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Introduction

An extensive body of research is currently focused on 
the biological activities of dendritic cells (DCs), specifi-
cally regarding their possible clinical use as cellular 
adjuvants for the treatment of chronic infectious disease, 
immune homeostasis, and tumors (1 – 6). DCs are pro-
fessional antigen presenting cells (APCs) that possess 
immune sentinel properties and initiate T-cell responses 
against pathogens and tumors (7, 8). The generation of 
an optimal immune response often requires the presence 

of CD4+ and CD8+ T cells as well as the expression of 
T-cell-specific antigens on APCs (9, 10). As potent 
APCs, DCs possess immune sentinel properties, which 
enable the induction of primary immune responses and 
the activation of T-cell responses against pathogens and 
tumors. Immature DCs capture and process exogenous 
agents within the peripheral tissues where they mature. 
During maturation, DCs migrate to the lymphoid organs 
where they stimulate naïve T cells by signaling through 
the major histocompatibility complex (MHC) and co-
stimulatory molecules. DCs have also been characterized 
as highly responsive to both bacterial products and i
nflammatory cytokines such as lipopolysaccharide (LPS) 
and tumor necrosis factor (TNF)-α. DCs located in 
peripheral tissues generally tend to be both functionally 
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and phenotypically immature. Immature DCs do not 
induce primary immune responses, as they have low 
expression of co-stimulatory molecules. While in the 
immature state, DCs have been shown to effectively 
capture and process exogenous antigens (Ag) within 
peripheral tissues, where they then begin to mature. 
Upon stimulation, DC maturation has been associated 
with high expression of MHC class I and II, decreased or 
absent Ag uptake, the up-regulation of co-stimulatory 
molecules, and interleukin (IL)-12 production. Therefore, 
DC functional modulators could be supported by thera-
peutic adjuvants for DC-associated immune diseases.

Baicalin is a major flavonoid constituent found in 
the traditional oriental medicinal herb Baikal skull cap 
(Scutellaria baicalensis GEORGI) and is known as 
“HwangKeum” in Korea and “Ogon” in Japan. Baicalin 
has been widely used for the treatment of various dis-
eases such as hepatitis, pneumonia, allergies, diabetes, 
and cancer (11, 12). Previous studies have demonstrated 
that baicalin possesses a wide range of biological and 
pharmacological activities, including anti-inflammatory, 
antioxidant, and anti-cancer properties (13 – 17). The 
mechanism of action indicates that its anti-inflammatory 
activity is responsible for suppressing the functions of 
various inflammatory cells such as lymphocytes and 
inhibiting the production of pro-inflammatory mediators 
such as IL-6 and TNF-α (13, 17). However, until now, 
the immune cellular targets of baicalin have remained 
enigmatic, thereby leaving open for discussion future 
research regarding the issue of the global function of 
baicalin as related to DCs maturation and immune-
regulatory activities.

In the present study, we sought to characterize the 
effects of a non-cytotoxic dose of baicalin on the func-
tional and maturational properties of murine bone 
marrow–derived DCs. Our findings demonstrated that 
baicalin treatment inhibited the phenotypic and func-
tional maturation of DCs. Thus, this available drug may 
constitute a simple, inexpensive, and highly effective 
means to exploit the immunostimulatory capacity of DCs.

Materials and Methods

Animals and chemicals
Male 8 – 12-week-old C57BL⁄6 (H-2Kb and I-Ab) and 

BALB⁄c (H-2Kd and I-Ad) mice were purchased from the 
Korean Institute of Chemistry Technology (Daejeon, 
Korea). They were housed in a specific pathogen-free 
environment within our animal facility for at least 1 week 
before use. All mouse work was approved by the IACUC 
and was performed in our IACUC approved facility. 
Baicalin was purchased from Sigma (purify was > 99.0%, 
assessed by HPLC).

Reagents and Abs
Recombinant mouse (rm) GM-CSF and rmIL-4 were 

purchased from R&D Systems (Minneapolis, MN, USA). 
Dextran-FITC (molecular mass, 40,000) and LPS (from 
Escherichia coli 055:B5) were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Cytokine ELISA kits for 
murine IL-12p70, IFN-γ, IL-4, and IL-2 were purchased 
from BD Pharmingen (Rockville, MD, USA). FITC- or 
PE-conjugated mAbs used to detect the expression of 
CD11c (HL3), CD80 (16-10A1), CD86 (GL1), IAb β-
chain (AF-120.1), H2Kb (AF6-88.5), or the intracellular 
expression of IL-12p40/p70 (C15.6), and IL-10 (JESS-
16E3) by flow cytometry, as well as isotype-matched 
control mAbs, were purchased from eBioscience (San 
Diego, CA, USA).

Generation and culture of DCs
DCs were generated from murine bone marrow cells. 

Briefly, bone marrow was flushed from the tibiae and 
femurs of male C57BL/6 and depleted of red cells with 
ammonium chloride. The cells were plated in six-well 
culture plates (106 cells/ml, 3 ml/well) in OptiMEM 
(Invitrogen Life Technologies, Carlsbad, CA, USA) 
supplemented with 10% heat-inactivated FBS, 2 mM L-
glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 
5 × 10−5 M 2-ME, 10 mM HEPES (pH 7.4), 20 ng/ml 
rmGM-CSF and rmIL-4 at 37°C, 5% CO2. On day 3 of 
the culture, floating cells were gently removed, and fresh 
medium was added. On day 6 of the culture, nonadherent 
cells and loosely adherent proliferating DCs aggregates 
were harvested for analysis or stimulation, or in some 
experiments, replated in 60-mm dishes (106 cells/ml; 5 
ml/dish). On day 6, 80% or more of the nonadherent cells 
expressed CD11c. In certain experiments, to obtain 
highly purified populations for subsequent analyses, the 
DCs were labeled with bead-conjugated anti-CD11c 
mAb (Miltenyi Biotec, Gladbach, Germany) followed by 
positive selection through paramagnetic columns (LS 
columns, Miltenyi Biotec) according to the manufacturer’s 
instructions. The purity of the selected cell fraction was 
> 95%.

Stimulation of DC by baicalin
Baicalin dissolved in DMSO or DMSO alone (0.01% 

v/v) was added to cultures of isolated DCs in six-well 
plates (106 cells/ml, 3 ml/well). DMSO alone was used 
as a control because it showed no cytotoxicity in DCs. 
For the analysis of apoptosis, DCs were stimulated with 
LPS or left unstimulated. Additionally, apoptosis was 
analyzed over time by staining of phosphatidylserine 
translocation with FITC-annexin V in combination with 
a propidium iodine kit according to the manufacturer’s 
instructions.
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Flow cytometric analysis
On day 6, BM-DC were harvested, washed with 

phosphate-buffered saline (PBS) and resuspended in 
fluorescence activated cell sorter (FACS) washing buffer 
(1% fetal bovine serum in PBS). The cells were first 
blocked with 10% (v/v) normal goat serum for 15 min at 
4°C and stained with phycoerythrin (PE)-conjugated 
anti-H-2Kb (MHC class I), anti-I-Ab (MHC class II), anti-
CD80, and anti-CD86 with fluorescein isothiocyanate 
(FITC)-conjugated anti-CD11c (PharMingen, San Diego, 
CA, USA) for 30 min at 4°C. The stained cells were 
analyzed using a FACSCalibur flow cytometer (BD 
Biosciences, San Jose, CA, USA).

Cytokines assay
DCs were first blocked with 10% (v/v) normal goat 

serum for 15 min at 4°C and then stained with FITC-
conjugated CD11c+ antibody for 30 min at 4°C. The cells 
stained with the appropriate isotype-matched Ig were 
used as negative controls. The cells were fixed and per-
meabilized with the Cytofix/Cytoperm kit (BD Pharmin-
gen) according to manufacturer’s instructions. Intra-
cellular IL-12p40/p70 and IL-10 were stained with 
fluorescein PE–conjugated antibodies (PharMingen) in 
a permeation buffer. The cells were analyzed using the 
FACSCalibur flow cytometer with the CellQuest pro-
gram. Furthermore, murine IL-12p70 or IL-4 from DC 
and IL-2, IFN-γ as well as IL-4 from co-cultured T cells 
were measured using an ELISA kit (BD Pharmingen), 
according to manufacturer’s instructions.

Mixed lymphocyte reaction
Responder T cells were isolated from spleen of 

BALB/c mice in a MACS column (Miltenyi Biotec). 
Staining with FITC-conjugated anti-CD4 antibody (BD 
Pharmingen) revealed that they consisted mainly of 
CD4+ cells (> 95%). DCs were treated with 50 μg/ml 
mitomycin C (Sigma) for 1 h and added in graded 
doses to 1 × 105 allogeneic T cells in U-bottomed 96-
well microtiter culture plates. During the last 18 of the 
72-h culturing, cell proliferation was quantified by (3H)
thymidine (NEN-DuPont, Boston, MA) uptake of cells 
by adding 0.5 μCi of (methyl3H)thymidine in the culture 
medium. The cells were harvested onto glass fiber 
filters (Inotech Biosystems, Zurich, Switzerland) and 
the radioactivity was measured in a scintillation counter. 
Results are presented as the mean c.p.m. of triplicated 
cultures.

Statistics
All results were expressed as the means ± S.D. of the 

indicated number of experiments. Statistical significance 
was estimated using a Student’s t-test for unpaired obser-

vations, and the differences were compared with regard 
to statistical significance by one-way ANOVA, followed 
by Bonferroni’s post hoc test. The categorical data 
from the fertility test were subjected to statistical analysis 
via the Chi-square test. A P of < 0.01 was considered 
significant.

Results

Baicalin inhibits LPS-induced DCs maturation
In an initial series of experiments, we investigated 

whether baicalin could influence the maturation of DCs. 
Bone marrow–derived DCs were cultured for 6 days with 
supplemented medium including granulocyte-macrophage 
colony-stimulating factor and IL-4. Bone marrow–
derived DCs have certain characteristics similar to 
myeloid DCs and is a major stimulator of T cells instead 
of plasmacytoid DCs. Different concentrations of baicalin 
were added to the culture on day 6 with or without 200 
ng/ml of LPS. Baicalin (Fig. 1A) was determined to be 
cytotoxic to DCs at concentrations in excess of 30 μM 
(data not shown). There were no marked differences in 
the percentage of dead cells when the concentrations 
were all set to ≤ 30 μM. We then determined the effects 
of different physiological concentrations of baicalin on 
DC maturation. To determine whether baicalin has a 
regulatory effect on DC maturation, we determined the 
protein expression levels of co-stimulatory molecules 
B7-1 (CD80), B7-2 (CD86), and MHC class I and II. As 
shown in Fig. 1B, the treatment with baicalin at various 
concentrations attenuated the expression of CD80, CD86, 
MHC class I, and MHC class II on CD11c+ DCs, which 
are upregulated during DCs maturation. As shown in 
Fig. 1C, these molecules were also upregulated within 24 
h of LPS exposure (thick lines). Treatment with 20 μM 
baicalin in the presence of LPS impaired the expression 
of the MHC class I and II co-stimulatory molecules. 
Interestingly, a significant downregulation of CD80, 
CD86, and MHC class I was also observed under these 
conditions (Fig. 1C, thin lines).

Baicalin impairs the secretion of IL-12 during LPS-
induced DCs maturation

It has previously been hypothesized that DCs, macro-
phages, and monocytes function as sources of proinflam-
matory molecules such as IL-12 (7). Thus, we examined 
the ability of baicalin-treated DCs to generate pro-
inflammatory cytokines. IL-12 expression has been 
identified as a specific marker of DCs activity and the T 
helper type 1 (Th1) immune response. It has also been 
considered an important marker for DC maturation and 
can be used to select Th1 dominant adjuvants. We deter-
mined the production of both intracellular IL-12p40/70 
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Fig. 1. Baicalin inhibits the expression of co-stimulatory molecules MHC class I and II during DCs maturation. The chemical 
structure of baicalin (A). DCs were generated as described in the Materials and Methods section. On day 6, baicalin was added for 
24 h to the DCs at the concentration of 5, 10, or 20 μM. The expression of surface molecules was then analyzed by two-color flow 
cytometry (B). Histograms indicate medium (control) or cells stimulated for 24 h with 200 ng/ml LPS in the presence (gray line, 
isotype control; thick line, LPS treatment; thin line, baicalin plus LPS treatment) of 20 μM baicalin on day 6 (C). The results are 
representative of three identical experiments.
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and bioactive IL-12p70 in baicalin-treated DCs. As shown 
in Fig. 2A, intracellular staining of CD11c+ DCs with 
PE–labeled anti-IL-12p40/p70 or FITC–anti-IL-10 mAbs 
revealed that DCs stimulated with 20 μM baicalin 
expressed IL-12p40/p70 less abundantly than the LPS-
stimulated DCs, whereas IL-10 was merely detected. 
When the supernatants were analyzed by enzyme-linked 
immunosorbent assay (ELISA), IL-10 was also barely 
detectable 24 h after stimulation with 200 ng/ml of LPS. 
The inhibitory effects of baicalin on the bioactive form 
of IL-12 (IL-12p70) were also confirmed by ELISA. As 
shown in Fig. 2B, ELISA analysis revealed high levels 

of IL-12p70 upon LPS stimulation of DCs (63.3 ± 1.4 
pg/ml) for 24 h, and baicalin (34 ± 1.5 pg/ml) attenuated 
the effects of LPS. These results indicate that baicalin 
treatment impairs the ability of DCs to produce large 
amounts of IL-12p70 and suppresses the functional 
maturation of LPS-stimulated DCs.

Baicalin enhances the immature state of DCs with high 
endocytic capacity

In the current results, the expression levels of co-
stimulatory molecules on DCs and the observed changes 
in IL-12 production indicate that baicalin treatment 

Fig. 2.  Baicalin impairs IL-12 production and secretion during LPS-induced DCs maturation. DCs were stimulated by baicalin 
(20 μM) for 24 h in the absence or presence of LPS. CD11c+ DCs were subsequently analyzed by intracellular cytokine staining 
(A). The cells were gated for CD11c+-positive DCs. The DCs (1 × 105 cells/ml) were cultured for 24 h, and the production of 
bioactive IL-12p70 and IL-10 were analyzed by ELISA from the culture supernatants (B). The results shown are from one 
representative experiment out of three. ##P < 0.01 vs. unstimulated DCs (medium only), **P < 0.01 vs. LPS-stimulated DCs.
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leads to a profound inhibition of DC phenotypic and 
functional maturation. However, these results did not 
exclude the possibility that baicalin might induce a 
general inhibition of the physiological functions of 
DCs. Thus, we next investigated whether DC stimulation 
with baicalin altered the ability of the cells to capture 
AGs. To accomplish this, we treated DC with baicalin in 
the absence or presence of LPS and added dextran-FITC 
to the culture media. Based on the uptake of FITC-
conjugated dextran, the percentage of double-positive 
cells (CD11c+-PE with dextran-FITC) did not differ 
between baicalin-treated and untreated DCs (medium 
only). Furthermore, the percentage of LPS-stimulated 
DCs was lower than the percentage of untreated DCs, 
and the baicalin-treated DCs exhibited a high endocytic 
capacity for dextran-FITC compared to LPS-stimulated 
DCs (Fig. 3: A and B). These results indicate that the 
baicalin-treated DCs were both phenotypically and 
functionally immature. A set of identical experiments 
were also performed at 4°C, and the results of these 

indicated that the uptake of dextran-FITC by DCs was 
inhibited at lower temperatures, suggesting that baicalin 
enhances DC immaturity.

Baicalin impairs DC-mediated induction of Th1 
polari zation

To determine whether baicalin inhibits the maturation 
of DCs into fully functional APCs for APC-mediated 
allogenic CD4 T-cell stimulation, DCs were treated with 
baicalin for 24 h and were subsequently incubated with 
allogenic CD4 T-cells. As shown in Fig. 4, LPS-treated 
DCs exhibited more profound proliferation responses 
than untreated DCs, whereas baicalin appeared to impair 
the proliferation responses of the allogenic CD4 T-cells 
elicited by LPS-activated DCs. Therefore, the maturation 
induced by LPS stimulation profoundly promoted the 
allostimulatory capacity of the untreated DCs, whereas 
baicalin treatment significantly impaired the DC allo-
stimulatory capacity. Moreover, given the inhibitory 
effect of baicalin on DC IL-12 production, a Th1-

Fig. 3.  Baicalin-treated DCs exhibit enhanced endocytic capacity. DCs were treated with 20 μM baicalin with or without LPS 
(200 ng/ml) for 24 h. The endocytic activity of the DCs was assessed by flow cytometry after FITC-dextran treatment. The DCs 
were washed and stained with a PE-conjugated anti-CD11c+ antibody. The endocytic activity of the controls was determined after 
exposure to FITC-dextran at 4°C. The number represents the percentages of FITC-dextran/CD11c+-PE double-positive cells (A). 
The profile of endocytic capacity was also demonstrated as a histogram using the percentages of FITC-dextran/CD11c+-PE double-
positive cells (B). The results shown are from one representative experiment out of three. ##P < 0.01 vs. unstimulated DCs (medium 
only), **P < 0.01 vs. LPS-stimulated DCs.
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inducing cytokine, we next attempted to characterize the 
primary T-cell response induced by DCs that had 
matured in the presence of baicalin. Naïve allogenic CD4 
T-cells primed by mature DCs differentiated into Th1 
lymphocytes, which generated high levels of IFN-γ and 
low levels of IL-4 production. In contrast, CD4 T cells 
primed with DCs that had matured in the presence of 
baicalin displayed inhibited IFN-γ and IL-2 production 
(Fig. 4B). These results indicated that the majority of the 
effects of baicalin on the T-cell differentiating abilities of 
DCs were the consequence of the inhibition of IL-12 
production.

Discussion

In this study, we investigated the effects of baicalin 
on the phenotypic and functional maturation of bone 
marrow–derived DCs. DCs are known to play important 
roles in immunotherapy and the establishment of hyper-
sensitivity and transplantation tolerance (18 – 21). 
Baicalin is a major flavonoid constituent, and many 
researchers have shown that baicalin exerts a variety of 
biological effects, including anti-inflammatory and 
anti-cancer properties (13, 16, 17, 22). Nevertheless, few 
reports showing the immunoregulatory effect of baicalin 
have been published. Zhang et al. has reported that 
Baicalin induced DCs apoptosis in vitro at 50 μM treat-

Fig. 4.  Baicalin impairs the Th1 response and cytokine production. The DCs were incubated for 24 with medium alone, baicalin 
(20 μM), LPS (200 ng/ml), or LPS with baicalin. The DCs were washed and then co-cultured with allogenic CD4 T cells. The 
mixed leukocyte reaction was conducted for 4 days. Background levels of [3H]thymidine uptake were determined by measuring 
reactions without the stimulator (A). The cells were examined for cytokine production via ELISA after 48 h (B). The results 
shown are from one representative experiment out of three. ##P < 0.01 vs. unstimulated DCs (medium only), **P < 0.01 vs. LPS-
stimulated DCs.
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ment (23). However, we found no marked differences in 
the percentage of dead cells when the concentrations 
were all set to ≤ 30 μM/ml. It was might due to different 
sources of baicalin from different companies and cell 
culture systems. Some research has shown that baicalin 
promotes regulatory T-cell differentiation through toll-
like receptor 4 to modulate T and B cells (24, 25). 
However, the exact baicalin modulation pathways that 
mediate changes in DCs, which are potential APCs and 
interact with T cells for cell-mediated immune responses, 
are still unclear. Moreover, the effects of baicalin on the 
maturation and immunological response of DCs remain 
largely unknown. Because of this, we investigated 
baicalin-exposed DCs with regard to their capacity to 
sensitize recipients for cell-mediated immune responses. 
We used a variety of functional assays to ascertain the 
function and phenotype of baicalin-treated DCs and also 
determined the DC-mediated immune response in terms 
of Th1 or Th2 polarization. To be sure the observed 
effects of baicalin could be attributed to DCs and not to 
contaminating cells in the bone marrow–derived cell 
cultures, the DCs were purified at greater than 95%. 
Our results indicated that baicalin is a potent inhibitor 
of LPS-induced DC maturation and impairs the Th1 
immune response and provide new insights into the 
immunopharmacological potential of baicalin.

During maturation, DCs upregulate co-stimulatory 
molecules, such as CD80, CD86, and MHC class I and 
II, allowing for effective AG presentation to naïve 
T cells. Moreover, mature DCs produce and secrete 
specific cytokines to activate innate effector cells and 
direct the development and differentiation of specific T 
helper cell subsets. As shown in Fig. 1, baicalin inhibited 
LPS-induced DC maturation. Zhang et al. reported that 
baicalin had no effect on the expression levels of CD80 
and CD86 on LPS (500 ng/ml)-stimulated DCs (23). 
However, we found that treatment with 20 μM baicalin 
in the presence of LPS (200 ng/ml) impaired the expres-
sion of the CD80 and CD86 as well as MHC class I and 
II molecules.

The suppressive effects of baicalin on DC maturation 
can likely be attributed to a non-specific inhibitory 
effect. Therefore, we assessed the ability of baicalin-
treated DCs to uptake FITC-dextran via mannose recep-
tor–mediated endocytosis (Fig. 3). As a result, the 
endocytic capacity of the baicalin-treated DCs was pro-
foundly elevated, suggesting that baicalin suppressed 
both the phenotypic and functional maturation of DCs.

The helper T-cell–mediated immune response toward 
Th1 or Th2 polarization depends on the specific cyto-
kines secreted by the activated DCs. High levels of IL-12 
will induce differentiation of naïve CD4+ T cells into Th1 
cells and simultaneously block the development of the 

Th2 lineage (26). The secretion of bioactive IL-12p70 
requires the coordinated expression of two of its subunits, 
namely p35 and p40, which are encoded by two separate 
genes and are regulated independently. As shown in 
Fig. 2, DCs enhanced IL-12 production and secreted the 
bioactive form IL-12p70 in the presence of LPS, and 
baicalin exerted inhibitory effects on the production of 
intracellular IL-12p40/p70 and bioactive IL-12p70. In 
contrast, baicalin and LPS had no effect on IL-10 pro-
duction in DCs.

Our study also demonstrated that LPS-stimulated DCs 
skewed naïve CD4+ T cells toward developing into IFN-
γ–producing T cells for Th1 polarization. Naïve CD4+ 
T cells stimulated by baicalin-treated DCs generated 
lower IFN-γ levels, but did not alter IL-4 production. 
Therefore, baicalin significantly impaired the capacity of 
these cells to proliferate and initiate the Th1 response 
(Fig. 4). This suggests that baicalin is a potent immune-
modulator of the Th1 response, and the inhibition of DC-
mediated Th1 polarization might constitute a baicalin-
associated immunosuppressive mechanism. Consequently, 
baicalin-mediated inhibition of IL-12 generation in 
LPS-stimulated DCs may also contribute to the induction 
of an immunosuppressive state.

In conclusion, we have characterized a variety of 
baicalin-mediated effects in DCs. Baicalin inhibited the 
phenotypic cytokine production in DCs, resulting in the 
inhibition of T-cell activation. Our current data also 
show that baicalin affected the capability of DCs to 
determine Th1/Th2 polarization through the regulation 
of IL-12 and IFN-γ production in DCs. These findings 
underline the immunopharmacological functions of 
baicalin and suggest a highly effective means for 
modulating the immunoregulatory capacity of DCs. 
Taken together, our results suggest new implications for 
manipulating DC function for potential immunothera-
peutic applications.
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