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Abstract
Andrographolide from leaves of Andrographis paniculata has been known to possess various bioactivities. In the present 
study, we aimed to explore the neuroprotection of andrographolide against inflammation-mediated injury and oxidative 
damage. In initial studies, our findings showed that pretreatment with andrographolide could effectively reduce neuronal cell 
death caused by LPS-induced conditioned supernatants. The further results indicated that this neuroprotective effect may 
be mainly due to the inhibition on the production of NO, TNF-α, IL-6, ROS, iNOS and enhancement of expression of anti-
inflammatory marker CD206. Moreover, mechanism study revealed that the anti-inflammatory activity of andrographolide 
may be related to the suppression of nuclear translocation of NF-κB as well as the activation of Nrf2 and HO-1. Our study 
also showed that andrographolide could scavenge ROS and protect PC12 cells against  H2O2- and 6-OHDA-mediated oxida-
tive damage. In addition, several derivatives of andrographolide were prepared for evaluating the role of 3, 14, 19-hydroxy 
group on anti-inflammatory effect and cytoprotection of andrographolide. In conclusion, andrographolide protected neurons 
against inflammation-mediated injury via NF-κB inhibition and Nrf2/HO-1 activation and resisted oxidative damage via 
inhibiting ROS production. Our results will contribute to further exploration of the therapeutic potential of andrographolide 
in relation to neuroinflammation and neurodegenerative diseases.
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Abbreviations
DCFH-DA  2,7-Dichlorofluorescein diacetate
HO-1  Heme oxygenase-1
H2O2  Hydrogen peroxide
iNOS  Inducible nitric oxide synthase
IL-6  Interleukin-6
LDH  Lactate dehydrogenase
LPS  Lipopolysaccharide
MTT  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-

nyltetrazolium bromide
NF-κB  Nuclear factor kappa B
NO  Nitric oxide
Nrf2  NF-E2-related factor-2
6-OHDA  6-Hydroxydopamine
ROS  Reactive oxygen species
TNF-α  Tumor necrosis factor alpha

Introduction

Though the average age of the world’s population continues 
to gradually rise, more people than ever will be afflicted 
with age-related neurodegenerative diseases and functional 
deterioration. The previous reports have shown that neuronal 
dysfunction and death are attributed to pathogenesis of neu-
rodegenerative disorders. For example, Alzheimer’s disease 
(AD) is related to the death of hippocampal and cortical 
neurons [1]; substantia nigral and midbrain dopaminergic 
neurons are responsible for Parkinson’s disease (PD) [2]; 
stroke involves the death of cortical and striatal neurons [3].

Microglia, the primary immune effector cells in the cen-
tral nerves system (CNS), play a critical role in immune 
regulation [4] and neuronal homeostasis [5]. Responding 
for danger signals, microglia become activated by chang-
ing morphology from resting ramified to amoeboid phago-
cytic cells and then produce inflammatory cytokines and 
chemokines, phagocytizing the toxic cellular debris or invad-
ing pathogens [6, 7]. However, over-activated microglia 
could release various cytotoxic mediators, such as NO, TNF-
α, interleukin-1β (IL-1β), IL-6, ROS, and cyclooxygenase-2 
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(COX-2) [8], leading to neuronal dysfunction and cell death. 
Therefore, pharmacological inhibition of microglia-medi-
ated neuroinflammation may represent a promising thera-
peutic strategy to protect neuronal cells and alleviate the 
progression of those neurological diseases.

ROS are important in regulating diverse signaling path-
ways involved in cell differentiation, proliferation, and apop-
tosis [9]. Oxidative stress, arising from uncontrolled produc-
tion of ROS, causes damage to lipids, proteins, and DNA in 
neural cells [10]. Due to a high oxygen consumption ratio 
[11] and a low content of antioxidant defenses in the brain, 
neuronal cells are particularly vulnerable to oxidative stress. 
Accumulating evidence indicated that oxidative stress plays 
a key role in various neurodegenerative processes [9]. There-
fore, the use of antioxidants may be one possible strategy for 
the development of neuroprotective drugs.

Andrographolide, the major labdane diterpene isolated 
from the leaves or whole plant of Andrographis paniculata, 
was reported to exhibit a wide spectrum of biological activ-
ity, such as anti-tumor [12], anti-inflammatory [13], antima-
larial [14], antibacterial [15], and antiviral [16]. In a previ-
ous study, andrographolide could inhibit ROS production 
in neutrophils and the production of NO, TNF-α and IL-6 
secretion in macrophages [17, 18]. Further, pretreatment 
by andrographolide could protect dopaminergic neurons in 
mesencephalic neuron-glia cultures against LPS-induced 
neurotoxicity and the protective effect was glia-dependent 
[13]. In addition, andrographolide protected  H2O2-treated 
PC12 cells cultured in astrocyte-conditioned medium [19]. 
However, the underlying mechanism is largely unclear. To 
further expand on the types of neuronal damage maybe 
attenuated by andrographolide, we studied the microglia-
mediated neuroinflammation insult and oxidative damage. 
The working mechanism was also involved. Moreover, the 
anti-neuroinflammatory and neuroprotective properties of 
andrographolide derivatives 1–5 were evaluated.

Materials and Methods

Chemicals and Reagents

Andrographolide (purity ≥ 98%) was purchased from J&K 
Scientific (Beijing, China). Dulbecco’s modified Eagle’s 
medium (DMEM) and horse serum (HS) were from Gibco 
Ltd. (Grand Island, NY, USA). Fetal bovine serum (FBS) 
was purchased from Hyclone (Logan, UT, USA). LPS from 
Escherichia coli 0111:B4, poly-l-lysine (PLL) solution 
and Hoechst 33342 were obtained from Sigma-Aldrich 
Co. (St. Louis, MO). MTT was from Solarbio Technol-
ogy Company (Beijing, China). LDH assay kit, NO assay 
kit, and 2,7-dichlorofluorescein diacetate (DCFH-DA) 
were purchased from Beyotime Institute of Biotechnology 

(Jiangsu, China). TNF-α and IL-6 enzyme-linked immu-
nosorbent assay (ELISA) kits were purchased from Boster 
Biological Technology (Wuhan, China). RevertAid First 
Strand cDNA Synthesis kit and TRIzol™ reagent were 
from Thermo Fisher Scientific. Rabbit polyclonal anti-
body against iNOS, NF-κB p65 and Nrf2 were purchased 
from Proteintech (Wuhan, China). 6-OHDA was supplied 
by Santa Cruz Biotechnology (Santa Cruz, CA). All the 
chemicals and reagents were of analytical grade.

Cell Culture

Murine BV-2 microglia cell line was purchased from Cell 
Resource Centre of Peking Union Medical College (Bei-
jing, China) and cultured in a humidified atmosphere con-
taining 5%  CO2 at 37 °C using DMEM supplemented with 
10% heat-inactivated FBS and 1% penicillin/streptomycin.

Rat pheochromocytoma PC12 cell line was purchased 
from the Shanghai Institute of Biochemistry and Cell Biol-
ogy (Chinese Academy of Sciences), and maintained in 
DMEM containing 10% heat-inactivated HS and 5% FBS 
with 1% penicillin/streptomycin at 37 °C in a humidified 
5%  CO2 atmosphere.

Microglia‑Conditioned Medium and Treatment

BV-2 cells were plated in 6-well plates (3.0 × 105 cells/
ml) and allowed to attach overnight. After treatment with 
andrographolide (0.5, 5, 12.5, 25 μM) and LPS for 24 h, 
the supernatants were collected as microglia-conditioned 
medium (CM). Moreover, the supernatants from treatment 
with 0.1% DMSO (CMC) or 1 μg/ml LPS (CML) were 
collected to be used in later experiments.

PC12 cells were seeded in 96-well plates coated with 
PLL at a density of 2.5 × 105 cells/ml for 24 h and treated 
for 24 h according to the following methods: (1) directly 
incubated with CM; (2) incubated with andrographolide 
and CMC; (3) incubated with andrographolide and CML. 
The viability of PC12 cells was analyzed by the MTT 
assay.

MTT Assay

Briefly, PC12 cells (2.5 × 105 cells/ml) were treated for 24 h 
in triplicate in 96-well microplates. After treatment, MTT 
solution (10 μl of 5 mg/ml) was added to each well and incu-
bated for 4 h at 37 °C. Then culture media were discarded 
and DMSO was added to dissolve the formazan dye. The 
optical density was measured at 570 nm on a microplate 
reader (Mode 680, Bio-Rad, Tokyo, Japan).
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LDH Release Assay

After treatment (in Microglia-conditioned Medium and 
Treatment), the supernatants of BV-2 cells were collected 
and incubated with PC12 cells for 24 h. LDH released into 
the culture medium was detected using LDH assay kit fol-
lowing the manufacturer’s instructions. The absorbance was 
measured at 490 nm by a microplate reader. The optical den-
sity of the supernatants from BV-2 cells was used as con-
trol. LDH release (%) = LDH activity in supernatants from 
PC12 cells (% of control)—LDH activity in supernatants 
from BV-2 cells (% of control).

Hoechst 33342 Staining

Cells were seeded on the climbing slices coated with PLL. 
After treatments, cells were fixed using 4% of paraformal-
dehyde for 10 min at 4 °C. Then Hoechst 33342 was sub-
sequently added to a final concentration of 5 μg/ml to stain 
the nuclei. The cells were visualized and photographed on a 
fluorescence microscopy (Olympus BX53).

Nitrite Quantification

NO production was determined indirectly from the superna-
tants by a NO assay kit based on the Griess reaction. Briefly, 
50 μl of BV-2 culture supernatants were collected and put 
into the counterpart well of another plates. Then, an equal 
volume of Griess reagents I and II was added and the absorb-
ance was measured at 540 nm. Nitrite concentrations were 
calculated using a sodium nitrite standard curve.

Measurement of ROS

Cells were seeded on the climbing slices coated with PLL. 
After treatments, the supernatant were removed and fixed 
using 4% of paraformaldehyde for 10 min. Then, the cells 
were incubated with fluorescence dye DCFH-DA (10 μM) 
in the darkness for 30 min at 37 °C and photographed under 
a fluorescence microscopy. For quantitative analysis, cells 
were seeded in 6-well plates and treated for indicated time. 
The cells were harvested and then re-suspended in 10.0 μM 
DCFH-DA solution at 37 °C for 30 min. Intracellular ROS 
were quantified in PBS. Fluorescence absorbance was 
detected on a fluorescence plate reader with excitation/emis-
sion wavelengths of 485 nm/538 nm (Molecular Devices, 
CA). The ROS level is expressed as the percentage of treated 
cells compared to the control.

Immunofluorescence

BV-2 cells were seeded on the climbing slices coated with 
PLL in 24-well plates (1.2 × 105 cells/ml) for 24 h. After 

treatments, the cells were fixed with cold 4% paraformal-
dehyde for 15 min at room temperature and permeabilized 
with 0.5% Triton X-100 for 20 min. After blocking with 
10% normal goat serum for 30 min, cells were incubated 
with rabbit polyclonal anti-iNOS (1:50), rabbit polyclonal 
anti-NFκB/p65 (1:50) and rabbit polyclonal anti-Nrf2 (1:50) 
in a humidified chamber overnight at 4 °C. Then, the cells 
were incubated with a secondary TRITC-conjugated goat 
anti-rabbit IgG antibody diluted to 1:64 in PBST at 37 °C for 
1 h. The nucleus were stained by 4′-6-diamidino-2-phenylin-
dole (DAPI) and analyzed by the fluorescence microscopy 
(OLYMPUS, Japan).

Determination of TNF‑α and IL‑6

BV-2 cells were treated with LPS (1 μg/ml) and andro-
grapholide for 6 h (TNF-α) or 24 h (IL-6). Then the culture 
medium was collected for proinflammatory mediator assay 
by ELISA kit according to the manufacturer’s instructions.

Reverse Transcription‑Polymerase Chain Reaction 
(RT‑PCR)

BV-2 cells were treated with LPS and/or andrographolide 
for 24 h. Total RNA was isolated using TRIzol reagent 
according to the manufacturer’s instruction. cDNA was 
synthesized using RevertAid First Strand cDNA Synthesis 
kit. RT-generated cDNA encoding CD206, Arginase-1 (Arg-
1), iNOS, HO-1 and GAPDH genes were amplified using 
PCR. Primer sequences used in this study were as follows: 
for CD206: 5′-CTT-CGG-GCC-TTT-GGA-ATA-AT-3′ and 
reverse 5′-TAG-AAG-AGC-CCT-TGG-GTT-GA-3′ [20]; for 
Arg-1: 5′-TGA-AAG-GAA-AGT-TCC-CAG-ATG-T-3′ and 
reverse 5′-TGA-AGG-TCT-CTT-CCA-TCA-CCT-T-3′ [21]; 
for iNOS: 5′-CCC-TTC-CGA-AGT-TTC-TGG-CAG-CAG-
C-3′ and reverse 5′-GGC-TGT-CAG -AGC-CTC-GTG-GCT-
TTG-G-3′ [22]; for HO-1: 5′-GAG-AAT-GCT-GAG-TTC 
-ATG-3′ and reverse 5′-ATG-TTG-AGC-AGG-AAG-GC-3′ 
[23]; for GAPDH: 5′-AAC-TTT-GGC-ATT-GTG-GAA-
GG-3′ and reverse 5′-GGA-TGC-AGG-GAT -GAT-GTT-
CT-3′ [20]. Changes in transcriptional level of indicated gene 
were calculated with an Image J analyzer using GAPDH as 
an internal control.

Western Blotting

Western blotting was used for detection of protein expres-
sion. BV-2 cells were seeded at 3.0 × 105 cells/ml in 
100 mm2 cell culture dishes. After treatment, nuclear and 
cytosolic fractions were prepared using nuclear and cyto-
plasmic extraction reagents (Beyotime, Jiangsu, China) 
according to the manufacturer’s instructions. Equal amounts 
of protein were separated on SDS-PAGE and transferred 
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to polyvinylidenefluoride (PVDF) membranes. After that, 
membranes were blocked with 5% nonfat milk for 2 h at 
room temperature and cells were incubated with primary 
antibody against polyclonal anti-NFκB/p65, anti-Nrf2, anti-
lamin B1 and anti-β-actin (1:1000) overnight at 4 ◦C. Fol-
lowing three washes in Tris-buffered saline-Tween (TBS-T), 
horseradish peroxidase (HRP)-conjugated IgG secondary 
antibody (diluted 1:1000) was applied for 2 h at room tem-
perature. Immunoreactive bands were visualized using the 
electrochemiluminescence (ECL) detection system.

Analysis of  H2O2 and 6‑OHDA‑Induced PC12 Cell 
Death

PC12 cells were seeded in 96-well plates (1.5 × 105 cells/
ml) coated with PLL. After 24 h, andrographolide in fresh 
medium containing 2% HS and 1% FBS was added to each 
well followed by incubation for an additional 24 h at 37 °C. 
Then the supernatants were removed and the cells were incu-
bated with 1.0 mM  H2O2 or 0.9 mM 6-OHDA for another 
24 h. After treatment, cells were incubated for 4 h with a 
solution of MTT (final concentration = 0.5 mg/ml). An 
extraction buffer (100 μl, 10% SDS, 5% isobutanol, 0.01 M 
HCl) was added and the cells were incubated overnight at 
37 °C. The optical density of absorbance at 570 nm was 
measured.

Chemical Synthesis

Compounds 1–5 were synthesized according to a reported 
procedure [24]. Andrographolide was reacted with excess 
acetic anhydride at 80 °C for 1 h to afford compounds 1–4 in 
18.4%, 13.5%, 22.5% and 22.7% yields (total 77.1%), respec-
tively. tert-Butyldimethylsilyl ether group was obtained in 
basic condition and de-protected using formic acid/water 
in THF for the preparation of new compound 5 as a white 
solid (14.9%). 5: 1H NMR (500 MHz, CDCl3) δ 8.06 (1H, 
s), 7.00 (1H, m), 5.92 (1H, m), 4.91 (1H, s), 4.63 (1H, d, 
J = 15 Hz), 4.53 (2H, m), 4.49 (1H, d, J = 10 Hz), 4.26 (1H, 
d, J = 10 Hz), 4.21 (1H, d, J = 10 Hz), 2.45 (3H, m), 2.12 
(3H, s), 2.05 (3H, s), 1.05 (3H, s), 0.75 (3H, s); 13C NMR 
(125  MHz, CDCl3) δ 170.71, 170.69, 169.23, 161.24, 
150.27, 146.60, 124.34, 109.22, 79.74, 71.82, 68.01, 64.34, 
56.03, 55.45, 41.49, 39.18, 38.02, 37.15, 25.40, 24.81, 
24.47, 22.89, 21.36, 20.95, 14.75; HRMS (ESI) m/z calcd 
for  C25H35O8

+ (M + H)+ 463.23264, found 463.23254.

Computer Docking

The crystal structure of NF-κB p50 (PDBID: 1NFK) was 
used for docking simulations, and the three dimensional 
structures of studied molecules were constructed using 
Moden5.7 software package [25]. The docking simulations 

were carried out using Autodock 4.2 software package [26]. 
The lamarckian genetic algorithm (LGA) was selected for 
the ligand conformational search. 100 runs were carried 
out for each simulation, and other docking parameters were 
remained as their default values. The generated 100 confor-
mations were used for clustering analysis for each studied 
molecules.

Statistical Analysis

All results above were presented as mean ± S.D. Unless oth-
erwise stated, each experiment was repeated at least three 
separate experiments run at least in triplicate. The data were 
analyzed by one-way ANOVA following by Dunnett’s multi-
comparison test or Student’s t test, using SPSS program (ver-
sion 12.0).

Results

Effect of Andrographolide on PC12 Neuronal Death 
from Microglia‑mediated Neuronal Damage

To investigate the neuroprotective effect of andrographolide 
against LPS-induced neurotoxicity, we first determined the 
cell viability of PC12 cells using MTT assay. Exposure of 
PC12 cells directly to CM (Fig. 1a) led to an increased popu-
lation of viable cells in a dose-dependent manner (Fig. 1b). 
Then, PC12 cells were incubated simultaneously with andro-
grapholide and CMC or CML. The results showed that post-
treatment by andrographolide did not protect PC12 cells 
from damage induced by LPS-induced microglia (Fig. 1c, 
d). LDH is released into the culture medium following loss 
of membrane integrity resulting from cell damage. Simi-
larly, decrease of LDH release was also observed in PC12 
cells exposed to CM (Fig. 1e). Moreover, morphological 
changes of PC12 cells subjected to CM were also determined 
(Fig. 1f). The controls were in normal forms with no frag-
mentation and the conditional medium from LPS stimulated 
BV-2 cells resulted in increased cell body area, more cell 
debris, and irregular shape. However, these changes were 
reversed by the administration of andrographolide. While at 
25 μM, the change almost disappeared comparing to control.

Effect of Andrographolide on the Production 
of NO, the Protein and mRNA Expression of iNOS 
in Microglia

NO is widely used as an indicator of microglial activa-
tion among many inflammatory mediators. To study the 
anti-inflammatory characteristics of andrographolide, we 
firstly evaluated the inhibitory effect against LPS-induced 
NO production in microglia. Treatment of BV-2 cells 



2623Neurochemical Research (2019) 44:2619–2630 

1 3

with andrographolide and LPS concentration dependently 
reduced NO production (Fig. 2a). To exclude the possibility 
that the NO inhibition of andrographolide was due to the 
cytotoxicity, MTT assay was used. Andrographolide did not 
affect cell viability of BV-2 cells under this experimental 
condition (Data not shown), while could rescue the mor-
phological changes of BV-2 cells in a dose-dependent man-
ner (Fig. 2b). iNOS was generated in activated microglial 
cells and mediated the synthesis of NO. As shown in Fig. 2c, 
the level of LPS-induced iNOS expression was gradually 
decreased with increased concentration of andrographolide. 
Moreover, the gene expression of iNOS was also decreased 
after exposure to andrographolide (Fig. 2d).

Effect of Andrographolide on the Production 
of Inflammatory Mediators and mRNA Expression 
of Anti‑inflammatory Mediators in Microglia

Changes in the level of inflammatory mediators TNF-α 
and IL-6 were also determined in LPS-induced BV-2 cells 
(Fig. 3a, b). Generally, the production of TNF-α and IL-6 
was significantly inhibited by andrographolide. In particular, 
IL-6 secretion decreased to near basal levels in BV-2 cells 
exposed to the highest concentration of andrographolide 
(25 μM). Intracellular ROS can trigger a cascade of deleteri-
ous events in the inflammatory process. As shown in Fig. 3c, 
pretreatment of andrographolide diminished LPS-induced 

Fig. 1  Neuroprotection of andrographolide against microglia-
mediated neuronal damage. a Microglia-conditioned medium were 
prepared. Cell survival rate of PC12 cells after treatment with CM 
(b), andrographolide and CMC (c), andrographolide and CML (d) 
for 24 h was evaluated by MTT assay. e The content of LDH in the 
medium of PC12 cells after treatment with CM was analyzed by LDH 
assay kit. LDH activity in supernatants from BV-2 cells (%) was used 

as control. f Morphological changes in PC12 cells were observed by 
phase contrast microscopy (10 ×). Nuclei were stained with Hoechst 
33342 and examined by fluorescence microscopy (20 ×). Apoptotic 
cells are marked with an asterisk. All the data are presented as the 
mean ± SD of three independent experiments. *P < 0.05 versus con-
trol; **P < 0.01 versus control; &&P < 0.001 versus control
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intracellular ROS production in a dose-dependent manner. 
Andrographolide also markedly increased the expression of 
anti-inflammatory mediator CD206 (Fig. 3d), while no sig-
nificant effect on the Arg-1 expression (Fig. 3e).

Effect of Andrographolide on the Activation 
of NF‑κB and Nrf2 in Microglia

As NF-κB is an important transcription factor that regulates 
proinflammatory mediators, we next determined the effect 
of andrographolide on LPS-induced translocation of NF-κB 
by confocal microscopy. As shown in Fig. 4a, LPS exposure 
resulted in significant NF-κB p65 accumulation (red fluo-
rescence marked with an arrow) in nucleus. However, LPS-
induced nuclear translocation of NF-κB was significantly 
inhibited by the presence of andrographolide especially at 
25 μM. The results were further confirmed by Western blot-
ting (Fig. 4b). To further investigate the anti-inflammatory 
mechanism of andrographolide, activation of Nrf2 were 
also analyzed. Immunocytochemical analysis and western 
blotting clearly revealed that LPS alone has little influ-
ence on Nrf2 expression, but Nrf2 protein was significantly 
upregulated in the presence of andrographolide especially 
at 25 μM (Fig. 4c, d). We next examined the effect of andro-
grapholide on HO-1 expression, which is directly linked 
to Nrf2-dependent activation. Using RT-PCR analysis, we 
found that HO-1 mRNA level was markedly increased in the 

presence of andrographolide at 12.5 and 25 μM compared 
with LPS alone (Fig. 4e).

Effect of Andrographolide on  H2O2 
and 6‑OHDA‑Induced PC12 Cell Death

The evaluation of toxicity indicated that andrographolide 
up to 50 μM did not show significant toxic effect to PC12 
cells (Data not shown), we then selected 50, 25, 12.5 and 
5 μM for the follow-up studies. As shown in Fig. 5a, andro-
grapholide enhanced the cellular resistance against  H2O2 
(1.0 mM) toxicity in a concentration-dependent manner. 
Similarly, the cell growth suppression caused by 6-OHDA 
(0.9 mM) was also restored by andrographolide at 5 and 
12.5 μM (Fig. 5b). However, higher concentrations (25 and 
50 μM) seemed to block this protection to some extent, prob-
ably due to the synergy toxic effect of andrographolide and 
6-OHDA. Moreover, pretreatment of the cells with andro-
grapholide remarkably decreased the population of apoptotic 
nuclei. ROS, regulated by the antioxidant defense system, 
are uncontrolled by cells under oxidative stress or cellular 
damage, finally causing neuronal cell damage and death. In 
the present study, we also found that pretreatment of the cells 
with andrographolide remarkably reduced the ROS accumu-
lation in PC12 cells in the presence of  H2O2 and 6-OHDA 
(Fig. 5c, d).

Fig. 2  Effect of andrographolide on the production of NO, the pro-
tein and mRNA expression of iNOS in LPS-induced BV-2 cells. BV-2 
cells were treated with different concentrations of andrographolide 
(Andro) in the presence or absence of LPS for 24 h. a The NO pro-
duction was determined by Griess reagents. b Morphological changes 
of BV-2 cells were observed by phase contrast microscopy (10 ×). c 

The iNOS expression was evaluated by immunofluorescence using 
confocal microscopy (20 ×). d The mRNA level of iNOS was meas-
ured using RT-PCR. The data are presented as the mean ± SD of three 
independent experiments. **P < 0.01 versus control; &&P < 0.001 ver-
sus control
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Fig. 3  Effect of andrographolide on the production of inflammatory 
mediators and mRNA expression of anti-inflammatory mediators in 
LPS-induced BV-2 cells. BV-2 microglia cells were incubated with 
andrographolide in the presence or absence of LPS for 6 h (TNF-α) 
or 24 h (IL-6), TNF-α (a) and IL-6 (b) concentrations were detected 
by ELISA kit. c After treatment for 24 h, the cells were collected and 
the determination of ROS level was carried out at the 485 nm exci-

tation and 538  nm emission on a fluorescence plate reader. Total 
RNA was isolated using TRIzol reagent at three times in different 
days and the mRNA level of anti-inflammatory genes CD206 (d) and 
Arg-1 (e) was measured using RT-PCR. The data are presented as the 
mean ± SD of three independent experiments. *P < 0.05 versus con-
trol; **P < 0.01 versus control; &&P < 0.001 versus control

Fig. 4  Effect of andrographolide on the activation of NF-κB p65 and 
Nrf2 expression in BV-2 cells. BV-2 microglia cells were incubated 
with andrographolide in the presence or absence of LPS for 24  h. 
After treatment, the NF-κB p65 and Nrf2 expression were evalu-
ated by the fluorescence microscopy (a and c). BV-2 microglial cells 
were seeded in 100 mm2 cell culture dishes and treated with andro-
grapholide in the presence or absence of LPS for 24  h. Then the 

nuclear and cytosolic fractions were prepared and the levels of NF-κB 
p65, Nrf2, β-actin, and lamin B1 were measured by Western blot 
analysis (b and d). Total RNA was isolated using TRIzol reagent at 
three times in different days and the mRNA level of HO-1 was meas-
ured using RT-PCR (e). The data are presented as the mean ± SD of 
three independent experiments. **P < 0.01 versus control
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Effect of Andrographolide Derivatives 
on the Production of NO in LPS‑Induced BV‑2 Cells 
and  H2O2‑ or 6‑OHDA‑Induced PC12 Cell Death

In order to understand the role of 3, 14, 19-hydroxy group, 
compounds 1–5 were prepared (Scheme 1) and the inhibi-
tory effect on LPS-induced NO production was first evalu-
ated by Griess assay (Fig.  6a). Compound 1 exhibited 

moderate activity similar to andrographolide, suggesting 
that introduction of acetyl group to C-19 is not critical to 
NO inhibitory activity. Interestingly, compound 3 was supe-
rior to compound 1 against NO production, indicating that 
the presence of an ester functionality at C-3 is beneficial 
for anti-inflammatory effect. Moreover, compound 3 also 
showed better inhibitory activity than compound 2 hav-
ing the ester functionality at C-14. However, introduction 

Fig. 5  Effect of andrographolide 
on cell viability and ROS level 
in  H2O2 and 6-OHDA-induced 
PC12 cells. PC-12 cells were 
incubated with andrographolide 
for 24 h and then treated with 
 H2O2 (a) or 6-OHDA (b) for 
another 24 h. After treatment, 
nuclei were stained with Hoe-
chst 33342 and cell viability 
was measured by MTT assay. 
For measurement of ROS, 
PC-12 cells were incubated 
with andrographolide for 24 h 
and then treated with  H2O2 
(1.0 mM) for 1 h or 6-OHDA 
(0.9 mM) for 6 h. The cells were 
visualized and photographed 
under a confocal microscopy. 
The data are presented as the 
mean ± SD of three independent 
experiments. *P < 0.05 versus 
control; **P < 0.01 versus con-
trol; &&P < 0.001 versus control
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of acetyl groups both to C-14 and C-3 of andrographolide 
(compound 4 and 5) was found to have no significant effect 
on inhibitory activity. In addition, acetyl group contributed 
to the greater log P (Table 1), with compound 4 showing the 
highest lipophilicity. This probably led to the weak cytotox-
icity of 4 (Fig. 6b) and more potent inhibitory effect on NO 
production at 10 μM. We further studied the cytoprotection 
of 1-5 on PC12 cells. At the initial stage, we determined 
this effect on 6-OHDA-induced PC12 cells. As shown in 
Fig. 6c–g, except for 3, all the other tested compounds dis-
played toxicity at 50 μM. Then, the optimal concentration 

20 μM was used in the following protection experiment. 
Notably, compound 2 gave the best protection at 20 μM both 
on  H2O2 and 6-OHDA-induced PC12 cells (Fig. 6h).

Noncovalent Binding of Compounds 1–5 on NF‑κB 
p50

It was shown that andrographolide and 3 showed lower bind-
ing free energies (− 7.13 and − 7.07, respectively), while 5 
showed the highest (Table 1), indicating the high-affinity 
binding of andrographolide and 3 and low-affinity binding 

Scheme 1  Reagents and condi-
tions: (a)  Ac2O, 80 °C, 1 h, total 
yields of 1–4 = 77.1%; (b) (i) 
tert-butyldimethylsilyl chloride 
(TBSCl), pyridine, rt,1 h, 
66.7%, (ii)  Ac2O,  ZnCl2, rt, 4 h, 
39.6%; (c) HCOOH/H2O (9:1), 
THF, 0 °C, 4 h, 14.9%

Fig. 6  Effect of 1–5 on LPS-induced NO production and  H2O2 or 
6-OHDA-induced PC12 cell death. a The inhibitory effect of 1–5 on 
LPS-induced NO production was measured at 1, 5, 10 μM. b Effect of 
4 on cell viability of BV-2 cells was determined by MTT assay. Effect 
of 1–5 on  H2O2 or 6-OHDA-induced apoptosis in PC12 cells was 

evaluated by MTT assay (c, d, e, f and g). h Protection against  H2O2- 
and 6-OHDA-induced PC12 cell damage was assessed at 20 μM. The 
data are presented as the mean ± SD of three independent experi-
ments. **P < 0.01 versus control; &&P < 0.001 versus control
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of 5. Moreover, our results showed that section a of studied 
molecules (Fig. 7a) tended to bind to the small cavity mainly 
formed by the Ser63, Gly65, Asn136, Gly138 residues in 
the active site of NF-κB p50. Section b in 1–5 was accom-
modated in the large cavity mainly composed by the Tyr57, 
Val58, Gly61 residues. The hydroxyl groups (C-3, C-19) 
formed hydrogen bonds with the back bone of residue Val58, 
which stabilized the binding mode of andrographolide in the 
active site of p50 (Fig. 7b). Compared to andrographolide, 
the introduction of acetyl group to C-19 is beneficial for the 
partially spatial matching between section b of 1 and the large 
cavity of the active site of p50. Additionally, the relatively 
high binding affinity of 3 was on the one hand attributed to 
the hydrogen bonding interaction between the hydroxyl group 
at C-14 and the side chain of residue Asn136, on the other 
hand to the spatial matching of section b and the large cavity 

(Fig. 7b, c). However, the esterification of hydroxyl group at 
C-14 (compounds 2, 4 and 5) aborted the hydrogen bonding 
formation, resulting in the weaker binding targeting p50.

Discussion

An expanding body of preclinical evidence suggested that 
overactivation of microglia and oxidative damage could ini-
tiate a cascade of intracellular events and eventually lead to 
neuronal dysfunction and death which play a critical role in 
neurodegenerative processes such as AD and PD [9]. In this 
study, we reported the neuroprotection of andrographolide 
in both microglia-mediated injury and oxidative damage on 
PC12 neurons. Over-activated microglia could release excess 
inflammation related mediators (NO, ROS, TNF-α, IL-β, 
IL-6, COX-2), which likely harm neighboring healthy cells 
including neurons. Therefore, BV-2 cells were activated by 
LPS and culture medium were harvested to stimulate PC12 
cells for the determination of microglia-mediated injury. 
 H2O2 and 6-OHDA-induced oxidative stress caused dam-
age to major macromolecules such as lipids, proteins, and 
nucleic acids, resulting in apoptosis and neurotoxicity. Thus, 
 H2O2 and 6-OHDA-induced PC12 cells were used for the 
evaluation of oxidative damage.

Firstly, we found that culture medium (CM) from acti-
vated BV-2 cells pretreated with andrographolide could 
protect PC12 neurons from apoptosis. However, andro-
grapholide had no effect on CML-induced damage, sug-
gesting that andrographolide exerted a neuroprotective effect 
probably due to block the inflammatory response induced 

Table 1  Physicochemical properties of andrographolide and deriva-
tives 1-5 

a MW, molecular weight
b log P, partition coefficient measured by http://www.sioc-ccbg.
ac.cn/?p=42&softw are=xlogp 3

Compound MWa log Pb ΔGavg/kcal  mol−1

1 392.49 2.19 − 6.95
2 434.52 2.76 − 6.91
3 434.52 2.76 − 7.07
4 476.56 3.33 − 6.98
5 462.53 3.35 − 6.62
Andrographolide 350.45 2.16 − 7.13

Fig. 7  The noncovalent binding on NF-κB p50. a Chemical struc-
tures of compounds 1–5. b The lowest binding energetic structures 
of andrographolide, 1 and 3. The NF-κB p50 protein was shown in 
cartoon, the hydrogen bonds were indicated in green dotted line, and 
the molecule was shown in stick. c The binding modes of andro-

grapholide, 1 and 3 to the active site of NF-κB p50. NF-κB p50 was 
shown as van der Waals surface, and the positively charged resi-
dues and the hydrophobic residues were indicated in blue and green, 
respectively. The molecules were shown in stick (Color figure online)

http://www.sioc-ccbg.ac.cn/%3fp%3d42%26software%3dxlogp3
http://www.sioc-ccbg.ac.cn/%3fp%3d42%26software%3dxlogp3
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by LPS. We next measured NO concentration in the cul-
ture supernatants of BV-2 cells by Griess assay. The results 
showed that NO production were severely inhibited. Moreo-
ver, the protein and mRNA expressions of iNOS were also 
suppressed by andrographolide. In addition to NO, andro-
grapholide also inhibited the release of neuroinflammatory 
mediators TNF-α, IL-6 and ROS in activated microglia. 
Upon phagocytosis of invading bacteria, classically acti-
vated, pro-inflammatory (M1) microglia characterized by 
production of high levels of pro-inflammatory cytokines 
(NO, ROS, TNF-α, IL-1β, IL-6, COX-2) [27] serve in the 
first line of defence of the innate immune system. The pro-
duction of anti-inflammatory factors CD206 and Arg-1 are 
involved in an alternative (M2) activation state to deacti-
vate pro-inflammatory cell, repair damage and re-establish 
homeostasis [28]. Though no effect on the level of Arg-1, 
andrographolide could markedly upregulate the mRNA 
expression of CD206, indicating that the anti-inflammatory 
effect of andrographolide, at least in part, was associated 
with the microglial anti-inflammatory activation.

NF-κB is a key nuclear transcription factor and has been 
considered as an important regulator of proinflammatory 
cytokine production such as NO, ROS, TNF-α and IL-6. In 
unstimulated cells, NF-κB is retained in the cytoplasm where 
it is in complex with IκB. Conversely, stimulation of micro-
glia by LPS leads to the release and translocation of NF-κB 
dimers to the nucleus and further induces the transcriptional 
activation of specific inflammatory genes. Consistent with 
reported signal pathways underlying microglial activation, 
our results showed that andrographolide reversed the nuclear 
translocation of p65 subunit of NF-κB in LPS-induced BV-2 
cells. Moreover, previous study had demonstrated that andro-
grapholide with an α, β-unsaturated lactone group could react 
with the nucleophilic Cys62 of NF-κB p50 through a Michael 
addition [29]. Nrf2 is an important endogenous redox-sensi-
tive transcription factor [30] and forms Nrf2-Keap1 complex 
in the cytosol under normal conditions. Stimulants, such as 
electrophiles or oxidants, could modify the critical cysteine 
residue(s) in the regulatory protein Keap1 and cause the 
release and nucleus translocation of Nrf2. Several studies 
have showed that NF-κB and Nrf2 pathway may be con-
comitantly involved in the anti-inflammatory mechanism 
[31–34]. Our data also proved that the protein expression of 
Nrf2 in nuclei was significantly up-regulated by treatment of 
andrographolide. In addition, andrographolide could elevate 
mRNA level of Nrf2 downstream factor-HO-1, an inducible 
and cytoprotective enzyme, to strengthen the anti-inflamma-
tory response. Taken together, all these results strongly sug-
gested that andrographolide inhibited LPS-induced micro-
glial activation implicated in suppressing NF-κB activation 
and inducing Nrf2-mediated heme oxygenase-1 (HO-1) 
expression. In addition, the structure–activity relationship 

revealed that compound 3 with the relatively high binding 
affinity toward NF-κB was more potent on NO inhibition 
compared with andrographolide.

Oxidative stress disrupts the survival, proliferation, and 
differentiation of neurons and has been considered as one 
of pathogenic causes in the neuropathology of adult neu-
rodegenerative disorders. Our results showed that andro-
grapholide could prevented PC12 cells against  H2O2- and 
6-OHDA-mediated oxidative damage. We also found that 
the production of ROS was effectively inhibited by andro-
grapholide, suggesting that the inhibition of ROS accu-
mulation in neuronal cells might be the molecular basis of 
the neuroprotective action of andrographolide. Moreover, 
increasement of activity was observed by introduction of 
acetyl group to C-14 and C-19 of andrographolide (com-
pound 2). However, the underlying cause remains unknown 
and is the main focus of our following research.

Together, our data indicated the potent neuroprotective 
effect of andrographolide against neuroinflammation-mediated 
injury and oxidative damage (Fig. 8). It is unequivocal that sup-
pression of neuroinflammation by andrographolide involved 
inhibition of pro-inflammatory mediators and cytokines (NO, 
TNF-α, IL-6, ROS) and increasement of anti-inflammatory 
factor CD206. Furthermore, Nrf2/HO-1 and NF-κB pathway 
may work in synergy to mitigate the inflammatory reaction 
induced by LPS. Our discovery provided deep insights in 
understanding the neuroprotection of andrographolide and 
strong experimental evidence supporting the therapeutic poten-
tial of andrographolide in relative to neuroinflammation and 
neurodegenerative diseases. Finally, our study revealed that 
addition of acetyl group to C-3 and C-19 of andrographolide 
may enhance the anti-inflammatory effect, while acetylation of 
C-14-hydroxyl group seems unfavorable to the activity.

Fig. 8  Diagram summarizing the neuroprotection of andrographolide
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