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Abstract: Glucocorticoids are anti-inflammatory agents that are widely used in clinical practice. Increasing evidence 
has identified exosomes as important mediators in inflammation, but it is unknown whether glucocorticoids regu-
late exosome secretion and function. In the present study, we observed a reduction of exosome secretion in lipo-
polysaccharide (LPS)-induced RAW264.7 macrophages following treatment with dexamethasone. Importantly, exo-
somes isolated from LPS-induced RAW264.7 macrophages increased TNF-α and IL-6 production in RAW264.7 cells. 
However, this increase was less pronounced following treatment with exosomes isolated from dexamethasone-
treated cells. Moreover, dexamethasone decreased expression of pro-inflammatory microRNA-155 in exosomes 
from LPS-induced RAW264.7 macrophages. We postulate that exosomes are novel targets in the anti-inflammatory 
effect of glucocorticoids in LPS-induced macrophage inflammatory responses. These findings will benefit the devel-
opment of new approaches for anti-inflammatory therapeutics.
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Introduction

Over the past few decades, glucocorticoids 
have been widely applied in the clinic to treat a 
variety of inflammatory and immune diseases 
such as asthma, multiple sclerosis, rheumatoid 
arthritis, inflammatory bowel disease, sepsis, 
eczema, and psoriasis [1, 2]. Today, the most 
common clinical use of glucocorticoids is for 
therapy of inflammatory disorders, in which 
they have become established as first-line 
treatment for both adults and children [1, 3-6].

Given the importance of glucocorticoids in ther-
apeutics, intense efforts by the pharmaceutical 
industry and academic research have been 
made to understand their mechanisms of 
action. At the cellular level, glucocorticoids 
reduce numbers of inflammatory cells, includ-
ing T lymphocytes and mast cells, at sites of 
injury or activation [7-11]. The predominant 
effect of glucocorticoids is to switch off the 

expression of multiple inflammatory genes that 
are activated during acute and chronic inflam-
matory processes. Such genes encode inflam-
matory cytokines, adhesion molecules, chemo-
kines, receptors, and enzymes, which are 
involved in the initiation or amplification of the 
immune system [9, 12]. At higher concentra-
tions, glucocorticoids have additional effects 
on the synthesis of anti-inflammatory proteins. 
A classic working model is the “glucocorticoid 
receptors (GR)” hypothesis, in which glucocorti-
coids diffuse readily across cell membranes 
and bind to GRs in the cytoplasm. GRs are nor-
mally bound by molecular chaperones or tran-
scription factors such as heat shock protein-90, 
FK-binding protein, nuclear factor (NF)-κB, and 
Ap-1, and their binding regulates target gene 
expression [4, 7]. Although the exact mecha-
nisms of glucocorticoids are far from clear, the 
emergence of new inflammatory mediators is 
likely to offer further insights.
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Exosomes are small particles with a diameter 
of 30 to 100 nm, which are released from both 
normal and diseased cells such as macroph- 
ages, T cells, and tissue cells [13-16]. They are 
composed of a lipid bilayer containing trans-
membrane proteins and components derived 
from donor cells. They have recently attracted 
interest as mediators of intercellular communi-
cation, and function as regulators in normal  
cell physiological activity, tumor pathogenesis, 
and most importantly in inflammation [13, 14, 
17, 18]. However, it remains unknown whether 
glucocorticoids regulate exosome secretion 
and function. To address this, we investigated 
the effect of glucocorticoids on exosomes us- 
ing the lipopolysaccharide (LPS)-induced mac-
rophage cell model. This is the first report to 
postulate that exosomes are a novel target 
involved in the anti-inflammatory effect of 
glucocorticoids.

Materials and methods

Cell lines and cell culture

RAW264.7 cells were originally obtained from 
ATCC and maintained in our institution. They 
were cultured in DMEM supplemented with 
10% fetal bovine serum (FBS), 100 IU/ml peni-
cillin, 2 μM glutamine, and 100 μg/ml strepto-
mycin sulfate.

RNA extraction

RNA was extracted from cells using TRIzol 
reagent (Invitrogen, USA) according to the man-
ufacturer’s protocol, and then stored at -80°C.

mRNA expression analysis

A total of 1 μg RNA per sample was used to syn-
thesize cDNA with the primerScript RT reagent 
Kit (TaKaRa, China) following the manufactur-
er’s protocol. Quantitative reverse transcription 
PCR (qRT-PCR) was performed using the SYBR 
Green Master kit (ABI, USA) according to the 
manufacturer’s instructions. Experiments were 
performed in triplicate. GAPDH was amplified 
for normalization as a housekeeping gene. 
Primers were designed using PrimerExpress 
software, and primer sequences were as fol-
lows: GAPDH: 5’-TGCACCACCAACT-GCTTAGC-3’ 
(forward) and 5’-GCATGGACTGTGGTCATGAG-3’ 
(reverse); TNF-α: 5’-GGCAGGTCTACTTTGGAGTC- 
ATTG-3’ (forward) and 5’-ACATTCG-AGGCTCCA- 
GTGAATTCGG-3’ (reverse); IL-6: 5’-ACAACCAC- 

GGCCTTCC-CTACTT-3’ (forward) and 5’-CACGA- 
TTTCCCAGAGAACATGTG-3’ (reverse). 

Enzyme-linked immunosorbent (ELISA) assay

Protein levels of TNF-α and IL-6 were measured 
by the ELISA kit (eBioscience, USA) according to 
the manufacturer’s instructions.

Exosome isolation

RAW264.7 macrophage cells were cultured in 
FBS-free DMEM medium, then treated with 
Dexamethasone (DEX, 10-7 M) or DMSO for 1 h 
prior to incubation with 1 μg/ml LPS. After 24 h, 
exosomes were isolated from culture superna-
tants and purified using ExoQuick (System 
BioSciences, USA). Exosome production was 
quantified by the BCA Protein Assay Kit (Pierce, 
USA).

Transmission electron microscopy (TEM)

Exosomes were re-suspended in 150 mM 
ammonium biocarbonate buffer. Experimental 
samples were placed on electron microscopy 
grids for 5 min, and the excess was wiped off 
using clean fibuff paper. The grids were dried at 
room temperature, then stained with 5 ml 2% 
filtered uranyl acetate solution. The grids were 
loaded onto a TITAN 80-300 Scanning Trans- 
mission Electron Microscope, and images were 
taken with Tecnai software (FEI). 

MicroRNA (miRNA) expression analysis

Approximately 20 ng of RNA was converted into 
cDNA using the High-Capacity cDNA archive kit 
(ABI, USA) with a miR-155-specific primer (ABI, 
USA). The U6 gene (ABI, USA) was used as a 
normalization control.

Statistical analysis

Data are expressed as mean ± SEM of three 
independent repeats. Statistical tests were 
performed using PRISM 5.0 software (Graph- 
Pad, USA). P values less than 0.05 were identi-
fied as statistically significant.

Results

Glucocorticoids inhibit the LPS-induced macro-
phage inflammatory response

DEX is a representative member of the gluco-
corticoid family [19-21], and was used as  
an experimental drug in the present study. 
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RAW264.7 cells were pretreated with DEX or 
DMSO for 1 h, then stimulated with LPS for 24 
h. Real-time PCR analysis showed that DEX sig-
nificantly decreased expression of TNF-α and 
IL-6 mRNA compared with DMSO controls 
(Figure 1A). Accordingly, TNF-α and IL-6 protein 
expression werealso significantly decreased 

found to augment TNF-α and IL-6 production in 
RAW264.7 cells, but the increase was lower fol-
lowing treatment with exosomes isolated from 
DEX-treated cells (Figure 3). These results sug-
gest that glucocorticoids regulate exosome 
function and impair the inflammatory effect of 
exosomes in LPS-induced RAW264.7 cells.

Figure 1. Glucocorticoids inhibit TNF-α and IL-6 production in the LPS-in-
duced macrophage inflammatory response. RAW264.7 macrophages were 
pre-treated with DEX (10-7 M) or DMSO for 1 h, then treated with LPS (1 μg/
ml) stimulation for 24 h. A: mRNA levels of TNF-α and IL-6 were measured 
by real-time PCR. Expression was normalized to that of endogenous GAPDH. 
B: Protein levels of TNF-αand IL-6 in the supernatant of culture cells were 
examined by ELISA. Data are representative of three independent experi-
ments (**P<0.01).

following treatment with DEX 
(Figure 1B).

Glucocorticoids reduce 
exosome secretion in LPS-
induced RAW264.7 macro-
phage cells

To further investigate the eff- 
ect of glucocorticoids on exo-
some secretion, we isolated 
exosomes from DEX- or DM- 
SO control-treated RAW264.7 
cells with LPS stimulation. 
Purified exosomes were con-
firmed and evaluated using 
TEM. As shown in Figure 2A, 
the purified vesicles were of 
the expected size of exosomes 
(30-100 nm). Quantification 
using the BCA assay showed 
that LPS increased the level of 
exosome secretion to almost 
twice that of the control. How- 
ever, after DEX treatment, ex- 
osome secretion was signifi-
cantly decreased (Figure 2B). 
These results suggest that 
glucocorticoids reduce exo-
some secretion in the LPS-
induced macrophage inflam-
matory response.

Glucocorticoids impair the in-
flammatory effect of exosome 
in LPS-induced RAW264.7 
macrophage cells

To further investigate the eff- 
ect of glucocorticoids on exo-
some function, RAW264.7 ce- 
lls were treated with exosom- 
es isolated from LPS-induced 
RAW264.7 cells with or witho- 
ut DEX. These exosomes were 
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Glucocorticoids inhibit miR-155 expression in 
exosomes

miR-155 is a key pro-inflammatory miRNA while 
miR-146a is inhibitory [22-27]. To further inves-

inflammatory cytokines such as IL-1β, IL-6, TNF-
α, and IL-23 at both the mRNA and protein level 
[31]. Moreover, exosomes derived from red 
blood cells also showed a pro-inflammatory 
effect by binding to monocytes and inducing 

Figure 2. Glucocorticoids reduce exosome secretion in LPS-induced 
RAW264.7 macrophage cells. RAW264.7 cells cultured in serum-free me-
dium were pre-treated with DEX (10-7 M) or DMSO for 1 h, then treated with 
LPS (1 μg/ml) stimulation for 24 h. A: Exosomes were evaluated using elec-
tron microscopy and images were taken with Tecnai software. B: Exosome 
production was quantified by a BCA Protein Assay Kit. Data are representa-
tive of three independent experiments (**P<0.01).

Figure 3. Glucocorticoids impaired the inflammatory effect of exosomes in 
LPS-induced RAW264.7 macrophage cells. RAW264.7 cells cultured in se-
rum-free medium were pre-treated with DEX (10-7 M) or DMSO for 1 h, then 
treated with LPS (1 μg/ml) stimulation for 24 h. RAW264.7 macrophage 
cells were then treated with exosomes at 40 μg/ml for 24 h. Protein levels of 
TNF-α and IL-6 in the supernatant were examined by ELISA. Data are repre-
sentative of three independent experiments (**P<0.01).

tigate the effect of glucocor- 
ticoids on miR-155 and miR-
146a expression in exosomes, 
we isolated RNA from exoso- 
mes and detected the expres-
sion of miR-155 and miR-146a 
by qPCR. As shown in Figure 
4, miR-146a and miR-155 we- 
re both expressed in exosom- 
es, and their expression was 
significantly increased follow-
ing LPS stimulation. After DEX 
treatment, miR-155 expres-
sion was significantly decre- 
ased while that of miR-146a 
remained unchanged. These 
results suggested that gluco-
corticoids regulate exosome 
components and inhibit miR-
155 expression in exosomes.

Discussion

Great progress has been ma- 
de in the study of exosomes 
during recent years and they 
have been shown not only to 
be potential biomarkers but 
also mechanisms for the de- 
velopment of many physiologi-
cal and pathological condi-
tions [13, 14]. Exosomes have 
immunostimulatory or immu-
nosuppressive activities, and 
are therefore involved in regu-
lation of the immune system 
[17, 28]. 

Exosomes derived from den-
dritic cells carry MHC family 
proteins and co-stimulatory 
molecules such as CD80 and 
CD86, which are effective at 
stimulating T cell responses 
both in vitro and in vivo [29, 
30]. When purified exosomes 
from the body fluids of carci-
noma patients were exposed 
to the human monocytic leu-
kemia cell line THP-1, they 
induced expression of pro-
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the release of pro-inflammatory cytokines, 
which boosted in vitro T cell-mediated respons-
es [28]. 

BALF exosomes from asthmatic patients have 
been reported totrigger secretion of pro-inflam-
matory leukotrienes and IL-8 in a human bron-
chial epithelial cell line [32]. Moreover, exo-
somes isolated from Mycobacterium avium-
infected macrophages stimulated a pro-inflam-
matory response in resting macrophages [33, 
34]. Similarly, our study found that exosomes 
isolated from LPS-activated macrophages trig-
gered the production of pro-inflammatory cyto-
kines TNF-α and IL-6, indicating a pro-inflam-
matory role for exosomes in the macrophage 
inflammatory response. We also show that pre-
treatment with glucocorticoids significantly 
reduced exosome secretion in the cell superna-
tant, which would contribute to the anti-inflam-
matory effect of glucocorticoids.

Exosomes are involved in cell-cell communica-
tion at the level of synapses or by delivering 
proteins and RNA, as well as modifying recipi-
ent cells within the microenvironment and at a 
distance through the systemic circulation. Re- 

[22, 23]. Conversely, miR-155 transgenic mice 
exhibited increased pro-inflammatory cytokine 
production in response to LPS, suggesting a 
pro-inflammatory role for miR-155 [37, 38]. 
Despite advances in our understanding of 
miRNA biology, little is known about regulation 
of miRNAs by glucocorticoids in the inflamma-
tory process. In the present study, we found 
that miR-146a and miR-155 were both present 
within exosomes. The expression of miR-146a 
and miR-155 in exosomes was significantly 
upregulated following LPS stimulation, which is 
in line with previousobservations [23, 26, 37, 
39]. It is possible that increased miR-146a  
and miR-155 synthesis in macrophages would 
result in their increased expression within exo-
somes. Interestingly, treatment with DEX as a 
representative glucocorticoid decreased miR-
155 expression in exosomes. Given the power-
ful pro-inflammatory effect of miR-155 in the 
inflammatory process, we propose that its 
downregulation by glucocorticoids helps limit 
inflammation, which may explain the loss of the 
inflammatory effect by exosomes from gluco-
corticoid-treated cells.

In summary, this study further extends the bio-
logical role of exosomes in inflammation and 

Figure 4. Glucocorticoids inhibit miR-155 expression in exosomes. RAW264.7 
macrophage cells cultured in serum-free medium were pre-treated with DEX 
(10-7 M) or DMSO for 1 h, then treated with LPS (1 μg/ml) stimulation for 24 
h. RNA was isolated from exosomes, and relative miR-155 and miR-146a 
expression levels were determined by real-time PCR and normalized to the 
endogenous control U6. Data are representative of three independent ex-
periments (**P<0.01).

cent reports also have shown 
that exosomes harbor genetic 
information in the form of miR-
NAs [13, 14]. These are a gro- 
up of non-coding small RNAs 
around 20-25 nucleotides in 
length. They regulate target 
genes through partial sequ- 
ence complementarity to the 
3’ untranslated region, caus-
ing mRNA degradation and/or 
translational repression [35, 
36]. They are also emerging as 
key regulators in the pathoge- 
nesis of inflammation. Indeed, 
several miRNAs areinduced in 
response to inflammatory sig-
nals, and functionally promote 
or inhibit inflammation [18, 
22, 26, 37, 38]. 

miR-146a and miR-155 are 
two functional members of 
the TLR4 pathway. miR-146a 
was reported to target TRAF6, 
IRAK1, and IRAK2, and to inhi- 
bit NF-κB activation, thus limit-
ing the inflammatory response 
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for the first time identifies exosomes as a pos-
sible novel target in the anti-inflammatory 
effect of glucocorticoids. These findings pro-
vide a basic rationale for the use of exosomes 
in drug development and the treatment of 
inflammation.
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