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Abstract: Microglia mediated neuronal inflammation has been widely reported to be responsible

for neurodegenerative disease. Deacetyl ganoderic acid F (DeGA F) is a triterpenoid isolated from

Ganoderma lucidum, which is a famous edible and medicinal mushroom used for treatment of dizziness

and insomnia in traditional medicine for a long time. In this study the inhibitory effects and

mechanisms of DeGA F against lipopolysaccharide (LPS)-induced inflammation both in vitro and

in vivo were investigated. On murine microglial cell line BV-2 cells, DeGA F treatment inhibited

LPS-triggered NO production and iNOS expression and affected the secretion and mRNA levels of

relative inflammatory cytokines. DeGA F inhibited LPS-induced activation of the NF-κB pathway,

as evidenced by decreased phosphorylation of IKK and IκB and the nuclear translocation of P65.

In vivo, DeGA F treatment effectively inhibited NO production in zebrafish embryos. Moreover,

DeGA F suppressed the serum levels of pro-inflammatory cytokines, including TNF-α and IL-6 in

LPS-stimulated mice model. DeGA F reduced inflammatory response by suppressing microglia

and astrocytes activation and also suppressed LPS-induced NF-κB activation in mice brains. Taken

together, DeGA F exhibited remarkable anti-inflammatory effects and promising therapeutic potential

for neural inflammation associated diseases.
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1. Introduction

Inflammation is a defense mechanism of the organism to various harmful stimuli, such as irritants,

damaged cells, or pathogens [1]. Generally, inflammation is considered beneficial for self-healing

and repairing owing to its function of eliminating the damaged tissues or necrotic cells from the

original stimulation and the inflammatory reaction. However, an excessive or uncontrolled extent of

inflammation is detrimental to an organism and may result in inflammatory disorders. Particularly,

inflammation that occurs in the brain is widely recognized as a major cause of neurogenesis and

neurodegenerative diseases [2,3]. Recent mechanistic studies and genetic evidence indicate that immune

signal pathway dysregulation in brain; alternation in cytokine secretion, immune cell migration and

proliferation, and abnormal phagocytosis and gliosis are common characteristics of neurodegenerative

disorders [4]. Emerging evidence also supports the pivotal role of the immune system in disorder

onset and progression [5–7]. In most neurodegenerative study, microglia, the resident innate immune

cells in brain parenchyma, is regarded as the primary cellular mediator of the immune response.

Microglia attract majority attentions since it possesses superior ability of cytokines modulating during
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inflammatory processes [8]. Under normal conditions, microglial cells display a low immunoreactivity

and serve as immune surveillance and host defense. In response to pathogenic insult, microglial

cells would be activated instantly and release various cytokines, including the pro-inflammatory

cytokines (TNF-α, IL-6, IL-1β, etc.) and the anti-inflammatory cytokines (such as IL-10 and IL-4) [9,10].

The microglia mediated IL-6 overexpression was reported to be responsible for inhibition of neuron

survival and decrease of new neuron production [11]. In contrast, the activated microglia enhanced

IL-10 release was demonstrated to promote neuron survival and suppress continuous detrimental

function of enlarged microglia cells [7].

Ganoderma lucidum (Fr.) Karst (Polyporaceae), which is called “Lingzhi” in Chinese, is a famous

herbal medicine and edible mushroom in Asian countries for a long history [12]. As a nutritional

supplement, Ganoderma tea is believed to be beneficial to health and is one of the most common

form used in China by which the dry Ganoderma slices are soaked into hot water immediately.

Nowadays, Ganoderma has been granted as a medicine food homology species by China Food and

Drug Administration, and its extracts have even been processed into diversiform functional foods

and nutraceuticals due to their health-care function and commercial value. Moreover, Ganoderma is

clinically used to treat neurasthenia, debility from prolonged illness, anorexia, dizziness, and insomnia

in traditional medicine. Modern pharmacological research has demonstrated that Ganoderma possesses

outstanding biological effects, such as anti-inflammation and immunoregulation [13–15]. However,

most of these studies focused on polysaccharides and triterpenes of Ganoderma; investigation on the

monomeric compounds still remain inadequate [12,16].

Deacetyl ganoderic acid F (DeGA F) is a triterpenoid isolated from Ganoderma lucidum, which was

firstly reported by Komoda at 1985 [17]. However, investigation on the bioactivity of DeGA F is very

limited until now. In this study, the potential anti-inflammatory effects of DeGA F in lipopolysaccharide

(LPS)-induced inflammation models were investigated both in vitro (BV-2 microglia cells) and in vivo

(zebrafish and mice), and the mechanisms underlying the effects were further elucidated.

2. Materials and Methods

2.1. Reagents

DeGA F was purchased from Chroma-Biotech (Chengdu, China). LPS, Escherichia coli 0111:B4,

was acquired from Sigma (St. Louise, Missouri, MO, USA). Dulbecco’s modified Eagle’s medium

(DMEM), phosphate buffered saline (PBS), fetal bovine serum (FBS), and penicillin-streptomycin (P/S)

were obtained from Gibco (Gaithersburg, Maryland, MD, USA). GAPDH (#2118), iNOS (#13120), COX2

(#12282), p65 (#12282), IKKα (#11930), IKKβ (#8943), p-IKKα/β (Ser176/180) (#2697), p-IκBα (Ser32)

(#2859), IκBα (#9242), and p-Akt (Ser473) (#4060) antibodies and relative secondary antibodies were

acquired from Cell Signaling Technology (Boston, Massachusetts, MA, USA).

2.2. Cell Culture

BV-2 cells, an immortalized murine microglial cell line, were provided by the National Infrastructure

of Cell Line Resource (Wuhan University, China), and were cultured in DMEM supplemented with 10%

FBS (v/v) and 1% P/S (v/v) in a humidified chamber under 37 ◦C and 5% CO2 atmosphere. Cells were

treated with relative concentrations of C11 for 1 h prior to LPS stimulation at 200 ng/mL.

2.3. Animal Maintenance and Administration

C57BL/6J mice (male, 20–25 g) aged 12–15 weeks were maintained in standard cages with 12-hour

light/12-hour dark cycle under temperature of 21 ± 1 ◦C and humidity of 60 ± 5%, and allowed free

access to water and food. The mice were then divided into 4 groups of 7 mice per group and orally

gavage with vehicle, 5 and 10 mg/kg of DeGA F for 7 consecutive days. LPS (5 mg/kg body weight)

was simultaneously injected intraperitoneally (except the blank group) at the 7th day after oral gavage

2 h later. All the mice were euthanized by rapidly cervical dislocation.
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Wild-type zebrafish were maintained at standard boxes with a 14-hour light/10-hour dark cycle

and constant temperature (28.5 ± 1 ◦C). Zebrafish embryos were placed individually into six-well

plates of 15 embryos in each group containing 2 mL of medium. After 24 h post fertilization (hpf),

embryos were pretreated with fresh medium or DeGA F for 1 h and then treated by LPS (5 µg/mL final

concentration) for another 24 h in an incubator (28.5 ± 1 ◦C). The zebrafish were euthanized with an

overdose of tricaine methane-sulfonate (MS-222) after experiments.

The protocol of this study was approved by the Animal Ethics Committee of University of Macau

(UMARE-022-2017). All animal care and experimental procedures in this study were performed in

strict accordance with the ethical guidelines for the care and use of laboratory animals in Institute of

Chinese Medical Sciences, University of Macau.

2.4. Cell Viability

Cells were seeded in 96-well plates at a density of 1 × 105 cells/mL. After treatment, Cell Counting

Kit-8 reagents (CCK-8, Beyotime, Shanghai, China) were added into the cell culture medium (1:10, v:v)

for 4 h incubation at a temperature of 37 ◦C, and then the absorbance at 450 nm was detected by a

FlexStation III microplate reader (Molecular Devices, Sunnyvale, CA, USA).

2.5. Nitrite Production Determination

Cells were firstly treated with DeGA F for 1 h and then stimulated by 200 ng/mL of LPS for 24 h.

Then, 100 µL of the cell culture medium were added in a new 96-well plate, mixed with 100 µL of

Griess reagent (Beyotime, Shanghai, China) and then incubated for 15 min at 37 ◦C. The absorbance at

540 nm was detected.

Zebrafish embryos were administrated as described in the Section 2.3. The medium of each group

was replaced with 1 µM of the DAF-FM DA solution (Invitrogen, Carlsbad, CA, USA) and incubate for

1 h, at 28.5 ◦C, in the dark. Then the embryos were rinsed off with fresh medium and anesthetized

with tricaine MS-222 solution before observation.

2.6. Enzyme-Linked Immunosorbent Assay (ELISA)

Cells were treated as described above. After the cells were stimulated by LPS for 24 h, the supernatants

of the cell culture medium were collected. The secretion levels of TNF-α and IL-6 were measured

by using relative ELISA kits (Neobioscience, Shanghai, China) according to the manufacturer’s

instructions. The collected supernatant of medium or serum were diluted with the sample dilution

buffer at appropriate ratio. The absorbance at 490 nm was detected [18].

2.7. Western Blot Analysis

After treatment, the cells were lysed by RIPA lysis buffer supplemented with 1% cocktail (v/v)

and 1% phenylmethanesulfonyl fluoride (v/v) for 20 min. For the mice samples, the brain tissues were

homogenized to suspension in prior, and then they were lysed in RIPA lysis buffer for 20 min. Protein

concentrations of the lysates were measured by BCATM Protein Assay Kit (Pierce, Rockford, Illinois,

IL, USA). After heat denaturation, the proteins were immediately separated by SDS-PAGE and then

transferred onto the polyvinylidene fluoride membranes, and further blocked with nonfat milk for

2 h at room temperature. The immunoreactions were carried out using GAPDH, iNOS, COX-2, p65,

IKKα, IKKβ, p-IKKα/β, p-IκBα, IκBα and p-Akt antibodies, and then the membranes were probed

with the corresponding secondary antibodies. Thereafter, the protein bands were visualized by the

ECL Western Blotting Detection kit (GE Healthcare, Buckinghamshire, UK).

2.8. Quantitative Real-Time PCR (qPCR) Analysis

Total RNA of the cells was extracted by using the TRIzol reagent (Life Technologies, Shanghai,

China). Mice brain tissues were homogenized, and the total RNA of the tissues was extracted by
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using the RNeasy Plus Mini Kit (Qiagen, Hilden, Germany). Concentrations of the RNA samples

were determined and then the samples were reverse-transcribed using a PrimeScript RT Reagent Kit

(Takara, Shiga, Japan). Thereafter, qPCR analysis was carried out quantitatively on a ViiA 7 qPCR

System (Life Technologies, Carlsbad, California, CA, USA) in accordance with SYBR assay. The primer

sequences are listed in Table 1.

Table 1. Primers of the investigated genes in qPCR analysis.

Gene Primer Sequences

GAPDH
F GGTGAAGGTCGGTGTGAACG
R CTCGCTCCTGGAAGATGGTG

iNOS
F GGCTGTCAGAGCCTCGTGGCTTTGG
R CCCTTCCGAAGTTTCTGGCAGCAGC

COX2
F TTGAAGACCAGGAGTACAGC
R GGTACAGTTCCATGACATCG

TNF-α
F GGCAGGTCTACTTTGGAGTCATTGC
R ACATTCGAGGCTCCAGTGAATTCGG

IL-6
F CCACTTCACAAGTCGGAGGCTT
R CCAGCTTATCTGTTAGGAGA

IL-1β
F GGCAACTGTTCCTGAACTCAACTG
R CCATTGAGGTGGAGAGCTTTCAGC

IL-10
F ATAACTGCACCCACTTCCCA
R GGGCATCACTTCTACCAGGT

2.9. Immunocytochemistry

The mice brain sections were separated and then fixed by 4% paraformaldehyde (Sigma-Aldrich,

St Louis, Missouri, MO, USA). After three-times washing with PBS, the tissues were then permeabilized

with the blocking buffer (0.3% Triton X-100, 10% goat serum in PBS). Then the tissues were incubated

with antibodies against Iba-1 (#NCNP24, Wako, Osaka, Japan) or GFAP (#ab4674, Abcam, Cambridge,

Massachusetts, MA, USA) overnight at 4 ◦C and further incubated with relative secondary antibodies

for another 1 h, at room temperature. Thereafter, the brain slices were stained with 5 µg/mL of DAPI

(Sigma-Aldrich, USA) for 15 min. Images were photographed by using a Leica TCS SP8 confocal laser

scanning microscope (Solms, Germany).

2.10. Statistical Analysis

Data were presented as mean ± standard deviation (SD). The statistical significance was analyzed

by one-way analysis of variance using the GraphPad Prism program 6.0 (San Diego, California, CA,

USA). */# p < 0.05 and **/## p < 0.01 were considered statistically significant.

3. Results

3.1. DeGA F Inhibited NO Production and iNOS Expression in LPS-Stimulated BV-2 Cells

The chemical structure of DeGA F is illustrated in Figure 1A. The effect of DeGA F on BV-2 cell

viability was evaluated by using CCK-8 assay. BV-2 cells were pretreated with DeGA F for 1 h and then

stimulated by LPS for another 24 h. The results indicated that DeGA F was nontoxic to the BV-2 cells

up to 48 h (Figure 1B), and morphological changes in the cells were rarely observed in the microscopic

analysis (data not shown). Thus, concentrations of 2.5 and 5 µg/mL that didn’t induce cell death were

selected for further study.

Nitric oxide (NO) is a major mediator of inflammatory response. Excessive production of NO is a

hallmark of LPS-triggered inflammatory response [19,20]. To determine the effects of DeGA F on NO

production of LPS-stimulated BV-2 cells, nitrite level, the stable NO metabolite in the cell medium was

tested by using the Griess regents. As shown in Figure 1C, NO level increased after LPS challenge,
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while DeGA F treatment could significantly inhibit the increase of NO production caused by LPS

in BV-2 cells. Thereafter, the expression of iNOS and COX-2, the pro-inflammatory mediators for

NO generation, were investigated to explain the inhibitory effect of DeGA F on NO overproduction.

As expected, LPS treatment resulted in about 8.2-fold and 3.2-fold increase in mRNA levels of iNOS

and COX-2. Pretreatment with 2.5 and 5 µg/mL of DeGA F markedly decreased mRNA levels of iNOS

to about 3.6-fold and 2.1-fold, and decreased mRNA levels of COX-2 to about 2.7-fold and 2.3-fold,

respectively (Figure 1D,E). Moreover, the results of Western blot analysis also confirmed that DeGA F

pretreatment inhibited the upregulation of iNOS and COX-2 protein levels induced by LPS stimulation

(Figure 1F). These results suggested that DeGA F inhibited the accumulation of NO by regulating the

iNOS and COX-2 expression, and it might be a potential inhibitor of microglial activation.

Figure 1. Deacetyl ganoderic acid F (DeGA F) inhibited Nitric oxide (NO) production and iNOS

expression in LPS-stimulated BV-2 cells. (A) Chemical structure of DeGA F. (B) Cells were pretreated

with DeGA F for 1 h, and then exposed to LPS for another 24 h. Cell viability was detected using

CCK-8 assay. (C) NO releasing levels in the cell culture medium were detected by Griess assay. (D,E)

The mRNA levels of iNOS and COX-2 were measured by qPCR analysis. (F) Protein levels of iNOS

and COX-2 were detected by Western blot analysis. LPS, lipopolysaccharide. – and + represented the

absence or presence of LPS (200 ng/mL), respectively. # p < 0.05 and ## p < 0.01 compared with blank

group (n = 3). * p < 0.05 and ** p < 0.01 compared with the LPS group (n = 3).

3.2. DeGA F Inhibited LPS-Induced Inflammatory Cytokine Release in BV-2 Cells

In addition to NO overproduction, a series of inflammatory cytokines are also involved in

inflammatory process once the microglia is activated by LPS. Herein, we firstly determined the

secretion levels of TNF-α and IL-6 in LPS-stimulated BV-2 cell culture medium in the absence or

presence of DeGA F by ELISA assay. As illustrated in Figure 2A,B, LPS treatment increased the

secretion of TNF-α and IL-6, whereas pretreatment with 2.5 and 5 µg/mL of DeGA F attenuated

the trends, indicating that DeGA F could inhibit pro-inflammatory cytokines secretion in activated

microglia. To verify this result, the mRNA levels of the relative cytokines were further detected. qPCR

analysis showed that DeGA F effectively suppressed LPS-induced upregulation in the mRNA levels of

TNF-α (Figure 2C), IL-6 (Figure 2D), and IL-1β (Figure 2E). On the other hand, the mRNA level of the

anti-inflammatory cytokine member IL-10 increased upon LPS stimulation, while DeGA F pretreatment

further promoted this trend (Figure 2F). Therefore, DeGA F suppressed LPS-induced inflammatory

reaction not only by downregulating the pro-inflammatory cytokines, but also via upregulating the

anti-inflammatory cytokines.
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Figure 2. DeGA F affected the secretion and mRNA levels of the inflammatory cytokines in LPS-stimulated

BV-2 cells. Cells were pretreated with DeGA F for 1 h, and then exposed to LPS for another 24 h.

(A,B) Secretion levels of TNF-α and IL-6 in the cell culture medium were determined by relative ELISA

kit. The mRNA expression levels of TNF-α (C), IL-6 (D), IL-1β (E), and IL-10 (F) were measured by qPCR

analysis. – and + represented the absence or presence of LPS (200 ng/mL), respectively. # p < 0.05 and
## p < 0.01 compared with blank group. * p < 0.05 and ** p < 0.01 compared with the LPS group (n = 3).

3.3. DeGA F Suppressed LPS-Triggered Inflammatory Response via NF-κB Pathway

Subsequently, whether DeGA F could affect the LPS-induced activation of the NF-κB signaling

pathway was investigated. As shown in Figure 3A, subjecting with LPS could promote phosphorylation

of Akt, IKKα/β and IκBα in microglia BV-2 cells. Pretreatment with DeGA F obviously inhibited

p-Akt, p-IKKα/β and p-IκBα expression compared with the LPS stimulation group. To detect the

nuclear translocation of P65, the nuclear and cytoplasmic protein levels of the BV-2 cells were analyzed

using Western blot. As shown in Figure 3B, the nuclear levels of P65 increased in response to LPS

stimulation, while DeGA F pretreatment obviously inhibited P65 nuclear translocations. Moreover,

immunofluorescence analysis further confirmed the inhibitory effect of DeGA F against LPS-induced

nuclear translocation of P65 (Figure 3C). These results indicated DeGA F to be a potential inhibitor

against LPS-induced NF-κB activation.



Nutrients 2020, 12, 85 7 of 13

Figure 3. DeGA F suppressed LPS-triggered activation of NF-κB pathway in BV-2 cells. Cells were

pretreated with DeGA F for 1 h, and then exposed to LPS for another 3 h. (A) Expression of relative

proteins were determined by Western blot analysis. (B) Nuclear and cytoplasmic proteins were

extracted and expression levels of P65 were detected by Western blot. (C) Nuclear translocation of P65

was evaluated by immunofluorescence analysis. Cells were stained with anti-P65 antibody (red) and

Hoechst (blue). – and + represented the absence or presence of LPS (200 ng/mL), respectively. # p < 0.05

and ## p < 0.01 compared with blank group. * p < 0.05 and ** p < 0.01 compared with the LPS group (n = 3).

3.4. DeGA F Suppressed NO Production in LPS-Stimulated Zebrafish Model

The zebrafish is a recognized model for histological and physiological studies, especially in discovery

of promising compounds with anti-inflammation activity since the zebrafish has been documented

to possess similar innate and acquired immune systems closely like Mammals [21–24]. A zebrafish

embryo is characterized by optical transparency, which allows noninvasive and dynamic imaging of

the inflammatory response in vivo [19]. Moreover, it facilitates analysis of the immune response since

the innate immune system of a zebrafish embryo only exists in early weeks postfertilization. Taking

advantages of the above features, the fluorescent probe DAF-FM was used to determine NO level in

LPS-stimulated zebrafish model. Toxicity of DeGA F was assessed prior. The results indicated that

DeGA F was nontoxic to zebrafish embryo in 3 dpf, even at a concentration of 10 µg/mL (Figure 4A).
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Embryo insulted by LPS exhibited organ failure, such as lethargy, raised heart beating and edema.

Nevertheless, exposed to DeGA F significantly decreased organ toxicities in certain extant (data not

shown). As shown in Figure 4B, LPS treatment obviously elevated NO level compared with that of

the control group. Similar to the results in microglia cells, DeGA F attenuated the increasing NO

production induced by LPS. Particularly, 10 µg/mL of DeGA F inhibited NO production in zebrafish

embryo by over 50% (Figure 4C). This result was well correlated with the in vitro data in microglia cell

and supported the anti-inflammatory effect of DeGA F in vivo.

Figure 4. DeGA F suppressed NO production in LPS-triggered zebrafish model. Zebrafish embryos

were pretreated with DeGA F for 1 h, and then stimulated with LPS for another 24 h. (A) Toxicity of

DeGA F (≤100 µg/mL) on zebrafish model. (B) The NO level was determined by staining fluorescent

probe DAF-FM DA for 1 h. (C) The results were calculated by ImageJ software. # p < 0.05 and ## p < 0.01

compared with blank group (n = 15). – and + represented the absence or presence of LPS (200 µg/mL),

respectively. * p < 0.05 and ** p < 0.01 compared with the LPS group (n = 15).

3.5. DeGA F Attenuated LPS-Triggered Inflammatory Response in Mice

The anti-inflammatory effects of DeGA F were demonstrated in BV-2 cells and zebrafish. Next,

whether DeGA F could suppress LPS-induced inflammation in mice model was assessed. Herein,

mice were daily administrated with different doses of DeGA F for five days, and then subjected

to LPS (i.p. 5 mg/kg) 2 h later, on the fifth day. After LPS challenge, mice in LPS group appeared

sickness responses including tearing, lethargy, twitch symptoms and decreased locomotor activity.

However, these behavior responses like twitch and over secretion of tears were improved in mice

treated with DeGA F. We next detected the release of the key pro-inflammatory cytokines in mice

serum. As illustrated in Figure 5A,B, the serum levels of TNF-α and IL-6 showed pronounced increase

after LPS exposure, and was partially suppressed by DeGA F treatment.

Iba-1 and GFAP represent specific biomarkers for microglia and astrocytes respectively [25,26].

To visualize the inhibitory effect of DeGA F on LPS invoked mice model, the status of microglia

and astrocytes in mouse brain were then investigated by using double-staining of Iba-1 and GFAP.

As shown in Figure 5C, the expression of Iba-1 was upregulated significantly after LPS treatment.

The population of Iba-1 positive cells in the model group increased obviously, and morphology of
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the cells altered to reactive status which was characterized by larger and thicker cell morphology and

stout branches compared with that in the control group. DeGA F treatment attenuated LPS-induced

microglia activation as the number of Iba1-positive cells decreased obviously compared with model

group, and most of the cells recovered to normal morphology. Similarly, GFAP, a structural protein of

astrocytes and the marker proportional to the level of reactivity [27], was also upregulated in the LPS

group (Figure 5C). The morphological features of LPS challenged astrocytes include hypertrophy of

cell soma and processes, overlapping domains. With DeGA F treatment, the morphology of individual

astrocytes was well maintained, almost non-overlapping domains and less cellular hypertrophy

were observed. These results indicated that DeGA F reduced inflammatory response by suppressing

microglia and astrocytes activation.

Figure 5. DeGA F attenuated LPS-triggered inflammatory response in mice. Mice were daily

administrated with DeGA F for five days, and then subjected to LPS (i.p. 5 mg/kg) 2 h later, on the fifth

day. The serum levels of TNF-α (A) and IL-6 (B) were determined by ELISA. (C) Immunofluorescence

analysis of mice brain tissues (20 µm). The tissues were stained with rabbit anti-Iba-1 antibody (red)

and mouse anti-GFAP antibody (green). The nuclei were stained with DAPI (blue). (D) Expression of

inflammation related proteins in mice brain were detected by Western blot analysis. # p < 0.05 and
## p < 0.01 compared with blank group (n = 7). – and + represented the absence or presence of LPS

(5 mg/kg), respectively. * p < 0.05 and ** p < 0.01 compared with the LPS group (n = 7).

Beside the evaluation of morphology change and immunofluorescence analysis of Iba-1 and GFAP,

expression of inflammation related proteins in mice brain were detected using Western blot. Similarly,

we found that DeGA F treatment dramatically suppressed LPS-induced upregulation of iNOS, p-Akt,

and p-IKKα/β in mice (Figure 5D). Briefly, these results further confirmed the data acquired in BV-2

cells. However, the protein level of IκBα could not be detected by Western blot in the tissue samples,

which might be partially due to that the brain tissue consists of various cells (such as neurons), and the

microglia is not the dominate part. In addition, inflammatory response is a dynamic time-related

procedure. Different factors may only participate in typical sections during the procedure. Herein,
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we just investigated the changes at the time point of 2 h, which may be unable to illustrate all the

alternations during the inflammation process.

4. Discussion

Neurodegenerative diseases, which are characterized by cognitive decline, severe motor disability,

and dementia, include Parkinson’s disease (PD), Alzheimer’s disease (AD), Huntington’s disease (HD),

and amyotrophic lateral sclerosis (ALS). There is general agreement on considering the inflammatory

response by innate immune system of the CNS is highly involved in development of neurodegenerative

diseases [28]. Innate immune system is the first line to defense insult, but also is crucial in tissue

repair and clearance of waste products, such as apoptotic cells and tissue debris [29]. Although the

innate immune system takes a quite complex role, the inflammatory response in the brain is mainly

detrimental, especially by activated glia (the microglia and astrocytes) mediated abnormal secretion

of proinflammatory and anti-inflammatory cytokines [29,30]. The microglia and astrocytes are two

key players that represent the innate immune system in the CNS; therefore, the activated status of

these two cells were usually observed and illustrated to evaluate the degree of inflammation in the

brain [5,10,31].

NO is a short-lived radical generated by iNOS, and its overexpression is wildly demonstrated

as being a cytotoxic indicator of inflammatory response [32,33]. Therefore, iNOS generated NO is

usually detected to assess the inflammatory process. Beside NO, many other inflammatory mediators

are secreted during the inflammatory process, for example, the prostaglandins. The COX-2 isozyme

catalyzes the inducible production of prostaglandins, which represents a significant step in inflammatory

response. Therefore, COX-2 is an important element in inflammation, and inhibition of its expression

by DeGA F might further induce the suppression of prostaglandins production to a certain extent.

Pro-inflammatory cytokines participate in defense mechanisms of the immune cells, but their excessive

release may lead to immunopathological disease [4,7]. TNF-α, IL-6 and IL-1β are representative

members of pro-inflammatory cytokines, which are secreted in excess at early stages, generally, and may

further amplify inflammation [11]. In contrast, IL-10, a major member of anti-inflammatory cytokines,

can reduce the triggered reaction and promote self-healing [2,34]. In this study, DeGA F showed

dual regulatory effects that decreasing pro-inflammatory cytokines production, while increasing

anti-inflammatory cytokines generation.

To date, a number of signaling pathways have been documented to participate in the LPS-triggered

inflammatory response. The NF-κB family of transcription factors is generally believed to play a vital

role in regulating the expression of genes that are involved in mammalian immune systems [22,35,36].

Normally, NF-κB dimers stay in cytosol as an inactive form by interacting with IκBα family protein.

Once the inhibitory IκBα protein dissociates, NF-κB will be activated, and the liberated NF-κB dimers

will translocate into the nucleus [37]. P65 is one of the most predominant proteins in NF-κB family

which forms homodimers and heterodimers that bind to DNA sequences to regulate target gene

expression, and the P65 heterodimer is a vital member for transcription regulation of NF-κB in the

nervous system. In canonical NF-κB signaling pathway, stimuli such as LPS and TNF-α may activate

IκBα kinase (IKK), and then the activated IKK would further phosphorylate IκBα and finally result

in nuclear translocation of the liberated NF-κB dimer [38]. Previously, numerous genes have been

identified to be the downstream targets of p65, and some of them were reported to be associated with

the secretion of inflammatory cytokines. In particular, TNF-α, IL-1β, and IL-6 were also demonstrated

to be target genes of p65. Nuclear translation of p65 might promote the expression and secretion

of these cytokines. Furthermore, Akt has been reported to participate in cell defense and immune

regulation as an upstream regulator of NF-κB [39,40]. Activation of Akt results to inflammation by

stimulating IKK phosphorylation in the NF-κB pathway [41]. To clarify the precise anti-inflammatory

mechanism of DeGA F, the relationship between the inhibitory effects of DeGA F on Akt and the NF-κB

pathway need to be investigated.
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5. Conclusions

In this work, we demonstrated that DeGA F inhibited LPS-stimulated inflammatory response in

BV-2 cells, as evidenced by the suppression of NO production and pro-inflammatory cytokines secretion.

Modulation of the NF-κB pathway may be a dominate mechanism underlying the anti-inflammatory

effects of DeGA F. In addition, DeGA F suppressed NO production in LPS-stimulated zebrafish model

and inhibited the serum levels of pro-inflammatory cytokines TNF-α and IL-6 in LPS stimulated mice

model. DeGA F reduced inflammatory response by suppressing microglia and astrocytes activation

and also suppressed LPS-induced NF-κB activation in mice brain. Totally, this study provided evidence

for the therapeutic potential of DeGA F in neural inflammation associated diseases.

Author Contributions: Conceptualization, P.L.; Data curation, F.S., S.W. and L.Y.; Investigation, F.S., L.Z. and
S.W.; Methodology, F.S.; Supervision, P.L.; Writing—Original draft, F.S. and L.Z.; Writing—Review and editing,
P.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by [Research Committee of the University of Macau] grant number
[MYRG2014-00089-ICMS-QRCM] and [MYRG2018-00239-ICMS], [Macau Science and Technology Development
Fund] grant number [162/2017/A3], and [Guangzhou International Science and Technology Cooperation Project]
grant number [201807010044].

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lee, Y.; Lee, W.; Kim, J.; Lee, J.; Lee, I.K.; Yun, B.S.; Rhee, M.; Cho, J. Src kinase-targeted anti-inflammatory activity

of davallialactone from Inonotus xeranticus in lipopolysaccharide-activated RAW264. 7 cells. Br. J. Pharmacol.

2008, 154, 852–863. [CrossRef] [PubMed]

2. Pawelec, G.; Goldeck, D.; Derhovanessian, E. Inflammation, ageing and chronic disease. Curr. Opin. Immunol.

2014, 29, 23–28. [CrossRef] [PubMed]

3. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428–435. [CrossRef] [PubMed]

4. Hammond, T.R.; Marsh, S.E.; Stevens, B. Immune Signaling in Neurodegeneration. Immunity 2019, 50,

955–974. [CrossRef] [PubMed]

5. Qin, L.; Wu, X.; Block, M.L.; Liu, Y.; Breese, G.R.; Hong, J.S.; Knapp, D.J.; Crews, F.T. Systemic LPS causes

chronic neuroinflammation and progressive neurodegeneration. Glia 2007, 55, 453–462. [CrossRef]

6. Melchior, B.; Puntambekar, S.S.; Carson, M.J. Microglia and the control of autoreactive T cell responses.

Neurochem. Int. 2006, 49, 145–153. [CrossRef]

7. Wang, W.Y.; Tan, M.S.; Yu, J.T.; Tan, L. Role of pro-inflammatory cytokines released from microglia in

Alzheimer’s disease. Ann. Transl. Med. 2015, 3, 3.

8. Henn, A.; Lund, S.; Hedtjärn, M.; Schrattenholz, A.; Pörzgen, P.; Leist, M. The suitability of BV2 cells

as alternative model system for primary microglia cultures or for animal experiments examining brain

inflammation. ALTEX Altern. Anim. Exp. 2009, 26, 83–94. [CrossRef]

9. Norden, D.M.; Trojanowski, P.J.; Villanueva, E.; Navarro, E.; Godbout, J.P. Sequential Activation of Microglia

and Astrocyte Cytokine Expression Precedes Increased Iba-1 or GFAP Immunoreactivity Following Systemic

Immune Challenge. Glia 2016, 64, 300–316. [CrossRef]

10. Sierra, A.; Gottfried-Blackmore, A.C.; McEwen, B.S.; Bulloch, K. Microglia derived from aging mice exhibit

an altered inflammatory profile. Glia 2007, 55, 412–424. [CrossRef]

11. Ekdahl, C.T.; Kokaia, Z.; Lindvall, O. Brain Inflammation and Adult Neurogenesis: The Dual Role of

Microglia. Neuroscience 2009, 158, 1021–1029. [CrossRef] [PubMed]

12. Cor, D.; Knez, Z.; Hrncic, M.K. Antitumour, Antimicrobial, Antioxidant and Antiacetylcholinesterase Effect

of Ganoderma Lucidum Terpenoids and Polysaccharides: A Review. Molecules 2018, 23, 649. [CrossRef]

[PubMed]

13. Liu, C.; Yang, N.; Song, Y.; Wang, L.; Zi, J.; Zhang, S.; Dunkin, D.; Busse, P.; Weir, D.; Tversky, J. Ganoderic acid

C1 isolated from the anti-asthma formula, ASHMI™ suppresses TNF-α production by mouse macrophages

and peripheral blood mononuclear cells from asthma patients. Int. Immunopharmacol. 2015, 27, 224–231.

[CrossRef] [PubMed]

http://dx.doi.org/10.1038/bjp.2008.136
http://www.ncbi.nlm.nih.gov/pubmed/18454171
http://dx.doi.org/10.1016/j.coi.2014.03.007
http://www.ncbi.nlm.nih.gov/pubmed/24762450
http://dx.doi.org/10.1038/nature07201
http://www.ncbi.nlm.nih.gov/pubmed/18650913
http://dx.doi.org/10.1016/j.immuni.2019.03.016
http://www.ncbi.nlm.nih.gov/pubmed/30995509
http://dx.doi.org/10.1002/glia.20467
http://dx.doi.org/10.1016/j.neuint.2006.04.002
http://dx.doi.org/10.14573/altex.2009.2.83
http://dx.doi.org/10.1002/glia.22930
http://dx.doi.org/10.1002/glia.20468
http://dx.doi.org/10.1016/j.neuroscience.2008.06.052
http://www.ncbi.nlm.nih.gov/pubmed/18662748
http://dx.doi.org/10.3390/molecules23030649
http://www.ncbi.nlm.nih.gov/pubmed/29534044
http://dx.doi.org/10.1016/j.intimp.2015.05.018
http://www.ncbi.nlm.nih.gov/pubmed/26004313


Nutrients 2020, 12, 85 12 of 13

14. Dudhgaonkar, S.; Thyagarajan, A.; Sliva, D. Suppression of the inflammatory response by triterpenes isolated

from the mushroom Ganoderma lucidum. Int. Immunopharmacol. 2009, 9, 1272–1280. [CrossRef]

15. Ji, Z.; Tang, Q.; Zhang, J.; Yang, Y.; Jia, W.; Pan, Y. Immunomodulation of RAW264. 7 macrophages by GLIS,

a proteopolysaccharide from Ganoderma lucidum. J. Ethnopharmacol. 2007, 112, 445–450. [CrossRef]

16. Boh, B.; Berovic, M.; Zhang, J.; Zhi-Bin, L. Ganoderma lucidum and its pharmaceutically active compounds.

Biotechnol. Ann. Rev. 2007, 13, 265–301.

17. Komoda, Y.; Nakamura, H.; Ishihara, S.; Uchida, M.; Kohda, H.; Yamasaki, K. Structures of new terpenoid

constituents of Ganoderma lucidum (Fr.) Karst (Polyporaceae). Chem. Pharm. Bull. 1985, 33, 4829–4835.

[CrossRef]

18. Leng, S.X.; McElhaney, J.E.; Walston, J.D.; Xie, D.; Fedarko, N.S.; Kuchel, G.A. ELISA and multiplex

technologies for cytokine measurement in inflammation and aging research. J. Gerontol. A Biol. Sci. Med. Sci.

2008, 63, 879–884. [CrossRef]

19. Lee, S.H.; Ko, C.I.; Jee, Y.; Jeong, Y.; Kim, M.; Kim, J.S.; Jeon, Y.J. Anti-inflammatory effect of fucoidan

extracted from Ecklonia cava in zebrafish model. Carbohyd. Polym. 2013, 92, 84–89. [CrossRef]

20. Subedi, L.; Lee, J.H.; Yumnam, S.; Ji, E.; Kim, S.Y. Anti-Inflammatory Effect of Sulforaphane on LPS-Activated

Microglia Potentially through JNK/AP-1/NF-kappa B Inhibition and Nrf2/HO-1 Activation. Cells 2019, 8, 194.

[CrossRef]

21. Tsarouchas, T.M.; Wehner, D.; Cavone, L.; Munir, T.; Keatinge, M.; Lambertus, M.; Underhill, A.; Barrett, T.;

Kassapis, E.; Ogryzko, N. Dynamic control of proinflammatory cytokines Il-1beta and Tnf-alpha by

macrophages in zebrafish spinal cord regeneration. Nat. Commun. 2018, 9, 4670. [CrossRef] [PubMed]

22. Hwang, J.H.; Kim, K.J.; Ryu, S.J.; Lee, B.Y. Caffeine prevents LPS-induced inflammatory responses in

RAW264.7 cells and zebrafish. Chem. Biol. Interact. 2016, 248, 1–7. [CrossRef]

23. Novoa, B.; Bowman, T.V.; Zon, L.; Figueras, A. LPS response and tolerance in the zebrafish (Danio rerio).

Fish Shellfish Immun. 2009, 26, 326–331. [CrossRef] [PubMed]

24. Bates, J.M.; Akerlund, J.; Mittge, E.; Guillemin, K. Intestinal alkaline phosphatase detoxifies lipopolysaccharide

and prevents inflammation in zebrafish in response to the gut microbiota. Cell Host Microbe 2007, 2, 371–382.

[CrossRef] [PubMed]

25. Anderson, M.A.; Ao, Y.; Sofroniew, M.V. Heterogeneity of reactive astrocytes. Neurosci. Lett. 2014, 565, 23–29.

[CrossRef] [PubMed]

26. Cerbai, F.; Lana, D.; Nosi, D.; Petkova-Kirova, P.; Zecchi, S.; Brothers, H.M.; Wenk, G.L.; Giovannini, M.G.

The Neuron-Astrocyte-Microglia Triad in Normal Brain Ageing and in a Model of Neuroinflammation in the

Rat Hippocampus. PLoS ONE 2012, 7, e45250. [CrossRef] [PubMed]

27. Liddelow, S.A.; Guttenplan, K.A.; Larke, L.E.C.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.;

Munch, A.E.; Chung, W.S.; Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated

microglia. Nature 2017, 541, 481–487. [CrossRef]

28. Amor, S.; Peferoen, L.A.; Vogel, D.Y.; Breur, M.; Valk, P.; Baker, D.; Vannoort, J.M. Inflammation in

neurodegenerative diseases—An update. Immunology 2014, 14, 151–166. [CrossRef]

29. Stephenson, J.; Nutma, E.; Vandervalk, P.; Amor, S. Inflammation in CNS neurodegenerative diseases.

Immunology 2018, 154, 204–219. [CrossRef]

30. Carniglia, L.; Ramirez, D.; Durand, D.; Saba, J.; Turati, J.; Caruso, C.; Scimonelli, T.N.; Lasaga, M. Neuropeptides

and Microglial Activation in Inflammation, Pain, and Neurodegenerative Diseases. Mediat. Inflamm. 2017,

2017, 5048616. [CrossRef]

31. Ramlackhansingh, A.F.; Brooks, D.J.; Greenwood, R.J.; Bose, S.K.; Turkheimer, F.E.; Kinnunen, K.M.;

Gentleman, S.; Heckemann, R.A.; Gunanayagam, K.; Gelosa, G. Inflammation after Trauma: Microglial

Activation and Traumatic Brain Injury. Ann. Neurol. 2011, 70, 374–383. [CrossRef] [PubMed]

32. Aktan, F. iNOS-mediated nitric oxide production and its regulation. Life Sci. 2004, 75, 639–653. [CrossRef]

[PubMed]

33. Lee, A.K.; Sung, S.H.; Kim, Y.C.; Kim, S.G. Inhibition of lipopolysaccharide-inducible nitric oxide synthase,

TNF-alpha and COX-2 expression by sauchinone effects on I-kappaBalpha phosphorylation, C/EBP and AP-1

activation. Br. J. Pharmacol. 2003, 139, 11–20. [CrossRef]

34. Medzhitov, R. Inflammation 2010: New Adventures of an Old Flame. Cell 2010, 140, 771–776. [CrossRef]

[PubMed]

http://dx.doi.org/10.1016/j.intimp.2009.07.011
http://dx.doi.org/10.1016/j.jep.2007.03.035
http://dx.doi.org/10.1248/cpb.33.4829
http://dx.doi.org/10.1093/gerona/63.8.879
http://dx.doi.org/10.1016/j.carbpol.2012.09.066
http://dx.doi.org/10.3390/cells8020194
http://dx.doi.org/10.1038/s41467-018-07036-w
http://www.ncbi.nlm.nih.gov/pubmed/30405119
http://dx.doi.org/10.1016/j.cbi.2016.01.020
http://dx.doi.org/10.1016/j.fsi.2008.12.004
http://www.ncbi.nlm.nih.gov/pubmed/19110060
http://dx.doi.org/10.1016/j.chom.2007.10.010
http://www.ncbi.nlm.nih.gov/pubmed/18078689
http://dx.doi.org/10.1016/j.neulet.2013.12.030
http://www.ncbi.nlm.nih.gov/pubmed/24361547
http://dx.doi.org/10.1371/journal.pone.0045250
http://www.ncbi.nlm.nih.gov/pubmed/23028880
http://dx.doi.org/10.1038/nature21029
http://dx.doi.org/10.1111/imm.12233
http://dx.doi.org/10.1111/imm.12922
http://dx.doi.org/10.1155/2017/5048616
http://dx.doi.org/10.1002/ana.22455
http://www.ncbi.nlm.nih.gov/pubmed/21710619
http://dx.doi.org/10.1016/j.lfs.2003.10.042
http://www.ncbi.nlm.nih.gov/pubmed/15172174
http://dx.doi.org/10.1038/sj.bjp.0705231
http://dx.doi.org/10.1016/j.cell.2010.03.006
http://www.ncbi.nlm.nih.gov/pubmed/20303867


Nutrients 2020, 12, 85 13 of 13

35. Ryu, S.J.; Choi, H.S.; Yoon, K.Y.; Lee, O.H.; Kim, K.J.; Lee, B.Y. Oleuropein Suppresses LPS-Induced

Inflammatory Responses in RAW 264.7 Cell and Zebrafish. J. Agric. Food Chem. 2015, 63, 2098–2105.

[CrossRef] [PubMed]

36. Hayden, M.S.; Ghosh, S. Shared principles in NF-kappa B signaling. Cell 2008, 132, 344–362. [CrossRef]

37. Kuo, C.F.; Hsieh, C.H.; Lin, W.Y. Proteomic response of LAP-activated RAW 264.7 macrophages to the

anti-inflammatory property of fungal ergosterol. Food Chem. 2011, 126, 207–212. [CrossRef]

38. Gutierrez, H.; Davies, A.M. Regulation of neural process growth, elaboration and structural plasticity by

NF-kappa B. Trends Neurosci. 2011, 34, 316–325. [CrossRef]

39. Jayasooriya, R.G.P.T.; Lee, K.T.; Lee, H.J.; Choi, Y.H.; Jeong, J.W.; Kim, G.Y. Anti-inflammatory effects of

β-hydroxyisovalerylshikonin in BV2 microglia are mediated through suppression of the PI3K/Akt/NF-kB

pathway and activation of the Nrf2/HO-1 pathway. Food Chem. Toxicol. 2014, 65, 82–89. [CrossRef]

40. Guo, M.; Li, Z.; Huang, Y.; Shi, M. Polysaccharides from Nostoc commune Vaucher activate macrophages

via NF-κB and AKT/JNK1/2 pathways to suppress colorectal cancer growth in vivo. Food Funct. 2019, 10,

4269–4279. [CrossRef]

41. Xu, J.; Yuan, C.; Wang, G.; Luo, J.; Ma, H.; Xu, L.; Mu, Y.; Li, Y.; Seeram, N.P.; Huang, X. Urolithins attenuate

LPS-induced neuroinflammation in BV2Microglia via MAPK, Akt, and NF-κB signaling pathways. J. Agr.

Food Chem. 2018, 66, 571–580. [CrossRef] [PubMed]

© 2019 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

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1021/jf505894b
http://www.ncbi.nlm.nih.gov/pubmed/25613688
http://dx.doi.org/10.1016/j.cell.2008.01.020
http://dx.doi.org/10.1016/j.foodchem.2010.10.101
http://dx.doi.org/10.1016/j.tins.2011.03.001
http://dx.doi.org/10.1016/j.fct.2013.12.011
http://dx.doi.org/10.1039/C9FO00595A
http://dx.doi.org/10.1021/acs.jafc.7b03285
http://www.ncbi.nlm.nih.gov/pubmed/29336147
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Reagents 
	Cell Culture 
	Animal Maintenance and Administration 
	Cell Viability 
	Nitrite Production Determination 
	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Western Blot Analysis 
	Quantitative Real-Time PCR (qPCR) Analysis 
	Immunocytochemistry 
	Statistical Analysis 

	Results 
	DeGA F Inhibited NO Production and iNOS Expression in LPS-Stimulated BV-2 Cells 
	DeGA F Inhibited LPS-Induced Inflammatory Cytokine Release in BV-2 Cells 
	DeGA F Suppressed LPS-Triggered Inflammatory Response via NF-B Pathway 
	DeGA F Suppressed NO Production in LPS-Stimulated Zebrafish Model 
	DeGA F Attenuated LPS-Triggered Inflammatory Response in Mice 

	Discussion 
	Conclusions 
	References

