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Salidroside protects against foam cell
formation and apoptosis, possibly via the
MAPK and AKT signaling pathways

Jing Ni', Yuanmin Li?, Weiming Li"" and Rong Guo'"

Abstract

Background: Foam cell formation and apoptosis are closely associated with atherosclerosis pathogenesis. We
determined the effect of salidroside on oxidized low-density lipoprotein (ox-LDL)-induced foam cell formation and
apoptosis in THPT human acute monocytic leukemia cells and investigated the associated molecular mechanisms.

Methods: THP1-derived macrophages were incubated with salidroside for 5 h and then exposed to ox-LDL for 24 h
to induce foam cell formation. Cytotoxicity, lipid deposition, apoptosis, and the expression of various proteins were
tested using the CCK8 kit, Oil Red O staining, flow cytometry, and western blotting, respectively.

Results: Ox-LDL treatment alone promoted macrophage-derived foam cell formation, while salidroside treatment alone
inhibited it (p < 0.05). The number of early/late apoptotic cells decreased with salidroside treatment in a dose-dependent

manner (p < 0.05). Salidroside dramatically upregulated nuclear factor erythroid 2-related factor 2, but had no effect on
heme oxygenase-1 expression; moreover, it markedly downregulated ox-LDL receptor 1 and upregulated ATP-binding

cassette transporter Al. Salidroside also obviously decreased the phosphorylation of JNK, ERK, p38 MAPK; and increased
that of Akt. However, the total expression of these proteins was not affected.

Conclusion: Based on our findings, we speculate that salidroside can suppress ox-LDL-induced THP1-derived foam cell
formation and apoptosis, partly by regulating the MAPK and Akt signaling pathways.
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Background

Atherosclerosis is a major pathological process for
coronary artery disease (CAD), because of which it has
attracted significant research interest during recent year
[1]. In the early stages of atherosclerosis, oxidization of
LDL results in the recruitment of monocyte-derived
macrophages to the blood vessel [2]; these macrophages
then devour excessive cholesterol and form foam cells
[3]. Foam cell formation and apoptosis can contribute to
atherosclerotic plaque rupture and accelerate the deve-
lopment of atherosclerosis [4]. Therefore, mitigation of
ox-LDL-induced pathological responses has been
believed to be an effective approach for atherosclerosis
treatment.
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Nuclear factor erythroid 2-related factor 2 (Nrf2), a
major anti-oxidative transcription factor, regulates the
redox balance and metabolism in cells [5, 6]. Under oxi-
dative stress, mitogen-activated protein kinase (MAPK),
phosphatidylinositide 3-kinases (PI3ks), as well as reac-
tive oxygen species (ROS) can phosphorylate Nrf2 and
promote the dissociation of Nrf2 and Keapl [7, 8]. Nrf2
can then translocate to the nucleus, upregulate the anti-
oxidant response element (ARE) sequence of phase II
detoxification, and translate downstream detoxification
enzymes such as heme oxygenase (HO1) [9, 10]. HO1 is
a rate-limiting enzyme, which mediates heme catabo-
lism. Its metabolites such as Fe?*, carbon monoxide
(CO), and biliverdin are involved in inflammatory pro-
cesses and oxidative tissue damage [10]. Ding et al. [11]
reported that dietary Nrf2 activators could alleviate the
atherogenic process.
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Many proteins such as ATP-binding cassette trans-
porter A1 (ABCA1) and lectin-like oxidized low-density
lipoprotein receptor-1 (LOX1) are involved in the regu-
lation of lipid homeostasis [12]. ABCA1 is a member of
the transporter family and mediates cholesterol efflux
from macrophages to lipid-free apoA-I [13, 14]. It also
suppresses inflammatory responses and affects athero-
sclerosis through different metabolic pathways [15].
LOX1, an important ox-LDL receptor, is associated with
ox-LDL-induced cytotoxicity [16, 17]. Some studies have
shown that LOX1 is one of the earliest markers of the
atherosclerotic process [18]. These data led us to believe
that alterations in the expression of ABCA1l and LOX1
may inhibit THP1-derived foam cell formation.

Now-a-days, synthetic and natural antioxidants are
widely used to treat oxidative-related diseases including
diabetes mellitus, pulmonary fibrosis, hypertension, and
atherosclerosis [19, 20], but synthetic antioxidants have
been found to have deleterious side effects [21-23].
Therefore, finding natural antioxidants that can induce
the expression of antioxidant genes has garnered more
attention [24]. Rhodiola rosea, a member of the Crassu-
laceae family, grows in plateau regions and is widely rec-
ognized in the Chinese traditional medicine system.
Salidroside, a major active ingredient extracted from
Rhodiola rosea, has been found to exert anti-oxidative
stress [25], anti-inflammation [26], and anti-ischemia-
reperfusion injury effects [27]. Salidroside treatment has
been found to appreciably attenuate atherosclerotic
plaque formation and to decrease the expression of
MCP1, ICAM-1, and VCAM-1 in the aortic tissue in an
LDL-/- mice model [28]. However, the molecular
mechanisms underlying this effect of salidroside have
not been not well understood so far. Therefore, in the
present study, we aimed to determine the effect of
salidroside on ox-LDL-induced THP1-derived foam cell
formation and apoptosis. Furthermore, we investigated
whether the MAPK and Akt pathways are involved in
this effect. The fruitful work presented here provides a
potential strategy for atherosclerosis therapy.

Materials and methods

Materials

Salidroside (>98% purity) was purchased from Melone-
pharma (Dalian, China). RPMI 1640, fetal bovine serum
(FBS), and antibiotics (streptomycin/ penicillin) were
purchased from BRL Life Technologies (Grand Island,
NY). The THP1 human leukemia cell line was obtained
from the Institute of Biochemistry and Cell Biology
(Shanghai Institute for Biological Science, the Chinese
Academy of Sciences, Shanghai, China). Phorbol 12-
myristate 13-acetate (PMA) and ox-LDL were bought
from Sigma-Aldrich (USA). The Oil Red O staining kit
was bought from Beijing Noble Rider Technology Co.,
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Ltd. (Beijing, China). The kits for flow cytometry, the
CCKS assay, and the BCA protein assay were purchased
from Beyotime Institute of Biotechnology (Haimen,
China). Salidroside and ox-LDL were diluted with
DMSO and PBS respectively.

Cell culture

THP1 cells were cultured in RPMI 1640 medium supple-
mented with 1% penicillin and streptomycin and 10%
FBS in a humidified atmosphere of 5% CO2 at 37 °C.
The cells were then differentiated into macrophages by
adding PMA (2.5 pL) for 24 h. After differentiation, the
cells were pre-stimulated with salidroside (0.1, 1, 10 pM)
for 5 h and then stimulated with ox-LDL (150 pg/mL)
for 24 h at 37 °C in 5% CO2.

Cell viability

The THP1 cells (105 cells/mL) were plated onto 96-well
plates and treated with PMA (2.5 uL) for 24 h at 37 °C in
a 5% CO2 incubator. Then, cells were incubated with sali-
droside for 5 h and stimulated with ox-LDL. Twenty-four
hours later, the supernatants were collected and treated
with the CCK8 reagent for 2 h. Cell viability was then
measured using a microplate reader at 450 nm (Bio-Tek,
Winooski, VT, USA).

Oil red O staining

The THP1 macrophages were pre-incubated with salidro-
side (0.1, 1, 10 uM) for 5 h and then treated with ox-LDL
(150 pg/mL) for 24 h. The cells were then fixed in 4%
paraformaldehyde for 20 min at room temperature and
washed with PBS. Next, the cells were stained with 0.5%
Oil Red O solution for 30 min. Finally, the cells were
washed with PBS to remove the unbound dye, and sec-
tions were photographed using a fluorescence microscope
(Leica DMI6000, Leica, Germany).

Analysis of apoptosis by flow cytometry

The THP1 cells were seeded into 6-well plates for 24 h
and then exposed to salidroside (0.1, 1, 10 uM) for 5 h,
followed by treatment with ox-LDL (150 ug/mL) for
24 h. Subsequently, the cells were washed thrice in ice
cold PBS. After the addition of binding buffer (195 uL),
FITC-labeled Annexin V (5 pL), and propidium iodide
(10 pL), the samples were incubated at room
temperature for 15 min on ice in the dark. The rate of
apoptosis was then determined using a flow cytometer
(EPICS-XL, Beckman Coulter, Fullerton, USA).

Measurement of biomarkers of oxidative stress

Cells were pretreated with or without 0.1-10 pM sali-
droside for 24 h followed by stimulation with ox-LDL
(150 pg/mL) for 30 min. The THP1 cells were collected
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and incubated on ice in 500 pL of cell lysis buffer
(1 mM EDTA, 10 mg/mL aprotinin,

0.5 mg/mL leupeptin, 0.7 mg/mL pepstatin, and
0.5 mM PMSEF, pH 7.0). After centrifugation at 10000xg
for 5 min, supernatant was collected to determine malo-
nyldialdehyde (MDA), superoxide dismutase (SOD) and
glutathione (GSH) by using commercial kits (Jian Cheng
Biological Engineering Institute, Nanjing, China).

Western blotting analysis

Total protein was extracted and the levels were deter-
mined using a BCA Protein Assay Kit. Equal amounts of
total protein (50 pg) were loaded and then separated by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and transferred to PVDF membranes. The
membranes were then blocked in 5% BSA for 1.5 h,
followed by overnight incubation at 4 °C with the follo-
wing primary antibodies: anti-B-actin (1: 1000 dilution),
anti-ABCA1 (1: 1000 dilution), anti-Nrf2 (1: 1000 dilu-
tion), anti-HO1 (1: 1000 dilution), and anti-LOX1 (1: 1000
dilution) (purchased from Santa Cruz Inc., California,
USA). Anti-p38 MAPK (1: 1000 dilution), anti-p-p38
MAPK (1: 1000 dilution), anti-ERK1/2 (1: 1000 dilution),
anti-p-ERK1/2 (1: 1000 dilution), anti-JNK (1: 1000 dilu-
tion), anti-p-JNK (1: 1000 dilution), anti-Akt (1: 1000 dilu-
tion), and anti-p-Akt (1: 1000 dilution) antibodies were
purchased from Cell Signaling Technology (Danvers, MA,
USA). The secondary antibodies, horseradish peroxidase
(HRP)-labeled goat-anti-rabbit and goat-anti-mouse IgG,
were purchased from Wuhan Boster Bio-engineering Co.
Ltd. (Wuhan, China). Blots were processed for enhanced
chemifluorescence using a Pierce ECL western blotting
substrate (Thermo Scientific Pierce, Rockford, IL, USA).

Statistical analysis

All the experiments were repeated at least three times,
and the data are expressed as the mean + standard devi-
ation. All statistical analyses were performed using
Graphpad Prism 5.0 software (GraphPad Software, San
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Diego, CA, USA). Inter-group differences were ana--
lyzed by one-way analysis of variance (ANOVA),
followed by post-hoc tests. p < 0.05 was considered to
indicate a statis-tically significant difference.

Results

Salidroside treatment prevents ox-LDL-induced toxicity in
THP1 cells

To determine the cytotoxic effect of salidroside on
THP1 cells, cell viability was tested using the CCK8
assay. As shown in Fig. 1, the viability was significantly
decreased when the cells were treated with salidroside at
concentrations of 25 or 50 uM (p < 0.05, Fig. 1a). There-
fore, we did not use salidroside at these higher concen-
trations for our subsequent experiments. The THP1 cells
were then exposed to ox-LDL at various concentrations
(0 to 200 pg/mL) for 24 h. While treatment with ox-
LDL at 150 pg/mL and 200 pug/mL markedly decreased
the cell viability (when cells were not pre-treated with
salidroside) (Fig. 1b), treatment with salidroside and ox-
LDL induced a remarkable increase in the viability of
THP1 cells (Fig. 1c). This result confirmed that treat-
ment with salidroside prevented the ox-LDL-induced
decrease in THP1 cell viability.

Salidroside alleviates ox-LDL-induced foam cell formation
in THP1 cells

To verify the effect of salidroside on lipid homeostasis in
THP1 cells, we evaluated the foam cell formation by Oil
Red O staining and found that ox-LDL treatment alone
significantly increased foam cell formation (when the
cells were not pre-treated with salidroside), while pre-
treatment with salidroside (p < 0.05) significantly
reduced foam cell formation in a dose-dependent man-
ner (Fig. 2). We also tested the protein expression of
ABCA1 and LOX1, which are known to regulate lipid
metabolism. Western blotting revealed that salidroside
pre-treatment significantly increased ABCA1l levels
(Fig. 3a to d, i and j, p <0.05) and decreased LOX1 levels
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Fig. 1 Salidroside prevents ox-LDL-induced decrease in the viability of THP1 cells. a THP1 cells were exposed to salidroside at different concentrations
(0.1, 1,10, 25, 50 uM) for 24 h, and cell viability was measured using the CCK8 assay; (b) THP1 cells were exposed to ox-LDL at different concentrations
(10, 50, 100, 150, 200 pug/mL) for 24 h, and cell viability was measured using the CCK8 assay; (c) THP1 cells were incubated with salidroside (0.1, 1, 10,
25, 50 uM) for 5 h, followed by treatment with 150 ug/mL ox-LDL for another 24 h. Data are expressed as mean + standard deviation (SD). # p < 0.05
indicates significant difference from the control group. * p < 0.01 indicates significant difference from the control group
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Fig. 2 Foam cell formation after 24 h of salidroside pre-treatment. (a) and (b) Oil red staining areas were showed no differences between
salidroside-tearted cell groups. However, ox-LDL significantly increased foam cell formation at 10 and 100 ug/mL; (c) THP1 cells were incubated
with salidroside (0.1, 1, 10 uM) followed by treatment with 150 pg/mL ox-LDL; (d) Quantitative analysis of foam cell formation. Data are expressed
as mean = standard deviation (SD). Red: Qil red O-positive cells; Scale bars indicate 500 um; # p < 0.05 indicates significant difference from the
control group. * p < 0.01 indicates significant difference from the control group

(Fig. 3e to h, p<0.05) in the ox-LDL—treated THP1 cells.
This finding showed that salidroside treatment could in-
hibit the ox-LDL—induced foam cell formation in THP1
cells (Fig. 3i to k, p < 0.05).

Effect of salidroside on intracellular Nrf2 and HO1 levels
To investigate whether salidroside mediates the expres-
sion of anti-oxidative enzymes, the expression of Nrf2
and HO1 was determined by western blotting. Our re-
sults showed that treatment with ox-LDL alone (when
cells were not pre-treated with salidroside) significantly
decreased Nrf2 expression; however, treatment with
salidroside (only at concentration of 0.1 and 1 pM)
increased the expression of Nrf2 (p < 0.05, Fig. 4). In
contrast, pre-treatment with salidroside at 10 to 50 uM
decreased Nrf2 expression (Fig. 4a and b). Treatment
with salidroside (0.1, 1, 10 uM) alters Nrf2 and HO1 ex-
pression in the THP1 cells treated with ox-LDL (Fig. 4i
to k). These results suggested that salidroside-mediated
alleviation of oxidative stress might be related to the
upregulation of Nrf2/HO1 pathway.

Changes in oxidative stress biomarkers

The levels of oxidative stress biomarkers of THP1 cells
were significantly different (all p < 0.05). Figure 5 shows
the comparison of SOD, MDA and GSH levels in the
supernatant of both salidroside-treated and non-treated
THP1 cells. The levels of SOD and GSH were signifi-
cantly lower in the cells incubated with ox-LDL than in

salidroside-treated cells, whereas the levels of MDA were
significantly higher in THP1 cells incubated with ox-
LDL compared with cells treated with salidroside
(p < 0.05).

Salidroside inhibits ox-LDL-induced apoptosis in THP1
cells

To study whether salidroside has an effect on ox-LDL—in-
duced cell apoptosis, Annexin V/propidium iodide double-
labeling was performed. As shown in Fig. 6, the proportions
of cells in early and late apoptosis were markedly higher in
the group treated only with ox-LDL. In contrast, pre-
treatment with salidroside significantly reduced the ox-
LDL~induced apoptosis in a dose-dependent manner
(p < 0.05), which confirmed that salidroside could protect
against ox-LDL—induced apoptosis in THP1 cells.

Salidroside has influences on MAPK and Akt
phosphorylation
In THP-1 cells, the protein expressions of phosphor-JNK
1/2, phospho-ERK 1/2 and phospho-p38 MAPK increased
after incubation with ox-LDL for 24 h (Fig. 7a). The
expressionsof total JNK, ERK and p38 MAPK were not af-
fected by salidroside treatment, and the expressions of
phosphor-JNK, phospho-ERK and phospho-p38 MAPK
were reduced following treatment with salidroside pre-
treatment for 24 h (Fig. 7a to d).

To investigate the effect of salidroside on the PI3K/Akt
signalling pathway, protein expression of phospho-Akt



Ni et al. Lipids in Health and Disease (2017) 16:198

Page 5 of 10

a

Sal (uM) con 0.1 1 10 20 50

ABCA1 I - 245kDa

B-actinl-——-.- | 42kDa
Cc

ox-LDL

(ug/ml)_con 10 50 100 150 200

ABCA1l I !' -— ws I 245kDa

L ——
e

sal (um) <on 01 1 10 20 50

LOX1 |!-— S | 31kDa
. .

9

ox-LDL
(ug/ml) con 10 50 100 150 200

B-actin | enmmemp e e w—-w=> | 42kDa
i j o
ox-LDL
- + 0+ o+ o+
(ng/ml) 4
sal (um) - 1 - 01 1

2
10 g

— 31kD
Lox1 | - Jauoa

B-Actin [WP———— e ] 42kDa (150ug/mf) _

Sal (uM) -

difference from the control group

d -

h 20
15
2
Q10
05 3=
ox-LDL
0.0- =
(ug/ml)™ con 10 50 100 150 200
k -
3
2
S
1
ox-LDL
++++(150ug/m|f--++++
- 01 1 10 Ssal(um) - 1 - 011 10

Fig. 3 Salidroside pretreatment affects ABCA1 and LOX1 levels in ox-LDL-induced THP1 cells. (@) Protein expression of ABCA1 in salidroside-treated
THP1 cells was analysed by western blotting. 3-Actin was used as the control; (b) Quantification of ABCA1 protein expression in salidroside-treated
THP1 cells; (c) Protein expression of ABCAT in ox-LDL-treated THP1 cells was analysed by western blotting. 3-Actin was used as the control; (d)
Quantification of ABCA1 protein expression in ox-LDL-stimulated THP1 cells; (e) Salidroside treatment significantly decreased LOX1 expression in a
dose-dependent manner; (f) Quantification of LOX1 protein expression in salidroside-incubated THP1 cells; (g) Ox-LDL incubation significantly
increased LOX1 expression in a dose-dependent manner; (h) Quantification of LOX1 protein expression in the ox-LDL-stimulated THP1 cells; (i) to (k)
ABCAT protein expressions were restored and LOX1 protein expressions were reduced with salidroside treatment in a dose-dependent manner. Data
are presented as mean + standard deviation (SD). # p < 0.05 indicates significant difference from the control group. * p < 0.01 indicates significant
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was measured by immunoblotting (Fig. 7). The protein ex-
pression of phospho-Akt was markedly increased by incu-
bation of cells with 150 pg/mL ox-LDL for 24 h. This
effect was significantly attenuated by pre-treatment with
salidroside at 1 and 10 uM (p < 0.05, Fig. 7e and f).

Discussion

During the recent years, many investigators have paid
attention to phytochemicals, which are regarded as
important sources for drug development [29, 30].
Salidroside, a phenol glycoside, is the main ingredient
of Rhodiola rosea L [31]. In this study, we found that
ox-LDL, a frequently used oxidative stress agent, led
to loss of wviability in THP1 cells. However,

pretreatment with salidroside alleviated the ox-LDL-
induced decrease in the viability of THP1 cells, which
are an excellent macrophage model system [32]. Our
results indicate that salidroside inhibits foam cell for-
mation and apoptosis by activating the Akt and
MAPK pathways in THP1 cells (Fig. 7). Based on our
findings, we believe that salidroside might prove to be
a potential bioactive agent for the treatment of ath-
erosclerosis in the future.

It is well known that ox-LDL can induce oxidative
stress, which may lead to the occurrence and devel-
opment of atherosclerosis [33]. Apoptosis is a regu-
lated type of cell death, in which a cell effectively
executes its own demise in a programmed manner.
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Some reports have indicated that oxidative stress
plays a critical role in apoptosis [34, 35]. Seimon et
al. [36] confirmed that foam cell apoptosis could pro-
mote the development of the necrotic core, which
plays an important role in plaque disruption in cor-
onary arteries. Therefore, we found it worthy to fur-
ther evaluate the effect of salidroside on ox-LDL-
induced oxidative damage in THP1 cells. The forma-
tion of macrophage-derived foam cells represents the
initiation of atherosclerosis [37, 38]. Under patho-
logical conditions, cholesterol efflux appears to be the
major factor in the maintenance of cholesterol
homeostasis in macrophages [39]. ABCA1 is known
as a key transporter for cholesterol efflux, which re-
leases free cholesterol from macrophages to apoAl
[40]. LOX1 is associated with plaque instability. Thakkar
et al. [41] reported that ox-LDL in macrophages can in-
duce LOX1 expression. Consistent with this, our data in-
dicated that salidroside inhibits THP1-derived foam cell
formation by increasing the expression of ABCA1 and de-
creasing the expression of LOX1. Moreover, Oil Red-O
staining showed that salidroside lowered lipid accumula-
tion in THP1 cells in a dose-dependent manner, which is
a consequence of the upregulation of ABCA1 and down-
regulation of LOXI1.

With regard to the apoptosis of cells due to oxidative
damage, our flow cytometry experiments provided evi-
dence for the apoptosis of THP1 cells in response ox-
LDL administration, with a significant increase in the
percentages of early and late apoptotic cells. However,
upon salidroside treatment, the ox-LDL-induced apop-
tosis of the cells was reduced in a dose-dependent man-
ner. Hence, it can be considered that the application of
salidroside passively reduces the apoptosis caused as a
result of oxidative stress.

Oxidative stress can also activate the expression of
Nrf2 [42], which is a transcription factor known to
upregulate the expression of anti-oxidant enzymes such
as HO1, NQOI1, and GST [43]. HOI1, an anti-oxidative
stress factor, is believed to play a cyto-protective role in
inflammation and oxidative disorders [44]. For this
reason, we tested the effects of salidroside on the en-
dogenous levels of Nrf2 and HO1 expression and found
that pretreatment with low concentrations of salidroside
(0.1, 1 pM) upregulated Nrf2, but had no effect on HO1
expression. These results suggested that salidroside ex-
erts a cyto-protective effect, possibly by mediating Nrf2
expression.

The MAPK and Akt pathways are mediators of the Nrf2
signaling pathway [45, 46]. Therefore, we detected the
activation of the MAPK and Akt in THP1 cells. MAPK is
involved in the development of cardiotoxicity and acti-
vates downstream signals to further modulate inflamma-
tory responses [47], cell survival, and proliferation [48].
There are three main members in the MAPK family, in-
cluding ERKs, JNKs, and p38 MAPKs [49, 50]. Several
studies have shown that the MAPK pathway is related to
the activation of transcription factors including nuclear
factor-k-gene binding (NF-«B) and transcription activator-
1 (AP-1) [51-53]. These transcription factors regulate the
expression of pro-inflammatory genes such as TNF-a,
monocyte chemoattractant protein-1 (MCP-1), VCAM-1,
and ICAM-1. Interestingly, our former study showed that
salidroside increases the expression of ICAM-1 and
VCAM-1, which leads to a decrease in neo-intimal or
atherosclerotic lesion formation. The Akt pathway is
known as an important pro-survival pathway [54], which
promotes cell proliferation and angiogenesis and regulates
metabolic homeostasis [55], but inhibits apoptosis [56].
Reactive oxygen species (ROS), the by-products of
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oxidative stress, induce cellular and tissue injury, which in
part contribute to the development of several diseases [57,
58]. As an important intracellular second messenger, ROS
also dysregulate related signaling pathways to increase
stress-induced apoptosis [59]. Activation of the Akt path-
way can decrease the levels of ROS, which reverses the
progress of atherosclerosis [60].

The extracts of traditional medicinal plants have
been found to be effective against anti-oxidative in-
jury, wherein they act by regulating the phosphoryl-
ation of the MAPK and Akt pathways [37, 61]. Our
findings also shown that pretreatment with salidroside
inhibited the ox-LDL-induce increase in the phos-
phorylation of ERK1/2, JNK, and p38 MAPK in the

THP1 cells. Moreover, salidroside also increased the
phosphorylated Akt levels in the THP1 cells in a
dose-dependent manner.

Recent studies found that MAPK (Mek/ERK1/2)
inhibition influences liver X receptor (LXR)-inducible
ABCA1 expression in macrophages [62]. In contrast,
some other studies have reported that the inhibition
of Mekl1/2 and Akt could increase the expression of
ABCA1 in macrophages [63, 64]. Thus, the effects of
the Ras/MAPK pathway on ABC transporter activity
have been controversial. Additional studies need to
be focused on determining whether salidroside regu-
lates ABCA1 expression in THP1 cells through the
MAPK pathway.



Ni et al. Lipids in Health and Disease (2017) 16:198

Conclusion

The results from this work show that salidroside can
dramatically improve atherosclerosis by inhibiting the
formation of foam cells and apoptosis. These benefi-
cial effects are associated with the suppression of oxi-
dative stress, which is brought about by promoting
reverse cholesterol transport by upregulating ABCA1
and downregulating LOX1. Our findings also suggest
that the MAPK and Akt pathways are involved in the
salidroside-induced Nrf2 nuclear translocation, which
was indicated by the upregulation of Nrf2 in the
THP1 cells.
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