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Abstract: Recently we established a cell-free assay to evaluate “cholesterol uptake capacity (CUC)” 

as a novel concept for high-density lipoprotein (HDL) functionality and demonstrated the feasibility 

of CUC for coronary risk stratification, although its regulatory mechanism remains unclear. HDL 

fluidity affects cholesterol efflux, and trans fatty acids (TFA) reduce lipid membrane fluidity when 

incorporated into phospholipids (PL). This study aimed to clarify the effect of TFA in HDL-PL on 

CUC. Serum was collected from 264 patients after coronary angiography or percutaneous coronary 

intervention to measure CUC and elaidic acid levels in HDL-PL, and in vitro analysis using recon-

stituted HDL (rHDL) was used to determine the HDL-PL mechanism affecting CUC. CUC was pos-

itively associated with HDL-PL levels but negatively associated with the proportion of elaidic acid 

in HDL-PL (elaidic acid in HDL-PL/HDL-PL ratio). Increased elaidic acid-phosphatidylcholine (PC) 

content in rHDL exhibited no change in particle size or CUC compared to rHDL containing oleic 

acid in PC. Recombinant human lecithin-cholesterol acyltransferase (LCAT) enhanced CUC, and 

LCAT-dependent enhancement of CUC and LCAT-dependent cholesterol esterification were sup-

pressed in rHDL containing elaidic acid in PC. Therefore, CUC is affected by HDL-PL concentration, 

HDL-PL acyl group composition, and LCAT-dependent cholesterol esterification. Elaidic acid pre-

cipitated an inhibition of cholesterol uptake and maturation of HDL; therefore, modulation of HDL-

PL acyl groups could improve CUC. 

Keywords: high-density lipoprotein (HDL); cholesterol uptake capacity (CUC); phospholipids (PL); 

trans-fatty acids (TFA); elaidic acid; lecithin-cholesterol acyltransferase (LCAT) 

 

1. Introduction 

High-density lipoprotein (HDL) is a multifunctional lipoprotein that protects against 

atherosclerosis. Although the detailed mechanisms are yet to be elucidated, a key function 

of HDL to protect cardiovascular events is suggested to be the efflux of cholesterol from 

macrophages in the arterial wall, which could be measured as cholesterol efflux capacity 

(CEC). 

Previous studies have demonstrated a negative correlation between CEC and the 

probability of coronary artery disease (CAD) independent of HDL cholesterol (HDL-C) 

concentration [1–3]. However, since CEC assays require radiolabeled cholesterol and cul-

tured cells and time consuming procedures [4,5], application of CEC in clinical settings is 
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challenging. To overcome the technical limitations related to CEC, we recently established 

a simple, high-throughput, cell-free assay system to evaluate cholesterol uptake capacity 

(CUC) as a novel concept for HDL functionality. We have reported an inverse association 

between CUC and the recurrence rate of coronary lesions after revascularization in pa-

tients with optimal control of low-density lipoprotein cholesterol (LDL-C) concentrations 

[6,7]. However, the regulatory mechanism of CUC remains unclear. 

Several studies have shown that the ability of HDL to accept cellular free cholesterol 

is related to the amount of phospholipids (PL) present in the particle [8,9], and that PL 

containing unsaturated fatty acids in their acyl groups increase the fluidity of the HDL 

surface and improve cholesterol efflux when incorporated into HDL [10]. In addition, we 

recently reported that oral administration of purified eicosapentaenoic acid (EPA) gener-

ates EPA-rich HDL particles, which exhibit cardioprotective properties via the production 

of anti-inflammatory lipid metabolites and an increase in cholesterol efflux [11,12]. These 

results indicate the importance of acyl groups of PL in HDL functionality. 

Trans-fatty acids (TFA) are unsaturated fatty acids with at least one unsaturated dou-

ble bond in the trans structure, whose excess intake is considered to be associated with an 

increased risk of cardiovascular disease (CVD) [13–17]. Previous studies have shown that 

TFA taken orally are incorporated into PL in plasma [18], where they reduce the fluidity 

of lipid membranes [19]. Considering that PL are the major lipid component of HDL [20], 

these results indicate the possibility that TFA are incorporated into the PL of HDL and 

affect its functionality. However, the relationship between CUC and TFA incorporated 

into HDL phospholipids (HDL-PL) has not yet been investigated. Therefore, the present 

study aimed to clarify the effect of TFA in HDL-PL on CUC. 

2. Materials and Methods 

2.1. Subjects 

The Kobe Cardiovascular Marker Investigation (CMI) registry is a single-center reg-

istry of patients referred to Kobe University Hospital with cardiovascular disease, which 

is used to identify blood-based biomarkers that are useful in predicting cardiovascular 

disease. The study protocol was in accordance with the ethical guidelines of the 1975 Dec-

laration of Helsinki. The study was approved by the Ethics Review Committee at Kobe 

University (Japan) and was registered in the UMIN Clinical Trials Registry (identification 

number 000030297). Written informed consent was obtained from all patients prior to en-

rollment in the study. 

Serum samples were collected from patients who underwent coronary angiography 

(CAG) or percutaneous coronary intervention (PCI) and stored at 80 °C until measure-

ment. The inclusion criteria for this study were patients with a history of PCI and follow-

up CAG with or without revascularization between July 2015 and February 2019. Exclu-

sion criteria were patients who did not have frozen serum samples for any reason. 

2.2. Preparation of the apoB-Depleted Serum 

Serum samples were thawed on ice and incubated with the same volume of 22% pol-

yethylene glycol (PEG) 4000 to remove apolipoprotein B (apoB)-containing lipoproteins. 

Briefly, each serum sample was mixed with a PEG solution and kept at room temperature 

for 20 min. The samples were then centrifuged at 860× g for 15 min to precipitate all apoB-

containing lipoproteins, and the supernatant was collected as apoB-depleted serum. A 

previous study that used gel filtration chromatography showed that cholesterol and PL 

colocalized in the same fraction as HDL in apoB-depleted serum [21]. Therefore, we used 

apoB-depleted serum for the HDL-PL analysis. 

2.3. Clinical Variables 
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Serum levels of hemoglobin A1c (HbA1c), triglyceride (TG), total cholesterol (TC), 

LDL-C, HDL-C, and high-density lipoprotein triglyceride (HDL-TG) were measured us-

ing a standard assay at the Clinical Laboratory of Kobe University Hospital. HDL-PL lev-

els were assessed by measuring apoB-depleted serum diluted eight times in phosphate-

buffered saline (PBS) at SRL, Inc. (Hachioji, Tokyo, Japan) and calibrated using three-fold 

serially diluted pooled serum. 

2.4. CUC Assay 

The development of the CUC assay has been described previously [6,7]. In this study, 

the assay principle was applied to the HI-1000TM system (Sysmex, Kobe, Japan), which is 

a fully automated immunoassay system for research applications. In brief, 5 μL of apoB-

depleted serum was diluted in a buffer containing PBS and 0.2% R1 reagent of the HDL-

C Reagent KL “kokusai” (Sysmex, Kobe, Japan) 200 times, and 10 μL of the diluted apoB-

depleted serum was incubated with 90 μL of 1 μM biotin-PEG-labeled cholesterol (the 

preparation method is described in Appendix A) in reaction buffer (PBS containing 11% 

glycerol, 1.1% Pluronic F-68 (Thermo Fisher Scientific, Inc., Waltham, MA, USA), 0.11 mM 

methyl-β-cyclodextrin (Merck KGaA, Darmstadt, Germany), 0.055% liposome (Nippon 

fine chemical, Tokyo, Japan), 0.0047% nonion-K230 (NOF, Tokyo, Japan), 0.37% SF08 

(NOF, Tokyo, Japan), and 0.009% oleamide (Kao, Tokyo, Japan)) at 37 °C for 1 min. Serum 

HDL was captured by an anti-apolipoprotein A1 (apoA1) mouse monoclonal antibody 

clone 8E10 (the preparation method is described in Appendix A) coated on magnetic par-

ticles at 37 °C for 6 min. After washing the particles with wash buffer (HISCLTM line wash-

ing solution containing 0.1% Pluronic F-68 and 138 mM sodium chloride), 100 μL of alka-

line phosphatase-conjugated streptavidin (Vector Laboratories, Burlingame, CA, USA) in 

dilution buffer (0.1 M TEA (pH 7.5) containing 10 mg/mL BSA, 5 mg/mL Casein Na, 1 mM 

MgCl2, and 0.1 mM ZnCl2) was added and incubated at 37 °C for 10 min. After washing 

the particles with wash buffer, the chemiluminescent substrate was added and incubated 

at 42 °C for 5 min, and chemiluminescence was measured as a count. The CUC assay was 

standardized using the pooled serum. 

2.5. Measurement of Elaidic Acid Incorporated into HDL Phospholipids 

One hundred microliters of 50 μM 1,2-dinonadecanoyl-sn-glycero-3-phosphocholine 

(19:0 PC; Merck KGaA, Darmstadt, Germany) were added to 200 μL of apoB-depleted se-

rum as an internal standard, and total lipids were extracted using the Bligh and Dyer 

method as described previously [22] and applied to InertSep SI columns (GL Sciences Inc., 

Tokyo, Japan). The columns were then washed with 3 mL of chloroform and 3 mL of ace-

tone. PL were eluted from the columns using 6 mL of methanol, dried under N2, and 

methylated with a commercially available kit (Nacalai Tesque, Kyoto, Japan) according to 

the manufacturer’s protocol. The concentrations of methylated elaidic acid were meas-

ured using gas chromatography-mass spectrometry (GC-MS). The GC-MS conditions 

used for the measurements in this study were described in a previous study [13], except 

that the split-less injection mode was adopted to increase the sensitivity, and each value 

was standardized using pooled serum. 

2.6. Preparation of rHDL 

The rHDL particles were prepared using a previously described sodium cholate di-

alysis method [12,23]. In brief, the required amounts of 1-palmitoyl-2-oleoyl-sn-glycero-

3-phosphocholine (POPC) (Merck KGaA, Darmstadt, Germany), 1,2-dioleoyl-sn-glycero-

3-phosphocholine (DOPC) (Merck KGaA, Darmstadt, Germany), or 1,2-dielaidoyl-sn-

glycero-3-phosphocholine (elaidic acid PC) (Merck KGaA, Darmstadt, Germany), and 

cholesterol (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) were mixed and 

dried under an N2 gas stream. The dried mixture was dissolved in tris(hydroxyme-

thyl)aminomethane (Tris)-buffered saline (TBS; 8.2 mmol/L Tris-HCl, 150 mmol/L NaCl, 
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pH 8.0) and supplemented with 19 mmol/L sodium deoxycholate until the solution was 

clear. ApoA1 from human plasma (Merck KGaA, Darmstadt, Germany) was added to the 

solution to make a final phosphatidylcholine (PC)–cholesterol–apoA1 molar ratio of 

30:2:1. The mixture was incubated at 37 °C for 1 h and dialyzed against TBS for three days 

to remove sodium deoxycholate. The protein concentration was measured using the Brad-

ford protein assay. The samples were subjected to non-denaturing 4–20% gradient poly-

acrylamide gel (Bio-Rad, Hercules, CA, USA) electrophoresis and stained with Coomassie 

Brilliant Blue to visualize the rHDL particles. Particle size was assigned by comparison 

with protein standards using a high molecular weight calibration kit (GE Healthcare, 

Madison, WI, USA). 

2.7. CUC Assay for rHDL 

rHDL was diluted in buffer to obtain a final apoA1 concentration of 1 μg/mL, and 

the CUC assay was performed with the HI-1000TM system as described above. To evaluate 

the effects of lecithin-cholesterol acyltransferase (LCAT) on the CUC assay, recombinant 

human LCAT (rhLCAT) (Sino Biological Inc., Beijing, China) or rhLCAT preincubated 

with 2 mM N-ethylmaleimide (NEM) (FUJIFILM Wako Pure Chemical Corporation, 

Osaka, Japan) at 30 °C for 30 min were mixed with rHDL to make a final rhLCAT–apoA1 

molar ratio of 1.5:1 or 4.2:1, respectively, and incubated at 37 °C for 5 min. The samples 

were then diluted in buffer to obtain a final apoA1 concentration of 1 μg/mL, and the CUC 

assay was performed. The quantification of apoA1 was conducted using the HI-1000TM 

system and standardized using pooled serum. Briefly, an alkaline phosphatase-conju-

gated anti-apoA1 mouse monoclonal antibody clone P1A5 (the preparation method is de-

scribed in Appendix A) was added to rHDL captured by an anti-apoA1 mouse monoclo-

nal antibody (8E10)-coated on magnetic particles and incubated at 37 °C for 10 min. After 

washing the particles with wash buffer, the chemiluminescent substrate was added and 

incubated at 42 °C for 5 min, and chemiluminescence was measured as a count. To im-

prove inter- and intra-assay precision, the CUC per apoA1 value was used for CUC anal-

ysis of rHDL. 

2.8. Fluorescence-Based Assay for LCAT Activity 

A fluorescence-based assay for LCAT activity was developed according to a previous 

study [24]. The rHDL particles containing POPC or elaidic acid-PC, BODIPY-cholesterol 

(Avanti Polar Lipids, Alabaster, AL, USA), and apoA1 in a ratio of 30:2:1 were prepared 

and used as proteoliposome substrates. The samples were subjected to non-denaturing 4–

20% gradient polyacrylamide gel (Bio-Rad, Hercules, CA, USA) electrophoresis and ana-

lyzed with a ChemiDoc Touch MP (Bio-Rad, Hercules, CA, USA) set at 488 nm for excita-

tion and 520 nm for emission to detect BODIPY-cholesterol. The same gel was stained with 

Coomassie Brilliant Blue to visualize the rHDL particles. 

The rhLCAT or rhLCAT preincubated with 2 mM NEM at 30 °C for 30 min was mixed 

with the proteoliposome substrates to make a final rhLCAT:apoA1 molar ratio of 0.5:1, 

and incubated at 37 °C for 10–90 min. The lipids were extracted from the samples, dis-

solved in 30 μL of chloroform, and applied to a thin-layer chromatography (TLC) silica 

gel 60 plate (Merck KGaA, Darmstadt, Germany), which was then placed into a closed 

glass tank and saturated with a developing solvent (petroleum ether, diethyl ether, and 

acetic acid in mole portions of 230:60:3). After 25 min, the TLC plate was removed from 

the tank and cholesterol spots and esterified cholesterol spots were detected using a 

ChemiDoc Touch MP set at 488 nm for excitation and 520 nm for emission. For quantita-

tive analysis of cholesterol esterification rate, the TLC plate was exposed for 0.2 s and the 

fluorescence intensities of both cholesterol spots and esterified cholesterol spots were 

quantified by densitometry analysis using ImageJ®  software(NIH, Bethesda, MD, USA). 

The cholesterol esterification rate was calculated using the following formula: 
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% Cholesterol esterification rate = (Fluorescence intensities of esterified BODIPY-cho-

lesterol spots derived from each rHDL/Fluorescence intensities of BODIPY-cholesterol 

spots derived from rHDL without addition of rhLCAT) × 100. 

For visual inspection, exposure time for detecting BODIPY-cholesterol and esterified 

BODIPY-cholesterol spots were set to 0.2 and 3.0 s, respectively. 

2.9. Statistics 

Statistical analyses of clinical subjects were performed using Stata 16.1 

(StataCorp LLC, College Station, TX, USA), and for rHDL, the GraphPad Prism software 

version 8.4.3 (GraphPad Software, Inc., San Diego, CA, USA). Categorical variables were 

expressed as numbers and percentages, and the p value for differences between two 

groups was determined using the Chi-square test. Continuous variables were expressed 

as mean ± standard deviation (SD), unless otherwise specified. The p value for differences 

between two groups was determined by an unpaired Student’s t-test or the Mann–Whit-

ney test according to the data distribution and normality. Differences between multiple 

groups were determined by one-way ANOVA with Tukey’s or Dunnett’s multiple com-

parisons test, as applicable. The relationships between the two numerical variables were 

investigated using a simple linear regression analysis. We report Spearman’s rho with 

corresponding p values. Statistical significance was set at p < 0.05. 

3. Results 

3.1. Baseline Patient Characteristics 

From the Kobe CMI registry between July 2015 and February 2019, we enrolled 264 

patients based on the inclusion and exclusion criteria. The baseline patient characteristics 

and laboratory data are shown in Table 1. 

Table 1. Baseline patient characteristics and laboratory data. 

Variables n = 264 

Age 70.8 ± 9.3 

Male, n (%) 210 (79.5) 

Hypertension, n (%) 204 (77.3) 

Dyslipidemia, n (%) 221 (83.7) 

Diabetes, n (%) 119 (45.1) 

Smoking history, n (%) 180 (68.4) 

Statin, n (%) 233 (88.2) 

Laboratory data  

HbA1c (%) 6.4 ± 1.0 

TG (mg/dL) 128.8 ± 71.2 

TC (mg/dL) 146.8 ± 31.2 

LDL-C (mg/dL) 82.1 ± 26.3 

HDL-C (mg/dL) 46.1 ± 12.6 

CUC (A.U.) 94.8 ± 20.5 

ApoA1 (mg/dL) 118.0 ± 19.3 

HDL-PL (mg/dL) 78.0 ± 26.6 

HDL-TG (mg/dL) 13.6 ± 6.6 

Elaidic acid in HDL-PL (μM) 1.1 ± 0.50 

Values are presented as mean ± SD. HbA1c, hemoglobin A1c; TG, triglyceride; TC, total choles-

terol; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein cholesterol; 

CUC, cholesterol uptake capacity; ApoA1, apolipoprotein A1; HDL-PL, high-density lipoprotein 

phospholipid; HDL-TG, high-density lipoprotein triglyceride; A.U., arbitrary units. 
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More than 80% of the patients were receiving statin therapy, and achieved a mean 

LDL-C level of less than 100 mg/dL, which is the goal for secondary prevention of coro-

nary artery disease (CAD) in Japan [25]. The patients in the revascularization (Rev.(+) 

group had a significantly higher incidence of diabetes than patients without revasculari-

zation (Rev.(–)). Conversely, CUC and HDL-PL levels were significantly higher in the 

Rev.(–) patients than those in the Rev.(+) group. Elaidic acid levels in HDL-PL also tended 

to be higher in the Rev.(–) group than in the Rev.(+) group, although this trend was not 

statistically significant (Supplemental Tables S1 and S2). 

3.2. The Proportion of Elaidic Acid in HDL-PL Inversely Correlates with CUC 

As a first step towards understanding the effect of TFA in HDL-PL on CUC, we as-

sessed the relationship between CUC and HDL-PL and confirmed that CUC was posi-

tively associated with HDL-PL levels (rS = 0.906, p < 0.001) (Figure 1A). Though CUC was 

also positively associated with apoA1 levels (rS = 0.683, p < 0.001) (Figure S1A), the value 

of correlation coefficient was smaller than that of HDL-PL levels, suggesting that the 

HDL-PL level is an important factor in determining CUC. 

 

Figure 1. Correlations between CUC and the following: (A) HDL-PL levels (rS = 0.906, p < 0.001), (B) elaidic acid in HDL 

PL/HDL-PL ratio (rS = −0.275, p < 0.001). CUC, cholesterol uptake capacity; A.U., arbitrary units; HDL-PL, high-density 

lipoprotein phospholipid. 

To analyze the effect of TFA incorporated into HDL-PL on CUC, we evaluated the 

relationship between CUC and elaidic acid in HDL-PL and found that although there was 

a positive correlation (Figure S1B); CUC was negatively associated with the proportion of 

elaidic acid in the HDL-PL/HDL-PL ratio (rS = −0.275, p < 0.001) (Figure 1B). By contrast, 

though oleic acid, a cis analogue of elaidic acid, in HDL-PL also correlated positively with 

CUC (Figure S1C), no significant relationship was noted between CUC and the proportion 

of oleic acid in HDL-PL (Figure S1D). These results indicate the possibility that elaidic acid 

has a negative effect on CUC when incorporated into HDL-PL. 

3.3. LCAT-Dependent Enhancement of CUC is Suppressed in rHDL Containing Elaidic Acid-

PC 

To investigate the effects of elaidic acid in HDL-PL on HDL size and functionality, 

discoidal rHDL containing various molar percentages of POPC and elaidic acid-PC (0–

100% of total PC) were prepared and particle size and CUC were assessed. Native PAGE 

analysis showed that particle sizes did not differ significantly between rHDLs (Figure 2A). 
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Figure 2. Elaidic acid-PC contents in rHDL do not affect particle size and CUC. (A) rHDL containing different POPC and 

elaidic acid-PC molar percentages was prepared and native polyacrylamide gel electrophoresis (PAGE) analysis was per-

formed in a 4–20% polyacrylamide gel to assess the particle size. Standard proteins of known hydrodynamic diameters 

were used for this analysis. Samples (1.0 μg proteins) were separated by non-denaturing gel electrophoresis and stained 

with Coomassie Brilliant Blue. (B) rHDL containing different POPC and elaidic acid-PC molar percentages was prepared 

and CUC assay was performed. Values are expressed as the mean ± SD (n = 6). CUC, cholesterol uptake capacity; A.U., 

arbitrary units; NS, not significant. Data analyzed by one-way ANOVA with Dunnett’s multiple comparisons test. 

Similarly, contrary to our expectation, the elaidic acid-PC content in rHDL did not 

affect CUC (Figure 2B), although these results might have been due to the limitations of 

CUC analysis using only rHDL. 

Under physiological conditions, LCAT is known to bind discoidal small HDLs (pre-

β-HDL) [26,27] and is important for HDL maturation [28]. In peripheral tissues, free cho-

lesterol effluxes from cells by the ATP-binding cassette transporter A1 (ABCA1) to pre-β-

HDL and is esterified by LCAT. Due to their hydrophobic chemical properties, cholesterol 

esters (CE) move to the core of the HDL [29], making it larger and more spherical mature. 

Recently, it has been reported that rhLCAT increased CE and enhanced cholesterol efflux 

and the maturation of HDL in vivo [30]. Therefore, we hypothesized that the addition of 

rhLCAT to rHDL would enable CUC analysis under near-physiological conditions. 

To investigate the effects of LCAT on CUC, rHDL containing POPC was prepared 

and the CUC assay was performed in the presence of rhLCAT or rhLCAT pre-incubated 

with NEM, which inhibits LCAT activity [31–34]. The addition of rhLCAT to rHDL sig-

nificantly enhanced CUC, and LCAT-dependent enhancement of CUC was suppressed 

by NEM (Figure 3A). 



Nutrients 2021, 13, 3112 8 of 15 
 

 

 

Figure 3. LCAT-dependent enhancement of CUC is suppressed in rHDL containing elaidic acid-PC. (A) rHDL containing 

POPC was prepared and a CUC assay was performed in the presence of rhLCAT or rhLCAT pre-incubated with NEM. 

Values are expressed as the mean ± SD (n = 6). LCAT, lecithin cholesterol acyltransferase; apoA1, apolipoprotein A1; NEM, 

N-ethylmaleimide; CUC, cholesterol uptake capacity; A.U., arbitrary units. *** p < 0.001. NS, not significant. Data analyzed 

by one-way ANOVA with Tukey’s multiple comparisons test. (B) rHDL containing POPC, DOPC, and elaidic acid-PC 

was prepared and a CUC assay was performed in the presence of rhLCAT. Values are expressed as the mean ± SD (n = 6). 

* p < 0.05, ** p < 0.01. NS, not significant. Data analyzed by one-way ANOVA with Dunnett’s multiple comparisons test. 

Next, to investigate the effects of elaidic acid in HDL-PL on CUC in the presence of 

LCAT, rHDL containing POPC, DOPC, and elaidic acid-PC were prepared and the CUC 

assay was performed in the presence of rhLCAT. Although PL contain saturated fatty ac-

ids mainly in the sn1 position [35–37], we used a PC containing elaidic acid in both the 

sn1 and sn2 positions as elaidic acid-PC. To confirm the effect of sn1 substitution by mon-

ounsaturated fatty acids, DOPC, which contains oleic acid in both the sn1 and sn2 posi-

tions, and POPC, which contains palmitic acid in the sn1 position and oleic acid in the sn2 

position, were used as controls. Although rhLCAT-dependent enhancement of CUC was 

observed in all rHDLs, the CUC of rHDL containing elaidic acid-PC was significantly 

lower than that of rHDL containing POPC or DOPC (Figure 3B). These findings indicate 

that LCAT plays a crucial role in the enhancement of CUC, and elaidic acid has a negative 

effect on CUC in the presence of LCAT. 

3.4. LCAT-Dependent Cholesterol Esterification is Suppressed in rHDL Containing Elaidic 

Acid-PC 

Previous studies have shown that conversion of free cholesterol on HDL to CE by 

LCAT increases the capacity of HDL to remove additional cholesterol and maintains the 

gradient for cholesterol efflux from cells [29,30]. Therefore, we speculated that elaidic acid 

in HDL-PL inhibited LCAT-dependent cholesterol esterification on HDL and affected 

CUC. To evaluate LCAT-dependent cholesterol esterification, a fluorescence-based assay 

for LCAT activity was developed according to a previous study [24]. First, we prepared 

rHDL containing both BODIPY-cholesterol and POPC as a proteoliposome substrate and 

confirmed that the fluorescent signal was detected in the same size as rHDL by native 

PAGE analysis (Figure 4A). 
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Figure 4. Development of a fluorescence-based assay for LCAT activity. (A) rHDL containing both BODIPY-cholesterol 

and POPC was prepared and native PAGE analysis was performed in a 4–20% polyacrylamide gel. Standard proteins of 

known hydrodynamic diameters were used for the analysis. Samples (1.0 μg proteins) were separated by non-denaturing 

gel electrophoresis and stained with Coomassie Brilliant Blue (left). The same Native PAGE gel was analyzed with a 

ChemiDoc Touch MP (Bio-Rad) set at 488 nm for excitation and 520 nm for emission (right). (B) rhLCAT or rhLCAT pre-

incubated with NEM was incubated with rHDL containing BODIPY-cholesterol and POPC for 10–90 min at 37 °C. The 

extracted lipids were dissolved in 30 μL of chloroform and applied to the TLC plate. The TLC plate was placed into a 

closed glass tank, saturated by a developing solvent (petroleum ether, diethyl ether, and acetic acid in mole portions of 

230:60:3). After 25 min, the plate was removed and the cholesterol spots (Position A) and esterified cholesterol spots (Po-

sition B) were detected using a ChemiDoc Touch MP set at 488 nm for excitation and 520 nm for emission. In order to 

visualize spots clearly, cholesterol spots were exposed for 0.2 sec and esterified cholesterol spots were exposed for 3.0 sec. 

(C) The TLC plate was exposed for 0.2 sec and cholesterol spots and esterified cholesterol spots were quantified by densi-

tometry analysis using ImageJ®  software. Cholesterol esterification rate was calculated as the percentage of cholesterol 

esterified during HDL incubation at 37 °C in 10 min. Values are expressed as the mean ± SD (n = 5). **p < 0.01. Data analyzed 

by unpaired Mann–Whitney test. 

Second, rhLCAT or rhLCAT pre-incubated with NEM was incubated with rHDL for 

10–90 min, both BODIPY-cholesterol and esterified BODIPY-cholesterol were separated 

by TLC, and fluorescent signals were detected. Fluorescent intensities of esterified BOD-

IPY-cholesterol increased depending on the incubation time in the presence of rhLCAT, 

and this trend was suppressed by pre-incubation of rhLCAT with NEM (Figure 4B). Quan-

titative analysis also showed that the LCAT-dependent cholesterol esterification rate was 

suppressed by NEM (Figure 4 C). We concluded from these results that the fluorescence 

activity assay for LCAT developed properly. 

Finally, to evaluate the effect of elaidic acid in HDL-PL on LCAT-dependent choles-

terol esterification, rHDL containing both BODIPY-cholesterol and POPC or elaidic acid-

PC were prepared as proteoliposome substrates and a fluorescence activity assay for 

LCAT was performed. Although the fluorescent intensities of esterified BODIPY-choles-

terol increased depending on the incubation time in the presence of LCAT in both rHDLs 

(Figure 5A), the cholesterol esterification rate of rHDL containing elaidic acid-PC was sig-

nificantly lower than that of rHDL containing POPC (Figure 5B), demonstrating that 

elaidic acid suppresses esterification of cholesterol on HDL when incorporated into HDL-

PL. 
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Figure 5. LCAT-dependent cholesterol esterification is suppressed in rHDL containing elaidic acid-

PC. (A) rHDL containing both BODIPY-cholesterol and POPC or elaidic acid-PC were prepared and 

incubated with rhLCAT for 10–90 min at 37 °C. The extracted lipids were dissolved in 30 μL of chlo-

roform and applied to the TLC plate. The TLC plate was placed into a closed glass tank, saturated 

by a developing solvent (petroleum ether, diethyl ether, and acetic acid in mole portions of 230:60:3). 

After 25 min, the plate was removed and the cholesterol spots (Position A) and esterified cholesterol 

spots (Position B) were detected using a ChemiDoc Touch MP. In order to visualize the spots clearly, 

cholesterol spots were exposed for 0.2 sec and esterified cholesterol spots were exposed for 3.0 sec. 

(B) The TLC plate was exposed for 0.2 sec and cholesterol spots and esterified cholesterol spots were 

quantified by densitometry analysis using ImageJ®  software. Cholesterol esterification rate was cal-

culated as the percentage of cholesterol esterified during HDL incubation at 37 °C for, 10–90 min. 

Values are expressed as the mean ± SD (n = 5). * p < 0.05 ** p < 0.01. Data analyzed by unpaired 

Mann–Whitney test. 

4. Discussion 

In this study, we demonstrated that CUC, a novel indicator of HDL functionality, 

was inversely associated with the proportion of elaidic acid in HDL-PL. In vitro analysis 

using rHDL showed that rhLCAT enhanced CUC, and LCAT-dependent enhancement of 

CUC was suppressed in rHDL containing elaidic acid in PC compared to rHDL containing 

oleic acid, a cis analogue of elaidic acid. Moreover, we found that LCAT-dependent cho-

lesterol esterification was also suppressed by elaidic acid. 

PL are major components of the HDL lipidome, accounting for 40–60% of total HDL 

lipids, followed by cholesteryl esters (30–40%), triglycerides (5–12%), and free cholesterol 

(5–10%) [20]. In the present study, we found that HDL-PL levels were strongly signifi-

cantly correlated with CUC, which agrees with previous studies that showed a signifi-

cantly positive correlation between CEC and HDL-PL levels [38]. In vitro analysis using 

rHDL also showed that CEC at a fixed rHDL protein concentration increased in parallel 

with increasingly enriched PL [39]. Since cholesterol interacts with PL [40], the latter are 

indispensable components for maintaining cholesterol in lipid membranes. We believe 

that our results reflect the intrinsic mechanism of the affinity between PL and cholesterol. 

Previously, we showed that serum elaidic acid levels were elevated in middle-aged 

patients with CAD and/or metabolic syndrome in Japan [13]. We also showed that ele-

vated serum elaidic acid levels were associated with the incidence of target vessel revas-

cularization (TLR) in the same-age Japanese generation with CAD [14]. Dietary TFA are 

reported to be associated with increased LDL-C and TG, as well as reduced HDL-C [41], 

suggesting that the adverse effects of TFA on lipoprotein quantity and function may con-

tribute to the increase in CVD events. Nevertheless, the effects of TFA on HDL function-

ality have not been completely elucidated. 
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In this study, both CUC and HDL-PL levels were significantly higher in the Rev.(–) 

group than in the Rev.(+) group. Accompanied by the increase in HDL-PL levels, the 

elaidic acid levels in HDL-PL also tended to be higher in the Rev.(–) group than in the 

Rev.(+) group. However, this trend was not statistically significant. To investigate the ef-

fect of the elaidic acid composition of HDL-PL on CUC, we examined the relationship 

between the proportion of elaidic acid in HDL-PL (elaidic acid in HDL-PL/HDL-PL ratio) 

and CUC, and found a negative correlation. By contrast, oleic acid, a cis analogue of elaidic 

acid, showed no such relationship. These results suggest that not only the amount of PL 

but also the composition of PL is a factor in determining CUC, and that the increased 

proportion of elaidic acid in HDL-PL has a negative effect on CUC. 

In the present study, we found that the addition of rhLCAT to rHDL enhanced CUC, 

and LCAT-dependent enhancement of CUC was suppressed in rHDL containing elaidic 

acid in PC when compared to rHDL containing oleic acid, a cis analogue of elaidic acid. 

A previous study showed that the incorporation of structurally linear elaidic acid into PL 

reduces the fluidity of lipid membranes [19]. Therefore, elaidic acid could reduce the sur-

face fluidity of HDL and attenuate CUC in the presence of LCAT. Additionally, the pre-

sent study showed that LCAT was less reactive to PC containing elaidic acid than PC con-

taining oleic acid, and affected the efficiency of cholesterol esterification in rHDL. A pre-

vious study showed that cholesterol esterification contributed to HDL maturation and in-

creased the capacity of HDL to remove cholesterol [29,30]. Therefore, elaidic acid may 

affect the esterification of cholesterol in addition to membrane fluidity, thereby inhibiting 

cholesterol uptake and maturation of HDL. Although the mechanism by which elaidic 

acid affects LCAT reactivity has not been fully elucidated, considering that substrates of 

PL need to move into the active site of LCAT from HDL through the path that is made by 

the interaction between LCAT and apoA1 [42], elaidic acid may decrease the surface flu-

idity of HDL and reduce the efficiency of providing substrates of PL to LCAT through the 

path. 

In this study, we did not perform a detailed structural analysis to elucidate how 

rHDL, which contains elaidic acid-PC, undergoes structural changes upon reaction with 

rhLCAT. Recently, the binding mode of LCAT and HDL was analyzed using negative 

stain electron microscopy (EM), validated with hydrogen–deuterium exchange mass spec-

trometry (HDX-MS) and crosslinking coupled with mass spectrometry (XL-MS) [42]. Ad-

aptation of these techniques for rHDL analysis may reveal more detailed effects of elaidic 

acid-PC on LCAT-dependent HDL maturation in the future. 

Recently, much attention has been focused on restoring or regulating HDL function 

to prevent atherosclerosis. Previously, we found that EPA enhanced CEC when it was 

incorporated into HDL [11,12]. In the present study, we found that elaidic acid incorpo-

rated in HDL-PL negatively affected CUC. In view of these results, modulation of the PL 

acyl groups may be an effective strategy to improve HDL function. CUC was significantly 

enhanced in the presence of rhLCAT. Recently, therapeutic concepts for coronary heart 

disease and atherosclerosis using recombinant LCAT protein or an LCAT activator have 

been proposed, and dose-dependent increases in HDL-C along with the enhancement of 

cholesterol efflux or in vivo reverse cholesterol transport (RCT) have been demonstrated 

[30,43]. Considering the enhancement of CUC in the presence of rhLCAT, as shown in this 

study, CUC may change in response to these molecules, in a manner similar to cholesterol 

efflux. 

Study Limitations 

This study has several limitations. First, because CUC is determined by a cell-free 

assay, CUC does not reflect the ABCA1 mediated cellular binding of apoA1 and the uni-

directional export of cholesterol and PL to lipid-free/-poor apoA1 [7], which is considered 

as the first step of reverse cholesterol transport. Hence, the effect of elaidic acid in HDL-

PL on cholesterol efflux remains to be elucidated. Second, we assessed rHDL containing 

only elaidic acid in PC for in vitro analysis. Since the concentrations of elaidic acid in vivo 
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are much lower than those of other fatty acids, HDL containing such a highly enriched 

elaidic acid does not exist in vivo. However, considering the inverse association between 

CUC and the proportion of elaidic acid in HDL-PL observed in the correlation study using 

serum samples, we believe that our results reflect the intrinsic effect of elaidic acid on 

HDL. Further elucidation is required to address this issue. Third, although we used PC, 

which contains elaidic acid in both the sn1 and sn2 positions, as elaidic acid-PC, it is not 

consistent with a previous study that showed that PL contains saturated FA at position 

sn1 and unsaturated FA at position sn2 [35–37]. However, a previous study that assessed 

the membrane fluidity by steady-state fluorescence polarization of the probe diphenyl-

hexatriene (DPH) showed that lipid membranes made from trans-containing PC (trans-

PC) were less fluid than lipid membranes made from cis-containing PC (cis-PC), regard-

less of the position of incorporation (sn1 only, or both sn1 and sn2 of the glycerol back-

bone) [19]. Hence, we believe that the type of elaidic acid-PC used in our rHDL analysis 

did not affect the conclusions of this study. Fourth, we assessed rHDL containing the same 

amount of apoA1 for in vitro analysis. Since the interaction of LCAT to apoA1 enhances 

the enzymatic activity of LCAT [42], the amount of apoA1 per HDL particle and post-

translational modifications of apoA1 such as nitration [44] may affect the LCAT-depend-

ent cholesterol esterification and CUC. To address this issue, a comprehensive analysis 

using rHDL containing different amounts and qualities of apoA1 is needed. 

Lastly, we did not assess the effects of polyunsaturated fatty acids, which may en-

hance lipid membrane fluidity. Further studies, such as comprehensive lipid profile as-

sessment of HDL and analysis of rHDL composed of other types of phospholipids are 

needed to generalize the present findings. 

5. Conclusions 

The present study revealed that CUC is affected by the HDL-PL level. Moreover, 

CUC was negatively associated with the proportion of elaidic acid in HDL-PL, suggesting 

that the composition of HDL-PL is also a determinant factor of CUC. In vitro analysis 

using rHDL showed that CUC was positively affected by LCAT-dependent cholesterol 

esterification, whereas the incorporation of elaidic acid in HDL-PL attenuated the choles-

terol esterification efficiency by LCAT in addition to decreasing the fluidity of the HDL 

surface as reported previously, thereby inhibiting the process of cholesterol uptake and 

maturation of HDL. Further analysis to elucidate the regulatory mechanisms of CUC will 

lead to new diagnostic and therapeutic strategies for atherosclerosis and cardiovascular 

disease. 
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Appendix A. Supplemental Methods 

Appendix A.1. Generation of Mouse Monoclonal Antibody 8E10 and P1A5 

Hybridoma cell lines were generated by immunizing C57BL/6 mice with recombi-

nant human apoA1 protein (Merck KGaA, Darmstadt, Germany ). Mouse immunization 

and generation of hybridoma cell lines were outsourced to the Cell Engineering Corpora-

tion (Osaka, Japan). Hybridoma culture supernatants containing antibodies with the de-

sired binding specificity for equal recognition of non-oxidized and oxidized HDL were 

screened by ELISA. In brief, 1 μg/mL of recombinant human apoA1 protein or apoB-de-

pleted serum with an apoA1 concentration of 1 μg/mL, diluted in PBS, were immobilized 

on 96-well plates at 37 °C for 1 h. After washing the wells with PBS, PBS with or without 

hydrogen peroxide (H2O2), sodium nitrite, and diethylenetriaminepentaacetic acid 

(DTPA) solution (final concentrations of 1 mol/L, 200 μmol/L, and 100 μmol/L, respec-

tively) were added to the wells and incubated at 37 °C for 1 h. The wells were washed 

with PBS and blocked with 2% BSA in PBS at 25 °C for 1 h. The plates were then incubated 

with hybridoma culture supernatant at 25 °C for 1 h, followed by the addition of horse-

radish peroxidase (HRP)-conjugated goat anti-mouse IgG (Dako, Glostrup, Denmark) at 

25 °C for 30 min. The wells were washed with PBS five times, SuperSignal ELISA pico 

chemiluminescent substrate (Thermo Fisher Scientific, Inc., Waltham, MA, USA) was 

added to the wells, and the chemiluminescence signal was measured using an Infinite 

F200 Pro microplate reader (Tecan, Mannedorf, Switzerland). The mAb 8E10 and P1A5 

were selected by screening for equal recognition of lipid-free (recombinant protein) and 

lipidated (apoB-depleted serum) apoA1 under native conditions, as well as after oxidation 

by exposure to H2O2/NO2−. In order to obtain sufficient antibodies for this study, mAb 

8E10 was purified from the ascites fluid of ICR nude mice by Protein A-Sepharose chro-

matography. Preparation of mouse ascites fluid and purification of mAb 8E10 and P1A5 

were outsourced to Kitayama Labes (Nagano, Japan). 

Appendix A.2. Synthesis of Biotin-PEG7-Cholesterol 

Fifteen milligrams of 3β-Hydroxy-Δ5-cholenic Acid (Wako) were dissolved in 500 μL 

of N,N-dimethylformamide. Then, 7.7 mg of 1-Ethyl-3-(3-dimethylaminopropyl)car-

bodiimide, hydrochloride (Dojindo), 4.6 mg of N-hydroxysuccinimide (Merck 

KGaA, Darmstadt, Germany), 23.8 mg of Biotin-PEG7-amine (BroadPharm), and 8.4 μL 

of triethylamine (Wako) were added, and the resulting solution was stirred at room tem-

perature for 2 h. Silica gel column chromatography (10% methanol in chloroform) yielded 

Biotin-PEG7-cholesterol as a clear solid (4% yield). LC-MS (m/z): 951.4 [M + H]+. 

References 

1. Khera, A.V.; Cuchel, M.; De La Llera-Moya, M.; Rodrigues, A.; Burke, M.F.; Jafri, K.; French, B.C.; Phillips, J.A.; Mucksavage, 

M.L.; Wilensky, R.L.; et al. Cholesterol Efflux Capacity, High-Density Lipoprotein Function, and Atherosclerosis. N. Engl. J. 

Med. 2011, 364, 127–135, doi:10.1056/nejmoa1001689. 



Nutrients 2021, 13, 3112 14 of 15 
 

 

2. Rohatgi, A.; Khera, A.; Berry, J.D.; Givens, E.G.; Ayers, C.R.; Wedin, K.E.; Neeland, I.J.; Yuhanna, I.S.; Rader, D.R.; De Lemos, 

J.A.; et al. HDL Cholesterol Efflux Capacity and Incident Cardiovascular Events. N. Engl. J. Med. 2014, 371, 2383–2393, 

doi:10.1056/nejmoa1409065. 

3. Saleheen, D.; Scott, R.; Javad, S.; Zhao, W.; Rodrigues, A.; Picataggi, A.; Lukmanova, D.; Mucksavage, M.L.; Luben, R.; Bill-

heimer, J.; et al. Association of HDL cholesterol efflux capacity with incident coronary heart disease events: A prospective case-

control study. Lancet Diabetes Endocrinol. 2015, 3, 507–513, doi:10.1016/s2213-8587(15)00126-6. 

4. Anastasius, M.; Kockx, M.; Jessup, W.; Sullivan, D.; Rye, K.-A.; Kritharides, L. Cholesterol efflux capacity: An introduction for 

clinicians. Am. Hear. J. 2016, 180, 54–63, doi:10.1016/j.ahj.2016.07.005. 

5. Rothblat, G.H.; de la Llera-Moya, M.; Atger, V.; Kellner-Weibel, G.; Williams, D.L.; Phillips, M.C. Cell cholesterol efflux: Inte-

gration of old and new observations provides new insights. J. Lipid Res. 1999, 40, 781–796, doi:10.1016/s0022-2275(20)32113-1. 

6. Harada, A.; Toh, R.; Murakami, K.; Kiriyama, M.; Yoshikawa, K.; Miwa, K.; Kubo, T.; Irino, Y.; Mori, K.; Tanaka, N.; et al. 

Cholesterol Uptake Capacity: A New Measure of HDL Functionality for Coronary Risk Assessment. J. Appl. Lab. Med. 2017, 2, 

186–200, doi:10.1373/jalm.2016.022913. 

7. Toh, R. Assessment of HDL Cholesterol Removal Capacity: Toward Clinical Application. J. Atheroscler. Thromb. 2019, 26, 111–

120, doi:10.5551/jat.rv17028. 

8. Agnani, G.; Marcel, Y.L. Cholesterol efflux from fibroblasts to discoidal lipoproteins with apolipoprotein A-I (LpA-I) increases 

with particle size but cholesterol transfer from LpA-I to lipoproteins decreases with size. Biochemistry 1993, 32, 2643–2649, 

doi:10.1021/bi00061a024. 

9. Davidson, W.S.; Lund-Katz, S.; Johnson, W.J.; Anantharamaiah, G.M.; Palgunachari, M.N.; Segrest, J.P.; Rothblat, G.H.; Phil-

lips, M.C. The Influence of Apolipoprotein Structure on the Efflux of Cellular Free Cholesterol to High Density Lipopro-tein. J. 

Biol. Chem. 1994, 269, 22975–22982. 

10. Davidson, W.; Gillotte, K.L.; Lund-Katz, S.; Johnson, W.J.; Rothblat, G.H.; Phillips, M.C. The Effect of High Density Lipoprotein 

Phospholipid Acyl Chain Composition on the Efflux of Cellular Free Cholesterol. J. Biol. Chem. 1995, 270, 5882–5890, 

doi:10.1074/jbc.270.11.5882. 

11. Tanaka, N.; Ishida, T.; Nagao, M.; Mori, T.; Monguchi, T.; Sasaki, M.; Mori, K.; Kondo, K.; Nakajima, H.; Honjo, T.; et al. Ad-

ministration of high dose eicosapentaenoic acid enhances anti-inflammatory properties of high-density lipoprotein in Japanese 

patients with dyslipidemia. Atherosclerosis 2014, 237, 577–583, doi:10.1016/j.atherosclerosis.2014.10.011. 

12. Tanaka, N.; Irino, Y.; Shinohara, M.; Tsuda, S.; Mori, T.; Nagao, M.; Oshita, T.; Mori, K.; Hara, T.; Toh, R.; et al. Eicosapentaenoic 

Acid-Enriched High-Density Lipoproteins Exhibit Anti-Atherogenic Properties. Circ. J. 2018, 82, 596–601, doi:10.1253/circj.cj-17-

0294. 

13. Mori, K.; Ishida, T.; Yasuda, T.; Hasokawa, M.; Monguchi, T.; Sasaki, M.; Kondo, K.; Nakajima, H.; Shinohara, M.; Shinke, T.; et 

al. Serum Trans-Fatty Acid Concentration Is Elevated in Young Patients With Coronary Artery Disease in Japan. Circ. J. 2015, 

79, 2017–2025, doi:10.1253/circj.cj-14-0750. 

14. Oshita, T.; Toh, R.; Shinohara, M.; Mori, K.; Irino, Y.; Nagao, M.; Hara, T.; Otake, H.; Ishida, T.; Hirata, K.-I. Elevated Serum 

Elaidic Acid Predicts Risk of Repeat Revascularization After Percutaneous Coronary Intervention in Japan. Circ. J. 2019, 83, 

1032–1038, doi:10.1253/circj.cj-18-1175. 

15. Mozaffarian, D.; Aro, A.; Willett, W.C. Health effects of trans-fatty acids: Experimental and observational evidence. Eur. J. Clin. 

Nutr. 2009, 63, S5–S21, doi:10.1038/sj.ejcn.1602973. 

16. Willett, W.; Stampfer, M.; Manson, J.; Colditz, G.; Speizer, F.; Rosner, B.; Hennekens, C.; Sampson, L. Intake of trans fatty acids 

and risk of coronary heart disease among women. Lancet 1993, 341, 581–585, doi:10.1016/0140-6736(93)90350-p. 

17. Mozaffarian, D.; Katan, M.B.; Ascherio, A.; Stampfer, M.J.; Willett, W.C. Trans Fatty Acids and Cardiovascular Disease. N. Engl. 

J. Med. 2006, 354, 1601–1613, doi:10.1056/nejmra054035. 

18. Vidgren, H.M.; Louheranta, A.M.; Å gren, J.J.; Schwab, U.S.; Uusitupa, M.I.J. Divergent incorporation of dietary trans fatty acids 

in different serum lipid fractions. Lipids 1998, 33, 955–962, doi:10.1007/s11745-998-0292-9. 

19. Roach, C.; Feller, S.E.; Ward, J.A.; Shaikh, S.R.; Zerouga, M.; Stillwell, W. Comparison ofCisandTransFatty Acid Containing 

Phosphatidylcholines on Membrane Properties†. Biochemistry 2004, 43, 6344–6351, doi:10.1021/bi049917r. 

20. Kontush, A.; Lhomme, M.; Chapman, M.J. Unraveling the complexities of the HDL lipidome. J. Lipid Res. 2013, 54, 2950–2963, 

doi:10.1194/jlr.r036095. 

21. Davidson, W.; Heink, A.; Sexmith, H.; Melchior, J.T.; Gordon, S.M.; Kuklenyik, Z.; Woollett, L.; Barr, J.R.; Jones, J.; Toth, C.; et 

al. The effects of apolipoprotein B depletion on HDL subspecies composition and function. J. Lipid Res. 2016, 57, 674–686, 

doi:10.1194/jlr.m066613. 

22. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917, 

doi:10.1139/o59-099. 

23. Cavigiolio, G.; Shao, B.; Geier, E.G.; Ren, G.; Heinecke, J.W.; Oda, M.N. The Interplay between Size, Morphology, Stability, and 

Functionality of High-Density Lipoprotein Subclasses. Biochemistry 2008, 47, 4770–4779, doi:10.1021/bi7023354. 

24. Sakurai, T.; Sakurai, A.; Vaisman, B.L.; Nishida, T.; Neufeld, E.B.; Demosky, S.J.; Sampson, M.L.; Shamburek, R.D.; Freeman, 

L.A.; Remaley, A.T. Development of a novel fluorescent activity assay for lecithin:cholesterol acyltransferase. Ann. Clin. Biochem. 

2017, 55, 414–421, doi:10.1177/0004563217733285. 



Nutrients 2021, 13, 3112 15 of 15 
 

 

25. Teramoto, T.; Sasaki, J.; Ishibashi, S.; Birou, S.; Daida, H.; Dohi, S.; Egusa, G.; Hiro, T.; Hirobe, K.; Iida, M.; et al. Diagnosis of 

Atherosclerosis. Executive Summary of the Japan Atherosclerosis Society (JAS) Guidelines for the Diagnosis and Prevention of 

Atherosclerotic Cardiovascular Diseases in Japan―2012 Version. J. Atheroscler. Thromb. 2014, 21, 296–298, doi:10.5551/jat.19737. 

26. Rousset, X.; Vaisman, B.; Amar, M.; Sethi, A.A.; Remaley, A.T. Lecithin: Cholesterol acyltransferase—From biochemistry to role 

in cardiovascular disease. Curr. Opin. Endocrinol. Diabetes Obes. 2009, 16, 163–171, doi:10.1097/med.0b013e328329233b. 

27. Schaefer, E.J.; Anthanont, P.; Asztalos, B.F. High-density lipoprotein metabolism, composition, function, and deficiency. Curr. 

Opin. Lipidol. 2014, 25, 194–199, doi:10.1097/mol.0000000000000074. 

28. Sorci-Thomas, M.G.; Bhat, S.; Thomas, M.J. Activation of lecithin:cholesterol acyltransferase by HDL ApoA-I central helices. 

Clin. Lipidol. 2009, 4, 113–124, doi:10.2217/17584299.4.1.113. 

29. Czarnecka, H.; Yokoyama, S. Regulation of Cellular Cholesterol Efflux by Lecithin:Cholesterol Acyltransferase Reaction 

through Nonspecific Lipid Exchange. J. Biol. Chem. 1996, 271, 2023–2028, doi:10.1074/jbc.271.4.2023. 

30. Shamburek, R.D.; Bakker-Arkema, R.; Shamburek, A.M.; Freeman, L.A.; Amar, M.J.; Auerbach, B.; Krause, B.R.; Homan, R.; 

Adelman, S.J.; Collins, H.L.; et al. Safety and Tolerability of ACP-501, a Recombinant Human Lecithin:Cholesterol Acyltrans-

ferase, in a Phase 1 Single-Dose Escalation Study. Circ. Res. 2016, 118, 73–82, doi:10.1161/circresaha.115.306223. 

31. 31. Khovidhunkit, W.; Shigenaga, J.K.; Moser, A.H.; Feingold, K.R.; Grunfeld, C. Cholesterol Efflux by Acute-Phase High Den-

sity Lipoprotein: Role of Lecithin: Cholesterol Acyltransferase. J. Lipid Res. 2001, 42, 967–975. 

32. Stein, O.; Goren, R.; Stein, Y. Removal of cholesterol from fibroblasts and smooth muscle cells in culture in the presence and 

absence of cholesterol esterification in the medium. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab. 1978, 529, 309–318, 

doi:10.1016/0005-2760(78)90074-7. 

33. Ray, E.; Bellini, F.; Stoudt, G.; Hemperly, S.; Rothblat, G. Influence of lecithin:cholesterol acyltransferase on cholesterol metab-

olism in hepatoma cells and hepatocytes. Biochim. Biophys. Acta (BBA)-Lipids Lipid Metab. 1980, 617, 318–334, doi:10.1016/0005-

2760(80)90174-5. 

34. Czarnecka, H.; Yokoyama, S. Lecithin:cholesterol acyltransferase reaction on cellular lipid released by free apolipoprotein-me-

diated efflux. Biochemistry 1995, 34, 4385–4392, doi:10.1021/bi00013a030. 

35. Lands, W.E.; Merkl, I. Metabolism of Glycerolipids. III. Reactivity of Various Acyl Esters of Coenzyme A With Al-pha’-Acyl-

glycerophosphorylcholine, and Positional Specificities in Lecithin Synthesis. J. Biol. Chem. 1963, 238, 898–904. 

36. Yabuuchi, H.; O’Brien, J.S. Positional distribution of fatty acids in glycerophosphatides of bovine gray matter. J. Lipid Res. 1968, 

9, 65–67, doi:10.1016/s0022-2275(20)43144-x. 

37. Manni, M.M.; Tiberti, M.L.; Pagnotta, S.; Barelli, H.; Gautier, R.; Antonny, B. Acyl chain asymmetry and polyunsaturation of 

brain phospholipids facilitate membrane vesiculation without leakage. eLife 2018, 7, e34394, doi:10.7554/elife.34394. 

38. Fournier, N.; Paul, J.-L.; Atger, V.; Cogny, A.; Soni, T.; de la Llera-Moya, M.; Rothblat, G.; Moatti, N. HDL Phospholipid Content 

and Composition as a Major Factor Determining Cholesterol Efflux Capacity From Fu5AH Cells to Human Serum. Arter. 

Thromb. Vasc. Biol. 1997, 17, 2685–2691, doi:10.1161/01.atv.17.11.2685. 

39. Sankaranarayanan, S.; Oram, J.F.; Asztalos, B.F.; Vaughan, A.M.; Lund-Katz, S.; Adorni, M.P.; Phillips, M.C.; Rothblat, G.H. 

Effects of acceptor composition and mechanism of ABCG1-mediated cellular free cholesterol efflux. J. Lipid Res. 2009, 50, 275–

284, doi:10.1194/jlr.m800362-jlr200. 

40. Berg, J.M.; Tymoczko, J.L.; Stryer, L. There Are Three Common Types of Membrane Lipids. In Biochemistry, 5th ed.; WH Free-

man: New York, NY, USA, 2002; Volume 5. 

41. Hunter, J.E. Dietary trans fatty acids: Review of recent human studies and food industry responses. Lipids 2006, 41, 967–992, 

doi:10.1007/s11745-006-5049-y. 

42. Manthei, K.A.; Patra, D.; Wilson, C.J.; Fawaz, M.V.; Piersimoni, L.; Shenkar, J.C.; Yuan, W.; Andrews, P.; Engen, J.R.; Schwende-

man, A.; et al. Structural analysis of lecithin:cholesterol acyltransferase bound to high density lipoprotein particles. Commun. 

Biol. 2020, 3, 28, doi:10.1038/s42003-019-0749-z. 

43. Sasaki, M.; Delawary, M.; Sakurai, H.; Kobayashi, H.; Nakao, N.; Tsuru, H.; Fukushima, Y.; Honzumi, S.; Moriyama, S.; Wada, 

N.; et al. Novel LCAT (Lecithin:Cholesterol Acyltransferase) Activator DS-8190a Prevents the Progression of Plaque Accumu-

lation in Atherosclerosis Models. Arter. Thromb. Vasc. Biol. 2020, 41, 360–376, doi:10.1161/atvbaha.120.314516. 

44. DiDonato, J.A.; Aulak, K.; Huang, Y.; Wagner, M.; Gerstenecker, G.; Topbas, C.; Gogonea, V.; DiDonato, A.J.; Tang, W.H.W.; 

Mehl, R.A.; et al. Site-specific Nitration of Apolipoprotein A-I at Tyrosine 166 Is Both Abundant within Human Atherosclerotic 

Plaque and Dysfunctional. J. Biol. Chem. 2014, 289, 10276–10292, doi:10.1074/jbc.m114.556506. 

 


