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Curcumin inhibits hypoxia inducible
factor-1a-induced inflammation and apoptosis
in macrophages through an ERK

dependent pathway
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Abstract. — OBJECTIVE: Atherosclerosis, a
kind of peripheral arterial disease with chronic in-
flammation, leads to the dysfunction of the vas-
cular system and many other diseases. Hypoxia
has been proven to participate in the progression
of atherosclerosis, while curcumin can inhibit hy-
poxia-inducible factor 1a (HIF-1a). However, the
underlying mechanisms are still elusive.

PATIENTS AND METHODS: gRT-PCR was
used to examine the expression of HIF-1a, IL-6
and TNFa of macrophages under hypoxic con-
dition. Western blot was applied to examine the
changes of HIF-1a, ERK and p-ERK after treat-
ment with curcumin. Oli Red O staining and en-
zymatic assay were used to examine the lipid
and total cholesterol in macrophages, respec-
tively. ELISA was used to examine the release of
IL-6 and TNFa by macrophages. FACS and MTT
assays were applied to examine the apoptosis
and proliferation of macrophages.

RESULTS: Here, we found curcumin inhibited
the expression of HIF-1a at the protein level in
macrophages under hypoxic condition and cur-
cumin and HIF-1a inhibitors repressed the total
cholesterol and lipid level in macrophage under
hypoxic condition. Moreover, curcumin also de-
creased the expression of HIF-la downstream
genes, VEGF, HMOX1, ROS and PDGF. Then, the
data show the HIF-1a-induced apoptosis and in-
flammation of macrophages were inhibited by
curcumin. Curcumin also rescued the prolifer-
ation defect of macrophages caused by hypox-
ia. Furthermore, we found it inhibited the expres-
sion of HIF-1a via ERK signaling pathway.

CONCLUSIONS: We describe that curcumin
inhibited the HIF-1a-induced apoptosis and in-
flammation of macrophages via ERK signaling
pathways. These results suggest curcumin can
be used for the treatment of atherosclerosis.
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Abbreviation

ASO, atherosclerosis obliterans; ELISA, enzyme-linked
immunosorbent assay; ERK, Extracellular Signal-regu-
lated Kinase; FACS, fluorescence-activated cell sorting;
HIF-la, hypoxia-inducible factor lo; HMOXI, heme
oxygenase 1; IL-6, Interleukin 6; LLnl, N-acetyl-L-leu-
cyl-L-leucyl-L-norleucinal; qRT-PCR, quantitative re-
al-time Polymerase Chain Reaction, MTT, 3-(4,5-Di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide;
PDGF, Platelet-derived growth factor; ROS, Reactive
oxygen species; TBARS, thiobarbituric acid-reactive
substances; TNFo, Tumor necrosis factor a; VEGF, va-
scular endothelial growth factor.

Introduction

Atherosclerosis, which may cause the devasta-
ting myocardial infarction and stroke, is a progres-
sive disease characterized by the accumulation of
lipid and fibrous elements in the large arteries'”.
Atherosclerosis mostly occurs near the vascular
bends and bifurcations where the turbulent blood
flow generates low shear stress?, leading to the
activation of endothelial cells which increases the
permeability of blood vessels®. All of these chan-
ges will increase the sub-endothelial retention of
lipoproteins, especially apoB-containing lipopro-
tein, which initiates the atherosclerosis via eliciting
the immune response in the intima®®. To response
to the apoB-containing lipoproteins, macrophages
and other innate immune cells enter the intima to
form foam cells via engorging the lipid, causing the
accumulation of lipid-rich necrotic debris in smo-
oth muscle cells'’. Next, the atheromatous plaques
are formed by smooth muscle cells and lipid-rich
necrotic core enclosed by the extracellular matrix'.
As the disease progresses, the plaques will become
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large enough to block flow, leading to atherosclero-
sis obliterans (ASO), which may cause death. Al-
though the pathology has been studied for many
years and many different mechanisms have been
demonstrated, the exact molecular mechanisms
leading to the incurable atherosclerosis are still
unknown. Hypoxia-inducible factor la (HIF-la)
is a transcriptional factor which can be induced
by hypoxia that has been proved to participate in
the progression of atherosclerosis'®. HIF-lo, can
regulate a lot of physiological and pathological
functions, including angiogenesis'"'?, inflamma-
tory response’, nitric oxide metabolism', glucose
metabolism'® and so on. It’s known that atheroscle-
rotic lesions contain hypoxic areas, leading to the
overexpression of HIF-1a in human and mouse pla-
ques'®”. HIF-1o has been proven to participate in
the progression of atherosclerosis*'""°. For exam-
ple, HIF-1a induces netrin-1/Unc5b expression in
atherosclerotic plaques to increase the retention
and survival of macrophages in intima to promote
the progression of atherosclerosis'®. HIF-1a in ma-
crophages accelerates atherosclerotic development
via affecting the intrinsic inflammation'*. Since
HIF-1a is overexpressed in atherosclerosis patien-
ts, HIF-1a is a good target for the treatment of athe-
rosclerosis and the inhibitors for HIF-1a should be
good candidates. Curcumin is the active ingredient
of turmeric?'. Curcumin is commonly used in In-
dian traditional medicine in the treatment of biliary
disorders, cough, diabetic ulcers, hepatic disorders,
rheumatism and sinusitis. The paste of curcumin
mixed with lime has been a popular home remedy
for the treatment of inflammation and wounds®.
Studies demonstrate curcumin can inhibit the
progression of atherosclerosis****. Curcumin re-
duces the lipid lesion area in the entire aorta and
effectively retards the occurrence and development
of atherosclerotic plaques®. Long-term curcumin
administration protects against atherosclerosis
through hepatic regulation of lipoprotein choleste-
rol metabolism*. Curcumin reduces atherosclero-
sis and fatty liver by suppressing aP2 and CD36
expression in macrophages®*. Furthermore, curcu-
min has been proven to inhibit the expression of
HIF-1a in pituitary adenomas?’. Curcumin protects
liver fibrosis via inhibiting HIF-la via ERK-de-
pendent pathway?. However, whether and how
curcumin can suppress the expression of HIF-1a in
macrophages is still unknown. Here, we found cur-
cumin reduced the protein but not the mRNA level
of HIF-1a in hypoxic macrophages. The downstre-
am genes of HIF-la, VEGF, HMOXI1, ROS and
PDGF, were also reduced by curcumin treatment.

The total cholesterol and lipid in macrophages
were rescued by curcumin and inhibitors of HIF-
la under hypoxic condition. We also found curcu-
min decreased HIF-la-induced apoptosis and the
upregulated protein level of inflammatory factors,
IL-6 and TNFa, in macrophages. Furthermore, we
found curcumin mediated the suppression of HIF-
la via ERK signaling pathway. Our study provided
a molecular mechanism for how curcumin regulate
the HIF-1a in macrophages under atherosclerosis.

Materials and Methods

Cell Culture

Human THP1 cells (ATCC, Manassas, VA,
USA) were seeded in 35 mm Petri dishes at a
density of 0.5x10° cells per ml in Roswell Park
Memorial Institute-1640 (RPMI-1640) medium
containing 10% fetal bovine serum (FBS), 100
IU/ml penicillin and 100 pg/ml streptomycin,
and the cells were maintained at 37°C in a
humidified atmosphere containing 5% CO,. The
THP-1 cells were differentiated into macrophages
by the addition of 100 ng/ml PMA for 72 hours.
Protease  inhibitor, N-acetyl-L-leucyl-L-leu-
cyl-L-norleucinal (LLnl) (Sigma-Aldrich, St.
Louis, MO, USA) (35 uM), was used to inhibit
the protease.

Normoxic and Hypoxic Conditions

Cells were incubated in hypoxic condition (2%
O,) by placing them in an in vivo hypoxia work
station into which a gas mixture of 5% CO, and
balanced nitrogen was used to keep oxygen con-
suming system in a 3.5 L airtight chamber and
verified by an anaerobic indicator strip. For nor-
moxia experiments, cells were incubated in a hu-
midified incubator with a constant supply of air
(21% 0O,) with 5% CO, at 37°C.

Foam Cell Formation Assay

Ox-LDL was prepared by first dissolving LDL
(0.25 mg/ml) in PBS for 24 hrs at 4°C and then
incubating with 5 uM CuSO4 for 24 hrs at 37°C.
To stop the reaction, 0.2 uM EDTA and 50 uM
BHT were added. The extent of oxidation of ox-L-
DL was determined by measuring thiobarbituric
acid-reactive substances (TBARS) according to
the manufacturer’s instructions (Cell Biolabs, San
Diego, CA, USA). The cultured peritoneal ma-
crophages were incubated with 50 pg/ml ox-LDL
for 24 hours, in the presence or absence of circu-
min (40 uM) or HIF-1a inhibitor (KC7F2, 40 uM)
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(St. Louis, MO, USA). Cells were then fixed with
4% w/v paraformaldehyde for 30 min and stained
with 0.3% Oil-Red O for 15 min. Images were
captured using microscope.

Detection of Total Cholesterol
in Macrophages

Cultured macrophages were exposed to hypoxia
with or without treatment with curcumin (40 uM)
or HIF-1a inhibitors 40 uM for 24 hrs. And then
macrophages cells were collected and lysed to ex-
tract and measure total intracellular cholesterol
using the Total Cholesterol Assay Kit (Colorime-
tric) (Cell Biolabs, San Diego, CA, USA), accor-
ding to the manufacturer’s instructions.

Apoptosis Assay by FACS

After 48 hrs of treatment under hypoxic condi-
tion, cells (2x10%) were harvested and washed twi-
ce with pre-cooled PBS. The Annexin V-FITC/PI
Apoptosis kit (Life Technologies, Carlsbad, CA,
USA) was utilized for detecting apoptotic cel-
Is. Briefly, 5 pl aliquots of Annexin V and 1 pl
aliquots of Propidium lodide (PI) (BD Pharmin-
gen, Franklin Lakes, NJ, USA) buffer were ad-
ded into 400 pl of binding buffer. The cells were
then exposed to the mixed solution for 15 min in
dark at room temperature. Samples were analy-
zed with FACS. Next, percentage of Annexin V
positive cells was recorded as a measurement of
cell apoptosis.

Quantitative Real-Time PCR Analysis
(QRT-PCR)

Total RNA from the patient plaques or cul-
ture cells was isolated using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA). Total RNA
(I pg) was used for reverse transcription ac-
cording to the manufacturer’s instructions
(Thermo Fisher, Waltham, MA, USA). Re-
al-time PCR was performed using SYBR gre-
en Supermix (Thermo Fisher, Waltham, MA,
USA). The change in mRNA expression was
calculated by the comparative change-in-cycle-
method (**Ct) relative to GAPDH mRNA le-
vels. The following primers were used: HIF-
la-F: GTGAACCCATTCCTCATCCGTC,
HIF-lo-R: GTTCTTCCGGCTCATAACCCA-
TC; IL-6-F: GGTACATCCTCGACGGCATCT,

IL-6-R: GTGCCTCTTTGCTGCTTTCAC;
TNFa-F: GCCTCTTCTCATTCCTGCTTG,
TNFa-R: CTGATGAGAGGGAGGCCATT;
HMOXI1-F:  GTGCCACCAAGTTCAAGCAG,

HMOXI1-R: CAGCTCCTGCAACTCCTCAA;

VEGF-F: CTCATGGACGGGTGAGGC, VE-
GF-R: CTGCTCTCCTTCTGTCGTGG; ROS-F:
ACCTTATCCAGCGCATTCCA, ROS-R:
AGCCCAGCATTGGGACATTA; PDGF-F:
GGAGTCGGCATGAATCGCT, PDGF-R: TGT-
GCTCGGGTCATGTTCAA; GAPDH-F: AG-
GTCGGTGTGAACGGATTTG, GAPDH-R:
TGTAGACCATGTAGTTGAGGTCA.

Western Blot Analysis

Protein was extracted from the plaques or cul-
tured cells in RIPA buffer (50 mM Tris pH 7.4, 150
mM NaCl, 0.25% sodium deoxycholate, 1% NP-
40). 20 pg protein were separated by sodium do-
decyl sulphate-polyacrylamide gel electrophore-
sis (SDS-PAGE). Then, proteins were transferred
to polyvinylidene difluoride (PVDF) membranes,
blocked in TBST containing 5% milk and blot-
ted for HIF-1a (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), ERK1/2 and p-ERK1/2 (Cell Si-
gnaling Technology, Danvers, MA, USA), PDGF
(BD Pharmingen, Franklin Lakes, NJ, USA),
VEGF, ROS, HMOX1 and GAPDH (Abcam,
Cambridge, MA, USA). Horseradish peroxidase
(HRP) conjugated secondary antibodies followed
by chemiluminescent substrate were used for the
signal detection.

Enzyme-Linked Immunosorbent Assay
(ELISA)

The assessment of the IL-6 and TNF-a levels
in the cells was performed by ELISA, using IL-6
and TNF-a ELISA Max™ Set Deluxe (BioLegend,
San Diego, CA, USA), in accordance with the ma-
nufacturer’s instructions. Briefly, one day prior to
running the assay, 96-well plates were coated with
the capture antibody. Following 18 h incubation at
4°C, the plates were washed with PBS containing
0.05% Tween-20 (Sigma-Aldrich, St. Louis, MO,
USA) and then incubated for 1 hr at room tem-
perature with a diluent buffer to block nonspeci-
fic binding. After washing, 100 ml sample (100
mg) was added to each well and then incubated
for 2 hrs at room temperature. After washing of
the plates, 100 ml biotinylated detection antibo-
dy was added to each well. The plates were then
incubated for 1 h, prior to further washing. Next,
100 ml avidin-horseradish peroxidase (HRP) was
added to each well followed by incubation for 30
min at room temperature. After further washing,
3,3’,5,5 -tetramethylbenzidine (TMB) substrate
solution was added and the plates were incubated
in the dark for 15 min. The reaction was stopped
by the addition of 100 ml 2 N sulfuric acid, and
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the absorbance at 450 nm and 570 nm was mea-
sured.

Statistical Analysis

The difference between two groups was analy-
zed by two-tailed Student’s z-test. For multiple
comparisons, the one-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test was
used to analyze the difference. p < 0.05 was con-
sidered significant.

Results

Curcumin Inhibits the Expression
of HIF-1o. Under Hypoxic Condition

To investigate the effect of curcumin on the
expression of HIF-1a in macrophages, we treated
the macrophages under hypoxic condition with or
without curcumin for 6 hrs. The results showed
curcumin didn’t affect the mRNA level of HIF-
la (Figure 1A). Then we examined if the protein
level of HIF-1la was regulated by curcumin. We
found the upregulated protein level of HIF-la,
which was induced by hypoxia, was decreased by
the treatment of curcumin with a dose-dependent
manner (Figure 1B). This suggested curcumin

Curcumin

Hypoxia

affected the protein level of HIF-la to regulate
the function of macrophages. To prove the regu-
lation of HIF-1a at the protein level, we treated
the macrophages with 35 uM proteasome inhibi-
tor, LLnl, together with curcumin under hypoxic
condition for 2 hrs or 4 hrs. The results showed
LLnl decreased the inhibition of curcumin on the
protein level of HIF-loo with a time-dependent
manner (Figure 1C). These data demonstrated
curcumin repressed the expression of HIF-la in
macrophages under hypoxic condition via protea-
some-dependent manner.

Curcumin Represses the Cholesterol
and Lipid Level Induced by Hypoxia via
Repressing HIF-1a.

Next, we examined the total cholesterol and
lipid level in macrophages under hypoxic condi-
tion. The result showed that hypoxia significantly
increased the total cholesterol level in macropha-
ge. However, both treatments with curcumin and
HIF-la inhibitor can significantly decrease the
total cholesterol (Figure 2A). In addition, with
Oil Red O staining, we found the lipid level in
macrophages was significantly increased under
hypoxic condition, while administration with cur-
cumin and HIF-la inhibitor significantly decre-
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Figure 1. Curcumin inhibits the expression of HIF-1a under hypoxic condition. (4) The mRNA level HIF-1a is not changed
under hypoxic condition with or without curcumin in macrophages. (B) Western blot results showing the hypoxia significantly
increase the protein level of HIF-1a, which is decreased after treating with curcumin. (C) LLnl reverses the inhibition of HIF-
la by curcumin.
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Figure 2. Curcumin decreases the cholesterol and lipid level under hypoxic condition in macrophages. (4). The total chole-
sterol level in macrophages is increased under hypoxic condition, while curcumin (40 pM) and HIF-1a inhibitor (KC7F2, 40
uM ) reverse the total cholesterol. (B). Oil-Red O Staining results showing hypoxia increases the lipid level in macrophages,
which is decreased by curcumin and HIF-1a inhibitor. Data are presented as mean + SD. *p < 0.05.

ased the hypoxia-induced lipid increase (Figure
2B). All these data demonstrated curcumin can
reverse the effect of hypoxia on macrophages via
HIF-1a signaling pathway.

Curcumin Represses the Expression of
HIF-10. Downstream Genes

Next, we wanted to examine if the downstre-
am of HIF-lo was also repressed by curcumin.
We treated the macrophage with curcumin under
hypoxic condition followed by the detection of the
downstream targets of HIF-1a. The Western blot
results showed the downstream genes (VEGF,
HMOX1, ROS and PDGF) were upregulated after
hypoxic treatment, which was repressed by the
treatment of curcumin. Furthermore, the inhibi-
tion was dose-dependent as the 40 uM curcumin
repressed the expression of these HIF-la down-
stream genes more dramatically than 20 uM cur-
cumin (Figures 3A and 3B). These data demon-
strated curcumin further repressed the signaling
pathway of HIF-1a.

Curcumin Inhibits the Macrophage
Apoptosis Induced by HIF-1o.

Next, we wanted to examine the consequence
of the inhibition of HIF-la by curcumin. First,
we examined if the curcumin can affect the ma-
crophage apoptosis induced by hypoxia. We trea-
ted the macrophages with hypoxic condition with
or without curcumin. We found the apoptosis
percentage increased from 8.9% to 24.7% after
treatment with hypoxic condition. However, the

treatment with 20 or 40 uM curcumin significant-
ly decreased the apoptosis induced by hypoxia to
17.3% and 13.9% (Figure 4A). And the inhibition
was dose-dependent with the high dose of curcu-
min can inhibit the apoptosis more dramatic than
the low dose of curcumin (Figure 4A). We also
examined the cell viability with MTT assay, whi-
ch showed hypoxia significantly decreased ma-
crophage viability (from 98.5% to 57.5%), which
was reversed by curcumin treatment (up to 85%
for 20 uM, 93% for 40 uM), which is consistent
with the apoptosis results (Figure 4B). These data
demonstrated curcumin can inhibit the apoptosis
induced by the hypoxia.

Curcumin Decreases the Release of IL-6
and TNF-o. Induced by Hypoxia

Then, we examined if curcumin can affect the
expression and release of inflammatory factor. The
macrophages were treated with hypoxic condition
with or without curcumin. Firstly, we examined
the mRNA level of IL-6 and TNF-a by qRT-PCR.
LPS treatment was used as positive control which
significantly increased the expression of IL-6 and
TNF-a. We found hypoxia dramatically increa-
sed the mRNA level of 1L-6 and TNF-a, which
was repressed by treatment of curcumin with a
dose-dependent manner, and the treatment of cur-
cumin alone didn’t affect the expression of IL-6
and TNF-a (Fig 5 A and 5 B). Furthermore, the
protein levels of IL-6 and TNF-a were detected
by ELISA, and we found that the protein level of
IL-6 and TNF-a was consistent with the results
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Figure 3. Curcumin inhibits the expression of HIF-1a downstream in macrophages. (4) Hypoxia significantly increases the
protein level of HIF-1a downstream gene, VEGP, HMOX1, ROS and PDGF. Curcumin inhibits the expression of these proteins
under hypoxic condition. (B) The statistic result of Western blot (A). The experiments were repeated for 3 times. Data are

presented as mean = SD. *p < 0.05.

got from the qRT-PCR (Figure 5 C and 5 D). The-
se data demonstrated curcumin can significant-
ly inhibit the inflammation response induced by
hypoxia in macrophages.

Curcumin Inhibits HIF-1o. via ERK
Signaling Pathway

Next, we wanted to know the molecular mecha-
nism accounting for the regulation of HIF-1a by
curcumin. Previous report found curcumin inhi-
bited the expression of HIF-1a via ERK signaling
in liver fibrosis. So we examined if this signaling
pathway also participate the regulation of HIF-1a
by curcumin in macrophages. By Western blot,
we found hypoxic condition significantly increa-
sed the protein level of HIF-1a and p-ERK, while
different doses of curcumin repressed the protein
level of HIF-1a and p-ERK. High dose of curcu-
min treatment repressed the expression of HIF-1a
more dramatically than the low dose of curcumin
treatment (Figure 6 A and 6 B). These data de-
monstrated curcumin inhibited the expression of
HIF-1a via ERK signaling pathway.

Discussion

Atherosclerosis is a common progressive cardio-
vascular disease usually occurring in the arteries’.
Atherosclerosis is characterized by lipid deposition
and fibrosis, which contribute to the formation of
atherosclerotic plaques, which may block the blood
flow to lead to stroke or even death!?. So it’s very
important to understand the molecular and cellular
mechanisms for the onset and progression of athe-
rosclerosis. It has been proven that macrophages
play important roles in the pathogenesis of athero-
sclerosis. Macrophage activation in atheroma leads
to the release of vasoactive molecules such as ni-
tric oxide, endothelins, and several eicosanoids*-*°.
And the activated macrophages also produce re-
active oxygen species for lipoprotein oxidation and
cytotoxicity®!. Furthermore, activated macropha-
ges secrete proteolytic enzymes which degrade
matrix components, which may lead to destabili-
zation of plaques and an increased risk for plaque
rupture and thrombosis”. So we wanted to explo-
re the function of macrophages in atherosclerosis.



S. Ouyang, Y.-H. Yao, Z.-M. Zhang, J.-S. Liu, H. Xiang

Previous studies indicated that hypoxic regions in
atherosclerotic plaques showed higher expression
of HIF-1a, which increased the formation of ma-
crophage foam cells via regulating macrophage li-
pid metabolism by inducing the sterol synthesis and
suppressing the cholesterol efflux’. And HIF-1a in
macrophages affected the intrinsic inflammatory
profile of macrophages and promoted development
of atherosclerosis®. Furthermore, recently report*
showed that Hypoxia inducible factor worked as a
therapeutic target for atherosclerosis. Thus, the drug
that can target to HIF-lo. may be a method for the
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treatment of atherosclerosis. Our study found cur-
cumin repressed HIF-1a to reduce the proliferation
and inflammation of macrophages. Furthermore,
the treatment of curcumin significantly decreased
the total cholesterol and lipid level in macrophages
under hypoxic condition, which suggested curcu-
min can repress the effect of hypoxia on macropha-
ges via HIF-la signaling pathway. This provides
a new way for targeting to HIF-1o.. Curcumin, the
main active compound in turmeric, has been stu-
died for its use as anti-cancer, anti-aging and wound
healing agent®~’. Furthermore, studies have shown
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Figure 4. Curcumin inhibits the HIF-la-induced macrophage apoptosis. (4) FACS results show the apoptosis was induced
under hypoxic condition, which was inhibited by treating with curcumin. (B) Hypoxia decreases the proliferation of ma-
crophages, which is reversed by treating with curcumin. Data are presented as mean + SD. *p < 0.05.
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curcumin can be benefit for the treatment of athero-
sclerosis* **. However, the underlying mechanisms
are still unknown. In our work, we found curcumin
repressed the expression of HIF-1a at the protein le-
vel and the downstream genes of HIF-1a, such as
HMOX1, ROS, VEGF and PDGF. The downstream
genes of HIF-la are critical for the progression of
atherosclerosis. For example, VEGF can enhance
atherosclerotic plaque formation and progression*,
PDGEF can regulate the proliferation and migration
of vascular smooth muscle cells which is critical for
the formation of atherosclerotic lesions®. ROS plays

a significant role in homoeostasis of vascular cel-
Is and the pathogenesis of atherosclerosis*’. Thus,
curcumin may be a good drug for the treatment of
atherosclerosis via repressing HIF-1a.. Furthermore,
the activation of macrophages is important for the
progression of atherosclerosis. Activated macropha-
ges release many inflammatory factors, like 1L-1,
IL-6, TNFa, NO and ROS, to promote atherosclero-
sis?. The inhibition of the function of macrophages
will be benefit for the treatment of atherosclerosis.
To elucidate if curcumin can repress the activation
of macrophage, we examined the apoptosis, proli-
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feration and the expression of inflammation factors
of macrophages. And we found curcumin inhibi-
ted the hypoxia-induced the macrophage apoptosis
and the upregulated protein level of inflammation
factor, IL-6 and TNFa. Furthermore, we found the
proliferation of macrophage, decreased by hypoxia,
was rescued by curcumin. All of these data demon-
strated the curcumin can be used for the treatment
of atherosclerosis via repressing the activation of
macrophages. ERK signaling pathway, one of the
most important pathways, is important for the nor-
mal development and function*. ERK, upstream of
HIF-1a, has been reported to elevate the expression
of HIF-1 and increase its activity by direct pho-
sphorylation or indirect phosphorylation®. Consi-
stently, we found the elevated expression of HIF-1a
and p-ERK in hypoxic group, while the expression
of HIF-1a and p-ERK was decreased after treatment
with curcumin. Based on these findings, we belie-
ved that curcumin inhibited the expression of HIF-
la at least partially via ERK signaling pathway.

Conclusions

We found curcumin repressed the expression
of HIF-1a at the protein level in macrophages at
the molecular level. Curcumin, at the cellular le-
vel, inhibited the HIF-la-induced apoptosis and
the upregulated protein level of inflammation
factors of macrophages. At last, we found cur-
cumin repressed the expression of HIF-la via
ERK signaling pathway. This finding elucidated
the mechanisms of the benefits of curcumin on
atherosclerosis. Furthermore, these data indicated
curcumin can be a drug for treatment of athero-
sclerosis. However, it will be very important and
interesting to elucidate the function of curcumin
for atherosclerosis in mice in vivo.

Conflict of Interest
The Authors declare that they have no conflict of interest.

Funding

This research received no specific grant from any funding
agency in the public, commercial, or not-for-profit sectors.

Statement
No animal and clinical samples were used in current study.
The Ethics Committee approval is not provided.

4)

10)

11)

12)

13)

14)

References

Koerwyn GJ, Corr EM, Eray E, Moore KJ. Regula-
tion of macrophage immunometabolism in athero-
sclerosis. Nat Immunol 2018; 19: 526-537.

Hansson GK, RoBertsoN AK, SODERBERG-NAUCLER C.
Inflammation and atherosclerosis. Annu Rev Pa-
thol 2006; 1: 297-329.

TaBas |. 2016 Russell Ross Memorial Lecture in
Vascular Biology: Molecular—Cellular Mechani-
sms in the Progression of Atherosclerosis. Arte-
rioscler Thromb Vasc Biol 2017; 37: 183-189.

VANDERLAAN PA, RearDoN CA, GeTz GS. Site specifi-
city of atherosclerosis: site-selective responses to
atherosclerotic modulators. Arterioscler Thromb
Vasc Biol 2004; 24: 12-22.

ZENG L, ZAmPETAKI A, MARGARITI A, Pere AE, ALAm S,
MaRrTIN D, Xiao Q, WaNG W, JiN ZG, CockeriLL G, Mori
K, LiYS, Hu Y, CHien S, Xu Q. Sustained activation
of XBP1 splicing leads to endothelial apoptosis
and atherosclerosis development in response to
disturbed flow. Proc Natl Acad Sci U S A 2009;
106: 8326-8331.

TaBas I, WiLiams KJ, Boren J. Subendothelial lipo-
protein retention as the initiating process in athe-
rosclerosis: update and therapeutic implications.
Circulation 2007; 116: 1832-1844.

NAkasHIMA Y, Fusi H, SumiyosHi S, WiGHT TN, Suel-
sHi K.Early human atherosclerosis: accumulation
of lipid and proteoglycans in intimal thickenings
followed by macrophage infiltration. Arterioscler
Thromb Vasc Biol 2007; 27: 1159-1165.

KetetHutH DF, Hansson GK. Cellular immunity,
low-density lipoprotein and atherosclerosis: break
of tolerance in the artery wall. Thromb Haemost
2011; 106: 779-786.

Ley K. 2015 Russell Ross Memorial Lecture in Va-
scular Biology: Protective autoimmunity in athero-
sclerosis. Arterioscler Thromb Vasc Biol 2016; 36:
429-438.

Semenza GL. Hypoxia-inducible factor 1: oxy-
gen homeostasis and disease pathophysiology.
Trends Mol Med 2001; 7: 345-350.

ForsytHE JA, Jiang BH, Iver NV, Acani F, LEunG
SW, Koos RD, Semenza GL. Activation of vascular
endothelial growth factor gene transcription by
hypoxia-inducible factor 1. Mol Cell Biol 1996; 16:
4604-4613.

eLLeTTi FL, WAuGgH JM, AmABILE PG, BRENDOLAN A,
Hiriker PR, Dake MD. Vascular endothelial growth
factor enhances atherosclerotic plaque progres-
sion. Nat Med 2001; 7: 425-429.

VINK A, ScHONEVELD AH, LAaMERs D, HouBen AJ, VAN
DER GROEP P, VAN Diest PJ, Pasterkamp G. HIF-1 alpha
expression is associated with an atheromatous
inflammatory plaque phenotype and upregulated
in activated macrophages. Atherosclerosis 2007;
195: 69-75.

HeikaL L, GHEzzI P, MENGOzzI M, STELMASzczuk B, FEELI-
scH M, Ferns GA. Erythropoietin and a nonerythro-
poietic peptide analog promote aortic endothelial



Curcumin inhibits HIF-Ta induced functional changes of macrophages

15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

cell repair under hypoxic conditions: role of nitric
oxide. Hypoxia (Auckl) 2016; 4: 121-133.

Semenza GL. Hypoxia-inducible factors: coupling
glucose metabolism and redox regulation with in-
duction of the breast cancer stem cell phenotype.
EMBO J 2017; 36: 252-259.

Stuiver JC, Gasc JM, vaN WaNrou JL, Kisters N, GRoOE-
NEWEG M, SoLLewiN GELPKE MD, CLEUTJENS JP, VAN DEN
AKker LH, CorvoL P, Wourters BG, Daemen MJ, Bu-
NENs AP. Hypoxia, hypoxia-inducible transcription
factor, and macrophages in human atherosclero-
tic plaques are correlated with intraplaque angio-
genesis. J Am Coll Cardiol 2008; 51: 1258-1265.

PARATHATH S, Mick SL, Feig JE, JoAauiN V, GRAUER L, HA-
BIEL DM, GAssMANN M, GARDNER LB, FisHErR EA. Hypoxia
is present in murine atherosclerotic plagques and
has multiple adverse effects on macrophage lipid
metabolism. Circ Res 2011; 109: 1141-1152.

RAMKHELAWON B, YANG Y, VAN GiLs JM, HEwING B, RAy-
NER KJ, PARATHATH S, Guo L, OLpeBekeN S, Feig JL,
FisHeEr EA, Moore KJ. Hypoxia induces netrin-1 and
Unc5b in atherosclerotic plagues: mechanism for
macrophage retention and survival. Arterioscler
Thromb Vasc Biol 2013; 33: 1180-1188.

PaseiDI MR, Ji X, MAxweLL JT, MIGNERY GA, SAMAREL
AM, Lipsius SL. Inhibition of cAMP-dependent PKA
activates beta2-adrenergic receptor stimulation
of cytosolic phospholipase A2 via Raf-1/MEK/
ERK and IP3-dependent Ca2+ signaling in atrial
myocytes. PLoS One 2016; 11: e0168505.

Gao L, CHen Q, ZHou X, Fan L. The role of
hypoxia-inducible factor 1 in atherosclerosis. J
Clin Pathol 2012; 65: 872-876.

AkBiK D, GHADIRI M, CHrRzANOWwsKI X/, ROHANIZADEH
R. Curcumin as a wound healing agent. Life Sci
2014; 116: 1-7.

Privabarsini KI. The chemistry of curcumin: from ex-
traction to therapeutic agent. Molecules 2014; 19:
20091-20112.

CHEN FY, Znou J, Guo N, Ma WG, Huang X, WANG
H, Yuan ZY. Curcumin retunes cholesterol tran-
sport homeostasis and inflammation response in
M1 macrophage to prevent atherosclerosis. Bio-
chem Biophys Res Commun 2015; 467: 872-878.

HasaN ST, ZiNngG JM, KwaN P, NoBLE T, SmitH D, MEy-
pANI M. Curcumin modulation of high fat diet-indu-
ced atherosclerosis and steatohepatosis in LDL
receptor deficient mice. Atherosclerosis 2014;
232:40-51.

WoNGCcHAROEN W/, PHrRommINTIKUL A. The protective
role of curcumin in cardiovascular diseases. Int J
Cardiol 2009; 133: 145-151.

SHIN SK, HA TY, McGreGor RA, CHol MS. Long-term
curcumin administration protects against athero-
sclerosis via hepatic regulation of lipoprotein cho-
lesterol metabolism. Mol Nutr Food Res 2011; 55:
1829-1840.

SHAN B, ScHAAF C, ScHmipT A, LuciA K, BUcHFELDER M,
LosAa M, KuHLEN D, Kreutzer J, PeroNE MJ, ARrzT E,
StaLLA GK, Renner U. Curcumin suppresses HIF1A

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

40)

41)

synthesis and VEGFA release in pituitary adeno-
mas. J Endocrinol 2012; 214: 389-398.

ZHAO Y, MA X, WANG J, HE X, HU Y, ZHANG P, WANG
R, Li R, GonG M, Luo S, Xiao X. Curcumin protects
against CCl4-induced liver fibrosis in rats by inhi-
biting HIF-1alpha through an ERK-dependent pa-
thway. Molecules 2014; 19: 18767-18780.

ZeiHER AM, GoeseL H, ScHACHINGER V, IHuNG C. Tis-
sue endothelin-1 immunoreactivity in the active
coronary atherosclerotic plaque. A clue to the me-
chanism of increased vasoreactivity of the culprit
lesion in unstable angina. Circulation 1995; 91:
941-947.

ButTery LD, SPRINGALL DR, CHester AH, Evans TJ,
STANDFIELD EN, PArRums DV, Yacous MH, PoLak JM.
Inducible nitric oxide synthase is present within
human atherosclerotic lesions and promotes the
formation and activity of peroxynitrite. Lab Invest
1996; 75: 77-85.

Yousser LA, ReBeaa A, Pampou S, WEISBERG SP,
Stockwerl BR, Hop EA, Semawnik SL. Increased
erythrophagocytosis induces ferroptosis in red
pulp macrophages in a mouse model of transfu-
sion. Blood 2018; 131: 2581-2593.

Lieey P, Aikawa M. Stabilization of atherosclerotic
plaques: new mechanisms and clinical targets.
Nat Med 2002; 8: 1257-1262.

AARUP A, PeDERSEN TX, JUNKER N, CHRISTOFFERSEN C,
BarteLs ED, MapbseN M, Nietsen CH, Nietsen LB.
Hypoxia-inducible factor-1alpha expression in
macrophages promotes development of athero-
sclerosis. Arterioscler Thromb Vasc Biol 2016; 36:
1782-1790.

Jan T, NikoLorourou EA, Xu Q, Qu A. Hypoxia indu-
cible factor as a therapeutic target for atheroscle-
rosis. Pharmacol Ther 2018; 183: 22-33.

Lima CF, Pereira-WiLson C, Rartan SI. Curcumin in-
duces heme oxygenase-1 in normal human skin
fibroblasts through redox signaling: relevance for
anti-aging intervention. Mol Nutr Food Res 2011;
55: 430-442.

SHEHZAD A, Lee J, Lee YS. Curcumin in various can-
cers. Biofactors 2013; 39: 56-68.

SHEHZAD A, Lee J, HuH TL, Lee YS. Curcumin induces
apoptosis in human colorectal carcinoma (HCT-
15) cells by regulating expression of Prp4 and
p53. Mol Cells 2013; 35: 526-532.

CeLLetmi FL, WauGgH JM, AmaBiLE PG, BRENDOLAN A,
Hitriker PR, Dake MD. Vascular endothelial growth
factor enhances atherosclerotic plaque progres-
sion. Nat Med 2001; 7: 425-429.

BoucHer P, GottHARDT M. LRP and PDGF signaling:
a pathway to atherosclerosis. Trends Cardiovasc
Med 2004; 14: 55-60.

Nowak WN, DenG J, Ruan XZ, Xu Q. Reactive oxy-
gen species generation and atherosclerosis. Ar-
terioscler Thromb Vasc Biol 2017; 37: e41-e52.

CHAMBARD JC, LEFLOCH R, PouysstGUR J, LENORMAND P.
ERK implication in cell cycle regulation. Biochim
Biophys Acta 2007; 1773: 1299-1310.



