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Abstract
Hypoxia promotes both total extracellular and exosomal amyloid-β (Aβ) production and aggravates Alzheimer’s disease (AD). 
Resveratrol (RSV) has been proved to be neuroprotective in AD models, and down-regulated the expression of CD147, an 
additional subunit of γ-secretase. In this study, we aimed to explore the role and mechanisms of RSV in hypoxia-induced 
upregulation of Aβ, especially exosomal Aβ. SH-SY5Y cells and HEK293 cells overexpressing amyloid precursor protein 
(APP) as well as C57BL/6 mice were treated with RSV and exposed to hypoxic conditions. The expression of SIRT1 or 
CD147 was modulated by transfection of specific siRNAs or plasmid. Aβ1-40 and Aβ1-42 levels were determined by ELISA. 
Hypoxia increased the levels of both Aβ1-40 and Aβ1-42 in the hippocampal lysates and serum-derived exosomes of mice. 
Hypoxia also increased both Aβ1-40 and Aβ1-42 levels in the total culture medium (CM), cell-derived exosomal lysates, and 
exosome-free CM of both cell lines. Treatment with RSV abrogated these changes in Aβ expression, inhibited the hypoxia-
induced down-regulation of SIRT1 and up-regulation of CD147. Knockdown of SIRT1 promote total Aβ level but has no 
effect on exosomal Aβs expression. Knockdown of CD147 inhibits both total and exosomal Aβs expression. Furthermore, 
overexpressing CD147 in cells exposed to hypoxia facilitated the production of Aβ1-40 and Aβ1-42, while application of 
RSV reduced the CD147 expression as well as Aβ levels in both exosomes and exosome-free CM. These results suggested 
that RSV abrogated hypoxia-induced up-regulation of total and exosomal Aβ partially by inhibiting CD147.
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Introduction

Alzheimer’s disease (AD) is a major age-related neuro-
degenerative disorder characterized by amyloid deposits 
derived from amyloid β-peptide (Aβ) [1]. Aβ is produced 

from the proteolysis of amyloid precursor protein (APP) 
after its sequential cleavage by β-secretase and γ-secretase 
[2]. In the extracellular microenvironment, Aβ not only 
exists as oligomers in the extracellular matrix, but also in 
the extracellular vesicles, including exosomes [3]. These 
exosomes are a type of bilayer extracellular microvesicles 
with 30–150 nm diameter and functions as delivery pack-
ets secreted by cells [4]. Exosomes may play a role in the 
transport of toxic Aβ and APP-(C-terminal fragment) CTF, 
further facilitating the deposit of amyloid and aggregating 
as plaques in the brain [5–7].

The concept of mixed dementia proposed in recent 
years suggests vascular pathologies in AD, leading to 
insufficient energy supply and hypoxia to the brain tis-
sue [8, 9]. It has been revealed that hypoxia can increase 
the amyloidogenic processing of APP and the accumula-
tion of Aβ [10–12]. In addition, serum Aβ1-40, Aβ1-42 
levels in obstructive sleep apnea syndrome patients were 
significantly elevated and are positively correlated with 
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the severity of hypoxia, suggesting an association between 
hypoxia and Aβ production [13]. Also, animal studies have 
revealed that hypoxia facilitated Aβ deposition in mice 
brain [12]. Therefore, the relation between hypoxia and 
AD pathological changes, especially the production and 
accumulation of Aβ, might serve as a breakthrough point 
to further deepen the research on the pathological mecha-
nism of AD. Our recent study reported that hypoxia not 
only increases the total extracellular Aβ1-40 and Aβ1-42 
level, but also amplifies the Aβ1-40 and Aβ1-42 level in 
exosomes derived from APP-overexpressing SH-SY5Y 
cells [14]. Therefore, it remains valuable to explore safe 
and feasible methods for the inhibition of Aβ production 
in exosomes.

Recent studies indicated that resveratrol (RSV), a poly-
phenol mainly found in grapes and red wine, plays a neu-
roprotective role in AD partially through activating SIRT1 
[15–17]. It decreases the amyloidogenic cleavage of APP 
and reduces the aggregation of Aβ [18, 19]. However, the 
effect of RSV on Aβ in exosomes under hypoxic conditions 
has not been reported. Hence, in this study, we explored the 
role of RSV in Aβ production and the underlying mecha-
nisms both in vivo and in vitro hypoxic model.

Materials and Methods

Animals and Hypoxia Conditioning

6–8 weeks-old specific pathogen-free (SPF) male C57BL/6 
mice were purchased from Shanghai SLAC Laboratory Ani-
mal Co. Ltd (Shanghai, China) and were housed in SPF envi-
ronment supplied with food and water ad libitum. A 12-h/12-
h light/dark cycle was maintained. All animal experiments 
were conducted in compliance with Institutional Animal 
Care and Use Committee guidelines.

To create a hypoxic environment, a specially designed 
hermetic chamber with a air-intake hole and a vent was used. 
Consistent airflow (consist of 8% oxygen and 92% nitro-
gen) was supplied through the air-intake hole. An oxygen 
concentration detector (Smart Sensor AR8100, China) was 
used to confirm the oxygen concentration in the chamber. 
For hypoxic model, mice were kept in this chamber and sup-
plied with 8% O2 for 1, 3, and 5 h. The mice in the control 
group were exposed to the air (21% O2) in the same chamber. 
In some of the experiments, mice were fed with diet sup-
plemented with 150 mg/kg or 300 mg/kg RSV per day for 
4 weeks and were then subjected to hypoxic conditioning.

Mice were sacrificed immediately after exposure to 
hypoxic conditions and the whole blood and brains were 
quickly collected. Hippocampus was promptly separated and 
collected for further experiments.

Cell Lines and Hypoxia Conditioning

Human neuroblastoma SH-SY5Y cells with stable over-
expression of human wild-type APP695 cDNA (SH-
SY5YAPP695) were kindly provided by Professor Sheng-Di 
Chen (Department of Neurology and Institute of Neurol-
ogy, Ruijin Hospital, Shanghai JiaoTong University School 
of Medicine, Shanghai). HEK293T cell line was from 
the Neuroscience Institute of Shanghai Tenth People’s 
Hospital.

Cells were cultured with DMEM media supplemented 
with 10% exosome-free fetal bovine serum (FBS, Gibco). 
For hypoxia conditioning, cells were cultured in a hypoxia 
incubator (Thermo Scientific™ Forma™ Steri-Cycle™ 
i60 CO2) with O2 concentration of 2% for 6, 12, and 24 h. 
Control cells were kept in another incubator with mixed 
gases of 21% O2, 5% CO2, and balance N2. In some of 
the experiments, RSV (25 or 50 µM), and DMSO (diluent 
of RSV) were applied to the cells 1 h before exposure to 
hypoxic conditions.

Plasmid over-expressing CD147 (GV208-CD147-flag) 
or APP (pEASY-Blunt M2-APP-Myc) was constructed. 
To create APP-overexpressing HEK293T cells (HEK293T-
APP), plasmid over-expressing APP (pEASY-Blunt 
M2-APP-Myc) was constructed and transfected into the 
cells 24 h before hypoxia conditioning.

In some of the experiments, plasmid or siRNA trans-
fection was conducted 24 h before hypoxia conditioning. 
Lipofectamine® 3000 (Invitrogen, Life Technologies) 
transfection reagent was used according to the manufactur-
er’s instructions. The CD147 siRNA, SIRT1 siRNA　and 
negative control siRNA were designed and synthesized by 
Genepharma (Shanghai, China). 20 µM siRNA resolved in 
RNase-free water. Right before transfection, siRNA was 
diluted by serum-free culture medium (CM) to a concen-
tration of 0.8 µM. Lipo3000 reagent was also diluted with 
serum-free CM (3:100). The diluted siRNA and lipo3000 
was then mixed and incubated at room temperature for 
5  min. Thereafter, the siRNA and Liop3000 mix was 
added to the cells. The final concentration of siRNA in 
the culture plate was 40 pM. The cells were incubated for 
24 h and were then exposed to hypoxia for another 24 h.

Antibodies and Reagents

The following primary antibodies were used: mouse anti-
CD147 antibody (1:1000 for WB, SantaCruz Biotech-
nology, sc-25273), rabbit anti-CD147 antibody (1:50 for 
co-immunoprecipitation, Abcam, ab108317), rabbit anti-
SIRT1 antibody (1:1000 for WB, Abcam, ab189494), 
rabbit anti-β-actin antibody (1:5000 for WB, Abcam, 
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ab8227), rabbit anti-ALIX antibody (1:1000 for WB, 
Sigma-Aldrich, SAB4200477), and rabbit anti-Flotillin 1 
antibody (1:1000 for WB, Abcam, ab41927). RSV was 
purchased from Sigma Aldrich (product No: R5010, Sigma 
Aldrich).

Isolation of Exosomes

Exosomes were isolated from the whole blood of the mice 
or cell CM. The serum of mice was obtained by centrifuging 
the whole blood sample. Exosomes in the serum or CM were 
precipitated with ExoQuick exosome precipitation solution 
(EXOQ; System Biosciences, Inc., Mountain View, CA, 
USA). Briefly, 1/5th volume of ExoQuick reagent was added 
to the serum or cell CM with inhibitor cocktails, followed 
by refrigeration overnight. The ExoQuick/biofluid mixtures 
were then centrifuged at 1,500 × g for 30 min and the super-
natants were aspirated and stored for further use (exosome-
free serum or CM). The residual ExoQuick solution was then 
centrifuged at 1,500 × g for 5 min and all fluid traces were 
removed by aspirating tenderly to precipitate exosomes. For 
mice whole blood, exosomes extracted from the same vol-
ume of blood samples (1.5 ml) were subjected to the follow-
ing study for comparison. For cell CM, exosomes derived 
from the same number of cells were collected and used for 
further experiments.

Transmission Electron Microscopy (TEM) 
Characterization of Exosomes

The extracted exosomes were fixed by 1% glutaraldehyde for 
2 h at room temperature. Then the extracted exosomes were 
loaded on the carbon-coated electron microscopy grids and 
were negatively labeled with phosphotungstic acid for 5 min. 
The microscopic images were obtained with Phillip CM120 
transmission electron microscope operated at 120 kV.

ELISA

Mice hippocampal lysates, cell CM or exosome-depleted 
mice serum were collected. Halt Protease Inhibitor Cock-
tail (Thermo Scientific, Rockford, USA) was added to the 
samples to prevent degradation of Aβ. The concentrations 
of Aβ1-40 and Aβ1-42 in the hippocampal lysates and SH-
SY5YAPP695 cell CM were determined using mouse and 
human Aβ ELISA kits (both Aβ1-40 and Aβ1-42), respec-
tively (Elabscience Biotechnology, Wuhan, China). To 
detect the exosomal Aβ level, exosomal pellets were re-sus-
pended and sonicated in the diluent buffer using the ELISA 
kits. The resultant solutions were then added to the plate and 
the following procedures were performed according to the 
manufacturer’s instructions.

Western Blot

Total protein of mice hippocampus and SH-SY5YAPP695 
cells were extracted with RIPA buffer (Beyotime, Shanghai, 
China) supplemented with Halt Protease Inhibitor Cocktail 
(Thermo Scientific, Rockford, USA) and quantified by bicin-
choninic acid assay (BCA) kit (Pierce, Rockford, IL, USA). 
50 µg of proteins was loaded, with a concentration of 1 µg/µl 
and separated by 10% SDS–PAGE and was then transferred 
onto the nitrocellulose membranes (Bio-rad). The membranes 
were then blocked in TBS containing 5% bovine serum albu-
min (BSA, Sigma Aldrich) for 1 h at room temperature. The 
membranes were incubated in primary antibodies diluted in 
blocking buffer at 4 °C overnight. After rinsing three times, 
the membranes were incubated with IRDye800® Conjugated 
Mouse IgG (H&L) Antibody and IRDye700® Conjugated 
Rabbit IgG (H&L) Antibody (Li Cor Biosciences, NE, USA) 
at room temperature for 1 h. After rinsing three times, the 
membranes were scanned with the Odyssey infrared imaging 
system (Li Cor Biosciences).

Immunofluorescence Staining

Mice were sacrificed and the brains were snap-frozen in opti-
mal cutting temperature (OCT) compound (Sakura Finetech-
nical, Tokyo, Japan). For immunofluorescence staining, the 
OCT-embedded brains were cut into 10 µm-thick sections and 
mounted on adhesive microscope slides (Citotest Labware 
Manufacturing, Jiangsu, China). The sections were fixed with 
ice-cold acetone for 10 min and were then blocked with 5% 
BSA for 60 min at room temperature. Subsequently, the sec-
tions were incubated with rabbit anti-CD147 antibody over-
night at 4 °C. After being rinsed with PBS trice, the sections 
were further incubated with FITC-conjucated goat anti-rabbit 
IgG for 1 h at room temperature. After counterstained with 
4,6-diamidino-2-phenylindole (DAPI), the stained sections 
were visualized under a confocal microscope (Carl Zeiss, 
LSM710, Jena, Germany). Negative controls were performed 
by omitting primary antibodies.

Statistical Analysis

Experiments were done at least three times. Data are expressed 
as mean ± SD. Comparisons were done with one-way ANOVA 
followed by Tukey’s multiple comparison (when comparing 
at least three experimental groups) or two-tailed Student’s t 
test(when comparing two groups). A P value of < 0.05 was 
considered statistically significant.
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Results

Hypoxia Increased Total Aβ level and Regulated 
the Expression of SIRT1 and CD147 In Vitro 
and In Vivo

SH-SY5YAPP695, HEK293T-APP cells and mice were 
exposed to hypoxic conditions at different time intervals. 
The CM of the cells and the hippocampal lysates were 
obtained and subjected to detect the total Aβ level by 
ELISA. After exposure to hypoxic conditions, the Aβ1-
40 and Aβ1-42 levels in the CM were gradually increased 
in 24 h (Fig. 1a, b, e, f). Similarly, after the exposed to 
hypoxic conditions for 5 h, Aβ1-40 and Aβ1-42 levels in 
the hippocampal lysates of the mice were also increased 
gradually (Fig. 1i, j).

Previous studies indicated that CD147 may act as a reg-
ulatory subunit of the γ-secretase and in turn may regulate 

the production of Aβ [20], and recent studies suggested 
that SIRT1 is able to regulate several pathological events 
in AD [21]. Herein, we investigated CD147 and SIRT1 
expression under hypoxic conditions in SH-SY5YAPP695, 
HEK293T-APP cells and mice brain. WB in cell lysates 
and mice brain tissue revealed that hypoxia induced a sig-
nificant down-regulation of SIRT1 while an up-regulation 
of CD147 (Fig. 1c, d, g, h, k–i).

Hypoxia Increased Exosomal Aβ level In Vitro 
and In Vivo

We then extracted the exosomes from the CM of SH-
SY5YAPP695 and HEK293T cells over expressing APP, as 
well as from the serum of the mice. The extracted exosomes 
showed typical lipid bi-layer structure with a 30–150 nm-
diameter (Fig. 2a, b, m) and expressed the exosome-specific 
markers, ALIX and Flotillin 1 (Fig. 2c, d, n). Exosome 
lysates were then subjected to Aβ detection. After exposure 

Fig. 1   Hypoxia increased total Aβ level and regulated the expres-
sion of SIRT1 and CD147 in  vitro (n = 4) and in  vivo (n = 6). SH-
SY5YAPP695 and HEK293T-APP cells were exposed to hypoxia 
(2% O2) for 0, 6, 12, and 24  h (a–h). C57BL/6 mice were exposed 
to hypoxia (8% O2) for 1, 3, and 5 h and were sacrificed (i–l). a–h 
The cell CM were collected. Aβ1-40 (a, e) and Aβ1-42 (b, f) levels 

were measured by ELISA. The expression of SIRT1 and CD147 in 
cells was detected by western blot (c, d, g, h). I-L: Hippocampal tis-
sues were collected and added 100 ul RIPA to the lysates. Aβ1-40 (i) 
and Aβ1-42 (j) levels were measured by ELISA. *represents p < 0.05, 
n = 4
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to hypoxic environment, Aβ1-40 and Aβ1-42 levels were 
gradually increased in exosomal lysates from both cell types 
(Fig. 2e, f, i, j). Furthermore, in the mice serum-derived exo-
some lysates, Aβ1-40 was increased from 28.96 ± 4.040 to 
45.70 ± 4.017 pg/ml after hypoxia exposure for 5 h (Fig. 2o). 
Meanwhile, the Aβ1-42 level was significantly augmented 
from 14.33 ± 1.219 to 25.32 ± 2.425 pg/ml (Fig. 2p).

We further detected the Aβ levels in the exosome-free 
CM and mice serum. After exposure of the mice to hypoxic 
conditions for 24 h, Aβ1-40 and Aβ1-42 levels in the exo-
some-free CM were increased in both SH-SY5YAPP695 and 
HEK293T-APP cells (Fig. 2g, h, k, l). Consistently, in the 
exosome-free mice serum, both Aβ1-40 and Aβ1-42 lev-
els were significantly augmented after hypoxia exposure 
(Fig. 2q, r).

RSV Alleviated Hypoxia‑Induced Aβ Production

To optimize the concentration of RSV in our in vitro study, 
we first treated the SH-SY5YAPP695 with a gradient con-
centration of RSV from 5 to 100 mg/L and detected the cell 
viability (Supplementary Fig. 1). It was found that a con-
centration of RSV above 50 µM (75 µM or 100 µM) leads to 
a decreased cell viability. Thus, we chose 25, and 50 µM in 
our in vitrol study. To explore the effect of RSV on hypoxia-
induced Aβ production, cells were pretreated with 25 or 
50 µM RSV for 1 h and exposed to hypoxic conditions for 
another 24 h. Results showed that RSV reduced the hypoxia 
induced Aβ1-40 and Aβ1-42 production in both exosomal 
lysates and exosome-free CM in a dose-dependent manner 
(Fig. 3a, h). Previous studies indicated that RSV could acti-
vate SIRT1 [17] and regulate CD147 expression in several 
cell types [22–24]. Here, we further detected the effect of 
RSV on SIRT1 and CD147 expression in our hypoxia model. 
SH-SY5YAPP695 and HEK293T-APP cells were pretreated 
with RSV and exposed to hypoxic conditions as described 
before. Pretreatment with RSV increases SIRT1 expression 
and reduces CD147 expression in a dose-dependent manner 
in both cell types (Fig. 3i, l).

We further verified the effect of RSV in  vivo. We 
noticed that the dosage of RSV used in mice studies var-
ied in a range of about 20–400 mg/kg (e.g. Cheang et al. 
[25]: 20 mg/kg; Corpas et al. [26]: 100 mg/kg; Karup-
pagounder et al. [27]: 300 mg/kg; Ding et al. [28]: 200 
and 400 mg/kg). When it comes to prevent the production 
of Aβ in mice brain, a study by Karuppagounder et al. 
indicated that feeding mice with 300 mg/kg of RSV leads 
to diminished plaque formation and reduced Aβ expres-
sion [27]. Thus, we chose 150 and 300  mg/kg in our 
in vivo model. Mice were fed with diet supplemented with 
150 mg/kg or 300 mg/kg RSV for 4 weeks and were then 
subjected to hypoxia for 5 h. Hippocampal tissue lysates 
and serum-derived exosomal lysate were then obtained 

from the mice and subjected to Aβ level detection. It was 
found that RSV reduced the hypoxia-induced Aβ1-40 and 
Aβ1-42 production in hippocampal tissue lysates, serum-
derived exosomal lysates, as well as exosome-free serum 
in a dose-dependent manner (Fig. 4a, b, e–h). Similarly, 
RSV application rescued the hypoxia-induced reduction 
of SIRT1 and lowered the hypoxia-induced up-regulation 
of CD147 in mice brain (Fig. 4c, d). Immunofluorescence 
also indicated that RSV reduced the hypoxia-induced 
CD147 expression in mice hippocampus (Fig. 4i).

Hypoxia Induced Aβ Augmentation in Exosomes 
was Mediated by Increased Expression of CD147

To investigate the underlying mechanisms of hypoxia 
induced Aβ augmentation in exosomes, SIRT1 siRNA 
was synthesized and transfected into the cells 1 day before 
hypoxic-conditioning. After exposure to 2% oxygen for 
24 h, cells were harvested. Transfection of SIRT1 siRNA 
successfully knocked down SIRT1 (Fig. 5a–d). Interest-
ingly, inhibition of SIRT1 upregulated Aβ1-40 and Aβ1-42 
level in exosome-depleted cell mediums but not that in 
exosomes (Fig. 5e–l). Besides, the expression of CD147 
showed no difference after cells transfected with SIRT1 
siRNA.

These results indicated that SIRT1 do not mediated the 
hypoxia-induced production of Aβ in exosomes. We further 
explored whether CD147 is the key regulator in hypoxia-
induced exosomal Aβ production. CD147 siRNA was then 
synthesized and transfected into the cells before hypoxia 
exposure for 24 h. Transfection of CD147 siRNA reduced 
the hypoxia-induced CD147 expression by more than 40% 
(Fig. 6a–d). In addition, in both of the cell types, knockdown 
of CD147 significantly abrogated the hypoxia-induced Aβ1-
40 and Aβ1-42 production in both exosomes and exosome-
depleted cell supernatant (Fig. 6e–l). Knockdown of CD147 
has no effect on the expression of SIRT1 (Fig. 6a–d).

Overexpression of CD147 Directly Augment 
Exosomal Aβ Level, and can be Inhibited by RSV 
Treatment

To further clarify the hypoxia-induced CD147 over-expres-
sion could regulate to the upregulation of exosomal Aβ 
level, we overexpressed CD147 in SH-SY5YAPP695 and 
HEK293T-APP cells (Fig. 7a, b), and observed the effect 
of RSV on these cells. It was found that overexpression of 
CD147 led to a significant upregulation of Aβ1-40 and Aβ1-
42 levels in both exosomal lysate as well as exosome-free 
CM, while treatment with 50 µM RSV significantly abro-
gated these phenotypes (Fig. 7c–f).
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Discussion

AD affected 10 millions of people around the world and 
raised huge burden on the society [29]. However, there has 
no definitive intervention that can effectively relieve the 
symptoms and delay the progression of AD. Extracellular 
Aβ causes toxic alteration of cell membranes. Neurofibril-
lary tangles consisted of phosphorylated tau and amyloid 
plaques containing Aβ peptides, and their accumulation lead 
to the destruction of synapses [30]. Aβ not only accumulates 
in the extracellular spaces, but also exists in the exosomes. 
Rajendran and Kokubo et al. found that exosomal markers 
such as Alix and Flotillin-1 have found to accumulate in 
plaques in the post-mortem brains of AD patients as well 
as brains of AD mice models [3, 5]. These results indicated 
that exosomes can act as a transporter for Aβ to move from 
periphery to the brain, and finally contributed to the deposit 
of amyloid and aggregation into plaques in the brain [5–7]. 
Previous studies indicated that hypoxia increased the pro-
duction of Aβ in different cell types [10, 11]. Accordingly, 
our previous study found that after hypoxic exposure, the 
production of both Aβ1-40 and Aβ1-42 were enhanced in 
the hippocampus of C57BL/6 mice and SH-SY5YAPP695 
cells [14]. In this current study, we observed that hypoxia 
increased the exosomal-derived Aβ1-40 and Aβ1-42 levels 
both in vitro and in vivo, which could be abrogated by the 
application of RSV, a polyphenol mainly found in grapes and 
red wine. RSV is an innoxious natural agent and has potent 
anti-oxidation, anti-tumor and scavenging free radical activi-
ties. Previous studies also indicated that RSV plays a neu-
roprotective role in AD [15, 16] by decreasing the amyloi-
dogenic cleavage of APP and reducing Aβ aggregation [19, 
22]. In our study, we confirmed that RSV not only inhibited 
hypoxia-induced up-regulation of total Aβ, but also abro-
gated the hypoxia-induced Aβ accumulation in exosomes.

RSV extends its neuroprotective function by activating 
SIRT1 [17, 31]. Therefore, it was expected SIRT1 might be 
efficient in regulating Aβ in the extracellular matrix, or even 
in exosomes. However, we did not determined any statistical 

change in exosomal-derived Aβ levels when SIRT1 was 
inhibited in SH-SY5YAPP695 or HEK293T-APP cells, 
although the suppressed expression of SIRT1 exacerbated 
the hypoxia-induced Aβ production in exosome-depleted 
CM. These results indicated that the hypoxia-induced pro-
duction of Aβ in exosomes might not simply imputed to 
SIRT1 pathway, but partially due to the excessive expression 
of CD147, a regulator in exosomal Aβ production as we 
reported previously [14].

CD147 is a transmembrane protein consisting of 269 
amino acids (aa) and is considered as an integral part of 
γ-secretase complex modulating Aβ accumulation [20]. 
CD147 was upregulated in neurons, axons and capillaries 
in the frontal cortex and thalamus of the AD brain [32].Our 
results indicated that hypoxia promoted both Aβ1-40 and 
Aβ1-42 production through inducing CD147 expression both 
in vitro and in vivo. Furthermore, on one hand, CD147 was 
validated in exosomes [33] that are derived from endosomes. 
On the other hand, CD147 entered the endosomes through 
internalization from the cell membrane. Thus, it is possible 
that CD147 might regulate Aβ production in exosomes by 
controlling Aβ packaging and cycling in the endosomes-
exosomes pathway. Here, we found that hypoxia-induced Aβ 
accumulation in exosomes is mediated by CD147. However, 
the detailed mechanisms need to be addressed in the future.

Results from two studies seemed inconsistent with our 
current findings. Vetrivel et  al. found that depletion of 
CD147 in cells led to increased extracellular Aβ levels, 
while overexpressing CD147 accelerated the degradation of 
Aβ by increasing the expresion of Matrix metalloprotein-
ases (MPPs) [34]. However, their conclusions are reached 
in normoxia condition. Indeed, under hypoxia or ischemia 
condition, the distribution, expression level, and function 
of MMPs might be altered dramatically [35]. For example, 
Ashok et al. found that in chronic cerebral hypoperfusion 
mice model, MMP9 impaired Aβ clearance which results in 
an increased Aβ level [36].

Besides, Zhou et al.’s results also seemed inconsistent 
with ours. They found that overexpression of CD147 alone 
showed no significant effect on Aβ production. It indicates 
that CD147 is only one of the subunits of γ-secretase, other 
proteins are required for the formation of γ-secretase. Fur-
thermore, to increase the extracellular Aβ level, they have 
to reduce CD147 level by at least 70%, indicating that a 
relatively low expression level of CD147 is sufficient for 
maintaining the function of γ-secretase [20]. In our study, 
hypoxia increased the expression of CD147. Since CD147 
is a multi-functional protein, the augmented CD147 during 
hypoxia might exert other functions rather than assembling 
γ-secretase. Knockdown of excessive CD147 under hypoxia 
might also have no effect on the activity of γ-secretase. Fur-
ther studies are required to reveal how excessive CD147 
regulate Aβ expression under hypoxia.

Fig. 2   Hypoxia increased exosomal Aβ level in  vitro (n = 4) and 
in vivo (n = 6). a–l Total CM-derived from the same amount of cells 
were collected. Exosomes were extracted. TEM was used to observe 
the exosomes, which remained spherical vesicles surrounded by a 
bilayer lipid membrane with a diameter of 30 to 150 nm (a, b). Exo-
some-specific markers ALIX and Flotillin 1 were detected by west-
ern blot (c, d). Mice serum was obtained and the exosomes were 
extracted. Characterization of the appearance and specific markers of 
exosomes was performed by TEM (m) and western blot (n). e, f, i, 
j, o, p: Exosomes extracted from CM (e, f, i, j) and mice serum (o, 
p) were re-suspended with 100 ul diluent buffer and were sonicated. 
Aβ1-40 (e, i) and Aβ1-42 (f, j) levels were measured by ELISA. g, 
h, k, l, q, r Exosome-free CM (g, h, k, l) and serum (q, r) were col-
lected during the exosome-extraction procedure. Aβ1-40 (g, k, q) and 
Aβ1–42 (h, l, r) level was measured by ELISA.*represents p < 0.05

◂
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Previous studies showed that RSV could regulate CD147 
expression through P38, ERK1/2 and PPARγ signaling 
pathways in monocytes, macrophages and vascular smooth 
muscle cells [22–24]. Moreover, another nature anti-oxidant 
polyphenol compound–green tea polyphenol epigallocat-
echin-3-gallate was shown to effectively inhibit CD147 
expression through 67-kDa laminin receptor in PMA-
induced macrophages [37]. In consistent with these stud-
ies, we found that RSV inhibited hypoxia induced CD147 

expression both in vitro and in vivo. Inhibition of exces-
sive CD147 further abrogated both total and exosomal Aβ 
production.

In conclusion, RSV abrogated hypoxia-induced up-
regulation of total and exosomal Aβ partially by inhibit-
ing CD147. Since RSV is an innoxious natural agent, the 
results would be of great value in the prevention and treat-
ment of AD, especially under hypoxic conditions.

Fig. 3   RSV alleviated hypoxia-induced Aβ production and CD147 
expression in  vitro (n = 4). A-D,K-L: SH-SY5YAPP695 and 
HEK293T-APP cells were pretreated with 0, 25, and 50 µM RSV for 
1 h and were then exposed to normoxia or hypoxia (2% O2) for 24 h. 

The expression of Aβ1-40 and Aβ1-42 in cells-derived exosomal 
lysate (a, b, e, f) and exosome-free CM (c, d, g, h) was measured by 
ELISA. The expression of CD147 in cell lysate was detected by west-
ern blot (i–l). *represents p < 0.05
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Fig. 4   RSV alleviated hypoxia-induced Aβ production and CD147 
expression in vivo (n = 6). C57BL/6 mice were fed with normal diet 
or diets supplemented with 150 or 300 mg/kg RSV for 4 weeks and 
were then exposed to normoxia or hypoxia (8% O2) for 5  h. The 
expression of Aβ1–40 (a, e, g) and Aβ1–42 (b, f, h) in hippocampus 
tissue lysate (a, b), mice serum-derived exosomal lysate (e, f), and 

exosome-free serum (g, h) were measured by ELISA. The expression 
of SIRT1 and CD147 in hippocampus tissue was detected by west-
ern blot (c, d). The expression of CD147 in hippocampus tissue of 
nomoxia, hypoxia and 300  mg/kg RSV fed mice were detected by 
immunofluorescence (i). *represents p < 0.05, Bar:100 µm
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Fig. 5   Knocking down SIRT1 increased Aβ level in exosome-
free CM but not in exosomal lysate (n = 4). SH-SY5YAPP695 and 
HEK293T-APP cells were transfected with negative control siRNA 
(si-NC) or SIRT1-targeting siRNA (si-SIRT1) for 24  h, and were 
then exposed to hypoxic condition (2% O2) for 24 h. The expression 
of SIRT1 and CD147 was detected by western blot (a–d). Exosomes 

extracted from CM (e, f, i, j) were re-suspended in 100  ul diluent 
buffer and were sonicated. Exosome-free CM was collected dur-
ing the exosome-extraction procedure (g, h, k, l). Aβ1-40 (e, I, g, k) 
and Aβ1-42 (f, h, j ,l) levels were measured by ELISA. *represents 
p < 0.05
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Fig. 6   Hypoxia induced Aβ augmentation in exosomes was medi-
ated by increased expression of CD147 (n = 4). SH-SY5YAPP695 and 
HEK293T-APP cells were transfected with negative control siRNA 
(si-NC) or CD147-targeting siRNA (siCD147) for 24  h, and were 
then exposed to hypoxic condition (2% O2) for 24  h. The expres-
sion of SIRT1 and CD147 in was detected by western blot (a–d). 

Exosomes extracted from CM (e, f, i, j) were re-suspended in 100 ul 
diluent buffer and were sonicated. Exosome-free CM was collected 
during the exosome-extraction procedure (g, h, k, l). Aβ1-40 (e, g, i, 
k) and Aβ1-42 (f, h, j, l) levels were measured by ELISA. *represents 
p < 0.05
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Fig. 7   Under hypoxic condition, RSV abrogated CD147-overexpres-
sion -induced augmentation of both total and exosomal Aβ produc-
tion (n = 4). SH-SY5YAPP695 and HEK293T-APP cells were trans-
fected with plasmid overexpressing CD147 (GV208-CD147-flag) 
or control plasmid empty vector (EV). After 24  h, cells were pre-
treated with 50  µM RSV or vehicle for 1  h and were then exposed 

to normoxia or hypoxia (2% O2) for another 24 h. a–d The expres-
sion of SIRT1 and CD147 in cells was detected by western blot. c–f 
The expression of Aβ1–40 (e, g, i, k) and Aβ1–42 (f, h, j, l) in cells 
derived exosomal lysate (e, f, i, j) and exosome-free CM (g, h, k, l) 
was measured by ELISA. *represents p < 0.05
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