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The vestigial enzyme D-dopachrome tautomerase
protects the heart against ischemic injury
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The cellular response to stress involves the recruitment and coordination of molecular signaling pathways that prevent cell
death. D-dopachrome tautomerase (DDT) is an enzyme that lacks physiologic substrates in mammalian cells, but shares
partial sequence and structural homology with macrophage migration inhibitory factor (MIF). Here, we observed that

DDT is highly expressed in murine cardiomyocytes and secreted by the heart after ischemic stress. Antibody-dependent
neutralization of secreted DDT exacerbated both ischemia-induced cardiac contractile dysfunction and necrosis. We generated
cardiomyocyte-specific DDT knockout mice (Myh6-Cre Ddt"7), which demonstrated normal baseline cardiac size and function,
but had an impaired physiologic response to ischemia-reperfusion. Hearts from Myh6-Cre Ddt"7 mice exhibited more necrosis
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Introduction
Myocardial ischemia resulting from coronary arterial occlusion
leads to myocardial necrosis, arrhythmias, contractile dysfunc-
tion, and heart failure. Cellular adaptation to ischemic stress re-
quires the coordination of cellular metabolic pathways to maintain
energy homeostasis (1). AMP-activated protein kinase (AMPK) is
a serine-threonine kinase that serves as a fuel gauge and coordi-
nates energy-generating glucose uptake (2, 3) and glycolysis (4),
while downregulating the energy-consuming synthesis of proteins
(5) and lipids (6). AMPK also induces autophagy (7), prevents
ROS production (8), and inhibits mitochondrial transition pore
opening (9) during ischemia-reperfusion. Thus, the endogenous
AMPK pathway preserves cellular ATP content, limits apoptosis
and necrosis, and improves functional recovery of the heart dur-
ing ischemia-reperfusion (2, 10). In addition, AMPK is emerging
as a potential target for therapy in diabetes and ischemic heart
disease. Although AMPK is primarily activated by cellular energy
depletion, it is also regulated by hormones such as leptin and adi-
ponectin that modulate metabolism (11, 12).

In the heart, there is emerging evidence that autocrine/para-
crine factors also modulate cardiac metabolism, cell growth, and
response to injury (13-15). We previously demonstrated that mac-
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and LV contractile dysfunction than control hearts after coronary artery ligation and reperfusion. Furthermore, treatment
with DDT protected isolated hearts against injury and contractile dysfunction after ischemia-reperfusion. The protective
effect of DDT required activation of the metabolic stress enzyme AMP-activated protein kinase (AMPK), which was mediated
by a CD74/CaMKK2-dependent mechanism. Together, our data indicate that cardiomyocyte secretion of DDT has important
autocrine/paracrine effects during ischemia-reperfusion that protect the heart against injury.

rophage migration inhibitory factor (MIF) is highly expressed in
cardiomyocytes and regulates cellular metabolism (15). MIF is
better known as a prototype cytokine that regulates macrophage
function in inflammation and plays an important role in innate
immunity (16). However, endogenous MIF protects the heart
by stimulating AMPK activation during experimental ischemia-
reperfusion and limiting cardiac apoptosis and necrosis (15, 17).
Furthermore, functional polymorphisms in the human MIF gene
promoter, which lead to reduced MIF expression and secretion, in-
terfere with MIF’s regulation of critical cellular signaling pathways
(15, 18). However, MIF treatment also reduces cardiac contractility
(19) and might increase inflammation after severe ischemic injury
(17), which limits its potential development as a clinical treatment
of ischemic heart disease.

D-dopachrome tautomerase (DDT) is an enzyme that catalyz-
es the tautomerization and decarboxylation of the non-naturally
occurring substrate D-dopachrome to 5,6-dihydroxyindole (20,
21). DDT may trace its origin to the invertebrate melanotic encap-
sulation response, which is a primitive immune defense against
tissue invasion (16). However, DDT is present in many mamma-
lian tissues and is highly conserved among species (16). DDT has
limited structural homology with the cytokine MIF; the DDT and
MIF amino acid sequences share 34% homology in humans and
27% in mice (22). Similar to MIF, the human DDT protein folds to
form a homotrimer and is a ligand for the MIF receptor CD74 in
macrophages (22). However, the physiologic action of DDT in the
heart is currently unknown. Thus, we tested the hypothesis that
DDT acts as an endogenous metabolic stress protein in the heart
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and evaluated whether the DDT pathway might have therapeutic
potential for preventing cardiac injury during ischemia.

Results

Heart-derived DDT has protective autocrine/paracrine effects dur-
ing ischemia-veperfusion. We found for the first time that DDT
was highly expressed in cardiomyocytes, based on immunohis-
tochemistry staining of mouse heart sections (Figure 1A). Brief
ischemic stress triggered the secretion of DDT from preformed
stores into the extracellular space in ex vivo isolated perfused
mouse hearts, resulting in a 2-fold increased DDT concentration
in the coronary venous effluent (Figure 1B). Depletion of cardio-
myocyte DDT was also readily apparent after in vivo ischemia-
reperfusion (Figure 1, A and C).

In order to determine the physiologic effect of endogenously
secreted DDT on ischemic tolerance, ex vivo isolated mouse
hearts were perfused with or without anti-DDT neutralizing anti-
body and then subjected to ischemia-reperfusion. This antibody
has high specificity for DDT and does not have immunoreactivity
to MIF (22). The product of LV developed pressure and heart rate
(referred to herein as the LVDP-HR index; used as an indicator
of cardiac contractile function) recovered to only 30% of base-
line after ischemia-reperfusion in hearts treated with anti-DDT,
compared with 70% of baseline with nonimmune IgG treatment
(Figure 1D). Similar differences were seen for other indices of
cardiac contractile function, including LV developed pressure
(LVDP), +LV dP/dt, and -LV dP/dt (Supplemental Figure 1; sup-
plemental material available online with this article; doi:10.1172/
JCI73061DS1). The extent of necrosis, assessed by histologic
analysis after 2, 3, 5-triphenyltetrazolium chloride (TTC) vital
staining, was also 2-fold greater in hearts perfused with anti-DDT
(Figure 1E). Together, these results indicate that DDT is a secret-
ed protein that functions via an autocrine/paracrine mechanism
to prevent injury during ischemia.

The AMPK pathway is an essential component of the cellular
stress response and defends the heart against ischemia (1, 2, 10).
In order to determine whether AMPK contributes to the cardio-
protective effect of intrinsic DDT during ischemia, we assessed
AMPK pathway activation by immunoblotting for phosphorylation
of AMPK (at the Thr'”? activating site in the catalytic domain) and
its downstream target protein, acetyl-CoA carboxylase (ACC) (1).
Ischemia-induced AMPK pathway activation was blunted by 43%
in hearts treated with anti-DDT antibody (Figure 1F), which indi-
cates that endogenously secreted DDT modulates cardiomyocyte
metabolic stress signaling during ischemia.

Neutralization of endogenously secreted DDT inhibits hypoxia-
induced AMPK activation in cardiomyocytes. Although cardiomy-
ocytes constitute the predominant mass of the heart, there are
an equal number of other cells, including fibroblasts, endothe-
lial cells, and smooth muscle cells, that might also contribute to
DDT’s actions during ischemia. To test whether cardiomyocytes
per se have an operative DDT autocrine pathway, we subjected
isolated adult ventricular cardiomyocytes to hypoxia with and
without anti-DDT. Hypoxic activation of the AMPK signaling
pathway was diminished by 40% in the presence of anti-DDT
antibody (Supplemental Figure 2), which indicates that cardio-
myocytes secrete and respond to DDT.
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Hearts with cardiomyocyte-specific DDT deletion have normal
baseline structure and function, but impaired stress response to isch-
emia. To assess the physiologic role of cardiomyocyte-derived
DDT in the intact heart, we generated cardiomyocyte-specific
DDT knockout mice (Myh6-Cre Ddt"#; Figure 2A). These mice
demonstrated a 90% overall reduction in DDT expression in heart
homogenates compared with Dd#"# and Myh6-Cre Ddt”* controls,
with residual DDT expression confined to large blood vessels after
immunohistochemical staining of LV myocardium with anti-DDT
specific antibody (Figure 2B). Myh6-Cre Dd#"f mice demonstrated
normal baseline cardiac morphology and histology (Supplemental
Figure 3) as well as intact LV size, wall thickness, and ejection frac-
tion by echocardiography (Figure 2C), and their hearts had normal
LV contractile function ex vivo (Figure 2D).

In order to examine whether cardiomyocyte DDT is an im-
portant component of the stress response in the heart, we as-
sessed whether DDT deletion exacerbates the physiologic re-
sponse to ischemia-reperfusion. We compared Myh6-Cre Ddt#
hearts with both Myh6-Cre Ddt* and Ddi"/f hearts as controls.
Deletion of cardiomyocyte DDT exacerbated LV contractile dys-
function, with less recovery of the LVDP-HR index as well as
other parameters of LV contractile function, in ex vivo perfused
hearts after ischemia-reperfusion (Figure 2D and Supplemental
Figure 4). Myh6-Cre Ddt"/f hearts also had 2.3-fold more histo-
logical necrosis compared with control hearts, based on the re-
sults of TTC vital staining (Figure 2, E-I).

To determine whether the susceptibility of Myh6-Cre Ddt"?
hearts was due to the acute or chronic lack of cardiomyocyte DDT,
these hearts were also perfused with buffer containing a physi-
ologic concentration of recombinant DDT (+DDT; 50 ng/ml). The
recovery of LV contractile function and the extent of injury after
ischemia-reperfusion was similar in Myh6-Cre Ddt"f hearts per-
fused with rDDT and control hearts (Figure 2, D-I). These results
indicate that acute treatment with extracellular DDT is sufficient to
rescue the phenotype and provide evidence that the predominant
abnormality in the Myh6-Cre Ddt"# hearts is their lack of DDT.

To assess whether Myh6-Cre Ddt"f mice also had greater sus-
ceptibility to cardiac injury in vivo, they and Myh6-Cre Ddt*/* and
Dd#"# control mice were subjected to transient left coronary artery
ligation for 20 minutes followed by 3 hours of reperfusion. The
resulting regional ischemia produced more severe cardiac injury
in Myh6-Cre Ddt"F versus control mice, as evidenced by 3.5-fold
greater necrosis on TTC staining of LV sections and 2.5-fold higher
serum troponin release (Figure 3, A and B). Myh6-Cre Ddt"# mice
also demonstrated impaired cell signaling with attenuated AMPK
pathway activation during ischemia compared with both control
groups (Figure 3C). In order to determine whether increased ne-
crosis in Myh6-Cre Ddt"# mice resulted in greater contractile
dysfunction 24 hours after ischemia-reperfusion, we assessed
regional contractility in vivo by echocardiography. LV fractional
shortening was 50% lower in Myh6-Cre Ddt"# versus Ddt"# con-
trol mice after ischemia-reperfusion (Figure 3D). Taken together,
these results indicate that cardiomyocyte DDT has an intrinsic
protective action to limit myocardial injury and resultant cardiac
dysfunction after ischemia-reperfusion in the mouse heart.

DDT activates AMPK through a CaMKK-dependent mechanism.
To understand the molecular mechanisms that transduce the ac-

jci.org  Volume124  Number8  August 2014

3541



3542

RESEARCH ARTICLE

Anti-DDT

The Journal of Clinical Investigation

D
1gG
& Anti-DDT
IgG or DDT-Ab
—_ Normal
E perfusion Isch Reperfus'non‘
S 40000 - 1 >
=
E
< 20000 - ; .
1] 1
2 : ~
o i g
T 01 i @
o —t—— g
g 0 10 20 30 40 50 60 70 80 5
Time (min) _g

B c @ #f
] Baseline bl
I Reperfusion
E —_
6 2 15
2 ; E
o4 5 1.0
o [a)
2 g 05 *
= 2
8o 3
F Qroo&
\QG e
Ischemia . 4+ - 4
p-AMPK - @ w-
T-AMPK -
8 *
Z 6
30 . V] *
o 4
20 E. 2
10 %o
0 p'ACC —.—-

T-ACC W8

Figure 1. Heart-derived DDT has protective autocrine/paracrine effects during ischemia-reperfusion. (A) DDT expression was determined in mouse heart
using immunohistochemistry with a polyclonal anti-DDT antibody or nonimmune IgG antibody (as a control for nonspecific staining). Heart LV sections
were studied after 20 minutes of ischemia and 3 hours of reperfusion (IR) induced by coronary artery ligation or control sham surgery (CON). Original mag-
nification, x10. (B) Cardiac DDT release into the coronary venous effluent was quantified by ELISA in ex vivo perfused hearts, during either normal baseline
perfusion or global ischemia (15 minutes) and 30 minutes of reperfusion. (C) DDT immunoblots of heart homogenates from mice subjected to 20 minutes
of ischemia and 3 hours of reperfusion or sham surgery (Baseline). (D) Cardiac contractile function (LVDP+HR index) in isolated mouse hearts treated with
anti-DDT or nonimmune control 1gG prior to 15 minutes of ischemia and 30 minutes of reperfusion. (E) Myocardial necrosis, determined by vital staining
with TTC and expressed as the infarct area as a percentage of ventricular tissue in perfused hearts subjected to ischemia-reperfusion as in B. (F) Phos-
phorylation of AMPK and downstream ACC, detected on immunoblots of homogenates from perfused mouse hearts treated with anti-DDT or nonimmune
1gG prior to 15 minutes of ischemia. Data are mean + SEM, n = 4-6 per group. *P < 0.05 vs. respective control or as indicated by brackets.

tions of DDT, we expressed and purified mouse rDDT, as previ-
ously described (22). Initial studies in ex vivo isolated rat heart
muscles showed that rDDT stimulated AMPK and downstream
ACC phosphorylation 2- to 3-fold, in a rapid and dose-dependent
manner (Supplemental Figure 5, A and B). rDDT treatment also
stimulated *H-2-deoxyglucose uptake 2-fold in these heart muscles
(Supplemental Figure 5C), indicating stimulation of the initial step
in the glucose metabolic pathway. In order to verify a specific car-
diomyocyte action, we also treated isolated adult cardiomyocytes
with rDDT and observed enhanced AMPK activation as early as
5 minutes, with peak activity at 15 minutes (Figure 4A).

The mechanism of activation of AMPK by cytokines and hor-
mones is not well understood (1). AMPK activation is primarily
mediated by phosphorylation of the Thr'? activating site in its o
catalytic subunit by upstream kinases, including liver kinase B
(LKB1) and Ca* /calmodulin-activated kinase kinase (CaMKK) (1,
23). In order to test whether CaMKK might be primarily responsi-
ble, we initially treated cardiomyocytes with the CaMKK inhibitor
STO-609 and found that rDDT activation of AMPK was prevented
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(Figure 4B). Of the 2 CaMKK isoforms, CaMKK2 (also known as
CaMKKBp) has greater activity as an AMPK kinase than CaMKK1
(also known as CaMKKa) (23, 24), but the heart also expresses
CaMKK]1, and both isoforms are inhibited by STO-609 (25). In ad-
dition, STO-609 has potential nonspecific pharmacologic effects
that inhibit kinases other than CaMKK, including ERKS, Src, and
CK2 (26). Thus, we used a genetic approach and directly assessed
rDDT activation of the AMPK pathway in isolated perfused hearts
from Camkk2”7- mice (27). rtDDT stimulated AMPK signaling in a
dose-dependent manner in WT hearts, but Camkk2 deletion pre-
vented activation of AMPK (Figure 4, E and F), indicative of a criti-
cal role for this isoform in transducing the action of DDT.

We then assessed whether DDT might initiate CaMKK sig-
naling via an increase in intracellular calcium, by measuring
diastolic calcium with fura-2 fluorescence in quiescent adult rat
cardiomyocytes. rDDT treatment increased intracellular calcium
concentration after 5 minutes of exposure, with return to base-
line after 2 minutes (Figure 4C and Supplemental Figure 6). We
further assessed the potential role for calcium signaling in DDT
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action by incubating cardiomyocytes with the cell-permeant cal-
cium chelator BAPTA-AM. We found that BAPTA-AM decreased
AMPK activation after treatment with rDDT (Figure 4D), again
implicating intracellular calcium as a component of the rDDT
response (Figure 4G).

Differential AMPK activation and cardiac injury after ischemia
in Mif/~ and Cd747~ hearts. Recent findings indicate that anti-MIF
antibodies fail to completely inhibit CD74-dependent cellular sig-
naling responses and that CD74-deficient B cells are more sensitive
to apoptosis than MIF-deficient cells (28, 29). We compared activa-
tion of the AMPK metabolic pathway during ischemia in hearts from
WT, Mif/~, and Cd747 mice. AMPK activation had a greater degree
of impairment in Cd747~ versus Mif’~ hearts during both in vitro

and in vivo ischemia; as anticipated, both were reduced compared
with WT hearts (Figure 5, A and C). LV contractile dysfunction was
significantly more pronounced in Cd747~ compared with Mif”~ iso-
lated perfused hearts (36% vs. 58% recovery of LVDP-HR index)
during reperfusion after ischemia (Figure 5B and Supplemental
Figure 7). Myocardial necrosis was also 2-fold more pronounced
in Cd747~ mice than in Mif”~ mice based on vital staining with TTC
after coronary ligation and reperfusion (Figure 5D). These histologi-
cal findings were paralleled by greater release of cardiac troponin I
in serum of Cd747- mice (~10-fold increase over sham nonischemic
controls) compared with Mif7- mice (~5-fold) (Figure 5E).

Together, these findings indicate that additional ligands trig-
ger CD74 signaling responses in the heart, and we hypothesized
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during reperfusion. (C) DDT expression and ischemic activation of AMPK and downstream ACC were assessed on immunoblots after 20 minutes of left
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ligation and 24 hours of reperfusion, assessed by echocardiography. Data are mean + SEM, n = 5 per group. *P < 0.05 vs. Ddt™f and Myh6-Cre Ddt*/*;

#P < 0.05 vs. nonischemic sham control.

that DDT might be a novel nonredundant ligand for CD74 in the
heart. Thus, to directly test whether DDT signaling is mediated
by CD74, we perfused isolated hearts with rDDT and found that
AMPK activation was eliminated in Cd747" hearts (Figure 6A and
ref. 18). In separate control experiments, AMPK was similarly ac-
tivated by metformin in WT and Cd74”/ hearts (data not shown),
which indicates that Cd747/ hearts do not have a generalized de-
fectin AMPK activation.

DDT treatment limits cardiac injury during in vitro ischemia-
reperfusion. We next hypothesized that pharmacologic treat-
ment with rDDT might have beneficial protective effects in the
ischemic heart. Initial experiments showed that administration
of rDDT (at 10-fold greater concentrations than those required
to activate AMPK) had no adverse effects on cardiac contractile
function or heart rate (Figure 6A and Supplemental Figure 8A).
DDT shares sequence homology to MIF, which is also expressed
in cardiomyocytes and regulates AMPK and cellular metabo-
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lism (15) and limits ischemic injury (18). We compared the ef-
fects of rDDT with rMIF and found that both required CD74
for AMPK signaling (Figure 6, A and B). However, in contrast
to rDDT, rMIF induced rapid LV contractile dysfunction (Figure
6B and Supplemental Figure 8B), as previously reported (19). In-
terestingly, experiments in Cd747/- mouse hearts demonstrated
that the adverse contractile effects of MIF were CD74 indepen-
dent (Figure 6B and Supplemental Figure 8B). DDT lacks the
pseudo(E)LR motif present in MIF that mediates interaction with
the chemokine receptors CXCR2 and CXCR4 (30), rendering
DDT a more selective CD74 agonist than MIF. This selectivity
could be highly advantageous in view of evidence that chemo-
kine receptors exert pleiotropic effects in the heart, including a
reduction in cardiac contractility and increased inflammation in
the setting of ischemic injury (31, 32).

We then investigated whether pharmacologic treatment
with rDDT protected the heart against ischemic injury after
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Figure 4. DDT activates AMPK through a CaMKK-dependent mechanism. (A) Time-dependent activation of the AMPK pathway in adult rat adult ventricu-
lar cardiomyocytes treated with recombinant DDT (400 ng/ml). (B) Effect of the CaMKK inhibitor STO-609 (2 uM) on rDDT-induced AMPK activation in car-
diomyocytes. (C) Intracellular calcium imaging was performed with fura-2-acetoxymethyl ester (2 uM) in rat cardiomyocytes incubated without (baseline)
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of intracellular calcium concentration. (D) Effect of binding intracellular calcium with BAPTA-AM (10 pM) on rDDT stimulation of AMPK phosphorylation

in cardiomyocytes. (E) WT mouse hearts were perfused with and without rDDT (5-50 ng/ml) for 15 minutes, and phospho- and total AMPK and ACC were
assessed in immunoblots of heart homogenates. (F) DDT perfusion was also performed in Camkk2- hearts, and phospho- and total AMPK and ACC were
subsequently assessed. (G) DDT activates AMPK through a Ca?/CaMKK-dependent pathway. p-Thr'”?, phosphorylation of AMPK at the Thr"”2 activating site
in the catalytic domain. Data are mean + SEM, n = 4-6 per group.

*P < 0.05 vs. respective control.

inactivated hearts after ischemia-reperfusion (Supplemental
Figure 10, A and B), indicative of an important role for AMPK
activation in DDT action.

20 minutes of global ischemia and reperfusion. Direct treatment
of isolated perfused hearts with rDDT (50 ng/ml) enhanced the
recovery of the LVDP-HR index by 65% as well as additional in-
dices of cardiac contractile function (Figure 6C and Supplemen-

tal Figure 9). rDDT treatment also decreased myocardial necro- ~ Discussion

sis by 70%, as assessed by vital staining with TTC (Figure 6D).
In order to determine the extent to which AMPK activation con-
tributes to these cardioprotective actions of rDDT, we subjected
AMPK kinase-dead mouse hearts (Tg[Ckmm-Ampka**F]; ref. 2)
to ischemia-reperfusion. In contrast to WT hearts, rDDT did not
protect against contractile dysfunction or necrosis in the AMPK-

Our present results indicate that DDT is a novel secreted protein
with important endogenous autocrine/paracrine actions during
ischemia. There is no known physiologic substrate in mammalian
species for DDT, and the protein appears to have evolved from a
primitive enzymatic host defense pathway (16). Like MIF, DDT is
an activating ligand for the mammalian CD74 receptor. DDT is
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Figure 5. Differential AMPK activation and cardiac injury after ischemia in Mif’- and Cd74~- hearts. (A) Hearts from WT, Mif/-, and Cd74”- mice were
perfused ex vivo at normal flow for 30 minutes and then subjected to ischemia (15 minutes) with or without subsequent reperfusion (30 minutes). Control
hearts were perfused at normal flow (4 ml/min) for 75 minutes. Heart homogenates were prepared after ischemia without reperfusion (IS) or control
perfusion and immunoblotted with phospho-AMPK (Thr'”?) and total AMPK antibodies. (B) LVDP+HR index during the in vitro perfusion protocols. (C) Mice
underwent ligation of the left coronary artery (or control sham ligation) for 20 minutes with or without subsequent reperfusion for 3 hours. Phospho-
AMPK (Thr"”2) and total AMPK were assessed in heart homogenates after ischemia without reperfusion. (D) Myocardial necrosis, determined by TTC and

Evans blue staining and expressed as a percentage of the ischemic “risk area”

served by the occluded artery. (E) Myocardial necrosis was also assessed

by measurement of serum troponin | after ischemia-reperfusion (I-R) or sham surgery. Data are mean + SEM, n = 5-6 per group. *P < 0.05 vs. respective

control or as indicated by brackets.

secreted from cardiomyocytes and has a physiologically impor-
tant role in modulating metabolic stress signaling and protect-
ing against ischemic necrosis. Our findings define a DDT/CD74/
CaMKK2/AMPK pathway in the heart, for the first time elucidat-
ing a signal transduction mechanism between autocrine/para-
crine factors and AMPK activation. In addition, our results provide
initial proof of concept that pharmacologic treatment with rDDT
protects the heart against injury during ischemia-reperfusion. The
characteristics of selective CD74 specificity and lack of adverse ef-
fects on cardiac physiologic function make DDT a potentially at-
tractive treatment strategy to prevent solid organ ischemic injury.

Endogenous secreted DDT modulated AMPK activation dur-
ing ischemia-reperfusion, based on both our neutralizing antibody
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studies and experiments in mouse hearts with cardiomyocyte DDT
deletion. AMPK is a stress kinase known to play a key role in regu-
lating cardiac metabolism and preventing ischemic heart damage
(2). The intrinsic AMPK pathway is activated and facilitates glucose
metabolism during ischemia, and limits apoptosis and necrosis
during ischemia-reperfusion (2). We also successfully generated
endotoxin-free, biologically active rDDT, which protected perfused
hearts against contractile dysfunction and myocardial necrosis dur-
ing ischemia-reperfusion. This cardioprotective effect appeared to
require downstream AMPK activation, based on its lack of efficacy
in mice with genetic inactivation of AMPK in their hearts.

Our studies also dissected out the mechanisms linking DDT
and AMPK activation in the heart. AMPK is a heterotrimer with
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Figure 6. rDDT treatment activates
AMPK through CD74 and limits cardiac
injury during ischemia-reperfusion.

(A and B) WT and Cd74"/- mouse hearts
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an o catalytic subunit and regulatory p and y subunits (1). AMPK is
activated by LKB1 and CaMKK2, which phosphorylate the Thr'?
activating site in the a subunit of AMPK (1). Our experiments im-
plicate CaMKK2 as the primary upstream kinase responsible for
DDT activation of AMPK (Figure 4G). Ca?*/calmodulin binding to
CaMKK?2 is necessary for AMPK activation (33) in a multiprotein
complex that includes Ca*/calmodulin, CaMKK2, and AMPK
subunits (27). CaMKK2-mediated AMPK activation is AMP inde-
pendent, in contrast to LKB1 activation of AMPK, which requires
AMP or ADP interaction with the nucleotide-binding domains of
the y subunit (27). Our findings suggest that DDT might mediate
a relatively slow, but brief (1-2 minutes), increase in intracellular
diastolic calcium, and also set the stage for additional studies to
define the subcellular localization of CaMKK and the source of

calcium responsible for CaMKK/AMPK activation in the heart.
Thus, we postulate that the amplification of AMPK activity by
DDT, and potentially other autocrine/paracrine effects, may oc-
cur via a calcium-dependent, energy-independent mechanism.
The protective effect of the DDT/CD74/CaMKK2/AMPK
pathway that we observed in the ischemic heart is of interest, in
view of recent findings that CaMKK2 and downstream CaMKIV
limit hepatic damage during ischemia-reperfusion (34). These
protective actions of CaMKK?2 are distinct from the effects of oth-
er Ca?"/calmodulin-dependent kinases during ischemia. In par-
ticular, they contrast with the detrimental effects of the CaMKK2-
independent CaMKII pathway, which is activated by generalized
calcium overload and increases cytotoxic mitochondrial calcium
overload during ischemia-reperfusion (35). Inhibition of CaMKII
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has been proposed as a strategy for preventing ischemic injury and
arrhythmogenesis (35).

DDT shares limited sequence homology with MIF, and recent
studies suggest the possibility that DDT might also have CD74-
dependenteffects onmacrophages (22), aswell asmetabolic effects
inadipocytes (36) and cancer cells (37). In obesity, DDT expression
is downregulated in adipose tissue, where it has an antilipolytic
effect to inhibit hormone-sensitive lipase (36). This action of DDT
was thought to be due to the combined inhibition of protein kinase
A and activation of AMPK, although DDT administration to db/db
mice did not itself promote AMPK Thr'? phosphorylation (36). In-
terestingly, in rapidly dividing A549 lung adenocarcinoma cells,
CD74 activation by either MIF or DDT paradoxically decreased
AMPK activation, reportedly by increasing glucose uptake and
ATP production and inhibiting CaMKK?2 activation (37). Whether
these effects of CD74 activation reflect specific tissue-related or
cell transformation-related differences remains to be elucidated.

The finding that DDT acts as a second endogenous ligand
for CD74 in the heart accounts for the increased susceptibility
to cardiac ischemic injury that we observed in Cd747- compared
with Mif”- mouse hearts. MIF is a cognate ligand for CD74 that
activates AMPK in the heart (15) and liver (38). Although MIF
and DDT each requires CD74 to activate AMPK, these mediators
do not have simply redundant actions, but exhibit important dif-
ferences in their physiologic actions. Specifically, DDT does not
share the negative inotropic effect of MIF to decrease cardiac
contractility (18, 19). The ability of both MIF and DDT to acti-
vate AMPK is most likely mediated by structurally homologous
N-terminal domains (39, 40), while the decrease in contractil-
ity seen with MIF may be due to its additional interaction with
the noncognate chemokine receptors CXCR2 and CXCR4 (30).
MIF interacts with these latter receptors through a pseudo(E)LR
domain, which is not present in DDT (22). DDT also exhibits dis-
tinct CD74-binding kinetics compared with MIF, which may ac-
count for its more rapid activation of AMPK (22). In vivo, both
the kinetics of CD74 signaling and the downstream response of
the heart will likely reflect the interplay between MIF and DDT
concentrations in the interstitial space. Nevertheless, the distinc-
tive features of DDT signaling first described herein — selective
receptor activation and more rapid AMPK activation kinetics —
are advantageous characteristics in the consideration of potential
cardioprotective pharmacologic strategies.

Our studies provide initial evidence that rDDT treatment has
a cardioprotective effect during ischemia-reperfusion in normal
mouse hearts. Further studies will be required to address wheth-
errDDT is effective in diabetes, aging, and other pathologic con-
ditions that can potentially decrease the efficacy of cardiopro-
tective strategies. Additional investigation will also be required
to compare rDDT with other interventions that activate AMPK,
including metformin (41) and other metabolic therapies, as well
as to determine its efficacy in combination with these therapies.
It is worth noting that glucose-insulin-potassium (GIK) was suc-
cessful in preventing ischemic injury in animal studies (42, 43),
but did not prove efficacious in large clinical trials (44). Although
DDT and insulin both activate heart glucose uptake, DDT ac-
tion is mediated via AMPK, and insulin action by PI3K (1). The
actions of these signaling pathways fundamentally differ in
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many other respects: AMPK conserves ATP by promoting sub-
strate catabolism, inhibiting protein synthesis, and stimulating
autophagy, whereas PI3K stimulates glucose and fatty acid stor-
age, stimulates protein synthesis, and inhibits autophagy through
the activation of mTOR (1).

Thus, our present findings demonstrate that DDT is anovel se-
creted cardiac protein with important autocrine/paracrine effects
during ischemia and cardioprotective effects when administered
as a recombinant protein during ischemia-reperfusion. Additional
research is required to further determine the potential for develop-
ing DDT as a pharmacologic strategy for protecting the heart and
other solid organs against ischemic injury.

Methods

Experimental animals. Animals were fed and housed according to
the guidelines of the American Association for Laboratory Animal
Care. WT BALB/c mice (age 10-16 weeks) and Sprague-Dawley rats
(220-250 g) were obtained from Charles River Laboratory. Mif”- and
Cd747- mice were described previously (15, 45). AMPK kinase-dead
(Tg[Ckmm-Ampka™*r]; ref. 2) and Camkk2/- (gift of A.R. Means, Duke
University School of Medicine, Durham, North Carolina, USA; ref. 27)
mice were fully backcrossed into a C57BL/6 background.

Generation of Myh6-Cre Ddt"! mice. Genomic DNA fragments
containing the Ddt gene were isolated from C57BL/6 BAC clone RP23-
5013, RP23-41216, and RP23-55M4. The final targeting vectors were
flanked with 5" and 3’ arms and contained genes for puromycin resis-
tance and tyrosine kinase for positive and negative selection of target-
ed ES cell clones. A Ddt targeting vector was designed to replace Ddt
exons 1 and 2 and contained 2 loxP sequences flanking exons 1 and 2;
these are recognized by Cre recombinase for conditional gene dele-
tion of the intervening exons (Figure 2A).

The targeting vectors were transfected into mouse V6.5 ES cells
(male C57BL/6 x female 129/SV) (Taconic Artemis). A positive and
negative selection strategy with puromycin and ganciclovir was used to
eliminate untargeted and nonhomologous recombinant ES cells. The
homologous recombinants were selected by Southern blot analysis.
Targeted ES clones were verified by sequencing and microinjected into
BALB/c blastocysts. Chimeric mice with germline transmission were
identified, and offspring were bred to homozygosity to produce a popu-
lation of Dd#"/ mice in the pure C57BL/6 background. In order to obtain
the cardiac-specific DDT knockout, Ddt"! mice were crossed with
Myh6-Cre mice, and the Myh6-Cre Ddt"* offspring were then crossed to
obtain homozygous Ddt", Myh6-Cre Ddt"*, and Myh6-Cre Ddt”* mice.

MIF and DDT. Mouse rMIF and rDDT were produced and purified
as previously described (22, 46).

Antibodies. Neutralizing anti-MIF monoclonal (IgG1) and anti-DDT
polyclonal (IgG fraction) antibodies were purified from mouse ascites
and rabbit immune serum, respectively (22). Primary antibodies used
for immunoblotting were directed against AMPK o subunit phosphory-
lated at the Thr'”? site, total AMPK a subunit, ACC phosphorylated at
the Ser” site, and total ACC (Cell Signaling). Secondary antibody was
HRP-linked anti-rabbit or anti-mouse IgG (Cell Signaling).

Isolated heart perfusions. Mice were heparinized (100 U i.p.)
and anesthetized with pentobarbital sodium (60 mg/kg i.p.), and
the heart was quickly excised and perfused in the Langendorff
mode with oxygenated Krebs-Henseleit buffer containing 7 mmol/1
glucose, 0.4 mmol/] oleate, 1% BSA, and 10 pU/ml insulin (15). A
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balloon was placed in the LV and inflated to a diastolic pressure of
5 mm Hg during baseline perfusion, and LVDP and HR were moni-
tored (AD heart perfusion instruments) (15). For ischemia-reperfu-
sion studies, hearts were stabilized at a flow rate of 4 ml/min for
30 minutespriorto 15 minutes of no-flow globalischemia, followed by
30 minutes of reperfusion. The extent of myocardial necrosis was
evaluated by TTC staining of viable tissue at the end of the experi-
ment (15). For rDDT or rMIF treatment studies, perfused hearts
were stabilized for 20 minutes, then subjected to treatment as speci-
fied in the figure legends.

Coronary ligation and reperfusion in vivo. Mice were anesthetized
with pentobarbital sodium (60 mg/kg i.p.), intubated, and ventilated
with room air supplemented with oxygen (18). After surgical tho-
racotomy, the left coronary artery was ligated 2 mm below the left
atrial appendage for 20 minutes and then reperfused for 3 hours (18).
In sham operations, sutures were placed without ligation. The core
temperature of the mice was maintained throughout the protocol. An
electrocardiogram was monitored to confirm ischemic ST segment
elevation during coronary artery occlusion. Myocardial necrosis was
evaluated by TTC staining in the ischemic area perfused by the ligated
coronary; the nonischemic region was delineated by infusion of Evans
blue stain (18). Serum troponin was also measured during reperfusion
as an index of myocardial necrosis (18).

Echocardiography. Mice were anesthetized with 1%-2% (v/v) iso-
flurane and then underwent 2D and M-mode echocardiography (Visu-
alSonics 2100), maintaining core temperature with heating blankets,
as previously described (47). Baseline LV structure (dimension and wall
thickness) and function (fractional shortening) were assessed in Ddt"/,
Mpyh6-Cre Ddy"", and Myh6-Cre Ddt*/* mice at 10-12 weeks of age. Cardi-
ac LV contractile function was also assessed in Ddt" and Myh6-Cre Ddt"!
mice after 20 minutes of coronary occlusion and 24 hours of reperfusion
using echocardiography (VisualSonics 2100), as previously described
(48). LV fractional shortening at the midventricular and apical levels was
assessed from a long-axis view with anatomic M-mode imaging.

Immunohistochemistry. Hearts were fixed by formalin perfusion,
embedded with paraffin, and sliced into 3-um sections (15). Sections
were incubated with primary anti-DDT or anti-MIF antibodies over-
night (or nonspecific IgG antibody for control), treated with secondary
antibody, and visualized with the Liquid DAB + Substrate Chromogen
System (Dako Cytomation).
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Cardiomyocyte isolation. Adult ventricular cardiomyocytes were
isolated from rats using collagenase-containing buffer (49). Cardio-
myocytes were incubated in 95% room air and 5% CO, at 37°C for
approximately 3 hours, and the medium was changed to remove non-
attached dead cells.

Calcium imaging. Isolated adult rat cardiomyocytes were loaded
with 2 pM fura-2-acetoxymethyl ester (Invitrogen) dissolved in HEPES
buffer (containing 145 mM NaCl, 3mM KCl, 2mM MgCl,,2mM CaCl,,
10 mM glucose, and 10 mM HEPES; adjusted to pH 7.4 with NaOH) in
thedarkfor45minutesat37°C,and cellswereexcited at340and 380 nm
using a Polychrome V Monochromator (TILL Photonics). Images
were recorded at 2-second intervals at room temperature (20°C-22°C)
using a cooled CCD camera (Sensicam) controlled by a computer
with Image Workbench 5.2 software (Indec Biosystems). The ratio of
340 nm to 380 nm fluorescence intensity was recorded as a relative
measure of intracellular calcium concentration (50).

Measurement of DDT and MIF. Concentrations of DDT and MIF in
coronary venous effluents were measured by specific ELISA assays, as
previously described (22).

Measurement of heart muscle glucose uptake. Glucose uptake in rat
papillary muscle was measured as described previously (2).

Statistics. All values are mean * SEM. GraphPad Prism software
was used for statistical analysis. ANOVA with subsequent Tukey test
was used to determine differences among 3 or more groups and for
comparison of multiple time points. 2-tailed Student’s ¢ test was used
for comparison of 2 groups. A P value less than 0.05 was considered
statistically significant.

Study approval. All animal procedures were approved by the Yale
University Animal Care and Use Committee.
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