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Sepsis-induced myocardial dysfunction considerably increases mortality risk in patients with sepsis. Previous studies from our
group have shown that sepsis alters the expression of structural proteins in cardiac cells, resulting in cardiomyocyte
degeneration and impaired communication between cardiac cells. Caveolin-3 (CAV3) is a structural protein present in caveolae,
located in the membrane of cardiac muscle cells, which regulates physiological processes such as calcium homeostasis. In sepsis,
there is a disruption of calcium homeostasis, which increases the concentration of intracellular calcium, which can lead to the
activation of potent cellular enzymes/proteases which cause severe cellular injury and death. The purpose of the present study
was to test the hypotheses that sepsis induces CAV3 overexpression in the heart, and the regulation of L-type calcium channels
directly relates to the regulation of CAV3 expression. Severe sepsis increases the expression of CAV3 in the heart, as
immunostaining in our study showed CAV3 presence in the cardiomyocyte membrane and cytoplasm, in comparison with our
control groups (without sepsis) that showed CAV3 presence predominantly in the plasma membrane. The administration of
verapamil, an L-type calcium channel inhibitor, resulted in a decrease in mortality rates of septic mice. This effect was
accompanied by a reduction in the expression of CAV3 and attenuation of cardiac lesions in septic mice treated with verapamil.
Our results indicate that CAV3 has a vital role in cardiac dysfunction development in sepsis and that the regulation of L-type
calcium channels may be related to its expression.

1. Introduction

Sepsis is a potentially fatal organ dysfunction, characterized
by an unregulated response of a host to an infection [1].
Despite significant advances in diagnosis and therapeutic
approaches in recent years, sepsis remains the major cause
of death in intensive care units (ICUs). A robust study from
Rudd et al. showed that there are about 48.9 million cases
of sepsis each year, causing 11 million deaths worldwide
[2]. A study estimated that about 200,000 deaths are caused

by sepsis in Brazilian ICUs each year [3]. Sepsis patients are
often affected by sepsis-induced myocardial dysfunction
(SIMD), which is associated with worse prognoses and
higher mortality rates when compared to patients with sepsis
without SIMD [4-9]. These patients may present global
biventricular dysfunction (systolic or diastolic) with reduced
contractility, left ventricular dilation, and decreased response
to resuscitation with fluids and catecholamines [9].
Previous results from our research group demonstrated
that structural changes in cardiac cells elucidate the
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physiopathology of SIMD [10]. During experimental sepsis,
loss and reduction of structural protein expressions were
implicated with compromised functioning of cardiac cells
[10]. The reduction of connexin-43 and N-cadherin resulted
in the loss of structural integrity of intercalated discs, hinder-
ing communication between myocardial cells [11]. Subse-
quently, cardiomyocyte degeneration and lysis of actin and
myosin filaments, all caused by sepsis, were associated with
reduced expression of dystrophin [12].

Dystrophin proteins act as critical components of the
dystrophin-glycoprotein complex (DGC), establishing con-
nections between the intracellular cardiac contractile
machinery and the extracellular matrix. Furthermore, DGC
performs three essential basic functions: stabilization of the
membrane during contraction cycles, transduction of con-
tractile force, and the organization of membrane specializa-
tions [13]. In addition to dystrophin, evidence indicates
that CAV3 is localized to the sarcolemma, where it associates
with the DGC [14, 15]. CAV3 is part of the caveolin group
(caveolins-1, 2, and 3); caveolins-1 (CAV1) and 2 are
expressed in most cell types, including adipocytes, smooth
muscle cells, endothelial cells, epithelial cells, and fibroblasts
whereas caveolin-3 is expressed in striated and cardiac mus-
cle tissue [16]. These groups are concentrated in regions rich
in cholesterol and sphingolipids called lipids rafts, forming
the caveolae [16, 17]. The caveolae are vesicular invagina-
tions of the plasma membrane, responsible for regulating
endocytosis, exocytosis, signal transduction, mechanoprotec-
tion, cholesterol, and calcium homeostasis [16, 18, 19].

Caveolae are associated with several ion channels in car-
diomyocytes, such as long-lived and voltage-dependent L-
type Ca®* channels (LTCCs) [19, 20]. CAV3 is colocated with
the al isoform of LTCCs in cardiomyocytes in the Cavp
region [19, 21, 22]. Caveolae can modulate the process of
excitation-contraction of cardiac cells, regulating the calcium
transient and response to f3-adrenergic stimulation. In addi-
tion, the loss of caveolae decreases the amplitude of the tran-
sient [Ca®"],, reducing the contraction [19, 23, 24].

The loss of calcium homeostasis is harmful to the cell.
The intracellular increase of this ion activates proteases,
nucleases, and ATPases that lead to cell death. In vitro studies
have shown a significant increase in the concentration of free
intracellular calcium [Ca*']; in cardiomyocytes exposed to
the serum of septic mice [25]. The role of CAV3 in septic car-
diomyocytes and its relationship to calcium are still unclear.
Thus, the present study is aimed at evaluating the expression
of caveolin-3 in the heart of septic mice associated with
verapamil treatment, an L-type calcium channel antagonist.

2. Materials and Methods

2.1. Experimental Animals. Male C57BL/6 mice, weighing
22-24 g, were maintained at ambient room temperature
(22 £2°C) under a 12/12-hour light-dark cycle. They were
housed at the Animal Facility of the Department of Pathol-
ogy of the Faculty of Medicine of Ribeirdo Preto and given
standard mouse feed and water ad libitum. The animal pro-
tocol was approved by the Committee on Animal Research
of the Faculty of Medicine of Ribeirdo Preto, University of
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Sao Paulo, Brazil (Protocol no. 083/2012). All efforts were
made to minimize animal suffering.

2.2. Polymicrobial Sepsis (Cecal Ligation and Puncture (CLP)
Model). A modified CLP model was used to induce polymi-
crobial sepsis [25]. The mice were quickly anesthetized with
2.0% isoflurane, vaporized in medical oxygen (O,), via a face
mask. The abdomen was shaved, and a midline incision was
performed. The cecum was isolated and ligated with 6-0 silk
thread below the ileocecal valve without causing bowel
obstruction. The cecum was then punctured with an 18-
gauge needle to induce severe septic injury (SSI). Bowel con-
tent was gently extruded through the puncture, and the
cecum was then replaced to its original position. The abdo-
men was then sutured. Sham-operated animals (controls)
underwent the same procedures, except for cecal ligation
and puncturing. To prevent dehydration, all mice received
subcutaneous doses of saline (50mL/kg of body weight)
immediately and 12 hours after the surgical procedure. For
pain relief, sodium dipyrone solution (10mg/100g body
weight, i.p.) was administered at the start of the surgery and
6-12 hours after surgery. Mice were monitored daily for signs
of disease, such as piloerection, hunched gait, lethargy, and
eye discharge. Mice displaying severe signs of distress
(labored breathing, nonresponsiveness to cage tapping, fail-
ure of grooming, and severe eye discharge) were humanely
euthanized by injecting a mixture of ketamine (90-
120 mg/kg) and xylazine (10 mg/kg), followed by cervical
dislocation.

2.3. Experimental Groups and Drug. For the experiments,
male C57BL/6 mice were arbitrarily allocated into four
groups: (1) sham, (2) SSI, (3) sham+verapamil (SH+VP),
and (4) SSI+verapamil (SSI+VP). The verapamil hydrochlo-
ride (5mg/kg body weight, Sigma-Aldrich Co., St. Louis,
USA) was diluted in sterile 0.9% NaCl saline (100 L total
volume/animal) and injected intraperitoneally (i.p.) two
hours after CLP surgery (SSI+VP) or the sham operation
(SH+VP). Untreated control (sham) and untreated septic
mice (SSI) received an equivalent volume of saline. The sur-
vival rates were monitored every 12 hours for five days after
surgery using 10 animals per group (sham, SSI, SH+VP,
and SSI+VP, n =10 per group).

2.4. Histopathology. For the histopathology analyses, mice
were euthanized with 100 yL of a 10:1 mixture of ketamine
(90-120 mg/kg) and xylazine (10 mg/kg), respectively. The
thoracic cavity was opened, and the heart was removed 24
hours after surgery (n =6 animals/group SSI/SSI+VP and n
=4 animals/group sham/SH+VP). Hearts were longitudi-
nally sectioned into two halves; one-half of the heart was
fixed in phosphate-buffered 10% formalin and embedded in
Historesin (Leica Instruments, Heidelberg, Germany) for
high-resolution light microscopy. The 2 um thick sections
were stained with toluidine blue, and left ventricles were ana-
lyzed. Another half of the hearts were frozen at -80°C for the
immunoblotting procedure.

2.5. Immunohistochemistry. For the immunostaining of
CAV3, immunohistochemistry was performed. The slides
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F1GURE 1: Survival curve of the mice subjected to cecal ligation and
puncture (CLP) sepsis. Groups of 10 mice were submitted to sham
operation (sham) or severe septic injury (SSI) and were treated
with verapamil (SH+VP, SSI+VP). The survival rate was
determined daily up to 120 hours after surgery. Statistical analysis
was performed using the Kaplan-Meier with a Mantel-Cox (log-
rank) test. Survival curves obtained with verapamil treatment (SSI
+VP) were significantly different (P < 0.001) as compared to the
sepsis group (SSI).

were deparaffinized in an oven (55°C for 30 minutes) and a
xylene bath. The cuts were then hydrated in decreasing alco-
hol concentrations of 100%, 90%, and 70%. Subsequently, the
slides were placed in warm distilled water and underwent
antigenic recovery in citrate buffer (pH 6.0) at 95°C. Consec-
utively, the slides went to the inactivation stage of endoge-
nous peroxidase with 3% hydrogen peroxide solution
(H,0,) for three minutes. The slides were then incubated
with 2% BSA for 25 minutes. After, sections were incubated
with primary antibody (anti-caveolin-3; BD Transduction
Laboratories) diluted at the concentration of 1:1000 in
blocking buffer overnight (18 hours) at 4°C, in a humidified
chamber. Subsequently, the sections were incubated with
biotinylated secondary anti-mouse antibody (LSAB®+ Kit,
K0675, Dako Corporation, Carpinteria, United States) for
20 minutes and then with streptavidin peroxidase solution
for 20 minutes (LSAB®+ Kit, K0675, Dako Corporation).
The reaction was developed from the chromogenic solution
of diaminobenzidine (DAB) (3,3’ -diaminobenzidine, Sigma)
and prepared with 1 mL of substrate (hydrogen peroxide
(H,0,) 3%) for one minute. The cuts were washed briefly
in distilled water. In this process, the slides were counter-
stained for 30 seconds in hematoxylin and placed in a con-
tainer for washing with running water for eight minutes.
The cuts underwent dehydration in alcohol of 70%, 95%,
and 100% and in xylene. Finally, the slides were mounted
with the coverslip using the Entellan mounting medium. A
0.0lM phosphate-buffered saline solution (PBS) with
pH 7.2-7.4 was used to wash the cuts.

2.6. Western Blotting. To determine the amount of CAV3 in
the hearts of sham (n=4), SSI (n=6), SH+VP (n=4), and
SSI+VP (n=6) mice, homogenates of left ventricles were

submitted to immunoblotting 6, 12, and 24 hours after the
CLP or sham procedure. Hearts of mice were homogenized
in the modified RIPA buffer lysis (Tris HCl 0.05’M
(pH7.4); NaCl 0.15°M; EDTA 0.001°M (pH'8.0); SDS
0.1%) supplemented with a protease inhibitor cocktail
(Sigma-Aldrich) and the phosphatase inhibitors (Na;VO,
0.001°M; NaF 0.025°M; Na,P,0, 0.0005°M). This buffer does
not separate cytosolic protein from plasma membrane pro-
tein. Equal concentrations (50°ug/well) of total proteins
(homogenate) were resolved on 10% SDS-Page gels and
transferred to a PVDF membrane (Amersham Pharmacia
Biotech, Amersham, UK). The membranes were blocked
with 5% albumin for two hours and incubated overnight at
4°C with the primary antibodies: anti-caveolin-3 (mouse
monoclonal antibody, 1:10000; BD Transduction Laborato-
ries) and anti-GAPDH (rabbit monoclonal antibody,
1:1000; Cell Signaling Technology). Then, the blots were
washed and incubated with HRP-conjugated secondary anti-
bodies for one hour at room temperature. Membranes were
washed, developed using ECL (Amersham Pharmacia Bio-
tech), and viewed with ChemiDoc XRS (BioRad). Image
analysis was performed using the public domain ImageJ pro-
gram (developed at the National Institutes of Health and
available at http://rbs.info.nih.gov/nih-image/) with the
“Gel Analysis” function. Analysis results are represented by
the values of each band; each value is proportional to the
integrated density value (IDV) of the specific band, which
corresponds to the arbitrary unit (AU). GAPDH was used
to determine equivalent loading conditions.

2.7. Statistical Analysis. Data were analyzed using the Graph-
Pad Prism 5 statistics program (GraphPad Software Inc., San
Diego, United States). Data were expressed as means +
standard deviation (S.D.). Statistically significant differences
between groups for western blot analysis were measured by
one-way analysis of variance (ANOVA) followed by post
hoc Tukey’s multiple comparison test (parametric data). Sta-
tistical analysis of survival curves was performed using the
Kaplan-Meier with a Mantel-Cox (log-rank) test. P <0.05
was considered statistically significant. All P values are dem-
onstrated in the graphics.

3. Results

3.1. Sepsis Survival Rates. Figure 1 shows the survival rate of
mice submitted to the sham operation (sham) and SSI until
120 hours after surgery. The sham (sham) and sham-
treated (SH+VP) animals showed full recovery from anesthe-
sia and maintained 100% survival until the end of the obser-
vation. The SSI mice showed a 50% survival rate 24 hours
after injury, decreasing to a 10% survival rate 72 hours after
cecal puncture. Rates then remained steady until 120 hours
after surgery. In contrast, the treated septic mice (SSI+VP)
showed a survival rate of around 80% in 24 hours, decreasing
to 50% at 96 hours. Rates then remained stable until the end
of observation at 120 hours.

3.2. Effect of Verapamil Administration on Cardiac Lesions.
Histopathological analyses of the heart showed that severe
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Ficure 2: Histopathology of myocardial tissue from mice subjected to cecal ligation and puncture (CLP) sepsis. The sham-operated mice
(sham and SH+VP) showed no changes (a, b). The SSI group (c) had evident disorientation of the myofibrils with the formation of
contracture bands (red arrows) and myocytolysis (black arrows) as compared to the SSI+VP group (d), 24 hours after surgery. Scale bars
indicate 50 ym.
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F1Gure 3: Immunolocalization of caveolin-3 in cardiac tissue 24 hours after sepsis induction. (a, b) Show the immunostaining of CAV3 on
cardiomyocytes (sham and SH+VP) bounded by the plasma membrane. (c) Represents the scattered staining of CAV3 in the cytoplasm
and cell membrane of septic cardiomyocytes (SSI group). (d) The septic mice treated with verapamil (SSI+VP) showed immunostaining of
CAV3 more related to that observed in the control groups (sham and SH+VP). Scale bars indicate 50 ym.
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FIGURE 4: Western blot analysis of CAV3. (a) The amounts of CAV3 in the sham (n = 4) and SH+VP (n = 4) groups were measured 24 hours
after sham operation. The amounts of CAV3 in the SSI (n =6) and SSI+VP (n = 6) groups were measured 6, 12, and 24 hours after CLP
surgery and expressed in arbitrary units (AUs). GAPDH was used to determine equivalent loading conditions. Note that the expression of
CAV3 was significantly increased in the SSI group 24 hours after CLP as compared to SSI+VP and sham group mice. Statistical analysis
was performed by one-way ANOVA followed by Tukey’s test. Data were expressed as the mean + SD; P < 0.0001 (SSI vs. SSI+VP) and P
<0.001 (SSI vs. sham). (b) The autoradiograph resulting from western blot analysis of representative protein levels for CAV3 and
GAPDH of mouse hearts, subjected to sham operation (sham, SH+VP) or sepsis induction (SSI, SSI+VP) 24 hours after surgery.

sepsis resulted in extensive lesions in the myocardium
(Figure 2). After 24 hours of sepsis induction, the cardiac tis-
sue septic group (SSI) presented regions of myofibril disori-
entation with the formation of contraction bands, necrosis,
and an apparent rupture of the sarcolemma. However, septic
mice treated with verapamil (SSI+VP) had more preserved
cardiomyocytes and less cellular changes than the untreated
septic group (SSI). The sham-operated mice (sham and SH
+VP) showed no changes.

3.3. Effect of Verapamil Administration on Caveolin-3
Distribution in the Heart. Figure 3 shows the distribution of
CAV3 in the cardiac cells 24 hours after sepsis induction.
In the cardiomyocytes of the control groups (sham and SH
+VP), CAV3 was delimited in the plasma membrane of the
cells. The untreated septic group (SSI) presented immuno-
staining of CAV3 scattered throughout the cytoplasm (not
membrane-bound fraction) and plasma membrane of the
heart cells. In contrast, when treated with verapamil, the sep-
tic mice (SSI+VP group) showed immunostaining of CAV3
closer to that observed in the control groups (sham and SH
+VP).

3.4. Effects of Verapamil Administration on Caveolin-3
Expression in the Heart. Figure 4 shows the quantitative anal-
ysis of CAV3 protein levels in the myocardium of controls
(sham, SH+VP) and animals subjected to severe sepsis (SSI)
and treated with verapamil (SSI+VP) 6, 12, and 24 hours
after surgery. The results showed a significant increase in
the levels of CAV3 expression only 24 hours after the severe
sepsis induction (SSI) when compared to the values observed
in the hearts of the control group (sham). For the slight
increase in the levels of CAV3, 6 and 12 hours after CLP sur-
gery, there was no statistical difference among the groups.

Additionally, septic mice treated with verapamil (SSI+VP)
showed significantly reduced levels of CAV3 24 hours after
CLP surgery when compared to untreated septic animals
(SSD).

4. Discussion

In this study, we demonstrated for the first time that CAV3 is
overexpressed in the hearts of septic mice, and the treatment
with verapamil influenced the reduction of CAV3 in septic
mouse hearts. Additionally, reduced expression of CAV3
led to a reduction of sepsis-induced cardiac injuries and a
decreased mortality rate.

Septic patients frequently develop hypocalcemia [26].
However, calcium is essential in several physiological pro-
cesses, such as excitation-contraction of cardiac cells. Thus,
parenteral calcium administration could potentially generate
positive results in these hypocalcemic patients [27]. Calcium
supplementation in septic patients and animals has been
shown to increase mortality rates and lead to organ failure
[28, 29]. Interestingly, intracellular calcium concentrations
are increased in sepsis; this has been associated with patho-
physiological changes [30]. The displacement of calcium into
the cells may be largely responsible for hypocalcemia.
Although parenteral calcium administration appears to be
the solution, it can contribute to organ dysfunction [26, 29].

A previous study from our research group showed an
increase in [Ca*']; in cultured neonatal cardiomyocytes
treated with septic animal serum [31]. Calcium overload by
CLP has also been demonstrated in the heart, brain, liver,
and spleen cells of septic rats [32]. The hypotheses for this
increase in [Ca”]i involve failures in the channels that regu-
late the entry of Ca®*, microruptures in the plasma



membrane, and the excessive release of Ca®" by the sarco-
plasmic reticulum [31, 33, 34].

However, one hypocalcemia hypothesis suggests that
sepsis-induced failures in calcium channels cause an
increased influx of Ca®" into cells [32]. This hypothesis is
supported by the fact that the administration of a calcium
channel blocker results in a better prognosis and a reduction
in mortality rates of septic patients [35]. These data corrobo-
rate with experimental findings; the administration of verap-
amil in septic animals resulted in a reduction of mortality,
attenuation of cardiac lesions, reduction of intracellular cal-
cium concentration, and attenuation of hypocalcemia [31,
32, 36]. The data from the present study also supports this
hypothesis, as septic animals treated with verapamil survived
longer than septic animals without treatment.

The increase in [Ca®"]; activates proteases inside the cell,
such as calpain. In sepsis, calpain expression in cardiomyo-
cytes increases, with a concomitant reduction in
dystrophin-glycoprotein complex (DGC) proteins [37]. The
disturbance of this complex, the consequent reduction in
dystrophin, and the contraction process make the cell more
susceptible to mechanical stress in the plasma membrane,
resulting in its rupture [38, 39]. The consequences of dystro-
phin reduction can be seen in Duchenne Muscular Dystro-
phy (DMD). DMD patients can develop cardiomyopathy
with cardiac cell loss. This leads to greater vulnerability to
pressure overload and can result in dilated cardiomyopathy
[40]. Experimental models of DMD have shown that the loss
of dystrophin causes a progressive increase in the expression
of CAV3 in the plasma membrane, cytoplasm, and caveolae
in muscle cells [41]. Consistent with these results, we
observed that CAV3 was overexpressed in mouse hearts with
sepsis, demonstrating its presence in the plasma membrane
and cytoplasm through immunostaining. As previously dem-
onstrated, this occurred even with the activation of proteases
such as calpain. This indicates that CAV3 does not undergo
the process of degradation mediated by calpain, as observed
with dystrophin [37].

A study using the lung of septic mice (induced by the
CLP model) demonstrated a reduction of CAV1, which was
reported as a host cytoprotective factor to regulate the num-
ber of available caveolae that can be used by pathogens as an
escape mechanism from lysosomal degradation [42]. Surpris-
ingly, human lung endothelial cells challenged with LPS
exhibited a concentration- and time-dependent increased
expression of CAV1 mRNA and protein. This effect has been
found to be dependent on NF-«B activation and thereby con-
tributes to the mechanism of microvascular permeability in
sepsis [43].

The cause of CAV3 overexpression in sepsis is still
unknown. Studies that induced overexpression of CAV3 in
transgenic mice showed severe cardiomyocyte degeneration
with reduced cardiac function, in addition to skeletal muscle
damage and negative regulation of DGC; such findings are
similar to those found in DMD [44, 45]. However, CAV3
knockout mice developed progressive cardiomyopathy and
an incorrect DGC complex location [46]. It is surprising to
see reduced CAV3 expressions in pathological cardiac condi-
tions, such as myocardial infarction, heart failure, and hyper-
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trophy [20, 47]. Our study demonstrates that cardiac changes
induced by sepsis provide a different response regarding the
expression of CAV3, as septic animals showed a significant
increase in CAV3 levels.

There are strong indications that CAV3 regulates calcium
homeostasis in cardiac cells, an important relationship in
maintaining cellular physiology. One study showed the
absence of slow Ca** waves in cells absent from CAV3, and
this also occurred when the interaction of CAV3 with G pro-
tein was interrupted [48]. On the other hand, the induced
overexpression of CAV3 interrupted the hypertrophic signal-
ing caused by pressure overload through the inhibition of the
type T calcium channel current and the suppression of the
Ca’*-dependent calcineurin-NFAT pathway [20].

5. Conclusions

Our results indicate that sepsis leads to increased expression
of CAV3 in the heart, and the treatment with verapamil can
directly or indirectly modulate its expression resulting in a
reduction of mortality rates and cardiac injuries.
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