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Abstract

Aims—Ischemic preconditioning (PC) is an adaptive response to transient myocardial ischemia 

that protects the heart from subsequent ischemia/reperfusion (I/R) injury. However, the 

mechanisms underlying its cardioprotective effects remain unclear.

Methods and results—Myocardium of adult male C57/BL6 mice, preconditioned by 6 cycles 

of 4 minutes coronary occlusion and reperfusion, showed nuclear translocation of ATF3, and 

ATF6 and PERK phosphorylation 30 min after PC. The abundance of ER proteins, ATF3 and 

ATF4 was increased 24 h after PC; however, there was no evidence of IRE-1 activation in WT or 

ER-stress activated indicator (ERAI) mice expressing XBP-1-Venus fusion protein. PC-induced 

nuclear translocation of ATF3 was attenuated in transgenic mice with cardiac-restricted 

overexpression of inducible ATF6. Ischemic PC increased the abundance of inducible nitric oxide 

synthase, cyclooxygenase-2, heme oxygenase-1 and aldose reductase to levels similar between 

WT and ATF3-null hearts; however, the increase in IL-6 and ICAM-1 was exaggerated in ATF3-

null hearts. Genetic deletion of ATF3 did not increase infarct size in non-preconditioned hearts but 

abolished the cardioprotective effects of PC. Larger infarct size in preconditioned ATF3-null 

hearts was associated with greater neutrophil infiltration in the myocardium, but no ATF3-

dependent changes in the total or relative abundance of inflammatory monocytes were observed.

Conclusion—Ischemic PC activates the unfolded protein response (UPR) and the activation of 

ATF3 by ER stress is essential for the cardioprotective effects of late PC.

© 2014 Elsevier Ltd. All rights reserved.
*Corresponding author at: 580 S. Preston St, Delia Baxter Building, Room 421F, Division of Cardiovascular Medicine, Department of 
Medicine, University of Louisville, Louisville, KY 40202, USA, Tel.: 502-852-5724, Fax: 502-852-3663, aruni@louisville.edu (A. 
Bhatnagar). 

Disclosures
Conflict of Interest: None.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Mol Cell Cardiol. Author manuscript; available in PMC 2015 November 01.

Published in final edited form as:
J Mol Cell Cardiol. 2014 November ; 76: 138–147. doi:10.1016/j.yjmcc.2014.08.011.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Keywords

ATF3; unfolded protein response; ischemic preconditioning; infarct size; inflammatory response

1. Introduction

Although timely reperfusion can salvage the ischemic myocardium, re-introduction of 

oxygen triggers the production of reactive oxygen species and increases calcium overload 

leading to additional myocyte injury. Extensive work has uncovered a wide range of 

adaptive responses that, once activated, could attenuate myocardial injury. One such trigger 

of adaptive responses is ischemic preconditioning (PC), in which transient episodes of 

ischemia protect against subsequent ischemic injury. Ischemic PC consists of an initial 

short-lived (2–3 h) adaptation (early PC) followed by sustained protection that lasts at least 

72 h (late PC) [1–3]. Early PC is an immediate response mediated by the activation of 

several membrane receptors and downstream kinases, whereas late PC involves genetic 

reprogramming, which culminates in the synthesis of proteins that enhance the resistance of 

the heart to ischemia. Because late PC lasts longer, it has a higher potential for providing 

sustained cardioprotection and thus appears to be more clinically relevant. Extensive 

changes in cell signaling and gene transcription induced during late PC suggest significant 

reorganization of the myocardial phenotype, indicating that PC is a polygenic response that 

affects several aspects of signaling, metabolism and gene transcription. Nevertheless, despite 

extensive investigation, the mechanisms by which late PC protects against ischemic injury 

remain incompletely understood.

In addition to PC, adaptive responses originating from the ER are also activated by 

ischemia. The ER is the major subcellular location for folding newly synthesized proteins. 

Under normal conditions, an estimated 30% of proteins are misfolded during their 

biogenesis and are therefore degraded [4]. Consequently, even small perturbations in protein 

folding elicit an unfolded protein response (UPR) to restore physiological function [5–7]. 

Upon accumulation of misfolded proteins, the ER chaperones such as GRP78 become 

occupied and release transmembrane ER proteins, IRE-1, PERK and ATF6, which, when 

activated, regulate multiple pathways affecting cell growth, nutrient availability, ER 

function, and antioxidant response [6]. The response is primarily adaptive because it is 

activated to re-establish normal ER function. However, if the perturbation is excessive, the 

UPR triggers inflammatory signaling to stimulate host-defense responses, and, if 

homeostasis cannot be established, cell death ensues.

Although both ischemic PC and the UPR have been demonstrated in the heart, it is unclear 

whether they are linked. The UPR is triggered by several conditions and is highly sensitive 

to components of ischemia such as hypoxia, glucose deprivation, ATP loss, and depletion of 

ER calcium [6, 8]; therefore, it may be potentially important in regulating the ischemic 

sensitivity of the heart [7]. Previous studies have shown that simulated ischemia in neonatal 

rat cardiomyocytes results in the induction of GRP78, PERK activation, and IRE-1 

dependent signaling [9] as well as ATF6-dependent gene transcription [10]. In addition, 

increased GRP78 levels have been detected in cardiomyocytes in infarcted mouse hearts 

[11]. Nevertheless, activation of UPR by myocardial ischemia-reperfusion has not been 
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systematically studied and it remains unknown whether these responses are activated by 

ischemic PC or how do adaptive components of UPR are related to the cardioprotective 

effects of ischemic PC. The current study was, therefore, designed to investigate the role of 

ER stress and the UPR in ischemic PC. We sought to determine whether ischemic PC 

triggers UPR and whether this response affects the cardioprotective mechanisms that are 

triggered by late PC.

2. Methods

2.1 Mice

Male ATF3-null, ERAI and ATF6-TG and wild-type (WT) mice were bred in-house and 

maintained on a C57BL/6 background. ATF3-null mice were obtained from Dr. Tsonwin 

Hai, Ohio State University, Columbus, Ohio, USA. Cardiospecific inducible ATF6-

transgenic (TG) mice were a gift from Dr. Chris Glembotski, San Diego State University, 

San Diego, CA, USA [11]. Activation of the ATF6 transgene was accomplished via 5 daily 

injections of 40 mg/kg raloxifene (Sigma). ERAI mice were obtained from Riken Corp. 

Tokyo, Japan and have been described previously [12]. All procedures were approved by the 

University of Louisville Institutional Animal Care and Use Committee.

2.2 Ischemic PC and MI in mice

The murine model of late PC has been previously described [13, 14]. Ischemic PC was 

elicited by six cycles of 4 min coronary occlusion/4 min reperfusion (O/R). To prevent 

hypotension, blood from a donor mouse was given during surgery. Body temperature was 

measured rectally and maintained at 37°C and heart rate was monitored during the 

experiment. Myocardial tissue was obtained from the anterior LV walls and snap-frozen in 

liquid nitrogen for analysis and myocardial infarct size was measured as described before 

[15].

2.3 Identification and characterization of inflammatory infiltrates in mouse myocardium

Ischemic tissue or the corresponding regions from sham-operated mice were minced and 

placed into a cocktail of collagenase I, collagenase XI, DNase I, and hyaluronidase (Sigma-

Aldrich) and shaken at 37°C for 1 h [16]. Cells were then triturated through mesh and 

centrifuged (15 min, 500×g, 4°C). The resulting single-cell suspensions were washed with 

HBSS with 0.2% BSA and 1% FCS. Cells were stained with fluorescent antibodies 

consisting of anti-mouse CD45, Gr-1, CD11b, F4/80, and Ly-6C for 20 min at 4°C in 

phosphate-buffered saline and1% BSA. Unstained and, in some cases, fluorescence minus 

one (FMO) controls were used to set gates. Data were acquired on a BD LSR II flow 

cytometer and analyzed using the FlowJo software.

2.4 Western blot analysis

Cytosolic and nuclear extracts were prepared from frozen samples using previously 

published methods [17, 18]. Western blotting was performed using standard SDS-PAGE as 

previously described [18, 19]. To ensure equal protein loading the total amounts of proteins 

transferred from each lane to the PVDF membranes during blotting were stained with 

Ponceau S. Immunoreactive protein bands were quantified with densitometry and further 
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normalized to the corresponding Ponceau stain signal or α-tubulin by densitometric analysis 

[18–20] and data are expressed as a percentage of the control group for each experiment. 

The following primary antibodies were used: an anti–COX-2 monoclonal antibody (Cayman 

Chemical), anti-iNOS polyclonal antibody (Millipore), ATF3, ATF6, p-PERK, ATF4, SP1, 

ICAM-1 polyclonal antibodies (Santa Cruz Biotechnologies), HO-1, KDEL antibodies 

(Assaydesigns), FLAG, GRP78 and PDI antibodies (Cell Signaling). Polyclonal antibodies 

against recombinant human AR were raised in rabbits [21].

2.5 Measurement of cytokine levels

For cytokine analysis, frozen tissue was homogenized and the supernatant was used for the 

detection of IL-6, IL-12β and TNF-α using SearchLight Multiplex Immunoassay (Aushon 

Biosystems). Each sample was normalized to total protein and expressed as picogram 

cytokine per mg protein.

2.6 Quantitative RT-PCR

RNA was extracted from tissues using the RNeasy mini kit (Qiagen) and RNA concentration 

was measured using the Nanodrop® 1000A Spectrometer. cDNA was prepared and real-

time PCR amplification was performed with SYBR-Green qPCR Master Mix (Qiagen) using 

a 7900HT Fast Real-Time PCR system (Applied Biosystems). Primers for DNAJB9 were 

obtained from Integrated DNA technologies: F 5′-TCTCGGATGCCAATAGTCGGA-3′ and 

R 5′-GACTGTTCAAAAGGACTCCCATT-3′. Relative expression was determined by the 

2−ΔΔCT method by internal normalization to HPRT.

2.7 Immunostaining

Tissue samples were placed in 4% (wt/vol) buffered paraformaldehyde overnight and then in 

10%, 20%, and 30% sucrose for 8 h each at 4°C. Tissues were embedded in OCT medium 

(Tissue-Tek) and sectioned at 5μm. Slides were mounted with SlowFade Gold antifade 

reagent containing DAPI (Molecular Probes) and fluorescence was observed using an EVOS 

fluorescence microscope (Advanced Microscopy Group) at 20x magnification. The entire 

ischemic zone of the left ventricle or corresponding portion of control hearts were analyzed 

every 100μm from proximal to the site of occlusion for ischemic PC to the distal cardiac 

apex.

2.8 Statistical analysis

Data are mean ± SEM. The results were analyzed either by unpaired Student’s t-test or, 

when appropriate, by a one-way ANOVA followed by unpaired Student’s t-tests with the 

Bonferroni correction.

3. Results

3.1 Ischemic PC triggers UPR

To assess whether brief episodes of PC activate UPR, we subjected adult C57 male mice to 

6 cycles of coronary occlusion and reperfusion and measured changes in UPR components 

30 min or 24 h after PC in the ischemic zone of the preconditioned hearts (Fig. 1A; Protocol 

I). As shown in Fig. 1B, ischemic PC led to a significant increase in the phosphorylation of 
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the ER localized type I transmembrane protein PERK. Western blot analysis of the ischemic 

zone of the preconditioned hearts showed a significant increase in the abundance of ATF4 

protein 24 h after ischemic PC (Fig. 1C), indicating activation of PERK-dependent 

signaling.

To examine changes in PERK-related signaling, we measured abundance of ATF3 after 

ischemic PC. These experiments showed a remarkable (10- to 13-fold) increase in ATF3 in 

nuclear extracts prepared from the ischemic zone 30 min after PC (Fig. 1D), indicating that 

ischemic PC causes the translocation of ATF3 from cytosol to nucleus. Moreover, 24 h after 

PC, we observed a consistent increase in cytosolic ATF3, suggesting that in addition to early 

translocation of ATF3, PC also increases cytosolic ATF3 abundance (Fig. 1E). These 

observations are consistent with the notion that ischemic PC causes ER stress, which results 

in the stimulation of the UPR mediator PERK and the activation of PERK-dependent 

transcription factors – ATF4 and ATF3. In addition to PERK, we found an increase in the 

nuclear abundance of ATF6 in preconditioned hearts (Fig. 2B), indicating that ischemic PC 

activates ATF6. In agreement with a role of ATF6 in increasing the transcription of ER 

resident chaperones [22] we found a consistent increase in abundance of proteins with the 

ER-specific KDEL localization sequence, 24 h after ischemic PC (Fig. 2C). Taken together, 

these observations indicate that ischemic PC activates AFT6-dependent UPR, which 

increases the abundance of ER-resident proteins.

Accumulation of unfolded proteins in stressed ER also results in the phosphorylation of 

IRE-1, which in turn cause endonucleolytic cleavage of XBP-1 mRNA [8]. Efforts to 

measure the phosphorylation status of IRE-1 were unsuccessful; therefore, we used ERAI 

mice harboring YFP-labeled XBP-1 that is fluorescent only upon XBP-1 splicing [12]. In 

comparison with WT and control ERAI hearts, preconditioned ERAI hearts show no 

increase in YFP fluorescence in the ischemic zones, 4 h after PC (Fig. 2D). However, high 

levels of fluorescence were detected in the pancreas of the unstressed ERAI mice, indicating 

that in these mice the construct was active and responsive to physiological ER stress. To 

examine the role of the IRE-1 pathway further, we evaluated changes in the expression of 

the spliced XBP-1 target gene DNAJB9 [23] by qPCR 24 h after ischemic PC (Fig. 2E); 

however, no significant changes in its expression were observed. These observations suggest 

that ischemic PC does not lead to sustained activation of XBP-1.

3.2 Activation of ATF3 by ischemic PC

To examine the role of individual UPR components in mediating the effects of ischemic PC, 

we focused on ATF3 because among the several UPR components activated by ischemic 

PC, changes in ATF3 were the most robust (vide supra). ATF3 is a member of the ATF/

CREB family of transcription factors, and is induced under several stressful conditions [24] 

including I/R [25]. However, in addition to ER stress, ATF3 could also be activated by 

cytokines, DNA damage, starvation or proteasome inhibition [26]. Hence to determine 

whether the activation of ATF3 by PC is due to ER stress, we examined whether preventing 

ER stress would abolish PC-induced ER stress signaling. To diminish ER stress, we used 

cardio-specific ATF6-TG mice in which ATF6 is fused with a mutated murine estrogen 

receptor (MER). As shown in Fig. 3B, treatment with the MER ligand raloxifene for 5 days 
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(Fig. 3A) decreased the abundance of FLAG-ATF6-MER, likely due to proteolytic 

processing, and an increase in the ATF6 targets such as GRP78, indicating that the 

activation of ATF6 increases the abundance of ER chaperones. When these mice were 

subjected to ischemic PC (Fig. 3C), nuclear translocation of ATF3 was significantly reduced 

in comparison with TG mice treated with vehicle alone (Fig. 3D). These observations 

suggest that ischemic PC-induced ATF3 activation could be attributed to the induction of 

ER stress in the preconditioned hearts.

3.3 ATF3 deletion alters ICAM-1 abundance but not mediators of late PC

Because of our observation that ATF3 is activated by ischemic PC, we tested whether ATF3 

participates in the regulation of major known mediators of late PC. Our laboratory has 

shown that the effects of late PC are mediated by the induction of the cardioprotective 

proteins – iNOS, COX-2, HO-1, and AR [2]. To assess whether ATF3 regulates the 

induction of these proteins, ATF3-null mice were subjected to ischemic PC and changes in 

the abundance of these proteins were examined 24 h after PC. As reported before, ischemic 

PC increased the total abundance of COX-2, HO-1, iNOS and AR in the ischemic zone of 

preconditioned hearts; however, no significant differences were observed between WT and 

ATF3-null mice (Fig. 4B–4E), suggesting that ATF3 does not regulate the abundance of the 

major cardioprotective proteins known to be induced by ischemic PC. However, a 

significant increase in abundance of ICAM-1 was observed in the ATF3-null hearts 24 h 

after PC in comparison to the WT (Fig. 4F).

3.4 ATF3 regulates IL-6 production

Next, to understand the role of ATF3 in ischemic PC further, we examined changes in 

cytokine production. In myeloid cells, ATF3 acts as a negative regulator of IL-6 and IL-12β 

transcription [27]. Although the role of IL-12 in PC remains obscure, IL-6 production is 

stimulated by ischemic PC [28]. Consistent with these observations, we found a 38-fold 

increase in IL-6 in the heart 6 h after ischemic PC (Fig. 5B), although the levels of TNF-α 

and IL-12β were unaffected (Fig. 5C and 5D). The increase in IL-6 was exaggerated in the 

hearts of ATF3-null mice, whereas the levels of both the TNF-α and IL-12β remained 

unchanged. These observations suggest that ATF3 negatively regulates the production of 

IL-6 in the ischemic heart.

3.5 ATF3 mediates the cardioprotective effects of late PC

To determine whether ATF3, induced by PC, is functionally important for the 

cardioprotection conferred by late PC, we examined the effects of deleting ATF3 on the 

infarct-sparing ability of PC. In control, untreated WT mice that were not preconditioned, a 

30-min coronary occlusion followed by 24 h of reperfusion (Fig. 6A) resulted in infarct sizes 

that averaged 63% of the region at risk (Fig. 6B). In mice subjected to ischemic PC, the 

infarct size was reduced to 32% of the risk region, indicating a robust late PC effect. To 

assess the role of ATF3 in late PC, ATF3-null mice were subjected to I/R with and without 

PC (Fig. 6A). No significant differences were observed between WT and ATF3-null mice 

with respect to body weight, LV weight or the weight of the risk region. Moreover, when 

subjected to 30 min of ischemia followed by 24 h of reperfusion, no differences in infarct 

size were observed between non-preconditioned WT and ATF3-null hearts, indicating that 
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deletion of ATF3 does not affect I/R injury in the absence of PC (Fig. 6B). However, in 

contrast to WT mice, ischemic PC did not decrease infarct size in ATF3-null mice (Fig. 6B), 

indicating that ATF3 plays an obligatory role in mediating the infarct-sparing effect of late 

PC by mediating cardioprotective effects of UPR.

3.6 ATF3 deletion alters cellular infiltrates in the ischemic myocardium

In addition to its role in mediating UPR, ATF3 has also been shown to regulate 

inflammatory responses [26, 27] which could affect tissue injury. Therefore, we measured 

the infiltration of inflammatory cells in the heart by flow cytometry. Without I/R, PC by 

itself led to a modest, but non-significant increase in inflammatory (CD45+ and GR-1+) cells 

after 24 h of reperfusion; however, when hearts were subjected to I/R alone, a significant 

increase in both cell populations was observed (Fig. 7B and 7D). This increase in 

inflammatory cells was, however, attenuated in ATF3-null hearts in comparison with WT 

hearts. Ischemic PC prior to I/R significantly reduced the infiltration of CD45+ and GR-1+ 

cells in the myocardium as compared with I/R alone. Deletion of ATF3 did not affect cell 

infiltration by PC alone, but led to a greater increase in total cell infiltrate and GR-1+ cells 

after PC+I/R as compared with WT. Moreover, deletion of ATF3 did not increase the total 

tissue abundance of inflammatory (CD11b+/F480−/Ly6Chi) monocytes (Fig. 7F) nor did it 

change the monocyte population relative to the total CD45+ cells (Fig. 7G). Interestingly, 

ATF3-null hearts demonstrated less inflammatory infiltration than WT after I/R alone. 

Collectively, these results suggest that deletion of ATF3 does not affect monocyte and 

neutrophil infiltration in hearts subjected to PC alone, but it increases the abundance of 

inflammatory cells and neutrophils in the hearts subjected to I/R after ischemic PC.

4. Discussion

The results of this study show that ischemic PC triggers the early phase of the UPR in the 

heart, which is characterized by an increase in PERK phosphorylation and nuclear 

translocation of the transcription factors, ATF6 and ATF3. These changes are followed by 

an increase in the myocardial levels of ATF4 and ATF3 and the up-regulation of ER-

resident proteins, 24 h after PC. The full development of the response coincides with an 

increase in the resistance of the heart to sustained I/R injury. Our experiments also indicate 

that ATF3, activated by ER stress, is an obligatory mediator of the infarct-sparing effect of 

late PC. Collectively, these findings reveal a previously undiscovered link between ischemic 

PC and UPR and identify ATF3 as an important, novel regulator of myocardial sensitivity to 

ischemia/reperfusion. Extensive investigations into the mechanisms of late PC have led to 

the identification of a range of adaptive responses [2, 29]. It is currently believed that 

ischemic PC is initiated by triggers generated during the PC stimulus, such as adenosine, 

NO, cytokines and reactive oxygen species. These triggers activate non-redundant signal 

transduction pathways which in turn activate transcription factors to enhance myocardial 

resistance to ischemia. The “early mediators” of ischemic PC upregulate “distal mediators” 

such as iNOS, HO-1, COX-2 and AR, which protect the heart by acting upon the “end-

effectors” or “targets”, which remain mostly unknown. Our present observations showing 

that ischemic PC results in the activation of UPR-dependent “early” (p-PERK, ATF3, 

ATF6) and distal” (ATF4, ATF3, and ER-resident proteins) mediators add a new facet to 
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our understanding of the highly polygenic nature of late PC and suggest that the PC response 

may be more complex than currently believed.

The results of several previous studies support the view that the ER is an important target of 

ischemic injury. Induction of ischemia in cerebral [30], renal [31], hepatic [32] and 

myocardial [7] tissue causes ER stress and results in the robust activation of UPR mediators. 

Studies with isolated cardiomyocytes have shown that simulated ischemia or hypoxia 

activates the three major branches of the UPR characterized by the induction of ATF6, 

induction and splicing of XBP-1 and activation of PERK-dependent genes ATF4 and 

GADD34 [9]. Also, the induction of the ER chaperones GRP78 or GRP94 has been reported 

in mouse hearts subjected to I/R ex vivo [11] and in the peri-infarct zone of the heart in vivo 

[11] suggesting that myocardial ischemia triggers the activation of adaptive responses to 

increase the protein folding capacity of the ER. In agreement with these reports, our data 

show an increase in ER proteins and activation of ATF3 and ATF4 in the preconditioned 

heart. However, we found no evidence for the activation of the IRE-1-XBP-1 pathway. 

Activation of IRE-1 is considered to be a defining feature of UPR; however, it has been 

noted that several conditions lead to partial activation of the UPR [6]. Moreover, there is 

functional redundancy between the IRE1 and the ATF6 [8] signaling pathways and therefore 

activation of the ATF6 pathway alone may be sufficient to enhance the protein-folding 

capacity of the heart following ischemic PC. This view is supported by our current data 

showing that ischemic PC led to an increase in the abundance of ER-resident proteins.

We found robust activation of ATF3 in the preconditioned heart. Although several types of 

stress can lead to ATF3 activation, attenuation of ATF3 activation in ATF6-TG hearts 

suggests that ATF3 activation in the preconditioned heart is due to the induction of ER 

stress. Moreover, because the ATF6 gene was driven by the cardiac myocyte-specific α-

myosin heavy chain promoter, it appears that the ATF3 activation is localized to cardiac 

myocytes and not to other cell types present in the heart. The functional significance of this 

activation event was evident from the results of our experiments showing that even though 

deletion of ATF3 did not affect infarct size in non-preconditioned hearts, it completely 

abrogated the cardioprotective effects of PC. These observations suggest that induction of 

ER stress leading to ATF3 activation is an obligatory event in the manifestation of the 

infarct-sparing effects of late PC. However, deletion of ATF3 did not affect the induction of 

several of the previously identified mediators of ischemic PC such as iNOS, COX-2, HO-1 

and AR, although late PC was abolished in ATF3-null hearts despite the induction of these 

cardioprotective proteins. These observations underscore the polygenic nature of late PC and 

suggest that simultaneous activation of multiple signaling pathways is required for 

preconditioning and that deletion of even one of these mediators results in loss of 

cardioprotection.

Despite the demonstration of an essential role of ATF3 in mediating the beneficial effects of 

late PC, the mechanism by which ATF3 confers cardioprotection remains unknown. ATF3 

is a member of the CREB family of stress-inducible transcription factors. It has been found 

to regulate inflammatory responses as part of a negative feedback loop [27] and to act as a 

negative regulatory transcription factor in the TLR pathway. Along with Rel, ATF3 binds to 

the regulatory regions of IL-6 and IL-12β, thereby regulating the extent and the duration of 
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production of these cytokines. In accordance with this role, it has been shown that deletion 

of ATF3 increases IL-12β and IL-6 production in TLR-stimulated macrophages [33] and 

that ATF3 regulates IL-6 production during heat shock [34] or infection [35]. Our 

observation that deletion of ATF3 increases IL-6 production and the expression of ICAM-1 

in the heart is consistent with its role in regulating the inflammatory response both during 

PC and subsequent I/R injury. Consistent with the increase in IL-6 and ICAM-1, we found 

increased accumulation of inflammatory cells such as neutrophils in ATF3-null hearts 

following PC+I/R. This result suggests that deletion of ATF3 increases the inflammatory 

response in the preconditioned heart. This is in contrast to the non-preconditioned hearts, 

where deletion of ATF3 prevented the increase in inflammatory cells. Because deletion of 

ATF3 did not reduce infarct size in non-preconditioned heart, it would suggest that the 

decreased inflammatory response in ATF3 null hearts, by itself is not sufficient to attenuate 

myocardial injury. However, in the preconditioned heart, deletion of ATF3 increased infract 

size and the inflammatory cell infiltrate, indicating that changes in the inflammatory cells 

infiltration may be more important in the preconditioned than the non-preconditioned heart. 

Moreover, it is also plausible that the increase in the inflammatory response in 

preconditioned ATF3-null hearts is secondary to increased injury. However, the increase in 

IL-6 and ICAM was observed in the preconditioned heart, before the index ischemia; 

therefore, it remains likely that the exaggerated inflammatory response precedes I/R injury 

and that increased recruitment of inflammatory cells abrogated PC despite the upregulation 

of the cardioprotective protein mediators of PC. It is also likely that the protective effects of 

ATF3 are due to its influence on other target genes, which were not examined in this study. 

Further experiments are required to evaluate more completely how ER stress and ATF3 

activation regulate I/R injury and long-term remodeling of the heart after infarction.

5. Conclusions

In summary, the results of this study show that the cardioprotective actions of late PC are 

due in part to the induction of ER stress, resulting in the activation of adaptive UPR 

signaling. Our results show that deletion of ATF3 abolishes the cardioprotective effects of 

ischemic PC and that these effects are mediated in part by the activation of ATF3, which 

functions as a repressor of IL-6 and ICAM-1 in the preconditioned myocardium. These 

findings expand our current understanding of ischemic PC; they also reveal an inextricable 

link between the adaptive responses that are triggered by ATF3, ER stress and ischemic PC; 

and suggest that stimulation of UPR signaling may be a therapeutically gainful strategy for 

preventing myocardial ischemic injury.
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Glossary

AR aldose reductase

ATF activating transcription factor

COX-2 cyclooxygenase 2

ERAI endoplasmic reticulum stress activated indicator

HO-1 heme oxygenase 1

MI myocardial infarction

iNOS inducible nitric oxide synthase

IRE-1 inositol-requiring kinase

I/R ischemia/reperfusion

MER murine estrogen receptor

PDI protein disulfide isomerase

PERK protein kinase-like endoplasmic reticulum kinase

PC preconditioning

SP1 specificity protein 1

UPR unfolded protein response

XBP-1 X-box binding protein 1
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Highlights

• Ischemic preconditioning activates UPR signaling including ATF3.

• Overexpression of ATF6 diminishes PC-induced ATF3 nuclear translocation.

• ATF3 deletion exaggerates IL-6 and ICAM-1 abundance during late phase 

preconditioning.

• Deletion of ATF3 abolishes cardioprotection by ischemic preconditioning.

• ATF3 deletion causes greater inflammatory infiltration in preconditioned hearts 

following I/R.
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Fig. 1. 
Ischemic PC activates PERK. (A) Protocol I for ischemic PC in WT mice. Control mice 

were sham operated, whereas the preconditioned hearts were subjected to 6 cycles of 

coronary occlusion (O) followed by reperfusion (R) as shown. Tissue lysates were prepared 

from the ischemic zone or for control samples from the anterior wall of the non-

preconditioned heart. Western blots for (B) phospho-PERK; 30 minutes after PC, (C) 

cytosolic ATF4; 24 h after PC, (D) nuclear ATF3; 30 minutes after PC and (E) cytosolic 

ATF3; 24 h after PC. * P<0.05; n=4 mice per group.
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Fig. 2. 
Ischemic PC activates UPR adaptive components. (A) Protocol II for ischemic PC in WT 

and ERAI mice. Control mice were sham operated, whereas the preconditioned hearts were 

subjected to 6 cycles of coronary occlusion followed by reperfusion as shown. Tissue 

samples were examined from the ischemic zone or for control samples from the anterior 

wall of the non-preconditioned heart. Western blots showing nuclear abundance of (B) 

ATF6; 30 minutes after PC and (C) total cytosolic abundance of proteins containing the 

KDEL localization sequence; 24 h after PC. (D) Immunofluorescence in WT and ERAI 

hearts; 4 h after ischemic PC and pancreas. (E) qPCR for spliced XBP-1 gene target 

DNAJB9; 24 h after PC. * P<0.05; n=4 mice per group.
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Fig. 3. 
Overexpression of ATF6 diminishes ATF3 nuclear translocation by ischemic PC. (A) 

Protocol III for vehicle or raloxifene injections in ATF6TG mice. Tissue lysates were 

prepared from the ischemic zone or for control samples from the anterior wall of the non-

preconditioned heart. Western blots showing changes in the abundance of (B) FLAG-ATF6 

and GRP78; 5 days after raloxifene injections in ATF6-TG mice. (C) Protocol IV for 

ischemic PC in ATF6TG mice. (D) Nuclear abundance of ATF3 in the ischemic zones of 

vehicle or raloxifene injected ATF6TG hearts; 30 minutes after PC. SP1 was used as a 

marker for nuclear fractionation and a loading control. * P<0.05; n=7–8 mice per group.
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Fig. 4. 
ATF3 deletion alters ICAM-1 abundance but not the known mediators of late PC. (A) 

Protocol V for ischemic PC in WT and ATF3-null mice. Tissue lysates were prepared from 

the ischemic zone or for control samples from the anterior wall of the non-preconditioned 

heart. Western blots showing the abundance of (B) iNOS, (C) COX-2, (D) HO-1, (E) AR 

and (F) ICAM-1; 24 h after PC. n=5–8 mice per group.
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Fig. 5. 
ATF3 negatively regulates myocardial cytokines stimulated by ischemic PC. (A) Protocol 

VI for ischemic PC in WT and ATF3-null mice. Tissue lysates were prepared from the 

ischemic zone or for control samples from the anterior wall of the non-preconditioned heart. 

SearchLight multiplex immunoassay showing the abundance of myocardial (B) IL-6, (C) 

IL-12β and (D) TNF-α; 6 hours after PC. * P<0.05 vs. WT Control, † P<0.05 vs. WT 

PC-6h; n=4–9 mice per group.
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Fig. 6. 
Inhibition of UPR and deletion of ATF3 abolish cardioprotection due to late PC. (A) 

Protocol VII for infarct size assessment with or without ischemic PC in WT and ATF3-null 

mice and (B) Quantification of infarct size as a percentage of area at risk in WT and ATF3-

null mice subjected to infarction with or without ischemic PC. * P<0.05 vs. WT; n=9–30 

mice per group.
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Fig. 7. 
ATF3 deletion increases cellular infiltrates in preconditioned hearts subjected to ischemia/

reperfusion. (A) Protocol IX for sham operation, ischemic PC, I/R or ischemic PC+I/R in 

WT and ATF3-null mice. Cellular infiltrates were prepared from the ischemic zone or 

control samples from the anterior wall of non-ischemic hearts. Quantification of cells per 

milligram ventricular tissue for (B) CD45+, (D) Gr-1+ and (F) CD11b+/F4/80-/Ly-6Chi as 

measured by flow cytometry. Representative dot plots of WT and ATF3-null hearts 

subjected to PC+I/R and gated for (C) SSC and CD45 and (E) Gr-1 and CD45. (G) Relative 

percentage of Ly-6Chi cells within total CD11b+/F4/80−. * P<0.05 as indicated; n=3–4 mice 

per group.
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