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The free radical nitric oxide (NO), a main member of neuroinflammatory cytokine and a gaseous mol-
ecule produced by activated microglia, has many physiological functions, including neuroinflammation. 
In the present study, we evaluated the effects of serial 16-dehydropregnenolone-3-acetate derivatives on 
lipopolysaccharide (LPS)-induced NO production and inducible nitric oxide synthase (iNOS) expression in 
BV-2 microglial cells. Among the six derivatives tested, the increases in NO production and iNOS expression 
observed in BV-2 microglial cells after LPS stimulation were significantly inhibited by treatment with 16α, 
17α-epoxypregnenolone-20-oxime. Moreover, the inhibitory effect of 16α,17α-epoxypregnenolone-20-oxime on 
NO production was similar to that of S-methylisothiourea sulfate (SMT), an iNOS inhibitor. Further studies 
showed that 16α,17α-epoxypregnenolone-20-oxime inhibited c-Jun N-terminal kinase (JNK) phosphoryla-
tion but not inhibitor kappa B (IκB)-α degradation. Our data in LPS-stimulated microglia cells suggest that 
16α,17α-epoxypregnenolone-20-oxime might be a candidate therapeutic for treatment of NO induced neuro-
inflammation and could be a novel iNOS inhibitor.
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Microglial cells, the tissue macrophages of the central ner-
vous system (CNS),1–3) play a crucial role in the recognition 
and phagocytic removal of apoptotic neurons. Microglial cell 
activation is regarded as a marker of brain injury development 
in many neuronal diseases, such as Alzheimer’s disease (AD) 
and Parkinson’s disease (PD).4,5) Neuron inflammation also ac-
companies neuron degeneration in these diseases. During neu-
roinflammation, microglias are activated and secrete various 
cytokines. Microglial cells respond to inflammatory agonists, 
such as bacterial lipopolysaccharide (LPS), the human immu-
nodeficiency virus (HIV) coat protein gp120, and β-amyloid-
related peptides, by producing many inflammatory factors, 
such as tumor necrosis factor-alpha (TNF-α), interleukin-1 
alpha (IL-1α), interleukin-1 beta (IL-1β) and nitric oxide (NO). 
These microglial products are thought to be responsible for 
glia-mediated neurotoxicity.6,7)

The free radical NO, a gaseous molecule produced by acti-
vated microglia, has many physiological functions, including 
neuroinflammation. In the brain, NO serves as a neurotrans-
mitter and a second messenger molecule mediating a variety 
of neuronal functions.8) Deletion of Osteopontin (OPN) in 
mice increased thalamic neurodegeneration through regula-
tion inducible nitric oxide synthase (iNOS) expression,9) an 
enzyme that produces NO. The interactions of NO are not 
restricted to a single receptor, it can react with other inor-
ganic molecules (such as oxygen, superoxide or transition 
metals), structures in DNA (pyrimidine bases), prosthetic 
groups (such as heme) and proteins (leading to S-nitrosylation 

of thiol groups, nitration of tyrosine residues or disruption of 
metal–sulfide clusters such as zinc-finger domains and iron–
sulfide complexes).10) In addition, a recent report demonstrated 
selective up-regulation of iNOS and cytokines in microglial 
cells and cytokine stimulation in rat striatum after exposure 
to LPS.11) Thus, the molecular pathways controlling the activ-
ity of iNOS may be critical in limiting neurotoxicity and its 
consequences, delaying the progression of neurodegenerative 
diseases and neuroinflammation in the CNS.

16-Dehydropregnenolone-3-acetate, commonly known as 
16-DPA, is the main intermediates for hormone and steroids 
related drugs.12,13) After processing, the 16-DPA can be made 
into hydrocortisone, prednisone, fluocinolone, hexadecadrol, 
which affects glycometabolism, and have benefits of anti-
inflammation, antitoxic, anti-shock, anti-allergic, however, the 
effect of 16-dehydropregnenolone-3-acetate and its derivatives 
on LPS induced microglial NO production were not clarified. 
In this study, we tested the potency of serial derivatives syn-
thesized from 16-dehydropregnenolone-3-acetate as inhibitors 
of NO production and iNOS expression in BV-2 microglial 
cells and determined their mechanism of action. Our find-
ings demonstrate that, 16α,17α-epoxypregnenolone-20-oxime 
significantly inhibits LPS-induced NO secretion and iNOS 
expression by inhibiting the JNK signal pathway, without 
depressing the nuclear factor-kappa B (NF-κB) signaling path-
way.

MATERIALS AND METHODS

Chemicals  LPS (from Escherichia coli serotype 0111:B4) 
from Sigma (St. Louis, MO, U.S.A.), and the iNOS inhibi-
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tor S-methylisothiourea sulfate (SMT) were obtained from 
CALBIOCHEM, 16-dehydropregnenolone-3-acetate deriva-
tives were kindly provided by Professor Wen-Zhong Ge (Hei-
longjiang Bayi Agricultural University, China).

Cell Culture  BV-2 microglial cells, which are immortal-
ized microglial cells, were propagated in Dulbecco’s modified 
Eagle’s medium (DMEM; Invitrogen) that contained 10% 
fetal bovine serum (FBS; HyClone, Logan, UT, U.S.A.) and 
antibiotics. Exponentially growing BV-2 microglial cells were 
pre-treated with 10 µg/mL of 16-dehydropregnenolone-3-ace-
tate derivatives, followed by treatment with 1 µg/mL of LPS. 
The BV-2 microglial cells were kindly provided by Professor 
Dong-Seok Lee (Kyungpook National University, Korea).

Biochemical Assay for the Production of NO  NO pro-
duction was assessed based on the accumulation of nitrite in 
the medium using a colorimetric reaction with Griess reagent. 
Briefly, the culture supernatants were collected and mixed 
with an equal volume of Griess reagent (0.1% N-(1-naphthyl)-
ethylenediamine dihydrochloride, 0.1% sulfanilamide, and 
2.5% H3PO4). The absorbance at 540 nm was measured with 
a UV MAX kinetic microplate reader (Molecular Devices, 
Menlo Park, CA, U.S.A.).

Western Blotting Analysis  Protein lysates (30 µg) were 
separated on 12% sodium dodecyl sulfate-polyacrylamide 
gels and transferred onto nitrocellulose membranes (Mil-
lipore, Bedford, MA, U.S.A.). The membranes were blotted 
with antibodies against inhibitor kappa B (IκB)-α (Santa 
Cruz), iNOS (upstate), phospho-extracellular signal-regulated 
kinase (pERK), phospho-c-Jun N-terminal kinase (pJNK) 
(Santa Cruz), and glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH) (Sigma) at 4°C overnight. The membranes were 
washed five times with 10 mM Tris–HCl containing 150 mM 
NaCl (Tris-buffered saline, TBS; pH 7.5) and 0.2% Tween-20 

and then incubated with horseradish peroxidase-conjugated 
goat anti-rabbit immunoglobulin G (IgG) (Sigma) or anti-
mouse IgG (sigma) for 1 h at room temperature (RT). After the 
removal of excess antibodies by washing with TBS, specific 
binding was detected using a chemiluminescence detection 
system (Amersham, Berkshire, U.K.) according to the manu-
facturer’s instructions.

Measurement of Phagocytosis and Reactive Oxygen Spe-
cies (ROS) by Flow Cytometry  Microglial phagocytosis 
was analyzed using flow cytometry according to a previously 
reported method.14) Briefly, Alexa 488-conjugated Escherichia 
coli (Ec-A) BioParticles (Invitrogen) were sonicated, added to 
culture medium without serum at the end of the LPS treat-
ment, and incubated at 37°C in 5% CO2 for 15 min. After 
incubation, the cells were washed three times with phosphate 
buffered saline (PBS) and suspended in 500 µL of PBS. Im-
mediately after suspension, the internalized fluorescence from 
10000 cells was determined by FACScan (BD). To determine 
the ROS level in microglia, BV-2 cells were incubated with 
10 mM CM-H2DCFDA (Invitrogen), a fluorescence-based ROS 
indicator, at 37°C for 15 min at the end of the different treat-
ments; DCF fluorescence intensities from 10000 cells were 
analyzed by FACScan.

Statistical Analysis  Differences between experimental 
groups were tested for statistical significance using ANOVA. 
The p values <0.01 were deemed to be statistically significant.

RESULTS

Synthesis of 16-Dehydropregnenolone-3-acetate De-
rivatives  Serial derivatives were synthesized from the lead 
compound 16-dehydropregnenolone-3-acetate (1). Compound 
1 was hydrolyzed in KOH to obtain 16-dehydropregnenolone 

Fig. 1. The Structures of the Compounds Synthesized from 16-Dehydropregnenolone-3-acetate
The structures of the serial derivatives of 16-dehydropregnenolone-3-acetate are shown.
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(compound 2), and then oxidized by H2O2 in KOH solution 
yielding 3β-hydroxy-16α,17α-epoxypregn-5-ene (compound 3), 
flowing oximation of compound 3 resulted in the formation of 
16α,17α-epoxypregnenolone-20-oxime (compound 4). We ob-
tained 5,16-pregnadien-3-ol-20-oxime (compound 5) and preg-
nenolone-20-oxime (compound 7) by oximation from 16-dehy-
dropregnenolone (compound 2) and pregnenolone (compound 
6), respectively. The serial compounds have similar structures 
with differences in their side chains (Fig. 1).

Inhibitory Effects of 16α,17α-Epoxypregnenolone-20-
oxime (#4) on LPS-Induced NO Secretion in BV2 Micro-
glia Cells  LPS is a common inflammogen that has been used 
to activate microglia in several mammalian model systems. As 
expected, LPS significantly increased NO production, ROS 
levels and phagocytosis in BV-2 microglial cells (Figs. 2A–C). 
The inhibitory activity of the six compounds on LPS-induced 
NO production in BV-2 microglial cells was examined by 
pre-treating with each compound for 30 min and then treating 
with LPS (1 µg/mL) for 24 h. Results showed that compounds 
#1, #3, #4, and #5 significantly inhibited NO production, 
whereas compounds #2 and #7 had no inhibitory effect (Fig. 
2C). Moreover, compound #4 exhibited a greater inhibitory 

effect on LPS-induced NO production than compounds #1, #3, 
and #5 (Fig. 2C), with NO secretion almost reduced to basal 
levels. To investigate whether the compound could affect the 
cell viability, BV-2 microglial cells were treated with com-
pound #4 without LPS stimulation, and the cell cytotoxicity 
was measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltet-
razolium bromide (MTT) assay (Fig. 2D). The results shown 
compound #4 have not affected on the cell viability.

16α,17α-Epoxypregnenolone-20-oxime (#4) Dose-Depen-
dently Inhibited LPS-Induced NO Production and iNOS 
Expression via Inhibition of the JNK Signaling Pathway  
Our results showed that compound #4 significantly inhibited 
NO production in LPS-stimulated BV-2 microglial cells (Fig. 
2D). Consequently, the concentration dependence and time 
course of the inhibitory activity of compound #4 on LPS-
induced NO production and iNOS expressions were examined. 
BV-2 microglial cells were pre-treated with compound #4 at 
various concentrations with subsequent LPS treatment for 24 h. 
The results showed that the inhibitory effect of compound #4 
on LPS-induced NO production and iNOS expression was 
dose-dependent (Fig. 3A). To understand the time course of 
the inhibitory effect of compound #4 on NO secretion, BV-2 

Fig. 2. Inhibitory Effects of 16α,17α-Epoxypregnenolone-20-oxime (#4) on LPS-Induced Microglial NO Production and Microglial Phagocytosis
(A) BV-2 microglial cells were treated with LPS (1 µg/mL) for the times indicated. NO production in the medium was analyzed with Griss reagent. (B) BV-2 mciroglial 

cells were treated with LPS (1 µg/mL) for 24 h. The cellular ROS (left) and phagocytosis (right) were examined by flow cytometry. (C) To screen the inhibitory activity 
of the compounds, BV-2 microglial cells were pre-treated the indicated compounds for 30 min followed by treatment with LPS (1 µg/mL) for 24 h, and finally, analysis of 
NO production in the medium using Griess reagent. (D) The viability of cells after treated with compound #4 was investigated by MTT assay. The microglial cells were 
treated by compound #4 with different concentrations for 24 h. Three independent replicates were performed for all the experiments. Data were represented mean±S.D. 
** p≤0.01; *** p≤0.001.
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microglial cells were pre-treated with the compound (10 µg/
mL) followed by LPS stimulation for the times indicated. 
Treatment with compound #4 significantly inhibited NO pro-
duction at 12 h and 24 h (Fig. 3B), and iNOS expression was 
also decreased (Fig. 3C). Our previous results indicated that 
LPS could increase microglial ROS production and phagocy-
tosis.15) Therefore, we examined the effect of compound #4 
on LPS-induced microglial ROS production and phagocytosis. 
BV-2 microglial cells were pre-treated with compound #4 

for 30 min, followed by LPS stimulation for 24 h. The results 
showed that the LPS-induced ROS production and phagocyto-
sis were significantly attenuated by compound #4 treatments 
(Fig. 3D). To evaluate the inhibitory effect of compound #4 
on LPS-induced NO secretion and iNOS expression, we com-
pared its inhibitory activity with SMT, a selective inhibitor of 
iNOS (Fig. 3E). The result showed that the inhibitory activity 
of compound #4 on LPS-induced microglial iNOS expression 
was similar to that of SMT, suggesting that compound #4 may 

Fig. 3. Dose-Dependent Inhibition of LPS-Induced NO Production and iNOS Expression by 16α,17α-Epoxypregnenolone-20-oxime (Compound #4) 
Is Mediated by Inhibition the JNK Signaling Pathway

(A) Cells were pre-treated with various concentrations of compound #4 (0.1, 1, 10 µg/mL) for 30 min followed by LPS (1 µg/mL) stimulation for 24 h, and NO production 
(lower panel) and iNOS expression (upper panel) were detected using Greiss reagent and Western blotting. (B, C) BV-2 microglial cells were pre-treated with compound 
#4 (10 µg/mL) for 30 min, followed by LPS (1 µg/mL) stimulation for the indicated times. NO production was detected in the medium by Griess reagent and cellular iNOS 
expression was examined by Western blotting. (D) BV-2 microglial cells were pre-treated with compound #4 (10 µg/mL) for 30 min, followed by LPS stimulation, before 
the intracellular ROS (upper panel) and phagocytosis (lower panel) were analyzed by FACS. (E) BV-2 microglial cells were pretreated with compound #4 (10 µg/mL) and 
SMT (1 mM; a selective inhibitor of iNOS) for 30 min, followed by treatment with LPS (1 µg/mL). The NO production (upper panel) and iNOS expression (lower panel) 
were analyzed by Griess reagent and Western blotting. (F) IκB-α degradation and the phosphorylation of JNK and ERK were assessed by Western blot. Three independent 
replicates were performed for all the experiments. ** p≤0.01; *** p≤0.001.
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be a candidate of inhibitor for iNOS, but its effect on iNOS 
enzyme activity should be further studies.

The JNK signaling pathway has been reported to affect 
LPS-induced NO production and iNOS expression.16,17) To 
understand the mechanism of action for compound #4’s inhi-
bition of LPS-induced NO production and iNOS expression, 
we examined the inhibitory activity of compound #4 on LPS-
stimulated MAPK (JNK, ERK) phosphorylation and IκB-α 
degradation. As Fig. 3F shows, LPS-induced JNK phosphory-
lation in the BV-2 microglial cells was significantly reduced 
by treatment with compound #4, whereas IκB-α degradation 
and ERK phosphorylation were not. Furthermore, our previ-
ous result shown that LPS induced NO production dependent 
on ROS/JNK cascade in BV-2 microglial cells.16) So, we also 
measured the NO production by treatment with NAC (ROS 
scavenger) and SP600125 (JNK inhibitor) (Fig. 4A). Both of 
reagents significantly reduced the NO production. In Addition, 
NAC treatment significantly inhibits the JNK phophorylation 
(Fig. 4B). These results indicate that the inhibitory effect of 
compound #4 on NO secretion and iNOS expression in BV-2 
microglial cells was through inhibition of the JNK phosphory-
lation.

DISCUSSION

Microglial cells, as the major tissue macrophages of the 
CNS, play a crucial role in recognition and phagocytic re-
moval of apoptotic neurons. In the present study, we evaluated 
the inhibitory effect of serial derivatives synthesized from 
the lead compound 16-dehydropregnenolone-3-acetate on NO 
production and iNOS expression in LPS-induced BV2 micro-
glial cells. Our results show that compound #4 exhibited the 
strongest inhibitory effect on LPS-induced NO production in 
LPS-stimulated microglia among the six derivatives (Fig. 2C). 
Therefore, we focused on understanding the mechanism of 
action by which compound #4 regulates NO production and 
iNOS expression.

LPS is commonly used as an inflammogen to activate mi-
croglia in several mammalian model systems. LPS stimulation 
triggers diverse microglial responses, including inflamma-

tory mediator production, phagocytosis, and ROS production, 
which entail activation of various signaling cascades through 
Nox and mitogen-activated protein kinases (MAPKs) in 
microglial cells.18,19) To understand the influence of compound 
#4 on the kinetics of NO production and iNOS expression in 
LPS-stimulated microglia, BV-2 microglial cells were treated 
with different concentrations of compound #4 at different 
times before LPS stimulation. We found that compound #4 
significantly inhibited microglial NO production and iNOS 
expression in a dose-dependent manner (Figs. 3A–C) and the 
extent of this inhibition was similar to that of SMT (Fig. 3E). 
Therefore, we suggesting that compound #4 may be a candi-
date of inhibitor for iNOS, but it’s effect on iNOS enzyme 
activity should be further studies.

ROS act as signaling molecules and play a crucial role in 
microglial activation and in the progression of the neurode-
generative diseases, such as AD and PD.20) In our previous 
report, the microglial phagoctosis was inhibited by the cellular 
ROS level decrease, through regulation of the Nox/phospha-
tidyl inositol 3-kinase (PI3K)/P38 signaling pathways.15) To 
investigate whether compound #4 could prevent microglial 
ROS elevation, result in inhibit the microglial phagocytosis, 
BV-2 microglial cells were treated with compound #4 prior 
to LPS stimulation. The results shown that compound #4 
significantly reduced LPS-stimulated microglial ROS produc-
tion, and then inhibited the microglial phagocytosis (Fig. 3D), 
suggesting that ROS dependent signaling pathways are most 
likely responsible for the inhibitory effects described above. 
ROS generated from NADPH oxidase is important in the early 
activation of microglia.19) In the present study, treatment the 
BV-2 cells with compound #4 inhibit the cellular ROS below 
basal level (Supplementary 1). It may be correlated with the 
NADPH oxidase enzyme activity and reduce the superoxide 
production, consequently, reduced the cellular ROS levels and 
signaling mechanism studies should be further processed.

Protein kinases in the MAPK family are highly conserved 
in eukaryotes and play important roles in LPS-induced ac-
tivation of pro-inflammatory products and neuroinflamma-
tion.21–23) Our previous study showed that JNK signaling plays 
a major role in the regulation of LPS-stimulated NO produc-

Fig. 4. ROS Scavenger and JNK Inhibitor Decreased the NO Production through Inhibiting LPS Induced JNK Phosphorylation
(A) BV-2 microglial cells were pre-treated for 30 min with compound #4, NAC (5 mM) and SP600125 (5 µM), followed by LPS stimulation for 24 h. The medium NO 

production was measured with Griess reagent. (B) NAC treatment significantly inhibits the JNK phosphorylation. Three independent replicates were performed for all the 
experiments. Data were represented mean±S.D., ** p≤0.01; *** p≤0.001.
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tion and iNOS expression, and regulatory effect of the JNK 
signaling pathway on NO production was dependent on cel-
lular ROS.16) In the present study, compound #4 treatment sig-
nificantly inhibited the NO production and iNOS expression, 
as well as ROS. Our results shown, the mechanisms of com-
pound #4 upon these phenomena were through ROS depen-
dent JNK pathways not NF-κB (Fig. 3F). Interestingly, NF-κB 
dependent cytokines IL-6 was also inhibited by compound #4 
treatment but not TNF-α (data not shown). The mechanism of 
the difference effect of compound #4 on TNF-α and IL-6 pro-
ductions studies are processing to explain it.

Expression of iNOS is also induced by interferon-beta 
(IFN-β) via activation of the JAK/signaling transducer and 
activation of transcription (STAT) signaling pathway. The 
regulation of cytokine production by TLR4 is complicated by 
the ability of certain LPS induced cytokines to act in a para-
crine or autocrine manner to modulate cytokine production in 
macrophages. Treatment with LPS promotes the secretion of 
IFN-β,24) which helps sustain the LPS induced transcription 
of cytokines, such as IL-10 and IL-6.25,26) IFN-β mediated 
signaling following LPS stimulation of macrophage results in 
the STAT1 phosphorylation.27) and inhibition of IFN-β sup-
presses the LPS induced macrophage iNOS expression and 
NO production.28,29) Additionally, Suzuki et al. reported that 
hydrogen peroxide enhances LPS-induced NO production 
via the expression of IFN-β in BV-2 microglial cells through 
Stat1 phosphorylation.30) and it’s phosphorylation slightly de-
tected at late time point (4 h) by LPS stimulation, however, in 
our experiments, the activation of JNK phosphorylation was 
detected in 15–60 min (Fig. 3F), therefore, we have not exam-
ined signaling pathways at late time stages. For these reasons, 
the possible influence of compound #4 on Jak/Stat signaling 
has not been verified in this study.

Taken together, our results showed that compound #4, syn-
thesized from 16-dehydropregnenolone-3-acetate, significantly 
inhibited NO production and iNOS expression in LPS-stimu-
lated BV-2 microglial cells. Moreover, compound #4 showed 
great potential as a candidate inhibitor of NO production 
stimulated by LPS and is a promising candidate for the treat-
ment of neuroinflammatory disease.
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