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Abstract: In recent years, microalgae have drawn increasing attention as a valuable source of 
functional food ingredients. Intriguingly, Nitzschia laevis is rich in fucoxanthinol that is seldom 
found in natural sources. Fucoxanthinol, a marine xanthophyll carotenoid, possesses various 
beneficial bioactivities. Nevertheless, it’s not clear whether fucoxanthinol could exert anti-
neuroinflammatory function. In light of these premises, the aim of the present study was to 
investigate the anti-inflammatory role of fucoxanthinol purified from Nitzschia laevis in 
Lipopolysaccharide (LPS)-stimulated microglia. The results showed that pre-treatment of 
fucoxanthinol remarkably attenuated the expression of LPS-induced nitric oxide synthase (iNOS) 
and cyclooxygenase-2 (COX-2), and the production of tumor necrosis factor-alpha (TNF-α), 
interleukin-6 (IL-6), prostaglandin E2 (PGE-2), nitric oxide (NO) and reactive oxygen species (ROS) 
induction. Modulation mechanism studies revealed that fucoxanthinol hampered nuclear factor-
kappa B (NF-κB), Akt, and mitogen-activated protein kinase (MAPK) pathways. Meanwhile, 
fucoxanthinol led to the enhancement of nuclear translocation of NF-E2-related factor 2 (Nrf2), and 
the upregulation of heme oxygenase-1 (HO-1) and NAD(P)H: quinone oxidoreductase 1 (NQO-1). 
Taken together, the results indicated that fucoxanthinol obtained from Nitzschia laevis had great 
potential as a neuroprotective agent in neuroinflammation and neurodegenerative disorders. 
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1. Introduction 

Microglia, the principal primary resident macrophages in the central nervous system (CNS), 
occupy a pivotal role in the neuroinflammatory responses as well as homeostatic maintenance [1]. In 
the normal state, microglia serve as phagocytes and function in host protection of the brain [2]. 
However, aberrantly activated microglia can bring about the release of various pro-inflammatory 
cytokines and mediators, including nitric oxide (NO), prostaglandin E2 (PGE-2), reactive oxygen 
species (ROS), interleukin (IL-1β), IL-6, and tumor necrosis factor-alpha (TNF-α), which are closely 
related to neurodegenerative diseases such as Alzheimer’s disease (AD), Parkinson’s disease (PD), 
multiple sclerosis, Huntington’s disease, and stroke [3–6]. Thus, impeding the aberrant activation of 
microglia is considered an effective therapeutic option for the treatment of neuro-inflammation-
related diseases. 

Multiple signaling pathways are compactly involved in regulating microglial activation. Among 
them, nuclear factor-kappa B (NF-κB), a critical transcription factor in modulating microglia-
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mediated inflammation, consists of P50, P65, and IκB. In response to inflammatory stimuli, IκB 
phosphorylation and degradation lead to the release of NF-κB dimers into the nucleus, thus 
expressing specific target genes, such as pro-inflammatory cytokines, inducible nitric oxide synthase 
(iNOS), and the cyclooxygenase-2 (COX-2) protein [7]. Moreover, the three mitogen-activated protein 
kinase (MAPK) signaling pathways consisting of c-Jun NH2-terminal kinase (JNK), p38 and 
extracellular signal-regulated kinase (ERK) also modulate microglial inflammatory responses 
through the regulation of downstream cellular targets, including NF-κB pathway [8]. In addition, the 
phosphatidyl inositol 3-kinase/Akt (PI3K/Akt) pathway plays an essential role in the activation of 
NF-κB and subsequent up-regulation of inflammatory genes expression [8,9]. Therefore, hampering 
NF-κB, MAPKs, and Akt pathways is widely recognized as a crucial strategy for inhibiting 
neuroinflammation.  

Reactive oxygen species (ROS), including hydrogen peroxide (H2O2), superoxide (O2●−), 
hydroxide (OH−) and hypochlorite (ClO−), are closely related to oxidative stress, which is crucial to 
inflammation [10,11]. In addition, it is known that exaggeratory ROS production is associated with 
microglial activation and plays an important pathological role in many inflammatory disorders via 
acting on the NF-κB and MAPKs pathways [12]. Therefore, hampering NF-κB, MAPKs, Akt 
pathways is widely recognized as a crucial strategy for inhibiting neuroinflammation. In addition, 
inhibiting ROS production is a potential therapeutic step to suppress the inflammatory response. 

It has been well documented that nuclear factor-2 erythroid related factor-2 (Nrf2) is thought to 
be the prominent signaling modulator in anti-inflammatory defense mechanisms and 
neuroprotection. Nrf2 modulates the transcription of antioxidant and cytoprotective genes such as 
heme oxygenase-1 (HO-1) and NAD (P) H: quinone oxidoreductase 1 (NQO-1). HO-1 is essential for 
decreasing the levels of COX-2 and iNOS, which was recognized as a potential target for intervening 
neuro-inflammation. NQO-1, clearly induced or repressed phase II enzyme, is implicated in 
protection against oxidative stress [13,14]. Thus, activating the Nrf2/HO-1/NQO-1 pathway is also 
suggested as a good target for the treatment of neuroinflammatory diseases.  

Fucoxanthinol (Fuol), a marine xanthophyll carotenoid, possesses unusual structures with an 
allelic bond, a conjugated carbonyl, and a 5, 6-monoepoxid (Figure 1). Fuol is a major gastrointestinal 
metabolite of dietary fucoxanthin. To date, there are few reports about natural sources for the 
preparation of this compound. Nitzschia laevis, a diatom, is rich in Fuol and can be cultivated on a 
large scale through heterotrophic methods with a high growth rate [15,16]. Therefore, N. laevis 
possesses the potential to be a candidate for industrial production of Fuol.  

 
Figure 1. Chemical structure of fucoxanthinol. 

Recent reports demonstrate that fucoxanthin possesses anti-inflammatory effects with 
significant attenuation of inflammatory mediators, including NO, iNOS, COX-2, and ROS in 
RAW264.7 macrophages [17], microglial cells [18], human lymphocytes [19]. Besides, fucoxanthin 
could also inhibit the inflammation response via the down-regulation of NLR family pyrin domain 
containing-3 (NLRP3) inflammasome and IL-1β production [20]. Whereas, fucoxanthin does not 
exhibit the biofunctional activities in the body and is metabolized into the functional form of Fuol in 
gastrointestinal and intestinal tracts, and then released into the blood circulation [21,22]. 
Additionally, Fuol has been demonstrated to show the superior functional effects in contrast with 
fucoxanthin. For instance, Fuol exerted a more potent antiproliferative effect on prostate cancer cells, 
human T-cell leukemia virus type 1 cells, and 3T3-L1 cells than fucoxanthin [23–25]. Moreover, Fuol 
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possesses various beneficial biological activities such as antioxidation [26], prevention of different 
types of cancers [27], and protection of central nervous system neurons [28]. Although some reports 
suggest that fucoxanthin could alleviate TBI-induced secondary brain injury and attenuate 
scopolamine-induced cognitive impairments in mice, seldom reports have claimed the role of Fuol in 
those brain diseases [29,30]. In particular, the effects of Fuol on neuroinflammation in microglia and 
neuroinflammatory-related diseases are unclear. Thus, the present study aimed to investigate the 
anti-inflammatory activity and possible mechanism of Fuol purified from N. laevis in 
Lipopolysaccharide (LPS)-activated BV-2 microglia cells. 

2. Results 

2.1. Cytotoxic Effect of Fucoxanthinol on BV-2 Cells  

To evaluate the effects of Fuol on BV-2 cell viability, a cell counting kit-8 (CCK-8) assay was 
carried out with BV-2 cells. As shown in Figure 2, after 24 h of incubation with different 
concentrations of Fuol (from 2 μM up to 20 μM), the cell viability of BV-2 cells was not appreciably 
altered by any doses of Foul treatment. LPS (1 μg/mL) decreased the cell viability to 82.61%, while 
pretreatment with Fuol (20 μM) increased the cell viability to 88.19% (Figure S1). Thus, concentrations 
of Fuol from 5 to 20 μM were used in the subsequent experiments. 

 
Figure 2. Effects of fucoxanthinol on BV-2 microglial cell viability. Cells were treated with various 
concentrations (2, 5, 10, and 20 μM) of Fuol for 24 h. Then, the cytotoxicity of Fuol was measured by 
the cell counting kit-8 (CCK-8) assay and data were normalized as % of control. Values are presented 
as the means ± SD of five independent experiments in triplicate. 

2.2. Fucoxanthinol Inhibited LPS-Induced iNOS, NO, PGE-2, and COX-2 Expression in BV-2 Cells  

NO, an important mediator in the inflammatory response, was determined by Griess reagent. 
As shown in Figure 3A, stimulation with LPS led to a marked increase in NO production. In contrast, 
Fuol significantly suppressed the production of NO in a dose-dependent manner. It is generally 
known that NO production is mainly dependent on the iNOS expression. Accordingly, we explored 
the effects of iNOS expression. As shown in Figure 3C,E, the expression of iNOS was notably 
inhibited by Fuol at both protein level and mRNA level. PGE2, a mediator of inflammation as well, 
is produced from LPS-induced endogenous arachidonic acid by COX-2 in stimulated microglial cells. 
As illustrated in Figure 3B, Fuol treatment resulted in evident attenuation of the secretory levels of 
PGE-2 in a dose-dependent manner. Meanwhile, Fuol markedly hampered COX-2 protein expression 
(Figure 3D) and mRNA transcription (Figure 3F). 
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Figure 3. Fucoxanthinol inhibited LPS-induced production nitric oxide (NO) and prostaglandin E2 
(PGE-2), and the expression of inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) 
in BV-2 cells. BV-2 cells were pretreated with Fuol (5, 10, and 20 μM) for 4 h and then incubated with 
Lipopolysaccharide (LPS) (1 μg/mL) for 24 h. (A) The NO concentration in the supernatant was 
determined by using Griess reagent. (B) The secretory levels of PGE-2 in supernatants were measured 
by using an ELISA kit. (C,D) BV-2 cells were pretreated with Fuol (20 μM) for 4 h and then incubated 
with LPS (1 μg/mL) for 24 h, iNOS, and COX-2 protein expressions were measured by Western 
blotting. (E,F) BV-2 cells were pretreated with Fuol (20 μM) for 4 h and then incubated with LPS (1 
μg/mL) for 6 h. Then, mRNA was extracted, and the mRNA level of iNOS and COX-2 was evaluated 
by real-time reverse transcription-PCR (RT-PCR). The results were presented as means ± SD of three 
independent experiments. Different letters in the columns indicate a significant difference (p < 0.05). 
Two columns not sharing the same letter are significantly different. 

2.3. Fucoxanthinol Ameliorated LPS-induced Pro-Inflammatory Cytokines Production in BV-2 Cells 

It has been recognized that LPS stimulation in BV-2 cells evokes various pro-inflammatory 
cytokines secretion, including IL-1β, IL-6, TNF-α, and etc. Herein, we assessed the effects of Fuol on 
the LPS induced pro-inflammatory cytokines production. As exhibited in Figure 4A,C, compared 
with control, LPS stimulation induced an evident increase of IL-6, TNF-α in the cell culture 
supernatant via ELISA method determination. However, the pretreatment with Fuol impaired the 
production of pro-inflammatory cytokines when compared to the LPS challenge. Ulteriorly, we 
determined whether Fuol could hinder the mRNA expression of IL-6 and TNF-α. Consistently, the 
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pretreatment of Fuol effectively impeded the mRNA expression of IL-6 and TNF-α induced by LPS 
in BV-2 cells (Figure 4B,D). In addition, we examined the mRNA expression of IL-1β, Fuol 
significantly impaired the up-regulation of IL-1β by LPS treatment accordingly (Figure 4E). These 
data showed that Fuol suppressed the LPS-induced production of inflammatory cytokines in BV-2 
cells. 

 

 
Figure 4. Fucoxanthinol decreased LPS-induced pro-inflammatory cytokines production. (A,C) BV-2 
cells were pretreated with Fuol (20 μM) for 4 h and then treated with LPS (1 μg/mL) for 24 h. The 
secretory levels of TNF-α and IL-6 in supernatants were measured using ELISA. (B,D,E) BV-2 cells 
were incubated with Fuol (20 μM) for 4 h and followed by LPS treatment for 6 h. Then, mRNA was 
extracted and the mRNA level of IL-6 (B), TNF-α (D), and IL-1β (E) was evaluated by RT-PCR. The 
results were exported as a fold change against controls and was presented as means ± SD of three 
independent experiments. Different letters in the columns indicate a significant difference (p < 0.05). 
Two columns not sharing the same letter are significantly different. 

2.4. Fucoxanthinol Repressed the Nuclear Translocation of NF-κB 

To further investigate the mechanism underlying the anti-inflammatory effects of Fuol, we 
concentrated on the NF-κB signaling pathway. NF-κB, a primary regulator of genes, plays an 
important role in the induction of pro-inflammatory cytokines. Thus, we investigated whether Fuol 
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hindered the NF-κB signaling pathway. For this purpose, we first analyzed the effect of Fuol on NF-
κB p65 phosphorylation level in whole-cell extracts. As shown in Figure 5B, the stimulation of BV-2 
cells with LPS led to the marked increase of NF-κB p65 level phosphorylation, which could be notably 
reduced by Fuol pretreatment. Then, we examined the expression of NF-κB p65 in the nucleus and 
cytoplasm. As shown in Figure 5A, LPS stimulation resulted in decreased NF-κB p65 level in the 
cytoplasm and increased NF-κB p65 level in nucleus compared with unstimulated cells. In contrast, 
pretreatment with Fuol attenuated the NF-κB p65 level in the nucleus, which indicated that Fuol 
treatment inhibited NF-κB p65 translocation from the cytoplasm into the nucleus. Collectively, our 
results demonstrate that Fuol inhibited LPS stimulated inflammation response via the NF-κB 
pathway.  

 
Figure 5. Fucoxanthinol suppressed LPS-induced nuclear factor-kappa B (NF-κB) activation. (A,B) 
BV-2 cells were preincubated with Fuol (20 μM) for 4 h and then added LPS (1 μg/mL) for 1 h. (A) 
The protein expression of NF-κB p65 in the nucleus and cytoplasm was analyzed by the Western blot 
method. (B) Total cell extracts were subjected to Western blot analysis using an antibody against 
phospho-NF-κB P65. 

2.5. Fucoxanthinol Inhibited LPS-Stimulated MAPKs and PI3K/Akt Pathways Activities  

Previous studies have demonstrated MAPKs involved in the regulation of the NF-κB pathway 
in microglia [8]. Therefore, we examined the effect of Fuol on MAPKs activation. As exhibited in 
Figure 6A, LPS treatment markedly promoted the phosphorylation of MAPKs, including ERK, JNK, 
and P38 compared to the control, along with the unaltered basal expression level of corresponding 
MAPKs. Whereas Fuol effectively ameliorated phosphorylation of MAPKs, which indicated Fuol 
blocked the MAPKs pathway and then inhibited the LPS-induced inflammatory responses in BV-2 
cells. Furthermore, the PI3K/Akt signal pathway plays a necessary role in the NF-κB-mediated 
inflammatory response as well, thus, we investigated the influence of Fuol on Akt phosphorylation. 
As shown in Figure 6B, LPS stimulation increased Akt phosphorylation in comparison with the 
untreated group, without changing the basal level of Akt. Inversely, Fuol significantly reversed the 
Akt phosphorylation level. Our results suggested that Fuol impeded the LPS-stimulated 
inflammatory response via the Akt signaling pathway. 
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Figure 6. Fucoxanthinol inhibited LPS-induced phosphorylation of MAPKs and Akt. (A,B) BV-2 cells 
were pretreated with Fuol (20 μM) for 4 h then exposed to LPS (1 μg/mL) addition for 1 h. Then, total 
cell extracts were subjected to Western blot analysis using antibodies against phospho- or total forms 
of extracellular signal-regulated kinase (ERK), c-Jun NH2-terminal kinase (JNK), p38, and Akt. 

2.6. Effects of Fucoxanthinol on the Accumulation of ROS, HO-1 and NQO-1 and the Activation of Nrf2  

ROS, are involved in microglia activation. This finding demonstrated that Fuol could attenuate 
the LPS-induced increase of the intracellular ROS in BV-2 cells (Figure 7A). Nrf2 has been recognized 
as the prominent signaling mediator modulating redox homeostasis and executing anti-
inflammatory effects through regulating cytoprotective enzymes and the related proteins, including 
HO-1 and NQO-1. As shown in Figure 7B, Fuol alone pretreatment group markedly up-regulated the 
protein expression of HO-1 and NQO-1 in comparison with the control group. Besides, the LPS-
stimulated group resulted in a decrease in HO-1 and NQO-1 expression, which remarkably increased 
after Fuol pretreatment. We further examined the effect of Fuol on Nrf2 translocation in BV-2 cells. 
Fuol promoted the translocation of Nrf2 into the nucleus and a decrease in the cytoplasm compared 
to untreated cells. In addition, Fuol pretreatment ameliorated the decline in LPS induced nuclear 
accumulation of Nrf2 and reduced the Nrf2 expression in the cytoplasm compared with LPS 
treatment (Figure 7C). In general, our results suggest that Fuol attenuates neuro-inflammation partly 
via promoting the Nrf2 antioxidant protective mechanism in BV-2 microglia.  
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Figure 7. Effects of fucoxanthinol on the production of reactive oxygen species (ROS), heme 
oxygenase-1(HO-1), and NAD(P)H: quinone oxidoreductase 1(NQO-1), and the activation of Nrf2. 
(A) BV-2 cells were pretreated with Fuol for 4 h and then exposed to LPS (1 μg/mL) for 6 h. Then ROS 
levels were determined by DCFH oxidation according to the manufacture’s instructions. (B) BV-2 cells 
were pretreated with Fuol for 4 h and then exposed to LPS for 12 h. Then, total cell lysates were 
subjected to Western blot analysis using antibodies against HO-1 and NQO-1. (C) Nuclear and 
cytosolic extracts were subjected to Western blot analysis using an antibody against Nrf2. Different 
letters in the columns indicate a significant difference (p < 0.05). Two columns not sharing the same 
letter are significantly different. 

3. Discussion 

N. laevis has been reported to possess the potential as a biological resource. Alzahrani exhibited 
the antioxidant, anti-ACE, and anti-AChE activities of aqueous protein extracts from N. laevis, 
indicating the possible new source with nutraceutical and pharmaceutical potentials [31]. Besides, 
unsaturated fatty acids and carotenoids such as fucoxanthin and Fuol from N. laevis contributed to 
the strong inhibitory capacities against the formation of total advanced glycation endproducts 
(AGEs) [32,33]. Meanwhile, Fuol has been demonstrated to play an important role in anti-
inflammatory effects. For instance, Fuol could inhibit the production of inflammatory cytokines such 
as nitric oxide and PGE2 in abdominal white adipose tissue [34]. Although Fuol has been reported to 
possess the ability to protect central nervous system neurons, the potential mechanisms of Fuol in the 
context of the neuroprotective effects are not yet well understood. Microglia are poised to provide 
first line of defense in the CNS to initiate the immune response. Aberrant and prolonged activation 
of microglia is engaged in multiple neurodegenerative disorders [35]. In consequence, there is a 
strong need to investigate whether Fuol exhibited the anti-inflammatory function in microglia. Our 
founding suggested that Fuol acquired from N. laevis warranted remarkable anti-neuroinflammatory 
properties since it inhibited the production of multiple pro-inflammatory mediators, including NO, 
PGE-2, ROS, IL-1β, TNF-α, IL-6, COX-2, iNOS in LPS-induced BV-2 cells (Figures 3, 4 and 7A).  

We further investigated the molecular mechanism of Fuol on modulating inflammatory 
response in LPS-stimulated BV-2 cells. NF-κB, an important transcription factor, plays a vital role in 
neuroinflammation. NF-κB is able to modulate the transcription of a range of host genes involved in 
inflammatory and immune responses during neurodegeneration [36,37]. As suggested in our study, 
Fuol significantly inhibited the activation of the NF-κB pathway via suppressing the phosphorylation 
and nuclear translocation of p65 NF-κB in LPS-stimulated BV-2 cells (Figure 5). Moreover, PI3K/Akt 
and MAPKs signaling are known as critical regulators for NF-κB-mediated inflammatory responses 
[38,39]. MAPKs form three-tiered kinase cascades resulting in the activation of the effector kinases 
ERK, JNK, and p38 [40]. It has been demonstrated that JNK activation is strongly implicated in 
inflammatory responses, neurodegeneration, and apoptosis. Moreover, JNK occupies a crucial role 
in the induction of apoptosis in neurons. Thus, the previous report indicated that modulation of JNK 
pathway could protect against cerebral ischemia and other neurodegenerative conditions [41,42]. The 
p38 MAPK is a stress-activated kinase and is regarded as an important target of pro-inflammatory 
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cytokines and oxidative stress in microglia [43]. The ERK1/2 pathway is known to participate in cell 
proliferation, differentiation, and cell survival. In addition, the ERK1/2 pathway could be triggered 
by phosphorylation in response to various cytotoxic stress stimuli in the brain [44,45]. In this work, 
Fuol pre-treatment markedly prevented the LPS-induced activation of JNK, p38, and ERK1/2 (Figure 
6). Thus, the intervention of MAPK pathways might partially elucidate anti-inflammatory 
mechanisms of Fuol. Akt, a serine/threonine kinase, is activated by PI3K. It has been reported that 
PI3K/Akt pathway is engaged in various cellular processes such as apoptosis, inflammatory 
responses, differentiation, and tumor angiogenesis [46–48]. As the upstream gene of NF-κB, Akt 
could modulate IκB degradation via phosphorylation of IKK in activated BV-2 microglia [49]. We 
demonstrated that Fuol could intervene in inflammatory responses by inhibiting the phosphorylation 
of Akt signal pathways in LPS-induced BV-2 cells. Therefore, the NF-κB, MAPKs, and PI3K/Akt are 
potential targets for the prevention of inflammatory response.  

At low to moderate concentrations, ROS serve as an important second messenger inside the cell 
and commonly are produced during inflammatory responses. In inflammatory responses, LPS 
induces the production of ROS via NADPH oxidase activation, and results in the activation of the 
MAPK signaling pathway. Moreover, excess ROS could overwhelm normal antioxidant capacity, 
which results in perturbation of cellular redox balance [50]. Nrf2 is the primary transcription factor 
required for cellular defense against oxidative stress and functions as a vital regulator in cellular 
defense against endogenous or exogenous stress caused by ROS [51]. Once activated, Nrf2 
translocates from the cytoplasm to the nucleus and then binds to the antioxidant response element, 
thus activating the transcription of various downstream genes, including HO-1, NQO-1, and γ-GCLC 
[14]. Furthermore, accumulating evidence has suggested that Nrf2 and the subsequent transcription 
of Nrf2 related antioxidant proteins are complicated in attenuating inflammation-associated 
pathogenesis by inhibiting the production of pro-inflammatory cytokines and the expression of iNOS 
and COX-2. Moreover, some reports demonstrate that HO-1 inhibits LPS-stimulated inflammatory 
responses by blocking NF-κB activity [52–54]. In the present study, Fuol significantly inhibited the 
production of ROS and enhanced the nuclear translocation of Nrf2 to induce HO-1 and NQO-1 
expression (Figure 7). Hence, Nrf2/ HO-1/ NQO-1 pathway is a vital target for an anti-inflammatory 
response.  

There might be a coordinated crosstalk mechanism between two crucial transcription factors, 
NF-κB and Nrf2. Nrf2 activation could induce intracellular events that result in NF-κB suppression. 
On the other hand, the repressed activity of Nrf2 could promote NF-κB action, leading to the increase 
of inflammatory cytokine production. The transcription factors exhibit adverse effects on the target 
gene expression [55,56]. For example, Nrf2 deficient mice have aggravated the activation of NF-κB in 
response to LPS stimulation [56]. In the present study, our results also showed the inverse 
relationship between the two transcription factors. Further studies will be necessary to understand 
the definitive mechanisms of Fuol in modulating Nrf2 and NF-κB. Besides, recent evidence proves 
that Nrf2 modulates anti-inflammatory responses through the MAPKs pathway [57]. Some reports 
also demonstrate that ERK1/2 is an important signaling protein implicated in Nrf2 activation [58]. In 
the present study, Fuol significantly suppressed LPS-stimulated the activation of NF-κB and MAPK 
and promoted the activation of Nrf2. Although Fuol could modulate multiple pathways, however, 
the direct targets and the definitive mechanisms of Fuol are currently unclear and need to be further 
explored in the future. 

In addition, recent accumulating evidence have revealed that Fuol is a safe compound and 
induces no side effects. Some reports suggest that fucoxanthin-rich functional foods are used for anti-
obesity treatments in Western countries [21]. Thus, the dietary of Fuol isolated from N. laevis might 
have the potential as a promising marine drug. More well-controlled clinical trials deserve further 
investigation. Taken together, we suggest that Nrf2, NF-κB, MAPKs, and Akt signaling are involved 
in the anti-inflammatory of Fuol in LPS-induced microglia. These evidence indicate that Fuol 
obtained from N. laevis possesses the potential as a nutritional preventive strategy in inflammation-
related neurodegenerative diseases.  
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4. Materials and Methods  

4.1. Chemicals and Antibodies 

Lipopolysaccharide (LPS) was purchased from Sigma (St. Louis, MO, USA) and dissolved in PBS 
for use. Nitric oxide (NO) assay kit was purchased from Beyotime Institute of Biotechnology 
(Shanghai, China). Enzyme-linked immunosorbent assay (ELISA) kits for TNF-α, PGE-2, and IL-6 
were obtained from MultiSciences Company (Hangzhou, China). 

Antibodies against COX-2 (4842), iNOS (2982), β-actin (3700), NF-κB p65 (8242), p-p44/42 MAPK 
(ERK1/2) (9101), p44/42 MAPK (ERK1/2) (9102), pSAPK/JNK (Thr183/Tyr185) (9251), SAPK/JNK 
(9252), HO-1 (43966) and NQO-1 (3187) were purchased from Cell Signaling Technology Company 
(Shanghai, China). All of the chemicals were of analytical grade. 

4.2. Isolation of Fucoxanthinol from Diatom Nitzschia Laevis 

The diatom N. laevis (UTEX 2047) was obtained from the University of Texas Culture Collection 
(Texas, USA). Cells were cultured in modified Lewin’s marine diatom medium. After cultivation, 
freeze-dried powders were extracted by methanol to obtain pigments, and then Fuol was isolated by 
solid-phase extraction (SPE), as the previous study described [15]. 

4.3. Cell Culture and Treatment 

Mouse microglial (BV-2) cells were obtained from the China Center for Type Culture Collection 
(Beijing, China) and incubated in DMEM medium with 10% fetal bovine serum and 100 units/mL 
penicillin-streptomycin at 37 °C in a humidified incubator (5% CO2, 95% air). The BV-2 cells were 
selected from the third to the fifteenth generation for experiments. Fuol were dissolved in dimethyl 
sulfoxide, LPS (1 μg/mL) was dissolved in phosphate buffer (0.01 M, pH 7.2). 

4.4. Cell Viability Assays 

Cell viability was determined by the CCK-8 cell counting kit (Vazyme). BV-2 cells were plated 
into 96-well culture plates (1.0 × 105 cells per well) in 100 μL volume and incubated at 37 °C for 24 h. 
The culture medium was subsequently replaced by medium containing different concentrations of 
Fuol (0, 2, 5, 10 and 20 μM). At the point of 24 h, cells in each well were incubated with 100 μL of 
culture medium containing 10 μL CCK-8 reagent at 37 °C for 4 h. Then, the absorbance of each well 
was determined at 450 nm using a microplate reader. 

4.5. Nitric Oxide Assays 

The production of NO was determined by the Griess reagent as the previous study described 
[59]. BV-2 cells were cultured in 6-well culture plates and pretreated with the indicated 
concentrations of Fuol 4 h prior to stimulation with LPS (1 μg/mL) for 24 h. Cell supernatants were 
collected and assayed for NO production. Nitrite production was measured by adding 100 μL of cell 
culture medium to 100 μL of Griess reagent [0.1% (w/v) N-(1-naphthyl)-ethylenediamine and 1% 
(w/v) sulfanilamide in 5% (v/v) phosphoric acid] in a 96-well plate and incubating in the dark for 15 
min. The absorbance of each well was determined at 540 nm using a microplate reader. 

4.6. Real-Time Quantitative Reverse Transcription Polymerase Chain Reaction (RTPCR) 

Total RNA was extracted by using the MiniBEST Universal RNA Extraction Kit (TaKaRa Bio, 
Inc., Kyoto, Japan), according to the manufacturer’s instructions. The concentration and purity of all 
RNA samples were determined using a Nanodrop spectrophotometer (Nanophotometer NP 80, 
Implen, Germany). RNA samples were stored at −80 °C. 

Total RNA (500 ng) was extracted from different samples and reverse transcribed to synthesize 
cDNA by using a PrimeScript RT Master Mix Kit (TaKaRa Bio, Inc., Kyoto, Japan). One microliter of 
diluted cDNA was subjected to real-time PCR by the CFX96 Real-Time PCR Detection System 
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(BioRad, Shanghai, China). PCR was performed in a 25 μL volume using SYBR® Premix Ex Taq™ II 
(TaKaRa Bio, Inc., Kyoto, Japan) under the following conditions: an initial denaturation at 95 °C for 
30 s, 39 cycles (95 °C for 5 s, 55 °C for 30 s, 72 °C for 30 s) of DNA amplification, followed by a final 
extension (72 °C) for 10 min. All primers were purchased from Sangon Biotech. All PCR assays were 
performed in triplicate. The reaction mixtures without template cDNA were used as negative 
controls. The Primers used for real-time PCR are listed in Table 1. 

Table 1. RT-PCR primers used for real-time PCR. 

Genes Forward (5’–3’) Reverse (5’–3’) 
iNOS GAAGAAAACCCCTTGTGCTG GTCGATGTCACATGCAGCTT 

COX-2 GATGTTTGCATTCTTTGCCC TGAAGCCATGACCTTTCGCATTAGCATGG 
TNF-α GAAAAGCAAGCAGCCAACCA CGGATCATGCTTTCTGTGCTC 
IL-1β AATGACCTGTTCTTTGAAGTTGA TGATGTGCTGCTGCGAGATTTGAAG 
IL-6 ACAAGTCGGAGGCTTAATTACACAT TTGCCATTGCACAACTCTTTTC 
β-actin TCCTCCTGAGCGCAAGTACTCT GCTCAGTAACAGTCCGCCTAGAA 

4.7. Enzyme-Linked Immunosorbent (ELISA) Assay 

BV-2 cells were seeded in 6-well plates (3.75 × 106 cells per well) and pretreated with the 
indicated concentrations of Fuol prior to stimulation with LPS (1 μg/mL) for 24 h. Then, cell 
supernatants were collected and centrifuged at 13,000 rpm for 10 min. The levels of TNF-α, PGE-2, 
and IL-6 were measured by the ELISA kits according to the manufacturer’s instruction (R&D Systems, 
Minneapolis, MN, USA; eBioscience, San Diego, CA, USA). 

4.8. Western Blot Analysis 

Proteins were extracted from the BV-2 cells. Protein concentrations were determined using a 
BCA protein assay kit (Beyotime, Shanghai, China). The proteins were subjected to 10% SDS-
polyacrylamide gel electrophoresis (SDS/PAGE) and electrotransferred onto nitrocellulose 
membranes (0.45 μm Millipore) using a Wet/Tank Blotting Systems (Bio-Rad, Shanghai, China). For 
Western blotting analysis, membranes were incubated with primary antibodies overnight at 4 °C 
followed by incubation with a secondary antibody for 1 h at 25 °C. Then the blots were developed 
with the chemiluminescent substrate and then detected by Amersham Imager 600 (G.E, USA). The 
equivalent loading of proteins in each well was confirmed by GAPDH, β-actin, or LaminB control. 

4.9. Detection of Intracellular ROS Production 

BV-2 cells were cultured in 6-well plates and treated with LPS (1 μg/mL) in the presence or 
absence of indicated dose of Fuol at 37 °C for 6 h. After incubation, 10 μM 2′, 7′-dichlorofluorescein 
diacetate (DCFH-DA) was added and incubated for 30 min at 37 °C. Then, cells were washed twice 
with PBS (0.01 M, pH 7.4) and immediately harvested and lysed with cell lysis buffer (Beyotime 
Institute of Biotechnology, Jiangsu, China). The fluorescence of the supernatant of the cell extract was 
read at excitation/emission wavelengths of 485/525 nm by using a fluorescence microplate reader.  

4.10. Statistical Analysis 

All measurements were performed in triplicate. The data were analyzed by using one-way 
analysis of variance followed by Tukey’s multiple-range posthoc test with the SPSS Statistics 17.0 
software (IBM Corporation, Armonk, NY, USA). The results are presented as mean ± SD from at least 
three independent experiments. A p-value of less than 0.05 was considered to be statistically 
significant. 
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5. Conclusions 

This study is the first to demonstrate the anti-neuroinflammatory effects of Fuol in LPS-induced 
BV-2 cells. The results showed that Fuol effectively suppressed the production of inflammatory 
mediators and cytokines in BV-2 cells by blocking NF-κB, Akt, MAPKs pathways, and promoting 
Nrf2/NQO-1/HO-1 pathways. These results provided insights into the mechanism underlying the 
anti-neuroinflammatory effects of Fuol and also indicated the potential of Fuol in the treatment of 
inflammatory and neurodegenerative disorders such as AD which associate with microglia activation 
and neuroinflammation. The results in the present study provided strong evidence that 
fucoxanthinol obtained from N. laevis could exert the potential protective effect against the 
neuroinflammatory response in BV-2 cells. 

Supplementary Materials: The following are available online at https://www.mdpi.com/1660-3397/18/2/113/s1, 
Figure S1: Effect of fucoxanthinol on cell viability in LPS-activated BV-2 cells. 

Author Contributions: Conceptualization, Y.L., F.C. and P.S.; Methodology, Y.L. and T.W.; Software, Y.L.; 
Validation, F.Y., L.L. and K.-W.C.; Formal Analysis, K.-W.C., L.L. and H.S.; Investigation, Y.L.; Resources, F.C.; 
Data Curation, Y.L. and L.L.; Writing—Original Draft Preparation, Y.L.; Writing—Review and Editing, Y.L. and 
Y.Z.; Visualization, F.C.; Supervision, F.C.; Project Administration, F.C.; Funding Acquisition, F.C. All authors 
have read and agreed to the published version of the manuscript. 

Funding: This research was funded by Special National Key Research and Development Plan of China [grant 
number 2016YFD0400204], Science and Technology Innovation Commission of Shenzhen 
[KQTD20180412181334790], Public Science and Technology Research Funds Projects of Ocean [201505032]. 

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

References 

1. Block, M.; Zecca, L.; Hong, J. Microglia-mediated neurotoxicity: Uncovering the molecular mechanisms. 
Nat. Rev. Neurosci. 2007, 8, 57–69. 

2. Voet, S.; Mc Guire, C.; Hagemeyer, N.; Martens, A.; Schroeder, A.; Wieghofer, P.; Daems, C.; Staszewski, 
O.; Walle, L.V.; Jordao, M.J.C. A20 critically controls microglia activation and inhibits inflammasome-
dependent neuroinflammation. Nat. Commun. 2018, 9, 2036. 

3. Junghyung, P.; Hoonsung, C.; Ju-Sik, M.; Sun-Ji, P.; Jung-Hak, K.; Hyo-Jin, P.; Bokyung, K.; Jung-Il, C.; 
Mijung, Y.; Dong-Seok, L. Mitochondrial dynamics modulate the expression of pro-inflammatory 
mediators in microglial cells. J. Neurochem. 2013, 127, 221–232. 

4. Ghoshal, A.; Das, S.; Ghosh, S.; Mishra, M.K.; Sharma, V.; Koli, P.; Sen, E.; Basu, A. Proinflammatory 
mediators released by activated microglia induces neuronal death in Japanese encephalitis. Glia 2010, 55, 
483–496. 

5. Salter, M.W.; Stevens, B. Microglia emerge as central players in brain disease. Nat. Med. 2017, 23, 1018–1027. 
6. Brent, C.; Landreth, G.E. Inflammation, microglia, and Alzheimer’s disease. Neurobiol. Dis. 2010, 37, 503–

509. 
7. Hye Young, P.; Ho, H.M.; Cheol, P.; Cheng-Yun, J.; Gi-Young, K.; Il-Whan, C.; Nam Deuk, K.; Taek-Jeong, 

N.; Taeg Kyu, K.; Yung Hyun, C. Anti-inflammatory effects of fucoidan through inhibition of NF-κB, MAPK 
and Akt activation in lipopolysaccharide-induced BV2 microglia cells. Food Chem. Toxicol. 2011, 49, 1745–
1752. 

8. Lo, J.Y.; Kamarudin, M.N.A.; Hamdi, O.A.A.; Awang, K.; Kadir, H.A. Curcumenol isolated from Curcuma 
zedoaria suppresses Akt-mediated NF-κB activation and p38 MAPK signaling pathway in LPS-stimulated 
BV-2 microglial cells. Food Funct. 2015, 6, 3550–3559. 

9. Cianciulli, A.; Calvello, R.; Porro, C.; Trotta, T.; Salvatore, R.; Panaro, M.A. PI3k/Akt signalling pathway 
plays a crucial role in the anti-inflammatory effects of curcumin in LPS-activated microglia. Int. 
Immunopharmacol. 2016, 36, 282–290. 

10. Oh, Y.T.; Lee, J.Y.; Lee, J.; Kim, H.; Yoon, K.S.; Choe, W.; Kang, I. Oleic acid reduces lipopolysaccharide-
induced expression of iNOS and COX-2 in BV2 murine microglial cells: Possible involvement of reactive 
oxygen species, p38 MAPK, and IKK/NF-κB signaling pathways. Neurosci. Lett. 2009, 464, 93–97. 

11. Lu, M.; Gong, X. Upstream reactive oxidative species (ROS) signals in exogenous oxidative stress-induced 
mitochondrial dysfunction. Cell Biol. Int. 2009, 33, 658–664. 



Mar. Drugs 2020, 18, 116 13 of 15 

 

12. Kim, J.H.; Gupta, S.C.; Park, B.; Yadav, V.R.; Aggarwal, B.B. Turmeric (Curcuma longa) inhibits inflammatory 
nuclear factor (NF)-κB and NF-κB-regulated gene products and induces death receptors leading to 
suppressed proliferation, induced chemosensitization, and suppressed osteoclastogenesis. Mol. Nutr. Food 
Res. 2012, 56, 454–465. 

13. Huang, B.; He, D.; Chen, G.; Ran, X.; Guo, W.; Kan, X.; Wang, W.; Liu, D.; Fu, S.; Liu, J. α-Cyperone inhibits 
LPS-induced inflammation in BV-2 cells through activation of Akt/Nrf2/HO-1 and suppression of the NF-
κB pathway. Food Funct. 2018, 9, 2735–2743. 

14. Yang, H.-L.; Lin, S.-W.; Lee, C.-C.; Lin, K.-Y.; Liao, C.-H.; Yang, T.-Y.; Wang, H.-M.; Huang, H.-C.; Wu, C.-
R.; Hseu, Y.-C. Induction of Nrf2-mediated genes by Antrodia salmonea inhibits ROS generation and 
inflammatory effects in lipopolysaccharide-stimulated RAW264.7 macrophages. Food Funct. 2015, 6, 229–
240. 

15. Sun, P.; Wong, C.-C.; Li, Y.; He, Y.; Mao, X.; Wu, T.; Ren, Y.; Chen, F. A novel strategy for isolation and 
purification of fucoxanthinol and fucoxanthin from the diatom Nitzschia laevis. Food Chem. 2019, 277, 566–
572. 

16. Lu, X.; Sun, H.; Zhao, W.; Cheng, K.-W.; Chen, F.; Liu, B. A Hetero-Photoautotrophic Two-Stage Cultivation 
Process for Production of Fucoxanthin by the Marine Diatom Nitzschia laevis. Mar. Drugs 2018, 16, 219. 

17. Heo, S.J.; Yoon, W.J.; Kim, K.N.; Ahn, G.N.; Kang, S.M.; Kang, D.H.; Affan, A.; Oh, C.; Jung, W.K.; Jeon, Y.J. 
Evaluation of anti-inflammatory effect of fucoxanthin isolated from brown algae in lipopolysaccharide-
stimulated RAW 264.7 macrophages. Food Chem. Toxicol. 2010, 48, 2045–2051. 

18. Pangestuti, R.; Vo, T.S.; Ngo, D.H.; Kim, S.K. Fucoxanthin ameliorates inflammation and oxidative reponses 
in microglia. J. Agric. Food Chem. 2013, 61, 3876–3883. 

19. Molina, N.; Morandi, A.C.; Bolin, A.P.; Otton, R. Comparative effect of fucoxanthin and vitamin C on 
oxidative and functional parameters of human lymphocytes. Int. Immunopharmacol. 2014, 22, 41–50. 

20. Rodríguez-Luna, A.; Ávila-Román, J.; Oliveira, H.; Motilva, V.; Talero, E. Fucoxanthin and Rosmarinic Acid 
Combination Has Anti-Inflammatory Effects through Regulation of NLRP3 Inflammasome in UVB-
Exposed HaCaT Keratinocytes. Mar. Drugs 2019, 17, 451. 

21. Peng, J.; Yuan, J.-P.; Wu, C.-F.; Wang, J.-H. Fucoxanthin, a marine carotenoid present in brown seaweeds 
and diatoms: Metabolism and bioactivities relevant to human health. Mar. Drugs 2011, 9, 1806–1828. 

22. Kei, Y.; Chie, I.; Harukata, K.; Takeshi, Y.; Naoki, M. Fucoxanthin and its deacetylated product, 
fucoxanthinol, induce apoptosis of primary effusion lymphomas. Cancer Lett. 2011, 300, 225. 

23. Asai, A.; Sugawara, T.; Ono, H.; Nagao, A. Biotransformation of fucoxanthinol into amarouciaxanthin A in 
mice and HepG2 cells: Formation and cytotoxicity of fucoxanthin metabolites. Drug Metab. Dispos. 2004, 32, 
205–211. 

24. Maeda, H.; Hosokawa, M.; Sashima, T.; Takahashi, N.; Kawada, T.; Miyashita, K. Fucoxanthin and its 
metabolite, fucoxanthinol, suppress adipocyte differentiation in 3T3-L1 cells. Int. J. Mol. 2006, 18, 147–152. 

25. Ishikawa, C.; Tafuku, S.; Kadekaru, T.; Sawada, S.; Tomita, M.; Okudaira, T.; Nakazato, T.; Toda, T.; 
Uchihara, J.N.; Taira, N. Antiadult T-cell leukemia effects of brown algae fucoxanthin and its deacetylated 
product, fucoxanthinol. Int. J. Cancer 2008, 123, 2702–2712. 

26. Zeng, J.; Zhang, Y.; Ruan, J.; Yang, Z.; Wang, C.; Hong, Z.; Zuo, Z. Protective effects of fucoxanthin and 
fucoxanthinol against tributyltin-induced oxidative stress in HepG2 cells. Environ. Sci. Pollut. Res. Int. 2018, 
25, 5582–5589, doi:10.1007/s11356-017-0661-3. 

27. Rwigemera, A.; Mamelona, J.; Martin, L.J. Inhibitory effects of fucoxanthinol on the viability of human 
breast cancer cell lines MCF-7 and MDA-MB-231 are correlated with modulation of the NF-kappaB 
pathway. Cell Biol. Toxicol. 2014, 30, 157–167, doi:10.1007/s10565-014-9277-2. 

28. Mohibbullah, M.; Haque, M.N.; Khan, M.N.A.; Park, I.-S.; Moon, I.S.; Hong, Y.-K. Neuroprotective effects 
of fucoxanthin and its derivative fucoxanthinol from the phaeophyte Undaria pinnatifida attenuate oxidative 
stress in hippocampal neurons. J. Appl. Phycol. 2018, 30, 3243–3252, doi:10.1007/s10811-018-1458-6. 

29. Zhang, L.; Wang, H.; Fan, Y.; Gao, Y.; Li, X.; Hu, Z.; Ding, K.; Wang, Y.; Wang, X. Fucoxanthin provides 
neuroprotection in models of traumatic brain injury via the Nrf2-ARE and Nrf2-autophagy pathways. Sci. 
Rep. 2017, 7, 46763. 

30. Lin, J.; Huang, L.; Yu, J.; Xiang, S.; Wang, J.; Zhang, J.; Yan, X.; Cui, W.; He, S.; Wang, Q. Fucoxanthin, a 
Marine Carotenoid, Reverses Scopolamine-Induced Cognitive Impairments in Mice and Inhibits 
Acetylcholinesterase in Vitro. Mar. Drugs 2016, 14, 67. 

31. Alzahrani, M.A.J.; Perera, C.O.; Sabaragamuwa, R.; Hemar, Y. Assessment of Bioactive Potential of 



Mar. Drugs 2020, 18, 116 14 of 15 

 

Aqueous Protein Extracts from Diatoms Nitzschia laevis, Spirulina platensis, and Chlorella vulgaris. J. Aquat. 
Food Prod. Tech. 2019, 28, 177–193. 

32. Sun, Z.; Peng, X.; Liu, J.; Fan, K.-W.; Wang, M.; Chen, F. Inhibitory effects of microalgal extracts on the 
formation of advanced glycation endproducts (AGEs). Food Chem. 2010, 120, 261–267. 

33. D’Orazio, N.; Gemello, E.; Gammone, M.; de Girolamo, M.; Ficoneri, C.; Riccioni, G. Fucoxantin: A Treasure 
from the Sea. Mar. Drugs 2012, 10, 604–616. 

34. Sun, P.; Cheng, K.W.; He, Y.; Liu, B.; Mao, X.; Chen, F. Screening and Identification of Inhibitors of 
Advanced Glycation Endproduct Formation from Microalgal Extracts. Food Funct. 2018, 9, 1683–1691. 

35. Bin, L.; Jau-Shyong, H. Role of microglia in inflammation-mediated neurodegenerative diseases: 
Mechanisms and strategies for therapeutic intervention. J. Pharmacol. Exp. Ther. 2003, 304, 1. 

36. Maqbool, A.; Lattke, M.; Wirth, T.; Baumann, B. Sustained, neuron-specific IKK/NF-κB activation generates 
a selective neuroinflammatory response promoting local neurodegeneration with aging. Mol. Neurodegener. 
2013, 8, 40. 

37. Baeuerle, P.A.; Baltimore, D. NF-kappa B: Ten years after. Cell 1996, 87, 13–20. 
38. Folbergrová, J.; Ješina, P.; Kubová, H.; Otáhal, J. Effect of resveratrol on oxidative stress and mitochondrial 

dysfunction in immature brain during epileptogenesis. Mol. Neurobiol. 2018, 55, 7512–7522. 
39. Yuan, L.; Wu, Y.; Ren, X.; Liu, Q.; Wang, J.; Liu, X. Isoorientin attenuates lipopolysaccharide-induced pro-

inflammatory responses through down-regulation of ROS-related MAPK/NF-κB signaling pathway in BV-
2 microglia. Mol. Cell. Biochem. 2014, 386, 153–165. 

40. Costa, A.P.; Lopes, M.W.; Rieger, D.K.; Barbosa, S.G.R.; Gonçalves, F.M.; Xikota, J.C.; Walz, R.; Leal, R.B. 
Differential activation of mitogen-activated protein kinases, ERK 1/2, p38 MAPK and JNK p54/p46 during 
postnatal development of rat hippocampus. Neurochem. Res. 2016, 41, 1160–1169. 

41. Bonny, C.; Borsello, T.; Zine, A. Targeting the JNK pathway as a therapeutic protective strategy for nervous 
system diseases. Rev. Neurosci. 2005, 16, 57–68. 

42. Chia-Chung, H.; Chi-Chang, H.; Lie-Fen, S. Echinacea alkamides prevent lipopolysaccharide/D-
galactosamine-induced acute hepatic injury through JNK pathway-mediated HO-1 expression. J. Agric. 
Food Chem. 2011, 59, 11966–11974. 

43. El-Remessy, A.B.; Tang, Y.; Zhu, G.; Matragoon, S.; Khalifa, Y.; Liu, E.K.; Liu, J.Y.; Hanson, E.; Mian, S.; 
Fatteh, N. Neuroprotective effects of cannabidiol in endotoxin-induced uveitis: Critical role of p38 MAPK 
activation. Mol. Vis. 2008, 49, 1331–1338. 

44. Aikawa, R.; Komuro, I.; Yamazaki, T.; Zou, Y.; Kudoh, S.; Tanaka, M.; Shiojima, I.; Hiroi, Y.; Yazaki, Y. 
Oxidative stress activates extracellular signal-regulated kinases through Src and Ras in cultured cardiac 
myocytes of neonatal rats. J. Clin. Investig. 1997, 100, 1813. 

45. Irving, E.A.; Mark, B. Role of mitogen- and stress-activated kinases in ischemic injury. J. Cereb. Blood Flow 
Metab. 2002, 22, 631–647. 

46. Li, X.; Hu, X.; Tian, G.G.; Cheng, P.; Li, Z.; Zhu, M.; Zhou, H.; Wu, J. C89 Induces Autophagy of Female 
Germline Stem Cells via Inhibition of the PI3K-Akt Pathway In Vitro. Cells 2019, 8, 606. 

47. Zhou, M.F.; Feng, Z.P.; Ou, Y.C.; Peng, J.J.; Li, K.; Gong, H.D.; Qiu, B.H.; Liu, Y.W.; Wang, Y.J.; Qi, S.T. 
Endoplasmic reticulum stress induces apoptosis of arginine vasopressin neurons in central diabetes 
insipidus via PI3K/Akt pathway. CNS Neurosci. Ther. 2019, 25, 562–574. 

48. Luo, K.-W.; Lung, W.-Y.; Chun-Xie, X.-L.L.; Huang, W.-R. EGCG inhibited bladder cancer T24 and 5637 cell 
proliferation and migration via PI3K/AKT pathway. Oncotarget 2018, 9, 12261. 

49. Xie, Q.; Wu, G.-Z.; Yang, N.; Shen, Y.-H.; Tang, J.; Zhang, W.-D. Delavatine A, an unusual isoquinoline 
alkaloid exerts anti-inflammation on LPS-induced proinflammatory cytokines production by suppressing 
NF-κB activation in BV-2 microglia. Biochem. Biophys. Res. Commun. 2018, 502, 202–208. 

50. Kyeong-Ah, J.; Mi-Kyoung, K. The Nrf2 system as a potential target for the development of indirect 
antioxidants. Molecules 2010, 15, 7266–7291. 

51. Kim, J.; Cha YNSurh, Y.J. A protective role of nuclear factor-erythroid 2-related factor-2 (Nrf2) in 
inflammatory disorders. Mutat. Res. 2010, 690, 12–23. 

52. Lauf, J.; Gebauer, G. On-Line Analysis of Stable Isotopes of Nitrogen in NH(3), NO, and NO(2) at Natural 
Abundance Levels. Anal. Chem. 1998, 70, 2750–2756. 

53. Chen, H.G.; Xie, K.L.; Han, H.Z.; Wang, W.N.; Liu, D.Q.; Wang, G.L.; Yu, Y.H. Heme oxygenase-1 mediates 
the anti-inflammatory effect of molecular hydrogen in LPS-stimulated RAW 264.7 macrophages. Int. J. Surg. 
2013, 11, 1060–1066. 



Mar. Drugs 2020, 18, 116 15 of 15 

 

54. Thimmulappa, R.K.; Fuchs, R.J.; Deepti, M.; Catherine, S.; Kassim, T.; Bream, J.H.; Trush, M.A.; Liby, K.T.; 
Sporn, M.B.; Kensler, T.W. Preclinical evaluation of targeting the Nrf2 pathway by triterpenoids (CDDO-
Im and CDDO-Me) for protection from LPS-induced inflammatory response and reactive oxygen species 
in human peripheral blood mononuclear cells and neutrophils. Antioxid. Redox Signal. 2007, 9, 1963. 

55. Park, S.Y.; Kim, Y.H.; Park, G. Cucurbitacins attenuate microglial activation and protect from 
neuroinflammatory injury through Nrf2/ARE activation and STAT/NF-κB inhibition. Neurosci. Lett. 2015, 
609, 129–136. 

56. Wei, J.; Wang, H.; Ji, Y.; Hu, Q.; Yan, W.; Chen, G.; Yin, H. Increased intestinal inflammatory response and 
gut barrier dysfunction in Nrf2-deficient mice after traumatic brain injury. Cytokine 2008,44, 135–140. 

57. Bak, M.J.; Jun, M.; Jeong, W.S. Procyanidins from wild grape (Vitis amurensis) seeds regulate ARE-mediated 
enzyme expression via Nrf2 coupled with p38 and PI3K/Akt pathway in HepG2 cells. Int. J. Mol. Sci. 2012, 
13, 801–818. 

58. Buelna-Chontal, M.; Zazueta, C. Redox activation of Nrf2 & NF-κB: A double end sword? Cell. Signal. 2013, 
25, 2548–2557. 

59. Ahmad, T.B.; Rudd, D.; Smith, J.; Kotiw, M.; Mouatt, P.; Seymour, L.M.; Liu, L.; Benkendorff, K. Anti-
Inflammatory Activity and Structure-Activity Relationships of Brominated Indoles from a Marine Mollusc. 
Mar. Drugs 2017, 15, 133. 

© 2020 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/). 

 


