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 The reverse cholesterol transport (RCT) pathway plays 
a key role in protecting against atherosclerosis. During 
RCT, excess cholesterol is effl uxed from peripheral cells, 
such as aortic macrophages, and is transported back to the 
liver where it can be excreted or converted to a bile salt. 
LCAT plays a vital role in this process ( 1 ), as it is the only 
known plasma enzyme that esterifi es free cholesterol (FC). 
The esterifi cation of cholesterol promotes net cholesterol 
effl ux by trapping it in the hydrophobic core of lipopro-
teins, thus preventing its back exchange ( 2 ). Cholesterol 
esterifi cation also promotes cholesterol effl ux by increas-
ing the concentration gradient of FC between cells and 
extracellular lipoprotein acceptors ( 2, 3 ). Radiolabeled 
cholesterol tracer studies in humans indicate that once es-
terifi ed by LCAT, cholesteryl esters are preferentially re-
turned to the liver ( 2 ), in part by scavenger receptor class 
B member I (SR-BI) ( 4, 5 ). As a consequence of its pro-
posed anti-atherogenic effects, LCAT is now being investi-
gated as a possible therapeutic target ( 6–9 ). 

 In addition to promoting RCT, the esterifi cation of cho-
lesterol may have other benefi ts in preventing the develop-
ment of atherosclerosis. Excess FC in plasma membranes 
can adversely affect the function of numerous plasma 
membrane proteins, and high levels of FC are cytotoxic 
( 10, 11 ). Inhibition of the intracellular esterifi cation of 
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chow diet containing 4.0% fat (NIH31 chow diet; Zeigler Brothers 
Inc., Gardners, PA) or a Western diet (TD.88137 Adjusted Calories 
Diet; Harlan Teklad, Madison, WI). Only female mice were used 
in this study and, starting at 2 months of age, were fed ad libitum 
with a Western diet or chow diet for 7 months. All animal proce-
dures were approved by a National Institutes of Health Institu-
tional Animal Care and Use Committee (protocol H-0050R2). 

 Plasma lipid and lipoprotein analysis 
 Unless otherwise noted, all chemicals used were obtained 

from Sigma-Aldrich (St. Louis, MO). Blood samples were col-
lected from the periorbital sinus of eyes, with a heparinized capil-
lary tube, and EDTA-plasma was obtained by centrifugation for 
10 min at 3,000  g  at 4°C. EDTA-whole blood (500  � l) was used to 
determine blood cell populations, using a Cell-Dyn 3700 (Ab-
bott, Abbott Park, IL). For lipid extraction, blood cells were 
washed with normal saline and centrifuged at 4°C, 3,000  g  for 
10 min. Lipids were extracted by lysing the RBCs with an equal 
volume of distilled water followed by extraction of lipids by an 
overnight incubation with 20 vol of chloroform/methanol (2:1). 
Total cholesterol (TC), FC, and phospholipids were analyzed by 
enzymatic assays from Wako Chemicals (Richmond, VA). Triglyc-
eride levels were measured by an enzymatic assay from Roche 
Diagnostics (Indianapolis, IN). Lipoprotein profi les in plasma 
were obtained by fast-protein LC (FPLC) (Akta FPLC; GE Health-
care) on two Superose-6 columns in series. For each group, 400  � l 
of pooled plasma from at least four mice was used for FPLC and 
lipids were measured enzymatically. 

 To analyze the protein content of FPLC fractions, 50  � l from 
four fractions corresponding to 2 ml of elution volume were 
pooled together and 2 mg of lipid removal agent (Sigma) were 
added to concentrate lipoprotein samples. After washing, lipo-
proteins were eluted from the lipid removal agent with SDS 
loading buffer (Life Technologies, Grand Island, NY). For im-
munoblotting, equal volumes of sample were loaded onto a 
4–12% Bis-Tris gel (Life Technologies) and electrophoresed at 
200 V in MOPS buffer. Proteins were transferred to polyvinyli-
dene difl uoride membrane (Life Technologies), using a Pierce 
G2 Fast Blotter (Thermo Scientifi c, Rockford, IL) for 15 min at 
25 V and 3.2 A  . Following the protein transfer, membranes were 
blocked with 5% milk and 3% BSA. Membranes were stained se-
quentially with the following antibodies: mouse anti-mouse apoB-
100/48 (5  � g/ml, 1:500) (kindly provided by Dr. Steve Young), 
rabbit anti-mouse apoA-I serum (1:2,000), and apoE serum 
(1:1,000) (Meridian Life Science, Inc., Memphis, TN). Primary 
antibodies were detected with the appropriate secondary anti-
body conjugated to HRP (Abcam, Cambridge, MA). Staining was 
visualized on an Omega Lum C (Aplegen, San Francisco, CA) 
using the WesternBright Quantum detection kit (Advansta Inc., 
Menlo Park, CA). FPLC fractions were pooled into three peaks 
corresponding to VLDL, LDL, and HDL and labeled 1, 2, and 3, 
respectively ( Fig. 2 ). Lipoproteins were concentrated using lipid 
removal agent (Sigma). Samples were digested with trypsin at 
37°C overnight. The digest was separated with a nanoLC system 
and detected in data-dependent analysis mode on an LTQ Orbi-
trap Elite or Fusion (Thermo Fisher Scientifi c, San Jose, CA). 
Relative abundance of each protein of interest was estimated 
based on its total spectrum counts across the fractions/samples. 

 The VLDL triglyceride production study was carried out as 
previously described ( 34 ). Plasma from fasting mice was col-
lected following injection with Triton WR-1339 at 0, 30, 60, 120, 
and 180 min postinjection. 

 RNA isolation and gene expression analysis 
 All reagents used in real time PCR experiments were obtained 

from Life Technologies unless otherwise noted. RNA was isolated 

cholesterol by ACAT inhibitors has been shown to acceler-
ate atherosclerosis and increase cardiovascular events in 
clinical trials ( 12 ). Recently, the enrichment of FC in red 
blood cell (RBC) plasma membranes has also been impli-
cated in the development of atherosclerosis ( 13–15 ), and 
RBC cholesterol content has been proposed as a possible 
cardiovascular biomarker ( 15, 16 ). Patients with a wide va-
riety of primary dyslipidemias, such as abetalipoprotein-
emia, for example, are known to have elevated levels of FC 
in RBC membranes due to an altered exchange of excess 
FC on lipoproteins with circulating RBCs ( 2, 17 ). The en-
richment of FC in RBC membranes can lead to altered cell 
shape and function ( 18, 19 ). FC on lipoproteins is also 
known to exchange with the plasma membrane of plate-
lets, and cholesterol enrichment has been demonstrated 
to promote platelet activation ( 20–22 ). 

 To better understand the role of LCAT, particularly in 
the context of increased FC, we describe here the develop-
ment of two novel transgenic (Tg) mice, namely SR-BI-
defi cient [ Scarab ( � / � )]×LCAT-null [ Lcat ( � / � )] mice 
(S  �  L  �  ), which lack LCAT, and  Scarab ( � / � )× LCAT -Tg 
mice (S  �  L ++ ), which overexpress human LCAT. RBCs and 
platelets from  Scarab ( � / � )× Lcat (+/+) (S  �  L + ) mice are 
known to have elevated levels of FC   ( 19 ), and HDL from 
these mice is increased in size and displays an impairment 
in cholesterol esterifi cation, as only 40–50% of the choles-
terol is esterifi ed compared with approximately 75% ob-
served in WT mice ( 23–28 ). The decrease in cholesterol 
esterifi cation in S  �  L +  mice is presumably because of the 
decreased effi ciency of large HDL particles to activate 
LCAT ( 29, 30 ). Additionally, S  �  L +  mice have been de-
scribed as having an increased propensity to diet-induced 
atherosclerosis despite their increased HDL-cholesterol 
(HDL-C) levels, possibly because of decreased hepatic de-
livery of cholesterol ( 23–28 ). 

 In this study, we show that the alteration of LCAT ex-
pression in  Scarab ( � / � ) mice results in profound changes 
in the percentage of cholesterol esterifi ed and in the dis-
tribution of cholesterol on lipoproteins, RBCs, and platelets. 
Furthermore, we demonstrate that decreased cholesterol 
esterifi cation caused by the loss of LCAT in S  �  L  �   mice fur-
ther accentuates the development of atherosclerosis when 
compared with S  �  L +  mice. 

 MATERIALS AND METHODS   

 Animal procedures 
  LCAT -Tg mice, containing 240 copies of the human LCAT 

gene, but with only a 2-fold increase in the rate of plasma cho-
lesterol esterifi cation ( 31 ), and  Lcat ( � / � ) mice ( 32 ), both on a 
C57BL/6N background, were crossed with S  �  L +  mice (Jackson 
Laboratory, stock number 3379) which were backcrossed three 
times onto the C57BL/6N background. The resultant new strains 
were designated as either S  �  L ++  or S  �  L  �   mice ( 31, 32 ). Probucol 
was added to the chow of S  �  L +  mice to facilitate breeding ( 33 ). 
C57BL/6N mice (WT) were purchased from Taconic (Albany, NY). 
Mice were housed under controlled conditions, with a 12/12 h 
light/dark cycle, and fed either a standard rodent autoclaved 
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room temperature for 20 min. After incubation, cells were fi xed 
with 4% paraformaldehyde for 1 h at 4°C. Following fi xation, 
cells were washed one time with PBS and resuspended in 500  � l 
of a 120  � g/ml fi lipin solution (Polysciences, Inc., Warrington, 
PA) supplemented with 2% dextran. Antibodies for erythrocytes 
and platelets, TER-119 and CD41 (BD Biosciences, San Jose, 
CA), respectively, were used at a 1/100 dilution. Cells were kept 
on ice until they could be analyzed by fl ow cytometry, using an 
LSRFortessa or FACsARIA (BD Biosciences). 

 To assess the level of reticulated platelets, cells were stained as 
previously described ( 39, 40 ). Briefl y, 1  � l of whole blood was 
stained with antibodies against CD41, as described above. Follow-
ing staining, the sample was diluted with 1 ml of PBS contain-
ing 100 ng/ml of thiazole orange (Sigma). Cells were kept on ice 
until they could be analyzed by fl ow cytometry, using an LSRFort-
essa (BD Biosciences). 

 Analysis of atherosclerotic lesions 
 Following euthanasia, the vasculature was washed by perfusion 

through the heart with PBS. The aorta was then isolated from its 
origin in the heart to the ileal bifurcation. After removal of ad-
ventitial fat, the aorta was placed in 4% paraformaldehyde solu-
tion for 18 h. The fi xed aorta was stained with a Sudan IV solution 
for 25 min, destained for 25 min in 80% ethanol, and washed in 
water. Then the aorta was cut longitudinally, embedded in glyc-
erin, and sealed between a glass slides. Quantifi cation of the area 
of the aortic plaques was performed with Image-Pro Plus version 
4.1 software (Media Cybernetics, Inc., Bethesda, MD). 

 The evaluation of atherosclerosis in aortic valve leafl ets was 
performed as previously described ( 41 ). Briefl y, the heart and 
attached section of ascending aorta were dissected en bloc and 
embedded in OCT (Sakura Finetek, Torrance, CA). The aortic 
sinus was sectioned serially (10  � m intervals) using a cryostat 
(model CM3050 S; Leica Microsystems, GmbH, Wetzlar, Ger-
many). Sections were fi xed in a 4% paraformaldehyde solution 
for 15 min and stained for neutral lipids with Oil Red O (Poly 
Scientifi c R&D Corp., Bay Shore, NY). The images were acquired 
using a Leica DM 4000 B microscope and Leica DFC 500 camera 
(Leica Microsystems, GmbH). Five sections per animal were eval-
uated to calculate the area of lesions in the aortic sinus. 

 Confocal and polarization microscopy 
 To visualize FC in tissues, fi xed frozen tissue was stained with 

fi lipin (100 ug/ml) at room temperature. After staining, slides 
were mounted in a water-based mounting medium (Polysciences, 
Inc.). Tissue sections were examined using a HC-PL-IRAPO 
40×/1.1 NA water immersion objective (WD = 0.6 mm) on a Leica 
TCS SP5-AOBS 5-channel confocal system (Leica Microsystems) 
equipped with multiline argon, diode 405 nm, 561 nm, HeNe 
594 nm, and HeNe 633 nm visible lasers. Filipin fl uorescence was 
detected using 405 nm excitation. Quantifi cation of the intima 
area of the aorta that stained with fi lipin was performed in Im-
ageJ ( 42 ). Cholesterol crystals were imaged using polarization 
microscopy ( 43 ) and appear white in photomicrographs. 

 Statistical analysis 
 Results represent the mean ± SEM and all statistics were calcu-

lated using Prism 6 (GraphPad Software, Inc., La Jolla, CA). 
Groups were compared using a one- or two-way ANOVA as indi-
cated. Post hoc analysis using Bonferroni’s test was used to com-
pare multiple groups. Statistics reported on each graph were 
calculated by comparing S  �  L +  mice to each of the other strains 
or, when indicated, each strain was compared on a standard 
chow versus Western diet basis. All statistical comparisons are 
shown in supplementary Table 1. 

from frozen liver tissue using RNAlater®-ICE. RNA was extracted 
from thawed tissue, using Trizol, and reverse transcription was 
carried out using Moloney murine leukemia virus reverse tran-
scriptase oligo(dT) primers, and 1  � g of total RNA  . Gene ex-
pression analysis was performed with TaqMan® Universal PCR 
Master Mix and commercially available primers for murine  Apob , 
 Hmgcr ,  Ldlr , and  Pcsk9  on an ABI 7900. Values were normalized to 
murine  Actb  and then normalized to expression of each gene in 
the WT mice. Values are expressed as log(2  � ( �  � CT) ). 

 Cholesterol effl ux capacity and ex vivo LCAT activity 
 apoB-depleted serum was prepared by precipitation with poly-

ethylene glycol (20%, v/v, in glycine buffer, pH 7.4). Global cho-
lesterol effl ux capacity of serum HDL samples was determined as 
described in detail elsewhere ( 35–37 ). In brief, global cholesterol 
effl ux was measured using J774 mouse macrophage cells in the 
presence of cAMP. Cells were preincubated with [ 3 H]cholesterol 
and ACAT inhibitor Sandoz 58-035 (but not preloaded with mass 
cholesterol) overnight. Cells were then incubated overnight in 
0.2% BSA with cAMP. After washing, cells were incubated for 4 h 
with the serum HDL samples (apoB-depleted serum) added at 
2.8% (v/v). [ 3 H]cholesterol released to serum after 4 h was mea-
sured by liquid scintillation counting. Cholesterol efflux is 
expressed as the radiolabel released as a percentage of [ 3 H]
cholesterol within cells before addition of serum. All effl ux val-
ues were corrected by subtracting the small amount of radioac-
tive cholesterol released from cells incubated with serum-free 
medium. When indicated, J774 cells for some experiments were 
fi rst loaded with Ac-LDL (180  � g/ml) for 72 h. Following choles-
terol loading, these cells were incubated with 2.8% apoB-
depleted serum overnight. TC was determined in cell layers and 
standardized to total protein as described below. 

 For determination of ex vivo LCAT activity, lipid was extracted 
from an aliquot of the effl ux medium, and thin-layer chromatog-
raphy was performed to quantitate the proportion of [ 3 H]FC and 
[ 3 H]cholesterol ester in the sample. Ex vivo LCAT activity is ex-
pressed as the proportion of [ 3 H]cholesterol ester formed as a 
percentage of the total [ 3 H]cholesterol released during the 4 h 
effl ux period. 

 Cellular cholesterol mass uptake 
 For mass cholesterol uptake assay, 1.5 × 10 6  RAW cells (ATCC, 

Manassas, VA) were added to a 6-well tissue culture treated plate 
(Corning Inc., Corning, NY). Opti-MEM (Invitrogen) plus 3% 
mouse serum was added to the cells and incubated overnight. 
Cells were washed three times in PBS (Invitrogen), then lipids 
were extracted with 2:1 hexane:isopropanol solution. After re-
moval of the organic solvent, protein from cells was extracted 
with 0.1 N NaOH/0.1% SDS. Protein concentration from each 
well was determined by BCA assay (Pierce, Rockford, IL). Lipids 
were resuspended in 100% ethanol, and levels of cholesterol 
were measured using the Amplex Red assay (Invitrogen). 

 Hepatic cell uptake was performed in Fu5AH rat hepatoma 
cells, as previously described ( 38 ), with the following modifi ca-
tions. Briefl y, labeled media from the effl ux assay were pooled 
and then applied to Fu5AH hepatoma cells. [ 3 H]cholesterol up-
take from serum, after incubation for 2 h, was measured by liquid 
scintillation counting. Cholesterol uptake is expressed as the ra-
diolabel within cells as a percentage of [ 3 H]cholesterol that was 
added to cells. 

 Fluorescence-activated cell sorting analysis of platelets 
and erythrocytes   

 To detect the level of cholesterol in erythrocytes and platelets, 
15  � l of whole blood was washed once with ice-cold PBS. Cells 
were resuspended in 80  � l of antibody solution and incubated at 
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the absence of LCAT, but there was a signifi cant increase 
in plasma cholesteryl esters after the Western diet, most 
likely from intracellular esterifi cation by ACAT ( 44–46 ). 
As expected, cholesterol in WT mice was found mainly on 
HDL, but following the Western diet, a peak of cholesterol 
corresponding to LDL was also observed (  Fig. 2A  ).  As pre-
viously described ( 47 ), the S  �  L +  mice had a marked in-
crease in cholesterol in larger sized HDL fractions, and 
increased levels of cholesterol in peaks corresponding to 
VLDL and LDL after a Western diet ( Fig. 2B ). As expected, 
loss of LCAT resulted in an almost total loss of HDL and 
an accumulation of VLDL- and LDL-sized particles in 
S  �  L  �   mice ( Fig. 2C ). S  �  L ++  mice showed a similar lipopro-
tein distribution as the S  �  L +  mice on the normal chow 
diet, but appeared to have a slightly larger HDL peak. 
Compared with the S  �  L +  mice ( Fig. 2B ), the increased 
LCAT activity in the S  �  L ++  mice ( Fig. 2D ) appeared to 
cause a marked decrease in VLDL and LDL, and to signifi -
cantly raise HDL. 

 By Western blot analysis, the large HDL in S  �  L +  mice on 
the Western diet was enriched in apoE ( Fig. 2B ), as has 
been previously described ( 47 ). In the case of the S  �  L  �   
mice ( Fig. 2C ), most of the apoE was found in larger size 
fractions corresponding to LDL and VLDL. The apolipo-
protein distribution for the S  �  L ++  mice ( Fig. 2D ) was simi-
lar to the S  �  L +  mice ( Fig. 2B ). The main difference was 
that apoE was found in larger size fractions that also con-
tained apoB, suggesting that the front shoulder of the 
large HDL peak observed in these mice may also contain 
some apoB-containing lipoproteins. This was confi rmed 
by agarose gel electrophoresis, which showed a small 
amount of LDL in S  �  L ++  mice. The S  �  L  �   mice, which had 
no HDL, had even more LDL/VLDL than the S  �  L ++  mice 
(supplementary Fig. 2). The same FPLC lipoprotein 

 RESULTS 

 LCAT alters plasma lipid and lipoprotein profi les 
in SR-BI-defi cient mice 

 To test the hypothesis that increased expression of 
LCAT could overcome the cholesterol esterifi cation de-
fect in HDL and the FC enrichment in blood cells ob-
served in  Scarab ( � / � ) mice, the following lines of mice 
were purchased or created:  1 ) C57BL/6 (WT),  2 ) S  �  L + ,  3 ) 
S  �  L  �  , and  4 ) S  �  L ++ . On a normal chow diet, all three 
strains of mice on the  Scarab ( � / � ) background had 
higher TC than the WT mice, with the S  �  L ++  mice having 
the highest level of TC (  Fig. 1A  ).  Following 7 months on a 
high-fat diet, all mouse strains displayed an increase in 
plasma levels of TC, FC, cholesteryl esters, and phospho-
lipids ( Fig. 1A–D ). Only S  �  L +  and S  �  L  �   mice, however, 
showed increased levels of triglycerides after the Western 
diet ( Fig. 1E ). The majority of the increase in TC in the 
S  �  L ++  mice appears to be due to an increase in cholesteryl 
esters, presumably from increased esterifi cation by LCAT. 
In contrast, S  �  L +  and S  �  L  �   mice had higher levels of FC 
than cholesteryl esters on both the normal and the West-
ern diet. The FC/TC ratio in plasma from WT mice was 
close to 0.25 on both the chow and the Western diet, 
whereas in S  �  L +  mice, the ratio was between 0.5 and 0.6 
( Fig. 1F ), which is in agreement with previous reports 
( 40 ). The S  �  L  �   mice had an even higher FC/TC ratio 
than the S  �  L +  mice on both diets, between 0.88 and 0.62. 

 Interestingly, LCAT overexpression in the S  �  L ++  mice 
was able to restore the altered FC/TC ratio due to 
 Scarab ( � / � ) defi ciency when on a normal chow diet and 
to limit the increase in the FC/TC to 0.36 following a 
Western diet ( Fig. 1F ). As expected, the S  �  L  �   mice had 
very low levels of cholesteryl esters on the chow diet due to 

  Fig. 1.  Effect of LCAT on total plasma lipids and cholesterol esterifi cation. A–F: Display levels of TC, FC, cholesterol ester, phospholipids, 
triglycerides, and FC/TC ratio, respectively, on normal chow or Western diet.  P  values were determined by a two-way ANOVA. The # de-
notes comparisons between normal and Western diet for each strain and * denotes a comparison between S  �  L +  mice and each strain on 
the same diet. *,# P  = 0.05; **,## P  = 0.01; ***,### P  = 0.001; ****,####  P  = 0.0001; n = 6–8 mice per group  .   



1286 Journal of Lipid Research Volume 56, 2015

and macrophages (  Fig. 3    ).  Despite the relatively large differ-
ences in lipoprotein profi les of the four lines of mice, there 
were only minor differences in radiolabeled cholesterol 
effl ux from J774 cells on the chow or Western diet, using 
apoB-depleted serum ( Fig. 3A ). Cholesterol effl ux was also 
monitored from cholesterol-loaded J744 cells after treatment 
with apoB-depleted serum on a Western diet by monitoring 
FC and cholesteryl ester mass from cells ( Fig. 3B ). Compared 
with WT mice, cell lines treated with serum from all three 
lines of mice lacking  Scarab ( � / � ) had higher FC levels, but 
the levels were only statistically higher for the S  �  L +  mice  . 

 In addition to monitoring cholesterol effl ux, we also 
measured the esterifi cation of cholesterol in the con-
ditioned media after cholesterol efflux ( Fig. 3C ). As 

fractions were also analyzed for their protein content by 
LC-MS (supplementary Fig. 1, supplementary Table 2) and 
largely supported the fi ndings from the Western blot anal-
ysis. In addition, it was found that LCAT was enriched in 
both HDL and LDL from S  �  L ++  mice and that HDL from 
these mice had either a restoration or an increase compared 
with WT mice in apoA-II, apoCs, and apoM, which were 
either decreased or not detected in HDL from S  �  L  �   mice. 

 Effect of LCAT on cholesterol effl ux and uptake 
 As LCAT has been proposed to affect multiple steps in the 

RCT pathway, we investigated the ability of serum from the 
four lines of mice to promote cholesterol effl ux from cells, to 
esterify cholesterol, and to donate cholesterol to liver cells 

  Fig. 2.  FPLC profi les and characterization of peaks on a Western diet for 7 months. Graphs show FPLC profi les and corresponding West-
ern blot analysis of WT (A), S  �  L +  (B), S  �  L  �   (C), and S  �  L ++  (D) mice. The solid line denotes TC and the dashed line represents triglyceride 
values. Western blot analysis was performed on pooled fractions as indicated and probed with antibodies to apoB-100, apoA-I, and apoE. 
Plasma from four mice per group was pooled at each time point  . Numbers 1, 2, 3 on FPLC graphs designate areas corresponding to VLDL, 
LDL, and HDL, respectively.   
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 Conditioned medium containing radiolabeled choles-
terol from the cell cholesterol effl ux experiment in  Fig. 3A  
was also used to assess cholesterol uptake into Fu5AH cells, 
a rat hepatoma cell line that abundantly expresses SR-BI 
( 50 ). All three lines of mice lacking SR-BI showed an in-
crease in cholesterol uptake compared with WT mice on a 
chow diet, but following a Western diet, serum from both 
WT and S  �  L ++  mice displayed a signifi cant reduction in cho-
lesterol uptake by cells compared with S  �  L +  mice ( Fig. 3D ). 

 To explore the atherogenic potential of serum from 
these mice, we examined the ability of whole serum to do-
nate cholesterol to macrophages, as previously described 
( 51 ). Compared with WT mice, RAW macrophages incu-
bated with serum from all three  Scarab ( � / � ) mouse back-
ground strains showed an increase in cholesteryl ester 
mass accumulation, but no changes in FC (  Fig. 4  ).  

 Effect of LCAT on hepatic gene expression and VLDL 
production 

 To better understand the mechanism behind the ob-
served differences in the level of pro-atherogenic apoB-
containing lipoproteins in the different mice ( Fig. 2 ), we 
examined hepatic gene expression and VLDL production 
rate on the Western diet (  Fig. 5  ).  Interestingly, when com-
pared with WT mice, liver cells from S  �  L  �   mice displayed 
a signifi cant decrease in  Hmgcr ,  Ldlr , and  Pcsk9 , and a 

expected, there was no signifi cant cholesterol esterifi ca-
tion during the cholesterol effl ux experiment in the 
S  �  L  �   mice that lack LCAT ( Fig. 3C ). The S  �  L +  mice also 
had an approximate 75% reduction in esterifi cation 
compared with WT mice ( Fig. 3C ), which is consistent 
with the observed decrease in their relative plasma cho-
lesteryl ester content. This is most likely due to the fact 
that large HDL, which accumulates in these mice, is 
known to be a poor substrate for LCAT ( 48 ). Interest-
ingly, apoB-depleted serum from WT and S  �  L +  mice 
showed less esterifi cation after being placed on the West-
ern diet compared with chow. This is consistent with the 
observed increase in plasma FC in these mice on the 
Western diet ( Fig. 1 ), indicating that the esterifi cation of 
cholesterol by LCAT was less effi cient on a high-fat diet. 
Similar results have been previously shown in  Apoe ( � / � ) 
and  Ldlr ( � / � ) mice ( 49 ). Increased expression of LCAT 
in S  �  L ++  mice resulted in a greater fraction of the ef-
fluxed cholesterol being esterified compared with the 
S  �  L +  mice on the Western diet ( Fig. 3C ). Again, the de-
crease in esterifi cation observed on the Western diet is 
likely due to the increased size of the HDL ( 48 ) ( Fig. 2 ), 
but increased LCAT in the S  �  L ++  mice was able to largely 
overcome this defect. In fact, cholesterol esterifi cation 
for the S  �  L ++  mice almost approached the level observed 
in WT mice when on a Western diet. 

  Fig. 3.  Effect of LCAT on measures of cholesterol effl ux. A: Effl ux of radiolabeled cholesterol from J744 macrophages to apoB-depleted 
serum on normal chow or Western diet. B: Mass of cholesterol remaining in cholesterol-loaded J774 macrophages following incubation 
with apoB-depleted serum. C: Percent of radiolabeled cholesterol effl uxed in (A) that was esterifi ed during cholesterol effl ux assay. D: 
Uptake of radiolabeled cholesterol from conditioned media in (A) by Fu5AH cells.  P  values were obtained by two-way ANOVA. The # de-
notes comparisons between normal and Western diet for each strain and * denotes a comparison between S  �  L +  mice and each strain. 
*,# P  = 0.05; **,## P  = 0.01; ***,### P  = 0.001; ****,#### P  = 0.0001; n = 3 mice per group.   
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and lipoproteins were monitored over 3 h. All three of the 
 Scarab ( � / � ) lines of mice displayed a similar lower rate of 
hepatic triglyceride-rich lipoprotein secretion compared 
with the WT mice ( Fig. 5B ). This suggests that the accumu-
lation of VLDL and LDL observed in the S  �  L  �   mice ( Fig. 
2 ) is most likely due to decreased plasma clearance. Lastly, 
when the levels of FC were examined by FLPC in VLDL-
sized fractions, we observed that S  �  L  �   mice had a greater 
than 8-fold increase in FC compared with S  �  L +  mice ( Fig. 
5C ). In contrast, almost all of the cholesterol on VLDL was 
esterifi ed in WT and S  �  L ++  mice ( Fig. 5C ). 

 LCAT increases cell counts and alters the FC content 
of RBCs and platelets 

 Because it has previously been reported that  Scarab ( � / � ) 
mice have abnormalities in their cholesterol content and 
number of RBCs and platelets ( 19, 32, 40 ), we examined 
the ability of LCAT to modulate these parameters. There 
were no signifi cant differences observed in RBC counts in 
the four strains of mice on the chow diet. On the Western 
diet, however, both S  �  L +  and S  �  L  �   mice showed a trend 
toward lower RBC counts compared with WT and S  �  L ++  
mice, although the difference was not signifi cant (  Fig. 6A  ).  
When the FC content of RBCs was examined, these same 
mice showed a dramatic increase in FC on the Western 
diet ( Fig. 6B ). The increased expression of LCAT in the 
S  �  L ++  mice appeared to signifi cantly blunt the increase in 
FC on RBCs ( Fig. 6B ). 

trend toward decreased  Apob  transcripts ( Fig. 5A ). Similar 
trends were observed in the other two  Scarab ( � / � ) mouse 
strains, but did not reach statistical signifi cance. The de-
crease in gene expression could possibly be compensatory 
due to the high level of VLDL observed in the plasma of 
S  �  L  �   mice. To determine whether there are differences in 
hepatic VLDL secretion, LPL activity was inhibited with 
Triton WR-1339 in fasting mice, and plasma levels of lipids 

  Fig. 4.  Effect of LCAT on the atherogenic potential of serum. 
RAW cell uptake of cholesterol mass from whole serum.  P  values 
were obtained by two-way ANOVA. The # denotes comparisons be-
tween normal and Western diet for each strain and * denotes a 
comparison between S  �  L +  and each strain. *,# P  = 0.05; **,## P  = 
0.01; ****,#### P  = 0.0001; n = 3 mice per group.   

  Fig. 5.  Effect of LCAT on hepatic gene expression and VLDL secretion. A: Expression of key hepatic genes from livers of the indicated 
mice. All values normalized to WT animals (n = 4). B: Plasma triglyceride levels of mice after inhibition of LPL with Triton (n = 4). C: Con-
centration of FC on VLDL.  P  values were obtained by two-way ANOVA. The # denotes comparisons between normal and Western diet for 
each strain and * denotes a comparison between S  �  L +  and each strain. *,# P  = 0.05; **,## P  = 0.01; ****,####  P  = 0.0001.   
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 LCAT protects  Scarab ( � / � ) mice from developing 
atherosclerosis 

 As mice lacking SR-BI have been reported to have in-
creased atherosclerosis in their aortic root ( 27 ) and also in 
their aorta by en face analysis when crossed with  Apoe ( � / � ) 
or  Ldlr ( � / � ) mice ( 23, 27, 52 ), we determined whether 
LCAT could modulate diet-induced atherosclerosis. After 
seven months on a Western diet, only a limited degree of 
atherosclerosis, as measured by en face analysis, was observed 
in any of the mouse strains except for the S  �  L  �   mice, which 
had more than a 20-fold increase in atherosclerosis com-
pared with S  �  L +  mice (  Fig. 7A, D    ). Examination of the aortic 
root revealed that S  �  L +  mice had a trend toward increased 
atherosclerosis compared with WT mice, similar to what was 
previously reported ( 27 ), but in our study this did not reach 
statistical signifi cance   (  Fig. 8A, C  ).   The absence of LCAT in 
the S  �  L  �   mice resulted in a further increase in atherosclero-
sis above S  �  L +  mice; however, this was also not statistically 
signifi cant above the levels seen in S  �  L +  mice, but was signifi -
cantly increased ( P  < 0.05) when compared with WT mice 

 On the chow diet, S  �  L +  mice had an approximate 50% 
decrease in platelet counts ( Fig. 6C ), as previously de-
scribed ( 40 ), and either increasing or decreasing LCAT 
levels normalized platelet counts for the S  �  L ++  and S  �  L  �   
mice, respectively. On the Western diet, all strains of mice 
displayed a signifi cant decrease in platelet counts, but in-
creased expression of LCAT in the S  �  L ++  mice was able to 
blunt the decrease in platelets. FC levels in platelets, as 
assessed by fi lipin staining, showed minimal differences 
between strains on the chow diet ( Fig. 6D ), but on the 
Western diet, S  �  L +  mice displayed an enrichment of FC 
in platelets, as has been previously described ( 40 ). The 
S  �  L  �   mice did not show any enrichment of cholesterol, 
but these mice and the S  �  L +  mice showed a 3.4- and 2.7-
fold increased rate of platelet production, respectively, 
over WT mice, as assessed by staining for nucleic acids 
with thiazole orange ( Fig. 6E ), suggesting that differ-
ences in the rate of platelet clearance may alter the ac-
cumulation of cholesterol-rich platelets in the blood 
compartment. 

  Fig. 6.  Effect of LCAT on RBC and platelet counts and FC content. A: RBC counts of mice on chow or Western diet (7 months). B: RBC 
FC content, as determined by fi lipin staining of mice on chow or Western diet (7 months). C: Platelet counts of mice on chow or Western 
diet (7 months). D: Platelet FC content, as determined by fi lipin staining of mice on chow or Western diet (7 months). E: Percentage of 
reticulated platelets as determined by thiazole orange staining on the Western diet (n = 6 or n = 10–12 on chow or Western diet, respec-
tively).  P  values were obtained by two-way ANOVA. The # denotes comparisons between normal and Western diet for each strain and 
* denotes a comparison between S  �  L +  and each strain. *,# P  = 0.05; **,## P  = 0.01; ***,### P  = 0.001; ****,#### P  = 0.0001.   
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atherosclerosis ( 27, 53, 54 ), we examined the aortic sinus 
of these mice for the presence of cholesterol crystals by 
polarized light (  Fig. 9B–E  ).  We found abundant FC crys-
tals in the lesions of both S  �  L  �   and S  �  L +  mice, whereas 
cholesterol crystals were undetectable in WT and S  �  L ++  

( Fig. 8A, D ). In contrast, relatively small amounts of athero-
sclerosis were detected in the aortic root of S  �  L ++  mice and 
were similar to those observed in WT mice. 

 Because recent reports have postulated that cholesterol 
crystals derived from FC may contribute to the initiation of 

  Fig. 7.  Effect of SR-BI and LCAT expression on diet-induced atherosclerosis. Whole aortas from mice fol-
lowing 7 months on a Western diet were stained with Sudan IV to visualize lipid deposits. A: S  �  L  �   mice dis-
played increased atherosclerosis following 7 months on a Western diet, while S  �  L +  and S  �  L ++  mice did not 
display any increase in atherosclerosis. B–E: Representative images of whole aorta from WT, S  �  L + , S  �  L  �  , 
S  �  L ++ , respectively.  P  values were determined by one-way ANOVA. ** P   �  0.01; n = 9–12 mice per group.   

  Fig. 8.  Effect of LCAT expression on diet-induced atherosclerosis. Atherosclerosis was assessed in the aortic root by Oil Red O staining. 
A: Loss LCAT exacerbates atherosclerosis while overexpression of LCAT prevents atherosclerosis in  Scarab ( � / � ) mice. B–E: Representa-
tive images of aortic sinus from WT, S  �  L + , S  �  L  �  , and S  �  L ++  mice, respectively. Arrows indicate atherosclerotic plaque. Scale bar indicates 
200 um. * P  < 0.05 (n = 8 per group).   
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have a profound effect on numerous parameters and path-
ways related to lipoprotein metabolism and atherosclero-
sis. SR-BI defi ciency is known to result in an increase of 
large HDL particles enriched in FC ( 23, 55, 56 ), but we 
found that increased LCAT was largely able to correct this 
phenotype ( Fig. 1 ). Overexpression of LCAT in  Scarab ( � / � ) 
mice resulted in a signifi cant decrease in the fraction of 
unesterifi ed cholesterol, whereas the loss of LCAT in the 
S  �  L  �   mice resulted in an almost total loss of HDL and a 
marked increase in unesterifi ed cholesterol in plasma. 

mice ( Fig. 9B–E ). Interestingly, in the intimal regions 
of S  �  L  �   mice, where cholesterol crystals were observed, 
abundant staining was also observed for FC, as determined 
by fi lipin staining ( Fig. 9A ). 

 DISCUSSION 

 Results from this study reveal that modulating the ex-
pression of LCAT in mice lacking the SR-BI receptor can 

  Fig. 9.  Effect of LCAT on FC in the aortic sinus. A: Amount of FC in the intima of the aortic sinus was assessed by fi lipin staining. B–E: 
Representative images of cholesterol crystals detected by polarized light and the amount of FC detected by fi lipin stain in the aortic sinus. 
Scale bar indicates 100 um. **** P  < 0.0001 (n = 4 per group).   
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contributed to these fi ndings. Alternatively, the increased 
FC content of lipoproteins and the redistribution of 
LPL-modulating proteins such as apoC-II and apoC-III, 
which have been described to occur in familial LCAT 
defi ciency ( 7, 8 ), could also account for the decreased 
lipolysis and clearance of apoB-containing lipoproteins. 
The results from this study are also consistent with pre-
vious animal models of either increased or decreased 
LCAT expression, which have shown that the effect of 
LCAT on the level of pro-atherogenic apoB-containing 
particles is the best predictor of whether LCAT pro-
motes or decreases atherosclerosis in a given animal 
model ( 7, 8 ). 

 Surprisingly, modulation of LCAT expression did not 
seem to have a major impact on HDL function, as mea-
sured by an in vitro radiolabeled cholesterol effl ux assay 
from macrophages, using apoB-depleted serum as the ac-
ceptor. It has been previously shown, however, that in vitro 
cholesterol effl ux assays are relatively unaffected by the 
presence or absence of LCAT, because of the relatively low 
unphysiologic ratio of donor membranes to acceptor par-
ticles used in these studies ( 3 ). Using RBCs as a cholesterol 
donor, only at relatively high concentrations (hematocrit 
>15%), much higher than the ratio of donor membranes 
to acceptor particles typically used in in vitro cholesterol 
effl ux assays, was LCAT shown to promote cholesterol ef-
fl ux ( 3 ). We did observe, however, that a much greater 
fraction of the radiolabeled cholesterol effl uxed from the 
macrophage cell line during the in vitro effl ux study was 
esterifi ed in the conditioned media containing serum 
from S  �  L ++  mice ( Fig. 3B ). Based on human tracer studies 
( 4 ), approximately 80% of esterifi ed cholesterol is re-
turned to the liver as compared with only 4% of FC ( 2 ), 
which suggests that the esterifi cation of cholesterol by 
LCAT should ultimately lead to increased hepatic excre-
tion of cholesterol. 

 When we monitored bidirectional fl ux of cholesterol by 
measuring cholesterol mass in J744 macrophage cells ( Fig. 
3B ), we found that incubation of apoB-depleted serum 
from all three strains of mice lacking SR-BI resulted in 
higher levels of FC than what we found with WT mice. This 
suggests that the large HDL that accumulates in the ab-
sence of SR-BI may, in fact, promote the net delivery of 
cholesterol to cells, possibly by the SR-BI receptor present 
on the J744 cells ( 72 ). Similarly, we observed ( Fig. 3D ) 
an increase in cholesterol uptake by Fu5AH cells, which 
also abundantly express SR-BI ( 50 ), when incubated with 
apoB-depleted serum from the three lines of mice lacking 
SR-BI. This again could be due to cellular uptake of cho-
lesterol from HDL. 

 RBCs from LCAT-overexpressing mice on a Western diet 
had decreased levels of FC ( Fig. 6 ). By lowering the 
amount of FC on lipoproteins, LCAT could be reducing the 
amount of FC that can passively exchange with RBCs ( 2 ). 
In general, increased levels of FC in cells have been shown 
to be pro-infl ammatory and cytotoxic ( 11, 73 ), and result 
in increased atherosclerosis ( 74 ). RBCs themselves have 
also been shown to remove excess cholesterol from pe-
ripheral cells by a countercurrent-like exchange mechanism 

The loss of HDL in S  �  L  �   mice was also associated with a 
corresponding marked increase in pro-atherogenic LDL- 
and VLDL-sized particles. Interestingly, although the S  �  L  �   
mice did not show an increase in TC compared with the 
other two strains of mice lacking the SR-BI receptor, they 
exhibited the most atherosclerosis. In contrast, the S  �  L ++  
mice, which had the highest level of TC, were protected from 
diet-induced atherosclerosis, most likely because, unlike the 
S  �  L  �   mice, they had a decrease in cholesterol-containing 
pro-atherogenic lipoproteins, such as VLDL- and LDL-
sized particles, and the majority of their cholesterol was on 
HDL ( Fig. 2 ). Consistent with our data, it has been shown 
in  Ldlr ( � / � ) mice that the level of VLDL-cholesterol 
(VLDL-C) is the best predictor of atherosclerosis ( 57, 58 ). 

 Although many epidemiologic studies have linked ele-
vated levels of HDL-C to a decreased atherosclerotic risk 
( 59, 60 ), there is evidence in some settings that elevated 
levels of HDL can in fact be detrimental ( 61–64 ). To date, 
the mixed results seen in the trials using CETP inhibitors 
( 65 ) and niacin ( 66, 67 ) also suggest that simply elevating 
the cholesterol content of HDL does not necessarily 
improve cardiovascular outcomes ( 65 ). It was previously 
demonstrated that  Scarab ( � / � ) mice, which have very 
high levels of HDL-C, in fact, develop more atherosclerosis 
( 27, 28, 47, 52 ). Consistent with these observations, assays 
of HDL function, such as cholesterol effl ux, may, in fact, 
be more predictive than HDL-C levels for cardiovascular 
risk ( 68 ). In this study, LCAT may perhaps be exerting its 
positive anti-atherogenic effect, at least in part, through 
modulation of HDL function. In support of this hypothe-
sis, we found that LCAT overexpression normalized the 
FC/TC ratio ( Fig. 1 ). This is in contrast to work previously 
published by Yesilaltay et al. ( 69 ), which found overexpres-
sion of LCAT in mice on a  Scarab ( � / � ) background was 
not able to normalize the FC/TC ratio. The differences 
between our results and theirs are likely due to the much 
greater increase in LCAT expression in our mice com-
pared with the previous study ( 31, 70 ). 

 Besides its effect on the FC/TC ratio, LCAT’s effect 
on the lipoprotein distribution likely plays a role in its 
ability to modulate atherosclerosis development. Our 
observation of increased pro-atherogenic lipoproteins 
on a Western diet in mice lacking the SR-BI receptor 
( Fig. 2 ) is consistent with previously reported values 
( 23, 27, 71 ), and loss of LCAT expression greatly exac-
erbated the increase in pro-atherogenic particles, par-
ticularly VLDL. This was observed by FPLC as an increase 
in the cholesterol peak corresponding to VLDL ( Fig. 2 ), 
but could also be observed in S  �  L +  and S  �  L  �   mice as an 
increase in the level of triglycerides in plasma ( Fig. 1 ), 
which are largely transported by pro-atherogenic lipo-
proteins. It is quite striking that overexpression of LCAT 
was able to block this increase in both triglycerides and 
atherogenic particles. As shown in the experiment in 
which LPL was inhibited with Triton ( Fig. 5 ), the in-
crease in plasma levels of VLDL and LDL in the S  �  L +  
and S  �  L  �   mice were most likely due to decreased clear-
ance. Decreased hepatic expression of the LDL recep-
tor gene, particularly in the S  �  L  �   mice, could also have 



Effect of LCAT in SR-BI KO mice 1293

 In summary, increased LCAT expression in  Scarab ( � / � ) 
mice was found to lead to an anti-atherogenic lipoprotein 
phenotype and reduced diet-induced atherosclerosis. Further 
work is needed, however, to fully understand how LCAT 
affects the overall functionality of HDL in  Scarab ( � / � ) 
mice and its role in RCT, as well as in other potential anti-
atherogenic pathways.  

 The authors thank Ann Williams and Heidi Mariani from the 
Flow Cytometry Core of the National Heart, Lung, and Blood 
Institute  . 
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and deliver it to the liver for excretion   ( 13 ). The enrichment 
of FC on RBCs in the S  �  L  �   mice could thus potentially 
interfere with this process and could also lead to increased 
atherosclerosis. RBCs themselves have also been proposed 
as a possible source of cholesterol in plaque ( 15, 16 ). 

 Decreased LCAT activity in the S  �  L +  and S  �  L  �   mice also 
appeared to be correlated with decreased platelet counts, 
and in the case of the S  �  L +  mice, cholesterol enrichment 
of platelets ( Fig. 6 ). A higher rate of platelet production 
was also observed for both the S  �  L +  and S  �  L  �   mice despite 
their lower platelet counts, suggesting that these mice 
must have a higher rate of platelet turnover. Cholesterol 
enrichment of platelets is known to lead to increased 
platelet aggregation ( 20, 22, 75, 76 ), which could account 
for the lower platelet counts in the S  �  L +  and S  �  L  �   mice. 
This process may also limit the accumulation of cholesterol-
enriched platelets in blood due to their selective removal. 
We observed that the S  �  L  �   mice had much larger spleens 
than the S  �  L +  mice (data not shown), which could account 
for the greater removal of cholesterol-rich platelets in 
these mice ( Fig. 5D, E ). Thrombosis from platelet aggre-
gation also contributes to the development of atheroscle-
rotic plaque ( 77 ). 

 A signifi cant amount of atherosclerosis was only de-
tected in the mice with decreased LCAT activity and an 
increase in the FC/TC ratio, namely the S  �  L +  and S  �  L  �   
mice ( Figs. 7, 8 ). The difference we observed in the degree 
of atherosclerosis in the en face compared with the aortic 
root in the S  �  L +  mice ( Figs. 7, 8 ) is most likely due to dif-
ferences in disease propensity in different anatomic loca-
tions, with plaque usually fi rst developing in the aortic 
root before other locations. Cholesterol crystals, which are 
now thought to play a role in the early initiation of the 
atherosclerosis process ( 53 ), were also detected in the 
plaques of both S  �  L +  and S  �  L  �   mice ( Fig. 9 ). The increase 
in the FC/TC ratio on lipoproteins could promote choles-
terol crystal formation when they enter the plaque, and 
could also account for the increase in FC staining by fi lipin 
in the S  �  L  �   mice ( Fig. 9 ). 

 A limitation of our study is that the mice used in this 
study, unlike humans, did not contain CETP. Previous 
studies, however, have shown that CETP expression in 
mice can lower serum cholesterol in LCAT-Tg mice 
( 78 ), and that CETP expression can protect  Scarab ( � / � ) 
mice from the development of atherosclerosis ( 79 ). 
Interestingly, mice that overexpress LCAT are at in-
creased risk of developing atherosclerosis on both the 
 Ldlr ( � / � ) and  Apoe ( � / � ) background ( 80, 81 ), but 
expression of CETP in these models has been shown to 
ameliorate the development of atherosclerosis ( 78 ). In 
contrast, LCAT overexpression in rabbits, which express 
CETP, protected against diet-induced atherosclerosis 
( 82 ). Based on these results, it is possible that a greater 
atheroprotective effect from LCAT could be observed 
in  Scarab ( � / � ) mice that express CETP, but this will 
have to be tested in future studies. Another potential 
limitation in our study is the mixed genetic background 
of the S  �  L +  mice, which could be another source of vari-
ation in our study. 
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