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Abstract

Macrophage migration inhibitory factor (MIF) is a multifunctional protein that exhibits an intrinsic thiol protein
oxidoreductase activity and proinflammatory activities. In the present study to examine intracellular MIF redox
function, exposure of MIF-deficient cardiac fibroblasts to oxidizing conditions resulted in a 2.3-fold increase
( p< 0.001) in intracellular ROS that could be significantly reduced by adenoviral-mediated reexpression of
recombinant MIF. In an animal model of myocardial injury by ischemia=reperfusion (I=R), MIF-deficient hearts
exhibited higher levels of oxidative stress than did wild-type hearts, as measured by significantly higher oxi-
dized glutathione levels (decreased GSH=GSSG ratio), increased protein oxidation, reduced aconitase activity,
and increased mitochondrial injury (increased cytochrome c release). The increased myocardial oxidative stress
after I=R was reflected by larger infarct size (INF) in MIF-deficient hearts versus wild-type (WT) hearts (21� 6%
vs. 8� 3% INF=LV; p< 0.05). In vivo hemodynamic measurements showed that left ventricular (LV) contractile
function of MIF-deficient hearts subjected to 15-min ischemia failed to recover during reperfusion compared
with WT hearts (LV developed pressure and�dP=dt; p¼ 0.02). These data represent the first in vivo evidence in
support of a cardioprotective role of MIF in the postischemic heart by reducing oxidative stress. Antioxid. Redox
Signal. 14, 1191–1202.

Introduction

Macrophage migration inhibitory factor (MIF) is a
pleiotropic cytokine that controls both innate and

adaptive immune responses in both chronic and acute in-
flammatory diseases such as atherosclerosis, rheumatoid ar-
thritis, and sepsis (3, 10, 34). In these pathologic conditions,
inhibition of MIF proinflammatory activity by using small-
molecule inhibitors or by immunodepletion has proven ben-
eficial (9, 11, 38). In contrast, recent evidence suggests that
secreted myocardial MIF acting in an autocrine=paracrine
fashion can reduce ischemia=reperfusion injury by activating
AMP kinase and suppressing JNK-mediated cell apoptosis
(29, 35). These seemingly contradictory results suggest a
complex role for this evolutionarily conserved molecule that
can perhaps be partially reconciled by the recognition of
distinct enzymatic activities of the MIF protein (4, 23, 43).
Several studies suggest that the hydrophobic site of the MIF
homotrimer is necessary for its proinflammatory function (2,
13), whereas its oxidoreductase activity may play a role in
regulating cellular redox homeostasis (21, 22).

The redox function of MIF is mediated by a central CALC
[Cys57-Ala-Leu-Cys60] motif that is similar to that found in
other proteins with thiol-protein oxidoreductase (TPOR) ac-
tivity, such as the thioredoxin protein superfamily (21, 27).
In vitro analysis has shown that MIF acts as a disulfide re-
ductase in its ability to reduce insulin disulfides by using
either glutathione (GSH) or dihydrolipoamide as a co-
substrate (22). Support for a role of MIF TPOR activity in
cellular redox regulation has come from the use of mutants
of MIF [in which the Cys60 has been mutated to serine
(C60SMIF)] that lack oxidoreductase activity. Nguyen et al.
(32) showed that overexpression of recombinant wild-type
MIF (rMIF), but not the redox mutant C60SMIF, attenuated
oxidative stress–induced apoptosis in cultured HeLa cells by
maintaining cellular redox homeostasis. This effect was spe-
cific to intracellular overexpression of MIF and was not ob-
served when cells were treated with exogenous rMIF. Their
data also showed that when apoptosis was induced by
mechanisms other than oxidative stress, intracellular over-
expression of MIF was without effect. Furthermore, microin-
jection of rMIF into neurons prevented the increase in
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intracellular reactive oxygen species (ROS) after stimulation
with angiotensin II, which did not occur with overexpression
of the redox mutant C60SMIF (42).

The role of reactive oxygen and nitrogen species
(ROS=RNS) in postischemic injury has been studied exten-
sively, and the generation of these reactive molecules during
ischemia and reperfusion has been well documented (1, 36,
49). Although the relative significance of reactive species in
this process remains controversial, studies have consistently
shown a causal relation between ROS=RNS generation during
oxidative injury and myocardial stunning (5, 18, 30). Under
normal conditions, the intracellular production and removal
of reactive molecular species are tightly controlled by nu-
merous redox-regulating systems, including Mn-superoxide
dismutase, thioredoxin (Trx), thioredoxin reductase, glutar-
edoxin (Grx), peroxiredoxin (Prx), and glutathione peroxidase
(1). However, during ischemia=reperfusion, excessive pro-
duction of ROS and depletion or loss of intracellular antioxi-
dant enzymes result in an oxidizing environment that can
lead to lipid peroxidation, protein oxidation, and DNA
damage, ultimately causing cell death (8, 47). The conse-
quences of these effects on the myocardium are contractile
dysfunction and arrhythmias (26). Whether MIF plays a
meaningful role in reducing oxidative stress within the
myocardium and in maintaining redox homeostasis in the
setting of ischemic cardiac injury remains to be determined.

In light of the contradictory results of studies of MIF
function as well as our own published studies showing a
detrimental effect of MIF on cardiac function during sepsis
(28, 38), we hypothesized that the oxidoreductase activity of
intracellular MIF may play a protective role in the postische-
mic heart. In the current study using a model of ischemia and
reperfusion (I=R) injury in wild-type and MIF-deficient ani-
mals, we provide evidence that MIF functions as an antioxi-
dant to reduce postischemic myocardial tissue injury.

Materials and Methods

Animals

Animals used in these experiments were treated in accor-
dance with National Institutes of Health Guidelines for the Use
and Care of Laboratory Animals (DHHS Publication No. 85-23),
and all study protocols were approved by the Animal Care
and Use Committee of The Feinstein Institute. MIF-deficient
(MIF KO) mice were developed on a mixed 129Sv�C57Bl=6
background (F1) and then backcrossed to C57Bl=6 (F7) at
Charles River Laboratories, as described by Bozza et al. (6). No
gross anatomic, histologic, or physiological abnormalities
have been reported for these MIF-deficient mice when reared
under standard laboratory conditions. Homozygous MIF KO
mice used for this study were bred and maintained in the
Center for Comparative Physiology at The Feinstein Institute.
Male MIF KO mice were used at 10 to 12 weeks of age for
in vivo studies, and similar aged wild-type C57Bl=6 male mice
were purchased from Taconic Farms (Albany, NY).

Isolation and culture of cardiac fibroblasts

Cardiac fibroblasts were isolated from wild-type and MIF-
deficient mice younger than 3 weeks by using published
methods (12). In brief, the dissected hearts were treated 3
times with 0.025 to 0.05% collagenase (Worthington Bio-

chemical Corp., Lakewood, NJ) for 30 min at 378C with dis-
persion of the cells every 10 min. The cells were collected by
centrifugation, suspended in DMEM containing 10% FBS, and
seeded onto noncoated culture dishes. After overnight culture
in an incubator containing 5% CO2=room air at 378C, non-
adherent cells were removed by washing, and the adherent
fibroblasts were cultured for two to three passages before
experimentation. Microscopic examination of the cultures
showed that >90% of cells were spindle-shaped, with few
cobble-shaped endothelial cells and no cardiomyocytes
after the first passage. Homogeneity of the cultures was
further interrogated with Western blot analysis by using
antibodies against prolyl-4-hydroxylase (P4HB; Abcam Inc.,
Cambridge, MA) and sarcomeric a-actinin (Sigma Aldrich, St.
Louis, MO).

Recombinant adenovirus gene construction
and transduction of cardiac fibroblasts

Replication-defective adenovirus containing the full-length
coding sequence of mouse MIF was generated by first sub-
cloning MIF cDNA into the pShuttle-CMV vector and then
using homologous recombination in bacteria to generate re-
combinant adenovirus containing the MIF fragment by fol-
lowing the manufacturer’s instructions (AdEasy Adenoviral
Vector System; Stratagene, La Jolla, CA). The mouse MIF
cDNA fragment was obtained with PCR amplification of full-
length mMIF that had been initially cloned into pET11b
plasmid (Novagen) (kindly provided by Dr. C.N. Metz)
(4). Adenovirus expressing b-galactosidase (Ad-CMV-LacZ;
Stratagene) was used for control cultures. All adenoviral
constructs were verified with DNA sequencing. Recombinant
adenoviruses were amplified by sequential infection of HEK-
293 cells and purified by CsCl gradient ultracentrifugation, as
previously described (19). The viral titer was determined by
immunodetection of adenovirus hexon protein by using
Adeno-X rapid titer kit (BD Biosciences, San Jose, CA).

Cardiac fibroblasts isolated from MIF KO hearts were
seeded onto 96-well plates at *7�103 cells=well in 50ml cul-
ture medium (DMEM, 10% FBS, 1% penicillin=streptomycin).
After 48 h in culture, cells were washed and transduced with
either Ad-MIF or Ad-LacZ in serum-free medium for 2 h, after
which the medium was replaced with DMEM, 2% FBS.
Adenovirus-mediated expression of MIF was measured after
48 h with Western blot analysis, and a multiplicity of infection
(m.o.i.) of 200 was determined to produce intracellular MIF
concentrations approximating that in wild-type fibroblasts.
Oxidative-stress experiments were conducted 48 h after viral
transduction.

Measurement of ROS generation by oxidative stress

Intracellular reactive species were quantified by using 20,70-
dichlorodihydrofluorescein diacetate (DCF-DA) (20, 37).
Cardiac fibroblasts isolated from wild-type or MIF KO mice
were seeded onto 96-well plates (7�103 cells=well). In a subset
of experiments, MIF KO cells were transduced with Ad-MIF
or Ad-LacZ as described earlier. After 48 h in culture, the
medium was changed to PBS containing 25 mM DCF-DA.
After 30-min incubation to allow cellular uptake of DCF-DA,
the cells were washed extensively to remove extracellular
DCF-DA and then treated with PBS or 1 mM hydrogen per-
oxide (H2O2 in PBS) for 30 min. at 378C. Pilot studies showed
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that treatment for 30 min at this dose was nontoxic and not
saturating for ROS generation (data not shown). Oxidation of
intracellular DCF was measured by excitation=emission
maxima of 485 nm=530 nm by using a multiwell plate reader
(CytoFluor II, Ramsey, MN). Data were normalized to the
fluorescence measured in control PBS-treated cells. Cellular
morphology and fluorescence produced in response to H2O2

treatment were visualized microscopically (Zeiss Axiovert
200M; Carl Zeiss, Thornwood, NY). Measurement of cell vi-
ability in response to 30-min H2O2 treatment was deter-
mined by using the trypan blue dye (0.7%) exclusion method.
Cells were counted by using a hemocytometer, and the
number of viable cells was expressed as a percentage of total
cell number.

Myocardial ischemia=reperfusion protocol

The ischemia=reperfusion (I=R) protocol was performed
essentially as described by Jones et al. (17). In brief, mice were
anesthetized by intraperitoneal administration of ketamine
(50 mg=kg) and sodium pentobarbital (50 mg=kg). Mice were
orally intubated with polyethylene-60 tubing and mechani-
cally ventilated with 100% oxygen by using a rodent venti-
lator (Minivent model 845; Harvard Apparatus, Holliston,
MA) with a respiratory rate of 170 breaths=min and a tidal
volume of 170ml. Sodium heparin (200 unit=kg) was delivered
by intraperitoneal injection 10 min before coronary artery li-
gation. A left paramedian thoracotomy was performed, and
the left coronary artery (LCA) was visualized and ligated with
7-0 silk suture around 2-mm polyethylene-10 (PE-10) tubing
to prevent crush injury to the vessel. The LCA was occluded
for either 15 or 30 min, followed by removal of the suture and
reperfusion for the periods indicated in the analysis section.
Mice were ventilated with 100% O2 until fully recovered from
anesthesia. Assessments of infarct size were performed in a
blinded fashion.

Myocardial infarct–size determination

Determination of infarct size was performed as previously
published (17). At the end of the reperfusion period, mice
were anesthetized and mechanically ventilated as described
earlier. The right carotid artery was exposed, and a catheter
(PE-10 tubing) was inserted into the artery for injection of
Evans blue dye (Sigma Aldrich). A left thoracotomy was
performed, and the LCA was ligated in the same location as
previously, and a bolus of 0.7 ml of 7% Evans blue dye solu-
tion was injected into the circulation via the carotid-artery
catheter to delineate the nonischemic heart tissue from the
area at risk (AAR) . Within 2 min, the heart was excised and
sectioned along the short axis into five or six 1-mm slices that
were subsequently incubated in 2,3,5-triphenyl-tetrazolium
chloride solution (TTC, 1% in PBS; Sigma Aldrich), for 10 min
at 378C to delineate the viable and nonviable myocardium
within the AAR. Each slice was weighed and then scanned for
measurement of the area of infarction (TTC negative), AAR
(Evans blue negative), and total left ventricular (LV) area by
using computer-assisted planimetry (NIH ImageJ, Bethesda,
MD). These distinct areas were multiplied by the weight of
each section, and the summation from the sections equaled
the total infarct area or the total AAR, as described by Jones
et al. (17). Infarct size was expressed as a percentage of the
AAR or the total LV.

In vivo hemodynamic analysis

Left-ventricle function during ischemia and reperfusion
was measured in vivo. Wild-type or MIF KO mice were an-
esthetized and mechanically ventilated as described earlier.
After exposing the heart by thoracotomy, a 1.4-Fr Millar
catheter (SPR-671; Millar Instruments, Houston, TX) was in-
serted into left ventricle through the apex. Left ventricle
pressure was continuously recorded during a 5-min pre-
ischemic period, followed by 15-min LCA occlusion and
20 min of reperfusion by using surgical procedures described
earlier. Data were collected by using PowerLab 8=30 acqui-
sition system (AD Instruments; Colorado Springs, CO), and
data from 200 or more cardiac cycles for each time point were
analyzed with LabChart Pro software.

Preparation of LV tissue homogenate, cytosolic
and mitochondrial fractions

Hearts were excised after 15-min ischemia followed by 5-
min reperfusion, and the LV free wall was isolated and im-
mediately frozen in liquid nitrogen and stored at �808C. For
analysis, frozen tissue was homogenized in 15 volumes of ice-
cold homogenization buffer (10 mM Tris HCl, pH 7.4, 0.25 M
sucrose, and 30 mM sodium citrate) by using a motor-driven
mortar and Teflon pestle. The LV tissue homogenate was then
centrifuged at 1,000 g for 10 min at 48C, and the resulting
supernatant collected and centrifuged at 10,000 g for 30 min at
48C to obtain the cytosolic fraction. The mitochondrial fraction
was prepared by resuspending the 10,000 g pellet in homog-
enization buffer without sucrose. Protein concentrations were
determined with the Micro BCA assay (Pierce, Rockford, IL).
These mitochondrial and cytosolic fractions were used for
aconitase activity and protein carbonyl measurements.

Mitochondrial injury measured
with cytochrome c release

Mitochondrial release of cytochrome c into the cytosol was
measured in the postmitochondrial fraction obtained by
centrifugation of the 10,000 g supernatant fraction at 100,000 g
for 1 h at 48C and recovering the supernatant. Absence of
mitochondrial contaminants in this fraction was confirmed by
immunoblotting with anti-cytochrome c oxidase (COX IV)
antibody (Cell Signaling, Danvers, MA), an inner mitochon-
drial membrane protein (Fig. 5A). To ascertain that tissue
freezing did not cause excessive mitochondrial damage, cy-
tochrome c release was measured in postmitochondrial frac-
tions prepared from both fresh and frozen tissue and found
not to be different. Our preliminary experiments showed that
significant cytochrome c was released after 15-min ischemia,
and that the amount released after 5-min reperfusion was
equivalent to that released at 30- and 60-min reperfusion.
Therefore, to minimize animal use, we used the same hearts
subjected to 15-min ischemia followed by 5-min reperfusion
that were processed for aconitase and protein carbonyl ana-
lyses. Protein concentration of the postmitochondrial fraction
was determined with the Micro BCA assay, and 2 mg protein
was used to detect cytochrome c with Western blotting
methods (anti-cytochrome c antibody; BD Pharmingen, San
Jose, CA).

Immunoquantitation of GAPDH was used for normaliza-
tion (anti-GAPDH antibody; Cell Signaling). HRP-conjugated
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secondary antibody signal was developed by using chemilu-
minescence reagent (Perkin Elmer) and detected by exposure
to x-ray film. Protein band intensity was quantified with laser-
scanning densitometry by using Quantity One 4.2.2. software
(GS-800 Densitometer; BioRad, Hercules, CA). Data are ex-
pressed as arbitrary densitometric units.

Indicators of oxidative stress

Protein carbonyl content in cytosolic and mitochondrial
compartments. Dithiothreitol (DTT; 25 mM final) was added
immediately to an aliquot of the LV homogenate to prevent
oxidation. The homogenate was then fractionated to obtain
mitochondrial and cytosolic fractions, as described earlier, and
protein concentrations were measured by using the Bradford
assay (Pierce). The extent of protein oxidation was determined
by reaction with 2,4-dinitrophenylhydrazone (DNPH) ac-
cording to a commercially available kit (OxyBlot; Millipore,
Bedford, MA). Oxidized proteins were identified by im-
munodetection of the DNPH-derivatized carbonyl groups in
proteins (2.5mg) that had been separated with 10% SDS-PAGE
and transferred to nitrocellulose membrane. Immunoreactive
protein bands were detected with chemiluminescence expo-
sure of x-ray film, and proteins were quantified with laser-
scanning densitometry, as described earlier. Quantitation of
protein carbonyls in the mitochondrial fraction included those
from 40 to 80 kDa, whereas protein carbonyls from 50 to 80 kDa
were quantified in the cytosolic fraction to exclude the promi-
nent sarcomeric-actin band at 43 kDa.

Tissue aconitase activity. Aconitase activity was mea-
sured in 7mg and 10 mg protein of mitochondrial and cytosolic
fractions, respectively, by using a commercially available kit
essentially as recommended by the manufacturer (Cayman
Chemical, Ann Arbor, MI).

Tissue GSH=GSSG ratio. Left ventricular concentrations
of GSH and GSSG were determined with the established
glutathione reductase=DTNB recycling procedure by using a
commercially available kit (Calbiochem, San Diego, CA).
Hearts were excised either before ischemia, immediately after
15 min of ischemia, or after 60 min of reperfusion. Hearts were
washed by retrograde perfusion of cold PBS, and the LV free
wall was isolated, rapidly frozen in liquid nitrogen, and
stored at �808C. The frozen tissue was homogenized in ice-
cold MES buffer [0.2 M 2-(N-morpholino)ethanesulfonic acid,
0.05 M phosphate, and 1 mM EDTA, pH 6.0] followed by
deproteination in metaphosphoric acid (Sigma Aldrich).
Processed samples were stored at�808C until assayed. Before
analysis, samples were neutralized, and total GSH was de-
termined. GSSG content was measured by first derivatizing
GSH in the samples with 2-vinylpyridine.

Baseline redox activities in MIF KO hearts

Immunoblot analysis. LV tissue from 10- to 11-week-
old wild-type and MIF KO mice was prepared as described
earlier, and immunoblot analysis was used to determine
basal levels of expression of key redox-regulatory proteins
including thioredoxin I (Abcam Inc., Cambridge, MA), per-
oxiredoxin I and II (Santa Cruz Biotechnology, Inc., Santa
Cruz, CA). Anti-MIF antibodies (Abcam) were used to as-
certain MIF gene deletion in MIF KO mice, and anti-GAPDH

antibodies (Sigma Aldrich) were used for immunoblot nor-
malization.

Enzymatic activities. Activities of cytosolic SOD, catalase,
glutathione peroxidase, and glutathione reductase were
measured in LV tissue by using commercially available assay
kits and following the manufacturer’s recommendations for
tissue preparation and analysis (Cayman Chemical Co., Ann
Arbor, MI).

Statistical analysis

All data are expressed as mean� standard error of the
mean (SEM). Sigma Stat software (Systat Software, Chicago,
IL) and SAS 9.1 (Cary, NC) were used for data analyses.
Comparisons between groups were carried out by using
Student’s t test or the Mann–Whitney test, as appropriate.
ANOVA was used to compare multiple groups, and adjusted
pairwise comparisons were carried out to determine which
groups differed from one another. Within-group differences
were compared by using the paired t test or the Wilcoxon
Signed Rank test, as appropriate. A value of p< 0.05 was
considered statistically significant.

Results

Increased ROS in MIF-deficient cardiac fibroblasts
exposed to oxidative stress

Initial experiments were designed to determine whether
intracellular MIF played a role in maintaining redox homeo-
stasis during oxidative stress in cardiac cells based on the
intrinsic oxidoreductase activity of MIF (21, 22). Cardiac fi-
broblasts isolated from WT and MIF KO hearts were ex-
panded in culture to obtain sufficient numbers of cells for
experimentation. As shown in Fig.1A and C, cardiac fibro-
blasts at the third passage in culture were a relatively homo-
geneous population of spindle-shaped cells that expressed
prolyl-4-hydroxylase (P4HB), a fibroblast protein marker (46),
and did not express myocyte-specific a-actinin, as shown for
mouse whole-heart homogenate. Furthermore, immunoblot
analysis verified that cultured fibroblasts isolated from MIF
KO hearts did not express MIF protein (Fig. 1E). To measure
reactive species generation in response to oxidative-stress
conditions, fibroblasts were preloaded with the ROS-sensitive
fluorescence indicator, DCF-DA, and then treated with H2O2

for 30 min. Preliminary dose–response experiments with
concentrations of H2O2 between 0.025 mM and 1 mM showed
that the cellular response to 1 mM H2O2 was not saturating
at 30 min, fell within the linear part of the response curve,
and did not affect cell viability of either WT or MIF KO cells
(Fig. 1B). Microscopic imaging showed that the DCF-loaded
cultured fibroblasts treated with 1 mM H2O2 generated
green fluorescence (Fig. 1C), and quantitation of the fluores-
cence (Fig. 1D) showed that the amount of DCF-sensitive
oxidative species generated in response to H2O2 was sig-
nificantly greater in MIF-deficient cells than in WT fibro-
blasts (2.71� 0.18 vs. 1.66� 0.13-fold increase of PBS control,
respectively).

Reexpression of MIF protein in MIF-deficient fibroblasts
with an adenoviral delivery approach was used to determine
whether MIF alone was sufficient to reduce oxidative stress in
response to H2O2 treatment. The immunoblot in Fig. 1E shows
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that adenoviral-mediated delivery of recombinant MIF into
MIF KO fibroblasts produced similar levels of MIF protein
expression to those of wild-type cells. Also shown are MIF KO
fibroblasts transduced with the control adenoviral vector ex-
pressing b-galactosidase (Ad-LacZ). As described earlier,
these fibroblasts were preloaded with DCF-DA and then
treated with H2O2 for 30 min. The oxidative-stress response as
measured by ROS-activated DCF fluorescence was signifi-
cantly lower in fibroblasts in which MIF had been reexpressed
(Ad-MIF) compared with MIF-deficient cells (Ad-LacZ)
(1.70� 0.07 vs. 2.26� 0.07-fold increase of PBS controls) (Fig.
1F). The observation that reexpression of MIF in KO cells re-
duced the oxidative response to that observed in WT cells
(Fig. 1D) supports the hypothesis that MIF alone is sufficient
to diminish intracellular ROS content and supports its role in
regulating redox homeostasis in response to oxidative stress.

Baseline level of expression and activity of redox
proteins in WT and MIF KO hearts

To determine whether the observed oxidative-stress re-
sponse in cultured MIF-deficient cardiac cells extended to is-

FIG. 1. Increased oxidative stress response in MIF-deficient cardiac fibroblasts. (A) Immunoblot of cardiac fibroblast
lysate showing presence of fibroblast marker, P4HB, and absence of myocyte marker, sarcomeric a-actinin. Mouse-heart
homogenate is shown for comparison. (B) Viability of cultured cardiac fibroblasts isolated from WT or MIF KO hearts after
exposure to 1 mM H2O2 for 30 min, measured with trypan blue exclusion. (C) Microscopic images of WT and KO cultured
cardiac fibroblasts preloaded with DCF-DA and then treated with H2O2, as described in Materials and Methods. Left panels,
Phase-contrast images; right panels, green fluorescence detected at excitation=emission of 485 nm=530 nm, which indicates
oxidation of DCF in response to H2O2 treatment. (D) Bar graph shows quantitation of DCF oxidation in cardiac fibroblasts
treated with PBS or 1 mM H2O2. Results are expressed relative to control PBS-treated cells. Results are expressed as mean�
SEM; n¼ 5 per condition. *p< 0.001 between groups is indicated by the line. Data are representative of three separate cell
isolations. (E) Immunoblot of MIF KO cardiac fibroblast lysates showing MIF or b-galactosidase expression, 48 h after
transduction with Ad-MIF or Ad-LacZ. MIF expression in WT fibroblasts is shown for comparison. GAPDH was used for
normalization. (F) Intracellular ROS generation in response to H2O2 treatment in MIF-deficient cardiac fibroblasts 48 h after
Ad-LacZ or Ad-MIF transduction. Results are expressed as mean� SEM; n¼ 4 to 5 per condition. *p< 0.001 between groups
indicated. Data are representative of similar experiments from two separate cell isolations. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).

FIG. 2. Baseline expression of redox-regulatory proteins
in MIF-deficient and WT hearts. Immunoblot analysis of
heart lysates shows similar levels of expression of redox
proteins, peroxiredoxin I and II (Prx I, II), and thioredoxin I
(Trx I) in MIF KO and WT mice. GAPDH was used for
normalization. MIF KO hearts show complete absence of
immunoreactivity with anti-MIF antibody.
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chemic injury in vivo, we first assessed the effects of genetic
MIF deficiency on expression and activity of other key redox-
regulatory proteins in myocardial tissue under normal
physiologic conditions. The representative immunoblot in
Fig. 2 illustrates that expression levels of peroxiredoxin I and
II (Prx I, II), and thioredoxin I (Trx I) were not different be-
tween MIF KO and WT hearts. We also showed that the
myocardial enzymatic activities of catalase, cytosolic super-
oxide dismutase (SOD), and glutathione peroxidase and re-

ductase were not significantly different between the two
groups of animals (Table 1). These data lend support to a
unique role of MIF in cellular redox homeostasis, although it
cannot be completely ruled out that other unexamined redox
homeostatic mechanisms may be altered to compensate for
the genetic loss of MIF in the heart.

MIF deficiency leads to increased LV infarct size
after ischemia=reperfusion

To study the role of intracellular MIF on the oxidative-
stress response in the myocardium in vivo, we subjected
hearts from MIF-deficient and wild-type mice to ischemia=
reperfusion injury. In all experiments, the area at risk (AAR)
expressed as a percentage of the LV was similar for MIF-
deficient and wild-type mice, indicating that the experimen-
tally induced ischemic injury was comparable (AAR=LV in
Fig. 3B–D). Notably, the infarct size (INF) was significantly
greater in the MIF-deficient hearts when subjected to 15-min
ischemia followed by 24-h reperfusion (21.1� 6.0% vs.
8.4� 2.6%, INF=AAR; p< 0.05; 10.9� 3.2% vs. 4.5� 1.4%,
INF=LV; p< 0.05) (Fig. 3B.). This effect of MIF-deficiency
was observed as early as 4 h of reperfusion (31.3� 4.6% vs.
15.5� 4.9%, INF=AAR; p< 0.05; 17.6� 3.2% vs. 9.4� 3.0%,

Table 1. Baseline Activity of Redox Regulatory

Enzymes in WT and MIF KO Hearts

WT MIF KO

Cytosolic SOD (U=mg protein) 35.31� 2.70 39.02� 0.66

Catalase (nmol=min=mg protein) 59.60� 1.88 53.22� 2.49

Glutathione peroxidase
(nmol=min=mg protein)

19.29� 1.13 22.43� 1.34

Glutathione reductase
(nmol=min=mg protein)

300.7� 11.3 288.5� 5.87

Data are expressed as mean� SEM; n¼ 4–5 per group; no
statistical differences were found between groups.

FIG. 3. Increased myocardial infarct size in MIF KO versus WT mice after I=R. (A) Representative heart slices from WT
and MIF KO mice after 15-min left coronary artery occlusion followed by 24 h of reperfusion. Tissue area not stained by Evans
blue dye indicates ischemic area at risk (AAR), whereas viable tissue is stained red with TTC. The white or non–TTC-stained
area indicates infarcted tissue (INF). Bar graphs represent quantitation of the infarct area (INF) expressed as a percentage of
the AAR (INF=AAR) or total left ventricular area (INF=LV), as described in Materials and Methods. Data are expressed as
mean� SEM. (B) Results are from hearts subjected to 15-min ischemia=24 h reperfusion. *p< 0.05 vs. WT; n¼ 8 WT, 10 MIF
KO. (C) Hearts subjected to 15-min ischemia=4-h reperfusion. *p< 0.05 vs. WT; n¼ 8 WT, 9 MIF KO; and (D) 30-min
ischemia=24-h reperfusion; n¼ 11 WT, 10 MIF KO. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www.liebertonline.com=ars).
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INF=LV; p< 0.05). In contrast, when the period of ischemia
was extended to 30 min followed by 24-h reperfusion, the
infarct size of the WT hearts was increased to that observed in
MIF-deficient hearts (34.3� 2.8% vs. 37.6� 4.8%, INF=AAR),
suggesting that the protection afforded by MIF was depen-
dent on the extent of ischemia.

MIF deficiency impairs postischemic recovery
of cardiac function

In vivo measures of cardiac function in MIF-deficient
mice were similar to those in wild-type animals at baseline

(Table 2). Fig. 4 shows hemodynamic measurements recorded
continuously in anesthetized mice 5 min before ischemia, and
during 15 min of ischemia followed by 20 min of reperfusion.
Within the first minute of ischemia, LV developed pressure
(max-min pressure) was significantly reduced from the pre-
ischemic value in both WT and MIF KO mice ( p¼ 0.03), and
significant impairments in the rates of LV pressure develop-
ment (min dP=dt, max dP=dt) were recorded. During the
20-min period of reperfusion, only the WT mice exhibited
significant ( p¼ 0.02) recovery of cardiac function, whereas all
measures of contractile function in the MIF-deficient mice
remained unchanged from that recorded during the ischemic
period (Fig. 4).

Increased mitochondrial cytochrome c release
in MIF-deficient hearts

Release of cytochrome c from the mitochondria is an indi-
cator of the severity of myocardial ischemic injury and a
marker of apoptosis. As shown by the immunoblot in Fig. 5A,
the absence of the mitochondrial inner membrane protein,
cytochrome oxidase (COX IV) in the cytosolic fraction verified
that any cytochrome c detected in this fraction represented
specific mitochondrial cytochrome c release. The representa-
tive immunoblot in Fig. 5B shows that myocardial injury as

Table 2. In vivo Hemodynamic Measurements

Recorded in Wild-type and MIF KO Mice

WT MIF KO

HR (beats=min) 527� 21 518� 36

Max-Min pressure (mm Hg) 66� 2 62� 4

LVEDP (mm Hg) 1.3� 0.4 1.2� 0.4

Max dP=dt (mm Hg=s) 5,230� 454 4,610� 496

Min dP=dt (mm Hg=s) �5,460� 535 �5,340� 953

Data are expressed as mean� SEM; n¼ 5–7 mice=group. No
statistical differences were found between groups.

FIG. 4. LV contractile function of MIF-deficient hearts fails to recover after ischemia. In vivo hemodynamic measure-
ments recorded continuously and calculated every 5 min starting 5 min before LCA occlusion for 15 min of ischemia followed
by 20 min of reperfusion. Measurements at each time point represent the mean� SEM of six WT and seven MIF KO mice.
Heart rates (HRs) from WT and MIF KO mice showed no significant changes. LV developed pressure (Max-Min pressure)
decreased significantly within 1 min of ischemia (**p¼ 0.03 vs. preischemia for WT and KO); Fp¼ 0.02, WT vs. KO during
reperfusion. Max and Min dP=dt were significantly reduced during ischemia (*p¼ 0.03 vs. preischemia, WT only). During
reperfusion, Max dP=dt differed between WT and KO at Fp¼ 0.02; and Min dP=dt at cp¼ 0.055, WT versus KO (Mann–
Whitney test).
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indicated by the presence of cytochrome c in the cytosolic
fraction was negligible in sham-operated WT and MIF KO
mice, whereas cytochrome c released from mitochondria in
MIF KO hearts was significantly greater ( p< 0.05) than that in
WT hearts after I=R, suggesting greater mitochondrial dam-
age. Densitometric quantitation of the immunoblots is indi-
cated in the bar graph.

MIF deficiency increases myocardial oxidative
stress in vivo

To test further the hypothesis that MIF functions to regu-
late redox homeostasis, we measured several indicators of
oxidative stress in WT and MIF KO hearts after ischemia=
reperfusion. In the first series of experiments, the myocardial
concentrations of reduced glutathione (GSH) and oxidized
glutathione disulfide (GSSG) measured after 15 min of ische-
mia and after 60 min of reperfusion were compared with the
preischemic values. Total glutathione (reduced and oxidized)
content in the preischemic hearts was similar in WT and MIF
KO mice (18.4� 0.3 ng=mg vs. 18.1� 0.7 ng=mg protein, re-
spectively). As shown in Fig. 6, oxidation of GSH to GSSG was
increased significantly in both groups of mice after 15 min of

ischemia, although the decrease in the GSH=GSSG ratio was
significantly ( p< 0.001) greater in the MIF KO than in the WT
hearts. Furthermore, after 60 min of reperfusion, the
GSH=GSSG ratio in the WT hearts returned to preischemic
levels, whereas the GSH=GSSG ratio in MIF KO hearts re-
mained low, suggesting that the redox-regulatory activity of
MIF was important in maintaining normal myocardial redox
potential during ischemia and reperfusion.

A downstream consequence of increased intracellular re-
active molecular species is protein oxidation. Therefore, the
presence of carbonyl groups on proteins isolated from both
mitochondrial and cytosolic fractions was used to estimate
the extent of protein oxidation in response to ischemia=
reperfusion. Based on published data (7) and our preliminary
experiments, protein carbonylation peaked within 5 min of
reperfusion. As illustrated by the immunoblots in Fig. 7A and
B and quantified with densitometry (bar graphs), the presence
of protein carbonyls in both mitochondrial and cytosolic
fractions after 15 min of ischemia followed by 5 min of re-
perfusion was significantly higher ( p< 0.05) in the MIF KO
hearts than in the WT hearts (13.4� 1.6 vs. 7.1� 1.7; 40 kDa to
80-kDa mitochondrial proteins; 13.6� 0.8 vs. 10.4� 0.9;
50 kDa to 80-kDa cytosolic proteins). The abundant cytosolic
DNPH-derivatized protein at 43 kDa includes myofibrillar
actin that we have previously shown to be susceptible to ox-
idation (39). We have excluded this protein band to measure
more accurately the differences in oxidation of other higher-
molecular-weight cytosolic proteins in Fig. 7B. These data
support a role of MIF in reducing overall protein oxidation in
response to ischemia=reperfusion.

As a further indicator of oxidative stress in the heart, the
enzymatic activity of aconitase was measured because its
activity is dependent on its iron–sulfur cluster [4Fe-4S]2þ

that can be inactivated by superoxide. Based on published
data showing the time course of maximal inhibition of aco-
nitase activity (7), we measured cytosolic and mitochondrial
aconitase activity after 15-min ischemia followed by 5-min

FIG. 6. Increased oxidized glutathione in hearts of MIF
KO mice after ischemic injury. Glutathione (GSH) and
glutathione disulfide (GSSG) were measured in the ischemic
myocardium of WT and MIF KO mice subjected to 15-min
ischemia alone (Isch) or followed by 60 min of reperfusion
(I=R). Bar graph shows the data expressed as the GSH-to-
GSSG ratio compared with values obtained from preischemic
LV tissue (pre-). *p< 0.01; **p< 0.001. Results are expressed
as mean� SEM of three to five mice per condition.

FIG. 5. Increased mitochondrial release of cytochrome c
in MIF KO hearts after I=R. (A) Immunoblot analysis
showing that expression of the mitochondrial inner mem-
brane protein, cytochrome c oxidase IV (COX IV), is limited
to the mitochondrial fraction, whereas GAPDH is specific to
the cytosolic fraction. (B) Release of cytochrome c (Cyto C)
from the mitochondria after I=R (15-min ischemia=5-min
reperfusion) or sham (sh) operation was determined by im-
munoblot analysis of the cytosolic fraction prepared from the
AAR, as described in Materials and Methods. Quantitation of
Cyto C normalized to GAPDH in the Western blot is de-
picted in the bar graph. *p< 0.05 vs. WT. Data are expressed
as mean� SEM; n¼ 4 mice per group. Data are representa-
tive of two separate experiments.
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reperfusion. As shown in Fig. 8, cytosolic aconitase activity
was significantly inhibited in the hearts of MIF KO mice after
I=R compared with sham-operated animals, whereas no in-
hibition of enzymatic activity was observed in the WT hearts.
Aconitase activity in the mitochondrial fraction was not al-
tered after ischemia=reperfusion in either WT or MIF KO
hearts (data not shown).

Discussion

Although MIF has been described primarily as a pleiotropic
cytokine that controls both innate and adaptive immune re-
sponses, this versatile protein may also play a role in main-
taining cellular redox homeostasis (21, 22, 32, 33). In support
of this latter function, the results of the present study show
that MIF redox activity can reduce cellular oxidative stress
and thus minimize injury in the postischemic heart. To dem-
onstrate that MIF has intracellular redox potential, exposure
of MIF-deficient cardiac fibroblasts to oxidizing conditions
resulted in an increase in intracellular ROS that was signifi-
cantly reduced by reexpression of recombinant MIF. The
in vivo series of experiments were designed to show that this
antioxidant property of MIF mitigated postischemic injury by
reducing oxidative stress in the myocardium. This conclusion
was supported by the recovery of the GSH=GSSG ratio to
preischemic values in WT but not in MIF-deficient hearts
during reperfusion.

Second, we showed that the increased oxidative environ-
ment in the MIF-deficient myocardium resulted in signifi-
cantly greater oxidation of both mitochondrial and cytosolic
proteins, as measured by formation of protein carbonyls, in-
hibition of aconitase enzymatic activity, and mitochondrial
injury.

Third, continuous in vivo hemodynamic recording of LV
pressure showed significant recovery of function during the
reperfusion period in WT but not in MIF KO mice. Taken
together, these data support an integral role for MIF in pro-
tecting the cellular milieu from excessive oxidative conditions.

The recognition that MIF exhibits oxidoreductase activity
by a cysteine thiol–mediated mechanism has been reported by
several investigators (21, 22, 24). Interestingly, this combined
function of cytokine-like activity and enzymatic redox activity
had already been reported for thioredoxin and cyclophilin (24,
40, 44). The reducing potential of a 16-amino-acid peptide
sequence within MIF containing the CXXC thiol protein oxi-
doreductase motif was determined to be�258 mV (32), which
is similar to the reducing potential of the oxidized form of
thioredoxin of �270 mV (25). The importance of the MIF re-
dox function in relation to other members of the thioredoxin
superfamily is presently unclear. Thioredoxins (Trxs) and
glutaredoxins are principal antioxidant systems within the
cardiomyocyte that protect the myocytes from oxidative
stress (1, 31). Although we did not observe significant changes

FIG. 7. Increased protein oxida-
tion in hearts of MIF KO mice after
I=R. After exposure to coronary ar-
tery occlusion for 15 min followed
by 5-min reperfusion (I=R), the LV
free wall (area at risk) was processed
for immunoblot determination of
protein carbonylation in both mito-
chondrial (A) and cytosolic (B)
fractions, as described in Materials
and Methods. Bar graphs show
quantitation of the immunoblot
DNPH-conjugated proteins between
40 and 80 kDa in the mitochondrial
fraction, and between 50 and 80 kDa
in the cytosolic fraction, as depicted
in the immunoblots. Data are ex-
pressed as mean� SEM. *p< 0.05
vs. WT; n¼ 4 per group.

FIG. 8. Reduced aconitase activity in MIF KO hearts after
I=R. Bar graph shows cytosolic aconitase activity in the LV
free wall after 15-min left coronary artery occlusion followed
by 5-min reperfusion (I=R) or sham operation in WT and MIF
KO mice. *p< 0.05. Data are expressed as mean� SEM of
four mice per condition.
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in expression or enzymatic activity of key redox proteins in
the MIF-deficient hearts under normal conditions, we cannot
completely rule out the possibility that other intracellular
redox pathways compensate for the loss of MIF in these mice.
For example, Kondo et al. (24) reported significantly higher
intracellular Trx protein in CD4þ T cells derived from MIF-
deficient mice than from wild-type mice.

In the present study, the significance of MIF redox function
could be seen by its cardioprotective effect during relatively
short periods of ischemia (15 min), whereas longer ischemic
times (30 min) provided little or no protection. Studies
have shown that mitochondrial oxidant generation increases
during cellular hypoxia, and that the magnitude of the
oxidant stress contributes to the extent of cell death during
reperfusion (36, 49). Furthermore, other injurious mechanisms
contribute to tissue injury during ischemia, including re-
duced ATP, NADH=NADþ, acidosis, and calcium overload
(16). Therefore, the effectiveness of MIF oxidoreductase ac-
tivity in our studies likely illustrates its role as only one
component in an elaborate molecular network that functions
to maintain intracellular redox homeostasis in the myocar-
dium (27).

The intracellular redox function of MIF may play a com-
plementary role to its reported extracellular activity as an
autocrine=paracrine factor. Miller et al. (29) showed that MIF
treatment of isolated papillary muscles increased phosphor-
ylation of AMP-activated protein kinase (AMPK), and stim-
ulated GLUT-4 translocation to the membrane, leading to
increased glucose uptake and metabolism, thus potentially
preventing cardiac dysfunction and reducing myocardial in-
farct size. The role of extracellular MIF has been further de-
fined by these authors in recent studies showing that
treatment of the isolated perfused MIF-deficient heart with
recombinant MIF (rMIF) during reperfusion after ischemia
preserved contractile function, possibly by inhibiting the JNK
signaling pathway (35). Surprisingly, rMIF treatment of the
perfused wild-type heart showed significant contractile de-
pression similar to that reported previously by Garner et al.
(15). Thus, it remains unclear whether exogenous rMIF de-
livered to the heart would serve a protective role during an
ischemic event in vivo.

It is well recognized that ischemic myocardial injury trig-
gers a local inflammatory response that results in the re-
cruitment of leukocytes to the infarcted area (14). The
potential role of MIF pro-inflammatory activity in leukocyte
trafficking in this setting is not known, although neutraliza-
tion of MIF in other disease models has been associated with
reduced inflammation and monocyte recruitment (48). The
present study focused on effects of MIF on tissue oxidative
stress within a time frame that precludes effects on leukocyte
recruitment. However, studies to examine the effect of MIF on
postischemic cardiac remodeling may be warranted.

Development of drugs targeting the redox activity of MIF
may provide benefit during oxidative stress without activat-
ing MIF pro-inflammatory activity. Similarly, small-molecule
inhibitors of the pro-inflammatory or immune activities of
MIF may provide therapeutic benefit without undesirable
side effects on cardiac function. Because the effectiveness of
MIF redox activity resides within the cell, one strategy may be
to increase intracellular MIF by preventing its release during
oxidative stress, or alternatively, to increase MIF uptake or
expression (29, 45). MIF uptake into the cell can occur by

endocytosis, which was recently reported to be facilitated by
its association with cell-surface thioredoxin (41). Exploitation
of this association may provide a mechanism to enhance in-
tracellular availability of MIF.

In conclusion, our studies provide the first in vivo evidence
supporting a role for the oxidoreductase function of MIF in
mediating cardioprotection during ischemia and reperfusion
by reducing the oxidative environment of the myocardium.
Thus, therapeutic targeting of the redox activity of MIF
has the potential to preserve cardiac function after ischemic
injury.
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diacetate
DNPH¼ 2,4-dinitrophenylhydrazone
DTNB¼ 5,50-dithiobis-(2-nitrobenzoic acid)

DTT¼dithiothreitol
GLUT¼ glucose transporter

Grx¼ glutaredoxin
GSH¼ glutathione

GSSG¼ glutathione disulfide
INF¼ infarct area
I=R¼ ischemia and reperfusion

JNK¼ c-Jun N-terminal kinase
KO¼ knockout

LCA¼ left coronary artery
LV¼ left ventricle

MIF¼macrophage migration-inhibitory factor
Prx¼peroxiredoxin

rMIF¼ recombinant MIF
RNS¼ reactive nitrogen species
ROS¼ reactive oxygen species

TPOR¼ thiol-protein oxidoreductase
Trx¼ thioredoxin

TTC¼ 2,3,5-triphenyl-tetrazolium chloride
WT¼wild type
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