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APOC3 is a 79 amino acid glycoprotein secreted by the 
liver and intestine (1) in a lipid-poor form (2). APOC3 
plays an important role in plasma triglyceride metabolism 
because numerous epidemiological and animal studies 
have established a direct correlation of plasma APOC3 
levels to plasma triglyceride levels, and an inverse relation-
ship to the rate of postprandial triglyceride clearance (3–10). 
Moreover, many in vitro studies suggest a role of APOC3 in 
the catabolism of triglyceride-rich lipoproteins (11–19). 
Based on this important function of APOC3, silencing an-
tisense oligonucleotides targeting Apoc3 expression are 
currently in clinical trials for the treatment of hypertriglyc-
eridemia and its related pathologies (20).

Approximately half of plasma APOC3 is associated with 
HDL (21, 22) and the rest is distributed between VLDL 
and chylomicrons (21). Trace quantities of APOC3 may 
also be found in IDL and LDL particles (23, 24). Though 
initial studies suggested that association of APOC3 with 
HDL is a matter of simple binding of the lipid-poor protein 
to preexisting HDL particles and the result of a free APOC3 
exchange between lipoproteins (21), more recent studies 
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show that formation of APOC3-containing HDL (APOC3-
HDL) requires the action of the lipid transporter, Abca1, 
in a fashion similar to Apoa1-containing HDL (25). More-
over, formation of APOC3-HDL is crucial for maintaining 
physiological plasma triglyceride levels, by sequestering 
away APOC3 and preventing its association with triglycer-
ide-rich lipoproteins (25). Specifically, in the absence of 
Abca1, such as in the case of abca1-deficient (abca1/) 
mice infected with recombinant attenuated adenovirus ex-
pressing the human APOC3 protein and the green fluo-
rescent protein (GFP) (AdGFP-APOC3), no APOC3-HDL 
could be formed (25). In that case, all plasma APOC3 ac-
cumulated only on VLDL, resulting in inhibition of lipoly-
sis of VLDL triglycerides and hypertriglyceridemia, even at 
low plasma concentrations of APOC3 (25). In contrast, 
when Abca1 was expressed, APOC3 was preferentially as-
sociated with HDL, allowing only minimal presence of 
APOC3 on VLDL and subsequent normal lipolysis of VLDL 
triglycerides (25).

For years, HDL has been an intriguing lipoprotein that 
attracted the attention of biomedical community, mainly 
due to its important role in atheroprotection (26). The in-
verse correlation between HDL cholesterol (HDL-C) levels 
and the risk for developing coronary heart disease (27–32) 
suggested that high HDL-C levels in plasma are protective 
against the development of atherosclerosis. As a result, the 
vast majority of studies in the literature focused on the un-
derstanding of HDL-C in human pathology, a simplified 
approach to HDL that dates back to the early days when 
little was known about HDL structure and function. How-
ever, more recent data from experimental mice and clini-
cal trials indicated that HDL particle functionality, as 
determined by its apolipoprotein and lipid content, is far 
more important in atheroprotection than HDL-C levels 
alone (30, 32). Of note, recent data indicate that the HDL 
apoproteome dictates its lipidome and both jointly regu-
late HDL particle functionality (33), suggesting that the 
understanding of the HDL proteome and the factors af-
fecting it is crucial for successful improvement of HDL 
functionality.

In a clinical trial of morbidly obese subjects, we observed 
significant levels of APOC3-HDL particles in plasma imme-
diately prior to bariatric surgery (34), while 6 months after 
the operation all HDL was mainly APOA1-HDL with only 
trace amounts of APOC3-HDL being present (34). This 
change in apolipoprotein content of HDL was associated 
with alterations in the antioxidant properties of HDL and 
plasma enzymatic activities of LCAT and cholesteryl ester 
transfer protein (CETP) (34). These clinical observations 
supported the interesting hypothesis that changes in 
APOC3 content of HDL associate with alterations in HDL 
particle functionality and overall body energy metabolism.

To test this hypothesis, here we investigated the effects of 
increased APOC3 expression on HDL structure and func-
tion, using adenovirus-mediated gene transfer of human 
APOC3 to C57BL/6 mice. Because our clinical data identi-
fied a correlation of APOC3-HDL with the morbidly obese 
phenotype (34), we also studied the effects of elevated 
plasma APOC3 levels on white adipose tissue (WAT) and 

brown adipose tissue (BAT) mitochondrial activity. Our 
combined data from biochemical, lipidomic, and metabo-
lomic analyses indicate that APOC3 may alter apolipopro-
tein and lipid composition of HDL, triggering distinct 
changes in its properties. Moreover, it stimulates oxida-
tive phosphorylation toward ATP production selectively 
in BAT.

MATERIALS AND METHODS

Animals
Forty C57BL/6 mice aged 16–18 weeks were allowed unre-

stricted access to food (standard diet) and water under a 12 h 
light/dark cycle (7:00 AM to 6:59 PM, light). Sample size was de-
termined based on the desired power of statistical analysis, using 
an online statistical tool (http://www.stat.ubc.ca/~rollin/stats/
ssize/n2.html). All animal experiments were conducted accord-
ing to the European Union guidelines of the Protocol for the Pro-
tection and Welfare of Animals. The work was authorized by the 
Laboratory Animal Centre committee of the University of Patras 
Medical School and the Veterinary Authority of the Prefecture of 
Western Greece.

Construction of AdGFP-APOC3
The construction of AdGFP-APOC3 has been described previ-

ously (25). Briefly, construction was performed using the Ad-
Easy-1 system (35), where the complete adenovirus genome, 
including the human genomic DNA sequences of APOC3 under 
the control of the CMV promoter, was constructed by homolo-
gous recombination in bacteria BJ-5183 cells (35), as described 
previously (25, 36–39). The resulting recombinant vector also 
contained the GFP gene under the independent control of a sec-
ond CMV promoter, which enabled detection of the infected cells 
and tissues by green fluorescence. Correct recombinant clones 
were propagated in RecA DH5a cells and the recombinant vector 
was used to infect HEK293 cells (40), as described previously (39). 
As control, an empty recombinant attenuated adenovirus express-
ing only GFP (AdGFP) (39) was used.

Expansion and purification of AdGFP-APOC3
Following plaque identification and isolation, adenoviruses 

were expanded in HEK293 cells (40) and then purified by double 
CsCl ultracentrifugation, followed by dialysis and titration of the 
recombinant adenoviruses, as described previously (39).

Ectopic expression of APOC3 by adenovirus-mediated 
gene transfer

Mice were injected intravenously through the tail vein with 
doses of either 5 × 108 plaque-forming units (pfu) (AdGFP-
APOC3_L) or 2 × 109 pfu of AdGFP or AdGFP-APOC3 (AdGFP-
APOC3_H) virus, as indicated (25). Following 4 h of fasting, blood 
samples were collected from the tail vein 5 days postinjection.

Isolation and fractionation of plasma and serum by 
density gradient ultracentrifugation

Following 4 h of fasting, plasma and serum samples were iso-
lated. Pooled plasma (0.4 ml) from each mouse group was frac-
tionated by KBr density gradient ultracentrifugation over a 4 ml 
KBr (Sigma-Aldrich, St. Louis, MO) gradient (1.23 g/ml over 1.21 
g/ml over 1.063 g/ml over 1.019 g/ml over saline), as described 
previously (25). For all analyses, equal volumes of all isolated HDL 
fractions were pooled together, except for the determination  
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of the anti-inflammatory capacity of HDL, where single frac-
tions of endotoxin-free serum lipoproteins were fractionated by 
a different density gradient (1.063 g/ml over 1.019 g/ml over 
1.0063 g/ml) and separation of 4 ml of pooled serum samples 
was performed under aseptic conditions, as described previ-
ously (41).

Isolation of mitochondria
Mitochondria from BAT and WAT were isolated, as described 

previously (42). The protein concentration of each mitochon-
drial sample was determined using the DCTM protein assay kit 
(catalog number 500-0116; Bio-Rad) (41).

Determination of plasma and lipoprotein lipid levels
Total cholesterol levels were assessed spectrophotometrically 

in plasma samples and lipoprotein fractions by using the DiaSys 
Cholesterol FS kit (reference number 11300; Diagnostic Systems, 
GmbH, Holzheim, Germany) according to the manufacturer’s in-
structions and as described previously (25). Free cholesterol levels 
were determined spectrophotometrically using the free choles-
terol E kit, CHOD-DAOS method (catalog number 435-35801, 
Wako Chemicals). Esterified cholesterol was determined by sub-
tracting free cholesterol from total cholesterol and multiplying 
the difference by 1.67 to correct for the fatty acid moiety, as pro-
posed by Chapman et al. (43). Triglyceride and phospholipid lev-
els were also assessed spectrophotometrically in plasma samples 
and lipoprotein fractions by using the DiaSys Triglycerides FS kit 
(reference number 15710, Diagnostic Systems, GmbH) and the 
Lab Assay phospholipid determination kit (catalog number 296-
63801, Wako Chemicals), respectively, according to manufactur-
ers’ instructions (41, 44). Total protein in lipoprotein fractions 
was measured by the Lowry assay using the DCTM protein assay kit 
(catalog number 500-0116, Bio-Rad) (41).

Western blot analyses
For the semiquantitative measurement of human APOC3 and 

murine Apoc3, Apoa1, Apoa2, Apoe, Apoc1, and Apoc2 in lipo-
protein fractions, Western blot analysis was performed as de-
scribed previously (41, 44, 45). Goat anti-APOC3 (catalog number 
K74140G), anti-Apoa2 (catalog number K34001G), anti-Apoc1 
(catalog number K74110G), and anti-Apoc2 (catalog number 
K59600R) antibodies from Meridian Life Science were used, re-
spectively, as primary, and a rabbit anti-goat antibody (catalog 
number sc-2768, Santa-Cruz) as secondary. For the detection of 
Apoa1, Apoe, and Apoc3, rabbit anti-Apoa1 (catalog number 
AP23390PU-N, Acris), anti-Apoe (catalog number K23100R, Me-
ridian Life Science), and anti-Apoc3 (catalog number ab55984, 
Abcam, and catalog number PAB5869, Abnova) were used, re-
spectively, as primary and a goat anti-rabbit antibody (catalog 
number 7074, Cell Signaling, Danvers, MA) as secondary. West-
ern blotting for cytochrome c (Cytc), uncoupling protein 1 
(Ucp1), and Cytc oxidase subunit 4 (Cox4) was performed using 
rabbit anti-mouse antibodies (catalog number 4272, Cell Signal-
ing; catalog number GTX10983, Acris, Herford, Germany; and 
catalog number 4844, Cell Signaling, respectively). SDS-PAGE of 
pure mitochondrial extracts was performed using 6 g protein 
per sample for BAT and 15 g protein per sample for WAT. Semi-
quantitative determination of the relative protein amounts was 
performed by Image J free software.

Real-time PCR analysis of gene expression
Total RNA was extracted from fresh frozen liver tissue using 

TRIzol reagent (Invitrogen, Carlsbad, CA) according to manufac-
turer’s instructions. Reverse transcription was performed using 
the PrimeScriptTM RT reagent kit from Takara Bio Inc. (catalog 

number RR037A; Otsu, Shiga, Japan). Real-time PCR was per-
formed in a MicroAmp® 96-well reaction plate from Applied Bio-
systems (catalog number 4346906; Foster City, CA) using the 
KAPA SYBR® FAST Universal qPCR kit from Kapa Biosystems 
(catalog number KK4601; Woburn, MA) in an Applied Biosys-
tems® StepOnePlus™ cycler. The primers used are shown in 
supplemental Table S1. Primers were synthesized by Eurofins 
Genomics (Ebersberg, Germany). Data were normalized for rps18 
expression.

Lipidomic analysis of APOC3-HDL isolated from 
C57BL/6 mice infected with AdGFP-APOC3

APOC3-HDL samples were analyzed using the HILIC LC/MS/
MS method. Briefly, lipids were separated on a Kinetex HILIC 150 × 
2.1 mm, 2.6 m column (Phenomenex, Torrance, CA) using a 
Prominence HPLC (Shimadzu). Elution was lipid polar head 
group dependent. Lipids were detected using scheduled multiple 
reaction monitoring on polar head group-specific fragments us-
ing a QTrap 4000 (AB Sciex) and were quantified using 23 inter-
nal standards and 37 calibration curves. An in-house developed R 
script was used to correct for isotopic contribution to multiple 
reaction monitoring signals. HDL from AdGFP-infected mice was 
used as control.

Electron microscopy analysis of HDL particles
Electron microscopy analysis of purified HDL particles was per-

formed at the Laboratory of Electron Microscopy and Microanaly-
sis of the University of Patras. Briefly, APOC3-HDL particles were 
visualized by transmission electron microscopy (TEM) at 200,000× 
magnification, then photographed and analyzed as described 
previously (34, 46). HDL from AdGFP-infected mice was used as 
control. By visual inspection, the distributions of HDL particle 
diameter and area for the samples were evidently skewed. Image 
analysis of TEM pictures was followed by unpaired t-test statistical 
analysis for comparison of particle diameters between APOC3-
HDL and control-HDL samples. Image analysis of TEM pictures 
was performed with Image J software.

Nondenaturing two-dimensional electrophoresis analysis 
of APOC3-HDL isolated from C57BL/6 mice infected 
with AdGFP-APOC3

Nondenaturing two-dimensional electrophoresis analysis of 
APOC3-HDL was performed as described previously (34, 46). 
HDL from AdGFP-infected mice was used as control. The assign-
ment of mobility to the various HDL subpopulations was based on 
the work of Asztalos et al. (47).

Lcat activity assay
Lcat enzymatic activity in total plasma samples from AdGFP- 

and AdGFP-APOC3-infected mice was measured using an Lcat 
activity assay fluorometric kit (catalog number 428900; Calbio-
chem®, San Diego, CA) according to manufacturer’s instructions 
and as described previously (34). Enzymatic activity was assessed 
by measuring the ratio of 390 nm (hydrolyzed fluorescent sub-
strate) over 470 nm (intact fluorescent substrate) emission inten-
sity following excitation at 320 nm 4 h after assay initiation.

Lipoprotein-associated phospholipase A2 activity assay
Lipoprotein-associated phospholipase A2 (Lp-pla2) activity was 

measured by a modification of the TCA precipitation procedure 
in plasma using [3H]platelet activating factor ([3H]PAF) (1-O-
hexadecyl-2-[3H-acetyl]sn-glycero-3-phosphocholine) (10 Ci/mmol; 
DuPont-New England Nuclear, Boston, MA) as a substrate at  
a final concentration of 100 M, as previously described (48). 
Briefly, 50 l of diluted plasma [1:25 v/v with HEPES (pH 7.4) 
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buffer, which consists of 4.2 mM HEPES, 137 mM NaCl, 2.6 mM 
KCl, and 2 mM EDTA] as the source of the enzyme or blanks (for 
determination of background) were mixed with assay buffer 
(HEPES) to a final volume of 90 l. The reaction was allowed to 
proceed for 10 min at 37°C by addition of 10 l of working sub-
strate solution (2 mM [3H]PAF in 2.5 mg/ml BSA, prepared fresh 
daily). The reaction was terminated by addition of 20 l ice-cold 
aqueous BSA solution (100 mg/ml) followed by vortex-mixing 
and incubation for 10 min at 4°C. Then, 80 l of ice-cold TCA 
solution (20% TCA) were added and the mixture was incubated 
for an additional 30 min at 4°C. The samples were centrifuged at 
6,000 g for 5 min at 4°C and 100 l of supernatant were transferred 
to 2 ml of scintillation fluid. The amount of [3H] tracer was then 
quantitated in a liquid scintillation counter (Packard Tri-Card 
2100). Lp-pla2 activity was expressed as nanomoles PAF degraded 
per milliliter of plasma per minute, as described previously (48).

HDL antioxidant capacity
For the assessment of the anti-oxidant capacity of APOC3-HDL, 

a modification of the dihydrorhodamine 123 method of Kelesidis 
et al. (49) was used, as described previously (33, 34). The oxida-
tion rate of dihydrorhodamine in the presence of APOC3-HDL 
was assessed. HDL from AdGFP-infected mice (control-HDL) was 
used as control. The oxidation rate was calculated for each sample 
as the mean slope for the linear regression of fluorescence inten-
sity between 10 and 60 min of quadruplicates and expressed as 
fluorescence units per minute: the lower the slope, the lower the 
substrate oxidation rate.

Total cholesterol efflux assay
The cholesterol efflux capacity of APOC3-HDL was measured 

using the RAW 264.7 macrophage cell line, as described previ-
ously (33). Total [14C]cholesterol input was calculated as the sum 
of [14C]cholesterol in the efflux medium plus [14C]cholesterol 
present in the cell lysate. The rate of HDL-stimulated [14C]choles-
terol efflux was expressed as the ratio of total [14C]cholesterol ef-
fluxed onto APOC3-HDL and corrected for nonspecific [14C] 
tracer efflux measured in the absence of HDL. HDL from AdGFP-
infected mice was used as control.

Effects of APOC3-HDL on LPS-induced inflammation in 
RAW 264.7 cells

The effects of APOC3-HDL on inflammation were assessed in 
the RAW 264.7 macrophage cell line, as described previously 
(41). Briefly, cells were seeded in 96-well plates (7 × 104 cells/
well) and cultured in DMEM containing 10% FBS and 1% penicil-
lin/streptomycin. After a 16 h incubation at 37°C, cultures were 
washed with serum-free DMEM medium and treated for 4 h with 
lipopolysaccharide (LPS) (100 ng/ml) that was preincubated for 
30 min at 37°C with serum HDL. The amount of HDL used in the 
assay was defined by the total final concentration of HDL proteins 
added to the incubation medium. As control, cells were incubated 
with DMEM containing serum HDL in the absence of exogenous 
LPS. Following incubation, medium was collected and TNF was 
determined by ELISA, as described previously (41).

Metabolomic analysis of serum isolated from C57BL/6 
mice infected with AdGFP-APOC3

Two hundred microliters of each serum sample were mixed 
with 60 l of D2O and 340 l of phosphate buffer [1.5 M Na2HPO4 
in water containing 4% NaN3 and 1 mM 4,4-dimethyl-4-silapen-
tane-1-sulfonic acid (pH 7.4)]. Then, 550 l of the resulting su-
pernatant were transferred in a 5 mm NMR tube (Bruker BioSpin srl) 
for analysis. NMR serum metabolomic profiling was performed 
using a Bruker Avance III HD 700 MHz NMR spectrometer 

equipped with a TCI cryogenically cooled probe. Three 1H-NMR 
spectra were acquired for each sample applying standardized 
protocols (NOESY, CPMG, and J-resolved pulse sequences). Par-
tial least squares discriminant analysis (PLS-DA) was performed 
as a supervised method for data reduction and pattern recog-
nition. The quality of the PLS-DA model was determined by the 
goodness-of-fit parameter (R2) and the goodness-of-prediction 
parameter (Q2) following a 10-fold cross validation procedure. 
Univariate analysis was conducted by calculating the relative 
concentration through signal’s area integration of all successfully 
assigned metabolites across the 21 acquired spectra. P values 
<0.05 were determined using the nonparametric Wilcoxon 
rank-sum test. NMR data were acquired and processed using 
TopSpin 3.6 (Bruker BioSpin srl). Serum metabolite identifica-
tion was performed using Chenomx NMR software (Profiler 8.1; 
Chenomx Inc., Canada), the public database (HMDB), and 
literature data (50, 51). Glucose levels were further assessed 
spectrophotometrically in serum samples using the DiaSys Glucose 
GOD FS kit (reference number 10021; Diagnostic Systems, 
GmbH).

Statistical analysis
All data sets were tested using the Kolmogorov-Smirnov and 

Shapiro-Wilk tests and were treated with parametric (P > 0.1) or 
nonparametric tests (P < 0.1) according to their deviation from 
normality. Data are reported as mean ± SEM. All statistical tests 
were performed using the GraphPad Prism 6 software.

RESULTS

Expression of human APOC3 in C57BL/6 mice by 
adenovirus-mediated gene transfer

To produce HDL particles rich in APOC3 (APOC3-
HDL), C57BL/6 mice were infected with either 5 × 108 pfu 
or 2 × 109 pfu of the recombinant adenovirus, AdGFP-
APOC3, as described previously (25). To assess potential 
nonspecific effects of viral infection in subsequent analy-
ses, an additional mouse group was also infected with 2 × 
109 pfu of the control AdGFP virus (39). Analysis of plasma 
lipid levels in mice infected with 2 × 109 pfu of AdGFP-
APOC3 showed that, 5 days postinfection, expression of 
APOC3 resulted in a significant increase of plasma total 
cholesterol and triglyceride levels, compared with the same 
mice prior to infection (day 0) or AdGFP-infected mice 5 
days postinfection (Fig. 1A, B). This increase was associated 
with a marked increase in chylomicrons/VLDL, IDL, and 
LDL cholesterol and triglycerides and a shift of HDL-C dis-
tribution toward larger and less dense HDL particles (Fig. 
1D, E). Interestingly, these mice also displayed elevated 
phospholipid and free cholesterol levels in their HDL. 
Mice infected with 5 × 108 pfu of AdGFP-APOC3 showed 
that, at this lower level of expression, APOC3 does not have 
any major effect on plasma cholesterol and phospholipid 
content, though it triggers an increase in plasma triglycer-
ide levels due to accumulation of triglyceride-rich VLDL 
(Fig. 1A, B, D, E). The relative lipid content of APOC3-
HDL expressed as milligrams of total HDL protein or 
weight percent content of total lipids in HDL is shown in 
Table 1. Western blot analysis of plasma lipoprotein frac-
tions confirmed APOC3 expression in the mice infected 
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with the two different doses of AdGFP-APOC3 (Fig. 1F, G). 
In mice infected with 5 × 108 pfu of adenovirus, APOC3 was 
found only on HDL and IDL/VLDL (Fig. 1F), while in 
mice infected with 2 × 109 pfu, APOC3 was distributed on 
all lipoprotein fractions (Fig. 1G), yielding a lipoprotein 
distribution reminiscent of many morbidly obese patients 
with BMI >50 prior to bariatric surgery (34). As expected, 

mice infected with AdGFP showed no detectable levels of 
human APOC3 in their plasma (Fig. 1C).

APOC3 changes apolipoprotein composition of HDL
Fractionation of plasma samples by density gradient  

ultracentrifugation followed by Western blot analysis of 

Fig. 1. Total plasma cholesterol (A) and triglyceride (B) levels at the indicated days and density gradient ultracentrifugation cholesterol 
(D) and triglyceride (E) profiles of C57BL/6 mice 5 days postinfection with 2 × 109 pfu of the control adenovirus, AdGFP, or 5 × 108 pfu 
(AdGFP-APOC3_L) and 2 × 109 pfu (AdGFP-APOC3_H) of the recombinant adenovirus expressing human APOC3 (AdGFP-APOC3). 
Western blot analyses (C, F, G) of density gradient ultracentrifugation fractions from plasma of mice infected with 2 × 109 pfu AdGFP (C) or 
5 × 108 pfu (F) and 2 × 109 pfu (G) AdGFP-APOC3 5 days postinfection. Data were analyzed using two-way ANOVA and are presented as 
mean ± SEM. CM, chylomicron. *P < 0.05, **P < 0.005.

TABLE 1. Lipid composition of HDL

AdGFP AdGFP-APOC3_L AdGFP-APOC3_H

P

AdGFP versus  
AdGFP-APOC3_L

AdGFP versus  
AdGFP-APOC3_H

AdGFP-APOC3_L 
versus AdGFP-

APOC3_H

Free cholesterol 0.10 ± 0.013 (8.09%) 0.23 ± 0.03 (13.68%) 1.33 ± 0.029 (19.7%) 0.0565 0.0007 0.0015
Esterified cholesterol 0.30 ± 0.015 (24.1%) 0.52 ± 0.09 (31.01%) 0.31 ± 0.02 (4.56%) 0.1238 0.6094 0.1404
Triglycerides 0.02 ± 0.013 (1.61%) 0.016 ± 0.003 (0.95%) 0.23 ± 0.004 (3.38%) 0.8271 0.0046 0.0007
Phospholipids 0.81 ± 0.001 (66.2%) 0.92 ± 0.012 (54.35%) 4.88 ± 0.415 (72.35%) 0.0127 0.0102 0.0108
Total lipids 1.22 ± 0.01 1.7 ± 0.065 6.75 ± 0.46 0.0186 0.0069 0.0083

Data are expressed as milligrams of lipid per milligram of total HDL protein. Numbers in parenthesis indicate the weight percent content of total 
lipids in the HDL isolated from AdGFP- or AdGFP-APOC3-infected mice. AdGFP-APOC3_L and AdGFP-APOC3_H refer to mice infected with 5 × 108 
or 2 × 109 pfu of AdGFP-APOC3, respectively.
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lipoprotein fractions for human APOC3, Apoa1, Apoa2, 
Apoe, Apoc1, Apoc2, and murine Apoc3, showed that both 
low (5 × 108 pfu) and high (2 × 109 pfu) APOC3 expression 
result in qualitative and quantitative changes in apolipo-
protein composition of HDL and other lipoprotein classes 
(Fig. 2A). As shown before (Fig. 1G) in mice infected with 
2 × 109 pfu AdGFP-APOC3, APOC3 was distributed among 
all lipoprotein subclasses. Of note, expression of APOC3 
resulted in substantial recruitment of Apoc1 on HDL, IDL, 
LDL, and VLDL. Trace amounts of Apoc2 were also ob-
served in almost all lipoprotein fractions. Similarly, high 
APOC3 levels increased overall plasma Apoe content and 
led to formation of LDL and larger less dense Apoe-con-
taining HDL particles. On the other hand, high APOC3 
expression caused a modest reduction in Apoa1 of HDL, 
while Apoa2 was no longer detectable (Fig. 2A). Nonde-
tectable levels of Apoa2 were also observed in mice infected 
with 5 × 108 pfu AdGFP-APOC3, though these mice con-
tained only trace amounts of Apoc1 in their HDL, similar 
to control AdGFP-infected animals (Fig. 2A). The changes 
in apolipoprotein composition of HDL following expres-
sion of APOC3 were not due to changes in apolipoprotein 
mRNA expression in the liver (Fig. 2B), indicating that 

they were most likely due to APOC3-induced modifications 
in plasma lipoprotein assembly and metabolism.

Negative staining TEM and nondenaturing  
two-dimensional electrophoresis analyses of HDL

Because infection of mice with 2 × 109 pfu APOC3 led to 
an APOC3 distribution across all lipoprotein fractions and 
elevated plasma cholesterol and triglyceride levels, as ob-
served in many morbidly obese patients with BMI >50 prior 
to bariatric surgery (34), in all subsequent experiments, we 
used this virus titer for our analyses. To study the effects of 
human APOC3 on HDL geometry and subpopulation dis-
tribution, we next isolated HDL from the plasma of in-
fected mice and performed a qualitative negative staining 
TEM analysis coupled with nondenaturing two-dimen-
sional electrophoresis analysis of pools of HDL fractions, as 
described in the Materials and Methods. As expected, neg-
ative TEM staining confirmed the presence of mainly 
spherical HDL particles in the HDL density fractions of 
plasma from AdGFP-infected mice (Fig. 3A). However, 
similar analysis revealed the presence of both discoidal and 
spherical HDL particles in the plasma of mice expressing 
APOC3 (Fig. 3B), in agreement with previous observations 

Fig. 2. Distribution of human APOC3, and murine Apoa1, Apoa2, Apoe, Apoc1, Apoc2, and Apoc3 in various lipoprotein fractions isolated 
by density gradient ultracentrifugation (A). CM, chylomicron. The densities of the various lipoprotein fractions are indicated. B: The relative 
hepatic mRNA expression of apoa1, apoe, apoa2, and apoc1 genes. Data were analyzed using Student’s t-test and are presented as median, mini-
mum to maximum. AdGFP-APOC3_L and AdGFP-APOC3_H refer to mice infected with 5 × 108 pfu or 2 × 109 pfu of AdGFP-APOC3, 
respectively.
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(25). APOC3-HDL particle diameter, expressed as median 
(interquartile range 25–75%) was calculated to be 19.4 nm 
(16.6–20.9 nm) and was significantly larger (P < 0.0001, un-
paired t-test) than the diameter of control-HDL, calculated 
to be 10 nm (8.9–12.8 nm) (Fig. 3C).

Nondenaturing two-dimensional electrophoresis analy-
sis confirmed that all APOC3-HDL in mice infected with 
AdGFP-APOC3 were discoidal pre2 particles (Fig. 3E). In 
agreement with the lack of human APOC3 expression in 
mice infected with AdGFP (Fig. 1C), no APOC3-HDL 
subpopulations could be detected in the plasma of these 
mice (Fig. 3D). Moreover, in the presence of APOC3, only 
spherical 2 and 3 Apoa1-containing HDL particles could 
be detected (Fig. 3G); while in the absence of APOC3 
(mice infected with AdGFP), Apoa1-containing HDL par-
ticles were distributed in pre2, pre2, pre3, 1, 2, and 
3 (Fig. 3F). These findings indicate that in mice express-
ing APOC3, discoidal HDL contains APOC3, while spheri-
cal HDL contains Apoa1.

APOC3 expression triggers significant changes in HDL 
lipidome

Comparative analysis of the lipidome of APOC3-HDL and 
control-HDL isolated from mice infected with AdGFP-APOC3 

and AdGFP, respectively, showed significant differences in 
all tested lipid subclasses (Fig. 4A–C), suggesting that the 
presence of APOC3 results in the recruitment of different 
lipids on HDL. When expressed in molar percent of total 
lipids, phosphatidylcholine (PC), phosphatidylinositol (PI), 
phosphatidic acid (PA), and phosphatidylglycerol (PG) 
subclasses were reduced in APOC3-HDL. To the contrary, 
lysophosphatidylcholine (LPC), SM, phosphatidylethanol-
amine (PE), lysophosphatidylethanolamine (LPE), phos-
phatidylserine (PS), and ceramide (Cer) d18:0, Cer d18:1, 
and Cer d18:2 subclasses were found to be significantly in-
creased in APOC3-HDL. The percent content of these 
lipid subclasses in the tested samples and the percent dif-
ference between them are shown in Table 2. The absolute 
lipid content of APOC3-HDL and control-HDL in the re-
spective lipid classes and lipid species is summarized in 
supplemental Tables S2 and S3.

APOC3-induced changes in HDL lipidome correlate with 
changes in plasma enzymatic activities

To determine whether the observed changes in the 
APOC3-HDL lipidome were associated with alterations in Lcat 
and Lp-pla2 activities, we next performed activity assays, as 
described in the Materials and Methods. As shown in Fig. 4, 

Fig. 3. Representative TEM analyses (A, B) and nondenaturing two-dimensional electrophoreses (D–G) of HDL from AdGFP-infected  
(A, D, F) and AdGFP-APOC3-infected mice (B, E, G). C: A semi-quantitative analysis of particle diameter of the HDL shown on TEM images 
(A, B). D, E: APOC3-containing HDL particles. F, G: Apoa1-containing HDL particles. Data were analyzed using Student’s t-test and are pre-
sented as median, minimum to maximum. *P < 0.05. AdGFP-APOC3_H refers to mice infected with 2 × 109 pfu of AdGFP-APOC3.
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expression of APOC3 results in much lower Lcat activity (Fig. 
4D), though Lp-pla2 activity (Fig. 4E) was increased, in agree-
ment with previous in vitro reports (52, 53).

Antioxidant activity and total cholesterol efflux capacity of 
APOC3-HDL

Given the distinct structural differences between APOC3-
HDL and control-HDL, we next sought to investigate how 
these differences might influence HDL functionality and, 
in particular, HDL antioxidant activity and total choles-
terol efflux from RAW 264.7 macrophage cells in vitro.

To determine the HDL antioxidant activity, HDL sam-
ples isolated from the two study groups were analyzed using 

a modification of the dihydrorhodamine assay (49), as de-
scribed previously (34). As shown in Fig. 5A, APOC3-HDL 
demonstrated a significantly higher antioxidant function 
(i.e., greater inhibition of substrate oxidation) compared 
with control-HDL, when equal amounts of HDL-C from 
each group were used in the assay. Control-HDL also inhib-
ited substrate oxidation, though to a much lesser extent.

To assess the ability of APOC3-HDL and control-HDL to 
accept cholesterol from cells, we performed a total choles-
terol efflux assay in the RAW 264.7 macrophage cell line 
that expresses Abca1, Abcg1, and scavenger receptor class 
B type I (Srb1), as described previously (41). As shown in 
Fig. 5B, when equal amounts of HDL-C from each group 

Fig. 4. Lipidomic data showing major (A) and minor (B) lipid classes and Cer species (C) expressed as mole percent of total lipids in HDL. 
Data were analyzed using the U Mann-Whitney test and are presented as mean ± SEM.. *P < 0.05. D, E: Plasma enzymatic activities of Lcat 
and Lp-pla2, respectively. Data were analyzed using the U Mann-Whitney test (D) and Student’s t-test (E) and are presented as mean ± SEM. 
***P < 0.001. AdGFP-APOC3_H refers to mice infected with 2 × 109 pfu of AdGFP-APOC3.

TABLE 2. Comparative lipidome analysis of HDL isolated from AdGFP- and AdGFP-APOC3-infected mice

Lipid Class Major Fatty Acid Moieties AdGFPa AdGFP-APOC3_Ha

Percent Difference 
between AdGFP and 
AdGFP-APOC3_H

PC 34:1/34:2/36:2/36:3/36:4/38:6 83.47 ± 0.44 80.90 ± 0.33 3
LPC 16:0/18:0 5.52 ± 0.13 8.24 ± 0.42 33
SM 34:1/42:2 5.33 ± 0.14 6.02 ± 0.21 11.4
PI 36:2/38:4 4.40 ± 0.17 2.75 ± 0.11 60.4
PE 34:2/36:2/38:6 0.74 ± 0.01 1.36 ± 0.03 45.1
LPE 18:0 0.18 ± 0.01 0.40 ± 0.03 56
PA 34:2/36:2/38:4 0.23 ± 0.004 0.17 ± 0.003 38.4
PS 36:1/40:6 0.015 ± 0.0002 0.06 ± 0.001 74
PG 34:1/36:2 0.009 ± 0.0008 0.007 ± 0.0001 26.2
Cer d18:0 16:0/24:1 0.002 ± 0.0001 0.007 ± 0.0005 68
Cer d18:1 16:0/22:0/24:0/24:1 0.07437 ± 0.003 0.09 ± 0.0007 20.2
Cer d18:2 24:1 0.004 ± 0.0002 0.005 ± 0.00002 21.7

The percent difference between the two groups is also presented. AdGFP-APOC3_H refers to mice infected with 
2 × 109 pfu of AdGFP-APOC3.

a HDL content (mol% of HDL lipids).
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were used in the assay, a reduced capacity of APOC3-HDL 
to accept [14C]cholesterol from [14C]cholesterol-charged 
RAW 264.7 cells was observed.

Effects of APOC3-HDL on LPS-induced TNF release 
from RAW 264.7 macrophage cells

To compare the effects of APOC3-HDL on inflammation, 
we employed the pertinent model of LPS-induced inflam-
mation in RAW 264.7 macrophages, as described previously 
(41). In the absence of LPS, addition of 100 g/ml HDL 
from each tested sample (i.e., APOC3-HDL and control-
HDL) did not result in any significant production of TNF, 
confirming that samples were properly prepared free of 
LPS. Stimulation of cells with LPS in the absence of HDL 
resulted in a significant production of TNF in culture me-
dium. When LPS stimulation was performed in the pres-
ence of APOC3-HDL, TNF production was significantly 
induced compared with control-HDL, which showed no 
major pro- or anti-inflammatory effects (Fig. 5C).

APOC3 increases whole-body energy demand in mice
The clinical observation that APOC3-HDL shows a posi-

tive correlation with the morbidly obese phenotype (34) 
raised the possibility that APOC3-HDL may affect energy 
metabolism. To test this hypothesis, in the next set of ex-
periments, we investigated the effects of APOC3 expres-
sion on serum metabolites linked to energy metabolism.

Briefly, typical CPMG spectra of serum samples from 
AdGFP-APOC3- or AdGFP-infected mice were used in or-
der to identify signals of the low molecular weight metabo-
lites. A total of 21 samples were screened: 9 derived from 
AdGFP-infected mice and 12 from AdGFP-APOC3 infected 
mice. Analysis and assignment of CPMG contributed 
greatly to the identification of key metabolites, which are 
valuable to enhance the accuracy of the classification 
presented below (Fig. 6A). The effects of APOC3 ex-
pression on serum metabolic profiles were examined by 
PCA and PLS-DA. The PLS-DA scores plot (Fig. 6B) 
showed a similar, but more pronounced, discrimination 

Fig. 5. Antioxidant potential (A) and cholesterol ef-
flux capacity (B) of HDL isolated from AdGFP- and 
AdGFP-APOC3-infected mice. Data were analyzed us-
ing Student’s t-test and are presented as mean ± SEM. 
C: The effects of APOC3-HDL on LPS-induced (100 
ng/ml) TNF production in cultured RAW 264.7 mac-
rophages. Data were analyzed using two-way ANOVA 
and are presented as mean ± SEM. *P < 0.05. AdGFP-
APOC3_H refers to mice infected with 2 × 109 pfu of 
AdGFP-APOC3.
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Fig. 6. Metabolomic analysis. A: Serum metabolites showing a statistically significant difference between AdGFP- and AdGFP-APOC3- 
infected mice. Data were analyzed using Wilcoxon rank-sum test and are presented as mean ± SEM. *P < 0.05. B: A multivariate analysis of 
CPMG serum spectra (PLS-DA score plot results) of AdGFP-infected (squares) and AdGFP-APOC3-infected (circles) mice. C: The top VIP 
scores followed by expression heat map from the PLS-DA model. D: Serum glucose levels as determined by a colorimetric glucose oxidase 
assay. E: Graphic representation of metabolic pathways involving the significant metabolites shown in (A). The map was created using the 
KEGG database (http://www.genome.jp/dbget-bin/www_bget?pathway:mmu01100). Red and green indicate increased and decreased me-
tabolite levels, respectively. AdGFP-APOC3_H refers to mice infected with 2 × 109 pfu of AdGFP-APOC3.



APOC3, HDL functions and adipose tissue metabolic activity 1879

(accuracy, 85.7%; R2, 84.1%; Q2, 46.5%). To identify and 
rank signature metabolites corresponding to the vari-
ance in the metabolic profiles between AdGFP and 
AdGFP-APOC3 serum samples, we evaluated the vari-
ables of importance in projection (VIP scores >2.0) 
from the PLS-DA model (Fig. 6C).

A total of 38 metabolites were identified and quantified 
(in arbitrary units) from the 1H NMR CPMG spectra. The 
chemical shift and the statistically significant concentration 
changes of metabolites between the two groups are shown 
in Table 3. This analysis showed reduced levels of serum 
glucose that were further confirmed by a colorimetric 
glucose oxidase assay (Fig. 6A, D). Moreover, metabolo-
mic analysis revealed elevated levels of citric acid cycle and 
urea cycle metabolites, suggesting enhanced metabo-
lism of serum glucose toward energy production. Specifically, 
serum ornithine, formate, arginine, valine, phenylala-
nine, tyrosine, serine, threonine, and leucine were found 
elevated in the serum of AdGFP-APOC3-infected mice 
(Fig. 6A, C, E).

APOC3 expression selectively promotes mitochondrial 
energy metabolism in BAT

In an effort to validate the metabolomic data hinting 
that APOC3 expression may promote increased energy ex-
penditure and energy demand, in the next set of experi-
ments, mitochondria were isolated from BAT and WAT of 
mice infected with AdGFP-APOC3 or AdGFP, as described 
in the Materials and Methods. Western blot analysis of puri-
fied BAT mitochondrial fractions showed that expression 
of APOC3 stimulated a significant induction of mitochon-
drial Cytc levels, suggesting elevated oxidative phosphory-
lation (Fig. 7A–C). Moreover, it appears that oxidative 
phosphorylation is coupled with respiration toward ATP 
production due to an apparent relative decrease of Ucp1 
when corrected for mitochondrial Cox4 (Fig. 7A–C, G), 
corroborating our metabolomic data.

Similar analysis of WAT mitochondrial fractions showed 
that APOC3 expression resulted in substantial reduction of 
mitochondrial Cytc levels in WAT despite a very significant 
stimulation of Ucp1 expression. These findings indicate 
significantly reduced oxidative phosphorylation in WAT of 
AdGFP-APOC3-infected mice at 5 days post infection (Fig. 
7D, E, G).

DISCUSSION

More than 30 years since the human Apoc3 nucleotide 
sequence was identified (54), our knowledge of APOC3 
functions in relation to human health and disease still re-
mains limited. The sole most widely accepted function of 
APOC3 is in atherosclerosis and, more precisely, in the 
regulation of plasma triglyceride levels through inhibition 
of plasma Lpl activity and catabolism of triglyceride-rich li-
poproteins (11–19). Based on this function, Apoc3 anti-
sense oligonucelotides are currently in clinical trials for the 
treatment of hypertriglyceridemia (20). However, little, if 
any, information exists on other functional roles of APOC3 
in human pathology. In a work published previously, we 
showed that APOC3 associates with HDL in a process that 
requires lipid transporter Abca1 (25). Moreover, in a more 
recent clinical study in bariatric subjects, we found that 
markedly increased levels of plasma APOC3 correlate with 
the obese phenotype, though no mechanistic information 
exists to explain this correlation (34). To better under-
stand the effects of APOC3 in morbidly obese patients, we 
infected mice with an adenovirus expressing human APOC3 
and studied the effects of APOC3 on HDL structure and 
function, as well as WAT and BAT mitochondrial meta-
bolic activity. We found that infection with 5 × 108 pfu of 
AdGFP-APOC3 resulted in an APOC3 lipoprotein distri-
bution and lipid profile that was closer to the healthy  
human conditions (except for hypertriglyceridemia). In 
contrast, 2 × 109 pfu of AdGFP-APOC3 resulted in an 
APOC3 lipoprotein distribution and lipid profile that is 
closer to the one seen in morbidly obese humans (34); 
therefore, all subsequent analyses were performed with this 
dose of adenovirus.

Our results revealed that expression of APOC3 in 
C57BL/6 mice leads to the formation of APOC3-HDL par-
ticles that differ in their subpopulation distribution and 
apolipoprotein content from control-HDL (Figs. 2, 3). Our 
TEM analysis indicated that accumulation of APOC3 on 
HDL results in a mix of discoidal and spherical HDL par-
ticles of larger diameter (Fig. 3), a finding consistent with 
the increased phospholipid and free cholesterol content of 
APOC3-HDL (Table 1), as well as the reduced plasma Lcat 
activity (Fig. 4). Apoa1 was reduced, whereas Apoa2 was 
absent from APOC3-HDL. In contrast, Apoe, Apoc1, and 

TABLE 3. Serum metabolites showing a statistically significant difference between mice infected with 2 × 109 pfu 
of either AdGFP- or AdGFP-APOC3-infected mice

Metabolites Chemical Shift () Type P Changea

Glucose 3.40 d 0.00871 ↓
Formate 8.46 s 0.00090 ↑
Phenylalanine 7.44 m 0.00337 ↑
Tyrosine 7.20 d 0.00262 ↑
Threonine 4.29…4.23 m 0.00306 ↑
Serine 4.00…3.94 m 0.00754 ↑
Valine 1.05…1.03 d 0.00431 ↑
Leucine 0.97…0.95 d 0.00431 ↑
Arginine 1.76…1.68 m 0.02063 ↑
Ornithine 3.08…3.05 t 0.00058 ↑

Signal multiplicity: s, singlet; d, doublet; t, triplet; m, multiplet.
a Changes in AdGFP-APOC3-infected mice compared with AdGFP-infected mice
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Apoc2 appeared elevated (Fig. 2). A very modest induction 
in Apoc2 was also evident. Interestingly, the two-dimensional 
nondenaturing electrophoresis analysis confirmed that 
APOC3-HDL particles are mainly discoidal pre2 (Fig. 3E) 
and distinct from Apoa1-HDL, which are mainly spherical 
2 and 3 particles (Fig. 3G). This observation is in agree-
ment with proteomic studies in centrifugally isolated HDL, 
suggesting that specific proteins may be found on distinct 
particle subspecies, which are differentially distributed 
across the HDL density spectrum (55–59).

In addition to quantitative changes in HDL apolipo-
protein composition, our analysis also revealed qualitative 
changes because, in the presence of APOC3, Apoe is pres-
ent only in less dense HDL particles (d 1.084 and 1.100), 
while more dense HDL particles primarily contain Apoa1. 
Of note, the lipid-free fraction (d > 1.21 g/ml) contains a 
significant amount of Apoa1 with only trace amounts of 
APOC3 present. Based on our previous findings that bio-
genesis of APOC3-HDL requires Abca1 (25), it is conceiv-
able to hypothesize that APOC3 effectively competes with 
Apoa1 for Abca1. Such competition, however, is not evi-
dent for the other apolipoproteins, such as Apoe and 
Apoc1 (Fig. 2).

At this point, it is not clear what drives the effects of 
APOC3-expression on HDL apolipoprotein content and 

subspecies distribution. Our analysis did not reveal any 
measurable changes in the hepatic mRNA expression levels 
of these apolipoproteins, suggesting that the observed 
changes in the apolipoprotein content of HDL in the pres-
ence of APOC3 are posttranscriptional (Fig. 2). Likely pos-
sibilities include specific protein:protein interactions on 
the particle surface and/or the attraction of certain pro-
teins to particular particle biophysical characteristics, such 
as lipid packing density or surface curvature. Alternatively, 
given that Apoe, Apoa1, Apoa2, Apoc1, Apoc2, and APOC3 
are all capable of interacting with Abca1 to promote bio-
genesis of HDL-like particles (25, 60), it is possible that 
increased availability of APOC3 toward HDL formation 
in the plasma of mice infected with AdGFP-APOC3 may 
differentially influence the selectivity of Abca1 for these 
apolipoproteins.

Notably, the APOC3-induced modifications in HDL par-
ticle structure are not limited only to the apolipoprotein 
content, but extend to its lipidome. The data presented in 
Table 1 support that APOC3-HDL has a higher content of 
lipids per milligram of protein and significantly more free 
cholesterol, phospholipids, and triglycerides, which ex-
plains the differences in particle size and geometry be-
tween APOC3-HDL and control-HDL (Fig. 3). The reduced 
Lcat activity in the plasma of APOC3-expressing mice is 

Fig. 7. Representative Western blot analyses and semiquantitative determination of Cytc and Ucp1 relative to Cox4 in mitochondrial ex-
tracts from BAT (A–C) and WAT (D–F) isolated from AdGFP- or AdGFP-APOC3-infected mice. G: The relative Ucp1/Cytc ratio in BAT and 
WAT, respectively. Data were produced from the same blots probed with the indicated antibodies and analyzed using Student’s t-test. Bars are 
expressed as mean ± SEM. *P < 0.05. AdGFP-APOC3_H refers to mice infected with 2 × 109 pfu of AdGFP-APOC3.
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consistent with the higher free cholesterol content of the 
HDL of these mice. Moreover, our comparative analysis of 
APOC3-HDL and control-HDL lipidome (Fig. 4 and Table 
2) further confirms that expression of APOC3 results in the 
recruitment of different types and amounts of lipids on 
HDL. Interestingly, APOC3-HDL contains elevated levels 
of PS, though levels of PG, PI, and PA are reduced. These 
negatively charged lipids significantly impact the net sur-
face charge of HDL, thereby modulating charge-depen-
dent interactions with plasma enzymes, such as lipases, 
lipid transport proteins, extracellular matrix, and other 
protein components (61). The decreased levels of PC and 
increased levels of LPC, the product of PC hydrolysis by 
Lcat and Lp-pla2, in APOC3-HDL suggested that these HDL 
particles may be more suitable substrates for one or both of 
these enzymes, as proposed previously (52, 53). Surpris-
ingly, despite an increase in LPC, our functional analysis 
showed reduced Lcat enzymatic activity in the plasma of 
mice infected with AdGFP-APOC3 (Fig. 4) that was further 
confirmed by our TEM analysis, providing an in vivo con-
firmation that APOC3 is indeed an inhibitor of Lcat, as 
previously suggested by in vitro studies (53). In contrast, 
Lp-pla2 activity was found to be increased, confirming in 
vitro data showing that APOC3 is, instead, an activator of 
this plasma enzyme. Moreover, this result suggests that the 
increased LPC content of APOC3-HDL is, instead, the re-
sult of Lp-pla2 activity on HDL. Because elevated Lp-pla2 
activity is associated with increased risk for coronary heart 
disease (62), this in vivo finding provides additional evi-
dence for the proatherogenic effects of APOC3.

The presence of elevated levels of SM, Cer d18:0, and 
Cer d18:1 in APOC3-HDL is consistent with the increased 
levels of triglyceride-rich lipoproteins in the plasma of mice 
infected with AdGFP-APOC3 because SM, Cer d18:0, and 
Cer d18:1 originate primarily from triglyceride-rich lipo-
proteins and only to a minor extent from nascent HDL (61, 
63). In addition, Cer d18:0 and Cer d18:1 play important 
signaling roles in cellular survival, growth, and differentia-
tion (61), suggesting that APOC3-HDL may be a more ef-
ficient signaling mediator than control-HDL in promoting 
these processes.

In an analogy with our previous observations with APOE- 
and APOA1-containing HDL (33), we also found here that 
changes in particle structure brought about by APOC3 cor-
relate with significant alterations in particle functionality. 
Though some properties appeared improved, others dete-
riorated. Indeed, under the conditions of our experiment, 
APOC3-HDL was a poorer acceptor of [14C]cholesterol in 
RAW 264.7 cells, indicating reduced total cholesterol ef-
flux, a key property for the effective unloading of free cho-
lesterol from peripheral tissues and its shuttling back to the 
liver for catabolism. Moreover, it potentiates the effect of 
LPS on TNF release in RAW 264.7 macrophage cells, sug-
gesting a proinflammatory role in circulation. In contrast, 
APOC3-HDL has a much higher antioxidant capacity than 
control-HDL, suggesting a positive role in reducing oxida-
tive stress (Fig. 5).

Moreover, our metabolomic data coupled with data 
from mitochondrial analyses indicate that expression of 

APOC3 in mice infected with AdGFP-APOC3 stimulates 
aerobic catabolism of glucose via the citric acid cycle for 
increased ATP production in BAT. Metabolomic data fur-
ther show that, upon APOC3 expression, there is an in-
crease in the levels of branched chain amino acids, which 
may be used for anaplerosis in the TCA cycle by yielding 
additional substrate (Fig. 6). This observation suggests 
that, in addition to glucose, APOC3 expression may stimu-
late protein degradation for energy production, as previ-
ously reported (64).

Mitochondrial Cytc is a biomarker of mitochondrial met-
abolic function (65). In adipose tissue, this function relates 
to ATP production when oxidative phosphorylation is cou-
pled to respiration or thermogenesis marked by increased 
mitochondrial Ucp1 expression when oxidative phosphor-
ylation is uncoupled from respiration (66). Our molecular 
analysis revealed a selective increase of Cytc in BAT, while 
Ucp1 levels were decreased (Fig. 7). These changes indi-
cate that APOC3 stimulates oxidative phosphorylation, 
coupled with respiration for ATP production in BAT, fur-
ther corroborating our metabolomic data.

The effects of APOC3 expression on BAT mitochondrial 
metabolic activity identified here may also explain the in-
creased sensitivity of apoc3-deficient (apoc3/) mice to-
ward diet-induced obesity that has been previously reported 
in the literature (67). It was shown that after 20 weeks of 
high-fat feeding, apoc3/ mice had reduced plasma tri-
glyceride levels and gained more body weight due to 
increased body lipid mass. Adipose tissue uptake of tri-
glyceride-derived free fatty acids following lipolysis by 
Lpl was also significantly increased in these mice, while 
whole-body insulin sensitivity was decreased by 43% and 
endogenous glucose production was decreased by 25% 
(67). Apparently, APOC3 appears to be a critical regulator 
of processes associated with peripheral management of di-
etary lipids and their conversion into energy, maintaining 
a balance between tissue lipid uptake and catabolism. Our 
findings also raise the interesting possibility that the in-
creased APOC3-HDL levels observed in morbidly obese 
subjects (34) may not represent a cause of obesity, but 
rather a protective mechanism triggered in response to nu-
trient surplus, aiming at promoting excess substrate oxida-
tion by shifting BAT mitochondrial metabolism toward 
energy production.

Similar analysis in WAT revealed significantly reduced 
mitochondrial Cytc despite a measurable elevation of Ucp1 
in APOC3-expressing mice, suggesting that APOC3 re-
duces WAT oxidative phosphorylation (Fig. 7) and raising 
the possibility of dysfunctional mitochondria in this tissue. 
Moreover, these data show that the increased metabolic ac-
tivity identified by our metabolomic data may be attributed 
to BAT metabolic activation in mice expressing APOC3.

Our findings indicate that, in contrast to the previous 
view identifying it as detrimental to human health, APOC3 
also possesses some very important properties, which should 
not be ignored in the designing of new pharmaceuticals 
aiming at APOC3. Apparently, APOC3 is another example 
of the ancient Greek saying “έο άο” (everything in 
moderation). Reducing APOC3 levels to physiological may 
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be beneficial for the treatment of some forms of hypertri-
glyceridemia; however, complete silencing of its expression 
may adversely affect other physiological processes crucial 
for human health.
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