
RESEARCH ARTICLE
A mouse model of inherited choline kinase β-deficiency
presents with specific cardiac abnormalities and a
predisposition to arrhythmia
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The CHKB gene encodes choline kinase β, which catalyzes
the first step in the biosynthetic pathway for the major
phospholipid phosphatidylcholine. Homozygous loss-of-
function variants in human CHKB are associated with a
congenital muscular dystrophy. Dilated cardiomyopathy is
present in some CHKB patients and can cause heart failure
and death. Mechanisms underlying a cardiac phenotype due
to decreased CHKB levels are not well characterized. We
determined that there is cardiac hypertrophy in Chkb−/− mice
along with a decrease in left ventricle size, internal diameter,
and stroke volume compared with wildtype and Chkb+/− mice.
Unlike wildtype mice, 60% of the Chkb+/− and all Chkb−/−

mice tested displayed arrhythmic events when challenged
with isoproterenol. Lipidomic analysis revealed that the ma-
jor change in lipid level in Chkb+/− and Chkb−/− hearts was an
increase in the arrhythmogenic lipid acylcarnitine. An in-
crease in acylcarnitine level is also associated with a defect in
the ability of mitochondria to use fatty acids for energy and
we observed that mitochondria from Chkb−/− hearts had
abnormal cristae and inefficient electron transport chain ac-
tivity. Atrial natriuretic peptide (ANP) is a hormone pro-
duced by the heart that protects against the development of
heart failure including ventricular conduction defects. We
determined that there was a decrease in expression of ANP,
its receptor NPRA, as well as ventricular conduction system
markers in Chkb+/− and Chkb−/− mice.

Human cell membranes separate and protect cells from
their external environment, transmit cellular signals, estab-
lish an electrochemical gradient via the transport of ions, and
generate action potential in neurons and muscle cells (1).
The phospholipid bilayer is the fundamental structure of
membranes and interacts with peripheral and integral
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membrane proteins to regulate critical biological processes
(2). Phosphatidylcholine (PC) is the most abundant mem-
brane phospholipid constituting between 30% and 60% of the
phospholipid mass of eukaryotic cell membranes (3).

The first enzymatic step in the synthesis of PC is the
phosphorylation of choline by choline kinases to produce
phosphocholine. In humans and mice, two separate genes,
CHKA and CHKB, encoding choline kinase alpha (CHKA)
and choline kinase beta (CHKB), respectively, catalyze this
reaction. In humans and mice autosomal recessive loss-of-
function mutations in CHKB (Chkb in mouse) cause
congenital muscular dystrophy with megaconial myopathy
(OMIM: 602541) (4, 5). Clinical characteristics of CHKB-
associated muscular dystrophy include delayed motor
development, neonatal hypotonia, and intellectual disability
without brain malformation. Variable cardiac phenotypes
including dilated cardiomyopathy, decreased left ventricular
systolic function, and congenital heart defects are reported in
at least one-third of all known cases and remain a major
reason of early death in affected individuals (5–9). How a
cardiac phenotype is manifested owing to decreased CHKB
level is not known.

Here we report that both homozygous and heterozygous
Chkb mice have cardiomyopathy, decreased cardiac func-
tional capacity, and increased susceptibility to cardiac
arrhythmia. Alteration of cardiac lipid metabolism in Chkb+/−

and Chkb−/− mice results in accumulation of the arrhyth-
mogenic intermediary fatty acid metabolite acyl carnitine
(AcCa). Furthermore, Chkb+/− and Chkb−/− mice displayed
reduced expression of atrial natriuretic peptide (ANP) and its
receptor (NPRA), along with specific defects in cellular
signaling pathways known to enable heart function. Our data
from Chkb-deficient mice provide mechanistic and observa-
tional insights into how a defect in PC synthesis can result in
cardiac defects and may help explain similar phenotypes
observed in CHKB-deficient patients.
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Choline kinase beta deficiency causes heart disease
Results

Loss of Chkb does not affect Chka level in heart

Chkb encodes choline kinase β, the first enzymatic step in
the synthesis of PC. A second choline kinase isoform, Chka,
encoded by a separate gene, is present in mouse (and human)
tissues. We investigated the protein expression pattern of these
two choline kinase isoforms in cardiac muscle from Chkb+/+,
Chkb+/−, and Chkb−/− mice. Western blot analysis revealed
that, as expected, Chkb protein expression is significantly
reduced in Chkb heterozygous mice and is completely absent
in homozygous knockout mice. Chka is expressed at a similar
level in cardiac tissue from wildtype, Chkb+/−, and Chkb−/−

mice; no compensatory upregulation of Chka protein was
observed in mice lacking the Chkb isoform (Fig. 1, A–C). The
data are consistent with previous work that Chkb deficiency
does not alter Chka mRNA expression in heart (4).
Defective cardiac output due to decreased Chkb level

Echocardiography was used to assess systolic and diastolic
function in hearts from 5-month-old Chkb+/+, Chkb+/−, and
Chkb−/− mice (Fig. 2 and Table 1). After cardiac function
assessment, mouse body weight was determined and hearts
were surgically removed from anaesthetized mice and heart
weight was measured. Chkb−/− mice weighed 40% less than
Chkb+/+ or Chkb+/− mice (Fig. 2A), whereas heart weight was
similar among the three different genotypes. Heart weight to
body weight ratio, an index of hypertrophy, was significantly
increased in Chkb−/− mice compared with the Chkb+/+ and
Chkb+/− mice (Fig. 2, B and C).
Figure 1. Chka protein levels in heart samples from Chkb-deficient
mice. A, Western blot of heart samples from three distinct (lanes 1–3)
Chkb+/+, four distinct (lanes 4–7) Chkb+/−, and three distinct (lanes 8–10)
Chkb−/− mice probed with anti-Chkb, anti-Chka, and anti-Gapdh antibodies.
B and C, densitometry of the Western blot data. Loss of Chkb does not affect
Chka level in heart. Values are means ± SD; data were analyzed using one-
way ANOVA with Tukey’s multiple comparison test. **p< 0.01 (n = 3–4
females per group).
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Cardiac structural parameters were measured for Chkb+/+,
Chkb+/−, and Chkb−/− mice. Heart rate was not significantly
different during echocardiogram measurements between each
group (Table 1). There were no structural differences at
diastole and systole in hearts from Chkb+/+ and Chkb+/− mice
(Fig. 2 and Table 1); however, Chkb−/− mice had a smaller left
ventricular (LV) mass and smaller LV internal diameter during
diastole (Fig. 2, E–G).

In terms of functional parameters, there were no differences
between Chkb+/+ and Chkb+/− mice, whereas Chkb−/− mice had
significantly smaller calculated stroke volume (Fig. 2I), calcu-
lated cardiac output (Fig. 2J), and a reduction in LV volume
during diastole (Table 1). We also measured diastolic function
using pulse-wave Doppler echocardiography. There were no
significant differences in mitral valve, E wave, A wave, and the
E-to-A ratio between groups (Table 1). Together, these findings
suggest that a complete loss of Chkb reduces LV mass, internal
diameter during diastole, LV volume during diastole, and stroke
volume and cardiac output and increases cardiac hypertrophy.

Chkb-deficient mice are more susceptible to ventricular
arrhythmia

To determine if there were additional cardiac anomalies
associated with decreased Chkb level, we evaluated mouse heart
function by electrocardiogram (ECG) at baseline and when
challenged with isoproterenol (ISO), a β1 and β2 adrenergic
receptor agonist whose administration can reveal increased
predilection toward arrhythmia. ECG measurements obtained
fromChkb+/+,Chkb+/−, andChkb−/−mice determined that none
of the mice displayed arrhythmic events at baseline. ISO treat-
ment did not induce arrhythmic events in wildtype mice
(Fig. 3A); ISO treatment resulted in 60% of theChkb+/−mice and
100% of Chkb−/− mice exhibiting arrhythmic events (Fig. 3, A
and B). Quantification of the baseline ECG parameters did not
show a significant difference inRR intervals (Fig. 3C), PR interval
(Fig. 3D), heart rate (Fig. 3E), ST height (Fig. 3F), QTc (Fig. 3G),
or QRS interval (Fig. 3H) betweenChkb+/+,Chkb+/−, andChkb−/
− mice. When animals were treated with ISO, there was a sig-
nificant decrease in RR interval in all genotypes compared with
baseline RR intervals (Fig. 3C); however, there were no signifi-
cant differences between RR intervals of animals that were
stimulated with ISO (Fig. 3C). Furthermore, when Chkb+/+,
Chkb+/−, and Chkb−/− mice were challenged with ISO, only the
PR interval of Chkb+/− mice showed a significant reduction
(Fig. 3D). There were no significant changes in ST height
(Fig. 3F), QTc (Fig. 3G), and QRS interval (Fig. 3H) after treat-
ment with ISO. In summary, infusion of ISO had little effect on
ECG parameters but had a significant increase in arrhythmic
events in Chkb-deficient mice.

Chkb deficiency alters the lipid profile of the heart

PC synthesis is integrated with the synthesis of other major
phospholipid classes, as well as AcCa, fatty acids, and the
neutral lipids diacylglycerol (DG) and triacylglycerol (TG)
(Fig. 4A). Fatty acids derived from plasma are first activated by
esterification to fatty acyl-CoA. Subsequently, they will either



Figure 2. Chkb deficiency results in defects in heart function. A, body weight was recorded for 5-month-old Chkb+/+ (five male, four female), Chkb+/−

(four male, eight female), and Chkb−/− (three male, three female) mice. Hearts were surgically removed from anesthetized mice and trimmed of extracardiac
tissue. Heart weight was measured (B) and heart weight to body weight ratio (heart weight/body weight), an index of hypertrophy, was calculated (C).
Values are presented as mean ± SD. Significance was calculated using one-way ANOVA with Tukey’s multiple comparison test for each specific time point.
**p < 0.01 (n = 6–12 mice/group). D, representative M-mode images of 20-week-old Chkb+/+, Chkb+/−, and Chkb−/− mice. E, left ventricle mass; LV Mass AW
(mg). F, left ventricle internal diameter during systole; LVID;s (mm). G, left ventricle internal diameter during diastole; LVID;d (mm). H, ejection fraction (EF,
%). I, stroke volume (μl) and (J) Cardiac output (ml/min). Data were analyzed using one-way ANOVA (p < 0.05) with Tukey’s multiple comparison test for
each specific time point; *p < 0.05, **p < 0.01 (n = 3–12 mice/group). ns, not significant.
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Table 1
Cardiac phenotypes of 5-month-old mice deficient in Chkb

Parameter Chkb+/+ (n =5) Chkb+/− (n = 9) Chkb−/− (n = 3) Significant

Gender (male; female) (2; 3) (3; 6) (1; 2) -
Heart rate (bpm) 504.88 ± 44.90 515.1 ± 60.0 551.38 ± 47.80 NS
M-Mode
LVID (sys) (mm) 2.56 ± 0.30 2.52 ± 0.48 1.92 ± 0.27 NS
LVID(d) (mm) 3.78 ± 0.22 3.85 ± 0.47 3.08 ± 0.20a,b p < 0.05
LVPW(sys) (mm) 1.14 ± 0.15 1.20 ± 0.26 1.11 ± 0.05 NS
LVPW(d) (mm) 0.87 ± 0.10 0.88 ± 0.16 0.87 ± 0.09 NS
LV Vol(sys) (μl) 24.14 ± 6.84 24.14 ± 10.89 11.73 ± 4.35
LV Vol(d) (μl) 61.44 ± 8.82 65.28 ± 18.48 37.61 ± 5.85a p < 0.05
Calculated stroke volume (μl) 37.3 ± 4.28 41.14 ± 8.75 25.88 ± 2.38a p < 0.05
EF% 61.16 ± 6.92 64.51 ± 7.49 69.41 ± 6.73 NS
FS% 32.4 ± 4.9 34.91 ± 5.35 38.05 ± 5.12 NS
Calculated cardiac output (ml) 18.87 ± 3.09 20.87 ± 3.55 13.97 ± 0.92a p < 0.05
LV mass AW (mg) 115.58 ± 16.98 113.66 ± 14.84 75.07 ± 13.15a,b p < 0.01
LV mass AW (corrected) (mg) 92.47 ± 13.59 90.93 ± 11.87 60.06 ± 10.52a,b p < 0.01
LVAW(sys) (mm) 1.29 ± 0.18 1.27 ± 0.12 1.09 ± 0.04 NS
LVAW(d) (mm) 0.82 ± 0.14 0.76 ± 0.10 0.71 ± 0.02 NS

Pulse-wave Doppler echocardiography
MV E (m/s) 546.05 ± 72.17 607.41 ± 77.31 543.06 ± 63.45 NS
MV A (m/s) 454.86 ± 75.05 495.07 ± 86.35 413.80 ± 38.67 NS
MV E/A 1.21 ± 0.08 1.24 ± 0.16 1.32 ± 0.17 NS

Abbreviations: EF%, percent ejection fraction; FS%, percent fraction shortening; HET, heterozygous for Chkb; LVID(d), left ventricle internal diameter during diastole mm;
LVID(sys), left ventricle internal diameter during systole; LV Vol(d), left ventricle volume during diastole; LV Vol(sys) (μl), left ventricle volume during systole; LV Mass AW (mg),
left ventricle mass; LV Mass AW (Corrected), left ventricle mass; LVAW(d), left ventricle anterior wall during diastole; LVAW(sys) (mm), left ventricle anterior wall during systole;
LVPW(d), left ventricle posterior wall during diastole; LVPW(sys), left ventricle posterior wall during systole; MVA, mitral valve active phase; MVE, mitral valve early phase; MVE/
A, ratio of early to active phase.
a Significant from WT.
b Significant from HET.
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be converted to AcCa to be used as energy by mitochondrial β-
oxidation or be funneled into phosphatidic acid synthesis that
can either enter the cytidine diphosphate diacylglycerol (CDP-
DG) pathway to generate phosphatidylinositol, phosphatidyl-
glycerol (PG), and cardiolipin (CL) or be converted to DG. DG
can be metabolized into the two most abundant membrane
phospholipids, PC and phosphatidylethanolamine (PE), or be
used for the production of TG where it forms cytosolic lipid
droplets. Lipidomics was used to determine if complete or
partial loss of Chkb function alters lipid levels in heart. In
cardiac muscle isolated from Chkb+/+, Chkb+/−, and Chkb−/−

mice the levels of the major glycerophospholipids, PC, PE, CL,
PG, PI, PS, the neutral lipids, TG and DG, the sphingolipids,
sphingomyelin and ceramide, the PC and PE metabolites,
lysophosphatidylcholine (LPC), lysophosphatidylethanol-
amine, as well as acylcarnitine (AcCa) were quantified (Fig. 4B
and Table 2). By far the largest change observed in the cardiac
lipid profile was a 3.1-fold increase in AcCa level in cardiac
muscle from Chkb−/− mice and a 1.7-fold increase in Chkb+/−

mice, compared with wildtype. Small but statistically signifi-
cant changes were also observed in several lipid species
including a small increase in PC of 1.18- and 1.35-fold
(Table 2) and a significant decrease in LPC to 0.62 and 0.52
in the Chkb+/− and Chkb−/− mice, respectively. The level of PC
was not found to be significantly different in heart and other
organs in previous work (4); this may be due to either differ-
ences in methods used or the fact that the previous study used
1-month-old mice, whereas the mice used in the current study
were 5 months of age, a stage where the disease is much more
advanced.

Increases in two lipids are known to cause arrhythmia, AcCa
and LPC. The level of LPC decreased in Chkb−/− mice, whereas
that of AcCa was substantively higher. We suggest that the
4 J. Biol. Chem. (2022) 298(3) 101716
dramatic increase in AcCa predisposes Chkb+/− and Chkb−/−

mice to cardiac arrhythmia (10–21).

Defective cardiac mitochondrial β-oxidation due to Chkb
deficiency

Fatty acids are the main energy substrate of the heart and
provide most cofactors necessary for mitochondrial oxidative
phosphorylation (22). Since an increase in AcCa can be a result
of a decreased ability of mitochondria to uptake and use fatty
acids as source of energy, palmitoyl-carnitine was used as an
energy source to determine β-oxidation capacity in wildtype
and Chkb−/− mice. Intact/respiring cardiac mitochondria were
isolated, and the oxygen consumption rate (OCR) of isolated
mitochondria was measured using a Seahorse XF24 extracel-
lular flux analyzer. We included saturating concentration of
ADP to ensure the maximal state three rate for the duration of
the measurement cycle, and sequential injections of oligomy-
cin, FCCP, and antimycin A/rotenone followed. Mitochondria
from Chkb−/− heart showed significantly lower OCR in all
respiratory states compared with mitochondria isolated from
wildtype heart when using palmitoyl-carnitine as substrate
(Fig. 5, A and B).

It is known that mitochondrial respiratory enzyme activities
are dependent on membrane phospholipid composition (23);
therefore, we tested if the decrease in OCR in Chkb−/− cardiac
mitochondria is fatty acid specific or is due to a general defect
in function of the electron transport chain in the heart. We
assessed respiration in wildtype and Chkb−/− cardiac mito-
chondria using succinate, which feeds directly into the electron
transport system through complex II. Rotenone (a complex I
inhibitor) was used with succinate to prevent any complex I–
driven respiration. Similar to fatty acid–driven OCR, when
succinate was used as energy source, the Chkb−/− hearts



Figure 3. Increased arrhythmic events due to Chkb deficiency. A, lead II ECG trace pattern of Chkb+/+ mice showing regular ECG pattern with defined P,
QRS, and T waves at baseline and after isoproterenol (ISO). Chkb+/− and Chkb −/− mice showing regular ECG pattern at baseline but display arrhythmic
events when challenged with ISO (highlighted with red circles). Quantification of arrhythmic events over 15 min (B) RR intervals (C), PR interval (D), heart rate
(bpm) (E), ST height (mV) (F), QTc (s) (G), and QRS intervals (s) (H) at baseline and after treatment with ISO. Each bar represents mean ± SD. Data were
analyzed using one-way ANOVA with Tukey’s multiple comparisons post hoc test; **p< 0.01 (n = 5–9 mice per group).

Choline kinase beta deficiency causes heart disease
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Figure 4. Chkb deficiency alters the cardiac lipid profile of Chkb+/− and Chkb−/− mice and decreases mitochondrial β-oxidation capacity. A, PC
synthesis is integrated with the synthesis of other major phospholipid classes, as well as AcCa, fatty acids, and the neutral lipids diacylglycerol (DG) and
triacylglycerol (TG). B, comparison of expression levels of major glycerophospholipids (PC, PE, PI, PG, PS, CL, DG, and TG) and their metabolites (LPC, LPE) as
well as sphingomyelin (SM), ceramide (Cer), and acyl carnitine (AcCa) between Chkb+/+, Chkb+/−, and Chkb−/− mice (n = 3 mice per group). The analysis was
performed on 5-month-old heart samples. Each dot represents an individual fatty acyl lipid species, and the bar represents total mass. All statistical
comparisons were performed pair-wise and log scaled. That is, a fold-change was calculated between the Chkb+/− and Chkb−/− mice and controls for each
unique lipid species, and a nonparametric statistical test was used to assess if the fold-changes were statistically significant from 1 in aggregate. There were
no statistically significant changes for unique lipid species, but were so for total mass. Wilcoxon signed rank test with Bonferroni correction was used to
determine the significance of a median pair-wise fold-increase in lipid amounts at an overall significance level of 5%. As the Bonferroni correction is fairly
conservative, significant differences are reported at both precorrection (*) and postcorrection (***) significance levels. AcCa, acylcarnitine; CDP, cytidine
diphosphate; Cer, ceramide; Cho, choline; CL, cardiolipin; DG, diacylglycerol; Etn, ethanolamine; LPC, lysophosphatidylcholine; LPE, lysophosphatidyletha-
nolamine; PA, phosphatidic acid; PC, phosphatidylcholine; PE, phosphatidylethanolamine; PG, phosphatidylglycerol; Pho, phospho; PI, phosphatidylinositol;
PS, phosphatidylserine; SM, sphingomyelin; TG, triacylglycerol.
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showed significantly lower OCR in all respiratory states
determined compared with mitochondria isolated from wild-
type mice (Fig. 5, C and D). There appears to be a general
defect in electron transport chain function in cardiac muscle of
Chkb−/− mice.
Morphological changes in mitochondria in Chkb-deficient
heart

The electron transport chain is present on the inner mito-
chondrial membrane, and we determined that cardiac muscle
6 J. Biol. Chem. (2022) 298(3) 101716
from Chkb−/− mice have decreased electron transport chain
efficacy. To assess if mitochondrial morphological changes are
present in hearts from Chkb-deficient mice, we examined
cardiac mitochondrial morphology by transmission electron
microscopy. Electron microscopic examination of heart mus-
cles from wildtype and Chkb-deficient mice revealed mito-
chondria with cristae (inner mitochondrial membrane)
deformation and reduced cristae density in Chkb+/− mice, with
cristae deformation and lack of density further exacerbated in
the Chkb−/− mice (Fig. 5E). To further evaluate mitochondria
in cardiac muscle of Chkb-deficient mice, we employed



Table 2
Fold change in lipid levels due to Chkb deficiency

Lipid
Fold-change

Chkb+/−/Chkb+/+ p-value Significance
Fold-change

Chkb−/−/Chkb+/+ p-value Significance

AcCa 1.68 0.0053 * 3.07 0.0002 ***
Cer 0.60 0.0000 *** 0.65 0.0000 ***
CL 1.67 0.0000 *** 1.40 0.0074 *
DG 1.37 0.0000 *** 1.05 0.5291
LPC 0.62 0.0001 *** 0.52 0.0007 ***
LPE 0.54 0.0039 * 0.79 0.2500
PC 1.18 0.0000 *** 1.35 0.0000 ***
PE 1.24 0.0071 * 1.04 0.7155
PG 0.64 0.8125 1.21 1.0000
PI 0.87 0.7819 1.24 0.0174 *
PS 1.74 0.0625 0.88 0.6250
SM 0.82 0.0027 * 1.06 0.3777
TG 1.19 0.0418 * 0.55 0.0155 *

Pairwise Wilcoxon signed rank test with Bonferroni correction was used to determine the significance of a median pair-wise fold-increase in lipid amounts at an overall significance
level of 5%. As the Bonferroni correction is fairly conservative, significant differences are reported at both precorrection (*) and postcorrection (***) significance levels. N = 3 mice
per genotype.
Abbreviations: AcCa, acyl carnitine; Cer, ceramides; CL, cardiolipin; DG, diglyceride; LPC, lysophosphatidylcholine; LPE, lysophosphatidylethanolamine; PC, phosphatidylcholine;
PE, phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; TG, triglyceride.
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stereological methods (24). The number of mitochondria in
heart samples from Chkb+/− mice is 38% more than that of the
wildtype (Fig. 5F), whereas the percentage of cardiac volume
occupied by mitochondria was similar among the different
groups (Fig. 5G). Consistent with the stereological analysis, the
mitochondrial gene expression of NADH-ubiquinone oxido-
reductase chain 1 (MT-Nd1) in Chkb+/− mouse cardiac muscle
was increased 1.9-fold (Fig. 5H). The increase in abnormal
cristae is consistent with the overall decrease in electron
transport chain function in Chkb−/− mice.
Reduced gene expression of ANP, ANP receptor, and
conduction system markers in Chkb-deficient mice

Dilated cardiomyopathy is the most commonly reported
cardiac phenotype in CHKB patients (5, 6) and is a frequent
cause of heart failure and death (25). ANP is a cardiac
hormone considered an accurate biomarker of dilated car-
diomyopathy (26–30). ANP exerts its physiological action
via the NPRA receptor. RT–quantitative PCR showed that
ANP expression is significantly reduced in heart from
Chkb−/− mice (Fig. 6A). Also, in both the heterozygous and
homozygous state for Chkb there was reduced expression of
NPRA (Fig. 6B). We have previously shown that ANP in-
creases the expression of ventricular conduction system
(VCS) markers in embryonic ventricular cells and NPRA
deficiency leads to defects in Purkinje fiber arborization (27);
therefore, we determined if the expression of the VCS
markers hyperpolarization-activated cyclic nucleotide-gated
channel-4 (HCN4) and connexin 40 (Cx40) are affected in
hearts from Chkb-deficient mice. Partial or complete loss of
Chkb significantly decreased Cx40 expression when
compared with wildtype (4-fold and 3.4-fold, respectively,
Fig. 6C), whereas complete loss of Chkb also significantly
reduced expression of HCN4 (Fig. 6D). Cx40 visualization
has been widely used to monitor development and matu-
ration of the VCS (27, 31). To assess whether Chkb defi-
ciency altered the development and maturation of the VCS
we stained cardiac tissue with Cx40 antibody. Consistent
with reduced Cx40 gene expression, the Cx40 signal was
noticeably decreased in Chkb+/− compared with the wildtype
and the complete loss of Chkb activity further reduced Cx40
signal intensity (Fig. 6, E and F). Decreased Chkb level re-
sults in a decrease in the levels of regulators and biomarkers
for dilated cardiomyopathy and the development of the
VCS.

Decreased p-AKT, p-GSK3β, and p-AMPK expression in Chkb-
deficient hearts

Membrane lipid composition is known to regulate cell
signaling by associating with integral membrane receptors and
influencing their function either through direct binding or by
affecting membrane dynamics (32, 33). We assessed if known
signaling pathways that affect heart function, namely, the AKT,
GSK-3β, ERK, and AMPK pathways, were defective due to
reduced Chkb level (Fig. 4, A–I).

AKT signaling protects cardiomyocytes in both acute and
chronic models of cardiac injury (34–36). Phosphorylation is
the most important posttranslational determinant of AKT
activity. One of the known downstream effectors of AKT,
glycogen synthase kinase-3β (GSK-3β), negatively regulates
cardiac hypertrophy. Inactivation of endogenous GSK-3β via
phosphorylation is predominantly through the AKT pathway.
We show that, in cardiac lysates from Chkb−/− mice, phos-
phorylated AKT (p-AKT) and phosphorylated GSK-3β (p-
GSK-3β) abundance decrease significantly relative to wildtype
mice (Fig. 7, A–E). The decrease in p-GSK-3β was due to a
decrease in total GSK-3β abundance, whereas the decrease in
p-AKT reflected an absolute decrease in AKT phosphorylation
(Fig. 7, A–E).

AMP-activated protein kinase (AMPK) is a key regulator of
the metabolism of both fatty acids and glucose in the heart
(37). The activation of AMPK by phosphorylation during
metabolic stress is known to increase energy production and
inhibit apoptosis. We determined if AMPK phosphorylation
contributes to the cardiomyopathy in Chkb-deficient mice. In
cardiac lysates from Chkb−/− mice, phosphorylated AMPK
abundance decreased significantly relative to Chkb+/+ mice
J. Biol. Chem. (2022) 298(3) 101716 7



Figure 5. Defective cardiac mitochondrial β-oxidation and altered mitochondrial morphology due to Chkb deficiency. Coupled mitochondrial
respiration assay tracings as determined by multiwell measurement of oxygen consumption driven by 40 μM palmitoylcarnitine/1 mM malate (A and B) or
10 mM succinate/2 μM rotenone (C and D). ADP (4 mM) was included in the initial media. Oxygen consumption rate (OCR) values are shown before (A and
C) and after normalization to total protein (B and D). Each well contains 3.5 to 4 μg total protein (updated in the normalization settings). To inhibit coupled
respiration, oligomycin A (a complex V inhibitor) is added to the mitochondria. FCCP is a mitochondrial uncoupler, allowing protons to cross the inner
mitochondrial membrane, and induces uncoupled respiration, circumventing complex V. Finally, antimycin A, an inhibitor of complex III, is added to assess
nonmitochondrial respiration. Values are means ± SD. Analysis performed by two tailed Student’s t test for each time point; **p< 0.01 (n = 4–5 wells per
group). E, ultrastructural changes in the mitochondrial membrane in cardiac tissue. TEM appearance of the mitochondrial profile of hearts from 30-day-old

Choline kinase beta deficiency causes heart disease
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(Fig. 7, A and F–G). The decrease in p-AMPK was due to a
decrease in total AMPK abundance (Fig. 7, A and F–G).

Extracellular signal-regulated kinase (ERK) is activated
downstream of G protein–coupled receptors and integrin
stimulation and is involved in adaptive remodeling during the
early phase of chronic pressure overload or maladaptive
physiological changes during hypertension and chemotherapy-
mediated cardiac side effects (38). Hetero- or homozygous
deficiency in Chkb did not alter ERK expression or activation
by phosphorylation in hearts (Fig. 7, A and H–I).

Dynamics and localization of specific lipid species, as well as
membrane rigidity in living cells, can effect dynamic changes
to the cytoskeleton, thereby impacting cell physiology. We
tested if Chkb level affects the protein expression of some of
the most important cardiac cytoskeletal proteins. Chkb defi-
ciency did not alter the expression of the cytoskeletal proteins
α-actinin, Talin, Vinculin, or Lamin A/C (Fig. 7, J–N).

Chkb deficiency decreases p-AKT, p-GSK3β, and p-AMPK
levels in heart but has no effect on ERK signaling or cardiac
cytoskeletal protein expression. These deficiencies in specific
cell signaling pathways required for cardiac health and func-
tion point to specific, versus general, effects on signaling
pathways due to the membrane lipid perturbations observed in
mice deficient in Chkb.
Discussion

This study is first to report that heterozygous and homo-
zygous Chkb (choline kinase β) deficiencies are associated with
cardiomyopathy, cardiac structural and functional defects, and
an increased predisposition to arrythmia (Fig. 8). Although
Chkb catalyzes the first step in the synthesis of the major
phospholipid PC, the most notable change in lipid level
observed in mice deficient in Chkb was an increase in the level
of AcCa. Increased levels of long-chain AcCa have been
associated with cardiovascular disease risk, heart failure, and
left ventricle remodeling and function proportional to disease
stage and severity (10–21), phenotypes similar to those
observed in the current study of Chkb-deficient mice. These
clinical associations are supported by an extensive body of
basic research from animal and cell models showing that long-
chain AcCa exposure to cardiac muscle alters various cardiac
excitation–contraction coupling processes and myocardial
contractility. In fact, long-chain AcCa alters the activity of
certain Na+, Ca2+, and K+-handling proteins to induce ar-
rhythmias (39).

How the level of AcCa increases in the heart is not yet clear.
We suspect that decreased capacity through the choline kinase
step could decrease DG consumption via the downstream
cholinephosphotransferase enzyme of the Kennedy pathway.
This could back up that arm of the pathway such that fatty
acids are shunted into AcCa for consumption (Fig. 4A);
Chkb+/+, Chkb+/−, and Chkb−/− mice (representative of three mice per group). Oc
Mitochondrial content (number per field) (F) and mitochondrial volume densit
magnification. H, relative mitochondrial Nd1 gene expression. Data were analyz
**p < 0.01. For image analysis, three to four images per mice were used. n = 3
phenylhydrazone (FCCP); M, mitochondria; O, Oligomycin A; R, Rotenone.
however, as we show that there is an inability to use AcCa as a
substrate for mitochondrial β-oxidation this would result in
AcCa accumulation. Testing this hypothesis will be an inter-
esting avenue for future work.

ANP expression has been shown to protect against the
development of heart failure (28–30), and we have previously
shown that ANP signaling is involved in the development of
the embryonic VCS (27). Defects in cardiac conduction sys-
tem development in patients with congenital heart diseases
can cause arrhythmias and may lead to sudden death (40).
The decrease in ANP expression in Chkb-deficient heart that
we report led to a decrease in expression of VCS markers.
Decreased ANP and NPRA levels may alter the development
of embryonic ventricular conduction system and render
Chkb-deficient mice more susceptible to arrhythmia. The
exact mechanism for reduced ANP and NPRA expression in
Chkb-deficient mice is not clear. One possible mechanism is
the alteration in membrane mechanosensory capacity of
Chkb−/− myocytes. Natriuretic peptides, including ANP, are
secreted in response to the neurohumoral stimuli and/or
stretching of atrial and ventricular walls and produce intense
hypotensive effects via their diuretic, natriuretic, and
vascular dilatory properties. Stimulation of secretion of ANP
(and BNP) from the atria is mediated through mechanisms
involving G proteins (Gq or Go types) (41). Protein–lipid
interactions are crucial for G protein–coupled receptor
cellular localization, and consequently for signal transduction
(42–44). Therefore, the alteration in lipid profile of Chkb-
deficient cardiac myocytes might have disrupted the stretch-
induced activation of the G protein–coupled receptors and
downstream ANP expression. This will be interesting to
further pursue.

Mitochondria occupy one-third of the cell volume in cardiac
myocytes, and cardiac muscle has the highest oxygen con-
sumption rate on a per unit weight basis (45). Mitochondrial
fatty acid oxidation is the primary energy source utilized in the
adult myocardium to produce energy and takes place via the
electron transport chain located on the mitochondrial inner
membrane (46). To use fatty acids as substrate for mito-
chondrial β-oxidation they must be first transported into
mitochondria by a carnitine–acylcarnitine translocase through
the inner mitochondrial membrane and transesterified back to
acyl-CoA by carnitine palmitoyltransferase II. The released
carnitine is shuttled back to the cytosol, and AcCa is trans-
ferred into the matrix. Here, we showed that cardiac mito-
chondria from Chkb−/− mice have a decreased capacity to
utilize fatty acids for oxygen consumption, consistent with the
accumulation of AcCa we observed in cardiac muscle. The
reduced mitochondrial oxygen consumption rate does not
seem to be substrate dependent as we observed a reduction in
OCR when we provided the mitochondria with succinate,
which directly feeds into protein complex II and does not
casional mitochondrial cristae deformation with balloon expansion (arrows).
y (G) quantified by standard stereological analysis of TEM images at 10,000×
ed using one-way ANOVA with Tukey’s multiple comparison test. *p < 0.05,
mice per group. AA, Antimycin A; F, Carbonyl cyanide-4- (trifluoromethoxy)
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Figure 6. Reduced expression of cardiac conduction system markers in Chkb-deficient mice. RT–quantitative PCR analysis was used to monitor gene
expression of atrial natriuretic peptide (ANP) (A), natriuretic peptide receptor-A (NPRA) (B), ventricular conduction system markers connexin 40 (Cx40) (C),
and hyperpolarization-activated cyclic nucleotide-gated channel-4 (HCN4) (D). Expression levels were normalized to Gapdh via the ΔΔCT method. n = 3 to 6
mice per group, each bar represents mean ± SD, *p < 0.01, **p< 0.01; one-way ANOVA with Tukey’s multiple comparisons post hoc test. E and F,
representative images and quantitation of cardiac muscle sections of 30-day-old Chkb+/+, Chkb+/−, and Chkb−/− mice stained with sarcomeric myosin MF20
(green) and Cx40 antibodies (red) along with a Bodipy nuclear stain. The scale bar represents 50 μM.

Choline kinase beta deficiency causes heart disease
depend on the TCA cycle. Consistent with a generalized defect
in electron transport chain function was our observation of an
increase in deformed mitochondrial cristae (inner membrane)
in Chkb-deficient mice.
10 J. Biol. Chem. (2022) 298(3) 101716
Interesting, despite the fact that choline kinase catalyzes the
first step in PC synthesis, a change in PC level does not seem to
be the major metabolic driver behind the cardiomyopathy in
Chkb-deficient mice. We determined that the level of the



Figure 7. Alterations in specific cardiac signaling pathways in Chkb-deficient hearts. A, Western blot of heart samples from three distinct (lanes 1–3)
Chkb+/+, four distinct (lanes 4–7) Chkb+/−, and three distinct (lanes 8–10) Chkb−/− mice probed with anti-p-AKT, anti-AKT, anti-p-GSK3β S9, anti-GSK3β, anti-p-
AMPK, anti-AMPK, anti-p-ERK, anti-ERK, and anti-Gapdh antibodies. B–I, densitometry of the Western blot data. J, Western blot of heart samples from three
distinct (lanes 1–3) Chkb+/+, four distinct (lanes 4–7) Chkb+/−, and three distinct (lanes 8–10) Chkb−/− mice probed with major cytoskeletal proteins: anti-α-
actinin, anti-Talin, anti-Vinculin, anti-Lamin A/C, and anti-Gapdh antibodies. K–N, densitometry of the Western blot data. Values are means ± SD. Data were
analyzed using one-way ANOVA with Tukey’s multiple comparison test. *p < 0.01, **p< 0.01. n = 3 to 4 per group.
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Figure 8. Summary of cardiac events and their potential drivers due to Chkb deficiency. This study is the first to report that both heterozygous and
homozygous Chkb (Choline kinase beta) deficiencies alter the cardiac lipid profile and membrane composition and are associated with cardiomyopathy.
Chkb deficiency results in a significant decrease in the expression of ANP, its receptor NPRA, as well as ventricular conduction system markers (hyper-
polarization-activated cyclic nucleotide-gated channel-4 [HCN4] and connexin 40 [Cx40]) in Chkb+/− and Chkb−/− mice. ANP expression has been shown to
protect against the development of heart failure and is involved in the development of the embryonic ventricular conduction system. Defects in cardiac
conduction system development in patients with congenital heart diseases can cause arrhythmias and may lead to sudden death. The decreased capacity
of cardiac mitochondria from Chkb−/− mice to utilize fatty acids for oxygen production results in accumulation of AcCa in cardiac muscle. Increased levels of
long-chain AcCa have been associated with cardiovascular disease risk, heart failure, left ventricle remodeling and function proportional to disease stage
and severity. Furthermore, the alterations in specific cardiac signaling pathways in Chkb-deficient hearts (decreased p-AKT, p-GSKβ, and p-AMPK) lead to
defective response to extracellular stimuli and render the hearts more susceptible to cardiomyopathy.
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second choline kinase isoform present in mice, and humans,
Chka, is maintained in cardiac muscle in Chkb-deficient mice.
Previous studies determined that increased expression of Chka
in Chkb-deficient mice can at least partially compensate for
Chkb deficiency in muscle (47). In addition, PC can be
replenished via exogenous PC supply as PC is imported into
cells from serum via low-density lipoproteins. Indeed,
enhanced expression of scavenger receptor-B1 and low-density
lipoprotein receptor was previously observed in muscle of
Chkb−/− mice leading to enhanced PC uptake from plasma
(48). Both of these processes may help normalize PC level in
cardiac muscle of Chkb-deficient mice.

In summary, we found major similarities between the car-
diac phenotypes observed in CHKB patients and Chkb-defi-
cient mice. Using Chkb-deficient mice, our study added
specificity and mechanism to help explain cardiac phenotypes
observed in CHKB patients and introduce Chkb-deficient mice
as a suitable model to further study the pathomechanism of
cardiac defects in CHKB patients.

Experimental procedures

Mouse strains

All animal procedures were approved by the Dalhousie
University’s Committee on laboratory animals in accordance
12 J. Biol. Chem. (2022) 298(3) 101716
with guidelines of the Canadian Council on Animal Care
Guide to the Care and Use of Experimental Animals (CCAC,
Ottawa, ON, Canada: vol. 1, second ed., 1993; vol. 2, 1984).
Chkb mutant mice in C57BL/6J background were a kind gift
from Professor Gregory A. Cox and were originally generated
at the Jackson Laboratory (4). Male Chkb+/− mice on the
C57BL/6J background were crossed with female Chkb+/− on
the same background to generate Chkb+/+, Chkb−/−, and
Chkb+/− littermates. The mutation identified in Chkb−/− mice
is a 1.6-kb genomic deletion between exon 3 and intron 9 that
results in expression of a truncated mRNA and the absence of
Chkb protein expression (4).
Mouse genotyping

The mutation identified in Chkb−/− mice is a 1.6-kb genomic
deletion between exon 3 and intron 9 (4). The AccuStart II
Mouse Genotyping Kit was used to extract DNA from ear
punches and to perform PCR analysis. A single genotyping
program was used to amplify both the wildtype Chkb allele
between exons 5 and 9 and the truncated Chkb allele between
exons 2 and 10. The primers used for genotyping were pur-
chased from Integrated DNA Technologies. The primer se-
quences to genotype wildtype are forward primer: 50-GTG
GGT GGC ACT GGC ATT TAT-3’; reverse primer: 50-GTT
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TCT Accusant GTT CCT CTT CGG AGA-3’ (amplicon size
753 bp). The primer sequences to genotype the mutants are
forward primer: 50-TAC CCA CGT ACC TCT GGC TTT T-3’
reverse primer: 50-GCT TTC CTG GAG GAC GTG AC-
30(amplicon size 486 bp). For each mouse, one PCR reaction
was performed using both the primer sets. If two bands were
observed, the mouse was characterized as heterozygous.

Total RNA isolation, cDNA generation, and quantitative real-
time RT–quantitative PCR

Isolated tissue samples were incubated overnight in pre-
chilled RNAlater (Cat. no. R0901, Sigma-Aldrich) at 4 �C.
Tissues were then homogenized in TRIzol reagent (Cat. no.
15596026, Invitrogen), and total RNA was isolated according
to the manufacturer’s protocol. Nine hundred nanograms of
total RNA was reverse transcribed using High-Capacity cDNA
Reverse Transcription Kit (Cat. no. 4368814, Applied Bio-
systems). Quantitative real-time RT-PCR assays were per-
formed on the LightCycler 96 (Roche Life Science) System
using TaqMan Fast Advanced Master Mix (Cat. no. 4444557)
and TaqManGene Expression Assays (Cat. no. 4331182,
Thermo Fisher Scientific) for Cnsk2a2 (RRID:
Mm01243455_m1) and Nd1 (Mm04225274_s1). Reactions
were run in triplicate. Quantitative real-time RT-PCR for ANP,
NPRA, Gapdh, Cx40, and HCN4 was performed according to
our previous publications (27, 49).

Immunofluorescent microscopy

Cryosections (10 μm) from adult hearts were fixed with 4%
w/v paraformaldehyde (pH 7.4) for 5 min at room temperature
and were then permeabilized in 0.1% v/v Triton X-100 (Sigma)
for 4 min. Following this, sections were covered in blocking
buffer solution (10% v/v goat serum [Gibo] and 1% w/v bovine
serum albumin [BSA; Thermo Fisher Scientific] in PBS) for 1 h
at room temperature. After 1 h, blocking buffer solution was
removed and replaced with blocking buffer containing primary
antibodies for Connexin40 (Cx40) (1:50, Alpha Diagnostics,
Cat# IGG1 CX40A), Sarcomeric myosin (MF20) (1:50,
Developmental Studies Hybridoma Bank, Cat# MF-20). Slides
were then washed with PBS three times for 3 min each and
were then incubated with secondary goat anti-mouse antibody
conjugated to Alexa Fluor 488 (1:200, Invitrogen) and goat
anti-rabbit antibody conjugated to Alexa Fluor 555 (1:200,
Invitrogen) in blocking buffer for 1 hour. Nuclei were coun-
terstained by immersion of a solution containing 1 μg/ml
Hoechst 33258 (Sigma) in PBS. Slides were mounted with 0.1%
propyl gallate (Sigma) solution (0.1% w/v propyl gallate and
50% v/v glycerol [Thermo Fisher Scientific] in PBS) and were
observed under a laser scanning confocal microscope (Zeiss
LSM 710).

Transmission electron microscopy

For transmission electron microscopy (TEM) analysis, �5 ×
5-mm cubes of cardiac muscles were fixed with 2.5% glutar-
aldehyde diluted with 0.1 M sodium cacodylate buffer and
postfixed with 1% osmium tetroxide in Millonig’s buffer
solution for 2 h, dehydrated, and embedded in epon araldite
resin. Ultrathin sections were stained with 2% uranyl acetate
for 30 min and lead citrate for 4 min and viewed with a JEOL
JEM 1230 Transmission Electron Microscope at 80 kV. Images
were captured using a Hamamatsu ORCA-HR digital camera.
Three mice per genotype for each timepoint were evaluated.
The mitochondrial content was determined from the images at
100,00× magnification using Image J software and calculated
as mitochondria count/field by blinded investigators. Point
counting was used to estimate mitochondrial volume density
based on standard stereological methods (50). Grid sizes of
165 nm × 165 nm were used to estimate mitochondria volume
density. Mitochondria volume density was calculated by
dividing the points assigned to mitochondria by the total
number of points counted inside the muscle.

Western blot analysis and quantification

The cardiac muscle tissue (�100 mg) was homogenized
with a steel bead in 1 ml of cold RIPA buffer containing 1×
Proteinase Inhibitor Mix (complete Protease Inhibitor Cock-
tail, Roche, Cat. no.11 697 498 001), 1× PhosStop (Roche, Cat.
no.04 906 845 001) using a TissueLyser II instrument (Qiagen)
set at 30 strokes/s for 2 to 4 min. Based on BCA protein
quantification results, all samples were adjusted to the final
concentration of 2 μg/μl and heat denatured for 5 min at 99 �C
in 2× Laemmli buffer. Proteins were separated by SDS-PAGE
and transferred to nitrocellulose membranes. The mem-
branes were incubated in Odyssey blocking solution for 1 h.
Total proteins were detected by probing the membranes with
appropriate primary antibodies overnight at 4 �C. The
following antibodies were used: Chkα (1:1000, Abcam
Cat#ab88053), Chkβ (1:250, Santa Cruz, Cat#398957), Gapdh
(1:1000, Cell Signaling, Cat#398957), AKT (1:1000, Cell
Signaling, Cat#4691), Phospho-AKT(Ser473) (Cell Signaling,
Cat#:4060), AMPKα (1:1000, Cell Signaling, Cat#2532),
Phospho-AMPKα (Thr172) (1:1000, Cell Signaling, Cat#2535),
Phospho-GSK-3β (Ser9) (1:1000, Cell Signaling, Cat#9336),
GSK-3β (1:1000, Cell Signaling, Cat#9315), α-actinin (1:1000,
Santa Cruz, Cat#sc17829), Talin (1:1000, Cell Signaling,
Cat#4777), Vinculin (1:1000, Abcam, Cat#ab18058), Lamin A/
C (1:1000, Cell Signaling, Cat#2032). Proteins were visualized
with goat anti-rabbit IRDye-800- or -680-secondary antibodies
(LI-COR Biosciences) using an Odyssey imaging system, and
band density was evaluated using FIJI (NIH).

Isolation of mitochondria from mouse hearts

The mitochondrial isolation protocol was standardized in
our laboratory and developed from previously published pro-
tocols (51, 52). The heart was extracted, washed in PBS, and
minced in 2 ml of MSHE + BSA (70 mM sucrose, 210 mM
mannitol, 5 mM Hepes, 1 mM EGTA, and 0.5% (w/v) fatty
acid–free BSA, pH 7.2) at 4 �C. All subsequent steps were
performed on ice. The tissue was homogenized using a glass
Teflon Dounce homogenizer for 6 to 7 strokes. The homog-
enate was centrifuged at 800g for 10 min at 4 �C, and the
supernatant was filtered by a prewet 40-μmmesh filter into the
J. Biol. Chem. (2022) 298(3) 101716 13
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50-ml conical centrifuge tube on ice. This step was repeated by
a 10-μm mesh filter (pluriStrainer, Leipzig, Germany). The
filtrate was then centrifuged at 8000g for 10 min at 4 �C. After
removal of the supernatant, the final pellet was resuspended in
120 μl of MSHE + BSA. A portion of this suspension was
further centrifuged at 10,000g for 10 min and the pellet was
suspended in water for protein quantification by BCA.

Seahorse analysis of mitochondrial function

Oxygen consumption rate (OCR) was measured as
described (53) using a Seahorse XF24 extracellular flux
analyzer (Seahorse Biosciences). Sensor calibration was per-
formed according to the manufacturer’s instructions. Isolated
mitochondria were diluted to the desired concentration
required for plating (3.5–4 μg) and spun at 2000g for 20 min at
4 �C. After centrifugation, 155 μl of prewarmed mitochondrial
assay solution (MAS) (70 mM sucrose, 220 mM mannitol,
10 mM KH2PO4, 5 mM MgCl2, 2 mM Hepes, 1 mM EGTA,
and 0.2% (w/v) fatty acid–free BSA, pH 7.2 at 37 �C) + suc-
cinate (10 mM) + rotenone (4 μM) or MAS+ palmitoyl
carnitine (80 μM)/malate (0.5 mM) was added to each well.
ADP, 4 mM, was also added to the wells prior to the assay. For
all assays, mitochondrial function was probed by the sequential
addition of oligomycin (4 μM), FCCP (carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone; 6 μM), rotenone (2 μM),
and antimycin A (12.5 μM), all final concentrations. Three
measurements were performed for each condition. All exper-
iments were normalized to total protein as determined by a
BCA protein quantitation assay.

Electrocardiography

Animals were anesthetized using 1% to 1.5% isoflurane, and
the ECG signals were obtained using a bipolar three-electrode
three-lead system and analyzed via Lab Chart 7 v.7.3.7 soft-
ware (AD Instruments Inc). The positive and negative leads
were placed under the skin of the left and right pectoral muscle
of mice, and the ground lead was placed under the skin of the
left hind limb. During ECG analysis, mice body temperatures
were maintained at 37 �C using a small animal heating plate.
For each animal, the ECG signal was recorded for approxi-
mately 15 min and at least 10 beats were averaged to deter-
mine the heart rate, PR, RR, QRS, QT, and P duration at
baseline. After a stable baseline was obtained, isoproterenol
(Isuprel, 1.5 mg/kg) was injected i.p. and the ECG recordings
were continued for 15 min. Traces were then examined for the
presence of arrhythmic beats, premature ventricular contrac-
tions, and ventricular tachycardia were quantified as number
of beats/recordings.

Echocardiography

Mice were anesthetized with inhaled isoflurane and placed
on a heated imaging platform. The temperature and heart rate
of the mouse were continuously monitored to minimize
physiological variation. Transthoracic echocardiography was
performed using a high-resolution transducer and a Visual
Sonics Vevo 2100 Ultra High-Frequency Imaging Platform
14 J. Biol. Chem. (2022) 298(3) 101716
(FUJIFILM). Cardiac function and structure were assessed by
measuring two-dimensional M-Mode images from the para-
sternal short and long axis at the level of the midpapillary
muscle and the parasternal long axis. Recordings were then
analyzed using the Vevo 2100 Software as per the company’s
direction provided in their training manual. From these mea-
surements the following calculations were completed: cardiac
output, ejection fraction, fractional shortening, stroke volume,
IVSd, LVIDd LVPWd, IVSs, LVIDs, LVPWs, LA, Ao Sinus,
E/A ratio, A’/E0 velocities ratio, E’/A0 velocities ratio, and
MV E/E0 ratio. Animals were allotted time to recover prior to
being returned to their colony.
Quantification and statistical analysis

All experiments were repeated three or more times. Data are
presented as mean ± SEM or mean ± SD, as appropriate. For
comparison of two groups the two-tailed Student’s t test was
used unless otherwise specified. Comparison of more than two
groups was done by one-way ANOVA followed by the Tukey’s
multiple comparison test. p values <0.05 were considered
significant.
Lipid extraction

We performed lipid extractions using the modified Bligh
and Dyer extraction for LC-MS analysis of lipids protocol 40.
All reagents were of LC-MS grade. Briefly, the cardiac muscle
tissue (�10 mg) was homogenized with a steel bead in 1 ml of
cold 0.1 M HCl:methanol (1:1, v/v) using a TissueLyser II in-
strument (Qiagen) set at 30 strokes/s for 2 to 4 min. Based on
BCA protein quantification results, all samples were adjusted
to the final concentration of 700 μg/ml and spiked with 10 μl
of internal standard (Avanti Polar Lipids Inc; Catalog Number-
330707). Chloroform, 500 μl, was added to each sample, vor-
texed for 30 min, and centrifuged to separate phases (5 min at
6000 rpm). The bottom organic phase was transferred into a
new Eppendorf tube and dried under a nitrogen stream.
Samples were stored at −80 �C until ready for analysis.
Ultra-HPLC method for lipid analysis

The Accucore C30 column (250.2.1 mm I.D., particle size:
2.8 μm) was obtained from Thermo Fisher Scientific. The
mobile phase system consisted of solvent A (acetonitrile:water
60:40 v/v) and solvent B (isopropanol:acetonitrile:water 90:10:1
v/v), both containing 10 mM ammonium formate and 0.1%
formic acid. C30-RPLC separation was carried out at 30 �C
(column oven temperature) with a flow rate of 0.2 ml/min, and
10 μl of the lipid extraction suspended in the mobile phase
solvents mixtures (A:B, 70:30) was injected onto the column.
The following system gradient was used for separating the lipid
classes and molecular species: 30% solvent B for 3 min; then
solvent B increased to 50% over 6 min, then to 70% B in 6 min,
then kept at 99% B for 20 min, and finally the column was re-
equilibrated to starting conditions (30% solvent A) for 5 min
prior to each new injection.
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High-resolution tandem mass spectrometry and lipidomics

Lipid analyses were carried out using a Q-Exactive Orbitrap
mass spectrometer controlled by X-Calibur software 4.0
(Thermo Scientific) with an acquisition HPLC system. The
following parameters were used for the Q-Exactive mass
spectrometer: sheath gas, 40; auxiliary gas, 5; ion spray voltage,
3.5 kV; capillary temperature, 250 �C; mass range, 200 to 2000
m/z; full scan mode at a resolution of 70,000 m/z; top-1 m/z
and collision energy of 35 (arbitrary unit); isolation window,
1 m/z; automatic gain control target, 1e5. The instrument was
externally calibrated to 1 ppm using ESI negative and positive
calibration solutions (Thermo Scientific). Tune parameters
were optimized using a mixture of lipid standards (Avanti
Polar Lipids) in both negative and positive ion modes. Thermo
Scientific LipidSearch software version 4.2 was used for lipid
identification and quantitation. First, the individual data files
were searched for product ion tandem mass spectrometry
spectra of lipid precursor ions. Tandem mass spectrometry
fragment ions were predicted for all precursor adduct ions
measured within ±5 ppm. The product ions that matched the
predicted fragment ions within a ±5 ppm mass tolerance was
used to calculate a match score, and those candidates
providing the highest quality match were determined. Next,
the search results from the individual positive or negative ion
files from each sample group were aligned within a retention
time window (±0.2 min) and the data were merged for each
annotated lipid.
Data cleanup and statistical analysis of lipids

Lipid concentrations extracted from the LipidSearch soft-
ware were further analyzed with an in-house script using the R
programming language (available upon request). The data
were filtered to exclude any peak concentration estimates with
a signal to noise ratio (SNR parameter) of less than 2.0 or a
peak quality score (PQ parameter) of less than 0.8. If this
exclusion resulted in the removal of two observations within a
biological triplicate, the remaining observation was also
excluded. The individual concentrations were then gathered
together by lipid identity (summing together the concentration
of multiple mass spectrometry adducts where these adducts
originated from the same molecular source and averaging
together biological replicates) and grouped within the broader
categories. The result was nine groups containing multiple
lipid concentrations corresponding to specific lipid identities,
which were then compared between wildtype and KO samples
using a (paired, nonparametric) Wilcoxon signed-rank test at
an overall significance level of 5% (using the Bonferroni
correction to account for the large number of tests performed).
As the Bonferroni correction is fairly conservative, significant
differences are reported at both precorrection (*) and post-
correction (***) significance levels.
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