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Ghrelin suppresses inflammation in HUVECs by inhibiting
ubiquitin-mediated uncoupling protein 2 degradation
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Abstract. Atherosclerosis is considered the major cause of
heart attack, stroke and gangrene of the extremities, which
is responsible for 50% of all mortality in Western countries.
The pathogenesis and causes of atherosclerosis remain elusive.
Recent studies highlight inflammation as a contributing factor
for atherosclerosis in all stages of the disease process. In this
study, we demonstrate that the treatment of human umbilical
vein endothelial cells (HUVECs) with ghrelin inhibits the
oxidized low-density lipoprotein (oxLDL)-induced inflam-
matory response, In addition, treatment with ghrelin led to
the accumulation of uncoupling protein 2 (UCP2) in the
cells, thus decreasing reactive oxygen species (ROS) genera-
tion. Moreover, the siRNA-mediated knockdown of UCP2
expression suggested that the inhibitory effects of ghrelin on
the inflammatory response relied on its ability to induce the
accumulation of cellular UCP2 levels. Further analysis indi-
cated that the accumulation of UCP2 in the ghrelin-treated
cells was due to the ability of ghrelin to inhibit the ubiquitina-
tion of UCP2 and prevent UCP2 degradation, resulting in the
extended protein half-life of UCP2. On the whole, our data
indicate that ghrelin inhibits the oxLDL-induced inflammatory
response in HUVECs, and may thus have potential for use as an
anti-atherosclerotic agent. Our data may also provide valuable
insight into the pathogenesis of atherosclerosis.

Introduction

Atherosclerosis, which is also known as arteriosclerotic vascular
disease (ASVD), refers to a specific form of arteriosclerosis in
which an artery wall thickens as a result of the invasion and
accumulation of white blood cells (WBCs) (foam cells) and the
proliferation of intimal smooth-muscle cells, creating a fibrofatty
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plaque (1). Atherosclerosis is considered the major cause of heart
attack, stroke and gangrene of the extremities, and is responsible
for 50% of all mortality across Western countries (1).

The pathogenesis and causes of atherosclerosis are highly
complex and remain exclusive to date. For a long period of
time, atherosclerosis was considered a metabolic disease and
its development was traditionally based on thecholesterol
hypothesis due to the accumulation of atherogenic lipoproteins
in the blood vessel wall (2,3). Atherosclerosis is associated with
other metabolic diseases, such as diabetes and dyslipoprotein-
emia (4,5). However, in recent years, it was discovered that
inflammation may be a contributing factor for atherosclerosis
and this may thus provide new insight into the mechanisms
responsible for the disease (2,3).

In a previous review, it was suggested that constituents of
oxidatively modified (oxidized) low-density lipoprotein (0xLDL)
induce a local inflammatory response (6). Pro-inflammatory
stimuli in endothelial cells (ECs) trigger the expression of
adhesion molecules, such as P-selectin and vascular cell adhe-
sion molecule-1 (VCAM-1), which results in the attachment of
circulating monocytes or lymphocytes (7-9). In macrophages,
the expression of scavenger receptors in response to inflamma-
tory cytokines subsequently increases, transforming them into
lipid-laden foam cells following the endocytosis of modified
lipoprotein particles; macrophage-derived foam cells drive
lesion progression via the continuation of the secretion of pro-
inflammatory cytokines (3). There are data to suggest a central
role for inflammation in both early atherogenesis and in the
progression of lesions (10). Therefore, the circulating markers
of inflammation are considered as an indicator of atheroscle-
rosis (10). On the other hand, the role of inflammation also
implies a potential therapeutic target for atherosclerosis.

Ghrelin is a peptide hormone produced by ghrelinergic cells
in the gastrointestinal tract and acts as a neuropeptide in the
central nervous system (11). However, a recent study suggested
that ghrelin may be a potent anti-inflammatory mediator and
a promising therapeutic agent in the treatment of inflamma-
tory diseases or injury (12). It has been shown that low ghrelin
serum levels are significantly associated with advanced carotid
atherosclerosis in patients with type 2 diabetes (13). Another
study also demonstrated that the administration of ghrelin
attenuated inflammation, oxidative stress, and apoptosis
during and after the development of non-alcoholic fatty liver
disease (14). Therefore, it is interesting to note that ghrelin also
plays a role in the prognosis of atherosclerosis.
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In this study, we demonstrate that the treatment of human
umbilical vein endothelial cells (HUVECs) with ghrelin
inhibits the oxLDL-induced inflammatory response via the
upregulation of uncoupling protein (UCP)2. Treatment of
the HUVECs with ghrelin inhibited the ubiquitin-mediated
degradation of UCP2, while its mRNA level was unaffected
by ghrelin. Our data highlight the potential use of ghrelin as an
anti-atherosclerotic agent, as it inhibited the oxLDL-induced
inflammatory response in HUVECs. Our data may also provide
further insight into the pathogenesis of atherosclerosis.

Materials and methods

Cells and chemicals. Human umbilical vein endothelial
cells (HUVECs, ATCC® CRL-1730™) were purchased from
ATCC (Manassas, VA, USA) and maintained in Kaighn's
Modification of Ham's F-12 Medium (ATCC® 30-2004™)
supplemented with 10% fetal bovine serum (Gibco, Carlsbad,
CA, USA). oxLDL was purchased from Cleveland HeartLab
(Cleveland, OH, USA) and used to treat the cells at a concen-
tration of 50 ug/ml. Ghrelin was purchased from Cayman
Chemical (Ann Arbor, Michigan, USA). UCP2 siRNA (h)
(sc-42682) and scramble siRNA (control siRNA; sc-37007)
were purchased from Santa Cruz Biotechnology, Inc. (Santa
Cruz, CA, USA). The transfection of the cells with siRNA was
carried out using Lipofectiamine 2000 (Invitrogen, Carlsbad,
CA, USA) according to the manufacturer's instructions.

Cell treatment. For the cell treatment with different drugs,
ghrelin was used to treating cells at doses of 1, 5, 10, 20, 40
and 50 nM 24 h prior oxLDL stimulation. The oxLDL was
purchased from Cleveland HeartLab and used to treat the cells
at a concentration of 50 xg/ml for 36 h. Mock cells were the
cells without any treatment.

Reverse transcription-quantitative PCR (RT-gPCR). The RNA
isolation from the HUVECs was conducted using TRIzol
reagent (Invitrogen) according to manufacturer's instructions.
The synthesis of cDNA was conducted using AMV reverse
transcriptase (Promega, Madison, WI, USA) according to
instructions provided by the manufacturer. Quantitative
PCR (gPCR) detection for the transcripts of target genes with
SYBR-Green mix (Life Technologies, Carlsbad, CA, USA) was
carried out as previously described (15,16). The conditions for
qPCR cycle were as follows: 98°C for 5 min for denaturation,
98°C for 30 sec, 72°C for 1 min, then repeated for 40 cycles.
Transcripts of ribosomal protein L32 (RPL32) were also ampli-
fied from the same sample to serve as an internal control for
normalization purposes. Relative gene expression was quan-
tified by the 2T method as previously described (17). The
primers for qPCR detection are listed in Table I.

Determination of reactive oxygen species (ROS) generation.
The dihydroethidium (DHE) fluorescence-based assay was
used to determine ROS generation and was conducted as previ-
ously described (18). Briefly, cells with the indicated treatments
were first washed twice with PBS, 0.5 uM DHE was then added
to the cells and the cells were incubated under 37°C for 20 min.
After the incubation, cells were washed again twice with PBS
to remove the free DHE probe. DHE-derived fluorescence at
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Table I. Primers used in this study.

Primer name Primer sequence (5'-3')

IL-6 F: GACAACTTTGGCATTGTGG
R: ATGCAGGGATGATGTTCTG
CCL-2 F: CCCCAGTCACCTGCTGTTAT
R AGATCTCCTTGGCCACAATG
ICAM-1 F: GGCCTCAGTCAGTGTGA
R AACCCCATTCAGCGTCA
VCAM-1 F: TACTCCCGTCATTGAGGATATTGG
R CTCCTTCACACACATAGACTCC
RPL32 F: CAACTGGCCATCAGAGTCAC
R GTGCACATGAGCTGCCTACT

IL-6, interleukin-6; CCL-2, C-C motif chemokine ligand 2; VCAM-1,
vascular cell adhesion molecule-1; RPL32, ribosomal protein L32; F,
forward; R, reverse.

570 nm which was generated by each group was recorded by
the VICTOR™ X5 Multilabel Plate Reader (PerkinElmer,
Waltham, MA, USA).

Western blot analysis. The cells subjected to the indicated treat-
ments were lysed by the Laemmli sample buffer as previously
described (16,19). The protein of lysate was then separated
by sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and western blot analysis was performed as
previously described (19). Briefly, following SDS-PAGE, the
separated proteins were transferred onto PVDF membranes and
probed with rabbit anti-UCP2 antibody and mouse anti-ubig-
uitin (sc-166553) (both from Santa Cruz Biotechnology, Inc.).
Specific reactions were detected using goat anti-rabbit IgG or
goat anti-mouse IgG conjugated with horseradish peroxidase
(Sigma, St. Louis, MO, USA) and revealed by a chemilumi-
nescence substrate (Bio-Rad Laboratories, Hercules, CA,
USA). The membranes were also blotted with tubulin antibody
(sc-33749; Santa Cruz Biotechnology, Inc.) to normalize protein
loading. The chemiluminescence signal was recorded using
the ChemiDoc MP imaging system (Bio-Rad Laboratories).
The luminescence signal was captured and analyzed using the
Image Lab Program (version 6.1).

Protein half-life assay. Cycloheximide is a translation inhibi-
tion drug which is generally used to determine protein half-life
by monitoring the protein degradation speed. Briefly, 100 ug
cycloheximide (Sigma) was added to cells seeding in 12-well
plates for the indicated times (12, 24 and 36 h). The cells were
then harvested for SDS-PAGE and western blot analysis was
performed to determine the level of UCP2.

Protein ubiquitination assay. To examine the ubiquitination
status of UPC2, the immunoprecipitation (IP) for UCP2 was
conducted first as previously described with modifications (20).
Briefly, the HUVECS subjected to the indicated treatment were
lysed with lysis buffer (50 mM Tris pH 7.4, 150 mM NacCl,
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Figure 1. Ghrelin inhibits the oxidized low-density lipoprotein (oxLDL)-induced inflammatory response in human umbilical vein endothelial cells (HUVECs:).
(A) HUVECs were either pre-treated with ghrelin or left untreated, followed by oxLDL stimulation. RT-qPCR was conducted to determine the mRNA levels of
IL-6, CCL-2, ICAM-1 and VCAM-1. (B) HUVECs were pre-treated with gradiatint concentrations of ghrelin followed by oxLDL stimulation. RT-qPCR was
conducted to monitor the mRNA levels of IL-6, CCL-2, ICAM-1 and VCAM-1. Quantitative experiments were repeated at least 3 times. "P<0.05, significant

differences between different groups.

1 mM EDTA, 1% Triton X-100) followed by the addition of
ubiquitin aldehyde (Boston Biochem, Inc., Cambridge, MA,
USA), a specific inhibitor of ubiquitin C-terminal hydrolases,
at a final concentration of 2.53 yM. The lysate was clarified
by centrifugation at 14,000 x g for 5 min at 4°C. Following
centrifugation, the cell lysate was incubated with UCP2 anti-
body (Santa Cruz Biotechnology, Inc.) followed by incubation
with protein G-agarose (KPL, Inc., Gaithersburg, MD, USA).
To detect the ubiquitination UCP2, The IP samples containing
UCP2 were subjected to western blot analysis with ubiquitin
antibody (Santa Cruz Biotechnology, Inc.).

Statistical analysis. The experimental results were plotted
and analyzed for statistical significance using the Excel
program (Microsoft, Seattle, WA, USA). Data are repre-
sented as the means + SD. Differences in indicators between
treatment samples, such as the cellular RNA level between
the groups in the presence or absence of oxLDL or ghrelin,
were assessed using the Student's t-test. A two-tailed P-value
of <0.05 was considered to indicate a statistically significant
difference.

Results

Ghrelin inhibits the oxLDL-induced inflammation response in
HUVECs. Recent studies have suggested that ghrelin may be
a potent anti-inflammatory mediator and that the administra-
tion of ghrelin attenuates inflammation, oxidative stress and

apoptosis during and after the development of non-alcoholic
fatty liver disease (12,14). Combined with previous observa-
tions that the ghrelin serum levels are significantly associated
with advanced carotid atherosclerosis in patients with type 2
diabetes (13), we wished to determine whether ghrelin inhibits
the oxLDL-induced inflammatory response in HUVECs.
In order to examine our hypothesis, in the present study, the
HUVECs were treated with 50 nM ghrelin for 24 h, and were
then stimulated by oxLDL to induce the inflammatory response.
Pro-inflammatory cytokines, chemokines and related molecule
expression such as interleukin-6 (IL-6), C-C motif chemokine
ligand 2 (CCL-2), intercellular adhesion molecule-1 (ICAM-1)
and VCAM-1 were examined by RT-qPCR. Based on our results,
stimulation with oxLDL alone led to the significant upregula-
tion in the expression levels of these molecules (Fig. 1A).
However, in the cells pre-treated with ghrelin, the expression of
these cytokines and related molecules was decreased (Fig. 1A),
which suggested an inhibitory effect of ghrelin on the oxLDL-
induced inflammatory response. Moreover, to confirm our data,
treatment of the HUVECS with a gradient dose of ghrelin was
also conducted. As shown in Fig. 1B, the increase in the expres-
sion levels of inflammatory cytokines and related molecules
induced by oxLDL was suppressed as the concentration of
ghrelin increased, which was consistent with our above-
mentioned observation.

Ghrelin upregulates UCP2 to suppress ROS generation.
Studies have demonstrated that the oxLDL-induced inflam-
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Figure 2. Ghrelin upregulates uncoupling protein 2 (UCP2) to decrease reactive oxygen species (ROS) generation. (A) Human umbilical vein endothelial
cells (HUVECS) were either pre-treated with ghrelin or left untreated, followed by oxidized low-density lipoprotein (oxLDL) stimulation. The cellular ROS
level was measured in indicated groups. (B) Western blot analysis for the UCP2 protein level in HUVECsS treated with ghrelin. Untreated cells was included as a
control. (C) Gradient treatment of HUVECs with ghrelin for the observed the dose-depended upregulation of UCP2 at the protein level. Quantitative experiments
were repeated at least 3 times. "P<0.05, significant differences between different groups.

matory response always correlates with the generation of
ROS (21,22). Therefore, in this study, we examined whether the
oxLDL-induced generation of ROS can be inhibited by ghrelin.
By utilizing DHE fluorescence-based ROS assay, our data
demonstrated that in the HUVECsS pre-treated with ghrelin,
oxLDL-induced ROS generation was inhibited (Fig. 2A),
which fulfilled our expectations. As a natural byproduct of the
normal oxygen metabolism in physiological conditions, ROS
are involved in many cell signaling processes, such as cell
proliferation, inflammation, apoptosis and phagocytosis (23).
However, the cellular ROS level can be markedly increased
during cell responses to stress and increases in ROS levels
cause oxidative stress, which results in damage to the cells (24).

On the other hand, the UCP2 family is involved in the
downregulation of the oxidative phosphorylation by increasing
membrane proton conductance (25). Therefore, the function
of UCPs is considered a defense mechanism with which to
attenuate ROS-induced damage. Among the members of the
UCP family, UCP2 can be identified in a variety of tissues (26),
while UCP1 and UCP3 have a more tissue-specific expression in
brown adipose tissue and skeletal muscle, respectively (26-28).
Thus, we then examined whether UCP2 expression is upregu-
lated in ghrelin-treated cells, leading to a reduced of oxLDL
induced ROS level in HUVECs. Our results revealed that the
UCP2 protein level was significantly upregulated in the ghrelin-
treated cells (Fig. 2B). Moreover, a concentration-dependent
upregulation of UCP2 expression by ghrelin treatment was also
observed, which suggested that the inhibitory effects of ghrelin
on ROS generation were due to the upregulation of UCP2.

siRNA-mediated knockdown of UCP2 expression antagonizes
the inhibitory effects of ghrelin on ROS generation. To further
understand the role that UCP2 plays during the ghrelin-mediated

inhibition of ROS generation and the inflammatory response,
siRNA transfection was employed for the knockdown of UCP2
expression in HUVECs. The knockdown efficiencty of the
UCP2 siRNA was examined by western blot analysis (Fig. 3A).
With the knockdown of UCP2 expression, the inhibitory effects
of ghrelin on ROS generation were markedly suppressed, and
the ROS level induced by oxLDL in the cells treated with
ghrelin and transfected with UCP siRNA was similar to the
level in the cells treated with oxLDL alone (Fig. 3B). Moreover,
using ICAM-1 as an indicator of the oxLDL-induced inflam-
matory response, the knockdown of UCP2 also antagonized
the ghrelin-mediated inhibition of ICAM-1 expression. Taken
together, these data suggest that ghrelin upregulates UCP2,
thus inhibiting the oxLDL-induced inflammatory response.

Ghrelin extends the protein half-life of UCP2 without affecting
its mRNA level. Since our data suggested that UCP2 was be
upregulated by ghrelin treatment, we then examined whether
the accumulation of UCP2 was the result of the upregulation
of its mRNA expression. However, to our surprise, with 24 h
of treatment of the HUVECSs with ghrelin, the UCP2 mRNA
level between the treatment groups and the control cells was
similar (Fig. 4A), which suggested that ghrelin treatment did not
cause the upregulation of UCP2 gene expression and implied
that UCP2 functions at the post-translational level of UCP2
mRNA. To further confirm our findings, we examined whether
the protein half-life of UCP2 was extended by ghrelin. A protein
translation inhibitor, cycloheximide was added to the HUVECs
to inhibit mRNA translation as previously described (20). The
cells were then harvested at different time points to examine
the protein level of UCP2. As shown in Fig. 4B, without ghrelin
treatment, the UCP2 protein level began to decrease at 24 h
after cycloheximide treatment. However, in the ghrelin-treated
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Figure 3. siRNA-mediated knockdown of uncoupling protein 2 (UCP2) expression antagonizing ghrelin caused reactive oxygen species (ROS) reduction.
(A) Western blot analysis for UCP2 protein level in human umbilical vein endothelial cells (HUVECS) subjected to the indicated treatments. Cells were
transfected with siRNA first, and then ghrelin was added to the siRNA-transfected cells. Cells from indicated groups were harvested 24 h later and examined
to determine the UCP2 protein level. (B) Quantitative analysis of the ROS level in the indicated groups. (C) The ICAM-1 mRNA level in cells from indicated
groups. Experiments were repeated 3 times. ‘P<0.05, significant differences between different groups.
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Figure 4. Ghrelin extends the protein half-life of uncoupling protein 2 (UCP2) without affecting the UCP2 mRNA level. (A) Treatment with ghrelin did not alter
the mRNA level in human umbilical vein endothelial cells (HUVECs:). (B) UCP2 half-life assay. Cells were treated with ghrelin for 24 h first, then cycloheximide
was added to the cells to block mRNA translation. Both the ghrelin-treated or untreated cells were harvested at different time points to monitor the changes in the
UCP2 level for the determination of the UCP2 half-life. Quantitative experiments were repeated 3 times. "P<0.05, significant differences between different groups.
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Figure 5. Ghrelin prevents uncoupling protein 2 (UCP2) degradation by inhib-
iting UCP2 ubiquitination. (A) Ubiquitination assay of UCP2: human umbilical
vein endothelial cells (HUVECS) treated with ghrelin for 24 h, and cells were
then lysed for immunoprecipitation (IP) by anti-UCP2 antibody. Anti-ubiquitin
antibody was used for probing the ubiquitination of UCP2. (B) Western blot
analysis of the total ubiqutination level in HUVECs; ghrelin untreated cells
were used as controls.

cells, the protein level of UCP2 was not significantly altered
until 36 h after cycloheximide treatment. Taken together, these
data demonstrated that ghrelin treatment extended the protein
half-life of UCP2 rather than promoting the transcription of
UCP2 mRNA.

Ghrelin prevents UCP2 degradation by inhibiting UCP2
ubiquitination. Protein ubiquitination is considered as the
major pathway for cellular protein degradation (29). Although
UCP2 is located in the inner membrane of the mitochondria, it
has been demonstrated that mitochondrial proteins, including
UCP2 can be degraded by the ubiquitin-proteasome system
as well (30). As our data demonstrated that ghrelin extended
the protein half-life of UCP2, we further examined the
ubiquitination status of UCP2 to explain the reason leading
to the accumulation of UCP2 in ghrelin-treated cells. As
shown in Fig. 5A, treatment of the HUVECs with ghrelin
significantly inhibited the ubiquitination level of UCP2 when
compared with the controls. Moreover, the ubiquitination level
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of the whole cell lysate demonstrated that ghrelin did not alter
the ubiquitination status of the whole cell, which suggested
that the decreased ubiquitination level of UCP2 appeared to be
specific (Fig. 5B). These observations suggested that ghrelin
specifically extended the UCP2 half-life by inhibiting UCP2
ubiquitination, which leads to UCP2 degradation. On the
whole, our data demonstrated that ghrelin prevented UCP2
degradation, thus reducing the cellular ROS level induced
by oxLDL, and inhibiting the oxLDL-induced inflammatory
response in HUVECs.

Discussion

In the present study, we demonstrated that stimulation of
HUVECs with oxLDL induced the expression of pro-inflam-
matory cytokines and adhesion molecules, and increased ROS
generation. However, pro-treatment of the HUVECs with
ghrelin prevented the oxLDL-induced inflammatory response
via the upregulation of UCP2. Further analysis demonstrated
that the ubiquitination of UCP2 was inhibited by ghrelin, there-
fore preventing the degradation of UCP2, while the mRNA
level of UCP2 was not altered.

The UCP family is a sub-category of the mitochondrial
anion-carrier proteins superfamily, which can be both found in
animal and plant species (27). The genome of the mammalian
species encodes 5 UCP homologues (UCP1 to 5), with UCP1
to 3 demonstrating highest sequence similarity (27,31,32).
Generally, UCPs locate in the inner membrane of the mitochon-
dria to regulate the thermogenic proton leak (27). Compared
with UCP1 and UCP3, which have a more tissue-specific
expression in brown adipose tissue and skeletal muscle (26-28),
the expression of UCP2 is more universal (26). The biochemical
function of UCPs is to downregulate oxidative phosphorylation
by increasing membrane proton conductance (25). The uncou-
pling function increases respiration and leads in the decreased
generation of superoxide (25,33).

To date, while UCP1 is still a key regulator of adap-
tive thermogenesis, UCP2 and UCP3 also have important
functions, decreasing ROS which are produced by electron
transport (34,35). With the function of regulating ROS, accu-
mulating evidence suggests that UCP2 is involved in many
diseases, such as neurodegenerative diseases, cardiovascular
diseases, type 2 diabetes and cancer (36). A previous study
demonstrated that the rapid degradation of UCP2 was medi-
ated by the ubiquitin-proteasome system (30). However, as a
protein located in the inner membrane of the mitochondria
and no mitochondrial protein export machinery has been
identified (30), the mechanisms through which UCP2 can be
transported to the cytoplasm for ubiquitin-mediated degrada-
tion are still unclear, since the ubiquitin-proteasome system is
a cytosolic degradation machinery. Moreover, the E3-ligease
of ubiquitin mediated degradation for UCP2 is still unclear.
Therefore, the mechanisms through which ghrelin prevents
UCP2 from ligating with poly-ubiquitin chains warrant further
investigation. There may be other cellular proteins involved in
this process as well.

In conclusion, our data suggest a novel role of ghrelin in
preventing the oxLDL-induced inflammatory response in
HUVECs. Our findings may aid in the understanding of the
pathogenesis of atherosclerosis.
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