
Supplementary Fig. 1: DKO mice accumulate excess bile acids and 

demonstrate liver damage, but exhibit no fibrosis or overt injury in the 

heart.  

(A) Serum bile acid levels were dramatically elevated in DKO compared to the 

individual FXRKO and SHPKO mice. (B) Serum ALT and AST levels were also 

increased in DKO mice than the WT controls. This data is in line with our 

previous findings. (n=5-6 mice/group; * p<0.05 compared to WT mice; Mean ± 

SEM). Heart tissues from WT and DKO mice were processed, sectioned and 

stained with Hematoxylin & Eosin (C), and Masson’s trichrome (D) in order to 

analyze for changes in the cardiac architecture. (20X Magnification) 

 

Supplementary Fig. 2: DKO hearts exhibit hypertrophy, bradycardia, 

distress and poor response to pressure overload. 

(A) DKO hearts show increased heart-to-body weight ratio, which is corroborated 

by induced expression of cytoskeleton gene β-MyH7 (B). DKO hearts exhibit 

reduced heart rate (C), along with activation of stress as well as pro-apoptotic 

pathways (D). Upon TAC, DKO mice displayed an increase in heart weight and 

decrease in ejection fraction (EF) with modest decrease in shortening fraction 

(FS) in comparison to WT mice (E-F) (n=5-6/group; *p<0.05 when compared to 

WT animals; Mean ± SEM).  

 

Supplementary Fig. 3: Pgc1α downstream signaling is repressed in DKO 

hearts. 



qRT-PCR analysis was performed on the RNA isolated from 5 months old WT 

and DKO hearts for Pgc1α downstream target genes (A-D). The expression 

levels were normalized to 36b4. (n=4-6 mice/ group; *p<0.05; **p<0.001 when 

compared to WT mice; Mean± SEM). 

 

Supplementary Fig. 4: Deletion of FXR does not alter electrophysiological 

parameters of the heart but induces FAO and inhibits glucose oxidation.  

qRT-PCR analysis was performed on the RNA isolated from 5 months old WT, 

and FXRKO hearts for the genes regulating fatty acid oxidation and glucose 

utilization (A-E). The expression levels were normalized to 36b4. FXRKO mice 

showed normal cardiovascular parameters as evaluated by echocardiography (F) 

compared to WT controls. (n=3-6 mice/ group; *p<0.05; **p<0.001 when 

compared to WT mice; Mean± SEM). 

 

Supplementary Fig. 5: Deletion of SHP reduces heart rate, mCpt1 but 

increases glucose oxidation.  

qRT-PCR analysis was performed on the RNA isolated from 5 months old WT, 

and SHPKO hearts for the genes regulating fatty acid oxidation and glucose 

utilization (A-E). The expression levels are normalized to 36b4. SHPKO mice 

showed normal cardiovascular parameters, except for a decrease in heart rate 

(F) compared to WT controls. (n=3-6 mice/ group; *p<0.05; **p<0.001 when 

compared to WT mice; Mean± SEM). 

 



Supplementary Fig. 6: Exogenous administration of bile acids induces 

bradycardia and metabolic reprogramming in the hearts.  

WT mice were injected with 100 mg/kg Lithocholic Acid (LCA) or corn oil vehicle 

for 4 days (1 dose/day). (A-B) Bar graph show significant reduction in heart rate 

and left ventricular inner diameter. (C) However the acute exposure to bile acids 

in vivo was not sufficient to alter ejection fraction or shortening fraction. (D-F) WT 

mice injected with 100mg/kg Taurocholic Acid (TCA) demonstrated bradycardia, 

decreased cycle amplitude and oleate oxidation, compared to the mice injected 

with corn oil. (n=3-4 mice/group; *p<0.05; **p<0.001 when compared to vehicle 

treated WT; Mean± SEM). 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 















Supplementary Table 1:  Overlapping similarities in the cardiovascular 

pathophysiology observed in DKO mouse model compared to human cirrhotic 

cardiomyopathy. 

PARAMETERS DKO mouse model Human CCM 
Bradycardia DKO mice demonstrate lower 

heart rate (Fig.1D).  
Bradycardia was also observed in 
DDC induced mouse model of 
biliary fibrosis as well as cholic 
acid fed Abcb11-/- mice, which 
also exhibit pathologic 
cholanemia and jaundice (1, 2). 

Cirrhotic patients often exhibit 
tachycardia secondary to a 
chronic inflammation and low 
systemic vascular resistance due 
to vasodilation (3). However, 
patients with obstructive jaundice 
exhibit bradycardia –described as 
”icteric bradycardia” (4-6). 

Electrocardiographic 
abnormality 

DKO mice demonstrate prolonged 
QTc interval and prolonged PR 
interval (Fig.1E). Similarly, DDC 
fed mouse model of biliary fibrosis 
also demonstrated prolonged QT 
interval (1). 

Prolongation of the QT interval is 
one of the key features of human 
CCM and is associated with 
increased risk for mortality in both 
adults and children (7-10). 
Bile acids are sufficient to induce 
rhythm disturbance in humans  
(9, 11,12). 

Increased EF and FS DKO mice show increased 
ejection and shortening fraction 
(Fig.1E), which indicates 
hyperdynamic contractility of the 
LV. 

Hyperdynamic LV is seen in both 
adults and children with end 
stage liver disease (13,14). 

Diastolic dysfunction Diastolic dysfunction is difficult to 
evaluate using mouse 
echocardiograms. LVID - the 
internal diameter of the LV in 
diastole can be used as a 
surrogate marker to estimate LV 
filling. DKO mice have smaller 
LVID than the WT mice (Fig. 1B) 
indicating less LV filling. 

Diastolic dysfunction is a 
consistent finding of human CCM 
(14,15). 

Catecholamine 
resistance 

DKO mice took a longer time to 
achieve peak heart rate and 
showed an attenuated rise in the 
shortening fraction (contractility) 
in response to isoprenaline, 
indicating resistance to 
catecholamine stimulation (Fig 

Inadequate response to 
catecholamine has been shown 
in human CCM (14, 20). 



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2B). This data is consistent with 
published findings in other mouse 
models of biliary fibrosis and bile 
acid overload (2,16-19). 

Exercise intolerance DKO mice show exercise 
intolerance (Fig. 2A). 

Exercise fatigue is seen in 
patients with cirrhosis and has 
been attributed to CCM (21). 

Biochemical evidence 
of myocardial injury 

Elevated cardiac troponin levels 
are detected in DKO mice 
(Fig.1G) suggesting injury to 
myocardium (22,23). 

Elevations of cardiac troponin 
levels in serum have been 
detected in human CCM (24). 

Possible metabolic 
etiology 

In this study we suggest that bile 
acid mediated alteration in 
substrate utilization as one of the 
possible mechanism responsible 
for the cardiomyopathy observed 
in this model. 

Alteration in cardiac metabolism 
as a cause of cardiomyopathy in 
cirrhotic patients has been 
previously speculated (25). 
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Supplementary Table 2: qRT-PCR primer sequences used in this study 

 

 

 
 

 
  

Primer 
Sequence 

 
Forward Primer 

 
Reverse Primer 

β-Myh7 5’- TTCATCCGAATCCATTTTGGGG -3 5’- GCATAATCGTAGGGGTTGTTGG -3’ 
Troponin, 
cardiac 

5’- TCTGCCAACTACCGAGCCTAT-3’ 5’- CTCTTCTGCCTCTCGTTCCAT -3’ 

Pgc1a 5’- CCCACAGAAAACAGGAACAG -3’ 5’- CTGGGGTCAGAGGAAGAGAT -3’ 
Ppara 5’- ACAAGGCCTCAGGGTACCA -3’ 5’- GCCGAAAGAAGCCCTTACAG -3’ 
m-Cpt 1 5’- GCGACAGGCATTTTCTTC -3’ 5’- AGGAGACGGACACAGATAGC -3’ 
m-Cpt 2 5’- GCTGCCTATCCCTAAACTTG -3’ 5’- CTTCCCAATGCCGTTCTC -3’ 
Erra 5’- GTACGTCCTGCTGAAAGCTC -3’  5’- CCAGCTTCATACTCCAGCAG -3’  
Errg 5’- GTTGTGTACCGATCGCTTTC -3’ 5’- CCAGCTGCAGGATAGCATTA -3’ 
Pdk4 5’- GGATTACTGACCGCCTCTTTAGT -3’ 5’- AGATGATAGCGTCTGTCCCATAA -3’ 
Nrf-1 5’-  GCACCTTTGGAGAATGTGGT -3’ 5’- CTGAGCCTGGGTCATTTTGT -3’ 
Nrf-2 5’-  CTCTCTGAACTCCTGGACGG -3’ 5’- GGGTCTCCGTAAATGGAAG -3’ 
Tfam 5’-  CAAGTCAGCTGATGGGTATGG -3’ 5’- TTTCCCTGAGCCGAATCATCC -3’ 



Supplementary Table 3: Coefficient of Variation for the different Cardiovascular 

Parameters obtained from Echocardiography. 
 
 

 MEAN SD SEM CV Mann-Whitney 

WT  (HR) bpm 490 37 13 6.85% P= 0.0148 

DKO (HR) bpm 386 59 21 12.75%  

      

WT (PR) msec 22.5 1.4 0.54 6% P=0.015 

DKO (PR) msec 26.6 2.2 0.85 8%  

      

WT (% EF) 57 10 2 16% P=0.018 

DKO (% EF) 66 9.5 1.8 14%  

      

WT (% FS) 30 5.9 1.3 19% P=0.005 

DKO (%FS) 37 7.9 1.5 21%  
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