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Abstract: Background: This study aimed to analyze the immunostimulatory activity of gamisoyosan
(GSS) on the activation of macrophages in RAW 264.7 cells and its underlying mechanisms. Methods:
The effects of GSS on the secretion of nitric oxide (NO), immunomodulatory mediators, cytokines and
mRNAs, and related proteins were assessed using the Griess assay, Western blotting, quantitative
polymerase chain reaction, enzyme-linked immunosorbent assay, and H2DCFDA, respectively. The
level of phagocytosis was determined by the neutral red method while the immune function of GSS
was determined using adhesion and wound-healing assays. Results: GSS-treated macrophages signif-
icantly increased the production of NO, immunomodulatory enzymes, cytokines, and intracellular
reactive oxygen species without causing cytotoxicity. GSS effectively improved macrophage immune
function by increasing their phagocytic level, adhesion function, and migration activity. Mechanistic
studies via Western blotting revealed that GSS notably induced the activation of the Toll-like receptor
(TLR) 4-mediated mitogen-activated protein kinase, nuclear factor-κB, and protein kinase B signaling
pathways. Conclusions: Overall, our results indicated that GSS could activate macrophages through
the secretion of immune-mediated transporters via TLR4-dependent signaling pathways. Thus, GSS
has potential value as an immunity-enhancing agent.

Keywords: immunoregulation; macrophage; protein kinase B; mitogen-activated protein kinase;
nuclear factor-κB; Toll-like receptor 4; gamisoyosan

1. Introduction

The immune system is critical in providing protection from infections, healing damage,
and maintaining homeostasis [1]. An ideal immunostimulation can enhance the immune
defense system against external pathogens by controlling the activation of immune cells [2].
Macrophages are important innate immune cells that participate in phagocytosis, recog-
nition of foreign substances, production of antibodies, and killing of abnormal cells [3,4].
Furthermore, macrophages can initiate the adaptive immune response through present-
ing antigens and secreting cytokines [5]. Thus, macrophage activation is considered a
promising target for enhancing the immune systems of individuals with weak or impaired
immune systems.

Toll-like receptors (TLR) are central molecules in the innate immune system. When
TLR signaling is activated, pathogen-associated molecular patterns (PAMPs) are recognized,
resulting in an innate immune response, which is then stimulated to initiate an adaptive
immune response [6,7]. TLR4 is the most important membrane receptor expressed on
innate immune cells, including dendritic cells and macrophages. Ligand-binding to TLR4
activates the transcription factor nuclear factor (NF)-κB and mitogen-activated protein
kinase (MAPK) signaling pathways through the myeloid differentiation factor (MyD)88-
dependent pathway, which is a crucial regulator of the immune response. Activation of
these pathways induces the production of immunomodulatory factors, such as cytokines,
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nitric oxide (NO), and synthesizing enzymes, including inducible nitric oxide synthase
(iNOS) and cyclooxygenase (COX)-2 [8]. Additionally, TLR4 contributes to improving
immunity by activating the protein kinase B (Akt) signaling pathway [9].

Gamisoyosan (GSS) contains 11 types of medicinal herbs, and according to a traditional
Korean medicinal book, Dongeuibogam, is effective in relieving blood deficiency, irritable
fever, cold sweat, flushing, phlegm, and cough [10]. GSS is commonly used to treat women
with menopausal conditions and related symptoms in countries such as Korea, China, and
Japan [11]. A recent study reported that GSS has a positive effect on ovulation and in vitro
fertilization in mice stressed by electric shock [12]. Another study showed that GSS had an
improving effect on premenstrual dysphoric disorder in women [13]. However, the effect
of GSS on enhancing immunity through macrophage activation has not been previously
studied. Therefore, we researched the immunostimulatory effect of GSS decoction and
its mechanism in RAW 264.7 cells. Additionally, the constituents of GSS were confirmed
through UHPLC-UV-MS/MS-based phytochemical analysis.

2. Materials and Methods
2.1. Materials and Reagents

Antibiotics, fetal bovine serum (FBS), and Dulbecco’s modified Eagle medium (DMEM)
were acquired from Hyclone (Logan, UT, USA). Culture dishes, well plates, and all plas-
ticware used for cell culture were obtained from SPL (Pocheon, Republic of Korea). A
cell counting kit (CCK) was purchased from Dojindo Laboratories (Kumamoto, Japan).
Phosphoric acid, N-1-napthylethylenediamine dihydrochloride, and sulfanilamide for the
Griess reagent were obtained from Sigma-Aldrich (St. Louis, MO, USA). Enzyme-linked
immunosorbent assay (ELISA) kits were acquired from Invitrogen (Waltham, MA, USA).
An RNA extraction kit, DNA synthesizing kits, and SYBR green master mix were purchased
from Bioneer (Daejeon, Republic of Korea) and iNtRON (Sungnam, Republic of Korea),
respectively. H2DCFDA, neutral red, crystal violet, and bovine serum albumin (BSA) were
acquired from Sigma-Aldrich. Antibodies to TLR4 (cat. no. 14358), MyD88 (cat. no. 4283),
β-actin (cat. no. 4970), P-Akt (cat. no. 4060), Akt (cat. no. 9272), P-ERK (cat. no. 4377), ERK
(cat. no. 9102), P-p38 (cat. no. 9211), P38 (cat. no. 9212), P-JNK (cat. no. 9251), JNK (cat. no.
9252), P-IκBα (cat. no. 2859), IκBα (cat. no. 4814), P-NF-κB p65 (cat. no. 3033), NF-κB p65
(cat. no. 8242), Lamin B1 (cat. no. 13435), iNOS (cat. no. 13120), and COX-2 (cat. no. 4842),
as well as secondary antibodies, were obtained from Cell Signaling Technology (Boston,
MA, USA).

2.2. Preparation of GSS

The 11 herbs that make up GSS (Table 1) were all purchased from Humanherb (Daegu,
Republic of Korea). Prior to extraction, Dr. Wei Li of the Korea Institute of Oriental Medicine
(KIOM, Daegu, Republic of Korea) verified all herbs constituting the GSS, and 11 herb
samples were deposited in the herbal bank of KIOM with the identification number C24-17.
The dried herbs (36.0 g) were extracted with 1 L of boiling water for 3 h. The decoction was
filtered and freeze-dried, and the GSS powder was kept at −20 ◦C.

Table 1. The herbal ingredients and ratio of GSS.

Scientific Name of Herbs Medicinal Parts Composition Ratio (%)

Atractylodes macrocephala Rhizome 11.11
Paeonia lactiflora Root 11.11

Poria cocos Sclerotium 11.11
Bupleurum falcatum Root 11.11

Angelica gigas Root 11.11
Liriope platyphylla Tuber 11.11

Glycyrrhiza uralensis Root and Rhizome 5.56
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Table 1. Cont.

Scientific Name of Herbs Medicinal Parts Composition Ratio (%)

Mentha arvensis Herba 5.56
Zingiber officinale Rhizome (undried) 5.56

Gardenia jasminoides Fruit 8.33
Paeonia suffruticosa Root Bark 8.33

2.3. Macrophage Cell Culture and Drug Treatment

RAW 264.7 cells, a mouse macrophage cell line, were acquired from the Korean
Cell Line Bank (Seoul, Republic of Korea). Cells were cultured in completed DMEM
supplemented with 10% FBS, 100 U/mL penicillin, and 100 µg/mL streptomycin at 37 ◦C
in 5% CO2. Macrophages were treated with several concentrations of GSS (10–200 µg/mL)
or lipopolysaccharide (LPS) (10 ng/mL) for 30 min to 72 h.

2.4. CCK Assay for Cell Viability

The cytotoxicity of GSS to RAW 264.7 macrophages was determined using the CCK
assay. RAW 264.7 cells were seeded at 5 × 104 per well in 96-well culture plates for 18 h.
The RAW264.7 cells were treated with different doses of GSS (10–200 µg/mL) or LPS
(10 ng/mL). After 24–72 h of incubation, they were stained with 10 µL of CCK solution for
an additional 1 h at 37 ◦C. The optical absorption at 450 nm was assessed using a microplate
spectrophotometer (Molecular Devices, San Jose, CA, USA).

2.5. Nitrite Assay

The NO production in the culture supernatant was evaluated using the Griess reaction
test. RAW 264.7 cells were seeded at a density of 5 × 104 per well in 96-well plates. The
cells were treated with different concentration of GSS or LPS for 24–72 h; LPS was used
as the positive control. Griess reagent was mixed with a same volume of supernatant and
incubated for five minutes at room temperature (RT). The optical density was then detected
at 570 nm using a microplate spectrophotometer.

2.6. Western Blot Analysis

After treatment and incubation were completed, the cells were washed twice with
PBS and lysed with a RIPA lysate buffer (Millipore, Bedford, MA, USA) containing a
phosphatase and protease inhibitor (Roche, Basel, Switzerland). Extracted nuclear and
cytoplasmic proteins were fractionated by nuclear extraction kit (Thermo Fisher Scientific,
Waltham, MA, USA). The protein content was analyzed by a BCA kit (Thermo Fisher
Scientific) according to the manufacturer’s instruction. Equivalent amounts of protein were
used in SDS-PAGE electrophoresis at 60 V and electrotransferred onto PVDF membranes
at 30 V overnight in an ice bath. Non-specific binding sites of membranes were blocked
with 3% BSA at room temperature for 1 h. After blocking, the membranes were further
incubated with each primary antibody overnight at 4 ◦C in a shaking incubator. The
membranes were washed four times with TBS-T for 10 min and probed with horseradish
peroxidase-conjugated secondary antibodies. The blots were exposed using a ChemiDoc
imaging system (Bio-Rad, Hercules, CA, USA).

2.7. RNA Extraction, DNA Synthesis, and Quantitative Polymerase Chain Reaction (qPCR)

Total RNA extracts were prepared with an RNA extraction kit. Isolated RNA was
reverse-transcribed into cDNA. The qPCR assay was performed using SYBR green master
mix and synthetic primers following the standard protocol. qPCR was performed by a
Real-time PCR System (Thermo Fisher Scientific). The level of β-actin mRNA was assessed
as the normalization control; primer sequences are listed in Table 2.
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Table 2. Primers used for qPCR.

Target Gene Reference Sequence Primer Sequence

TNF-α NM_013693.3 F: 5′-TTCTGTCTACTGAACTTCGGGGTGATCGGTCC-3′

R: 5′-GTATGAGATAGCAAATCGGCTGACGGTGTGGG-3′

IL-6 NM_031168.2 F: 5′-TCCAGTTGCCTTCTTGGGAC-3′

R: 5′-GTGTAATTAAGCCTCCGACTTG-3′

IL-1β NM_008361.4 F: 5′-ATGGCAACTGTTCCTGAACTCAACT-3′

R: 5′-CAGGACAGGTATAGATTCTTTCCTTT-3′

MCP-1 NM_011333 F: 5′-GCTACAAGAGGATCACCAGCAG-3′

R: 5′-GTCTGGACCCATTCCTTCTTGG-3′

IL-10 NM_010548 F: 5′-CGGGAAGACAATAACTGCACCC-3′

R: 5′-CGGTTAGCAGTATGTTGTCCAGC-3′

iNOS NM_010927.4 F: 5′-GGCAGCCTGTGAGACCTTTG-3′

R: 5′-GCATTGGAAGTGAAGCGTTTC-3′

COX-2 NM_011198.4 F: 5′-TGAGTACCGCAAACGCTTCTC-3′

R: 5′-TGGACGAGGTTTTTCCACCAG-3′

β-actin NM_007393.5 F: 5′-AGAGGGAAATCGTGCGTGAC-3′

R: 5′-CAATAGTGATGACCTGGCCGT-3′

F, forward; R, reverse.

2.8. Evaluation of Cytokine Secretion

The level of cytokines in the culture medium was calculated using ELISA kits. Cells
(2.5 × 105 per well) were seeded on 24-well culture plates and exposed to GSS or LPS
for 24–72 h. Supernatants were then harvested by centrifugation, and the production of
cytokines was determined using an ELISA reader at 450 nm absorbance.

2.9. Analysis of Intracellular Reactive Oxygen Species (ROS) Production

The production of ROS in macrophages was evaluated using H2DCFDA. Cells (5 × 104

per well) were seeded in 96-well culture plates and exposed to GGS or LPS for 6 h. The
culture media was gently discarded, and cells were stained using 15 µM of H2DCFDA at
37 ◦C for 30 min. The medium was removed, and stained cells were washed two times
with PBS. ROS production was estimated by ELISA reader at 488 nm excitation and 525 nm
emission. The fluorescence was observed by a fluorescence microscope (Eclipse Ti, Nikon,
Tokyo, Japan).

2.10. Phagocytosis Assay

Macrophage phagocytosis activity was measured as described in a previous study [14].
Cells (1 × 104 per well) were seeded on 96-well culture plates and treated with GSS
or LPS for 24 h. The medium was discarded and washed gently with PBS three times,
and 0.1% neutral red solution was stained per well and further incubated at 37 ◦C for
10 min. Following three further PBS washes, cell lysis buffer (ethanol: 1% glacial acetic
acid = 1:1) was added per well and incubated for 2 h at RT. A microplate reader was used
to determine the absorbance at 540 nm. The phagocytic index was quantified as previously
described [15].

2.11. Adhesion Function

Cells were seeded at a density of 1 × 106 per well on 6-well culture plates following
GSS (10–200 µg/mL) or LPS treatment for 24 h. Subsequently, cells were collected by
scraping, centrifuging, and reinoculating on 24-well culture plates at 2.5 × 105 cells per
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well for 1 h. The media were discarded, and the cells were washed 3 times with PBS and
then fixed with 0.5 mL of 4% paraformaldehyde for 15 min. Each well was then washed
three times with PBS and added to a 0.2% crystal violet solution for 15 min. The stained
cells were gently washed two times with PBS. Representative images were acquired using
an inverted microscope.

2.12. Wound-Healing Assay

Cells (5 × 105 per well) were seeded on 12-well culture plates and incubated for more
than 24 h. When the confluency of the cells was ideal, wounds were generated using a
200 µL micropipette tip across the center of the well. Cells were then treated with GSS or
LPS for 24 h. Scratch images were captured at 0 and 24 h by an inverted microscope, and
wound areas were calculated using Image J software (Version 1.53e, National Institutes of
Health, Bethesda, MD, USA).

2.13. UHPLC-UV-MS/MS Analysis

To identify phytochemicals in GSS, MS/MS analysis was conducted using an ultrahigh-
performance liquid chromatography system coupled with a quadrupole-orbitrap mass
spectrometer (UHPLC-UV-HRMS, Thermo Fisher Scientific) under previously established
conditions [16]. The chromatographic separation of GSS components was achieved on an
Acquity BEH C18 column (100 × 2.1 mm, 1.7 µm, Waters) maintained at 40 ◦C for 20 min.
For optimal separation, the mobile phase comprised water with 0.1% (v/v) formic acid (A)
and acetonitrile (B). MS-grade methanol, acetonitrile, water, and formic acid were procured
from Thermo Fisher Scientific. Reference standards were obtained from Sigma-Aldrich,
Targetmol (Wellesley Hills, MA, USA), and ChemFaces (Wuhan, China), all with a purity
>97%. All data acquired in this study were processed and analyzed using Xcalibur v.4.2
and Tracefinder v.4.0 software (Thermo Fisher Scientific).

2.14. Statistical Analysis

The data were statistically analyzed using GraphPad Prism 8.0 software. After com-
paring each sample, numerical statistics were examined with one-way analysis of variance
with Dunnett’s test. The results were acquired from three or more independent experiments.
The significance of the data was measured at p values of * < 0.05, ** < 0.01, and † < 0.001
(vs. control).

3. Results
3.1. GSS Induces Secretion of NO and Expression of iNOS and COX-2 in Macrophages at
Noncytotoxic Concentrations

First, in the CCK assay performed to investigate the effect of GSS on macrophage
cell viability, we confirmed that GSS did not show cytotoxicity up to a concentration of
200 µg/mL (Figure 1A). Figure 1A shows that no cytotoxicity was observed at any time
after 24, 48, and 72 h of culture after GSS treatment.

Next, we measured the secretion of NO in RAW 264.7 macrophages to determine
the effect of GSS on macrophage activation. Compared with the untreated control cells,
GSS significantly and concentration-dependently induced NO secretion, which was more
effective when cultured for 48 or 72 h than when cultured for 24 h (Figure 1B). We compared
the efficacy of GSS using LPSs from Gram-negative bacteria, known as a TLR4 ligand, as a
positive control.

Also, iNOS and COX-2 synthesize NO and PGE2, respectively, which play important
roles in regulating immune responses in macrophages, and we therefore investigated the
effects of GSS on the protein and mRNA levels of iNOS and COX-2. The iNOS and COX-2
protein levels were elevated in GSS-treated cells compared with those in the nontreated con-
trol (Figure 1C). Similarly, the respective mRNA levels were also significantly upregulated
by GSS treatment.
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Figure 1. Effects of GSS on the (A) cell viability, (B) secretion of NO, and (C) level of iNOS and COX-2
in RAW 264.7 macrophages. RAW 264.7 cells were incubated with GSS or LPS for (A,B) 24, 48, or
72 h, or (C) 24 h. Data were acquired from three or more independent experiments. A p value less
than 0.05 (vs. control) was considered statistically significant.

3.2. GSS Effectively Induces Cytokine Secretion and Its mRNA Expression in Macrophages

Next, we analyzed the effects of GSS on the production of various cytokines associated
with macrophage activation by ELISA and qPCR. In addition, we tested various incubation
times to observe any changes in the immune response when macrophages were exposed to
GSS for a long time.

Compared with the untreated control cells, GSS significantly elevated the production
of cytokines TNF-α, IL-6, IL-1β, MCP-1, and IL-10 in a concentration-dependent manner
(Figure 2A). TNF-α cytokine was secreted most effectively when GSS was treated for 24 h
compared with the untreated control cells, and no significant effect was observed when
treated for 72 h. IL-6, IL-1β, and MCP-1 cytokines were similarly induced at all time points,
but showed the highest significance at 24 h compared with the untreated control cells. The
IL-10 cytokine was significantly induced at 24 h and was not detected at other time points.
Therefore, in summary, the efficacy of GSS for cytokine induction was most effective when
cultured for 24 h, and it was shown that a certain level of immune activation effect was
maintained even for a longer time (Figure 2A).
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Figure 2. Effects of GSS on the (A) secretion of cytokines and the (B) level of cytokine mRNAs in
macrophages. RAW 264.7 cells were incubated with GSS or LPS for (A) 24, 48, or 72 h, or (B) 6, 12, or
24 h. Data were acquired from three or more independent experiments. A p value less than 0.05 (vs.
control) was considered statistically significant.
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The results of cytokine mRNA level analysis showed a similar trend to the induction
efficacy of GSS for cytokine secretion, but there were differences depending on the culture
time period. Compared to the untreated control cells, the expression of TNF-α, IL-1β,
and IL-10 mRNA increased most effectively when cultured for 6 h with GSS treatment.
In addition, the expression of IL-6 and MCP-1 mRNA increased most effectively when
cultured for 12 h (Figure 2B). Therefore, the induction effect of GSS on cytokine mRNA
expression is thought to reach its peak at a relatively early time.

3.3. GSS Strongly Increases the Production of Intracellular ROS in Macrophages

We then used H2DCFDA, a fluorescent ROS indicator, to investigate the effects of GSS
on the production of ROS in RAW 264.7 macrophages. LPS treatment notably increased the
intracellular ROS accumulation, whereas untreated cells had a weak fluorescence intensity
and low ROS content (Figure 3A). Additionally, GSS treatment significantly increased ROS
production in a concentration-dependent manner, and, in particular, 200 µg/mL of GSS
dramatically enhanced ROS expression to a level similar to that seen in the LPS treatment
(Figure 3A).
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less than 0.05 (vs. control) was considered statistically significant.

3.4. Enhancing Effects of GSS on Macrophage Phagocytosis

The immunostimulatory activities of GSS on the effects of RAW264.7 cell phagocytosis
were primarily determined using a neutral red uptake assay. GSS-treated cells exhibited
an increase in phagocytic activity compared with that in the nontreated control, with a
significant and slight concentration dependence observed (Figure 3B).
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3.5. Enhancing Effect of GSS on Macrophage Immune Function

To determine the impact of GSS on the immunomodulation of RAW 264.7 macrophages,
we examined their adhesion function and migration activity. Crystal violet staining showed
that GSS significantly improved the adhesion function of RAW 264.7 macrophages in a
concentration-dependent manner compared with that of the nontreated control (Figure 4A).
Additionally, the effects of GSS treatment on the migration activity of RAW 264.7 macrophages
were investigated through a wound-healing assay, which demonstrated that GSS effectively
elevated the proliferation and migration effect of RAW264.7 cells compared with those of
the nontreated control (Figure 4B).
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3.6. GSS Effectively Activates Akt, MAPK, and NF-κB Pathways by Activating TLR4

To understand the molecular mechanisms underlying GSS-mediated macrophage
activation in more depth, we evaluated whether GSS could activate the TLR4-mediated Akt,
MAPK, and NF-κB signaling pathways. GSS increased the expression of TLR4 compared
with that in control cells and enhanced MyD88 expression (Figure 5A). GSS also effectively
induced Akt phosphorylation (Figure 5A). Similarly, ERK, p38, and JNK phosphorylation
was strongly upregulated by GSS treatment in macrophages, indicating that the MAPK
pathway was activated by GSS (Figure 5B).

Additionally, we found that GSS treatment significantly promoted the phosphory-
lation and degradation of IκBα, with significantly increased nuclear translocation and
phosphorylation of p65 (Figure 6). Western blotting showed that GSS treatment could
enhance the immune response of macrophages via the activation of TLR4-mediated Akt,
MAPK, and NF-κB signaling pathways.
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3.7. TAK-242 Inhibits the Immune Activation Effect of GSS

To determine whether GSS affects the activation of macrophages through the regula-
tion of TLR4-mediated pathways, we analyzed how the activation of the Akt, MAPK, and
NF-κB signaling pathways were changed using the TLR4 inhibitor TAK-242. As shown in
Figure 7A, GSS treatment alone strongly induced the phosphorylation of Akt, ERK, p38,
and JNK, which clearly activated the Akt and MAPK pathways. However, the activation of
this mechanism was significantly inhibited when GSS and TAK-242 were simultaneously
treated (Figure 7A). In addition, the phosphorylation of IκBα and the nuclear translocation
of p65, which were rapidly increased by GSS treatment alone, were strongly inhibited by
the combined treatment with TAK-242 (Figure 7B). This suggests that the inhibition of TLR4
activation by TAK-242 treatment also strongly inhibited the activation of its downstream
mechanism, Akt, MAPK, and NF-κB. Therefore, these results again demonstrate that GSS
enhances the immune function of macrophages by inducing the activation of TLR4.
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Figure 7. Effects of TAK-242 on the activation of (A) Akt/MAPK and (B) NF-κB in RAW 264.7
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show the expression levels of protein relative to total-form protein, β-actin, or Lamin B1. Data were
acquired from three independently obtained protein samples. A p value less than 0.05 (vs. control)
was considered statistically significant.

3.8. UHPLC-UV-MS/MS Analysis of GSS

To identify phytochemicals in GSS, we conducted a qualitative analysis using UHPLC-
UV-MS/MS. The combination of both positive and negative ionization modes in the MS
full-scan mode provided additional confidence in the MS spectrum acquisition and molec-
ular mass measurements of each analyte. Figure 8 shows the UV and ion chromatograms
of GSS at wavelengths of 250 nm and 280 nm and the extracted ion chromatograms for
the precursor ion m/z values of each analyte. In total, nine major components, namely
atractylenolide II from A. macrocephala; paeoniflorin from P. lactiflora and P. suffruticosa;
pachymic acid from P. cocos; saikosaponin A from B. falcatum; decursin from A. gigas;
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ophiopogonin D from L. platyphylla; glycyrrhizin from G. uralensis; 6-gingerol from Z.
officinale; and geniposide from G. jasminoides, were identified [17–21]. Most terpenoids and
glycosides, saponins, and iridoid glycosides were more ionized in the negative ion mode,
whereas other components, such as sesquiterpenes, coumarin and phenolic compounds,
were detected in the positive ion mode. Detailed MS data are provided in Table 3. The re-
tention times, m/z values, and MS2 fragmentation patterns of each analyte were compared
with those of the reference standards.
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9 20.61 C33H52O5 [M − H]− 527.3742 527.3749 1.4012 Pachymic acid P. cocos



Nutrients 2024, 16, 3266 13 of 16

4. Discussion

The immune response maintains health by protecting the body from external pathogenic
microorganisms, such as bacteria and viruses [1]. If the immune response weakens, the
body becomes vulnerable to diseases such as infection, cancer, obesity, diabetes, and
tuberculosis, as determined by the immune status [22]. Thus, a decreased immune response
is considered a critical clinical problem [23]. In recent years, multiple studies have sought
to enhance immune function without side effects by using natural substances [24]. GSS
is a widely used herbal formula in Korea, China, and Japan to treat individuals with
menopausal symptoms and their associated conditions [11]. GSS also has several biological
activities, including antidepression and antianxiety effects [12,13]. However, no reports
have described the molecular mechanisms underlying the immune-enhancing activities of
GSS. Thus, this study sought to identify the immunostimulatory mechanisms whereby GSS
induces the secretion of immunoregulatory mediators in RAW 264.7 macrophages.

The activation of macrophages is an important event in the innate immunity that is
implicated in phagocytosis, recognition of foreign substances, production of antibodies,
and abnormal cell killing [3]. Activated macrophages promptly excite the production of
immune transport mediators, including NO, iNOS, COX-2, cytokines, and ROS [25]. NO is
a lipophilic gas that is an important biomolecule of the immune system. The secretion of
NO is directly involved in damaging foreign microorganisms and tumor cells [26,27]. NO
is synthesized from iNOS, while PGE2 is synthesized by COX-2, and both play important
roles in immune regulation [28]. In addition, cytokines are essential in regulating the
immune response of macrophages [29]. Thus, we analyzed whether GSS treatment induced
the production of immunomodulatory mediators in murine macrophage RAW 264.7 cells.
Our results indicated that GSS significantly promoted the secretion of NO and effectively
increased the expression level of iNOS and COX-2. In addition, GSS treatment induced
the secretion of TNF-α, IL-6, IL-1β, MCP-1, and IL-10 and elevated the expression of their
mRNA in RAW 264.7 macrophages. ROS expression is a key indicator in determining the
function of macrophages and their critical role in immune regulation and defense [30]. Our
data showed that GSS strongly enhanced the ROS fluorescence intensity compared with
that in nontreated control cells. Furthermore, since these immunoregulators, including
NO, iNOS, COX-2, cytokines, and ROS, can activate the phagocytosis of macrophages,
we measured the effect of GSS on augmenting phagocytic function. Consequently, the
treatment of GSS produced a concentration-dependent increase in the phagocytosis activity
of RAW 264.7 macrophages. We also observed that GSS treatment increased the adhesion
function and migration activity of RAW 264.7 macrophages. Thus, GSS could improve
immune response via the activation of macrophages.

The immunomodulatory role of macrophages is closely associated with the TLRs
on their cell surface. TLRs are members of the pattern-recognition receptor family that
is implicated in recognizing the PAMPs of external pathogens, and upon activation can
stimulate the immune response by producing immunostimulatory mediators [6,7]. In
addition, TLRs are implicated in the preparation and coordination of the acquired immune
response through regulating the activation of antigen-presenting cells and essential cy-
tokines [31]. Under macrophage activation, TLRs initiate a signaling cascade that activates
the Akt, MAPK, and NF-κB signaling pathways [32]. Among them, the MAPK pathway,
which includes ERK, p38, and JNK, has a vital role in innate immune response signal-
ing [33]. The phosphorylation of MAPK subsequently promotes the immunoregulatory
mediators by activating NF-κB transcription factors [8]. NF-κB is a crucial regulator of
several genes closely related to the immune response [34]. The activation of NF-κB causes
the phosphorylation and degradation of IκBα, which then frees p65 for translocation into
the nucleus to enhance the expression of genes involved in innate and adaptive immu-
nity [35]. Phosphorylation-activated Akt affects downstream regulatory pathways such
as that of NF-κB [36]. Moreover, previous studies reported that Akt, MAPK, and NF-κB
signaling activation for macrophage stimulation is dependent on TLR4 [37,38]. Therefore,
we used Western blotting to clarify whether GSS activates these signaling pathways in RAW
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264.7 macrophages. Our results showed that the phosphorylation of MAPK, including
ERK, p38, and JNK, was intensely increased by GSS treatment, which also resulted in the
phosphorylation and degradation of IκBα and the translocation of p65 into the nucleus. In
addition to the activation of these signaling pathways, GSS increased the phosphorylation
of Akt. Furthermore, GSS significantly increased TLR 4 expression and similarly increased
MyD88 content. Overall, these results suggest that GSS exerts immunostimulatory effects
by activating the Akt, MAPK, and NF-κB signaling pathways, mediated by TLR4. Also,
the activation of the Akt, MAPK, and NF-κB signaling pathways by GSS was significantly
inhibited by co-treatment with TAK-242, a TLR4 inhibitor, which again demonstrates that
the immunostimulatory effects by GSS are mediated by TLR4 activation.

We also carried out phytochemical analyses by UHPLC-UV-HRMS to investigate
the relationships between the immunostimulatory effects of GSS and its components.
Our analysis identified geniposide, paeoniflorin, glycyrrhizin, saikosaponin A, 6-gingerol,
decursin, atractylenolide II, ophiopogonin D, and pachymic acid as the main components
of GSS. Several of the constituent herbs and identified components of GSS have been
shown to be indicated to have an effect on immune responses. In a previous study, A.
gigas extract was demonstrated to exert immune-enhancing effects by activating the NF-
κB/MAPK signaling pathway and restoring natural killer cell activity and splenocyte
proliferation in an immunosuppressed mice model [39]. In addition, the polysaccharides of
P. cocos have been shown to enhance cellular immune responses by promoting CD8+ T cell
proliferation and upregulating Th-1-type cytokine production [40]. Furthermore, feeding
G. uralensis to yellow catfish induced the activation of TLR-NF-κB and the secretion of
IL-1β and IL-8, resulting in enhanced immune function to prevent infection [41]. Moreover,
geniposide, a major component of G. jasminoides fruit and a component of GSS, improved
the immune response and enhanced pathogen resistance by regulating the humoral and
cellular immunity of the mud crab Scylla paramamosain [42]. Therefore, the immune-
enhancing effects of GSS reflect the presence of A. gigas, P. cocos, G. uralensis, and geniposide.

5. Conclusions

This study revealed that GSS exerted immune-enhancing activities by activating RAW
264.7 macrophages. This was demonstrated by the increased production of immunoregu-
latory mediators, including NO, iNOS, COX-2, cytokines, and ROS, in macrophages, and
the enhancement of phagocytosis ability, adhesion function, and migration activity. In
addition, these mechanism studies demonstrated that GSS stimulated TLR4 to activate the
Akt, MAPK, and NF-κB signaling pathways, demonstrating that the immune-enhancing
effects of GSS are associated with the regulation of these mechanisms. In addition, referring
to phytochemical profiling and previous studies, the constituent herbs and ingredients
of GSS, including A. gigas, P. cocos, G. uralensis, and geniposide, are closely related to its
immunostimulatory effects. Collectively, these results suggest that GSS has potential value
as a candidate for enhancing immunity.
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