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Abstract
Background—Although Toll-like receptor 4 (TLR4) has been implicated in the myocardial
injury caused by regional ischemia/reperfusion, its role in the myocardial inflammatory response
and in contractile dysfunction after global ischemia/reperfusion is unclear. Cytokines, particularly
tumor necrosis factor-α (TNF-α), contribute to the mechanism of myocardial dysfunction after
global ischemia/reperfusion. We hypothesized that a TLR4-mediated cytokine cascade modulates
myocardial contractile function after global ischemia/reperfusion. This study examined whether
TLR4 regulates TNF-α and interleukin (IL)-1β peptide production during global ischemia/
reperfusion and whether TLR4 signaling influences postischemic cardiac function through TNF-α
and IL-1β.

Methods—Isolated hearts from wild-type mice, two strains of TLR4 mutants, TNF-α knockouts,
and IL-1β knockouts underwent global ischemia/reperfusion. Cardiac contractile function was
analyzed, and myocardial nuclear factor-κB activity and TNF-α and IL-1β levels were measured.

Results—In wild-type hearts, global ischemia/reperfusion induced nuclear factor-κB activation
and the production of TNF-α and IL-1β peptides. In TLR4-mutant hearts, these changes were
significantly reduced and postischemic functional recovery was improved. Application of TNF-α
and IL-1β to TLR4-mutant hearts abrogated this improvement in postischemic functional
recovery. Postischemic functional recovery also improved in TNF-α knockout and IL-1β knockout
hearts, as well as in wild-type hearts treated with TNF-binding protein or IL-1 receptor antagonist.

Conclusions—This study demonstrates that TLR4 signaling contributes to cardiac dysfunction
after global ischemia/reperfusion. TLR4 signaling mediates the production of TNF-α and IL-1β
peptides, and these two cytokines link TLR4 signaling to postischemic cardiac dysfunction.

Global myocardial ischemia/reperfusion, which is often obligatory during cardiac surgery,
induces an inflammatory response in the heart characterized by cytokine production [1].
Previous studies showed that proinflammatory cytokines, particularly tumor necrosis factor-
α (TNF-α) and interleukin-1β (IL-1β), depress myocardial contractility [2] and contribute to
cardiac dysfunction [3]. Thus, preservation of cardiac function after global ischemia/
reperfusion requires regulation of the myocardial inflammatory response.

Toll-like receptor 4 (TLR4) signaling has been implicated in the cardiac dysfunction
induced by hemorrhagic shock [4] and has also been linked to the production of
proinflammatory mediators after ischemia/reperfusion in the liver and brain [5,6]. In
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addition, TLR4 signaling is involved in the myocardial expression of cytokine (IL-1β and
IL-6) messenger RNA (mRNA) [7,8] and influences the size of myocardial infarcts after
regional ischemia/reperfusion [7–10]. Together, these studies suggest that TLR4 might also
play a role in cardiac dysfunction after global ischemia/reperfusion, which induces an
inflammatory response without severe tissue injury [11,12].

Increased levels of TNF-α have been found in human myocardial tissue after surgery with
cardiopulmonary bypass [1,13], and animal models of global ischemia/reperfusion have
implicated TNF-α in the myocardial inflammatory response [14–17]. Neutralization of TNF-
α improved cardiac functional recovery in several studies [11,12], but gene target knockout
of both the p55 and the p75 TNF-α receptors resulted in myocardial apoptosis and an
enlargement of infarct size after regional ischemia/reperfusion [18]. Thus, the role of TNF-α
in cardiac function after ischemia/reperfusion remains to be determined. Pomerantz and
colleagues [19] have shown that human myocardial tissue expresses elevated levels of IL-1β
after ischemia/reperfusion, and we reported earlier that TNF-α and IL-1β can both depress
myocardial contractility in vitro [2]. Although two studies found that TLR4 plays a role in
the myocardial expression of IL-1β and IL-6 mRNA after regional ischemia/reperfusion
[7,8], the effect of TLR4 signaling on the production of TNF-α and IL-1β peptides remains
to be determined. Nor is it clear whether TNF-α and IL-1β mediate the effect of TLR4 on
postischemic cardiac dysfunction.

We hypothesized that TLR4 signaling modulates post-ischemic cardiac function by
regulating the production of TNF-α and IL-1β. This study examined (1) the effect of TLR4
mutation (defect or deletion) on cardiac function after global ischemia/reperfusion, (2) the
influence of TLR4 signaling on the production of TNF-α and IL-1β peptides during global
ischemia/reperfusion, and (3) the role of TNF-α and IL-1β in mediating the effect of TLR4
on cardiac function.

Material and Methods
Animals

Male mice, TLR4-defective (C3H/HeJ), TLR4-deleted (C57BL/10ScNJ), TNF-α knockout,
and wild-type controls (C57BL/10ScSn for TLR4-deleted and B6 for TNF-α knockout) were
purchased from Jackson Laboratory (Bar Harbor, ME). Male C3H/HeN mice (wild-type
controls for TLR4-defective) were purchased from Charles River Company (Wilmington,
MA). Breeding pairs of IL-1β knockout and wild-type controls (B6.129) were generous gifts
from Dr Fantuzzi [20]. We confirmed previously that TNF-α knockout mice lack a
myocardial TNF-α response to endotoxin [21]. In preliminary experiments, we also
confirmed that IL-1β knockout mice lack a myocardial IL-1β response to endotoxin.

The mice (weight, 22 to 26 g) were acclimated in a 12-hour light/12-hour dark room and
maintained on a standard pellet diet. They received humane care in compliance with the
Guide for the Care and Use of Laboratory Animals (National Research Council, revised
1996). All experiments were approved by the Animal Care and Research Committee of the
University of Colorado Denver.

Isolated Heart Perfusion
Isolated hearts were perfused by the Langendorff technique as described previously [4].
Mice were anesthetized with intraperitoneal sodium pentobarbital (50 mg/kg) and
heparinized with intraperitoneal sodium heparin (300 U). Their hearts were rapidly excised
into oxygenated ice-cold Krebs-Henseleit solution (pH 7.4) and were retrograde-perfused in
non-recirculating mode at a constant pressure of 70 mm Hg. All hearts were perfused within
2 minutes after excision.
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An ultrathin latex balloon was inserted into the left ventricle. Approximately 60 μL of water
was injected into the balloon to achieve a left ventricular end-diastolic pressure (LVEDP) of
8 to 20 mm Hg at the beginning of equilibration, and the balloon volume was not altered
thereafter. Mean LVEDP was approximately 10 mm Hg at the onset of ischemia. Hearts
were paced at 450 beats/min.

After 20 minutes of equilibration, hearts underwent 20 minutes of normothermic global
ischemia followed by 60 minutes of reperfusion. During ischemia, hearts were placed in a
normal saline-filled organ bath chamber without pacing, and chamber temperature was
maintained at 37°C. Left ventricular developed pressure (LVDP), dP/dt, and LVEDP were
continuously recorded with a computerized pressure amplifier/digitizer.

To determine the role of TLR4 signaling in postischemic cardiac dysfunction and the
myocardial inflammatory response, four groups of hearts (8 TLR4-defective and 8 wild-type
controls, 6 TLR4-deleted and 6 wild-type controls) underwent ischemia/reperfusion. LVDP,
+dP/dt max, and LVEDP were recorded before and during ischemia/reperfusion. Ventricular
tissue specimens were prepared for analysis of nuclear factor (NF)-κB DNA-binding activity
and cytokine peptide levels. An additional 6 TLR4-defective hearts and 6 wild-type controls
underwent 20 minutes of ischemia, 20 minutes of ischemia with 60 minutes of reperfusion,
or perfusion only. Ventricular tissue specimens were prepared for analysis of NF-κB p65
phosphorylation.

To determine the role of cytokines in mediating the effect of TLR4 signaling on
postischemic cardiac function, three groups of 6 hearts each (TNF-α knockout, IL-1β
knockout, and wild-type controls) underwent ischemia/reperfusion. In addition, two groups
of 6 hearts each from wild-type mice were treated with TNF-α binding protein (TNF-BP, 1.0
μg/mL) or IL-1 receptor antagonist (IL-1RA, 1.0 μg/mL) during reperfusion. We previously
found that TNF-BP at this concentration abolishes endotoxemic cardiac dysfunction in rats
[22]. Finally, 6 TLR4-defective hearts were treated with murine TNF-α and IL-1β (0.1 ng/
mL each) during reperfusion.

Immunoblotting
Myocardial tissue was homogenized in phosphate-buffered saline containing 0.5% Triton
X-100 and a protease inhibitor cocktail. Size fraction of crude protein (20 μg) was
performed by electrophoresis as previously described [23]. After transfer, the membrane was
incubated in phosphate-buffered saline containing 5% nonfat dry milk to block nonspecific
binding. The membrane was then incubated for 60 minutes with an antibody against
phosphorylated NF-κB p65, total NF-κB p65, or TLR4 (purchased from AbD Serotec,
Oxford, United Kingdom) at 1:1000 to 1:2000 dilution with phosphate-buffered saline
containing 0.05% Tween 20 and 5% dry milk.

After thorough washes, the membrane was treated with peroxidase-labeled secondary
antibody (1:5000 dilution with phosphate-buffered saline containing 0.05% Tween 20 and
5% dry milk) for 45 minutes. Protein bands were developed using enhanced
chemiluminescence technique. Densitometry was performed using a computerized
densitometer (Molecular Dynamics, Sunnyvale, CA).

Nuclear Factor-κB Activity Assay
A transcription factor assay kit (Active Motif, Carlsbad, CA) was used to measure NF-κB
p65 DNA-binding activity in myocardial homogenate. This assay is based on the specific
binding of the active form of NF-κB to a consensus oligonucleotide attached to the plate and
is reported to be 10-fold more sensitive than electrophoretic mobility shift assays [24].
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Cytokine Measurements
Cytokine levels in myocardial homogenate were analyzed using enzyme-linked
immunosorbent kits (R & D Systems, Minneapolis, MN) as previously reported [21]. The
detection limits are 5.1 pg/mL for TNF-α and 3.0 pg/mL for IL-1β.

Statistics
Data are expressed as means ± standard error of the mean. Statistical analysis was performed
using Stat-View software (Abacus Concepts, Calabasas, CA). The statistical significance of
differences between groups was determined by analysis of variance with a post hoc
Bonferroni/Dunn test and was accepted within a 95% confidence limit.

Results
Effect of TLR4 Mutation

ON POSTISCHEMIC CARDIAC FUNCTION—During equilibration, we found no
difference in mean LVDP among TLR4-defective and TLR4-deleted hearts and their
respective controls. LVDP declined to zero in all groups during ischemia, but TLR4-mutant
hearts regained contractile function more quickly during reperfusion. At 40, 50 and 60
minutes of reperfusion, LVDP and +dP/dt max were significantly higher (p < 0.05) in
TLR4-defective and TLR4-deleted hearts than in wild-type controls (Fig 1A and B). LVEDP
recovery was significantly improved during reperfusion in TLR4 mutants (Fig 1C).

ON NUCLEAR FACTOR-κB ACTIVATION—In wild-type hearts, levels of
phosphorylated NF-κB p65 increased with ischemia or ischemia/reperfusion (Fig 2A). In
TLR4-defective hearts, although levels of total NF-κB p65 were comparable, levels of
phosphorylated NF-κB p65 were unchanged during ischemia or ischemia/reperfusion (Fig
2A and B). NF-κB DNA-binding activity was four times greater after ischemia/reperfusion
in wild-type hearts but was significantly attenuated in TLR4-defective or TLR4-deleted
hearts (p < 0.05, Table 1).

ON POSTISCHEMIC MYOCARDIAL CYTOKINE LEVELS—In wild-type hearts,
TNF-α levels after ischemia/reperfusionwere six to eight times greater than perfusion
controls (p < 0.05) and IL-1β levels were six to fifteen times greater than perfusion controls
(p < 0.01). In TLR4-mutant hearts, neither TNF-α nor IL-1β was significantly elevated
above perfusion control levels after ischemia/reperfusion (Table 1).

Role of TNF-α and IL-1β in Postischemic Cardiac Dysfunction
First, we examined postischemic cardiac function in TNF-α and IL-1β knockouts.
Immunoblotting demonstrated that myocardial TLR4 levels in TNF-α and IL-1β knockouts
are comparable with wild-type hearts (Fig 3A). LVDP and +dP/dt max were not
significantly different in knockouts and wild-type controls before ischemia. Throughout
reperfusion, LVDP and +dP/dt max were greater in TNF-α and IL-1β knockouts than in
wild-type controls, and significantly greater (p < 0.05) in the late phase of reperfusion (Fig
3B and C). In addition, LVDP and +dP/dt max were significantly greater (p < 0.05) in TNF-
α knockouts than in IL-1β knockouts after 50 and 60 minutes of reperfusion (Fig 3B and C).
Similarly, LVEDP recovery was significantly greater in TNF-α knockouts than in IL-1β
knockouts (data not shown).

To confirm these results, we applied TNF-BP and IL-1RA to wild-type hearts during
reperfusion and calculated the percentage recovery of LVDP (LVDP after 60 minutes
reperfusion/baseline LVDP × 100%). Treatment with TNF-BP or IL-1RA improved the
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percentage recovery of LVDP to levels comparable with those in knockout hearts (Fig 3D).
The percentage recovery of LVDP was greater in TNF-BP–treated hearts than in IL-1RA–
treated hearts, but this difference was not statistically significant.

Effect of TNF-α and IL-1β on Postischemic Cardiac Function in TLR4-Defective Hearts
To evaluate the role of TNF-α and IL-1β in the modulation of postischemic cardiac function
by TLR4, we applied TNF-α and IL-1β to TLR4-defective hearts during reperfusion. The
addition of these two cytokines to TLR4-defective hearts reduced LVDP and +dP/dt max to
levels similar to those in wild-type hearts, abrogating the beneficial effects of defective
TLR4 on postischemic cardiac functional recovery (Fig 4A and B).

Comment
It is well known that global ischemia/reperfusion causes cardiac dysfunction in patients
undergoing cardiac operations [25,26]; however, the underlying mechanism is not fully
understood. In the present study, we evaluated the role of TLR4 in cardiac dysfunction after
global ischemia/reperfusion in isolated mouse hearts. Our results show that cardiac
functional parameters, including LVDP, +dP/dt max, and LVEDP, recovered faster and to a
greater extent after global ischemia/reperfusion in TLR4-defective and TLR4-deleted hearts.
Previous studies on models of regional myocardial ischemia/reperfusion showed that TLR4
mutation or inhibition reduces infarct size [7–10]. Our study demonstrates that TLR4 also
plays a critical role in cardiac dysfunction after global myocardial ischemia/reperfusion.

Studies have reported that TLR4 mutation or inhibition reduces myocardial cytokine (IL-1β
and IL-6) mRNA levels after regional ischemia/reperfusion [7,8]. We evaluated the
influence of TLR4 mutation on myocardial NF-κB activity and levels of TNF-α and IL-1β
peptides after global ischemia/reperfusion. We observed that NF-κB p65 phosphorylation
was absent in TLR4-mutant hearts and NF-κB DNA-binding activity was markedly reduced.
These changes correlated with the abolishment of TNF-α and IL-1β peptide production.
Therefore, TLR4 has a critical role in regulating myocardial NF-κB activity and cytokine
peptide levels.

Previous studies showed that TNF-α depresses cardiac function in vitro [2] and in vivo [27].
In the present study, we found that TLR4 mutation improves postischemic cardiac function
and reduces TNF-α and IL-1β peptide production. It is likely that regulating the production
of TNF-α and IL-1β is one mechanism by which TLR4 signaling influences postischemic
cardiac function. We also found that cardiac functional recovery after global ischemia/
reperfusion was significantly improved in TNF-α and IL-1β knockouts, to a level
comparable or close to TLR4-mutant hearts. Because TLR4 levels in TNF-α and IL-1β
knockouts are similar to wild-type controls, these effects on postischemic cardiac recovery
are likely the result of cytokine deficiency.

The parallel experiments, in which we treated wild-type hearts with TNF-α binding peptide
(TNF-BP) or IL-1 receptor antagonist (IL-1RA), corroborated these results. These findings
are consistent with the idea that TNF-α and IL-1β contribute to the multifactorial mechanism
of postischemic cardiac dysfunction. To further evaluate the role of TNF-α and IL-1β in the
modulation of postischemic cardiac function by TLR4 signaling, we added these two
cytokines to TLR4-defective hearts during reperfusion. The addition of these two cytokines
abrogated the improvement in post-ischemic cardiac functional recovery in TLR4-defective
hearts. These results provide new evidence that TNF-α and IL-1β link TLR4 signaling to
postischemic cardiac dysfunction.
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Note that knocking out the gene for TNF-α provides superb myocardial functional
protection. Although the percentage recovery of LVDP was 62.0% in the IL-1β knockout
compared with 44.4% in the control, the percentage recovery of LVDP in the TNF-α
knockout was 71.9%, comparable with that in TLR4-mutant hearts. TNF-α is known to
induce other cytokines, including IL-18, and it has been shown that endotoxin-induced
myocardial IL-18 production is reduced in TNF-α knockouts [28] and that IL-18 is involved
in myocardial injury after ischemia/reperfusion [19]. Therefore the improved cardiac
functional recovery observed in TNF-α knockouts is likely due to suppression of multiple
cardiodepressant factors.

The mechanism by which ischemia/reperfusion activates the TLR4 pathway remains
unknown. In patients undergoing cardiac operations, endotoxin is released into the
circulation during the perioperative period [29]; thus, endotoxin likely contributes to the
systemic and myocardial inflammatory response in these patients. Several endogenous
agents, including fibronectin [30], high mobility group box 1 protein [31], heat shock
protein (HSP) 60 [32], and HSP70 [33] have also been found to activate the TLR4 signaling
pathway in vitro. Because HSP70 is released into the circulation during cardiac surgery [34],
HSP70 or other endogenous agents released from injured cells during ischemia/reperfusion
might activate myocardial TLR4 and mediate the inflammatory response.

In this study we used the isolated heart model to determine the influence of TLR4 signaling
on cardiac function. Although the isolated heart model has limitations because it is an
artificial experimental protocol that cannot evaluate long-term cardiac dysfunction, one
strength of this model is that it eliminates the contribution of bacterial translocation and
proinflammatory factors from blood cells and other tissues. It thus permits us to assess the
effect of TLR4 signaling on myocardial contractility in the absence of confounding factors.
Because no endotoxin was detected in the perfusion buffer by Limulus assay (data not
shown), it is likely that the agents that activated TLR4 in our model are myocardial
endogenous factors. Further studies are warranted to identify those factors.

In summary, this study demonstrates (1) that hearts with mutant TLR4 (defect or deletion)
have improved functional recovery after global ischemia/reperfusion, (2) that TLR4
signaling regulates myocardial production of TNF-α and IL-1β peptides during global
ischemia/reperfusion, and (3) that TNF-α and IL-1β mediate the effect of TLR4 signaling on
cardiac function after global ischemia/reperfusion. These findings indicate that TLR4
signaling is involved in the myocardial inflammatory response after global ischemia/
reperfusion and that TLR4 signaling contributes to cardiac dysfunction after global
ischemia/reperfusion through its influence on myocardial production of TNF-α and IL-1β
peptides.
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Fig 1.
Effect of Toll-like receptor 4 (TLR4) mutation on postischemic cardiac function. Hearts
from 8 TLR4-defective (TLR4-def, black squares) and 6 TLR4-deleted (TLR4-del, black
circles) mice and their respective wild-type (WT) controls (WT-def, n = 8, white squares;
WT-del, n = 6, white circles) underwent 20 minutes of global ischemia followed by 60
minutes of reperfusion. TLR4-mutant hearts displayed improved recovery of (A) left
ventricular developed pressure (LVDP), (B) +dP/dt max, and (C) left ventricular end-
diastolic pressure (LVEDP) compared with wild-type controls. Data are expressed as mean
± SEM; *p < 0.05 vs WT-def; #p < 0.05 vs WT-del.
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Fig 2.
Effect of Toll-like receptor 4 (TLR4) mutation on nuclear factor (NF)-κB phosphorylation.
(A) A representative gel shows results after hearts of wild-type (WT) and TLR4-defective
(TLR4-def) mice underwent either 40 minutes of perfusion (C–control), 20 minutes of
ischemia (I), or 20 minutes of ischemia followed by 60 minutes of reperfusion (I/R). (B)
Densitometry data of two separate experiments show that levels of phosphorylated NF-κB
p65 increased after ischemia and ischemia/reperfusion in WT hearts (black bars), but not in
TLR4-defective hearts (white bars).
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Fig 3.
Role of tumor necrosis factor (TNF)-α and interleukin (IL)-1β in postischemic cardiac
dysfunction. (A) Immunoblotting demonstrates that TNF-α knockout (TNF KO), IL-1β
knockout (IL-1 KO) and wild-type (WT) hearts have comparable Toll-like receptor 4
(TLR4) levels. (B, C) Hearts isolated from TNF KO (black circles), IL-1 KO (black squares)
and WT (white circles, a combined group of TNF-α WT and IL-1β WT) underwent 20
minutes of global ischemia followed by 60 minutes reperfusion. TNF KO and IL-1 KO
hearts had higher left ventricular developed pressure (LVDP) and +dP/dt max after I/R than
hearts from wild-type controls. Data are expressed as mean ± SEM. n = 6 in each group; *p
< 0.05 vs WT; #p < 0.05 vs IL-1 KO. (D) Wild-type hearts underwent 20 minutes of global
ischemia followed by 60 minutes reperfusion, and were treated with TNF-binding protein
(TNF-BP, 1.0 μg/mL) or IL-1 receptor antagonist (IL-1 RA, 1.0 μg/mL) during reperfusion.
The percentage recovery of LVDP in hearts treated with TNF-BP and IL-1 RA was greater
than in untreated hearts and was similar to knockouts. Data are expressed as mean ±
standard error of the mean; n = 6 in each group; *p < 0.05 vs WT.
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Fig 4.
Effect of tumor necrosis factor (TNF)-α and interleukin (IL)-1β on postischemic cardiac
functional recovery in Toll-like receptor 4 (TLR4)-defective hearts. TLR4-defective (TLR4-
def) hearts underwent 20 minutes of global ischemia followed by 60 minutes of reperfusion,
and were treated with TNF-α and IL-1β (0.1 ng/mL each) during reperfusion. Postischemic
(A) left ventricular developed pressure (LVDP) and (B) +dP/dt max were similar in TLR4-
defective hearts treated with TNF-α and IL-1β (TLR4-def + Cytok, black circles) and wild-
type (WT, white squares) hearts, and significantly lower than in untreated TLR4-defective
hearts (white circles). Data are expressed as mean ± SEM; n = 6 in each group; *p < 0.05 vs
WT; #p < 0.05 vs TLR4-def.
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