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Abstract. It has previously been demonstrated that apolipo-
protein A5 (apoA5) can be internalized by human adipocytes 
and significantly decreases intracellular triglyceride content. 
In the present study, endocytosis of apoA5 by adipocytes under 
different conditions, and the underlying mechanism by which 
apoA5 regulates cellular triglyceride storage, was investigated. 
The results revealed that the apoA5 protein was detected in 
human subcutaneous abdominal adipose tissues. In addition, 
the uptake of apoA5 was attenuated in human obese adipose 
tissues and in cultured adipocytes with hypertrophy or insulin 
resistance. Low‑density lipoprotein receptor protein 1 (LRP1) 
knockdown in adipocytes resulted in a decrease in internal-
ized apoA5 content, suggesting that LRP1 serves a role in 
apoA5 uptake. Treatment of adipocytes with apoA5 decreased 
the expression of the lipid droplet‑associated proteins such as 
cidec and perilipin. ApoA5‑treated adipocytes demonstrated 
an increase in lipolysis activity and expression of uncoupling 
protein 1, which is the molecular effector of thermogenesis 
in brown adipocytes. These results suggested that decreased 
triglyceride accumulation in adipocytes induced by apoA5 
may be associated with enhanced lipolysis and energy expen-
diture, which may result from reduced expression of cidec 
and perilipin. In conclusion, the present study demonstrated a 
novel role of apoA5 in regulating the intracellular triglyceride 
metabolism of adipocytes. The results of the present study 
suggested that apoA5 may serve as a potential therapeutic 
target for the treatment of obesity and its related disorders.

Introduction

Apolipoprotein A5 (apoA5), first described in 2001, has been 
demonstrated to be an important modulator of triglyceride (TG) 

metabolism (1). ApoA5 is synthesized and secreted exclusively 
by the liver and is present in plasma associated with chylo-
microns, very low density lipoprotein (LDL) and high density 
lipoprotein (1). Increasing evidence suggests that a number of 
variants of the gene encoding human apoA5 (APOA5) alter 
plasma TG levels and is associated with obesity (2‑4). Lower 
plasma levels of apoA5 were observed in obese subjects and 
were inversely associated with body mass index (BMI) in 
humans, suggesting that decreased apoA5 levels may have 
importance in the pathophysiology of obesity in humans (5,6). 
However, the underlying mechanisms of apoA5‑associated 
obesity remain to be understood and cannot be fully explained 
by its impact on plasma TG levels (7,8).

An intracellular role of apoA5 has been suggested, as 
apoA5 is associated with cytoplasmic lipid droplets  (9,10) 
and affects intrahepatic TG accumulation (10,11). Given that 
adipocytes provide the largest storage depot for energy in the 
form of TG within lipid droplets, and serve an important role 
in the development of obesity, the present study hypothesized 
that apoA5 may additionally target adipocytes and regulate 
adipocyte lipid storage. Our previous data demonstrated that 
apoA5 may be internalized by human adipocytes, as treat-
ment of adipocytes with receptor associated protein (RAP) 
or heparin, both of which interrupt binding of apoA5 to 
low‑density lipoprotein receptor (LDLR) family members, 
resulted in a decrease in the quantity of apoA5 internalized 
by adipocytes (12). LDLR‑related protein 1 (LRP1), which 
belongs to the LDLR family and is abundantly expressed in 
adipocytes, has been reported to interact with apoA5 with 
high affinity and mediates receptor‑mediated endocytosis 
of apoA5 (13). This suggests that LRP1 may serve a role in 
uptake of apoA5 by adipocytes. In addition, it was revealed 
that internalized apoA5 surrounded lipid droplets, co‑localized 
with the known lipid droplet protein perilipin and significantly 
decreased cellular TG content in adipocytes (12).

Lipid droplets are dynamic organelles that contain a 
neutral lipid core surrounded by a phospholipid monolayer, 
and is coated with specific proteins (14,15). Numerous studies 
on the formation of lipid droplets and regulation of lipid 
accumulation have demonstrated the importance of lipid 
droplet‑associated proteins in these processes. Based on 
shared sequence homology, one set of lipid droplet proteins, 
the perilipin‑adipophilin‑TIP47  (PAT) family of proteins, 
are well characterized (16). Within adipocytes, perilipin is 
the most abundant protein on adipocyte lipid droplets and 
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is an important regulator of lipid storage and release. Under 
basal conditions, perilipin is a gatekeeper that prevents 
lipases from gaining access to neutral lipids in the droplet 
core, and therefore reduces TG hydrolysis (17). By contrast, 
once phosphorylated in response to catecholamine stimula-
tion, perilipin actively facilitates lipase action, partially by 
recruiting hormone‑sensitive lipase (HSL, officially known 
as LIPE) to the droplet surface. Ablation of perilipin from 
white adipose tissue (WAT) causes dysregulation of adipocyte 
lipid storage characterized by increased basal lipolysis and 
decreased stimulated lipolysis and results in a dramatic reduc-
tion in WAT mass (18,19).

Cidec, a human homolog of rodent fat‑specific protein 27 
(Fsp27), has been identified as a novel lipid droplet‑associated 
protein in adipocytes and serves an important role in control-
ling diverse metabolic processes (20‑24). Cidec/Fsp27 belong 
to the cell death‑inducing DNA fragmentation factor‑α‑like 
effector (Cide) family that shares a common CIDE‑N domain 
in the N‑terminus and CIDE‑C domain in the C‑terminus (25). 
In humans, cidec is predominantly expressed in subcutaneous 
adipose tissue  (26). Nishino  et  al  (22) demonstrated that 
depletion of Fsp27 in murine white adipocytes resulted in 
the formation of numerous small lipid droplets, increased 
lipolysis and decreased TG storage, whereas expression of 
Fsp27 in COS monkey fibroblast cells promoted the formation 
of large lipid droplets. This suggested that Fsp27 contributes 
to efficient energy storage in WAT by promoting the formation 
of unilocular lipid droplets, thereby restricting lipolysis. In 
addition Fsp27‑knockout mice have been described to exhibit 
a phenotype of obesity‑resistance, elevated oxygen consump-
tion, reduced WAT mass and smaller white adipocytes with 
multilocular lipid droplets (22,23). In addition, expression of 
genes associated with fatty acid β‑oxidation, mitochondrial 
biosynthesis and brown adipose tissue (BAT)‑special genes 
were significantly increased in Fsp27 knockout mice. These 
alterations suggest that WAT tissue of Fsp27-knockout mice 
may have acquired certain BAT‑like properties, and therefore 
was transformed from a typical energy storage tissue into an 
energy consuming tissue.

In the present study, expression of apoA5 by adipo-
cytes under different conditions, the effect of apoA5 on the 
expression of the genes encoding perilipin and cidec and the 
mechanism responsible for apoA5 negative modulation in 
adipocyte TG accumulation was investigated.

Materials and methods

Materials. Dulbecco's modified Eagle's medium (DMEM)/F‑12, 
DMEM, fetal bovine serum (FBS) and human insulin were 
all purchased from Invitrogen; Thermo Fisher Scientific, 
Inc. (Waltham, MA, USA). Dexamethasone (Dex), 
3‑isobutyl‑1‑methylxanthine (IBMX), rosiglitazone, isopro-
terenol and recombinant murine tumor necrosis factor‑α 
(TNF‑α) were purchased from Sigma‑Aldrich; Merck KGaA 
(Darmstadt, Germany). Mouse anti‑human apoA5 anti-
body was obtained from Novus Biologicals, LLC (cat. 
no. NB400‑139; Littleton, CO, USA) (6). Rabbit anti‑mouse 
LRP1 antibody (cat. no. ab92544), mouse anti‑human cidec 
antibody (cat. no. ab77115) and rabbit anti‑human perilipin 
antibody (cat. no. ab50291) were all purchased from Abcam 

(Cambridge, UK). Goat anti‑rabbit IgG antibody (bs‑0295G) 
and rabbit anti‑mouse IgG antibody (bs‑0296R) were purch
ased from Bioss (Beijing, China). Recombinant human apoA5 
was produced in Escherichia coli and isolated, as previously 
described (27).

Samples of human tissues and cell lines. Subcutaneous 
adipose tissue samples were obtained from 19  patients 
(7 male and 12 female) undergoing elective open‑abdominal 
surgical procedures in the Second Xiangya Hospital, Central 
South University, China between December  2014 and 
November 2015. None of the patients had known diabetes 
or severe systemic illness, and were not taking medications 
known to affect adipose tissue mass or metabolism. The mean 
BMI was 22.9 kg/m2 (range, 16.3‑31.1 kg/m2), and the mean 
age was 40 years (range, 15‑55). In particular, 3 obese patients 
(BMI ≥30) were recruited together with 3 matched non‑obese 
patients (BMI <25) to obtain the subcutaneous adipose tissues 
for comparing the endocytosis of apoA5 by adipocytes in vivo. 
Tissue samples were immediately either frozen in liquid 
nitrogen and stored at  ‑80˚C, or digested with collagenase 
(Gibco; Thermo Fisher Scientific, Inc.) to isolate preadipocytes, 
as previously described (28). The protocol was approved by the 
Ethics Committee of Central South University (Hunan, China) 
and all patients provided written informed consent. The 3T3‑L1 
preadipocyte murine cell line was obtained from the American 
Type Culture Collection (ATCC; Manassas, VA, USA).

Cell culture. Human preadipocytes were differentiated into 
adipocytes as previously described, with a few modifica-
tions  (29). Briefly, human preadipocytes were cultured in 
DMEM/F‑12 medium supplemented with 10% FBS, 100 U/ml 
penicillin and 100 U/ml streptomycin (complete medium) 
and incubated at  37˚C in a humidified 5%  CO2/95% air 
atmosphere. At 100% confluence, cells were treated with 
differentiation medium containing DMEM/F‑12, 100 U/ml 
penicillin, 100 U/ml streptomycin, 5% FBS, 1 µM Dex, 500 µM 
IBMX, 10 µg/ml insulin and 1 µM rosiglitazone for 12 days. 
Cells continued to be cultured in differentiation medium, but 
without rosiglitazone for a further 9 days. Cells were then 
cultured in complete medium for 2 days. These cells were used 
as differentiated adipocytes in all experiments. Each medium 
was replaced with fresh medium every 3 days.

3T3‑L1 fibroblasts were cultured and differentiated into 
adipocytes as previously described  (30,31). Cells at day 8 
and day 21 post‑induction of differentiation were used as 
non‑hypertrophied and hypertrophied adipocytes, respec-
tively  (30). To render adipocytes insulin resistant, fully 
differentiated adipocytes were treated with 3 ng/ml recom-
binant murine TNF‑α for 3 days, with daily replacement of 
medium.

Knockdown of LRP1 in adipocytes. Differentiated 3T3‑L1 
adipocytes were transfected with 5 nM small interfering RNA 
(siRNA) targeting LRP1 (CGC​TGA​CCC​TAT​TTG​AAGA) 
or non-silencing control siRNA (TTC​TCC​GAA​CGT​GTC​
ACGT) using HiPerFect transfection reagent (Qiagen GmbH, 
Hilden, Germany) for up to 48 h at 37˚C, according to the 
manufacturer's instructions. The silencing effect of LRP1 
siRNA transfection was quantified by western blot analysis.
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Pulse‑chase experiment. For expression studies, apoA5 was 
labeled with 125I using Iodogen (Sigma‑Aldrich; Merck KGaA) 
according to the manufacturer's instructions. Differentiated 
3T3‑L1 adipocytes were pulsed with 125I‑labeled apoA5 
(~2x106 cpm/well) in serum‑free medium for 2 h at 37˚C. At 
the end of the pulse, the medium was aspirated and cells were 
washed three times with ice‑cold PBS, and incubated with 
heparin (10 mg/ml in PBS; Sigma‑Aldrich; Merck KGaA) 
for 3 min at room temperature, and then washed three times 
with PBS. Fresh medium was added, and cells were chased 
for various time periods (0, 1, 2, 4, 6 and 24 h) at 37˚C. At 
the end of the chase period, the medium was collected and 
cells were treated with heparin as described above. This 
heparin wash was added to the collected medium which was 
then precipitated with 13% trichloroacetic acid to estimate 
degradation of apoA5. Following heparin treatment, cells were 
collected in 0.1 M NaOH. Total cell protein was determined 
using the bicinchoninic acid assay (Novagen; Merck KGaA). 
Radioactivity (cpm) measured by gamma‑ray counter was 
normalized to cell protein, and data are expressed as total 
cpm/mg protein at each time-point.

Measurement of intracellular TG content and glycerol 
release. Differentiated human adipocytes were incubated in 
serum‑free DMEM/F‑12 in the presence of 200 ng/ml recom-
binant apoA5 for 48 h. The TG content of adipocytes was 
determined using a triglyceride quantification kit (BioVision, 
Inc., Milpitas, CA, USA) according to the manufacturer's 
instructions. For lipolysis analysis, adipocytes were washed 
with PBS once to remove the phenol red. Then 200 ng/ml 
apoA5 was added in phenol red free DMEM/F‑12 for 24 h. 
In some experiments, after apoA5 treatment, adipocytes were 
subsequently incubated with 10 µM isoproterenol for 3 h. At 
the end of incubation, the medium was collected and glycerol 
content was measured using a colorimetric assay at 412 nm 
(BioVision, Inc.).

Oil Red O staining for lipid droplets. Mature adipocytes 
grown on coverslips were washed three times with cold PBS, 
fixed in 4% paraformaldehyde for 20 min and permeabilized 
with 0.2% Triton X‑100 in PBS for 10 min at room tempera-
ture. Oil Red O (0.5% in isopropyl alcohol; Sigma‑Aldrich; 
Merck KGaA) was mixed with distilled water in the ratio of 
60:40 and filtered through 0.45 µm filters. The freshly prepared 
Oil Red O solution was added to permeabilized cells for 
30 min. These cells were then washed with PBS three times, 
incubated with 0.2 µg/ml of 4',6‑diamidino‑2‑phenylindole for 
10 min at room temperature and washed with PBS three times. 
Cells were mounted on slides with ProLong Gold antifade 
reagent (Invitrogen; Thermo Fisher Scientific, Inc.), and visu-
alized under a confocal microscope (model TCS SP5; Leica 
Microsystems, Inc., Buffalo Grove, IL, USA). The size of Oil 
Red O‑stained lipid droplets was calculated using ImageJ soft-
ware version 1.48s (National Institutes of Health, Bethesda, 
MD, USA).

Western blot analysis. Total protein lysate from frozen tissues or 
cultured cells was prepared using lysis buffer containing 50 mM 
Tris (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton X‑100, 
0.5% sodium deoxycholate and protease inhibitor (Invitrogen; 

Thermo Fisher Scientific, Inc.) on ice for 0.5 h. The cell lysates 
were centrifuged at 13,000 x g for 10 min at 4˚C. The superna-
tants were separated by 12% SDS‑PAGE and transferred onto 
polyvinylidene difluoride membranes. The membranes were 
blocked for 2 h with 5% skim milk in TBS containing 0.1% 
Tween‑20 at room temperature and incubated overnight at 4˚C 
with mouse anti‑human apoA5 (1:1,000), mouse anti‑LRP1 
(1:1,000), human anti‑Cidec (1:1,000) or human anti‑perilipin 
(1:1,000). The blots were then incubated with a corresponding 
horseradish peroxidase‑conjugated secondary antibody (goat 
anti‑rabbit IgG, 1:5,000 or rabbit anti‑mouse IgG, 1:5,000) 
for 1 h at room temperature. The immunoblot signals were 
visualized using an enhanced chemiluminescence substrate 
(Invitrogen; Thermo Fisher Scientific, Inc.) and quantified by 
ImageJ software version 1.48s (National Institutes of Health).

Reverse transcription‑quantitative polymerase chain reaction 
(RT‑qPCR). Total RNA from human differentiated adipocytes 
was isolated using TRIzol reagent (Invitrogen; Thermo Fisher 
Scientific, Inc.) according to the manufacturer's instructions. 
First strand cDNA was synthesized using a cDNA synthesis kit 
(Fermentas; Thermo Fisher Scientific, Inc.) according to the 
manufacturer's instructions. qPCR was performed on an 
ABI 7300 Real‑Time PCR instrument (Applied Biosystems; 
Thermo Fisher Scientific, Inc.) with SYBR-Green mix (Takara 
Bio Inc., Otsu, Japan) and specific primers to amplify the genes. 
An initial denaturation step at 95˚C for 30 min; 40 cycles at 
95˚C for 5 sec and 60˚C for 31 sec. Gene expression levels of 
the genes encoding cidec (CIDEC), perilipin (PLIN1), diacylg-
lycerol acyltransferase (DGAT)  1, DGAT2, stearoyl‑CoA 
desaturase 1 (SCD1), HSL, adipose triglyceride lipase (ATGL), 
nuclear respiratory factor 1 (NRF1), subunit IV of cytochrome c 
oxidase (COXIV, officially known as COX4I1), PPARγ coacti-
vator 1α (PGC1α), uncoupling protein 1 (UCP1) and forkhead 
box C2 (FOXC2), were normalized to 18S rRNA, and presented 
as the fold change relative to the control. The following primer 
sequences were used: CIDEC sense, 5'‑AAG​TCC​CTT​AGC​
CTT​CTC​TACC‑3' and antisense, 5'‑CCT​TCC​TCA​CGC​TTC​
GATCC‑3'; PLIN1 sense, 5'‑GAC​CTC​CCT​GAG​CAG​GAG​
AAT‑3' and antisense, 5'‑GTG​GGC​TTC​CTT​AGT​GCT​GG‑3'; 
DGAT1 sense, 5'‑AAC​CTC​ATC​AAG​TAT​GGC​ATCCT‑3' and 
antisense, 5'‑CAT​TGG​CCG​CAA​TAA​CCA​GG‑3'; DGAT2 
sense, 5'‑AAG​ACC​CTC​ATA​GCC​GCC​TA‑3' and antisense, 
5'‑TTG​GAC​CTA​TTG​AGC​CAG​GTG‑3'; SCD1 sense, 5'‑TCT​
AGC​TCC​TAT​ACC​ACC​ACCA‑3' and antisense, 5'‑TGT​CGT​
CTT​CCA​AGT​AGA​GGG‑3'; HSL sense, 5'‑TCA​GTG​TCT​AG 
G​TCA​GAC​TGG‑3' and antisense, 5'‑AGG​CTT​CTG​TTG​GGT​
ATT​GGA‑3'; ATGL sense, 5'‑ATG​GTG​GCA​TTT​CAG​ACA​
ACC‑3' and antisense, 5'‑CGG​ACA​GAT​GTC​ACT​CTCGC‑3'; 
NRF1 sense, 5'‑AAC​AAA​ATT​GGG​CCA​CGT​TACA‑3' and 
antisense, 5'‑TCT​GGA​CCA​GGC​CAT​TAG​CA‑3'; COXIV 
sense, 5'‑CAG​GGT​ATT​TAG​CCT​AGT​TGGC‑3' and antisense, 
5'‑GCC​GAT​CCA​TAT​AAG​CTG​GGA‑3'; PGC1α sense, 
5'‑TCT​GAG​TCT​GTA​TGG​AGT​GACAT‑3' and antisense, 
5'‑CCA​AGT​CGT​TCA​CAT​CTA​GTTCA‑3'; UCP1 sense, 
5'‑AGG​TCC​AAG​GTG​AAT​GCCC‑3' and antisense, 5'‑GCG​
GTG​ATT​GTT​CCC​AGGA‑3'; FOXC2 sense, 5'‑CCT​CCT​GG 
T​ATC​TCA​ACC​ACA‑3' and antisense, 5'‑GAG​GGT​CGA​GTT​
CTC​AAT​CCC‑3'; 18S rRNA sense, 5'‑GCT​TAA​TTT​GAC​
TCA​ACA​CGG​GA‑3' and antisense, 5'‑AGC​TAT​CAA​TCT​
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GTC​AAT​CCT​GTC‑3'. Gene expression levels were quantified 
using the 2‑ΔΔCq method and normalized to the internal refer-
ence gene 18S rRNA (32).

Statistical analysis. Statistical comparisons between 2 groups 
were assessed by a two‑tailed, unpaired Student's t-test. 
Comparisons between ≥3 groups were analyzed by one‑way 
analysis of variance followed by a Newman‑Keuls post hoc 
test. P<0.05 was considered to indicate a statistically signifi-
cant difference. Data are expressed as the mean ± standard 
error of ≥3 independent experiments.

Results

Decreased endocytosis of apoA5 by adipocytes in obese and 
insulin resistant states. 3T3‑L1 fibroblasts were completely 
differentiated into adipocytes after 8 days incubation with 
induction media. For generating hypertrophied adipocytes, 
3T3‑L1 adipocytes were cultured up to 21  days after the 
induction of differentiation. Oil red O staining exhibited a 
gradual increase in lipid accumulation from day 8 to day 21 
(Fig.  1). At 4  h after the addition of apoA5, internalized 
apoA5 was quantified by immunoblotting. During the course 
of adipocyte hypertrophy, apoA5 internalization was signifi-
cantly lower on day 21 (15%) in hypertrophied cells than that 
on day 8 in non‑hypertrophied control cells (Fig. 2A). Using 
a pulse‑chase protocol in which cells were incubated with 
[125I]‑labeled apoA5 and chased for various time-points up to 
24 h after removal of the radiolabeled sample, internalized, 
labeled apoA5 in hypertrophied adipocytes was significantly 
decreased by 66% compared with control cells (Fig. 2B). The 
quantity of degraded apoA5 in the medium was increased in 
a time‑dependent manner during the chase period, reaching 
63% of total apoA5 at the 24 h time-point both in hypertro-
phied and non‑hypertrophied adipocytes (data not shown).

Similar results were observed in the case of the 
insulin‑resistant adipocytes. An in vitro model of metabolic 
insulin resistance was established using TNF‑α‑treated 
3T3‑L1 adipocytes, as described previously  (33). Western 
blot analysis revealed that TNF‑α treatment decreased apoA5 
internalization by 52% (P<0.05; Fig. 3A). Similar data was 
also confirmed by a pulse‑chase experiment (Fig. 3B).

To determine the impact of obesity on apoA5 expression in 
human adipose tissue, we obtained subcutaneous abdominal 
adipose tissue biopsies from 6 patients with a wide range of BMI. 
The apoA5 protein was detected in these human adipose tissue 
samples. The amount of apoA5 was significantly reduced by 69% 
in the obese group as compared with the non‑obese group (Fig. 4).

Silencing of LRP1 expression inhibits apoA5 expression by 
adipocytes. It was investigated whether knockdown of LRP1 

Figure 1. Morphological alterations in 3T3‑L1 adipocytes during adipocyte hypertrophy. Oil red O staining was performed at day 8 (non‑hypertrophied cells) 
and day 21 (hypertrophied cells). Original magnification, x200.

Figure 2. Endocytosis of apoA5 in hypertrophied adipocytes (21 days of 
differentiation) is reduced compared with the non‑hypertrophied control 
(8 days of differentiation). (A) Western blot analysis of apoA5 expression 
in hypertrophied adipocytes. Differentiated 3T3‑L1 adipocytes at day 8 
and day 21 were starved in serum‑free medium for 12 h. Cells were then 
incubated in serum‑free medium in the presence of 600  ng/ml recom-
binant human apoA5 for 4 h. β‑actin served as a loading control. #P<0.05 
vs. control. (B) Differentiated 3T3‑L1 adipocytes at day 8 and 21 were 
pulsed with 125I‑apoA5 for 2 h in serum‑free medium and chased for various 
time‑points up to 24 h. Radioactivity (cpm) was normalized to cell protein, 
and data are expressed as total cpm/mg protein at each time-point. Data 
are expressed as the mean ± standard error of 3 independent experiments. 
ApoA5, apolipoprotein A5.
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expression in adipocytes prevents apoA5 internalization. After 
48 h transfection of differentiated 3T3‑L1 adipocytes with 
LRP1 siRNA, knockdown efficiency was 87% (P<0.05) as 
determined by western blot analysis (Fig. 5A). The reduction 
of LRP1 expression resulted in decreased apoA5 uptake by 
adipocytes (~70%), as determined by western blot analysis and 
the pulse‑chase experiment (Fig. 5B and C).

ApoA5 significantly decreases TG accumulation in adipo‑
cytes but does not affect lipid droplet formation. Our previous 

study revealed that treatment with 200 and 600 ng/ml apoA5 
for 48 h significantly decreased intracellular TG levels in 
human adipocytes (12). As 200 ng/ml is within the normal 
range of human plasma levels of apoA5 (5.4‑455.6 ng/ml) (6), 
this concentration was used in the present study. ApoA5 
treatment for 48 h led to a significant decrease in TG content 
in adipocytes, which was consistent with our previous find-
ings (6) (P<0.001; Fig. 6A). Next, the effect of apoA5 on the 
morphological changes of lipid droplets was investigated. Oil 
Red O staining and confocal microscopy revealed that apoA5 
treatment did not affect lipid droplet formation in adipocytes; 
however, the lipid droplets in apoA5‑treated cells were gener-
ally smaller than those in control cells (Fig. 6B and C).

ApoA5 markedly decreases the expression of the genes enco
ding cidec and perilipin in adipocytes. RT‑qPCR analysis 
revealed that apoA5 decreased CIDEC mRNA expression 
levels in a time‑dependent manner with maximal effect at 48 h 
(Fig. 7A). Treatment with apoA5 for 48 h decreased CIDEC 
mRNA expression levels by 71%. Similarly, apoA5 significantly 

Figure 3. Expression of apoA5 by adipocytes in an insulin‑resistant state. 
Fully differentiated 3T3‑L1 adipocytes for 8 days were treated for 3 days 
with PBS (control adipocytes) or with 3 ng/ml recombinant murine TNF‑α 
to render them insulin resistant. (A) Western blot analysis of the uptake of 
apoA5 in control and insulin‑resistant adipocytes following incubation with 
600 ng/ml recombinant human apoA5 for 4 hrs. β‑actin served as a loading 
control. #P<0.05 vs. control. (B) Normal and insulin‑resistant adipocytes 
were pulsed with 125I‑apoA5 for 2 h in serum‑free medium and chased for 
various times after various time-points up to 24 h. Radioactivity (cpm) was 
normalized to cell protein, and data are expressed as total cpm/mg protein 
at each time-point. Data are expressed as the mean ± standard error of 
3 independent experiments. ApoA5, apolipoprotein A5.

Figure 4. ApoA5 protein levels in obese and non‑obese human adipose 
tissue. Western blot analysis of apoA5 in subcutaneous abdominal adipose 
tissue from obese (BMI  ≥30) (n=3) and non‑obese (BMI  <25) humans 
(n=3). The experiment was performed three times. *P<0.05 vs. control. 
ApoA5, apolipoprotein A5.

Figure 5. Expression of apoA5 by adipocytes following LRP1 siRNA trans-
fection. (A) Efficiency of LRP1 siRNA knockdown as determined by western 
blot analysis. *P<0.05 vs. control. (B) Western blot analysis of apoA5 protein 
expression in differentiated 3T3‑L1 adipocytes transfected with LRP1 siRNA 
or nonsilencing siRNA following incubation with 600 ng/ml recombinant 
human apoA5 for 4 h. *P<0.05 vs. control. (C) Transfected cells were pulsed 
with 125I‑apoA5 for 2 h in serum‑free medium and collected at the end of pulse 
period. *P<0.05 vs. control. Data are expressed as the mean ± standard error 
of 3 independent experiments. ApoA5, apolipoprotein A5; LRP1, low‑density 
lipoprotein receptor protein 1; siRNA, small interfering RNA.
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decreased PLIN1 mRNA expression levels by 45%, with maxi
mal effect at 24 h (Fig. 7B). Western blot analysis further 
confirmed that apoA5 reduced the protein expression levels of 
cidec and perilipin in human adipocytes (Fig. 7C).

ApoA5 treatment results in enhanced lipolysis and upregulated 
expression of the brown fat‑specific gene UCP1. To further 
address the potential regulation of TG‑associated metabolic 
processes by apoA5, lipolysis in adipocytes was measured 
following apoA5 treatment. Measurement of glycerol released 
into the medium during culture of cells under basal conditions 
for 24 h revealed that lipolysis was significantly increased 
in apoA5‑treated adipocytes. Examination of lipolysis in 

response to β‑adrenergic stimulation revealed that treatment 
with apoA5 also enhanced isoproterenol‑induced lipolysis in 
human adipocytes (Fig. 8).

Next, the effects of apoA5 on expression of genes asso-
ciated with lipid synthesis and hydrolysis in adipocytes was 
investigated. RT‑qPCR analysis was performed 48 h after 
intervention of apoA5 and revealed that the mRNA expres-
sion levels of DGAT1, DGAT2 and SCD1, all of which 
participate in lipid synthesis, did not significantly differ 
between apoA5‑treated and control adipocytes (Fig. 9A). In 
addition, mRNA expression levels of HSL and ATGL, both 
of which contribute to TG hydrolysis in adipocytes, were not 
significantly different between the apoA5‑treated and control 
cells (Fig. 9B). In addition, the expression of genes associated 
with mitochondrial biogenesis or oxidative phosphorylation 
were measured. Treatment of apoA5 for 48 h did not affect 
the mRNA expression levels of NRF1, COXIV and PGC1α in 
adipocytes (Fig. 9C). Finally, the mRNA expression levels of 
brown fat‑specific gene UCP1 were measured, which serves 
a role in uncoupling oxidative phosphorylation and converts 
this proton gradient energy into heat to maintain normal body 
temperature (34). UCP1 mRNA expression levels were signifi-
cantly increased (~1.87‑fold; P<0.05) by apoA5 treatment for 
48 h (Fig. 9D). The mRNA expression levels of FOXC2, which 
is an important regulator of UCP1 (35), were also signifi-
cantly elevated (P<0.05; Fig. D). These results suggested that 
the decrease in TG accumulation in human adipocytes after 
apoA5 treatment may be accompanied by increased lipolysis, 
uncoupling or thermogenesis, but not by increased mitochon-
drial biogenesis or oxidative phosphorylation.

Figure 6. ApoA5 treatment reduces the TG concentration but did not affect 
lipid droplet formation in human adipocytes. Differentiated adipocytes 
were starved in serum‑free medium for 12 h. Cells were then incubated in 
serum‑free medium in the presence or absence of 200 ng/ml apoA5 for 48 h. 
(A) TG concentration in adipocytes was determined. ***P<0.001 vs. control. 
(B) Cells were stained with Oil Red O and 4',6‑diamidino‑2‑phenylindole. 
Representative images from confocal microscopy analysis are presented. 
Scale bar, 30 µm. (C) Quantification of droplet number per cell (left graph) 
and mean droplet size (right graph) after treatment with or without apoA5. 
Data are expressed as the mean ± standard error of at 5 independent experi-
ments. ApoA5, apolipoprotein A5; TG, triglyceride.

Figure 7. ApoA5 reduces the expression levels of the genes encoding cidec 
and perilipin in human adipocytes. Differentiated adipocytes were starved in 
serum‑free medium for 12 h. Cells were then incubated in serum‑free medium 
in the presence or absence of 200 ng/ml apoA5 for various time‑points up to 
48 h. mRNA expression levels of (A) CIDEC and (B) PLIN1. The mRNA 
expression levels of each gene normalized relative to 18S rRNA expression, 
and presented as mRNA levels relative to the 0 h control (without apoA5). 
***P<0.001 vs. control. (C)  Western blot and densitometric analysis of 
cidec, perilipin and β‑actin (control) expression levels in adipocytes 24 h 
after 200 ng/ml apoA5 treatment. Data are expressed as the mean ± stan-
dard error of 3 independent experiments. *P<0.05 and **P<0.01 vs. control. 
ApoA5, apolipoprotein A5; CIDEC, cidec gene; PLIN1, perilipin gene.
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Discussion

The present study revealed that apoA5 protein was detected 
in human subcutaneous abdominal adipose tissues ex vivo, 
indicating that circulating apoA5 may be internalized by 
adipocytes in vivo. This finding concurs with our previous 
results in vitro (12). It was demonstrated that apoA5 expres-
sion was significantly decreased in both adipose tissue from 
obese patients and hypertrophied or insulin resistant 3T3‑L1 
adipocytes. The underlying mechanism for this phenomenon 
is unknown but it is possibly due to reduced uptake of apoA5, 
as the degraded rates of the apoA5 protein was similar in 
adipocytes under different conditions, as revealed by the 
pulse‑chase experiment. The present study demonstrated that 
knockdown of LRP1 by siRNA transfection in adipocytes 
resulted in decreased apoA5 expression, suggesting that LRP1 
serves a role in apoA5 uptake by adipocytes. As LRP1 has 
been demonstrated to be upregulated in obese mouse adipo-
cytes and obese human adipose tissues (36), the decreased 
uptake of apoA5 is possibly due to reduced endocytic activity 
of LRP1. Hypertrophied adipocytes usually exhibit modified 
metabolic properties and develop insulin resistance  (37). 
Under physiological conditions, insulin mediates recycling of 
LRP1 from an endosomal pool to the plasma membrane in 
differentiated adipocytes, resulting in an increase in the cell 
surface presentation of LRP1 and a concomitant increased 
endocytic activity (38,39). Taken together, it may be hypoth-
esized that, during insulin resistance, the movement of LRP1 
from intracellular structures to the cell surface is attenuated, 
leading to decreased apoA5 endocytosis by adipocytes.

It was previously demonstrated that internalized apoA5 
by human adipocytes was associated with lipid droplets and 
decreased cellular TG content (12). In the present study, the 
underlying mechanism of adipocytes regulation and TG 
storage was investigated. The results revealed that treatment 
with recombinant apoA5 significantly decreased the expres-
sion of the genes encoding cidec and perilipin, both of which 
localize to the surface of lipid droplets and serve roles in the 
negative regulation of lipolysis and promotion of TG accu-
mulation in adipocytes. ApoA5‑treated adipocytes exhibited 

increased lipolysis activity. This data concurred with observa-
tions of Nishino et al (22), who revealed that depletion of cidec 
or perilipin by siRNA transfection in cultured adipocytes 
enhanced basal and isoproterenol‑induced lipolysis, whereas 
depletion of cidec and perilipin increased basal and stimulated 
lipolysis in an approximately additive manner. These results 
suggested that the reduced expression of cidec and perilipin 
induced by apoA5 may contribute individually to enhanced 
lipolysis activity. However, isolated adipocytes of perilipin 
null mice have been demonstrated to exhibit attenuated stimu-
lated lipolytic activity and elevated basal lipolysis (18,19). This 

Figure 8. Effects of apoA5 treatment on glycerol concentration in human 
adipocytes. Differentiated adipocytes were incubated in serum‑free medium 
in the presence or absence of 200 ng/ml apoA5 for 24 h. Cells were then 
incubated for 3 h in the absence (basal) or presence of 10 µM isoproterenol, 
after which concentrations of glycerol in the culture medium were measured. 
Data are expressed relative to the value for control cells, and are expressed as 
the mean ± standard error of 3 independent experiments. *P<0.05 vs. control. 
ApoA5, apolipoprotein A5.

Figure 9. Effects of apoA5 treatment on the expression of lipid synth
esis‑associated genes in human adipocytes. mRNA expression levels 
of (A)  lipolysis‑associated genes, (B)  TG hydrolysis‑associated genes, 
(C) mitochondrial biogenesis or oxidative phosphorylation‑associated genes 
and (D) BAT‑specific genes in human adipocytes, 48 h after 200 ng/ml 
apoA5 treatment. Data were normalized to 18S rRNA mRNA expression 
levels, and are expressed as the mean ± standard error of 5 independent 
experiments. *P<0.05 vs. control. ApoA5, apolipoprotein A5; DGAT, diacyl-
glycerol acyltransferase; SCD1, stearoyl‑CoA desaturase 1; TG, triglyceride; 
HSL,  hormone‑sensitive lipase; ATGL, adipose triglyceride lipase; 
NRF1, nuclear respiratory factor 1; COXIV, subunit IV of cytochrome c 
oxidase; PGC1a, PPARγ coactivator 1α; UCP1, uncoupling protein  1; 
FOXC2, forkhead box C2; BAT, brown adipose tissue.

https://www.spandidos-publications.com/10.3892/mmr.2017.7461


6778 ZHENG et al:  INTERACTION OF apoA5 WITH ADIPOCYTES

discrepancy may be due to incomplete depletion of perilipin 
in the present study and the study by Nishino et al (22), as 
the remaining perilipin may still facilitate lipase action in 
response to catecholamine stimulation.

In addition to alterations in lipid accumulation and 
enhanced lipolysis, cidec/Fsp27 deficient adipocytes acquire 
a BAT‑like property, including the formation of multiple small 
lipid droplets, an elevated rate of lipid oxidation, upregulated 
mitochondrial activity and expression of BAT‑specific gene 
UCP1 (22,23), which is not observed in perilipin depleted 
adipocytes. FOXC2, a crucial regulator of the cyclin adenosine 
monophosphate pathway that promotes BAT differentia-
tion, has also been demonstrated to increase in the WAT of 
Fsp27-knockout mice (23). Additionally, Sawada et al (40) 
revealed that perilipin overexpression causes a significant 
reduction in Fsp27 (82% reduction) which is associated with 
decreased adipocyte size, upregulation of UCP1 and genes 
involved in fatty acid oxidation and a decrease in lipogenic 
genes, suggesting that attenuation of Fsp27 is crucial in 
mediating these metabolic processes. Consistent with these 
previous observations, the present study revealed that the 
downregulation of cidec by apoA5 treatment was accompa-
nied by increased gene expression levels of UCP1 and FOXC2 
in human adipocytes, suggesting that apoA5 may upregulate 
these genes by decreasing cidec expression. Enhanced FOXC2 
expression may contribute to the increased expression of 
UCP1. However, alterations in expression of genes associated 
with fatty acid oxidation, mitochondrial biosynthesis and lipid 
droplet formation, including DGAT1, DGAT2, SCD1, HSL, 
ATGL, NRF1, COXIV and PGC1α, was not observed. As the 
present study only observed a 71% reduction of cidec induced 
by apoA5, it is possible that this may be due to incomplete 
depletion of cidec, which requires clarification with future 
research.

UCP1 is an inner mitochondrial membrane protein that 
may dissipate mitochondrial membrane potential, partially 
uncouple substrate oxidation and oxidative phosphorylation 
and promote the dissipation of cellular biochemical energy as 
heat to maintain body temperature (41). In particular, UCP1 
is enriched in BAT and is minimally present in WAT (42). 
Strategies aimed at increasing UCP1 expression in adipose 
cells are of great interest in view of evidence that ectopic 
expression of UCP1 is significantly associated with a reduction 
in TG content in adipocytes or adipose tissue (43‑45), and that 
a reduced brown adipose‑like phenotype in WAT depots may 
contribute to obesity and type 2 diabetes in humans (46,47). 
Therefore, alteration of energy balance via an increased utiliza-
tion of fat in WAT may be a promising target for the treatment 
of obesity and metabolic syndrome. In the present study, in 
the presence of apoA5, the mRNA expression levels of UCP1 
were significantly increased in differentiated human adipo-
cytes. Although ~2‑fold increase in UCP1 induced by apoA5 
is relatively mild, this small alteration in UCP1 expression 
may contribute to efficient energy dissipation and decreased 
TG accumulation. Toh et al  (23) demonstrated that deple-
tion of Fsp27 in differentiated mouse embryonic fibroblasts 
causes increased expression levels of UCP1 by ~2‑fold, and is 
accompanied by reduced intracellular TG content. Consistent 
with this in vitro data, a clinical study by Oberkofler et al (46) 
also revealed that lean subjects have ~2‑fold increased UCP1 

mRNA expression levels in the intraperitoneal adipose tissue 
compared with that of obese groups. The present study 
revealed that apoA5 may behave as a regulator to promote 
UCP1 gene expression in human adipocytes, suggesting that 
apoA5 may exert its protection against obesity by inducing 
white adipocytes to acquire certain characteristics of brown 
adipocytes and increasing energy consumption.

In conclusion, the present study suggested that apoA5 
may be internalized by adipocytes both in vivo and in vitro, 
primarily via binding to LRP1. The uptake of apoA5 was 
attenuated in human obese adipose tissues and in cultured 
adipocytes with hypertrophy or insulin resistance. In addition, 
decreased TG accumulation in human adipocytes induced by 
apoA5 intervention may be associated with enhanced lipolysis 
and energy expenditure, which may result from reduced 
expression of cidec and perilipin. These findings may provide 
a greater understanding of the roles of apoA5 in regulating the 
intracellular TG metabolism of adipocytes. Under hypertro-
phied and insulin resistant conditions, attenuated endocytosis 
of apoA5 by adipocytes may lead to excessive augmentation 
of TG storage and abnormal metabolism of adipocytes, which 
promotes the development of obesity. As a novel regulator 
of lipid storage in adipocytes, apoA5 may serve an impor-
tant role in whole body energy homeostasis and may be a 
potential therapeutic target for the treatment of obesity and 
obesity‑associated disorders.
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