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Abstract
Abnormal accumulation of lipids and massive deposition of foam cells is a primary 
event in the pathogenesis of atherosclerosis. Recent studies have demonstrated that 
autophagy and lysosomal function of atherosclerotic macrophages are impaired, 
which exacerbates the accumulation of lipid in macrophages and formation of foam 
cells. Gastrodin, a major active component of Gastrodia elata Bl., has exerted a pro-
tective effect on nervous system, but the effect of gastrodin on atherosclerotic vas-
cular disease remains unknown. We aimed to evaluate the effect of gastrodin on 
autophagy and lysosomal function of foam cells and explored the mechanism under-
lying gastrodin's effect on the formation of foam cells. In an in vitro foam cell model 
constructed by incubating macrophages with oxygenized low- density lipoproteins 
(ox- LDL), our results showed that lysosomal function and autophagy of foam cells 
were compromised. Gastrodin restored lysosomal function and autophagic activity 
via the induction of lysosomal biogenesis and autophagy. The restoration of lysoso-
mal function and autophagic activity enhanced cholesterol efflux from macrophages, 
therefore, reducing lipid accumulation and preventing formation of foam cells. AMP- 
activated protein kinase (AMPK) was activated by gastrodin to promote phosphoryl-
ation and nuclear translocation of forkhead box O1 (FoxO1), subsequently resulting 
in increased transcription factor EB (TFEB) expression. TFEB was activated by gas-
trodin to promote lysosomal biogenesis and autophagy. Our study revealed that the 
effect of gastrodin on foam cell formation and that induction of lysosomal biogenesis 
and autophagy of foam cells through AMPK- FoxO1- TFEB signalling axis may be a 
novel therapeutic target of atherosclerosis.
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1  | INTRODUC TION

The lysosome is a subcellular organelle generally residing in all ani-
mal cells.1 It is central to the endocytic, autophagic and phagocytic 
pathways, degrading cellular debris, damaged organelles and pro-
tein aggregates.2 Lysosome function may be varied by environmen-
tal cues,3 age4 and diseases5 and is linked to the pathogenesis of 
many neurodegenerative diseases.6 Enhanced lysosome biogenesis 
can promote the clearance of protein aggregates, cholesterol and 
damaged organelles, which relieves the progress of such lysosome- 
associated diseases.7- 9

Autophagy is an evolutionarily conserved cellular catabolic pro-
cess.10 A growing number of studies have shown that it plays a fun-
damental role in the maintenance of intracellular homeostasis via 
degradation of waste cytoplasmic contents in lysosomes.11 A com-
plete autophagic process consists of two stages: in the initial stage of 
autophagy, the vesicle nucleates and elongates, forming an autopha-
gosome, which accompanied by engulfment of damaged organelles, 
protein aggregates or lipid granules.12 Subsequently, the autophago-
some fuses with the lysosome, transporting the cytoplasm contents 
to the lysosome for degradation.12,13 Autophagy has been reported 
to participate in several pathological and physiological processes, 
such as immunity, inflammation and stress resistance.14,15 Beyond 
these aforementioned roles, it is also implicated in the occurrence 
and development of atherosclerosis.16

Atherosclerosis is a progressive and lipid metabolism 
dysfunction- derived inflammatory disease.17 It is a leading cause 
of acute cardiovascular events, such as myocardial infarction, 
stroke and ischaemic heart failure.18,19 Growing evidence suggests 
that macrophages play a critical role in the pathogenesis of athero-
sclerosis.20,21 In the initial stage of atherogenesis, macrophages 
engulf excessive ox- LDL or other modified lipoproteins, forming 
lipid- rich foam cells, a marker of early atherosclerosis.22 The ap-
pearance of foam cells exacerbates both the inflammatory pro-
cess and the formation of unstable plaque structures. Therefore, 
reducing the formation of foam cells may be a promising target 
for the treatment of atherosclerosis.20 Most recently, several lines 
of evidence have demonstrated that atherosclerotic macrophages 
have features of autophagy dysfunction.9,16,23 Enhancing auto-
phagic activity markedly decreases the formation of foam cells 
and improves plaque stability.16,23 Previous studies have shown 
that lysosomal dysfunction in macrophages is responsible for foam 
cell formation and plaque progress.5,24,25 Induction of lysosomal 
biogenesis by genetic or pharmacological intervention can res-
cue atherosclerosis- relevant factors- induced lysosomal dysfunc-
tion.5,9 Hence, a therapeutic regimen directly targeting autophagy 
and lysosomal biogenesis of macrophages is critical for treatment 
of atherosclerosis.5,9,26

Statins are a known lipid- lowering drug generally used for the 
prevention and treatment of atherosclerotic cardiovascular dis-
eases, but their clinical translation has remained unsatisfactory.27 
Therefore, it is essential to seek a new therapeutic avenue for ath-
erosclerotic cardiovascular diseases. In China, the ancient Chinese 

herb Tianma (Gastrodia elata Bl.) has a very long history of clinical 
application and has been suggested to be effective on cerebrovas-
cular and cardiovascular diseases, such as stroke, cardiac hypertro-
phy and hypertension.28 Gastrodin is a major bioactive component in 
Gastrodia elata Bl. and has been reported to have anti- inflammatory 
and anti- oxidative activity.29,30 At present, gastrodin is widely used 
in clinic to treat nervous system diseases, such as neurasthenia, diz-
ziness, epilepsy and vertebral basilar artery insufficiency.30 In vivo 
studies suggest that gastrodin also has the therapeutic potentiality 
for neurodegenerative diseases, such as Parkinson's disease and 
Alzheimer's disease.31,32 Recent evidence demonstrates that pow-
dered Gastrodia elata Bl. reduces blood lipids and liver lipid accu-
mulation in rats fed with fat emulsion.33 Furthermore, a report from 
Geng et al have demonstrated that gastrodin decreases intracellu-
lar lipid accumulation in oleic acid- stimulated liver cells.34 Based on 
these studies, we speculated that gastrodin may affect the forma-
tion of foam cells and exert a protective role against atherosclero-
sis. However, the effect of gastrodin on foam cell formation remains 
unknown.

In this study, we investigated whether gastrodin affected the 
formation of foam cells and the underlying molecular mechanism. 
Our results demonstrated that foam cells were characterized by ly-
sosomal dysfunction and autophagy deficiency. Furthermore, gas-
trodin restored lysosomal function and autophagic activity through 
induced lysosomal biogenesis and enhanced autophagic activity, 
respectively. The restoration of lysosomal function and autophagic 
activity inhibited lipid accumulation and inflammation to prevent the 
foam cell formation. Finally, we showed that gastrodin- regulated 
lysosomal biogenesis and autophagy through AMPK- FoxO1- TFEB 
signalling axis.

2  | MATERIAL S AND METHODS

2.1 | Reagents and antibodies

Bafilomycin A1 (Baf A1) was obtained from MedChem Express 
(catalog no. HY- 100558, Princeton, USA). Dorsomorphin dihy-
drochloride (Compound C dihydrochloride) was purchased from 
MedChem Express (catalog no. HY- 13418, Princeton, USA). 
Antibodies against p- AMPK (1:1000; catalog no. AF3423), AMPK 
(1:1000; catalog no. DF6361), TFEB (1:1000; catalog no. AF7015), 
IL- 6 (1:1000; catalog no. DF6087) and H3 (1:3000; catalog no. 
BF9211) were purchased from Affinity Biosciences (OH, USA). 
LC3A/B (1:1000; catalog no. 4108), IL- 1β (1:1000; catalog no. 
12242), GAPDH (1:1000; catalog no. 5174), p- FoxO1/FoxO3a 
(1:1000; catalog no. 9464) and FOXO1 (1:1000; catalog no. 2880) 
were purchased from Cell Signaling Technology (Danvers, MA, 
USA). LAMP1 (1:1000; catalog no. A16894), ABCA1 (1:1000; 
catalog no. A16337), IL- 18 (1:1000; catalog no. A16737), Beclin 
1 (1:1000; catalog no. A11761), CD36 (1:1000; catalog no. 
A5792), TNF- α (1:1000; catalog no. A11534) and CTSD (1:1000; 
catalog no. A13292) were purchased from ABclonal Technology 
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(Wuhan, China). SQSTM 1/p62 (1:1000; catalog no. ab240635) 
was purchased from Abcam (Cambridge, the United Kingdom). 
The secondary antibodies HRP- conjugated anti- mouse IgG and 
HRP- conjugated anti- rabbit IgG were purchased from Affinity 
Biosciences (OH, USA).

2.2 | Cell culture and induction of foam cells

The murine macrophage RAW264.7 cell line was provided by 
Dr Zhongshan Yang (Yunnan University of Traditional Chinese 
Medicine) and cultured in DMEM medium (Corning) containing 10% 
FBS (HyClone, Logan), 100 U/mL penicillin and 100 μg/mL strepto-
mycin. Cells were incubated with 50 mg/L ox- LDL (Yiyuan Biotech) 
for 24 h to induce the formation of foam cells.

2.3 | Quantitative reverse transcription- polymerase 
chain reaction (RT- PCR)

Total RNAs were extracted from cells with TRIzol Reagent 
(Invitrogen). Random- primed cDNAs were generated by reverse 
transcription of the total RNA samples with QuantScript RT Kit 
(TAKARA). A quantitative real- time PCR was performed using SYBR 
Premix Ex Taq (TAKARA) on a Roche LightCycler 480 System (Roche 
Applied Science). β- actin was used as an internal control. The primer 
sequences used for PCR are listed in table S1.

2.4 | Lentivirus- mediated targeted disruption of 
TFEB or FoxO1

The knockdown of TFEB or FoxO1 in macrophages was obtained 
through lentivirus- mediated targeted disruption according to 
the manufacturer's protocol. Briefly, the cells were plated in 6- 
well plates. After cultured overnight, the medium was changed to 
Opti- MEM (Invitrogen) containing lentivirus, incubating for 12h. 
Scrambled shRNA was used as a negative control. The RNA oligos 
used for shRNAs are listed in table S2 (GenePharma).

2.5 | Establishment of cell lines stably expressing 
mRFP- GFP- LC3

An mRFP- GFP tandem fluorescent- tagged LC3 (mRFP- GFP- LC3) 
lentivirus (GenePharma) was used to monitor autophagic flux as 
previously reported.35 Briefly, macrophages were seeded in a 6- well 
plate. After 24 h, the medium was changed to Opti- MEM (Invitrogen) 
with lentivirus, incubating for 12 h. Then, the cells were selected 
with growth medium supplemented with 4μg/mL puromycin to ob-
tain positive cell lines stably expressing mRFP- GFP- LC3. The co- 
localized yellow fluorescence of both GFP and RFP is used as an 

indicator of autophagosome, and the co- localized red fluorescence 
represents the autolysosome.10,11,35

2.6 | Immunofluorescence

Immunofluorescence analysis was conducted as previously de-
scribed.36 Macrophages were seeded onto coverslip in a 24- well 
plate. After treatment, cells were washed with PBS, fixed with 
4% paraformaldehyde and permeabilized with 0.1% Triton X- 100. 
After that, cells were blocked with 5% goat serum and then incu-
bated with respective primary antibodies, followed by incubation 
with the secondary antibodies. Genomic DNA was stained with 4', 
6- diamidino- 2- phenylindole (DAPI). The fluorescence images were 
captured using a Zeiss Axioskop 2 plus fluorescence microscope 
(Carl Zeiss). The fluorescence intensity was analysed using ImageJ 
software (NIH).

2.7 | Western blotting analysis

Cell lysates were prepared using RIPA buffer (Beyotime Institute 
of Biotechnology). Protein concentration was determined by BCA 
assay (Beyotime Institute of Biotechnology). Equal amounts of total 
protein were loaded on SDS polyacrylamide gel and then transferred 
to PVDF membrane (Millipore, MMAS, USA). The membrane was 
blocked with skim milk and incubated with the primary antibodies, 
followed by incubation with the secondary antibodies. The protein 
bands were visualized using an ECL Western blotting detection 
kit (Millipore, MMAS, USA). Protein intensity was analysed using 
ImageJ software (NIH).

2.8 | Oil Red O staining

To determine lipid accumulation and foam cell formation, Oil 
Red O (ORO) staining was executed as previously described.37 
Macrophages were fixed with 4% paraformaldehyde and then de-
hydrated with 60% isopropanol. After that, the cells were stained 
using an Oil Red O stain kit (Solarbio Life Science). Next, the cells 
were stained using haematoxylin dye to counterstain the cell nuclei. 
Images were observed by light microscope.

2.9 | Estimation of lysosomal biogenesis and 
intralysosomal pH

Assessment of the lysosomal biogenesis in macrophages was per-
formed as described previously.38 After treatment, cells were washed 
three times with PBS, followed by incubation with LysoTracker 
(Cell Signaling Technology) for 30 min. The intralysosomal pH 
in macrophages was estimated using LysoSensor (Dalian Meilun 
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Biotechnology) according to the manufacturer's process. Briefly, 
cells were washed three times with PBS, followed by incubation with 
LysoSensor for 30 min. The fluorescence was visualized using a Zeiss 
Axioskop 2 plus fluorescence microscope (Carl Zeiss). The fluores-
cence intensity was analysed using ImageJ software (NIH).

2.10 | Statistical analysis

Data are given as mean ± SD. Statistical analyses were performed 
using one- way ANOVA with multiple comparisons and two- tailed 
Student's t tests. Value was considered to be statistically significant 
when *P < .05, **P < .01 and ***P < .001.

3  | RESULTS

3.1 | Atherosclerotic macrophages have features of 
impaired autophagy and dysfunctional lysosomes

It has been reported that autophagy plays an important role in the 
formation of foam cells and plaque complexity.9 We first determined 
autophagic status in atherosclerotic macrophages (referred to as foam 
cells hereafter). LC3 (an autophagosome coat protein) and SQSTM 

1/p62 (a selective autophagy chaperone) are commonly used as 
autophagy markers.9 We found that the enrichment of phosphaty-
dilethanolamine- LC3 (LC3II) was reduced after exposure to ox- LDL, 
whereas the p62 protein level was inversely elevated (Figure 1A- C). 
Using RT- PCR, we found that the mRNA expression levels of au-
tophagic genes were reduced (Figure 1D). To further confirm these 
results, we introduced a lentivirus harbouring tandem fluorescent 
mRFP- GFP- LC3 into macrophages. In this tandem fluorescent mRFP- 
GFP- LC3 construct, mRFP (monomeric red fluorescent protein) is 
stable and retains its fluorescence in the acidic environment of lys-
osomes whereas GFP is sensitive to acidic condition and readily de-
graded.39 As shown in Figure 1E, we observed a reduced number of 
red puncta in the macrophages treated with ox- LDL compared to the 
macrophages treated with vehicle. These results indicate impaired au-
tophagy and interrupted autophagic flux in the foam cells.

As the occurrence of autophagy requires an enhancement in ly-
sosomal function,1,3 we in turn evaluated lysosomal function in the 
foam cells, observing that cell fluorescence under LysoTracker was 
significantly lower (Figure 1F). Consistent with this result, we tested 
lysosomal degradation capacity and pH in the foam cells, finding that 
cathepsin D (CTSD) expression, a major lysosomal endopeptidase re-
quired for the degradation of long- lived proteins,40 was markedly de-
creased, and pH was raised as demonstrated by LysoSensor staining 
(Figure 1G and 1H), indicating lysosomal dysfunction. Collectively, 

F I G U R E  1   Foam cells are characterized by autophagy deficiency and lysosomal dysfunction. A- C, Protein levels of LC3I/II and p62 were 
determined by Western blotting. Representative Western blotting A, and quantitative analysis B and C, displayed a reduced protein level 
of LC3II and increased protein level of p62. D, The mRNA expression levels of autophagic genes were determined by RT- PCR. E, Foam cells 
displayed reduced autolysosomes as shown by the reduced red puncta of mRFP- GFP- LC3. F- H, Measurement of lysosomal biogenesis and 
function. F, LysoTracker staining for lysosomal biogenesis. G, Protein level of CTSD for lysosomal degradation capability. H, LysoSensor 
staining for pH. *P < .05; **P < .01. Results are means ± SD of three independent experiments. The value represents fold of vehicle
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these results demonstrate that autophagy is deficient and lysosomal 
function is impaired in the foam cells.

3.2 | Gastrodin induces lysosomal biogenesis

The phenolic glucoside gastrodin has been reported to exert both 
anti- oxidative and anti- inflammatory effects.41 However, whether 
gastrodin regulates lysosomal biogenesis in cells is unknown. Thus, 
we explored the effect of gastrodin on lysosomal biogenesis in 
macrophages. LAMP1 is lysosome- associated membrane protein 
1, commonly used as the indicator of lysosomal biogenesis.2,42 
Macrophages were treated with different concentration of gastrodin 
for 24 h, and we found that the expression level of LAMP1 in these 
cells was increased in a concentration- dependent manner and that 
the expression level is highest at the concentration of 20μM. (Figure 
S1A). To further support this observation, we determined the pro-
tein level of LAMP1 at the concentration of 20 μmol\L of gastro-
din via Western blotting and immunofluorescence. We found that 
the expression level of LAMP1 was also increased (Figure S1B and 
S1C). Using LysoTracker stain, the result also showed an increased 
fluorescence intensity in the macrophages treated with 20μmol\L 

of gastrodin (Figure S1D). Consistent with these results, we found 
that gastrodin significantly increased the mRNA levels of lysosomal 
biogenesis- related genes (Figure S1E). Taken together, these results 
suggest that gastrodin promotes the biogenesis of a functionally 
normal lysosome.

3.3 | Gastrodin rescues lysosomal dysfunction and 
autophagy deficiency in the foam cells

A recent study has demonstrated that the induction of lysosomal 
biogenesis can rescue lysosomal dysfunction in atherosclerotic mac-
rophages.5 Given our finding that gastrodin induced the biogenesis 
of a functionally normal lysosome, we examined whether gastrodin 
rescued lysosomal dysfunction of foam cells via increasing lysoso-
mal biogenesis. We found that the protein level of LAMP1 was re-
markably increased in the foam cells in the presence of gastrodin 
(Figure 2A and 2B), indicating lysosomal biogenesis is induced by 
gastrodin in the foam cells. Next, we examined the lysosomal pH 
and the protein level of CTSD and found that gastrodin treatment 
induced a significant increase in LysoSensor staining and protein 
level of CTSD in the foam cells (Figure 2C and 2D). These results 

F I G U R E  2   Gastrodin rescues lysosomal dysfunction and autophagy deficiency in foam cells. A and B, Gastrodin- induced lysosomal 
biogenesis in the foam cells. Protein level of LAMP1 was determined by Western blotting A, and immunofluorescence B. C and D, Gastrodin 
rescued the lysosomal dysfunction of foam cells. Gastrodin enhanced LysoSensor staining C, and increased the protein level of CTSD D. 
E- G, Gastrodin rescued the impaired autophagy of foam cells. Expression levels of autophagic proteins (LC3I/II, p62 and Beclin1) were 
analysed by Western blotting in macrophages treated with gastrodin and ox- LDL in the absence E, and presence F, of Baf A1 (25nM). G, 
Gastrodin increased the number of autolysosomes in the foam cells as shown by the elevated red puncta of mRFP- GFP- LC3. *P < .05; 
**P < .01. Results are means ± SD of three independent experiments. The value represents fold of vehicle
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demonstrate that gastrodin rescues lysosomal dysfunction by induc-
ing lysosomal biogenesis in the foam cells.

Following, we investigated whether gastrodin could rescue the 
impaired autophagy of foam cells. We observed that gastrodin treat-
ment resulted in a remarkable elevation of the protein levels of LC3II 
and Beclin 1, a key regulator of the autophagic machinery,43 in the 
foam cells, while p62 protein level was reduced (Figure 2E). After Baf 
A1 treatment, an inhibitor of lysosomal acidification,44 the protein 
levels of LC3II and p62 were further elevated (Figure 2F). Supporting 
these results, mRFP- GFP- LC3 reporter analysis also showed an in-
creased number of red fluorescent puncta in the foam cells treated 
with gastrodin (Figure 2G). Collectively, our observations demon-
strate that gastrodin rescues lysosomal dysfunction and impaired 
autophagy in the foam cells.

3.4 | Gastrodin regulates macrophage cholesterol 
metabolism to inhibit the formation of foam cells

Macrophage cholesterol metabolism is closely linked to au-
tophagy and lysosome function.11 As impaired cholesterol 

metabolism leads to intracellular lipid accumulation, promoting 
the formation of foam cells,45,46 we have been suggested that gas-
trodin could affect macrophage cholesterol metabolism to regu-
late the formation of foam cells. Macrophage scavenger receptors 
(SRs), such as class A SR (SR- A) and class B SR (CD36), are the 
primary receptors for the uptake and internalization of modified 
lipoproteins.47 We found that the mRNA and protein expression 
levels of CD36 were increased in the foam cells, but not SR- A, and 
gastrodin prominently decreased the mRNA and protein expres-
sion levels of CD36 (Figure 3A and 3B). Similar to these results, 
the immunofluorescence of CD36 also showed an increased sig-
nal in the foam cells, which was reduced after gastrodin treat-
ment (Figure 3C). Lysosome dysfunction leads to an impairment 
of cholesterol efflux from macrophages.5 The cholesterol trans-
porters ATP- binding cassette, sub- family A, member 1 (ABCA1) 
and ATP- binding cassette, sub- family G, member 1 (ABCG1) are 
mainly responsible for transporting free cholesterol and phospho-
lipids to apolipoprotein A- I (ApoA- I) and high- density lipoprotein, 
respectively.22 We found that the mRNA and protein expression 
levels of ABCA1 were reduced in the foam cells, but not ABCG1, 
which were reversed after gastrodin treatment (Figure 3D and 

F I G U R E  3   Gastrodin inhibits CD36- dependent lipid uptake and promotes ABCA1- dependent cholesterol efflux. A- C, Gastrodin- 
inhibited lipid uptake by down- regulating the expression of CD36, but not SR- A. The mRNA levels A, and protein levels B and C, were 
determined by RT- PCR, Western blotting and immunofluorescence. D- F, Gastrodin promoted cholesterol efflux through up- regulating the 
expression of ABCA1, but not ABCG1. The mRNA levels D, and protein levels E and F, were determined by RT- PCR, Western blotting and 
immunofluorescence. G and H, Macrophages were pre- treated with Baf A1 (25nM) and then treated with gastrodin and ox- LDL. The mRNA 
levels G, and protein levels H, of CD36 and ABCA1 were determined. I and J, Gastrodin inhibited the lipid accumulation and formation 
of foam cells through autophagy. Macrophages were treated with gastrodin and ox- LDL in the presence or absence of Baf A1 and then 
stained with an Oil Red O stain kit. I, Gastrodin inhibited the lipid accumulation and formation of foam cells. J, The inhibition of autophagy 
aggravated the lipid accumulation and formation of foam cells in the presence of gastrodin. *P < .05; **P < .01. Results are means ± SD of 
three independent experiments. The value represents fold of vehicle
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3E). The immunofluorescence data of ABCA1 were also similar 
to the above (Figure 3F). These results demonstrate that gastro-
din inhibits CD36- dependent lipid uptake and promotes ABCA1- 
dependent cholesterol efflux.

Next, we inhibited autophagy by Baf A1 and found that Baf 
A1 effectively reduced the mRNA and protein expression levels 
of ABCA1, but not affecting the expression of CD36 (Figure 3G 
and 3H), indicating that gastrodin promotes ABCA1- dependent 
cholesterol efflux through autophagy. We then explored the 
effect of gastrodin on the lipid accumulation and formation of 
foam cells, observing the lowered lipid accumulation and the 
reduced formation of foam cells as demonstrated by ORO stain-
ing (Figure 3I). The inhibition of autophagy exacerbated the 
lipid accumulation and the formation of foam cells (Figure 3J). 
Collectively, our results suggest that gastrodin reduces lipid 
accumulation via inhibition of lipid uptake and promotion of 
cholesterol efflux in an autophagy- dependent and lysosomal 
function- dependent mechanism, therefore, inhibiting the for-
mation of foam cells.

3.5 | Gastrodin inhibits inflammation through 
autophagy in the foam cells

It has been reported that the deficiency of autophagy- lysosomal 
system in foam cells contributes to a dramatic hyper- inflammatory 
state, leading to advanced atherosclerosis.12,16,23 In contrast to con-
trol macrophages, the mRNA and protein expression levels of pro- 
inflammatory cytokines, including IL- 1β and IL- 18, were increased in 
the foam cells, but not IL- 6 and TNF- α. Gastrodin treatment signifi-
cantly reduced the mRNA and protein expression levels of IL- 1β and 
IL- 18 (Figure S2A and S2B). Next, inhibiting autophagy by Baf A1, 
we observed that the mRNA and protein expression levels of IL- 1β 
and IL- 18 were prominently increased in the foam cells treated with 
gastrodin (Figure S2C and S2D). It is well known that cytokines and 
chemokines derived from foam cells can induce additional recruit-
ment of circulating immune cells into subendothelial space, further 
increasing the formation of foam cells.48,49 Therefore, our results 
suggest that autophagy is an important mechanism by which gastro-
din inhibits inflammation to prevent the foam cell formation.

F I G U R E  4   TFEB is involved in gastrodin- induced lysosome biogenesis and autophagy. A and B, The expression of TFEB was determined 
after transfecting by control shRNA and shRNA against TFEB. A, The mRNA level of TFEB. B, The protein level of TFEB. C- E, Inhibition of 
TFEB expression abolished the effect of gastrodin on lysosomal biogenesis and lysosomal function in the foam cells. C, The protein levels 
of LAMP1 and CTSD. D, Immunofluorescence analysis of LAMP1. E, Measurement of lysosomal pH. F, Inhibiting TFEB expression reduced 
the protein levels of LC3II and Beclin 1 and increased the protein level of p62. *P < .05. Results are presented as mean ± SD of three 
independent experiments. The value represents fold of vehicle. shCont., Control shRNA
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3.6 | Gastrodin promotes TFEB activation in the 
foam cells

Next, we explored the mechanism by which gastrodin- induced lyso-
some biogenesis and enhanced autophagic activity in the foam 
cells. Studies have shown that TFEB is involved in the regulation 
of lysosome biogenesis and autophagy, driving the expressions of 
autophagy- related and lysosome- related genes.8,50 Normally, TFEB is 
phosphorylated and located in the cytosol in an inactive status, while 
dephosphorylated and translocated to the nucleus in response to en-
vironmental stimuli.51 In our study, we first examined the mRNA and 
total protein expression levels of TFEB. We found that their expres-
sions were reduced in the foam cells, while gastrodin treatment res-
cued their expressions (Figure S3A and S3B). Next, we examined the 
subcellular localization of TFEB. We observed that the protein level of 
TFEB was reduced in the nucleus of foam cells, while gastrodin treat-
ment increased TFEB protein level (Figure S3C). Immunofluorescence 
analysis further demonstrated that TFEB was mainly located in the 
cytoplasm of foam cells, and gastrodin treatment promoted nuclear 
translocation of TFEB (Figure S3D). Taken together, our results suggest 
that gastrodin promotes TFEB activation in the foam cells.

3.7 | TFEB is involved in the effect of gastrodin on 
lysosome biogenesis and autophagy

Next, we knocked down TFEB by shRNA against TFEB, observ-
ing that the mRNA and protein expression levels of TFEB were 
significantly reduced (Figure 4A and 4B). By Western blotting and 
immunofluorescence analysis, we found that the knockdown of 
TFEB significantly inhibited LAMP1 protein level compared with 
the foam cells subjected to control shRNA in the presence of 
gastrodin (Figure 4C and 4D). Consistent with these results, the 
knockdown of TFEB also reversed the effect of gastrodin on CTSD 
protein expression and pH in the foam cells (Figure 4C and 4E), 
suggesting that gastrodin induces lysosomal biogenesis through 
TFEB to rescue lysosomal dysfunction. We then tested the ex-
pression levels of autophagy- related proteins and observed that 
knockdown of TFEB resulted in decreased protein levels of LC3II 
and Beclin1 and increased p62 protein level (Figure 4F), suggesting 
that TFEB is involved in gastrodin- induced autophagy in the foam 
cells. Collectively, these results demonstrate that gastrodin induces 
lysosome biogenesis and enhances autophagy activity in a TFEB- 
dependent manner in the foam cells.

F I G U R E  5   Gastrodin increases the phosphorylation and nuclear translocation of FoxO1 to up- regulate TFEB expression in the foam cells. 
A, Gastrodin increased the phosphorylation of FoxO1 in the foam cells. B and C, Gastrodin promoted nuclear translocation of FoxO1 in the 
foam cells. B, Images of the subcellular locations of FoxO1. C, Representative blots of cytoplasmic and nuclear fractions of FoxO1. D and E, 
The determination of mRNA and protein expression levels of FoxO1 after transfecting by control shRNA and shFoxO1. D, Measurement of 
mRNA expression level by RT- PCR. E, Measurement of protein expression level by Western blotting. F and G, Inhibition of FoxO1 expression 
abolished the effect of gastrodin on autophagy in the foam cells. The protein levels of LC3I/II and p62 F, and mRNA levels of autophagic 
genes G, were determined by Western blotting and RT- PCR. H, Inhibition of FoxO1 reduced the protein level of TFEB. *P < .05; **P < .01; 
***P < .001. Results are presented as mean ±SD of three independent experiments. The value represents fold of vehicle. shCont., Control 
shRNA. Cyto, Cytoplasm; Nucl, Nucleus
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3.8 | Gastrodin up- regulates TFEB expression 
by increasing the phosphorylation and nuclear 
translocation of FoxO1

Several studies have reported that FoxO (forkhead box class O) family 
members can induce autophagy via binding to the promoter regions 
of autophagy genes and transactivating their expressions.36,52,53 We 
found that the phosphorylation level of FoxO1 was reduced in the 
foam cells compared to control macrophages, and gastrodin treat-
ment significantly increased the phosphorylation level of FoxO1 
(Figure 5A). Given the fact that FoxO- induced autophagy gene ex-
pression requires FoxO translocation from the cytoplasm into the 
nucleus,54 we thus determined the subcellular distribution of FoxO1. 
As shown in Figure 5B and 5C, gastrodin treatment promoted FoxO1 
nuclear retention, indicating that gastrodin induces FoxO1 activa-
tion in the foam cells. Next, we knocked down FoxO1 by shRNA and 
observed that the mRNA and protein expression levels of FoxO1 
were markedly inhibited in the macrophages subjected to shFoxO1 
3# (Figure 5D and 5E). Meanwhile, we found that inhibition of FoxO1 
expression resulted in the reduced LC3II level and increased p62 
level in the foam cells treated with gastrodin (Figure 5F). Consistent 
with these results, we also found that the mRNA expression levels 
of autophagy genes were markedly reduced after inhibiting the ex-
pression of FoxO1 (Figure 5G), suggesting that FoxO1 is involved 

in gastrodin- induced autophagy. Next, to validate the relationship 
between FoxO1 and TFEB, we determined the protein expression of 
TFEB in the foam cells subjected to shFoxO1 in the presence of gas-
trodin, observing a reduced protein level of TFEB (Figure 5H). These 
results suggest that gastrodin up- regulates TFEB expression by in-
ducing the phosphorylation and nuclear translocation of FoxO1.

3.9 | AMPK acts as the upstream molecular 
regulator of FoxO1 and TFEB

Previous studies have demonstrated that AMPK can regulate au-
tophagy.55,56 We thus investigated whether gastrodin- regulated lyso-
somal biogenesis and autophagy required AMPK. In the foam cells, 
the phosphorylation level of AMPK was decreased as compared with 
control macrophages, while gastrodin treatment significantly in-
creased the phosphorylation level of AMPK (Figure 6A). Consistent 
with these results, immunofluorescence analysis also demonstrated a 
decreased phosphorylation level of AMPK in the foam cells in the ab-
sence of gastrodin and an elevated phosphorylation level in the pres-
ence of gastrodin (Figure 6B). Next, we inhibited AMPK activity by 
using Dorsomorphin dihydrochloride (CC), a pharmacological inhibitor 
of AMPK activity, and found that gastrodin failed to increase FoxO1 
phosphorylation level in the foam cells (Figure 6C). At the same time, 

F I G U R E  6   AMPK is a critical upstream regulator of FoxO1 and TFEB. A and B, Gastrodin activated AMPK in the foam cells. A, 
Representative blots of AMPK and p- AMPK in macrophages. B, Immunofluorescence analysis of p- AMPK in macrophages. C and D, The 
inhibition of AMPK activity decreased the phosphorylation of FoxO1 and nuclear translocation of TFEB. Macrophages were treated with CC 
(10μM) for 1 h. The phosphorylation level of FoxO1 was analysed by Western blotting C, and nuclear translocation of TFEB was determined 
by immunofluorescence D. *P < .05; **P < .01. Results are presented as mean ± SD of three independent experiments. The value represents 
fold of vehicle. CC, Dorsomorphin dihydrochloride
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we also found that the inhibition of AMPK activity prevented the nu-
clear translocation of TFEB in the foam cells treated with gastrodin 
(Figure 6D). Taken together, these results demonstrate that AMPK 
functions as an upstream molecular regulator of FoxO1 and TFEB.

4  | DISCUSSION

In this study, we characterized for the first time a novel mechanism 
by which gastrodin inhibits the formation of foam cells (Figure 7). In 
an in vitro foam cell model, we demonstrated that gastrodin induces 
lysosomal biogenesis and autophagy through TFEB to rescue the lyso-
somal dysfunction and autophagy deficiency of foam cells. Restoration 
of lysosome function and autophagic activity both decrease intracel-
lular lipid content and inflammation to inhibit the formation of foam 
cells. Mechanistically, gastrodin activates AMPK, increasing the phos-
phorylation and nuclear translocation of FoxO1, and the latter further 
increases TFEB expression.

In macrophages, ox- LDL is taken up by several scavenger re-
ceptors (SRs) and transported into endosomes- lysosomes. In the 
endosomes- lysosomes, cholesteryl ester is converted to free cho-
lesterol (FC) by lysosomal acid lipase.22 But excessive FC in the lyso-
somes can result in loss of lysosomal acidification.5 Furthermore, the 
accumulation of ox- LDL in macrophages can result in inactivation 
of the lysosomal proteases, such as cathepsins (cathepsin B and D), 
impairing lysosomal degradation capacity.5,57 Recently, two stud-
ies have shown that induction of lysosomal biogenesis by genetic 
or pharmacological intervention can rescue lysosomal dysfunction 
in atherosclerotic macrophages.5,9 In this study, our results showed 
decreased expression of CTSD and increased pH in the foam cells, 
indicating lysosomal dysfunction. Gastrodin- induced lysosomal bio-
genesis to rescue atherogenic lipid- induced lysosomal dysfunction. 
The restoration of lysosomal function in macrophages promotes 
cholesterol efflux and reduces the production of pro- inflammatory 
cytokines,5 therefore, decreasing lipid accumulation and preventing 

the formation of foam cells. Our results demonstrated that induc-
ing lysosomal biogenesis to restore lysosomal function is one of the 
mechanisms by which gastrodin inhibits the formation of foam cells.

Autophagy serves as an essential cellular adaptation mecha-
nism.10 Accumulation of atherogenic lipids results in impaired au-
tophagy in plaque macrophages, followed by dramatic progression 
of atherosclerosis.16 In our study, we found the impaired autophagy 
in the foam cells, while gastrodin significantly restored autophagy 
activity of foam cells. Inhibiting autophagy can prevent choles-
terol efflux and induce selective secretion of IL- 1β, but not TNF- α, 
in foam cells.16 Our data demonstrated that gastrodin up- regulated 
ABCA1 expression to increase cholesterol efflux and reduced pro- 
inflammatory cytokines IL- 1β and IL- 18 secretion, but not IL- 6 and 
TNF- α, in an autophagy- dependent manner. Thus, our results sug-
gested that enhanced autophagy activity is a critical mechanism by 
which gastrodin inhibits the formation of foam cells.

TFEB is a known master regulator of autophagy and lysosomal 
biogenesis.5 During atherosclerosis progression, lipid overload in mac-
rophages for prolonged periods leads to TFEB desensitization.5 Our 
results showed decreased TFEB expression, including mRNA and pro-
tein levels, in the foam cells. Simultaneously, our results also showed 
decreased nuclear translocation of TFEB in the foam cells, indicating 
that TFEB is inactivated in the foam cells. Previous studies have demon-
strated that macrophage- specific TFEB overexpression can restore 
dysfunctional lysosomes and impaired autophagy.5,9 In our results, 
we showed that gastrodin promoted TFEB activation and increased 
TFEB expression to rescue lysosomal dysfunction and autophagy defi-
ciency, while the knockdown of TFEB abolished the effect of gastrodin, 
demonstrating that TFEB signalling is essential to gastrodin- induced 
lysosomal biogenesis and autophagy. Furthermore, our results showed 
that gastrodin decreased lipid accumulation via inhibited lipid uptake 
and increased cholesterol efflux. However, inhibiting autophagy did 
not affect lipid uptake and only affected cholesterol efflux, suggesting 
that gastrodin may regulate lipid uptake through other mechanisms be-
side autophagy, necessitating further investigation in the future. Taken 

F I G U R E  7   Schematic model for 
gastrodin- inhibited formation of foam 
cells through inducing lysosomal 
biogenesis and autophagy via AMPK- 
FoxO1- TFEB signalling axis
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together, our data demonstrated that TFEB is critical for gastrodin inhi-
bition of foam cell formation.

Although TFEB activation by genetic or pharmacological meth-
ods can alleviate atherosclerosis,5,9,11 the molecular basis for reg-
ulation of TFEB activation is unknown. Recently, two studies have 
reported that FoxO induces autophagy through up- regulated 
expression of autophagy genes in chondrocytes and cardiomy-
ocytes.53,58 Moreover, FoxO- induced expression of autophagy 
genes requires nuclear translocation of FoxO from the cytosolic 
compartment.54 Our results showed that gastrodin increased the 
phosphorylation level of FoxO1 and promoted its nuclear translo-
cation, while the knockdown of FoxO1 inhibited the expression of 
autophagy genes, indicating that FoxO1 is involved in gastrodin- 
induced autophagy. Notably, AMPK can directly phosphorylate 
FoxO1 and promotes its nuclear translocation, increasing down-
stream target gene expression.59 A subsequent study has demon-
strated that FoxO1 regulates TFEB expression via direct binding to 
three insulin response elements of TFEB promoter region.60 Our 
results demonstrated that gastrodin increased the phosphoryla-
tion of FoxO1 and promoted its nuclear translocation by activating 
AMPK and that the knockdown of FoxO1 reduced TFEB expres-
sion. Thus, our data demonstrated that gastrodin increases TFEB 
expression via AMPK- FoxO1 signalling.

In conclusion, our findings demonstrated that gastrodin exerts 
an atheroprotective role via a novel mechanism: gastrodin induces 
lysosomal biogenesis and enhances autophagic activity through 
an AMPK- FoxO1- TFEB signal axis to inhibit foam cell formation. 
Although our study is based on in vitro data, these findings provide 
mechanistic insights into gastrodin's positive effect on foam cell for-
mation and establish the validity of gastrodin as a potential treat-
ment of atherosclerotic vascular disease. Furthermore, the effect of 
gastrodin on atherosclerotic mice is now under investigation in our 
laboratory and is expected to validate our in vitro findings and fur-
ther confirm gastrodin's therapeutic potential.
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