
Drug Design, Development and Therapy

© 2016 Dang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php  
and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you 

hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission 
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Drug Design, Development and Therapy 2016:10 851–859submit your manuscript | www.dovepress.com

Dovepress 
851

http://dx.doi.org/10.2147/DDDT.S97380

Dovepress

O r i g i n a l  r e s e a r c h

open access to scientific and medical research

Open access Full Text article

Papaverine inhibits lipopolysaccharide-induced 
microglial activation by suppressing nF-kB 
signaling pathway

Yalong Dang1

Yalin Mu2

Kun Wang3

Ke Xu2

Jing Yang1

Yu Zhu1

Bin luo2,3

1Department of Ophthalmology, The 
First affiliated hospital of Zhengzhou 
University, Zhengzhou, People’s 
republic of china; 2Department of 
Ophthalmology, Yellow-river hospital, 
sanmenxia city, People’s republic of 
china; 3clinical laboratory, Yellow-
river hospital, sanmenxia city, 
People’s republic of china

Objective: To investigate the effects of papaverine (PAP) on lipopolysaccharide (LPS)-induced 

microglial activation and its possible mechanisms.

Materials and methods: BV2 microglial cells were first pretreated with PAP (0, 0.4, 

2, 10, and 50 μg/mL) and then received LPS stimulation. Transcription and production of 

proinflammatory factors (IL1β, TNFα, iNOS, and COX-2) were used to evaluate microglial 

activation. The transcriptional changes undergone by M1/M2a/M2b markers were used to 

evaluate phenotype transformation of BV2 cells. Immunofluorescent staining and Western blot 

were used to detect the location and expression of P65 and p-IKK in the presence or absence 

of PAP pretreatment.

Results: Pretreatment with PAP significantly inhibited the expression of IL1β and TNFα, and 

suppressed the transcription of M1/M2b markers Il1rn, Socs3, Nos2 and Ptgs2, but upregulated 

the transcription of M2a markers (Arg1 and Mrc1) in a dose-dependent manner. In addition, 

PAP pretreatment significantly decreased the expression of p-IKK and inhibited the nuclear 

translocation of P65 after LPS stimulation.

Conclusion: PAP not only suppressed the LPS-induced microglial activity by inhibiting 

transcription/production of proinflammatory factors, but also promoted the transformation 

of activated BV2 cells from cytotoxic phenotypes (M1/M2b) to a neuroprotective phenotype 

(M2a). These effects were probably mediated by NF-kB signaling pathway. Thus, it would be 

a promising candidate for the treatment of neurodegenerative diseases.
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Introduction
Microglial cells, representing 10%–20% of the total glial cells in the central nervous 

system (CNS), are the prime innate immunocytes responding against inflammatory, 

infectious, and other pathophysiological stimuli.1 Under “rest” conditions, they show 

highly ramified shapes and actively supervise the microenvironment of CNS.2 In case 

of acute insults, they quickly transform into highly activated ameboid-like shapes, 

phagocytize the injured neurons, release inflammatory factors, and thus restore the 

homeostasis of CNS.3 However, if the insults cannot be controlled effectively, a 

chronic, self-propagating microglial response characterized by sustained release of 

cytotoxic molecules (cytokines, chemokines, and radical species) will be incurred,4,5 

which usually results in chronic neuroinflammation and secondary neuronal injury. This 

is a common phenomenon also observed in many acute/chronic retinal degenerative 

diseases, such as glaucoma,6 age-related macular degeneration,7 and ocular traumatic 

injury.8 Therefore, inhibiting overactivated microglial responses and alleviating the 
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release of neurotoxic molecules are promising therapeutic 

approaches for these diseases.

To date, great efforts in screening new drugs capable of 

inhibiting overactivated microglial responses have achieved 

many progresses. Our team identified a set of drugs that 

exhibited anti-neuroinflammatory effects. We found that 

minocycline not only significantly decreased the number of 

activated microglia in the subretinal space and outer nuclear 

layer, but also remarkably alleviated the loss of photoreceptors 

in light-induced retinal degeneration.9 Additionally, we also 

investigated the effects of tetrandrine on microglial activation 

and neural survival. We found 1 μM of tetrandrine signifi-

cantly inhibited the production of TNFα and IL1β in mouse 

microglial cells10, and alleviated the death of retinal ganglion 

cells in an acute ocular hypertension model.11 However, since 

the working concentration of tetrandrine in vitro is much 

higher than that in the blood, it is hard to be used as an anti-

neuroinflammatory drug in clinical practice.

Recently, we found papaverine (PAP), an isoquinoline 

alkaloid extracted from Papaver somniferum L, not only 

suppressed the lipopolysaccharide (LPS)-induced microglial 

activity by inhibiting transcription/production of proinflam-

matory factors, but also promoted the transformation of 

activated BV2 cells from cytotoxic phenotypes (M1/M2b) to 

a neuroprotective phenotype (M2a), and these effects were 

mediated by NF-kB signaling pathway.

Materials and methods
ethics statement
All experiments were performed in accordance with the 

guidelines of Association for Research in Vision and Oph-

thalmology Statement and were approved by the Institutional 

Review Board of Zhengzhou University.

study design
Cell viability assay was performed to determine the working 

concentrations of PAP (H32020967, Heng Rui Medicine Co. 

LTD, Jiangsu, People’s Republic of China).

To evaluate the effects of PAP on microglial activation, 

BV2 cells were seeded on six-well plates overnight and pre-

treated with PAP at working concentration for 4 hours. Then, 

LPS (Sigma-Aldrich, St Louis, MO, USA; final concentra-

tion: 100 ng/mL) was added to the medium and continually 

incubated for 24 hours. The supernatant was collected for 

enzyme-linked immunosorbent assay (ELISA). The cells were 

lysed for real-time polymerase chain reaction (PCR) assay.

To investigate the possible mechanism involved in the 

action of PAP, the cells were seeded on poly-L-lysine coated 

dishes and pretreated with PAP as described earlier. Then, 

LPS was supplemented for another 1 hour. For immunofluo-

rescence analysis, cells were fixed with 4% paraformalde-

hyde. For Western blotting, cells were lysed and the protein 

was extracted for further analysis.

cell culture
Mouse BV2 microglial cells, purchased from the Cell 

Resource Center of Peking Union Medical University 

(Beijing, People’s Republic of China), were maintained 

in Dulbecco’s Modified Eagle’s Medium (DMEM)/high 

glucose supplemented with 10% heat-inactivated FBS (fetal 

bovine serum) in a humidified incubator under 95%/5% (v/v) 

mixture of air and CO
2
 at 37°C. Cells were digested and pas-

saged at 80% confluence.

cell viability assay
Cell viability was measured by Cell Counting Kit 8 (CCK-8, 

Dojindo Laboratories, Dalian, People’s Republic of China) 

according to the manufacturer’s instructions. Briefly, 100 μL 

of cells (3×104 cells/mL) was seeded into 96-well plates 

and incubated overnight. The medium was changed in the 

presence of PAP at different concentrations (0, 0.4, 2, 10, 

and 50 μg/mL) and incubated for 4 hours; then LPS final 

concentration of 100 ng/mL was added and continually 

incubated for another 24 hours. Ten microliters of CCK-8 

solution was added to each well and incubated for 2 hours. 

Optical density was measured at 450 nm using a microplate 

reader (Sunrise, Tecan, Switzerland).

reverse-transcriptase polymerase chain 
reaction (rT-Pcr)
BV2 cells were prepared as described in the section “Study 

design”. Then, the cells were lysed and total RNA was 

extracted by TRIzol Reagent (15596-026, Thermo Fisher Sci-

entific, Waltham, MA, USA). RT-PCR and quantitative PCR 

were performed on the SuperScript One-Step RT-PCR System 

(AB7500, Thermo Fisher Scientific) according to the manu-

facturer’s instructions. Briefly, ~1,000 ng of RNA template 

was reverse-transcribed using a PrimeScript™ RT Master Mix 

Kit (RR036A, TaKaRa Bio Inc, Dalian, People’s Republic of 

China). Subsequently, 2 μL of cDNA solution of each sample  

was subjected to RT-PCR in a 20 μL reaction mixture con-

taining 10 μL of 2× SYBR® Premix Ex Taq II, 0.4 μL of 

50× ROX Reference Dye, 1.6 μL of PCR forward/reverse 

primer mixture (final concentration: 0.4 μM), and 6 μL of 

dH
2
O; β-actin served as an internal control. The primers were 

designed as listed in Table 1.
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elisa
The supernatant was collected as described in the section 

“Study design”. The production of IL1β and TNFα was 

measured by ELISA. Mouse IL1β ELISA kit (ab100705) and 

TNFα ELISA kit (ab100747) were purchased from Abcam 

Inc. (Cambridge, MA, USA). The experiments were con-

ducted in accordance with the manufacturer’s instructions.

Western blot analysis
Total proteins were prepared using RIPA lysis buffer (Sigma-

Aldrich) supplemented with 1 mM phenylmethanesulfo-

nylfluoride (PMSF, Sigma-Aldrich). Nuclear proteins were 

extracted using Nuclear and Cytoplasmic Protein Extraction 

Kit (P0028, Beyotime, Shanghai, People’s Republic of 

China). After centrifugation at 12,000× g for 15 minutes at 

4°C, the supernatant was collected and protein concentration 

was determined by a Bicinchoninic Acid Protein Assay Kit 

(BD0028, Bioworld, Dublin, OH, USA). Approximately, 

30 μg of protein sample was loaded into each well of a 10% 

SDS-PAGE gel for electrophoresis, followed by electrotrans-

fer to polyvinylidenedifluoride membranes (GE Healthcare, 

Beijing, People’s Republic of China). The membranes were 

blocked prior to incubation with primary antibodies, NF-kB 

P65 (C22B4) rabbit mAb (1:1,000; #4764, Cell Signal-

ing, Danvers, MA, USA), Phospho-IKK α/β (Ser176/180) 

(16A6) rabbit mAb (1:1,000; #2697, Cell Signaling), β-actin 

(1:500; #ab3280, Abcam), and Lamin B (1:1,000; Santa Cruz 

Biotechnology Inc., Dallas, TX, USA, a kind gift from Dr 

Zhang), overnight at 4°C. After washing with phosphate-

buffered saline (PBS) for three times, the membrane was 

incubated with horseradish peroxidase (HRP)-conjugated 

secondary antibody (1:1,000; A0208, Beyotime), developed 

with Super signal West Dura Extended Duration Substrate 

(Thermo Scientific Pierce, Rockford, IL, USA), and imaged 

using an Autochemie System (UVP, Upland, CA, USA). The 

relative expression of p-IKK and nuclear P65 was normalized 

with β-actin and Lamin B, respectively.

Immunofluorescent staining
Cells were fixed with 4% paraformaldehyde for 10 minutes, 

then permeabilized and blocked with Immunol Staining 

Blocking Buffer (P0102, Beyotime) for 45 minutes at room 

temperature. Cells were incubated with NF-kB P65 (C22B4) 

rabbit mAb (1:100; #4764, Cell Signaling) or Phospho-IKK 

α/β (Ser176/180) (16A6) rabbit mAb (1:150; #2697, Cell 

Signaling) overnight at 4°C. After three washes with PBS, 

50 μL of Goat anti-rabbit IgG H&L (Alexa Fluor® 488) 

secondary antibody (1:1,000; ab150077, Abcam) was added 

and incubated for 2 hours at room temperature. Diamidino-

phenyl-indole (DAPI) was used to label the nuclei. Finally, 

images were captured by a fluorescence microscope.

statistical analyses
Results were represented as the mean ± SD (standard devia-

tion). The statistical significance of differences was compared 

by one-way analysis of variance followed by Dunnett’s test. 

Two-tailed values of P,0.05 were considered to be statisti-

cally significant.

Results
noncytotoxic effects of PaP under proper 
concentrations
In this study, cell viability test (CCK-8 assay) was used 

to evaluate the cytotoxic effects of PAP on BV2 cells. As 

shown in Figure 1, compared with the control group, pre-

treatment with 50 μg/mL of PAP significantly inhibited the 

viability of BV2 cells (P,0.05), while no significant differ-

ence was observed for the concentrations below 10 μg/mL 

(P.0.05). Therefore, PAP at a concentration range from 0 to  

10 μg/mL was used in the following experiments.

Table 1 The primers for quantitative rT-Pcr

Gene Encoded protein Forward primer 5′-3′ Reverse primer 5′-3′ Accession Size (bp)

Il1b il1β aaTgaccTgTTcTTTgaagTTga TgaTgTgcTgcTgcgagaTTTgaag XM_006498795.1 115
Tnf TnFα gaaaagcaagcagccaacca cggaTcaTgcTTTcTgTgcTc nM_001278601.1 106
Nos2 inOs gaagaaaaccccTTgTgcTg gTcgaTgTcacaTgcagcTT nM_010927.3 138
Ptgs2 cOX2 gaTgTTTgcaTTcTTTgccc ggcgcagTTTaTgTTgTcTg nM_011198.3 149
Mrc1 cD206 cTTcgggccTTTggaaTa TagaagagcccTTgggTTga nM_008625.2 150
Arg1 arg1 gTgaagaacccacggTcTgT gccagagaTgcTTccaacTg nM_007482.3 132
Tgfb1 TgFb cTTTTgacgTcacTggag cagTgagcgcTgaaTcgaa nM_011577.1 79
Il1rn il-1ra TTgTgccaagTcTggaga TTcTcagagcggaTgaaggT XM_006497727.1 111
Socs3 sOcs3 cgTTgacagTcTTccgac TaTTcTgggggcgagaagaT XM_011248707.1 94
Actb β-actin TccTccTgagcgcaagTacTcT gcTcagTaacagTccgccTagaa nM_007393.3 130

Abbreviation: rT-Pcr, reverse transcriptase polymerase chain reaction.
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Figure 1 The effects of PaP on the viability of BV2 cell.
Notes: BV2 cells were pretreated with PaP (0, 0.4, 2, 10, and 50 μg/ml) for 4 hours 
followed by lPs (100 ng/ml) stimulation for an additional 24 hours. cell viability 
was measured by ccK-8 assay. compared with the control group, pretreatment 
with 50 μg/mL of PAP significantly inhibited the cell viability (**P,0.05), while no 
significant difference was observed at the concentrations below 10 μg/mL (*P.0.05). 
The results are represented as the mean ± sD of three independent experiments.
Abbreviations: PaP, papaverine; lPs, lipopolysaccharide; ccK-8, cell counting 
Kit 8; sD, standard deviation; cOn, control.

β  

Figure 2 The transcription of proinflammatory genes after PAP pretreatment.
Notes: BV2 cells were pretreated with PaP (0, 0.4, 2, and 10 μg/ml) for 4 hours and received lPs stimulation for another 24 hours. Then total rna was extracted for 
rT-Pcr. (A–D) shows the transcription of il1β, TnFα, iNOS, and COX-2, respectively. LPS stimulation significantly increased the transcription of proinflammatory genes, 
while PAP pretreatment remarkably reversed these effects in a dose-dependent manner (*P,0.05). remarkably, 0.4 μg/ml of PaP pretreatment was unable to suppress the 
transcription of COX-2 after LPS stimulation (**P=0.467). The results are represented as the mean ± sD of three independent experiments.
Abbreviations: PaP, papaverine; lPs, lipopolysaccharide; rT-Pcr, reverse transcriptase polymerase chain reaction; sD, standard deviation; cOn, control.

PaP suppressed lPs-induced microglial 
activation
BV2 cells are sensitive to LPS stimulation. In this study, the 

transcription and production of proinflammatory factors were 

utilized to evaluate microglial activation.

PAP inhibited the transcription of proinflammatory 
genes in a dose-dependent manner
The transcription of proinflammatory genes (Il1b, Tnf, Nos2, 

and Ptgs2) was measured by RT-PCR. As shown in Figure 2, 

LPS stimulation significantly increased the transcription of 

proinflammatory genes, while PAP pretreatment remarkably 

reversed these effects in a dose-dependent manner (P,0.05). 

Remarkably, pretreatment with 0.4 μg/mL of PAP was unable 

to suppress the transcription of Ptgs2 after LPS stimulation 

(P=0.467).

PaP attenuated the production of il1β and TnFα in 
a dose-dependent manner
Consistent with the changes in transcription of Il1b (IL1β) 

and Tnf (TNFα), LPS stimulation significantly increased 

the production of IL1β and TNFα, while PAP pretreatment 

remarkably suppressed these effects in a dose-dependent 

manner (P,0.001, Figure 3).

PaP modulated the phenotype 
transformation of BV2 cells
Generally, in response to stimulations, microglial cells are 

capable of acquiring four complex phenotypes: M1, M2a, 
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M2b, and M2c. Figure 4 shows that PAP pretreatment 

significantly suppressed the transcription of M2b-associated 

markers (Il1rn and Socs3, P,0.001 and P,0.01, respec-

tively), but upregulated the transcription of M2a-associated 

markers (Arg1 and Mrc1, P,0.01 and P,0.05, respectively). 

In addition, as demonstrated in Figure 2C and D, M1-asso-

ciated markers (Nos2 and Ptgs2) were also downregulated 

after the PAP pretreatment.

PaP suppressed lPs-induced microglial 
activation by nF-kB signaling pathway
NF-kB signaling pathway plays a vital role in inflammatory 

responses by regulating a set of genes encoding proinflam-

matory cytokines, that is, chemokines. NF-kB signaling is 

activated by the phosphorylation of IKK, which promotes the 

degradation of I-kB from NF-kB dimer. Then, NF-kB P65 

could translocate to the nucleus and activate the target genes.

β

β α

α

Figure 3 The production of il1β and TnFα after PaP pretreatment.
Notes: cells were pretreated with PaP (0, 0.4, 2, and 10 μg/ml) for 4 hours and incubated with lPs (100 ng/ml) for an additional 24 hours. The production of il1β and 
TnFα was measured by elisa. PaP pretreatment remarkably inhibited the production of il1β (A) and TnFα (B) in a dose-dependent manner (*P,0.001). The results are 
represented as the mean ± sD of three independent experiments.
Abbreviations: PaP, papaverine; lPs, lipopolysaccharide; elisa, enzyme-linked immunosorbent assay; sD, standard deviation; cOn, control.

Figure 4 PaP modulated microglial phenotype transformation.
Notes: cells were pretreated with PaP (0, 2, and 10 μg/ml) for 4 hours and incubated with lPs (100 ng/ml) for an additional 24 hours. The transcription of il-1ra (il1rn), 
sOcs3 (socs3), arg1 (arg1), and cD206 (Mrc1) was measured by rT-Pcr. (A and B) Shows PAP pretreatment significantly inhibited the transcription of M2b-associated 
markers IL-1ra (Il1rn), SOCS3 (Socs3) *P,0.01, but upregulated the transcription of M2a-associated markers arg1 (arg1) and cD206 (Mrc1) (C and D) *P,0.05. The results 
are represented as the mean ± sD of three independent experiments.
Abbreviations: PaP, papaverine; lPs, lipopolysaccharide; rT-Pcr, reverse transcriptase polymerase chain reaction; sD, standard deviation; cOn, control.
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As shown in Figure 5A and B, we observed a significant 

increase in the nuclear translocation of P65 and a remarkable 

increase in the upregulation of intranuclear P65 after 1 hour of 

LPS application, but this effect was significantly abolished by 

pretreatment with 10 μg/mL of PAP for 4 hours. Consistent 

with the changes exhibited by P65, LPS stimulation increased 

phosphorylation of IKK in BV2 cells, but this was partly 

blocked by PAP pretreatment (Figure 5C and D).

In this study, we also tried to determine the role of 

MAPKs and p-STAT3 in LPS-induced microglial activation 

in the presence or absence of PAP pretreatment, but did not 

get a positive result (data not shown).

Discussion
Glaucoma, a neurodegenerative disease characterized by sus-

tained loss of retinal ganglion cells (RGCs) and visual field, 

is the leading cause of irreversible blindness worldwide.12 

Microglial activation plays a crucial role in the development 

of glaucomatous optic neuropathy.6 Numerous evidences 

suggested that microglial activation takes place prior to 

the loss of RGCs13 and that activated microglia are found 

clustered in the optic nerve head – the site of initial axonal 

degeneration.14 Therefore, inhibiting microglial activation is 

a promising approach for glaucoma therapy. In this study, we 

identified PAP could significantly suppress the transcription 

and production of proinflammatory factors and modulate 

the phenotype transformation of BV cells (from M1/M2b 

to M2a). These effects are probably mediated by NF-kB 

signaling pathway. As a vasodilating agent, PAP is widely 

used in the treatment of visceral spasm and vasospasm.15,16 

The blood concentration (0.408 and 2.4 μg/mL after oral and 

intravenous administration, respectively) was similar to the 

Figure 5 PaP suppressed lPs-induced microglial activation by nF-kB signaling pathway.
Notes: cells were seeded on poly-l-lysine coated dishes and pretreated with PaP (10 μg/ml) for 4 hours. Then, lPs was added to the medium and incubated for another 
1 hour. For immunofluorescence analysis, cells were fixed and incubated with primary/secondary antibodies. For Western blotting, cells were lysed and the total/nuclear 
protein was extracted for further analysis. A significant increase in nuclear translocation of P65 and remarkable upregulation of intranuclear P65 were noticed after 1 hour of 
lPs application, but this effect was partly abolished by 4 hours of PaP pretreatment (A and B). consistent with the changes of P65, lPs stimulation increased phosphorylation 
of iKK in BV2 cells, but it was partly blocked by PaP pretreatment (C and D).
Abbreviations: PaP, papaverine; lPs, lipopolysaccharide; cOn, control; DaPi, diamidino-phenyl-indole.
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working concentrations used in this study.17 Therefore, PAP 

might be a valuable anti-neuroinflammatory candidate for 

the treatment of neurodegenerative diseases.

Immortalized mouse cell line (BV2) was utilized to 

evaluate the microglial activation. This is mainly due to 

the reason that primary microglia obtained by the cur-

rent protocols show decreased efficiency and that freshly 

isolated primary microglia exhibit similar morphological, 

functional, and phenotypical properties. Indeed, we were 

also able to detect the morphological changes of BV2 cells 

after LPS stimulation. In the presence of LPS (100 ng/mL), 

the BV2 cells quickly changed from spindle- or bipolar-like 

shapes to amoeboid-like shapes with short thick processes, 

but this condition could be reversed by pretreatment with 

10 μg/mL of PAP (data not shown). Interestingly, in 

another study, we found PAP was unable to reverse the 

morphological changes of rat primary microglia induced by 

LPS.18 These results suggested that although morphological 

changes and microglial activation are closely related, they 

might be mediated by different signaling pathways and 

that some differences exist between the species. However, 

the morphological changes are relatively less specific and 

sensitive in evaluating microglial activation. We evaluated 

the transcription and production of proinflammatory fac-

tors of BV2 cells after LPS stimulation. TNFα is a proin-

flammatory cytokine modulating the direct and secondary 

neurodegenerative injury in the CNS. There are several 

evidences that support the role of TNFα as a mediator of 

neurodegeneration in glaucomatous eyes.19–21 Overexpres-

sion of TNFα after CNS injury has been associated with 

deterioration in neuronal damage, whereas its inhibition 

was correlated with a good outcome.22,23 Su et al showed 

that inhibition of NF-kB signaling pathway by rapamycin 

not only suppressed the release of neurotoxic factors, but 

also decreased the apoptosis of RGCs in vitro and in vivo.24 

Yang et al also reported that improvement in the survival of 

RGCs could be obtained by modulating NF-kB pathway in 

a mouse glaucoma model.25 IL1β, mainly produced by acti-

vated monocytes (including microglia), is another mediator 

in neuroinflammatory response. Recent studies suggested 

upregulation of IL1β was highly associated with some neu-

rodegenerative diseases, such as glaucoma26 and multiple 

sclerosis.27 Mookherjee et al found that genomic region con-

taining the IL1 gene cluster influenced the pathogenesis of 

normal-tension glaucoma.26 A previous study also showed 

that IL1β at high doses could elevate the transcription of 

iNOS (Nos2) and thus increase NO production.28 In this 

study, we found LPS stimulation significantly increased 

the transcription of IL1β (Il1b), TNFα (Tnf), iNOS (Nos2), 

and COX-2 (Ptgs2), while PAP pretreatment remarkably 

reversed these effects in a dose-dependent manner. Con-

sistent with the changes in gene transcription, the produc-

tion of IL1β and TNFα was also decreased after the PAP 

pretreatment. Therefore, we concluded that PAP at proper 

concentrations could inhibit the expression of proinflam-

matory factors and alleviate neuroinflammatory response, 

and thus may be used to alleviate the neuronal damage in 

neurodegenerative diseases.

However, activated microglia acts multiple facets 

during neuroinflammation, not only cytotoxicity29 but also 

neuroprotection.30 The different biological effects exhibited 

by activated microglia are mainly attributed to the ability 

to transform into four diverse activation states:31 M1 with 

cytotoxic properties; M2a with an alternate activation and 

involved in neuroprotection and regeneration; M2b with an 

immunoregulatory phenotype; and M2c with an acquired-

deactivating phenotype. M1 and M2b mediate the primary 

and secondary neuronal injury, respectively, while M2a 

shows a negative effect. Therefore, modulation of microglial 

phenotype may represent an innovative strategy for the treat-

ment of neurodegenerative diseases. In our study, we found 

that LPS stimulation significantly increased the transcription 

of M1 markers, such as iNOS (Nos2) and COX-2 (Ptgs2). 

PAP pretreatment remarkably suppressed the transcription 

of M2b markers (IL-1ra (Il1rn) and SOCS3 (Socs3)) and M1 

markers (iNOS (Nos2) and COX-2 (Ptgs2)), but significantly 

upregulated the transcription of M2a markers (Arg1 (Arg1) 

and CD206 (Mrc1)) in a dose-dependent manner. The pheno-

type transformation induced by PAP indicates that it would 

be an ideal neuroprotectant in neurodegenerative diseases.

As PAP is a phosphodiesterase inhibitor, the anti-inflam-

matory effect of PAP may be attributed to the elevation in the 

levels of cAMP. Elevation of intracellular cAMP results in 

PKA activation and phosphorylation of CREB, and thus pro-

motes the recruitment of coactivators, such as CREB or the 

homologous protein p300, away from NF-kB in the nucleus 

and finally inhibits the NF-kB signaling pathway.32 However, 

we failed to observe any positive results associated with the 

changes in p-CREB after PAP pretreatment in BV2 cells 

(data not shown). We then evaluated the changes exhibited 

by P65 in the nucleus, p-IKK, p-ERK, p-38, and p-STAT3 

in the presence or absence of PAP pretreatment, and found a 

prominent nuclear translocation of P65 after LPS application, 

but PAP significantly reversed this effect. In addition, LPS 

application remarkably increased the expression of p-IKK, 

while PAP pretreatment partly abolished this effect, which 
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indicated that PAP suppressed LPS-induced microglial 

activation probably by NF-kB signaling pathway.

Conclusion
In conclusion, we identified PAP not only suppressed the 

LPS-induced microglial activity by inhibiting transcription/

production of proinflammatory factors, but also promoted 

the transformation of activated BV2 cells from cytotoxic 

phenotypes (M1/M2b) to a neuroprotective phenotype (M2a). 

These effects were probably mediated by NF-kB signaling 

pathway. Therefore, we concluded PAP would be a promising 

candidate for the treatment of neurodegenerative diseases.
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