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The heart consumes a significant amount of ATP to maintain its contractile performance, 

and fatty acid oxidation (FAO) serves as a primary source of energy in the adult heart. 

Research in the past several decades has demonstrated that the nuclear receptor family, in 

particular peroxisome proliferator-activated receptor α (PPARα), is a major transcriptional 

mechanism regulating expression of proteins involved in fatty acid metabolism. Although 

much progress has been made in understanding the functional role of PPARα in cardiac 

physiology and disease, less is known about the regulation of PPARα itself1. PPARα-

mediated transcriptional cascades are determined by the level of PPARα expression as well 

as its activity. Long chain fatty acids and synthetic ligands, such as fibrates, increase the 

transcriptional activity of PPARα in multiple cell types including cardiac myocytes. The 

endogenous ligands of PPARα are still debated but evidence indicates they may be 

associated with triglyceride lipolysis2–4. Expression of PPARα in the heart changes during 

the development, and under multiple pathological conditions including heart failure and 

diabetes. However, the mechanism(s) underlying these changes are poorly understood. In 

this issue of Circulation Research, Drosatos et al.5 report that Krüppel-like factor 5 (KLF5) 

regulates the transcription of PPARα in the heart (Figure).

Krüppel-like transcription factors (KLFs) are a family of zinc-finger DNA-binding proteins 

known to be heavily involved in gene expression during development, but their role in adult 

organ/tissue is just begun to be revealed. KLF5 has been shown to regulate lipid metabolism 

in non-cardiac tissue such as lung development and adipogenesis6–8. In the heart, KLF5 was 

found to promote cardiac hypertrophy by driving platelet-derived growth factor-A (PDGF-

A) expression and transactivating Igf1 in fibroblasts9, 10. Using both gain- and loss-of-

function approaches, Drosatos et al. in the present study showed that KLF5 regulates the 

expression of PPARα in the heart. A binding site of KLF5 was mapped to the promoter 
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region of PPARα. ChIP assay demonstrated the binding of KLF5 to the site in the cardiac-

like HL-1 cell line during adenovirus mediated overexpression of KLF5, which is associated 

with increased PPARα expression (Figure). Furthermore, cardiac-specific deletion of KLF5 

in mice led to decreased expression of PPARα and its target genes with concomitant 

decrease of FAO. The evidence collectively identifies KLF5 as a positive regulator of FAO 

in the heart via the transcription of PPARα.

Does the regulation of PPARα by KLF5 play a role in heart disease? The study examined 

two pathological conditions in which PPARα was downregulated in the heart, sepsis and 

diabetes. In mouse models of both type I (Streptozotocin injection) and type II (ob/ob and 

db/db mice) diabetes, the study found a nice parallel change of KLF5 and PPARα 

expression in the heart. It also showed that the down regulation of KLF5-PPARα in the 

early stage of diabetes could be restored by normalizing blood glucose levels (Figure). The 

relationship of hyperglycemia and KLF5 expression, however, appeared to be more complex 

in these models since a rebound of KLF5- PPARα level occurred at late stage of diabetes 

despite persistent hyperglycemia. Future studies determining the causal relationship and the 

molecular mechanisms are clearly warranted. Nevertheless, these observations provide an 

interesting new direction to dissect the regulation of PPARα in the diabetic heart. Although 

increased FAO has been consistently observed in diabetic hearts, the level of PPARα varies 

significantly depending on the model and the severity of disease11. It is worth testing 

whether the biphasic change of KLF5-PPARα is another regulator of fatty acid oxidation in 

the diabetic heart and hence a new target for modulating cardiac metabolism in diabetes.

PPARα expression is downregulated in the heart in sepsis, which however, was found 

negatively correlated with KLF5 level. A previous study by the same group showed that c-

Jun N-terminal kinase (JNK) activation during sepsis was responsible for decreases in fatty 

acid oxidation through PPARα downregulation12. Here they further demonstrated in HL-1 

cells treated with lipopolysaccharide (LPS) that activated c-Jun bound to the same promoter 

region as KLF5 of the Ppara gene, with c-Jun outcompeting KLF5 leading to suppression of 

PPARα (Figure). This is an excellent example illustrating the complexity of a very delicate 

molecular dance in the transcriptional regulation. The relative role of each specific 

regulatory mechanism is dependent on the contribution of other mechanisms, which are 

likely disease specific. In the clinical setting, sepsis has historically been considered 

primarily a disorder of acute inflammation, but this paradigm is under reconsideration after 

several anti-inflammatory interventions failed to improve patient outcomes. The role of 

metabolic failure in sepsis and cardiac metabolism specifically have received renewed 

attention recently13, 14. It has not been determined whether effective anti-inflammatory 

therapy removes the suppression of PPARα expression by c-Jun. Furthermore, it is unknown 

whether downregulation of PPARα in sepsis is adaptive or maladaptive. Additional studies 

in a more clinically relevant model of sepsis such as cecal ligation puncture (CLP), which 

better recapitulates the progressive organ system failure often observed in humans, will be 

necessary to elucidate fundamental mechanisms with translational therapeutic potential.

The study also addressed the functional significance of KLF5 in the heart using cardiac 

specific KLF5 deletion mouse model (cKO). Despite the decrease in FAO in cardiac muscle, 

cKO mice showed normal cardiac function at 2–3 months. This is consistent with a prior 
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report by another group showing normal cardiac function and unaltered response to a 

moderate pressure overload in cKO15. However, the present study found that cKO 

developed contractile dysfunction after 6 months and progressively at 12 months where they 

displayed myocardial lipid accumulation. These changes resemble the observations made in 

hearts of PPARα-null mice suggesting that maintaining FAO is critical for normal cardiac 

function in the long term16. An important caveat of the experiment is that at 9 months the 

PPARα level is normalized and at 12 months the PPARα level is elevated in the cKO 

(supplemental figure VIII). As PPARα expression is under the control of multiple 

transcription and feedback mechanisms it is likely that compensatory mechanisms yet 

undefined take over and restore PPARα levels in cKO at older age. Other regulators of 

PPARα expression have been proposed and even another KLF, KLF15, has been shown to 

regulate PPARα expression and cardiac metabolism17. However, the researcher reported 

decreased ATP content and accumulation of lipids in the myocardium of cKO at older age 

suggesting defective energy metabolism despite the normalization of PPARα and its target 

gene expression. Direct measurements of metabolic fluxes are thus necessary to further 

dissect the metabolic mechanisms responsible for contractile dysfunction in cKO.

This work adds a much needed insight into how PPARα gene expression is regulated in the 

heart, but also raises many additional questions. The authors showed clearly that KLF5 and 

c-Jun have opposing regulatory actions on PPARα expression, however, the authors did not 

address what other factors would be involved in the compensatory PPARα expression in 

cKO hearts. This is especially important due to the fact that PPARα and downstream gene 

expression returns to normal levels after 9 months of age in the cKO hearts when reduced 

ATP content and increased triglyceride deposition occur; pointing to potential consequences 

of KLF5 loss outside of PPARα downregulation. The authors did indeed identify significant 

gene expression changes of many pathways in cKO hearts. Microarray data showed that 

deletion of KLF5 led to increase expression of 228 genes and decrease expression of 79 

genes with the compliment and coagulation cascade pathway being the most affected, 

suggesting a much broader effect of KLF5 deficiency outside of PPARα regulation and 

opened up a swath of possibilities by which KLF5 deletion would impact cardiac function.

As with all good science, this line of investigation has opened the door for additional 

studies. Future experiments will be needed to fully elucidate the mechanism of cardiac 

dysfunction caused by KLF deficiency, as well as the significance of KLF5 mediated control 

of PPARα expression in diabetic cardiomyopathy and heart failure. It is exciting to 

speculate that the regulation of PPARα by KLF5 will be significant in the well documented 

downregulation of fatty acid oxidation in heart failure, possibly opening up KLF5 activators 

or mimetics as a therapeutic target for heart failure.
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FIGURE. 
PPARα expression and fatty acid oxidation in the heart: proposed regulation by KLF5, 

sepsis and diabetes. PPARα level and the availability of its ligands regulate the expression 

of key proteins for fatty acids transport and oxidation (FAO) in the heart. Alterations in 

FAO act through feedback mechanisms to regulate PPARα expression and restore FAO to 

optimal levels. Deletion of KLF5 in the heart resulted in lower PPARα expression and 

decreased FAO. PPARα transcript levels are reduced in parallel to reduced KLF5 expression 

in early stage of diabetes, while in sepsis the activation of c-Jun N-terminal Kinase (JNK) 

phosphorylates c-Jun which binds to the PPARα promoter and prevents transcription of 

PPARα by KLF5. KLF5 has non-metabolic actions on the heart as well including effects on 

growth factor signaling and fatty acid biosynthesis in addition to other pathways suggested 

by microarray analysis of mouse hearts with cardiac-specific deletion of Klf5.
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