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Sepsis is associated with global cardiac dysfunction and with high mortality rate. The development of septic cardiomyopathy is due
to complex interactions of damage-associated molecular patters, cytokines, and complement activation products. The aim of this
study was to define the effects of sepsis on cardiac structure, gap junction, and tight junction (TJ) proteins. Sepsis was induced
by cecal ligation and puncture in male C57BL/6 mice. After a period of 24 h, the expression of cardiac structure, gap junction,
and TJ proteins was determined. Murine HL-1 cells were stimulated with LPS, and mRNA expression of cardiac structure and
gap junction proteins, intracellular reactive oxygen species, and troponin I release was analyzed. Furthermore, pyrogenic
receptor subtype 7 (P2X7) expression and troponin I release of human cardiomyocytes (iPS) were determined after LPS
exposure. In vivo, protein expression of connexin43 and a-actinin was decreased after the onset of polymicrobial sepsis, whereas
in HL-1 cells, mRNA expression of connexin43, a-actinin, and desmin was increased in the presence of LPS. Expression of T]
proteins was not affected in vivo during sepsis. Although the presence of LPS and nigericin resulted in a significant troponin I
release from HL-1 cells. Sepsis affected cardiac structure and gap junction proteins in mice, potentially contributing to

compromised cardiac function.

1. Introduction

Severe sepsis is associated with a high lethality rate, cardiac
dysfunction, and heart failure in rodents as well as in humans
[1, 2]. In humans, myocardial depression during sepsis is
described as a global systolic and diastolic dysfunction,
including right ventricular (RV) and left ventricular (LV)
malfunction, and is characterized by increased morbidity
and mortality [3, 4]. During experimental sepsis, cardiac out-
put, LV stroke volume, and LV ejection fraction decreased in
mice, which reflect the cardiodepressive effects of sepsis [5].
This cardiac dysfunction is also called cardiomyopathy of
sepsis [6]. Of note, mice with LV dilatation showed improved
cardiovascular performance and increased survival in CLP
sepsis [7]. Patients suffering from septic cardiomyopathy
showed enhanced plasma levels of cardiac troponin (cTn),
correlating with an increased mortality rate [8, 9]. During

sepsis, various cardiodepressive biomarkers such as tumor
necrosis factor (TNF), interleukin- (IL-) 13, and complement
factor 5a (Cb5a) are released [10-13]. In addition, damage-
associated molecular patterns (DAMPs), such as extracellular
histones and the high mobility group box-1 protein
(HMGBL), were enhanced during sepsis [14, 15]. The com-
plement activation product C5a plays a dominant role in sep-
sis and is associated with the development of septic
cardiomyopathy [6]. C5a acts via two G-protein-coupled
C5a receptors (C5aR1 and C5aR2), triggering a massive
increase of reactive oxygen species (ROS) and intracellular
calcium [Ca?*i]. Enhanced ROS was associated with cardiac
remodelling, reduced LV function, and contractile dysfunc-
tion [16, 17]. Increased [Ca®'i] affected the homeostasis
and the electrophysiological functions of cardiomyocytes
(CMs) [5]. By altering and disturbing their action potentials,
C5a induced defects in CM contractility [5].
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In human hearts, sepsis induced a redistribution of the
gap junction protein connexin43 (Cx43) from the interca-
lated discs to the lateral membranes of the CMs [18]. Further,
reduced Cx43 expression was associated with structural dam-
age of the intercalated discs and with the loss of structural
integrity in CMs [19]. In rat hearts, the Cx43 mRNA expres-
sion decreased likewise dramatically and rapidly within 2h
after injection of lipopolysaccharide (LPS) [19]. Moreover,
Cx43 expression was also decreased in the presence of TNF,
suggesting that circulating, cardiodepressive cytokines are
able to modulate Cx43 expression during sepsis in rodents
as well as in septic patients [20]. However, little is known
about the effects of sepsis on the expression and distribution
of other cardiac gap and tight junction proteins and cardiac
structure. In previous experiments, our group showed that
severe trauma affected cardiac structure and the localization
of gap junction proteins [21, 22]. Furthermore, we demon-
strated that multiple trauma in pigs altered the expression
of cardiac structure proteins, such as a-actinin and desmin.
Furthermore, translocation of the gap junction proteins as
accessed by both, zonula occludens-1 (ZO-1) and Cx43
translocation to the cytosol, has been shown after multiple
trauma in pigs [22]. This translocation has been shown to
lead to a loss of mechanical and electrical coupling of the
CM:s, finally resulting in cardiac dysfunction [22]. Further,
Cx43 translocation was also observed in rats after blunt chest
trauma [21], again indicating disrupted cardiac electrical
coupling, resulting in arrhythmias [21, 23]. In this study we
investigated the effects of septic conditions on cardiac struc-
ture, gap junction, and tight junction proteins.

2. Materials and Methods
2.1. In Vivo Experiments

2.1.1. Animals and Anaesthesia. All procedures were per-
formed after obtaining approval from the University of
Ulm Committee on the Use and Care of Animals (approval
number 988). 8-12-week-old C57Bl6 male mice weighing
25-30 g had access to food and water ad libitum.

2.1.2. Experimental Sepsis. Littermate mice were randomly
assigned in sham and CLP groups, with # = 5 mice per group.
Mice were anaesthetized with 2.5% sevoflurane (Sevorane
Abbott, Germany) and 97.5% oxygen throughout the pro-
cedure and were given 0.03 mg/kg buprenorphine by sub-
cutaneous injection for analgesia. CLP was induced as
previously described [24]. An abdominal midline incision
was given after shaving the region. To induce midgrade sep-
sis, a ligation was applied halfway between the ileocecal valve
and the ending of the cecum. A 21 G needle was used to make
a through-and-through puncture of the cecum. A minimal
amount of bowel content was extruded and the cecum was
relocated. The abdominal incision was closed in layers using
4-0 sutures (Ethilon, Ethicon GmbH, Norderstedt, Ger-
many). Fluid resuscitation was performed by 1ml of 0.9%
saline (Jonosteril) applied subcutaneously in the nuchal
region. For the sham procedure, the same steps were followed
except ligating and puncturing the cecum. Every 6 hours, the
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mice were monitored and buprenorphine is injected subcu-
taneously. Animals were allowed free access to water and
food before and after experimental procedures. 24 hours
after surgery, the mice were sacrificed. Hearts were obtained
and paraffin embedded for further analysis.

2.2. In Vitro Experiments. For the in vitro experiments, the
murine cardiac muscle cell line (HL-1 cells) [25] (Sigma
Aldrich, St. Louis, MO, USA) and human cardiomyocytes
(iPS) (Cellular Dynamics, Madison, WI, USA) were used.
Murine HL-1 cells were cultured in an HL-1 expansion
medium at 37°C in an atmosphere of 5% CO,. Human cardi-
omyocytes (iPS) were cultured for 10 days in a maintenance
medium (Cellular Dynamics, Madison, WI, USA) at 37°C in
an atmosphere of 7% CO.,.

Next, HL-1 cells were treated with 20 pg/ml LPS and the
human cardiomyocytes with 10 ug/ml LPS for 6h at 37°C.
For the determination of troponin I elevation of cells in the
presence of LPS with either ATP or nigericin, the cells were
treated for 5h with LPS with the abovementioned concentra-
tions and for one further hour either with 1 mM ATP (Sigma
Aldrich, St. Louis, MO, USA) or with 10 uM nigericin (Sigma
Aldrich, St. Louis, MO, USA). The control groups were incu-
bated in cell culture media without any supplements.

2.3. RNA Isolation. RNA isolation from cell lysates was per-
formed by using the ISOLATE II RNA Mini Kit (Meridian
Bioscience, Cincinnati, OH, USA). The remaining DNA
was digested by DNasel (Meridian Bioscience, Cincinnati,
OH, USA).

2.4. Quantitative Reverse Transcribed Polymerase Chain
Reaction (RT-qPCR). The respective RNA samples were
reverse transcribed in cDNA using SuperScript™ IV VILO™
MasterMix (Invitrogen, Carlsbad, CA, USA). For quantita-
tive PCR, the PowerUp™ SYBR™ Green Master Mix
(Applied Biosystems, Waltham, MA, USA) was used. All
procedures were performed according to the manufacturers’
instructions. For qPCR, the QuantStudio 3 system (Applied
Biosystems, Waltham, MA, USA) was utilized. Quantitative
mRNA expression of mouse a-actinin (forward: 5 -AACC
TGGCCATGGAAATAGCA-3', reverse: 5'-ATCGGGTTT
GGGAGTGTTGA-3'), mouse connexin40 (forward: 5'-GA
GCAAATAACAGTGGGCAGT-3', reverse: 5'-CGAGCC
TTCTGCTTCCTTTCC-3"), mouse connexind3 (forward:
5'-GGCCACAGGTGAGACCATTA-3', reverse: 5'-CGGC
CATCGTTGTTCTTGTC-3'), mouse connexind5 (forward:
5'-TTGCCAAAATGGAGCATGGC-3', reverse: 5'-TTCC
GTTTCTTCCAGAGCCC-3"), mouse desmin (forward:
5'-CTCGGATATCACACCCAGCC-3', reverse: 5'-CACA
AAGGGGTGATCGGTGA-3"), mouse troponinl (forward:
5'-GATGCGGCTGGGGAACC-3', reverse: 5'-ACTTTT
TCTTGGCGTGTGGC-3'), and human pyrogenic receptor
(P2X7) (forward: 5'-CACACCAAGGTGAAGGGGAT-3',
reverse: 5’ -GGTGTAGTCTGCGGTGTCAA-3') was exam-
ined and calculated by the cycle threshold method AACt.
Respective genes were normalised using housekeeping
gene glutaraldehyde-phosphate dehydrogenase (GAPDH) for
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mouse (forward: 5'-CTTCAACAGCAACTCCCACTCTTC
C-3', reverse: 5'-GGTGGTCCAGGGTTTCTTACTCC-3')
and for human GAPDH (forward: 5'-TCTCTGCTCCTCCT
GTTCGAC-3', reverse: 5'-CCAATACGACCAAATCCGT
TGA-3"). Results are presented as mean fold change.

2.5. Reactive Oxygen Species (ROS). After LPS treatment, cells
were incubated for further 30 min with 5 yuM CellROX® Deep
Red Reagent (Life Technologies, Carlsbad, CA, USA) at 37°C
and 5% CO,. Afterwards, cells were fixed with 4% formalde-
hyde and the cell nuclei were stained with Hoechst. Cells
were evaluated by fluorescence microscopy using an Axio
Imager M.2 microscope and the Zeiss ZEN 2.3 software
(Zeiss, Jena, Germany). A relative amount of reactive oxygen
species was determined by Image] software [26] (National
Institutes of Health, Bethesda, MD, USA).

2.6. Troponin I ELISA. Supernatant fluids from HL-1 cells
from human cardiomyocytes (iPS) were collected after LPS
treatment, and troponin I was determined by using either
ultrasensitive murine cardiac Troponinl ELISA (Life Diag-
nostics, West Chester, PA, USA) or the Cardiac Troponin I
Human SimpleStep ELISA® Kit (Abcam, Cambridge, UK).
All procedures were performed according to the manufac-
turers’ instructions.

2.7. Immunofluorescence Staining of Cardiomyocytes (IF).
Cells were fixed with 4% formaldehyde for 15min at RT
and permeabilized with 0.3% Triton-X for 10min at RT.
Unspecific binding sites were blocked with 10% goat serum,
and specific antigen detection was performed by incubating
cells with the respective primary antibodies for ryanodine
receptor 1 (RyR1) (Abcam, Cambridge, UK), desmin (Gene-
Tex, Irvine, CA, USA), and troponin I (Abcam, Cambridge,
UK) for overnight at 4°C. Specific antibody binding was
detected by using either AlexaFluor647-labelled (Jackson
ImmunoResearch, West Grove, PA, USA) or rhodamine-
labelled (Jackson ImmunoResearch, West Grove, PA, USA)
secondary antibodies. Cell nuclei were stained with Hoechst.
Fluorescence was investigated by fluorescence microscopy
using an Axio Imager M.2 microscope and the Zeiss ZEN
2.3 software (Zeiss, Jena, Germany). Fluorescence intensities
were evaluated using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). Values are illustrated as mean
fluorescence intensity.

2.8. General Procedure for Immunofluorescence (IF),
Immunohistochemical (IHC), and PAS Staining of Paraffin-
Embedded Left Ventricles. Paraffin sections of the respective
left ventricles were deparaffinised and rehydrated. Antigen
unmasking was performed in 10mM citrate buffer (pH 6)
at 100°C. Tissues’ own peroxidase was blocked by incubating
sections in 3% H,O, solution for 15min at RT. Unspecific
binding sites were blocked with 10% goat serum.

2.9. Immunofluorescence Staining of Left Ventricles (IF). Spe-
cific antigen binding was performed by incubating sections
with the respective primary antibodies for a-actinin (Gene-
Tex, Irvine, CA, USA), desmin (GeneTex, Irvine, CA,

USA), troponin I (Abcam, Cambridge, UK), connexin43
(Cell Signalling Technology, Cambridge, UK), zonula
occludens-1 (Bioss, Woburn, MA, USA), claudin-18 (Ther-
moFisher, Waltham, MA, USA), and occludin (Bioss,
Woburn, MA, USA) overnight at 4°C. Specific antibody
binding was detected by using either AlexaFluor488-
labelled (Jackson ImmunoResearch, West Grove, PA, USA),
rhodamine-labelled (Jackson ImmunoResearch, West Grove,
PA, USA), or AlexaFluor647-labelled (Jackson ImmunoRe-
search, West Grove, PA, USA) secondary antibodies. Cell
nuclei were counterstained with Hoechst. Sections were ana-
lysed by fluorescence microscopy by using an Axio Imager
M.2 microscope and the Zeiss ZEN 2.3 software (Zeiss, Jena,
Germany). Fluorescence intensities as well as the amount of
apoptotic cells were evaluated using Image] software
(National Institutes of Health, Bethesda, MD, USA). Results
are presented as mean fluorescence intensity.

2.10. Immunohistochemistry (IHC) and PAS Staining. Spe-
cific antigen binding was determined by incubating sections
with the respective primary antibodies for Cx43 (Cell Signal-
ling Technology, Cambridge, UK), C3aR (Bioss, Woburn,
MA, USA), and IL-18 (Abcam, Cambridge, UK) overnight
at 4°C. A biotinylated IgG (Life Technologies, Carlsbad,
CA, USA) was used as secondary antibody. Signal amplifica-
tion was performed by using the VECTASTAIN® ABC Kit
(Vector Laboratories, Burlingame, CA, USA), and signal
was obtained by developing sections with the VECTOR®
NovaRED™ Peroxidase Substrate Kit (Vector Laboratories,
Burlingame, CA, USA). Cell nuclei were counterstained in
haematoxylin. Sections were investigated by bright-field
microscopy using an Axio Imager M.2 microscope and the
Zeiss ZEN 2.3 software (Zeiss, Jena, Germany). Results are
presented as mean pixel density. PAS staining was performed
using a PAS-staining kit (Merck Millipore, Darmstadt, Ger-
many). Signal density was measured using an Axio Imager
M.2 microscope and the Zeiss ZEN 2.3 software (Zeiss, Jena,
Germany). Results are presented as mean density.

2.11. Statistical Analysis. All values are expressed as mean
+ SEM. Data were analysed by one-way ANOVA, followed
by Dunnett’s or Tukey’s multiple comparison test. p < 0.05
was considered statistically significant. GraphPad Prism 7.0
software was used for statistical analysis (GraphPad Software,
Incorporated, San Diego, CA, USA).

3. Results

3.1. Expression of C3aR and IL-1f3 and Cardiac Glycogen
Storage during Sepsis In Vivo. In order to determine the
inflammatory condition during CLP sepsis in vivo, the
expression of the complement factor 3a receptor (C3aR) as
well as the expression of interleukin- (IL-) 1 was deter-
mined in the left ventricles by microscopy. In the left ventri-
cles, the expression of C3aR decreased significantly, whereas
the expression of IL-1 increased during sepsis compared to
sham-treated animals (Figures 1(a) and 1(b)). Furthermore,
the cardiac glycogen storage was determined by PAS
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F1GURE 1: Cardiac physiological, immunological, and damage-associated alterations in vivo in left ventricles of CLP mice: mean pixel density
of complement factor 3a receptor (C3aR) (a), interleukin-18 (IL-1f3) (b), and glycogen storage in left ventricles in pixel density (c). Mice
received sham treatment (white bars) or CLP treatment (black bars) for 24 h. Left ventricles were collected 24 h after treatment. n=5
animals per group; *p < 0.05. All values are expressed as mean + SEM.
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FIGURE 2: Cardiac structural alterations in vivo in left ventricles of CLP mice: fluorescence intensities of troponin I (a), a-actinin (b), and
desmin (c) and representative picture of a-actinin in left ventricles (d). Mice received either sham treatment (white bars) or CLP
treatment (black bars) for 24 h. Left ventricles were collected 24 h after treatment. n =5 animals per group; *p < 0.05. All values are

expressed as mean + SEM.

staining. Cardiac glycogen storage increased significantly in
CLP mice (Figure 1(c)).

3.2. Cardiac Structural Alterations during Sepsis In Vivo.
Since the animals showed enhanced inflammation, which
was probably mediated via NLRP3-inflammasome signalling
and via complement activation, the effects of CLP sepsis on
cardiac structure proteins were determined in left ventricles
by microscopy. In the left ventricles, troponin I expression
in CLP mice increased slightly but significantly compared
to that in sham-treated animals (Figure 2(a)), whereas the
a-actinin expression decreased in these mice during sepsis
(Figures 2(b) and 2(d)). No differences were seen in the des-
min expression during sepsis (Figure 2(c)). Moreover, CLP

mice showed severe internal bleeding in the left ventricles
(Supplemental Figure 1).

3.3. Cardiac Gap and Tight Junction Protein Expression
during Sepsis In Vivo. Since the expression of specific cardiac
structure proteins was altered during sepsis in vivo, the
expression of cardiac tight and gap junctions was investigated
by microscopy. In the left ventricles, the expression of Cx43
decreased during sepsis (Figure 3(a)). Moreover, the ratio of
co-located proteins zonula occludens-1 (ZO-1)/Cx43 chan-
ged (Figures 3(b) and 3(c)), and both proteins were cotran-
slocated from the intercalated discs into the cytosol of CMs.
The expression of claudin-18 and occludin did not change
during sepsis (data not shown) in left ventricular tissue.
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FIGURE 3: Alterations of cardiac gap junction proteins in vivo in left ventricles of CLP mice: expression of connexin43 in pixel density (a), ratio
of the colocalization of zonula occludens-1/connexin43 (b), and representative picture of colocalization of zonula occludens-1/connexin43
(c). Mice received either sham treatment (white bars) or CLP treatment (black bars) for 24 h. Left ventricles were collected 24 h after
treatment. n =5 animals per group; *p < 0.05. All values are expressed as mean + SEM.

3.4. Functional and Structural Alterations in HL-1 Cells in
Presence of LPS In Vitro. During CLP sepsis, the expression
of cardiac structure and gap junction proteins was altered,
which was probably mediated via inflammatory mediators.
Therefore, the effects of LPS on murine HL-1 cells were
investigated in vitro. The cellular troponin I expression and
the release of troponin I in supernatant fluids were investi-
gated in order to determine the damage of the cells. Further-
more, the troponin I release was investigated when the cells
were treated additionally with ATP or nigericin in order to
determine an P2X7-dependent troponin I release. The pro-
tein expression of troponin I increased significantly in HL-1
cells in the presence of LPS (Figure 4(a)). Troponin I concen-
tration increased significantly in supernatant fluids from HL-
1 cells in presence of LPS and nigericin compared to control
(Figure 4(b)) as well as in supernatant from human CMs, in
the presence of LPS and ATP (Figure 4(c)). Moreover,
mRNA expression of pyrogenic receptor (P2X7) decreased
in human CMs treated with LPS and ATP (Figure 4(d)).

Furthermore, the amount of cytosolic ROS was deter-
mined. The amount of cytosolic ROS increased significantly
in HL-1 cells in the presence of LPS compared to control
(Figure 4(e)). Since ROS is able to alter the channel open
probability of the ryanodine receptor 1 (RyR1), the expres-
sion of this receptor was determined by fluorescence micros-
copy. The protein expression of the RyR1 significantly
increased in HL-1 cells in presence of LPS, compared to con-
trol group (Figure 4(f)).

Since the expression of cardiac structure and gap junction
proteins was altered during CLP sepsis in vivo, the effects of
LPS on mRNA expression of specific structure and gap junc-
tion proteins were analyzed in vitro. The mRNA expression

of connexin40 (Figure 5(a)) and troponin I (Figure 5(f)) did
not change in presence of LPS, in contrast the mRNA expres-
sion of connexin43 (Figure 5(b)), a-actinin (Figure 5(d), and
desmin (Figure 5(e)) increased slightly but significantly. The
mRNA expression of connexind5 decreased in presence of
LPS (Figure 5(c)).

4. Discussion

In mice with CLP-induced sepsis, troponin I expression
increased significantly in the left ventricles. This upregula-
tion of the troponin I was probably due to compensation of
cardiac troponin, since cTn was excessively released during
sepsis in humans [27, 28] and during experimental sepsis in
rodents [29]. Release of troponin I has been associated with
an increased mortality risk in septic patients [8, 9, 30]. The
cTn release into circulation during sepsis might be due to
myocardial membrane leakage or to a release in a cytokine-
dependent manner [31]. In the present study, troponin I
expression in HL-1 cells significantly increased in the pres-
ence of LPS. Accordingly, in supernatants from HL-1 cells
as well as from human CMs, the troponin I concentration
increased in the presence of LPS. Interestingly, this troponin
I release was further increased in the presence of either
additional ATP or nigericin, indicating for a toll-like recep-
tor- (TLR-)/pyrogenic receptor- (P2X7-) mediated/NLRP3-
inflammasome-dependent release of troponin I from CMs.
The decreased P2X7 mRNA expression strengthened this
assumption. In earlier studies, we demonstrated increased
NLRP3 and IL-1 expression in cardiomyocytes during sep-
sis in mice [32] and substantial release of IL-1f from cardio-
myocytes in presence of LPS [32] and ATP or nigericin.
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Amount of cellular reactive oxygen species (ROS) (e). Fluorescence intensity of ryanodine receptor 1 (RyR1) (f). n =6 per group; *p < 0.05.

All values are expressed as mean + SEM.

NLRP3 inflammasome activation has been linked to comple-
ment activation [32]. In the present study, the expression of
the IL-1p increased in left ventricles during sepsis as well,
which was already demonstrated in hearts of septic rats and
mice 8 h after CLP [32, 33].

Excessive IL-1p release might be due to the complement-
dependent activation of the NLRP3 inflammasome. This
activation leads to enhanced release of cardiodepressive IL-
13, resulting in disturbance of myocardial function and car-
diac damage [32, 34].

In earlier studies, the C5aR was upregulated in hearts
during experimental sepsis [35]. Absence of either C5aR1
or C5aR2 was protective for heart function during sepsis [5,
36]. Furthermore, the activation of complement system dur-

ing sepsis resulted in the generation of C3a and inactivated
C3desArg [35, 37]. C3a has been linked to multiple organ
failure during sepsis [38]. The role of the C3a receptor in
the heart during sepsis is still unknown. In bronchial epithe-
lial and smooth muscle cells in mice, C3aR has been reported
to be increased during conditions of endotoxemia [39],
whereas plasma concentration of IL-1 was significantly ele-
vated in C3aR”" mice following LPS application, indicating
that C3aR act as an anti-inflammatory receptor by attenuat-
ing LPS-induced proinflammatory cytokine production [40].
On the other hand, C3aR”" mice were more susceptible to
shock after LPS administration [40]. In the present study,
in cardiac tissue, C3aR expression was significantly reduced
whereas IL-1f expression was increased. In isolated
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group; “p < 0.05. All values are expressed as mean + SEM.

peripheral blood mononuclear cells (PBMC), C3a acted as an
anti-inflammatory factor by suppressing LPS-induced secre-
tion of IL-1, TNF, and IL-6 [41, 42]. In this study, we dem-
onstrated for the first time that complement activation
during sepsis is associated with reduced C3aR expression
and simultaneous increase of IL-1f3 expression.

NLRP3”" mice had ameliorated cardiac dysfunction dur-
ing sepsis [32]. The use of a selective NOX2 inhibitor pre-
vented the release of cytosolic and mitochondrial ROS
levels and the release of IL-15. The tertiary structure of
NLRP3 containing a highly conserved disulphide bond con-
necting the pyrin domain, which is very sensitive to altered
redox states [43].

In our study, in presence of LPS, the amount of ROS
increased in HL-1 cells, which might be due to the activation

of NADPH oxidase Nox2 [5, 44]. Moreover, CLP- and
endotoxin-induced sepsis enhanced the mRNA expression
of NADPH oxidase Nox1 in vivo, also leading to increased
production of ROS [45]. Moreover, LPS induced ROS pro-
duction in isolated rat CMs in vitro, which seemed to be
mediated via the toll-like receptor 4/ NADPH oxidase Nox4
(TLR4-NOX4) pathway [46].

In previous studies, we further showed that CMs of rats
after CLP exhibited enhanced cytosolic ROS between 8h
and 48h during sepsis. Moreover, excessive ROS altered
and modified proteins involved in calcium handling and elec-
trical coupling of CMs, resulting in cardiac and contractile
dysfunction [16, 17]. The alterations of the calcium regula-
tory proteins sarcoplasmic/endoplasmic reticulum calcium
ATPase (SERCA2a) and sodium/calcium exchanger (NCX)



during CLP were demonstrated previously in mice and were
associated with impaired cardiac contractility and relaxation,
leading finally to severe heart failure [5, 47-49]. The left ven-
tricular expression as well as the activity of SERCA2a and
NCX were clearly decreased during both CLP- and
endotoxin-induced sepsis [50-52].

In the present study, the expression of the ryanodine
receptor (RyR) 1 was increased after exposure of HL-1 cells
to LPS in vitro. In a recently published work, TLR4 has been
shown to mediate septic cardiomyopathy by an increased
RyR leak [53]. Oxidative modification of RyR resulted in
conformational change and alteration of open probability
[54, 55]. Oxidative stress therefore has been demonstrated
to be a major protagonist of sarcoplasmic reticulum Ca**
leak in heart failure [56, 57].

TLR signaling has further been linked to changes in gly-
colytic metabolism in various cell types such as dendritic cells
[58] and plays a critical role in host defense and inflamma-
tion. Thereby, a metabolic switch was induced from oxidative
phosphorylation to aerobic glycolysis in different immune
cells such as macrophages and leucocytes, which is also
known as the Warburg effect [58-63]. So far, it was demon-
strated that enhanced serum lactate levels due to increased
glycolysis correlate positively with the outcome in septic
patients, leading to early hyperlactatemia during sepsis [64-
66]. Further, lactate was shown to activate innate immunity
and inflammatory response via TLR signaling and via inflam-
masomes [67]. In addition, enhanced cardiac glycolysis was
demonstrated in mice 6 h after CLP and was associated with
impaired cardiac function during sepsis [68]. In the present
study, cardiac glycogen deposits increased significantly 24 h
after CLP sepsis, which was shown previously in rodents with
sepsis as well as in pigs after multiple trauma [22, 69].
Increased deposits of glycogen, as well as increased glucose
uptake and increased glucose transporter 4 (GLUT4) expres-
sion, were also described previously in mice 48 h after CLP
and were associated with myocardial hibernation of the
CMs in the septic heart [69]. This specific metabolic condi-
tion of the CMs is characterized by the upregulation of
GLUT4, which prevents cardiac cell damage and LV dysfunc-
tion in the injured hypoxic myocardium by enhanced glucose
uptake [69-73].

Compromised calcium handling and metabolic alter-
ations in the heart during sepsis have been linked to TLR sig-
naling. In intestinal epithelial cells, TLR2 has been shown to
enhance barrier resistance by apical redistribution of ZO-1
[74]. TLR2 stimulation has been demonstrated to amplify
gap junctional intercellular communication (GJIC) in acute
intestinal epithelia cell (IEC) barrier injury by transcriptional
regulation and by posttranslational modification of Cx43
[75]. TLR2 stimulation upregulated Cx43 mRNA expression
in the intestinal epithelial and in parallel, Cx43-P, protein
isoform redistributed to the plasma membrane, suggesting
enhanced incorporation of hemichannels in gap junction
plaques [76]. However, TLR2 activation in alveolar epithelial
cells has been shown to disrupt GJIC by induction of c-Src-
mediated tyrosine phosphorylation of Cx43 [77]. This might
be protective for the host from bacterial dissemination
through gap junctions [78]. In the heart, Cx43 expression

Mediators of Inflammation

was significantly decreased during sepsis, which is in accor-
dance to earlier findings in humans post mortem [18]. The
reduction of the Cx43 protein might be induced by enhanced
circulating TNF concentrations, which arise during sepsis,
reducing the electrical and chemical coupling of cardiomyo-
cytes [19, 79]. Thereby, the conductance of Cx43 may be
reduced by phosphorylation by the Ca**-dependent protein
kinase C (PKC) [80]. Moreover, in the present study, Cx43
was translocated from intercalated discs into the cytosol of
the CMs (data not shown), which is in accordance to earlier
studies in different trauma models, as well as in septic rodents
and humans [18-22]. The translocation of the Cx43 was also
demonstrated previously in ischemic as well as in nonis-
chemic cardiac injury [81-83]. Gap junction endocytosis of
Cx43 was associated with disruption of electrical coupling
of CMs, resulting finally in arrhythmia and cardiac dysfunc-
tion [23, 84, 85]. Further, the two gap junction proteins ZO-
1/Cx43 were colocalized into the cytosol during sepsis, which
is in accordance with earlier studies in multiple injured pigs
where this phenomenon was associated with impaired car-
diac function after trauma [22].

In contrast to findings in the gut [86] or in the lungs [87],
the expression of the tight junction proteins was not affected
during sepsis in the heart (data not shown). In other inflam-
matory conditions and locations such as chronic inflamma-
tory pain, tight junction proteins of the blood brain barrier
responded to inflammation by up- and downregulation of
their protein expression [88]. In cultured alveolar epithelial
cells isolated from rats, claudin-18 and occludin were signif-
icantly reduced during sepsis, whereas ZO-1 was not signifi-
cantly affected [89]. After administration of LPS in mice, ZO-
1 expression in kidneys was increased after 6 h and reduced
after 24 h, whereas ZO-1 mRNA expression varied but in
opposite direction [90]. Therefore, the unchanged expression
of tight junction proteins claudin-18 and occludin in the
present study was probably due to the time point and has
to be evaluated in more detail in future studies.

Further, cardiac structural proteins located in the Z-lines
were investigated. a- Actinin, which is colocalized with L-type
calcium channels and stabilizes the muscle contractile appa-
ratus of cardiomyocytes, was reduced in left ventricles during
sepsis. In vascular smooth muscle cells, a-actinin have been
downregulated after LPS application in mice [91], which is
in accordance to our findings. Loss of proteins associated
with the sarcomeric skeleton such as a-actinin may contrib-
ute to cardiac dysfunction during sepsis. Moreover, mice
showed cardiac injury and severe internal bleeding in left
ventricles, which was associated with septic cardiomyopathy.

5. Conclusion

Taken together, our results suggest that TLR signaling is
involved in cardiac redox signaling as well as calcium han-
dling and energy metabolism during sepsis. Alterations in
gap junction and Z-disc proteins during sepsis linked to
TLRs. Therefore, therapeutic intervention addressing TLRs
might be a promising approach to ameliorate cardiac dys-
function during sepsis.
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