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A B S T R A C T   

Background and aims: Associations between CDKAL1 variants and cholesterol efflux capacity (CEC) have been 
reported. This study aimed to investigate the effects of Cdkal1 deficiency on high-density lipoprotein (HDL) 
metabolism, atherosclerosis, and related pathways. 
Methods: Lipid and glucose metabolic profiles, CEC, and in vivo reverse cholesterol transport (RCT) were 
compared in liver-specific Alb-Cre:Cdkal1fl/fl and Cdkal1fl/fl mice. Aortic atherosclerosis was compared in Apoe− / 

− Alb-Cre:Cdkal1fl/fl and Apoe− /− mice fed high-fat diets. HDL subclasses and mediators of HDL metabolism from 
Alb-Cre:Cdkal1fl/fl mice were examined. 
Results: HDL-cholesterol level tended to be higher in the Alb-Cre:Cdkal1fl/fl mice (p = 0.050). Glucose and other 
lipid profiles were similar in the two groups of mice, irrespective of diet. The mean CEC was 27% higher (p =
0.007) in the Alb-Cre:Cdkal1fl/fl mice, as were the radioactivities of bile acids (mean difference 17%; p = 0.035) 
and cholesterol (mean difference 42%; p = 0.036) from faeces. The radioactivity tendency was largely similar in 
mice fed a high-fat diet. Atherosclerotic lesion area tended to be smaller in the Apoe− /− Alb-Cre:Cdkal1fl/fl mice 
than in the Apoe− /− mice (p = 0.067). Cholesterol concentrations in large HDLs were higher in the Alb-Cre: 
Cdkal1fl/fl mice (p = 0.024), whereas in small HDLs, they were lower (p = 0.024). Endothelial lipase (mean 
difference 39%; p = 0.002) and hepatic lipase expression levels (mean difference 34%; p < 0.001) were reduced 
in the Alb-Cre:Cdkal1fl/fl mice, whereas SR-B1 expression was elevated (mean difference 35%; p = 0.007). 
Conclusions: The promotion of CEC and RCT in Alb-Cre:Cdkal1fl/fl mice verified the effect of CDKAL1 seen in 
human genetic data. These phenotypes were related to regulation of HDL catabolism. This study suggests that 
CDKAL1 and associated molecules could be targets for improving RCT and vascular pathology.   

1. Introduction 

In traditional studies, the relationship between low high-density li-
poprotein-cholesterol (HDL-C) levels and coronary heart disease risk has 
been well reported [1,2]. However, following genetic studies [3] and 
trials of HDL-C raising drugs [4], there is further uncertainty on whether 
HDL is protective against atherosclerosis or if HDL-C is just a biomarker. 
Conversely, very recent genetic studies analysing characteristics of HDL 
particles revealed a protective effect against coronary artery disease [5]. 
Furthermore, many researchers and physicians are still interested in the 

influence of therapeutics based on HDL and reverse cholesterol transport 
(RCT) on vascular disease [6,7]. 

We previously reported associations between variants of CDKAL1, 
encoding Cdk5 regulatory subunit associated protein 1-like 1 (Cdkal1), 
and cholesterol efflux capacity (CEC) using a human genome-wide as-
sociation and replication study. In that study, 631 variants were asso-
ciated in the discovery set, and five of these, including four near 
CDKAL1, were associated with CEC in the replication set [8]. Based on 
these results, we planned to investigate the pathways by which Cdkal1 
affects CEC and whether this gene influences RCT and atherosclerosis. 
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In prior studies, genetic variants of Cdkal1 were linked to impaired 
insulin response and the risk of type 2 diabetes mellitus in diverse ethnic 
populations [9]. As a mammalian methylthiotransferase, Cdkal1 has 
been reported to catalyse modification of tRNA needed in protein 
translation [10]. Mice with β cell-specific knockout of Cdkal1 showed a 

decrease in proinsulin secretion with impaired blood glucose control. 
This might be due to the low translational efficiency of hypomodified 
tRNA that causes reduction of proinsulin synthesis [10]. However, no 
study to date has reported its effects on HDL metabolism or related 
parameters. 

Fig. 1. Generation and basic characteristics of liver-specific Cdkal1-deficient mice. 
(A) Schematic illustration of the generation of liver-specific Cdkal1-deficient mice. Mice with floxed alleles were bred with those expressing Cre recombinase to 
produce tissue-specific Alb-Cre:Cdkal1fl/fl mice (left panel). PCR amplification of excised genomic region containing Cdkal1 in the liver of Alb-Cre:Cdkal1fl/fl mice 
(middle panel). Body weight of male Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice fed a chow diet (right panel) (p = not significant; permutation test; n = 12 in each group). 
(B) Circulating levels of glucose and lipids of male Cdkal1fl/fl mice and Alb-Cre:Cdkal1fl/fl mice fed a chow diet (p = not significant for all variables; permutation test; 
n = 6–10 in each group). (C) Production and genotyping of Apoe− /− Alb-Cre:Cdkal1fl/fl mice. DNA was amplified with primers for Cdkal1 (350 bp) and Apoe (220 bp). 
PCR products were separated on 6% agarose gels (left panel). Comparison of body weights of male Apoe− /− and Apoe− /− Alb-Cre:Cdkal1fl/fl mice (fed with high-fat 
diets for 16 weeks; right panel) (p = not significant; permutation test; n = 12 in each group). (D) Circulating levels of glucose and lipids of male Apoe− /− and Apoe− / 

− Alb-Cre:Cdkal1fl/fl mice (fed with high-fat diets for 16 weeks) (p = not significant for all variables; permutation test; n = 6 in each group). Data are presented as the 
mean ± standard error of the mean. 
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Therefore, the aim of this study was to investigate the effect of 
Cdkal1 deficiency associated with CEC on HDL metabolism as well as 
atherosclerosis and its underlying mechanisms. Liver-specific Cdkal1- 
deficient- mice were generated, and lipid profiles, CEC, and RCT were 
compared in Alb-Cre:Cdkal1fl/fl and Cdkal1fl/fl mice. As mentioned 
above, a strong metabolic phenotype has been reported in mice with 
β-cell specific Cdkal1 deletion. However, as the liver plays important 
roles in HDL metabolism and RCT [11], we used liver-specific knockout 
mice in the current study. In addition, aortic atherosclerosis was 
compared in Apoe− /− Alb-Cre:Cdkal1fl/fl and Apoe− /− mice fed high-fat 
diets. To elucidate associated biological pathways, regulatory effects 
on target molecules involved in HDL metabolism were assessed. 

2. Materials and methods 

2.1. Animals and cells 

Liver-specific Cdkal1-deficient- mice were generated by crossing 
Cdkal1fl/fl mice (gifted by Prof. Tomizawa of Kumamoto University, 
Kumamoto, Japan) with albumin Cre recombinase transgenic mice (The 
Jackson Laboratory, Bar Harbor, ME, USA; Fig. 1A). Apoe− /− Alb-Cre: 
Cdkal1fl/fl mice were generated by crossing Alb-Cre:Cdkal1fl/fl mice with 
Apoe− /− mice (The Jackson Laboratory; Fig. 1B). All mice were main-
tained in a controlled environment with a 12-h light/dark cycle (dark 
cycle: 6 p.m. to 6 a.m.) at 22 ◦C in individually ventilated cages. Mice 
were provided free access to standard chow and water. Only male mice 
were used for all experiments in the current study. Biological sex is one 
of the key factors for atherosclerosis, and oestrogen is known to influ-
ence pathways in lipid metabolism [12]. To minimize sex-related bias, 
we decided to use male mice only. 

For evaluation of aortic atherosclerosis, 5-week-old Apoe− /− and 
Apoe− /− Alb-Cre:Cdkal1fl/fl mice were fed high-fat diets (16% fat, 1.25% 
cholesterol, and 0.5% cholic acid [wt/wt]) for 16 weeks. Mouse aortas 
were harvested after carefully removing the surrounding fat and con-
nective tissue. After being dissected longitudinally and fixed in 4% (wt/ 
v) paraformaldehyde, the aortas were stained with Oil Red O [60% (v/v) 
in isopropanol] and pinned for en face preparation. Aorta images were 
obtained with a light microscope camera, and atherosclerotic areas were 
measured using ImageJ (NIH, Bethesda, MD, USA). All animal experi-
ments were approved by our local Institutional Animal Care and Use 
Committee (2017-0307). All animal procedures conformed to the 
guidelines from Directive 2010/63/EU of the European Parliament on 
the protection of animals used for scientific purposes. Mice were 
euthanized by isoflurane anesthesia (5% isoflurane-air mixture). 

J774 macrophages were provided by Prof. Yury Miller of the Uni-
versity of California San Diego (La Jolla, CA, USA). J774 cells were 
cultured in Dulbecco’s modified Eagle’s medium supplemented with 
10% foetal bovine serum at 37 ◦C in 5% CO2. 

2.2. Measurement of blood metabolic parameters and polymerase chain 
reaction (PCR) 

After overnight fast, blood samples were collected from the 
abdominal vena cava, and the samples were allowed to clot for 30 min at 
room temperature before separation by centrifugation (3000 rpm for 30 
min at 4 ◦C). The levels of glucose, total cholesterol, triglyceride, HDL-C, 
and low-density lipoprotein-cholesterol were measured using an auto-
matic biochemical analyzer (Konelab PRIME 60i, Thermo Fisher Scien-
tific, Waltham, MA, USA). Glucose oxidase-peroxidase, cholesterol 
oxidase, enzymatic trinder, and direct methods were used, respectively, 
to assay each of these components. For PCR, DNA was isolated from 
tissues using a Phire animal tissue direct PCR kit, and PCR was con-
ducted under specific conditions according to the primers (Supplemen-
tary Table 1). Then, genotyping was performed by electrophoresis on 4% 
agarose gel. 

2.3. CEC assay 

CEC was determined using the following method: J774 cells (RRID: 
CVDL_0358: passage number 20–29) were plated on 24-well plates at a 
density of 4 × 104 cells/well and radiolabelled with 3H-cholesterol (2 
μCi/well) for 24 h. For the upregulation of adenosine triphosphate- 
binding cassette transporter subfamily member A1, cells were incu-
bated with medium containing 0.2% bovine serum albumin and 0.3 
mmol/L 8-(4-chlorophenylthio)-cyclic adenosine monophosphate for 6 
h, as described previously [13]. The cells were then washed once with 
phosphate-buffered saline (PBS) and incubated in medium containing 
5% diluted apoB-depleted serum at 37 ◦C for 4 h [14]. Serum for CEC 
assay was obtained from each animal. After overnight fasting, the blood 
samples were collected and prepared as mentioned in the preceding 
paragraph. The assay was conducted by treating the cells with 2 mg/mL 
acyl-coenzyme A:cholesterol acyl transferase inhibitor. The radioactiv-
ities of both the medium and cells were then measured. CEC was 
calculated as: {3H-cholesterol (μCi) in medium/[3H-cholesterol (μCi) in 
medium + 3H-cholesterol (μCi) in cells]} × 100. The background value 
was subtracted from all sample values. The values were adjusted based 
on the CEC of the pooled serum that was run on each plate. Each sample 
was run in duplicate. 

2.4. In vivo macrophage RCT 

J774 cells were radiolabelled with 5 μCi/mL [3H]-cholesterol and 
100 μg/mL acetylated low-density lipoprotein for 48 h. Five hundred 
microliters of cell the suspension containing approximately 1 × 107 

cells/mL were injected into the peritoneal cavities of Cdkal1fl/fl and Alb- 
Cre:Cdkal1fl/fl mice. Plasma samples were collected from the saphenous 
veins at 48 h. Faeces were collected continuously between 0 and 48 h 
and were stored at − 20 ◦C until extraction of cholesterol and bile acid. 
After 48 h, the mice were euthanized by CO2 inhalation and perfused 
with cold PBS, and then their livers were harvested. Aliquots (100 mg) of 
liver tissue were dissolved in 2 mL SOLVABLE (Perkin Elmer, Inc., 
Waltham, MA, USA) and treated with 0.2 mL 30% hydrogen peroxide. 
Radioactivity in plasma, liver, and faeces was quantified after lipid 
extraction and scintillation counting. 

2.5. HDL subclass analysis 

Lipoproteins were separated using fast protein liquid chromatog-
raphy (FPLC). Plasma of mice (300 μL) was applied to gel filtration 
columns (GE Healthcare, Chicago, IL, USA) arranged in AKTApurifier 10 
(GE Healthcare). The samples were administered in buffer (0.15 M NaCl, 
0.01% EDTA, and 0.2% NaN3) at a rate of 0.3 mL/min. The solutes 
passed through the columns were collected on a fraction collector (Frac- 
950; GE Healthcare) maintained at 4 ◦C. In each fraction, cholesterol 
concentration was measured using a colorimetric assay kit (Thermo 
Fisher Scientific, Waltham, MA, USA). Isolated HDL samples were mixed 
with 1 mL of dispersant for size measurement. HDL size was measured 
using dynamic light scattering with a Zetasizer Nano ZS instrument 
(Malvern Panalytical, Worcestershire, UK). HDL subclasses were defined 
according to particle size: 8.8–13.0 nm as large HDL, 8.2–8.8 nm as 
medium HDL, and 7.3–8.2 nm as small HDL. Based on these definitions, 
HDLs in fractions 19–21, 22–24, and 25–27 of FPLC were considered as 
large, medium, and small HDLs, respectively. 

2.6. Western blotting 

Liver tissues were washed in cold PBS and homogenized in PBS 
containing a protease inhibitor cocktail (Fermentas, Waltham, MA, USA) 
and phosphatase inhibitor cocktail (Roche, Basel, Switzerland). Protein 
concentrations of tissue homogenates were determined using a Pierce 
BCA Protein Assay Kit (Thermo Fisher Scientific). Proteins were sepa-
rated using SDS-PAGE with a 10% Mini-Protean TGX gel and Mini- 
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Protean Tetra Cell Mini Trans-Blot module (Bio-Rad Laboratories, Her-
cules, CA, USA). Proteins were then blotted onto polyvinylidine fluoride 
membranes (Bio-Rad Laboratories). The blots were incubated with 
polyclonal anti-rabbit SKP2 (Cell Signaling Technology, Inc., Danvers, 
MA, USA) or β-actin primary antibodies (Cell Signaling Technology, 
Inc.) overnight at 4 ◦C. Incubation was performed with gentle shaking 

using horseradish peroxidase (HRP)-conjugated secondary antibody, 
anti-rabbit IgG-HRP, or anti-mouse IgG-HRP (Cell Signaling Technology, 
Inc.). The immunoreactive bands were visualized using an enhanced 
chemiluminescence kit (EMD Millipore, Billerica, MA, USA) and densi-
tometric quantification of protein expression was performed using 
ImageJ. Primary antibodies used for Western blots are described in 

Fig. 2. Effect of Cdkal1 deletion on CEC, macrophage 
RCT, and aortic atherosclerosis. 
(A) J774 cells were plated, radiolabelled with 3H- 
cholesterol, and incubated with medium containing 
bovine serum albumin and cyclic adenosine mono-
phosphate (cAMP). The medium was then replaced 
with another medium and ApoB-depleted male mouse 
serum. Cholesterol efflux (%) was calculated using 
the following formula: {3H-cholesterol in medium 
containing HDL/[3H-cholesterol in medium contain-
ing HDL + 3H-cholesterol in cells]} × 100. Each 
sample was run in duplicate (p = 0.007 and 0.034, 
respectively; permutation test; n = 9–18 in each 
group). (B) J774 cells were radiolabelled with 3H- 
cholesterol and acetylated low-density lipoprotein. 
Male Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice were 
injected intraperitoneally with labelled J774 cells. 
Blood samples were obtained at 48 h, and plasma 
radioactivity was quantified. Faeces were collected 
continuously from 0 to 48 h. Mice were euthanized 
and perfused for harvesting liver and bile. Radioac-
tivity levels in plasma, liver, and faeces were 
expressed as counts relative to total injected tracer. 
Faecal bile acids and cholesterol were extracted, and 
levels were expressed as counts per minute in total 
faeces (p = 0.035 and 0.036 for % of injected CPM of 
bile acids and cholesterol, respectively, p = not sig-
nificant for other comparisons; permutation test; n =
6–7 in each group). (C) Experiments were performed 
using the same mice fed a high-fat diet for 4 weeks (p 
= 0.074 and 0.056 for % of injected CPM of total 
sterols and bile acids, respectively, p = not significant 
for other comparisons; permutation test; n = 3 in each 
group). (D) Comparison of atherosclerotic lesions on 
aortas of Apoe− /− and Apoe− /− Alb-Cre:Cdkal1fl/fl 

mice. Male mice were fed high-fat diets for 16 weeks. 
Oil red O staining of aortas was performed with en 
face preparation (left). Lesion size was quantified for 
comparison of the two groups (right) (p = 0.067; 
permutation test; n = 15 in each group). (For inter-
pretation of the references to color in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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Fig. 3. Effect of Cdkal1 deletion on HDL subclass and regulators of HDL metabolism. 
(A) HDL cholesterol in each subclass in male Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice. Lipoproteins were isolated from Cdkal1fl/fl (n = 3) and Alb-Cre:Cdkal1fl/fl mice (n 
= 5) using fast protein liquid chromatography-mass spectrometry. Cholesterol concentration was quantified at 500 nm absorbance. HDL was isolated from fractions 
19–27: fractions 19–21, 22–24, and 25–27 were pooled as large (L-HDL), medium (M-HDL), and small HDL (S-HDL), respectively, and cholesterol concentration was 
assayed in each subclass (p = 0.024 and 0.024 for comparisons of total HDL-C in L-HDL and S-HDL, respectively; Mann-Whitney U test).(B) Western blot analysis to 
evaluate liver proteins participating in HDL metabolism. Proteins extracted from 5-week-old male Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice were separated using 
electrophoresis followed by immunoblotting. Representative images (left) and densitometric quantification (right) are presented. Cdkal1, EL, HL, SR-B1, ABCA1, and 
Apo A1 (arbitrary unit) were normalized by β-actin in Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice (p = 0.001, 0.002, 0.001, and 0.007 for Cdkal1, EL, HL, and SR-B1, 
respectively, p = not significant for other comparisons; permutation test; n = 12 in each group). (C) Activities of circulating enzymes involved in HDL meta-
bolism. Activities of LCAT, PLTP, and LPL were measured in male Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice (p = not significant for all comparisons; permutation test; n 
= 6 in each group). (D) Circulating EL and HL levels were measured using post-heparin plasma from male Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice (p = not significant 
for all comparisons; permutation test; n = 4–5 in each group). (E) Correlation analysis between CEC and EL, HL, and SR-B1 assayed in western blotting in male 
Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice (p = 0.013 for analysis on SR-B1, p = not significant for other comparisons; Pearson correlation analysis; n = 12). Values are 
expressed as the mean ± standard error of the mean. 

D.B. An et al.                                                                                                                                                                                                                                    

Downloaded for Anonymous User (n/a) at Yonsei University College of Medicine from ClinicalKey.com by Elsevier on May 
27, 2023. For personal use only. No other uses without permission. Copyright ©2023. Elsevier Inc. All rights reserved.



Atherosclerosis 375 (2023) 21–29

26

Supplementary Material. 

2.7. Enzyme activity assays 

Activities of lecithin-cholesterol acyltransferase (LCAT), phospho-
lipid transfer protein (PLTP), and lipoprotein lipase (LPL) were 
measured using activity assay kits for LCAT (Cat No. 428900; EMD 
Millipore), PLTP (ab196998; Abcam, Cambridge, UK), and LPL 
(ab204721; Abcam) according to the manufacturer’s instructions. 

For LCAT activity, 5-μL aliquots of mouse plasma were incubated at 
37 ◦C with fluorescently labelled cholesterol in assay buffer. After 40 
min, 45 μL reaction mixture was added to 135 mL READ agent. The 
conversion of cholesterol (Em, 470 nm) to cholesteryl ester (Em, 390 
nm) was determined using a fluorescence microplate reader at 340 nm 
excitation. The change in ratio of the two intensities (470/390) was 
calculated. For PLTP activity, mouse plasma was diluted to 1:10 in PLTP 
assay buffer, and 10 μL of this solution was used to obtain a signal within 
the range of the standard curve. Samples were pre-incubated at 37 ◦C for 
10 min with protection from light to stabilize the signal. Fluorescence 
was measured on a microplate reader at Ex/Em: 464/535 nm in the 
kinetic mode every 2–3 min for 1–3 h at 37 ◦C. For LPL activity, mice 
were infused with 0.2 units of heparin per gram body weight by tail vein 
injection. Blood was collected 10 min after injection, and plasma was 
separated. A total of 50 μL reaction mixture was added and pre- 
incubated at 37 ◦C for 10 min with protection from light. Output was 
measured at Ex/Em: 482/520 nm using a microplate reader at 37 ◦C. 

2.8. Enzyme-linked immunosorbent assay (ELISA) 

Blood levels of interleukin-1β (IL-1β), endothelial lipase (EL), and 
hepatic lipase (HL) were quantified using ELISA kits. For IL-1β (Cat No. 
BMS6002; Invitrogen, Carlsbad, CA, USA), the coated plates were 
washed twice with washing buffer. After exposure to the medium, the 
plates were exposed sequentially to each of the biotin-conjugated sec-
ondary antibodies. The plates were read at an absorbance of 450 nm, 
and IL-1β was analysed according to the manufacturer’s specifications. 

For EL and HL measurement, blood samples were collected after 
overnight fasting. Ten minutes after intravenous injection of 50 IU 
heparin/kg, blood was obtained and centrifuged with 3000 rpm for 10 
min at 4 ◦C. Plasma was immediately separated. The levels of EL (Cat No. 
LS-F4035; LS bio, Seattle, CA, USA) and HL (Cat No. LS-F22470; LS bio) 
were determined using ELISA kits. Proteins were analysed according to 
the manufacturer’s specification. All assays were performed in 
duplicate. 

2.9. Statistical analyses 

All data are presented as the mean ± standard error of the mean. 
Differences between groups were examined using the Mann–Whitney 
and permutation tests. Correlations between values were analysed using 
the Pearson correlation coefficient. Values of p < 0.05 were considered 
statistically significant. All analyses were performed using R version 
4.0.4 (R Foundation for Statistical Computing, Vienna, Austria). 

3. Results 

3.1. Metabolic parameters of liver-specific Cdkal1-deficient mice 

Mice with liver-specific Cdkal1 deletion were generated by breeding 
mice with floxed alleles with those with Cre recombinase (Figure A1, left 
panel). PCR testing of Alb-Cre:Cdkal1fl/f mice revealed appropriate 
knockdown of the gene (Fig. 1A, middle panel). Body weights from 5 to 
16 weeks after birth did not differ between Cdkal1fl/fl and Alb-Cre: 
Cdkal1fl/fl mice fed chow diet (Fig. 1A, right panel). Blood levels of 
glucose, total cholesterol, triglyceride, and low-density lipoprotein- 
cholesterol were not significantly different in the two groups of mice. In 

contrast, HDL-C levels tended to be higher in the Alb-Cre:Cdkal1fl/fl than 
in the Cdkal1fl/fl mice (76.9 ± 10.4 and 64.4 ± 15.4 mg/dL in each 
group, respectively; p = 0.050) (Fig. 1B). Body weights of male Apoe− / 

− Cdkal1fl/fl and Apoe− /− Alb-Cre:Cdkal1fl/fl mice were similar (Fig. 1C). 
Blood levels of glucose and lipids of the two groups (fed high-fat diet) 
did not differ either (Fig. 1D). 

3.2. Effect of Cdkal1 deletion on CEC, RCT, and atherosclerosis 

CEC was measured using J774 cells and 3H-cholesterol as described 
in the Methods section. The experiments were performed on Cdkal1fl/fl 

and Alb-Cre:Cdkal1fl/fl mice fed standard chow diets and on Apoe− /− and 
Apoe− /− Alb-Cre:Cdkal1fl/fl mice fed high-fat diets. The CEC of the Alb- 
Cre:Cdkal1fl/fl mice was higher than that of the Cdkal1fl/fl mice (15.6 ±
3.9 and 12.3 ± 2.5% in the Alb-Cre:Cdkal1fl/fl and Cdkal1fl/fl mice, 
respectively; mean difference 27%; p = 0.007), whereas the CEC of the 
Apoe− /− Alb-Cre:Cdkal1fl/fl mice was higher than that of the Apoe− /−

mice (9.9 ± 4.1 and 6.1 ± 2.4% in the Apoe− /− Alb-Cre:Cdkal1fl/fl and 
Apoe− /− mice, respectively; mean difference 62%; p = 0.034). CEC 
values were generally lower in mice of the Apoe− /− background that 
were fed the high-fat diets (Fig. 2A). 

In vivo RCT experiments using radiolabelled J774 cells in Cdkal1fl/fl 

and Alb-Cre:Cdkal1fl/fl mice were performed as described in the Mate-
rials and Methods section. On chow diet, the radioactivities of plasma 
and livers from Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice were not signifi-
cantly different. The radioactivities of bile acids (0.81 ± 0.11 and 0.69 
± 0.04% of injected counts per minute [CPM], respectively; mean dif-
ference 17%; p = 0.035) and cholesterol (0.44 ± 0.10 and 0.31 ± 0.07% 
of injected CPM, respectively; mean difference 42%; p = 0.036) from 
faeces were higher in the Alb-Cre:Cdkal1fl/fl mice than in the Cdkal1fl/fl 

mice, whereas the activities of cholesterol from faeces were similar be-
tween the two groups of mice (Fig. 2B). In experiments fed a high fat diet 
for 4 weeks, the radioactivities of plasma and livers from Cdkal1fl/fl and 
Alb-Cre:Cdkal1fl/fl mice did not significantly differ. The activities of total 
sterols (1.85 ± 0.45 and 1.04 ± 0.27% of injected CPM, respectively; p 
= 0.074) and bile acids (1.13 ± 0.16 and 0.77 ± 0.10% of injected CPM, 
respectively, p = 0.058) from faeces tended to be higher in the Alb-Cre: 
Cdkal1fl/fl mice (Fig. 2C). 

To induce atherosclerosis, Apoe− /− and Apoe− /− Alb-Cre:Cdkal1fl/fl 

mice were fed high-fat diets for 16 weeks. The percent areas of athero-
sclerotic lesions tended to be lower in the Apoe− /− Alb-Cre:Cdkal1fl/fl 

mice than in the Apoe− /− mice (12.4 ± 4.6 and 15.7 ± 5.9%, respec-
tively; p = 0.067) (n = 15 in each group; Fig. 2C). Blood levels of 
interleukin-1β measured in Cdkal1fl/fl and Alb-Cre:Cdkal1fl/fl mice fed a 
high-fat diet were 11.5 ± 5.3 and 9.4 ± 3.7 pg/mL, respectively (n = 3 
for each group; p = 0.54 by permutation test; Supplementary Fig. S2). 

3.3. Effects of Cdkal1 deletion on HDL subclass and regulators of HDL 
metabolism 

HDL subclass analysis was performed using fast protein liquid 
chromatography, and cholesterol concentration and HDL size were 
measured. Cholesterol concentrations in large HDL particles were 
significantly higher in the Alb-Cre:Cdkal1fl/fl than in the Cdkal1fl/fl mice 
(16.5 ± 3.7 and 10.5 ± 2.5 mg/dL, respectively; p = 0.024), whereas its 
concentrations in small HDL particles were markedly lower in the Alb- 
Cre:Cdkal1fl/fl mice (10.7 ± 4.6 and 30.1 ± 12.4 mg/dL, respectively; p 
= 0.024; Fig. 3A). Western blotting performed using liver tissue revealed 
significantly reduced EL (0.43 ± 0.15 and 0.71 ± 0.20 arbitrary unit 
[AU] in the Alb-Cre:Cdkal1fl/fl and Cdkal1fl/fl mice, respectively; p =
0.002) and HL (0.59 ± 0.14 and 0.89 ± 0.10 AU, respectively; p <
0.001) as well as elevated SR-B1 (1.32 ± 0.36 and 0.98 ± 0.12 AU, 
respectively; p = 0.007) levels in the Alb-Cre:Cdkal1fl/fl mice. Although 
Apo A1 expression was numerically higher in knockout mice, it was not 
significant (p = 0.10). ATP-binding cassette transporter A1 (ABCA1) 
expression did not differ between the two groups (Fig. 3B). LCAT, PLTP, 
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and LPL activities were similar in the Alb-Cre:Cdkal1fl/fl and Cdkal1fl/fl 

mice, although PLTP activity tended to be lower in the former group 
(Fig. 3C). ELISA using post-heparin plasma showed that EL (56.8 ± 15.9 
and 51.0 ± 21.1 ng/mL in the knockout and control mice, respectively, 
p = 0.62) and HL (4.31 ± 1.41 and 9.68 ± 2.53 ng/mL, respectively, p =
0.15) levels were not significantly different between the two mice 
groups (Fig. 3D). CEC showed significant correlation with SR-B1 
expression levels (r = 0.69, p = 0.013), but not with those of EL or HL 
(Fig. 3E). 

4. Discussion 

The major findings of the present study include: 1) CEC and RCT 
were higher in liver-specific Cdkal1-deficient mice than in Cdkal1fl/fl 

mice. 2) High fat diet-induced aortic atherosclerotic lesions tended to be 
smaller in Apoe− /− Alb-Cre:Cdkal1fl/fl mice than in Apoe− /− mice. 3) 
HDL-C levels tended to be higher in liver-specific Cdkal1-deficient mice, 
whereas the concentrations of circulating enzymes mediating HDL 
catabolism were similar in the two groups of mice. 4) EL and HL were 
downregulated, whereas SR-B1 was upregulated in the liver cells of Alb- 
Cre:Cdkal1fl/fl mice, and CEC was positively correlated with SR-B1 
expression. 5) Cholesterol concentrations in large HDLs were higher in 
Alb-Cre:Cdkal1fl/fl mice than in Cdkal1fl/fl mice, whereas cholesterol 
concentrations in small HDLs were lower. The present study revealed, 
for the first time, promotion of CEC and RCT in mice with hepatic 
deletion of Cdkal1, variants of which have been shown to be associated 
with CEC in a human genome-wide association study (GWAS). In 
addition, concomitant changes in mediators of HDL catabolism, such as 
EL and SR-B1, were demonstrated. These results provide evidence that 
CDKAL1 could be a therapeutic target for improving RCT and preventing 
vascular pathology. 

There are multiple potential mechanisms to explain how hepatic 
deletion of Cdkal1 affects HDL metabolism and CEC. EL is mainly syn-
thesized in vascular endothelial cells and has phospholipase activity and 
HDL affinity [15]. EL cleaves non-esterified fatty acid from 
HDL-phospholipids and supplies fatty acids for EL-expressing cells. EL 
promotes remodelling and catabolism of HDL [16]. CEC and RCT were 
not increased in a previous study by Brown et al. [17], but increased in 
EL-deficient mice in another report [18]. These studies were not con-
ducted under the same experimental conditions; the macrophages used 
in the CEC assay and apo-A1 levels in the lipase-deficient mice were 
different. However, although the conditions in our study were similar to 
those in the Brown et al. study, our results demonstrated an increase in 
CEC and RCT in Cdkal1− /− mice and a decrease in EL activity. This result 
indicates that CEC and RCT might be substantially affected by factors 
other than EL or HL levels, including SR-B1 levels [16]. Furthermore, 
this finding is concordant with studies that showed low CEC in 
EL-overexpressed mice [19,20]. In this condition, when SR-B1 function 
and cholesterol excretion through bile were maintained despite 
decreased EL function, RCT was not reduced. Interestingly, recent 
clinical trials have revealed that an anti-EL antibody raised the quantity 
and functional quality of HDL [21,22]. This is also in line with the higher 
CEC in Alb-Cre:Cdkal1fl/fl mice with low EL expression as seen in this 
study. A previous GWAS showing the relationship between loci near 
LIPG gene (Lipase G, Endothelial Type) coding for EL and CEC [23] 
substantiates the role of EL on HDL function. 

A limitation of our study is that we did not evaluate the role of 
Cdkal1 on tRNA synthesis in the liver, which is the known function of 
this protein. It has been reported that tRNA modification is needed in 
translation during proinsulin synthesis in β cells in the pancreas. In β 
cell-specific Cdkal1− /− mice, such modification was not properly made, 
and this caused reduction of proinsulin synthesis [10]. In our study, 
expression of proteins involved in HDL metabolism, such as EL and HL, 
were significantly lowered. Based on the study mentioned above, it is 
possible that the tRNA modification needed for translation of EL or HL 
did not appropriately occur in the liver cells of Cdkal1− /− mice. 

However, we did not conduct experiments to verify this. If further 
analysis is performed on RNA modification, it may provide clues on 
more detailed mechanisms [24]. Our animal studies support a role for 
hepatic Cdkal1 in regulating CEC and RCT. In particular, EL, HL and 
SR-B1 showed significant differences in expression in mice lacking 
Cdkal1. The reduction in EL and HL are consistent with the larger HDL 
particles we observed. Likewise, increased SR-B1 protein in 
Cdkal1-deficient mice could be certainly contribute to the increased 
RCT. 

The effect of EL on atherosclerosis has been evaluated, but the results 
were inconsistent. EL deficiency has shown an atheroprotective effect 
[25], whereas it had no such effect in another study [26]. Conversely, a 
recent report demonstrated that EL overexpression was atheroprotective 
[27]. In addition, high circulating EL level was reported to be a predictor 
of coronary artery disease [28]. However, individuals with LIPG variants 
associated with HDL-C elevation were not protected from atheroscle-
rotic cardiovascular disease [29]. As expression levels of a few molecules 
other than EL were changed in the present study, the contribution of EL 
to vascular phenotype is not clear. With regard to RCT promotion, we 
cannot rule out the possible impact of SR-B1 and other molecules 
affecting hepatic uptake and bile secretion, respectively. As EL is also 
involved in degradation of ApoB-containing lipoproteins, their levels 
can be elevated [22] when EL is inhibited and this can have negative 
effect on arteries. By contrast, EL overexpression can reduce 
ApoB-containing lipoprotein levels and potentially inhibit atheroscle-
rosis [16,27]. Although our study identified changes in several mole-
cules including EL, the concentrations of triglycerides and low-density 
lipoprotein cholesterol in Alb-Cre:Cdkal1fl/fl mice were not altered. This 
finding is distinct from those of studies on mice only deficient in EL [25]. 
It is of note that we need to be cautious not to overinterpret the effect of 
liver EL on HDL, as plasma EL can be affected by major sources other 
than the liver. 

HL is primarily synthesized by hepatocytes. By hydrolysing tri-
glycerides and phospholipids, HL converts large lipid-rich HDL to 
smaller poorly-lipidated HDL particles [30]. HL activity decreased in 
Alb-Cre:Cdkal1fl/fl mice in our study. HL is known to contribute to 
degradation of ApoB-containing lipoproteins and convert large HDLs to 
smaller forms [31]. Based on these roles of HL, degradation of HDL and 
ApoB-containing lipoproteins could have been inhibited in our Alb-Cre: 
Cdkal1fl/fl mice. However, the effects of up- and downregulation of HL 
on atherosclerosis are unclear. As multiple molecules involved in RCT 
steps were differentially regulated in Alb-Cre:Cdkal1fl/fl mice in our 
study, the actual impact of HL reduction on HDL and vascular phenotype 
needs to be further investigated. 

Upregulation of SR-B1 expression in Alb-Cre:Cdkal1fl/fl mice might 
have considerably affected HDL catabolism and CEC in our mice. In 
addition, increased hepatic cholesterol uptake and RCT via SR-B1 may 
have influenced atherosclerosis. SR-B1 expression is unchanged in mice 
deficient in either EL or HL [18,26]. Therefore, the changes in the levels 
of these proteins in our study might have been the result of independent 
processes. Although there may be potential interaction between SR-B1 
and EL, it has not been clarified yet [20]. Zhang et al. demonstrated 
that SR-B1 expression in the liver enhances RCT [32], and this could be 
an essential mechanism underlying the increased RCT seen in the cur-
rent study. CEC was positively correlated with SR-B1 levels in our study. 
However, as SR-B1 bi-directionally works on cholesterol efflux as well as 
cholesterol uptake from HDL [33], the relationship between CEC and 
SR-B1 levels must be interpreted cautiously. The correlation between 
the two was found by examining SR-B1 levels in liver cells of Alb-Cre: 
Cdkal1fl/fl mice. Thus, as our finding is unrelated to SR-B1 levels of the 
macrophages we used in the CEC assay, the correlation may not indicate 
CEC promotion by SR-B1. Collectively, reduction of EL and elevation of 
SR-B1 in Alb-Cre:Cdkal1fl/fl mice changed HDL particles and promoted 
CEC, which may eventually have increased RCT and affected arteries. 

Cholesterol concentration of HDL was modestly higher in the large 
HDL subclass and much lower in the small subclass in Alb-Cre:Cdkal1fl/fl 
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mice than in WT mice. This indicates that large HDL is more abundant 
and that small HDL is less abundant in Alb-Cre:Cdkal1fl/fl mice, which 
may result from decreased HDL degradation due to EL and HL deficiency 
[34]. This is concordant with a prior study showing that an increase in 
cholesterol was predominantly seen in large HDL in mice treated with an 
antisense oligonucleotide against EL [35]. It has been reported that 
EL-modified small HDL is efficiently taken up by SR-B1, and this pro-
motes RCT [36]. The reduced quantity of small HDL due to EL deficiency 
in our Alb-Cre:Cdkal1fl/fl mice might worsen hepatic cholesterol uptake. 
However, these mice also showed changes in molecules like SR-B1 other 
than EL and HL, and the net influence of all factors promoted rather than 
hindered RCT. 

Our study has potential limitations. Although Cdkal1 is known to 
affect tRNA modification and facilitate insulin production in the 
pancreas, evaluation of such effects was beyond the scope of the present 
study. However, our study was the first to evaluate the impact of Cdkal1 
deletion in liver cells. Furthermore, our study notably started with as-
sociations between CDKAL1 variants and CEC that we discovered in 
human data. Based on this, we comprehensively evaluated protein 
expression and enzyme activities influencing CEC and RCT to identify 
the effects of the association. Although multiple molecules were found to 
play regulatory roles in the HDL catabolism of our KO mice, we did not 
further analyse the weight of each molecule’s impact. Apo A1 levels in 
the liver and HDL-C tended to be higher in the Alb-Cre:Cdkal1fl/fl mice. 
Although the inter-group difference was not significant, we cannot fully 
rule out the contribution of these, at least in part, to increased CEC in the 
knockout mice. In addition, further investigation on adjusted indices, 
such as CEC per HDL-C, may be helpful to better understand our results. 

In conclusion, the current study demonstrated, for the first time, that 
liver-specific deletion of Cdkal1 promotes CEC and RCT and tends to 
reduce atherosclerosis. This study verified the effect of CDKAL1 we 
previously reported using human CEC and GWAS data. Regulation of 
proteins involved in HDL catabolism, including SR-B1, contributed to 
these results (Fig. 4). This study suggests that CDKAL1 and associated 
molecules could be targets of intervention for improving RCT and 
vascular pathology. 
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