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Abstract In this study, nanocomplexes composed of
glycyrrhizic acid (GA) derived from the root of the licorice
plant (Glycyrrhiza glabra) were formulated for the delivery
of curcumin (CUR). Sonication of amphiphilic GA solution
with hydrophobic CUR resulted in the production of nano-
sized complexes with a size of 164.8 £ 51.7 nm, which
greatly enhanced the solubility of CUR in aqueous solution.
A majority of the CURs were released from these GA/
CUR nanocomplexes within 12 h. GA/CUR nanocomplexes
exhibited excellent intracellular uptake in human breast
cancer cells (Michigan cancer foundation-7/multi-drug
resistant cells), indicating enhanced anti-cancer effects
compared to that of free CUR. In addition, GA/CUR
nanocomplexes demonstrated high intracellular uptake into
macrophages (RAW264.7 cells), consequently reducing the
release of the pro-inflammatory cytokine tumor necrosis
factor-o.. Furthermore, GA/CUR nanocomplexes successfully
reduced the levels of serum pro-inflammatory cytokines
and splenomegaly in a rheumatoid arthritis model.

Keywords: glycyrrhizic acid, curcumin, nanocomplexes,
anti-cancer, anti-inflammatory

1. Introduction

Taking into consideration the wide range of phytochemicals

that have been used for combination therapies in herbal
medicine, it is crucial to elucidate the mechanisms of herb-
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herb interactions and herb-drug interactions [1,2]. Licorice is
a popular guide drug used to harmonize different ingredients
in traditional herbal medicines [3]. Glycyrrhizic acid (GA),
in particular, is a major component of licorice [4]. GA,
composed of glycyrrhetinic acid in combination with two
glucoses, is well known for its anti-inflammatory, anti-
virus, anti-oxidant, and anti-cancer effects [5,6]. In addition,
GA has been widely used and studied as a natural sweetener
and solubilizer in the cosmetic as well as pharmaceutical
industries [7]. More recently, GA has been under study as a
carrier material for hydrophobic drugs, such as paclitaxel and
camptothecin, owing to its amphiphilic characteristics [8].

Curcumin (CUR), derived from the rhizomes of the
Curcumin Longa L. plant, is popularly proposed as a
pleiotropic molecule due to its promising and diverse
biological effects, including various anti-cancer, anti-malarial,
anti-oxidant, and anti-inflammatory properties [9,10]. Despite
the superior bioactivity and therapeutic potential of CUR,
its poor aqueous solubility and absorption in vivo limit its
practical application as a drug [11,12]. To overcome these
limitations, nanomaterials have been developed to enhance
the stability and solubility of CUR; for example, liposomes,
polymer nanoparticles, exosomes, and conjugates [13,14].
However, simple formulation processes for CUR that
eliminate laborious formulation steps are yet to be established.

In this study, CUR was formulated in conjunction with
GA to enhance its solubility and bioavailability in vitro as
well as in vivo. The solubility of CUR in aqueous solution
was examined by transmission (%) and particle sizes at
various GA/CUR weight ratios using a UV spectrophotometer
and via dynamic light scattering (DLS). Similarly, the
antioxidant effect of GA/CUR nanocomplexes was assessed
via a hydrogen peroxide (H,O,) scavenging assay. Moreover,
the anti-cancer and anti-inflammatory effects of GA/CUR
nanocomplexes were evaluated in Michigan cancer
foundation-7/multi-drug resistant cells (MCF-7/MDR cells)
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and RAW264.7 macrophages, respectively. The levels of
cytokines tumor necrosis factor-o. (TNF-a) and interleukin-
1B (IL-1P) in serum were quantitatively measured in a
rheumatoid arthritis (RA) mouse model, following the
treatment with GA/CUR nanocomplexes in vivo.

2. Materials and Methods

2.1. Materials

GA was purchased from Tokyo Chemical Industry Co., Ltd.
(Tokyo, Japan). The following list of reagents was purchased
from Sigma Aldrich (St. Louis, MO, USA): CUR, dimethyl
sulfoxide (DMSO), 37% formaldehyde, ethyl alcohol (EtOH),
Triton X-100 (Tx-100), hydrogen peroxide solution (H,O,;
30% w/w in H,0), lipopolysaccharides (LPS) from
Pseudomonas aeruginosa 10, complete Freund’s adjuvant,
kolliphor, as well as trypan blue. Dialysis membranes
(molecular weight cut-off [MWCOJ: 3.5 kDa) were purchased
from Spectrum Laboratories Inc. (Rancho Dominiguez, CA,
USA). Antifade mounting medium with 4',6-diamidino-2-
phenylindole was obtained from Vecta Laboratories
(Burlingame, CA, USA). Dulbecco’s phosphate-buffered
saline (PBS) solution, Roswell Park Memorial Institute
(RPMI) 1640 medium, Dulbecco’s modified Eagle’s medium
(DMEM), trypsin/EDTA, penicillin/streptomycin, and fetal
bovine serum (FBS) were purchased from Gibco BRL
(Grand Island, NY, USA). Furthermore, bovine type II
collagen and Terrell isoflurane were purchased from
Chondrex Inc. (Redmond, WA, USA) and Piramal Critical
Care, Inc. (Bethlehem, PA, USA), respectively. Mouse
TNF-a enzyme-linked immunosorbent assay (ELISA) kits
were purchased from BD Biosciences (Franklin Lake, NJ,
USA), and mouse IL-1p ELISA kits from R&D Systems
(Minneapolis, MN, USA). The cell counting kit-8 (CCK-8)
was obtained from Dojindo Molecular Technologies, Inc.
(Kumamoto, Japan). All other chemicals and reagents used
were of analytical grade. Finally, DBA-1/] mice (six-
weeks-old, female) were purchased from Orient Bio Inc.
(Seongnam, Korea).

2.2. Preparation and characterization of GA/CUR
nanocomplexes
GA (10 mg) dissolved in EtOH and CUR (10 mg) in
DMSO were mixed at diverse GA/CUR weight ratios (GA/
CUR weight ratio = 0, 0.5, 1, 1.5, and 4), followed by the
dropwise addition of samples into distilled water (DW)
under sonication (Branson Digital Sonifier 450; Branson
Ultrasonics, Danbury, CT, USA) in an ice bath for 10 min
using 30% amplitude, pulse on 8 sec, pulse off 2 sec [15,16].
The transmission (%) of the GA/CUR nanocomplexes in
8% EtOH solution was measured at a wavelength of 600
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nm using a UV-Vis spectrophotometer (Beckman Coulter
DU730; Beckman Coulter, Inc., Brea, CA, USA) [17]. After
various types of GA/CUR nanocomplexes were diluted
with DW to a final CUR concentration of 200 pg/mL, the
hydrodynamic size of each particle was measured via DLS
(Malvern Instruments Ltd., Malvern, UK). Subsequently, the
different GA/CUR nanocomplexes were incubated for 5 min
in PBS solution containing 5% Tx-100, followed by DLS
at room temperature in order to evaluate the particle sizes.

2.3. Release of CUR from GA/CUR nano-complex
The release profile of CUR from GA/CUR nanocomplexes
was analyzed in vitro using the dialysis diffusion method,
as outlined in a previous study [18]. Briefly, 2 mL of freshly
prepared GA/CUR nanocomplexes (GA/CUR weight ratio
=4) and CUR in DW were transferred to dialysis membranes
(MWCO = 3.5 kDa) and dialyzed in 100 mL of PBS
solution (pH 7.4). After different incubation times (0, 1, 3,
6, 12, 24, and 36 h) under stirring at 60 rpm, the solution
in the dialysis membrane was diluted with PBS solution
containing 1% Tx-100. The quantity of CUR in the solution
was assessed by measuring the absorbance at a wavelength
of 425 nm using a UV-Vis spectrophotometer.

2.4. H,0, scavenging assay

In order to evaluate the antioxidant activity of the GA/CUR
nanocomplexes, an H,O, scavenging assay was performed
as described in our previous study [19]. CUR and GA/
CUR nanocomplexes (GA/CUR weight ratio = 4) were
prepared at various CUR concentrations (0, 4, 8, 12, 16,
and 20 pg/mL) in DW. GA dissolved in EtOH was further
diluted with DW at the corresponding concentrations of the
GA/CUR nanocomplexes (0, 16, 32, 48, 64, and 80 pg/mL).
Each solution was subsequently mixed with H,O, (20 mM)
in PBS solution at a sample:H,0, solution volume ratio of
1:2. Following incubation for 10 min at room temperature,
the absorbance of each solution was measured at a
wavelength of 230 nm using a UV-Vis spectrophotometer
to quantify the remaining hydrogen peroxide. Since the
absorbance of GA was detected at a wavelength of 230 nm,
the correction value was obtained by subtracting the
absorbance of the nanoparticle solution excluding the H,O,.

2.5. Anti-cancer effect of GA/CUR nanocomplexes in
MCF-7/MDR cells

MCF-7/MDR  cells were maintained in RPMI-1640
supplemented with 10% FBS, 100 U/mL penicillin, and
100 pg/mL streptomycin at 37°C in a humidified atmosphere
of 5% CO,. To observe the differential uptake of GA/CUR
nanocomplexes at the specific GA/CUR weight ratios of 1
and 4, MCF-7/MDR cells were seeded in 4-well plate
chambers (Falcon Culture Slides; Falcon, Franklin Lakes,
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NJ, USA) at a density of 2.5 x 10° cells per well 24 h prior
to the treatment. Subsequentlyy, CUR and GA/CUR
nanocomplexes were prepared as described above and used to
treat the cells at a CUR concentration of 25 uM (9.2 pg/mL)
in serum-free medium, followed by incubation for 2 h at
37°C in a humidified atmosphere of 5% CO,. After washing
thrice with PBS containing 5% FBS, the transfected cells
were fixed with 3.7% formaldehyde in PBS solution for
10 min at room temperature. The fixed cells were
subsequently washed with PBS solution for 1 min and then
stained with mounting medium and covered with a cover
slip. The fixed cells were visualized using an inverted
fluorescence microscope (Axi0200; Carl Zeiss, Land Baden-
Wiirttemberg, Germany) at an excitation wavelength of
525 nm and emission wavelength of 550 nm.

MCEF-7/MDR cells were seeded in 6-well plates at a
density of 5 x 10° cells per well, 24 h prior to treatment.
CUR and GA/CUR nanocomplexes at a GA/CUR weight
ratio of 4 were used to treat cells for 4 h at a CUR
concentration of 25 pM (9.2 ug/mL), in the presence of
10% FBS. Following this treatment, cells were washed
with PBS and detached via centrifugation at 5,000 rpm at
4°C for 10 min. The resulting cell pellet was washed thrice
with PBS solution containing 5% FBS and lysed in 1% Tx-
100 in PBS solution for 10 min. After centrifugation of the
cell lysate at 13,000 rpm at 4°C for 10 min, the fluorescence
intensity (FI) of the supernatant was analyzed using a
fluorescence microplate reader at excitation and emission
wavelengths of 430 nm and 520 nm, respectively.

To quantify the anti-cancer effect of CUR, MCF-7/MDR
cells were seeded in 24-well plates, at a density of 6 x 10*
cells per well 24 h prior to the treatment. CUR and GA/
CUR nanocomplexes at a GA/CUR weight ratio of 4 were
added to the cells at a final CUR concentration of 10 pM.
After treatment for 24 or 48 h, the viable cells were stained
with 0.4% trypan blue solution in PBS solution and
counted using a Bright-Line™ hematocytometer.

2.6. Cellular uptake of GA/CUR nanocomplexes in
RAW264.7 cells

RAW264.7 cells (belonging to a murine macrophage cell
line) were maintained in DMEM supplemented with 10%
FBS, 100 U/mL penicillin, and 100 pg/mL streptomycin at
37°C in a humidified atmosphere of 5% CO,, as described
previously [20]. The cells were seeded in 6-well plates at
a density of 6 x 10° cells per well, 24 h prior to the treatment.
CUR and GA/CUR nanocomplexes were used to treat the
cells for 2 h at a CUR concentration of 25 uM (9.2 pg/mL)
in serum-containing medium. After the cells were collected
using a scraper, the cells were spun down and the pellet
was lysed in 1% TX-100 in PBS solution. This was
followed by centrifugation of the cell lysate at 13,000 rpm

at 4°C for 10 min. Subsequently, the FI in the supernatant
of each cell lysate was measured using a fluorescence
microplate reader.

2.7. The level of TNF-a for RAW264.7 cells with GA/
CUR nanocomplexes

The concentration of TNF-a in the conditioned medium of
LPS-stimulated RAW264.7 cells induced via LPS was
evaluated [21]. RAW264.7 cells were initially plated in 6-
well plates at a density of 6 x 10° cells per well, 24 h prior
to the treatment. Subsequently, the cells were pre-treated
with CUR and GA/CUR nanocomplexes (GA/CUR weight
ratio of 1.5 and 4) at a CUR concentration of 10 uM
(3.7 pg/mL) for 6 h. GA (18 uM, 15 pg/mL) in complete
media was used as a control. Cells were further stimulated
with LPS (100 ng/mL) in fresh complete media in the
presence of CUR, GA/CUR nanocomplexes, and GA.
After co-treatment for 18 h, the concentration of TNF-a
released in each sample was quantified using a TNF-a
ELISA kit, according to the manufacturer’s protocol.

2.8. Bioactivity of GA/CUR nanocomplexes in vivo

All animal care and experimental procedures were approved
by the Animal Care Committee of Konkuk University. The
RA models were prepared according to a previous study
[22]. Briefly, bovine type II collagen (4 mg/mL) dissolved
in 0.1 M acetic acid was homogenized on ice to block
protein denaturation, followed by the dropwise addition of
complete Freud’s adjuvants to form a mixture with a 1:1
volume ratio. The resulting emulsion (100 pL) was intra-
dermally injected into the tail of DBA-1/J mice (female, 6-
week-old). Following the first immunization, a secondary
injection of emulsion was performed on the 21st day after
the initial immunization for boosting. After RA modeling,
the DBA-1/J mice were randomly divided into five groups:
non-treated group (normal group, NOR); RA mice treated
with PBS solution (control group, CON); RA mice treated
with GA bare complexes (80 mg/kg) in PBS solution (GA);
RA mice treated with CUR (20 mg/kg) in PBS solution
(CUR); and RA mice treated with GA/CUR nanocomplexes
(GA 80 mg/kg and CUR 20 mg/kg; GA/CUR in PBS
solution), according to previous studies [23]. All samples
(500 pL) were freshly prepared and injected intraperitoneally
every alternate day, from the 21st days post first immuni-
zation till the 45th day. Upon completion of 45 days following
the initial immunization, whole mouse blood was isolated
from the heart via cardiac puncture and the mice were then
euthanized. Blood sera were subsequently isolated by
centrifuging whole blood at 2,000 g for 15 min [24]. The
levels of TNF-a and IL-1 in the serum were quantitatively
measured using mouse TNF-o and IL-1B ELISA, respectively.
Additionally, all isolated spleens and thymuses were weighed.
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3. Results and Discussion

3.1. Characterization of GA/CUR nanocomplexes

In this study, to enhance the aqueous solubility of CUR,
GA was complexed with CUR via tip sonication [25].
During sonication, CUR was homogeneously dispersed with
amphiphilic GA, resulting in the formation of GA/CUR

Curcumin
(CUR)

o o

HO' OH
P o
Sonication
CUR = ’\
GA
miuturev \ 4
—_— |
GA/CUR
nano-
complexes
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interactions (Fig. 1). After formulation, GA/CUR nano-
complexes were used to treat two types of cells (breast
cancer cells and macrophages) to assess their anti-cancer
and anti-inflammatory activities as compared to free CUR
in vitro. Moreover, following the preparation of the RA
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Fig. 1. Schematic illustration for the preparation of glycyrrhizic acid and curcumin (GA/CUR) nanocomplexes via sonication.
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Fig. 2. (A) Transmission of glycyrrhizic acid/curcumin (GA/CUR) nanocomplexes dissolved in PBS solution measured via UV-
spectrophotometry. (B) Hydrodynamic size of GA/CUR nanocomplexes at different GA/CUR weight ratios (inset of B: size distribution of
GA/CUR nanocomplexes at GA/CUR weight ratio of 4). (C) Release assay of CUR from GA/CUR nanocomplexes. (D) H,0O, scavenging
assay of CUR, GA, and GA/CUR nanocomplexes. PBS: phosphate-buffered saline, H,O,: hydrogen peroxide, DW: distilled water.
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intraperitoneally to examine the anti-inflammatory effects
in vivo.

As the weight ratio of GA/CUR increased from 0 to 4,
the solubility of CUR in DW increased proportionately, as
investigated by measuring the transmission (%) of the
solution. Fig. 2A depicts the transmission (%) of CUR
solution at a wavelength of 600 nm, after mixing CUR with
GA at different GA/CUR weight ratios. While transmissions
of the GA/CUR solution were below 5% at a GA/CUR
weight ratio of 0.5, those at GA/CUR weight ratios of 1,
1.5, and 4 were observed to be 71.3 + 10.9, 89.6 + 11.1,
and 944 + 11.8%, respectively. The inset in Fig. 2A
presents photographic images of the GA/CUR solution at
various GA/CUR weight ratios. By the formation of GA/
CUR nanocomplexes, CUR was homogeneously dispersed
up to 200 pg/mL in our study. Considering that the solubility
of free CUR is approximately below 11 ng/mL in aqueous
solution and ~183.4 ng/mL in oil, GA/CUR nanocomplexes
could successfully increase the solubility of CUR [12,26].
The particle sizes of the GA/CUR nanocomplexes were
examined at various GA/CUR weight ratios of GA/CUR
by DLS, as represented in Fig. 2B. As the GA/CUR weight
ratios increased, the hydrodynamic sizes of the GA/CUR
nanocomplexes decreased correspondingly. In the absence
of GA, CUR exists as larger aggregates in an aqueous
solution, with sizes over 500 nm. However, the size of GA/
CUR nanocomplexes at a GA/CUR weight ratio of 4 was
164.8 = 51.7 nm, with a polydispersity index of 0.3 + 0.1.
In addition, GA/CUR nanocomplexes at a GA/CUR weight
ratio of 4 showed homogeneous size distribution (inset of
Fig. 2B). When GA/CUR nanocomplexes were prepared at
a GA/CUR weight ratio of 4, the GA concentration was
1 mM, which is the critical micelle concentration of GA
[15,27]. After incubation of GA/CUR in the presence of a
surfactant (5% Tx-100 in PBS solution), no noticeable

nanoparticles were observed. This result indicates that GA/
CUR nanocomplexes were formed via reversible noncovalent
interactions; for example, hydrophobic interactions. To
further examine whether free CUR could be released from
GA/CUR nanocomplexes, GA/CUR nanocomplexes con-
tained within dialysis bags (3.5 kDa) were incubated in
PBS solution for predetermined time intervals, and the
released CUR was measured using a UV-Vis spectro-
photometer. As depicted in Fig. 2C, CUR was almost
completely released (approximately 95.6%) in a sustained
manner over 12 h.

3.2. H,0, scavenging activity

CUR is a well-known antioxidant molecule that is crucial
for its biological effects. To examine whether the antioxidant
effect of GA/CUR nanocomplexes was reduced, an H,O,
scavenging assay was performed (Fig.2D). GA/CUR
nanocomplexes at a GA/CUR weight ratio of 4 exhibited
excellent H,O, scavenging activity (95.3 + 1.4%), at a
CUR concentration of 20 pg/mL. This result indicates that
complexation with GA has negligible harmful effects on
the antioxidant activity of CUR bioactivity. According to
our previous study, CUR nano-formulation using nano-
sized exosomes also produced enhanced antioxidant effects
compared to free CUR [19]. It is likely that the homogeneous
dispersion of CUR via nano-complexation might provide
excellent antioxidant effects in aqueous solutions.

3.3. Anti-cancer effect of GA/CUR nanocomplexes

To examine the intracellular delivery of GA/CUR nano-
complexes, MCF-7/MDR cells were treated with CUR and
GA/CUR nanocomplexes for 2 h. In our previous study,
the expression levels of p-glycoprotein in MCF-7/MDR
cells were higher than that in MCF-7 cells [28]. Because of
the high expression of p-glycoprotein on cellular membranes,
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Fig. 3. (A) Inverted fluorescence microscope image of curcumin (CUR) and glycyrrhizic acid (GA)/CUR nanocomplexes in Michigan
cancer foundation-7/multidrug resistant (MCF-7/MDR) cells. Scale bar: 50 um. (B) The fluorescence intensity of CUR and GA/CUR
nanocomplexes in MCF-7/MDR cells (**p < 0.01). (C, D) Cell viability of MCF-7/MDR cells after treatment with (C) GA/CUR
nanocomplexes (¥**p < 0.001) and (D) GA for 24 h. CON: control.
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free CUR demonstrated negligible intracellular accumulation,
as depicted in Fig. 3A. However, GA/CUR nanocomplexes
with a GA/CUR weight ratio of 4 exhibited much higher
intracellular localization than free CUR. The amount of
intracellular CUR was also quantitatively measured via the
fluorescence intensity of CUR within cells, after incubation
of the MCF-7 and MDR cells with CUR and GA/CUR
nanocomplexes, respectively (Fig. 3B). Intracellular fluo-
rescence intensities of CUR and GA/CUR were observed
to be 14.3 = 1.8 and 21.2 + 2.7, respectively. Fig. 3A and
3B indicate that GA/CUR nanocomplexes allowed increased
intracellular localization of CUR, which might be crucial
for bioactivity.

To determine the anti-cancer effect of GA/CUR nano-
complexes, cancer cell viability was assessed via a cell
counting after treatment of the samples for 24 h. As presented
in Fig. 3C, the viability of cells with CUR and GA/CUR
nanocomplexes was 57.1 + 4.4 and 21.3 + 4.4%, respectively,
when compared to that of the control group (100% viability).
This result indicates that the anti-cancer activity demonstrated
by GA/CUR nanocomplexes was approximately 2.6-folds
higher than that of CUR, which might be attributed to the
increased intracellular localization of CUR. However, GA
exerted negligible effects on the viability of MCF-7/MDR
cells at various concentrations (Fig. 3D). Although several
studies have reported the anti-cancer effects of GA in breast
cancer cells, noticeable effects of GA were not observed in
our results, possibly due to the multidrug-resistance of breast
cancer cells [29,30].

3.4. Anti-inflammatory effect of GA/CUR nanocomplexes
in macrophages

According to previous studies, CUR exhibits anti-
inflammatory properties via the suppression of prostaglandin
synthesis, which is closely related to cyclooxygenase-2 and
inducible nitric oxide synthase signaling for pro-inflammatory
reactions [31,32]. To assess the anti-inflammatory activity of
macrophages, intracellular uptake of GA/CUR nanocomplexes
was examined in RAW264.7 cells, as depicted in Fig. 4A.
While cells treated with GA/CUR nanocomplexes demon-
strated a fluorescence intensity of 54.8 + 6.2, those that
underwent treatment with CUR had a fluorescence
intensity of 29.5 = 8.8. This result clearly indicates that the
GA/CUR nanocomplexes could be efficiently delivered
into the macrophages. Furthermore, in order to investigate
the anti-inflammatory effects of GA/CUR nanocomplexes,
RAW264.7 cells were treated with LPS at a concentration
of 100 ng/mL for 18 h in vitro to activate inflammatory
responses for macrophages, as described in a previous
study [21]. After pre-treatment of the GA/CUR nano-
complexes and CUR only for a duration of 6 h, the same
were treated with LPS at a concentration of 100 ng/mL for
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Fig. 4. (A) Intracellular uptake of curcumin (CUR) and glycyrrhizic

acid (GA)/CUR nanocomplexes in RAW264.7 cells. (B) The

levels of tumor necrosis factor-o (TNF-o) released in RAW264.7

cells after treatment with CUR and GA/CUR nanocomplexes in

the presence of lipopolysaccharides (LPS) (100 ng/mL) (**p <
0.01, ***p < 0.001). ns: not significant, CON: control.

18 h. The level of inflammatory responses was quantitatively
assessed by measuring the amount of released TNF-a, a
representative pro-inflammatory cytokine, using ELISA
(Fig. 4B). The concentration of released TNF-a from cells
treated with CUR and GA/CUR nanocomplexes was observed
to be 44.3 £ 11.1 and 30.1 £ 6.8 ng/mL, respectively, at a
CUR concentration of 10 uM, while the cytokine level in
cells treated with LPS only was 70.8 + 6.4 ng/mL.

3.5. Anti-inflammatory effects of GA/CUR nanocomplexes
in vivo

In previous studies, CUR and GA exhibited anti-rheumatoid
effects in vivo that were correlated to their anti-inflammatory
activity in vivo [33]. To determine the anti-inflammatory
effects of GA/CUR nanocomplexes, a collagen-induced
RA mouse model was prepared by intradermal administration
of bovine type II collagen and complete Freund’s adjuvants
(Fig. 5A). Following the 13 times injection of GA/CUR
nanocomplexes at concentration of 20 mgkg of CUR
every alternate day, sera of all mice were collected on the
45th day to determine the amount of pro-inflammatory
cytokines, TNF-a and IL-1B [34]. The concentration of
TNF-a in blood sera was observed as follows: 3.4 + 3.0,
18.1+6.4,9.7+49, 83+ 54, and 6.3 + 42 pg/mL after
treatment with NOR, CON, GA, CUR, and GA/CUR
nanocomplexes, respectively (Fig. 5B). In addition, the
levels of IL-1p in blood sera were as follows: 1.1 + 0.8, 2.4
+ 0.5 09 + 1.0, 3.1 £ 0.8, and 1.2 £ 0.8 pg/mL after
treatment with NOR, CON, GA, CUR, and GA/CUR
nanocomplexes, respectively (Fig. 5C). These results clearly
indicate that GA/CUR nanocomplexes greatly reduced
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Fig. 5. (A) Schematic illustration for in vivo administration of
glycyrrhizic acid/curcumin (GA/CUR) nanocomplexes in the
rheumatoid arthritis (RA) mouse model. (B, C) The extent of
released (B) tumor necrosis factor-o. (TNF-a) and (C) interleukin-
1B (IL-1p) levels in serum (*p < 0.05). (D, E) The weight of (D)
spleen and (E) thymus after administration of nanocomplexes,
followed by biopsy (n = 5-6). NOR: normal, CON: control, ns:
not significant.

TNF-a as well as IL-1p levels in the RA model, which
suggests that GA/CUR nanocomplexes produce enhanced
anti-inflammatory effects in the RA model, as compared to
CUR alone. Furthermore, splenomegaly and thymus
enlargement observed in the RA model are sometimes used
as indicators of rheumatoid arthritis [35]. The weights of
spleen were 76.5 + 10.5, 130.8 + 25.0, 97.6 + 20.0, 138.6
+29.4, and 95.3 + 15.0 mg in the mice treated with NOR,
CON, GA, CUR, and GA/CUR, respectively (Fig. 5D).

While CON and CUR groups possessed enlarged spleens,
the spleen sizes in the GA and GA/CUR groups were
similar to that of the NOR group. However, there were no
noticeable differences in the weight of the thymus in any of
the groups (Fig. 5E). This result suggests that GA/CUR
nanocomplexes can reduce inflammation in vivo without
producing any side effects, such as splenomegaly [36].

4. Conclusion

This study demonstrated the formulation and application of
a GA-based nano-complex as a simple and facile carrier for
CUR, both in vitro and in vivo. GA/CUR nanocomplexes with
a size of 164.8 + 51.7 nm exhibited promising antioxidant
activity and anti-cancer activity in MCF-7/MDR cells, along
with anti-inflammatory activity in RAW264.7 cells in vitro.
The same could potentially be attributed to increased aqueous
solubility. In the RA mouse model, GA/CUR nanocomplexes
revealed remarkably reduced release of inflammatory cyto-
kines (TNF-a and IL-1p) after intraperitoneal administration,
without any splenomegaly. Taken together, GA/CUR nano-
complexes could serve as a promising delivery system for
CUR with improved in vivo activity and safety.
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