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Septic shock results from bacterial infection and is associated
with multi-organ failure, high mortality, and cardiac dysfunction.
Sepsis causes both myocardial inflammation and energy depletion.
We hypothesized that reduced cardiac energy production is a pri-
mary cause of ventricular dysfunction in sepsis. The JNK pathway is
activated in sepsis and has also been implicated in impaired fatty
acid oxidation in several tissues. Therefore, we tested whether JNK
activation inhibits cardiac fatty acid oxidation and whether block-
ing JNK would restore fatty acid oxidation during LPS treatment.
LPS treatment of C57BL/6 mice and adenovirus-mediated activa-
tion of the JNK pathway in cardiomyocytes inhibited peroxisome
proliferator-activated receptor « expression and fatty acid oxida-
tion. Surprisingly, none of the adaptive responses that have been
described in other types of heart failure, such as increased glucose
utilization, reduced aMHC:BMHC ratio or induction of certain
microRNAs, occurred in LPS-treated mice. Treatment of C57BL/6
mice with a general JNK inhibitor (SP600125) increased fatty acid
oxidation in mice and a cardiomyocyte-derived cell line. JNK inhi-
bition also prevented LPS-mediated reduction in fatty acid oxida-
tion and cardiac dysfunction. Inflammation was not alleviated in
LPS-treated mice that received the JNK inhibitor. We conclude
that activation of JNK signaling reduces fatty acid oxidation and
prevents the peroxisome proliferator-activated receptor oo down-
regulation that occurs with LPS.

Septic shock is the most severe complication of sepsis and is
associated with reduced cardiac contractility (1, 2). Hearts rely
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mostly (70%) on fatty acid (FA)? oxidation for energy homeo-
stasis (3), and in sepsis, cardiac FA oxidation is markedly
reduced. Unlike heart failure (4), this reduction of FA oxidation
in sepsis is not compensated by a simultaneous increase in glu-
cose oxidation (5-7). Thus, sepsis leads to cardiac energy
deficiency.

LPS is a bacterial cell wall component that induces many of
the pathophysiological consequences of sepsis, including car-
diac dysfunction. LPS associates with plasma LPS-binding pro-
tein and targets cluster of differentiation (CD)14 and toll-like
receptor 4 (8). This binding leads to production of inflamma-
tory cytokines, such as TNFq, IL-1, and IL-6, which might
directly alter heart function (9-12). LPS also alters cardiac
energy utilization by reducing the expression of peroxisome
proliferator-activated receptor (PPAR)a and its downstream
genes required for FA oxidation (13, 14). It is unknown whether
the LPS-induced reduction in cardiac energy production is
mediated by inflammation.

LPS activates the JNK signaling pathway (15, 16). JNK is a
stress-activated protein kinase (17) that phosphorylates c-Jun,
which then forms homo- or heterodimers with c-Fos or activat-
ing transcription factor, forming the activating protein 1 com-
plex (18). LPS activates JNK in the heart, but it is not clear
whether this pathway leads to impaired cardiac FA oxidation.
Inhibition of INK improves FA oxidation in the liver (19). Thus,
we hypothesized that JNK activation reduces cardiac FA oxida-
tion and causes energy deficiency during sepsis.

In our study, we found that JNK activation altered PPAR«
gene expression and reduced FA oxidation in mouse hearts and
in a human cardiomyocyte-derived cell line. Pharmacological
inhibition of JNK increased PPAR« expression in WT mice,
prevented sepsis-mediated PPARa down-regulation, and
improved FA oxidation. Moreover, JNK inhibition prevented
cardiac dysfunction despite continued induction of inflamma-
tory markers such as TNFq, IL-1a, and IL-6. Therefore, JNK is

3 The abbreviations used are: FA, fatty acid; CD, cluster of differentiation;
PPAR, peroxisome proliferator-activated receptor; LpL, lipoprotein lipase;
FATP, fatty acid transport protein; CPT, carnitine palmitoyl-transferase;
PGC, peroxisome proliferator-activated receptor -y coactivator; BNP, brain
natriuretic peptide; GLUT, glucose transporter; PDK, pyruvate dehydro-
genase kinase; miRNA, microRNA; Ad, adenovirus.
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an important modulator of fatty acid oxidation, and its inhibi-
tion prevents LPS-mediated cardiac dysfunction.

EXPERIMENTAL PROCEDURES

Chemical Reagents—All chemical reagents were obtained from
Sigma. The JNK inhibitor 1,9-pyrazoloanthrone (SP600125) was
obtained from Calbiochem.

Animals—All procedures involving animals were approved
by the Institutional Animal Care and Use Committee at Colum-
bia University. C57BL/6 and JNK2~/~ mice were maintained
under appropriate barrier conditions in a 12-h light-dark cycle
and received food and water ad libitum. Mice were anesthe-
tized by isofluorane inhalation. Mouse hearts were harvested,
flash-frozen, and stored at —80 °C until further use. All analyses
involving animals were performed with at least five mice per
experimental group. Mice were treated with 5 mg/kg LPS. Con-
trol animal groups were treated with saline. Food was removed
after LPS or saline administration because LPS causes anorexia.
Cardiac function was assessed by echocardiography 5-6 h
post-LPS administration, and mice were sacrificed 2—3 h later
(7-9 h post-LPS injection).

Echocardiography—Two-dimensional echocardiography was
performed on anesthetized 10- to 12-week-old female (n =
6—10 per group) mice (Sonos 5500 system, Philips Medical Sys-
tems) (20). Echocardiographic images were recorded in a digital
format. Images were then analyzed off-line by a single observer
blinded to the respective treatments of mice (21).

Cells—A human ventricular cardiomyocyte-derived cell line,
designated AC-16, was kindly provided by M. M. Davidson
(Columbia University) (22). Cells were maintained in Dulbec-
co’s Modified Eagle Medium:Nutrient Mixture F-12 (Ham)
(DMEM:F12) (Lonza) supplemented with fetal bovine serum
(10%) and a mixture of penicillin and streptomycin (1%). Prior
to infection with recombinant adenoviruses, the medium was
changed to 2% heat-inactivated horse serum and penicillin and
streptomycin (1%). The cells were infected in at least quadru-
plicates with control adenovirus that expresses the green fluo-
rescent protein (Ad-GFP) or the adenovirus expressing the
constitutively active form of JNK2 (Ad-JNK2a2) at a multiplic-
ity of infection of 10. Sixteen hours post-infection, cells were
washed with phosphate-buffered saline, and fresh 10% fetal
bovine serum containing medium was added. To assess gene
expression, cell lysates were collected 48 h later and analyzed
for mRNA and protein expression.

Construction of Recombinant Adenovirus Expressing a Con-
stitutively Active Form of INK2—The pEGFP-C1-JNK2a2 plas-
mid that contained the cDNA of the constitutively active JNK2
(INK2a2) (23) was kindly provided by Albert J. Wong, MD
(Stanford University). The JNK2a2 cDNA was isolated by
digestion with Xhol and BamHI and was initially cloned in the
pcDNA3.1 plasmid. Double digestion with Xhol and HindIII
was then carried out to the pcDNA3.1-JNK2a2 to isolate the
JNK2a2 cDNA and clone it in the pAdTrack-CMV plasmid.
The pAdTrack-CMV-JNK2a2 plasmid was used to generate
recombinant adenovirus as described previously (24).

RNA Purification and Gene Expression Analysis—Total RNA
was purified from cells or hearts using the TRIzol reagent
according to the instructions of the manufacturer (Invitrogen).
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The ¢cDNA was synthesized using the SuperScript III First-
Strand Synthesis SuperMix (Invitrogen) and was analyzed with
quantitative real-time PCR that was performed with SYBR
Green PCR core reagents (Stratagene). Incorporation of the
SYBR Green dye into the PCR products was monitored in real
time with an Mx3000 sequence detection system (Stratagene).
Samples were normalized against B-actin or 18 S. The
sequences of the primers are provided in supplemental Table 1.

Protein Purification and Analysis—Isolated heart tissues or
cells were homogenized in radioimmune precipitation assay
buffer containing protease inhibitors (1 mm benzamidine, 1 mm
phenylmethylsulfonyl fluoride, 10 ug/ml leupeptin, 10 ug/ml
aprotinin, 5 mM ethylene glycol tetraacetic acid, 2 mm ethylene
diamine tetraacetic acid; Sigma) as well as 1 mm dithiothreitol
and phosphatase inhibitors (Halt phosphatase inhibitor mix-
ture, Thermo Scientific). 25 ug of total protein extract was
applied to SDS-PAGE and transferred onto nitrocellulose
membranes. Antibodies were obtained from Santa Cruz Bio-
technology, Inc. (B-actin, JNK) and Cell Signaling Technology,
Inc. (phospho-JNK, phospho-c-Jun-Ser-63, and phospho-c-
Jun-Ser-73).

FA Oxidation—FA oxidation was measured in pieces of
hearts isolated from 10- to 12-week-old mice. The heart pieces
were incubated at 37 °C for 2 h in modified Krebs-Ringer buffer
(MKR) (115 mm NaCl, 2.6 mm KCl, 1.2 mm KH,PO,, 10 mm
NaHCOg, 10 mm HEPES (pH 7.4)) that contained 2% BSA, 0.2
mmol/ml palmitate, and 10 wCi/ml 9,10-[?H]palmitate and was
gassed with 95% O, and 5% CO,. Water was then extracted with
chloroform:methanol (2:1) extraction. Palmitate oxidation was
determined by measuring the amount of >’H,O in the aqueous
phase.

MicroRNA (miRNA) Expression Profiling and Data Analysis—
RNA samples were sent to Ocean Ridge Biosciences for analysis
using custom multispecies microarrays containing 697 probes
covering 707 mouse mature miRNAs present in the Sanger 14.0
miRBase database. Details about the microarrays, sample proc-
essing, data preprocessing, microarray quality control, differen-
tial expression analysis, and hierarchical clustering of miRNA
array data are provided in the supplementary materials.

Statistical Analysis—Comparisons between two groups were
performed using unpaired two-tailed Student’s ¢ tests. All val-
ues are presented as mean * S.E. Differences between groups
were considered statistically significant at gene.

RESULTS

LPS-mediated Activation of INK-induced Inflammation In-
hibited FA Oxidation and Compromised Cardiac Function in
C57BL/6 Mice—To activate JNK, female C57BL/6 mice under-
went intraperitoneal injection of LPS (5 mg/kg). LPS-treated
mice had increased phosphorylation/activation of JNK and its
substrate, c-Jun (Fig. 14), as shown before (25, 26). Total JNK
protein levels were not affected. Consistent with previous stud-
ies (14, 27-29), mRNA levels of genes associated with FA
metabolism were significantly down-regulated (Fig. 1B). Specif-
ically, PPARa, CD36, lipoprotein lipase (LpL), fatty acid trans-
port protein (FATP), carnitine palmitoyl-transferase (CPT)-1p,
PPARYy coactivator (PGC)-1a, and PGC-13 mRNA levels were
reduced by 75% (p < 0.001), 50% (p < 0.01), 36% (p < 0.05), 48%
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FIGURE 1. LPS activates JNK, inhibits fatty acid oxidation, and induces inflammation. A, Western blot analysis of pJNK, total JNK, pc-Jun-Ser-63, pc-Jun-
Ser-73, and B-actin protein levels obtained from hearts of 10- to 12-week-old C57BL/6 mice that were treated with 5 mg/kg LPS. (B) CD36, LpL, FATP, PPAR«,
PPARY, PPARS, CPT-13, PGC-1a, and PGC-18 mRNA levels in hearts of 10- to 12-week-old C57BL/6 mice that were treated with 5 mg/kg LPS.n = 5; %, p < 0.05;
** p<0.01; +,p <0.001.C, *H]palmitic acid oxidation in cardiac muscle of C57BL/6 mice treated with 5 mg/kg JNK inhibitor (JNKinh) (SP600125), 5 mg/kg LPS,
oracombination of LPS and JNKinhibitor. n = 4;*, p < 0.05.D, TNFe, IL-1e, and IL-6 mRNA levels in hearts of 10- to 12-week-old C57BL/6 mice that were treated

with 5 mg/kg LPS.n = 5; +, p < 0.001.

(p < 0.05), 43% (p < 0.01), 52% (p < 0.05), and 80% (p < 0.01),
respectively. Cardiac PPARyand PPARS mRNA levels were not
affected by LPS treatment. Consistent with this gene expression
profile, FA oxidation (Fig. 1C) and ATP levels (supplemental
Fig. 1) were reduced by 61% (p < 0.05) and 45% (p < 0.05),
respectively, in heart tissue obtained from LPS-treated mice.
LPS also increased cardiac expression of inflammatory mark-
ers. TNFa was increased 11-fold (p < 0.001); IL-1«, 37-fold
(p < 0.001); and IL-6, 689-fold (p < 0.001) (Fig. 1D). Reduced
cardiac FA oxidation and increased inflammation were associ-
ated with impaired cardiac function in LPS-treated mice. This
was shown by reduced fractional shortening (p < 0.001) (Fig. 2,
A and D) and increased left ventricular end-systolic diameter
(p <0.01) (Band D), whereas the left ventricular diastolic diam-
eter was not affected (C and D). Moreover, brain natriuretic
peptide (BNP) mRNA levels were increased 6.3-fold (p < 0.05)
in LPS-treated animals (Fig. 2E). Thus, LPS-mediated JNK acti-
vation compromised cardiac function, and this was associated
with impaired FA metabolism and elevated inflammation.
Glucose Metabolism Markers Indicate Reduced Glucose Uti-
lization in Sepsis—Both cardiac dysfunction in sepsis and
chronic heart failure are characterized by reduced cardiac con-
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tractility. To investigate whether the mechanisms that underlie
these two disease states are similar, we tested if several out-
comes that have been associated with heart failure occur in
cardiac dysfunction during sepsis as well. We first assessed
whether glucose catabolism markers are up-regulated in our
experimental model of sepsis to compensate for the suppres-
sion of FA metabolism that occurs in sepsis. Consistent with
previous studies (5-7), LPS-treated hearts had a 55% decrease
in glucose transporter (GLUT)4 mRNA levels (p < 0.05) (Fig.
3A) and a 16-fold (p < 0.01) increase in pyruvate dehydrogen-
ase kinase (PDK)4 mRNA as compared with hearts of saline-
treated mice (Fig. 3B). These changes indicate suppression of
glucose metabolism during sepsis.

Both aMHC and BMHC Gene Expression Levels Are
Reduced in Sepsis—We assessed whether sepsis induces
switching from the fast-contracting a-MHC isoform to the
slow contracting B-MHC, which also occurs in heart failure.
Both a-MHC and B-MHC mRNA levels were down-regu-
lated in LPS-treated hearts by 38% (p < 0.05) and 49% (p <
0.05), respectively (Fig. 3C). Therefore, instead of the adapt-
ive switching from a-MHC to B-MHC, which occurs in pres-
sure-overload heart failure, sepsis-associated cardiac dys-
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function is accompanied by reduction of mRNA levels of
both myosin isoforms.

Heart Failure-associated MicroRNAs Are Not Modulated in
Sepsis—A systematic analysis of cardiac miRNA profiles using
an established miRNA array was performed to assess changes in
miRNAs that have been associated with heart failure. Several
miRNAs are up-regulated during heart failure in humans and
experimental animals (30—33). The vast majority of these
miRNAs were not modulated during sepsis (supplemental
Table 2 and Fig. 2). Therefore, the heart failure-associated
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FIGURE 2. Treatment of C57BL/6 mice with LPS impairs cardiac function.
A-D, fractional shortening (A), left ventricular systolic diameter (LVDs) (B), and
left ventricular diastolic diameter (LVDd) (C) as measured by two-dimensional
echocardiography of 10- to 12-week-old C57BL/6 mice that were treated with
5 mg/kg LPS. D, photographs of echocardiograms from LPS-treated C57BL/6
mice. E, cardiac BNP mRNA levels of 10- to 12-week-old C57BL/6 mice that
were treated with 5 mg/kg LPS. Control mice were treated with saline. n =
6-8;* p <0.05; **, p <0.01; +, p < 0.001.

changes in miRNAs do not occur in sepsis-associated cardiac
dysfunction.

JNK Inhibition Prevents Sepsis-related Cardiac Dysfunction—
We attempted to use mice with a deletion of JNK2, a major
cardiac JNK isoform, to test whether the JNK signaling pathway
mediates the effects of LPS. First, we assessed heart function in
Jnk2~"~ mice. These mice have increased basal cardiac JNK1
protein levels (supplemental Fig. 34) and impaired basal car-
diac function (supplemental Fig. 3B), which was found to be
comparable with cardiac dysfunction in LPS-treated C57BL/6
mice. Although treatment of these mice with LPS did not fur-
ther impair the already compromised cardiac function, the
hearts still had increased phosphorylation of JNK and its target
c-Jun (supplemental Fig. 3C). Activation of the JNK pathway in
LPS-treated JNK2/~ mice was, as expected, associated with
reduced PPAR« (p < 0.01), PGC-1a (p < 0.01), PGC-1B (p <
0.01), FATP (p < 0.05), and CD36 (p < 0.05) mRNA levels
(supplemental Fig. 3D), as observed in LPS-treated C57BL/6
mice. Treatment of Juk2~”~ mice with LPS also dramatically
increased the expression of cardiac inflammatory markers.
TNFa increased 34-fold (p < 0.01); IL-1¢, 21-fold (p < 0.01);
and IL-6, 640-fold (p < 0.001) (supplemental Fig. 3E). There-
fore, JNK1 appears to compensate when JNK2 is deleted
specifically.

Because multiple JNK isoforms are activated by LPS, we then
tested whether a general JNK inhibitor would prevent LPS-me-
diated impairment in FA oxidation and cardiac function.
C57BL/6 mice received daily injections of 5 mg/kg JNK inhibi-
tor (SP600125) for 5 days. On the 5™ day, the mice were treated
with LPS for 8 h. Reduced JNK activation was confirmed by
Western blotting that showed decreased levels of phosphory-
lated c-Jun (pc-Jun) in mice treated with LPS and JNK inhibitor
(Fig. 4A). Gene expression of PPAR«, PGC-1a, CPT-13, FATP,
LpL, and CD36 was not reduced in mice that were treated with
the LPS and JNK inhibitor, as compared with control wild-type
mice (Fig. 4B). Mice treated with LPS and JNK inhibitor had
mRNA levels of PPAR«, PGC-1a, CPT-183, FATP, LpL and
CD36 increased by 80% (p < 0.05), 100% (p < 0.01), 71% (p <
0.05), 4.3-fold (p < 0.01), 4.5-fold (p < 0.01), and 59% (p <
0.05), respectively (Fig. 4B); this was associated with increased
cardiac muscle FA oxidation (p < 0.05) (Fig. 1C). Of note, treat-
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ment of mice with the JNK inhibitor alone increased PPAR«a, diac FA oxidation by 2.8-fold (p < 0.01) as compared with

PGC-1a, CPT-18, FATP, and LpL gene expression levels by
2.5-fold (p < 0.05), 5.4-fold (p < 0.01), 50% (p < 0.05), 4.6-fold
(p < 0.05), 2.4-fold (p < 0.05), respectively, as compared with
saline-treated control mice (Fig. 4B). Consistent with the gene
expression profile, treatment with JNK inhibitor increased car-
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saline-treated mice (Fig. 1C).

JNK inhibition also prevented LPS-induced cardiac dysfunc-
tion as seen by a lack of a fractional shortening defect (Fig. 4C &
4D). Moreover, as compared with saline-treated control mice,
aMHC and BMHC mRNA levels were not reduced and BNP
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JNK2a2 at multiplicity of infection 2 or 6. Control cells were treated with adenovirus expressing GFP. C, PPAR«, CD36 and CPT-18 mRNA levels determined by
quantitative RT-PCR analysis of AC16 cells treated with adenovirus expressing JNK2a2. Control cells were treated with adenovirus (multiplicity of infection 6)
expressing GFP.n = 4.*, p < 0.05; **, p < 0.01 as compared with cells that were treated with Ad-GFP. D, Western blot analysis of pJNK in AC16 cells that were
treated with LPS. E, PPAR«a, CD36, and CPT-18 mRNA levels in AC16 cells that were treated with 100 nm JNK inhibitor (SP600125), LPS, or a combination of LPS
and the JNKinhibitor (SP600125). The mRNA levels were determined by quantitative RT-PCR analysis.n = 6.*, p < 0.05; **, p < 0.01 as compared with cells that
were not treated with LPS; #, p < 0.05 as compared with cells that were treated with LPS only.

mRNA levels were not increased in mice treated with combina-  targets CD36 by 46% (p < 0.05) and CPT-18 by 26% (p < 0.05)
tion of LPS and JNK inhibitor (Fig. 4E). The observed improve-  (E). Down-regulation of PPARa, CD36, and CPT-13 mRNA
ment in cardiac function was not associated with indications of levels was prevented by the combined treatment of AC16 cells
improved glucose catabolism. The LPS-mediated increase of ~with LPS and 100 nm JNK inhibitor (Fig. 5E). Treatment of the
PDK4 and reduction of GLUT4 mRNA levels was not reversed  cells with the JNK inhibitor only stimulated the expression of
in LPS-treated mice that were injected with JNK inhibitor (Fig. PPAR« 4.1-fold (Fig. 5E).
4F). In addition, cardiac mRNA levels of TNFq, IL-1«, and IL-6
remained elevated in mice that were treated with a combination ~DISCUSSION
of JNK inhibitor and LPS (Fig. 4G). Thus, JNK inhibitor-medi- Severe sepsis is a major cause of death in intensive care units
ated improvement in cardiac function of LPS-treated mice was  (34) and leads to cardiac dysfunction (1, 2). Sepsis leads to
not accompanied either by a change in the glucose catabolism reduced substrate oxidation and increased cardiac inflamma-
gene expression profile or by the alleviation of inflammation.  tion. Most (35—43) but not all (44-46) studies also report
A Constitutively Active Form of INK Reduced Gene Expression  reduced cardiac ATP production in sepsis. The differences
of PPARa and Its Target Genes—To test whether activation of between the two groups of studies may be attributed to the
JNK alone would alter the expression of FA oxidation genes, we  different sepsis induction methods and time courses that were
treated AC16 cells with a recombinant adenovirus expressinga  followed in each case. Thus, although cardiac ATP levels seem
constitutively active form of JNK2 (Ad-JNK2a2), which has the  to be unchanged in models of sepsis that are assessed later than
ability to be autophosphorylated (23). Adenovirus-mediated 18-24h post-induction of sepsis by cecal ligation puncture (35,
JNK2a2 expression (Fig. 5A) and phosphorylation of the JNK  36), they are reduced when assessed earlier (37-39) or when an
target, c-Jun (Fig. 5B), were confirmed by Western blotting of endotoxin injection is used instead of cecal ligation puncture as
protein lysates. Ad-JNK2a2 infection reduced PPAR«a, CD36, the sepsis induction method (40—44). Cardiac ATP and fatty
and CPT-13 mRNA levels by 65% (p < 0.01), 68% (p < 0.01), acid oxidation levels were reduced in our model, in which sepsis
and 84% (p < 0.01), respectively (Fig. 5C). was induced by endotoxin injection, and effects were assessed
LPS-mediated Activation of INK Down-regulated the Expres-  5—8 h post-injection. Thus, cardiac energy deficiency occurs in
sion of PPARw and Its Target Genes in a Cardiomyocyte-derived — our model.
Cell Line—AC16 cell treatment with 1 pg/ml LPS induced It has been suggested that either energy deficiency (37-52) or
phosphorylation of JNK (Fig. 5D). The treatment also reduced inflammation (9-12) might compromise heart function and
the mRNA levels of PPAR« by 42% (p < 0.01) (Fig. 5E) and its  lead to cardiac failure. However, anti-inflammatory therapies
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have failed to protect from sepsis-mediated organ failure (53—
58). Therefore, we hypothesized that reduced energy produc-
tion was a major cause of decreased heart function during sep-
sis. A major signal transduction mechanism that has been
associated with tissue energy homeostasis (19) and is also acti-
vated during sepsis (15, 16) is the JNK pathway. Thus, we inves-
tigated if JNK interferes with the cardiac energy production
process. Activation of JNK in both cell culture and septic ani-
mals inhibited the expression of genes associated with FA
metabolism. In addition, inhibition of the JNK pathway in-
creased PPARa expression and induced FA oxidation gene
expression. Moreover, it prevented sepsis-mediated impair-
ment of FA oxidation and improved cardiac function, despite
increased inflammation.

Both sepsis-related cardiac dysfunction and chronic heart
failure have reduced cardiac output. To investigate whether the
two diseases share similar pathophysiological mechanisms, we
assessed if pathways that are altered in chronic heart failure are
similarly affected in the hearts of LPS-treated mice. Besides
reduced FA oxidation, chronic heart failure is characterized by
elevated glucose utilization (59 — 65), a reduced aMHC:BMHC
ratio (66 —68), and up-regulation of several miRNAs (30-33).
Our study shows that none of these changes occur in the hearts
of LPS-treated mice. Thus, the mechanisms that underlie sep-
sis-associated cardiac dysfunction and chronic heart failure are
different.

The mechanisms that mediate the down-regulation of FA
oxidation in heart failure and sepsis are not well understood. In
heart failure there is reduced expression of FA oxidation-asso-
ciated genes, which are regulated by PPAR« and PGC-1a (69).
Both PPAR« (70) and PGC-1« (71) protein levels are signifi-
cantly decreased in the myocardium from humans with end-
stage heart failure, but the mechanisms for these changes are
unclear. LPS-induced reduction in FA utilization is associated
with a reduced expression of genes required for FA oxidation in
heart (14, 27, 72), muscle (72, 73), diaphragm (74), kidney (75),
and adipose tissue (27,72, 73). Cardiac PPARa mRNA levels are
reduced by LPS, and this may account for the reduction of car-
diac FA metabolism (76 —78). Whether these energetic changes
are secondary to increased production of inflammatory cyto-
kines or because of another effect of LPS within the heart was
not known.

One pathway that mediates the effects of LPS is the JNK
signaling pathway (15, 16). Our study shows that activation of
the JNK pathway is associated with inhibition of the expression
of FA metabolism-associated genes both in vitro and in vivo.
Inhibition of JNK increased FA oxidation in several tissues (19,
79 —81), but this has not been studied in the heart with or with-
out LPS. There are three JNK isoforms: JNK1 and JNK2, which
are ubiquitously expressed, and JNK3, which is expressed pre-
dominantly in neurons (82). In hearts of LPS-treated Juk2™"~
mice, we found that JNK1 compensates for JNK2 loss. This is
consistent with previous findings in the liver and adipose tissue
of LPS-treated mice (83, 84). Therefore, we treated C57BL/6
mice with SP600125 to achieve general inhibition of the JNK
signaling pathway. JNK inhibitor treatment increased expres-
sion of PPAR« in C57BL/6 mice. It also prevented cardiac dys-
function of LPS-treated mice. The improvement in cardiac
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function by JNK inhibition was associated with increased car-
diac FA oxidation, as shown by [H]palmitate oxidation and
mRNA levels of FA oxidation markers such as PPARa, PGC-1q,
CD36, FATP, LpL, and CPT-18. Therefore, INK activation may
be the pathway through which LPS blocks FA oxidation. Alter-
natively, the JNK inhibitor may release the suppressive effect of
LPS on PPAR« expression by compensating for a parallel JNK-
independent mechanism that is also triggered by LPS and com-
promises fatty acid oxidation. JNK inhibition suffices to restore
FA oxidation to normal levels and results in the prevention of
cardiac dysfunction in sepsis. On the other hand, the expression
of glucose oxidation markers such as PDK4 and GLUT4 in mice
treated with LPS and JNK inhibitor did not change as compared
with mice treated with LPS only. This observation implies that
glucose utilization, which is inhibited by LPS, does not improve
by treatment with the JNK inhibitor. Thus, JNK inhibition pre-
vented LPS-mediated reduction of FA oxidation and rescued
heart function.

JNK inhibition may also be beneficial for cardiac function in
sepsis because it prevents other pathological processes, such as
abnormalities in calcium handling or production of reactive
oxygen species. Sepsis-mediated JNK activation has been asso-
ciated with the induction of both mechanisms (85), and this
may be associated with arrhythmias that occur in sepsis (86—
89). Septic arrhythmias can be attributed to both abnormal cal-
cium handling and reactive oxygen species production (90).
However, the investigation of these mechanisms is beyond the
scope of this study, which focused only on cardiac muscle
function.

Previous studies showed that knockout animals for inflam-
mation-related genes are resistant to LPS-mediated cardiac
dysfunction and mortality (9—12). In our studies, however, the
improvement in cardiac function of LPS-treated mice that
underwent JNK inhibition was not associated with alleviation of
inflammation. TNFq, IL-1e, and IL-6 cardiac mRNA levels
remained high in LPS-treated mice despite IJNK inhibition. This
finding indicates that although local inflammation is a compo-
nent of sepsis, it may not be the major reason for sepsis-medi-
ated heart dysfunction. If this hypothesis is correct, it may
explain why anti-inflammatory therapies have not improved
mortality in septic patients (53-58).

We confirmed our in vivo observations with studies in cul-
tured cells. To do this, we activated the JNK signaling pathway
in cells either using a recombinant adenovirus that expresses a
constitutively active JNK2 or treating the cells with LPS. We
showed that activation of JNK alone reduced FA oxidation gene
expression. JNK signaling was inhibited in LPS-treated cells
using a pharmacologic JNK inhibitor. Loss of JNK activation
prevented the inhibition of expression of FA oxidation-associ-
ated genes. Thus, we conclude that LPS-driven reduction in FA
oxidation is mediated by JNK signaling.

In conclusion, we have found that activation of JNK sup-
presses FA oxidation in the heart. Inhibition of JNK signaling in
mice increases PPAR« expression and prevents LPS-mediated
reduction in cardiac energy production and mechanical dys-
function. Moreover, our studies suggest that localized inflam-
mation and impaired energy production are separate events in
this process. In addition, they suggest that inflammation is not
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FIGURE 6. Proposed model. A, schematic model that explains the role of the
JNK signaling pathway in the inhibition of fatty acid oxidation and relevant
gene expression that leads to cardiac dysfunction during sepsis. Binding of
the complex that consists of LPS and lipopolysaccharide binding protein (LBP)
onthe TLR4 and CD14 receptors activates the JNK signaling pathway. In addi-
tion, inflammatory pathways are activated via stimulation of the NF-«B sig-
naling pathway. The JNK signaling pathway leads to down-regulation of the
expression of fatty acid oxidation-associated genes and eventually causes
cardiac dysfunction. B, inhibition of JNK prevents sepsis-mediated down-reg-
ulation of cardiac fatty acid oxidation, thus it protects cardiac function in
sepsis despite increased levels of inflammatory cytokines.

the direct cause of reduced heart function and decreased FA
oxidation. Inhibition of the JNK pathway may be a therapeutic
approach to prevent reduced FA oxidation and rescue heart
function during sepsis. A schematic representation of a pro-
posed pathway that mediates the effects of sepsis-induced JNK
activation on cardiac FA oxidation and heart function is
depicted in Fig. 6. LPS induces the production of inflammatory
cytokines and also activates the JNK signaling pathway. Activa-
tion of JNK and its target protein c-Jun down-regulates the
expression of genes associated with FA oxidation. This de-
creases cardiac energy production and eventually compromises
heart function. These defects are prevented by JNK inhibition,
which protects cardiac function in sepsis despite elevated
inflammation. Thus, our data implicate JNK as a suitable target
for the treatment of cardiac dysfunction in sepsis and perhaps
in other settings associated with reduced FA oxidation.
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