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MK2206 attenuates atherosclerosis by inhibiting lipid
accumulation, cell migration, proliferation, and inflammation
Ya-qin Tang1, Zhi-wei Li1, Yu-fan Feng1, Hong-qin Yang1, Cui-liu Hou1, Chi Geng1, Pei-ran Yang1, Hong-mei Zhao1 and Jing Wang1

Cardiovascular disease is a common comorbidity in patients with cancer, and the main leading cause of noncancer-related deaths in
cancer survivors. Considering that current antitumor drugs usually induce cardiovascular injury, the quest for developing new
antitumor drugs, especially those with cardiovascular protection, is crucial for improving cancer prognosis. MK2206 is a phase II
clinical anticancer drug and the role of this drug in cardiovascular disease is still unclear. Here, we revealed that MK2206 significantly
reduced vascular inflammation, atherosclerotic lesions, and inhibited proliferation of vascular smooth muscle cell in ApoE−/− mice
in vivo. We demonstrated that MK2206 reduced lipid accumulation by promoting cholesterol efflux but did not affect lipid uptake and
decreased inflammatory response by modulating inflammation-related mRNA stability in macrophages. In addition, we revealed that
MK2206 suppressed migration, proliferation, and inflammation in vascular smooth muscle cells. Moreover, MK2206 inhibited
proliferation and inflammation of endothelial cells. The present results suggest that MK2206, as a promising drug in clinical antitumor
therapy, exhibits anti-inflammatory and antiatherosclerotic potential. This report provides a novel strategy for the prevention of
cardiovascular comorbidities in cancer survivors.
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INTRODUCTION
The prevalence of cancer and its associated comorbidities is one
of the greatest challenges for the healthcare system [1, 2].
Cardiovascular disease (CVD) is a common comorbidity in cancer
patients, implicated in poor patient prognosis and tumor
progression [3]. Previous studies suggest that CVD is the main
leading cause of noncancer-related deaths in cancer survivors and
the major risk of adverse cardiovascular events in anticancer
therapy trial participants [4, 5], making cardiovascular dysfunction
one of the major concerns for anticancer therapy. The cardiovas-
cular toxicity of current therapeutic drugs for cancer [6] prompted
us to find a new drug effective for both cancer and CVD.
Atherosclerosis is the pathological basis of CVD and the leading
cause of cardiovascular events. Thus, we searched for an effective
therapy that targeted common signaling pathways in cancer and
atherosclerosis.
Multiple studies suggest that Akt plays an important role both

in the pathogenesis and progression of atherosclerosis and cancer
[7, 8], exposing it as a potential common target for atherosclerosis
and cancer. MK2206 is a highly selective allosteric inhibitor of Akt
in phase II studies for patients with refractory renal cell carcinoma
[9], relapsed or refractory lymphoma [10], and advanced thoracic
malignancies [11]. Compared to other pan-Akt inhibitors, such as
upstream inhibitors and ATP-binding pocket inhibitors, the
allosteric inhibitor is a new strategy for alleviating off-target
toxicity. In addition, MK2206 inhibits all three Akt kinases isoforms
(Akt1, Akt2, and Akt3), with specificity and acceptable toxicities

[12]. As a promising anticancer agent with broad clinical
applications and great advantages, the role of MK2206 in
atherosclerosis remains unclear.
Atherosclerotic CVD leads the common causes of death

worldwide [13]. The pathogenesis of atherosclerosis involves
endothelial dysfunction [14], macrophage foam cell formation
[15], vascular smooth muscle cell (VSMC) migration and prolifera-
tion [16], and chronic inflammatory processes of the arterial wall
among others [15]. At the molecular level, scavenger receptors
CD36 and scavenger receptor-A (SR-A) are responsible for the
internalization of oxidized low-density lipoproteins (oxLDL), which
mediates macrophage lipid uptake [17]. The ATP-binding cassette
transporter A1 and G1 (ABCA1 and ABCG1) transport cholesterol
from the macrophage to high-density lipoprotein (HDL) [18],
which then delivers cholesterol to the liver through apolipoprotein
A1 (ApoA1) via scavenger receptor class B type I (SR-BI) [19],
thereby promoting macrophage cholesterol efflux. The imbalance
between macrophage lipid uptake and cholesterol efflux leads to
foam cell formation. Matrix metalloproteinases (MMPs) are a
family of proteolytic enzymes that degrade extracellular matrix
and mediate vascular remodeling [20]. MMP2 and MMP9 are the
most extensively studied MMPs in vascular disease, reported to
facilitate cell migration and proliferation [21], and are associated
with the stability of atherosclerotic vulnerable plaque [22]. In
addition to the above pathological mechanisms, inflammation
plays an essential role in atherosclerosis. Intracellular adhesion
molecule 1 (ICAM1), vascular cell adhesion molecule 1 (VCAM1),
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P-selectin, and E-selectin are associated with endothelial activa-
tion and damage, promotes inflammatory response and athero-
sclerosis [23, 24], interleukin-1β (IL-1β), IL-6, C–C motif chemokine
ligand 2 (CCL2) and tumor necrosis factor α (TNF-α) levels are
generally increased in patients with atherosclerosis, while
therapeutic interventions targeting inflammation factors
expressed in various cells can prevent the disease progression
[25–27]. Interestingly, Akt regulates many of these atherogenesis-
associated processes, such as macrophage lipid uptake [28],
VSMC migration [29], and inflammation [30]. However, whether
the Akt inhibitor MK2206 could affect the progress of athero-
sclerosis through modulation of these mechanisms remains
unknown.
Here, we first measured the lipid accumulation and inflamma-

tory response in ApoE−/− mice to determine the protective role of
MK2206 in vivo. Subsequently, we investigated the effects of
MK2206 on macrophage lipid accumulation, VSMC migration and
proliferation, endothelial damage and proliferation, and the
regulation of inflammatory response in macrophages, VSMCs,
and endothelial cells. In conclusion, we used a range of in vivo and
in vitro approaches to demonstrate the protective role of MK2206
in CVD.

MATERIALS AND METHODS
Cell culture and treatment
Human aortic VSMCs (HASMCs), human umbilical vascular
endothelial cells (HUVEC), and mouse leukemic monocyte/macro-
phage cell line (Raw264.7) were purchased from the National
Infrastructure of Cell Line Resource, China. HASMCs were cultured
in smooth muscle cell medium (SMCM, Sciencell, CA, USA)
containing 2% fetal bovine serum (FBS), 1% smooth muscle cell
growth supplement (SMCGS, Sciencell), and 1% penicillin/strepto-
mycin solution (Sciencell). HUVECs were cultured in endothelial
cell medium (Sciencell) containing 5% FBS (Sciencell), 1%
endothelial cell growth supplement (ECGS, Sciencell), and 1%
penicillin/streptomycin solution (Sciencell). Raw264.7 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco,
NY, USA) containing 10% FBS (Gibco), 100 IU/mL penicillin, and
100 g/mL streptomycin (Gibco). All cells were cultured in a
humidified incubator at 37 °C with 5% CO2.
For induction of inflammation, Raw264.7, HASMC, and HUVEC

cells were pretreated with MK2206 (100 nM) for 30 min and
incubated with LPS (100 ng/mL) or oxLDL (100 μg/mL, Yiyuan
Biotech, Guangzhou, China) for the indicated lengths of time.
Subsequently, cell culture supernatant and cells were collected,
the supernatant was analyzed by enzyme-linked immunosorbent
assay (ELISA) to measure cytokine secretion, and cells processed
for RNA extraction.

Animals
A total of 17 male ApoE−/− (C57BL/6J) mice aged 8 weeks old
were obtained from Vital River Laboratory Animal Technology Co.
Ltd. (Beijing, China), and maintained under specific-pathogen-free
conditions. All experimental mice were kept in constant tempera-
ture (22–25 °C) and humidity (50%–60%) with a 12/12 h light-dark
cycle. Mice were randomly divided into a normal chow diet
(control group, n= 5) or a high-fat diet (HFD). HFD-fed mice were
randomly assigned to HFD group (n = 6) and HFD+MK2206
group (n= 6) for a further 8-week treatment. Mice from HFD+
MK2206 group were intraperitoneally injected with MK2206 at a
dose of 4 mg · kg−1 · d−1, mice from HFD group were injected with
an equal volume of saline (containing 0.1% DMSO), and mice from
normal chow diet group were injected with an equal volume of
saline as a negative control. All animal experimental procedures
were approved by the Animal Care and Use Committee of Peking
Union Medical College according to institutional guidelines for
animal ethics.

Cell viability assay
Raw264.7, VSMC, and HUVEC cells were cultured in 96-well plates
to 80% confluence, then incubated with different concentrations
of MK2206 for 24 h. Cell viability was detected with Cell Counting
Kit-8 (CCK-8) (Dojindo, Shanghai, China) according to the
manufacturer’s instruction. Briefly, after MK2206 treatment, cells
were incubated with 10 μL CCK-8 solution at 37 °C for 2 h and the
absorbance of each well at 450 nm was measured with an Epoch
microplate spectrophotometer (BioTek, VT, USA).

Oil Red O staining
Raw264.7 cells were cultured in six-well plates to 80% confluence,
and then treated with 100 nM MK2206 (Selleck Chemicals, TX,
USA) for 30 min before stimulation with 100 μg/mL oxLDL for 24 h.
Fresh tissues from mice were embedded in OCT matrix (Leica,
Wetzlar, Germany), and sectioned with the cryostat (Leica 3050S)
at 6 μm/slice. Oil Red O staining was conducted using Oil Red O
stain kit (Solarbio, Beijing, China), according to the manufacturer’s
instruction. In brief, Raw264.7 cells or OCT-embedded sections
were fixed with 4% paraformaldehyde for 20 min and then rinsed
with distilled water three times. Next, cells or sections were
immersed with 60% isopropanol for 5 min, followed by staining
with fresh ORO solution for 20 min at room temperature. After
discarding this solution, cells and sections were rinsed three times
with distilled water. After final rinsing, hematoxylin (Mayer)
solution was added onto cells and sections for 1 min, and cells
and sections were rinsed again three times with distilled water.
Images were captured under microscope (Nikon, Tokyo, Japan),
and quantification of staining area was evaluated by Image-Pro
Plus software after using computer-assisted image quantification
system.

Analysis of Dil-oxLDL uptake
Raw264.7 cells were cultured in 12-well plates for 24 h, monolayer
cells were treated with 100 nM MK2206 for 30min before 10 μg/mL
dioctadecyl-3,3,3,3-tetramethylindocarbocyanine-oxLDL (Dil-oxLDL,
Invitrogen, CA, USA) was supplemented into culture media. After a
6-h incubation, cells were washed twice with phosphate buffer
saline (PBS) and imaged with an inverted fluorescence microscope
(Nikon). The uptake of Dil-oxLDL was measured by flow cytometry
(BD Biosciences, CA, USA), the mean fluorescence intensity (MFI)
was calculated from at least 30,000 events of each sample.

Cholesterol efflux assay
Cholesterol efflux assay was conducted as described in previous
studies [31, 32], with minor modifications. Briefly, Raw264.7 cells
were cultured in 12-well plates for 24 h, the cells were treated with
100 nM MK2206 for 30min before incubating with 5 μM 22-(N-[7-
nitrobenz-2-oxa-1,3-diazol-4-yl] amino)−23,24-bisnor-5-cholen-3β-ol
(NBD cholesterol, Invitrogen) in phenol red-free DMEM medium for
4 h at 37 °C. After incubation, the cells were washed with PBS three
times and treated with 15 μg/mL ApoA1 (Sigma-Aldrich, MO, USA)
or 50 μg/mL HDL (Yiyuan Biotech). Subsequently, the culture
medium was collected, and loaded cells were lysed with 0.1%
Triton X-100 for 15min at room temperature. The fluorescence
intensity (FI) of culture medium and cell lysate was measured in a
black polystyrene 96-well plate with an Epoch microplate spectro-
photometer at the wavelength of 469 nm excitation and 537 nm
emission. The cholesterol efflux (%) was calculated as follows: Efflux
(%)= (culture medium FI: (culture medium FI+ cell lysate FI)) × 100.

Transwell migration assay
VSMCs were resuspended in serum-free SMCM, seeded in the
upper chamber of 24-well transwell inserts (Corning, NY, USA) and
400 μL of SMCM containing 2% FBS was added to the lower
chamber. After 30 min incubation, 100 nM MK2206 was added to
the medium in the upper chamber and PDGF-BB (20 ng/mL) to the
lower chamber, and the cells were incubated for 24 h at 37 °C.
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Subsequently, cells were fixed and permeabilized with methanol
for 10min. Cells were then stained with 0.1% crystal violet for
20min. Finally, cells on the inside membrane of the upper
chamber were carefully removed with a cotton swab, while cells
on the outside membrane (migration cells) were imaged using a
Nikon inverted microscope. Five random fields per well were
captured and the number of migrated cells was counted.

Wound healing assay
The wound healing assay was performed to assess cell migration.
VSMCs were cultured in six-well plates for 24 h, the monolayer was
scratched using 200 μL sterile pipette tips, and immediately
washed three times with PBS. Cells were then stimulated with
100 nM MK2206 for 30min before supplementing with PDGF-BB
(20 ng/mL) for subsequent 24 h incubation. After incubation, cells
were imaged using a Nikon inverted microscope. Four fields per
well were captured and the migration area was measured by
Image-Pro Plus software.

Proliferation assay
Cell proliferation assay was measured by CCK-8 kit according to
the manufacturer’s instruction. In brief, cells (3 × 103 cells/well)
were cultured in 96-well plates and treated with MK2206 for 0, 24,
48, and 72 h, respectively. Subsequently, 10 μL CCK-8 solution was
added to each well and incubated for 2 h at 37 °C. Absorbance at
450 nm was read with Epoch microplate spectrophotometer.

mRNA stability assay
Raw264.7, HUVEC, and VSMC cells were cultured in six-well plates
to 80% confluence, then cells were treated with MK2206 (100 nM)
for 5 h before incubating with actinomycin D for the indicated
time points. The total RNA was isolated and subjected to
quantitative real-time polymerase chain reaction (RT-qPCR) to
analyze mRNA stability.

RNA preparation and RT-qPCR
Total RNA of cells was isolated by using TRIzol reagent (Invitrogen)
according to the manufacturer’s instructions. Purity and concen-
tration of RNA were quantified at 260 nm wavelength with
Nanodrop (Thermo Fisher Scientific, Waltham, USA). According to
the manufacturer’s instructions of FastKing RT Kit (TianGen,
Beijing, China), 1 μg of total RNA was prepared as a template for
the first-strand cDNA synthesis of reverse-transcription polymer-
ase chain reaction. Briefly, the first reaction procedure was
performed at 42 °C for 3 min, second reaction procedure was
performed at 42 °C for 15 min, 95 °C for 30min, then chilled on ice.
The RT-qPCR was performed by using a 2x Taq master mix

(TianGen, Beijing, China) in the CFX96 Touch™ System (Bio-Rad, CA,
USA). The specific primers used in this study were designed by
Primer5 software (Supplementary Materials Table 1). The program of
qPCR was conducted as follows: 95 °C for 30 s, followed by 40 cycles
of 95 °C for 10 s and 60 °C for 30 s, a melting curve of 65–95 °C with
an increment of 0.5 °C for 5 s per cycle. Final data were calculated by
using 2−ΔΔCt method, and relative gene mRNA expression levels
were normalized to that of β-actin.

Cytokine assays by ELISA
Cytokine levels in cell culture supernatant or mouse plasma were
measured by ELISA (R&D Systems, MN, USA), according to the
manufacturer’s instructions.

Western blot analysis
Cells were lysed in RIPA buffer for 30 min, cell lysates were
collected. After that, total protein concentration was measured by
BCA Protein Assay Kit (Thermo Scientific, Waltham, USA). Twenty
micrograms of the protein sample was separated on 10% sodium
dodecyl sulfate–polyacrylamide gel electrophoresis and then
transferred to preactivated polyvinylidene difluoride membrane

(Millipore, Billerica, USA). The membrane was then blocked in Tris-
buffered saline-Tween (TBST) containing 5% skim milk for 1 h at
room temperature, followed by overnight incubation with primary
antibody (Supplementary Materials Table 2) at 4 °C. After that, the
membrane was washed with TBST and incubated with secondary
antibody for 1 h at room temperature. Membranes were incubated
with ECL reagents (Thermo Scientific) for chemiluminescence
detection, and the immunoreactivity was measured with Tanon
Chemiluminescence/Fluorescence Image Analysis System (Tanon,
Shanghai, China). The relative intensity of protein bands was
quantified with Image-Pro Plus software.

Immunohistochemical (IHC) and immunofluorescent staining
IHC and immunofluorescent staining was performed as previous
described [33, 34] with minor modification. Briefly, OCT-
embedded frozen sections of the arch were fixed in precooled
acetone for 10 min and then washed three times in PBS.
Subsequently, sections were added 3% hydrogen peroxidase to
block endogenous peroxidase activity for 15 min followed by
three washes in PBS for IHC staining. Sections were then blocked
with goat serum for 30 min, and then incubated overnight with
primary antibodies (Supplementary Materials Table 3) diluted in
the goat serum solution at 4 °C. After three washes in PBS, sections
were incubated with secondary antibody for 30min at room
temperature. Images were captured using Nikon microscopy. The
staining area was measured using a computer-assisted image
quantification system by Image-Pro Plus software.

Statistical analysis
Data are presented as the mean ± standard deviation, and all cell
culture experiments were conducted in three independent
experiments. Histological and IHC staining were assessed by a
single observer blinded to treatment. For quantitative analysis, five
random fields from two sections per mouse were selected and
imaged on a Nikon microscope, and images were analyzed with
Image-Pro Plus Software. Differences between the two groups
were analyzed using unpaired Student’s t test, and one-way
ANOVA analysis with Tukey’s post-test was used for multiple
comparisons. Repeated measures data were evaluated using
repeated measures ANOVA. Differences with p < 0.05 were
considered statistically significant.

RESULTS
MK2206 attenuated atherosclerosis in ApoE−/− mice
The incidence of atherosclerosis increases with age, and patients with
such disorders usually have accompanying tumorigenesis. To explore
the role of the anticancer drug MK2206 on atherosclerosis, we
constructed a diet-induced atherosclerosis model using ApoE−/−

mice (Fig. 1a). After 8 weeks of treatment, the mice were euthanized,
and lipid accumulation was measured by ORO staining assay.
Compared with the HFD group, MK2206 significantly diminished lipid
accumulation (Fig. 1b, c, Supplementary Fig. 1a, b). Furthermore, we
have selected three markers of inflammation in the vascular lesions.
Fragments of oxLDL are taken up by SR-A binding to MHC-II
molecules, and the complexes are recognized by CD4+ T cells,
stimulating cytokine secretion [35, 36]. Mac-3 is a marker for
macrophages that has been used as an indicator for lesion
inflammation in atherosclerosis [37]. CCL2 is a key driver of monocyte
recruitment and a mediator of intimal hyperplasia in response to
arterial injury [38–41]. Thus, we studied the expression of MHC-II,
Mac-3, and CCL2 by immunohistochemistry staining, as the indicators
of inflammation in the vasculature. We found that the expression of
MHC-II (Fig. 1d, e), Mac-3 (Fig. 1f, g), and CCL2 (Fig. 1h, i) was
decreased in the MK2206-treatment group compared to the HFD
group. In addition, MK2206 had no effect on necrotic core area and
fibrous cap area in lesion of the aortic root (Supplementary Fig. 1c–e),
and MK2206 inhibited smooth muscle cell proliferation in the arch
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(Supplementary Fig. 1f, g). We further measured the plasma
levels of inflammatory cytokines, including CCL2, IL-6, IL-1β, and
TNF-α. These cytokines were all decreased by the treatment with
MK2206, compared to the HFD group (Fig. 1j–m). Taken together,
these findings illustrated that MK2206 mitigated atherosclerosis
in ApoE−/− mice by attenuating inflammatory response, VSMC

proliferation, and lipid deposition, without influence on the stability
of plaque.

Effects of MK2206 on cell viability and Akt activity
It is well known that macrophages, smooth muscle, and
endothelial cells participate in the pathological progress of

Fig. 1 MK2206 attenuated atherosclerosis in ApoE−/− mice. (a) Schematic diagram of experimental animal model and treatment
administration. Representative images of Oil Red O staining (×50) of the aortic root (b) and the associated quantitative analysis (c). Representative
immunohistochemical staining images (×400) of MHC-II (d), Mac-3 (f), and CCL2 (h) in the aortic arch, and the related quantitative analysis,
respectively (e, g, i). (j–m) Plasma CCL2, IL-6, IL-1β, and TNF-α of ApoE−/− mice from control, HFD, and HFD+MK2206 groups were detected by
ELISA, respectively. Data are presented as the mean ± standard deviation. **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the model group (high-fat diet
group), ###P < 0.001, ####P < 0.0001 vs. the control group (normal chow diet group). Scale bar: b= 500 μm; d, f, h= 50 μm.
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vascular injury in atherosclerosis. To further evaluate the molecular
mechanism of MK2206 in preventing atherosclerotic lesion
formation, we first measured the cytotoxicity of MK2206 on the
three cell types above to determine an effective and safe dose.
Different concentrations (10, 100, 1000 nM) of MK2206 had no
significant effect on Raw264.7, VSMC, and HUVEC cell viability
(Fig. 2a–c). Meanwhile, we also detected the activity of Akt and its
downstream mediator mTOR in Raw264.7, VSMC, and HUVEC cells,
after MK2206 stimulation. Result showed that the phosphoryla-
tion of Akt (Fig. 2d–l) and mTOR (Supplementary Fig. 2) were
significantly dampened by MK2206. Based on MK2206 cytotoxicity
and efficacy tests in these three cell lines, 100 nM dose was used
for all subsequent in vitro experiments.

MK2206 inhibited macrophage-derived foam cell formation and
inflammatory response
Macrophage-derived foam cells formation represents a key factor in
the initiation of atherosclerosis [15, 42]. Previous studies suggest that
Akt-dependent signaling pathways are involved in foam cell
formation and atherosclerosis [43, 44], while Akt deficiency in
macrophages impedes atherosclerosis progression [30, 45]. To
investigate whether inhibition of Akt activity could reduce foam
cell formation, oxLDL-stimulated Raw264.7 cells were treated with
Akt specific inhibitor, MK2206, and lipid deposition was detected by
ORO staining. As shown in Fig. 3a, b, lipid area and foam cell
formation were significantly decreased by MK2206 in a dose-
dependent manner. Lipid deposition in cells is caused by the

Fig. 2 Cell viability assay and Akt activity in response to MK2206. (a–c) Raw264.7, VSMC, and HUVEC cells were treated with MK2206 in a
dose-dependent manner for 24 h, and CCK-8 assay was applied to detect cell viability. Representative immunoblot images (d, g, j) and
quantification of pAkt (e, h, k) and Akt (f, i, l) in Raw264.7, VSMC, and HUVEC cells, respectively. Data are presented as the mean ± standard
deviation from three independent experiments. ***P < 0.001, ****P < 0.0001 vs. the control group (0 nM group).
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increased lipid uptake or decreased cholesterol efflux [46]. Hence,
we used Dil-oxLDL uptake assay and NBD-cholesterol efflux assay to
evaluate oxLDL phagocytosis and cholesterol efflux after cells were
treated with MK2206. Phagocytosis of Dil-oxLDL in Raw264.7 cells
was not affected by MK2206, as analyzed by immunofluorescent
staining and flow cytometry assay (Fig. 3c–e). Meanwhile, compared
with oxLDL-treated cells, the mRNA (Supplementary Fig. 3a) and
protein (Fig. 3i, j) levels of scavenger receptors, CD36 and SR-A,
which mediated phagocytosis in Raw264.7 cells, showed no
significant changes after MK2206 treatment. Subsequently, we
assessed whether MK2206 blocks the efflux of cholesterol in
Raw264.7 cells. ApoA1 and HDL were supplemented to cells to
induce cholesterol efflux in NBD-cholesterol-loaded cells treated
with MK2206. We found that cholesterol efflux either to ApoA1 or
HDL was significantly increased after MK2206 treatment (Fig. 3f–h).
To further confirm our findings, we detected the mRNA (Supple-
mentary Fig. 3b) and protein (Fig. 3k, l) levels of cholesterol
transporters, ABCA1, ABCG1, and SR-BI, which mediated cholesterol
efflux. The results showed that the expression levels were elevated
in MK2206 and oxLDL-treated cells, compared with oxLDL-treated
cells alone. The results above demonstrated that MK2206 inhibited

macrophage-derived foam cell formation by promoting cholesterol
efflux but did not impact lipid uptake.
In addition to lipid accumulation, chronic inflammation also

accelerates atherosclerotic plaque formation [47]. Hence, we investi-
gated the effects of MK2206 on LPS or oxLDL-induced proatherogenic
cytokines expression in Raw264.7 cells. MK2206 markedly reduced the
level of CCL2 (Fig. 4a), IL-6 (Fig. 4d), IL-1β (Fig. 4g), and TNF-α (Fig. 4j)
mRNA expression induced by LPS in macrophages, similar results
were obtained in oxLDL-induced inflammatory experiment in
macrophages (Supplementary Fig. 3c–f). We next investigated the
mechanisms driving a decreased inflammatory response in MK2206-
treated cells. We used actinomycin D to inhibit gene transcription and
found that the half-lives of inflammatory cytokine were shorter in the
presence of MK2206 in Raw264.7 cells (Fig. 4b, e, h, k). Consistently,
the level of these proinflammatory factors in cell supernatants was
decreased by MK2206 as measured by ELISA assay (Fig. 4c, f, i, l and
Supplementary Fig. 3g–j). Based on these results, we confirmed that
MK2206 reduces either LPS-induced or oxLDL-induced inflammatory
response in Raw264.7 cells, and this process was regulated by the
mRNA stability of associated cytokines. In addition, macrophages
secrete high levels of MMPs that facilitate VSMC migration and

Fig. 3 MK2206 inhibited macrophage-derived foam cell formation. (a) Representative ORO images (×400) in the indicated group. Raw264.7
cells were treated with MK2206 at different concentrations for 30min, before stimulated with oxLDL for 24 h. (b) The average ORO area per
cell was assessed as a result of a numerical average of positive area in the individual cell per field. (c) Representative fluorescence images
(×200) of Raw264.7 cells labeled with Dil-oxLDL for 6 h. (d) Representative flow cytometry plot of Dil-oxLDL-processed Raw264.7 cells and (e)
quantification of mean Dil-oxLDL burden (MFI). Representative fluorescence images (×200) of NBD-cholesterol-loaded Raw264.7 cells after
incubated with HDL (f) or ApoA1 (g) for 4 h, and the percentage of cholesterol efflux mediated by HDL and ApoA1 (h). Representative
immunoblot images (i) and quantification (j) of CD36 and SR-A in Raw264.7 cells treated with oxLDL and MK2206 for 24 h. Representative
immunoblot images (k) and quantification (l) of ABCA1, ABCG1, and SR-BI in Raw264.7 cells treated with oxLDL and MK2206 for 24 h. Data are
presented as the mean ± standard deviation from three independent experiments. **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the model group
(oxLDL or Dil-oxLDL-treated group), ###P < 0.001, ####P < 0.0001 vs. the control group (no treatment group), n.s. indicated the data meant no
statistical difference. Scale bar: a= 100 μm, c, f, g= 50 μm.
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proliferation, we found that MK2206 also decreased macrophage
proliferation (Supplementary Fig. 3k) and MMP9 and MMP2 levels
(Supplementary Fig. 3l–n), these results suggested that MK2206
reduced the levels of macrophage-derived MMPs, which might affect
VSMC migration and proliferation.

MK2206 inhibited migration, proliferation, and inflammation in
VSMCs
PDGF-BB induces proliferation and migration of VSMC contributing
to the progression of atherosclerosis [48, 49]. Moreover, Akt-
dependent signaling pathways have been involved in cell migration
and cell proliferation [50, 51]. The result of animal experiment above
suggested that MK2206 might decrease VSMC proliferation. To test
whether reducing Akt activity could inhibit VSMC migration and
proliferation in vitro, PDGF-BB-stimulated VSMCs were treated with
MK2206. VSMC migration was detected by transwell (Fig. 5a, b) and
wound healing assays (Fig. 5c, d), the results showed that MK2206
inhibited VSMC migration. Besides, VSMC proliferation was more
effectively suppressed by MK2206 treatment (Fig. 5e). In addition,
the mRNA (Supplementary Fig. 4) and protein (Fig. 5f, g) levels of
MMP9 and MMP2, which facilitate matrix remodeling, VSMC

migration, and proliferation [52], were also decreased by the
treatment with MK2206. Therefore, MK2206 could alleviate athero-
sclerosis progress by inhibiting VSMC migration and proliferation.
In addition, we also measured the inflammatory response in

VSMCs after treatment with MK2206. The results were consistent
with Raw264.7 cell experiments, where CCL2 (Fig. 5h, j) and IL-6
expression (Fig. 5k, m) were decreased by promoting mRNA decay
(Fig. 5i, l). Therefore, MK2206 inhibited migration, proliferation,
and inflammation in VSMCs.

MK2206 inhibited proliferation and inflammation in HUVECs
Besides macrophages and VSMCs, inflammation and proliferation
in endothelial cells also play important roles in atherogenesis [53].
We also assessed the proliferative and inflammatory response in
HUVECs after treatment with MK2206. As shown in Fig. 6, MK2206
markedly reduced CCL2 (Fig. 6a, c) and IL-6 expression (Fig. 6d, f)
by affecting mRNA stability (Fig. 6b, e), and decreased the mRNA
expression of ICAM1, VCAM1, E-selectin, and P-selectin (Fig. 6g, h,
j, k). IL-8 mRNA levels showed a decreasing trend but did not
achieve statistical significance (Fig. 6i). In addition, proliferation of
HUVECs was inhibited by the treatment with MK2206 (Fig. 6l).

Fig. 4 MK2206 inhibited inflammation in macrophages. Relative expression of CCL2-mRNA (a), IL-6-mRNA (d), IL-1β-mRNA (g), and TNF-α-
mRNA (j) in Raw264.7 cells, and levels of CCL2 (c), IL-6 (f), IL-1β (i), and TNF-α (l) in supernatants after stimulation with LPS and MK2206 for
different lengths of time. (b, e, h, k) The half-lives of CCL2, IL-6, IL-1β, and TNF-α were decreased after Raw264.7 cells were incubated with
MK2206. Data are presented as the mean ± standard deviation from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 vs. the model group (LPS treated group), ####P < 0.0001 vs. the control group (no treatment group).
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DISCUSSION
In this study, we demonstrated beneficial effects of the antitumor
drug MK2206 on the cardiovascular system. Our findings showed
that MK2206 effectively attenuated atherosclerosis and protected

against vascular toxicity in vivo. Also, MK2206 decreased lipid
accumulation in macrophages by promoting cholesterol efflux. In
parallel, we have revealed that MK2206 could reduce VSMC
migration, decrease the proliferation of Raw264.7, VSMC, and

Fig. 5 MK2206 inhibited migration, proliferation, and inflammation in VSMCs. VSMC migration was analyzed by transwell (a, crystal violet
stain, ×200) and wound healing (c, ×100) assays. Migration was presented as migrated cells per view (b) and migration rate (d). (e) Proliferation
of VSMCs was assessed by CCK-8 assay. Representative immunoblot images (f) and quantification (g) of MMP9 and MMP2 expression. Relative
expression of CCL2-mRNA (h) and IL-6-mRNA (k) in VSMCs and levels of CCL2 (j) and IL-6 (m) in supernatants after stimulation with LPS and
MK2206. (i, l) The half-lives of CCL2 and IL-6 were decreased after VSMCs were incubated with MK2206. Data are presented as the mean ±
standard deviation from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the model group (PDGF-BB or
LPS treated group), ##P < 0.01, ###P < 0.001, ####P < 0.0001 vs. the control group (no treatment group). Scale bar: a= 50 μm, c= 100 μm.
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HUVEC cells, and alleviate inflammatory responses in macro-
phages, VSMC, and endothelial cells. The results together
indicated that MK2206 exerted a protective effect on the
cardiovascular system.
MK2206 is a small molecule allosteric AKT inhibitor, showing

promising results in antitumor therapy clinical trials [54]. However,
few studies have focused on the effect of MK2206 on the
cardiovascular system. Studies showed that MK2206 inhibited the
proliferation of endothelial cells induced by oxLDL [55], and
reversed the promoting effect of VSMC proliferation and migration
mediated by miR-21 overexpression [56]. In agreement with these
reports, we demonstrated that MK2206 suppressed proliferation
of Raw264.7, VSMC, and HUVEC cells, and it also inhibited VSMC
migration. However, we found that MK2206 had no effect on
necrotic core area and fibrous cap area, which are associated with
the stability of vulnerable plaques. These results suggested that
MK2206 predominantly plays a role in early atherosclerosis. In
addition, Marshall et al. [57] revealed that MK2206 reversed the
reduction of cholesterol efflux mediated by free fatty acid in
macrophage, and Pi et al. [58] reported that MK2206 abolished
lipid accumulation and cholesterol efflux induced by ADPβ (a
P2RY12 receptor activator) in VSMCs. These research findings also

support our results demonstrating that MK2206 decreased lipid
deposition induced by oxLDL in macrophages, and that this
process was associated with the increase of cholesterol efflux but
not lipid uptake. Furthermore, this observation was corroborated
in vivo. In addition, we also revealed that MK2206 reduced
inflammatory response in vitro and in vivo, by mediating the
mRNA decay of inflammatory factors. Therefore, our results
suggested that MK2206 had a protective effect against
atherosclerosis.
In this study, we found that MK2206 reduced macrophage lipid

accumulation, VSMCs migration, and proliferation of Raw264.7,
VSMC, and HUVEC cells. Interestingly, it also decreased the
inflammatory response in atherosclerosis. These beneficial effects
might be related to the differential physiological functions of each
Akt isoform. Previous studies revealed that Akt2 predominantly
affects macrophage migration, inflammation, and lipid deposition
[59], and hematopoietic cell Akt2 deficiency exhibited less
atherosclerosis in Ldl receptor-Null (Ldlr−/−) mice [30, 45, 60].
Hence, the reduction of lipid deposition and inflammation
mediated by MK2206 could be attributed to the decreased
activity of Akt2. In addition, Akt1 inhibition decreases VSMC
migration and survival [61, 62], and also induce macrophage

Fig. 6 MK2206 reduced the inflammatory response in HUVECs. Relative expression of CCL2-mRNA (a) and IL-6-mRNA (d) in HUVECs and
levels of CCL2 (c) and IL-6 (f) in supernatants after stimulation with LPS and MK2206 for different lengths of time. (b, e) The half-lives of CCL2
and IL-6 were decreased after HUVECs were incubated with MK2206. Relative mRNA expression of ICAM1 (g), VCAM1 (h), IL-8 (i), E-selectin (j),
and P-selectin (k). (l) Proliferation of HUVECs was assessed by CCK-8 assay. Data are presented as the mean ± standard deviation from three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. the model group (LPS or oxLDL-treated group), ###P < 0.001,
####P < 0.0001 vs. the control group (no treatment group).
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apoptosis [63, 64]. In our study, we found that MK2206 showed
antimigrative and antiproliferative effects on VSMCs, which might
be ascribed to the decrease of Akt1 activity. As inhibition of VSMC
migration and proliferation could reduce plaque formation at the
early stage of atherosclerosis, MK2206 showed an antiathero-
sclerosis effect at least in early atherosclerosis.
Akt is an upstream regulator of mTOR, while mTOR has been

reported to be involved in many CVDs, including atherosclerosis
[65, 66]. Inhibition of mTOR limits atherosclerosis by reducing
proliferation and migration of VSMCs, enhancing autophagy of
macrophages and decreasing their accumulation [67], and
inhibiting foam cell formation in the plaque [66]. As inhibitors of
mTOR, rapamycin has been reported to be effective against
atherosclerosis in ApoE−/− mice by attenuating inflammation [68],
promoting cholesterol efflux [69], and enhancing the stability of
atherosclerotic plaques [67]. In a number of previous studies,
targeting Akt/mTOR signaling has been reported to be effective in
alleviating atherosclerosis [70–73]. Here, we have demonstrated
that MK2206, a specific inhibitor of Akt, inhibited the phosphor-
ylation of mTOR, and decreased VSMC migration and proliferation,
suppressed foam cell formation, and reduced the inflammatory
response in ApoE−/− mice. The results suggested that the effects
of MK2206 in atherosclerosis could be attributed to the inhibition
of the Akt/mTOR pathway. In addition, Akt phosphorylates many
downstream substrates [74], in the study of mechanisms
mediating the decreased inflammatory response in MK2206-
treated cells, we demonstrated that MK2206 promoted mRNA
decay of cytokines. Akt can directly activate Y box-binding
protein-1 (YB1) [75], which affects inflammatory response by the
regulation of mRNA stability [76, 77]. Taken together, the reports
above and our findings suggest that the anti-inflammatory effects
of MK2206 might be attributed to the inhibition of YB1, resulting
in rapid mRNA decay of cytokines. A limitation of this study is that
we did not explore the further molecular mechanisms of MK2206
behind these results. We will continue to reveal the specific roles
and mechanisms of MK2206 on CVDs in future studies.
In conclusion, our study reveals that the Akt inhibitor MK2206

has antiatherogenic effects through the decrease of lipid
deposition, cell migration and proliferation, as well as the
reduction of inflammation. Overall, this study provides prospective
evidence for the prevention of cardiovascular comorbidities in
cancer therapy.
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