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Salidroside Regulates Mitochondrial Homeostasis After
Polarization of RAW264.7 Macrophages
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Abstract: Salidroside has anti-inflammatory and antiatherosclerotic
effects, and mitochondrial homeostasis imbalance is closely related to
cardiovascular disease. The aim of this study was to investigate the
effect of salidroside on mitochondrial homeostasis after macrophage
polarization and elucidate its possible mechanism against atheroscle-
rosis. RAW264.7 cells were stimulated with 1 mg$mL21

Lipopolysaccharide and 50 ng$mL21 IFN-g establish M1 polarization
and were also pretreated with 400 mM salidroside. The relative expres-
sion of proinflammatory genes was detected by RT-PCR whereas that
of mitochondrial homeostasis–related proteins and nuclear factor
kappa-B (NF-kB) was detected by WB. Levels of intracellular reactive
oxygen species (ROS), mitochondrial membrane potential, and mass
were measured by chemifluorescence whereas that of NF-kB nuclear
translocation was detected by immunofluorescence. Compared with
the Mu group, the M1 group demonstrated increased mRNA expres-
sion of interleukin-1b , inductible nitric oxide synthase (iNOS), and
tumor necrosis factor-a ; increased protein expression of iNOS, NOD-
like receptor protein 3, putative kinase 1 , and NF-kB p65 but
decreased protein expression of MFN2, Tom20, and PGC-1a;
decreased mitochondrial membrane potential and mass; and increased
ROS levels and NF-kB p65 nuclear translocation. Salidroside inter-

vention decreased mRNA expression of interleukin-1b and tumor
necrosis factor-a compared with the M1 group but did not affect that
of iNOS. Furthermore, salidroside intervention prevented the changes
in protein expression, mitochondrial membrane potential and mass,
ROS levels, and NF-kB p65 nuclear translocation observed in the
M1 group. In summary, salidroside ultimately inhibits M1 macro-
phage polarization and maintains mitochondrial homeostasis after
macrophage polarization by increasing mitochondrial membrane
potential, decreasing ROS levels, inhibiting NF-kB activation, and
in turn regulating the expression of proinflammatory factors and mito-
chondrial homeostasis–associated proteins.
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INTRODUCTION
Atherosclerotic cardiovascular disease has become one

of the leading causes of death in China, of which macrophage
polarization is an important mechanism involved in its
development.1 Mitochondrial homeostasis, referring to the
balance between mitochondrial biogenesis and degradation,
is mainly regulated by dynamic processes such as mitochon-
drial division and fusion, cristae remodeling, biogenesis, as
well as Ca2+ homeostasis, and mitophagy. Disruption of mito-
chondrial homeostasis is associated with the development of
cardiovascular diseases and other conditions.2,3

Salidroside (SAL), chemically named 2-(4-
hydroxyphenyl) ethyl-b-D-glucoside, is the main bioactive
ingredient of the Tibetan medicine derived from Rhodiola
rosea and has various pharmacological effects such as anti-
inflammation, antioxidation, and free radical scavenging.4,5

Studies have shown that SAL has antiatherosclerotic
effects,6,7 and the mechanisms involved include various path-
ways such as oxidative stress, inflammation, mitochondrial
dysfunction, autophagy, and AMP-activated protein kinase
signal transduction.8–11

In fact, as a chronic inflammatory disease, a large part
of the treatment of atherosclerosis benefits from its inhibition
of inflammatory signaling. Liu et al showed that SAL reduced
atherosclerotic plaque formation by inhibiting NOD-like
receptor protein 3 (NLRP3)-associated endothelial cell py-
roptosis.12 Shi’s colleagues found that SAL prevented tumor
necrosis factor-a (TNF-a)-induced vascular inflammation by
blocking activation of mitogen-activated protein kinase and
nuclear factor kappa-B (NF-kB) signaling.13 Yang et al
showed that in addition to protecting endothelial cells from
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oxidative stress injury, SAL attenuated endothelial cell senes-
cence by reducing inflammatory cytokines and increasing
sirtuins 3 expression.14 In addition, SAL has been shown to
inhibit M1 polarization in macrophages,15 although its pro-
tective effect on mitochondrial homeostasis in the polarized
state remains unclear. Therefore, the aim of this study was to
investigate the effect of SAL on mitochondrial homeostasis
after macrophage polarization, thus elucidating the potential
mechanism of action of SAL against atherosclerosis.

MATERIALS AND METHODS

Materials
Lipopolysaccharide (LPS) was obtained from Absin

Bioscience Inc. (Shanghai, China). Recombinant murine
interferon-g (IFN-g) was obtained from PeproTech (Rocky
Hill, NJ). SAL was purchased from MedChemExpress
(Monmouth Junction, NJ). Cell counting kit-8 (CCK-8) was
obtained from Dojindo (Mashiki, Japan). The JC-1 mitochon-
drial membrane potential assay kit, MitoTracker Red
CMXRos dye, reactive oxygen species (ROS) assay kit, and
Nuclear and Cytoplasmic Protein Extraction Kit were pur-
chased from Beyotime (Shanghai, China). TRIzol reagent
was purchased from Invitrogen (Carlsbad, CA). The RNA
reverse transcription kit and RT-PCR Kit were obtained from
TaKaRa Bio (Kusatsu, Japan).

The following antibodies were used in the study:
peroxisome proliferator-activated receptor-g coactivator
(PGC-1a) rabbit monoclonal antibody (cat. no. AB3242)
from Millipore (Burlington, MA); NLRP3 rabbit monoclonal
antibody (cat. no. 15101), mitofusin-2 (MFN2) (D2D10) rab-
bit monoclonal antibody (cat. No. 9482S) from Cell Signaling
Technology (Danvers, MA), and rabbit anti-PTEN induced
putative kinase 1 (PINK1) antibody (cat. no. ab23707) from
Abcam (Cambridge, United Kingdom); and rabbit anti-
Tom20 antibody (cat. no. 11802-1-AP) and NF-kB p65
Monoclonal antibody (Cat No. 66535-1-Ig) from
ProteinTech Group (Rosemount, IL); and Alexa Fluor 488
(1:800, Cell Signaling Technology Inc, Beverly, MA).

Methods

Culture of RAW264.7 Cells, Establishment of M1
Polarization Model, and SAL Treatment

Cryopreserved RAW264.7 cells (Beina Chuanglian
Biotechnology Co, Ltd, Beijing, China) were rapidly thawed
in a 378C water bath within 60 seconds and centrifuged at
200g for 5 minutes. The supernatant was discarded, and the
pellet was resuspended in complete medium (high-glucose
Dulbecco’s modified Eagle medium containing 10% FBS
and 1% penicillin streptomycin double antibody).
Subsequently, the cells were transferred to a culture dish
and cultured in a 5% CO2 incubator at 378C until reaching
70%–80% confluence. Cells were then stimulated with
1 mg$mL2 1 LPS and 50 ng$mL2 1 IFN-g to polarize Mu
into M1 macrophages. RNA was extracted after 24 hours. The
experiment was divided into Mu, M1, and M1+SAL groups.
For the M1+SAL group, 2 · 105 cells were seeded into 6-well
plates and grown to approximately 70% confluence,

incubated with 400 mM SAL for 2 hours, and then polarized
to M1 macrophages with 1 mg$mL2 1 LPS and 50 ng$mL21

IFN-g.

Determination of SAL Cytotoxicity by CCK-8 Assay
Cells (100 mL) were inoculated at 5000 cells/well in a

96-well plate and incubated for 24 hours at 378C under 5%
CO2. Subsequently, 10 mL of different concentrations of SAL
(0, 25, 50, 100, 200, and 400 mM) were added to the wells,
and the plate was incubated for 24 hours. An aliquot of CCK-
8 reagent (10 mL) was added to each well, the plate was
incubated for 1 hour, and the absorbance was measured at
450 nm using a SpectraMax Plus384 microplate reader
(Molecular Devices, San Jose, CA).

Determination of IL-1b, iNOS, and TNF-a Gene
Expression by RT-PCR

Total RNA was extracted from cells using TRIzol
reagent according to the manufacturer’s instructions. After
reverse transcription, mRNA expression levels of interleu-
kin-1b (IL-1b), inductible nitric oxide synthase (iNOS), and
TNF-a were determined using the QuantStudio 6 Flex Real-
Time PCR system (Thermo Fisher Scientific, Waltham, MA).
The primers were synthesized by Jinmiao Biotechnology Co,
Ltd, and their sequences are listed in Table 1. The RT-PCR
program was as follows: 958C for 30 seconds, 40 cycles of
958C for 5 seconds, 558C for 30 seconds, and 728C for 30
seconds. Gene expression levels were normalized to that of
the internal reference gene glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH). The relative expression of each gene
was calculated using the 2-OOCt method using the Mu
group as the reference.

Determination of Mitochondrial iNOS, NLRP3,
MFN2, PGC-1a, PINK1, and Tom20 Protein
Expression by WB

Cells were collected and lysed with RIPA buffer, and the
protein concentration was determined using the bicinchoninic
acid method. The collected proteins were subjected to SDS-
PAGE gel electrophoresis, transferred to membranes and
blocked with 5% skimmed milk for 1 hour, and then incubated
overnight at 48C with primary antibodies against iNOS
(1:1000), NLRP3 (1:1000), MFN2 (1:1000), PGC-1a (1:500),
PINK1 (1:1000), and Tom20 (1:1000). Subsequently, the mem-
branes were washed 3 times every 10 minutes with TBST

TABLE 1. Sequences of the Primers Used for RT-PCR Analysis

Gene Sequence (50–3’)
IL-1b F:TCGCAGCAGCACATCAACAAGAG

R:TGCTCATGTCCTCATCCTGGAAGG

iNOS F:AAGAGGAAGGAGTCCA
GTAACACAGA

R:ACGAGCAAAGGCGCAGAA

TNF-a F:AAGCCCTGGTATGAGCCCATCTAT

R:ATGATCCCAAAGTAGACCTGCCCA

GAPDH F:GCCTCGTCTCATAGACAAGATG

R:CAGTAGACTCCACGACATAC
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solution, incubated for 1 hour with diluted secondary antibody
GAPDH (1:5000), and then washed 3 times every 10 minutes
with TBST. ECL luminescence solution was used to visualize
the protein bands, which were analyzed using ImageJ software.

Determination of Cellular ROS Levels
by Chemifluorescence

Cells were grown to 50% confluence in 6-well plates,
incubated with 400 mM SAL for 2 hours, and then polar-
ized to M1 macrophages with 1 mg$mL2 1 LPS and 50
ng$mL2 1 IFN-g. ROS levels were measured after 24 hours
using the ROS assay kit according to the manufacturer’s
instructions. In brief, the cell culture medium was removed,
an appropriate volume of diluted DCFH-DA solution was
added, and cells were incubated at 378C for 20 minutes.
Cells were washed 3 times with serum-free cell culture
medium to fully remove DCFH-DA, and cells were
observed under a Ts2 inverted fluorescence microscope
(Nikon, Tokyo, Japan).

Determination of Mitochondrial Membrane
Potential and Mass by Chemifluorescence

Cells cultivated in 6-well plates were grown to 50%
confluence, incubated with 400 mM SAL for 2 hours, and
then polarized to M1 macrophages with 1 mg$mL2 1 LPS
and 50 ng$mL2 1 IFN-g. Mitochondrial membrane potential
and mass were measured after 24 hours. The JC-1 assay kit
was used to measure mitochondrial membrane potential ac-
cording to the manufacturer’s instructions. In brief, the cell
culture medium was removed, cells were washed twice with
PBS, and 1 mL cell culture medium plus 1 mL prepared JC-1
working solution were added. Cells were incubated at 378C
for 20 minutes, the supernatant was removed, and cells were
washed twice with prepared JC-1 buffer (1x). Subsequently,
2 mL culture medium was added to the cells, which were
observed under the Ts2 inverted fluorescence microscope
(Nikon).

MitoTracker Red dye was used to measure mitochon-
drial mass. In brief, the cell culture medium was removed,
prepared Mito-Tracker Red CMXRos working solution was
added to the cells, followed by Hoechst 33,342 staining
solution, and cells were incubated at 378C for 15–30 minutes.
Subsequently, the supernatant was removed and 2 mL culture
medium was added to the cells, which were observed under
the Ts2 inverted fluorescence microscope (Nikon).

Protein Expression and Nuclear Translocation of
NF-kB p65 Were Determined by WB
and Immunofluorescence

Nuclear and cytosolic proteins were extracted using a
Nuclear and Cytoplasmic Protein Extraction Kit (Beyotime,
Shanghai, China) following the manufacturer‘s instructions.
Specific procedures for protein quantification and WB were
described previously.

To examine the anti-inflammatory effects of SAL, the
nuclear translocation of NF-kB was detected by immunoflu-
orescence staining using a fluorescence microscope (Leica).
The macrophages were treated with SAL for 2 hours followed
by addition of LPS and IFN-g for 1 hour. After treatment, the

macrophages were fixed with 3.7% paraformaldehyde in PBS
for 15 minutes and then were permeabilized with 0.1% Triton
X-100 in PBS for 10 minutes followed by blocking with 2%

FIGURE 1. The inhibitory effects of different concentrations of
SAL (0, 25, 50, 100, 200, and 400 mM) on the viability of
RAW264.7 cells, measured using the CCK-8 assay. Values are
expressed as the mean 6 SD. n = 3 independent experiments.

FIGURE 2. The effects of SAL on the expression of proin-
flammatory genes IL-1b, iNOS, and TNF-a in M1 macrophages,
measured using RT-PCR. (A) mRNA expression of IL-1b at 0, 12,
24, and 48 hours after M1 polarization. B–D, mRNA expression
of IL-1b, iNOS, and TNF-a after M1 polarization 24 hours with or
without SAL. Values are expressed as the mean 6 SD. n = 3
independent experiments. *P ˂ 0.05, **P ˂ 0.01, *** P ˂ 0.001.
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bovine serum albumin for 30 minutes at room temperature.
After washing with PBS, the macrophages were incubated
with anti-NF-kB-p65 antibody (1:200, Proteintech for over-
night at 48C). The antimouse IgGk secondary antibody
labeled with Alexa Fluor 488 (1:800, Cell Signaling
Technology Inc, Beverly, MA) was treated for 1 hour.
Nuclei was counterstained with 0.5 mg$mL2 1 DAPI for
10 minutes. After washing with PBS, the stained macro-
phages were visualized using a fluorescence microscope.

Statistical Analysis
Statistical analysis was performed using GraphPad

Prism version 8 software (GraphPad Software, La Jolla,
CA). Comparisons between 2 groups were performed using
the t test, whereas one-way analysis of variance was used to
perform comparisons between multiple groups. A P-value ,
0.05 was considered statistically significant.

RESULTS

Effect of SAL on Proliferative Activity of
RAW264.7 Cells

The CCK-8 assay was used to measure the effects of
SAL on cell viability. The results indicated that the desired

concentration of SAL (400 mM) did not exert cytotoxic
effects on RAW264.7 cells within 24 hours, as shown in
Figure 1.

Effect of SAL on M1 Macrophages
After RAW264.7 cells were polarized to M1 macro-

phages, the mRNA expression of IL-1b was measured at 0,
12, 24, and 48 hours. As shown in Figure 2A, IL-1b mRNA
expression at 12 and 48 hours was decreased compared with
that at 24 hours (P , 0.01, P , 0.05, respectively). In addi-
tion, the mRNA expression of IL-1b, iNOS, and TNF-a in the
M1 group was increased compared with that in the Mu group
(P , 0.001, P , 0.05, P , 0.001, respectively), as shown in
Figures 2B, D. Meanwhile, the mRNA expression of IL-1b
and TNF-a was decreased in the M1+SAL group compared
with that in the M1 group (P , 0.05, P , 0.01, respectively),
as shown in Figure 2B, D. Furthermore, iNOS expression did
not differ significantly between the M1 and M1+SAL groups,
as shown in Figure 2C.

Effect of SAL on Mitochondrial Homeostasis
in M1 Macrophages

Measurement of mitochondrial homeostasis–related
proteins 24 hours after M1 polarization and SAL intervention

FIGURE 3. The effects of SAL on M1 mitochondrial homeostasis, measured by WB. (A–F) Protein expression of Tom20, PINK1,
NLRP3, iNOS, MFN2, and PGC-1a after M1 polarization 24 hours with or without SAL. Values are expressed as the mean6 SD. n = 3
independent experiments. *P ˂ 0.05, **P ˂ 0.01, *** P ˂ 0.001. **** P ˂ 0.0001.
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revealed that iNOS, NLRP3, and PINK1 protein expression
was higher in the M1 group than in the Mu group (P, 0.01, P
, 0.001, P , 0.001, respectively) but lower in the M1+SAL
group than in the M1 group (P , 0.05, P , 0.01, P , 0.001,
respectively), as shown in Figures 3A, B, and F. Furthermore,
the protein expression of MFN2, Tom20, and PGC-1a was
lower in the M1 group than in the Mu group (P , 0.001, P ,
0.05, P , 0.001, respectively), but higher in the M1+SAL
group than in the M1 group (P , 0.01, P , 0.05, P , 0.01,
respectively), as shown in Figures 3C–E.

Effect of SAL on Mitochondrial Membrane
Potential and Mass in M1 macrophages

Mitochondrial membrane potential and mass were
measured 24 hours after M1 polarization and SAL interven-
tion, revealing that the values of the M1 group were decreased
compared with those of the Mu group (P , 0.01, P , 0.001,
respectively), whereas those of the M1+SAL group were
increased compared with those of the M1 group (P , 0.05,
P , 0.01, respectively), as shown in Figure 4.

Effect of SAL on ROS Levels in M1
Macrophages

Detection of intracellular ROS levels 24 hours after M1
polarization and SAL intervention revealed that the ROS
levels of the M1 group were higher than those of the Mu
group (P , 0.001), whereas those of the M1+SAL group
were lower than those of the M1 group (P , 0.01), as shown
in Figure 5.

Effect of Salidroside on NF-kB p65 Levels and
Nuclear Translocation in M1 Macrophages

Detection of NF-kB p65 protein at 24 hours after M1
polarization and SAL intervention showed that NF-kB p65
protein expression was higher in the M1 group than in the
Mu group (P, 0.0001) and lower in the M1+SAL group than
in the M1 group (P , 0.0001). In addition, we detected p65
translocation from the cytoplasm to the nucleus using immu-
nofluorescence and found that nuclear p65 fluorescence stain-
ing was enhanced in the M1 group, suggesting increased p65
nuclear translocation, whereas the M1+SAL group attenuated
nuclear translocation of NF-kB p65, as shown by attenuation
of nuclear p65 fluorescence staining, as shown in Figure 6.

DISCUSSION
Macrophages are an important part of the body’s innate

immune system and can be polarized into different subtypes
under different microenvironmental conditions. Classically
activated (M1) and selectively activated (M2) macrophages
play important roles in physiological and pathological pro-
cesses such as inflammation, defense, repair, and metabolism.
Moreover, M1 and M2 macrophages are involved in the
development of atherosclerosis and other diseases.16

Mitochondria are the main sites of energy metabolism in
eukaryotic cells. Mitochondrial homeostasis, the disruption of
which is associated with the development of atherosclerosis,17

is a complex process that includes reducing mitochondrial

damage and maintaining mitochondrial stability through pro-
teasome action, ensuring mitochondrial number and morphol-
ogy through mitochondrial fusion/division, and selectively
removing damaged mitochondria by mitophagy.18,19

FIGURE 4. The effects of SAL on M1 mitochondrial mem-
brane potential and mass measured by chemifluorescence (·
20). A, Mitochondrial membrane potential after M1 polari-
zation 24 hours with or without SAL. B, Mitochondrial mass
after M1 polarization 24 hours with or without SAL. Values
are expressed as the mean 6 SD. n = 3 independent exper-
iments. *P ˂ 0.05, **P ˂ 0.01, *** P ˂ 0.001.
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M1 macrophages have been shown to dominate the
progression of atherosclerosis.20 Indeed, inhibiting the differ-
entiation of intraplaque macrophages to the inflammatory M1
phenotype has been shown to help stabilize vulnerable pla-
ques.21 LPS, the main component of the outer membrane of
Gram-negative bacteria, can stimulate polarization of macro-
phages to the M1 phenotype, which then secrete a large num-
ber of inflammatory factors, such as TNF-a, IL-1b, and
iNOS. In the current study, the RT-PCR results indicated that
LPS significantly increased the mRNA expression of TNF-a,
IL-1b, and iNOS in RAW264.7 cells, which was consistent
with literature reports22–24 and indicated that the macrophage
polarization model was successfully constructed. Activation
of NLRP3 inflammasomes also plays an important role in the
development of atherosclerosis and can mediate M1 macro-
phage polarization and IL-1b production. As previously re-
ported,25,26 NLRP3 protein was found to be abundantly
expressed in the M1 polarization state in the current study.

Intracellular ROS production mainly occurs in the
mitochondria. Excessive ROS production occurs when mito-
chondria are damaged or antioxidant enzyme synthesis is
reduced, which in turn leads to the inactivation of 2 key
antiatherosclerotic enzymes: endothelial nitric oxide lyase and
prostacyclin lyase.27 In addition, high ROS levels can cause
mitochondrial damage and reduce mitochondrial membrane
potential.28 Mitochondrial damage also disrupts homeostasis,

resulting in PINK1 being highly expressed and the initiation
of mitophagy.29 Furthermore, fusion/division becomes abnor-
mal after mitochondrial damage and expression of mitochon-
drial fusion protein MFN2 is decreased.30 PGC-1a plays an
indispensable role in mitochondria biogenesis and oxidative
respiratory function.31 Under excessive inflammation, PGC-
1a synthesis is decreased along with that of mitochondrial
outer membrane protein Tom20, which mediates protein
transport.32

The results of the current study demonstrated that M1
polarization increased intracellular ROS levels, decreased
mitochondrial membrane potential, increased PINK1 expres-
sion, decreased MFN2 expression, and decreased the synthe-
sis of functional proteins PGC-1a and Tom20. These results
were consistent with previous reports, suggesting that mito-
chondrial homeostasis was disrupted in our M1 polarization
state, which may explain why M1 macrophages promote the
development of atherosclerosis.

SAL, the main bioactive component of R. rosea, has
reported therapeutic effects against cardiovascular disease
related to its antioxidative and antiapoptotic properties.33

Previous research by our team demonstrated that SAL in-
hibited endothelial injury in an atherosclerosis model.34 In
the current study, 400 mM SAL substantially inhibited inflam-
mation by reducing the expression of proinflammatory genes
IL-1b, TNF-a, and iNOS in M1 macrophages. Moreover,

FIGURE 5. Levels of intracellular ROS after M1 polarization 24 hours with or without SAL, measured by chemifluorescence (· 20).
Values are expressed as the mean 6 SD. n = 3 independent experiments. **P ˂ 0.01, *** P ˂ 0.001.
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SAL intervention before M1 polarization decreased ROS lev-
els, increased mitochondrial membrane potential, decreased
the expression of autophagy initiator protein PINK1 and
NLRP3, and increased the expression of fusion protein
MFN2 and functional proteins PGC-1a and Tom20, suggest-
ing that SAL may achieve antiatherosclerotic effects by pro-
tecting mitochondrial homeostasis.

As a classical inflammatory signaling pathway, NF-kB
pathway is involved in the development of cardiovascular
diseases such as atherosclerosis.35 Mitochondrial monoamine
oxidase can impair mitochondrial homeostasis, leading to
ROS accumulation and NF-kB activation, thereby enhancing
the expression of atherogenic and proinflammatory molecules
in endothelial cells.36 Similarly, oxidative stress in macro-
phage mitochondria promotes atherosclerosis and NF-kB–
mediated inflammation in macrophages.37 Wu et al point
out that new therapies dedicated to correcting mitochondrial
dysfunction may represent a promising therapeutic strategy
for future treatment and improving atherosclerosis.38

Therefore, to further investigate, the possible mechanism of
the protective effect of SAL on mitochondrial homeostasis
after polarization in RAW264.7 macrophages. We examined
the expression of NF-kB p65 in M1 polarization as well as
changes following SAL intervention. The results showed that
M1 polarization increased the expression of NF-kB p65
protein, whereas SAL intervention played the opposite role.

Immunofluorescence further verified that p65 nuclear trans-
location was increased in the M1 group, whereas NF-kB
activation was significantly decreased in the SAL group.
Thus, SAL may achieve antiatherosclerotic effects by in-
hibiting NF-kB activation to regulate mitochondrial homeo-
stasis to resist macrophage polarization to M1.

In summary, the results obtained using an M1 macro-
phage inflammation model of atherosclerosis in the current
study demonstrated the protective effect of SAL on mito-
chondrial homeostasis, thereby providing insight into the
mechanism underlying the antiatherosclerosis effects of SAL.
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