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Abstract
Background. Atherosclerosis (AS), a  chronic inflammatory disease, is a major contributor to deaths 
worldwide. Ganoderic acid A (GAA) has been widely applied for various diseases due to its excellent anti-
inflammatory properties.

Objectives. To investigate the underlying mechanism of GAA inhibition of inflammation and lipid deposition 
in human monocyte (THP-1) cells.

Materials and methods. The Cell Counting Kit-8 (CCK-8) assay was used to assess the potential effect 
of GAA on the viability of THP-1 cells. The release of inflammatory cytokines and oxidative stress was measured 
using enzyme-linked immunosorbent assay (ELISA) and the corresponding kit, respectively. The levels of lipid 
deposition and total cholesterol (TC) were also evaluated. Next, the scavenger receptors and proteins in Notch1/
PPARγ/CD36 signaling were measured with western blot. As Notch1 was overexpressed in the THP-1 cells 
induced by oxidized low-density lipoprotein (ox-LDL), the above assays were performed again to confirm 
the underlying mechanism.

Results. Ganoderic acid A suppressed ox-LDL-induced inflammation and oxidative stress in THP-1 cells. 
At the same time, it inhibited the TC level and lipid deposition. The effects of GAA on alleviating inflammation, 
oxidative stress and lipid accumulation were relieved after the overexpression of Notch1 in the treated cells, 
and the effects of GAA on alleviating inflammation, oxidative stress and lipid accumulation were diminished. 
The PPARγ activator also weakened the effects of GAA on relieving inflammation, oxidative stress and lipid 
accumulation in ox-LDL-induced THP-1 cells.

Conclusions. Ganoderic acid A inhibits ox-LDL-induced macrophage inflammation and lipid deposition 
in THP-1 cells through Notch1/PPARγ/CD36 signaling, which may provide theoretical guidance for the clinical 
applications of GAA in AS treatment.
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Background

Atherosclerosis (AS), a chronic inflammatory disease, 
is a leading cause of death worldwide.1 The loading of cho-
lesterol in macrophages of the artery walls contributes 
to lipid deposition, which is believed to induce the oc-
currence and development of AS.2 Therefore, AS is con-
sidered to have a close relationship with lipid deposition. 
Apart from lipid deposition and long-term inflammation, 
immune activation and the stimulation of inflammatory 
mediators are also AS characteristics. Therapies targeting 
anti-inflammatory agents are thought to be useful meth-
ods for the treatment of AS, but investigation and stud-
ies of agents that possess anti-inflammatory effects for 
the resolution of AS occurrence are limited. Thus, there 
is a desperate need to study and develop new agents fo-
cusing on the inhibition of inflammation for the effective 
treatment of AS.

Ganoderma lucidum has been widely used in traditional 
Chinese medicine for the treatment of inflammatory dis-
eases, cancers and immunological diseases.3 It has been 
applied for thousands of years due to its remarkable physi-
ological and pharmacological activities. Ganoderic acid A 
(GAA) is one of the major triterpenoids in Ganoderma 
lucidum. Many experts have confirmed that GAA plays 
an important role in treating cancers because of its effi-
cacy in preventing proliferation and enhancing apoptosis 
of multiple cancer cells.4,5 The anti-inflammatory and anti-
oxidant roles of GAA cannot be neglected because rats 
injected with GAA have been shown to be protected from 
liver injury and lung injury induced by various factors.6,7 
The latest findings show that GAA has great potential to in-
hibit Notch1 protein expression, which is believed to en-
hance the stability of peroxisome proliferator-activated 
receptor gamma (PPARγ) and increase the level of CD36 
in human monocyte (THP-1)-derived macrophages stimu-
lated by interleukin (IL)-4.8,9 Lipid deposition in macro-
phage foam cells can contribute to the formation of plaques 
and exacerbate the  development of  AS. Inflammation 
is a critical risk factor for the occurrence of AS.10 Therefore, 
we speculated that GAA may alleviate the symptoms of AS 
by inhibiting inflammation and lipid deposition in THP-
1-derived macrophages via the Notch1 signal.

A large quantity of low-density lipoprotein (LDL) is mod-
ified to oxidized low-density lipoprotein (ox-LDL), which 
aggregates in the vascular internal wall and triggers ath-
erosclerotic plaque development.11 Therefore, the present 
study used ox-LDL to induce an AS model.

Objectives

The  present study aimed to  investigate the  effects 
of GAA on an in vitro AS model as well as its underlying 
mechanism, which may provide theoretical guidance for 
the clinical application of GAA in the treatment of AS.

Materials and methods

Cell culture and treatments

Human monocytes (THP-1) were purchased from 
the American Type Culture Collection (ATCC, Manassas, 
USA) and cultured in RPMI 1640 medium (Sigma–Aldrich, 
St. Louis, USA) containing 10% fetal bovine serum (FBS) 
and antibiotics (100 U/mL of penicillin A and streptomy-
cin) at 37°C in a humidified atmosphere containing 5% 
CO2. A total of 1 × 105 THP-1 cells were collected and 
cultivated with 100 nM phorbol-12-myristate13-acetate 
(PMA; Sigma–Aldrich) for 48 h to stimulate differentia-
tion into macrophages. The harvested macrophages were 
subsequently cultured in serum-free medium containing 
ox-LDL (100 ng/mL; Sigma–Aldrich) for 24 h to induce 
foam cell formation. The GAA was purchased from YuanYe 
Biotechnology Co., Ltd (Shanghai, China). The cells were 
then treated with various concentrations of GAA (20 µm, 
50 µm or 70 µm) or co-treated with a PPARγ activator. 
The transfection of THP-1 cells with the overexpression 
plasmid of Notch1 was performed using Lipofectamine 
2000 (Invitrogen, Carlsbad, USA).

CCK-8

A total of 2 × 104 cells were plated into 96-well plates. After 
the indicated treatment, the Cell Counting Kit-8 (CCK-8; 
Glpbio, Montclair, USA) reagent was mixed in the culture 
medium and added to the 96-well plates. These cells were 
then incubated for 1 h. Next, the absorbance of the cells was 
measured using a spectrophotometer (Thermo Fisher Scien-
tific, Waltham, USA). The absorbance at 450 nm was mea-
sured with a microplate reader (Thermo Fisher Scientific).

ELISA

The levels of tumor necrosis factor-α (TNF-α), IL-1β and 
IL-6 in the macrophages were evaluated using commer-
cial enzyme-linked immunosorbent assay (ELISA) kits ac-
cording to the manufacturer’s recommendations (Abcam, 
Cambridge, UK).

Western blot

Total proteins were extracted from TPC-1 cells with 
RIPA buffer (Beyotime, Shanghai, China) and the protein 
concentration was measured using the BCA Protein Assay 
Kit (Merck Millipore, Burlington, USA). Next, 40 µg of pro-
tein in each group was separated using sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 
transferred to polyvinylidene fluoride (PVDF) membranes 
(Merck Millipore). The membranes were blocked with 
5% skimmed milk. These blots were then incubated with 
diluted primary antibodies for the target proteins at 4°C 
overnight, and then secondary antibodies (Santa Cruz 
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Biotechnology, Santa Cruz, USA) were added to the mem-
branes and incubated. ImageJ software (National Insti-
tutes of Health, Bethesda, USA) was used to determine 
the intensities. The expression of protein was normalized 
to GAPDH levels to correct for loading.

Detection of reactive oxygen species and 
malondialdehyde

The detection of reactive oxygen species (ROS) was con-
ducted using a commercially available ROS kit (Jiancheng 
Bioengineering Institute, Shanghai, China), while the de-
tection of malondialdehyde (MDA) was conducted using 
the corresponding MDA kit from Jiancheng Bioengineer-
ing Institute (Nanjing, China) in line with the manufac-
turer’s instructions.

Oil red O staining of macrophages

The treated macrophages were collected, fixed in 10% 
formaldehyde solution for 20 min, washed with phosphate-
buffered saline (PBS) and stained using oil red O (Amresco, 
Solon, USA) solution (in 60% isopropanol) for 10 min. After-
wards, the stained macrophages were counterstained with 
hematoxylin for 3 min. The lipid-stained areas of the slides 
and cross-sections were observed and photographed using 
an inverted microscope (Olympus Corp., Tokyo, Japan) at 
a ×200 magnification. With the application of Image-Pro 
Plus image analysis software v. 6.0 (Media Cybernetics Inc., 
Rockville, USA), the lipid droplet content was analyzed.

Measurement of total cholesterol

Total cholesterol (TC) levels were assayed using the Am-
plex Red Cholesterol Assay Kit (Invitrogen) according 
to the manufacturer’s protocols.

RT-qPCR

Trizol reagent (Invitrogen) was used to separate the to-
tal RNA from THP-1 cells according to  the  manufac-
turer’s specifications. Before the real-time quantitative 
polymerase chain reaction (RT-qPCR) was performed for 
gene amplification using the SYBR Premix Ex TaqTM 
GC (TaKaRa, Tokyo, Japan) protocol on a 7900 real-time 
PCR system (Applied Biosystems, Foster City, USA), 
the complementary DNA (cDNA) was synthesized from 
quantified RNA with the use of a PrimeScript TM RT re-
agent Kit. Relative gene expression was measured using 
the 2−ΔΔCt method. The ratio for the mRNA of interest was 
normalized to GAPDH. The primers used in this study 
are as follows: LOX-1 forward: 5’-TTGCCTGGGATTAG-
TAGTGACC-3’. reverse: 5’- GCTTGCTCTTGTGTTAG-
GAGGT-3; SR-A forward: 5’-GCAGTGGGATCACTTTCA-
CAA-3’, reverse: 5’-AGCTGTCATTGAGCGAGCATC-3’; 
Notch1 forward 5’-GAGGCGTGGCAGACTATGC-3’: 

reverse 5’-CTTGTACTCCGTCAGCGTGA-3’; PPARγ 
forward: 5’-GGGATCAGCTCCGTGGATCT-3’ reverse: 
5’-TGCACTTTGGTACTCTTGAAGTT-3’; CD36 for-
ward: 5’-GGCTGTGACCGGAACTGTG-3’, and reverse: 
5’-AGGTCTCCAACTGGCATTAGAA-3’.

Statistical analyses

The results were analyzed using GraphPad Prism soft-
ware v. 5.01 (GraphPad Software, San Diego, USA). All data 
are presented as the mean ± standard deviation (SD). One-
way analysis of variance (ANOVA) was utilized to compare 
differences among multiple groups, followed by Tukey’s 
post hoc test for comparison between 2 groups. Value 
of p < 0.05 was considered to be statistically significant.

Results

GAA suppresses ox-LDL-induced 
inflammation and oxidative stress  
in THP-1 cells

To confirm the effects of GAA on THP-1 cells induced 
by ox-LDL, the toxicity of GAA to macrophages was first 
assessed. The THP-1 cells were treated with different con-
centrations of GAA (10 µM, 20 µM, 50 µM, and 70 µM) for 
24 h. The analysis showed that GAA had no toxic effect 
on macrophages (Fig. 1A). After 100 nM of PMA treat-
ment of THP-1 cells for 48 h, THP-1 cells were induced 
to differentiate into macrophages. Next, the macrophages 
were subjected to ox-LDL stimulation for 24 h. As shown 
in Fig. 1B, inflammation was induced by ox-LDL through 
significant elevation of the levels of TNF-α, IL-1β, IL-6, 
and NF-κB p65 protein. However, GAA decreased their 
levels in a dose-dependent manner (Fig. 1C). The high 
expression of ROS and MDA triggered by ox-LDL was 
gradually inhibited by increasing the dose of GAA, dem-
onstrating that the possible alteration of oxidative stress 
status induced by ox-LDL in THP-1 cells was alleviated 
by increasing the dose of GAA (Fig. 1D). Taken together, 
these findings show that GAA suppresses ox-LDL-induced 
inflammation and oxidative stress in THP-1 cells.

GAA suppresses lipid deposition  
in ox-LDL-induced THP-1 cells

Abnormal lipid metabolism is an important risk factor 
for the development of AS.12 Therefore, the level of lipid 
accumulation was measured with oil red O staining. Com-
pared with the control group, ox-LDL-induced THP-1 cells 
exhibited markedly higher levels of lipid deposition, which 
were gradually relieved by GAA treatment (Fig. 2A). Mean-
while, the TC level of THP-1 cells was markedly elevated 
by ox-LDL. Nevertheless, as the dose of GAA increased, 
the TC level of THP-1 cells treated by ox-LDL decreased 
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(Fig. 2B). The scavenger receptors that play an important 
part in lipid uptake have a close relationship with the patho-
genesis of AS.13 Various scavenger receptors (SR) like SR 
class A (SR-A), SR class B (CD36) and lectin-like oxidized 
LDL 1 receptor (LOX-1) can recognize and bind to modi-
fied LDL. The uptake of modified lipoproteins by these SRs 
makes great contributions to foam cell formation.14 There-
fore, RT-qPCR and western blot were adopted to measure 
the expression of SR-A and CD36. The reduced expression 
of SR-A and CD36 in ox-LDL-induced THP-1 cells treated 
with GAA implied the inhibitory role of GAA in lipid uptake 
(Fig. 3A,B). Thus, the conclusion can be drawn that GAA 
suppresses lipid deposition in ox-LDL-induced THP-1 cells.

GAA suppresses expression  
of Notch1/PPARγ/CD36 signaling 
in ox-LDL-induced THP-1 cells

The  effects of  GAA on  the  expression of  Notch1, 
PPARγ and CD36 in ox-LDL-induced THP-1 cells were 
measured. As seen in Fig. 4, compared with the con-
trol group, the expression of Notch1, PPARγ and CD36 
increased in  the  ox-LDL group. Notably, the  levels 
of Notch1, PPARγ and CD36 in ox-LDL-induced THP-1 
cells were reduced by  GAA. Thus, GAA suppresses 
the expression of Notch1/PPARγ/CD36 in ox-LDL-in-
duced THP-1 cells.

Fig. 1. The effect of GAA on the viability of THP-1 cells. A. The viability of THP-1 cells treated with GAA was assessed with the CCK-8 assay; 
B. The inflammatory cytokines in ox-LDL-induced THP-1 cells were detected with ELISA; C. The expression level of NF-kB p65 was measured with western 
blot; D. Oxidative stress-related factors were measured using the corresponding kits. Experimental data are presented as mean ±SD

*** p < 0.001 compared to ox-LDL (−), # p < 0.05, ## p < 0.01, ### p < 0.001 compared to ox-LDL (+), GAA [µM] (−). ox-LDL − oxidized low-density lipoprotein; 
ELISA − enzyme-linked immunosorbent assay; SD − standard deviation; CCK-8 − Cell Counting Kit-8; GAA − ganoderic acid A; THP-1 − human monocyte.
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GAA suppresses inflammation and 
oxidative stress in ox-LDL-induced THP-1 
cells via Notch1/PPARγ/CD36 signaling

Next, the expression of Notch1 was increased to a rela-
tively high level to allow detection of its downstream effectors 

(Fig. 5A). The overexpression of Notch1 increased the ex-
pression of PPARγ and CD36, indicating a positive relation-
ship between Notch1 and its downstream effectors (Fig. 5B). 
Compared with ox-LDL-induced THP-1 cells with GAA 
treatment, the expression of inflammatory cytokines and 
NF-KB p65 was higher in ox-LDL-induced THP-1 cells with 

Fig. 3. The expression of scavenger receptors was measured with qPCR and western blot. Experimental data are shown as mean ±SD

*** p < 0.001 compared to ox-LDL (−), ## p < 0.01, ### p < 0.001 compared to ox-LDL (+), GAA [µM] (−), #p < 0.05, ###p < 0.001 compared to ox-LDL (+), GAA [µM] (−). 
ox-LDL − oxidized low-density lipoprotein; SD − standard deviation; GAA − ganoderic acid A; THP-1 − human monocyte; qPCR −  quantitative polymerase chain 
reaction.

Fig. 2. GAA suppresses lipid deposition in ox-LDL-induced THP-1 cells. A. The level of lipid deposition was detected with oil red O staining; B. The TC level 
was assayed using the Amplex Red Cholesterol Assay Kit. Values are expressed as mean ±SD

*** p < 0.001 compared to ox-LDL (−), # p < 0.05, ### p < 0.001 compared to ox-LDL (+), GAA [µM] (−); ox-LDL − oxidized low-density lipoprotein; TC − total 
cholesterol; SD − standard deviation; GAA − ganoderic acid A; THP-1 − human monocyte.
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combined GAA and the overexpression plasmid of Notch1 
(Ov-Notch1) treatment (Fig. 6A,B). Similarly, pretreatment 
with troglitazone (10 µM), which is a PPARγ activator, in ox-
LDL-induced THP-1 cells upon GAA challenge for 2 h led 
to an increased level of inflammatory cytokines. Treatment 
with Ov-Notch1 and PPARγ activator resulted in higher levels 
of ROS and MDA, respectively, in ox-LDL-induced THP-1 
cells with GAA treatment (Fig. 6C). Therefore, GAA sup-
presses inflammation and oxidative stress in ox-LDL-induced 
THP-1 cells via Notch1/PPARγ/CD36 signaling.

GAA inhibits lipid deposition  
in ox-LDL-induced THP-1 cells  
via Notch1/PPARγ/CD36 signaling

To further confirm the role of the Notch1/PPARγ/CD36 
signal in lipid deposition in the AS model, the level of lipid 
accumulation was detected in ox-LDL-induced THP-1 cells 
with different treatments. As Fig. 7A shows, lipid accumu-
lation reached the highest level in ox-LDL-induced THP-1 
cells without any other treatment. The GAA greatly relieved 
lipid accumulation in ox-LDL-induced THP-1 cells. Fur-
thermore, the addition of Ov-Notch1 or PPARγ activator 
promoted the formation of oil droplets. Notch signaling 
is recognized to regulate PPARγ protein stability in hu-
man macrophages.15 In our study, the TC content, which 

Fig. 4. GAA suppresses the expression of Notch1/PPARγ/CD36 in ox-LDL-induced THP-1 cells. A and B. Gene and protein expression in the Notch1/PPARγ/
CD36 signaling pathway was assayed using qPCR and western blot, respectively. Experimental data are shown as mean ±SD

*** p < 0.001 compared to ox-LDL (−), #p < 0.05, ##p < 0.01, ###p < 0.001 compared to ox-LDL (+) + GAA [µM] (−). ox-LDL − oxidized low-density lipoprotein; 
SD − standard deviation; GAA − ganoderic acid A; THP-1 − human monocyte; qPCR − quantitative polymerase chain reaction.
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Fig. 5. Notch1 overexpression reversed the effects of GAA. GAA suppresses inflammation and oxidative stress in ox-LDL-induced THP-1 cells via Notch1/
PPARγ/CD36 signaling pathway. A. The level of Notch1 was detected after it was overexpressed in THP-1 cells; B. Protein expression in the Notch1/PPARγ/
CD36 signaling pathway was assayed using western blot. Values are expressed as mean ±SD

*** p < 0.001 compared to Ov-NC, ### p < 0.001 compared to ox-LDL (+) + GAA (−) + Ov-NC (−) + Ov-Notch1 (−), $$$ p < 0.001 compared to ox-LDL (+) + GAA 
(+) + Ov-NC (+) +Ov-Notch1 (−). ox-LDL − oxidized low-density lipoprotein; SD − standard deviation; GAA − ganoderic acid A; THP-1 − human monocyte.
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was reduced by GAA, increased by Notch1 overexpres-
sion or PPARγ activator (Fig. 7B). The changes in the ex-
pression levels of LOX-1 and SR-A demonstrate the same 
alteration as  the  abovementioned results (Fig. 8A,B). 
Therefore, the conclusion that GAA inhibits lipid deposi-
tion in ox-LDL-induced THP-1 cells via Notch1/PPARγ/
CD36 signaling can be drawn. However, Ov-Notch1 and 
PPARγ activator can partly reverse the suppressive effects 
of GAA on lipid deposition in ox-LDL-induced THP-1 cells. 

Together, these results demonstrate that Notch1/PPARγ/
CD36 signaling pathway is involved in the effects of GAA 
on lipid deposition.

Discussion

Macrophages play a critical role in  innate immunity 
and diseases of high prevalence, including cancer, obesity 

Fig. 6. GAA suppresses inflammation and oxidative stress in ox-LDL-induced THP-1 cells via Notch1/PPARγ/CD36 signaling pathway. A. The inflammatory 
cytokines in ox-LDL-induced THP-1 cells were detected with ELISA; B. The expression level of NF-kB p65 was measured using western blot; C. The oxidative 
stress-related factors were measured using the corresponding kits. Values are expressed as mean ±SD

*** p < 0.001 compared to Ov-NC, ### p < 0.001 compared to ox-LDL (+) + GAA (−) + Ov-NC (−) + Ov-Notch1 (−), $$$ p < 0.001 compared to ox-LDL (+) 
+ GAA (+) + Ov-NC (+) + Ov-Notch1 (−). ox-LDL − oxidized low-density lipoprotein; SD − standard deviation; ELISA - enzyme-linked immunosorbent assay; 
GAA − ganoderic acid A; THP-1 − human monocyte; PPARγ − peroxisome proliferator-activated receptor gamma; NC − negative control.



Adv Clin Exp Med. 2021;30(10):1031–1041 1039

Fig. 7. GAA inhibits lipid deposition in ox-LDL-induced THP-1 cells via Notch1/PPARγ/CD36 signaling pathway. A. The level of lipid deposition was detected 
with oil red O staining; B. The TC level was assayed using the Amplex Red Cholesterol Assay Kit. Values are expressed as mean ±SD

*** p < 0.001 compared to Ov-NC, ###p < 0.001 compared to ox-LDL (+) + GAA (−) + Ov-NC (−) + Ov-Notch1 (−), $$$ p < 0.001 compared to ox-LDL (+) + 
GAA (+) + Ov-NC (+) + Ov-Notch1 (−). ox-LDL − oxidized low-density lipoprotein; TC − total cholesterol; SD − standard deviation; GAA − ganoderic acid A; 
THP-1 − human monocyte; PPARγ − peroxisome proliferator-activated receptor gamma; NC − negative control.

Fig. 8. GAA inhibits the expression of scavenger receptors in ox-LDL-induced THP-1 cells via Notch1/PPARγ/CD36 signaling pathway. The expression 
of scavenger receptors was measured with qPCR and western blot. Values are expressed as mean ±SD

*** p < 0.001 compared to Ov-NC, ###p < 0.001 compared to ox-LDL (+) + GAA (−) + Ov-NC (−) + Ov-Notch1 (−), $$$p < 0.001 compared to ox-LDL (+) + 
GAA (+) + Ov-NC (+) + Ov-Notch1 (−). ox-LDL − oxidized low-density lipoprotein; TC − total cholesterol; SD − standard deviation; GAA − ganoderic acid A; 
THP-1 − human monocyte; qPCR −  quantitative polymerase chain reaction;  PPARγ − peroxisome proliferator-activated receptor gamma; NC − negative 
control.
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and AS.16 When monocytes arrive at an injury site, they 
transform into macrophages, the activation of which can 
respond to signals in damaged tissues.17 Macrophages are 
thought to play a pathogenic role in the formation of ath-
erosclerotic plaques. The roles of macrophages in AS are 
tied to its polarization. Polarized macrophages are divided 
into 2 phenotypes: M1 and M2.2 Activated M1 macro-
phages can be induced by lipopolysaccharides (LPS), while 
M2 macrophages are activated after exposure to various 
cytokines, including IL-4, IL-13 and IL-10.

It was previously reported that pro-inflammatory fac-
tors, including IL-1β, IL-6 and TNF-α, are critical con-
tributors to  the progression of AS. Thus, it  is of great 
value to find novel targets for the suppression of inflam-
mation related to AS lesions.3 Together with the decrease 
in the level of NF-KB p65, which is a transcription factor 
involved in the regulation of inflammation, the inhibition 
of these cytokines by GAA in THP-1 cells under ox-LDL 
conditions potently implies the role of GAA in blocking 
the inflammatory response.18 Consistent with our results, 
a previous report suggested that GAA caused decreased 
levels of IL-1β, IL-6 and TNF-α in mice with lung injury.7 
Anti-oxidant therapy is considered an effective method for 
the prevention and treatment of AS because the inflam-
matory changes triggering the occurrence of AS can be 
inhibited by suppressing oxidized lipoprotein and lipid 
formation and oxidative stress.19 Due to the remarkable 
effects of GAA on alleviating inflammation in multiple 
injuries and blocking the development of cancers, GAA 
was hypothesized to play a critical role in AS. We identified 
that GAA was able to suppress the release of inflammatory 
factors and oxidative stress in ox-LDL-induced THP-1 cells. 
Furthermore, lipid deposition induced by ox-LDL in THP-1 
cells was relieved by GAA.

Notch signaling is  a  critical transcriptional factor 
in  the  regulation of  differentiation and proliferation 
of stem cells.20 The Notch signaling pathway is involved 
in  interactions among cells throughout the  organs 
of the body in a large number of diseases. It is suggested 
that the cellular processes of monocytes and the modu-
lation of macrophages are determined by this signaling 
pathway.21,22 In the present study, Notch signaling was 
induced by ox-LDL but inhibited by GAA. Furthermore, 
the overexpression of Notch1 relieved the inhibitory effect 
of GAA on the reduction of inflammatory factors and oxi-
dative stress. PPARγ, a ligand-activated transcription factor 
that regulates fatty acid metabolism, plays a role in lipid 
deposition, cell differentiation and inflammation.23 It has 
been reported that ox-LDL can strongly activate PPARγ 
to regulate gene expression in macrophages.24 The expres-
sion of PPARγ was markedly increased after ox-LDL was 
used to induce THP-1 cells, suggesting successful activa-
tion of PPARγ by ox-LDL. The GAA treatment potently 
inhibited its expression, while the PPARγ activator, which 
activates the PPARγ signal, led to further inflammation 
and oxidative stress. Therefore, the mechanism by which 

GAA alleviates inflammation and oxidative stress might 
be related to  a  PPARγ-dependent signal. Internalized 
ox-LDL supplies rich oxidized fatty acids that serve as li-
gands to PPARγ, thereby inducing genes such as CD36.25 
The role of CD36 in long-chain fatty acid uptake and oxi-
dation has been deeply studied. The findings have shown 
that it participates in processes like apoptosis, inflam-
mation and AS.26 CD36 has great potential in scavenging 
ox-LDL to protect intima from cholesterol deposits and 
atherosclerotic lesions.27 Knockout of CD36 is associated 
with enhanced symptoms in patients with atherosclerotic 
cardiovascular diseases.28 In this study, GAA inhibited 
the expression of Notch1, PPARγ and CD36 as well as lipid 
deposition. The expression of scavenger receptors could 
also be inhibited by GAA.

Limitations

There is still a lack of in vivo evidence to confirm the role 
and action mechanism of GAA in AS. Furthermore, how 
GAA affects Notch1/PPARγ/CD36 signaling requires 
deeper investigation.

Conclusions

Ganoderic acid A inhibits ox-LDL-induced THP-1-de-
rived macrophage inflammation and lipid deposition via 
Notch1/PPARγ/CD36 signaling, which may provide theo-
retical guidance for the clinical application of GAA in AS 
treatment.

The datasets used and/or analyzed in the current study 
are available from the corresponding author on reason-
able request.
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