdge
MyoCam® system (lonOptix Corporation, Milton, MA, USA). Cardiomyocytes were placed
in a chamber mounted on the stage of an Olympus 1X-70 microscope and superfused (~2
ml/min at 25 °C) with a KHB buffer containing 1 mM CaCl,. Myocytes were field
stimulated at 0.5 Hz. Cell shortening and relengthening were assessed including peak
shortening (PS), time-to-PS (TPS), time-t0-90% relengthening (TRgg) and maximal
velocities of shortening/relengthening (z dL/dt) (22).

Transmission Electron Microscopy (TEM)

Small cubic pieces < 1 mm3 were dissected from left ventricles and fixed with 2.5%
glutaraldehyde in 0.1 mol/ L sodium phosphate (pH 7.4) overnight at 4 °C. After post-
fixation in 1% OsO4, 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, USA). Images were captured using a
Gatan high resolution 4 k x 4 k digital camera and Gatan Ditital Micrograph software (22).

Western Blot Analysis

Western blot was performed as previously described (21). Polyclonal rabbit antibodies
against Akt, phosphorylated Akt (pAkt) at Thr308 and Ser473, phosphorylated mTOR
(pmTOR) at Ser2448, total mTOR, Beclin 1, LC3B, and GAPDH (1: 1,000; Rabbit; Cell
Signaling Technology, Danvers, MA, USA); IL-6 and MIF (1: 1,000; Rabbit; Santa Cruz
Biotechnology, Santa Cruz, CA,USA); and p62 (1: 1,000; Guinea Pig; Enzo Life Sciences,
Plymouth Meeting, PA, USA) were examined by standard western immunoblotting.
Membranes probed respective antibodies with GAPDH or a-tubulin serving as the loading
control (34).

Data Analysis

Data was expressed as Mean £ SEM. Statistical significance (p < 0.05) was estimated by
oneway analysis of variation (ANOVA) followed by a Tukey's test for post hoc analysis. All
statistics were performed with GraphPad Prism 4.0 software (GraphPad, San Diego, CA,
USA).

RESULTS

Systemic MIF deficiency does not prevent high fat diet-induced obesity

Ample clinical and experimental evidence has suggested that MIF is closely associated with
obesity and type Il diabetes in clinical and experimental studies (9, 15, 17). To evaluate the
role of MIF in the development of obesity, weaned WT and MIF deficient male mice were
fed low or high fat diet for 20 weeks, respectively (29). Reminiscent of the previous finding
(29), high fat diet intake significantly increased body weight gain, the effect of which was
not markedly affected by MIF knockout (Fig. 1A, B). Although high fat diet failed to
significantly affect food intake, it markedly increased energy intake in WT and MIF~/~ mice
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(Fig. 1C, D). To further define high fat diet-induced changes in body composition, mice fed
low or high fat diet were examined by DEXA scanning. High fat diet dramatically increased
fat mass, without affecting the absolute lean mass (Fig. 1E- G).

Consistent with previous findings (22, 29), high fat diet feeding induced glucose intolerance,
the effect of which was unaffected by MIF knockout (Fig. 1H, I). In addition, high fat diet-
induced increase of triglyceride (TG) was unaffected by MIF knockout (Fig. 1J). Moreover,
neither fat diet feeding nor MIF deficiency significantly altered blood pressure (Fig. S1).
These findings suggest that MIF deficiency did not affect high fat diet-induced obesity
phenotype.

MIF knockout does not affect high fat diet-induced whole-animal caloric disturbance

Previous studies have shown that high fat diet triggers caloric disturbance in human and
experimental animals (35-38). We set out to examine if MIF knockout alters high fat diet-
induced caloric disturbance. Reminiscent of previous findings (35, 36), our data showed that
oxygen consumption (VO,), CO, production (VCO,), respiratory exchange ratio (RER), and
locomotor activity were significantly suppressed following high fat diet. In contrast, energy
expenditure was dramatically increased after chronic high fat diet intake. Interestingly, MIF
deficiency did not significantly affect the metabolism parameters of mice fed either low or
high fat diet (Fig. S2).

MIF knockout protects against high fat diet-induced cardiac geometric and functional

anomalies

Given that chronic high fat diet intake compromises cardiac geometry and contractile
function (22, 29), and that MIF plays an important role in maintaining cardiac homeostasis
under pathological conditions (11, 21, 22), cardiac structure and isolated cardiomyocyte
contractile function were evaluated in WT and MIF~~ mice fed low or high fat diet.
Consistently, our echocardiographic analysis showed that high fat diet feeding significantly
dampened myocardial geometry as evidence by a dramatic increase in left ventricular wall
thickness, left ventricular end diastolic diameter (L\VEDD), and left ventricular end systolic
diameter (LVESD), and markedly decreased fractional shortening and ejection fraction (Fig.
2). Interestingly, although MIF deficiency itself did not significantly affect cardiac geometry
in the absence of high fat diet feeding, it dramatically ameliorated unfavorable high fat diet-
induced cardiac geometric changes (Fig. 2A- F).

To further evaluate the effect of MIF deficiency on high fat diet-induced cardiac injury,
cardiomyocyte contractile function was assessed. Consistent with the echocardiographic
findings, high fat diet intake dramatically suppressed contractile capacity in cardiomyocyte,
evidenced by decreased peak shortening and maximal velocity of shortening/relengthening
associated with prolonged relengthening (Fig. 2G- L). Intriguingly, while MIF knockout
itself did not elicit any notable effects on cardiomyocyte contractile parameters, it markedly
alleviated high fat diet intake-induced cardiomyocyte contractile dysfunction. These data
depicted a beneficial effect of MIF knockout against high fat diet-induced unfavorable
cardiac geometric and functional alterations.
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MIF deficiency attenuates high fat diet-induced histological changes in mouse heart

Chronic high fat diet intake is known to induce myocardial histological anomalies, including
hypertrophy, mitochondrial damage and fibrosis accumulation (4, 22, 29). Neither low fat
diet nor MIF knockout significantly affected gross heart morphology and cross-sectional
area (Fig. S3A-F). Chronic high fat diet intake dramatically induced cardiac hypertrophy, as
shown by increased cardiomyocyte cross-sectional area, which was dramatically ameliorated
by MIF knockout. In addition, chronic high fat diet intake resulted in mitochondrial swelling
and disorganization of cristae (Fig. S3G-M), consistent with the earlier finding from our
group (5). Interestingly, MIF deficiency, in the face of high fat diet intake, effectively
preserved myocardial mitochondria morphology and structure.

In addition to hypertrophy and ultrastructural changes, cardiac interstitial fibrosis was
examined in WT and MIF~~ mice fed low or high fat diet. As expected, high fat diet intake
significantly increased myocardial interstitial fibrosis, the effect of which was mitigated by
MIF knockout. MIF deficiency did not significantly affect myocardial interstitial fibrosis in
the absence of high fat diet intake (Fig. S3N-R).

MIF deficiency alleviates high fat diet-induced cardiomyocyte apoptosis

Consistent with previous reports (22, 29), chronic high fat diet intake significantly increased
cardiomyocyte apoptosis, as evidenced by increased TUNEL-positive nuclei numbers (Fig.
3A, B). Furthermore, our triple immunofluorescence staining confirmed that a majority of
high fat diet-induced apoptotic cells were cardiomyocytes in nature. More importantly, MIF
deficiency dramatically attenuated high fat diet-induced cardiomyocyte apoptosis.
Consistent with the immunohistochemistry findings, our western blot analysis revealed that
high fat diet intake significantly upregulated the proapoptotic proteins BAD and Bax and
downregulated the expression of antiapoptotic protein Bcl-2, the effects of which were
markedly ameliorated by MIF knockout (Fig. 3C- F).

MIF deficiency prevents high fat diet-induced myocardial Akt activation

Chronic high fat diet intake is known to promote Akt activation, leading to cardiac
hypertrophy (39). Meanwhile, MIF may promote Akt activation in various cancer cell lines
(40). Therefore, we next tested whether Akt serves as the converging point for high fat diet
intake and MIF in the heart. We found that myocardial MIF protein expression was
markedly increased in WT mice after chronic high fat diet intake (Fig. 4A, B). Reminiscent
to previous reports (29), Akt phosphorylation was significantly upregulated in the heart of
WT mice receiving chronic high fat diet (Fig. 4A, C). Moreover, Akt activity was
significantly increased, as evidenced by the increased phosphorylation of GSK3, a direct
downstream target of Akt, in the cardiac tissue from WT mice fed a high fat diet (Fig. 4A,
D). In contrast, MIF knockout markedly mitigated high fat diet-induced myocardial Akt
pathway activation.

To further confirm the role of MIF in the regulation of Akt signaling, adult cardiomyocytes
isolated from WT mice were incubated with recombinant mouse MIF (rmMIF) (50 ng/ ml)

and Akt phosphorylation was evaluated after 6 hours (11, 40). Our data showed that rmMIF
significantly increased Akt phosphorylation levels without affecting total Akt expression
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(Fig. 4G-1). Furthermore, GSK-3p phosphorylation levels were significantly increased by
rmMIF in adult cardiomyocytes (Fig. 4G, J, K). These data suggest that chronic high fat diet
intake upregulated myocardial MIF expression and secretion, en route to activation of the
Akt signaling cascade.

MIF deficiency rescues high fat diet-induced suppression in myocardial autophagy

Given that the role of autophagy in high fat diet intake-induced cardiac anomalies still
remains controversial (7, 8, 22, 28), we went on to examine myocardial autophagy in WT
and MIF~/~ mice fed low or high fat diet. Notably, high fat diet significantly increased
phosphor-mTOR without affecting total mTOR (Fig. 5). As the primary inhibitory regulator
for autophagy, mTOR promotes Ser’>’ phosphorylation of Uncoordinated 51-like kinase
(UIk1) (30). Consistently, the phosphorylation of Ulklat Ser’>” was found markedly
elevated in the heart from WT mice fed a high fat diet. The protein level of total Ulk1 was
unaffected by high fat diet. In addition, levels of Beclinl, LC3B Il and LC3B | to LC3B Il
conversion were decreased without LC3B | protein level changes in the heart from WT mice
fed high fat diets. In contrary, accumulation of p62, a degradation target for autophagy (41),
was noted in the heart from WT mice fed a high fat diet. These data suggest that myocardial
autophagy was suppressed by high fat diet intake, the effect of which was significantly
attenuated by MIF knockout.

To further confirm our in vivo findings that MIF knockout rescued high fat diet-induced
suppression of autophagy, adult cardiomyocytes from WT and MIF~~ mice were treated
with palmitic acid (0.4 mmol/ L, 6 hr). Our data showed that the levels of MIF were
significantly increased in adult cardiomyocytes from WT mice following challenge of
palmitic acid (Fig, 6). Furthermore, palmitic acid dramatically suppressed cardiomyocyte
autophagy, the effect of which was ameliorated by MIF knockout. More importantly, the
beneficial effect of MIF knockout against palmitic acid-induced suppression in
cardiomyocyte autophagy was dramatically nullified by the treatment of rmMIF. These data
suggest that palmitic acid challenge-induced suppression in cardiomyocyte autophagy is
mediated by the upregulated MIF expression.

DISSCUSION

The salient findings from this work indicated that MIF deficiency alleviated high fat diet-
induced cardiac anomalies although it failed to alter high fat diet intake-induced obesity.
MIF knockout did not affect high fat diet intake-induced obesity, glucose intolerance,
dyslipidemia, and global caloric disturbance. Interestingly, MIF knockout dramatically
ameliorated high fat diet-induced cardiac geometric and functional anomalies, including
increased wall thickness, left ventricular end diastolic/systolic diameters, decreased
fractional shortening and ejection fractional, increased resting cell length, prolonged
relengthening and duration, decreased peak shortening, and maximal velocity of shortening/
relengthening. Histological examination displayed that high fat diet facilitated
cardiomyocyte hypertrophy, mitochondrial damage, interstitial fibrosis and cardiomyocyte
apoptosis, the effects of which were markedly attenuated by MIF deficiency. Furthermore,
we found that MIF knockout-offered cardioprotective effect is associated with attenuation of
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high fat diet-induced Akt activation. In addition, recombinant mouse MIF stimulated the Akt
activation in adult cardiomyocytes. Finally, our data showed that high fat diet intake
suppresses myocardial autophagy, the effect of which was reconciled by MIF knockout.

Uncorrected obesity prompts the onset and development of cardiac structural and functional
unfavorable changes (5, 39, 42). High fat diet has been widely employed to induce obesity
in rodents to examine the possible mechanisms responsible for obesity-associated cardiac
anomalies (5, 7, 8, 22, 29, 39, 42). Reminiscent of our previous findings (5, 22, 29, 39, 42),
data from the current study showed that high fat diet intake significantly increased body
mass, fat composition, glucose intolerance, dyslipidemia and cardiac anomalies. In addition,
high fat diet intake failed to influence blood pressure, consistent with our previous studies
(29). Furthermore, our results confirmed that high fat diet intake triggered global metabolic
disturbance, consistent with findings from other groups (35, 36).

Accumulating studies have depicted that circulating MIF levels are closely correlated with
the prevalence of obesity and diabetes (12-18, 43), suggesting a role for MIF in the
development of obesity and diabetes. For example, circulating MIF levels are significantly
elevated in type Il diabetic subjects (18), nondiabetic obese patients (13), and high fat diet-
induced mouse model of obesity (15). In contrast, the anti-diabetic drug metformin was
shown to successfully attenuate elevated plasma MIF levels in obese patients (44). More
importantly, clinical studies suggest that individuals with elevated MIF level displayed
increased susceptibility to type Il diabetes and coronary heart disease (16-18). However,
MIF deficiency failed to prevent high fat diet-induced obesity, glucose intolerance,
dyslipidemia, and global caloric disturbance in our current experimental setting.

Interestingly, although MIF knockout failed to prevent high fat diet-induced obesity and
metabolic alterations, it attenuated unfavorable cardiac geometric and functional changes
resulted from high fat diet. In particular, MIF knockout dramatically attenuated high fat diet-
induced Akt activation, a pivotal player for the development of cardiac hypertrophy (39, 45,
46). Activation of Akt directly leads to phosphorylation and therefore inactivation of
GSK-3p, en route to unfavorable cardiac remodeling (45). Recently, Akt signaling pathway
was found to be regulated by MIF in fibroblasts and various cancer cell lines (40). For the
first time, our in vitro data showed that rmMIF promotes Akt activation in cardiomyocytes.
In addition, we demonstrated that phosphorylation of GSK3 in cardiomyocytes was
enhanced in response to rmMIF treatment. In line with the observation of MIF-mediated Akt
activation following high fat diet intake, our data showed that palmitic acid challenge
upregulated MIF protein levels and Akt activation in cardiomyocytes, the effects of which
were effectively nullified by MIF knockout.

One intriguing observation from our study was that MIF knockout ameliorated fat diet-
induced suppression of myocardial autophagy. Autophagy is an evolutionarily conserved
pathway for bulk degradation of large intracellular constituents and organelles (47). Basal
autophagy is deemed indispensable in maintaining cardiac homeostasis under physiological
conditions (25, 48). However, the balance of autophagy is susceptible to pathological stress,
including ischemia reperfusion(49), pressure overload (21, 50, 51), anti-cancer drugs (23),
and metabolic stress (7, 8, 22, 28, 52). Given the complexity of metabolic homeostasis, the
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precise role of autophagy in the regulation of cardiac homeostasis under metabolic stress
remains elusive (7, 8, 22, 28, 52). Although high fat diet intake was reported to suppress
myocardial autophagy (7, 8), more recent data from our lab indicated that interruption of
autophagic flux contributes to cardiac injury in high fat diet-induced obesity (22). Such
apparent discrepancy in autophagy and autophagic flux may be attributed to the differences
in experimental models and conditions (7, 8, 22, 28). In our hands, MIF deficiency reversed
high fat diet intake-induced suppression of myocardial autophagy. One possible avenue for
autophagy regulation in response to MIF depletion is achieved through alleviation of
interstitial fibrosis. Although the underlying mechanisms are still not known, studies from
our lab and others demonstrated that cardiac interstitial fibrosis is tightly regulated by
autophagy (21, 22, 30, 51). Our recent studies showed that autophagy suppression leads to
hypertrophic cardiomyopathy and increased cardiac fibrosis in PTEN™~ mice (30).
Rescuing autophagy with rapamycin attenuated the established cardiac hypertrophy and
cardiac fibrosis accumulation in PTEN™~ mice (30).

Akt is a major negative regulator of autophagy, probably through promoting mTOR
phosphorylation/ activation (30). Phosphorylation of mTOR has been shown to suppress
autophagy through inducing the phosphorylation of ULK1 at Ser757 to inhibit autophagy
(30). Our data showed that high fat diet intake increased the phosphorylated levels of mMTOR
and ULK1 at Ser757, the effects of which were dramatically attenuated by MIF knockout. In
support of the notion that MIF regulates autophagy suppression through Akt-dependent
manner, cardiomyocytes from MIF~~ mice were treated with palmitic acid in the presence
or absence of rmMIF. Not surprisingly, palmitic acid challenge stimulated MIF expression
and Akt activation, but suppressed cardiomyocyte autophagy, the effects of which were
attenuated by MIF knockout. Furthermore, rmMIF reversed the beneficial effect of MIF
knockout in attenuating Akt activation and restoring autophagy in cardiomyocytes
challenged with palmitic acid.

The role of MIF in the regulation and maintenance of cardiac homeostasis has been
extensively examined in our lab (21, 23, 53, 54). Our previous studies indicated that MIF
deficiency interrupts myocardial AMPK activation and exacerbates cardiac anomalies under
various pathological conditions including ischemia/ reperfusion, nutrition deprivation,
pressure overload, and doxorubicin-induced cardiotoxicity (21, 23, 53, 54). In contrast, our
current observation offered convincing evidence for a paradoxical protective effect of MIF
knockout against high fat diet-induced cardiac injuries. Our data suggested that MIF
knockout elicits its cardioprotective effect against high fat diet feeding probably through
inhibition of Akt signaling en route to the rescue of myocardial autophagy. The apparent
discrepancy in MIF-elicited beneficial versus detrimental cardiac responses may be
attributed to the differences in pathological settings and experimental conditions. These
results suggest that the therapeutic approaches targeting at MIF should be individualized
depending upon the pathological conditions. While MIF is protective against pressure
overload (21), ischemia/ reperfusion (53), and nutrition deprivation-induced cardiac injuries
(54), it might be detrimental in the heart of obese patients.

In summary, our finding shows that MIF knockout ameliorates high fat diet-induced cardiac
anomalies; although it fails to affect high fat diet-induced obesity and metabolic changes.
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More importantly, the cardioprotective effect of MIF knockout is probably through
nullifying high fat diet-induced Akt activation and subsequent autophagy suppression, which
might lead to the accumulation of dysfunctional mitochondria and cardiomyocyte
hypertrophy (Fig. S4). These findings suggest that individuals with low levels or mutated
MIF alleles may be less susceptible to obesity-associated cardiac anomalies. More
importantly, our results raised the possibility that restoration of cardiac autophagy may be a
potential therapeutic strategy for the management of obesity-associated cardiac anomalies.
However, although our study shed some light with regards to the cardioprotective effect of
MIF deficiency against high fat diet-induced cardiac damage, how MIF deficiency recovers
cardiac autophagy still deserves further investigation.
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Fig. 1.

Higgh fat diet (HFD) induced obesity, glucose intolerance, and dyslipidemia in wild type
(WT) and MIF~~ mice. A: Representative images of WT and MIF~~ mice fed low fat diet
(LFD) or high fat diet (HFD); B: Body weight gain of WT and MIF~/~ mice fed LFD or
HFD over a 20-week period; C and D: Food and energy intake of WT and MIF~/~ mice fed
LFD or HFD; E: Lean mass of WT and MIF~~ mice LFD or HFD, obtained from DEXA
scanning; F: Fat mass of WT and MIF~/~ mice LFD or HFD, obtained from DEXA
scanning; G: Fat percentage of WT and MIF™~ mice fed LFD or HFD, obtained from
DEXA scanning; H: Intraperitoneal glucose tolerance test (IPGTT) following glucose
challenge (2 g/kg, body weight); I: Area under the curve (AUC) for IPGTT; and J: Serum
triglyceride levels. Mean + SEM, n = 10 mice per group, * p < 0.05 vs. WT LFD group.
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Fig. 2.
MIF deficiency prevents high fat diet-induced unfavorable cardiac geometric and functional

changes. A. Wall thickness; B. Septal thickness; C: Left ventricular end diastolic diameter
(LVEDD); D: Left ventricular end systolic diameter (LVESD); E: Fractional shortening (%);
and F: Ejection fraction (%) from echocardiography. Mean + SEM, n = 8 — 9 mice per
group. G- L: Cardiomyocyte contractile function in WT and MIF~~ mice fed LFD or HFD.
G: Resting cell length; H: Peak shortening (PS, normalized to resting cell length); I:
Maximal velocity of shortening (+ dL/dt); J: Maximal velocity of relengthening (- dL/dt);
K: Time-to-PS (TPS); and L: Time-to-90% relengthening (TRgg). Mean + SEM, n = 100 —
130 cells from 5 mice per group, *p < 0.05 vs. WT LFD group, # p < 0.05 vs. WT HFD

group.
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Fig. 3.
M?F deficiency attenuated HFD-induced cardiomyocyte apoptosis. A: Frozen myocardial
sections from WT and MIF~~ mice fed LFD or HFD were stained with desmin (red),
TUNEL (green), and nucleus with DAPI (blue). Data were from three independent
experiments each with three mice per group (for a total of nine mice per group). Arrows
denote cardiomyocyte apoptosis (the co-localization of desmin, TUNEL and DAPI staining);
B: Quantitative analysis of apoptosis using TUNEL staining (~ 50 fields from 3 mice per
group); C: Representative gel blots depicting cardiomyocyte apoptosis in WT and MIF~~
mice fed LFD or HFD. GAPDH was used as the loading control; D: BAD expression; E:
BAX expression; and F: Bcl-2 expression. Mean + SEM, n =5 — 6 mice per group, *p <
0.05 vs. WT LFD group, # p < 0.05 vs. WT HFD group.
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Fig. 4.

MIF deficiency ameliorated HFD-induced cardiomyocyte Akt pathway activation. A:
Representative gel blots depicting levels of MIF, pAkt, Akt, pGSK-3p, GSK-3p, and
GAPDH (as loading control) using specific antibodies; B: MIF expression; C: Akt
phosphorylation (Ser473, p-Akt-to-Akt ratio); D: total Akt expression; E: GSK-3p
phosphorylation (Ser?, p- GSK-3p -to- GSK-3p ratio); F: total GSK-3p expression. Mean +
SEM, *p < 0.05 vs. WT LFD group, #p < 0.05 vs. WT HFD group. G: Representative gel
blots showing that recombinant mouse MIF (rmMIF, 50 ng/ ml, 6 hr) induces Akt pathway
activation in cardiomyocytes isolated from WT mice; H: Akt phosphorylation (Ser4’3, p-
Akt-to-Akt ratio); I: total Akt expression; J: GSK-3p phosphorylation (Ser?, p- GSK-3p -to-
GSK-3p ratio); and K: total GSK-3p expression. Mean £ SEM, *p < 0.05 vs. control (CON)
group.
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Fig. 5.
MIF deficiency attenuates high fat diet-induced myocardial autophagy suppression. A:

Representative gel blots depicting levels of p-mTOR, t-mTOR, p-UIk1, Ulk1, Beclinl,
LC3BI/Il, p62, and GAPDH (as loading control) using specific antibodies; B: mTOR
phosphorylation (Ser?448, p-mTOR-to-mTOR ratio); C: Total mTOR expression; D: Ulk1
phosphorylation (Ser’>’, pUlk1-to-UIK1 ratio); E: Total UIk1 expression; F: Beclinl
expression; G: LC3BI expression; H: LC3BII expression; I: LC3BII-to-I ratio; and J: p62
expression. Mean £ SEM, n =5 — 6 mice per group, *p < 0.05 vs. WT LFD group, # p <
0.05 vs. WT HFD group.
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Fig. 6.

MIF regulates palmitic acid-induced cardiomyocyte autophagy inhibition. A:
Cardiomyocytes isolated from WT and MIF~/~ mice are treated with palmitic acid (PA, 0.4
mmol/ L, 6 hr). Representative gel blots depicting levels of MIF, LC3BI/II, p62, and
GAPDH (as loading control) using specific antibodies; B: MIF expression; C: LC3BI
expression; D: LC3BII expression; E: LC3BII-to-I ratio; and F: p62 expression. Mean +
SEM, n =5 — 6 mice per group, *p < 0.05 vs. CON group, # p < 0.05 vs. PA group. G:
Cardiomyocytes isolated from MIF~/~ mice are treated with PA (0.4 mmol/ L, 6 hr), rmMIF
(50 ng/ ml, 6 hr), or PA +rmMIF. Representative gel blots depicting levels of LC3BI/II, p62,
and GAPDH (as loading control) using specific antibodies; H: LC3BI expression; I: LC3BII
expression; J: LC3BII-to-I ratio; and K: p62 expression. Mean £ SEM, n =5 — 6 mice per
group, $p < 0.05 vs. CON group.
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