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Abstract: Glycyrrhizic acid (GA), the main component of radix glycyrrhizae, has a variety 

of pharmacological activities. In the present study, suspensions of GA nanoparticles with the 

average particle size about 200nm were prepared by a supercritical antisolvent (SAS) process. 

Comparative studies were undertaken using lipopolysaccardide(LPS)-stimulated mouse mac-

rophages RAW 264.7 as in vitro inflammatory model. Several important inflammation mediators 

such as NO, PGE
2
, TNF-α and IL-6 were examined. These markers were highly stimulated by 

LPS and were inhibited both by nano-GA and unprocessed GA in a dose-dependent manner, 

especially PGE
2
 and TNF-α. However nano-GA and unprocessed GA inhibited NO only at a 

high concentration. In general, we found that GA nanoparticle suspensions exhibited much 

better anti-inflammatory activities compared to unprocessed GA.

Keywords: glycyrrhizic acid, nanoparticle, mouse macrophages RAW 264.7, inflammatory 

cytokines

Introduction
Inflammation is a natural biological response to injury or infection in the human body. 

Various factors, such as microbial infections, chemicals, and immunologic reactions 

can cause inflammation.1 Prolonged inflammation can be harmful, contributing to the 

pathogenesis of many diseases, including rheumatoid arthritis, obesity, cardiovascular 

diseases, neurodegenerative diseases, diabetes, and cancer.2,3

Macrophages are considered to play essential roles in inflammation. If activated by 

endotoxins, macrophages produce inflammatory cytokines, which in turn activate other 

macrophages and other nearby cells to promote, for example, inducible nitric oxide 

(NO) synthase gene expression.4 Much progress has been made in the delineation of 

cell signaling pathways, in which the inflammation initiates a cascade of events that 

result in the overproduction of certain inflammation-associated genes and proinflam-

matory cytokines.5

Inhibition of inflammatory cytokine and mediator production serves as a key 

mechanism in the control of inflammation. A number of anti-inflammatory molecules 

have already entered clinical trials for the treatment of inflammatory disorder such 

as interleukin-1 (IL-1), interleukin-6 (IL-6), tumor necrosis factor-α (TNF-α), 

prostaglandin E
2
 (PGE

2
) or nitric oxide (NO).6 Drugs that suppress the expression 

of these inflammatory mediators have therefore attracted significant interest as 

potential therapeutics for the  treatment of inflammatory diseases.3
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Glycyrrhizic acid (GA), a terpenoid compound, is the main 

component of radix glycyrrhizae. GA has a variety of pharma-

cological activities such as antioxidative, anti-inflammatory, 

antiulcerous, antidotal, antiallergic, antiviral, immunomodu-

lating, hepatoprotective, and cardioprotective properties.7–10 

However, GA is slowly absorbed in vivo because of its poor 

water solubility. Large number of studies have shown that 

the reduction of the drug particle size to the nanometer scale 

considerably increases the activity and bioavailability of the 

drug.11 Supercritical antisolvent (SAS) process is an environ-

mentally friendly technology developed in recent years. In this 

process, the drug is firstly dissolved in the solvent and then 

the drug solution is quickly sprayed into supercritical fluids 

(the antisolvent). Precipitation occurs immediately by a rapid 

recrystallization of the drug. In general, the SAS process can 

control the production of particle sizes within the nanometer 

range, and the solvent can be fully recovered. It is suitable to 

prepare nanocrystals of drugs or biologicaly active substance 

because of low temperature and inertia.

This study explored the anti-inflammatory activity 

and mechanisms of GA nanoparticles prepared by SAS 

in lipopolysaccharide (LPS)-stimulated RAW 264.7 

macrophages compared to unprocessed GA particles.

Materials and methods
Materials
GA ($98%) for nanosuspension preparation was  purchased 

from Xi’an Green-Life Natural Products Co, Ltd (Xi’an, 

People’s Republic of China). GA (99%) for quantitative 

analysis was purchased from Sigma-Aldrich (St Louis, MO, 

USA). Compound glycyrrhizin tablets were manufactured 

by Minophagen Pharmaceutical Co., Ltd (Tokyo, Japan). 

LPS was purchased from Sigma-Aldrich. Griess reagent kit 

was obtained from Biyuntian Biological Technology Co., Ltd 

(Shanghai, People’s Republic of China). PGE
2
, TNF-α, and IL-6 

enzyme-linked immunosorbent assay kits were purchased from 

4A Biotech Co., Ltd (Beijing,  People’s Republic of China). 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

(MTT) was purchased from Sigma-Aldrich.  High-performance 

liquid chromatography grade methanol was purchased from 

J&K Chemical Ltd (Beijing, People’s Republic of China). Puri-

fied water was obtained from a Milli-Q® system from EMD 

Millipore (Billerica, MA, USA). All other chemicals were of 

analytical reagent grade.

Preparation of GA nanosuspension
Two processes were performed to obtain the final GA nano-

particle suspension. First, the micronized GA was prepared 

with an SAS apparatus modified from a carbon dioxide 

supercritical extraction apparatus by using dimethyl sulfoxide 

(DMSO) as the solvent and carbon dioxide as the antisol-

vent. Under the optimum conditions, micronized GA with a 

particle size about 200 nm was obtained.

Surface morphology determined by 
scanning electron microscopy (SEM)  
of nanoparticles and unprocessed GA
The samples were f ixed to an SEM stub and sputter 

coated with gold using SBC-12 ion sputter coater (KYKY 

 Technology Development Ltd, Beijing, People’s Republic 

of China) to form a carbon conductive film. The surface 

morphology of the particles was then observed by SEM 

(Quanta™ 200; FEI Company, Hillsboro, OR, USA).

Cell culture
The RAW 264.7 cells, a murine macrophage-like cell line, 

were obtained from China Cell Line Bank (Beijing, People’s 

Republic of China). RAW 264.7 cells were cultured in 

 Dulbecco’s modified Eagle’s medium supplemented with 

10% fetal bovine serum, 2 mM glutamine, 100 U/mL 

 penicillin, and 100 µg/mL streptomycin. Cells were  incubated 

at 37°C in a humidified atmosphere (5% carbon dioxide). The 

test compounds were diluted with 2% Dulbecco’s modified 

Eagle’s medium to the appropriate concentrations and added 

1 hour before LPS treatment.

MTT assay for cell viability
The MTT assay was performed to measure cell viability. RAW 

264.7 cells were mechanically scraped, seeded in 96-well 

plates, and incubated in a 37°C, 5% carbon dioxide incubator 

overnight. After 24 hours, cells were treated with different 

concentrations of GA nanoparticles and unprocessed GA 

or glycyrrhizin tablets for 24 hours. Subsequently, 20 µL of 

5 mg/mL MTT in fetal bovine serum-free medium was added 

to each well, and the cells were incubated for 4 hours. MTT was 

removed and resolved with 150 µL/well dimethyl sulfoxide. 

The optical density was measured at 492 nm using a microplate 

reader (Tecan Infinite® M200, Tecan Group Ltd, Männedorf, 

Austria). Concentrations were determined for three wells of 

each sample, and this experiment was done in triplicate.

Analysis of NO production
Nitrite, a stable product of NO, was used to assess NO pro-

duction based on the Griess reaction. RAW 264.7 cells were 

incubated with different concentrations of GA nanoparticles 

and unprocessed GA or glycyrrhizin tablets in the absence 

or presence of 1 µg/mL LPS. After 24 hours of incubation, 

the level of NO production was monitored by measuring the 
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nitrite concentration in the supernatant of cultured medium 

using the Griess reagent assay. For the NO assay, 50 µL 

supernatant of cultured medium was mixed with the same 

volume of Griess reagent. The absorbance was measured at 

540 nm on a microplate reader. The concentration of NO 

in the media of sample-treated cells was calculated using 

the standard curve obtained for sodium nitrite dissolved in 

Dulbecco’s modified Eagle’s medium. Concentrations were 

determined for three wells in each sample, and this experi-

ment was done in triplicate.

Determination of PGE2, TNF-α,  
and IL-6 levels
To investigate the effect of GA nanoparticles and unpro-

cessed GA or glycyrrhizin tablets on cytokine responses 

from LPS-treated cells, RAW 264.7 cells seeded on 96-well 

plates were treated with 303, 606, and 909 µM GA 1 hour 

before treatment with 1 µg/mL LPS for 24 hours in a 37°C, 

5% carbon dioxide incubator. Cell-free supernatants were 

collected and stored at −20°C until assayed for cytokines. The 

concentrations of PGE
2
, TNF-α, and IL-6 in the culture super-

natants of RAW 264.7 cell cultures were determined using 

an enzyme-linked immunosorbent assay kit.  Concentrations 

were determined for three wells in each sample, and this 

experiment was done in triplicate.

Statistical analysis
The experimental values were represented as arithmetic 

mean ± standard deviation. The unpaired Student’s t-test was 

used to determine the statistical significance. Statistically, a 

P-value less than 0.05 was considered to be significant and a 

P-value less than 0.01 was considered to be very significant.

Results
Surface morphology of GA nanoparticles 
and unprocessed GA
Figure 1A and B show the particle size of unprocessed GA 

material and GA nanoparticle suspensions performed by 

scanning electron microscopy (SEM). The final GA nano-

suspension prepared by SAS contained particles of about 

200 nm, whereas GA raw materials exhibited an irregular 

shape and micrograde particle size.

Cell viability and comparative effects  
of GA nanoparticles and unprocessed 
GA on LPS-induced NO production
Unprocessed GA, nano-GA and glycyrrhizin tablets up to 

909 μM did not show cytotoxic effects (data not shown).

Nitric oxide (NO) is a short-living free radical that is 

produced from L-arginine by catalytic reactions of NO 

synthases in mammalian immune, cardiovascular and neu-

ral systems, where it functions as signaling molecule.12 To 

analyze potential anti-inflammatory properties of GA nano-

particles and unprocessed GA, we used murine RAW 264.7 

macrophage cells, which  produce NO upon stimulation with 

LPS. The amount of produced NO was determined by mea-

surement of nitrite, a stable metabolite of NO. Cells were 

pretreated with GA nanoparticles or unprocessed GA, and 

then stimulated with 1 µg/mL LPS. The control group was 

untreated with both LPS and samples. After the cell culture 

media were collected, nitrite levels were determined. During 

the incubation time of 24 hours, RAW 264.7 macrophages 

produced 2.68 ± 0.34 µM nitrite in the resting state, whereas 

after LPS (1 µg/mL) stimulation, NO production dramati-

cally increased to 20.12 ± 3.69 µM. Nano-GA and unpro-

cessed GA inhibited nitrite production 24 hours after LPS 

stimulation in a dose-dependent manner (Figure 2). At 303 

µM, nano-GA and unprocessed GA reduced NO production 

by 13.33% and 0.03%, respectively. At concentrations of 

606 µM, nano-GA and unprocessed GA reduced NO pro-

duction by 51.44% and 18.67%, respectively, whereas at 909 

μM, nano-GA and unprocessed GA reduced NO production 

by 87.78% and 23.56%, respectively. Nano-GA inhibited 

NO generation much better than unprocessed GA, especially 

at high concentrations. When compared to  the positive 

control (glycyrrhizin tablets), the inhibition rate of NO was: 

nano-GA . positive control . unprocessed  GA.

Comparative effects of GA nanoparticles 
and unprocessed GA on LPS-induced 
PGE2 production
Levels of the pro-inflammatory lipid mediator PGE

2
 were 

analyzed upon LPS stimulation in RAW 264.7 cells. During 

the incubation for 24 hours, RAW 264.7 macrophages 

produced 19.75 ± 5.24 pg/mL PGE
2
 in the resting state, 

whereas after LPS stimulation, PEG
2
 production dramati-

cally increased to 628.47 ± 33.59 pg/mL. Both GA nano-

particles and unprocessed GA reduced PEG
2
 production in 

a dose-dependent manner (Figure 3). At concentrations of  

303 µM, GA nanoparticles and unprocessed GA reduced 

PGE
2
 production by 59.38% and 27.18%, respectively. 

Nano-GA exhibiting more than two-fold inhibition activ-

ity than unprocessed GA. At 606 µM, PGE
2
 production 

was reduced by 73.22% and 47.49%, respectively, whereas 

at 909 µM, nano-GA and unprocessed GA reduced PGE
2
 

production by 86.78% and 66.90%, respectively. Nano-GA 

inhibited PGE
2
 generation much better than unprocessed 
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GA. When compared to the positive control (glycyrrhizin 

tablets), the inhibition rate of PGE
2
 was: nano-GA . positive 

control . unprocessed GA.

Comparative effects of GA nanoparticles 
and unprocessed GA on LPS-induced 
TNF-α production
TNF-α is one of the most important cytokines and is required 

for the induction of NO synthesis in  LPS-stimulated mac-

rophages. TNF-α elicits a number of physiological effects, 

such as septic shock, inflammation, cachexia, and cytotox-

icity.13 TNF-α concentrations in the culture supernatants 

of RAW 264.7 cells were measured by enzyme-linked 

immunosorbent assay (Figure 4). RAW 264.7 cells treated 

with LPS produced significant amounts of TNF-α. The 

concentration of TNF-α increased from 1.47 ± 0.27 ng/

mL to 62.99 ± 9.56 ng/mL after LPS  stimulation. How-

ever, the concentrations of  TNF-α in the supernatant of 

cells treated with GA nanoparticles and unprocessed GA 

were significantly decreased compared to the LPS control 

group. At concentrations of 303 µM, GA nanoparticles and 

unprocessed GA reduced TNF-α production by 76.94% and 

57.01%, respectively. At 606 µM, TNF-α production was 

reduced by 79.61% and 69.02%, respectively, whereas at 

909 µM, TNF-α production was reduced by 89.51% and 

69.58%, respectively. Both nano-GA and unprocessed GA 

strongly inhibited TNF-α generation. When compared to  

the positive control (glycyrrhizin tablets), the reduction 

Figure 1 Scanning electron microscopy result of (A) unprocessed GA and (B) GA nanoparticles.
Abbreviation: GA, glycyrrhizic acid.
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Figure 2 Effect of different concentrations of GA nanoparticles and unprocessed 
GA on LPS-induced nitric oxide. 
Note: *P , 0.05, significantly different from the LPS-treated group by unpaired 
Student’s t-test. 
Abbreviations: GA, glycyrrhizic acid; LPS, lipopolysaccharide.
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Figure 3 Effect of different concentrations of GA nanoparticles and unprocessed 
GA on LPS-induced PGE2.
Notes: *P , 0.05; **P , 0.01, significantly different from the LPS-treated group by 
unpaired Student’s t-test.
Abbreviations: GA, glycyrrhizic acid; LPS, lipopolysaccharide; PGE2, prostaglandin E2.
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rate of TNF-α was: nano-GA . unprocessed GA . posi-

tive control.

Comparative effects of GA nanoparticles 
and unprocessed GA on LPS-induced IL-6 
production
IL-6 represents an endogenous mediator of  LPS-induced 

fever. RAW 264.7 cells treated with LPS produced signifi-

cant amounts of IL-6, increasing from 11.67 ± 3.06 pg/mL 

to 320.33 ± 11.59 pg/mL after LPS stimulation (Figure 5). 

IL-6 in the supernatant of cells treated with GA nanopar-

ticles and unprocessed GA did not significantly change 

compared to the LPS control group. At concentrations of 

303 µM, GA  nanoparticles and unprocessed GA reduced 

IL-6  production by 44.39% and 20.79%, respectively. At 

606 µM, IL-6 production was reduced by 48.85% and 

23.92%, respectively, whereas at 909 µM, IL-6 production 

was reduced by 57.67% and 36.66%,  respectively. When 

compared to the positive control (glycyrrhizin tablets), the 

reduction rate of IL-6 was: nano-GA . positive control . 

unprocessed GA. Nano-GA inhibited IL-6 generation much 

better than unprocessed GA.

Discussion
Inflammation is the primary response of the immune system 

against infection or irritation, and macrophages play a crucial 

role during the inflammatory process.14 In the presence of 

stimuli such as LPS, macrophages are activated and produce 

various cytokines such as TNF-α, IL-1β, IL-6, and IL-10, as 

well as inflammatory mediators such as NO and PGE
2
.3,15,16 

Therefore, LPS-activated macrophages have typically been 

used to evaluate the anti-inflammatory effects of various 

materials. The production of these cytokines and mediators 

may result in the systemic inflammatory response syndrome, 

severe tissue damage, and septic shock.17 Therefore, agents 

that regulate cytokines and inflammatory mediators may have 

therapeutic effects.

Glycyrrhiza uralensis (Leguminosae) has long been used 

throughout the world as a sweetener and in folk medicine 

because of its antioxidative, anti-inflammatory, antibacte-

rial, antiangiogenic, and antiallergenic properties.1 Its main 

components are considered to be the triterpene saponins 

glycyrrhizin and GA.18–20

Nanomaterials are important materials due to their 

unique physical and chemical properties.21 Due to accumu-

lation of nanoparticles in the cell by enhanced permeability 

and retention effect, nanoparticles achieve new biologi-

cal properties.22,23 In the current report, solid dispersion 

microparticles of poorly water-soluble GA were prepared by 

using SAS method. This technique is a feasible and efficient 

way to enhance the solubility of poorly water-soluble GA 

with high dissolution rate.

In order to compare the anti-inflammatory activity of GA 

nanoparticles and unprocessed GA in LPS-stimulated RAW 

264.7 macrophages, several important inflammation media-

tors were examined. We found that the release of NO, PGE
2
, 

TNF-α and IL-6 release, which was highly stimulated by 

LPS, was inhibited by both nano-GA and unprocessed GA 

Blank LPS LPS + 303 LPS + 606 LPS + 909
0

10

20

30

40

50

60

70

80
Nano-GA
Unprocessed GA
Positive control

*

*
*

* *

 *

***

T
N

F
-α

 (
n

g
/m

L
)

Concentration (µM)

*

Figure 4 Effect of different concentrations of GA nanoparticles and unprocessed 
GA on LPS-induced TNF-α.
Notes: *P , 0.05; **P , 0.01, significantly different from the LPS-treated group by 
unpaired Student’s t-test.
Abbreviations: GA, glycyrrhizic acid; LPS, lipopolysaccharide; TNF-α, tumor 
necrosis factor-α.
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Figure 5 Effect of different concentrations of GA nanoparticles and unprocessed 
GA on LPS-induced IL-6. 
Note: **P , 0.01, significantly different from the LPS-treated group by unpaired 
Student’s t-test. 
Abbreviations: GA, glycyrrhizic acid; LPS, lipopolysaccharide;IL-6, interleukin-6. 
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in a dose-dependent manner. In particular, GA suspensions 

suspension, compared with the unprocessed GA significantly 

enhanced the reduction of PGE
2
 and TNF-α even at low con-

centrations, but did not significantly affect NO production at 

low concentrations. Nano-GA exhibited much better inhibition 

activities compared to unprocessed GA. This is due to the 

fact that nanoparticles have a smaller particle sizes compared 

to unprocessed drug particles, which leads to an increase of 

the interfacial surface area and consequently improvement of 

water solubility, allowing for smaller dosages and more rapid 

and direct usage of otherwise poorly water-soluble drugs.24 

When compared to  the positive control (glycyrrhizin tablets) 

the reduction rate of NO, PGE
2
, and IL-6 was: nano-GA . 

positive control . unprocessed GA, whereas for TNF-α it was: 

GA nanoparticles . unprocessed GA. positive control.

Conclusion
In summary, the findings presented here suggest that GA 

nanoparticles prepared by the SAS method performed much 

better inhibition activity for LPS-induced NO, PGE
2
, TNF-α, 

and IL-6 production in macrophage cells than unprocessed 

GA. Thus, GA nanoparticles may have therapeutic potential 

for the modulation and regulation of macrophage activation, 

and may provide safe and effective treatment options for a 

variety of inflammation-mediated diseases.
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