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Kim SY, Kim KH, Schilling JM, Leem J, Dhanani M, Head BP,
Roth DM, Zemljic-Harpf AE, Patel HH. Protective role of cardiac-
specific overexpression of caveolin-3 in cirrhotic cardiomyopathy. Am
J Physiol Gastrointest Liver Physiol 318: G531-G541, 2020. First
published January 21, 2020; doi:10.1152/ajpgi.00346.2019.—Cir-
rhotic cardiomyopathy is a clinical syndrome in patients with liver
cirrhosis characterized by blunted cardiac contractile responses to
stress and/or heart rate-corrected QT (QTc) interval prolongation.
Caveolin-3 (Cav-3) plays a critical role in cardiac protection and is an
emerging therapeutic target for heart disease. We investigated the
protective role of cardiac-specific overexpression (OE) of Cav-3 in
cirrhotic cardiomyopathy. Biliary fibrosis was induced in male Cav-3
OE mice and transgene negative (TGye,) littermates by feeding a diet
containing 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC; 0.1%)
for 3 wk. Liver pathology and blood chemistries were assessed, and
stress echocardiography, telemetry, and isolated heart perfusion stud-
ies to assess adrenergic responsiveness were performed. Cav-3 OE
mice showed a similar degree of hyperdynamic contractility, pulmo-
nary hypertension, and QTc interval prolongation as TGy, mice after
3 wk of DDC diet. Blunted systolic responses were shown in both
DDC-fed Cav-3 OE and TGy, hearts after in vivo isoproterenol
challenge. However, QTc interval prolongation after in vivo isopro-
terenol challenge was significantly less in DDC-fed Cav-3 OE hearts
compared with DDC-fed TGy,e hearts. In ex vivo perfused hearts,
where circulatory factors are absent, isoproterenol challenge showed
hearts from DDC-fed Cav-3 OE mice had better cardiac contractility
and relaxation compared with DDC-fed TGy,¢¢ hearts. Although Cav-3
OE in the heart did not prevent cardiac alterations in DDC-induced
biliary fibrosis, cardiac expression of Cav-3 reduced QTc interval
prolongation after adrenergic stimulation in cirrhosis.

NEW & NOTEWORTHY Prevalence of cirrhotic cardiomyopathy
is up to 50% in cirrhotic patients, and liver transplantation is the only
treatment. However, cirrhotic cardiomyopathy is associated with peri-
operative morbidity and mortality after liver transplantation; there-
fore, management of cirrhotic cardiomyopathy is crucial for success-
ful liver transplantation. This study shows cardiac myocyte specific
overexpression of caveolin-3 (Cav-3) provides better cardiac contrac-
tile responses and less corrected QT prolongation during adrenergic
stress in a cirrhotic cardiomyopathy model, suggesting beneficial
effects of Cav-3 expression in cirrhotic cardiomyopathy.

Address for reprint requests and other correspondence: H. H. Patel, Dept. of
Anesthesiology, VA San Diego Healthcare System and Univ. of California,
San Diego, CA 92161-9125 (e-mail: hepatel @ucsd.edu).
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INTRODUCTION

Patients with liver cirrhosis often present with a hyperdy-
namic systemic circulation characterized by increased heart
rate and cardiac output and reduced systemic vascular resis-
tance and arterial blood pressure (18, 43). Despite an increased
basal cardiac output, cirrhotic patients show impaired contrac-
tile responsiveness to physiologic or pharmacologic stimuli; a
phenomenon called cirrhotic cardiomyopathy (18, 31, 35, 41,
43). Patients with cirrhotic cardiomyopathy are usually asymp-
tomatic at rest; however, overt heart failure can be revealed in
stress conditions such as liver transplantation. Cirrhotic car-
diomyopathy is also characterized by diastolic dysfunction and
electrophysiological abnormalities, including heart rate-cor-
rected QT (QTc) interval prolongation (18, 43). The prevalence
of cirrhotic cardiomyopathy is reported in up to 50% of
cirrhotic patients, and liver transplantation is the only proven
treatment (18, 43). Since cirrhotic cardiomyopathy is associ-
ated with perioperative morbidity and mortality after liver
transplantation (12, 24, 44), strategies to improve cardiac
function are needed.

Caveolae, flask-shaped 50- to 100-nm invaginations of the
plasma membrane, are subsets of membrane lipid rafts con-
taining cholesterol and sphingolipids (23). Caveolins are struc-
tural proteins essential for caveolae formation and regulation of
intracellular signaling and function (23, 26, 29). Although the
heart expresses all three isoforms of caveolins (Cav-1, -2, and
-3), Cav-3 is necessary for caveolae formation in cardiac
myocytes and plays a critical role in cardioprotection (26, 29,
33). Moreover, Cav-3 is an emerging therapeutic target for
various heart diseases (26, 29). Previously, we have reported
that cardiac-specific overexpression of Cav-3 (Cav-3 OE) pre-
vents ischemia/reperfusion injury (32) and pressure overload
and angiotensin II-induced cardiac hypertrophy (10, 16). Fur-
thermore, Cav-3 OE mice have a higher heart rate variability,
with lower resting heart rates, and alteration in baseline cardiac
conduction and expression levels of specific cardiac ion chan-
nels (25).

Feeding of 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC)
is a well-established mouse model of sclerosing cholangitis and
biliary fibrosis (6) that induces the main pathognomonic fea-
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tures of cirrhotic cardiomyopathy after 3 wk including cardiac
hypercontractility at baseline, blunted contractile responses to
pharmacological stress, and QTc interval prolongation (4, 5).
The study aimed to investigate potential protective mecha-
nisms involving Cav-3 OE in the heart on the contractile
responses to stress and QTc interval prolongation in DDC-
induced cirrhotic cardiomyopathy.

METHODS

Animals and diet. Animals (C57B1/6 mice, Jackson laboratory, Bar
Harbor, ME) were treated in compliance with the Guide for the Care

CAV-3 AND CIRRHOTIC CARDIOMYOPATHY

and Use of Laboratory Animals (National Research Council, Wash-
ington, DC), and protocols approved by the Veterans Affairs San
Diego Healthcare System Institutional Animal Care and Use Com-
mittee. Biliary fibrosis was induced by feeding 14- to 20-wk-old male
mice (25-30 g body wt) with 0.1% DDC (Sigma-Aldrich, St. Louis,
MO)-supplemented chow, by mixing 1 g of DDC powder with 1 kg of
isocaloric chow (Harlan-Teklad, Madison, WI). A Teklad 4% mouse/
rat diet 7001 was used as a normal chow. Cirrhotic cardiomyopathy
was assessed with serial echocardiography in mice on the DDC diet
for 24 wk. Based on our echocardiography results and previous
studies with DDC diet (4, 5), 3 wk of DDC feeding were chosen for
the following experiments. Transgenic (TG) mice with cardiac myo-
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Fig. 1. Body weight and cardiovascular changes during 24 wk of diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet in wild-type mice. A: the changes of body
weight and food consumption (n = 8—10 per group). B: the changes of systolic and diastolic function and pulmonary artery flow assessed by echocardiography
(n = 8-10 per group). Ejection fraction (EF) and fractional shortening (FS) were highest, and pulmonary acceleration time-to-pulmonary ejection time
(PAT/PET) ratio was lowest between 3 and 7 wk of DDC diet. HR, heart rate; LVIDd, left ventricular internal diameter at end diastole; LVIDs, left ventricular
internal diameter at end systole; IVS, interventricular septum; LVPW, left ventricular posterior wall; E/A ratio, ratio of the early (E) to late (A) ventricular filling
velocities on transmitral Doppler; E/e’ ratio, ratio of early filling velocity on transmitral Doppler (E) to early relaxation velocity on tissue Doppler (e').Values

are means = SE. *P < 0.05, **P < 0.01, compared with chow-fed mice.
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cyte-specific Cav-3 OE were produced in our laboratory using the
a-myosin heavy chain promoter in a C57Bl/6 background (32).
Age-matched male transgene-negative (TGy.,) siblings were used as
controls for Cav-3 OE mice. Animals were kept on a 12-h light-dark
cycle in a temperature-controlled room with ad libitum access to food
and water.

Liver enzymes, bilirubin, and ammonia levels. Blood collection
was performed by cardiac puncture after 3 wk of diet. Serum
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), alkaline phosphatase (ALP), and total bilirubin levels and
plasma ammonia level were analyzed using AU680 chemistry
analyzer (Beckman Coulter, Carlsbad, CA) by IDEXX Laborato-
ries (West Sacramento, CA).

Echocardiography. Transthoracic echocardiography was per-
formed using a Vevo 3100 machine with MX550S transducer (Visu-
alSonics. Toronto, Canada) under isoflurane anesthesia (1-1.5% at a
flow rate of 1 L/min oxygen) before and after 3 wk of the DDC diet.
Adrenergic stress was tested with an intraperitoneal bolus of 0.01
mg/kg of isoproterenol (Isuprel; Valeant Pharmaceuticals North
America, Bridgewater, NJ) followed by echocardiography for 30 min
after injection. Fractional shortening (FS) and ejection fraction (EF)
were evaluated for systolic function, and E/A and E/e’ ratio were
evaluated for diastolic function. Pulmonary acceleration time (PAT)
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and PAT/pulmonary ejection time (PET) ratio were evaluated to
detect pulmonary hypertension (7, 30).

Telemetry. Intraperitoneal implantation of a telemetry transmitter
(ETA-F10; Data Sciences International, St. Paul, MN) was performed
as described previously (25). Mice were recovered for 7-10 days
before telemetry. Telemetry recordings were obtained for 48 h before
and after 1 and 3 wk of diet using Dataquest ART 4.36 software (Data
Sciences International, St. Paul, MN). Adrenergic stress was assessed
by intraperitoneal isoproterenol (0.01 mg/kg) injected at 3 wk of diet.
Data were analyzed over 4-h periods of day and night: 10 AM-2 PM
(day cycle) and 10 PM-2 AM (night cycle) with the Ponemah 6.12
software (Data Sciences International). QTc intervals were obtained
using the formula QT/(RR/100)'? (45).

Isolated heart perfusion with isoproterenol challenge. Mice were
anesthetized with 60 mg/kg pentobarbital sodium after 3 wk of the
DDC diet, and hearts were removed and perfused with Langendorff
retrograde perfusion techniques as described previously (27). The
hearts were stabilized for 15 min, and then, a bolus of isoproterenol
(Isuprel; Valeant Pharmaceuticals, Bridgewater, NJ) was injected
through aorta cannula every 5 min at increasing concentrations (100
pM, 1 nM, 10 nM, 30 nM, 100 nM, 300 nM, and 1 pM). Left
ventricular (LV) developed pressure, LV dP/df maximum and mini-
mum, and heart rate (HR) were recorded and analyzed using a data
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Fig. 2. Liver and spleen changes after 3 wk of diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet in caveolin-3 (Cav-3) overexpression (OE) and transgene
negative (TGneg) mice. A: liver histology stained with hematoxylin and eosin (H&E) and Masson’s trichrome. Porphyrin accumulation (arrowhead), mononuclear
cell infiltration, and portal-portal bridge fibrosis are shown in H&E and Masson’s trichrome, respectively, in DDC-fed groups. B—D: liver injury determined by
(B) fibrotic area by Masson-trichrome staining (n = 6 per group; B), liver and spleen to body weight ratio (n = 10 per group; C), plasma ammonia level (n =
6 per group; D), and serum liver enzymes and total bilirubin level (n = 6 per group; E) were similar between DDC-fed Cav-3 OE and TGy, mice. AST, aspartate
aminotransferase; ALT, alanine aminotransferase; ALP, alkaline phosphatase. Values are means = SE. Scale bar = 100 wm. *P < 0.05, **P < 0.01 compared
with chow-fed TGpeg mice. TP < 0.05, 7P < 0.01 compared with chow-fed Cav-3 OE mice.
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acquisition system (PowerLab) and LabChart 7 software (AD, Colo-
rado Springs, CO).

Cardiac and liver histology. After 3 wk of diet, samples of liver
and heart were fixed in 10% aqueous buffered zinc formalin (Z-Fix;
Anatech, Battle Creek, MI) and embedded in paraffin and sectioned at
5 wm. Hematoxylin/eosin (H&E) staining and Masson’s trichrome
staining were performed. Sections were photographed using a Key-
ence Microscope BZ-X710 (Keyence, Laguna Hills, CA). Fibrotic
area was quantified on six random nonoverlapping images at low
magnification (X10) using Image] software.

Statistical analysis. Investigators were blinded to the genetic back-
ground of mice. All values are expressed as means = SE. Two-way or
two-way repeated measure ANOVA followed by post hoc Tukey’s
correction for multiple comparisons was used. P < 0.05 was consid-
ered statistically significant. All analyses were performed using
GraphPad Prism Software v7.0 (La Jolla, CA).

RESULTS

DDC diet-induced cirrhotic cardiomyopathy in mice. To
investigate the time course of the cardiovascular changes in
liver cirrhosis, we performed serial echocardiography for 24
wk of DDC diet in wild-type mice (Fig. 1). EF and FS were
highest, and PAT/PET ratio was lowest between 3 and 7 wk of
DDC diet. Previous studies showed dysregulation of cardiac
energetics and metabolism (glycogen accumulation and altered
fatty acid metabolism) and electrophysiological abnormalities
(QTc interval prolongation) after 3 wk of DDC diet and
reversibility of these findings with resolution of liver injury (4,

CAV-3 AND CIRRHOTIC CARDIOMYOPATHY

5). These data suggest the DDC mouse model of liver cirrhosis
mimics clinical cirrhotic cardiomyopathy that can be reversed
after liver transplantation (31). Therefore, we chose 3 wk of
DDC diet for the experiments with Cav-3 OE mice.

No change in DDC-induced liver cirrhosis in Cav-3 OFE
mice. There was no mortality in all groups. After 3 wk of diet,
DDC-fed Cav-3 OE mice showed a similar weight loss as
TGy mice (data not shown). DDC-fed Cav-3 OE and TGy,
mice showed similar levels of porphyrin accumulation and
mononuclear cell infiltration around the portal vein in H&E
staining as well as portal-portal bridge fibrosis in Masson’s
trichrome staining (Fig. 2A). Liver fibrosis was approximately
five times greater in DDC-fed mice compared with chow-fed
mice regardless of genotype (Fig. 2B). Liver and spleen
weights normalized to body weight were higher in DDC-fed
mice regardless of genotype (Fig. 2C). Ammonia and liver
enzymes were increased in both DDC-fed Cav-3 OE and
TGnee mice (Fig. 2, D and E). These data suggest that
cardiac Cav-3 OE does not impact overall liver injury in
response to DDC.

Echocardiography in DDC cirrhotic cardiomyopathy. Both
DDC-fed Cav-3 OE and TGy mice demonstrated bradycardia
and hyperdynamic contractility of LV (increase of EF and FS)
after 3 wk of diet (Fig. 3A) in agreement with previous studies
(4, 5). PAT and PAT/PET ratios are sensitive measures of
pulmonary hypertension in mice (30). Both DDC-fed Cav-3
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wk of diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet in caveolin-3 (Cav-3) overexpression (OE) and transgene
negative (TGneg) mice. A and B: the changes of (A) systolic and diastolic function and (B) pulmonary artery flow were similar between DDC-fed Cav-3 OE and
TGunee mice (n = 10 per group). HR, heart rate; EF, ejection fraction; FS, fractional shortening; LVIDd, left ventricular internal diameter at end diastole; LVIDs,
left ventricular internal diameter at end systole; E/A ratio, ratio of the early (E) to late (A) ventricular filling velocities on transmitral Doppler; PET, pulmonary
ejection time; PAT, pulmonary acceleration time. Values are means = SE **P < 0.01, compared with chow-fed TGye, mice. 77P < 0.01, compared with
chow-fed Cav-3 OE mice.

AJP-Gastrointest Liver Physiol - doi:10.1152/ajpgi.00346.2019 « www.ajpgi.org
Downloaded from journals.physiology.org/journal/ajpgi (066.075.058.167) on April 21 2021.



CAV-3 AND CIRRHOTIC CARDIOMYOPATHY

OE and TGye, mice showed pulmonary hypertension with
decreases in PAT and PAT/PET ratio (Fig. 3B). This result is
compatible with previous findings of decreased and PAT/PET
ratios in carbon tetrachloride-induced cirrhotic mice (2).
Telemetry in DDC cirrhotic cardiomyopathy. Diurnal changes
in body temperature, HR, and QTc interval are shown in Fig.
4. DDC-fed mice showed more hypothermia than chow-fed
mice, especially at night (Fig. 44). Low body temperature was
more prominent in DDC-fed TGy, mice than DDC-fed Cav-3
OE mice at 1 wk of DDC diet. After 3 wk of diet, both
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Fig. 4. Changes of body temperature and electrocardiography during day and
night after 3 wk of diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet in
caveolin-3 (Cav-3) overexpression (OE) and transgene negative (TGueg) mice.
A and B: the changes of body temperature (A) and heart rate (HR; B) and
corrected QT (QTc) interval were similar between DDC-fed Cav-3 OE and
TGhee mice (n = 7-10 per group). Values are means * SE. *P < 0.05, **P <
0.01, compared with chow-fed TGnee mice. TP < 0.05, 1P < 0.01, compared
with chow-fed Cav-3 OE mice. #P < 0.05 compared with DDC-fed TGeg
mice.
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DDC-fed Cav-3 OE and TGys mice showed similar degree of
hypothermia. There were significant changes in heart rate
during the night in both DDC-fed Cav-3 OE and TGye, mice
after 1 wk of diet (Fig. 4B). Both DDC-fed Cav-3 OE and
TGy mice showed QTc interval prolongation after 3 wk of
diet (Fig. 4B).

Stress-induced echocardiography and telemetry in DDC
cirrhotic cardiomyopathy. Since cirrhotic cardiomyopathy is
characterized by impaired contractile responsiveness to phys-
iologic or pharmacological stimuli (18, 31, 35, 41, 43), mice
were challenged with isoproterenol under isoflurane anesthesia
after 3 wk of DDC diet (Fig. 5A). The trends of HR changes
were similar between the groups after isoproterenol injection
with a lower heart rate in DDC-fed groups (Fig. 5A). The
increase of EF and FS were similar between chow-fed Cav-3
OE and chow-fed TGg mice; however, chow-fed Cav-3 OE
mice tended to show faster recovery to the baseline than TG;,ce
mice (Fig. 5A). This induction is largely impaired by DDC
feeding, suggesting development of cirrhotic cardiomyopa-
thy in both DDC-fed Cav-3 OE and TGy, mice. However,
though not significant, DDC-fed Cav-3 OE mice showed a
trend of higher AEF and AFS, suggesting partial protection
from cirrhotic cardiomyopathy. At 5 min of isoproterenol
injection, which showed peak effects, the mean delta
changes of EF from baseline were 19.4% (TGpee + Chow),
3.9% (TGyee + DDC), 19.6% (Cav-3 OE + Chow), and
7.6% (Cav-3 OE + DDC).

Isoproterenol was injected intraperitoneally in awake mice
after 3 wk of DDC diet to investigate QTc interval changes
after adrenergic stimulation. The trends of increase in HR were
similar between the four groups after isoproterenol; however,
DDC-fed Cav-3 OE mice showed faster recovery to the base-
line with significantly lower HR at 30 min compared with other
groups (Fig. 5B). Baseline QTc intervals were similar between
DDC-fed TGy, (56.3 ms) and DDC-fed Cav-3 OE mice (56.4
ms), which were higher than chow-fed TGy, mice (50.2 ms).
However, after isoproterenol injection, DDC-fed TGy, mice
showed an increase of QTc interval, whereas DDC-fed Cav-3
OE mice showed decreased QTc intervals. Therefore, the QTc
interval of DDC-fed TGy, mice was significantly higher than
DDC-fed Cav-3 OE mice at 1, 2, 5, and 10 min after isopro-
terenol (P = 0.011, P = 0.021, P = 0.014, and P = 0.040,
respectively), suggesting a mechanistic role for Cav-3 in re-
ducing QTc interval prolongation after adrenergic stimulation
in cirrhosis.

Ex vivo assessment of baseline and stress-induced cardiac
function in DDC cirrhotic cardiomyopathy. Langendorff per-
fusion with isoproterenol (100 pM to 1 uwM) was performed
after 3 wk of DDC diet (Fig. 6) to investigate intrinsic con-
tractile responses of hearts to catecholamine stimulation. The
Cav-3 OE hearts tended to show better contractility (dP/dfyax)
and relaxation (dP/d#yin) compared with TGy, hearts in both
chow and DDC diet after isoproterenol administration. When
compared with chow-fed TG, hearts, DDC-fed TGy, hearts
showed a significantly lower contractile and relaxation re-
sponse to 30-300 nM of isoproterenol. However, no signifi-
cant difference existed in contractility and relaxation between
DDC-fed Cav-3 OE hearts and chow-fed TGy, hearts, sug-
gesting a beneficial role for Cav-3 in stress-induced cardiac
dysfunction in cirrhosis.
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Fig. 5. Isoproterenol challenge in vivo after 3 wk of diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet in caveolin-3 (Cav-3) overexpression (OE) and transgene
negative (TGneg) mice. A: the changes of heart rate (HR) and systolic function under isoflurane anesthesia after intraperitoneal injection of 0.01 mg/kg
isoproterenol (n = 9—10 per group). The increase of ejection fraction (EF) fractional shortening (FS) after isoproterenol injection were significantly less in both
DDC-fed Cav-3 OE and DDC-fed TGy, mice compared with chow-fed mice. B: the changes of HR and corrected QT (QTc) in awake state after intraperitoneal
injection of 0.01 mg/kg isoproterenol (n = 7-9 per group). QTc interval of DDC-fed TGnee mice was significantly higher than that of DDC-fed Cav-3 OE mice
at 1, 2, 5 and 10 min after isoproterenol injection. Values are means = SE. *P < 0.05, **P < 0.01, compared with chow-fed TGyeg mice. TP < 0.05, 1P <
0.01, compared with chow-fed Cav-3 OE mice. #P < 0.05, compared with DDC-fed TGpee mice.

Cardiac histology in DDC cirrhotic cardiomyopathy. The
chow-fed Cav-3 OE hearts showed approximately three times
higher Cav-3 protein expression than chow-fed TGy, hearts
(P < 0.001). Cav-3 expression was increased 1.6-fold in
DDC-fed TGpeg hearts compared with chow-fed TGy, hearts
(P = 0.041), which is similar to our previous reports of
increased Cav-3 expression in daunorubicin-treated rabbit
hearts (11). There were no differences in fibrosis of the heart
between the four groups (Fig. 7C).

DISCUSSION

Cirrhotic cardiomyopathy is a clinical syndrome in pa-
tients with liver cirrhosis characterized by an abnormal and

blunted contractile response to stress and/or altered diastolic
relaxation with electrophysiological abnormalities in the
absence of known cardiac disease (18, 43). Cirrhotic car-
diomyopathy is associated with perioperative morbidity and
mortality after liver transplantation (12, 13, 24, 44); how-
ever, there is no accepted pharmacological treatment for
cirrhotic cardiomyopathy (18, 43). This study was the first
to investigate cardiac-specific Cav-3 OE as a possible ther-
apeutic target in cirrhotic cardiomyopathy. Although Cav-3
OE in the heart did not alter all cardiac parameters assessed
in our DDC model of cirrhotic cardiomyopathy (i.e., hyper-
dynamic contractility, pulmonary hypertension, and base-
line QTc interval prolongation), DDC-fed Cav-3 OE mouse
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Fig. 6. Isoproterenol challenge in ex vivo heart after 3 wk of diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet in caveolin-3 (Cav-3) overexpression (OE) and
transgene negative (TGneg) mice. Langendorff perfusion with incremental concentrations (100 pM, 1 nM, 10 nM, 30 nM, 100 nM, 300 nM, and 1 uM) of
isoproterenol were performed (n = 7-10 per group). At 30—-300 nM of isoproterenol, DDC-fed TGneg hearts showed significant less contractility (dPmax/d?) and
relaxation (dPmin/df) compared with chow-fed TGneg hearts, but no significant difference existed between DDC-fed Cav-3 OE hearts and chow-fed TGy hearts.
HR, heart rate; LVDP, left ventricular developed pressure (difference between LV systolic and diastolic pressure). *P < 0.05, **P < 0.01 compared with

chow-fed TGpeg mice. T1P < 0.01 compared with chow-fed Cav-3 OE mice.

hearts showed better cardiac contractile responses after ex
vivo adrenergic stimulation and significantly less QTc in-
terval prolongation after in vivo adrenergic stimulation
compared with DDC-fed TGy, hearts.

DDC blocks the rate-limiting step of heme biosynthesis and
leads to accumulation of porphyrin (6). We showed that DDC
feeding leads to pericholangitis, periductal fibrosis, and portal-
portal bridging fibrosis, causing significant duct disease and a
biliary type of liver fibrosis as has been shown by others (6).
Three weeks of DDC produced the main pathognomonic fea-
tures of cirrhotic cardiomyopathy, including cardiac hypercon-
tractility at baseline, blunted contractile responses to pharma-
cological stress, and QTc interval prolongation in line with
previous results (4, 5). We are the first to show the develop-
ment of pulmonary hypertension in the DDC diet model of
biliary fibrosis, although it has been partly demonstrated in the
carbon tetrachloride-intoxicated liver fibrosis model that has
completely distinct pathogenesis (2, 3, 17). Notably, we mon-
itored changes of echocardiography for an extended period, 24
wk, during DDC feeding and revealed the most significant
phenotypic changes of cirrhotic cardiomyopathy (i.e., hyper-
contractility and pulmonary hypertension) between 3 and 7 wk
of DDC diet (Fig. 1), which was chosen for testing potential
therapeutics of Cav-3.

Liver cirrhosis induces cardiovascular abnormalities. Liver
cirrhosis with portal hypertension leads to splanchnic arterial
vasodilation, which induces reduced central blood volume with
hypotension resulting in baroreceptor-induced activation of the
renin-angiotensin-aldosterone system and sympathetic nervous
system (18, 43). Therefore, cirrhotic patients show a hyperdy-
namic circulation with increased EF and cardiac output at rest.
However, they show blunted increases in EF and cardiac
output under stress conditions (exercise or dobutamine infu-
sion) (18, 31, 35, 41, 43). In our study, DDC-fed Cav-3 OE
hearts showed hyperdynamic contractility with blunted in-
creases in EF and FS after in vivo isoproterenol challenge,
which is similar to DDC-fed TG, hearts. However, during ex
vivo isoproterenol challenge, DDC-fed Cav-3 OE hearts
showed better contractility and relaxation compared with
DDC-fed TGyeg hearts. Our results may suggest that the intrin-
sic contractile responses to adrenergic stimulation are im-
proved in DDC-fed Cav-3 OE but the presence of circulatory
molecules such as catecholamines under in vivo condition
might mask the beneficial effects of Cav-3 in cirrhotic hearts.

Several pathogenic mechanisms are involved in altered con-
tractile function in cirrhotic cardiomyopathy (18, 43). In ex-
perimental cirrhosis, abnormalities of the [3-adrenergic recep-
tor signaling pathway have been identified. Indeed, a decrease
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in B-adrenergic receptor density (14), decreased expression of
stimulatory G proteins (15), increased expression of inhib-
itory G proteins (1), and attenuation of adenylate cyclase
activity with resultant decreased cAMP generation (1, 14,
15) have been identified. In adult cardiomyocytes, Cav-3
colocalized with B-adrenergic receptors, stimulatory G pro-
teins, and adenylate cyclase, implying a role for cardiac
Cav-3 as an organizer of signaling components that regulate
cAMP production (9, 22). We showed enhanced isoproter-
enol responsiveness in isolated and perfused DDC-fed
Cav-3 OE hearts compared with DDC-fed TGyee hearts.
Potential mechanisms involving “protective” alterations by
Cav-3 OE of adrenergic signaling components in cirrhotic
cardiomyopathy are beyond the scope of the current study
but warrant further investigation.

QTec interval prolongation is related to cardiovascular mor-
tality, all-cause mortality, and sudden cardiac death in the
general population (20, 21). Compared with the general pop-
ulation, patients with liver cirrhosis were 14 times more likely
to suffer a cardiac event after transplantation, and prolonged
QTec interval was related to posttransplantation cardiac events
(12). QTec interval prolongation also was shown in a DDC-fed
mouse model of biliary fibrosis (4, 5). In line with previous
results, TGpe, and Cav-3 OE mice showed significant QTc
interval prolongation after 3 wk of DDC diet compared with

chow-fed mice. Although DDC-fed Cav-3 OE mice had similar
QTc interval prolongation compared with DDC-fed TGy,
mice, they showed reduced QTc interval prolongation after the
stress of adrenergic stimulation. The QTc interval was reported
to increase progressively during the stress of liver transplanta-
tion (28). The mechanisms for QTc interval prolongation are a
decrease in repolarizing cardiac membrane currents due to
reduction in outward potassium (K™*) currents or an increase in
depolarizing cardiac currents due to persistent inward sodium
(Na™) currents (19). Decreases in delayed rectifier K* currents
and a resultant longer action potential duration have been
reported in cirrhotic rat models of bile duct ligation (40).
Different caveolin isoforms have been linked with regulation
of various ion channels (39, 42); Cav-3 is specifically linked
with cAMP-independent localization and regulation of Na™
channels (42). The relation between Cav-3 and QTc interval
prolongation was identified in several clinical and experimental
studies (8, 36-38). Mutations in the CAV3 gene, which en-
codes Cav-3, was found in patients with long QT syndrome
(38), and the mutant CAV3 increased late Na* current and a
decrease in the inward rectifier K™ current (36-38). The
human ether-a-go-go-related (hERG) gene encodes the rapidly
activating delayed rectifier K* channel, and hERG expression
in the plasma membrane is regulated by Cav-3 (8). It was
recently shown that the Cav-3 mutations linked to the long QT
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Fig. 8. Cartoon depicting possible mechanism of caveolin-3 (Cav-3) overexpression (OE) regulation of corrected QT (QTc) interval prolongation in cirrhotic
cardiomyopathy. In diethoxycarbonyl-1,4-dihydrocollidine (DDC)-induced cirrhotic cardiomyopathy animal model, Cav-3 OE is cardioprotective under
adrenergic stimulation by reducing QTc interval. Cav-3 plays an essential role in regulating potassium (K ™) and sodium (Na™) channels in cardiomyocytes. Cav-3
OE reverses QTc interval prolongation potentially by shortening action potential duration during adrenergic stress.

type 9 inherited arrhythmia syndrome affected Ca, 1.2-en-
coded L-type Ca®" channels highlighting Cav-3’s involvement
in cardiac excitability (34). We have shown previously that
Cav-3 OE mice have increased expression of K,1.4, K, 4.3,
and Na,1.5 channels, reduced QTc intervals, and shortened
cardiac action potentials (25). Because of the inhibitory role of
Cav-3 in QTc interval prolongation, DDC-fed Cav-3 OE mice
might show no increase in QTc interval after adrenergic stim-
ulation in our results (Fig. 8). However, further studies are
needed to investigate the reasons that Cav-3 OE did not prevent
QTc interval prolongation induced by biliary fibrosis but
blocked further increases in QTc interval prolongation after
adrenergic stimulation.

A limitation of the current study is that we did not investi-
gate mechanisms for the Cav-3 OE-associated improvements
in the LV contractile response and reduced QTc interval
prolongation after adrenergic stimulation. In our results, Cav-3
expression was increased 1.6-fold in DDC-fed TGy, hearts
compared with chow-fed TGy, hearts. This result is consistent
with previous reports that structural caveolae and Cav-3 pro-
tein were both increased in a rabbit model of daunorubicin
cardiotoxicity (11). Therefore, the increase of Cav-3 in the
hearts under liver cirrhosis might be a compensatory increase,
and further studies for the protective mechanism of Cav-3 OE
are needed.

In conclusion, we have described a useful model of DDC
induced biliary fibrosis that demonstrates the liver pathology
and pathognomonic signs of cirrhotic cardiomyopathy, includ-
ing a hyperdynamic circulation, blunted stimulated cardiac

functional reserve, and prolonged QTc intervals. We have
found that cardiac myocyte-specific overexpression of Cav-3
alters the LV contractile responses and QTc interval prolonga-
tion seen during adrenergic stress in the DDC cirrhotic cardio-
myopathy model. Our results point to beneficial effects of
Cav-3 expression in the heart in cirrhotic cardiomyopathy that
may lead to future therapies.
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