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 Apolipoprotein (apo) C-III is a small exchangeable apo-
lipoprotein (79 amino acids) that is synthesized mainly in 
the liver and intestine from the  APOA5-APOA4-APOC3-
APOA1  gene locus and is secreted into the plasma as a 
component of VLDL and HDL ( 1 ). Elevated plasma apoC-
III concentration is commonly observed in human subjects 
with insulin resistance and central obesity and is positively 
correlated with plasma triacylglycerol (TAG) concentra-
tions in hypertriglyceridemia subjects ( 2, 3 ). Early studies 
have shown that mutations within the  APOA4-APOC3-
APOA1  gene locus were associated with patients of prema-
ture atherosclerosis ( 4, 5 ). However, the close proximity of 
apoA-IV, apoC-III, and apoA-I encoded within this gene 
cluster makes it diffi cult to ascertain the contribution of 
apoC-III defi ciency per se to the development of athero-
sclerosis. Recently, a genome-wide association study has 
discovered an apoC-III null allele (R19×) in Lancaster 
Amish population and shown that individuals heterozy-
gous of the R19× allele have a favorable plasma lipid pro-
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on VLDL assembly/secretion using rat hepatoma McA-
RH7777 cells. These cells, unlike the human hepatobls-
toma HepG2 cells that are unable to synthesize VLDL, 
retain the ability to assemble and secrete large TAG-rich 
apoB-100-VLDL 1  ( S f   > 100) when cultured in lipid-rich 
medium ( 24 ). The present data suggest that apoC-III 
expression enhances VLDL assembly/secretion in a 
gene-dosage-dependant manner, and the enhancement is 
manifested only when the transfected cells were cultured 
in lipid-rich media (i.e., in the presence of exogenous 
FFA) to mimic the increased FFA supply to the liver under 
stress or other aberrant metabolic conditions ( 25 ). Thus, 
hepatic expression of apoC-III may exacerbate hypertri-
glyceridemia under abnormal metabolic conditions by 
promoting hepatic VLDL assembly and secretion, in addi-
tion to its known function in attenuating VLDL hydrolysis 
and clearance in the plasma. 

  MATERIALS AND METHODS  

 Materials 
 Cell culture reagents were purchased from Invitrogen Canada 

(Burlington, ON). Reagents for recombinant DNA experiments 
were obtained from New England Biolabs (Pickering, ON). 
[2- 3 H]glycerol (9.6 Ci/mmol), [ 14 C]oleate (80 mCi/mmol), and 
[ 35 S]methionine/cysteine (1,000 Ci/mmol) were obtained from 
GE Healthcare (Mississauga, ON). Heparin, heparinase I, and 
horseradish-peroxidase-linked anti-goat antibody was obtained 
from Sigma-Aldrich (Oakville, ON). Oleate, TAG, and phospho-
lipid standards were from Avanti Polar Lipids (Albaster, AL). Anti-
bodies against human apoC-III or apoE (used for immunoblot 
analysis) were purchased from Academy Biomedical (Houston, 
TX). Rabbit anti-mouse apoE antibody (used for immunoprecipi-
tation) was obtained from BioDesign (Saco, ME). Polyclonal an-
tiserum against rat VLDL proteins (used for immunoprecip itation 
of rat apoB-100) or human apoC-III (used for immu noprecipitation) 
was produced in our laboratory. Horseradish-peroxidase-
conjugated anti-mouse and anti-rabbit IgG antibodies were 
obtained from Amersham Biosciences (Baie d’Urfe, PQ). 
Chemilu minescent substrates were purchased from Roche Diagnos-
tics (Laval, PQ). 

 Human apoC-III expression plasmids and transfection 
 Total RNA was isolated from HepG2 cells using Trizol™ re-

agent (Invitrogen) and reverse-transcribed into cDNAs using 
MMLV reverse transcriptase and an oligo-dT primer. Coding se-
quences of apoC-III were amplifi ed from the cDNAs by PCR us-
ing primers listed in   Table 1  .  The resulting  APOC3  cDNA 
fragments were digested with  Bam HI and  Hin dIII, respectively, 
and inserted into pCMV5 vector between the  Bgl II and  Hin dIII 

fi le (i.e., lowered fasting and postprandial serum TAG) 
and apparent cardioprotection ( 6 ). Studies with geneti-
cally modifi ed mice have shown that overexpression of hu-
man  APOC3  resulted in severe hypertriglyceridemia and in 
some cases hepatosteatosis ( 7, 8 ), whereas lowered con-
centration of fasted plasma TAG (70% of normal) was ob-
served in apoc3-knockout mice ( apoc3  � / �   ) ( 9 ). The positive 
correlation between apoC-III and plasma TAG is mainly 
attributable to the roles of apoC-III in  i ) inhibiting lipoly-
tic activity of LPL ( 10, 11 ), and  ii ) attenuating the binding 
of TAG-rich lipoproteins to heparin sulfate proteoglycans 
( 12 ) and LDL receptor ( 13 ) and thus preventing uptake. 

 Although the majority of plasma apoC-III is associated 
with HDL, a signifi cant amount of the protein exists as a 
component of VLDL, and the VLDL-bound apoC-III is fur-
ther increased in hypertriglyceridemia ( 14, 15 ). This cor-
relation between VLDL-apoC-III and hypertriglyceridemia 
begs the question as to whether or not apoC-III plays a role 
in hepatic VLDL assembly or secretion. To date, results 
from studies with genetically modifi ed mice are inconclu-
sive regarding the impact of apoC-III expression on the 
rate of VLDL production in vivo. While transgenic mice 
overexpressing  APOC3  exhibited a 2-fold increase in VLDL 
production ( 7, 8 ), no change in VLDL production was ob-
served with the  apoC3   � / �   mice ( 16 ). Similarly, there is no 
clear conclusion regarding apoC-III expression affecting 
VLDL production in humans. Although a positive correla-
tion between in vivo production rates of VLDL-associated 
apoC-III and VLDL-TAG has been observed in a wide vari-
ety of normolipidemic or hyperlipidemic human subjects 
under different metabolic or diet conditions ( 2, 3, 17–19 ), 
such correlation could not be confi rmed in other studies 
( 20 ). The exchangeability of apoC-III among plasma lipo-
proteins makes it challenging to draw defi nite conclusions 
from these in vivo studies as to whether the positive corre-
lation between plasma apoC-III and VLDL-TAG is attri-
butable to apoC-III promoting VLDL production ( 21 ). 
Moreover, because many human subjects used in the above 
clinical studies had various stages of insulin resistance 
and/or different forms of hypertriglyceridemia that are 
known factors contributing to hepatic VLDL overproduc-
tion, the role of apoC-III expression in promoting VLDL 
assembly/secretion could not be independently dis-
cerned. 

 The assembly of hepatic VLDL is achieved through mul-
tiple steps during and after translation and translocation 
of apoB-100 across the endoplasmic reticulum (ER) mem-
branes ( 22 ). The initial step occurs during apoB-100 trans-
lation and translocation across the ER membrane, forming 
primordial VLDL precursor particles with limited amount 
of TAG. The activity of the abetalipoproteinemia gene 
( Mttp ) product microsomal triglyceride-transfer protein 
(MTP) is required for the process ( 23, 24 ). Additional 
lipid recruitment steps involve incorporation of bulk TAG, 
presumably in the form of lipid droplets, into the VLDL 
precursor particles. The molecular details involved in the 
formation and incorporation of lipid droplets during 
VLDL assembly is not completely elucidated. In this study, 
we determined the effect of hepatic apoC-III expression 

 TABLE 1. Nucleotide sequences of the PCR primers 

C3 forward CAGT GGATCC TAGAGGCAGC
C3 reverse CCCTG AAGCTT GCAGGACCCA
A23T forward CCACCAAGACC aCa AAGGATGCA
A23T reverse TGCATCCTT tGt GGTCTTGGTGG

All sequences are 5 ′  to 3 ′  direction. The BamHI and  Hin dIII 
restriction sites included in the forward and reverse PCR primers are 
indicated as underlined. In mutagenesis primers for C3A23T, the 
underlined sequences containing lowercased nucleotides denote the 
positions of respective mutations.
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 Cumulative rate fl oatation of lipoproteins 
 Cells were labeled with [ 3 H]glycerol or [ 35 S]methionine/

cysteine as described above. The medium lipoproteins secreted 
from metabolically labeled cells were fractionated by cumulative 
rate fl oatation ultracentrifugation into VLDL 1  ( S f   >100), VLDL 2  
( S f   20–100) and other lipoproteins as described previously ( 24 ). 
Lipoproteins within the microsomal lumen were similarly frac-
tionated ( 24 ). The lipids were extracted, and apolipoproteins 
(apoB-100, apoE, and apoC-III) were recovered from each frac-
tion and analyzed by TLC and SDS-PAGE, respectively, as de-
scribed above. 

 Quantifi cation of RNA by real-time RT-PCR 
 Total RNA was isolated from stably transfected cells using the 

RNeasy Plus Mini Kit (Qiagen) according to the manufacturer’s 
instructions. The RNA samples (1  � g) were primed with random 
hexamer primers and reversely transcribed into cDNA using 
SuperScript II reverse transcriptase (Invitrogen Canada). The 
cDNAs were amplifi ed by TaqMan-based detection chemistry 
using TaqMan Universal Master Mix (Applied Biosystems) and 
Assays-on-Demand primer/probe sets (Applied Biosystems) 
for  Mttp  (Rn01522970_m1) and  ApoB  (Mm01545156_m1). All 
reactions were run in triplicates on a 7900HT Fast Real-Time 
PCR System (Applied Biosystems) with 384-well plate block module 
using cycle parameters specifi ed by the manufacturer. Serial 
dilutions of cDNA were used to generate standard curves of cycle 
threshold versus logarithms of concentration for the genes of in-
terest and 18s rRNA. The cycle threshold values were obtained 
using Applied Biosystems SDS 2.3 software and were normalized 
with 18s rRNA. 

 Preparation of ApoC-III adenovirus vectors 
 cDNA encoding wild-type Apo-CIII or the Ala23Thr mutant 

under the regulation of the human cytomegalovirus immediate 
early promoter/enhancer and bovine growth hormone polyade-
nylation sequence were cloned in place of the early region 1 (E1) 
of an E1/E3-deleted adenovirus vector, using standard methods 
( 30 ), generating C3wt-Adv and C3AT-Adv, respectively. 

 Other assays 
 The in vitro MTP activity in the cell lysate of apoC-III express-

ing cells was determined as described previously ( 31, 32 ). Protein 
concentrations in the cells were quantifi ed using the Bradford 
method ( 33 ). 

  RESULTS  

 Expression of apoC-III in McA-RH7777 cells enhances 
VLDL-TAG secretion under lipid-rich conditions in a 
gene-dose-dependent manner 

 The potential role of apoC-III expression in VLDL as-
sembly and secretion was determined using in vitro cell 
culture systems under defi ned lipid substrate conditions. 
Transient transfection of apoC-III into McA-RH7777 cells, 
a rat hepatoma cell line that does not express endogenous 
apoC-III, resulted in increased secretion of [ 3 H]glycerol-
labeled TAG compared with CMV5 vector transfected con-
trols under lipid-rich conditions (i.e., media supplemented 
with exogenous oleate) (  Fig. 1A  ).  The effect of apoC-III 
expression had no effect on [ 3 H]TAG secretion when cells 
were cultured in the absence of oleate. The lack of an ef-
fect on [ 3 H]TAG secretion under oleate-free conditions 

sites. The site-specifi c mutagenesis Ala-to-Thr mutation at resi-
due 23 of mature apoC-III ( 26 ) was performed using the 
QuikChange TM  kit (Stratagene, Ann Arbor, MI) with the appro-
priate forward and reverse primers ( Table 1 ). The coding se-
quences of all of the cDNA constructs were verifi ed by sequencing. 
Transfection of the expression plasmids into McA-RH7777 cells 
was achieved by the calcium phosphate precipitation method, 
and stable transformants were obtained by cotransfection with 
pSV2neo and selected with G418 as described previously ( 27 ). 

 ApoC-III knockdown 
 Short interfering RNAs (siRNAs) specifi c for human apoC-III 

were obtained from Ambion (Austin, TX). HepG2 cells were cul-
tured in DMEM supplemented with 10% FBS. The cells (3 ×10 5  
in 6-well plate) were transfected with 40 nM apoC-III siRNA ac-
cording to the manufacturer’s instructions. The transfection me-
dium was replaced with DMEM (10% FBS) 24 h posttransfection 
and cultured for additional 24 h prior to experimentation. Ex-
pression of apoC-III in the transfected cells was determined by 
immunoblotting as described below. 

 Immunoblot analysis of apolipoproteins 
 Transfected McA-RH7777 cells were incubated with serum-

free DMEM for 16 h. Secreted apoC proteins in the conditioned 
medium were absorbed onto hydrated colloidal silica as previ-
ously described ( 28 ). The silica-bound apoC proteins were eluted 
into 200 µl SDS-PAGE sample buffer (8 M Urea, 2% SDS). Sam-
ple containing equal amount of cell proteins were resolved by 
SDS-PAGE (12% gel) using Tris-Tricine-SDS running buffer sys-
tem and transferred onto nitrocellulose membranes for immu-
noblot analysis using appropriate polyclonal antibodies against 
human apoC-III. Endogenous apoE secreted from the trans-
fected cells were detected using polyclonal rabbit anti-mouse 
apoE antibody (BioDesign International). 

 Metabolic labeling of lipids 
 Cells were labeled with [ 3 H]glycerol (5 µCi/ml, 2 ml/dish) in 

DMEM containing 20% FBS ± oleate (0–1.2 m M)  for up to 4 h as 
described previously ( 24, 29 ). Reuptake of lipoproteins by cells 
was prevented by including heparinase I (12 units/ml) in the la-
beling media. Total lipids were extracted from cells and media, 
respectively, and separated by TLC. The radioactivity associated 
with [ 3 H]TAG and phosphatidylcholine (PC) was quantifi ed by 
scintillation counting. The secretion effi ciency of [ 3 H]TAG was cal-
culated as the percentage of [ 3 H]TAG in media over the total 
[ 3 H]TAG ([ 3 H]TAG in the media + [ 3 H]TAG in cell) at the end 
of the labeling period. In some experiments, lipid secretion effi -
ciency was determined by pulse-chase experiments in which cells 
were labeled with [ 14 C]oleate (5  � Ci/ml) for 2 h and “chased” 
for up to 4 h. 

 Metabolic labeling of proteins 
 Cells (60 mm dishes) were labeled with [ 35 S]methionine/

cysteine (200  � Ci) for up to 3 h in methionine/cysteine-free 
DMEM (2 ml) containing 20% FBS ± 0.4 m M  oleate. Posttransla-
tional stability and secretion of apoB-100, apoE, and apoC-III 
were determined by pulse-chase experiments (30 min pulse fol-
lowed by 2 h chase) as described previously ( 24 ). The respective 
 35 S-labeled apolipoproteins were immunoprecipiated and re-
solved by SDS-PAGE (5% gel for apoB and 12% gel for apoE and 
apoC-III). Radioactivity associated with the  35 S-labeled protein 
was quantifi ed by scintillation counting. The secretion effi ciency 
of apoB-100, apoE, and apoC-III was defi ned as the percent of 
total labeled respective proteins that was secreted into the media 
during chase. 
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correlated to apoC-III expression levels. Increased secre-
tion effi ciency of TAG from apoC-III-expressing cells was 
also observed when the fatty acyl moieties of TAG were la-
beled with [ 14 C]oleate (data not shown). Expression of 
apoC-III also resulted in increased secretion effi ciency of 
[ 3 H]glycerol-labeled PC ( Fig. 1E ). As was the case in tran-
siently transfected cells, apoC-III expression had no effects 
on TAG secretion when the stable cell lines were cultured 
in the absence of exogenous oleate ( Fig. 1F ). However, 
the effect of apoC-III expression on lipid secretion (both 
TAG and PC) was clearly manifested when the media were 
supplemented with oleate ranging from 0.1–1.2 mM ( Fig. 
1F ). Additional experiments with the stable cell lines 
showed that the increased TAG secretion was not attribut-
able to reduced reuptake of newly secreted VLDL because 
metabolic labeling experiments with the cells cultured in 
the presence of heparinase had no effect on [ 3 H]TAG ac-
cumulation in the media (data not shown). We next deter-
mined the effect of apoC-III knockdown on TAG secretion 
using HepG2 cells, a human hepatoblastoma cell line that 

suggests that apoC-III expression per se has no impact on 
VLDL secretion. The cell-associated [ 3 H]TAG was compa-
rable between apoC-III-expressing cells and the controls 
under both lipid-rich and lipid-poor conditions ( Fig. 1B ). 
Thus, the secretion effi ciency of [ 3 H]TAG, expressed as 
the proportion of total TAG (i.e., cell + media) that was 
secreted at the end of labeling, was enhanced by apoC-III 
expression under lipid-rich conditions ( Fig. 1C ). 

 The effect of apoC-III expression on TAG secretion was 
further determined using stable McA-RH7777 cell lines 
that expressed apoC-III at different levels. The concentra-
tions of cell-associated and medium apoC-III proteins in 
the stable cell clones were positively correlated to the gene 
copy numbers (as demonstrated by  APOC3  mRNA levels) 
( Fig. 1D , top three panels). Secretion of apoE was not af-
fected by apoC-III expression and was used as loading con-
trols in immunoblot analysis ( Fig. 1D , bottom panel). 
Among all apoC-III cell lines examined, increased secre-
tion effi ciency of [ 3 H]TAG over controls was invariably 
observed ( Fig. 1E ), and the enhancement was positively 

  Fig.   1.  Expression of apoC-III in McA-RH7777 cells resulted in enhanced [ 3 H]TAG secretion under lipid-
rich conditions. Control or transiently apoC-III (C3) transfected cells (48 h posttransfection) were labeled 
with [ 3 H]glycerol for 2 h in DMEM containing 20% FBS ± 0.4 mM oleate. At the end of labeling, radioactivity 
associated with [ 3 H]TAG in media (A) and cells (B) was quantifi ed. C: [ 3 H]TAG secretion effi ciency is ex-
pressed as percentage of total [ 3 H]TAG (cell + media) that was secreted into media. D: Characterization of 
three stable clones (C3-6, C3-8, and C3-4) expressing different levels of apoC-III. From top to bottom, North-
ern blots for  APOC3  mRNA, immunoblots for apoC-III in cells, immunoblots for apoC-III in media, and 
immunoblots for endogenous apoE. E: Secretion effi ciency of [ 3 H]TAG and [ 3 H]PC from the stable apoC-
III clones. The indicated cells were labeled with [ 3 H]glycerol for 4 h in DMEM containing 20% FBS + 0.4 
mM oleate. Statistical signifi cance *** P  < 0.001; ** P  < 0.01; * P  < 0.05 (Student’s  t -test of C3 versus control). 
Error bars indicate ± SD (n = 3). F: Control (neo) and cells expressing apoC-III (C3) were labeled with 
[ 3 H]glycerol for 2 h in DMEM containing 20% FBS and increasing concentrations of oleate. At the end of 
labeling, radioactivity associated with [ 3 H]TAG (left panel) and [ 3 H]PC (right panel) in media and cells 
was quantifi ed.   
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gests that apoC-III expression not only promote TAG-
rich lipoprotein secretion from transfected McA-RH7777 
cells but also increased secretion of lipid-poor apoB-100-
containing lipoproteins. 

 Fractionation of secreted lipoprotein in the media re-
vealed that the increased [ 35 S]apoB-100 secreted from 
apoC-III expressing cells was predominantly associated 
with VLDL 1  and VLDL 2  (  Fig. 3A  , top panel). Density distri-
bution of apoE among secreted lipoproteins was compa-
rable between control (neo) and apoC-III-expressing cells 
( Fig. 3A , bottom panel), suggesting that the effect of apoC-
III expression is specifi c to apoB-100 containing VLDL. 
Inclusion of heparin in the labeling media had no effect 
on [ 35 S]apoB-100 accumulation in the media (data not 
shown), indicating that uptake of newly secreted apoB-
containing lipoproteins by McA-RH7777 cells was negligi-
ble. To determine whether or not the increased VLDL 
secretion from the apoC-III-expressing cells was a conse-
quence of increased VLDL assembly, we examined associa-
tion of apoB-100 with lipoproteins within the microsome 
lumen by continuous labeling for 60 min ( 24 ). In control 
cells, [ 35 S]apoB-100 was found predominately in VLDL 2  
and IDL/LDL fractions ( Fig. 3B ),  whereas in apoC-III-
expressing cells, the majority of [ 35 S]apoB-100 was associ-
ated with VLDL 1  and VLDL 2  fractions ( Fig. 3B ). These 
data indicate that apoC-III expression promotes assembly 
of VLDL containing apoB-100. 

 We also determined the effect of apoC-III expression on 
the secretion of VLDL containing apoB-48. Because McA-
RH7777 cells produce low levels of endogenous apoB-48, 
we used a previously developed stable cell line overexpress-
ing human apoB-48 ( 35 ). We infected the apoB-48 ex-
pressing cells with a adenovirus vector encoding apoC-III 
(C3wt-Adv) and achieved an apoC-III expression level 
comparable to that seen in stable cell lines (  Fig. 4A  ). 

expresses endogenous apoC-III yet lacks the ability to se-
crete VLDL even under lipid-rich conditions ( 34 ). Treat-
ment of HepG2 cells with apoC-III-specifi c siRNA effectively 
decreased the expression of endogenous apoC-III but had 
little effect on that of apoE or apoB (see supplementary 
Fig. IA). However, secretion of [ 3 H]TAG or [ 3 H]PC from 
the siRNA-treated HepG2 cells was not affected by apoC-
III downregulation (see supplementary Fig. IB). Thus, the 
effect of apoC-III expression on TAG secretion was not 
demonstrated with HepG2 cells that are unable to synthe-
size VLDL. These results gave the fi rst indication that ex-
pression of apoC-III in McA-RH7777 cells could augment 
TAG secretion in the presence of exogenous oleate, and 
this effect was manifested in an  APOC3  gene-dose-
dependent manner. 

 Expression of apoC-III in McA-RH7777 cells enhances 
secretion apoB-100 and apoB-48 as VLDL 

 We next determined the effect of apoC-III expression 
on the secretion of apoB-100 from McA-RH7777 cells sta-
bly expressing human apoC-III. Metabolic labeling experi-
ments with [ 35 S]methionine in the presence of 0.4 mM 
oleate showed that the expression of apoC-III markedly 
stimulated [ 35 S]apoB-100 secretion into the media, but it 
had only a marginal effect on cell-associated [ 35 S]apoB-
100 (  Fig. 2A  ).  Pulse-chase experiments further confi rmed 
that the effect of apoC-III expression promoted [ 35 S]apoB-
100 secretion. Thus, the secretion effi ciency of newly syn-
thesized [ 35 S]apoB-100 was increased from 25% in controls 
(neo) to >75% in apoC-III-expressing cells ( Fig. 2B ). Se-
cretion effi ciency of apoE was not affected by apoC-III ex-
pression ( Fig. 2C ). Notably, secretion of [ 35 S]apoB-100 
from apoC-III-expressing cells was increased even when 
the metabolic labeling experiment was conducted in the 
absence of exogenous oleate ( Fig. 2D ). This result sug-

  Fig.   2.  Expression of apoC-III-enhanced secretion of [ 35 S]apolipoprotein B-100 (apoB-100). A: Control 
(neo) and apoC-III-expressing cells (C3) were continuously labeled with [ 35 S]methionine/cysteine for 90 or 
180 min in DMEM containing 20% FBS + 0.4 mM oleate. B and C: Cells were pulse labeled for 30 min and 
“chased” for up to 2 h in DMEM containing 20% FBS + 0.4 mM oleic acid (OA). D: Cells were continuously 
labeled for 90 or 180 min in the media without OA. At the indicated times, [ 35 S]apoB-100 (A, B, and D) and 
[ 35 S]apoE (C) were recovered from the cells and media by immunoprecipitation, resolved by SDS-PAGE, 
and subjected to fl uorography. Radioactivity associated with [ 35 S]apoB and [ 35 S]apoE in cells and media was 
quantifi ed. For the continuous labeling experiments (A and D), data are presented as cpm/mg cell protein. 
For the pulse-chase experiments (B and C), data are presented as percentage of initial counts, which are the 
counts associated with cell [ 35 S]apoB-100 or cell [ 35 S]apoE at the end of a 30 min pulse. The experiment was 
repeated, and similar results were obtained.   
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Under lipid-rich conditions, the virus-mediated apoC-
III expression increased secretion of apoB-48 as VLDL 1  
and VLDL 2  compared with controls (i.e., cells trans-
fected with virus encoding luciferase or noninfected 
cells) ( Fig. 4B ). Semiquantitative analysis by scanning 

  Fig.   3.  Expression of apoC-III increased [ 35 S]apolipoprotein 
B-100 (apoB-100) secretion as VLDL 1  and VLDL 2 . A: Representa-
tive fl uorograms and quantifi cation of [ 35 S]apoB-100 (top panel) 
and [ 35 S]apoE (bottom panel) distribution among medium lipo-
proteins. Control (neo) or apoC-III expressing cells (C3) were la-
beled with [ 35 S]methionine/cysteine for 3 h in the presence of 
20% serum + 0.4 mM oleate. After labeling, the media were sub-
jected to cumulative rate fl otation ultracentrifugation. The apoB-
100 and apoE proteins associated with each fraction were recovered 
by immunoprecipitation, resolved by SDS-PAGE, and visualized by 
fl uorography. Radioactivity associated with [ 35 S]apoB-100 and 
apoE was quantifi ed by scintillation counting. B: Representative 
fl uorograms and quantifi cation of [ 35 S]apoB-100 distribution 
among lipoproteins within the microsomal lumen. The cells were 
labeled with [ 35 S]methionine/cysteine for 60 min in the presence 
of 20% serum + 0.4 mM oleate. The content of microsomal lumen 
was fractionated by ultracentrifugation, [ 35 S]apoB-100 in each frac-
tion was analyzed by SDS-PAGE, and the associated radioactivity 
was quantifi ed as described above. The experiment was repeated, 
and similar results were obtained.   

  
  Fig.   4.  Adenovirus-mediated apoC-III expression stimulated 
apoB-48 secretion as VLDL. McA-RH7777 cells stably expressing 
human apoB-48 ( 35 ) were infected with adenovirus vectors encod-
ing C3-wt or luciferase genes for 4 h and cultured for additional 48 
h in DMEM supplemented with 20% serum. A: 48 h after infection, 
the cells were cultured in the same media + 0.4 mM OA for 8 h, and 
the conditioned media were collected to determine apoC-III secre-
tion. B: The conditioned media were fractioned by cumulative rate 
fl otation, and the apoB-48 proteins were recovered from each frac-
tion by immunoprecipitation, resolved by SDS-PAGE, and detected 
by immunoblotting. C: Scanning densitometry of apo-B48 bands. 
(Note the scale for VLDL fractions is enlarged.)   

densitometry showed a 2-fold increase in VLDL-associated 
B48 from apoC-III expressing cells, whereas secretion of 
HDL associated B48 was unchanged ( Fig. 4C ). These 
data together suggest that expression of apoC-III in 
McA-RH7777 cells promotes assembly and secretion of 
TAG-rich VLDL containing either apoB-100 or apoB-48 
under lipid-rich conditions. 

 Codistribution of apoC-III and TAG within the 
microsomal lumen 

 To gain an insight into mechanisms by which apoC-III 
expression exerts an intracellular role in enhancing VLDL 
assembly/secretion, we determined distribution of apoC-
III among lipoprotein fractions in the media and within 
the microsomal lumen. In the conditioned media of apoC-
III-expressing cells, although the majority of apoC-III was 
associated with HDL-like particles, a noticeable amount of 
apoC-III was bound to VLDL 1  and VLDL 2  (  Fig. 5A  ,  frac-
tions 1 and 2). The distribution of apoC-III in VLDL 
fractions coincided with the distribution of increased 
TAG/PC in these fractions ( Fig. 5B ), suggesting that apoC-
III has the propensity to associate with the secreted TAG-
rich VLDL particles. Examination of apoC-III distribution 
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effect on cell-associated [ 3 H]TAG ( Fig. 7C , top panel). Like-
wise, inclusion of the MTP inhibitor in the [ 35 S]methionine-
labeling media also completely inhibited secretion of 
[ 35 S]apoB-100 from control and apoC-III-expressing cells 
( Fig. 7D , bottom panel) with relatively little effect on cell-
associated [ 35 S]apoB-100 ( Fig. 7D , top panel). These data 
suggest that apoC-III expression cannot substitute the 
requirement of MTP activity for VLDL secretion. 

 To determine whether or not apoC-III expression may 
play a role in the recruitment of bulk TAG into VLDL dur-
ing the late, MTP-independent assembly stage (commonly 
known as the second-step lipidation), we designed a pulse-
chase protocol (30 min pulse, 90 min chase) in which the 
MTP inhibitor was either introduced immediately at the 
beginning of chase or with a 15-min delay (  Fig. 8  ).  [Since 
our previous pulse-chase experiments with McA-RH7777 
cells have shown that the second-step lipidation occurred 
 � 15 min after apoB-100 translation ( 24 ) and the resulting 
VLDL 1  was detected only in postER compartments ( 38 ), 
this delayed MTP inhibition would allow the second-step 
lipidation to reach completion.] In the absence of MTP 
inhibitor, the apoC-III-expressing cells, as expected, se-
creted increased amount of [ 35 S]apoB-100 as VLDL 1  and 
VLDL 2  compared with control ( Fig. 8A ). When MTP in-
hibitor was introduced immediately at the end of 30-min 
pulse, secretion of [ 35 S]apoB-100 as VLDL 1  was markedly 
impaired from both control and apoC-III-expressing cells 
( Fig. 8B , panels marked 0’ +iMTP). However, when the 
MTP inhibitor was added to the chase media with a 15 min 
delay, secretion of [ 35 S]apoB-100 as VLDL 1  from apoC-III-
expressing cells was nearly normal, whereas that from the 
control cells was still impaired ( Fig. 8B , bottom panels 
marked 15’ +iMTP). Quantitative analysis clearly indicated 
that secretion of [ 35 S]apoB-100 as VLDL 1  and VLDL 2  from 
apoC-III-expressing cells was relatively insensitive to MTP 

  Fig.   5.  Expression of apoC-III increased secretion as VLDL containing [ 35 S]apoC-III and [ 3 H]TAG. A: Con-
trol (neo) or apoC-III-expressing cells (C3) were labeled with either [ 35 S]methionine/cysteine for 3 h or [ 3 H]
glycerol for 4 h in DMEM containing 20% serum + 0.4 mM oleate. The conditioned media were fractionated 
by rate fl otation ultracentrifugation, and metabolic labeled proteins and lipids were recovered from each frac-
tion. A: Distribution of [ 35 S]apoC-III among the fractionated lipoproteins. B: Distribution of [ 3 H]TAG (top 
panel) and [ 3 H]PC (bottom panel). The experiment was repeated, and similar results were obtained.   

within the microsomal lumen showed a profi le markedly 
differing from that of medium lipoproteins. Within the 
microsomal lumen, the majority of [ 35 S]apoC-III was found 
in fractions of IDL/LDL density, and only a trace amount 
of [ 35 S]apoC-III presented in VLDL fractions (  Fig. 6A  ).  Of 
note, the microsomal distribution of [ 35 S]apoC-III coin-
cided with that of [ 3 H]TAG, which also showed a promi-
nent enrichment in fractions with IDL/LDL density 
( Fig.6B ). Similar results were reported previously where 
>70% of luminal TAG was not associated with apoB in 
mouse hepatocytes ( 36 ). The fact that the majority of lu-
minal [ 35 S]apoC-III and [ 3 H]TAG was not associated with 
apoB-containing lipoproteins suggests that apoC-III might 
be associated with TAG-containing particles of IDL/LDL 
density within the microsomal lumen. 

 It has been shown previously that partitioning of TAG 
into microsomal lumen to form lipid droplets requires the 
normal activity of MTP ( 23, 24 ), whereas the addition of 
core lipid to form mature TAG-rich VLDL is independent 
of MTP activity ( 37 ). We thus determined whether or not 
apoC-III expression would affect the expression and activ-
ity of MTP. Quantitative analysis of mRNA levels using 
real-time RT-PCR showed that expression of apoC-III re-
sulted in a signifi cant increase ( � 2.5-fold) in the  Mttp  
mRNA but exerted no effects on the  Apob  mRNA (  Fig. 7A  ). 
 Determination of in vitro MTP activity using cell lysate 
showed that apoC-III expression increased the activity by 
30% ( P  < 0.01) ( Fig. 7B ). We next determined whether or 
not inactivation of MTP would abolish the stimulatory ef-
fect of apoC-III expression on VLDL secretion. We used 
the MTP inhibitor BMS-197636 that, as shown previously 
( 24 ) and confi rmed here ( Fig. 7C , bottom panel), could 
effectively inhibit secretion of [ 3 H]TAG when the lipid-
labeling media contained 0.05 or 0.2  � M of the inhibitor. 
Inhibition of MTP activity under these conditions had little 
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of wild-type apoC-III (  Fig. 9A  ).  Lipid metabolic labeling 
experiments showed that in contrast to that of apoC-III 
wild type, expression of the Ala23Thr mutant had no ef-
fect on [ 3 H]TAG secretion from any of the stable clones of 
transfected cells ( Fig. 9B , top panel). Secretion of [ 3 H]PC 
was not affected by expression of the Ala23Thr mutant 
( Fig. 9B , bottom panel). The Ala23Thr mutation also 
abolished the enhanced secretion of apoB-100 in associa-
tion with VLDL 1  seen in cells expressing apoC-III ( Fig. 
9C ). We also determined the effect of Ala23Thr mutant 
expression on apoB48-VLDL secretion with McA-RH7777 
cells stably expressing human apoB-48. Infecting the cells 
with A23T-Adv showed that the Ala23Thr mutation also 
compromised its ability to stimulate apoB48-VLDL secre-
tion compared with apoC-III wild type (data not shown). 
Thus, unlike in apoC-III wild-type-expressing cells where 
the secreted [ 35 S]apoB-100 was found in VLDL 1  and 
VLDL 2  fractions, in the Ala23Thr mutant cells, the se-
creted [ 35 S]apoB-100 was associated with VLDL 2  and dense 
IDL/LDL fractions ( Fig. 9C ). The MTP activity in Al-
a23Thr mutant cells was increased slightly (by 20%) com-
pared with neo control cells (data not shown). These 
results provide additional evidence that expression of 
functional apoC-III can promote the VLDL assembly/
secretion, and the Ala23Thr mutation abolishes the apoC-
III function. The lack of an effect of Ala23Thr mutant on 
TAG secretion was not due to impaired secretion of the 
apoC-III mutant because pulse-chase experiments showed 
that the secretion effi ciency of Ala23Thr was identical to 
that of apoC-III ( Fig. 9D ). 

 DISCUSSION 

 Variants within the  APOA5-APOA4-APOC3-APOA1  clus-
ter are strongly associated with plasma TAG concentration 
( 39 ), an independent risk factor for cardiovascular disease 
in humans. An increase in apoC-III levels is closely corre-
lated with the development of hypertriglyceridemia, which 
has been associated with the ability of apoC-III to inhibit 
LPL activity and to interfere with receptor-mediated clear-
ance of TAG-rich lipoproteins. The in vitro cell culture 
studies presented herein, however, have revealed a novel 
intracellular function of apoC-III in enhancing VLDL as-
sembly/secretion under lipid-rich conditions and thus 
provided an alternative explanation for the linkage be-
tween apoC-III levels and hypertriglyceridemia. Expres-
sion of apoC-III not only stimulated the assembly and 
secretion of TAG-rich VLDL particles under lipid-rich 
conditions ( Fig. 3 ), but also increased apoB-100 secretion 
under lipid-poor conditions ( Fig. 2 ). Pulse-chase experi-
ments in conjunction with MTP inactivation suggest that 
apoC-III may play a role in the late, MTP-independent 
stage of VLDL assembly ( Fig. 8 ). Consequently, apoC-III 
expression leads to an increase in the number as well as 
the TAG content of VLDL particles. The effect of apoC-III 
is specifi c because expression of apoC-I or apoC-II, two 
other exchangeable apolipoproteins rich in amphipathic 
 � -helices, did not have any effect on TAG secretion from 
McA-RH7777 cells (data not shown). Moreover, experi-

inhibition ( Fig. 8C ). Since recruitment of bulk TAG into 
VLDL during the second-step lipidation is relatively inde-
pendent of the MTP activity, the current apoB-100 pulse-
chase data suggest that apoC-III expression may promote 
VLDL assembly during the late, MTP-independent stage. 

 The function of apoC-III in enhancing VLDL secretion is 
abolished by Ala23Thr mutation 

 To determine further the involvement of apoC-III in 
hepatic VLDL assembly/secretion, we examined the ef-
fect of a naturally occurring apoC-III mutation Ala23Thr 
that was discovered in some Mayan Indians. Heterozygote 
of Ala23Thr carriers had plasma TAG concentrations 
25–48% of normal ( 26 ). Stable McA-RH7777 cell lines ex-
pressing the Ala23Thr mutant were generated, of which 
the levels of Ala23Thr expression were comparable to that 

  Fig.   6.  Distribution of apoC-III and TAG among lipoproteins 
within the microsomal lumen. Control (neo) or apoC-III-express-
ing cells (C3) were labeled with [ 35 S]methionine/cysteine for 60 
min or with [ 3 H]glycerol for 60 min in DMEM containing 20% 
serum + 0.4 mM oleate. The content of microsomal lumen was 
fractionated by ultracentrifugation as described in  Fig. 3B . A: 
Distribution of [ 35 S]apoC-III among lipoproteins within the mi-
crosomal lumen. B: Distribution of [ 3 H]TAG (top panel) and [ 3 H]
PC (bottom panel). The [ 3 H]TAG and [ 3 H]PC in each fraction is 
expressed as percentage of total lumenal [ 3 H]TAG or [ 3 H]PC.   
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  Fig.   7.  Expression of apoC-III increased the expression of  Mttp  gene and MTP activity. A: The relative 
mRNA concentrations of apoB and MTP (with respect to 18s rRNA) were quantifi ed by real-time RT-PCR. 
The data are presented as fold changes between apoC-III-expressing cells (C3) and control ( neo ). B: MTP 
activity assay. Data are the average of triplicate assays using cell lysate obtained from three different stable 
apoC-III-expressing clones (C3) or  neo  controls. *** P  < 0.001; ** P  < 0.01 (Student’s  t -test of C3 versus con-
trol). Error bars indicate ± SD (n = 3). C: Cells were labeled with [ 3 H]glycerol for 3 h as in  Fig. 1E  in the 
absence or presence of 0.05 or 0.2 µM BMS-197636 (BMS). At the end of labeling, radioactivity associated 
with [ 3 H]TAG in media and cells was quantifi ed as described in  Fig. 1A, B . D: Control (neo) and apoC-III-
expressing cells (C3) were continuously labeled with [ 35 S]methionine/cysteine for 180 min in the presence 
or absence of 0.2 µM BMS-197636 (± iMTP). The labeling media were supplemented with 0.4 mM OA. The 
apoB-100 protein was recovered from the cell (top panel) and media (bottom panel) by immunoprecipita-
tion, resolved by SDS-PAGE, and followed by fl uorography. Radioactivity associated with [ 35 S]apoB-100 was 
quantifi ed by scintillation counting.   

ments with the apoC-III mutant Ala23Thr indicates that 
the N-terminal region of apoC-III is critical for its function 
in promoting VLDL assembly/secretion and suggests a 
causative effect of apoC-III on hypotriglyceridemia associ-
ated with the heterozygous carriers of the Ala23Thr muta-
tion ( 26 ). 

 How does the increased apoC-III expression stimulate 
VLDL assembly/secretion? Data derived from this work 
have suggested that apoC-III expression exerts little effects 
on synthesis of apoB because the levels of  Apob  mRNA 
( Fig. 7A ) or apoB-100 synthesis ( Fig. 2A ) were relatively 
unchanged by apoC-III expression. Rather, two pieces of 
information have suggested that apoC-III expression may 
exert its effects on lipid substrate utilization for VLDL as-
sembly/secretion. First, apoC-III expression resulted in 
increased mRNA levels and activity of MTP ( Fig. 7A, B ), a 
known factor that facilitates TAG partitioning into the mi-
crosomal lumen and promotes TAG assembly with apoB-
100 ( 23, 24 ). Second, examination of apoC-III distribution 
within the microsomal lumen revealed that the majority of 
apoC-III was distributed in IDL/LDL-like fractions ( Fig. 
5A ) that were rich in TAG ( Fig. 5B ) yet devoid of apoB-100 
( Fig. 3B ). It is tempting to speculate that these apoC-III-
containing entities may represent TAG substrates for 
VLDL assembly. Notably, the IDL/LDL-like entities rich in 
TAG were also present in neo control cells ( Fig. 5B ), indi-
cating that apoC-III is not essential for the formation of 
these lipid precursor particles. However, the presence of 
apoC-III on these TAG-rich particles within the microsomal 
lumen may render them a better substrate for TAG-rich 
VLDL 1  assembly ( Fig. 8B ), a late process of core lipid addi-
tion independent of MTP activity ( 37 ). Our coimmuno-

precipitation experiments did not detect physical 
interaction between apoC-III and MTP (data not shown). 
Mechanisms responsible for enhanced VLDL assembly/
secretion upon apoC-III expression remain to be defi ned. 

 The molecular nature of apoC-III interaction with the 
putative TAG-rich particles within the microsomal lumen 
is unclear. Our present studies with the apoC-III Ala23Thr 
mutant have provided useful information on the structural 
requirements for apoC-III function in enhancing VLDL 
assembly/secretion. Recent NMR analysis of apoC-III in 
complex with SDS micelles has suggested that apoC-III as-
sumes a curved six-amphipathic-helix (approximately 10 
amino acids in each helix) structure with several fl exible 
linker regions ( 40 ). The residue Ala-23 is located on the 
hydrophobic side of a conserved amphipathic  � -helix re-
gion among mammalian apoC-III proteins ( 40 ); hence, it 
is expected that the Thr-for-Ala substitution will alter the 
overall hydrophobic moment of the  � -helix. Previous stud-
ies with the bacterially expressed Ala23Thr proteins 
showed that the mutant exhibited a reduced affi nity for 
dimyristoylphosphatidylcholine multilamellar vesicles 
( 26 ). We found that Ala23Thr mutation completely abol-
ished the stimulatory effect of apoC-III in stimulating se-
cretion of VLDL-TAG and apoB-100 ( Fig. 9B, C ). Thus, 
the stimulatory effect on TAG secretion was specifi c to the 
structural motif of apoC-III, and the loss of function asso-
ciated with Ala-to-Thr mutation reveals an important func-
tional domain within the second amphipathic  � -helix 
region of apoC-III in enhancing hepatic VLDL assembly/
secretion. 

 Previous human studies showed that increased hepatic 
production of apoC-III is an important determinant in pa-
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apoC-III production (measured in total plasma or in 
VLDL) is at least 2- to 5-fold higher than that in normolipi-
demic subjects ( 2 ). Thus, the present in vitro study offers 
a mechanistic explanation for the link between apoC-III 
overexpression and increased VLDL production in the 
context of enhanced hepatic TAG availability. 

 Results of this study, together with the above clinical 
data, also suggest that certain features of metabolic stress 
(such as hepatic TAG overload and apoC-III overexpres-
sion) must be taken into consideration in assessing the 
functional role of apoC-III in hepatic VLDL secretion in 
mouse models. Currently, in the literature derived from 
studies using transgenic mouse models, there are inconsis-
tent results with respect to apoC-III defi ciencies versus 
apoC-III overexpression on hepatic VLDL-TAG produc-
tion. Under the chow diet condition,  apoc3  � / �    mice showed 
no difference in hepatic VLDL production compared with 
control littermates ( 16 ), whereas the  APOC3  high-express-
ing transgenic mice displayed 2-fold increase in VLDL se-
cretion ( 7 ). In primary hepatocytes isolated from the 
 APOC3  high-expressing mice, secretion of TAG was nor-
mal under oleate-free condition and was increased when 
the cells were cultured with exogenous oleate ( 7 ). Few 
studies with these mouse models were performed under 
metabolically stressed conditions. In one study with 

tients with hypertriglyceridemia ( 2 ), as well as subjects 
with high body weight and lower levels of insulin sensitivity 
( 41 ). Using a multicompartmental model to trace the pro-
duction and turnover of TAG-rich lipoproteins in 11 hy-
pertriglyceridemic and normolipidemic subjects, Zheng 
et al. ( 3 ) showed that the increase in VLDL apoC-III levels 
was positively associated with an increase in VLDL produc-
tion rather than with slow VLDL turnover. More im-
portantly, hypertriglyceridemic subjects have greater 
production of apoC-III-containing VLDL as well as pro-
longed residence time of all particle types ( 3 ). These clini-
cal data imply a possible role of apoC-III in promoting 
VLDL production, thus contributing to hypertriglyceri-
demia, in addition to its extracellular roles in inhibiting 
lipase activities and impairing VLDL clearance through 
receptor-mediated endocytosis. Additional studies with 
human subjects under different metabolically stressed 
conditions also showed a positive correlation between in 
vivo production rates of VLDL-associated apoC-III and 
VLDL-TAG ( 2, 3, 17–19 ). Together, these clinical studies 
reveal two important factors critical to the apoC-III-
stimulated VLDL production:  i ) enhanced hepatic TAG 
availability, possibly through elevated FFA infl ux and/or 
increased hepatic lipogenesis; and  ii ) increased hepatic 
apoC-III production. In hypertriglyceridemia subjects, the 

  Fig.   8.  Secretion of apoB-100 as VLDL 1  from apoC-III-expressing cells was less sensitive to MTP inactiva-
tion. A: Cells were pulse labeled for 30 min with [ 35 S]methionine/cysteine in media supplemented with 0.4 
mM OA in the absence of MTP inhibitor (-iMTP) and then “chased” for 90 min with DMEM supplemented 
with 20% FBS and 0.4 mM OA in the absence of MTP inhibitor (-iMTP). B: Cells were pulse-labeled for 30 
min as in A. During chase, the MTP inhibitor (+ iMTP) was included either at the beginning of chase (0’+ 
iMTP) or 15 min after (15’+ iMTP) the start of chase. The media were collected at the end of 90 min chase 
and subjected to cumulative rate fl oatation centrifugation. The apoB-100 protein associated with each frac-
tion was recovered by immunoprecipitation, resolved by SDS-PAGE, and visualized by fl uorography. C: Plot 
of the radioactivity associated with [ 35 S]apoB-100 shown in A and B was quantifi ed by scintillation counting. 
(Note that only fractions 1 through 6 that contained apoB-100 are presented.)   
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 apoc3  � / �    mice, 2 weeks of high-fat feeding resulted in no 
difference in VLDL production (measured after Triton 
WR1339 injection), yet the mice developed obesity and in-
creased body weight (by 22%) ( 42 ). It would be of interest 
to determine if  APOC3 -overexpressing mice are protected 
from diet-induced obesity ( 42 ) yet prone to develop hy-
pertriglyceridemia through overproduction of TAG-rich 
VLDL. Recent kinetics studies in human subjects demon-
strate that an acute elevation of plasma FFA stimulates the 
production of apoC-III and its association with TAG-rich 
lipoproteins ( 43 ). Thus, it is likely that increased FFA fl ux 
into hepatocytes in certain metabolically stressed states 
(such as insulin resistance) not only increased hepatic 
TAG synthesis but also aggravated apoC-III expression, 
thus enhancing VLDL assembly/secretion. This study thus 
suggests a need for reevaluating the role of apoC-III in the 
development of hypertriglyceridemia by choosing appro-
priate mouse models that more closely resemble aberrant 
metabolic conditions in humans. Alternatively, the contri-
bution of VLDL secretion versus catabolism toward hy-
potriglyceridemic effect of apoC3 defi ciency in human ( 6 ) 
should also be carefully reexamined. Unraveling the intra-
cellular role of apoC-III in hepatic VLDL assembly/secre-
tion will provide new understanding of the strong infl uence 
of the  APOA5-APOA4-APOC3-APOA1  gene locus on plasma 
TAG concentrations and risk of coronary artery disease.  
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  Fig.   9.  The Ala23Thr mutation compromised the ability of apoC-III to stimulate VLDL secretion. A: Im-
munoblots of apoC-III (C3wt) or Ala23Thr mutant (C3AT) secreted from different stable cell lines. B: Secre-
tion effi ciency of [ 3 H]TAG (top panel) and [ 3 H]PC (bottom panel). The experiments were performed 
as described in the legend of  Fig. 1E . C: Representative fl uorograms (left panel) and quantifi cation of 
[ 35 S]apoB-100 (right panel) associated with fractionated medium lipoproteins. The experiment was per-
formed essentially the same as described in the legend of  Fig. 3A , except cells expressing C3wt or the C3AT 
mutant were used. D: Secretion effi ciency of apoC-III. The cells were pulse-labeled with [ 35 S]methionine/
cysteine for 30 min and “chased” for up to 2 h. [ 35 S]apoC-III was recovered from cell and media, respectively, 
resolved by SDS-PAGE, and visualized by fl uorography. Left panel, fl uorograms of cell and medium-associated 
[ 35 S]apoC-III. Right panel, radioactivity associated with [ 35 S]apoC-III was quantifi ed by scintillation count-
ing. Data are expressed as percentage of initial [ 35 S]apoC-III associated with cell or secreted into media 
during chase. *** P  < 0.001 (Student’s  t -test of C3wt versus control). Error bars indicate ± SD (n = 3).   
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