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Abstract

Neuroinflammation has been recognized as a factor in the pathogenesis of neurodegenerative diseases. Emerging 
evidence suggests that peripheral inflammation, besides neuroinflammation, functions as a modulator of disease 
progression and neuropathology in several neurodegenerative diseases. However, detailed correlations among pe-
ripheral inflammation, neuroinflammation and neurodegeneration remain unknown. In the present study, we pre-
pared a peripheral inflammation model with lipopolysaccharides (LPS)-stimulated RAW264.7 macrophages to ex-
plore its activation on BV2 microglia. We found that LPS induced the production of IL-1β, IL-6 and TNF-α in 
the culture medium of RAW264.7 macrophages. We further showed that LPS plus ATP activated inflammasome, 
evidenced by the upregulation of caspase-1 and IL-1β, which was suppressed by ZYVAD, a caspase-1 inhibitor. 
Furthermore, the conditioned medium obtained from LPS-treated RAW264.7 macrophages activated BV2 micro-
glia, stimulating the release of IL-1β, IL-6 and TNF-α from BV2 cells. ZYVAD pretreatment markedly suppressed 
BV2 microglia activation induced by RAW264.7 cells conditioned medium. Taken together, our study indicates that 
macrophage-mediated peripheral inflammation subsequently evokes neuroinflammation and may aggravate neural 
damage. Inflammasome and caspase-1 may be potential targets for modulating systemic inflammatory responses in 
neurodegenerative diseases.
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Introduction

The World Health Organization (WHO) predicts 
that over 70 million people will be living with neu-
rodegenerative diseases in 2030[1]. Neurodegenerative 

diseases are a collection of interconnected disorders 
such as Alzheimer's disease (AD), Parkinson's dis-
ease (PD), genetic disorders, and a few others. The 
explosion of neurodegenerative diseases has become 
a global health concern and has created a huge burden 
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on economies and society. Disability from such dis-
eases is primarily caused by death and dysfunction of 
neurons[2]. Although neurodegenerative diseases have 
been intensively investigated in the last two decades, 
their precise etiology is still unclear. So far research-
ers have focused on chronic activation of neuroinflam-
mation, including those mediated by microglia and 
resident CNS macrophages which are traditionally 
recognized to increase the risk of neurodegeneration[3].

Currently, a cluster of peripheral inflammation factors 
are recognized to increase the risk of neurodegeneration. 
Holmes et al. showed that an increased rate of cogni-
tive decline in AD patients correlates with high level of 
peripheral proinflammatory cytokines[4]. Similarly, res-
piratory infections have been linked to a more frequent 
cause of death in PD patients than in the general popula-
tion[5,6]. These facts indicated a direct link between sys-
temic cytokine levels and neuropathology[7]. Increased 
serum peripheral cytokine levels due to systemic inflam-
mation have been associated with AD and PD, suggesting 
a link between systemic inflammation and neurodegen-
eration[8]. However, the detailed mechanism underlying 
the association of peripheral inflammation and neurode-
generation remains unknown. Peripheral inflammation 
has functioned as a regulator of neuropathology in sev-
eral neurodegenerative diseases, which has emerged as 
critical target in new therapeutic method[9]. 

Some studies showed systemic inflammation 
induced by obesity and type 2 diabetes (T2D) has a 
close relationship with neuroinflammation, and an 
important systemic inflammatory mediator is the I kap-
pa B kinase (IKK) β/ nuclear factor kappa B (NF-κB) 
pathway, which controls cell survival and apoptosis[10]. 
NF-κB regulates various inflammatory mediators and 
plays an important role in inflammatory  responses[11-12]. 
The most inflammatory reactions are mediated by 
proinflammatory cytokines, which are regulated in part 
by NF-κB. In non-stimulated cells, NF-κB is located 
in the cytosol[13-15]. NF-κB is free and enters the nucle-
us and binds to the promoter region of genes such 
as interleukin (IL)-1β, tumor necrosis factor-alpha 
(TNF-α), IL-6, and IL-18, which are associated with 
the development of neurodegenerative diseases[16-18]. 
In recent decades, inflammasome has been recognized 
to be a component of the inflammatory process and its 
aberrant activation is shown to be upregulated in LPS-
induced systemic inflammation[19]. The upregulation 
of mature caspase-1 is the premise of the activation 
of inflammasome. Activated caspase-1 is required for 
IL-1β and IL-18 release and plays a key role in inflam-
mation. Caspase-1 is an endogenous cysteine protease  
synthesized as inactive pro-caspase-1 and  activated 
by dimerization and autoproteolysis within multi-
protein complexes including the ASC and NLRP3 

 inflammasome[20-21]. NLRP3, as the highest expression 
of inflammasome in macrophages and microglia and 
recognized as a component of the inflammatory pro-
cess and its aberrant activation, is pathogenic in meta-
bolic diseases and neurodegenarative diseases[22]. It is 
one of the best studied inflammasome, so we focused 
on the NLRP3 inflammasome in our study. Among 
these responses, inflammasome has been shown to 
have important functions in systemic inflammation, 
yet the precise mechanism of NLRP3 inflammasome 
action in neuroinflammation is not clear. 

In the current study, we prepared a peripheral 
inflammation model with lipopolysaccharide (LPS)-
stimulated RAW264.7 macrophages to explore its 
activation on BV2 microglia. Our study indicates that 
macrophage-mediated peripheral inflammation can 
evoke neuroinflammation and subsequently aggravate 
neural damage. Inflammasome and caspase-1 may be 
potential targets for modulating systemic inflammatory 
responses in neurodegenerative diseases.

Materials and methods

Reagents

LPS (Escherichia coli O55:B5) was purchased from 
Beyotime Institute of Biotechnology, Nanjing, China. 
Dulbecco's modified eagle medium (DMEM) and 
fetal bovine serum (FBS) were purchased from Gibco 
BRL Co., Ltd., Grand Island, NY, USA. Mouse IL-1β, 
IL-6, and TNF-α enzyme-linked immunosorbent assay 
(ELISA) kits were purchased from Biolegend, San 
Diego, CA, USA. Primary antibodies (against T-IKKβ, 
P-IKKβ, P65, NLRP3, caspase-1), internal control 
(GAPDH, Lamin B) and horseradish peroxidase-
conjugated anti-rabbit antibodies were all purchased 
from Cell Signaling Technology, Beverly, MA, USA.

Cell culture

RAW264.7 macrophages and BV2 micro glia were 
obtained from Shanghai Cell Bank of Chinese Academy 
of Sciences. Cells were all cultured in DMEM (with 10% 
FBS, 100 U/mL penicillin and 100 U/mL streptomycin), 
which were grown in a 37°C humidified incubator with 
5% CO2.

Cell treatment

Murine RAW264.7 macrophages were treated with 
LPS (200 ng/mL) for 1 hour followed by ATP (5 
mmol/L) incubation for 30 minutes, and after removal 
of the medium, washed the cells 2-3 times with sterile 
PBS. Subsequently, the RAW264.7 cells were treated 
with the fresh medium for 24 hours. We collected the 
RAW264.7 cell culture supernatants to induce the acti-
vation of BV2 cells for another 24 hours. RAW264.7 
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cells and BV2 cells were pretreated with ZYVAD 
(10 μmol/L) for 1 hour before LPS or conditioned 
medium incubation, respectively.

ElIsA

After incubation with ZYVAD for 1 hour, the RAW 
264.7 cells were subsequently induced with LPS  
(100 ng/mL) and/or ATP for 24 hours[9]. We obtained 
the RAW264.7 cell culture supernatants in order to (i) 
perform cytokine analysis and (ii) induce the activation 
of BV2 microglia. After incubation by RAW264.7 
conditioned media obtained from LPS+ATP-
stimulated cells, we get the BV2 cell supernatants 
for further cytokine analysis. The expression of IL-6, 
IL-1β, and TNF-α in supernatants were examined 
with their respective ELISA kits according to the 
manufacturer's instructions. Then, the microplate 
spectrophotometer was used to test the absorbance of 
each well at 450 nm. 

Preparation of cytosolic and nuclear fractions

RAW264.7 macrophages and BV2 microglia were 
homogenized in PER-Mammalian Protein Extraction 
Buffer (1: 20, W:V) (Pierce Biotechnology, Rockford, 
IL, USA) containing freshly added protease inhibitor 
cocktail I (EMD Biosciences, San Diego, CA, USA) 
and 1 mmol/L phenylmethanesulfonyl fluoride (PMSF). 
The cytosolic fraction of the cells was prepared by cen-
trifugation at 15,000 g for 10 minutes at 4°C. Nuclear 
and cytoplasmic extracts of cells were prepared using 
NE-PER nuclear and cytoplasmic extraction reagents 
(Pierce Biotechnology), respectively.

Western blotting analysis

Firstly, a total of 1 × 106 RAW264.7 macrophages 
per well were grown in 12-well plates and pre-treated 
with ZYVAD for 1 hour, then incubated with LPS (1 
μg/mL) and/or ATP for 24 hours, or untreated (control). 
Secondly, a total of 1 × 106 BV2 microglia per well were 
grown in 12-well plates and incubated in RAW264.7 
conditioned media obtained from LPS+ATP-stimulated 
cells for 24 hours, or untreated (control). Then, the 
RAW264.7 and BV2 cells were obtained on ice, washed 
once with ice-cold PBS, and lysed by Lysis buffer with 
phos phatase and protease inhibitors obtained from 
Sangon Biotech of China. 30 minutes after the lysis, 
cellular extracts were centrifuged in a refrigerated 
centrifuge (5418 R, Eppendorf, Germany) at 4°C for 
10 minutes. Then, a BCA pro tein assay kit (Biomiga, 
USA) was employed to record the amount of collected 
total proteins. 10% SDS-PAGE was used to separate 
proteins. These proteins were electro-transferred to 
PVDF membranes (Millipore, USA), which were 

blocked with 5% (W/V) dried skimmed milk for 1 hour. 
To probe corresponding target proteins, these proteins 
were incubated with anti-GAPDH, anti-P65, anti-NL-
RP3, anti-caspase-1, anti-IKKβ, and anti-phospho-
IKKβ. Peroxidase-conjugated secondary antibodies 
were used to detect bound antibodies, of which the 
amount was assessed by enhanced chemilumi nescence 
(ECL). Relative expression of target proteins were 
qualified via the optical density of electrophoresis 
bands with GAPDH as an internal control.

Immunofluorescent staining

The cells grown in two-well chamber slides were 
fixed and permeabilized as previously described[32]. 
The cells were incubated with rabbit polyclonal 
anti-P65 antibody diluted 1:100 in 1% BSA for 30 min-
utes. The cells were incubated with rhodamine isothi-
ocyanate-conjugated goat anti-rabbit immunoglobulin 
G antibody diluted 1:100 in 1% BSA for 30 minutes. 
After mounting with 50% glycerol, the slides were ana-
lyzed with a fluorescence light microscope.

statistical analysis

Data are all expressed as the mean (SD) of 3 
independent experiments. Least significant difference 
(LSD) tests were used to determine the statistical 
difference between two groups. P-values less than 0.05 
were considered representing significant differences 
between means.

Results

Effects of ZYVAD on proinflammatory  
cytokines in activated RAW264.7 cells 

Proinflammatory cytokines are essential mediators 
in regulating host responses to inflammation. To 
further determine the anti-inflammatory effect of 
ZYVAD on proinflammatory cytokines in RAW264.7 
cells stimulated by LPS and ATP, we investigated 
the productions of TNF-α, IL-1β and IL-6 from 
activated RAW264.7 cells treating with LPS plus 
ATP. As expected, ELISA revealed that the levels  
of proinflammatory cytokines increased significantly 
upon LPS and ATP treatment (Fig. 1). Furthermore, 
these culture supernatants were pre-treated with ZYVAD 
for 1 hour. The results indicated that ZYVAD inhibited 
the expression of proinflammatory cytokines IL-1β, 
IL-6 and TNF-α in activated RAW264.7 cells (Fig. 1). 

Effects of ZYVAD on NF-kB signaling in activated 
RAW264.7 cells

The NF-κB signaling pathway functions as a modula-
tor in regulating the level of proinflammatory cytokines 
in activated RAW264.7 cells. Western blotting assays 
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showed that dual stimulation with LPS and ATP had a 
synergistic effect on NF-κB signaling (Fig. 2). To fur-
ther explain the mechanisms underlying the inhibition of 
NF-κB signaling pathway overexpression in RAW264.7 
cells by ZYVAD, we used Western blotting to examine 
the phosphorylation of IKKβ and P65 and total IKKβ. 
The levels of phospho-IKKβ and P65 were significant-
ly enhanced after cells were challenged with LPS and 
ATP for 24 hours. Treatment with ZYVAD apparently 
inhibited the levels of phospho-IKKβ and P65 (Fig. 2). 
However, ZYVAD had no obvious effect on the levels of  
total IKKβ and P65. 

Effects of ZYVAD on the NLRP3 inflammasome in 
activated RAW264.7 cells

Similarly, to elucidate whether the inhibition of 
NLRP3 inflammasome was related with ZYVAD, we 

further explored the level of NLRP3 and caspase-1 in 
RAW264.7 cells (Fig. 2). Western blot analysis showed 
that treatment with ZYVAD and then co-treatment with 
LPS and ATP further induced the inhibition of NLRP3 
and caspase-1 (Fig. 2). 

Activation of BV2 microglia by conditioned  medium 
from activated RAW264.7 macrophages

Overt activation of RAW264.7 macrophages 
may induce the activation of BV2 microglia and 
we examined this possibility by adding the culture 
supernatants obtained from RAW264.7 macrophages 
culture to BV2 microglia (Fig. 3). Although 
addition of RAW264.7 conditioned culture media 
itself did not induce significant activation of BV2 
microglia, RAW264.7 conditioned media obtained 
from LPS+ATP-stimulated cells induced significant 

Fig. 1 ZYVAD suppresses proinflammatory cytokines IL-1β, IL-6, and TNF-α in RAW264.7 cells treated with LPS+ATP and BV2 microglia 
induced by activated peripheral RAW264.7 macrophages. A, D: ZYVAD reduced IL-1β overproduction in LPS-stimulated RAW264.7 macrophages 
and BV2 microglia induced by activated peripheral RAW264.7 macrophages. B, E: ZYVAD reduced IL-6 overproduction in LPS-stimulated 
RAW264.7 macrophages and BV2 microglia induced by activated peripheral RAW264.7 macrophages. C, F: ZYVAD reduced TNF-α overproduction in  
LPS-stimulated RAW264.7 macrophages and BV2 microglia induced by activated peripheral RAW264.7 macrophages. Data are all presented as the 
mean (SD). LSD tests were used to determine the statistical difference between two groups. The P-values show the statistical differences between each 
group and the corresponding positive control (without ZYVAD and with LPS and/or ATP treated). All P-values are less than 0.001. CON: control;  
LPS: lipopolysaccharides.
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upregulation of proinflammatory cytokines, the 
NF-κB signaling pathway and NLRP3 inflammasome 
in BV2 cells (Fig. 1 and Fig. 3). The expression of 
proinflammatory cytokines IL-1β, IL-6 and TNF-α in 
the BV2 microglia treated with RAW264.7 conditioned 
media obtained from LPS+ATP-stimulated cells was 
higher than that in those stimulated with LPS alone, as 
shown by ELISA (Fig. 1). At the same time, RAW264.7 
conditioned media obtained from dual stimulation 
with LPS and ATP had a synergistic effect on the 
expression of the NF-κB signaling pathway by Western 
blot analysis (Fig. 3). Consequently, we explored  
the expression of NLRP3 inflammasome in BV2 cells 
(Fig. 3) by western blot analysis. The results showed 
that  RAW264.7 conditioned media co-treated with LPS 

and ATP further induced the overexpression of NLRP3 
and caspase-1 compared with treatment with LPS alone 
(Fig. 3). Indirect immunofluorescence and confocal 
microscopy indicated nuclear translocation of NF-κB, 
while P65 mostly translocated into the nucleus treated 
with LPS and ATP (Fig. 4). These results suggest that 
synergistic activation of RAW264.7 macrophages by 
LPS and ATP in an inflammation-challenged condition 
may adversely affect BV2 microglia.

ZYVAD significantly inhibits production of 
proinflammatory cytokines in activated BV2 cells 

To further evaluate the anti-inflammatory effect of 
ZYVAD on BV2 microglia activation by adding the 
culture supernatants obtained from activated RAW264.7 
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Fig. 2 ZYVAD suppresses NF-κB signaling and the NLRP3 inflammasome in BV2 microglia induced by activated peripheral RAW264.7 
 macrophages. A-D: ZYVAD suppresses NF-κB signaling activation in BV2 microglia induced by activated peripheral RAW264.7  macrophages. A, E, 
F: ZYVAD induces the overexpression of NLRP3, caspase-1 in BV2 microglia induced by activated peripheral RAW264.7  macrophages. Data are all 
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macrophage culture, we investigated the productions 
of proinflammatory cytokines TNF-α, IL-1β and IL-6 
in BV2 cells. As expected, the levels of proinflamma-
tory cytokines increased obviously with LPS and ATP 
(Fig. 1). Whereas these supernatants were pre-treatment 
with ZYVAD, the results showed that ZYVAD inhibited 
the syn thesis and expression of proinflammatory 
cytokines IL-1β, IL-6 and TNF-α in BV2 cells 
stimulated RAW264.7 conditioned media obtained from 
dual stimulation with LPS and ATP (Fig. 1).

ZYVAD significantly inhibits NF-kB signaling in 
activated BV2 cells

To further explain the mechanisms underlying 
inhibition of NF-κB signaling in activated BV2 

cells by ZYVAD, we used Western blotting assays 
to examine the phosphorylation of phospho-IKKβ 
and P65 and the production of corresponding total 
IKKβ. The levels of phospho-IKKβ and P65 were 
significantly enhanced after cells were challenged 
with RAW264.7 conditioned media obtained from 
dual stimulation with LPS and ATP. Treatment with 
ZYVAD apparently inhibited the overexpression 
of phospho-IKKβ and P65 (Fig. 3). Therefore, data 
from confocal microscopy indicated that the nuclear 
translocation of NF-κB was significantly blocked in 
BV2 cells treated with ZYVAD (Fig. 4), while P65 
mostly translocated into the nucleus with RAW264.7 
conditioned media obtained from dual stimulation 
with LPS and ATP. 
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ZYVAD significantly inhibits the NLRP3  
inflammasome in activated BV2 cells

To elucidate whether inhibition of NLRP3 inflam-
masome was related with ZYVAD, we further explored 
the level of NLRP3 and caspase-1 in BV2 cells. Western 
blot analysis showed that treatment with ZYVAD and 
then stimulated RAW264.7 conditioned media obtained 
from co-treatment with LPS and ATP further induced 
the inhibition of NLRP3 and caspase-1 (Fig. 3). 

Discussion 
In recent decades, neuroinflammation has been 

implicated in the pathogenesis of neurodegenerative 
diseases[23]. Emerging evidence suggests that peripheral 
inflammation, apart from neuroinflammation, functions 
as a modulator of disease progression and neuro-
pathology in several neurodegenerative diseases[24-25]. 
However, correlations among peripheral inflammation, 
neuroinflammation and neurodegeneration remain 

unknown.  Proinflammatory mediators can re-activate 
or further stimulate previously activated central micro-
glia, which are the main inflammatory cells of the CNS 
and are important in response to CNS damage[26]. The 
activated micro glia produc es high levels of inflamma-
tory cytokines mediated through the NF-κB signaling 
pathway[27]. The blood brain barrier restricts access 
of larger mole cules into the brain[28]. Nonetheless, 
there are a number of potential mechanisms whereby 
peripheral proinflammatory cells can modulate neu-
ronal function. The inflammatory mediators produced 
in the periphery can injury the blood brain barrier, and 
then the signal can spread into the brain with immune 
cells[29]. These results indicated the blood brain barrier 
may be compromised in neurodegenerative diseases[30], 
which caused the exchange of proinflammatory cells 
and markers between the brain and periphery.

In the present study, we prepared a peripher-
al inflammation cell model with LPS-stimulated 
RAW264.7 macrophages to explore its activation on 

NF-κB
P65

Con LPS LPS+ATP
LPS+ATP
+ZYVAD

Hoechst

Merge

Fig. 4 Immunofluorescence and laser scanning confocal microscopy examining the effects of ZYVAD on the localization of NF-κB in BV2 cells. 
Con: control; LPS: BV2 cells were pretreated with RAW264.7 conditioned media obtained from pre-treatment with LPS for 24h; LPS+ATP: BV2 cells 
were pretreated with RAW264.7 conditioned media obtained from pre-treatment with LPS plus ATP; LPS+ATP+ZYVAD: BV2 cells were pretreated 
with RAW264.7 conditioned media obtained from pre-treatment with ZYVAD followed by dual stimulation with LPS and ATP. NF-κB p65, Hoechst and 
merged images show the translocation of p65 into the nucleus. Images were acquired using confocal laser scanning microscopy (× 400).
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BV2 microglia[31]. We found that LPS induced the pro-
duction of IL-1β, IL-6 and TNF-α in the culture medi-
um of RAW264.7 macrophages. We further showed 
that LPS plus ATP activated the NLRP3 inflammas-
ome, evidenced by the upregulation of caspase-1 and 
IL-1β. Furthermore, the conditioned medium obtained 
from LPS-treated RAW264.7 macrophages activated 
BV2 microglia, stimulating the release of IL-1β, IL-6 
and TNF-α from BV2 cells. The expression of proin-
flammatory cytokines IL-1β, IL-6 and TNF-α, and 
the NF-κB signaling pathway and inflammasome was 
higher than the control group, as shown by ELISA, and 
then the subcellular localization of NF-κB in BV2 cells 
determined activation of central BV2 cells. Indeed, 
the medium obtained from BV2 cells still contained 
the cytokines produced by the macrophages. Given the 
ELISA results, we speculated that macrophage- 
mediated peripheral inflammation may induce BV2 
cell activation and cytokine production, but we could 
not exclude the possibility that elevated cytokines in 
the BV2 medium were from the macrophage condi-
tioned medium. Therefore, we further detected intra-
cellular pathways, including phospho-IKKb expression 
and p65 nuclear translocation in BV2 cells by Western 
blotting and immunocytochemistry. These results 
confirmed our hypothesis that macrophage-mediated 
peripheral inflammation can evoke BV2 cell activation 
and neuroinflammation.

Early detection of microglial activation and anti- 
inflammatory therapy may delay or halt disease 
progression before irreversible damage and clinical 
symptoms occur. As we know, ZYVAD is an irrevers-
ible caspase 1 inhibitor which was associated with 
significant inhibition of IL-1β. In the present study, 
we also investigated whether macrophage-mediated 
peripheral inflammation could evoke neuroinflam-
mation and subsequently aggravate neural damage. 
ZYVAD administration in RAW264.7 cells for 24 h 
markedly reduced the proinflammatory cytokines, 
the NF-κB signaling pathway and inflammasome 
of RAW264.7 cells. Moreover, ZYVAD pretreat-
ment markedly suppressed BV2 microglia activation 
induced by RAW264.7 macrophage conditioned medi-
um. Furthermore, the results suggested that inflam-
masome and caspase-1 may be potential targets for 
modulating systemic inflammatory responses in neu-
rodegenerative diseases.

In conclusion, this study demonstrates for the first 
time that peripheral inflammation, besides neuroinflam-
mation, functions as a modulator of disease progression 
and neuropathology in several neurodegenerative dis-
eases. Consequently, the conditioned medium obtained 
from LPS-treated RAW264.7 macrophages acti-
vated BV2 microglia, which could be suppressed 

by ZYVAD. Our study indicates that macrophage- 
mediated peripheral inflammation subsequently evokes 
neuroinflammation and may aggravate neural damage. 
Inflammasome and caspase-1 may be potential targets 
for modulating systemic inflammatory responses in 
neurodegenerative diseases.
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