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Abstract: Morus alba L. fruits have long been used in traditional medicine by many cultures.
Their medicinal attributes include cardiovascular, hepatoprotective, neuroprotective and
immunomodulatory actions. However, their mechanism of macrophage activation and
anti-cancer effects remain unclear. The present study investigated the molecular
mechanisms of immune stimulation and improved chemotherapeutic effect of M. alba L.
fruit extract (MFE). MFE stimulated the production of cytokines, nitric oxide (NO) and
tumor necrosis factor-a (TNF-a) and tumoricidal properties of macrophages. MFE activated
macrophages through the mitogen-activated protein kinase (MAPKinase) and nuclear
factor-xB (NF-xB) signaling pathways downstream from toll-like receptor (TLR) 4. MFE
was shown to exhibit cytotoxicity of CT26 cells via the activated macrophages, even though
MFE did not directly affect CT26 cells. In a xenograft mouse model, MFE significantly
enhanced anti-cancer activity combined with 5-fluorouracil and markedly promoted
splenocyte proliferation, natural killer (NK) cell activity, cytotoxic T lymphocyte (CTL)
activity and IFN-y production. Immunoglobulin G (IgG) antibody levels were significantly
increased. These results indicate the indirect anti-cancer activity of MFE through improved
immune response mediated by TLR4 signaling. M. alba L. fruit extract might be a potential
anti-tumor immunomodulatory candidate chemotherapy agent.
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1. Introduction

Cancer treatment strategies include surgery, chemotherapy, and radiation therapy. Many cancer
chemotherapeutic agents can produce toxicity, which particularly leads to myelosuppression and
immunosuppression [1]. Immune status is important for growth and the combatting of cancer.

Enhancement of host immune response has been accepted as a tool for defense against cancer
without any side effects. Effective immune enhancement for anti-tumor activity requires antigen
presenting cells, T lymphocytes, and natural killer (NK) cells [2,3]. Many candidate cancer
chemotherapeutic agents activate significant antigen presenting cells, such as dendritic cells and
macrophages, through toll-like receptors (TLRs), which are able to perform antigen uptake, processing
and initiation of T cell responses. TLRs are very important in early innate immune defense. The TLR
agonists have a potential of tumoricidal activity via TLR-activated innate immune responses. Some
TLR agonists are being clinically investigated [4,5].

Natural herbs have been used as complementary and alternative medicine for a long time.
Among other things, they were used to reduce side effects and enhance tumoricidal effects of
chemotherapy in cancer patients. [4,6]. Morus alba L. is widely distributed in Asia and has
been traditionally used in Korea. Pharmacological functions attributed to M. alba L. include
anti-oxidative, anti-inflammatory, anti-diabetic, and immune stimulating effects, and cardiovascular,
hepatoprotective, and neuroprotective actions [7,8]. M. alba L. fruit contains anthocyanins [9,10],
alkaloids [10], flavonoids [11,12], and polysaccharides [13].

Our previous study has shown that M. alba L. has immune-stimulatory effects in macrophages [14].
Also, pyrrole alkaloids in M. alba fruits having immune-stimulating were reported [15]. However,
the underlying mechanism of stimulatory activity remains unclear. To investigate the immune modulatory
behavior of M. alba fruit, the underlying mechanism of the immune-stimulatory effect was investigated.
Also, the enhancement of therapeutic potential with 5-fluorouracil (5-FU) was estimated in a mouse
tumor xenograft model.

2. Results
2.1. Mechanisms of Macrophage Stimulation by M. alba L. Fruit Extract (MFE)

Pattern recognition receptors, such as TLR2, TLR4, and TLR6, are involved in the binding of
natural products to macrophages, which leads to macrophage activation [16,17]. To study the effect of
Pattern recognition receptor (PRR) blockade, macrophages were incubated with 10, 30, 100 pg/mL of
MFE with or without TLR 2, 4 and 6 antibodies for 24 h. Treatment with MFE significantly increased
production of nitric oxide (NO) and TNF-a without antibodies (Table 1). The MFE associated
increase of NO and TNF-a was significantly decreased by TLR4 antibodies to 73%—82% and
64%—71% of antigen free control, respectively. NO production stimulated by MFE was inhibited only
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by TLR4 antibodies. TLR2 and TLR6 antibodies did not inhibit NO and TNF-a production. TLR4
antibodies most potently inhibited secretion of TNF-a with secretion inhibited less by TLR2 and TLR6
antibodies (Table 1).

Gene expressions of 7LR2 and TLR4 in macrophages were knocked-down by transfection with the
respective siRNA. Significantly reduced production of NO was observed in 7LR4 gene knock-down
cells (Figure 1A). There was no effect of 7TLR2 gene knockdown on NO production. To examine
the effects of MyD&8 and TIR-domain-containing adapter-inducing interferon-p (7R/F) knockdown on
the MFE-triggered TLR4 signaling, the cytokines 7NF-a, IL-12 and IFN-§ in the siRNA-transfected
macrophages were measured. MyD88 and TRIF siRNA-transfected macrophages were significantly

inhibited by MFE-induced TNF-a, IL-12 and IFN-f expression as compared to negative siRNA-transfected
macrophages (Figure 1B-D).
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Figure 1. MFE activates macrophages in a TLR4-dependent manner. (A) After
transfection with TLR2 or TLR4 siRNA, cells were activated with LPS or MFE for 24 h.
NO production was determined using Griess reagent. Macrophages were transfected
with MyD88 siRNA, TRIF siRNA, or scramble siRNA, respectively. Twenty-four hours
after transfection, macrophages were treated with 30 or 100 pg/mL of MFE; (B) TNF-q;
(C) IL-12 and (D) IFN-B expression were measured by real-time PCR. The values
are presented as means = S.D. * p < 0.05, ** p < 0.01, significantly different from the
negative siRNA group. MFE: Morus alba L. Fruit Extract; TLR: toll-like receptor;
LPS: lipopolysaccharide; NO: nitric oxide; TNF-a: tumor necrosis factor-a; TRIF:
TIR-domain-containing adapter-inducing interferon-f; IFN-f: interferon-f; UN: untreated.
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Table 1. Inhibition of MFE induced NO and TNF-a production by the TLR antibodies in macrophage.

NO (%) TNF-a (%)
AbFree TLR2Ab  TLR4Ab  TLR6Ab  AbFree  TLR2Ab TLR4Ab  TLRG6 Ab
Untreated 1000424 100.0+3.3  100.0+£2.6 100.0£24 1000+£32 100.0+£3.6 100.0+2.6 100.0+ 1.4

10 1404+224 1383+£227 1157+126* 1262+19.4 131.9+80 121.6+53 90.6+43* 1313=+7.8
MFE (pg/mL) 30 3129+123 2804+135 231.6+13.4* 277.8+14.6 160.4+122 150.1+3.4 102.7+4.6* 150.5+14.5
100 466.4+103 3924+12.5 3404+83* 340.1+73 1729+£32 159.6+24.6 1227+£53* 167.2+18.3

MFE: Morus alba L. Fruit Extract; NO: nitric oxide; TNF-a: tumor necrosis factor-a; TLR: toll-like receptor. The values were presented as means £ S.D. * p < 0.05,

significantly different from the Ab-free group.



Int. J. Mol. Sci. 2015, 16 24144

We investigated the mechanism of macrophage activation via the mitogen-activated protein kinase
(MAPK) by MFE. The phosphorylation of extracellular signal-regulated kinase (ERK), and c-jun
N-terminal kinase (JNK) were measured in macrophages. MFE time- and dose-dependently induced
phosphorylation of p38, ERK and JNK in macrophages (Figure 2A,B). MFE also increased nuclear
factor-k B (NF-xB) heterodimer (p65/p50 subunits) protein expression in the cytoplasm and nuclear
translocation. These results suggest that MFE activates macrophages medicated through MAPK and
NF-«B signaling pathways. To confirm the relationship of MAPK and NF-«B activation to MFE,
MAPK and NF-xB inhibitors (SB203580 for p38, SP600125 for JNK, PD98059 for ERK,
and pyrrolidinedithiocarbamate (PDTC) for NF-kB) in MFE-treated macrophages were investigated.
MFE-induced NO production was significantly decreased after treatment with SB203580, PD98059,
and PDTC. But, treatment with SP600125 did not affect MFE-induced production of NO (Figure 2C).
MFE induced TNF-a production was inhibited significantly after treatment with SB203580,
SP600125, PD98059, and PDTC. These results suggest that the p38, ERK, and NF-kB pathways are
required for MFE-mediated NO production and that the p38, ERK, JNK MAPK pathways, and
NF-kB-mediated pathway are required for MFE-mediated TNF-a production (Figure 2D).
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Figure 2. Effect of MFE on MAPK and NF-kB mediating pathways. (A) Macrophages
were treated with LPS (0.1 pg/mL) or MFE (30 pg/mL) for 0, 30, 60, and 120 min;
(B) Cells were treated with LPS (0.1 pg/mL) or MFE (10, 30 and 100 pg/mL) for 60 min.
Phosphorylated-p38, JNK, ERK and NF-kB were detected by Western blotting with
specific antibodies. Macrophages were pretreated with MAPK and NF-xB inhibitors for
2 h in medium. Thereafter, cells treated with MFE were incubated in fresh medium for
24 h. LPS was used as the positive control; (C) NO and (D) TNF-a production
in supernatants were measured using ELISA. The values were presented as means + S.D.
* p < 0.01, significantly different from the untreated group. MAPK: mitogen-activated
protein kinase; NF-kB: nuclear factor-x B; JNK: c-jun N-terminal kinase; ERK:

extracellular signal-regulated kinase.

2.2. Macrophage Activation of MFE for Tumor Cytotoxicity

Macrophages can attack tumor cells when they are exposed to certain stimuli [18]. We examined
the cytotoxicity of MFE in CT26 cells. As shown in Figure 3A, MFE at concentration on 10, 30 and
100 pg/mL did not have any antitumor activity in CT26. However cytotoxicity against CT26 in the group
treated with MFE was significantly higher compared to untreated group in peritoneal macrophages
(Figure 3B). These results suggested that cytotoxicity against tumor cells by MFE might be associated

with activation of macrophages.
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Figure 3. Cytoxicity of MFE in vitro. (A) The effect of MFE on the proliferation of CT26
tumor cells; (B) The effect of MFE on macrophage-mediated cytotoxicity against CT26
tumor cells. Macrophages were activated by MFE and co-cultured with CT26 tumor cells
for additional 24 h at the ratio of 10:1 (macrophage to CT26). The values are presented as
mean + S.D. ** p <0.01, significantly different from the untreated group.

2.3. Enhancement of Chemotherapeutic Effects by MFE in Xenograft Mice

MFE inhibited the growth of tumor cells in xenograft mice (Figure 4A). MFE 300 mg/kg in
combination with 5-fluorouracil (5-FU) significantly reduced the tumor volume more than with 5-FU
alone. In this experimental condition, 5-FU showed a 21% inhibitory rate on colon cancer weight.
Interestingly, the inhibitory rate was significantly increased in a dose-dependent fashion from 21% to
29% and 42% when 5-FU and MFE were applied together (Table 2).
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Table 2. Effects of MFE on leukocytes and the growth of tumors in the xenograft mice.

Dose Leukocyte Inhibition Rate of

Group Weight of Spleen (g) Weight of Tumor (g)

(mg/kg) (10%/mL) Tumor (%)
Control - 12.3+1.35 0.45+0.04 5.81+1.35 -

5-FU 50 8.32+1.35 0.32+0.23 4,62+ 1.24 21
50 + 100 12.5+£0.65 * 0.43+0.20 4.26 +0.65 29
5-FU + MFE
50 + 300 142+0.95* 0.52 +0.08 * 3.75+£0.95 42

The values are presented as mean = S.D. * p < 0.05, significantly different from the 5-FU-only group.
5-FU: 5-fluorouracil.
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Figure 4. Effect of MFE on cellular and humoral immune response in a mouse xenograft
model. (A) Changes of tumor volume in the tumor xenograft mice. The values are presented
as mean £ S.D. * p < 0.05 significantly different from the 5-FU group; (B) Splenocyte
proliferation. The values are presented as mean + S.D. * p < 0.05, ** p < 0.01 significantly
different from the control group; (C) NK cells and (D) CTL activity were measured by the
MTT assay. The values are presented as mean + S.D. * p < 0.05, ** p < 0.01 significantly
different from the control group; (E) Contents of IFN-y in the culture supernatants were
determined by ELISA. The values are presented as mean + S.D. * p < 0.05 significantly
different from the control group and (F) Serum antigen-specific IgG, IgG1, and IgG2a
antibodies were measured by ELISA. The values are presented as mean + S.D. * p < (.05,
** p < 0.01 significantly different from the control group. 5-FU: 5-fluorouracil; NK:
natural killer; CTL: cytotoxic T lymphocyte.

Leukocyte counts of mice treated with 5-FU group were decreased significantly, while counts
increased significantly in mice treated with 5-FU + MFE (Table 2). 5-FU, as an immune suppressor,
significantly decreased spleen weight 29% more of than that of the control group. However, high doses
of MFE significantly increased the spleen weight as compared to 5-FU groups (p < 0.05). MFE
alleviated the loss of spleen weight induced by 5-FU (Table 2). Additionally, the stimulating effect on
proliferation by MFE was determined using a splenocyte in the tumor xenograft mice (Figure 4B). LPS
stimulates B cell proliferation and Concanavalin A (ConA) stimulates T cell proliferation. MFE could
significantly enhance ConA- and LPS-induced splenocyte proliferation in the tumor xenograft mice
(» < 0.05 and p < 0.01, respectively). However, the 5-FU group did not display an increase that
was significant compared to the control group. These results suggested that MFE might be related to
stimulation of T cells and B cells, also humoral and cell-mediated immunity in the tumor xenograft
mice. Tumor cell elimination is mediated in part by the cytotoxic activity of NK cells and CTL.
However, 5-FU + MFE significantly increased the NK cells and CTL activity in the tumor xenograft
mice (p < 0.05 and p <0.01, respectively). The effect of MFE on the production of interferon-y (IFN-y)
in ConA-stimulated splenocytes was measured (Figure 4E). The production of I[FN-y was dramatically
increased by MFE (p < 0.05). The effect of MFE on humoral immunity was investigated by total IgG
and IgG subclasses (IgG1 and IgG2a) in serum. MFE did not affect IgG and IgG1 antibody levels. On
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the other hand, IgG2a antibody levels were significantly enhanced by treatment with MFE in the tumor
xenograft mice (Figure 4F).

3. Discussion

TLRs are existent in various cell and tissues. Above all, the role of TLRs is important in
macrophage and dendritic cells. TLRs make an important link between the innate and adaptive
immune systems because their activation leads to the expression of co-stimulatory molecules of
immune cells, which convert them into defective antigen presenting cells. The TLR families are made
up of thirteen different TLR molecules which differ in the microbial structures they recognize. TLRs
are preferentially expressed on phagocytes, dendritic cells, and epithelial cells at sites at which bacteria
enter into the host. The binding of microbial components to the TLRs effectively acts as a signal to
increase immune stimulation and allows them to activate T and B lymphocytes [19,20].

The binding of LPS to TLR4 is a critical event in immune activation [21]. MFE and LPS have
a similar chemical structure, and they share the same pathways for TLR4 signaling.

M. alba fruit is enriched in anthocyanins [9], alkaloids [10], flavonoids [11,12], and some
polysaccharides [13,22-24]. Potential synergy effects occur in plants or healthy foods due to the
complex mixture of various phytochemicals [25]. Therefore, these studies were performed using
extracts instead of individual compounds to understand the beneficial effects of M. alba fruit extract,
specifically the mechanisms of its immune-stimulatory effects and cytotoxicity against cancer through
Immune responses.

MFE was associated with the release of immune-stimulating cytokines like TNF-a and NO in
a dose-dependent manner in macrophages. The blocking of TLR4 antibodies significantly inhibited
MFE-induced NO production and TNF-a secretion. Moreover, MFE-induced NO production was
attenuated by gene knockdown of TLR4. Therefore, immune activity by MFE may occur through
activation of the TLR4 signaling pathway.

The TLR4 signal can use both MyD88 and TRIF pathways in response to gram-negative
endotoxins. Why TLR4 signaling uses both of these pathways is unclear [26]. The two different
pathways of TLR result in two types of adaptors. The MyD88 pathways induced early phase activation
of NF-xB through the interleukin-1 receptor-associated kinase (IRAK), and the IRAK proteins
interacted with and activated TNF receptor-associated factor-6 (TRAF6). TRAF6 promotes
ubiquitination of downstream signaling mileculesm and activates TGF-P activated kinase 1 (TAK1),
which in turn initiates the MAPK and NF-«kB. The TRIF pathway requires the TRIF-associated
molecule (TRAM) and results in both NF-kB activation and interferon regulatory factor
(IRF)-7-dependent synthesis of type I interferon (IFN). MFE-induced TNF-a, IL-12 and IFN-B
production were analyzed to investigate the role of both pathways. Knock-down of MyD88
substantially inhibited MFE-induced TNF-a and IL-12 production. Knock-down of TRIF sensitively
inhibited MFE-induced IFN-B production. Our results indicate that MFE led to activation of both
MyD88-dependent and TRIF-dependent signaling pathways of TLRs. The NF-kB signaling pathway is
activated following clustering of the TLRs. NF-kB generally regulates various types of inducible
transcriptional promoting in macrophages [27]. NF-kB is presented in the cytoplasm via interaction
with the inhibitory protein IkB [28]. Expression of this protein demonstrated that MFE increased



Int. J. Mol. Sci. 2015, 16 24150

the level of NF-kB in macrophages. MFE stimulated NF-kB nuclear activation and IkBa degradation
in cytoplasm. Therefore, MFE induced macrophage activation through the NF-«xB signaling pathway.

The NF-xB and MAPK pathways were mostly important in macrophage activation by MFE. MAPK
pathways are activated by cytokines and a variety of cellular activities [29,30]. MFE increased
the phosphorylation of ERK, JNK, and p38 in a time- and dose-dependent manner. MAPK inhibitors
and PDTC pretreatment inhibited MAPK and NF-«B signaling, which led to the inhibition of
the production of NO and TNF-a. These results suggest that MFE-mediated macrophage activation
largely depends on MAPK and NF-«kB signaling. Taken together, the results demonstrate that MFE can
be a macrophage activator and immune-stimulator through the TLR4 signaling pathway.

There were observed enhanced anti-tumor effects in the tumor xenograft mice. The cytotoxicity of
MFE against tumor cells was not direct, but indirect through the activation of macrophages. These
results show that the enhanced tumoricidal effect of MFE was mediated macrophage activation.

5-FU is considered the standard drug for the treatment of colon cancer [31]. The pyrimidine
anti-metabolite of 5-FU is a chemotherapeutic agent used for various types of solid cancers, alone or in
combination with an adjuvant such as leucovorin (LV) [32]. The 5-FU group induced a significant
decrease in leucocyte counts in the tumor xenograft mice. Whereas, the MFE treatment complemented
the immune suppression induced by 5-FU.

MFE significantly increased the proliferation of ConA and LPS stimulated splenocyte in the tumor
xenograft mice. The results indicate that MFE might initiate a potential activation of T and B
lymphocytes and enhance the humoral and cell-mediated immunity in tumor xenograft mice.

When tumor cells invade healthy tissue, the immune system can counterattack [18]. The immune
system plays an important role in the fight against cancer. Many reported studies have shown that
tumoricidal effects of natural products are mediated by the activation of the immune response.
The basis of cancer immunotherapy is to boost the body’s natural immune defenses against the tumors.
Recently the antitumor activity of natural products through the immune response has been focused on
developing chemotherapeutic agents [33]. The host contains a population of naturally occurring
lymphocyte-like cells that are cytotoxic to tumor cells. NK lymphocytes are considered important
players at inhibiting tumors [34]. NK cells do not need to recognize antigens on the immune cells.
Whereas, CTL was promoted because it recognizes antigens in the surface of immune cells [35,36].
MFE significantly increased the NK cells and CTL activities in the tumor xenograft mice, suggesting
that MFE could enhance specific and non-specific cytotoxicity against tumor cells.

Macrophages, NK cells and even NK T cells themselves can produce IFN-y during the innate
immune response and exhibit immune stimulatory properties and anti-tumor activities that can inhibit
cancer cell proliferation and tumor angiogenesis [37,38]. The increase in the levels of IFN-y secretion
from splenocytes in MFE treated mice could explain the antitumor properties of MFE.

Thl T cells provide both IFN-y for macrophage activation and B cell help to produce IgG
subclasses for the opsonization of pathogens. MFE promoted an immune response involving the Thl
type response in the tumor xenograft mice, a response that is related to the significant increase of
IgG2a levels. Further studies are necessary to confirm whether MFE could stimulate the humoral
immune response caused by the model system using TLR4 knockout mice [39].
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4. Experimental Section
4.1. Chemical and Reagents

Dulbecco’s Modified Eagle’s medium (DMEM), Roswell Park Memorial Institute medium 1640
(RPMI) and fetal bovine serum (FBS) were obtained from GIBCO (Grand Island, NY, USA). A nitric
oxide (NO) detection kit was obtained from INTRON Biotechnology (Sungnam, Korea). Trizol was
obtained from Invitrogen (Carlsbad, CA, USA). Interleukin (IL)-12, interferon-y (IFN-y) and tumor
necrosis factor-a (TNF-a) were obtained from R&D Systems (Minneapolis, MN, USA). A PCR
relative kit, small interfering siRNA and primer were obtained from Applied Biosystems
(Franklin Lakes, NJ, USA). Penicillin, streptomycin, neutral red, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), lipopolysaccharide (LPS), cholera toxin (CT), and all other
chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).

4.2. Cell Culture and Animal Care

RAW264.7 (TIB-71) and CT26 (CRL-2638) were obtained from the American Type Culture
Collection (Manassas, VA, USA). Cells were grown in DMEM or RPMI medium supplemented with
10% heat-inactivated FBS, 100 U/mL of penicillin, and 100 pg/mL of streptomycin. Cells were grown at
37 °C in a humidified 5% CO: incubator. Mice were housed in specific pathogen-free (SPF) conditions
at 21 to 24 °C and between 40% and 60% relative humidity with a 12 h light-dark cycle. All animals
were acclimatized for at least 1 week prior to the start of experiments. All studies were performed in
accordance with the guide for animal experimentation by Wonkwang University and approved by the
university’s institutional animal care and use committee (Approval No. WKU11-43).

4.3. Extract of Morus alba Fruits

Dried M. alba fruits were purchased from a local herbal market in Jeonbuk, Korea. The fruits were
pulverized into powder and extracted twice with hot water (70 °C) for 3 h. The solvent was removed
under reduced pressure in a RV10 rotary evaporator (IKA, Staufen, Germany) to yield M. alba fruit
hot water extract (MFE; 59.3%, w/w). The extract was dried to a powder and kept in a closed container
until use. To avoid variations in activity for different preparations, enough extract was obtained
in one batch for use throughout the experiment. The content of the marker pyrrole alkaloid,
2-formyl-5-(methoxymethyl)-1-H-pyrrole-1-butanoic acid in MFE was quantitated using high
performance liquid chromatography (HPLC).

4.4. HPLC Estimation of Pyrrole Alkaloid

For HPLC analysis, MFE was dissolved in HPLC grade methanol to obtain a 5 mg/mL
concentration, and filtered through a 0.45 um syringe filter. These solutions were further
used for HPLC analysis. Reference standard pyrrole alkaloid was prepared as 0.1 mg/mL of
2-formyl-5-(methoxymethyl)-1-H-pyrrole-1-butanoic acid in 1 mL of HPLC grade methanol. HPLC
analysis was performed as described previously. The HPLC system consisted of a model 515 pump
and model 717 autosampler (Waters, Beverly, MA, USA). Reverse phase separation was performed at



Int. J. Mol. Sci. 2015, 16 24152

room temperature using Gemini-NX (5 um, 10.0 mm X 150.0 mm; Phenomenex, Torrance, CA, USA).
The mobile phase consisted of 60% water containing 0.5% H3PO4 and 40% acetonitrile. The flow rate
was kept at 1 mL/min and the peak was detected at 300 nm. The marker compound was identified by
comparing the UV spectrum and retention time. The estimation of pyrrole alkaloid content in aqueous
extracts with the marker compound pyrrole alkaloids 2-formyl-5-(methoxymethyl)-1-H-pyrrole-1-
butanoic acid was performed for standardization (Figure 5).
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Figure 5. HPLC analysis of Morus alba L. fruits and the chemical structure of
pyrrole alkaloid.

4.5. Proliferation Assay

Cell proliferation was evaluated by the MTT assay. Cells (2 x 10°/well) were incubated with LPS,
Concanavalin A (ConA), or MFE (10-100 pg/mL) in wells of a 96-well plate. MTT was added to each
well to a final concentration of 1 mg/mL. During incubation for 3 h, formazan crystals were formed
by the action of mitochondrial enzymes in viable cells. The crystals were solubilized in dimethyl
sulfoxide. The absorbance was measured at 590 nm using a microplate reader (Molecular Devices,
Sunnyvale, CA, USA).

4.6. NO and Cytokine Assays

Cells (2 x 10°/well) were incubated with LPS or MFE (10-100 ug/mL) in 96-wells plate. After 24 h
the plate was centrifuged at 3000 rpm for 5 min, and the supernatants were collected for the detection
of TNF-a and IFN-y levels using commercial ELISA kits. Nitrite accumulation in the culture medium
as an indicator of NO production was determined using a Griess reaction kit.

4.7. Antibody Inhibition Experiments

Peritoneal macrophages were plated into wells of 96-well culture plates and pre-treated with
monoclonal antibody (mAb) to TLR2, TLR4, TLR6, SB203580, or pyrrolidinedithiocarbamate
(PDTC) for 2 h. MFE was added and incubated for 24 h. TNF-a in culture supernatants was analyzed
by an ELISA kit according to the manufacturers’ directions (R&D Systems, Minneapolis, MN, USA).
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4.8. siRNA Preparation and Transfection

siRNA duplexes with the following gene-specific sense sequences were used: TLR2 (Mm. 87596),
TLR4 (Mm. 38049), MyD88 (Mm. 213003), and toll/IL-1 receptor domain-containing adaptor
inducing IFN-f (TRIF; Mm. 149280). Each sequence along with 100 nM of the specific siRNA was
transfected into RAW 264.7 cells using Lipofectamin 2000 (Invitrogen, Carlsbad, CA, USA)
according to the manufacturer’s protocol. Cells were incubated at 37 °C in a CO2 incubator for 24 h for
gene knockdown.

4.9. Western Blots

Total cellular protein (50 pg) was resolved by polyacrylamide gels containing 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes.
After blocking, the membranes were incubated with the target antibody. Horseradish peroxidase
secondary antibody conjugated to IgG was used. The blots were probed using the ECL Western blot
detection system (GE healthcare, Maple Grove, MN, USA) as instructed by the manufacturer.

4.10. Macrophage-Mediated Cytotoxicity

Macrophages (effector cells; 1 x 10° cells/well) were plated into a 96-wells plate and incubated with
various MFE concentrations for 18 h at 37 °C in a 5% COz2 incubator. The effector cells were washed
with RPMI-FBS to remove the MFE and co-incubated with the CT26 (target cells; 1 x 10* cells/wells).
MTT solution (1 mg/mL) was added to each well and the plate was incubated for another 4 h prior to
the MTT assay. The cytotoxicity was expressed follows (Equation (1)) [40]:

| O.D. of (Target cell + effector cell),,, . —O.D. of (only effector cell)
O.D. of (only Target cell),,, .

sample XIOO (1)

4.11. Treatment and Drug Administration

Female balb/c mice (n = 40) were shaved on their right flank and given a subcutaneous injection of
2 x 10° CT26 cells to induce tumor formation. Control mice did not receive treatment. Cancer cells
were allowed to grow into visible masses for 10 days, after which animals were divided into four
groups of 10 mice each: the normal group (no treatment and no cancer), the control group (cancer),
the 5-FU-treated group (50 mg/kg) and the 5-FU + MFE treated group (100, 300 mg/kg). The daily
MFE administration of the mice in our study, 100 and 300 mg/kg body weight, was equivalent to
an administration of approximately 8.1 and 24.3 mg/kg human body weight respectively, when
calculated on the basis of normalization to body surface area under the recommendations of the USA
Food and Drug Administration and Reagan-Shaw et al. [41]. 5-FU treatment was administered by one
intraperitoneal injection and MFE was orally administered daily for 3 weeks. Animals were sacrificed
after the end of the experiment. The tumor and visceral organ weights were excised and measured.
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4.12. Evaluation of Tumor Volume, Leukocyte Count, Tumor Weight, and Organ Weight

Body weight of each mouse was determined every day by a single observer. Tumor growth was
monitored every 2 days by measuring two perpendicular tumor diameters with a caliper. Tumor volume (v)
was calculated as: v = [(A — B)/A] x 100%, with A and B being the smallest and largest superficial
diameter, respectively. Animals were sacrificed 21 days after inoculation. After the mice were
sacrificed the tumor, organ weights, and leucocyte level were measured.

4.13. Assay of NK Cells and CTL Activity

NK cells and CTL activities were measured as described in the previous study [42]. Splenocytes were
collected from the tumor xenograft mice as the effector cells, and were added at 1 x 10° cells/well.
K562 cells (NK target) and CT26 cells (CTL target) were seeded in a 96-well, flat bottom microtiter
plate at 2 x 10* cells/well to give an E/T ratio 50:1 in RPMI 1640 complete medium. The plate was
incubated for 24 h at 37 °C in a 5% COz atmosphere. MTT solution was added to each well and the
plate was incubated for another 4 h and subjected to the MTT assay. The percentage of target cells
killed (% lysis) was calculated as Equation (2):

0.D., —(0.D,—0.D..)
0.D.,

x100 2)

where O.D.t is the optical density value of target cells control, O.D.s is the optical density value of test
samples, and O.D.k is the optical density value of effector cells control.

4.14. Measurement of Antigen-Specific Antibody

Antigen-specific IgG, IgG1, and IgG2a antibody in serum were detected by an indirect ELISA as
described in the previous study [43]. The absorbance value was measured with an ELISA reader at 490 nm.
Data were expressed as the mean absorbance of the samples minus the mean absorbance of the
normal control.

4.15. Statistical Analysis

The data were expressed as mean + SD and were examined for their statistical significance of
difference with analysis of variance and Student’s #-test. A p-value <0.05 was considered to be
statistically significant.

5. Conclusions

MFE stimulated the production of cytokines via TLR4 and the tumoricidal activity of macrophages.
Macrophage activation was induced through TLR4-mediated NF-kB and MAPK signaling pathways,
which initiated the release of cytokines like TNF-a and IL-12 and effector molecules like NO. MFE
not only significantly inhibited the growth of colon cancer cells, but markedly increased spleen weight,
splenocyte proliferation, activity of NK cells and CTL activity, the level of IFN-y, and serum
antigen-specific antibody levels in xenograft mice. All these results indicate the possibility that
MFE may be able to improve both specific and nonspecific cellular and humoral immune response
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(Figure 6). Thus, MFE is implicated in the defense against cancer by enhancing immune system
function through TLR4 signaling-mediated activation of cytokines and immune cells. Morus alba L.
fruits should be further explored as a potential anti-tumor immunomodulatory agent.
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Figure 6. Summary of the effects of Morus alba L. fruit extract against cancer.

Acknowledgments

This research was supported by the Public Welfare & Safety Research Program (2010-0006548)
and through the National Research Foundation of Korea (NFR).

Author Contributions

All authors read and approved the final version of the manuscript. Conceived and designed the
experiments: Sung Yeon Kim, Hyun Park; performed the experiments: Bo Yoon Chang, Mi Kyeong Lee,
Seon Beom Kim; analyzed the data: Sung Yeon Kim, Bo Yoon Chang, Mi Kyeong Lee, Seon Beom Kim;
drafted the manuscript: Sung Yeon Kim, Bo Yoon Chang; revised the manuscript: Sung Yeon Kim.

Conflicts of Interest
The authors declare no conflict of interest.

References

1. Zhao, H.Y.; Huang, H.; Hu, Z.H.; Huang, Y.; Lin, S.X.; Tian, Y.; Lin, T.Y. Evaluations of
biomarkers associated with sensitivity to 5-fluorouracil and taxanes for recurrent/advanced breast

cancer patients treated with capecitabine-based first-line chemotherapy. Anti-Cancer Drugs 2012,
23,534-542.



Int. J. Mol. Sci. 2015, 16 24156

10.

11.

12.

13.

14.

15.

16.

17.

Bremnes, R.M.; Al-Shibli, K.; Donnem, T.; Sirera, R.; Al-Saad, S.; Andersen, S.; Stenvold, H.;
Camps, C.; Busund, L.T. The role of tumor-infiltrating immune cells and chronic inflammation at
the tumor site on cancer development, progression, and prognosis: Emphasis on non-small cell
lung cancer. J. Thorac. Oncol. 2011, 6, 824-833.

Salagianni, M.; Baxevanis, C.N.; Papamichail, M.; Perez, S.A. New insights into the role of NK
cells in cancer immunotherapy. Oncoimmunology 2012, 1, 205-207.

Adams, S. Toll-like receptor agonists in cancer therapy. Immunotherapy 2009, 1, 949-964.
Kaczanowska, S.; Joseph, A.M.; Davila, E. TLR agonists: Our best frenemy in cancer
immunotherapy. J. Leukoc. Biol. 2013, 93, 847-863.

Kelland, L. The resurgence of platinum-based cancer chemotherapy. Nat. Rev. Cancer 2007, 7,
573-584.

Hwang, K.H.; Kim, Y.K. Promoting effect and recovery activity from physical stress of the fruit
of morus alba. Biofactors 2004, 21, 267-271.

Kim, H.G.; Ju, M.S.; Shim, J.S.; Kim, M.C.; Lee, S.H.; Huh, Y.; Kim, S.Y.; Oh, M.S. Mulberry
fruit protects dopaminergic neurons in toxin-induced Parkinson’s disease models. Br. J. Nutr.
2010, 704, 8-16.

Kang, T.H.; Hur, J.Y.; Kim, H.B.; Ryu, J.H.; Kim, S.Y. Neuroprotective effects of the
cyanidin-3-0-B-D-glucopyranoside isolated from mulberry fruit against cerebral ischemia.
Neurosci. Lett. 2006, 391, 122-126.

Imran, M.; Khan, H.; Shah, M.; Khan, R.; Khan, F. Chemical composition and antioxidant activity
of certain morus species. J. Zhejiang Univ. Sci. B 2010, 11, 973-980.

Ercisli, S.; Orhan, E. Chemical composition of white (Morus alba), red (Morus rubra) and black
(Morus nigra) mulberry fruits. Food Chem. 2007, 103, 1380—1384.

Pawlowska, A.M.; Oleszek, W.; Braca, A. Quali-quantitative analyses of flavonoids of Morus nigra
L. and Morus alba L. (Moraceae) fruits. J. Agric. Food Chem. 2008, 56, 3377-3380.

Guo, C.; Li, R.; Zheng, N.; Xu, L.; Liang, T.; He, Q. Anti-diabetic effect of ramulus mori
polysaccharides, isolated from Morus alba L., on STZ-diabetic mice through blocking
inflammatory response and attenuating oxidative stress. Int. Immunopharmacol. 2013, 16, 93-99.
Yang, X.Y.; Park, G.S.; Lee, M.H.; Chang, LA.; Kim, Y.C.; Kim, S.Y.; Lee, J.Y.; Yun, Y.G.; Park, H.
Toll-like receptor 4-mediated immunoregulation by the aqueous extract of mori fructus.
Phytother. Res. 2009, 23, 1713-1720.

Kim, S.B.; Chang, B.Y.; Jo, Y.H.; Lee, S.H.; Han, S.B.; Hwang, B.Y.; Kim, S.Y.; Lee, M.K.
Macrophage activating activity of pyrrole alkaloids from morus alba fruits. J. Ethnopharmacol.
2013, 745, 393-396.

Luan, H.; Zhang, Q.; Wang, L.; Wang, C.; Zhang, M.; Xu, X.; Zhou, H.; Li, X.; Xu, Q.; He, F.;
et al. OM85-BV induced the productions of IL-1p, IL-6, and TNF-a via TLR4- and TLR2-mediated
ERK1/2/NF-kB pathway in RAW264.7 cells. J. Interferon Cytokine Res. 2014, 34, 526-536.
Zhao, T.; Feng, Y.; Li, J.; Mao, R.; Zou, Y.; Feng, W.; Zheng, D.; Wang, W.; Chen, Y.;
Yang, L.; et al. Schisandra polysaccharide evokes immunomodulatory activity through TLR
4-mediated activation of macrophages. Int. J. Biol. Macromol. 2014, 65, 33—40.



Int. J. Mol. Sci. 2015, 16 24157

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Zhang, M.; He, Y.; Sun, X.; Li, Q.; Wang, W.; Zhao, A.; Di, W. A high M1/M2 ratio of
tumor-associated macrophages is associated with extended survival in ovarian cancer patients.
J. Ovarian Res. 2014, 7, 19, doi:10.1186/1757-2215-7-19.

Li, T.T.; Ogino, S.; Qian, Z.R. Toll-like receptor signaling in colorectal cancer: Carcinogenesis to
cancer therapy. World J. Gastroenterol. 2014, 20, 17699—17708.

Nebl, T.; de Veer, M.J.; Schofield, L. Stimulation of innate immune responses by malarial
glycosylphosphatidylinositol via pattern recognition receptors. Parasitology 2005, 130, S45-S62.
Sender, V.; Stamme, C. Lung cell-specific modulation of LPS-induced TLR4 receptor and adaptor
localization. Commun. Integr. Biol. 2014, 7, d0i1:10.4161/cib.29053.

Xia, W.; Liu, S.Q.; Zhang, W.Q.; Luo, G.A. Structural features of a pectic polysaccharide from
mulberry leaves. J. Asian Nat. Prod. Res. 2008, 10, 857—-865.

Samavati, V.; Yarmand, M.S. Statistical modeling of process parameters for the recovery of
polysaccharide from morus alba leaf. Carbohydr. Polym. 2013, 98, 793-806.

Lee, J.S.; Synytsya, A.; Kim, H.B.; Choi, D.J.; Lee, S.; Lee, J.; Kim, W.J.; Jang, S.; Park, Y.L
Purification, characterization and immunomodulating activity of a pectic polysaccharide isolated
from korean mulberry fruit oddi (Morus alba L.). Int. Immunopharmacol. 2013, 17, 858-866.

Liu, R.H. Health benefits of fruit and vegetables are from additive and synergistic combinations of
phytochemicals. Am. J. Clin. Nutr. 2003, 78, 517S-520S.

Bryant, C.E.; Symmons, M.; Gay, N.J. Toll-like receptor signalling through macromolecular
protein complexes. Mol. Immunol. 2015, 63, 162—-165.

Almog, T.; Kandel-Kfir, M.; Shaish, A.; Dissen, M.; Shlomai, G.; Voronov, E.; Apte, R.N;
Harats, D.; Kamari, Y. Knockdown of interleukin-lalpha does not attenuate Ilps-induced
production of interleukin-1beta in mouse macrophages. Cytokine 2015, 73, 138—143.

Liu, H.; Chen, K.; Feng, W.; Wu, X.; Li, H. TLR4-MyD88/Mal-NF-kB axis is involved in
infection of HSV-2 in human cervical epithelial cells. PLoS ONE 2013, 8, ¢80327.

I[liev, D.B.; Hansen, T.; Jorgensen, S.M.; Krasnov, A.; Jorgensen, J.B. CpG- and LPS-activated
MAPK signaling in in vitro cultured salmon (Salmo salar) mononuclear phagocytes.
Fish Shellfish Immunol. 2013, 35, 1079-1085.

Hsu, C.C.; Lien, J.C.; Chang, C.W.; Chang, C.H.; Kuo, S.C.; Huang, T.F. Yuwen02fl suppresses
LPS-induced endotoxemia and adjuvant-induced arthritis primarily through blockade of ROS
formation, NFxB and MAPK activation. Biochem. Pharmacol. 2013, 85, 385-395.

Kim, N.H.; Kim, S.N.; Oh, J.S.; Lee, S.; Kim, Y.K. Anti-mitotic potential of 7-diethylamino-3(2'-
benzoxazolyl)-coumarin in 5-fluorouracil-resistant human gastric cancer cell line SNU620/5-FU.
Biochem. Biophys. Res. Commun. 2012, 418, 616—621.

Gravalos, C.; Garcia-Escobar, I.; Garcia-Alfonso, P.; Cassinello, J.; Malon, D.; Carrato, A.
Adjuvant chemotherapy for stages II, Il and IV of colon cancer. Clin. Transl. Oncol. 2009, 11,
526-533.

Sultana, S.; Asif, H.M.; Nazar, H.M.; Akhtar, N.; Rehman, J.U.; Rehman, R.U. Medicinal plants
combating against cancer—A green anticancer approach. Asian Pac. J. Cancer Prev. 2014, 15,
43854394,

Tu, J.; Sun, H.X.; Ye, Y.P. Immunomodulatory and antitumor activity of triterpenoid fractions
from the rhizomes of astilbe chinensis. J. Ethnopharmacol. 2008, 119, 266-271.



Int. J. Mol. Sci. 2015, 16 24158

35.

36.

37.

38.

39.

40.

41.

42.

43.

Alderson, K.L.; Sondel, P.M. Clinical cancer therapy by NK cells via antibody-dependent
cell-mediated cytotoxicity. J. Biomed. Biotechnol. 2011, 2011, doi:10.1155/2011/379123.
Tittarelli, A.; Janji, B.; van Moer, K.; Noman, M.Z.; Chouaib, S. The selective degradation of
synaptic connexin-43 by hypoxia-induced autophagy impairs natural killer cell-mediated tumor
cell killing. J. Biol. Chem. 2015, doi:10.1074/jbc.M115.651547.

Burkholder, B.; Huang, R.Y.; Burgess, R.; Luo, S.; Jones, V.S.; Zhang, W.; Lv, Z.Q.; Gao, C.Y ;
Wang, B.L.; Zhang, Y.M.; et al. Tumor-induced perturbations of cytokines and immune cell
networks. Biochim. Biophys. Acta 2014, 1845, 182-201.

Riether, C.; Schurch, C.M.; Ochsenbein, A.F. Regulation of hematopoietic and leukemic stem
cells by the immune system. Cell Death Differ. 2015, 22, 187-198.

Zhang, Y.; Li, J.; Zhang, Y.M.; Zhang, X.M.; Tao, J. Effect of TACI signaling on humoral
immunity and autoimmune diseases. J. Immunol. Res. 2015, 2015, 247426.

Zhang, S.; Nie, S.; Huang, D.; Li, W.; Xie, M. Immunomodulatory effect of ganoderma atrum
polysaccharide on CT26 tumor-bearing mice. Food Chem. 2013, 136, 1213-1219.

Reagan-Shaw, S.; Nihal, M.; Ahmad, N. Dose translation from animal to human studies revisited.
FASEB J. 2008, 22, 659-661.

Sun, H.X.; Ye, Y.P.; Pan, H.J.; Pan, Y.J. Adjuvant effect of panax notoginseng saponins on the
immune responses to ovalbumin in mice. Vaccine 2004, 22, 3882—3889.

Huber, V.C.; McKeon, R.M.; Brackin, M.N.; Miller, L.A.; Keating, R.; Brown, S.A.; Makarova, N.;
Perez, D.R.; Macdonald, G.H.; McCullers, J.A. Distinct contributions of vaccine-induced
immunoglobulin G1 (IgGl) and IgG2a antibodies to protective immunity against influenza.
Clin. Vaccine Immunol. 2006, 13, 981-990.

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



