
Acta Pharmacologica Sinica  (2010) 31: 191–201 
© 2010 CPS and SIMM    All rights reserved 1671-4083/10  $32.00
www.nature.com/aps

npg

Introduction
Andrographis paniculata is an herb used in Chinese traditional 
medicine as recorded in Chinese Pharmacopoeia[1], and a com-
mon remedy for anti-infection treatment[2].  Andrographolide, 
a bicyclic diterpenoid lactone, 3-[2-[decahydro-6-hydroxy-5-
(hydroxylmethyl)-5,8a-dimethyl-2-methylene-1-napthalenyl]
ethylidene]-dihydro-4-hydroxy-2(3H)-furanone, is the major 

active constituent and has various pharmacological effects, 
including anti-inflammation[3], anti-tumor[4], antidiabetic[5] 
and cardioprotective activities[6].  In clinic, andrographolide 
has being applied as an anti-inflammatory remedy for upper 
respiratory tract infection and bacterial dysentery.  Androgra-
pholide was reported to have immunoregulatory activities.  In 
tumor-bearing mice it enhanced natural killer cell activity[7], 
increased secretion of IL-2 and IFN-γ by T cells and thereby 
inhibited the tumor growth[8].  In autoimmune encephalomy-
elitis mice it interfered with maturation of dendritic cells[9], 
induced antigen-specific tolerance and thus prevented detri-
mental autoimmune responses[10].  It suggests that androgra-
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pholide can have different effects in different immune disease 
models, playing a role as a modulator of altered immune 
responses rather than a sole immunostimulatory or immuno-
suppressive agent.  Considering that macrophages are widely 
distributed immune cells that play an indispensable role in 
homeostasis and defense, we investigated the immunomodu-
latory effect of andrographolide on the alteration of mac-
rophage phenotype and function.

Macrophages can be activated and phenotypically polar-
ized by different stimuli and microenvironment[11].  In general, 
activated and polarized macrophages can be broadly classified 
into two main groups: classically activated inflammatory mac-
rophages (M1), which produce large amount of inflammatory 
cytokines like TNF-α, IL-1β, IL-6, IL-12, IL-18, and IL-23; and 
alternatively activated macrophages (M2) that produce other 
cytokines as IL-10, IL-1Ra, and IL-18BP[12].  M1 participate in 
polarized Th1 responses as inducers and effectors, while M2 
support Th2-associated effects and functions[13].  Macrophages 
exhibit phenotypic plasticity to control immunological balance 
in the microenvironment[14].  However, the immunomodula-
tory effect of andrographolide on the alteration of macrophage 
phenotype has not been investigated.  We studied how 
andrographolide altered macrophage phenotype in naïve and 
LPS/IL-4 activated macrophages by comparing the expression 
of activation-relevant M1 vs M2 cytokines.

Macrophages not only serve as the primary defense bar-
rier in the innate immune response, but also act as important 
accessory cells in the adaptive immune response[15].  Activated 
macrophages phagocytose antigens by pattern recognition 
receptors (such as mannose receptor)[16], and provided signals 
to mediate T cells activation.  One signal is the major histocom-
patibility antigen complex binding to T cell receptor (TCR), 
the other is the interaction of co-stimulatory molecules with 
their respective ligands on T cells[17].  We observed effects of 
andrographolide on the antigen uptake and presenting capac-
ity of macrophages by measuring mannose receptor (CD206), 
MHC I/II and co-stimulatory molecules (CD40, CD80, CD86) 
on naïve and LPS/IL-4 activated macrophages.  In addition, 
yeast-derived recombinant HBsAg (vaccine qualified) was 
used as an antigen to induce Ag-specific antibody in a Th2/
M2-dependent mouse model of adaptive responses[18, 19], and 
effects of andrographolide on humor immune responses were 
evaluated by the levels of serum antibodies and the number of 
IL-4 producing splenocytes.

Studies on the signal transduction mechanism of mac-
rophage activation have indicated that stimuli, such as LPS 
or IL-4, trigger the mitogenactivated protein kinase (MAPK) 
and phosphoinositol-3-kinase (PI3K) signaling pathways[20, 21].  
MAPK pathway positively regulated the expression of pro-
inflammatory cytokines (TNF-α, IL-1β, IL-6 etc), whereas 
PI3K pathway conversely inhibits MAPK pathway activation 
and induced anti-inflammatory cytokines (IL-10 etc)[22, 23].  To 
investigate the mechanisms of andrographolide regulat-
ing macrophage activation and polarization, the effects of 
andrographolide on phosphorylation level of ERK 1/2 (MAPK 
pathway) and AKT (PI3K pathway) were analyzed.

Materials and methods
Reagents
Andrographolide was kindly provided by Chong Yuan Biol-
ogy Science Co, Ltd (Nanjing, China), and it was dissolved in 
dimethyl sulfoxide (Sigma-Aldrich, St Louis, MO, USA) at 10 
mg/mL as a stock solution.  LPS from E coli strain 055:B5 was 
purchased from Sigma-Aldrich.  Recombinant murine IL-4 
and IL-13 were purchased from Pepro Tech Inc (Rocky Hill, 
NJ, USA).  Human hepatitis B surface antigen (yeast-derived 
recombinant HBsAg, vaccine qualified) was kindly provided 
by Beijing Institute of Biological Products (Beijing, China).  
Fluorochrome-labeled monoclonal antibodies to surface anti-
gens on murine macrophages were purchased from eBiosci-
ence (San Diego, CA, USA).  Antibodies against phospho-ERK, 
ERK, phospho-AKT, AKT and β-actin were purchased from 
Cell Signal Technology (Beverly, MA, USA).

Endotoxin detection
Contamination of endotoxin in andrographolide was assessed 
by the Limulus Amoebocyte Lysate (LAL) colorimetric assay 
(QCL-1000® Endpoint LAL Assay; Lonza, Walkersville, MD, 
USA), according to the manufacturer's instructions.  The 
absorbance at 405 nm is linear in the concentration range of 
0.1–1.0 EU/mL endotoxin.  The endotoxin concentration in 
diluted andrographolide was calculated with the absorbance 
from the standard curve by linear regression.

Peritoneal macrophage isolation 
Primary mouse peritoneal macrophages were obtained from 
C57BL/6 mice (SPF, aged 6–8 weeks, SIPPR-BK Experimental 
Animal Ltd Co, Shanghai, China) 4 days after intraperitoneal 
injection of 1.5 mL 3% Brewer thioglycollate medium (Kang 
Run Biology Science Co Ltd, Shanghai, China).  Peritoneal exu-
date cells were harvested from the peritoneal cavity of mice by 
lavage, washed with ice-cold RPMI-1640 medium (Invitrogen, 
Carlsbad, CA, USA) containing 1% fetal bovine serum (FBS; 
Invitrogen), resuspended in pre-warmed RPMI-1640 contain-
ing 10% FBS and supplemented with 100 mg/L streptomycin 
and 105 U/L penicillin (Invitrogen), and distributed in wells 
of the BD Falcon™ culture plates (BD Biosciences, San Jose, 
CA, USA).  Macrophages were allowed to adhere for 2–3 h at 
37 °C in humidified atmosphere containing 5% CO2, and non-
adherent cells were removed by washing twice with PBS.  Cell 
number and viability was assessed using trypan blue exclu-
sion under microscope.  Thioglycollate-treated mice will yield 
about 107 peritoneal macrophages per mouse.  Pooled mac-
rophages were cultured and treated with andrographolide (10 
µg/mL) and/or LPS/IL-4 (100 ng/mL).  The purity of isolated 
mouse peritoneal macrophages pooled from five mice was 
greater than 95%, as determined by staining with fluorescein 
isothiocyanate (FITC)-conjugated anti-mouse F4/80 and flow 
cytometric analysis.  

Macrophage viability 
Macrophage viability was assessed by the mitochondria-
dependent reduction of MTT, 3-(4,5-dimethyl-thiazol-2-yl)-2,5-
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diphenyltetrazolium bromide (Amresco, Solon, Ohio, USA) 
to formazan.  In 96-well plates, 2×104 cells/well were treated 
with andrographolide and/or LPS/IL-4 for 24 h, then MTT 
solution was added to a final concentration of 0.5 g/L and fur-
ther incubated for 4 h at 37 °C, 5% CO2.  The culture medium 
was dumped off and 200 µL DMSO was added to resuspend 
formazan into the solvent.  The absorbance was measured at 
the test wavelength of 570 nm (670 nm as the reference wave-
length) by the DTX Series Multimode Detectors (Beckman, 
Fullerton, CA, USA), and the percentage of viable cells was 
calculated versus untreated cell control.

Macrophage cytokine gene expression
Cytokine gene transcription of mouse peritoneal macrophages 
was measured by reverse transcription and real-time PCR.  In 
6-well plates, 4×106 cells/well were treated with androgra-
pholide and/or LPS/IL-4 for 4 h or 24 h.  Total RNA was 
extracted using TRIzol reagent (Invitrogen) according to 
the manufacture’s instruction, and treated with RNase-free 
DNase-I (Takara, Otsu, Shiga, Japan) for removal of potentially 
contaminating DNA.  First-strand cDNA was synthesized 
from 2 µg total RNA with random hexamer primer (Takara) 
and M-MLV reverse transcriptase (RT) (Promega, Madison, 
WI, USA) for 30 min at 37 °C.  PCR amplification was per-
formed using ABI PRISM® 7500 real time PCR system (Applied 
Biosystems, Foster City, CA, USA), and reactions were car-
ried out with SYBR® Premix Ex TaqTM (2×mixture) (Takara) 
and specific primers for mouse cytokines according to the 
sequences in GenBank (Table 1).  Primers were designed using 
Beacon Designer 6.0 (PREMIER Biosoft International, Palo 
Alto, CA, USA) and synthesized by Sangon Biology Science 

Co, Ltd (Shanghai, China).  Amplification conditions were: 
(1) 95 °C/10 s, 1 cycle, for hot-start; (2) 95 °C/5 s, 60 °C/34 s, 
40 cycles, for PCR and data collection; (3) dissociation stage: 
0.1 °C/ s from 60 to 95 °C, for melting curve analysis.  Rela-
tive quantification of gene expression in treatment groups vs 
control (freshly isolated cells before culture) was calculated 
using the comparative threshold cycle method 2^[(CtGAPDH– 
CtGene)treatment–(CtGAPDH–CtGene)control] where GAPDH is the house-
keeping gene[24].  

Macrophage cytokine production
Mouse peritoneal macrophages (4×106 cells/well in 6-well 
plate) were treated with andrographolide and/or LPS/IL-4/ 
IL-13 for 48 h.  Culture supernatants were collected, IL-12p40 
and IL-10 concentrations were determined using specific 
ELISA kits (eBioscience), according to the manufacturer’s 

instructions.  

Macrophage surface antigen expression
Flow cytometry was used to determine the surface antigen 
expression (F4/80, MHC-I, MHC-II, CD40, CD80, CD86, and 
CD206) in mouse peritoneal macrophages.  Briefly, 4×106 
cells/well in 6-well plates treated with andrographolide and/
or LPS/IL-4 for 24 h were stained with fluorochrome-labeled 
mAbs (30 min on ice), washed with FACScan buffer (PBS 
containing 2% FBS and 0.1% Sodium Azide), and fixed with 
4% paraformaldehyde.  Flow cytometry acquisition was per-
formed on FACScan® flow cytometer and data were analyzed 
using CellQuestTM software (BD Biosciences).  The percentage 
of cells positive for each surface protein was determined based 
upon isotype control staining, and the amount of surface anti-
gen expression of all cells counted was calculated by the fol-
lowing equation:
Expression Index (EI)=% positive cells×Mean Fluorescence 
Intensity[25].

Mice immunization and andrographolide administration
Inbred female BALB/c mice (SPF, aged 6–8 weeks) were pur-
chased from SIPPR-BK Lab Animal Co, Ltd (Shanghai, China) 
and housed under pathogen-free conditions.  All animal stud-
ies were performed in accordance to national and international 
laws and policies.  Mice were grouped as indicated in the 
experiments described below, each group consisting of 6 mice.  
Two groups of mice were immunized intramuscularly twice 
over a 4-week period with HBsAg alone (1 µg/mouse) or fol-
lowed by intraperitoneal administration of andrographolide 
(1 mg·kg-1·d-1, 7 d).  Another group of mice received HBsAg 
admixed with Al(OH)3 adjuvant [1 µg HBsAg+50 µg Al(OH)3/ 
mouse] as a positive control.  Naïve mice were used as a nega-
tive control.  

Detection of anti-HBsAg antibodies 
Sera were collected from the retroorbital plexuses of indi-
vidual mice at 2, 4, and 6 weeks after the first HBsAg immu-
nization.  Anti-HBsAg antibodies were detected by anti-HBs 
ELISA kit (Diagnostic Reagent Center of Shanghai Municipal 

Table 1.  Primer sequences for detecting mouse cytokine mRNA 
expression.   

   Cytokine       Accession number               Primer sequence (5’→3’)  
                               (mRNA)                                 
 
 TNF-α NM_013693 f: GTG GAA CTG GCA GAA GAG
   r: CCA TAG AAC TGA TGA GAG G
 IL-1β NM_008361 f: TGG GAA ACA ACA GTG GTC AG
   r: CCA TCA GAG GCA AGG AGG A
 IL-1Ra NM_031167 f: ACA GTA GAA GGA GAC AGA AG
   r: GGT GGT AGA GCA GAA GAC
 IL-6 NM_031168 f: TGC CTT CTT GGG ACT GAT G
   r: ACT CTG GCT TTG TCT TTC TTG T
 IL-10 NM_010548 f: GAA GAC CCT CAG GAT GCG
   r: CCA AGG AGT TGT TTC CGT TA
 IL-12 NM_008352 f: AGA TGA AGG AGA CAG AGG AG
   r: GCA CGA GGA ATT GTA ATA GC 
 IL-18 NM_008360 f: GAC TCT TGC GTC AAC TTC
   r: GAT CAA TAT CAG TCA TAT CCT C
 IL-18BP NM_010531 f: ACT TCT CCT GTT TGT TTG TG
   r: TCT GGA TAC TGG GCT GTG
 GAPDH NM_008084 f: GGT GAA GGT CGG TGT GAA CG
   r: CTC GCT CCT GGA AGA TGG TG

f: forward primer; r: reverse primer.
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Infectious Diseases Hospital, Shanghai, China) according to 
the manufacturer's instruction.  Each serum was diluted by 
serial threefold dilution and incubated in a 96-well plate pre-
coated with HBsAg for 1 h at 37 °C.  Plates were washed and 
horseradish peroxidase (HRP)-conjugated goat anti-mouse 
IgG (Huamei Bioengineering Co, Ltd, Shanghai) was added 
and further incubated for 1 h at 37 °C.  After washing, the sub-
strate (tetramethyl benzidine) was added and incubated for 15 
min at 37 °C.  The absorbance was measured at 450 nm with 
the reference wavelength of 630 nm in a 96-well plate spectro-
photometer.  Antibody titers are presented as the reciprocal of 
the highest dilution showing a positive reaction.

Detection of IL-4-producing splenocytes
After mice were sacrificed at 6 week after the first HBsAg 
immunization, spleens were removed and dissociated on 
200-gauge nylon mesh.  Splenocytes were treated with lysis 
buffer (0.15 mol/L NH4Cl, 0.01 mol/L KHCO3, 0.1 mol/L 
Na2EDTA, pH 7.4) at room temperature for 1.5 min to lyse 
red cells, washed with RPMI-1640 and resuspended in 
RPMI-1640 with 10% FBS.  IL-4-producing cells in spleens 
from immunized mice were detected by the enzyme-linked 
immunospot (ELISPOT) assay.  Briefly, 96-well multiscreen 
filtration plates (Millipore, Billerica, MA, USA) were coated 
with anti-mouse IL-4 capture antibody (5 µg/mL; BD Biosci-
ences) overnight and blocked with culture medium for 1.5 h.  
Spleen cells (5×105) were added to wells and stimulated with 
0.5 µg/mL HBsAg at 37 °C for 48 h.  Plates were washed, and 
biotinylated anti-mouse IL-4 detection antibodies (2 µg/mL) 
were added and incubated for 2 h at room temperature.  After 
washing, streptavidin–HRP was added and incubated for 
1 h at room temperature, and 3-amino-9-ethylcarbazole was 
used as substrate.  Spots were developed for about 30 min and 
the reaction was stopped by washing with deionized water.  
Spots were enumerated manually by inspection under a dis-
secting microscope, and automatically using an ImmunoSpot 
Analyzer-BioReader 4000 Pro-X (BIO-SYS GmbH, Karben, 
Germany).

Detection of ERK 1/2 and AKT phosphorylation
The phosphorylation level of ERK 1/2 and AKT proteins in 
mouse peritoneal macrophages was measured by Western blot 
assay.  Briefly, in 6-well plates, 4×106 cells/well were treated 
with andrographolide and/or LPS/IL-4/IL-13 for 2 h or 12 h.  
After washing with PBS, cells were lyzed in the lysis buffer 
(20 mmol/L Tris, pH 7.5, 150 mmol/L NaCl, 1 mmol/L Na2E-
DTA, 2.5 mmol/L sodium pyrophosphate, 1% Triton X-100, 
1 mmol/L β-glycerophosphate, 1 mmol/L Na3VO4, 1 µg/mL 
Leupeptin, 1 mmol/L PMSF) on ice and centrifuged (14 000×g, 
5 min, 4 °C).  The lysate of cells (mixed with 5×protein load-
ing buffer and boiled for 5 min at 100 °C) were analyzed by 
12% SDS-PAGE, transferred to PVDF membrane (Millipore, 
Bedford, MA, USA) and blocked with 5% nonfat milk in TBST 
buffer (20 mmol/L Tris, pH 8.0, 150 mmol/L NaCl and 0.1% 
Tween-20) for 2 h at room temperature.  The membranes 
were incubated with the primary antibody overnight at 4 °C, 

then with a horseradish peroxidase-conjugated secondary 
antibody 1 h at room temperature, and detected by enhanced 
chemiluminescence kit (Thermo scientific, Waltham, MA, 
USA) according to the manufacturer’s instructions.  Protein 
molecular weight was estimated by Prestained Protein Ladder 
(Fermentas, Glen Burnie, MD, USA).  For repeated immuno-
blotting, membranes were incubated in the stripping buffer 
(62.5 mmol/L Tris, pH 6.7, 20% SDS and 100 mmol/L 2-mer-
captoethanol) for 30 min at 50 °C.

Statistical analysis 
Experimental data obtained were analyzed with the SPSS soft-
ware.  Variance between groups was analyzed by ANOVA, 
means of groups were compared by t-test.  Differences with 
P<0.05 were considered statistically significant.

Results
Endotoxin contamination of the andrographolide preparation
The presence of endotoxin contamination in the preparations 
of test molecules is a major source of false results, in particu-
lar in assays on macrophages which are exquisitely sensitive 
to endotoxin stimulation.  Thus, the presence of endotoxin 
in the andrographolide preparation was checked, by using a 
quantitative chromogenic LAL assay.  Three concentrations of 
andrographolide were assayed (10, 50, and 100 µg/mL).  At 
each of these concentrations the endotoxin contamination was 
below the detection limit of the assay (0.1 EU/mL).  To make 
sure that andrographolide did not interfere with the enzymatic 
reaction at the basis of endotoxin detection, or with the optical 
reading of the yellow color developed by liberation of para-
nitroaniline, the reaction developed by known concentration 
of standard LPS (0.5 EU/mL) was compared with that devel-
oped by LPS in the presence of andrographolide.  Addition of 
andrographolide does not affect in any way the detection of 
standard endotoxin, as shown in Figure 1.  

Figure 1.  No endotoxin contamination in preparation of andrographolide 
(An).  The An batch used for the experimental procedures was assessed 
at different concentrations (10−100 µg/mL) for endotoxin contamination 
(left part of the figure).  As control of possible interference of An with 
the endotoxin-induced reaction, an dilutions were added to a fixed 
concentration of LPS (0.5 EU/mL) and tested in the LAL assay (right 
part of the figure).  The lower detection limit of the assay is 0.1 EU/mL.  
Endotoxin was not detected in An alone, and An did not inhibit detection of 
0.5 EU/mL of standard LPS.
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Effects of andrographolide on murine macrophages viability
The in vitro toxicity of andrographolide and/or LPS or IL-4 on 
mouse peritoneal macrophages was assessed by MTT assay.  
At the concentration of 2.5–10 µg/mL, andrographolide did 
not affect the viability of macrophages, but at the concentra-
tion of 40 µg/mL, cell viability was inhibited by 50% versus 
the control (Figure 2).  Therefore, the concentration of 10 
µg/mL was used for in vitro studies on macrophages.

Effects of andrographolide on cytokine expression in naive 
murine macrophages
The effect of andrographolide on naive murine macrophage 
activation was evaluated by measuring expression of M1/M2 
cytokine with quantitative real-time RT-PCR and ELISA assay 
(for IL-12 and IL-10).  TNF-α, IL-12, IL-1β, IL-18, and IL-6 
mRNA were measured as M1-related inflammatory cytokines, 
while IL-10, IL-1Ra, and IL-18BP were assessed as M2 activa-
tion cytokines.  Treated with andrographolide for 24 h, the 
mRNA level of both M1 and M2 cytokines in macrophages 
was decreased as compared to untreated cells: TNF-α, 25% of 
control; IL-12, 5%; IL-1β, 33%; IL-10, 35%; IL-1Ra, 25% (Table 
2).  The results of M1/ M2 cytokine genes transcription were 
confirmed by IL-12 and IL-10 cytokine productions detected 
by ELISA, as shown in Figure 3.

Effects of andrographolide on cytokine expression in LPS/IL-4 
activated murine macrophages
Murine macrophages were activated by LPS or IL-4 for M1 or 
M2 polarization.  In LPS-activated macrophages, transcription 
of the cytokine genes detected as above was increased after 4 h 
of stimulation, while induced cytokine expression was par-
tially restored upon longer stimulation time (24 h).  In contrast, 

the expression of the M1 cytokine (TNF-α) was decreased and 
that of the M2 cytokine (IL-10) was increased in IL-4-activated 
macrophages (Table 2).  

The effect of andrographolide on LPS/IL-4 activated murine 
macrophages was evaluated by measuring expression of acti-
vation relevant cytokines.  When andrographolide was added 
along with LPS or IL-4, it down-regulated expression of both 
M1 and M2 cytokines in activated macrophages, shown in 
Table 2.  

It is important to note that the most important parameters 
for discriminating between M1 and M2 polarization are the 
relative levels of IL-12 vs IL-10 expression.  M1 macrophages 
typically express high level of IL-12 and low level of IL-10, 
and M2 cells vice versa.  Thus, the IL-12/IL-10 ratio has been 
calculated for untreated macrophages (0.488 at 4 and 0.789 at 
24 h), for cells treated with LPS (31.0 at 4 h and 9.02 at 24 h, 

Figure 2.  Effects of andrographolide (An) on macrophage viability.  
Mouse peritoneal macrophages (2×104 cells/well, 96-well plate) were 
incubated for 24 h with different concentrations of An (0−40 µg/mL) 
alone or together with LPS or IL-4 (both at 100 ng/mL).  Cell viability 
was determined using the MTT method, as described.  Values are the 
mean±SD of eight replicate wells from one experiment, representative of 
three performed.  cP<0.01 vs no treatment control. 

Figure 3.  Effects of andrographolide (An) on IL-12 and IL-10 productions.  
Mouse peritoneal macrophages were incubated with An (10 µg/mL) 
alone or together with LPS, IL-4, or IL-13 (100 ng/mL) for 48 h.  IL-12 (A) 
and IL-10 (B) concentration in the supernatant were detected by ELISA, 
and the ratio of IL-12/IL-10 was calculated (C).  Values are the mean±SD 
of three replicate wells from one experiment, representative of three 
performed.  bP<0.05 vs no treatment control; eP<0.05 vs LPS treatment 
control; hP<0.05 vs IL-4 treatment control; kP<0.05 vs IL-13 treatment 
control.
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indicating strong M1 polarization), and for IL-4-treated cells 
(0.059 and 0.320 at 4 and 24 h ie distinctly M2).  Treatment 
with andrographolide could polarize M2 direction in the con-
trol cells after 24 h of exposure (IL-12/IL-10 ratio from 0.789 to 
0.120), strongly decrease M1 polarization of LPS-treated cells 

(from 31.0 to 10.8) at 4 h, and further increase M2 phenotype in 
IL-4 treated cells (from 0.320 to 0.113) (Table 2).  The results of 
M1/M2 cytokine genes transcription were confirmed by IL-12 
and IL-10 cytokine productions detected by ELISA, as shown 
in Figure 3.

Table 2.  The effects of andrographolide (An) on cytokine mRNA expression level in naive and activated macrophages.   

Stimulation                 Cytokines                                        Mean (range) values of cytokine mRNA expression ratio (cultured vs fresh cells) 
     time                    detected                Medium                  An               LPS         LPS+An        IL-4                  IL-4+An                                 
 
   4 h M1 TNF-α 1.02 0.245↓ 112↑ 35.9↓a 0.461↓ 0.169↓b

    (0.92–1.1) (0.22–0.27) (106–118) (30–43) (0.44–0.48) (0.15–0.19)
   IL-12 0.398 0.321 1450↑ 197↓a 0.266 0.265
    (0.35–0.45) (0.21–0.49) (1310–1590) (142–273) (0.22–0.33) (0.19–0.36)
   IL-1β 0.293 0.277 789↑ 115↓a 0.318 0.128 b

    (0.26–0.32) (0.22–0.35) (750–829) (76.8–173) (0.28–0.36) (0.10–0.16)
   IL-18 0.985  0.769 5.98↑ 2.50↓a 0.75 0.65
    (0.87–1.1) (0.68–0.87) (5.6–6.4) (2.0–3.1) (0.65–0.84) (0.57–0.72)
   IL-6 0.418 0.300 2097↑ 413↓a 0.958↑ 0.488↓b

    (0.37–0.47) (0.24–0.37) (1880–2330) (307–556) (0.85–1.1) (0.36–0.58)
 
  M2 IL-10 0.815 0.572 46.7↑ 18.3↓a 4.55↑ 2.00↓b

    (0.67–0.99) (0.43–0.74) (43–51) (13–26) (4.1–5.1) (1.7–2.3)
   IL-1Ra 1.13 0.867 9.15↑ 4.50↓a 0.828 0.712
    (1.0–1.2) (0.73–1.02) (8.6–9.9) (3.8–4.9) (0.80–0.85) (0.57–0.89)
   IL-18BP 1.25 1.67 7.00↑ 8.79 1.57 1.94
    (1.1–1.4) (1.5–1.9) (6.7–7.3) (6.2–13) (1.4–1.8) (1.6–2.2)

 Ratio IL-12/IL-10  0.488  0.561  31.0 10.8  0.059  0.135 
 IL-1β/IL-1Ra  0.257  0.322  86.2  25.6  0.386  0.366 
 IL-18/IL-18BP  0.792  0.461  0.854  0.284  0.478  0.335 

 24 h M1 TNF-α 0.847 0.211↓ 2.92↑ 4.34 0.734 0.183↓b

    (0.74–0.94) (0.20–0.22) (2.3–3.8) (3.8–4.9) (0.67–0.80)  (0.17–0.20)
   IL-12 0.557 0.029↓ 7.85↑ 1.83↓a 0.807 0.087↓b

    (0.36–0.84) (0.01–0.08) (5.7–11) (1.7–2.0) (0.67-1.0) (0.08–0.10)
   IL-1β 0.06 0.019↓ 5.31↑ 0.526↓a 0.10 0.020↓b

    (0.05–0.08) (0.018–0.020) (3.7–7.6) (0.47–0.59) (0.09–0.1) (0.016–0.025)
   IL-18 1.09 0.573 0.630 0.492 0.804 0.734
    (0.93–1.3) (0.50–0.66) (0.47–0.85) (0.46–0.53) (0.73–0.89) (0.69–0.79)
   IL-6 0.144 0.31 2.77↑ 1.03↓a 1.55↑ 0.621↓b

    (0.12–0.18) (0.28–0.34) (2.1–3.6) (0.92–1.1) (1.4–1.7) (0.58–0.66)

  M2 IL-10 0.708 0.248↓ 0.870 0.385↓a 2.53↑ 0.804↓b

    (0.62–0.81) (0.19–0.31) (0.67-1.1) (0.38–0.41) (2.4–2.6) (0.68–0.94)
   IL-1Ra 1.62 0.396↓ 2.81 0.865↓a 1.77 0.226↓b

    (1.4–1.9) (0.39–0.42) (2.2–3.6) (0.81–0.92) (1.6–1.9) (0.19–0.26)
   IL-18BP 2.23 1.89 19.2↑ 10.6 5.16↑ 4.16
    (1.9–2.6) (1.8–2.0) (15–25) (9.7–12) (5.0–5.3) (3.8–4.6)

 Ratio IL-12/IL-10  0.789  0.120  9.02  4.69  0.320  0.113 
 IL-1β/IL-1Ra  0.037  0.050  1.89  0.608 0.056  0.087 
 IL-18/IL-18BP  0.489  0.302  0.033  0.046  0.155  0.175 

Data are shown in the table as 2-∆∆Ctmean [2-(∆∆Ct+SD), 2-(∆∆Ct–SD)], ∆∆Ct=(CtGene–CtGAPDH)treatment–(CtGene–CtGAPDH)control.
Data in bold are those with >2-fold difference.  ↑up-regulation (>2-fold increase vs medium control),  ↓down-regulation (>2-fold decrease vs medium 
control), 
↓a down-regulation (>2-fold decrease vs LPS-treated control),  ↓b down-regulation (>2-fold decrease vs IL-4-treated control).
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Effects of andrographolide on surface antigen expression in 
murine macrophages
To evaluate the effect of andrographolide on the antigen 
uptake and presenting capacity of macrophages, modulation 
of mannose receptor (CD206), MHC class I/II and co-stimu-
lating molecules (CD40, CD80, CD86) was assessed by flow 
cytometry in naïve macrophages or cells activated with LPS or 
IL-4 in the presence or in the absence of andrographolide.  

When murine macrophages were treated by androgra-
pholide alone, the expression of MHC-I (EI 24.9) was down-
regulated comparing with basal antigen expression in naïve 

macrophages (MHC-I: 47.5; MHC-II: 0.157; CD40: 9.86; CD80: 
9.90; CD86: 3.57; CD206: 4.25).  Activation with LPS increased 
the expression of MHC-I (189), CD40 (60.3), CD80 (18.3) and 
CD86 (10.8).  However, activation with IL-4 increased the 
expression of CD40 (17.4) and CD206 (19.7), as shown in 
Figure 4.  

When andrographolide was added along with LPS, it down-
regulated the LPS-induced increase of MHC-I (from 189 to 
103), CD40 (from 60.3 to 27.1), CD80 (from 18.3 to 6.94) and 
CD86 (from 10.8 to 4.23).  Andrographolide treatment along 
with IL-4 down-regulated IL-4-induced expression of CD40 

Figure 4.  Ef fect of andrographolide 
(An) on macrophage surface antigen 
expression.  Macrophages (4×106 cells/
well, 6-well plate) were incubated for 24 h 
with An (10 µg/mL) alone or together 
with LPS or IL-4 (both at 100 ng/mL).  
Expression of surface antigens was tested 
by flow cytometric analysis, as described.  
Data were analysed by Cel lQuest TM 
software.  Data from one experiment 
representative of three performed.
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(from 17.4 to 14.2) and CD206 (from 19.7 to 11.6), as shown in 
Figure 4.

Effects of andrographolide on specific antibody response
To determine whether andrographolide can regulate the adap-
tive immune response in vivo, its effect on specific antibody 
response was tested in mice vaccinated with HBsAg.  Mice 
were primed intramuscularly with HBsAg (1 µg/mouse), and 
andrographolide was administered intraperitoneally for 7 con-
secutive days starting from the day of priming.  After 4 weeks 
the mice were boosted with the same dose of HBsAg.  Mice 
immunized with HBsAg plus alum was used as control.  Anti-
HBsAg antibody titers were determined at 2 and 4 weeks after 
priming, and 2 weeks after boosting (ie, 6 weeks after priming).  
Treatment of andrographolide resulted in decreased anti-HBs 
titers at all time tested (Figure 5A).  At 2 weeks after boosting, 
splenocytes were isolated from immunized mice, stimulated in 
vitro with HBsAg (0.5 µg/mL), and IL-4-producing cells were 
measured by ELISPOT.  The number of IL-4-producing cells 
in the spleen of HBsAg-immunized mice (23/106 spleen cells) 

was decreased by 40% in mice immunized with HBsAg plus 
andrographolide, while in mice immunized with HBsAg plus 
alum IL-4-producing cells increased about 2 fold (Figure 5B).

Effects of andrographolide on ERK 1/2 and AKT phosphorylation
As MAPK and PI3K signaling pathway are involved in the 
macrophage activation, the effects of andrographolide on 
phosphorylation level of ERK 1/2 (MAPK pathway) and AKT 
(PI3K pathway) were analyzed by Western blot assay in naïve 
macrophages or cells activated with LPS or IL-4/IL-13 in the 
presence or in the absence of andrographolide.  Activation 
by LPS or IL-4/IL-13 increased ERK 1/2 and AKT phospho-
rylation.  Treatment with andrographolide for 2 h exerted an 
apparent inhibitory effect on phosphorylation of ERK 1/2 and 
AKT in both M1 and M2 activated macrophages.  However, 
this modulatory effect of andrographolide was reversed or 
restored after 12 h treatment (Figure 6, 7).

Discussion
Macrophages have remarkable heterogeneity and plastic-
ity that allows them to efficiently respond to exogenous 
and endogenous signals by changing their functional 
phenotype[11, 14].  In this study, thioglycollate-elicited mouse 
peritoneal macrophage (F4/80+ population)[26] have been used 
to investigate the immunomodulatory activities of androgra-
pholide on the innate immune response in vitro.  Our results 
indicated that andrographolide showed potent immunoregu-
latory properties in murine macrophages.  Andrographolide 
reduced expression of inflammatory cytokines (TNF-α, IL-12, 
IL-1β, IL-18, and IL-6) in LPS activated macrophages, which 
is consistent with a previous report that andrographolide 
decreased TNF-α and IL-12 mRNA expression and cytokine 
production in murine peritoneal macrophages, although they 
did not detect IL-1β, IL-18, and IL-6[27].  

The response of macrophages to the microenvironment 
changes is of key importance in the ability of the organism to 
cope with dangers (eg an infection).  For example, at the acute 
stage of an infection, macrophages respond to microbial exog-
enous signals such as LPS (a structural component of Gram-
negative bacteria) and produce pro-inflammatory cytokines 
(classical inflammatory activation).  This reaction is important 
for the efficient control of growth and dissemination of invad-
ing pathogens.  At later times, other signals such as the endog-
enous anti-inflammatory cytokine IL-4/IL-13 can re-direct 
macrophage activation into an alternative regulatory pathway 
(alternative M2 activation) that promotes the resolution of 
inflammation by reducing inflammatory cytokine production 
and inducing synthesis of anti-inflammatory and tissue repair-
ing factors[12, 28].  We observed the phenomenon in this study 
that LPS induced a rapid and significant increase of cytok-
ines gene transcription at the early time (4 h), which returns 
toward background at 24 h.  On the other hand IL-4 did not 
up-regulate inflammatory cytokine expression but was able to 
induce expression of regulatory molecules IL-10 and IL-18BP 
also at the late time, and this tendency was also observed in 
IL-13 treated macrophages (Supplementary Table 1).  

Figure 5.  Andrographolide (An) inhibits serum anti-HBsAg antibody titers 
and reduces the numer of IL-4-producing cells.  Mice were immunized 
with HBsAg as described.  The first group received HBsAg alone (two 
administrations of 1 µg/mouse 4 weeks apart).  The second group 
received HBsAg and repeated administrations of An (1 mg·kg-1·d-1, 7 d).  
The last group received HBsAg plus Al(OH)3 adjuvant (50 µg/mouse).  (A) 
Serum anti-HBsAg antibodies were measured by ELISA after 2, 4, and 6 
weeks from the first antigen inoculum.  Antibody titers are presented as 
the reciprocal of the highest dilution showing a positive reaction.  (B) At 6 
weeks (2 weeks after the second antigen inoculum) mice were sacrificed, 
spleen cells isolated and challenged in culture with HBsAg (0.5 µg/
mL).  The number of IL-4-producing cells/106 spleen cells was measured 
by mouse IL-4 ELISPOT.  Data are presented as the mean±SD of values 
from 6 mice/group in one experiment, representative of three performed.  
bP<0.05 vs the control group of HBsAg.
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It has been described that a phenotypic switch in the mac-
rophage population occurs over time in some cases and is 
associated with immune mediated pathology[11].  On one hand, 
over-production of inflammatory cytokines can lead to chronic 
inflammation and a variety of autoimmune diseases, includ-
ing inflammatory bowel disease, rheumatoid arthritis, asthma 
and even atherosclerosis.  On the other hand, over-production 
of anti-inflammatory cytokines can lead to persistent infec-
tion and tumor tolerance[29, 30].  Regulation of macrophage 
activation by immunomodulatory drugs at specific stage of 
different diseases can be of important therapeutic benefit.  In 
the present study, LPS or IL-4 activated mouse peritoneal 

macrophages were treated with andrographolide, to assess 
the effect of the agent in regulating macrophage activation.  
It showed that andrographolide significantly down regu-
lated the expression of both M1- and M2-related cytokines 
in macrophages activated with either LPS or IL-4.  As both 
inflammatory and anti-inflammatory cytokine genes are trig-
gered by LPS and IL-4 (as prototypes of type 1 and type 2 
inflammation), the relative activation of inflammatory vs anti-
inflammatory genes is a better estimate of M1 vs M2 polariza-
tion as compared to assessement of single genes.  The ratio of 
M1:M2 cells may be more important than the absolute number 

Figure 6.  Andrographolide (An) modulates the PI3K signalling pathway 
activation.  Macrophages were incubated with An (10 µg/mL) alone or 
together with LPS, IL-4 or IL-13 for 2 h/ 12 h.  (A) AKT phosphorylation 
and total ERK 1/2 expression were detected by Western Blot.  β-actin was 
used as a protein loading control.  (B, C) The densitometric analysis of 
band intensity in (A) is analyzed by Quantity One software (Bio-Rad).

Figure 7.  Andrographolide (An) modulates the MAPK signalling pathway 
activation.  Macrophages were incubated with An (10 µg/mL) alone or 
together with LPS, IL-4 or IL-13 for 2 h/ 12 h.  (A) ERK 1/2 phosphorylation 
and total AKT expression were detected by Western Blot.  β-actin was used 
as a protein loading control.  (B, C) The densitometric analysis of band 
intensity in (A) is analyzed by Quantity One software (Bio-Rad).
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of cells[31].  M1 macrophage cells usually have the phenotype 
showing IL-12 high, IL-10 low, IL-23 high, and M2 cells vice 
versa[32].  The ratio between IL-12 and IL-10 production is 
indicative of classical vs alternative activation.  We found that 
treatment of andrographolide for 4 h significantly decreased 
the LPS-induced M1 polarization (IL-12/IL-10 ratio from 31.0 
to 10.8) and slightly reversed the IL-4-induced M2 polariza-
tion (from 0.059 to 0.135).  After 24 h of treatment androgra-
pholide showed anti-inflammatory effect on LPS-stimulated 
cells (IL-12/IL-10 ratio from 9.02 to 4.69), but tended toward 
the M2-like phenotype of IL-4-activated cells (from 0.320 to 
0.113).  The inhibitory activity of andrographolide on IL-23 
was also observed in LPS-induced macrophages (Supplemen-
tary Table 2).  Correspondingly, IL-12 production and the ratio 
of IL-12/IL-10 were reduced by andrographolide after 48 h 
of treatment.  Thus andrographolide acted as a modulator in 
macrophage activation depending on the initial microenviron-
ment.  

Cytokine environment and cell-cell interaction are impor-
tant factors in the adaptive immune response.  As professional 
antigen-presenting cells, macrophages not only respond to 
Th1 and Th2 cytokines and alter their functional phenotypes, 
but also secrete different amounts of M1 and M2 cytokines and 
express antigen uptake and presenting related surface mark-
ers (such as mannose receptor, MHC and costimulatory mol-
ecules) to present antigen protein and activate T/B cells[13, 33].  
The effects of andrographolide were thus investigated on the 
antigen-uptake and presenting capacity related suface markers 
of macrophages in vitro and specific antibody response in vivo.  
Andrographolide inhibited LPS-induced expression of class I 
MHC and costimulatory molecules (CD40, CD80, and CD86), 
and inhibited IL-4 induced expression of mannose recep-
tor.  Similar effects have been observed in dendritic cells, in 
which andrographolide inhibited LPS-induced up-regulation 
of the maturation markers CD40 and CD86[9].  Administration 
of andrographolide to mice immunized with HBsAg (vac-
cine quality) significantly down-regulated anti-HBs produc-
tion.  The capacity of andrographolide to reduce macrophage 
expression of pattern recognition receptor (mannose receptor, 
CD206) and MHC/costimulatory molecules indicated that 
andrographolide may inhibit the antigen uptake and presen-
tation and result in reduced specific antibody production.  
HBsAg induces Th2 biased response and increases specific IL-
4-producing splenocytes after immunization of mice[19].  Treat-
ment with andrographolide decreased the number of HBsAg 
specific IL-4-producing cells in parallel to the decrease of anti-
HBs production.  

MAPK and PI3K signaling pathway have been reported 
to be involved in macrophage activation[22, 23], the effects of 
andrographolide on the signaling pathway activation were 
analyzed by detecting phosphorylation level of ERK 1/2 
(MAPK pathway) and AKT (PI3K pathway).  Androgra-
pholide exerted an apparent inhibitory effect on phosphoryla-
tion of ERK 1/2 and AKT at the early time (2 h) and reversed 
or restored them after 12 h, suggesting that ERK 1/2 and 
AKT pathways may contribute to the regulatory activity of 

andrographolide on macrophage activation.  The inhibitory 
effect of andrographolide on PI3K and MAPK pathway may 
indicate that the mechanism of andrographolide modulating 
macrophage polarization is not the direct activation of naïve 
macrophages but an inhibitory effect on already activated 
macrophages.

The results indicate that andrographolide is able to modu-
late the innate immune response by regulating both classical 
and alternative activation of macrophages, and regulate spe-
cific antibody production as well as antigen-specific IL-4 pro-
ducing splenocytes.  Our study provides more evidences for 
using andrographolide as an immunomodulatory drug in the 
therapy for immune disorders.
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