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Abstract

Patients with severe burn injuries are extremely susceptible to infection, and the host’s antibacterial responses are frequently suppressed by
alternatively activated macrophages (M2Mf), commonly demonstrated in these patients. An immunosuppressive subset of neutrophils (PMN-
II), demonstrated in the peripheral blood of thermally injured patients, has been described as an inducer of M2Mf. In the present studies, the
inhibitory effect of glycyrrhizin (GL) on M2Mf generation stimulated by PMN-II was examined. M2Mf were generated from resident Mf (R-
Mf, lower chamber) after cultivation with PMN-II (upper chamber) in a dual-chamber transwell. However, M2Mf were not generated from R-
Mf when the same transwell cultures were performed in the presence of GL. M2Mf were not generated from R-Mf after cultivation with
PMN-II previously treated with GL, while R-Mf previously treated with GL converted to M2Mf after they were cultured with PMN-II in trans-
wells. Interleukin-10 and CCL2 released from PMN-II were shown to be effector molecules responsible for the generation of M2Mf. However,
these soluble factors were not produced by PMN-II treated with GL. These results indicate that GL inhibits PMN-II-stimulated M2Mf gener-
ation through the inhibition of CCL2/interleukin-10 production by PMN-II.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The majority of deaths in thermally injured patients are as-
sociated with infection rather than the physical damage to the
skin or the resulting abnormal metabolism [1e4]. As compared
with healthy individuals, thermally injured patients have an in-
creased susceptibility to infection because of burn-associated
defects in their antibacterial responses [5]. Macrophages
(Mf) are one of the critical effector cells in antibacterial innate
immune responses [6]. After certain stimulations, resident Mf
(R-Mf, Mf isolated from healthy individuals) convert into two
different populations: classically activated Mf (M1Mf) and al-
ternatively activated Mf (M2Mf) [7,8]. M1Mf exhibit the
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ability to (i) kill infected cells, (ii) express inducible nitric oxide
synthase, and (iii) secrete nitric oxide, pro-inflammatory cyto-
kines and Th1 response-associated cytokines [8]. In contrast,
M2Mf are commonly found in patients with severe infections,
malignancies, thermal injuries, or after major surgery [7,9,10].
In a mouse model of thermal injury, M2Mf have been demon-
strated 3e5 days after thermal injury [11,12]. These Mf pref-
erentially express receptors for foreign antigens (mannose
receptor, b-glucan receptors and scavenger receptors) and pro-
duce interleukin (IL)-1 receptor antagonist, IL-10, CCL17,
CCL22 and arginase [7,9,10]. In addition, IL-10 and CCL17 re-
leased from M2Mf inhibit M2Mf generation [13]. Therefore,
M1Mf do not appear in hosts whose M2Mf predominate [13].

A specific population of neutrophils (PMNs) has been de-
scribed as an inducer of M2Mf [14]. Recently, we have
reported three different subsets of PMNs [14]. These
PMNs are distinguished from each other in the following

mailto:fsuzuki@utmb.edu
http://www.elsevier.com/locate/issn/10434666


318 T. Yoshida et al. / Cytokine 33 (2006) 317e322
ways: PMN-I (Gr-1þCD11b�CD49dþ) produce IL-12/CCL3
and express Toll-like receptor 2 (TLR2)/TLR4/TLR5/TLR8;
PMN-II (Gr-1þCD11bþCD49d�) produce IL-10/CCL2 and
express TLR2/TLR4/TLR7/TLR9; normal PMN (PMN-N,
Gr-1þCD11b�CD49d�), lacking the ability to produce these
cytokines, express TLR2/TLR4/TLR9 [14]. PMN-II isolated
from MRSA-susceptible mice functioned to generate M2Mf
from R-Mf, while PMN-I isolated from MRSA-resistant
mice stimulated R-Mf conversion to M1Mf. PMN-N did
not show any activities on the modification of Mf. CCL2
and IL-10 released from PMN-II were shown as effector mol-
ecules for M2Mf generation [14].

Glycyrrhizin (GL), an extract from licorice roots with
a structure of 20b-carboxy-11-oxo-30-norolean-12-en-3b-yl-
2-O-b-D-glucopyranuronosyl-a-D-glucopyranosiduronic acid,
has been reported for inhibiting the production of IL-10 and
CCL2 by Mf infected with HIV [15]. Therefore, in this study,
the inhibitory effect of GL on M2Mf generation induced by
PMN-II was investigated. In Japan, GL has been used clini-
cally for more than 20 years in patients with chronic hepatitis
[16e19]. The antiviral activities of GL against human cyto-
megalovirus, herpes simplex virus type 2, influenza virus,
and coronavirus that related to severe acute respiratory syn-
drome have been reported [20e23]. This compound has also
been described to inhibit inflammation, augment natural killer
cell activity and induce interferon (IFN)-g, CCL4 and CCL5
production [24e26].

2. Materials and methods

2.1. Animals

Eight- to 11-week-old BALB/c mice purchased from The
Jackson Laboratory (Bar Harbor, ME) were used in this study.
All procedures utilizing animal experiments were approved by
the Institutional Animal Care and Use Committee of The Uni-
versity of Texas Medical Branch at Galveston (IACUC
approval number: 01-04-010).

2.2. Reagents and media

Recombinant murine IL-10 and CCL2 were purchased
from PeproTech (Rocky Hill, NJ). Monoclonal antibodies
(mAbs) for IL-10 and CCL2 were obtained from BD PharMin-
gen (San Diego, CA). Recombinant murine CCL17 and
anti-CCL17 mAb were purchased from R&D Systems (Min-
neapolis, MN). SAC was purchased from CalbiochemeBehr-
ing Corp. (La Jolla, CA). RPMI-1640 medium supplemented
with 10% heat-inactivated fetal bovine serum, 2 mM L-gluta-
mine and antibiotics (complete medium) was utilized for the
cultivation of various cell preparations.

2.3. GL

GL was supplied by Minophagen Pharmaceutical Co. Ltd.,
Tokyo, Japan. As described previously [15], 1 mg of GL was
dissolved in 1 ml of culture medium at room temperature,
and diluted further to appropriate concentrations when it was
used in experiments.

2.4. Thermal injury

According to our previous reports [13,27], thermally in-
jured mice were prepared, as follows: Mice, anesthetized
with pentobarbital (40 mg/kg, i.p.), were shaved of the hair
on their backs from groin to axilla. Thermal injury was pro-
duced by pressing a custom-made insulated mold (with
a 2.5 � 3.5-cm window) firmly against the shaved back of
each mouse and subsequently exposing the area to a gas flame
for 9 s using a Bunsen burner equipped with a flame-dispers-
ing cap. This procedure produced a third-degree burn, on ap-
proximately 15% of the total body surface area for a 26 g
mouse. Immediately after thermal injury, physiologic saline
(2 ml/mouse, i.p.) was administered for fluid resuscitation. An-
imals were then housed until used for experiments. Control
mice, not exposed to the gas flame, had their back hair shaved
and received physiologic saline (2 ml/mouse, i.p.).

2.5. Preparation of Mf and PMN

Without any stimulation, Mf were freshly isolated from the
peritoneal exudates of normal mice using fibronectin-coated
dishes, as previously described [14,27]. The purity of the final
Mf preparation was routinely more than 92% when it was an-
alyzed by a FACScan flow cytometer (Becton Dickinson, San
Jose, CA). These Mf were utilized as R-Mf. As previously
described [14], PMN were isolated from the whole peripheral
blood of normal and thermally injured mice, using Ficoll-Hy-
paque and dextran sedimentations. PMN isolated from normal
mice were designated as PMN-N, and PMN derived from mice
18 h after burn injury were utilized as PMN-II, as previously
described [14]. Briefly, peripheral blood was withdrawn
from the heart of each mouse with a heparinized syringe.
The peripheral blood was centrifuged with Ficoll-Hypaque,
and precipitates were obtained as a PMN rich fraction. The
precipitates were suspended in 1% dextran (T-500, Pharmacia,
Piscataway, NJ) and kept for 1 h at room temperature to allow
for the sedimentation of residual erythrocytes. The PMN frac-
tion was further treated with erythrocyte-lysing kits (R&D
Systems) to eliminate the remaining erythrocytes. The purity
of PMN from the final preparation was routinely more than
93%, when analyzed by flow cytometry with FITC-conjugated
anti-Gr-1 mAb and WrighteGiemsa/alkaline phosphatase
stainings. In the PMN preparation from thermally injured
mice, CCL2-producing cells (PMN-II) were consistently mea-
sured as 99%, and CCL3-producing cells (PMN-I) were not
contained in the remaining cell population [14].

2.6. The effect of GL on M2Mf generation

In the presence of GL (1e100 mg/ml), R-Mf (6 � 105

cells/well) placed into the lower chamber of dual-chamber
transwells (0.4 mm pore, Corning Costar, Corning, NY) were
cultured with PMN-II (0.08e2 � 105 cells/well, upper
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camber) in the presence of SAC (0.0075%) [14]. Eighteen
hours after the cultivation, cells in the lower chamber were
recultured for 6e30 h without any stimulation. In some exper-
iments, R-Mf previously treated with GL (100 mg/ml) for
3e12 h were cultured with PMN-II in dual-chamber trans-
wells. R-Mf were cultured with PMN-II previously treated
with GL (100 mg/ml) for 3e12 h in dual-chamber transwells.
Culture fluids, harvested 24 h after the cultivation of Mf
were assayed for CCL17, as a typical chemokine produced
by M2Mf. Amounts of CCL17 produced into the culture
fluids were measured using ELISA. The detection limits of
CCL17 were 16 pg/ml. Each assay was performed three times.

2.7. The effect of GL on the production of CCL2
and IL-10 from PMN-II

PMN-II (2 � 106 cells/ml) were treated with 100 mg/ml of
GL in the presence of SAC [14]. Culture fluids, harvested var-
ious hours after SAC stimulation, were assayed for CCL2 and
IL-10 using ELISA. The detection limits for IL-10 and CCL2
were 16 and 8 pg/ml, respectively. Each assay was performed
three times.

2.8. Statistical analysis

Data are presented as mean � S.D. All results were statis-
tically analyzed by ANOVA using Statview 4.5 (Brain Power,
Calabasas, CA). If a p value was lower than 0.05, the result
was considered to be significant.

3. Results

3.1. GL inhibits the generation of M2Mf stimulated
with PMN-II

The inhibitory effect of GL on PMN-II-associated M2Mf
generation was examined in vitro using transwell cultures.
R-Mf (6 � 105 cells/ml, lower chamber) were cultured in
a dual-chamber transwell with PMN-II (2 � 105 cells/ml, up-
per chamber) supplemented with Staphylococcus aureus
Cowan I (SAC). Eighteen hours after cultivation, the upper
chamber was removed and cells in the lower chamber were re-
cultured for 6e30 h. Culture fluids harvested were assayed for
CCL17, a typical parameter of M2Mf. Twelve hours after cul-
tivation, CCL17 production by these Mf was first demon-
strated, and it peaked 24 h after cultivation. However, the
chemokine was not produced by Mf cultured with PMN-II
in transwells supplemented with 100 mg/ml of GL (Fig. 1A).
Mf harvested from control cultures (R-Mf only cultured
with or without PMN-N) did not produce CCL17 into their
culture fluids. As shown in Fig. 1B, R-Mf converted to
M2Mf in association with the number of PMN-II added to
the upper chamber of the transwells, because the total amounts
of CCL17 produced by R-Mf were increased after transwell
cultures in response to the numbers of PMN-II added to the
cultures. However, the production of CCL17 from Mf stimu-
lated with PMN-II was markedly inhibited (95%) when
transwell cultures of 6 � 105 cells/well of R-Mf and
2 � 105 cells/well of PMN-II were performed in the presence
of GL (Fig. 1B). When various doses of GL were added to the
transwell cultures, a 10 mg/ml dose was shown to be 50% in-
hibitory on the production of CCL17. The maximum inhibi-
tion of CCL17 production was shown when transwell
cultures were performed with 100 mg/ml of GL (Fig. 1C).
These results indicate that GL inhibits M2Mf generation
from R-Mf that were stimulated with PMN-II.

Fig. 1. Inhibitory effect of GL on M2Mf generation stimulated with PMN-II.

(A) Time course. R-Mf (6 � 105 cells/well, lower chamber) were cultured

with PMN-II (2 � 105 cells/well, upper chamber) supplemented with SAC

(0.0075%) in a dual-chamber transwell. The transwell cultures were performed

in the presence (open circles) or absence (filled circles) of a 100 mg/ml dose of

GL. Culture fluids harvested were assayed for CCL17, as a parameter of

M2Mf. (B) M2Mf generation stimulated with PMN-II. R-Mf were cultured

with PMN-II (0.08e2 � 105 cells/well, upper chamber) previously supple-

mented with SAC in a dual-chamber transwell. The transwell cultures were

performed in the presence or absence of GL (100 mg/ml). Cells were harvested

from the lower chamber 18 h after cultivation and recultured for 24 h without

any stimulation. Culture fluids harvested were assayed for CCL17. (C) Dosee
response inhibitory effects of GL. The transwell cultures were performed with

various doses of GL. Culture fluids harvested were assayed for CCL17. The

data are displayed as the mean CCL17 production � S.D. and are representa-

tive of three experiments.
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3.2. M2Mf were not induced by PMN-II previously
treated with GL

M2Mf generation from R-Mf was inhibited when trans-
well cultures of R-Mf and PMN-II were performed in the
presence of GL. Therefore, we next examined the effect of
GL on M2Mf generation in cultures of R-Mf previously
treated with GL. Also, transwell cultures of R-Mf were per-
formed with PMN-II previously treated with GL. Thirty-seven
percent of CCL17 production was inhibited when R-Mf were
cultured with 1 mg/ml of GL. M2Mf were not generated from
R-Mf in transwells after cultivation with PMN-II previously
treated with a 100 mg/ml dose of GL for 12 h (Fig. 2). In con-
trast, R-Mf previously treated with a 100 mg/ml dose of GL
for 3e18 h converted to M2Mf when they were cultured
with PMN-II in transwells (Fig. 3). These results indicate
that GL inhibits M2Mf generation through the alteration of
the PMN-II function.

3.3. GL inhibits the production of CCL2
and IL-10 by PMN-II

In our previous studies, M2Mf were shown to be generated
from R-Mf after cultivation with PMN-II, and CCL2 and IL-10
released from PMN-II were shown to be effector molecules for
M2Mf generation from R-Mf [14]. Therefore, the inhibitory
effect of GL on the production of CCL2 and IL-10 by PMN-
II was examined. In the presence of a 100 mg/ml dose of GL,
PMN-II were examined for their abilities to produce CCL2
and IL-10. This experiment was performed with a PMN-II prep-
aration obtained from mice 18 h after thermal injury, based on
the time course of the appearance of PMN-II in thermally in-
jured mice [14]. PMN-II produced CCL2 into their culture
fluids 6e18 h after cultivation. However, CCL2 production
was significantly inhibited 12e18 h after GL treatment. Simi-
larly, PMN-II produced IL-10 into their culture fluids 6e18 h
after cultivation, while PMN-II treated with GL did not produce
IL-10 into their culture fluids (Fig. 4). These results suggest that
GL inhibits M2Mf generation through the inhibition of CCL2
and IL-10 production by PMN-II.

Fig. 2. M2Mf were not generated in cultures of R-Mf and GL-treated PMN-

II. R-Mf (6 � 105 cells/well, lower chamber) were cultured with PMN-II

(2 � 105 cells/well, upper chamber) previously treated with GL (1e100 mg/

ml) in dual-chamber transwells supplemented with SAC. Cells were harvested

from the lower chamber 18 h after cultivation and recultured for 24 h. Culture

fluids harvested were assayed for CCL17. The data are displayed as the

mean � S.D. and are representative of three experiments.
4. Discussion

In the present study, the inhibitory effect of GL on M2Mf
generation stimulated with PMN-II was investigated in vitro.
M2Mf were generated from R-Mf after cultivation with
PMN-II in dual-chamber transwells. However, M2Mf were
not generated from R-Mf cultured with PMN-II in transwell
cultures supplemented with GL. In our previous study,
CCL2 and IL-10 released from PMN-II were shown as effector
molecules for M2Mf generation, because a mixture of mAbs
directed against CCL2 and IL-10 completely inhibited the
generation of M2Mf from R-Mf stimulated with the PMN-
II culture fluid [14]. In addition, M2Mf generation from R-
Mf was demonstrated after treatment with a mixture of
rCCL2 and rIL-10. When GL at a dose of 100 mg/ml was
added to these cultures, M2Mf generation from R-Mf was
not influenced. This suggests that GL does not prevent Mf
conversion from R-Mf to M2Mf directly stimulated with
CCL2 and IL-10. In contrast, GL showed an ability to inhibit
the production of IL-10 and CCL2 from PMN-II. These results
suggest that GL inhibits PMN-II-associated Mf conversion
from R-Mf to M2Mf through the inhibition of CCL2 and
IL-10 production by PMN-II. According to our recent studies
[13,14], in this experiment, peritoneal Mf were used. Because
the repression mechanism of M2 skewing in bone marrow-de-
rived Mf was shown to be different from that of tissue-derived
Mf [28], further studies will be needed to clarify the effect of
GL on PMN-II-stimulated M2Mf generation from various
Mf populations. As reported in many papers [29e31], the
non-cytotoxic properties of GL have been shown. Cytotoxic-
ities of GL (1e200 mg/ml) against various murine and human
cells were not demonstrated when the assay was performed by
(i) trypan blue dye-exclusion test, (ii) the proliferative
responses of cells stimulated with anti-CD3 mAb or Con A,
(iii) H-2 class II antigen expression, and (iv) interferon pro-
duction. These results strongly suggest that GL at concentra-
tions of 1e100 mg/ml is not cytotoxic to Mf and PMN-II.

Recently, we have reported that mice with systemic inflamma-
tory response syndrome (SIRS) are susceptible to Enterococcus

Fig. 3. M2Mf were generated in cultures of GL-treated R-Mf and PMN-II.

R-Mf (6 � 105 cells/well, lower chamber) previously treated with GL

(100 mg/ml) for 3e12 h were cultured with PMN-II (2 � 105 cells/well, upper

chamber) in dual-chamber transwells supplemented with SAC. Cells were har-

vested from the lower chamber 18 h after cultivation and recultured for 24 h.

Culture fluids harvested were assayed for CCL17. The data are displayed as

the mean � S.D. and are representative of three experiments.
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Fig. 4. Inhibitory effect of GL on the production of CCL2 and IL-10 by PMN-II. PMN-II (2 � 106 cells/ml) were stimulated with SAC in the presence (open

circles) or absence (filled circles) of GL (100 mg/ml). Culture fluids harvested 6e18 h after the cultivation were assayed for CCL2 and IL-10. The data are dis-

played as the mean production of CCL2 and IL-10 � S.D., and are representative of three experiments.
faecalis, MRSA and infectious complications induced by cecal
ligation and puncture [32]. M2Mf generated in association
with SIRS manifestations have been determined as effector cells
on the increased susceptibility of SIRS mice to various infec-
tions. Also, CCL2, a product of the SIRS development, was de-
termined as an effector factor on M2Mf generation. On the other
hand, the ability of Th2 cytokines (IL-10, IL-4 and/or IL-13) to
induce M2Mf has been well documented [7,8,33]. In this paper,
GL was shown to be an inhibitor of CCL2 and IL-10 production
by PMN-II. The in vitro effect of GL on inhibiting CCL2 produc-
tion has been reported in cultures of human peripheral blood
monocytes infected with HIV or treated with an inducer of
M2Mf generation (1-methyladenosine) [15], murine peritoneal
Mf from SIRS mice [34] and R-Mf treated with norepinephrine
[35]. Recently, several studies have indicated that the enhancer
region of the CCL2 gene is inhibited by glucocorticoids, proges-
terone and estrogen in cells stimulated with LPS, IL-1 or TNF-a,
after binding to their receptors [36,37]. 18b-Glycyrrhetinic acid
(GA), a final metabolite of GL in a living body, is similar to de-
oxycorticosterone and this metabolite binds to glucocorticoid
receptors [38]. In fact, this metabolite has been shown to
inhibit CCL2 production by peritoneal Mf stimulated with
IL-1. GL may suppress CCL2 production through the inhibition
of CCL2 gene activation after binding to glucocorticoid
receptors. Further studies are required to clarify the
molecular mechanism by which GL inhibits CCL2 and IL-10
production.

In our recent study, Gr-1þCD11bþ immature myeloid cells
were demonstrated in the spleens of mice 6 h after burn injury.
These burn-associated immature myeloid cells may be a pre-
cursor cell of M2Mf, or a stimulator cell of R-Mf to generate
M2Mf. In addition, it has been described in recent papers that
TLR reactivity of Mf increases in mice 7 days after thermal
injury, but not early after the injury [39,40]. GL may play
a role on the myeloid cell generation or TLR reaction of
Mf. Further studies are required.

In the present study, PMN-II obtained from the peripheral
blood of thermally injured mice were utilized. PMN with
properties similar to PMN-II have recently been demonstrated
in the peripheral blood of mice with severe pancreatitis, pro-
gressive tumors and severe infections. These mice have also
been recognized as hosts with M2Mf. In normal individuals,
M1Mf are generated in response to bacterial products or cy-
tokines released in the early stages of host innate responses
against bacterial invasion, and contribute to eradicate early
bacterial growth [7,8]. Because M2Mf suppress the genera-
tion of M1Mf [13], M1Mf generation will be minimal
even if hosts with a predominance of M2Mf generation are ex-
posed to pathogens. For this reason, carriers of M2Mf
would be susceptible to various infections. Utilizing the in
vitro assay system, here we showed that GL inhibits M2Mf
generation stimulated with PMN-II. The regulation of PMN-
II-associated M2Mf generation by GL may provide a new
therapeutic strategy, which could influence the outcome of cer-
tain severe infections in hosts with M2Mf generation.
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