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Role of Rab5 in the formation of
macrophage-derived foam cell
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Abstract

Background: Foam cells play a key role in the occurrence and pathogenesis of atherosclerosis. Its formation starts
with the ingestion of oxidized low-density lipoprotein (oxLDL). The process is associated with Ras related protein in
brain 5 (Rab5) which plays a critical role in regulating endocytosis and early endosomal trafficking. Base on this, we
presumed that Rab5 might participate in the maturation of foam cell. The aim of this study is to investigate the
effect of Rab5 on macrophage cholesterol during the evolvement of macrophage when induced by oxLDL to the
formation of foam cell.

Methods: Immunohistochemistry was performed to analyze the distribution of macrophages and Rab5 in
atherosclerotic plaque. RNA inteference study and transfection of inactive mutant (GFP-Rab5-S34N) and active
mutant (GFP-Rab5-Q79L) in U937-derived macrophage were utilized to investigate the impact of Rab5 on the
process of macrophage cholesterol, which could be detected by oil red O staining, determination of intracellular
lipid content, filipin staining, nile red staining and the costaining of early endosome antigen-1 (EEA-1) and 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylin dicarbocyanine (Dil)-labelled oxLDL (Dil-oxLDL).

Results: Rab5 was found abundantly localized in macrophage rich areas of human atherosclerotic lesions. On the
foam cell study, the expression of Rab5 was increased after the incubation of oxLDL. The inteference study
indicated the depletion of Rab5 led to the decreases of oil red O staining areas, total cholesterol and cholesterol
esters in U937-derived marophages. Moreover, the fluorescence intensity of filipin and nile red staining were lower
in GFP-Rab5-S34N as compared with GFP-Rab5-Q79L. The confocal study demonstrated less Dil-oxLDL was
internalized in GFP-Rab5-S34N as compared with GFP-Rab5-Q79L; the result showed also the decrease in
colocalization of internalized Dil-oxLDL and EEA-1 for GFP-Rab5-S34N as compared with GFP-Rab5-Q79L.

Conclusions: Rab5 plays an important role in modulating the intracellular cholesterol of macrophages and
consequently mediating the formation of foam cells.
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Background
Atherosclerosis is a chronic inflammatory disease in
which an artery-wall thickens as a result of the accumu-
lation of low-density lipoprotein (LDL) cholesterol [1].
LDL particles invade endothelium and are oxidized as
oxidized LDL (oxLDL) which deposits and initiates the
formation of atherosclerotic plaque; Internalization of
oxLDL by macrophages and smooth muscle cells leads
to formation of foam cells [2].

The macrophage-derived foam cells play a key role in
the occurrence and pathogenesis of atherosclerosis [3].
The formation of foam cells starts with the ingestion of
oxLDL by macrophage via its scavenger receptors (SRs)
[4]. Gradually, the increase in the influx and esterification
of cholesterol combined with the decrease of the efflux re-
sults in the increase in the accumulation of cellular chol-
esterol ester (CE). The CE gathered in abundance is
stored as cytoplasmic lipid droplets and leads to the for-
mation of macrophage-derived foam cells [5]. However,
the mechanism by which oxLDL enters a macrophage is
still unclear.* Correspondence: luoxp2007@aliyun.com
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Ras-related protein in brain 5 (Rab5) belongs to the
family of Rab GTPases, which play a critical role in regu-
lating vesicular transport and membrane-cytoskeleton
interaction [6]. In addition, Rabs are essential in the
transportation and fusion of endosomes which occur in
the pathways of endocytosis and exocytosis. These pro-
cesses are achieved by modulation of Rabs which switch
between GTP-bound active form and the GDP-bound
inactive form [7]. Rab5 plays a key role in receptor-
mediated endocytosis [8] and particularly in early endo-
somal fusion [9]. Rab5 also regulates the dynamics of
early endosomes [10]. Previous studies have shown that
Rab5 implicates in the docking reaction of early endo-
somes to lipid droplets [11]. Whether Rab5 is involved
in facilitating the entry of oxLDL into macrophages and
the formation of foam cell is not yet reported so far.
With its function in the endocytosis and early endoso-

mal trafficking, we presumed that Rab5 might partici-
pate in the regulation of the delivery of cholesterol and
thus affects the formation of foam cell.
In this study, we investigated the effect of Rab5 on

macrophage cholesterol during the evolvement of macro-
phage when induced by oxLDL to the formation of foam
cell. Based on the investigation, we could establish a con-
nection between Rab5 and the formation of foam cells.

Methods
Immunohistochemistry
Formalin-fixed, paraffin-embedded sections were sub-
jected to immunohistochemical staining using primary
antibodies against Rab5 (rabbit anti-human IgG mono-
clonal antibodies, Cell Signaling Technology, USA) and
CD68 (Goodbio Technology, Wuhan, China). Briefly, the
sections were deparaffinized and rehydrated in a graded
series of ethanol concentration. For antigen retrieval, the
sections were heated in an EDTA buffer (pH 9.0). After
that, the sections were incubated with 3% H2O2 in the
dark for 25 min to quench the activity of endogenous
peroxidase. After blocking with 3% bovine serum albu-
min (BSA), the primary antibody was added in the indi-
cated dilutions, and then incubated overnight at 4 °C.
After washing, the sections were treated with biotinly-
lated second antibody at room temperature for 50 min.
Then, horseradish peroxidase (HRP) was applied and the
antigen signal area was developed by 3,3-diaminobenzi-
dine (DAB). All sections were counterstained with
haematoxylin. Images were captured using Pannoramic
250 FLASH (3D Histech, Hungary) and a C2+ confocal
microscopy (Nikon Instruments, Japan).

Cell culture
Human monocytic leukemic cell line U937 was obtained
from the cell bank of Shanghai Institute of Biological
Sciences, the Chinese Academy of Sciences. U937 cells

were cultured in RPMI 1640 (Hyclone, USA) with 10%
(v/v) fetal bovine serum (FBS) (Zhejiang Tianhang Bio-
technology, China) at 37 °C in a 5% CO2 humidified incu-
bator. For each experiment, equal amount (3 × 105cells/ml)
of U937 cells were incubated with 100 nmol/ml Phorbol
12-myristate 13-acetate (PMA) (Sigma Adrich, USA) for
72 h to differentiate into macrophages. Cells were then cul-
tured for another 48 h without PMA. More than 90% of
the cells adhered to dishes, which demonstrated that most
of the cells had differentiated into macrophages. Non-
adherent cells were washed off with PBS and only adherent
cells were used for further study.

LDL isolation and modification
oxLDL was purchased from Yiyuan biotechnologies
(Guangzhou, China). Briefly, the LDL was isolated from
blood-bank-produced human plasma by ultra-
centrifugation (1.019–1.063 g/ml). For the preparation of
oxLDL, LDL was oxidized using 5 μM Cu2SO4 (oxidant)
in PBS at 37 °C for 20 h. Following that, oxidation was
terminated by adding excess EDTA-Na2. The extent of
modification was analyzed on agarose gel electrophoresis
[12, 13]. The oxLDL used in this study migrated 2 fold
further than the native LDL.

Oil red O staining
Cells were washed 2 times with PBS and fixed with 4%
paraformaldehyde at room temperature for 20 min. After
washing 2 times with deionized water, the cells were
stained with 0.3% Oil red O solution (dissolved in isopro-
panol:water, 3:2) at 37 °C for 3 h. The Oil red O solution
was removed and the cells were washed with deionized
water for 3 times. Prior to sealing with neutral gum, the
slides were stained with haematoxylin. Images were cap-
tured using an Olympus IX73 inverted microscope.

Determination of intracellular lipid content
The extraction process was based on the method de-
scribed by Bligh and Dyer [14]. Briefly, after extensive
wash, the cells were pelleted and resuspended in a lysis
buffer (Beyotime, China) containing 1 mM phenylmetha-
nesulfonylfluoride (PMSF). The supernatant was col-
lected after centrifugation at 12000 rpm for 15 min at
4 °C. Protein concentrations were measured using the
Enchanced BCA Protein Assay Kit (Beyotime, China).
100 μl of lysate was placed in a microtube, and then
125 μl of chloroform and 250 μl of methanol were
added. The mixture was vortexed for 1 min. The apolar
and polar phases were divided by the addition of 125 μl
of chloroform and 125 μl of distilled water. The mixture
was centrifuged at 1000 rpm at room temperature for
5 min. The lower lipid containing phase was recovered
and transferred to a clean microtube. Total cholesterol
(TC) and free cholesterol (FC) contents were determined
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using the Cholesterol Quantification Kit (Sigma Aldrich,
USA) and measured using a BioTek Synergy NEO (Bio-
Tek Instrument, USA) at the absorbance of 570 nm. CE
was determined as the difference between TC and FC
(TC minus FC) and was expressed in units of mg/g cel-
lular protein.

Quantitative RT/PCR (qRT-PCR)
Total cellular RNA was extracted using the RNAprep Pure
Cell/Backeria Kit (Tiangen Biotech, Beijing, China) ac-
cording to the manufacturer’s instructions, and the com-
plementary DNA (cDNA) was synthesized using a
PrimeScript™ RT Master Mix (Takara, Japan). qRT-PCR
was carried out using a SYBR Premix Ex Taq™ II (Takara,
Japan) and performed according to the manufacturer’s in-
structions. The reactions were performed for 40 cycles of
95 °C for denaturation and 60 °C for annealing and exten-
sion using an ABI 7500 real-time PCR system (Applied
BioSystem, USA). The relative amount of mRNA was cal-
culated with the β-actin (ACTB) mRNA as the invariant
control. The primer sequences used were: Rab5, 5′-
TGTGGACACTTGTTTCATTGG-3′ and 5′-GTGGA-
GAAATGGGCTGGTTA-3′. ACTB, 5′-CCTGGCACC-
CAGCACAAT-3′ and 5′-GGGCCGGACTCGTCATAC-
3′. Fold induction values were calculated using the 2ΔΔCt

method. The abundance of mRNA was normalized with
ACTB, and the value was expressed as “relative gene
expression”.

Western blot
Cells were lysed with a lysis buffer containing 1 mM
PMSF. The supernatant was obtained after centrifuga-
tion at 12000 rpm for 15 min at 4 °C. After measure-
ment of the protein concentration, the samples were
mixed with a loading buffer and boiled for 8 min. The
samples were then electrophoresed through a 5–12%
Tris-HCl SDS-PAGE (110 V, 1.5 h) and transferred to
Immobilon-P PVDF Transfer Membranes (Millipore,
USA) with 100 V for 50 min. The membranes were
blocked in a TBS-T buffer containing 5% nonfat milk at
room temperature for 1 h, and then incubated accord-
ingly with rabbit anti-human Rab5 antibody (Cell Signal-
ing Technology, USA) at 4 °C overnight. After washing
with the TBS-T buffer, the filter was incubated with goat
anti-rabbit horseradish peroxidase antibody (Jackson
ImmunoResearch Laboratories, USA) at a concentration
of 1:5000 for 1 h. Immobilon Western Chemilumines-
cent HRP Substrate (Millipore, USA) was used to detect
these proteins and exposed to ImageQuant LAS 4000
(GE Healthcare Life Sciences, USA).

RNA interference
Duplexes of siRNAs were synthesized by GenePharma
(Shanghai, China). Three different oligonucleotides were

composed by GenePharma and were used to silence Rab5.
The three different sequences of the siRNAs were as fol-
lows: the first sequence comprised of siRab5–661 siRNA
sense strand 5′-GCC AAU UUC AUG AAU UUC ATT-
3′, with antisense of 5′-UGA AAU UCA UGA AAU UGG
CTT-3′; the second sequence comprised of siRab5–775
sense 5′-CAG CCA UAG UUG UAU AUG ATT-3′, with
antisense of 5′-UCA UAU ACA ACU AUG GCU GTT-
3′; the third sequence comprised of siRab5–938 sense 5′-
GUC CUA UGC AGA UGA CAA UTT-3′, with antisense
is 5′-AUU GUC AUC UGC AUA GGA CTT-3′. The
negative control (siCTL) siRNA sense strand is 5′- UUC
UCC GAA CGU GUC ACG UTT-3′, with antisense of
5′-ACG UGA CAC GUU CGG AGA ATT-3′. For trans-
fection, cells were transfected with Lipofectamine 2000
(Life Technologies, USA) according to the manufacturer’s
instructions. The transfection effect was observed under a
fluorescent microscopy (Olympus IX73 inverted micro-
scope). The gene silencing effect was analyzed by qRT-
PCR 48 h after transfection.

Cell Transfection
Rab5 mutants were described elsewhere [15]. The pEGFP-
Rab5-S34N and pEGFP-Rab5-Q79L were constructed by
cloning Rab5-S34N and Rab5-Q79L into the EcoRI/
BamHI sites of GV144 (Genechem, Shanghai, China), and
verified by sequencing. Transfection was performed using
Lipofectamine 2000 (Life Technologies, USA) according
to the manufacturer’s instructions. For each transfection,
0.5 μg/well of DNA was used in 24-well plates. Experi-
ments were carried out 72 h after transfection.

Immunofluorescence and confocal microscopy
Cells were washed with PBS and fixed with 4% parafor-
maldehyde for 15 min at room temperature. After wash-
ing 3 times with PBS, intracellular FC and CE was
visualized using filipin (Sigma Adrich, USA) and nile red
(Life Technologies, USA) staining, respectively. For fili-
pin staining, a fresh 5 mg/ml filipin stock solution pre-
pared in DMSO was diluted to a concentration of 50 μg/
ml with PBS containing 10% FBS. The cells were stained
with 50 μg/ml filipin solution in the dark for 30 min.
For nile red staining, 10 mg/ml nile red stock solution
prepared in acetone was diluted at 1:10,000 in PBS as
working solution. The cells were stained with 1 μg/ml
nile red solution in the dark for 30 min. The solution
was removed and the cells were mounted and then
washed 3 times with PBS. Filipin and nile red signals of
stained cells were analyzed using an Olympus IX73
inverted microscope at excitation wavelength of 320 nm
and 552 nm, respectively. The distribution and level of
intracellular oxLDL were analyzed after 3 h incubation of
40 μg/ml 1,1′-dioctadecyl-3,3,3′,3′-tetramethylin dicarbo-
cyanine (Dil)-labelled oxLDL (Dil-oxLDL) followed by
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fixation with 4% paraformaldehyde. Images were acquired
using a Pannoramic MIDI using at excitation wavelength
of 549 nm. The fluorescence in GFP-expressing cells was
quantified by image processing using an Image-Pro Plus
(Media Cybernetic, USA).
For colocalization study, Dil-oxLDL and immunostain-

ing of early endosomal antigen-1 (EEA-1) were deter-
mined to analyze the colocalization of oxLDL and early
endosome. Following Dil-oxLDL treatment, the cells
were washed 3 times with PBS and fixed with 4% para-
formaldehyde in PBS at room temperature for 10 min,
and then washed 3 times again with PBS. The fixed cells
were permeabilized with 0.1% Triton X-100. After a fur-
ther wash, the cells were blocked with 2% BSA for 1 h.
Mouse anti-human EEA-1 primary antibody (BD Biosci-
ences, USA) was diluted in 2% BSA at a concentration of
1:100 and applied for 3 h at room temperature. The cells
were washed 3 times before labeling with secondary anti-
body, Dylight 405 (Jackson ImmunoResearch Laborator-
ies, USA). After 3 times washing with PBS, the cells were
mounted and viewed using a C2+ confocal microscopy
(Nikon Instruments, Japan). An Image-Pro Plus (Media
Cybernetic, USA) was used for the quantification of colo-
calization. The Pearson’s correlation coefficient (PCC)
gives a measure of the overlap between two fluorescence
signals. It was calculated by analyzing 20–30 cells and
expressed as the mean with standard deviation (SD).

Statistical analysis
Results are reported as means ± SD. The group t-test and
Wilcoxon’s test were applied for the assessment of the
results of qRT-PCR and the fluorescence intensity of the
immunofluorescence study between the groups were ana-
lyzed. The PCC was used for the quantification of colocali-
zation study of internalized Dil-oxLDL and EEA-1 in
U937-derived macrophages with p < 0.05 was considered
statistically significant. The statistical software package
Stata 11.0 (Stata Corp. LP, USA) was used for the analysis.

Results
Rab5 was found abundantly localized in macrophage rich
areas of human atherosclerotic lesions
To determine the distribution of macrophages and Rab5
in human atherosclerotic plaque, we stained sections of
atheromatous human carotid arteries with anti-CD68
and anti-Rab5 antibodies. We found that anti-CD68
antibody was markedly distributed in cells surrounding
lipid core (LC) (Fig. 1a), indicating the infiltration of
macrophage to the atheroma plaque. Furthermore, Rab5
staining exhibited that the majority of Rab5 was local-
ized in macrophage rich areas (Fig. 1b), overlapping with
the CD68-positive areas as mentioned above. Moreover,
the co-staining results also showed that the anti-68 anti-
body staining areas overlapped significantly with the

anti-Rab5 staining areas (Fig. 1c), demonstrating that the
Rab5 positive cells were actually macrophages, and Rab5
was intensively expressed in macrophages. In addition,
we also observed that Rab5 was heavily exhibited in the
arterial intima.

Expression of Rab5 in U937-macropages and foam cells
Most of the U937 cells were adhered to dishes in the
presence of PMA, indicating that most cells had differ-
entiated into U937-derived macrophages. The cells were
then incubated with oxLDL to induce the formation of
foam cell. Following with oxLDL treatment, the U937-
derived macrophages underwent obvious morphologic
changes with significant increase in lipid droplet accu-
mulation in macrophages as analyzed using oil red O
staining (Fig. 2a). In addition, the quantification results
indicated a significant increase in TC and CE in the
U937-derived macrophages after the treatment of oxLDL
(Fig. 2b). These results revealed that the U937-derived
macrophages were transformed into the foam cells.
In order to evaluate the effect of Rab5 on the foam cell

formation, the expression of Rab5 was detected during the
maturation of macrophage-derived foam cells. RT-PCR
showed that the expression of Rab5 mRNA was signifi-
cantly increased at the 48th hour after the incubation of
oxLDL, the increase of foam cells was 2.4 times more than
macrophages (Fig. 2c). Consistently, Rab5 protein levels
were increased following with oxLDL treatment (Fig. 2d).

siRab5–775 caused higher Rab5 gene down-regulation
qRT-PCR analysis indicated that siRab5–775 caused
significant down-regulation of Rab5, which led to a
90% decrease in the level of Rab5 mRNA (Fig. 3a).
Furthermore, time course analysis was performed to
investigate the efficacy of siRab5–775 in silencing the
expression of Rab5 in the U937-derived macrophages.
The results showed that the down-regulating effect of
Rab5 was occurred at 24 h after the administration of
siRab5–775, which reached the maximum at the 48th
hour and continued for at least 72 h following the
transfection of siRab5–775 (Fig. 3b). The expression
levels of Rab5 protein were inhibited followed by the
transfection of siRab5–775, which were confirmed by
the analysis of western blot (Fig. 3c).

Depletion of Rab5 in U937-derived macrophages inhib-
ited foam cell formation
To further confirm the effect of Rab5 on the lipid drop-
let and the foam cell formation from U937-derived mac-
rophages, the impact of Rab5 depletion on foam cell
maturation in U937-derived macrophages was investi-
gated following oxLDL induction. We found that the
U937-derived macrophages treated with siRab5–775
showed lower percentage of oil red O positive areas
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Fig. 1 Rab5 was localized in abundance in the macrophage rich regions of human atherosclerotic lesions. a Immunohistochemical staining of
sections of atheromatous human carotid artery with anti-CD68 antibody and b anti-Rab5 antibody. Scale bars = 500 μm. c Colocalization of anti-
CD68 and anti-Rab5 antibodies. Scale bars = 100 μm
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compared to the U937-derived macrophages treated
with siCTL (Fig. 3d). Correspondingly, the TC and CE
was significantly decreased in siRab5–775 treated U937-
derived macrophages compared with that of siCTL
treated macrophages (Fig. 3e).

Inactive GDP-bound Rab5 reduced the level of FC and CE
in U937-derived macrophages
We hereby introduced the constitutively inactive and ac-
tive mutants of GFP-tagged Rab5 to characterize the ef-
fect of Rab5 in regulating the distribution of intracellular
FC and CE. In this study, the intracellular FC was de-
tected by filipin staining after 3 h incubation of oxLDL,
whereas CE was detected by nile red staining following
the incubation of oxLDL for 24 h. We found that intra-
cellular FC and CE was lower in the U937-derived mac-
rophages expressing the inactive GDP-bound Rab5
mutant (GFP-Rab5-S34N) as compared with the U937-
derived macrophages expressing the active GTP-bound
Rab5 mutant (GFP-Rab5-Q79L) (Fig. 4a and b). Further-
more, the quantitative analysis of FC and CE showed
lower degree of fluorescence intensity in GFP-Rab5-
S34N than in GFP-Rab5-Q79L (Fig. 4c, d).

Inactive GDP-bound Rab5 impaired oxLDL internalization
and disrupted the interaction between oxLDL and early
endosomes in U937-derived macrophages
We utilized fluorescence-labeled oxLDL (Dil-oxLDL) to
examine the impact of Rab5 on the internalization of
oxLDL in U937-derived macrophages. We found that
lesser Dil-oxLDL was internalized in GFP-Rab5-S34N as
compared with GFP-Rab5-Q79L, after both had under-
gone a continuous uptake of Dil-oxLDL for 3 h (Fig. 5a).
The quantitative results showed that the U937-derived
macrophages with GFP-Rab5-Q79L exhibited higher in-
tensity of Dil-oxLDL than the U937-derived macro-
phages with GFP-Rab5-S34N (Fig. 5b). However, our
experiments also indicated that the internalization of
oxLDL was not totally blocked in the U937-derived mac-
rophages with GFP-Rab5-S34N. Similar results were ob-
served in our colocalization study of Dil-oxLDL and
EEA-1 in which the impact of Rab5 in regulating the
interaction of oxLDL and early endosomes in U937-
derived macrophages was analyzed. We observed that
the colocalization of internalized Dil-oxLDL and EEA-1
decreased in GFP-Rab5-S34N as compared with GFP-
Rab5-Q79L (Fig. 5c). In addition, the quantified results
showed that the PCC was lower in the U937-derived

Fig. 2 Effect of Rab5 on foam cell formation in U937-derived macrophages. a Oil red staining for U937-derived macrophages following 48 h incubation
with 80 μg/ml oxLDL. Scale bars = 20 μm. b Quantification of TC and CE of the U937-derived macrophages after treated with 80 μg/ml oxLDL (n = 4,
*P < 0.05; **P < 0.01 vs. 0 μg/ml oxLDL treated control). c Real time PCR of Rab5 mRNA expression (n = 3, *P < 0.05). dWestern Blot analysis of Rab5
expression followed by oxLDL treatment
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macrophages with GFP-Rab5-S34N than those with
GFP-Rab5-Q79L.

Discussion
Rab5 is an important regulator of the early endocytic
pathway [16], which modulates endocytosis and medi-
ates membrane traffic into early endosomes [17]. In
addition, Rab5 is a key modulator of early endosomal
formation and maturation that regulates the conversion
of early endosomes into late endosomes and lysosomes
[18]. Previous studies found that the disruption of Rab5
impedes the synthesis of PI(3)P. Based on the similar
ground, and because of the importance of Rab5 in
regulating PI3K/mTOR pathway, the disruption of
Rab5 also resulted in the suppression on mTORC
[19]. The effect was supported by Nielson et al.,
whose study found that Rab5 regulates movements of
early endosomes on microtubules and the regulating

movements depended on the activation of PI(3)K
through Rab5 [20].
Foam cell formation is related to the disturbance of

intracellular cholesterol processing, and the disturbance
comprised the disruption of the uptake of oxLDL, dys-
regulation of the internalized cholesterol and dysfunc-
tion of cholesterol efflux, all of which ultimately resulted
in the accumulation of intracellular CE [3]. On the con-
sideration that Rab5 plays a critical role in regulating the
fusion between endocytic vesicles and early endosomes,
we proceed further to investigate the role of Rab5 in the
formation of macrophage-derived foam cells.
Based on the research on immnunohistochemistry

which was performed to analyze the distribution of mac-
rophages and Rab5 in atherosclerotic plaque, we found
that Rab5 was highly expressed in macrophage rich areas,
surrounding the lipid core of atheroma plaque, suggesting
that the accumulation of Rab5 in macrophages may lead

Fig. 3 Down-regulation of Rab5 in U937-derived macrophages inhibited the formation of foam cells. a U937-derived macrophages were lysed
and analyzed by qRT-PCR for Rab5 mRNA after transfection with the indicated siRNA (n = 2, *P < 0.05; ***P < 0.001). b Time course study was
carried out to evaluate the expression of Rab5 mRNA followed by the transfection of siRab5–775 (n = 3, *P < 0.05; ***P < 0.001 vs. 0 h control
group). c Efficiency of knock-down of Rab5 protein by siRab5–775 was analyzed by western blot. d U937-derived macrophages transfected with
the indicated siRNAs for 48 h, incubated for 48 h with 80 μg/ml oxLDL, and stained with oil red O. Scale bars = 20 μm. e Quantification of TC
and CE of U937-derived macrophages treated with indicated siRNAs and 80 μg/ml oxLDL (n = 3, *P < 0.05; **P < 0.01)
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to the progression of atheroslerosis. Moreover, since the
majority of Rab5 exhibited in the arterial intima, it is pos-
sible that Rab5 initiated the dysfunction of endothelium.
Our study on foam cell maturation revealed that U937-

derived macrophages produced significant increase in the
accumulation of lipid droplet following the incubation of
oxLDL as demonstrated by oil red O staining. Correspond-
ingly, the quantitative results showed marked increase of
TC and CE followed by the treatment of oxLDL. Taken to-
gether, our results demonstrated that lipids were uptaken
by U937-derived macrophages and the macrophages were
then differentiated into foam cells. In addition, we found
that during the formation of macrophage-derived foam
cells, the expression levels of Rab5 mRNA and protein were
increased. These findings showed that Rab5 played an im-
portant role in the maturation of foam cells. Previous study
demonstrated the critical role of PI3K signaling played in
the uptake of modified LDL via its up-regulation effect on
SRs, which in turn affects the maturation of foam cells [21].

Based on the analysis mentioned as above, the formation of
foam cells may be driven by the association of Rab5 with
PI3K pathway.
Among the three siRNA sequences comprising of

siRab5–775, siRab5–611 and siRab5–938, siRab5–775
achieved the highest gene-silencing effect on Rab5 ex-
pression. The down-regulation effect of Rab5 brought by
siRab5–775 began at the 24th hour, peaked at the 48th
hour, and continued its effect for more than 72 h after
transfection. According to Zeigerer et al., the down-
regulation of Rab5 inhibits the uptake of LDL in primary
hepatocytes, resulting in marked reduction of early
endosomes, late endosomes and lysosomes in hepato-
cytes [22]. Our study showed that after the incubation of
oxLDL, the levels of TC and CE were lower in macro-
phages treated by siRab5–775 as compared with macro-
phages treated by siCTL. Consequently, the down-
regulation of Rab5 in macrophages led to the suppres-
sion of CE accumulation and attenuated the formation

Fig. 4 Inactive GDP-bound Rab5 reduced the level of FC and CE. a, b, c and d U937-derived macrophages were transfected for 72 h with
plasmids encoding GFP-tagged inactive or active mutated forms of Rab5 as indicated. a Cells were incubated for 3 h with 80 μg/ml oxLDL and
stained with filipin. Scale bars = 10 μm. b Cells were treated for 24 h with 80 μg/ml oxLDL and stained with nile red. Scale bars = 10 μm. b and
d Fluorescence intensity of filipin and nile red was quantified following oxLDL incubation (n = 50, *P < 0.05; ***P < 0.001)
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of oxLDL-induce foam cells. This effect may be triggered
by the impairment of the interaction between early
endosomes and lipid droplets because according to pre-
vious study the binding of early endosomes to lipid
droplets depends on the mediation of Rab5 [11].
To further confirm the role of Rab5 in macrophage

cholesterol processing, we utilized two types of mutants,
comprising the constitutively inactive mutant, GFP-
Rab5-S34N and active mutant, GFP-Rab5-Q79L. The ex-
perimental results showed that following with oxLDL
treatment, the levels of intracellular FC and CE were
lower in GFP-Rab5-S34N as compared with GFP-Rab5-
Q79L. The reason is because less amount of internalized
Dil-oxLDL was detected in GFP-Rab5-S34N, correspond-
ing to less amount of Dil-oxLDL being uptaken by Rab5-
GDP during its endocytosis. Secondly, the colocalization
of internalized Dil-oxLDL and early endosome marker
EEA-1 was disrupted in the U937-derived marcrophages
with GFP-Rab5-S34N, demonstrating that the interaction
of oxLDL with early endosome was impaired, and thus
disrupted the trafficking of oxLDL in early endosomes.

In this study we found that the regulation of Rab5 in
facilitating the internalization of oxLDL and the trans-
portation of oxLDL in early endosomes consequently
promoted the formation of macrophage-derived foam
cell. On the other hand, Dwived et al. found that au-
tophagy is activated when the regulatory gene of the
endocytic pathway, Rab5 is disrupted. The authors hy-
pothesized that autophagy took over the function of the
endocytic pathway whenever malfunctioning of the
endocytic pathway occurred. The hypothesis suggested
that Rab5 acted like a switch to regulate the process be-
tween autophagy and endocytic pathway [23]. Further-
more, according to previous researches, autophagy was
also involved in the process of lipophagy, where autoph-
agy plays a critical part in regulating intracellular lipid
contents [24–26]. Based on some reasoning mentioned
above, we conjectured that whenever Rab5 ceases to
function, the process of lipophagy is activated to take
over the function of the disrupted endocytic pathway of
Rab5. Such action leads to the further decrease of TC
and CE in Rab5 silenced U937-derived macrophages.

Fig. 5 Inactive GDP-bound Rab5 impaired oxLDL internalization and disrupted the interaction between oxLDL and early endosomes in U937-
derived macrophages. a, b and c U937-derived macrophages were transfected for 72 h with plasmids encoding GFP-Rab5-S34N and GFP-Rab5-
Q79L as indicated. a Cells were loaded for 3 h with 40 μg/ml Dil-oxLDL before fixation. Scale bars = 10 μm. b Quantification of intracellular
Dil-oxLDL was assayed after the incubation of Dil-oxLDL (n = 50, *P < 0.05). c Colocalization of internalized Dil-oxLDL and EEA-1 in U937-derived
macrophages transfected with GFP-Rab5-S34N and GFP-Rab5-Q79L. Scale bars = 10 μm. The means ± SD of the PCC of 20–30 cells are shown

Chan et al. Lipids in Health and Disease  (2017) 16:170 Page 9 of 10



Nonetheless, further studies are necessary in order to
fully understand the exact function of Rab5 in regulating
the cholesterol of macrophages.

Conclusions
In conclusion, our study demonstrated that Rab5 plays an
important role in modulating the intracellular cholesterol
of macrophages and thus mediating the formation of foam
cells. This process is accomplished through the regulation
of the endocytosis and early endosomal trafficking by Rab5.

Abbreviations
BSA: Bovine serum albumin; cDNA: Complementary DNA; CE: Cholesterol
ester; DAB: 3,3-diaminobenzidine; Dil-oxLDL: 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylin dicarbocyanine (Dil)-labelled oxLDL; EEA-1: Early endosome
antigen-1; FBS: Fetal bovine serum; FC: Free cholesterol; HRP: Horseradish
peroxidase; LC: Lipid core; LDL: Low-density lipoprotein; oxLDL: Oxidized
low-density lipoprotein; PMA: Phorbol 12-myristate 13-acetate;
PMSF: Phenylmethanesulfonylfluoride; Rab5: Ras related protein in brain 5;
siCTL: negative control; SRs: Scavenger receptors

Acknowledgments
None

Fundings
This work was supported by research grants from the National Natural
Science Foundation of China (NSFC: no. 81270278).

Availability of data and materials
All data and material involved in this work are available.

Authors’ contributions
All authors have contributed to study design, data interpretation and
analysis. LC performed the experiment, data collection, prepared the figures
and tables and wrote the manuscript. All authors read and approved the
final manuscript.

Ethics approval and consent to participate
This study was approved by Huashan Hospital’s ethics committee (ref
no.:201,540,094); each study participant gave written, informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declared that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Cardiology, Huashan Hospital, Fudan University, 12
Wulumuqi Zhong Rd, Shanghai 200040, People’s Republic of China. 2State
Key Laboratory of Molecular Biology, Institute of Biochemistry and Cell
Biology, Shanghai Institutes for Biological Sciences, Chinese Academy of
Sciences, 320 Yue-Yang Road, Shanghai 200031, People’s Republic of China.

Received: 2 May 2017 Accepted: 1 September 2017

References
1. Moore KJ, Tabas I. Macrophages in the pathogenesis of atherosclerosis. Cell.

2011;145:341–55.
2. Tuttolomondo A, Di Raimondo D, Pecoraro R, Arnao V, Pinto A, Licata G.

Atherosclerosis as an inflammatory disease. Curr Pharm Des. 2012;18:4266–88.
3. Yu XH, Fu YC, Zhang DW, Yin K, Tang CK. Foam cells in atherosclerosis. Clin

Chim Acta. 2013;424:245–52.

4. Kunjathoor VV, Febbraio M, Podrez EA, Moore KJ, Andersson L, Koehn S,
Rhee JS, Silverstein R, Hoff HF, Freeman MW. Scavenger receptors class A-I/II
and CD36 are the principal receptors responsible for the uptake of modified
low density lipoprotein leading to lipid loading in macrophages. J Biol
Chem. 2002;277:49982–8.

5. Tang SL, Chen WJ, Yin K, Zhao GJ, Mo ZC, Lv YC, Ouyang XP, Yu XH, Kuang
HJ, Jiang ZS, Fu YC, Tang CK. PAPP-A negatively regulates ABCA1, ABCG1
and SR-B1 expression by inhibiting LXRα through the IGF-I-mediated
signaling pathway. Atherosclerosis. 2012;222:344–54.

6. Stenmark H. Rab GTPases as coordinators of vesicle traffic. Nat Rev Mol Cell
Biol. 2009;10:513–25.

7. Reddi AL, Ying G, Duan L, Chen G, Dimri M, Douillard P, Druker BJ,
Naramura M, Band V, Band H. Binding of Cbl to a phospholipase Cgamma1-
docking site on platelet-derived growth factor receptor beta provides a
dual mechanism of negative regulation. J Biol Chem. 2007;282:29336–47.

8. Sandri C, Caccavari F, Valdembri D, Camillo C, Veltel S, Santambrogio M,
Lanzetti L, Bussolino F, Ivaska J, Serini G. The R-Ras/RIN2/Rab5 complex
controls endothelial cell adhesion and morphogenesis via active integrin
endocytosis and Rac signaling. Cell Res. 2012;22:1479–501.

9. Lajoie P, Nabi IR. Regulation of raft-dependent endocytosis. J Cell Mol Med.
2007;11:644–53.

10. Mendoza P, Díaz J, Torres VA. On the role of Rab5 in cell migration. Curr
Mol Med. 2014;14:235–45.

11. Liu P, Bartz R, Zehmer JK, Ying YS, Zhu M, Serrero G, Anderson RG. Rab-
regulated interaction of early endosomes with lipid droplets. Biochim
Biophys Acta. 1773;2007:784–93.

12. Chung BH, Wilkinson T, Geer JC, Segrest JP. Preparative and quantitative
isolation of plasma lipoproteins: rapid, single discontinuous density gradient
ultracentrifugation in a vertical rotor. J Lipid Res. 1980;21:284–91.

13. Heinecke JW, Baker L, Rosen H, Chait A. Superoxide-mediated modification
of low density lipoprotein by arterial smooth muscle cells. J Clin Invest.
1986;77:757–61.

14. Bligh EG, Dyer WJ. A rapid method of total lipid extraction and purification.
Can J Biochem Physiol. 1959;37:911–7.

15. Torres VA, Mielgo A, Barilà D, Anderson DH, Stupack D. Caspase 8 promotes
peripheral localization and activation of Rab5. J Biol Chem. 2008;283:36280–9.

16. Zerial M, McBride H. Rab proteins as membrane organizers. Nat Rev Mol Cell
Biol. 2001;2:107–17.

17. Christoforidis S, McBride HM, Burgoyne RD, Zerial M. The Rab5 effector EEA1
is a core component of endosome docking. Nature. 1999;397:621–5.

18. Schenck A, Goto-Silva L, Collinet C, Rhinn M, Giner A, Habermann B, Brand
M, Zerial M. The endosomal protein Appl1 mediates Akt substrate specificity
and cell survival in vertebrate development. Cell. 2008;133:486–97.

19. Bridges D, Fisher K, Zolov SN, Xiong T, Inoki K, Weisman LS, Saltiel AR. Rab5
Proteins regulate activation and localization of target of rapamycin complex
1. J Biol Chem. 2012;287:20913–21.

20. Nielsen E, Severin F, Backer JM, Hyman AA, Zerial M. Rab5 Regulates motility
of early endosomes on microtubules. Nat Cell Biol. 1999;1:376–82.

21. Michael DR, Davies TS, Laubertová L, Gallagher H, Ramji DP. The
phosphoinositide 3-kinase signaling pathway is involved in the control of
modified low-density lipoprotein uptake by human macrophages. Lipids.
2015;50:253–60.

22. Zeigerer A, Gilleron J, Bogorad RL, Marsico G, Nonaka H, Seifert S, Epstein-
Barash H, Kuchimanchi S, Peng CG, Ruda VM, Del Conte-Zerial P, Hengstler
JG, Kalaidzidis Y, Koteliansky V, Zerial M. Rab5 Is necessary for the biogenesis
of the endolysosomal system in vivo. Nature. 2012;485:465–70.

23. Dwivedi M, Sung H, Shen H, Park BJ, Lee S. Disruption of endocytic pathway
regulatory genes activates autophagy in C. Elegans Mol Cells. 2011;31:477–81.

24. Singh R, Kaushik S, Wang Y, Xiang Y, Novak I, Komatsu M, Tanaka K, Cuervo
AM, Czaja MJ. Autophagy regulates lipid metabolism. Nature. 2009;458:1131–5.

25. Liu K, Czaja MJ. Regulation of lipid stores and metabolism by lipophagy. Cell
Death Differ. 2013;20:3–11.

26. Schroeder B, Schulze RJ, Weller SG, Sletten AC, Casey CA, McNiven MA. The
small GTPase Rab7 as a central regulator of hepatocellular lipophagy.
Hepatology. 2015;61:1896–907.

Chan et al. Lipids in Health and Disease  (2017) 16:170 Page 10 of 10


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Immunohistochemistry
	Cell culture
	LDL isolation and modification
	Oil red O staining
	Determination of intracellular lipid content
	Quantitative RT/PCR (qRT-PCR)
	Western blot
	RNA interference
	Cell Transfection
	Immunofluorescence and confocal microscopy
	Statistical analysis

	Results
	Rab5 was found abundantly localized in macrophage rich areas of human atherosclerotic lesions
	Expression of Rab5 in U937-macropages and foam cells
	siRab5–775 caused higher Rab5 gene down-regulation
	Depletion of Rab5 in U937-derived macrophages inhibited foam cell formation
	Inactive GDP-bound Rab5 reduced the level of FC and CE in U937-derived macrophages
	Inactive GDP-bound Rab5 impaired oxLDL internalization and disrupted the interaction between oxLDL and early endosomes in U937-derived macrophages

	Discussion
	Conclusions
	Abbreviations
	Fundings
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

