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Preface to Role of Natural Compoundsin

Inflammation and Inflammatory-Related Diseases”

Inflammation is a complex biological response to injury as a result of different stimuli such

as pathogens, damaged cells, or irritants. Inflammatory injuries induce the release of a variety

of systemic mediators, cytokines, and chemokines, that orchestrate the cellular infiltration that

consequentially bring about the resolution of inflammatory responses and the restoration of tissue

integrity. However, persistent inflammatory s timuli o r t he d isregulation o f m echanisms o f the

resolution phase can lead to chronic inflammation and inflammatory-based diseases.

Nowadays, commercially approved anti-inflammatory d rugs a re r epresented b y nonsteroidal

anti-inflammatory drugs (NSAID); glucocorticoids (SAID); and, in some cases, immunosuppressant

and/or biological drugs. These agents are effective for the relief of the main inflammatory symptoms.

However, they induce severe side effects, and most of them are inadequate for chronic use.

Starting from these premises, the demand for new, effective, and safe anti-inflammatory drugs

has led research in new therapeutic directions. The recent and emerging scientific community slant is

oriented towards natural products/compounds that could represent a boon for the discovery of new

active molecules and for the development of new drugs and potentially useful therapeutic agents in

different inflammatory-related diseases.

Francesco Maione

Special Issue Editor
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Abstract: Nardochinoid B (NAB) is a new compound isolated from Nardostachys chinensis. Although
our previous study reported that the NAB suppressed the production of nitric oxide (NO) in
lipopolysaccharide (LPS)-activated RAW264.7 cells, the specific mechanisms of anti-inflammatory
action of NAB remains unknown. Thus, we examined the effects of NAB against LPS-induced
inflammation. In this study, we found that NAB suppressed the LPS-induced inflammatory responses
by restraining the expression of inducible nitric oxide synthase (iNOS) proteins and mRNA instead
of cyclooxygenase-2 (COX-2) protein and mRNA in RAW264.7 cells, implying that NAB may have
lower side effects compared with nonsteroidal anti-inflammatory drugs (NSAIDs). Besides, NAB
upregulated the protein and mRNA expressions of heme oxygenase (HO)-1 when it exerted its
anti-inflammatory effects. Also, NAB restrained the production of NO by increasing HO-1 expression
in LPS-stimulated RAW264.7 cells. Thus, it is considered that the anti-inflammatory effect of NAB is
associated with an induction of antioxidant protein HO-1, and thus NAB may be a potential HO-1
inducer for treating inflammatory diseases. Moreover, our study found that the inhibitory effect of
NAB on NO is similar to that of the positive drug dexamethasone, suggesting that NAB has great
potential for developing new drugs in treating inflammatory diseases.

Keywords: Nardostachys chinensis; nardochinoid B; nitric oxide; inducible nitric oxide synthase;
heme oxygenase-1

1. Introduction

Inflammation is a kind of defensive reaction of living organisms with vascular systems to harmful
factors such as pathogens, damaged cells, and irritants [1]. The inflammation may happen in a

Molecules 2019, 24, 2482; doi:10.3390/molecules24132482 www.mdpi.com/journal/molecules1
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number of diseases, such as arthritis, arthrophlogosis, asthma, and so on [2]. The nonsteroidal
anti-inflammatory drugs (NSAIDs) are widely used for fighting against inflammation diseases in
clinical conditions. Restraining the cyclooxygenases (COXs) to inhibit prostaglandins is the main
mechanism by which NSAIDs produce their anti-inflammatory effect [3]. However, many critical side
effects, such as the increasing risk of serious and even fatal stomach and intestinal adverse reactions [4],
myocardial infarction [5], stroke [6], systemic and pulmonary hypertension [7], and heart failures [8],
happen during COX inhibition. Therefore, NSAIDs are not ideal for treating every inflammatory
disease because of their side effects in the clinic. Thus, it is necessary to develop new, safer drugs to
treat inflammation diseases better.

Macrophages play important roles in the innate immune response. They protect cells from injury
induced by exogenous factors such as bacteria and viruses and endogenous factors such as other damaged
cells. Also, macrophages promote the repair processes of tissue injury [9]. Proinflammatory mediators,
such as interleukin-1β (IL-1β), interleukin-6 (IL-6), tumor necrosis factor alpha (TNF-α), prostaglandin
E2 (PGE2), and nitric oxide (NO) [10–14], are produced by the activated macrophages and then promote
the development of inflammation [15]. Thus, in our study, the LPS-stimulated RAW264.7 cells, a classical
inflammatory cell model [16], was chosen to study the anti-inflammatory mechanism of NAB.

In recent years, there has been growing interest in the anti-inflammatory effects of natural
components present in commonly used traditional herbal medicines. Nardostachys chinensis is one of the
traditional Chinese medicines that was reported to have an anti-inflammatory effect [17]. The extracts
of the plant roots and rhizomes of N. chinensis have been used for the treatment of blood disorders,
disorders of the circulatory system, and herpes infection [18]. Recently, some compounds isolated from
N. chinensis were reported to inhibit the protein expression of inducible nitric oxide synthase (iNOS)
and cyclooxygenase-2 (COX-2) in LPS-activated RAW264.7 macrophages [18–20]. Nardochinoid B
(NAB) is a compound isolated from N. chinensis. Our previous research has proved that NAB inhibits
the production of NO in the LPS-induced RAW264.7 macrophages [20]. However, the mechanisms of
the anti-inflammatory action of NAB have not been identified clearly. In this study, the mechanisms of
anti-inflammatory activity and the antioxidant effect of nardochinoid B (NAB) were for the first time
investigated in LPS-stimulated RAW264.7 cells.

The progression of inflammation could be inhibited through activating the nuclear factor erythroid
2-related factor 2 (Nrf2) pathway, meaning that activating the Nrf2 pathway could be a potential
therapeutic strategy in anti-inflammatory disorders [21]. The translocation of Nrf2 protein into the
cell nucleus induces the expression of heme oxygenase (HO)-1. Then, followed by the overexpression
of HO-1, the production of inflammatory mediators is reduced and the inflammatory process is
modulated [22]. Yet, few Nrf2 activators have been validated and used in the clinic. Tecfidera
(dimethyl fumarate) is one of the Nrf2 activators that have been approved for the treatment of multiple
sclerosis [23]. However, the long-term use of it causes several side effects [24]. Therefore, the discovery
of new, safer Nrf2 activators for the clinic has become an essential and urgent matter.

In the present study, we have focused on these certain aspects of NAB: (1) whether NAB has the
ability to suppress the LPS-induced inflammatory responses in RAW264.7 cells, and (2) whether NAB
upregulates HO-1 to promote its anti-inflammatory effects by activating the Nrf2 signaling pathway.
The results in this study revealed that NAB exerted its anti-inflammatory effects in LPS-induced
RAW264.7 cells in a manner related to the activation of the Nrf2/HO-1 pathway, rather than the inhibition
of the nuclear factor-κB (NF-κB) pathway and mitogen-activated protein kinase (MAPK) pathway.

2. Results

2.1. Anti-Inflammatory Activities of NAB on LPS-Activated RAW264.7 Macrophages

2.1.1. NAB Reduced the Release of NO in LPS-Stimulated RAW264.7 Macrophages

The results from the MTT assay show that NAB (Figure 1) had no significant cytotoxicity to
LPS-stimulated RAW264.7 cells at the concentrations lower than 20 μM (Figure 2A,B). The nitrite
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level (evaluated through the stable oxidized product of NO) and the production of PGE2 in the
culture medium of the RAW264.7 cells were significantly increased (P < 0.01) after 18 h of LPS
stimulation. The pretreatment with NAB markedly decreased the LPS-induced NO production in
a concentration-dependent manner (Figure 2C), while it did not inhibit the production of PGE2

(Figure 2D). Dexamethasone (DEX) was selected to serve as the positive control. The results show
that DEX markedly reduced the production of both NO and PGE2 in LPS-stimulated RAW264.7 cells
(Figure 2C,D).

 
Figure 1. Chemical structure of nardochinoid B (NAB).

Figure 2. The effect of NAB on the release of nitric oxide (NO) and prostaglandin E2 (PGE2) in
lipopolysaccharide (LPS)-induced RAW264.7 macrophages. (A) Cytotoxicity of NAB to LPS-stimulated
RAW264.7 cells. (B) Cytotoxicity of NAB to normal RAW264.7 cells. Cells were treated with NAB at
multiple concentrations (1.25, 2.5, 5, 10, 20, and 40 μM) for 1 h and then incubated with or without LPS
stimulation (100 ng/mL) for 18 h. Cell viability was analyzed with the MTT method. (C) Effect of NAB
on the production of NO by the LPS-stimulated RAW264.7 cells. (D) Effect of NAB on the production
of PGE2 by the LPS-stimulated RAW264.7 cells. Cells were pretreated with NAB or the positive
control drug (dexamethasone, DEX) for 1 h and then stimulated with or without LPS (100 ng/mL) for
18 h. Culture medium was collected, and the NO concentration was analyzed by the Griess reagent.
The PGE2 concentration was measured by the ELISA method. The density ratio of the control group
(blank control) in the cytotoxicity test was set to 1. In other tests, the variances were compared with the
LPS group. Results are expressed as the mean ± SEM of three independent experiments. * P < 0.05,
** P < 0.01, and *** P < 0.001 vs. normal cells (A,B) or LPS-stimulated cells (C,D).

3
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2.1.2. NAB Inhibited the Expression of iNOS Rather Than COX-2 in LPS-Stimulated
RAW264.7 Macrophages

The mRNA and protein expression of iNOS and COX-2 in the cells were significantly increased
after stimulation with LPS (100 ng/mL) for 18 h (Figure 3). NAB markedly downregulated the protein
expression level of iNOS in the LPS-stimulated RAW264.7 cells in a concentration-dependent manner
(Figure 3A) and decreased the mRNA expression of iNOS at the concentration of 10 μM (Figure 3C).
However, NAB did not significantly downregulate the mRNA and protein expression levels of COX-2
in the same conditions (Figure 3B,D).

 
Figure 3. The effect of NAB on the expression levels of inducible nitric oxide synthase (iNOS) and
cyclooxygenase-2 (COX-2) in LPS-induced RAW264.7 macrophages. (A,B) Effect of NAB on the
expression levels of iNOS and COX-2 in LPS-stimulated RAW264.7 cells. Cells were pretreated with
NAB or positive control drug (dexamethasone, DEX) for 1 h and then stimulated with LPS (100 ng/mL)
for 18 h. The total protein of the cells was collected, and the expression levels of iNOS (A) and COX-2
(B) were analyzed with Western blotting; (C,D) Effect of NAB on the mRNA expression levels of iNOS
and COX-2 in LPS-stimulated RAW264.7 cells. Cells were pretreated with NAB or positive control drug
(dexamethasone, DEX) for 1 h and then stimulated with LPS (100 ng/mL) for 18 h. The total RNA was
prepared, and the mRNA expression levels of iNOS (C) and COX-2 (D) were analyzed with qRT-PCR.
The density ratio of the LPS group (model control) was set to 1. Results are expressed as the mean ±
SEM of three independent experiments. * P < 0.05, ** P < 0.01, and *** P < 0.001 vs. LPS-stimulated cells.

2.2. Potential Anti-Inflammatory Mechanisms of NAB on LPS-Induced RAW264.7 Macrophages

2.2.1. NAB Increased the mRNA and Protein Expression Levels of HO-1 in LPS-Stimulated
RAW264.7 Cells

The results (Figure 4) show that the expression level of HO-1 was increased after stimulation with
LPS (100 ng/mL) for 6 h. Sulforaphane (SFN), a confirmed Nrf2 activator, was selected as an alternate

4
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positive control drug to DEX in the following mechanism study. NAB significantly increased the mRNA
(Figure 4A) and protein (Figure 4B) expression levels of HO-1 in LPS-stimulated RAW264.7 cells.

Figure 4. The effect of NAB on expression level of HO-1 in LPS-stimulated RAW264.7 cells. (A) Effect
of NAB on HO-1 expression level in LPS-stimulated RAW264.7 cells. Cells were pretreated with NAB
or positive control drug (dexamethasone, DEX) for 1 h and then stimulated with LPS (100 ng/mL) for
6 h. The total protein of the cells was prepared, and the expression level of HO-1 protein was measured
by Western blotting. (B) Effect of NAB on the mRNA expression level in LPS-stimulated RAW264.7
cells. Cells were pretreated with NAB or positive control drug (dexamethasone, DEX, or sulforaphane,
SFN) for 1 h and then stimulated with LPS (100 ng/mL) for 6 h. The total mRNA was prepared, and the
expression level was evaluated by qRT-PCR. The density ratio of the LPS group (model control) was
set to 1. Results are expressed as the mean ± SEM of three independent experiments. ** P < 0.01 and
*** P < 0.001 vs. LPS-stimulated cells.

2.2.2. NAB Promoted Nrf2 Protein Translocation into the Nucleus in RAW264.7 Macrophages

As shown in Figure 5, the pretreatment of NAB promoted Nrf2 protein entering the nucleus in
RAW264.7 cells, similar to the effect of SFN.

Figure 5. Effect of NAB on Nrf2 protein migration level in nucleoprotein of RAW264.7 macrophages.
The RAW264.7 cells were treated with NAB or positive control drug (sulforaphane, SFN) for 6 h.
The nuclear fraction was extracted, and the nuclear protein was measured by Western blotting.
The density ratio of the CON group (normal control) was set to 1. Results are expressed as the
mean ± SEM of three independent experiments. * P < 0.05 vs. normal cells.

5
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2.2.3. NAB Suppressed the Production of TNF-α, IL-1β, and IL-6

The results show that the LPS stimulation of RAW264.7 cells increased the expression levels
of TNF-α (Figure 6A), IL-1β (Figure 6C), and IL-6 (Figure 6E) in the culture medium. The mRNA
expression levels of TNF-α (Figure 6B), IL-1β (Figure 6D), and IL-6 (Figure 6F) were induced by LPS
as well. The treatment of NAB downregulated the expression levels of TNF-α (Figure 6A,B), IL-1β
(Figure 6C,D), and IL-6 (Figure 6E,F). The positive control drug sulforaphane also significantly inhibited
the expression level of these inflammatory mediators (Figure 6).

Figure 6. The effect of NAB on the production of TNF-α, IL-1β, and IL-6 in LPS-activated RAW264.7 cells.
Effects of NAB on the expression level of TNF-α (A,B), IL-1β (C,D), and IL-6 (E,F) in LPS-stimulated
RAW264.7 cells. Cells were pretreated with NAB or positive control drug (sulforaphane, SFN) for
1 h and then stimulated with LPS (100 ng/mL) for 18 h. Total mRNA was prepared, and the mRNA
expression of TNF-α, IL-1β, and IL-6 was detected. Culture medium was collected, and ELISA was used
to measure the expression level of TNF-α, IL-1β, and IL-6. In the qRT-PCR analysis, the density ratio of
the LPS group (model control) was set to 1. In the ELISA analysis, the variances were compared with
the LPS group. Results are expressed as mean ± SEM of three independent experiments. ** P < 0.01
and *** P < 0.001 vs. LPS-stimulated cells.

6
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2.2.4. NAB Failed to Inhibit the Activation of the NF-κB and MAPK Pathways in LPS-Stimulated
RAW264.7 Cells

As shown in Figure 7, the LPS stimulation of RAW264.7 cells increased the expression levels
of phospho-p65 (p-p65), phospho-p38 (p-p38), and phospho-extracellular regulated protein kinase
(p-ERK). However, NAB failed to inhibit the increased expression levels of p-p65 (Figure 7A), p-ERK
(Figure 7B), and p-p38 (Figure 7C).

Figure 7. Effect of NAB on protein expression level of phospho-p65 (p-p65), phospho-extracellular
regulated protein kinase (p-ERK), and phosphor-p38 (p-p38) in LPS-stimulated RAW264.7 cells. Cells
were pretreated with NAB for 1 h and then stimulated with LPS (100 ng/mL) for 18 h. The total
protein of the cells was collected, and the expression levels of p-p65 (A), p-ERK (B), and p-p38 (C) were
analyzed with Western blotting. The density ratio of the LPS group (model control) was set to 1. Results
are expressed as the mean ± SEM of three independent experiments. * P < 0.05 and *** P < 0.001 vs.
LPS-stimulated cells.

3. Discussion

As described before, macrophages play an important role in inflammation as they are able
to release different kinds of cytokines to ignite inflammatory reactions [9]. The LPS-stimulated
RAW264.7 macrophages is a kind of classical inflammatory cell model widely used in evaluating
the anti-inflammatory effect and mechanisms of many natural products derived from Chinese
medicines [25]. Therefore, we chose the LPS-stimulated RAW264.7 cells as the cell model in this
study. Dexamethasone (DEX) and sulforaphane (SFN) were chosen as the positive control drugs
in this study. DEX is a classic anti-inflammatory drug that is widely used in the clinic [26]. It is a
steroidal anti-inflammatory drug that has been widely used to treat rheumatoid arthritic knees [9],
pneumonia [27], and bronchiolitis [11]. SFN is a kind of drug that has been confirmed as a Nrf2

7
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activator. It is a natural isothiocyanate, and it has been proved that SFN could suppress LPS-induced
inflammation in mouse peritoneal macrophages through activating the Nrf2 pathway and upregulating
the HO-1 expression [28]. Moreover, SFN inhibited the expression of some inflammatory mediators,
including TNF-α, IL-1β, and IL-6 [29], through activating the Nrf2 pathway. So, DEX was chosen as
the positive control drug in the study to evaluate the anti-inflammatory activity of NAB, and SFN was
chosen as the positive control in the study to evaluate the Nrf2 pathway-related mechanism of NAB.

In this study, we firstly evaluated the cytotoxicity of NAB and found that NAB had no significant
cytotoxicity to LPS-stimulated RAW264.7 cells at the concentrations lower than 20 μM (Figure 2A,B).
Thus, we selected the concentrations of NAB ranging from 2.5 μM to 10 μM to examine the
anti-inflammatory activity of NAB in the LPS-stimulated RAW264.7 cells. Then, following evaluation
of the effect of NAB on the production of NO and PGE2 by the LPS-induced RAW264.7 cells, we
examined the effect of NAB on the expression of iNOS and COX-2 by LPS-stimulated RAW264.7
macrophages, since iNOS and COX-2 are the enzymes responsible for the production of NO and PGE2,
respectively. After that, the expression level of HO-1 in LPS-stimulated RAW264.7 cells was detected
with the treatment of NAB, because HO-1 is one of the regulating factors of the expression of iNOS.
As the translocation of Nrf2 protein into the cell nucleus mediates the expression of HO-1, the migration
level of Nrf2 protein in the RAW264.7 macrophages was evaluated. Moreover, as the macrophages
release cytokines (e.g., TNF-α, IL-1β, and IL-6) [30] to promote and encourage the development and
progression of inflammation in vivo, these inflammatory mediators were detected in this study.

NO and PGE2 are two of the most important inflammatory mediators that participate in
inflammatory processes. The inflammation and the exposure of tissue cells to bacterial products such
as LPS, lipoteichoic acid (LTA), peptidoglycans, and bacterial DNA or whole bacteria will induce
the high expression of iNOS and then enhance the production of NO. In these situations, the NO
forms peroxynitrite, which acts as a cytotoxic molecule, resists invading microorganisms, and acts as
a killer [31]. However, it has been reported that in aseptic inflammation, the iNOS expression and
NO formation would also be induced in human macrophages; for example, in rheumatoid arthritis
and osteoarthritis [32]. In these bacteria-free inflammatory processes, the synthesis of NO can be an
important factor that helps maintain the inflammatory and osteolytic processes [13]. PGE2 mediates
the increasing of arterial dilation and microvascular permeability. This action will cause blood to flow
into the inflamed tissue and thus causes redness and edema [33]. COX-2 belongs to the regulatory
enzymes involved in the production of PGE2, and it also regulates the synthesis of prostaglandin
I2 (PGI2, also called as prostacyclin) and thromboxaneA2 (TXA2) [34]. It is known that TXA2 is the
major cyclooxygenase product in platelets. It is also a potent vasoconstrictor and can stimulate the
aggregation of platelets in vitro. PGI2 is produced and synthesized in vascular endothelial cells. It is a
vasodilator and inhibitor of platelets [34]. It has been proven that the inhibition of COX-2 may break
the balance between PGI2 and TXA2, leading to cardiovascular risks [35]. Fortunately, in this study, the
results show that NAB only targets and inhibits NO and iNOS and does not affect the expression of
COX-2 (Figure 2C,D and Figure 3). Thus, NAB may have low cardiovascular side effects compared
with DEX. However, the results showed that the protein expression level of iNOS was inhibited by the
concentration of 2.5 μM NAB, while the mRNA expression level was not; thus, it was considered that
NAB may affect the translation process of iNOS from gene to protein.

TNF-α, IL-1β, and IL-6 belong to the inflammatory cytokines and are can also be involved in
inflammatory processes [36]. In this research, all these inflammation cytokines and regulatory enzymes
(iNOS and COX-2) were upregulated by the LPS stimulation (Figures 3 and 6). Then, the increases
of these inflammatory mediators were significantly inhibited by NAB (Figure 6). More importantly,
the inhibitory effect of NAB on the mRNA expression level of TNF-α is better than that of SFN, meaning
that NAB has obvious anti-inflammatory activity in LPS-stimulated RAW264.7 macrophage cells.

Usually, the inflammatory processes are accompanied by the activation of the NF-κB pathway,
which also promotes the expression of inflammatory mediators in macrophages [37]. Previous
research has shown that the production of inflammatory cytokines is related to the LPS-induced
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activation of the NF-κB pathway [38]. The mitogen-activated protein kinases (MAPK) pathway
also plays an critical role in inflammatory responses [39]. The activation of both NF-κB and MAPK
signaling pathways is involved in the development of inflammation [25]. Therefore, under normal
circumstances, inhibiting NF-κB and MAPK signaling pathways is considered as an effective way to
combat inflammatory reaction. The activation of NF-κB resulted in the phosphorylation of nuclear
factor of kappa light polypeptide gene enhancer in B-cells inhibitor, alpha (IκBα), IκB kinase-α (IKKα),
and p65, leading to the transcription of inflammatory genes and the expression of inflammatory
proteins [40]. The activation of the MAPK pathway results in the phosphorylation of p38, c-Jun
N-terminal kinase (JNK), and ERK [41], which may promote proinflammatory cytokine production [42].
Some reports showed that the deactivation of NF-κB and MAPK pathways in RAW264.7 cells leads to
the inhibition of LPS-induced NO, PGE2, iNOS, COX-2, TNF-α, and IL-6 production [25,43]. Other
studies have reported that the extracts of N. chinensis inhibited the p38 MAPK pathway to inhibit the
expression of inflammatory mediators [44]. To study the anti-inflammatory mechanism of NAB, we first
investigated the effect of NAB on the activation of the NF-κB and MAPK pathways in LPS-stimulated
RAW264.7 cells. However, the results showed that NAB did not inhibit the activation of the NF-κB
and MAPK pathways (Figure 7), so NAB may not act on the NF-κB and MAPK pathways to exert its
anti-inflammatory effects.

The activation of the Nrf2 pathway is another possible way to prevent LPS-induced transcriptional
upregulation of proinflammatory cytokines, including TNF-α, IL-1β, and IL-6 [45]. These inflammatory
cytokines were decreased by the Nrf2-dependent antioxidant genes HO-1 and NQO-1. In Nrf2-knockout
mice, the mRNA and protein levels of COX-2, iNOS, IL-6, and TNF-α increased [46] and the
anti-inflammatory effect also disappeared [47]. Since the current result showed that NAB inhibited
TNF-α, IL-1β, and IL-6 obviously (Figure 6), it was hypothesized that NAB may activate the Nrf2
pathway to exert its anti-inflammatory effect.

In this study, it was found that NAB inhibited the expression of the inflammatory protein
iNOS (Figure 3A,C) and inflammatory cytokines including NO, TNF-α, and IL-6 (Figures 2C and 6),
accompanied by the increase of antioxidant protein HO-1 (Figure 4). More importantly, the study
found that NAB had no inhibitory effect on COX-2 (Figure 3B,D) and PGE2 (Figure 2D), suggesting
that NAB has potential to be developed as a selective iNOS/NO inhibitor, a kind of anti-inflammatory
drug that helps to reduce airway inflammatory responses, such as the compound 1400W [48], and
relieve the pain caused by mechanical damage, such as the compound AR-C102222 [49]. Further, since
NAB did not affect the expressions of COX-2 and PGE2, it is safer than NSAIDs, which inhibit PGE2 to
exert their anti-inflammatory effect through inhibiting COX-2 expression. At the same time, our study
found that the inhibitory effect of NAB on NO is very similar to that of the positive control drug DEX,
suggesting that NAB has great development value in future study.

Oxidative or nitrosative stress, cytokines, and other mediators may cause the cells to overproduce
HO-1 to protect themselves [22,50]. The induction of HO-1 reduces the production of inflammatory
mediators and modulates the inflammatory process [51]. HO-1 can be rapidly induced by various
oxidative response-inducing agents, including LPS [22]. The current results also show that LPS
increased the level of HO-1 slightly, but compared with the LPS group, NAB further increased the
level of HO-1 protein dramatically (Figure 4). The NO production induced by LPS was inhibited by
the high expression of HO-1 [52]. In this study, NAB reduced NO production while increasing HO-1
expression (Figure 4); the current results are consistent with the finding that the high expression of
HO-1 can inhibit LPS-induced NO production [52].

Another factor that is related to the expression of HO-1 is the expression of interleukin (IL)-10.
IL-10 induces the phosphorylation of Janus Kinase (Jak) 1 and the activation of signal transducer and
activator of transcription (STAT)-1 and STAT-3 [53]. Also, IL-10 activates phosphatidylinositol-3 kinase
(PI3K), which is involved in the proliferative effects of IL-10 [54]. It has been proven that IL-10 can
induce the expression of HO-1 [55]. Also, it has been reported that the IL-10-induced activation of
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STAT-3 and PI3K was associated with the expression of HO-1 [56]. Thus, further study will focus on
the role of NAB in the expression of IL-10 and the associated production such as STAT-1 and PI3K.

Taken together, the results suggest that the activation of the Nrf2/HO-1 pathway is the potential
mechanism by which NAB exerts its anti-inflammatory effects against LPS-activated inflammation
(Figure 8).

Figure 8. Proposed molecular mechanisms underlying the inhibitory effect of NAB on the LPS-activated
RAW264.7 macrophages. NAB activates the Nrf2 pathway, leading to the high expression of HO-1, then
contributing to the anti-inflammatory effects in LPS-activated RAW264.7 macrophages. Abbreviations
in the figure: NAB, nardochinoid B; TLR4, Toll-like receptors; ERK, extracellular regulated protein
kinase; JNK, c-Jun N-terminal kinase; HO-1, heme oxygenase (HO)-1; Nrf2, nuclear factor erythroid
2-related factor 2; Keap-1, Kelch-like ECH-associated protein-1; ARE, antioxidant response element;
iNOS, inducible nitric oxide synthase; COX-2, cyclooxygenase-2; IKKα/β/γ, IκB kinase α/β/γ; IκBα,
inhibitor of nuclear factor kappa-B kinase α.

4. Materials and Methods

4.1. Materials

Nardochinoid B (NAB) (Figure 1) (HPLC purity >98%) was provided by the Institute of Traditional
Chinese Medicine and Natural Products, Jinan University (Guangzhou, China). Dimethyl sulfoxide
(DMSO) (Sigma, Cat. No. D2625, St. Louis, MO, USA) was used to dissolve the NAB powder to
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give a stock solution of 30 mM concentration. Lipopolysaccharide (LPS), dexamethasone (DEX), and
sulforaphane (SFN) were purchased from Sigma Chemical Co. (St. Louis, MO, USA). Antibodies
to iNOS [57], COX-2 [58], heme oxygenase (HO)-1 [58], Nrf2 [18], p-p65 [18], p-p38 [18], and
phospho-extracellular regulated protein kinases (p-ERK) [18] were obtained from Cell Signaling
Technology (Boston, MA, USA). Antibodies to β-actin and laminin B1 [18] were from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibody to α-tubulin [18] was from Sigma Chemical Co.
(St. Louis, MO, USA). The secondary antibodies for Western blot were from Li-COR Biotechnology
(Lincoln, NE, USA). ELISA kits for IL-1β, IL-6, and TNF-α was from eBioscience (eBioscience, Inc.,
San Diego, CA, USA). ELISA kit for PGE2 was from Cayman Chemical (Cayman Chemical, Ann Arbor,
MI, United States). The nitric oxide (NO) production level was measured by a Griess Reagent System
kit, which was obtained from Promega Corporation (Madison, WI, USA).

4.2. Cell Culture

The immortalized mouse macrophage cell line RAW264.7 was obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA). Dulbecco’s modified Eagle’s medium (DMEM)
supplement with 10% heat-inactivated fetal bovine serum (FBS) (Gibco BRL Co, Grand Island, NY,
USA), penicillin G (100 units/mL), streptomycin (100 mg/mL), and l-glutamine (2 mM) (Gibco BRL
Co, Grand Island, NY, USA) was chosen to maintain the cells. The cells were incubated at 37 ◦C in a
humidified atmosphere containing 5% CO2 and 95% air.

4.3. Cell Viability Assay

The cells were seeded in 96-well plates at the density of 1.4 × 104 cells/well and were incubated
for 24 h. After incubation, the cells were pretreated with different concentrations (1.25, 2.5, 5, 10, 20,
and 40 μM) of NAB for 1 h. Then, the cells were stimulated with or without LPS (100 ng/mL) for 18 h.
Cytotoxicity was analyzed by using MTT assay. MTT solution (5 g/L) was added to each well and
incubated for 4 h at 37 ◦C. Then, 100 μL 10% sodium dodecyl sulfate (SDS)–HCl solution was added to
the wells and incubated for another 18 h. The optical density was read at 570 nm (reference, 650 nm)
using a microplate UV/VIS spectrophotometer (Tecan, Mannedorf, Switzerland). The control group,
in which the cells were not treated with compounds and LPS, was set as 100% for its cell viability.

4.4. Determination of NO, PGE2, TNF-α, IL-1β, and IL-6 Production

The cells were plated in 24-well plates at the density of 8 × 104 cells/well and were incubated
for 24 h. Then, the cells were pretreated with different concentrations (2.5, 5, and 10 μM) of NAB
and positive control drug (dexamethasone, DEX, or sulforaphane, SFN) for 1 h, respectively. LPS
(100 ng/mL) was added to the culture medium and the cells were stimulated with LPS for another 18 h.
After incubating the cells with drugs and LPS, the cells and the medium were collected and stored at
−80 ◦C. NO production was measured as the nitrite concentration in the medium by the Griess reagent
(Promega, Madison, WI, USA). The TNF-α, IL-1β, and IL-6 concentrations in the culture medium were
measured by using the enzyme-linked immunosorbent assay (ELISA) kit (eBioscience, Inc., San Diego,
CA, USA), and the PGE2 concentration in the cell supernatant was detected by the ELISA kit from
Cayman Chemical (Cayman Chemical, Ann Arbor, MI, United States).

4.5. Protein Preparation and Western Blot Analysis

The cells in 24-well plates were collected after being treated with drugs and LPS for 6 h (for HO-1
proteins) or 18 h (for other inflammation-related proteins). RIPA lysis buffer (Cell Signaling technology,
Boston, MA, USA) was mixed with 1× protease inhibitor (Roche Applied Science, Mannheim, Germany)
and the mixture was used to lyse the collected cells to extract total protein. For the measurement of Nrf2
protein, cells were treated with NAB (10 μM) and SFN (5 μM) for 6 h, and then the NE-PER Nuclear
and Cytoplasmic Extraction Reagents (Thermo Scientific, Rockford, IL, USA) were used to extract the
cytoplasmic and nuclear extracts. The protein concentration was determined with the Bio-Rad Protein
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Assay (Bio-Rad, Hercules, CA, USA). Thirty micrograms of these protein samples was resolved by 6%
(for Nrf2 measurement), 10% (for iNOS, COX-2, p-p65, p-ERK, and p-p38 measurements), and 12%
(for HO-1 measurement) sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). After
electrophoresis separation, the proteins were transferred from the gel onto nitrocellulose membrane
(GE Healthcare Life Sciences, Buckinghamshire, UK). Then, the membrane was blocked with 5%
skimmed milk and then incubated with the primary antibodies (iNOS, COX-2, HO-1, Nrf-2, p-ERK,
p-p65, and p-p38) and mouse antibodies specific for β-actin (for iNOS, COX-2, HO-1, and p-p65
measurements),α-tubulin (for p-ERK and p-p38 measurements), and laminin B1 (for Nrf2 measurement)
at 4 ◦C overnight. After that, the membrane was incubated with IRDye 800CW goat anti-mouse IgG
(H + L) or IRDye 800CW goat anti-rabbit IgG (H + L) secondary antibodies (Li-COR, Lincoln, NE, USA)
at room temperature for 1 h. The antigen–antibody complex bands were examined with an Odyssey
CLxImager (Li-COR, Lincoln, NE, USA) and the protein expression level was quantified by using
Odyssey v3.0 software (Li-COR, USA). The density ratios of iNOS, COX-2, HO-1, Nrf-2, p-ERK, p-p65,
and p-p38 to β-actin, α-tubulin, or laminin B1 were calculated for evaluating the anti-inflammatory
effect and underlying mechanism of NAB.

4.6. RNA Extraction and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The cells in 24-well plates were collected after being treated by tested drugs and LPS for 6 h (for the
HO-1 test) or 18 h (for iNOS, COX-2, TNF-α, IL-1β, and IL-6 tests). Total RNA was isolated from cells
with the NucleoSpin RNA kit (Macherey-Nagel, Düren, Germany). The total RNA concentration for
each sample was detected by using a NanoDrop spectrophotometer (Thermo Scientific, USA). One
microgram of total RNA of each sample were used for reverse transcription into cDNA by using the
reverse transcription Universal cDNA Master Kit (Roche Applied Science, Germany). Target RNA
levels were determined by using ViiATM 7 real-time PCR, where 1 μL cDNA, 2 μL primers, 10 μL
SYBER Green PCR Master Mix (Roche, Mannheim, Germany), and 7 μL PCR-grade water were used in
the PCR reaction. The denaturation step of the PCR reactions was set to 95 ◦C for 10 min. Forty cycles
were repeated at 95 ◦C for 15 s and 60 ◦C for 1 min. The 2−ΔΔCt cycle threshold method was used to
normalize the relative mRNA expression levels to the internal control. The primers used in this study
are listed in Table 1.

Table 1. The primers used in this study.

Target Gene Primer Sequences

β-actin_F 5′-CGGTTCCGATGCCCTGAGGCTCTT-3′
β-actin_R 5′-CGTCACACTTCATGATGGAATTGA-3′
iNOS_F 5′-CAGCACAGGAAATGTTTCAGC-3′
iNOS_R 5′-TAGCCAGCGTACCGGATGA-3′
COX-2_F 5′-TTTGGTCTGGTGCCTGGTC-3′
COX-2_R 5′-CTGCTGGTTTGGAATAGTTGCTC-3′
TNF-α_F 5′-TATGGCTCAGGGTCCAACTC-3′
TNF-α_R 5′-CTCCCTTTGCAGAACTCAGG-3′

IL-6_F 5′-GGTGACAACCACGGCCTTCCC-3′
IL-6_R 5′-AAGCCTCCGACTTGTGAAGTGGT-3′

HO-1_F 5′-CCCACCAAGTTCAAACAGCTC-3′
HO-1_R 5′-AGGAAGGCGGTCTTAGCCTC-3′
IL-1β_F 5′-TTGACGGACCCCAAAAGATG-3′
IL-1β_R 5′-AGAAGGTGCTCATGTCCTCA-3′

4.7. Data Analysis

All data are presented as the mean ± SEM of three independent experiments. The statistical
analyses for these results were carried out with GraphPad Prism 7 (GraphPad Software, San Diego,
CA, USA) by using one-way ANOVA followed by post-hoc analysis with Tukey’s multiple comparison
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test to compare the difference between groups. In all cases, a level of P < 0.05 was considered
statistically significant.

5. Conclusions

From the above study, it has been proven that the compound NAB inhibited the activation of
LPS-induced RAW264.7 cells. It is clear that NAB increased the expression of HO-1 to reduce NO
production. Also, inflammatory mediators, including NO, TNF-α, IL-1β, and IL-6, were inhibited
by the pretreatment of NAB. More importantly, the study found that NAB has no inhibitory effect
on COX-2, suggesting that it may be safer than NSAIDs. At the same time, our study found that the
inhibitory effect of NAB on NO is similar to that of the positive control drug DEX, suggesting that
NAB has great potential for future drug development. In conclusion, NAB may be a potential HO-1
inducer for the treatment of inflammatory diseases.

As described previously, the results suggested that NAB exerted its anti-inflammatory effects
against LPS-induced inflammation via activating the Nrf2/HO-1 pathway (Figure 8). Also, the potential
unique anti-inflammatory mechanism of NAB provides a new therapeutic solution for oxidative
damage- and inflammation-related diseases. Although more experiments are needed in vivo and
in vitro to verify the effect and mechanism of NAB in future research, this study helps to provide
a potential treatment mechanism of Nardostachys chinensis and evidence for the use of this recently
discovered natural compound in the treatment of diseases related to inflammation and oxidative stress.
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Abstract: The object of the study was to estimate the long-lasting effects induced by ammonium
glycyrrhizinate (AG) after a single administration in mice using animal models of pain and
inflammation together with biochemical and docking studies. A single intraperitoneal injection
of AG was able to produce anti-inflammatory effects in zymosan-induced paw edema and
peritonitis. Moreover, in several animal models of pain, such as the writhing test, the formalin test,
and hyperalgesia induced by zymosan, AG administered 24 h before the tests was able to induce a
strong antinociceptive effect. Molecular docking studies revealed that AG possesses higher affinity for
microsomal prostaglandin E synthase type-2 compared to type-1, whereas it seems to locate better in
the binding pocket of cyclooxygenase (COX)-2 compared to COX-1. These results demonstrated that
AG induced anti-inflammatory and antinociceptive effects until 24–48 h after a single administration
thanks to its ability to bind the COX/mPGEs pathway. Taken together, all these findings highlight the
potential use of AG for clinical treatment of pain and/or inflammatory-related diseases.

Keywords: ammonium glycyrrhizinate; docking; long-lasting effect; nociception; inflammation

1. Introduction

The most prevalent medical issues strongly affecting people in terms of health and quality of
life are acute and chronic pain [1]. Acute and chronic pain are different clinical entities. Acute pain
resolves with healing of the underlying injury and it is usually nociceptive, whereas chronic pain
is a pathophysiological state connected with the alteration of the peripheral and/or central nervous
systems and it is commonly coupled with inflammation caused by tissue trauma, chemical stimuli,
and infectious agents. A considerable number of studies have demonstrated that several mediators,
including cytokines (Interleukin (IL) -1β, IL-6, IL-17, IL-10, tumor necrosis factor (TNF) -α), chemokines
(chemokine (CXCL1), Motif Chemokine Ligand (CCL2), C-X-C chemokine receptor type 2 (CXCR2)),
lipid mediators (prostaglandins and leukotrienes) and growth factors (nerve growth factor (NGF),
and brain-derived neurotrophic factor (BDNF)), play an important role in inflammatory pain [2].
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Two types of treatments can be used to treat inflammatory pain: nonsteroidal anti-inflammatory
drugs (NSAIDs) and opioids. Very often there are several side effects, such as gastrointestinal lesions [3]
and nephrotoxicity [4], in the case of treatment with NSAIDs, when they are used for a long time,
and respiratory depression, tolerance, and physical dependence for opioids [5]. Thus, the identification
of new potential targets to treat pain without inducing side effects is crucial.

Glycyrrhiza glabra L., commonly known as liquorice, is a perennial, herbaceous shrub, belonging to
the family of Leguminosae. This plant is endemic to Mediterranean countries, such as Greece, Spain,
and Southern Italy [6]. Liquorice root has been used since prehistoric times. It contains triterpenoid
saponins (3–5%), mainly glycyrrhizin, a mix of calcium and potassium salts of 18β-glycyrrhizic acid
(also known as glycyrrhizic or glycyrrhizinic acid and a glycoside of glycyrrhetinic acid) and flavonoids
(1–1.5%) [7,8]. Responsible for the anti-inflammatory effect, owing an indirect strengthening of the
glucocorticoid activity, are triterpenes [9]. Liquorice is a herb that people have used for thousands of
years to treat a variety of ailments, such as dermatitis, psoriasis, and eczema, and shows comparable
efficacy to that of corticosteroids [10–12]. In particular, the ammonium salt of glycyrrhizic acid (AG) has
strong anti-inflammatory activity [13]. Furthermore it is clear that glycyrrhizin leads to a decrease in
inflammatory events due to spinal cord injury (edema, tissue damage, apoptosis, inducible expression
of nitric oxide synthase (iNOS)) and nuclear factor kappa-light-chain-enhancer of activated B cells
(NFκB) activation, improving the recovery of limb function [14].

Antinociceptive effects were also reported for glycyrrhizic acid and derivatives. Disodium glycyrrhetinic
acid hemiphthalate significantly suppressed acetic acid-induced writhing responses in mice, with a
potency ~12 times higher than acetylsalicylic acid [15]. Glycyrrhizin in mice significantly inhibited
the nociception induced by acetic acid and formalin, downregulating the expression levels of TNF-α,
IL-6, iNOS, and COX-2 [16]. Recent evidence confirm the anti- inflammatory and antinociceptive
effectiveness of glycyrrhizin and suggest that these effects depend upon the glycyrrhizin inhibition of
microglial high-mobility group box 1 protein (HMGB1) [17].

The above-mentioned activities were observed in a short time range after administration of AG
and AG derivates. Therefore, in the present study, we investigated the long-lasting anti-inflammatory
and antinociceptive effects of AG after a single administration and we have explored its mechanism of
action by biochemical and molecular docking studies.

2. Results

2.1. Edema Induced by Zymosan

In animals treated with vehicle (Hepes, 10 mL/kg, i.p.) 10 min before zymosan, we discovered
a rise in paw volume that achieved the maximal value 3–4 h after the injection, followed by a slight
reduction in the following 48 h (Figure 1). In this set of experiments, we noticed significant differences
in the behavioral responses between treatments (F2,33 = 16.30, p < 0.0001) and in the time elapsed
after zymosan administration (F5,165 = 38.59, p < 0.0001). The i.p. administration of AG at the dose
of 50 mg/kg 10 min before zymosan generated a considerable reduction of paw edema induced by
zymosan injection, from 1 to 3 h after zymosan injection (Figure 1). The i.p. administration of AG at
the dose of 150 mg/kg induced a robust reduction of paw edema starting from 1 h and lasting for the
full course of treatment (Figure 1).
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Figure 1. Zymosan-induced paw edema. Effects induced by vehicle (Hepes, 10 mL/kg, intraperitoneally (i.p.))
and ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered 10 min before zymosan (2.5% w/v
in saline, 20 μL/paw). * denotes p < 0.05, ** denotes p < 0.01, *** denotes p < 0.001 and **** denotes
p < 0.0001 vs. Vehicle. n = 12.

2.2. Writhing Test

The antinociceptive effect of AG in acetic acid writhing test is shown in Figure 2. Statistical analysis
revealed significant differences between treatments (F2,24=17.69, p<0.0001). In this test, AG administered
i.p. at the dose of 50 mg/kg reduced writhes induced by acetic acid. Severe inhibition of the number of
writhes was discovered when AG was administered at the dose of 150 mg/kg.

Figure 2. Writhing test. Effects induced by vehicle (Hepes, 10 mL/kg, intraperitoneally (i.p.)) and
ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered 24 h before acetic acid (0.6% v/v in
salina, 10 mL/kg, i.p.). **** denotes p < 0.0001 vs. Vehicle. n = 9.
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2.3. Formalin Test

Subcutaneous injection of formalin induced a nociceptive behavioural response that showed a
biphasic trend. There was an early phase (from 0 to 10 min after formalin injection) produced by the
direct stimulation of peripheral nociceptors, and a late prolonged phase (from 15 to 40 min) which
reflected the response to inflammatory pain. The total time the animal spent licking or biting its paw
during the early and late phase of formalin-induced nociception was recorded. The results obtained in
these experiments are reported in Figure 3. The administration of AG at the dose of 50 or 150 mg/kg
i.p. 24 h before formalin, did not modify the nociceptive response induced by aldehyde in the early
phase of the test (F2,27 = 2.903, p > 0.05). A considerable decrease of the formalin-induced licking and
biting activity was instead observed in the late phase of the test (F2,27 = 24.69, p < 0.0001). When the
confront was restricted to two means, AG administered at the dose of 50 mg/kg induced a light but
nonsignificant reduction of formalin-induced behaviour (p > 0.05) in the late phase. On the contrary,
AG administered at the dose of 150 mg/kg strongly reduced the nociceptive behavior induced by
formalin (p < 0.0001).

Figure 3. Formalin test. Effects induced by vehicle (Hepes, 10 mL/kg, i.p.) and ammonium glycyrrhizate
(AG, 50 or 150 mg/kg, i.p.) administered 24 h before formalin (1% in saline, 20 μL/paw) in the formalin
test. Black bars represent the early phase and the white bars represent the late phase of the formalin
test. **** is for p < 0.0001 vs. Vehicle. n = 10.

2.4. Zymosan-Induced Hyperalgesia

This experimental pain model is characterized by the measurements of time-dependent
hyperalgesia after zymosan administration. This measurement is equivalent to time-dependent
reduction in the latency to respond to the thermal stimuli applied to the injected paw compared with
the baseline measurements. In particular, 20 μL of zymosan A (2.5% w/v in saline) was administered
s.c. into the dorsal surface of one hind paw.

In our experiments, treatments were given i.p. 10 min before the first measurement of the pain
threshold, i.e., 1 h after zymosan administration. Figure 4 shows the results of these experiments.
With the use of two-way ANOVA, we can notice that there are significant differences in treatments
(F2,27 = 6.901, p < 0.01) and in the time point when pain threshold was recorded (F5,135 = 30.51,
p < 0.0001). Tukey’s multiple comparison test showed significant differences from 1 to 24 h after
zymosan administration between animals treated with AG at the dose of 150 mg/kg, i.p. and those deal
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with vehicle. AG administered at low dose (50 mg/kg, i.p) induced a light but nonsignificant increase
in pain threshold (Figure 4).

Figure 4. Zymosan-induced hyperalgesia. Effects induced by vehicle (Hepes, 10 mL/kg,
intraperitoneally (i.p.)) and ammonium glycyrrhizate (AG, 50 or 150 mg/kg, i.p.) administered
10 min before zymosan (2.5% w/v in saline, 20 μL/paw). * denotes p < 0.05 and ** denotes p < 0.01 vs.
Vehicle. n = 10.

2.5. Zymosan Peritonitis and Cytokines-Chemokines Protein Array

To investigate the molecular mechanisms behind the selective long-lasting anti-inflammatory
and antinociceptive effects of AG, we firstly compared the recruitment of total inflammatory cells and
the cytokines and chemokines profiles of collected inflammatory fluids obtained from mice receiving
zymosan and zymosan plus AG at 4 and 24 h. As shown in Figure 5a, 4 h after zymosan (500 mg/kg)
or zymosan + AG (150 mg/kg) injection, mice exhibited no significant difference in the number of
recruited inflammatory leukocytes. In contrast, at 24 h, mice receiving AG (150 mg/kg) showed a
marked decrease (p < 0.01) in the number of inflammatory infiltrates compared to zymosan-treated
mice (Figure 5b). Administration of AG at 50 and 150 mg/kg did not show any significant effect, both at
4 and 24 h (data not shown). Contingently, as shown in Figure 6, zymosan administration at 4 h caused
a massive production of cyto/chemokines (Figure 6a) that was not counterbalanced in AG-treated mice
(Figure 6b), except for macrophage inflammatory proteins (MIP)-1α and keratinocyte chemoattractant
(KC) production and with a less extent IL-6, SDF-1 and TNF-α (Figure 6c). Interestingly, comparison of
the inflammatory profile of fluids from zymosan (Figure 7a) and zymosan + AG (Figure 7b) at 24 h
revealed a striking difference in the semiquantitative levels of IL-6, IL-10, IL-1β, IP-10, KC, MCP-5,
macrophage inflammatory proteins (MIP) 1-α, 1-β, 2, and TNF-α (Figure 7c,d).
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Figure 5. (A) Cell infiltration into mouse peritoneal cavity of mice that have received an intraperitoneal
(i.p.) injection of zymosan (500 mg/kg) or zymosan + AG (150 mg/kg) at 4 and (B) 24 h. Bars represent
group mean values ± Standard Error of the Mean (S.E.M) of three separate experiments with n = 7
mice. ** p < 0.01 vs. zymosan-treated mice.

Figure 6. (A) Inflammatory fluids in zymosan and zymosan+AG-injected mice at 4 h. Inflammatory fluids
obtained from peritoneal cavities were assayed using a proteome profiler cytokine array. Mean changes
(± S.E.M) between zymosan (500 mg/kg) and (B) zymosan + AG-injected mice (150 mg/kg) of three
separate experiments with n = 7 mice, (C) are expressed as increase in the optical density (INT/mm2)
between the two groups. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. zymosan-treated mice.
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Figure 7. (A) Inflammatory fluids in zymosan and zymosan+AG-injected mice at 24 h. Inflammatory fluids
obtained from peritoneal cavities were assayed using a proteome profiler cytokine array. (B) Mean
changes (± S.E.M) between zymosan (500 mg/kg) and zymosan + AG-injected mice (150 mg/kg) of
three separate experiments with n = 7 mice, (C, D) are expressed as increase in the optical density
(INT/mm2) between the two groups. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. zymosan-treated mice.

2.6. Docking Experiments

The molecular docking studies were used to evaluate and to rationalize the anti-inflammatory
activity of glycyrrhizic acid towards some key enzymes of the arachidonic acid cascade such
as 5-lipoxygenase (5-LO), 5-lipoxygenase-activating protein (FLAP, Supporting Information),
microsomal prostaglandin E synthase 1 and 2 (mPGES-1 and mPGES-2), and COX-1 and COX-2,
responsible for leukotrienes (LTs) and prostaglandin (PG) biosynthesis, respectively. These enzymes
are involved in the generation of inflammatory mediators and their role in the progression of
inflammation is well-established; therefore, they were suitable targets for the study of the glycyrrhizic
acid anti-inflammatory activity.

2.7. mPGES-1 and mPGES-2

Prostaglandin E2 (PGE2) is one of the key mediators of inflammation and it is synthesized by
members of the prostaglandin E synthase (PGESs) family from the unstable prostaglandin H2 (PGH2).
The most known and studied isoforms are mPGES-1 and mPGES-2; the first one is an inducible
isoform, whereas mPGES-2 is constitutively expressed [18]. They differ also in tissue localization,
with mPGES-1 mainly expressed in lung, kidney, and reproductive organs and mPGES-2 mainly
expressed in heart and brain [18,19]. Key amino acids for the binding are: Arg38, Asp49, Arg52, His53,
Arg70, Arg73, Asn74, Glu77, Arg110, Leu121, Arg122, Arg126, Ser127, Ile125, Thr129, and Tyr130
for mPGES-1 [20–23], and Cys110, His241, His244, Ser247, Arg292, and Arg296 for mPGES-2 [24].
Molecular docking experiments involving both microsomal prostaglandin E synthase proteins revealed
that AG has a higher affinity for mPGES-2 than mPGES-1. In particular, in the case of mPGES-1,
the only interaction shown is one H-bond between the OH group and Arg52 and His53 on chain B.
Regarding mPGES-2, instead, the three polar groups of AG are all involved in H-bonds with the target.
In more detail:

• The OH group interacts both with the side chain and the backbone of Thr109,
• The carbonyl group interacts with Ser247, and
• The carboxyl group forms an H-bond and a salt bridge with Arg296 (Figures 8 and 9).
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Figure 8. (a) 2D panels represent the interactions between AG with the microsomal prostaglandin E
synthase 1 (mPGES-1) and 2 (mPGES-2) (b) binding sites. Positively charged residues are colored violet,
negatively charged residues are colored red, polar residues are colored light blue, hydrophobic residues
are colored green. Red-to-blue lines represent salt bridges and H-bonds (side chain) are reported as
dotted pink arrows.

 
Figure 9. (a) 3D models of AG (colored by atom types: C green, O red, polar H white) in the binding
site of microsomal prostaglandin E synthase 1 (mPGES-1) (panel a, chain A and chain B are reported in
orange and white ribbons, respectively) and (b) microsomal prostaglandin E synthase 2 (mPGES-2)
(chain A is reported in pink ribbons). Green dotted lines represent H-bonds and pink dotted lines
represent salt bridges.

2.8. COX-1 and COX-2

Cyclooxygenases are the starting point in the production of eicosanoids, as they convert fatty
acids into PGH2. Like mPGESs, they are present in two main isoforms: COX-1, which is constitutively
expressed, and COX-2, which is inducible [25,26]. COX-1 and COX-2 monomers consist of three different
domains: the EGF domain, the membrane-binding domain, and the catalytic domain containing the
catalytic triad Arg120, Tyr355, and Glu524. Among these, the catalytic domain represents the main
target for NSAID and, particularly, Arg120, Tyr355, Tyr385, Ser530, and Arg513 are essential for the
inhibitory activity [27]. The study of the interaction between AG and the two isoforms of COX required
a flexible docking approach (induced fit) [28] to allow the entrance of the ligand into the catalytic site of
the enzymes. AG seems to locate better in the binding pocket of COX-2 as it interacts with key amino
acids such as Trp387 and Ser530 (H-bonds) and Arg120 (salt bridge). In the case of COX-1, on the other
hand, AG forms H-bonds and a salt bridge with Arg120 that do not reach the inner part of the binding
pocket (Figures 10 and 11). These data suggest a preference of glycyrrhetic acid (AG) for isoform 2
of COX.
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Figure 10. (a) 2D panels represent the interactions between AG with cyclooxygenase 1 (COX-1) and (b)
cyclooxygenase 2 (COX-2) binding sites. Positively charged residues are colored violet, negatively charged
residues are colored red, polar residues are colored light blue, hydrophobic residues are colored green.
Red-to-blue lines represent salt bridges and H-bonds (side chain) are reported as dotted pink arrows.
Neutral histidine with hydrogen on the δ nitrogen is shown as HIE.

 
Figure 11. (a) 3D models of AG (colored by atom types: C green, O red, polar H white) in the binding
site of cyclooxygenase 1 (COX-1) (purple ribbons) and (b) cyclooxygenase 2 (COX-2) (red ribbons).
Green dotted lines represent H-bonds and pink dotted lines represent salt bridges.

2.9. 5-LO

The mammalian 5-lipoxygenase (5-LO) pathway produces potent mediators, such as leukotriene
B4 (LTB4) and peptide leukotrienes (LTC4, LTD4 or LTE4), that have well-known functions and are
involved in different pathologies and disorders [29–31]. To date, four different class of 5-LO direct
inhibitors are classified: 1) iron-ligand inhibitors, 2) non-redox-active 5-LO inhibitors, which compete
with arachidonic acid for binding to the enzyme 3) redox-active 5-LO inhibitors, interfering with
the catalytic cycle of the enzyme, and 4) inhibitors that act with an unrecognized mechanism [30].
To computationally evaluate the binding of AG to 5-LO, a combined approach of rigid and flexible
docking was used to predict its possible mechanism of action.

The human 5-LO structure (PDB ID: 3V99) [32] in complex with its substrate, arachidonic acid
(AA), was used as the target for molecular docking studies [33]. The computational analysis highlighted
two possible binding modes for the AG molecule (Figure 12), compatible with two different class of
direct 5-LO inhibitors [30]. The results of the rigid docking approach are compatible with a non-redox
type binding mode (Figure 12a), where AG was able to partially occupy the same binding site of AA
and establishes hydrogen bonds with the side chain of Lys409 and with the backbone of Phe177. On the
other hand, considering the induced fit molecular docking approach, the carboxylate group of AG
was able to coordinate Fe2+ (Figure 12b) in a bidentate manner, and the OH group formed a hydrogen
bond with the backbone of Arg666, behaving as an iron-ligand inhibitor.
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Figure 12. (a) Rigid docking and induced fit (b) of AG (colored by atom types: C green, O red, polar H
white) in the binding site of 5-lipoxygenase (5-LO) (blue ribbons and Fe2+ as an orange sphere).
Green dotted lines represent H-bonds, and original arachidonic acid (AA) molecule is in pink.

These computational data have suggested a probable binding between AG and 5-LO by one of the
two proposed mechanisms, which could represent a novel finding regarding its biological activity profile,
especially with respect to glycyrrhizin from Glycyrrhiza glabra L. as reported by Chandrasekaran et al. [34].

3. Discussion

Available therapy for the management of chronic and inflammatory pain is not fully adequate
in most cases. Furthermore, the common treatments of inflammatory pain, NSAIDs and opioids,
lead to severe toxicities, including gastrointestinal lesions and nephrotoxicity [4] in the case of NSAIDs
and respiratory depression, tolerance, and physical dependence for opioids when they are used for a
long time [35]. Thus, identification of new potential targets which may affect pain and inflammatory
processes is becoming an urgent clinical and therapeutic need. In our present study, we investigated
the possible long-lasting anti-inflammatory and antinociceptive effects of AG using pharmacological,
biochemical, and in silico tools. Our experimental method demonstrated that AG caused significant
long-lasting reduction of inflammation and nociception, revealing that effects are most likely due to the
inhibition of different aspects and mediators of inflammation. Moreover, these effects were observed at
AG doses which have already been demonstrated to be free of toxic effects [36].

Several investigators have reported that the anti-inflammatory mechanism of AG involves
cytokines such as IFN-γ, TNF-α, IL-1β, IL-4, IL-5, IL-6, IL-8, IL-10, IL-12, and IL-17 [37–42],
intercellular cell adhesion molecule 1 (ICAM-1) and P-selectin, enzymes such as iNOS, and transcription
factors such as NF-kappaB, signal transducer and activator of transcription (STAT)-3 and STAT-6 [33].

The anti-inflammatory efficacy of AG was evaluated using zymosan-induced paw edema and
peritonitis. Zymosan consists of insoluble polysaccharides from yeast cell wall that induces an
inflammatory reaction [43]. In this context, zymosan-induced ear or paw edema are preliminary
models for screening potential anti-inflammatory drugs, characterized by pronounced dose- and
time-dependent edema with moderate to severe infiltration of neutrophils and, to a lesser extent,
macrophages and lymphocytes [44]. Furthermore, zymosan-induced paw edema is COX-2-dependent
since it is significantly reduced in COX-2−/− mice [45]. In this context, previous studies demonstrated
that AG was able to reduce paw [15,16] or ear [16] edema formation and these effects were
observed from 1 to 5 h after its administration [46]. After carrageenan injection in mouse paw,
TNF-α, IL-6, iNOS, and COX-2 mRNA expressions increased and AG treatment (150 mg/kg, i.p.)
markedly suppressed carrageenan’s effects [16]. The results of our experiments demonstrated that AG
had a significant long-lasting anti-inflammatory activity since AG reduced paw edema formation until
48 h after administration.

Accordingly, to better investigate the long-lasting anti-inflammatory effect of AG, we next aimed
to assess its action using zymosan-induced peritonitis. Intraperitoneal injection of zymosan is a
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model of acute inflammation and has been widely used for the quantification of cell types and
inflammation-related soluble factors [47]. It is well known that the use of zymosan as experimental
model of inflammation results in a range of benefits: following the injection with zymosan, it is
possible to collect a reasonable amount of exudate for the analysis of several inflammatory mediators;
the normal inflammatory response of an immunocompetent individual is imitated by zymosan injection.
Furthermore, injection into a serosal cavity instead of an artificially formed cavity, such as a sterile
air pouch, means that leukocytes exit from the site of inflammation via their natural conduits to the
draining lymph node [48,49]. This model is simple, accurate, and capable of being reproduced [47].

When administered in the mouse peritoneal cavity, zymosan-induced acute inflammation
characterized by increased vascular permeability, leukocyte influx, and release of inflammatory
mediators [50]. In mice receiving AG 24 h before zymosan, AG induced a high decrease in the number
of inflammatory cells and a significant decrease in IL-6, IL-10, IL-1β, IP-10, KC, MCP-5, MIP1-α,
MIP1-β, MIP2, and TNF-α release in inflammatory fluids from zymosan-treated animals. This scenario
was partially evoked even at 4 h post-AG administration. At this time-point, AG was able to reduce
the levels of IL-6, MIP-1α, SDF-1, TNF-α, and KC. No data have previously been reported, to our
knowledge, on AG effects in a zymosan-peritonitis model. However, in a model of acute lung injury
induced by intratracheal administration of lipopolysaccharide (LPS) from Escherichia coli, AG was
able to reduce lung edema, total leukocyte number, and neutrophil percentage in the bronchoalveolar
lavage fluid (BALF), and AG downregulated TNF-α level in the lung [51]. Further investigation using
a similar model of lung inflammation indicated that AG was able to reduce the concentrations of
pro-inflammatory cytokines IL-1β in BALF and AG suppressed the expression of COX-2 and iNOS in
lung tissue [52]. All reported data confirm the anti-inflammatory effects of AG, and these AG-related
anti-inflammatory effects were until present 24–48 h after a single AG administration.

The writhing test, formalin test, and zymosan-induced hyperalgesia test were performed 24 h after
AG administration to evaluate the possible long-lasting antinociceptive property of AG. Several studies
have already demonstrated that AG is able to induce antinociceptive effects in the writhing test [15,16],
formalin test, and thermal hyperalgesia [16] and these effects were observed from 1 to 5 h after AG
administration. Our data demonstrated for the first time that AG exerts long-lasting antinociceptive
effects, since AG-induced antinociception was observed until 24–48 h after a single administration.

To better investigate its analgesic profile, we finally tested the AG pharmacological profile in an
acetic acid-induced writhing test, a commonly used method for monitoring preliminary antinociceptive
activity, since in this test both central and peripheral analgesics are detected [53]. The injection of
acetic acid directly activates the visceral and somatic nociceptors that innervate the peritoneum and
induces inflammation not only in subdiaphragmatic visceral organs, but also in the subcutaneous
muscle walls [54]. Furthermore, the nociceptive activity of acetic acid in the writhing model may be
due to the release of TNF-α, IL-1β, and IL-8 by resident peritoneal macrophages and mast cells [55].
Our results revealed that AG administered 24 h before the test significantly reduced the number of
writhes, suggesting that AG possessed long-lasting antinociceptive effects. Because of the lack of drug
specificity, caution is required in interpreting the results obtained in the writhing test [53], and other
tests could be conducted to scientifically asses the obtained results.

The formalin test for nociception, which is mainly used with rats and mice, involves moderate
and continuous pain generated by injured tissue. This test in mice is a well-founded and trustworthy
model of nociception and is sensitive for various classes of analgesic drugs [56]. Plantar injections
of formalin in the mouse induce a characteristic behaviour evoked in two temporal phases. The first
phase is observed immediately after the formalin injection, followed by a quiescent period, and then a
second phase appears, which lasts until the end of the period of observation. The first phase depends
upon direct stimulation of nociceptors, whereas the second involves a period of sensitization during
which inflammatory phenomena occurs, involving the release of pain mediators such as histamine,
serotonin, prostaglandins, bradykinin, and cytokines. Opioid analgesics appear to be antinociceptive
for both phases, whereas NSAIDs seem to suppress only the second phase [53]. In our research,
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AG substantially diminished the second phase of the formalin test when administered 24 h before the
test, thus confirming the results obtained in the writhing test.

Furthermore, in vivo tests of AG show the efficiency of the drug in terms of increase of nociceptive
threshold after zymosan administration. Associated with paw edema, the injection of zymosan in the
mouse paw produces a decrease of pain thresholds, which indicates a state of hyperalgesia [44,45].
In this pain model, a time-dependent hyperalgesia was noticed after zymosan administration and
measured as a time-dependent reduction in the latency to respond to the thermal stimuli applied to the
injected paw compared to the baseline measurements. We also have outstanding results in terms of the
highest increase in pain threshold after AG administration. We observed that AG caused a significant
reduction of zymosan-induced hyperalgesia until 48 h after administration.

It is well known that several components of liquorice can suppress COX-2 [57,58] and this seems
to be true also for AG [16]. In addition to above-mentioned effects of AG on COX-2 [51,52], in skin
tumor, AG significantly inhibited NF-κB, COX-2, prostaglandin E2 (PGE2), and nitric oxide (NO)
levels [59]. Furthermore, in focal cerebral ischemic-reperfusion injury in mice, AG administered for
seven days significantly improved neurofunction, decreased infarct size, and suppressed edema [60].
The neuroprotective effect of AG was associated with a significant reduction in IL-1, TNF-α, COX-2,
iNOS, NF-κB, and GFAP levels [60]. Further recent studies showed that AG downregulates the
expression of iNOS and COX-2 in the inflamed kidney [61] and skin [62], blocking NF-κB activation.
In HaCaT cells, AG inhibited the UV-B-mediated increase in intracellular ROS and downregulated
the release of IL-6, IL-1α, IL-1β, TNF-α, and PGE2 [63]. In LPS-stimulated mouse endometrial
epithelial cells, AG considerably repressed LPS-induced TNF-α, IL-1β, NO, and PGE2 production,
attenuated LPS-induced iNOS, COX-2, and TLR4 expression and NF-κB activation [64].

Our docking studies, for the first time, suggest that AG’s effects on inflammation and nociception
might also depend upon the interaction with mPGES-1/2, COX-1/2, and 5-LO. In fact, from the
analysis of the results, it emerged that AG interacted with key amino acids of mPGES-2 and COX-2,
highlighting a preferential binding with these two isoforms. AG seems to locate better in the binding
pocket of COX-2 as it interacts with key amino acids like Trp387, Ser530 (H-bonds), and Arg120
(salt bridge). Moreover, by combined rigid and flexible molecular docking studies, two possible
mechanisms of interaction between AG and 5-LO were proposed: non-redox competitive binding and
Fe2+ complexation. Here, the binding energy calculated is lower compared to those obtained with the
other proteins, namely mPGES-1 and 2, COX-1 and 2 (data not shown), but consistent with putative
inhibitor activity. These data suggest that further experiments should be performed to evaluate the
effects of AG’s interaction with 5-LO.

4. Materials and Methods

4.1. Reagents

Ethylenediaminetetraacetate (EDTA), enhanced chemiluminescence detection kit (ECL),
and glycyrrhizic acid ammonium salt from glycyrrhiza root (≥95%) were purchased from Sigma-Aldrich
(Milan, Italy).The proteome profiler mouse cytokine array kit was from R&D System (Abingdon, UK).
All the other reagents were from Carlo Erba (Milan, Italy), unless otherwise specified.

4.2. Animals and Ethical Statement

We used male CD-1 mice (Harlan, Italy) weighing 25 g in all of the experiments. Mice were housed
in colony cages (seven mice per cage) under standard conditions of light, temperature, and relative
humidity for at least one week before the start of experimental sessions. Food and water were available
ad libitum.

All experiments were performed according to Legislative Decree 26/14, which implements the
European Directive 2010/63/UE on laboratory animal protection in Italy, and were approved by the
local ethics committee. Animal studies are reported in accordance with the ARRIVE (Animal Research:
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Reporting of In Vivo Experiments) guidelines [65,66]. The research protocol was approved by the
Service for Biotechnology and Animal Welfare of the Istituto Superiore di Sanità and authorized by the
Italian Ministry of Health.

4.3. Edema Induced by Zymosan

Edema was induced with a subcutaneous injection of 2.5% w/v zymosan A in saline, in the dorsal
surface of the right hind paw (20 μL/paw). Paw volume was measured three times before the injections
and at 1, 2, 3, 4, 24, and 48 h thereafter by the use of hydroplethysmometer specially modified for small
volumes (Ugo Basile, Italy). AG (50 or 150 mg/kg) and vehicle (Hepes, 10 mL/kg) were administered
intraperitoneally (i.p.) 10 min before zymosan A. The increase in paw volume was evaluated as
percentage difference between the paw volume at each time point and the basal paw volume [67].

4.4. Writhing Test

Mice were given an intraperitoneal injection of 0.6% v/v acetic acid in a volume of 10 mL/kg.
Acetic acid induces a series of writhes, consisting in abdominal contraction and hind limb extension [68].
AG (50 or 150 mg/kg) and vehicle (Hepes, 10 mL/kg) were administered i.p. 24 h before acetic acid.
After vehicle or AG administration, the number of writhes were recorded over a 20 min period
beginning 5 min after acetic acid injection.

4.5. Formalin Test

Male mice were split into three groups of ten animals each: vehicle (10 mL/kg, i.p.), AG (50 mg/kg,
i.p.) and AG (150 mg/kg, i.p.). One percent formalin in saline was injected into the right mouse
hind paw, twenty-four hours after saline and AG i.p. administrations. Formalin aroused nociceptive
behavioural responses, such as licking and/or biting the injected paw, which are considered indices
of nociception [69]. The nociceptive response showed a biphasic trend: an early phase (from 0 to
10 min after formalin injection) produced by the direct stimulation of peripheral nociceptors, and a
late prolonged phase (from 15 to 40 min) which reflected the response to inflammatory pain. The total
time the animal spent licking or biting its paw during the early and late phase of formalin-induced
nociception was recorded. During the test, the mouse was located in a Plexiglas observation cage
(30 × 14 × 12 cm) 1 h before the formalin administration to allow it to acclimatize to its surroundings.

4.6. Zymosan-Induced Hyperalgesia

In these experiments, AG (50 or 150 mg/kg) and vehicle (Hepes, 10 mL/kg) were administered
intraperitoneally (i.p.) 10 min before a subcutaneous injection (20 μL/paw) of zymosan A (2.5% w/v
in saline) into the dorsal surface of the right hind paw. Then, hyperalgesia measurements were
performed [70]. The plantar test (Ugo Basile, Italy) was used to measure the sensitivity to a noxious
heat stimulus with the aim of assessing thermal hyperalgesia after zymosan-induced inflammation of
the mouse hind paw. The animals are located in cages with a glass floor covered with transparent
plastic boxes and allowed to habituate to their surroundings for at least 1 h in a temperature-controlled
room (21 ◦C) for three consecutive days prior to testing. On the test day, the animals were acclimatized
to their environment for at least 1 h before paw withdrawal latency (PWL) was measured. Care was
taken to initiate the test when the animal was at rest, not walking, with its hind paw in contact with the
glass floor of the test apparatus. A radiant heat source was constantly directed at the mouse footpad
until paw withdrawal, foot drumming, licking, or any other aversive action was observed. A timer
started automatically when the heat source was activated, and a photocell stopped the timer when the
mouse withdrew its hind paw. The heat source on the plantar apparatus was set to an intensity of 30
and a cut-off time of 15 s was used to avoid tissue damage. Animals were first tested to determine their
baseline PWL; after zymosan injection, the PWL (seconds) of each animal in response to the plantar
test was determined again at 1, 2, 3, 4, 5, 24, and 48 h.
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4.7. Zymosan Peritonitis

Zymosan peritonitis was induced as previously reported [71,72]. Mice were injected intraperitoneally
with 500 mg/kg of zymosan. Animals were killed by CO2 exposure, peritoneal cavities washed with
3 mL of PBS containing 3 mM EDTA, at different time points. Aliquots of the lavage fluids were then
stained with Turk’s solution (0.01% crystal violet in 3% acetic acid) and differential counts performed
using a Neubauer haemocytometer counting chamber (Thermo Fisher Scientific, Rome, Italy) and a
light microscope. Lavage fluids were collected and used to measure the relative expression levels of
~40 cytokines and chemokines using the Mouse Cytokine Array Panel A from R&D System.

4.8. Cytokines and Chemokines Protein Array

Equal volumes (1.5 mL) of the peritoneal inflammatory fluids obtained at different time points
(4 and 24 h) after the treatment with zymosan (500 mg/kg) or zymosan plus AG (150 mg/kg) were
incubated with the precoated proteome profiler array membranes according to the manufacturer’s
instructions. Dot plots were detected by using ECL detection kit and ImageQuant 400 GE Healthcare
(GE Healthcare Europe GmbH, Milan, Italy) and successively quantified as optical density (INT/mm2)
using GS 800 imaging densitometer software (Bio-Rad Laboratories, Milan, Italy) as previously
described [73].

4.9. Molecular Docking Input Files Preparation

The crystal structure of mPGES1 in complex with inhibitors (5TL9) [74], mPGES-2 in complex
with indomethacin (1Z9H) [24], COX-1 in complex with mofezolac (5WBE) [25], COX-2 in complex
with meclofenamic acid (5IKQ) [38], and 5-lipoxygenase (3V99) [32] were used as molecular targets
for the docking studies. All the protein 3D structures were produced using the Schrödinger Protein
Preparation Wizard workflow [75]. First, all missing hydrogen atoms were added, bond orders were
properly assigned, partial charges calculated, water molecules were eliminated, and protein termini
were capped. Glycyrrhizic acid was built with Maestro’s Build Panel (Maestro version 10.2, 2015),
processed with LigPrep (LigPrep version 3.4, 2015) and, finally, minimized with the OPLS 2005 force
field [76].

4.10. Docking Experiments

The cocrystallized inhibitors were used to generate the grid necessary for the molecular docking
experiments, using the following coordinates: 10.75 (x), 15.07 (y), 28.45 (z) for mPGES-1; −21.10 (x),
54.51 (y), 11.75 (z) for mPGES-2; 19.34 (x), 2.67 (y), 31.22 (z) for COX-1; 24.25 (x), 3.52 (y), 33.07 (z)
for COX-2; 9.21 (x), −82.00 (y), −32.69 (z) for 5-LO. The boundaries of the inner box were extended
of 10 Å for COX-1 and mPGES1 and 13 Å for mPGES-2 and COX-2 in the three directions of space.
Regarding 5-LO, in both calculations, the centre of the grid was set close to Asn544 and, in the rigid
docking approach, the outer box boundaries were set at 40 Å from it. For the in silico docking
experiments, the software Glide [77–79] was used. In the rigid docking approach, in a preliminary
phase, in standard precision (SP) mode, 10,000 ligand poses were kept, and the best 800 poses were
selected for energy minimization. Once the minimization was completed, only one output structure
was saved for each ligand. After this phase, a post-docking optimization of the obtained molecules
was carried out, setting the rejection cut-off at 0.5 kcal/mol and a maximum of ten poses per ligand
were kept. The poses generated in the initial phase, were submitted to a second optimizations phase in
extra precision glide (XP) mode. In this last phase, the post-docking optimization of the docking poses
was performed accounting for a maximum of ten poses with the same parameters for the selection of
initial poses and rejection cut off used during the SP docking experiments. The induced fit docking
was carried out using the same settings of the rigid docking XP mode, but allowing a certain degree of
flexibility to amino acids of the catalytic pocket. The first step consists in docking the ligand in the
binding site with Glide [77–79]; then, the protein side chains are re-oriented with Prime [80,81] with
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the aim of better accommodating the molecule. At the last stage, a second rigid docking inside the new
cavity is carried out.

4.11. Data Analysis and Statistics

The results achieved are given as the mean ± SEM. Statistical analysis was carried out by
using one-way ANOVA followed by Dunnett’s post-test when comparing more than two groups.
In certain cases, one sample t-test was used to evaluate significance against the hypothetical zero
value. Statistical analysis was conducted by using GraphPad Prism 6.0 software (San Diego, CA, USA).
Data were considered statistically significant when a value of p < 0.05 was achieved. The data and
statistical analysis comply with the recommendations on experimental design and analysis [82].

5. Conclusions

Results of the present study indicated that AG possesses long-lasting anti-inflammatory
and antinociceptive effects as observed 24–48 h after the administration. Our data also suggest
that its anti-inflammatory and antinociceptive effects might be attributed to the inhibition of the
levels of different pro-inflammatory cytokines and chemokines. Taken together, all these findings
indicate that AG is a long-acting therapeutic agent for the treatment of painful conditions and
inflammatory-related diseases.

Supplementary Materials: The following are available online. Molecular docking studies between AG and FLAP
and spectral data.
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Abstract: The major objective of this study was to investigate the anti-chronic nonbacterial prostatitis
(CNP) mechanism of T. patula by metabolomics and network pharmacology. The study demonstrated
that the flavonoids and polysaccharides of T. patula could alleviate prostatitis by improving the level
of DHT, reducing the secretion of PSA and TNF-α. Besides, both could enhance Na+/K+-ATPase
activity, decrease the O2 consumption, CO2 production, heat production, energy expenditure of
rats and promote respiratory exchange ratio of rats. Up to 28 potential biomarkers and 8 key
metabolic pathways related to the treatment of CNP were elucidated by the metabolomics analysis,
including phenylalanine metabolism, taurine and hypotaurine metabolism, tryptophan metabolism
etc. Network pharmacology prediction also reflected the potential mechanism was associated with
tryptophan metabolism and energy pathway. Generally, the potential anti-CNP mechanism of
flavonoids and polysaccharides of T. patula might be through reducing the expression of inflammation
factors, adjusting the level of hormone and regulating the amino acid metabolism, energy metabolism
and glucose and lipid metabolism.

Keywords: Tagetes patula L.; chronic nonbacterial prostatitis; metabolomics; energy metabolism;
network pharmacology

1. Introduction

Prostatitis is a common urinary system disease that endangers the health of adult males. Chronic
nonbacterial prostatitis (CNP), as the most common type of prostatitis, is difficult to cure and easily
recurs though there are several methods for treatment. T. patula is a perennial herb belonging to
the family of Asteraceae, commonly known as French marigold, and it is also a traditional drug in
Argentina, where it is used for the diuretic agent associated with prostatitis treatments [1,2]. We had
illustrated that flavonoids were the main components of T. patula (Supplementary Materials Figure S1),
and previous study had investigated that flavonoids and polysaccharides of T. patula were the effective
constituents against CNP and their efficacy might be associated with hormone and the inflammatory
mediators [3]. The emergence of metabolomics provided a new strategy to investigate the action
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mechanisms of T. patula anti-CNP. As a newly developed strategy, network pharmacology focused
on searching for the relationships of active ingredients and their potential targets, which might be
associated with pharmacological mechanisms in metabolomics. Therefore, this research aimed at
deeply investigating the pharmacological mechanism of active constituents of T. patula against CNP
through metabolomics and network pharmacology.

2. Results

2.1. The Levels of Physiological Indexes

Compared with the Sham-operated group (SOG), the levels of prostate-specific antigen (PSA)
and tumor necrosis factor-α (TNF-α) in the chronic nonbacterial prostatitis model group (MOG) were
a significant increase (p < 0.05, p < 0.001), and the levels of dihydrotestosterone (DHT) in MOG
decreased obviously (p < 0.01). Serum DHT level was significantly higher in the polysaccharide
treatment group (POL) and flavonoids treatment group (FLA) than in MOG (p < 0.001, p < 0.0001).
Comparing with MOG, the serum PSA level in Pule’an tablet treatment group (TCM); Water decoction
treatment group (WAD), POL and FLA all showed decreasing trends, and the content of TNF-α
in levofloxacin treatment group (LEH), TCM, WAD, EOC and FLA also showed decreasing trends
(Figure 1). The histological results of the prostate were shown in Supplementary Materials Figure S4:
Histological analysis of prostate.

Figure 1. The concentrations of tumor necrosis factor-α (TNF-α), dihydrotestosterone (DHT) and
prostate-specific antigen (PSA). Notes: Sham-operated group (SOG), Chronic nonbacterial prostatitis
model group (MOG), Water decoction treatment group (WAD), Essential oil treatment group (EOC),
Polysaccharide treatment group (POL), Flavonoids treatment group (FLA), Pule’an tablet treatment
group (TCM), Levofloxacin treatment group (LEH).

2.2. The Activity of Na+/K+-ATPase

Comparing with SOG, Na+/K+-ATPase activity in MOG prostate was significantly reduced
(p < 0.01). And comparing with MOG, water decoction and all the components of T. patula could
enhance the Na+/K+-ATPase activity of prostate, in which POL and FLA were significantly increased
extremely (p < 0.001) and WAD and EOC was increased significantly (p < 0.05, p < 0.01). Comparing
with SOG, Na+/K+-ATPase activity of livers in MOG, LEH, TCM, WAD and EOC were substantially
decreased (p < 0.001, p < 0.01, p < 0.05, p < 0.001, p < 0.0001). Na+/K+-ATPase activity of liver in FLA
was significantly stronger than in MOG (p < 0.05) (Figure 2).
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Figure 2. The activities of Na+/K+-ATPase in prostate and liver tissues. Notes: Sham-operated group
(SOG), Chronic nonbacterial prostatitis model group (MOG), Water decoction treatment group (WAD),
Essential oil treatment group (EOC), Polysaccharide treatment group (POL), Flavonoids treatment
group (FLA), Pule’an tablet treatment group (TCM), Levofloxacin treatment group (LEH).

2.3. Results of Energy Metabolic Parameters

Based on actual animal weight calculations, comparing with SOG, the O2 consumption (VO2), CO2

production (VCO2), heat production (H) and energy expenditure (EE) in MOG and other treatment
groups all show increasing trends no matter when the time was. However, energy metabolism
parameters of WAD, POL and FLA all showed a decline at a certain degree. Respiratory exchange ratio
(RER) of MOG and other treatment groups showed downtrends in comparison with SOG. From Figure 3,
a difference between the model rats and sham rats in terms of energy metabolism can be seen.

Figure 3. Changes of VO2, VCO2, H, EE and RER in rats during the day, night and the whole day. Notes:
# p < 0.05, ## p < 0.01 compared with SOG. Sham-operated group (SOG), Chronic nonbacterial prostatitis
model group (MOG), Water decoction treatment group (WAD), Essential oil treatment group (EOC),
Polysaccharide treatment group (POL), Flavonoids treatment group (FLA), Pule’an tablet treatment
group (TCM), Levofloxacin treatment group (LEH), O2 consumption (VO2), CO2 production (VCO2),
Heat production (H), Energy expenditure (EE), Respiratory exchange ratio (RER).
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2.4. LC-MS Analysis of Metabolic Profiling

Using the super-high performance liquid chromatography-mass spectrum in series (UPLC-MS)
conditions described in the methods, the representative total ion current (TIC) chromatograms of urine
samples of different groups which harvested by UPLC/ electrospray ionization quadrupole-time of flight
(ESI-Q-TOF)/MS analysis were presented in Supplementary Materials Figure S2: TIC chromatograms
on positive ion mode and Figure S3: TIC chromatograms on negative ion mode. The contours of
these spectra differed between 3–5 min and 8–10 min in positive and negative TIC. The PCA and
PLS-DA results displayed as score plots showed the scatter of the samples, which indicated similar
metabolomics compositions when clustered together and compositional difference metabolomes when
dispersed. Overall view of all PCA score plots, SOG and MOG were significantly divided into two
classes, indicating that the model of CNP was successfully reproduced. As a supervised pattern
recognition method, PLS-DA could better reflect the difference of distinct groups. The corresponding
PLS-DA score plots also indicated that MOG is clearly separated from SOG, which implied that the
metabolic characteristics of the various small molecules are obviously different. The 3D of PLS-DA
score plot shows that SOG, MOG, POL and FLA were separated clearly, and the POL and FLA group
was closer to SOG than MOG, which suggested that polysaccharides and flavonoids could reverse the
pathological process of CNP (Figure 4).

Figure 4. 3D PLS-DA score plot in positive ion mode. Notes: Sham-operated group (SOG), Chronic
nonbacterial prostatitis model group (MOG), Water decoction treatment group (WAD), Essential oil
treatment group (EOC), Polysaccharide treatment group (POL), Flavonoids treatment group (FLA),
Pule’an tablet treatment group (TCM), Levofloxacin treatment group (LEH).

2.5. Identification of Metabolite Candidates

All collected samples were analyzed. Targeted and non-targeted metabolite candidates were
identified as above described methods. Targeted metabolomics identified a total of 13 metabolites
and non-targeted metabolomics provided 94 metabolites. A total of 28 metabolite candidates were
designated by comprehensively comparative analysis of VIP and P values with significant differences
(Table 1).
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Table 1. Differential Metabolite Pathway Analysis Results.

Compound ID Metabolite Molecular Formula Mode Ret. Time M/Z Trend

HMDB0000158 Δ l-tyrosine C9H11NO3 ESI - 1.3987 180.0632 -
HMDB0006236 Phenylacetaldehyde C8H8O ESI + 1.5029 121.0663 -
HMDB0000205 Phenylpyruvic acid C9H8O3 ESI - 3.5141 163.0386 -
HMDB0000159 Δ l-phenylalanine C9H11NO2 ESI + 2.1193 120.0800 -
HMDB0003426 Pantetheine C11H22N2O4S ESI + 2.5712 279.1378 -
HMDB0000574 l-Cysteine C3H7NO2S ESI + 4.8468 122.0283 -
HMDB0000210 Pantothenic Acid C9H17NO5 ESI - 2.3662 218.1016 -
HMDB0000300 Uracil C7H10N2OS ESI + 1.5955 113.0465 +
HMDB0000929 Tryptophan C11H12N2O2 ESI + 2.9052 205.1002 +
HMDB0000259 Serotonin C10H12N2O ESI + 1.8983 177.1051 -
HMDB0000684 l-Kynurenine C10H12N2O3 ESI + 2.3458 191.0838 -
HMDB0000734 Indoleacrylic acid C11H9NO2 ESI - 6.86 186.0561 +

HMDB0000978 4-(2-Aminophenyl)-2,4-
dioxobutanoic acid C10H9NO4 ESI + 3.434 208.0615 -

HMDB0000197 3-Indoleacetic Acid C10H9NO2 ESI - 6.1042 174.0572 -
HMDB0001644 d-Xylulose C5H10O5 ESI - 1.6288 151.0607 -
HMDB0000127 d-Glucuronic acid C6H10O7 ESI - 3.6827 193.0474 +
HMDB0000177 Δ l-histidine C6H9N3O2 ESI + 0.6353 156.0459 -
HMDB0062781 2-oxoglutarate C5H6O5 ESI - 0.8023 145.0105 +
HMDB0000156 Δ l-Malic acid C4H6O5 ESI - 0.7309 133.0072 +
HMDB0000094 Δ Citrate C6H8O7 ESI + 0.9318 193.0375 +
HMDB0000068 Epinephrine C6H7N5O ESI + 2.3582 184.0994 -
HMDB0000073 Δ Dopamine C8H11NO2 ESI + 0.8783 154.0985 +
HMDB0002052 Maleylacetoacetic acid C8H8O6 ESI + 2.8867 201.042 -
HMDB0000251 Δ Taurine C2H7NO3S ESI - 0.6159 124.0016 -
HMDB0000167 Δ l-threonine C4H9NO3 ESI + 0.7366 120.0690 +
HMDB0000123 Δ Glycine C2H5NO2 ESI + 4.2937 76.0406 -
HMDB0000289 Uric acid C5H4N4O3 ESI + 1.0763 169.0381 -
HMDB0000034 Adenine C6H7N5 ESI + 0.9096 136.0654 -

Notes: Δ represents target metabolomics differential metabolites, and the rest are untargeted metabolomics
differential metabolites. - indicates that MOG has a decreasing trend compared with SOG, + indicates that MOG
showed an upward trend compared with SOG.

2.6. Pathway Analysis

To gain insight into the metabolic mechanism of CNP, metabolic pathways of the significantly
altered metabolites were analyzed by using the pathway analysis module within the Masslynx V4.1
Workstations. Related pathways of biomarkers were identified by searching Kyoto Encyclopedia
of Genes and Genomes (KEGG) and Human Metabolome Database (HMDB) PATHWAY Database.
We identified a total of 31 metabolic pathways which were related to the metabolite candidates
(Table 2). However, only 8 distinct metabolic pathways were significantly altered in the urine
samples as compared with the model group (p < 0.05, impact > 0.1). The predominant hits were
pathways involved in phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism,
taurine and hypotaurine metabolism, tryptophan metabolism, tyrosine metabolism, glyoxylate and
dicarboxylate metabolism, glycine, serine and threonine metabolism and citrate cycle (TCA cycle)
(Figure 5). Results indicated that these pathways showed the marked perturbations over the formation
of CNP and could contribute to the development of CNP.

Table 2. Metabolyst Approach Analysis Results Based on KEGG.

No. Pathway Name Match Status P Impact

1 Δ Phenylalanine, tyrosine and tryptophan biosynthesis 3/4 2.52 × 10−5 1
2 Δ Phenylalanine metabolism 4/9 1.29 × 10−5 0.77778
3 Δ Taurine and hypotaurine metabolism 2/8 0.0093149 0.42857
4 Ascorbate and aldarate metabolism 1/9 0.16098 0.4
5 Δ Tryptophan metabolism 5/41 8.37 × 10−4 0.35955
6 Δ Tyrosine metabolism 4/42 0.0074067 0.32959
7 Δ Glyoxylate and dicarboxylate metabolism 2/16 0.036307 0.2963
8 Δ Glycine, serine and threonine metabolism 3/32 0.021783 0.29197
9 Histidine metabolism 1/15 0.25411 0.24194
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Table 2. Cont.

No. Pathway Name Match Status P Impact

10 Δ Citrate cycle (TCA cycle) 3/20 0.0058413 0.16675
11 Cysteine and methionine metabolism 1/28 0.42297 0.12829
12 Pantothenate and CoA biosynthesis 4/15 1.29 × 10−4 0.08163
13 Alanine, aspartate and glutamate metabolism 1/24 0.37538 0.06329
14 Primary bile acid biosynthesis 2/46 0.22107 0.05952
15 Pyrimidine metabolism 1/41 0.5547 0.04182
16 Purine metabolism 2/68 0.38017 0.02549
17 Glutathione metabolism 2/26 0.087435 0.00955
18 Ubiquinone and other terpenoid-quinone biosynthesis 1/3 0.056709 0
19 Thiamine metabolism 1/7 0.12752 0
20 Starch and sucrose metabolism 1/23 0.36291 0
21 Pyruvate metabolism 1/22 0.35019 0
22 Porphyrin and chlorophyll metabolism 1/27 0.41141 0
23 Pentose and glucuronate interconversions 2/14 0.028192 0
24 Nitrogen metabolism 2/9 0.011835 0
25 Methane metabolism 1/9 0.16098 0
26 Inositol phosphate metabolism 1/26 0.39963 0
27 d-glutamine and d-glutamate metabolism 1/5 0.09278 0
28 Cyanoamino acid metabolism 1/6 0.11031 0
29 Butanoate metabolism 1/20 0.32403 0
30 beta-Alanine metabolism 1/19 0.31057 0
31 Aminoacyl-tRNA biosynthesis 7/67 1.72 × 10−4 0

Notes: Δ represents pathway satisfied with the condition of both p < 0.05 and impact > 0.1

Figure 5. Summary of pathway analysis. Notes: A. Phenylalanine, tyrosine and tryptophan biosynthesis;
B. Phenylalanine metabolism; C. Taurine and hypotaurine metabolism; D. Tryptophan metabolism; E.
Tyrosine metabolism; F. Glyoxylate and dicarboxylate metabolism; G. Glycine, serine and threonine
metabolism; H. Citrate cycle (TCA cycle).

2.7. Network Pharmacology

Figure 6 illustrates the interaction between the active compounds in T. patula and a potential
target for prostatitis disease. In total, this network comprised 19 nodes (8 active compounds, 1 disease
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and 10 potential drug targets) and 25 edges. From Figure 6, we found that various compounds could
hit multiple potential targets, while some could only hit less potential biomarkers. Compounds
that can hit multiple potential targets were thought to be major active compounds in anti-prostatitis.
Functional analysis by gene enrichment function of FunRich software indicated that up to 50%
merge genes were associated with energy pathway and metabolism (Figure 7). And the results
of enriched pathways showed that caffeine metabolism, omega-hydroxylase P450 pathway, ERBB
signaling pathway, epoxygenase P450 pathway and tryptophan metabolism had more richfactor
(Figure 8). The number of genes in RichFactor, P value, and enrichment pathways is a measure of
KEGG enrichment. The larger the RichFactor, the greater the degree of enrichment is. The value of
p value is [0,1], and the closer to 0, the more significant the enrichment is. Potential targets of active
compounds and relevant target genes of prostatitis were shown in Supplementary Materials Table S1:
Potential targets of active compounds. and Table S2: Relevant target genes of prostatitis. Information
of merging gene was displayed in Supplementary Materials Table S3: The information of merging
gene. Details of enriched pathways are summarized in the Supplementary Materials Table S4: Details
of enriched pathways.

Figure 6. T. patula active compounds-target-prostatitis disease interaction.

Figure 7. Biological process for merge gene.
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Figure 8. Pathway enrichment analysis of network pharmacology.

3. Discussion

As is well known, the main manifestations of prostatitis exhibited a pain in the pelvic region and
dysfunction of urination. The main manifestations of pain exhibited anxiety, tachypnea, hypertension,
hyperhidrosis and etc. It is interesting to note that the increasing of VO2 and VCO2 in this study
might be caused by tachypnea, so as to promote the degree of H and EE and decrease RER. However,
the flavonoids constituent and polysaccharides constituent of T. patula could reverse those. In addition,
the increasing of Na+/K+-ATPase’s activities in prostate and liver also reflected that the flavonoids and
polysaccharides of T. patula could regulate energy metabolism.

Urine samples were analyzed by UPLC/ESI-TOF-MS and multivariate statistical analysis.
The results showed that the area of dynamic metabolic profiles after polysaccharide and flavonoids
treatment was close to the sham-operated group, demonstrating that polysaccharide and flavonoids of
T. patula had therapeutic efficacy. Metabonomics analysis discovered that phenylalanine, tyrosine and
tryptophan biosynthesis and phenylalanine metabolism in the rat prostatitis model showed abnormal
metabolism. Compared with SOG, the levels of l-tyrosine, phenylacetaldehyde, phenylpyruvic acid,
l-phenylalanine, pantetheine, l-cysteine, pantothenic acid, serotonin, l-kynurenine, 4-(2-Aminophenyl)-
2,4-dioxobutanoic acid, 3-indoleacetic acid, d-xylulose, l-histidine, epinephrine, maleylacetoacetic acid,
taurine, glycine, uric acid and adenine in the urine of model rats were reduced to varying degrees,
and the contents of uracil, tryptophan, indoleacrylic acid, d-glucuronic acid, 2-oxoglutarate, l-malic
acid, citrate, dopamine and l-threonine in the urine of model rats were increased to different degrees.
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After the treatment of polysaccharide and flavonoids of T. patula, the concentration of l-tyrosine,
l-phenylalanine, pantetheine, l-cysteine, pantothenic acid, 4-(2-Aminophenyl)-2,4-dioxobutanoic acid,
3-indoleacetic acid, l-histidine, maleylacetoacetic acid, taurine, glycine, uric acid, adenine, tryptophan,
indoleacrylic acid, d-glucuronic acid, 2-oxoglutarate, l-malic acid, citrate and l-threonine in urine were
adjusted backwards to normal in certain degrees.

These above differential metabolite identification results referred the pathway related to
phenylalanine, tyrosine and tryptophan biosynthesis, phenylalanine metabolism, pantothenate and
CoA biosynthesis, tryptophan metabolism, pentose and glucuronate interconversions, aminoacyl-tRNA
biosynthesis and taurine and hypotaurine metabolism. These disturbed metabolic pathways can be
partially reversed by the polysaccharides and the total flavonoids of T. patula, in other words, they may
help in repairing these metabolites.

Network pharmacology results also reflect the potential mechanism of active compounds in
T. patula anti-prostatitis. The analysis results showed that the compounds in T. patula acts on multiple
targets to anti-prostatitis. By integrating the metabolomics pathway and the target pathways predicted
by network pharmacology, we found that they are similar, which could explain the accuracy of
the predicted target. Research indicated that prostatitis is associated closely with hormone and
inflammatory level. Uric acid has the antioxidant capacity and can prevent the emergence of an
inflammatory environment [4–7]. Generally, the androgen of prostatitis patients is lower than healthy
people. Amino acids are not merely the constituent units of proteins, but also can participate in
hormone biosynthesis [8,9]. l-phenylalanine is the precursor of the tyrosine and catecholamines,
while tyrosine is closely linked to the formation of certain hormones and neurotransmitters such as
dopamine and epinephrine [10]. Phenylpyruvic acid and phenylacetaldehyde both are the intermediate
or catabolic byproduct of phenylalanine metabolism [7]. Dopamine is a precursor to adrenaline and
norepinephrine, which are synthesized by tyrosine [11]. Epinephrine is linked to the regulation of
body temperature, which is derived from the phenylalanine and tyrosine [11]. l-threonine is oxidized
by threonine dehydrogenase to form glycine [12]. Glycine is transformed into serine by the action of
serine hydroxymethyltransferase, and serine further forms cysteine [13]. Cysteine is dehydrogenated
to form cystine, which in turn can be hydrogenated to cysteine. Cystine is a structural component
of many tissues and hormones. Besides, cysteine is also extremely important for energy metabolism
which could be oxidatived to deaminate pyruvate and synthesize taurine [9]. Taurine has a wide range
of physiological and pharmacological effects and is important in order to regulating the body’s glucose
and lipid metabolism. Pantothenic acid, vitamin B5, is a water-soluble vitamin required for life support
which can form coenzyme A (CoA). CoA is mainly engaged in the breakdown of carbohydrates,
fatty acid oxidation, amino acid decomposition, pyruvate degradation, and the tricarboxylic acid
cycle. Pantothenic acid is critical to the metabolism and synthesis of carbohydrates, proteins, and
fats and can also inhibit the metabolism of taurine [14]. Secretory epithelial cells of human and
other animal prostate have unique citrate-related metabolic pathways regulated by testosterone and
prolactin. This specialized hormone metabolic regulation is in charge of the production and secretion
of a particularly high level of citric acid. Testosterone and prolactin are also engaged in the regulation
of the gene of key regulatory enzymes of citrate production in prostate cells [15]. As the intermediate
of the TCA cycle, malic acid and citric acid paticipate the metabolic pathways related to prostate [16].
Conclusively, TCA cycle is the hub of sugar, fat, and amino acid metabolism and most intermediates in
the tricarboxylic acid cycle can be precisely or indirectly converted to various amino acids. Therefore,
there are closely relationships among amino acid metabolism and energy metabolism (Figure 9).
Besides, the results of Na+/K+-ATPase’s activities and respiratory research also verified energy variety
in the procession of CNP. Studies have demonstrated that the flavonoids such as curcumin could
inhibit TNF-α to exert anti-inflammatory effects [17]. The flavonoids in T. patula can also reduce the
increasing of TNF-α levels caused by CNP. Here we supposed that the flavonoids could decrease
the secretion of TNF-α and other inflammatory cytokines, which might associate with the structure
of flavonoids. The structure of flavonoids usually contains phenolic hydroxyl and ketone carbonyl,
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which have antioxidant effects in the study of the structure-activity relationship [18]. We just found the
flavonoids are the effective fraction against CNP and we still need to investigate the specific compound
and its potential mechanisms in further study.

Figure 9. Related metabolic pathway.

In conclusion, the potential anti-CNP mechanism of flavonoids and polysaccharides of T. patula
might be through reducing the expression of inflammation factors, adjusting the levels of hormone
and regulating the amino acid metabolism, energy metabolism and glucose and lipid metabolism.

4. Materials and Methods

4.1. Materials and Reagents

T. patula was provided by Dalian Wuzhou Holy Herb Scientific and Technological Co. Ltd.
(Dalian, China) and identified by Prof. Bing Wang in the Liaoning University of Traditional Chinese
Medicine, the voucher specimens (No. 20160911) were deposited in the specimen herbarium, Liaoning
University of Traditional Chinese Medicine. Acetonitrile, methanol and formic acid (HPLC grade)
were acquired from Merck (Darmstadt, Germany). Milli-Q water purification system (Millipore,
Bedford, MA, USA) was used for the purification of water and the preparation of samples and mobile
phase. Estradiol benzoate was purchased from the Ningbo Second Hormone Factory (Ningbo, China).
Levofloxacin hydrochloride was acquired from the Cisen Pharmaceutical Co., Ltd. (Jining, China).
DHT and PSA ELISA kits were purchased from Shanghai Qiaodu Biotechnology Co. Ltd. (Shanghai,
China). TNF-α ELISA kit, Na+/K+-ATPase assay kit and Total protein quantitative assay kit were
all purchased from the Nanjing Jiancheng Biotechnology Co. Ltd. (Nanjing, China). 2-ketoglutaric
acid, pyruvic acid, succinic acid, disodium fumarate, malic acid, stearic acid, 3-hydroxytyramine
hydrochloride and mixed amino acid standards were purchased from Sigma (St. Louis., MO, USA).
Betaine, allantoin, inosine, taurine, creatinine, l-carnitine, creatine, urea and citric acid were recruited
from Aladdin (Shanghai, China). Sodium lactate, doxifluridine, d-(+)-pantothenic acid calcium salt
and 6-hydroxypurine were purchased from the National Institutes for Food and Drug Control (Beijing,
China). All the other chemicals employed in the experiments were commercial products of analytical
grade. The preparation methods of each constituents are as follows, T. patula was extracted with
distilled water and boiling to obtain water decoction. T. patula was extracted with distilled water and
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boiling to get the essential oil components with essential oil extractor. The resulting decoction was
filtered. The residual was continued to extract with distilled water, and then, filtered. The filtrates
and essential oil were collected respectively. The collected filtrates were concentrated, then adding
alcohol to the concentrated solution to meet 70% alcohol for two times to provide the precipitate and
supernatant constituents, respectively. The precipitate equal to POL and supernatant equal to FLA.
The concrete preparation methods and administration solutions of different constituents of T. patula
were obtained according to the reference [3].

4.2. Animals

Adult male SPF level Sprague-Dawley rats (weighing approximately 180–200 g) were offered
by the Liaoning Changsheng Biotechnology Co. Ltd, Liaoning, China (License Key: SCXK (Liao)
20150001) and maintained under controlled condition (20 ± 2 ◦C, 40 ± 10% relative humidity and 12
hours light/dark cycle) with free access to standard food and water. Animal research was approved by
the Animal Ethical and Welfare Committee of Liaoning University of Traditional Chinese Medicine
and the experimental protocols were conducted according to the Guide for Care and Use of Laboratory
Animals of Liaoning University of Traditional Chinese Medicine (131/2010).

After one week of acclimatization, the CNP model was induced by estradiol subcutaneously in
castrated male rats according to the methods which established as Robinette described [19]. After the
model was performed, the rats were randomly divided into 8 groups with 8 animals for each and
intragastrically administrated with corresponding drugs for 9 days. SOG, MOG, WAD (1.8 g/kg/day),
EOC (5.4 mg/kg/day), POL (254.3 mg/kg/day), FLA (207.5 mg/kg/day), TCM (540 mg/kg/day) and LEH
(45 mg/kg/day) were intragastrically administrated with the corresponding drugs. And SOG and MOG
were intragastrically administrated with 0.5% CMC-Na. The preparation methods of constituents of
T. patula and the concentration of drugs for intragastrically administration was equated with the dose
of human daily taking according to the reference [3].

4.3. Determination Eenergy Metabolic Parameters

After drugs administered on the 8th day 8:00 am, the rats in different groups were individually
placed in the respiratory chambers of TSE phenoMaster/LabMaster (TSE phenoMaster/LabMaster,
Bad Homburg, Germany) to monitor 24 h respiratory parameters in an isolated environment which
temperature was controlled at 20 ± 2 ◦C. VO2, VCO2, H, EE and RER were measured by using the
indirect calorimetry system.

4.4. Collection and Preparation of Biosamples

Urine samples were collected by metabolism cages at ambient temperature on the 9th of drug
administration and centrifuged at 13,000 rpm at 4 ◦C for 10 min and stored frozen at −80 ◦C for
metabolomic analysis.

4.5. Physiological Indexes

All rats were anesthetized after 24 h of the ending of the intragastric administration. Blood was
drawn from the abdominal aorta. The serum was prepared and stored at −80 ◦C before estimation.
Prostate and liver tissues were collected and stored at −80 ◦C. The left lateral lobe part of prostate
were fixed in 4% paraformaldehyde solution for histological evaluation. Homogenate was obtained
according to the ratio of tissue of right lateral lobe of prostate or liver and saline 1:9. The supernatant
was harvested by centrifugation for 10 min at 3000 rpm. The levels of DHT and PSA in serum and
TNF-α in prostate homogenate and Na+/K+-ATPase activity in prostate and liver homogenate were
measured with correspondent measurement kit.
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4.6. Metabolic Profiling Chromatography

Chromatography was performed using a Waters ACQUITYTM ultra performance liquid
chromatography system (Waters Corporation, Milford, CT, USA) controlled with Masslynx (V4.1,
Waters Corporation, Milford, CT, USA). An aliquot of 4 μL of the sample solution was injected onto an
ACQUITY UPLC HSS T3 column (50 mm × 2.1 mm, 1.7 μm, Waters Corp, Milford, CT, USA) at 40 ◦C
with a flow rate of 0.60 mL/min. The mobile phases were composed of 0.1% formic acid in acetonitrile
(solvent A) and 0.1% formic acid in water (solvent B), the gradient was used as Supplementary Materials
Table S5: Gradient elution program. The eluant was introduced to the mass spectrometer (Waters
Corporation, Milford, CT, USA) directly and analyzed with positive/negative electrospray ion source
(ESI). The quality control (QC) sample was used to optimize the condition of UPLC-MS, as it contained
most information on whole urine samples. After every 10 samples injected, a pooled sample as the
QC sample followed by a blank was injected in order to secure the stability and repeatability of the
UPLC-MS systems.

4.7. Mass Spectrometry

Metabolic was analyzed and identified by Micromass Q-TOF microTM mass spectrometry and
the optimal conditions of analysis were as follows. In positive ion mode, the capillary voltage was
3.0 kV, the sampling cone voltage was 45 V, desolvation gas temperature was 400 ◦C, desolvation gas
flow was 800 L/h, the cone gas flow was 50 L/h. The data acquisition rate was set to 1 sec/scan with a
0.2 second interscan delay and the mass range was set at m/z 50–1200 using extended dynamic range.
For accurate and repeatable mass acquisition, a lock-mass of leucine-enkephalin at a concentration of
50 fmol/μL was used via a lock spray interface at a flow rate of 60 μL/min monitoring for positive ion
mode ([M + H] = 556.2771) and negative ion mode ([M −H] = 554.2615) to ensure accuracy during the
MS analysis.

4.8. Data Processing

Testing and matching original peak through Markerlynx (SCN803) modules in Masslynx V4.1
workstation, and the peak intensity was normalized and denoised to extract data matrix consisting of
metabolite retention time, m/z and corresponding peak intensities. Software specific parameter settings
are shown in Supplementary Materials Table S6: Markerlynx Software parameter settings.

4.9. Multivariate Data Analysis

Data preprocessed analysis by using the extended statistics module in Masslynx V4.1 Workstations
for compound statistics. All the data containing the retention time, peak intensity and exact mass were
imported in the Masslynx V4.1 Workstations for multiple statistical analyses. Both principal component
analysis (PCA) and partial least square discriminant analysis (PLS-DA) often could be taken, because
of their ability to deal with highly multivariate, noisy, collinear and possibly incomplete data. PCA,
unsupervised pattern recognition method, used to discern the presence of inherent similarities in
spectral profiles initially. In the PCA plot, the longer distance the two samples’ scores are, the greater
the difference between them.

4.10. Biomarkers Identification

The retention time, precise molecular mass and m/z data for the structural identification of
biomarkers were issued by the UPLC-MS analysis platform of the Masslynx V4.1 Workstations.
The variable importance in projection value (VIP value) was obtained by PLS-DA, and the metabolites
with VIP > 1 were selected to measure the significance of each metabolite in separating model from
controls by one-way ANOVA with SPSS 17.0. Metabolites with VIP >1 and p < 0.05 were identified
as differential metabolites and compound validation to verify the accuracy and eliminate unreliable
differential metabolites.
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Targeted Metabolomics: potential markers were identified by matching the retention time and
m/z of these differential metabolites with the theoretical m/z based on the elemental composition of the
standard products through the Molecular Weight Calculator module in Masslynx.

Non-targeted metabolomics: as a result of the relevant information on compounds structure types,
elemental composition, and other information in urine samples were unknown, the identification of
differential metabolites in this study mainly included the following methods. (1) Determination of
differential metabolites [M +H]+ or [M −H]− ions, through the molecular ion peak to find the possible
elemental composition of the metabolite; (2) Analysis of elemental composition by MS and MS/MS
spectra to find the fragment ion peaks of metabolites, according to the structure which metabolites
might exist and meet the fragmentation peaks of mass spectrometry characteristics to infer the possible
structures of the different metabolites and verified by an online database such as the MS/MS Spectrum
Match module in the METLIN database (http://metlin.scripps.edu/). (3) Some of the metabolites did
not split into debris due to the complexity of urine samples, the structure of metabolites were reverse
analyzed of metabolically related networks and inferred through the possible mechanisms of prostatitis
and according to the metabolic correlation networks which were identified by targeted metabolomics
databases such as KEGG (http://www.genome.jp/kegg/), HMDB (http://www.hmdb.org/).

4.11. Metabolic Pathway Analysis

Metabolic pathways were obtained by analyzing and enriching differential metabolites that had
been screened by MetaboAnalyst 3.0. Potential markers identified were compared with the accurate
mass charge ratio in some databases, including HMDB, KEGG and Metlin database to discover related
pathways. Pathway impact-alter was used to determine the statistical significance of the pathways.

4.12. Statistical Analysis

The PCA was used to uncover undiscovered trends in the treated groups. Statistically significant
differences in mean values were tested by using one-way ANOVA, and p < 0.05 was considered
statistically significant. Prior to multivariate analysis, the resultant data matrices from the two analytical
techniques were mean-centered and pareto-scaled.

4.13. Network Pharmacology Predict Pathway

In the early stages, our laboratory was separated and identified the compound in T. patula
and found that flavonoids is the main active component. Here, to certify the result of metabolism,
the network-pharmacology was operating to illustrate the predictive action mechanism. The information
of the active compound in T. patula was shown in Supplementary Materials Table S7: Structures of
active compounds. Prediction of pathways that may be related to T. patula anti-prostatitis by screening
out the common target genes of T. patula active compounds and prostatitis.

Potential targets of active compounds were predicted by SwissTargetPrediction server (http:
//www.swisstargetprediction.ch/) and stinted homo sapiens as organism. According to the CTD
(https://ctdbase.org/) and Genecard (https://www.genecards.org/) databases to find relevant target
genes of prostatitis, due to the large number of related genes and the complexed network, so selected
gene with relevance score >30 to predict. The network was constructed using Cytoscape 3.7.1
software [20] to obtain the active compounds of T. patula—target map and prostatitis disease—target
map. The common targets gene of T. patula active compounds and prostatitis was screened out by the
merge function of Cytoscape, and the T. patula active compounds–target–prostatitis disease network
map was constructed. Then the analysis of gene function was performed on the merge gene utilizing
FunRich software [21,22]. The DAVID database (https://david.ncifcrf.gov/tools.jsp) was combined with
KOPAS 3.0 (http://kobas.cbi.pku.edu.cn/anno_iden.php) to enrich the KEGG and GO pathways in the
gene pathway. After the pathway enrichment, the broad pathways were excluded and the pathway
information was obtained. Then Omicshare cloud platform (http://www.omicshare.com/forum/) was
used to map the enriched pathways.
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Abbreviations

CNP Chronic nonbacterial prostatitis
PSA prostate-specific antigen
TNF-α tumor necrosis factor-α
DHT dihydrotestosterone
SOG Sham-operated group
MOG Chronic nonbacterial prostatitis model group
WAD Water decoction treatment group
EOC Essential oil treatment group
POL Polysaccharide treatment group
FLA Flavonoids treatment group
TCM Pule’an tablet treatment group
LEH Levofloxacin treatment group
VO2 O2 consumption
VCO2 CO2 production
H Heat production
EE Energy expenditure
RER Respiratory exchange ratio
ESI electrospray ion source
QC The quality control
PCA principal component analysis
PLS-DA partial least square discriminant analysis
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Abstract: Alnus sibirica (AS) is geographically distributed in Korea, Japan, Northeast China,
and Russia. Various anti-oxidant, anti-inflammation, anti-atopic dermatitis and anti-cancer biological
effects of AS have been reported. Enzymatic hydrolysis decomposes the sugar bond attached to
glycoside into aglycone which, generally, has a superior biological activity, compared to glycoside.
Enzymatic hydrolysis of the extract (EAS) from AS was processed and the isolated compounds were
investigated—hirsutanonol (1), hirsutenone (2), rubranol (3), and muricarpon B (4). The structures of
these compounds were elucidated, and the biological activities were assessed. The ability of EAS
and the compounds (1–4) to scavenge 2,2-diphenyl-1-picrylhydrazyl (DPPH) radicals and Nitroblue
tetrazolium (NBT) superoxide, and to inhibit NO production was evaluated in vitro. EAS showed
more potent antioxidant and anti-inflammatory activity than AS. All investigated compounds showed
excellent antioxidant and anti-inflammatory activities.

Keywords: Alnus sibirica; oregonin; hirsutanonol; enzymatic hydrolysis; antioxidant; anti-inflammatory

1. Introduction

Alnus sibirica (AS), belonging to the family Betulaceae, is geographically distributed in Korea,
Japan, China, and Russia [1]. The Korean Plant Names Index (KPNI), reports that fifteen Alnus
species are native to Korea. The Alnus species are well-known in traditional Korean medicine, such as
anti-cancer drugs, cathartics, hemostatics, and skin tonics. AS is used in cough lozenges and as a
herbal decoction to treat alcoholism [1]. Previous studies on the chemical constituents of the Alnus
species have led to the isolation of various diarylheptanoids [2–5], flavonoids, [6,7], triterpenoids [8,9],
and tannins [10,11]. AS is also reported to have anti-oxidant, anti-inflammatory [12], anti-atopic
dermatitis [13], anti-adipogenic [14], and cytotoxic [15] properties.

Enzymatic modifications are used to transform compounds isolated from natural sources [16–18].
Enzymes are used in various industrial applications where specific catalysts are required. For instance,
amylases are used for splitting polysaccharides and proteins in malt, in the brewing industry, and for
producing sugars from starch, in food processing industries [11,19]. Aglycones—glycosides in which
the sugar molecules have been replaced by hydrogen atoms after enzymatic hydrolysis by intestinal
or colonic microflora—are more easily absorbed from the small intestine than glycosides [20,21].
Glycosidation enhances water solubility but reduces chemical reactivity. Therefore, glycosidases play
a major role in biological processes and are important in the biological, biomedical, and industrial
fields [22].
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From our previous study, 17 compounds from fermented AS (FAS) were isolated and evaluated for
their antioxidant, anti-inflammatory, and anti-atopic dermatitis activities, in vitro and in vivo, including
the quantitative analysis of its components [23–25]. The present paper describes the evaluation of
antioxidant and anti-inflammatory effects on the enzymatic hydrolysis (EAS). Through this study,
diverse but expected chemical and biological changes, such as increased bioavailability or biological
activities, were observed, after the glycosides were converted to aglycones.

2. Results and Discussion

2.1. Enzymatic Hydrolysis

Extracts from A. sibirica processed by enzymatic hydrolysis (EAS) was prepared by using Fungamyl
Super AX (Novozymes, Bagsvaerd, Denmark). The differences between EAS and AS were observed by
thin layer chromatography (TLC). (TLC results data not shown, reaction pathway shows in Figure 1)

Figure 1. Chemical structure of 1–5 and the hydrolysis reaction pathway

2.2. Isolation and Structural Identification

The chromatographic isolation of EAS yielded four diarylheptanoids (1–4). Compound 1 was in
the form of an amorphous brown oil. A navy-blue spot was observed after spraying the TLC strip
with FeCl3 solution. A dark-blue/deep-violet spot was also observed after spraying with 10% H2SO4

solution and heating. The 1H-NMR (600 MHz, DMSO-d6 + D2O) spectrum of 1 showed two aromatic
AMX-spin systems indicated by the ortho-meta coupled aromatic signals [δ 6.37–6.36 (2H in total,
m, H-6′,6′′)], a meta-ortho coupled aromatic signal [δ 6.59–6.52 (4H in total, m, H-2′, 2′′, 5′, 5′′)],
one hydroxyl-bearing methine [δ 3.36–3.32 (1H in total, m, H-5)], and five methylenes [δ 2.67–2.30 (8H in
total, m, H-1,2,4,7) and 1.56–1.45 (2H in total, m, H-6)]. (Supplementary Materials Table S1) Thus, 1 was
identified as hirsutanonol, 1,7-bis-(3,4-dihydroxyphenyl)-5-hydroxyheptane-3-one, after comparison
of this spectrum with the reported spectral data for hirsutanonol [26].

Compound 2 was in the form of an amorphous brown oil. A navy-blue spot was observed after
spraying the TLC strip with FeCl3 solution. A dark-blue/deep-violet spot was also observed after
spraying with 10% H2SO4 solution and heating. The 1H-NMR (300 MHz, Acetone-d6 + D2O) spectrum
of 2 showed two aromatic AMX-spin systems indicated by ortho-meta coupled aromatic signals
[δ 6.94–6.90 (2H in total, m, H-6′, 6′′)], a meta-ortho coupled aromatic signal [δ 7.19–7.11 (4H in total,
m, H-2′, 2′′, 5′, 5′′)], an alkene [δ 7.37 (1H, dt, J = 13.2, 6.6 Hz, H-5) and 6.57 (1H, d, J = 13.2 Hz, H-4)],
and four methylenes [δ 3.25–2.89 (8H in total, m, H-1, 2, 6, 7)]. (Supplementary Materials Table S2)
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Thus, 2 was identified as hirsutenone, 1,7-bis-(3,4-dihydroxyphenyl)-4-hepten-3-one, after comparison
of this spectrum with the reported spectral data for hirsutenone [26].

Compound 3 was in the form of a dark-yellow oil. A dark-green spot was observed on the
TLC strip after spraying with FeCl3 solution. A violet spot was also observed after spraying with
anisaldehyde-H2SO4 solution and heating. The 1H-NMR (300 MHz, Acetone-d6 + D2O) spectrum
of 3 showed two aromatic AMX-spin systems indicated by an ortho-meta-coupled aromatic signal
[δ 6.71–6.66 (4H in total, m, H-2′, 2′′, 5′, 5′′), 6.51 (1H, dd, J = 6.3, 2.1 Hz, H-6′), and 6.45 (1H, dd,
J = 6.3, 2.1 Hz, H-6′′)] and six methylenes [δ 3.57–3.51 (1H in total, m, H-5), 2.68–2.42 (4H in total, m,
H-1, 7), 1.69–1.42 (8H in total, m, H-2, 3, 4, 6)]. (Supplementary Materials Table S3) Thus, compound 3

was identified as rubranol, 1,7-bis-(3,4-dihydroxyphenyl)-5-hydroxyheptane, after comparison of this
spectrum with the reported spectral data for rubranol [27].

Compound 4 was in the form of an amorphous brown oil. A navy-blue spot was observed after
spraying the TLC strip with FeCl3 solution. A dark-green spot was also observed after spraying with
10% H2SO4 solution and heating. The 1H-NMR (600 MHz, Acetone-d6 + D2O) spectrum of 5 showed
two aromatic AMX-spin systems indicated by a meta-ortho-coupled aromatic signal [δ 6.68 (1H, d,
J = 7.2 Hz, H-5′), 6.67 (1H, d, J = 7.2, H-5′′), 6.66 (1H, d, J = 2.1 Hz, H-2′), 6.64 (1H, d, J = 2.1 Hz, H-2′′)],
ortho-meta-coupled aromatic signals [δ 6.45 (1H, dd, J = 7.2, 2.1 Hz, H-6′), 6.44 (1H, dd, J = 7.2, 2.1 Hz,
H-6′′)], and six methylenes [2.67–2.61 (4H in total, m, H-1, 2), 2.42 (2H, t, J = 7.2 Hz, H-4), 2.40 (2H,
t, J = 7.2 Hz, H-7), 1.49 (4H, m, H-5, 6)]. The 13C-NMR (150 MHz, Acetone-d6 + D2O) spectrum of 4

also showed the presence of an aromatic AMX-spin system indicated by hydroxyl-bearing aromatic
carbon signals [δ 144.8, 144.7, 143.1, and 142.9 ppm (C-3′, 3′′, 4′ and 4′′)] in a region downfield from
the signals [δ 119.3, 119.2, 115.3, 115.2, 115.1, and 114.0 ppm (C-2′, 2′′, 5′, 5′′, 6′ and 6′′)]. In the
upfield region, a ketone group was observed at δ 210.4 (C-3). (Supplementary Materials Table S4)
Thus, 4 was identified as muricarpon B, 1,7-bis(3,4-dihydroxyphenyl)-3-heptanone, after comparison
of this spectrum with the reported spectral data for muricarpon B [28].

2.3. Biological Activities

The2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activities of AS, EAS, and the four
compounds were assessed. According to the results (Table 1), EAS (IC50 = 16.68 ± 0.37 μg/mL) showed
superior DPPH radical scavenging activity to that of AS (IC50 = 21.80± 0.55 μg/mL). Compounds 1 (IC50

= 26.02 ± 0.57 μM), 2 (IC50 = 19.39 ± 0.32 μM), 3 (IC50 = 23.30 ± 1.00 μM), and 4 (IC50 = 38.70 ± 0.71 μM)
showed potent DPPH radical scavenging activities, compared with the positive control, l-ascorbic acid.

Table 1. IC50 values of Alnus sibirica (AS), enzymatic hydrolysis (EAS), and the isolated compounds for
the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging activity.

Samples IC50 (μg/mL) Compounds IC50 (μM)

AS 21.80 ± 0.55 c 1 26.02 ± 0.57 a

EAS 16.68 ± 0.37 b 2 19.39 ± 0.32 a

Ascorbic acid 11.18 ± 0.60 a 3 23.30 ± 1.00 a

4 38.70 ± 0.71 c

Ascorbic acid 44.67 ± 1.75 b,c

Values are presented as mean ± SD (n = 3). Values bearing different superscripts (a–c) in same columns are
significantly different (p < 0.05).

The Nitroblue tetrazolium (NBT) superoxide scavenging activities of AS, EAS, and the four
compounds were assessed. According to the results (Table 2), EAS (IC50 = 3.12 ± 0.75 μg/mL) showed
a more potent NBT superoxide scavenging activity compared to that of AS (IC50 = 4.59 ± 0.68 μg/mL).
According to the results (Table 2), compounds 1 (IC50 = 19.03 ± 8.79 μM), 2 (IC50 = 16.68 ± 6.74 μM),
3 (IC50 = 11.62 ± 7.86 μM), and 4 (IC50 = 12.65 ± 11.05 μM) showed good NBT superoxide scavenging
activities, compared with those of the positive control, allopurinol.
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Table 2. IC50 values of AS, EAS, and the isolated compounds for the nitroblue tetrazolium (NBT)
superoxide scavenging activity.

Samples IC50 (μg/mL) Compounds IC50 (μM)

AS 4.59 ± 0.68 c 1 19.03 ± 8.79 b

EAS 3.12 ± 0.75 b 2 16.68 ± 6.74 b

Allopurinol 0.10 ± 0.41 a 3 11.62 ± 7.86 b

4 12.65 ± 11.05 b

Allopurinol 3.92 ± 1.96 a

Values are presented as mean ± SD (n = 3). Values bearing different superscripts (a–c) in same columns are
significantly different (p < 0.05).

Massive amounts of nitric oxide (NO) produced by the inducible nitric oxide synthase (iNOS) under
pathological conditions, for example, inflammatory disease, are potentially harmful, especially when
time-spatial regulation of the iNOS expression becomes compromised. During inflammation associated
with different pathogens, NO production increases significantly and might become cytotoxic [29].
Moreover, the free radical nature of NO and its high reactivity with oxygen to produce peroxynitrite
(ONOO–) makes NO a potent pro-oxidant molecule, capable of inducing oxidative damage and being
potentially harmful towards cellular targets [30]. Thus, the inhibition of NO production in response to
inflammatory stimuli, might be a useful therapeutic strategy in inflammatory disease [31,32]. Inhibitory
activities on the NO production of AS, EAS, and the four compounds were assessed. According to the
results (Table 3), EAS (IC50 = 1.14 ± 0.06 μg/mL) showed better inhibitory effects on NO production,
than AS (IC50 = 6.26 ± 0.16 μg/mL) and the positive control—NG-methyl-l-arginine acetate salt
(L-NMMA) (IC50 = 3.53 ± 0.17 μg/mL). According to the results (Table 3), most compounds showed
better inhibitory effects on NO production than L-NMMA (IC50 = 33.88 ± 27.87 μM). Compounds 2

(IC50 = 0.78 ± 0.38 μM) and 4 (IC50 = 2.64 ± 2.29 μM) exhibited markedly potent inhibitory effects on
NO production.

Table 3. IC50 values of AS, EAS, and the isolated compounds for the inhibitory activity on NO production.

Samples IC50 (μg/mL) Compounds IC50 (μM)

AS 6.26 ± 0.16 c 1 17.81 ± 8.63 a,b,c

EAS 1.14 ± 0.06 a 2 0.78 ± 0.38 a

L-NMMA 3.53 ± 0.17 b 3 5.20 ± 2.61 a,b

4 2.64 ± 2.29 a

L-NMMA 33.88 ± 27.87 b,c

Values are presented as mean ± SD (n = 3). Values bearing different superscripts (a–c) in same columns are
significantly different (p < 0.05).

EAS and AS were measured for their biological activities, and EAS was found to exhibit
better activities than AS. Compounds 1–4, isolated from EAS showed potent anti-oxidative and
anti-inflammatory effects, especially 2–4. In addition, these compounds showed cytotoxic activity
against cancer cell lines [33]; however, in this study, the experiments were carried out in an amount
that did not result in cytotoxicity (data not shown). In a previous study that we had carried out [34],
1–3 were greatly increased and 4 was newly formed. This seemed to have made a great contribution
toward the increased efficacy of EAS.

3. Materials and Methods

3.1. General Procedure

The stationary phases for column chromatography were carried out using Sephadex LH-20
(10–25 μm, GE Healthcare Bio-Science AB, Uppsala, Sweden) and MCI-gel CHP 20P (75–150 μm,
Mitsubishi Chemical, Tokyo, Japan). ODS-B gel (40–60 μm, Daiso, Osaka, Japan) was used as the
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stationary phase on a medium pressure liquid chromatography (MPLC) system and consisted of an
injector (Waters 650E), a pump (TBP5002, Tauto Biotech, Shanghai, China), and a detector (110 UV/VIS
detector, Gilson, Middleton, WI, USA). TLC analysis was carried out using precoated silica gel plates
(Merck, Darmstadt, Germany) with a mixture of CHCl3, CH3OH, and H2O (80:20:2, volume ratio) as the
mobile phase. Spots on the TLC strips were detected by spraying with FeCl3 and anisaldehyde-H2SO4

or 10% H2SO4, followed by heating. 1H-(300 or 600 MHz) and 13C-(150 MHz) NMR experiments,
as well as 2D-NMR experiments, such as the heteronuclear single quantum coherence (HSQC)
and the heteronuclear multiple bond coherence (HMBC) experiments, were performed using VNS
(Varian, Palo Alto, CA, USA) and Gemini 2000 spectrometers (Varian), in the research facilities of the
Chung-Ang University.

3.2. Plant Material

Barks of AS were collected from ‘Kuksabong′, Seoul, Republic of Korea, in January 2015
and authenticated by Professor Lee (College of Pharmacy, Chung-Ang University, Seoul, Korea).
The voucher specimen (201501-AS) was placed at the Laboratory of Pharmacognosy and Natural
Product-Derived Medicine at the Chung-Ang University.

3.3. Enzymatic Hydrolysis

We used Fungamyl Super AX® (Novozymes) for the hydrolysis experiments. The purchased
enzyme was mixed with AS extract and distilled water, in the ratio of 3:1:1. The mixture was allowed
to react at room temperature for 3 days. After the enzymatic hydrolysis, the enzyme was removed via
ethyl acetate fractionation. For this, centrifugation was performed, and the supernatant obtained was
mixed with an equal volume of ethyl acetate; this process was repeated thrice. The ethyl acetate layer
was then evaporated to obtain EAS.

3.4. Extraction and Isolation

The barks of AS (2.8 kg) were extracted with 80% ethanol (30 L) at room temperature.
After removing ethanol, the mixture was concentrated to obtain 121 g of AS extract. A part (23.27 g)
of this extract was subjected to enzymatic hydrolysis using Fungamyl (to obtain EAS), followed by
liquid–liquid partition usingethyl acetate. The rest of the extract was stored in the freezer and the ethyl
acetate layer was then subjected to Sephadex LH-20 column chromatography and then eluted with a
solvent gradient system of MeOH:H2O (from 2:8 to 10:0), yielding eight sub-fractions (EAS-1 to 8).
From fraction EAS-2, compound 1 (hirsutanonol, 283 mg) was isolated. When EAS-6 (203 mg) in the
ODS gel was subjected to MPLC (flow rate: 5 mL/min) with a gradient solvent system of MeOH:H2O
(from 0:10 to 10:0), 2 (hirsutenone, 76.9 mg) was obtained. EAS-7 (1.5 g), when subjected to MCI gel
open-column chromatography with a solvent gradient system of MeOH:H2O (from 6:4 to 10:0) yielded
3 (rubranol, 504 mg) and 4 (muricarpon B, 125.8 mg).

3.5. Measurement of DPPH Radical Scavenging Activity

The antioxidant activity was evaluated on the basis of the scavenging activity of the stable DPPH
free radical (Sigma, St. Louis, MO, USA). Each sample (20 μL), in anhydrous ethanol, was added to
180 μL of DPPH solution (0.2 mM, dissolved in anhydrous ethanol). After mixing gently and letting
it stand for 30 min at 37 ◦C, in a dark environment, the absorbance was measured at 517 nm, using
an enzyme-linked immunosorbent assay (ELISA) reader (TECAN, Salzburg, Austria). The free radical
scavenging activity was calculated as the inhibition rate (%) = 100 − (sample O.D./control O.D.) × 100.
l-ascorbic acid was used as the positive control.
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3.6. Measurement of NBT Superoxide Scavenging Activity

A reaction mixture with a final volume of 632 μL/eppendorf tube was prepared with 50 mM
phosphate buffer (pH 7.5) containing K-EDTA (1 mM), hypoxanthine (0.6 mM), NBT (0.2 mM) (Sigma, St.
Louis, MO, USA), 20 μL of aqueous extract (distilled water for the control), and 20 μL of xanthine
oxidase (1.2 U/μL) (Sigma, St. Louis, MO, USA). The xanthine oxidase was added at last. For each
sample, a blank reaction was carried out by using distilled water, instead of the extract and xanthine
oxidase. NBT reduction was evaluated by determining the absorbance at 612 nm, after incubation
at 37 ◦C for 10 min. Superoxide anion scavenging activities were calculated as 100 − (sample O.D. −
blank O.D.)/(control O.D. − blank O.D.) × 100, and were expressed as IC50 values, which were defined
as the concentrations at which 50% of NBT superoxide anion was scavenged. Allopurinol was used as
the positive control.

3.7. RAW264.7 Cell Culture

The murine macrophage RAW264.7 cells were purchased from the Korean Cell Line Bank.
These cells were grown at 37 ◦C in a humidified atmosphere (5% CO2) in Dulbecco′s Modified Eagle
Medium (Sigma, St. Louis, MO, USA), containing 10% fetal bovine serum, 100 IU/mL penicillin G,
and 100 mg/mL streptomycin (Gibco BRL, Grand Island, NY, USA). The cells were used in the in vitro
experiments, after counting with a hemocytometer.

3.8. Measurement of Inhibitory Activity on NO Production

RAW264.7 macrophage cells were cultured in a 96-well plate and incubated for 4 h at 37 ◦C,
in a humidified atmosphere (5% CO2). The cells were incubated in a medium containing 10 μg/mL
lipopolysaccharide (Sigma) and the test samples. After incubating for an additional 20 h, the NO
content was evaluated by the Griess assay. The Griess reagent (0.1% naphthylethylenediamine and 1%
sulfanilamide in 5% H3PO4 solution; Sigma) was added to the supernatant of the cells treated with the
test samples. The absorbance at 540 nm, against a standard sodium nitrite curve, was used to determine
the NO content. L-NMMA was used as the positive control. NO production inhibitory activity was
calculated as inhibition rate (%) = 100 − (sample O.D. − blank O.D.)/(control O.D. − blank O.D.) × 100,
and was defined as IC50, which was the concentration that could inhibit 50% of NO production.

3.9. Statistical Analysis

All data are expressed as the mean ± SD of three replicates. Values were analyzed by one-way
analysis of variance (ANOVA) followed by Student–Newman–Keuls test using the Statistical Package
for the Social Sciences (SPSS) software pack; a statistical difference was considered to be significant
when the p-value was less than 0.05. Values bearing different superscripts in the same column are
significantly different.

4. Conclusions

In order to evaluate the anti-oxidative and anti-inflammatory effects of the EAS and its compounds
(1–4), DPPH radical, NBT superoxide scavenging activities, and inhibitory activity on NO production
were evaluated, in vitro. According to the results, the anti-oxidative and anti-inflammatory activities
of the EAS were much better than the ethanolic crude extract of AS. Isolated compounds 1–4 showed
significantly better anti-oxidative and anti-inflammatory activities, compared to their respective
positive controls. The contents of 1–4 were increased and this appeared to be important in increasing
the efficacy of EAS. These results suggest that EAS is a new source for the development of anti-oxidative
and anti-inflammatory agents.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1420-3049/24/10/1938/s1,
Table S1: 1H-NMR date of compound 1, Table S2: 1H-NMR date of compound 2, Table S3: 1H-NMR date of
compound 3, Table S4: 1H- and 13C-NMR date of compound 4.
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Abstract: Juçara berry is a potential inflammatory modulator, rich in dietary fiber, fatty acids, and
anthocyanins. Considering this, we evaluated the high-fat diet (HFD) intake supplemented with
different doses of freeze-dried juçara pulp on the TLR4 pathway. Twenty-seven male Wistar rats with
ad libitum access to food and water were divided into four experimental groups: control standard
chow group (C); high-fat diet control group (HFC); high-fat diet juçara 0.25% group (HFJ0.25%);
and high-fat diet juçara 0.5% group (HFJ0.5%). The inflammatory parameters were analyzed by
ELISA and Western blotting in liver and retroperitoneal adipose tissue (RET). The HFJ0.25% group
had the energy intake, aspartate transaminase (AST) levels, and liver triacylglycerol accumulation
reduced; also, the tumor necrosis factor α (TNF-α) and TNF receptor-associated factor 6 (TRAF6)
expression in RET were reduced. However, there were no changes in other protein expressions in
liver and adipose tissue. Adiposity and pNFκBp50 had a positive correlation in HFC and HFJ0.5%,
but not in the C group and HFJ0.25%. The necrosis hepatic score did not change with treatment;
however, the serum (AST) levels and the hepatic triacylglycerol were increased in HFC and HFJ0.5%.
These results demonstrated that one week of HFD intake triggered pro-inflammatory mechanisms
and liver injury. Additionally, 0.25% juçara prevented inflammatory pathway activation, body weight
gain, and liver damage

Keywords: inflammation; short-term high-fat diet; juçara; nutraceutical food; liver; adipose tissue

1. Introduction

Western diet patterns are spread worldwide and cause the establishment of several
non-communicable metabolic diseases. However, many deleterious mechanisms related to high-fat
diet exposure are activated even before weight gaining reaches significant levels [1].

There is extensive literature regarding the features of long-term high-fat diet consumption, as well
as its consequences for health [2]. At the same time, concerning the effects of short-term high-fat
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diet consumption, the literature becomes scarcer. Reports are mainly related to saturated fatty acids’
(SFA) damaging action in the central nervous system and satiety control; however, the peripheral
metabolic effect is slightly explored [3]. Turner et al. (2013) demonstrated a chronology of activation
in inflammatory mechanisms, insulin resistance, and non-alcoholic fatty liver diseases (NAFLD),
suggesting that before clinical signs, significant physiological changes may occur [4].

One of the mechanisms involved in the onset of low-grade inflammation in vitro and in vivo
models of obesity is mediated by toll-like receptor 4 (TLR4) stimulated by dietary SFA. The TLR4
recognizes lipid ligands and plays an important role in non-infectious inflammatory diseases such as
insulin resistance, obesity, and NAFLD. Moreover, polyunsaturated fatty acids (PUFA) ω-3 and ω-6
inhibit the inflammatory response mediated by TLR4 [5,6].

Metabolic disease control using bioactive food compounds has received attention from the scientific
community and clinical practice [7]. One Brazilian native fruit with remarkable high nutritional value
is juçara fruit. It contains significant amounts of dietary fiber, monounsaturated fatty acids (MUFA),
and PUFA. It also has high levels of flavonoids, such as anthocyanins [8]. Therefore, it could contribute
to preventing obesity, oxidative stress, and metabolic syndrome, possibly through an anti-inflammatory
effect [9,10].

Although it is well known that there is an established chronic subclinical inflammatory state
in obesity, only a few studies address the effect of the short-term high-fat diet and food bioactive
compounds’ intake. Considering the lack of studies in this field, we aim to evaluate the effectiveness of
different juçara doses to prevent the deleterious effects of the short-term high-fat diet intake in the
inflammatory markers and ectopic fatty liver accumulation.

2. Results

2.1. Diet Intake, Body Weight, and Tissue Weight

The average of energy intake (Kcal) along the treatment was higher in the high-fat diet control
(HFC) group compared to the control (C) group (p < 0.001) and HFJ0.25% (p = 0.0014). The high-fat
diet juçara 0.5% (HFJ0.5%) group had a higher energy intake compared to the C group (p < 0.001), and
HFJ0.25% (p = 0.029). The HFJ0.25% group showed higher energy intake than the C group (p = 0.0013).
The daily body weight gain was accessed day by day during the experiment. At the third day of
treatment, the HFC group and HFJ0.5% had a greater body weight gain compared to the C group
(p = 0.006 and 0.016, respectively). After six days of diet exposure, the HFJ0.5% group demonstrated
an increased body weight gain comparing to the C group (p = 0.012). However, the other measures did
not demonstrate differences among the groups regarding body weight gain (Figure 1).

Retroperitoneal and epididymal white adipose tissue (RET and EPI, respectively) absolute weights
were increased in the HFC compared to the C group. Regarding the different adipose tissues evaluated,
both juçara-supplemented groups (HFJ0.25% and HFJ0.5%) maintained a similarity between other
groups or themselves. Liver and mesenteric white adipose tissue (MES) weight did not change among
the experimental groups. The sum of white adipose tissues’ weight depots (ΣWAT) was significantly
increased in the HFC group compared to the control (Table 1).
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Figure 1. (A) Average energy intake (kcal). * p < 0.05 compared with the high-fat juçara 0.25%
group (HFJ0.25%); # p < 0.05 compared with control diet by two-way ANOVA followed by the
Bonferroni post-hoc test. (B) Daily body weight gain during the experimental period of seven days.
The comparisons were performed by ANOVA for repeated measure and the Bonferroni post hoc test.
# p < 0.05 in HFJ0.5% group compared with the control diet group; * p <0.05 in high-fat diet control
(HFC) group compared with the control diet group. Control standard chow (C) (n = 6); high-fat diet
control (HFC) (n = 7); high-fat diet juçara 0.25% (HFJ0.25%) (n = 7); and high-fat diet juçara 0.5%
(HFJ0.5%) (n = 7).

Table 1. Absolute tissue weight on different experimental groups.

Absolute tissue weight (g)

Control (n = 6) HFC (n = 7) HFJ0.25% (n = 7) HFJ0.5% (n = 7) p-Vaule

Liver 10.57 ± 0.54 11.46 ± 0.66 10.23 ± 0.70 10.16 ± 0.85 -
RET 3.39 ± 0.52 6.99 ± 0.90 # 4.67 ± 0.71 4.95 ± 0.64 0.029
EPI 3.74 ± 0.38 5.67 ± 0.69 # 4.20 ± 0.61 3.94 ± 0.70 0.044

MES 3.57 ± 0.64 4.18 ± 0.44 3.44 ± 0.26 3.99 ± 0.50 -
ΣWAT 10.70 ± 1.36 16.84 ± 1.64 # 12.32 ± 1.37 12.88 ± 1.76 0.020

# p < 0.05 vs. control group by two-way ANOVA followed by the Bonferroni post-hoc test. The p-value is shown in
the table above. Control standard chow (control); high-fat diet control (HFC); high-fat diet juçara 0.25% (HFJ0.25%);
high-fat diet juçara 0.5% (HFJ0.5%). RET, retroperitoneal tissue; EPI, epididymal white adipose tissue; MES,
epididymal white adipose tissue; ΣWAT, sum of white adipose tissues’ weight depots.

2.2. Hepatic Ectopic Fat Accumulation

Liver histological analyses performed in hematoxylin and eosin illustrated the morphological
differences among the groups (Figure 2). The necrosis histopathological score did not statistically
change with the experimental treatment (Table 2). However, in the groups exposed to high-fat diet
juçara 0.5%, microsteatosis in liver parenchyma was evidenced.

The hepatic triacylglycerol content in HFC and HFJ0.5% groups was increased in comparison
of the C group (p = 0.0055 and 0.0275, respectively). Even though, HFJ0.25% did not differ from the
control group, as shown in Table 3.

Accessing the serum levels of hepatic enzymes—aspartate transaminase (AST) and alanine
transaminase (ALT)—there were no differences among the groups. However, the AST level was higher
in the HFC and HFJ0.5% groups compared to the C group (p = 0.044 and 0.041, respectively). The level
of AST in HFJ0.25% was similar to the C group (Table 3).
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Figure 2. Photomicrographs of hepatic tissue stained by hematoxylin and eosin with a magnification of
40×. (A) Control standard chow (control); (B) high-fat diet control group (HFC); (C) high-fat diet juçara
0.5% group (HFJ0.5%); (D) high-fat diet juçara 0.25% group (HFJ0.25%). The arrows (↑) indicate the
lipid droplets.

Table 2. The histopathological score in liver among the groups (p > 0.05).

0 1 2 3

Control (n = 5) 5 0 0 0
HFC (n = 7) 4 3 0 0

HFJ0.5% (n = 7) 3 4 0 0
HFJ0.25% (n = 7) 5 2 0 0

The Kruskal–Wallis test was used to analyze the histopathological score among the experimental groups. Control
standard chow (control); high-fat diet control (HFC); high-fat diet juçara 0.25% (HFJ0.25%); high-fat diet juçara 0.5%
(HFJ0.5%).

Table 3. Hepatic enzymes analyzed in serum and liver ectopic triacylglycerol storage.

Control (n = 6) HFC (n = 7) HFJ0.25% (n = 7) HFJ0.5% (n = 7)

AST (U/L) 36.18 ± 2.77 49.43 ± 4.99 & 34.11 ± 7.25 49.79 ± 6.31 &

ALT (U/L) 16.61 ± 1.37 23.06 ± 9.89 15.41 ± 3.21 17.17 ± 4.58
TAG (mg/100mg) 129.91 ± 4.41 157.33 ± 4.92 # 142.59 ± 5.21 151.71 ± 2.14 #

AST: aspartate transaminase; ALT: alanine transaminase; TAG: triacylglycerol. # p < 0.05 vs. the control group using
two-way ANOVA followed by the Bonferroni post-hoc test; & p < 0.05 vs. the control group using the t-test.

2.3. Cytokines Concentration

We observed that IL-6 increased in RET of the HFJ0.25% (p = 0.020) and HFJ0.5% (p = 0.035) groups
compared to the C group. The TNF-α level in RET was increased in the HFC and HFJ0.5% groups
compared to the C group (p = 0.033 and p = 0.003, respectively). In contrast, the HFJ0.25% group
was similar to the C group. The IL-10 level was reduced in HFC (p = 0.032) and HFJ0.5% (p = 0.009)
compared to the C group in RET (Figure 3A,C,E). Liver pro-inflammatory cytokines (IL-6 and TNF-α)
did not differ among the groups, however, the anti-inflammatory cytokine (IL-10) was lower in the
HFJ0.5% group than in the control (p = 0.05) group (Figure 3B,D,F).
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Figure 3. Cytokine levels: (A) TNF-α in RET; (B) TNF-α in liver; (C) IL-10 in RET; (D) IL-10 in liver;
(E) IL-6 in RET; (F) IL-6 in liver. # p < 0.05 compared with the control diet by two-way ANOVA followed
by the Bonferroni post-hoc test. Control standard chow (control) (n = 6); high-fat diet control (HFC)
(n = 7); high-fat diet juçara 0.25% (HFJ0.25%) (n = 7); and high-fat diet juçara 0.5% (HFJ0.5%) (n = 7).

2.4. NFκB Pathway Protein Expression

The inflammatory TLR4 pathway in RET was evaluated. TNF receptor-associated factor 6 (TRAF6)
protein expression was significantly reduced in the HFJ0.25% (p = 0.048) as in the C group (p = 0.043)
compared to the HFC group (Figure 4A–D).

There were no differences in protein expression among TLR4 membrane receptors and their
cellular signaling intermediates, such as myeloid differentiation primary response 88 (MYD88) and
nuclear factor kappa-B p50 (pNFκBp50) in RET and liver. Furthermore, we did not find changes in the
protein expression of the TLR4 pathway in liver (Figure 5A–D).

Analyzing the correlation between visceral adiposity (ΣWAT) and phosphorylation of hepatic
NFκBp50, it is possible to note a strong positive correlation in the HFC group (r = 0.794; p = 0.033) and
HFJ0.5% (r = 0.818; p = 0.025). On the other hand, the C and HFJ0.25% groups did not demonstrate
this relation (Figure 6), demonstrating the higher effectiveness of the lower dose, in agreement with the
results presented.
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Figure 4. Protein expression of the NFκB pathway in the RET: (A) TLR4; (B) MYD88; (C) TRAF6; and
(D) pNFκBp50. The housekeeping used was the β-actin expression. * p < 0.05 compared with the
high-fat juçara 0.25% group (HFJ0.25%); # p < 0.05 compared with the control diet. Two-way ANOVA
followed by the Bonferroni post-hoc test were performed as the statistical analyses. Control standard
chow (control) (n = 6); high-fat diet control (HFC) (n = 7); high-fat diet juçara 0.25% (HFJ0.25%) (n = 7);
and high-fat diet juçara 0.5% (HFJ0.5%) (n = 7).

Figure 5. Protein expression of the NFκB pathway in liver: (A) TLR4; (B) MYD88; (C) TRAF6; and
(D) pNFκBp50. The housekeeping was the β-actin expression. Two-way ANOVA followed by the
Bonferroni post-hoc test were performed as the statistical analyses. Control standard chow (control)
(n = 6); high-fat diet control (HFC) (n = 7); high-fat diet juçara 0.25% (HFJ0.25%) (n = 7); and high-fat
diet juçara 0.5% (HFJ0.5%) (n = 7).
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Figure 6. Correlation between ΣWAT and pNFκBp50 in liver for different experimental groups:
(A) Control standard chow group (control); (B) high-fat diet juçara 0.25% (HFJ0.25%); (C) high-fat
diet control group (HFC); (D) high-fat diet juçara 0.5% (HFJ0.5%). The Pearson correlation coefficient
was performed considering the level of significance as p < 0.05 and the Pearson’s r-value >0.7 for a
strong correlation.

3. Discussion

The results demonstrated the influence of juçara supplementation—a fruit rich in anthocyanin
and unsaturated fatty acids (MUFAs and PUFAs)—in energy intake, in adipose tissue and hepatic
ectopic fat accumulation, as well as in the inflammatory profile. Regarding the TLR4 pathway, the
main benefits are related to the consumption of the lower dose of the pulp.

The higher energy intake observed in the HFD chow groups compared to the control group
evidence changes in eating habits due to the high energy density provided by the diet. The HFD
can modulate the central regulation of appetite and satiation through intricate ways involving
neuroendocrine signaling from peripheral tissues. A recent short-term HFD model study demonstrated
that serum ghrelin level is high in postprandial conditions, suggesting that in HFD, the ghrelin
orexigenic signal remains activated in the hypothalamus, leading to exacerbated caloric intake [11].
It is noteworthy that the HFJ0.25% group had a smaller caloric intake compared to the other HFD
groups. This result can be justified by the protective hypothalamic effect promoted by the juçara
supplementation due to its rich composition against the deleterious effects of HFD [12,13].

The increased adiposity (ΣWAT, RET, and EPI) in HFC indicated that our HFD model was
efficient at inducing visceral fat weight gain even in a short-term diet treatment [13,14]. High-fat diet
consumption is related to the pro-inflammatory mechanism stimulus, leading to chronic subclinical
inflammation, promoting metabolic diseases’ installation [15]. According to our findings, previous
reports showed that for short-term periods, the high-fat diet is not able to promote relevant changes in
body weight gain. However, the adipose pads were slightly increased, as well as the concentration
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of inflammatory cytokines (IL-6 and TNF-α), similar to our results [14,16,17]. These findings enforce
that high-fat diet leads to deleterious pro-inflammatory pathway activation. Both groups subjected to
juçara supplementation did not statistically differ from the lean group (C), in adipose depots’ evaluated
mass and ΣWAT. This suggests that juçara has a protective role, preventing high-fat diet’s deleterious
consequences in visceral adiposity gain. This can be corroborated by other short-term protocols of
bioactive compounds’ supplementation, which exert a metabolic protective role in experimental and
clinical models [18–21]. Juçara has beneficial effects previously reported when associated with a
high-fat diet, and it may be attributed to the nutritional components of juçara pulp [12,13,22].

The liver histological image illustrates, and TAG content confirms, that the lower dose of juçara
(HFJ0.25%) had less injury related to high-fat diet consumption than the HFC and HFJ0.5% groups,
remaining at levels similar to those observed in the control group. Furthermore, the ectopic TAG
accumulation represents a trigger of NAFLD mechanisms. As a consequence, juçara consumption
leads to a protective effect of the regulatory mechanisms for liver. AST and ALT levels are important
liver injury markers. These enzymes can be found in hepatocytes cytoplasm and catalyze amino group
transferences in the citric acid cycle. Hepatic injury is commonly related to AST and ALT release into
the extracellular compartment with subsequent increase in serum. Our results demonstrate that liver
integrity was preserved in the HFJ0.25% group, corroborating the reduced liver injury score observed in
this group. These findings together indicate that juçara supplementation promoted a hepatic protective
effect at the lower dose. Our hypothesis is supported by supplementations of anthocyanins, which
protect against NAFLD in long-term high-fat feeding [23,24].

It is interesting to observe that a 0.5% juçara dose did not demonstrate greater efficiency in the
modulation of cytokines involved in inflammatory profile and maintained the same level of HFC
with ambiguous results in RET. IL-10 reduction in liver, only in the HFJ0.5% group, is an indicator
of juçara dose excess. We postulated that high doses might exert a pro-oxidative and negative effect
due to high phenolic compound and fatty acid amounts. Lecci et al. (2014) [25] corroborate this
hypothesis since non-toxic polyphenol doses activated pro-apoptotic mechanisms in vitro. Despite
being a physiological polyphenol and anthocyanin dose, it could exert a cytotoxic role. An in vitro
adipocyte study showed that some types of polyphenols act in a pro-oxidant manner, stimulating the
production of the pro-inflammatory cytokines, such as TNF-α [26]. Moreover, PUFA and MUFA have
deleterious effects when consumed in substantial amounts. This highlights the importance of the fatty
acid quality and polyphenol amount offered in the metabolic and inflammatory outcomes [27,28].

It has been shown that the mainly pro-inflammatory cytokines’ source was the adipose tissue
compared to liver in obesity and NAFLD. This enforces that peripheral tissues, such as adipose
tissue, can affect disease processes in target organs [29]. This matches our results; for the effects in
short-term, the adipose tissue showed greater susceptibility to the intervention for inflammatory
response compared to liver.

An extensive literature review demonstrates a strong relationship between the TLR4 pathway and
high-fat diet consumption in metabolic diseases [1,6]. Turner et al. (2013) have observed that changes
from high-fat diet consumption occur progressively among different tissues. Although inflammatory
markers in adipose tissue can be noticed after 1–3 weeks of a high-fat diet, hepatic effects are pronounced
only after chronic consumption [4]. We observed no changes in TLR4, MYD88, or phosphorylated NFκB
expression in RET. However, TRAF6 in RET with a dose of 0.25% was similar to the C group and reduced
in comparison to the HFC group. This indicates a possible TLR4 pathway modulation mechanism,
corroborating the changes observed in the cytokines’ concentration in adipose tissue. Nevertheless, the
diet duration was not enough to install the classic pro-inflammatory framework in liver. Analyzing the
correlation between pNFκBp50 and the adiposity index (ΣWAT), the strong correlation between them
in the HFC group and HFJ0.5% is noteworthy, but not in C and HFJ0.25%. This exposes two results.
Firstly, it demonstrates that adiposity is strongly related to the NFκBp50 phosphorylation, and it could
be attributed to high-fat diet intake and its deleterious properties [30]. Secondly, the 0.25% juçara dose
was similar to the control group, showing that juçara was able to prevent the deleterious high-fat diet
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effects, without a correlation between this variable. NFκBp50 is an important nuclear transcription
factor, which is activated by kappa B inhibitor degradation mediated by inflammatory signaling TLR4
pathways. NFκBp50’s main function is to induce cytokines’ production, such as TNF-α, playing a role
in an inflammatory pathway [15]. The high-fat diet intake, as well as increased adiposity induce the
formation of reactive oxygen species (ROS) due to the H2O2 production in the mitochondria and the
peroxisomal oxidation in lipid metabolism; which may cause TLR4 activation [31]. Several bioactive
compounds, such as anthocyanins, have been related to inhibiting ROS formation and, consequently,
the TLR4 pathway activation [32]. The most relevant finding indicates that juçara effectiveness prevents
the pro-inflammatory status installation. Zero-point-two-five percent of juçara associated with a
high-fat diet inhibited the inflammatory response, reducing NFκBp50 phosphorylation, despite the
high-fat diet’s evident pro-inflammatory stimulus.

4. Materials and Methods

4.1. Short-Term High-Fat Diet

A total of 27 outbred male Wistar rats of 90-day-old were used. After one week of acclimatization,
the animals were randomly divided into four experimental groups: control standard chow (C) (n = 6);
high-fat diet control (HFC) (n = 7); high-fat diet juçara 0.25% (HFJ0.25%) (n = 7); and high-fat diet
juçara 0.5% (HFJ0.5%) (n = 7). They received the respective diets for the acute experimental period of
7 days.

The C group was fed with standard rat commercial chow, and the composition of the experimental
diets was adapted from Dornellas et al. [33] and is described in Table 4. The animals were weighed,
and diet consumption was measured every day during the experimental period.

Table 4. Composition of the experimental diets used: high-fat diet control, high-fat diet juçara 0.25%,
and high-fat juçara 0.5%.

Components
Diet (g/100g)

Control HFC HFJ0.25% HFJ0.5%

Standard chow * 100 50 50 50
Sucrose - 10 10 10
Casein - 20 20 20

Soybean oil - 2 2 2
Lard 18 18 18

Butyl hydroquinone - 0.004 0.004 0.004
Juçara pulp powder - - 0.25 0.5

Mineral mix® § 0.5 0.5 0.5
Vitamins mix® & 1.75 1.75 1.75

Energy (Kcal/100g) 270 410 420 430

* The standard rat commercial chow used was Nuvilab CR1 (Nuvital, Brazil); § mineral mix (AIN-93M, mineral mix,
Rhoster, Brazil); & vitamin mix (AIN-93M, vitamin mix, Rhoster, Brazil).

4.2. Freeze-Dried Juçara Pulp Powder

Juçara pulp was obtained from the Agro-ecological Juçara Project/Instituto de Permacultura e
Ecovilas da Mata Atlântica (Ubatuba, São Paulo, Brazil) and freeze-dried into a powder. The juçara
pulp powder was analyzed to confirm the pulp fruit chemo profile. For fiber content, anthocyanins’
and phenolic compounds’ analysis, the HPLC-PDA-MS/MS technique was performed as by Azevedo
da Silva et al. (2014), and for the fatty acid analysis profile, the GC-FID-MS/MS technique was used.
The results obtained in this characterization are shown in Table 5, expressed as a dry basis. The main
anthocyanins and phenolic compounds detected in juçara pulp powder had already been detected in
the frozen pulp [8] and are summarized in Table 5.
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Table 5. The main bioactive compounds and fatty acids detected in juçara pulp powder.

Bioactive Compound Concentration (in 100 g Dry Basis)

Cyanidin 3-rutinoside (mg) 1790.0 ± 57.5
Cyanidin 3-glucoside (mg) 740.9 ± 22.1

Total anthocyanins (mg) 2663.7 ± 76.2
Apigenin deoxyhexosyl-hexoside (mg) 224.7 ± 13.2
Luteolin deoxyhexosyl-hexoside (mg) 332.7 ± 16.8

Dihydrokaempferol-hexoside (mg) 587.6 ± 23.0
Total phenolic compounds (mg) 3976.1 ± 197.34

Total fiber (g) 28.3 ± 0.3

Fatty Acids (% Fatty Acids Total)

Oleic acid (C18:1) 44.2
Linoleic acid (C18:2) 17.4

Linolenic acid (C18:3) 0.45

Test doses were chosen based on juçara pulp anthocyanin levels for physiological consumption.
In this study, we proposed two different doses: 0.25% and 0.5% of juçara freeze-dried pulp diet
supplementation based on previous studies with anthocyanin supplementation. It has been described
that intake from 100.5–350.0 mg per day of anthocyanin is safe and improves the lipid profile and
inflammatory responses [24,34].

The average daily anthocyanin intake in the upper dose (0.5%) was equivalent to 6 mg/rat/day,
corresponding to a physiological and non-pharmacological dose [35]. The proportional dose for human
consumption of juçara was calculated by the allometric factors proposed by the FDA in 2005 [36],
considering an adult of 70 kg. The 0.5% dose corresponded to 3.3 mg of anthocyanins/kg/day, which
could be obtained by consuming 100 g of fresh juçara pulp or 10 g of the same lyophilized per day.
The dose of 0.25% represents 50 g of fresh juçara pulp or 5 g of the freeze-dried juçara pulp per day.

4.3. Animal Procedures

Animal procedures were approved by the Experimental Research Committee of the Universidade
Federal de São Paulo (No. 5252010715), following the standards of the Brazilian Guidelines for
Care and Use of Animals for Scientific Purposes and Teaching by the National Council of Animal
Experimentation Control in 2013. The animals were maintained in collective cages with controlled
temperature (23 ± 2 ◦C), humidity (60 ± 5%) and lighting (12-h light/dark) and received ad libitum
water and diet.

At the end of the treatment, the animals were anesthetized with ketamine (80 mg/kg) and xylazine
(10 mg/kg) and euthanized by beheading in the morning, after fasting for 12 h, between 8:00 and 10:00
Tissue samples were collected for analyses, immediately weighed, and stored at −80 ◦C.

4.4. Histopathological Analysis

Right lobe liver sections were collected and fixed in 10% buffered formalin for 24 h. The samples
were processed and paraffin embedded. The histological sections of 4–5 μM were stained using
hematoxylin and eosin for histopathological analysis.

The classification was based on score levels, considering the area of necrosis and changes such
as eosinophilia, the presence of intracytoplasmic vacuoles, congestive vessels, and loss of structure
established by Silva et al. [37] and described in Table 6.
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Table 6. Score levels’ classification considering the area of necrosis and hepatic alterations previously
established by Silva et al. (2014) [37].

Score Necrosis Area Alterations

0 0% Preserved structures
1 <30% Discreet eosinophilia, the presence of intracytoplasmic vacuoles

2 ≥30% Marked eosinophilia, dilation of sinusoid space, congested vessels,
and intracytoplasmic vacuoles

3 ≥50% Marked eosinophilia, congested vessels, intracytoplasmic vacuoles,
karyolysis, and structural loss

4.5. Hepatic Triacylglycerol Analysis.

The liver tissue samples were homogenized and centrifuged for 5 minutes at 655.1× g at room
temperature. The lipids extraction was performed as by Folch et al [38], and the total lipid extracts
were evaporated under a nitrogen (N2) atmosphere and emulsified in a 3% solution of Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA). The TAG was quantified by the colorimetric method, using the
Labtest® (Lagoa Santa, Minas Gerais, Brazil) commercial kit.

4.6. Hepatic Enzymes in Serum

The hepatic enzymes aspartate transaminase (AST) and alanine transaminase (ALT) in serum
were measured by the colorimetric kinetic method using commercial kits (Labtest®, Lagoa Santa,
Minas Gerais, Brazil).

4.7. Tissue TNF-α, IL-6, and IL-10 Concentrations

The liver and RET protein extracts were used in the commercial kits of ELISA (Duo Set ELISA,
R&D Systems, Minneapolis, MN) to measure the concentrations of tumor necrosis factor-α (TNF-α),
interleukin-6 (IL-6), and interleukin-10 (IL-10) following the manufacturer’s recommendations.

4.8. Western Blotting Analyses

Liver and retroperitoneal adipose tissue (RET) protein samples were extracted and measured by
the Bradford method. Protein samples were separated by electrophoresis on 10% SDS-polyacrylamide
gels and transferred to nitrocellulose membranes. The membranes were blocked with 1% bovine serum
albumin and incubated overnight with the following primary antibodies: pNFκBp50 (sc-101744) (Santa
Cruz, CA, USA). The TLR4 (ab22048), MYD88 (ab2064), TRAF6 (ab33915), and β-actin (ab6276) were
from ABCAM (Cambridge, U.K.).

UVITec (Cambridge, U.K.) and ECL reagent (Bio-Rad Laboratories, Hercules, CA, USA) were
used to obtain the bands. Samples were quantified by ImageJ software (ImageJ, National Institute of
Health, Maryland, MD, USA). The target proteins levels were normalized to β-actin expression.

4.9. Statistical Analyses

Grubb’s test was performed to remove significant outliers. The interfaces between groups were
accessed by one-way variance analysis followed by the Bonferroni post-hoc test for numeric variables.
The Kruskal–Wallis test was used to analyze the histopathological score. The correlation levels were
evaluated by the Pearson correlation coefficient (r-value < 0.7 for a strong correlation). The level of
significance adopted was p ≤ 0.05. The data were described as the mean ± SEM. Statistical analyses
were performed in the software PASW Statistics software version 22.0 (IBM Corp., Armonk, NY,
USA). All other tasks were performed in the Microsoft Excel (2010) program (Microsoft, Albuquerque,
NM, USA).
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5. Conclusions

These pieces of evidence indicate that one week of a high-fat diet is enough to trigger
pro-inflammatory mechanisms in peripheral key tissues. We also concluded that the juçara dose of
0.25% is more suitable to produce positive metabolic effects, prevent body weight gain, and liver injury.
It becomes clear that food should be considered in its whole and not a single nutrient. Higher doses of
supplementation did not represent a more pronounced or better effect on the inflammatory, metabolic,
or histological parameters. Additionally, a 0.25% dose of juçara could be considered a tool for the
treatment and prevention of metabolic damage associated with a high-fat diet in liver. Nevertheless,
further investigations about the effect of this powerful fruit must proceed to clarify the effects.
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Nascimento, C.M.; De Rosso, V.V. Jucąra pulp supplementation improves glucose tolerance in mice.
Diabetol. Metab. Syndr. 2016, 8, 1–8. [CrossRef]

23. Liu, Y.; Wang, D.; Zhang, D.; Lv, Y.; Wei, Y.; Wu, W.; Zhou, F.; Tang, M.; Mao, T.; Li, M.; Ji, B. Inhibitory Effect
of Blueberry Polyphenolic Compounds on Oleic Acid-Induced Hepatic Steatosis in Vitro. J. Agric. Food Chem.
2011, 59, 12254–12263. [CrossRef] [PubMed]

24. Valenti, L.; Riso, P.; Mazzocchi, A.; Porrini, M.; Fargion, S.; Agostoni, C. Dietary anthocyanins as nutritional
therapy for nonalcoholic fatty liver disease. Oxidative Med. Cell. Longev. 2013, 2013. [CrossRef]

25. Lecci, R.; Logrieco, A.; Leone, A. Pro-Oxidative Action of Polyphenols as Action Mechanism for their
Pro-Apoptotic Activity. Anti-Cancer Agents Med. Chem. 2014, 14, 1363–1375. [CrossRef]

26. Hatia, S.; Septembre-Malaterre, A.; Le Sage, F.; Badiou-Bénéteau, A.; Baret, P.; Payet, B.; Lefebvre
D’hellencourt, C.; Gonthier, M.P. Evaluation of antioxidant properties of major dietary polyphenols and their
protective effect on 3T3-L1 preadipocytes and red blood cells exposed to oxidative stress. Free Radic. Res.
2014, 48, 387–401. [CrossRef] [PubMed]

27. Blachnio-Zabielska, A.; Baranowski, M.; Zabielski, P.; Gorski, J. Effect of high fat diet enriched with
unsaturated and diet rich in saturated fatty acids on sphingolipid metabolism in rat skeletal muscle.
J. Cell. Physiol. 2010, 225, 786–791. [CrossRef] [PubMed]

28. Buettner, R.; Parhofer, K.G.; Woenckhaus, M.; Wrede, C.E.; Kunz-Schughart, L.A.; Schölmerich, J.;
Bollheimer, L.C. Defining high-fat-diet rat models: Metabolic and molecular effects of different fat types.
J. Mol. Endocrinol. 2006, 36, 485–501. [CrossRef] [PubMed]

29. Gerner, R.R.; Wieser, V.; Moschen, A.R.; Tilg, H. Metabolic inflammation: role of cytokines in the crosstalk
between adipose tissue and liver. Can. J. Physiol. Pharm. 2013, 91, 867–872. [CrossRef]

71



Molecules 2019, 24, 1655

30. Lira, F.S.; Rosa, J.C.; Dos Santos, R.V.; Venancio, D.P.; Carnier, J.; Sanches, P.D.L.; Do Nascimento, C.M.O.; De
Piano, A.; Tock, L.; Tufik, S.; et al. Visceral fat decreased by long-term interdisciplinary lifestyle therapy
correlated positively with interleukin-6 and tumor necrosis factor-α and negatively with adiponectin levels
in obese adolescents. Metab. Clin. Exp. 2011, 60, 359–365. [CrossRef] [PubMed]

31. Fernández-Sánchez, A.; Madrigal-Santillán, E.; Bautista, M.; Esquivel-Soto, J.; Morales-González, Á.;
Esquivel-Chirino, C.; Durante-Montiel, I.; Sánchez-Rivera, G.; Valadez-Vega, C.; Morales-González, J.A.
Inflammation, oxidative stress, and obesity. Int. J. Mol. Sci. 2011, 12, 3117–3132. [CrossRef] [PubMed]

32. Jayarathne, S.; Koboziev, I.; Park, O.H.; Oldewage-Theron, W.; Shen, C.L.; Moustaid-Moussa, N.
Anti-Inflammatory and Anti-Obesity Properties of Food Bioactive Components: Effects on Adipose Tissue.
Prev. Nutr. Food Sci. 2017, 22, 251–262. [CrossRef]

33. Dornellas, A.P.S.; Watanabe, R.L.H.; Pimentel, G.D.; Boldarine, V.T.; Nascimento, C.M.O.; Oyama, L.M.;
Ghebremeskel, K.; Wang, Y.; Bueno, A.A.; Ribeiro, E.B. Deleterious effects of lard-enriched diet on tissues
fatty acids composition and hypothalamic insulin actions. Prostaglandins Leukot. Essent. Fat. Acids 2015,
102–103, 21–29. [CrossRef]

34. Karlsen, A.; Retterstøl, L.; Laake, P.; Paur, I.; Kjølsrud-Bøhn, S.; Sandvik, L.; Blomhoff, R. Anthocyanins
Inhibit Nuclear Factor-κB Activation in Monocytes and Reduce Plasma Concentrations of Pro-Inflammatory
Mediators in Healthy Adults. J. Nutr. 2007, 137, 1951–1954. [CrossRef]

35. Graf, D.; Seifert, S.; Jaudszus, A.; Bub, A.; Watzl, B. Anthocyanin-Rich Juice Lowers Serum Cholesterol,
Leptin, and Resistin and Improves Plasma Fatty Acid Composition in Fischer Rats. PLOS ONE 2013, 8, 1–5.
[CrossRef] [PubMed]

36. Center for Drug Evaluation and Research Guidance for Industry: Estimating the Maximum Safe Starting
Dose in Initial Clinical Trials for Therapeutics in Adult Healthy Volunteers. Us Dep. Health Hum. Serv. 2005,
1–27. [CrossRef]

37. Da Silva, V.H.P.; de Moura, C.F.G.; Ribeiro, F.A.P.; Cesar, A.; Pereira, C.D.S.; Silva, M.J.D.; Vilegas, W.;
Ribeiro, D.A. Genotoxicity and cytotoxicity induced by municipal effluent in multiple organs of Wistar rats.
Environ. Sci. Pollut. Res. 2014, 21, 13069–13080. [CrossRef] [PubMed]

38. Folch, J.; Lees, M.; Sloane, G.H. A simple method for the isolation and purification of total lipides from
animal tissues. J. Biol. Chem. 1953, 226, 497–509. [CrossRef]

Sample Availability: Not available.

© 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/).

72



molecules

Article

Antineuroinflammatory Activities and
Neurotoxicological Assessment of Curcumin Loaded
Solid Lipid Nanoparticles on LPS-Stimulated BV-2
Microglia Cell Models

Palanivel Ganesan 1,2,†, Byungwook Kim 2,3,†, Prakash Ramalaingam 4,5,†,

Govindarajan Karthivashan 2, Vishnu Revuri 6, Shinyoung Park 2, Joon Soo Kim 2,

Young Tag Ko 5,* and Dong-Kug Choi 1,2,*

1 Department of Integrated Bioscience-Biomedical Chemistry, College of Biomedical and Health Science,
Konkuk University, Chungju 27478, Korea; palanivel67@gmail.com

2 Nanotechnology Research Center and Department of Integrated Bioscience-Biotechnology,
Konkuk University, Chungju 27478, Korea; kbwxfile@gmail.com (B.K.); karthivashan@gmail.com (G.K.);
ifresha@nate.com (S.P.); kgfdkr@gmail.com (J.S.K.)

3 Department of Medical & Molecular Genetics, Stark Neurosciences Research Institute, Indiana University
School of Medicine, Indianapolis, IN 46202, USA

4 Department of Pharmaceutical Sciences, Philadelphia College of Pharmacy, University of the Sciences,
Philadelphia, PA 19104, USA; ramprabaprakash@gmail.com

5 College of Pharmacy, Gachon University, Incheon 406-799, Korea
6 Department of Green Bio engineering Korea National University of Transportation, Daehakro 750,

Chungju 27469, Korea; vishnurevuri91@gmail.com
* Correspondence: youngtakko@gachon.ac.kr (Y.T.K.); choidk@kku.ac.kr (D.-K.C.);

Tel.: +82-43-840-3610 (D.-K.C.); Fax: +82-43-840-3872 (D.-K.C.)
† Equally contributed authors.

Academic Editors: Francesco Maione and Thomas J. Schmidt
Received: 12 December 2018; Accepted: 19 March 2019; Published: 25 March 2019

Abstract: Curcumin, which is a potential antineuroinflammatory and neuroprotective compound,
exhibits poor bioavailability in brain cells due to its difficulty in crossing the blood–brain barrier
and its rapid metabolism during circulation, which decreases its efficacy in treating chronic
neuroinflammatory diseases in the central nervous system. The bioavailability and potential of
curcumin can be improved by using a nanodelivery system, which includes solid lipid nanoparticles.
Curcumin-loaded solid lipid nanoparticles (SLCN) were efficiently developed to have a particle
size of about 86 nm and do not exhibit any toxicity in the endothelial brain cells. Furthermore,
the curcumin-loaded solid lipid nanoparticles (SLCN) were studied to assess their efficacy in BV-2
microglial cells against LPS-induced neuroinflammation. The SLCN showed a higher inhibition
of nitric oxide (NO) production compared to conventional curcumin in a dose-dependent manner.
Similarly, the mRNA and proinflammatory cytokine levels were also reduced in a dose-dependent
manner when compared to those with free curcumin. Thus, SLCN could be a potential delivery
system for curcumin to treat microglia-mediated neuroinflammation.

Keywords: lipopolysaccharide; solid lipid nanoparticle; curcumin; antineuroinflammation; toxicity; SEM

1. Introduction

Neurodegenerative diseases, such as Parkinson’s disease (PD) or Alzheimer’s disease,
are age-related chronic illnesses that are characterized by the loss of neurons and activation of
microglia in brain cells [1,2]. Numerous studies have confirmed that neuroinflammation is a major
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factor of the degeneration in nigral neurons that are important characteristics of neurodegenerative
diseases [3]. Neuroinflammation leads to the activation of microglia and results in a higher production
of inflammatory markers, including nitric oxide, TNF-α, IL-1β, and IL-6 [4–7]. The suppression of
inflammatory markers using natural phytoextracts is in great demand for delaying neuroinflammation
and its related diseases.

Phytoextracts have been used for generations as traditional treatments for neurodegenerative
diseases [8–11]. Curcumin is a major bioactive compound that is found in turmeric powder and it is
used in traditional Indian and Chinese medicine due to its various health enhancing effects to treat
the inflammation associated with chronic diseases [12–16]. Furthermore, several in vitro and in vivo
mechanisms have determined for the antineuroinflammatory pathway of curcumin. Its efficacy is
still limited due to its low solubility, higher degradation by enzymes, lower absorption, and faster
elimination [17–21]. To improve the properties and biological activity, novel lipid-based delivery
vehicles are in greater demand [22], such as solid lipid nanoparticles (SLN).

SLN delivery systems are highly efficient delivery systems for phytocompounds with less
absorption and poorly bioavailability, such as curcumin, resveratrol etc. [23,24], due to their size
and higher stability. Recently, some researchers studied the curcumin-loaded SLN and observed
an enhancement in antitumor activity in vitro [25]. Furthermore, there was enhanced delivery of
curcumin-loaded SLN to cells without altering the integrity of the cellular junction [26]. SLN is in
greater demand compared to other nanodelivery systems due to its lower toxicity, ability to hold larger
lipophilic compounds, and higher bioavailability and solubility [27–29]. SLNs were also reported to
adhere to the endothelial cells of the blood–brain barrier (BBB) due to the surface adsorption of blood
proteins, such as apolipoproteins and can effectively shuttle drugs across BBB. This was proved in
a previous study, in which SLN was found to effectively shuttle the hydrophilic trypanocidal drug
diminazene across the BBB. Our previous research confirmed that the curcumin-loaded SLN increased
the bioavailability of curcumin in various organs, including the brain [30]. We further controlled the
release of orally administered curcumin by developing a modified chitosan coated SLN that enhanced
the bioavailability of curcumin [31–34]. To our knowledge, only a few studies have reported on
the antineuroinflammatory role of curcumin-loaded SLN against lipopolysaccharide (LPS)-induced
neuroinflammation in vitro and the molecular mechanism of its targeted pathways. Curcumin-loaded
SLN is an important means to deliver curcumin to microglial cells in a highly bioactive way. Thus,
the present study focused on the antineuroinflammatory mechanism of curcumin-loaded SLN (SLCN)
and its possible pathway in LPS-induced microglial cells.

2. Results

2.1. Physical Properties of SLN and SLCN

The particle size of SLN and SLCN, PDI and zeta potential are shown in Table 1. The particle size
of the SLCN was slightly higher compared to that of SLN, which means that the addition of curcumin
slightly increased the particle size of the SLCN. However, the particle size was found to be lower
than 100 nm and this could facilitate a higher bioavailability of curcumin to the cells. The EE and
LC of SLCN were 98.8% and 3%, respectively. A very high lipophilic behaviour of curcumin (log P
(Octanol/water partition coefficient) = 3.29) resulted in the higher intake of curcumin in the SLN solid
lipid core, which is made up of only lipids. There were no traces of curcumin after centrifugation for
EE and LC determination, with 98.8% of curcumin recovered from the SLN. The higher encapsulation
might be due to the ability of SLN to strongly accommodate the lipophilic curcumin. We were able to
confirm that curcumin has higher encapsulation efficiency in the SLN.
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Table 1. Physical properties of solid lipid nanoparticles (SLN) and curcumin-loaded solid lipid
nanoparticles (SLCN).

Formulations
Particle size

(nm)
PDI

Zeta Potential
(mV)

EE (%) LC (%)

SLN 83.16 ± 1.24 0.27 ± 0.02 −24.29 ± 1.66 - -
SLCN 86.60 ± 9.85 0.29 ± 0.02 −22.15 ± 1.32 98.8 ± 1.00 3.01

SLN: solid lipid nanoparticle; SLN: Curcumin loaded solid lipid nanoparticle; PDI: poly dispersity index; EE:
Encapsulation efficiency; and LC: Loading capacity.

2.2. Scanning Electron Microscopy (SEM) of SLCN

Furthermore, we confirmed the particle size of the dispersed SLCN in SEM and found that the
SLCN has a uniform particle size of less than 100 nm with a spherical shape (Figure 1).

 
Figure 1. SEM micrograph of SLCN.

2.3. Cellular Toxicity Studies

The cell viability of the SLN and SCLN was compared between that in bEnd3 cells or NiH/3T3
cells, which is shown in Figure 2. The increase of about 100 μg/mL in the concentration of SLCN
in brain endothelial cells showed no cellular toxicity while the increase of about 500 μg/mL in the
NIH/3T3 cells showed no cellular toxicity for both SLN and SLCN.

Figure 2. Cell viability of SLN and SLCN in bEnd3 cells (a)or NIH/3T3 cells (b).
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2.4. Effect of SLCN on NO Production in LPS-Stimulated BV2 Cells

Most of the naturally-derived candidates were reported to be safe with negligible/null toxicity.
Considering the potential of toxicity involved during formulation process in this study, we evaluated
the cytotoxic effects of SLCN, base curcumin and/or LPS in BV2 cells. The cells were pretreated
with SLCN (18 and 36 μg/mL) and base curcumin (36 μg/mL) for 1 h before the addition of LPS
(100 ng/mL). The incubation with LPS alone markedly increased the NO production in the BV2 cells
compared to the control (17.86 ± 0.98 μM; Figure 3A; ###p < 0.001 vs. untreated group). However,
the pretreatment with SLCN and base curcumin prevented this increase in the levels of NO production
in LPS-stimulated BV2 cells (Figure 3A; **p < 0.01 and ***p < 0.001 vs. LPS-treated group). Moreover,
SLCN resulted in a significantly greater inhibition of NO compared to base curcumin for the same
concentration (Figure 3A; $$p < 0.01 vs. SLCN-treated group). The cell viability was determined
using an MTT assay. According to the results of our study, both drugs and LPS treated cells exhibited
minimal/null toxic effects at the selected concentrations (Figure 3B).

 
Figure 3. Effect of SLCN and base curcumin on NO production and cell viability in lipopolysaccharide
LPS-stimulated BV2 cells. BV2 cells were pretreated with the indicated concentrations (18 and
36 μg/mL) of SLCN and base curcumin (B.Cur) for 1 h before incubation with LPS (100 ng/mL)
for 24 h. Nitrite was measured using the Griess reaction (A). The cell viability was evaluated using the
MTT assay (B). Results are displayed as a percentage of untreated groups. ###p < 0.001, vs. untreated
group; **p < 0.01 and ***p < 0.001 vs. LPS-treated group; $$p < 0.01 vs. SLCN-treated group (one-way
ANOVA; n = 4).

2.5. SLCN Attenuated iNOS and COX -2 mRNA Expressions in LPS-Stimulated BV2 Cells

BV2 cells were induced with LPS (100 ng/mL) in the presence or absence of SLCN and base
curcumin at various concentrations (18 and 36 μg/mL, 36 μg/mL, respectively). LPS treatment
significantly increased the iNOS and COX-2 mRNA levels (###p < 0.001 vs. untreated group) but
pretreatment with SLCN and base curcumin at the indicated concentrations inhibited this LPS-induced
mRNA expression of iNOS and COX-2 (Figure 4; **p < 0.01 and ***p < 0.001 vs. LPS-treated group).
Furthermore, SLCN improved the COX-2 mRNA level compared to the base curcumin at the same
concentration (Figure 4; $p < 0.05 vs. SLCN-treated group). As discussed earlier, this can be
attributed to the enhanced drug delivery potential of SLN. Thereby, as reported in earlier studies,
the relatively enhanced bioavailability of curcumin released from SLCN is likely responsible for its
higher suppression of iNOS and COX-2 mRNA expressions compared to its free form.

2.6. SLCN Inhibited the Production of Proinflammatory Cytokines in LPS-Induced BV2 Cells

RT-PCR results demonstrated elevated mRNA levels of these cytokines at 6 h after LPS treatment
(###p < 0.001 vs. untreated group). Pretreatment with SLCN significantly inhibited the LPS-induced
production of IL-1β, IL-6 and TNF-α (Figure 5; **p<0.01 and ***p<0.001 vs. LPS group). Furthermore,
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SLCN resulted in a greater reduction in the IL-6 and TNF-α mRNA levels compared to the base
curcumin at the same concentration (Figure 5; $p < 0.05 and $$p < 0.01 vs. SLCN-treated group). Thus,
our results indicate that SLCN inhibited the expression of proinflammatory mediators and associated
cytokines involved in the inflammatory process.

 

Figure 4. SLCN attenuates iNOS and COX-2 mRNA levels in LPS-stimulated BV2 cells. BV2 cells
were pretreated with the indicated concentrations of SLCN and base curcumin for 1 h before being
incubated with LPS (100 ng/mL) for 6 h (RT-PCR). Total RNA was prepared and analysed for iNOS
and COX-2 gene expression by RT-PCR. Quantification data are shown in the lower panel. ###p < 0.001
vs. untreated group; **p < 0.01 and ***i < 0.001 vs. LPS-treated group; $p < 0.05 vs. SLCN-treated group
(one-way ANOVA; n = 3).

Figure 5. SLCN decreases the production of proinflammatory cytokines. Cells were pretreated with
the indicated doses of SLCN and base curcumin for 1 h before LPS (100 ng/mL) treatment. The mRNA
levels of TNF-α, IL-1β, IL-6 and GAPDH were determined via RT-PCR. There was a representative
densitometry analysis of TNF-α, IL-1β and IL-6 compared with GAPDH mRNA, respectively. ###E <
0.001 vs. untreated group; *p < 0.05, **p < 0.01 and ***p < 0.001 vs. LPS-treated group; $p < 0.05 and $$p
< 0.01 vs. SLCN-treated group (one-way ANOVA; n = 3).
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3. Discussion

The research aim of this study was to enhance the delivery of curcumin to the brain cells and to
study the possible antineuroinflammatory molecular mechanisms and neurotoxicological effects of
the curcumin loaded in SLN. SLCN created with different lipids had higher particle sizes [30], which
confirmed that the lipids in SLN play a significant role in determining the particle size of the SLCN.
The incorporation of curcumin also causes a slight increase in the PDI and the zeta potential of the
SLCN, with similar results observed in other studies [19,30]. The higher encapsulation might be due to
the ability of SLN to strongly accommodate the lipophilic curcumin. The results were consistent with
our previous studies [32]. Furthermore, the toxicity evaluation showed that a higher concentration of
curcumin loaded in SLN resulted in lower toxicity towards the brain endothelial cells. Similar results
were also shown in other studies with a higher concentration of SLCN, which showed no cellular
toxicity [34].

Furthermore, we studied the antineuroinflammatory mechanism of curcumin-loaded SLN in
LPS-induced BV2 microglial cells. The macrophage-like microglia are the resident innate immune cells
of central nervous system, which form the first-line defense to the CNS from the invading candidates
via several inflammatory signaling pathways [35]. The activation of microglial cells, either acute or
chronic, release several proinflammatory signals and cytotoxic factors, such as nitric oxide, cytokines
and ROS, to efficiently eradicate the invaded neuronal cells and safeguard the spread of disease
conditions. Despite this, the glial cells were also reported to facilitate neuroprotective properties to
regulate and resolve the inflammatory conditions by promoting several anti-inflammatory mediators
and cytoactive growth factors to repair the cells. Thus, it plays a dual role in both the destruction and
protection of neuronal cells. The homeostasis of the neuroinflammation is balanced by a feedback loop,
which limits the collateral damage inflicted by the inflammatory response. However, the imbalance
of this inflammatory homeostasis leads to an overproduction of NO, which subsequently cascades
several neuroinflammatory disorders. This is consistent with previous studies where the nanolipid
drug formulations exhibit better NO inhibitory activity in LPS-stimulated macrophages compared
to its free form. This is likely due to the enhanced drug delivery potential. Although most of the
naturally-derived candidates were reported to be safe with negligible/null toxicity, considering the
potential toxicity involved during the formulation process in this study, we evaluated the cytotoxic
effects of SLCN, base curcumin and/or LPS in BV2 cells. The cell viability was determined using
an MTT assay. According to the results of our study, both drugs and LPS treated cells exhibited
minimal/null toxic effects at the selected concentrations.

At the inflammation site, the activated microglial cells were reported to elevate the
proinflammatory mediators that are commonly generated by the inducible isoforms of NO synthase
(iNOS) and cyclooxygenase-2 (COX-2) enzymes. Several scientific evidences reported that the inducible
forms of iNOS and COX-2 facilitates the inflammatory conditions by the production of surplus NO and
prostaglandins (PG), respectively, which are highly cytotoxic. Interestingly, the induction of both iNOS
and COX 2 were bound to the transcriptional regulation. In our study, the relatively enhanced
bioavailability of curcumin released from SLCN is likely responsible for its higher suppression
of iNOS and COX-2 mRNA expression compared to its free from. The activated microglial cell
releases proinflammatory mediators (iNOS and COX 2) and further facilitates the transcriptional
cascades to elevate the supply of downstream proinflammatory cytokines, such as IL-1β, IL-6 and
TNF-α [36]. These released proinflammatory cytokines were reported to synergistically exacerbate
the inflammatory milieu together with NO and PGs by activating the neighboring glial cells and
astrocytes. Thus, they play pivotal roles in microglia-mediated inflammation. It was previously
reported that LPS induction substantially elevates the upsurge of proinflammatory cytokines (IL-1β,
IL-6 and TNF-α) via the MAPK signaling pathway in BV-2 glial cells. Relatively, the candidates
that suppress the expression of these proinflammatory cytokines were reported to show substantial
neuroprotective effects against several inflammatory induced neurodegenerative disorders [37]. This is
consistent with previous study findings where the active drug candidates loaded into nanoparticles
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resulted in substantial suppression of proinflammatory cytokines and exhibited relatively higher
antineuroinflammatory effects than their free forms. Another recent study showed that curcumin
exerts an antiinflammatory effect by downregulating the PI3k/Akt signaling pathway and NF-κB
(nuclear factor kappa-light-chain-enhancer of activated B cells) protein levels [38]. This could possibly
be attributed to the downregulation of mRNA expression of proinflammatory cytokines by SLCN
in our current study. It is also noteworthy that a previous study report states that SLN itself does
not impact the viability and inflammatory effects of macrophages [39]. Thus, our results indicate
that curcumin-loaded SLCN inhibited the expression of proinflammatory mediators and associated
cytokines involved in the inflammatory process. The possible antiinflammatory mechanism of the
SLCN in LPS that stimulated BV-2 microglial cells is depicted in Figure 6.

Figure 6. Postulated SLCN antineuroinflammatory mechanism of action in LPS-stimulated BV2 cells.

4. Materials and Methods

4.1. Materials

Curcumin (C. longa. Linn) was obtained from TCI Co., Ltd. (Tokyo, Japan), Lipopolysaccharide
(LPS, E. coli 0111:B4), dimethyl sulfoxide (DMSO), sulfanilamide, N-(1-naphthyl)-ethylenediamine
dihydrochloride 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and Tween-20
were purchased from Sigma–Aldrich (St. Louis, MO, USA). Foetal bovine serum (FBS), Dulbecco’s
Modified Eagle Medium (DMEM), penicillin-streptomycin (P-S), trypsin/EDTA (TE), TRIzol and other
cell culture plates were obtained from Gibco-BRL (Rockville, MD, USA).

4.2. Solid Lipid Curcumin Nanoparticle Formulation and Optimization

The formulation of curcumin-loaded SLCN was prepared using high shear homogenization and
ultrasonication techniques, with the different lipid formulations of SLCN used as shown in Table 1.
This was conducted according to the modified method of Ramalingam and Ko Briefly, different
ratios of precirol, palmitic acid and gelucire were heated to 85 ◦C to complete solubilize the lipid.
After the lipid was completely melted, curcumin was added to the lipid phase. The aqueous phase
containing Tween 80 was added to the lipid phase and homogenized using Ultra- Turrax homogenizer
(IKA-Werke, Staufen, Germany) at around 11,000 rpm for 5 min. The curcumin or free preemulsion
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was further ultrasonicated for 5 min using a probe sonicator (Vibracell VCX130; Sonics, Newtown,
CT, USA). The obtained SLCN was cooled for 30 min and lyophilized before being stored at 4 ◦C for
further experiments.

4.3. Particle Size, Zeta Potential and Polydispersity Index

The particle size, zeta potential and polydispersity index (PDI) of SLN and SLCN was measured
using an ELSZ-1000 zeta potential and particle size analyser (Photal OTSUKA Electronics, Tokyo,
Japan). The SLCN efficiency of EE and LC was measured according to the modified method as
described by Ramalingam and Ko [30]. For SEM, 10 μL of the 0.1 mg/mL SLN sample was added to the
silica grid, dried, sputter coated with platinum and further used for HR-SEM analysis (High Resolution
Field Emission Scanning Electron Microscope JSM-7610F, JEOL Ltd., Akishima, Tokyo, Japan).

4.4. Cell Toxicity Studies

Cellular toxicity studies of SLCN and SLN were carried out and compared using two different
cells, such as NIH/3T3 and brain endothelial cells, using an MTT assay.

4.5. Cell Culture, NO Release Assay and Cell Viability

BV2 cells were cultured in DMEM supplemented with 5% FBS and 100 U/mL P-S before being
maintained in a humidified incubator in an 5% CO2 atmosphere. In all experiments, cells were seeded
at a density of 5 × 105 cells/mL and were pretreated for 1 h with the indicated concentrations of
curcumin-loaded solid lipid nanoparticles (SLCN) and base curcumin before being incubated in a
medium containing LPS (100 ng/mL). The LPS-induced release of NO in the culture medium was
determined and the cell viability of the cultured cells was measured. Briefly, the seeded cells were
treated with different concentrations of SLCN (18 and 36 μg/mL) and 36 μg/mL of base curcumin,
which was followed by incubation with LPS for 24 h. After incubation with LPS for 24 h, 50 μL
of each culture medium was mixed with 50 μL of Griess reagent. Nitrite levels were determined
using a microplate reader at 540 nm (Tecan Trading AG, Switzerland) and nitrite concentrations were
calculated by reference to a standard curve generated by the known concentrations of sodium nitrite.
The cell viability was measured by adding 0.5 mg/mL of MTT to each well. After incubation for
another 4 h at 37 ◦C and 5% CO2, the medium was removed from each well and the formazan crystals
that formed were dissolved in DMSO. The absorbance was determined at 540 nm using a microplate
reader (Tecan Trading AG).

4.6. Reverse Transcription-Polymerase Chain Reaction (RT-PCR) Viability

BV2 microglia cells were plated overnight in 6-well culture plates and were pretreated for 1 h
with the indicated concentrations of SLCN (18 and 36 μg/mL) and base curcumin (36 μg/mL) before
incubation in a medium containing LPS (100 ng/mL). The total RNA was extracted using TRIZOL
(Invitrogen). RNA (1 μg) was reverse-transcribed using ReverTra Ace-α kit (Toyobo, Osaka, Japan)
according to the manufacturer’s instructions. The inducible nitric oxide synthase, cyclooxygenase
type 2 (COX-2), tumour necrosis factor-alpha (TNF-α), interleukin 1β (IL-1β), IL-6 and glyceraldehyde
3-phosphate dehydrogenase (GAPDH) genes were amplified from the cDNA via polymerase chain
reaction (PCR). cDNA was amplified by PCR using the specific primers mentioned in Table 2. PCR was
performed using an initial step of denaturation (5 min at 94 ◦C), 20–27 cycles of amplification (94 ◦C
for 30 s, 54–58 ◦C for 1 min and 72 ◦C for 1 min) and an extension (72 ◦C for 5 min). PCR products
were analysed on 1.5% agarose gels with EtBr stained. The mRNA of GAPDH served as an internal
control for sample loading and mRNA integrity. The band intensity was quantified via a densitometry
analysis using multi-gauge software V3.1 (Fujifilm, Tokyo, Japan).
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Table 2. Primer sets used for RT-PCR.

Gene Primer Sequence Size (bp) Accession

iNOS
Forward 5′-CTTGCAAGTCCAAGTCTTGC-3′

369 NM_010927Reverse 5′-GTATGTGTCTGCAGATGTGCTG-3′

COX-2
Forward 5′-ACATCCCTGAGAACCTGCAGT-3′

414 NM_011198Reverse 5′-CCAGGAGGATGGAGTTGTTGT-3′

IL-1β
Forward 5′-CATATGAGCTGAAAGCTCTCCA-3′

385 NM_008361Reverse 5′-GACACAGATTCCATGGTGAAGTC-3′

IL-6
Forward 5′-GGAGGCTTAATTACACATGTT-3′

435 NM_031168Reverse 5’-TGATTTCAAAGATGAATTGGAT-3‘

TNF-α
Forward 5′-TTCGAGTGACAAGCCTGTAGC-3′

390 NM_013693Reverse 5′-AGATTGACCTCAGCGCTGAGT-3′

GAPDH
Forward 5′-CCAGTATGACTCCACTCACG-3′

378 GU214026Reverse 5′-CCTTCCACAATGCCAAAGTT-3′

4.7. Statistical Analysis

The values given are means ± S.E.M. of at least three separate experiments conducted in triplicate.
The comparisons between groups were analyzed using a one-way analysis of variance (ANOVA)
followed by Tukey’s multiple comparison test using software GraphPad Prism V6.01 (GraphPad
Software Inc., San Diego, CA, USA)

5. Conclusions

The antineuroinflammatory potential of curcumin-loaded solid lipid nanoparticles was studied
in this work. SLCN effectively and dose-dependently reduced the NO release in LPS-induced BV-2
microglial cells, which potentially occurred via the regulation of proinflammatory cytokines and
associated mediators. Interestingly, the curcumin released from SLN exhibited a relatively higher
inflammation-suppressive activity compared to its free form, which can be likely attributed towards
the sustained release and enhanced bioavailability of SLN. Thus, further studies on fabrication and
functionalization of SLCN can effectively pave the way to develop novel drug candidates to treat
inflammation-mediated neurodegenerative disorders.
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Abstract: Inflammation in the brain is associated with various disorders including Alzheimer’s
disease and depression. Thus, inflammation has received increasing attention regarding preventive
approaches to such disorders. Epidemiological investigations have reported that drinking tea reduces
the risk of dementia and depression. Theaflavins, a polyphenol found in black tea, are known to
have anti-oxidative and anti-inflammation effects, but the effects of theaflavins on cognitive decline
and depression induced by inflammation have not been investigated. To address this research gap,
the present study assessed whether theaflavins could protect synapses and dendrites damaged
by inflammation and prevent concomitant memory impairment and depression-like behavior in
mice. Intracerebroventricular injection with lipopolysaccharide (LPS) induces neural inflammation
associated with reduced spontaneous alternations in the Y-maze test and increased immobility in the
tail suspension test, indicating impaired spatial memory and depression-like behavior, respectively.
Oral administration with theaflavins prevented these behavioral changes induced by LPS. Theaflavins
also suppressed productions of inflammatory cytokines and prevented dendritic atrophy and spine
loss in the brain. Notably, theaflavins have a stronger anti-inflammatory effect than other polyphenols
such as catechin, chlorogenic acid, and caffeic acid. These results suggest that theaflavins can suppress
neural inflammation and prevent the symptoms of inflammation-related brain disorders.

Keywords: black tea polyphenol; depression; inflammation; memory; microglia; neuroprotection; theaflavins

1. Introduction

Inflammation in the brain is associated with various brain disorders and may accelerate their
pathologies [1–4]. Recent studies have revealed the involvement of microglia, which regulate immune
response and inflammation in the brain [5], in brain disorders. Microglia play a key role in maintaining
the neuroenvironment by removing pathogens, waste products, and old synapses via phagocytosis
and by promoting synapse extension [6]. These functions of microglia decline due to various factors
including aging and stress [7,8]. In the brains of patients with Alzheimer’s disease and depression,
microglia are excessively activated and produce reactive oxygen species and inflammatory cytokines
that can damage neurons, leading to cognitive decline [9] and psychiatric syndromes [10]. Regulation of
neuroinflammation and microglia are, thus, of increasing interest for prevention and as therapeutic
targets [11,12].

Epidemiological studies have reported that the consumption of tea has preventive effects on
psychiatric disorders, including depression [13] and cognitive decline leading to dementia [14,15].
An epidemiological survey in Finland reported that people who consume black tea score lower on the
Beck Depression Inventory and have lower rates of depression [16], whereas another epidemiological
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study reported that tea reduces the risk of anxiety and depressive mood [17]. Higher tea consumption is
also associated with a significant reduction in the risk of cognitive disorders [14,15]. Moreover, a French
cohort showed that the intake of a combination of polyphenols from specific plant products—including
tea and red wine—was associated with lower dementia risk [14].

In the case of green tea, polyphenols such as epicatechin, epigallocatechin, and
epigallocatechin-3-gallate (EGCG) may be beneficial compounds. Recent reports have shown that
green tea polyphenol improves cognitive decline and depression in preclinical studies [18,19].
In an experiment using obese mice model, EGCG improved high-fat- and high-fructose-induced
cognitive impairment via regulation of the ERK/CREB/BDNF pathway [20]. An experiment
using lipopolysaccharide (LPS)-induced memory-impaired mice showed that EGCG prevented the
production of pro-inflammatory cytokines and memory impairment [21]. Black tea is the most widely
consumed tea worldwide and is rich in polyphenol compounds, especially theaflavins. Theaflavins
are antioxidant polyphenols with a reddish color formed by the condensation of flavan-3-ols in tea
leaves during the fermentation of black tea [22,23]. Theaflavins are composed of theaflavin (TF1),
theaflavin-3-monogallate (TF2a), theaflavin-3′-monogallate (TF2b), and theaflavin-3,3′-digallate (TF3).
Theaflavins are reported to have anti-hyperglycemia [24], anti-inflammation [25], anti-viral [26,27], and
anti-inflammatory activities [25]. On the other hand, the effects of theaflavins administered orally on
cognitive decline and depression-like behavior induced by inflammation have not been investigated.
To address this research gap, the present study assessed whether theaflavins administered orally could
protect synapses and dendrites damaged induced by inflammation and prevent concomitant memory
impairment and depression-like behavior in mice. In addition, the effects of theaflavins on primary
microglia and neuronal cells were evaluated.

2. Results

2.1. Effects of Theaflavins on Memory Impairment and Depression Induced by Inflammation

To evaluate the effects of theaflavins on memory impairment induced by inflammation, mice
received an injection with LPS to the lateral ventricle of the brain and were subjected to the Y-maze test.
LPS treatment significantly reduced spontaneous alternations in the Y-maze, indicating impairment in
spatial working memory compared with phosphate buffered saline (PBS) treatment indicated as LPS(-)
(Figure 1a). LPS did not change arm entries (data not shown). Administration theaflavins once daily for
3 days significantly attenuated the LPS-induced reduction in spontaneous alternations compared with
the control treatment (Figure 1a). Next, to evaluate the effects of theaflavins on depression-like behavior,
mice with LPS injection to the lateral ventricle of the brain were subjected to the tail suspension test
(TST). LPS significantly increased the immobility time during suspension, indicating that LPS induced
a depression-like behavior (Figure 1b). Theaflavins administration significantly reduced the immobility
time compared with the control treatment (Figure 1b). These results indicate that theaflavins improved
memory impairment and depression-like behavior induced by LPS. On the other hand, theaflavins did
not change the spontaneous alternation of Y-maze test and immobility time of TST in mice without the
injection with LPS (Figure 1c,d, respectively).

To evaluate the effects of theaflavins on inflammation induced by the LPS injection to the brain,
the amounts of cytokines and chemokines in the hippocampus were measured by a multiplex system.
The amounts of tumor necrosis factor (TNF)-α and IL-1β in the hippocampus of LPS-treated mice
were significantly increased compared with those in the PBS-treated mice (Figure 1e,f, respectively).
Furthermore, administration of theaflavins reduced the amounts of TNF-α and IL-1β in the LPS-treated
mice (Figure 1e,f, respectively).
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Figure 1. Effects of theaflavins on cognitive decline and depression-like behavior induced by
lipopolysaccharide (LPS). (a–d), Crl:CD1 mice were orally administered 0, 10, or 50 mg/kg of
theaflavins (TF) for 3 days and intracerebroventricularly injected with PBS or 10 μg LPS 1 h after
the last administration. The mice were subjected to the spontaneous alternation test and tail suspension
test at 1 day and after LPS injection. Spontaneous alternations and arm entries in the Y-maze to evaluate
spatial memory (a); immobility time in the tail suspension test 1 day after LPS (b). Crl:CD1 mice were
orally administered 0 or 50 mg/kg of theaflavins (TF) for 3 days and subjected to the spontaneous
alternation test (c) and tail suspension test (d). (e,f), Crl:CD1 mice were orally administered 0, 10, or
50 mg/kg of TF for 3 days and intracerebroventricularly injected with phosphate buffered saline (PBS)
or 10 μg LPS 1 h after the last administration. Amounts of IL-1β (e) and tumor necrosis factor (TNF)-α
(f) in the hippocampus 24 h after LPS injection, respectively. Data are mean ± SE of 10 mice per group.
The p values shown were calculated using the Student’s t-test (LPS [−] vs. [+] at 0 mg/kg TF) and
one-way ANOVA followed by Dunnett’s test (LPS [+] at 0 mg/kg TF vs. LPS [+] at 10 and 30 mg/kg TF).
* p < 0.05 and ** p < 0.01.

To evaluate the effects of theaflavins on neural dendrites in LPS-treated mice, dendrites were
analyzed by Golgi staining. LPS injection to the brain significantly reduced the number of apical
dendrites of pyramidal neurons and spines along those dendrites in the CA1 region of the hippocampus
compared with the control treatment, but this effect of LPS was significantly prevented by treatment
with theaflavins (Figure 2a,b). This theaflavins-induced prevention from the LPS-induced dendritic
atrophy and spine loss was also observed in the prefrontal cortex (Figure 2c,d). These results suggest
that administration of theaflavins reduced LPS-induced inflammation in the brain and the concomitant
dendritic atrophy of pyramidal neurons in the hippocampus and prefrontal cortex.
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Figure 2. Effects of theaflavins on LPS-induced changes in dendritic spine density. Crl:CD1 mice
were orally administered 0 or 50 mg/kg of theaflavins (TF) for 3 days and intracerebroventricularly
injected with PBS or 0.3 mg/kg LPS 1 h after the last administration. The brain was subjected to Golgi
staining 1 day after LPS injection. (a,c) Representative photomicrographs of Golgi-stained neurons in
the CA1 of the hippocampus (a-i, ii, iii) and prefrontal cortex (c-i, ii, iii) of mice without LPS, with LPS
and 0 mg/kg TF, with LPS and 50 mg/kg TF, respectively. Number of dendritic spines per 10 μm in
the CA1 (b) and prefrontal cortex (d). Data are mean ± SE of 10 mice per group. The p values shown
were calculated using the Student’s t-test. * p < 0.05 and ** p < 0.01.

2.2. Effects of Theaflavins on the Inflammatory Response of Cultured Microglia

To evaluate the effects of theaflavins on primary microglia, the levels of cytokines and chemokines
in the supernatant of microglial culture treated with LPS were quantified by enzyme-linked immune
sorbent assay (ELISA) or a multiplex system. Theaflavins at a concentration of 10 to 30 μM significantly
reduced TNF-α production in the supernatant of a microglial culture treated with LPS (Figure 3a)
without apparent cytotoxicity or cell proliferation (data not shown). Next, to measure cytokine
production, the percentages of TNF-α- and macrophage inflammatory proteins (MIP)-1α-producing
cells in CD11b-positive microglia were analyzed using flow cytometry. Treatment with theaflavins
at 10 and 30 μM significantly reduced the percentages of TNF-α- and MIP-1α-producing microglia
compared with the control treatment (Figure 3b,c, respectively). This result suggests that theaflavins
suppressed inflammatory responses of microglia.
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Figure 3. Effects of in vitro theaflavins (TF) treatment on microglial anti-inflammatory activity.
(a), Amount of TNF-α in the supernatant of microglia pretreated with 0, 10, or 30 μM TF and treated
with 5 ng/mL LPS and 0.5 ng/mL IFN-γ. (b,c) Intracellular cytokine production in microglia pretreated
with 0, 10, or 30 μM TF and treated with a leukocyte activation-cocktail with BD GolgiPlug. Scatter
plots and percentages of macrophage inflammatory proteins (MIP)-1α- and TNF-α-producing cells in
CD11b-positive cells, respectively. Columns and bars represent the means and SEs of triplicate wells
per sample, respectively. The p values shown were calculated using the Student’s t-test (LPS [−] vs. [+]
at 0 μM TF) and one-way ANOVA followed by Dunnett’s test (LPS [+] at 0 μM TF vs. LPS [+] at 10 and
30 μM TF). * p < 0.05 and ** p < 0.01.

2.3. Theaflavins-Induced Suppression of Neurotoxic Effects of Activated Microglia

To examine whether theaflavins attenuate the neurotoxic effects of substances released from
LPS-stimulated microglia differentiated neuronal, Neuro2A cells were cultured with a conditioned
medium of microglia cultured with LPS. The lengths of neurites are shown in Figure 4a–c.
A conditioned medium of LPS-stimulated microglia significantly decreased the length of neurites,
whereas this effect was not observed with a conditioned medium of non-stimulated microglia
(Figure 4d). Treatment of microglia with theaflavins before LPS stimulation attenuated the reduction
in neurite length induced by a conditioned medium of LPS-stimulated microglia (Figure 4d).
Direct treatment of Neuro2A cells with theaflavins at 30 μM had no effects on the growth of
neurites (data not shown). These results show that theaflavins attenuated the neurotoxic effect of
LPS-stimulated microglia.
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Figure 4. Effects of the conditioned medium of microglial culture treated with theaflavins on
neuroprotection. (a–c), Morphological changes of the neuronal dendrites in Neuro-2A cells.
Differentiated Neuro-2A were cultured with the supernatant of microglia with PBS as a vehicle (a)
and with LPS and interferon (IFN)-γ after pretreatment with 0 or 30 μM theaflavins (b,c, respectively).
(d), Length of the dendrites per neuron (mm/mm2) after 0–72 h of culture. Bars represent the SE of
three wells per sample. The p values shown were calculated using the Student’s t-test (LPS [−] vs.
[+] at 0 μM TF) and one-way ANOVA followed by Dunnett’s test (LPS [+] at 0 μM TF vs. LPS [+] at
30 μM TF). Different letters indicate significant differences between groups (p < 0.05).

To compare the anti-inflammatory activity of theaflavins with those of other polyphenols,
microglia were treated with theaflavins, catechin, EGCG, chlorogenic acid, or caffeic acid at
concentrations of 0, 1, 3, 10, and 30 μM before LPS treatment. Pretreatment with theaflavins, catechin,
and EGCG decreased LPS-induced production of TNF-α of microglia in a concentration dependent
manner, whereas pretreatment with chlorogenic acid and caffeic acid had marginal effects (Figure 5).
Theaflavins and EGCG reduced LPS-induced production of TNF-α to similar levels, whereas the effect
was smaller with catechin. These results indicate that the anti-inflammatory effects of theaflavins on
microglia are stronger than those of common polyphenols, but comparable to those of EGCG.

Figure 5. Effects of in vitro treatment with polyphenols on microglial anti-inflammatory activity.
Amount of TNF-α in the supernatant of microglia pretreated with 0, 1, 3, 10, or 30 μM theaflavins,
catechin, epigallocatechin-3-gallate (EGCG), chlorogenic acid, or caffeic acid and treated with 5 ng/mL
LPS and 0.5 ng/mL IFN-γ. Columns and bars represent the means and SEs of three wells per sample,
respectively. p-values shown in the graph were calculated by one-way ANOVA followed by the
Dunnett’s test. * p < 0.05 and ** p < 0.01.
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3. Discussion

The present study showed that the black tea polyphenol theaflavins suppress inflammatory
responses in the brain and attenuate concomitant cognitive impairment and depression-like behavior.
Theaflavins suppressed production of pro-inflammatory cytokines in murine and human microglia,
and hence neurotoxic effects of activated microglia. This finding is consistent with epidemiological
studies reporting that tea consumption suppresses cognitive decline and depressive symptoms [13–15].
The anti-inflammatory effect of theaflavins was stronger than those of other polyphenols like catechin
in green tea and chlorogenic acid and caffeic acid in coffee, but it was equivalent to that of EGCG in
green tea. Since EGCG has been reported to suppress pro-inflammatory cytokines in the brain and
depression-like behavior in mice [21], the effects of theaflavins and EGCG may be comparable.

Inflammation in the brain is associated with cognitive dysfunction and psychiatric conditions as
well as motor disorders and chronic fatigue [28]. In the present study, LPS injection to the brain induced
dendritic atrophy of pyramidal neurons in prefrontal cortex and hippocampus, and pretreatment with
theaflavins reduced the dendritic atrophy. Dendritic atrophy is associated with cognitive decline [29]
and depression [30]. It has been reported that intracerebroventricular administration of LPS induces
dendritic changes in the hippocampus and prefrontal cortex and depressive-like behavior, whereas
suppression of inflammation can improve these impairments [31,32]. Because the hippocampus and
prefrontal cortex are involved in spatial working memory [33] and depression [34], the neuroprotective
effects of theaflavins in these areas may attenuate cognitive impairment and depression. Consistently,
pretreatment of microglia with theaflavins attenuated neurotoxic effects of a conditioned medium of
LPS-stimulated microglia, as measured by neurite shortening. It has also been reported that microglia
activated by LPS produce large amounts of reactive oxygen species (ROS) and pro-inflammatory
cytokines, leading to neuronal damage [35]. It is reported that theaflavins inhibit IκB kinase (IKK) and
nuclear factor-κB (NF-κB) activation, which is supposed to suppress the inflammatory response of
microglia against LPS stimulation [36]. Taken together, these findings support the neuroprotective
effects of theaflavins through attenuating inflammation in the brain.

Theaflavin is supposed not to enter into the brain via blood–brain barrier, because in case of
EGCG, almost EGCG was detected in the intestine and blood, and EGCG was detectable in the brain,
but the level in the brain was much lower than other organs [37]. This report suggests that theaflavins
display the anti-inflammatory effects in the intestine and blood, but not directly in the brain. On the
other hand, in the present study, we used the model mice injected with LPS. Acute brain inflammation
damages the blood–brain barrier and more peripheral monocytes and microglia infiltrate into the
brain [38,39]. Especially, it is reported that infiltrated neutrophils and monocytes rather than resident
microglia are major inflammatory cells in LPS-injected brain [40]. In the LPS-injected model mice,
theaflavin itself or monocyte affected by theaflavin in the peripheral tissue might be delivered to the
brain. Further study needs to evaluate the blood–brain permeability in the normal mice and mice with
brain inflammation.

This study is subject to several limitations. The amount evaluated in the present study (10 mg/kg)
is equivalent to 486 mL of tea for a human weighing 60 kg according to the following calculation.
This amount is a little more than the typical daily intake. Based on the formula human equivalent
dose (HED) (mg/kg) = Animal does (mg/kg) × (Animal Km/Human Km), where Human Km = 37,
Mouse Km = 3 [41,42], mouse dose 10 mg/kg equals to human 0.81 mg/kg, that is, 48.6 mg theaflavins
for a human weighing 60 kg. As tea contains approximately 100 mg/L theaflavins [43,44], 48.6 mg
theaflavins is equivalent to 486 mL of tea for a human weighing 60 kg. However, as LPS treatment in
the brain induces acute inflammation that is more severe than that in chronic inflammatory diseases
such as dementia, the effective amount of theaflavins for memory impairment and depression-like
behavior may be less than that used in the present study. Further research is needed to evaluate the
effective amount of theaflavins for chronic inflammatory diseases. In addition, we need to analyze in
the further study whether theaflavins enter the brain through the blood–brain barrier or act on the
vagal nerve, leading to prevention from cognitive decline and depression.
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Overall, our findings of the neuroprotective effects of theaflavins are consistent with previous
epidemiological studies suggesting that consuming tea is beneficial for preventing cognitive decline
and depression. Further study will elucidate the effects of theaflavins on animal models or patients of
chronic diseases.

4. Materials and Methods

4.1. Preparation of Pure Theaflavins

TF40, a crude theaflavins extract containing about 40% w/w theaflavins, was purchased from
Yaizu Suisankagaku Industry (Shizuoka, Japan). After being dissolved in 50% EtOH, TF40 (20 g) was
repeatedly subjected to reversed-phase preparative high-performance liquid chromatography (HPLC;
column: 150 × 22 mm id, 5 μm, Alltima C18 column; Systech, Tokyo, Japan); solvent: H2O/H3PO4

(85%), 100/1 (v/v) (solvent A) and acetonitrile (solvent B), linear gradient from 20% to 70% B; flow
rate: 22.8 mL/min. Each fraction containing TF1, TF2a, TF2b, and TF3 described in Figure 6 was
pooled and combined before acetonitrile was evaporated using a rotary evaporator. Next, theaflavins
were extracted with ethyl acetate from the residual aqueous solution. and the organic solvent was
evaporated. The residue was dissolved in a small amount of EtOH and added to water. The resulting
suspension was lyophilized, yielding an orange, uniform powder (5.7 g). The purity of the theaflavins
estimated by HPLC was more than 97%. Purified TFs were composed of 1.0% of TF1, 36.9% of TF2a,
14.7% of TF2b, and 44.6% of TF3.

 
Figure 6. Chemical structures of theaflavins. Structures of theaflavin (TF1) (a), theaflavin 3-O-gallate
(TF2a) (b), theaflavin 3′-O-gallate (TF2b) (c) and theaflavin 3,3′-O-digallate (TF3) (d). This is a figure,
Schemes follow the same formatting. If there are multiple panels, they should be listed as:
(a) Description of what is contained in the first panel; (b) Description of what is contained in the
second panel.

4.2. Animals

Pregnant C57BL/6J mice and six-week-old Crl:CD1(ICR) male mice were purchased from Charles
River Japan (Tokyo, Japan) and maintained at the Kirin Co. Ltd. All experiments were approved
by the Animal Experiment Committee of Kirin Co. Ltd. and conducted in strict accordance with
their guidelines in 2016–2017. The Approved ID was AN10339-Z00 and AN10623-Z00. All efforts
were made to minimize the suffering. The mice were fed a standard rodent diet (CE-2; CLEA Japan,
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Tokyo, Japan) and maintained at room temperature (23 ± 1 ◦C) under a constant 12-h light/dark cycle
(light period from 8:00 a.m. to 8:00 p.m.).

4.3. Neural Inflammation Induced by LPS

Crl:CD1 mice were orally administered 0, 10, or 50 mg/kg of theaflavins dissolved in distilled
water (10 mL/kg) once a day for 3 days. One hour after the last administration, the mice were deeply
anesthetized with sodium pentobarbital (Kyoritsu Seiyaku, Tokyo, Japan) and intracerebroventricularly
injected with 10 μg of LPS (L7895; Sigma-Aldrich, St. Louis, MO, USA), in accordance with previous
work [45]. Briefly, LPS dissolved in PBS or PBS (for sham-operated controls) was injected into the
cerebral ventricle as previously described [45]. Briefly, a micro-syringe with a 27-gauge stainless steel
needle, 2 mm in length, was used for the microinjection. The needle was inserted unilaterally 1 mm to
the right and left of the midline point equidistant from each eye in both left and right hemispheres, at an
equal distance between the eyes and ears, and perpendicular to the plane of the skull (anteroposterior,
−0.22 mm from the bregma; lateral). LPS was delivered gradually within 30 s. The needle was
withdrawn after waiting 30 s. Twenty-four hours later, the hippocampus and frontal cortex of the
corresponding hemisphere were homogenized in Tris-buffered saline buffer (Wako, Tokyo, Japan)
containing a protease inhibitor cocktail (BioVision, Milpitas, CA, USA) with a multi-beads shocker
(Yasui Kikai, Osaka, Japan). After centrifugation at 50,000× g for 20 min, the supernatants were
collected. The total protein concentration of each supernatant was measured using a bicinchoninic
acid (BCA) protein assay kit (ThermoScientific, Yokohama, Japan). To evaluate inflammation in the
brain, the amounts of cytokines and chemokines in the supernatants were quantified using a multiplex
system (Biopoex; Bio-Rad, Hercules, CA, USA). The other hemisphere was used for morphological
analysis of the dendrites. Brain sections at the bregma −2.06 mm were prepared and stained using the
FD Rapid GolgiStain Kit (FD Neuro Technologies, Columbia, MD, USA) following the manufacturer’s
instructions. Spines were counted within the CA1, and the prefrontal cortex dendrites were counted
starting from their point of origin from the primary dendrite, as previously described [32]. For spine
density measurements, all areas containing 50 to 100 μm of secondary dendrites from the neuron
were used.

In the experiment evaluating cognitive function and depression, mice were orally administered
0, 10, or 50 mg/kg theaflavins daily for 3 days, and 1 h after the last administration, mice were
intracerebroventricularly injected with 10 μg of LPS. Twenty-four hours after LPS treatment, the mice
were subjected to the tail suspension test (TST) and the spontaneous alternation test, as described below.

4.4. Tail Suspension Test

The TST was used to assess behavioral despair, which is a feature of depression. Each mouse was
individually suspended by its tail using adhesive tape in a box for 6 min while being video recorded.
The video was carefully scored for total time of immobility during suspension. Mice were considered
immobile only when they hung passively and were completely motionless.

4.5. Spontaneous Alternation Test

The spontaneous alternation test was performed as previously described [46,47]. A three-arm
Y-maze (25 cm long × 5 cm wide × 20 cm high) with equal angles between all arms constructed
from dark black polyvinyl plastic was used. Each mouse was initially placed in one arm, and the
sequence and number of arm entries were counted for 8 min. The alternation score (%) for each
mouse was defined as the ratio of the actual number of alternations to the possible number (defined
as the total number of arm entries minus two) multiplied by 100, i.e., % Alternation = [(Number of
alternations)/(Total arm entries − 2)] × 100.
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4.6. Primary Murine Microglia Cell Culture

Primary microglial cells were isolated from the brains of newborn C57BL/6J mice (<7 days old) via
magnetic cell sorting after conjugation with anti-CD11b antibodies (Miltenyi Biotec, Bergisch Gladbach,
Germany), as previously described [48]. The isolated CD11b-positive cells (>90% pure as evaluated by
flow cytometry) were plated in poly-D-lysine (PDL)-coated 96-well plates (BD Biosciences, Billerica,
MA, USA) and cultured in DMEM/F-12 (Gibco, Carlsbad, CA, USA) medium supplemented with 10%
fetal bovine serum (FBS; Gibco) and 100 U/mL penicillium/streptomycin (Sigma-Aldrich). Microglia
isolated from newborn C57BL/6J mice were plated at a density of 30,000 per well in a PDL-coated plate.

To measure inflammatory cytokine production in the supernatant, microglia were treated with
theaflavins, catechin (Sigma-Aldrich), EGCG (Sigma-Aldrich), chlorogenic acids (Sigma-Aldrich),
or caffeic acid (Sigma-Aldrich) for 12 h, and then treated with LPS (5 ng/mL; Sigma-Aldrich) and
interferon-γ (IFN-γ, 0.5 ng/mL; R&D systems, Minneapolis, MN, USA) for 12 h. After stimulation, the
supernatants were assayed using a Bio-Plex assay system (Bio-Rad).

To measure intracellular cytokines, microglia were treated with the test samples for 12 h,
then treated with a leukocyte activation-cocktail with BD GolgiPlugTM (BD Biosciences, San Jose,
CA, USA) for 12 h, and then assessed using the BD Cytofix/Cytoperm Fixation/Permeabilization
kit (BD Biosciences) as described in the previous study [49]. The cells were then stained
with the anti-MIP-1α-PE (eBioscience, San Diego, CA, USA), anti-TNF-α-FITC (eBioscience), and
anti-CD11b-APC-Cy7 (BD Biosciences) antibodies. The cells were finally analyzed with a flow
cytometer (FACSCantoII; BD Biosciences). Each sample was assayed in three wells.

4.7. Neurotoxicity Assay

To evaluate the effects of the microglial culture supernatant treated with theaflavins and LPS, a
neurotoxicity assay was conducted as described in our previous work [50]. The mouse neuroblastoma
Neuro2A cell line (ATCC CCL-131) was maintained in minimum essential medium (MEM, Gibco)
medium supplemented with 10% FBS (Gibco), non-essential amino acids (Gibco), and 100 U/mL
penicillin/streptomycin (Sigma-Aldrich). Neuro2A cells were plated at a density of 4000 cells per
well in a 96-well cell culture plate (Essen Bioscience, Welwyn Garden City, UK). After 24 h, FBS was
added at a final concentration of 1% along with all-trans retinoic acid (Wako) to a final concentration of
10 μM to induce the Neuro2A to differentiate into neuronal cells. After removing the medium,
the cells were incubated with microglial culture supernatant. Microglial culture supernatants were
prepared as follows: first, microglia from newborn C57BL/6J mice were plated and pretreated with
0 or 30 μM theaflavins for 12 h, followed by 5 ng/mL LPS and 0.5 ng/mL interferon (IFN)-γ for 12
h. Quantitative live cell imaging was performed to assess the length of the dendrites in the Neuro2A
cells using an IncuCyte Zoom real-time imaging system (Essen Biosciences, Ann Arbor, MI, USA).
Images were obtained every 24 h at 20× magnification in the phase-contrast mode. The length
of the neuronal dendrites per neuron was determined using IncuCyte Neurotrack Software (Essen
Biosciences). Each sample was assayed in three wells.

4.8. Statistical Analysis

Data are presented as the mean with error bars indicating the standard error (SE). Data were
analyzed by Student’s t-test and one-way analysis of variance (ANOVA) followed by Dunnett’s test,
as indicated in the figure legends. All statistical analyses were performed using the Ekuseru–Toukei
2012 software program (Social Survey Research Information, Tokyo, Japan). A p-value < 0.05 was
considered statistically significant.
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Abstract: 20-Hydroxy-3-oxolupan-28-oic acid (HOA), a lupane-type triterpene, was obtained from
the leaves of Mahonia bealei, which is described in the Chinese Pharmacopeia as a remedy for
inflammation and related diseases. The anti-inflammatory mechanisms of HOA, however, have not
yet been fully elucidated. Therefore, the objective of this study was to characterize the molecular
mechanisms of HOA in lipopolysaccharide (LPS)-stimulated RAW264.7 cells. HOA suppressed
the release of nitric oxide (NO), pro-inflammatory cytokine tumor necrosis factor α (TNF-α),
and interleukin 6 (IL-6) in LPS-stimulated RAW264.7 macrophages without affecting cell viability.
Quantitative real-time reverse-transcription polymerase chain reaction (RT-qPCR) analysis indicated
that HOA also suppressed the gene expression of inducible NO synthase (iNOS), TNF-α, and IL-6.
Further analyses demonstrated that HOA inhibited the phosphorylation of upstream signaling
molecules, including p85, PDK1, Akt, IκBα, ERK, and JNK, as well as the nuclear translocation
of nuclear factor κB (NF-κB) p65. Interestingly, HOA had no effect on the LPS-induced nuclear
translocation of activator protein 1 (AP-1). Taken together, these results suggest that HOA inhibits
the production of cytokine by downregulating iNOS, TNF-α, and IL-6 gene expression via the
downregulation of phosphatidylinositol 3-kinase (PI3K)/Akt and mitogen-activated protein kinases
(MAPKs), and the inhibition of NF-κB activation. Our findings indicate that HOA could potentially
be used as an anti-inflammatory agent for medical use.

Keywords: inflammation; nitric oxide; macrophage; NF-κB; lupane-type triterpene

1. Introduction

The inflammatory response is initiated in living tissues in defense of harmful stimuli,
including invading microorganisms, irritants, or noxious chemicals [1]. Physiologically, the inflammatory
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response provides the benefit of removing invading pathogenic microorganisms, including exogenous
stimuli, and promoting the repair of damaged tissues [2,3]. However, prolonged inflammation can
lead to long-term, severe inflammatory reactions that can enhance the pathological processes of
various inflammatory diseases, such as arthritis, Alzheimer’s disease, septic shock, type 2 diabetes,
and cardiovascular diseases [4,5]. Macrophages are major inflammatory and immune effector cells that
play crucial roles in producing cytokines, chemokines, and inflammatory mediators, including nitric
oxide (NO), prostaglandin E2, hydrolytic enzymes, and pro-inflammatory cytokines, such as tumor
necrosis factor α (TNF-α), interleukin 1β (IL-1β) and interleukin 6 (IL-6) [6,7]. These pathophysiological
changes initiate signal transducers, such as phosphoinositide 3-kinase (PI3K)-Akt, mitogen-activated
protein kinases (MAPKs), or Janus kinase/signal transducer and activator of transcription (JAK-STATs)
to boost the activation and nuclear translocation of transcription factors, such as nuclear factor κB
(NF-κB), activator protein 1 (AP-1), and STATs [8,9].

Any substances that suppress the regulation of these mediators are therefore important for
the treatment and prevention of inflammation and related diseases. The pro-inflammatory NF-κB
pathway is central to the regulation of inflammation. NF-κB is found to be chronically active in many
inflammatory diseases [10,11]. Thus, the development of a potential anti-inflammatory drug derived
from natural products based on NF-κB target isolation is a promising avenue for research.

Mahonia bealei (Fort.) Carr is a member of the Berberidanceae family and is widely distributed
in mountainous areas of southern China. M. bealei is included in the Chinese Pharmacopeia as a folk
medicine for the treatment of dysentery, jaundice, periodontitis, and bloody urine [12]. Its leaves,
which are consumed traditionally in China as a bitter tea, engage in antioxidant, anti-proliferation,
anti-inflammatory, anti-bacterial, and anti-influenza activities [13–15]. Pharmacological testing
of the leaves has been conducted mainly on extracts of the plant and its chemical constituents
and their pharmacological activities have yet to be investigated. Previous studies of the active
components of this plant have focused primarily on alkaloids, such as epiberberine, berberine,
and jatrorrhizine, because they were thought to be responsible for its anti-inflammatory effects [16,17].
However, activity of M. bealei non-alkaloids and their underlying mechanisms have yet to be
fully defined.

In our previous work, we found that the dichloromethane fraction from M. bealei leaves exerted an
anti-inflammatory effect both in vitro and in vivo [13]. However, the active compounds in this extract
remain unclear. Hence, biological activity guided separation was carried out to search for the active
individuals. As a result, a lupane-type triterpene, 20-hydroxy-3-oxolupan-28-oic acid (HOA) (Figure 1)
was found to exhibit significant anti-inflammatory effects and NF-κB inhibitory effects (unpublished
data). To the best of our knowledge, the biological activities of HOA are unknown. Therefore, as part
of our ongoing investigation, this study was conducted to investigate the anti-inflammatory properties
and molecular mechanisms underlying the anti-inflammatory properties of HOA.

Figure 1. The structure of 20-hydroxy-3-oxolupan-28-oic acid (HOA).
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2. Results

2.1. Effects of HOA on the Viability of RAW264.7 Cells

To evaluate the cytotoxic effects of HOA on RAW264.7 cells, cells were incubated with various
concentrations of HOA (5, 10, 20, 30, 40, 50, and 100 μM) for 24 h. The result of an MTT assay
showed that HOA had no significant cytotoxic effects at concentrations up to 40 μM (Figure 2A).
However, cell viability began to decrease to below 90% when the HOA concentration was increased to
50 μM. Accordingly, we limited the concentration of HOA in subsequent experiments to below 50 μM.

Figure 2. Anti-inflammatory effect of HOA on LPS-induced RAW264.7 cells. (A) RAW264.7 cells
were treated with various concentrations of HOA for 24 h. The cell viability was determined by MTT
assay, as described in section of Materials and Methods. (B–D) Cells were pretreated with various
concentrations of HOA for 30 min and treated with lipopolysaccharide (LPS) for an additional 24 h.
The NO content was determined by Griess reagent and the production of cytokines were measured
by cytometric bead array (CBA) kit using the flow cytometry. The data are presented as means ± SD
(n = 3). * indicates a significant difference between LPS group and HOA+LPS groups (p < 0.05).
# indicates a difference between LPS group and the control group (p < 0.05).

2.2. Effect of HOA on NO Production and Pro-Inflammatory Cytokine Production in LPS-Stimulated
RAW264.7 Cells

In the present study, we first investigated the inhibitory effect of HOA on NO in lipopolysaccharide
(LPS)-treated cells. The cells were pre-treated with different concentrations of HOA (10, 20, 30,
and 40 μM) for 30 min before adding LPS (1 μg/mL), when a NO detection assay was performed.
NO production was 41.76-fold higher in RAW264.7 cells after 24 h of LPS stimulation than in the
control group. L-NMMA, an inhibitor of NO that we used as a positive control and also suppressed
NO production to 17.46 μM at 100 μM. HOA was found more potent to inhibit NO generation to
27.32, 18.76, 12.06, and 10.79 μM at concentrations of 10, 20, 30, and 40 μM, respectively. In the current
study, concentrations of TNF-α and IL-6 in culture supernatants of RAW264.7 cells were detected using
a cytometric bead array (CBA) kit. LPS stimulation significantly upregulated the concentrations of
pro-inflammatory cytokines (Figure 2C,D). In contrast, treatment with HOA significantly inhibited
the levels of TNF-α and IL-6 that were induced by LPS. These results indicate that HOA exerts
anti-inflammatory activity via the suppression of NO production and pro-inflammatory cytokines in
LPS-stimulated RAW264.7 cells.
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2.3. Effect of HOA on Morphology of LPS-Stimulated RAW264.7 Cells

Morphological changes in RAW264.7 cells were assessed with scanning electron microscopy
(SEM). The untreated control group RAW264.7 cells were round, with smooth cell edges without
pseudopodia (Figure 3), whereas those stimulated with LPS (1 μg/mL) for 10 min had characteristics
of activation of macrophage, such as increase in cell size and elongated pseudopodia. Following HOA
treatment, the changes in morphological structure of cells were ameliorated.

Figure 3. Photograph of RAW264.7 cells after incubation with LPS and HOA under scanning electron
microscopy (SEM). (a) Control; (b) LPS treatment; (c) LPS and HOA treatment.

2.4. Effect of HOA on Expression of Pro-Inflammatory Cytokines in LPS-Stimulated RAW264.7 Cells

To further determine whether HOA-mediated inhibition of inflammation was involved in
the modulation of the inducible NO synthase (iNOS), IL-6, and TNF-α gene expression at the
transcriptional level, RAW264.7 cells were pretreated with different concentrations of HOA for 30 min
and stimulated with LPS (1 μg/mL) for 6 h and analyzed by reverse-transcription polymerase chain
reaction (RT-qPCR). As shown in Figure 4, RT-qPCR revealed that iNOS, IL-6, and TNF-α mRNAs
expression levels were low in unstimulated RAW264.7 cells. However, mRNA expression levels
were sharply increased by LPS treatment and significantly inhibited by HOA treatment except iNOS
expression at 20 μM. Furthermore, western blot was carried out to confirm that iNOS expression was
significantly inhibited both at 20 and 40 μM. These results suggest that the inhibitory effect of HOA
on iNOS, TNF-α, and IL-6 secretion following LPS stimulation is attributable to downregulation of
expression of iNOS, TNF-α, and IL-6.

Figure 4. The effect of HOA on LPS-induced pro-inflammatory cytokines expression in RAW264.7
cells. (A) Cells were plated at a density of 5 × 106 cells/dish in 60-mm culture dishes and treated
with LPS and HOA for 6 h. After preparation of the nuclear fraction, the mRNA expression levels
of inducible NO synthase (iNOS), tumor necrosis factor α (TNF-α), and interleukin 6 (IL-6) were
measured using reverse-transcription polymerase chain reaction (RT-qPCR). The data are presented
as means ± SD (n = 3). * indicates a significant difference between LPS group and HOA+LPS groups
(p < 0.05). # indicates a significant difference between LPS group and the control group (p < 0.05).
(B) Cells were plated at a density of 5 × 106 cells/dish in 60-mm culture dishes and treated with LPS
and HOA for indicated time points. After preparation of the total protein, the expression of iNOS was
measured by western blot.
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2.5. Effects of HOA on the Regulation of Transcription Factors and Its Upstream Signalling Pathway

We examined the effects of HOA on NF-κB/AP-1 translocation into the nuclei of LPS-treated
RAW264.7 cells. Macrophages were treated with HOA for 30 min, followed by stimulation with LPS
(1 μg/mL) for 10 min and 30 min. HOA suppressed LPS-induced nuclear localization of p65, a major
NF-κB subunit, at 10 min and 30 min (Figure 5A). However, HOA did not affect the translation of c-Jun
and c-Fos. To further validate the inhibition NF-κB translocation in the LPS-induced inflammatory
response, we observed the immunofluorescence intensity of p65 by immunofluorescence staining
through a confocal microscope. LPS induced a clear immunofluorescence signal of p65 translocation
from the cytoplasm to the nucleus (Figure 5B). Pretreatment with 40 μM HOA dramatically decreased
p65 translocation from the cytoplasm to the nucleus. Taken together, these results suggest that
HOA attenuates the LPS-stimulated expression of iNOS, TNF-α, and IL-6 by inhibiting NF-κB
activation. To assess the modulation of the signaling cascade related to NF-κB expression inhibition,
we determined the conserved family of signal transduction enzymes involved in the PI3K/Akt and
MAPK pathway. Intriguingly, HOA inhibited the phosphorylation of p85, PDK1, Akt, IκBα, ERK,
and JNK in LPS-treated RAW264.7 cells compared with cells treated with LPS alone (Figure 6A,B).
We also investigated the functional effect of the PI3K-Akt inhibitor. Pre-incubation of RAW264.7
cells with PI3K-Akt inhibitor significantly inhibited the upregulation of luciferase activity in NF-κB
stimulated by LPS in a dose-dependent manner (Figure 6B).

Figure 5. Effect of HOA on translocation of transcription factors in LPS-induced RAW264.7 cells.
(A) Cells were plated at a density of 5 × 106 cells/dish in 60-mm culture dishes and treated with LPS
and HOA for indicated time points. After preparation of the nuclear fraction, the protein expression
levels of p65, c-Jun, and c-Fos were measured. (B) The localization of NF-κB p65 in the cytoplasm and
nuclear were visualized by a confocal microscopy.
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Figure 6. Effects of HOA on LPS-induced activation of PI3K/Akt and MAPKs signaling pathways.
(A) Cells were plated at a density of 5 × 106 cells/dish in 60-mm culture dishes and treated with LPS
and HOA for indicated time points. After preparation of the total protein, the phosphorylated and
total forms of PDK1, p85, and Akt were measured by western blot. (B) Cells were plated at a density of
5 × 106 cells/dish in 60-mm culture dishes and treated with LPS and HOA for indicated time points.
After preparation of the total protein, the phosphorylated and total forms of ERK, JNK, and p38 were
measured by western blot. (C) Inhibitory effects of LY294002 on LPS-induced NF-κB-luc activity in
RAW264.7 cells. Results are representative of three experiments. * indicates a significant difference
between LPS group and LY294002 + LPS groups (p < 0.05). # indicates a significant difference between
LPS group and the control group (p < 0.05).

3. Discussion

The pathology of inflammation is initiated by complex processes triggered by microbial pathogens,
such as LPS, a prototypical endotoxin that is a component of the outer membranes of gram-negative
bacteria [18]. LPS-stimulated macrophages produce reactive nitrogen species (RNS), reactive oxygen
species (ROS), and pro-inflammation molecules and cytokines, such as IL-1β, MCP-1, IL-6, and TNF-α,
through the TLR4-mediated signaling pathway [19,20]. Therefore, LPS-stimulated TLR4-mediated
inflammatory mediators and cytokines have been widely used as excellent models for screening
anti-inflammatory drugs and elucidating their underlying mechanisms [21]. The pro-inflammatory
NF-κB pathway is central to the regulation of inflammation, and NF-κB is chronically active in
many inflammatory diseases [22]. Therefore, it is regarded as a key contributor to the alleviation
of inflammatory disorders. To date, numerous natural products have been considered as potential
anti-inflammatory agents that can strongly scavenge inflammatory mediators [23–25].

Lupane-type triterpenoids are distributed among many plant families. Previous studies have
shown that several lupane triterpenes exhibit a wide range of pharmacological effects and engage
in important biological activities, especially those involving anti-inflammation, liver protection,
anti-tumor processes, and immune system regulation [26–28]. Based on our previous activity-guide
isolation work, this work was undertaken to clarify the anti-inflammatory potential of HOA on
LPS-stimulated RAW264.7 macrophages and its potential mechanisms.

RNS play an important role in regulating multiple molecular targets related to acute and
chronic inflammation [29,30]. NO is endogenous RNS and signaling molecules with a short
half-life that is largely released at inflammatory sites and modulates various pathophysiological
conditions [31]. Acute and chronic inflammation is induced by NO overproduction, which contributes
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to the damage of many biological molecules, in turn amplifying inflammation to cause cell
death by inducing apoptosis [32]. For these reasons, increased attention is being paid to the
development of natural agents for target therapies [33–35]. Several pro-inflammatory cytokines,
including TNF-α, GM-CSF, IL-6, and IL-1β, are secreted at an early stage and play a critical role
in inflammatory-related diseases [36]. TNF-α can regulate the cytokine cascade to stimulate the
release of other pro-inflammatory cytokines, such as IL-1β and IL-6, which, in turn, enhance the
recruitment of leukocytes to the site of inflammation [37]. IL-6 is a multifunctional cytokine that
aggravates the pathogenic processes of autoimmune and inflammatory diseases, such as rheumatoid
arthritis, multiple sclerosis, Castleman disease, and fever [38]. Therefore, agents derived from natural
compounds that can block the production of these pro-inflammatory mediators could be developed as
anti-inflammatory drug candidates. The result of an MTT assay showed that HOA had no significant
cytotoxic effects at concentrations up to 40 μM (Figure 2A). Accordingly, the concentrations of HOA
used in subsequent experiments were below 50 μM. The present data revealed that HOA significantly
inhibited the production of NO, TNF-α, and IL-6 without affecting the cell viability in LPS-stimulated
RAW264.7 cells (Figure 2A–D). The secretion of immune-related chemokines and cytokines requires
a complicated signaling cascade for the transcriptional activation of inflammatory genes [39]. NO is
regulated by three isoforms of NOS, including iNOS, neuronal NOS (nNOS), and endothelial NOS
(eNOS). Of these, nNOS and eNOS are related to Ca2+/calmodulin activity, whereas iNOS is key
enzyme producing an overabundance of NO when induced by bacterial products, such as LPS [40].
Therefore, blocking NO and cytokine production by inhibiting mRNA expression may be a useful
approach to the development of novel anti-inflammatory agents [41,42]. In our investigation, we found
HOA could significantly inhibit the mRNA expression of iNOS, TNF-α, and IL-6, which was associated
with inhibition of the production of NO and proinflammatory cytokines (Figure 4). It was similar to
other natural compounds, such as xanthotoxin, cnidilide, and cirsimarin [43–45].

NF-κB and AP-1 are ubiquitous transcription factors that are activated during the inflammatory
response to LPS to trigger the transcription of pro-inflammatory mediators and associated target genes,
such as iNOS, COX-2, and TNF-α [46,47]. Previous literature showed that numerous compounds
like poligalen, flavokawain A, and melittin inhibit cytokine production through inhibition nuclear
translocation of AP-1 and NF-κB [25,48,49]. Interestingly, we found that HOA could attenuate the
nuclear translocation of LPS-induced NF-κB p65 in RAW264.7 cells, whereas it did not affect the nuclear
translocation of AP-1 (Figure 5A). The IKK kinase complex is the core element of the NF-κB cascade [50].
As the final confluence point of the inflammation signal, NF-κB participates in the regulation of TNF-α,
IL-6, IL-1β, and other inflammatory mediators and plays a very important role in the inflammatory
response [30]. In the absence of external stimuli, NF-κB is present in the cytoplasm in an inactive
state through the formation of the NF-κB-IκBα complex with IκBs α/β). When cells are stimulated
by external conditions, such as LPS, pro-inflammatory factors, and oxidative stress, the conformation
of IκBs changes and it is degraded by ATP-dependent proteasomes, releasing Rel protein; a nuclear
localization signal then activates NF-κB [51]. Activated NF-κB rapidly translocates into the nucleus
after it is detached from IκBα and binds to the target gene κB locus to induce transcription of the target
gene [52]. The upstream signaling molecules, including p85/PI3K, PDK1, Akt, ERK, JNK, and p38,
are activated by LPS and have been demonstrated to play a vital role in NF-κB activation [53,54].
Additional experiments were carried out to investigate the upstream signaling molecules that could
control the activation NF-κB. Similarly, the result showed that inhibiting PI3K can eliminate the
phosphorylation of Akt, accompanied by inhibiting the phosphorylation of the proteins from IκBα
(Figure 6A) and ultimately inhibiting the activation of NF-κB. Interestingly, the HOA remarkably
suppressed the phosphorylation of ERK and JNK at early time point (Figure 6B). These results
suggested that HOA inhibits LPS-induced phosphorylation of PI3K/Akt and MAPKs, and activation
of NF-κB that similar to other anti-inflammatory agents, such as phlorofucofuroeckol A, cordycepin,
and miyabenol A [55–57].
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In summary, our findings showed for the first time that HOA, a lupane-type triterpene,
inhibited the LPS-induced release of pro-inflammatory mediators by downregulating the PI3K/Akt and
MAPKs signaling pathways. Large quantities of HOA are currently being prepared using a preparative
HPLC method, and in vivo efficacy testing is being conducted to further understand the molecular
mechanisms of HOA.

4. Materials and Methods

4.1. Chemicals and Reagents

HOA was isolated from the leaves of M. bealei in our lab and the purity of HOA was about 97%
determined by high purity liquid chromatography (HPLC) with content of 0.0163% of the dry matter.
The spectroscopic data (1H-NMR, 13C-NMR, and MS data) of HOA were well in accordance with the
data reported in the literature [58]. Moreover, (3-4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT), DAPI, sodium nitrite, dimethyl sulfoxide (DMSO), lipopolysaccharide (LPS),
N-1-napthylethylenediamine dihydrochloride, and sulfanilamide were obtained from Sigma-Aldrich
(St. Louis, MO, USA). NG-monomethyl-L-arginine (L-NMMA) was available from Beyotime
(Haimen, Jiangsu, China). RPMI medium 1640 was purchased from Sigma-Aldrich (Irvine, UK).
TRIzol Reagent for isolation of mRNA was obtained from Ambion (Austin, TX, USA). The fetal
bovine serum (FBS) was from Corning (Medford, MA, USA). Penicillin–streptomycin solution
(10,000 unit/10,000 μg/mL) was purchased from Invitrogen-Gibco (Carlsbad, CA, USA). Prolong Gold
anti-fade reagent was obtained from Biomeda (Foster City, CA, USA). Protease and phosphatase
inhibitors cocktail tablets were bought from Roche (Mannheim, Germany). SYBR real-time PCR kit was
purchased from Bio-Rad (Hercules, CA, USA). The cytometric bead array (CBA) kit was purchased from
BD (San Diego, CA, USA). The primary antibodies against p-Erk, Erk, p-JNK, JNK, p-p38, p38, p-PDK1,
PDK1, PI3 kinase p85, p-Akt, Akt, p-IκBα, IκBα, c-Jun, c-Fos, NF-κB p65, and COX-2 were purchased
from Cell Signalling Technology (Beverly, MA, USA). The other primary antibody including p-PI3
kinase p85/p55 was provided by Abcam (Cambridge, MA, USA). Secondary antibody goat anti-rabbit
IgG H&L and goat anti-mouse antibodies were acquired from Abcam (Cambridge, MA, USA). All of
the other chemicals and solvents were of analytical reagent grade.

4.2. Cell Culture and Cell Cytotoxicity Assay

RAW264.7 cell line was obtained from the American Type Culture Collection (Rockville, MD, USA).
RAW264.7 cells were grown in RPMI 1640 medium supplemented with 10% (v/v) FBS and 1%
antibiotics (v/v) (100 U/mL penicillin 100 μg/mL and streptomycin) and preserved in CO2 incubator
(SANYO, Tokyo, Japan). Cytotoxicity of HOA against RAW264.7 cells was evaluated by a conventional
MTT assay, as previously described. Briefly, cells (1 × 106 cells/well) were cultured for 18 h in a 96-well
plate and treated with different concentrations of HOA for an additional 24 h. The optical density (OD)
was measured at 550 nm using a microplate reader (Tecan Infinite M200 Pro, Männedorf, Switzerland).

4.3. Determination of NO, TNF-α, and IL-6 Content

RAW264.7 macrophage cells were seeded in 96-well plate at a concentration of 1 × 106 cells/mL
(100 μL/well) and 18 h. RAW264.7 cells pretreated with HOA or L-NMMA for 30 min were
incubated with LPS (1 μg/mL) for 24 h. The NO content was determined by Griess reagent as
described previously [59]. The secretion of TNF-α and IL-6 was measured using the flow cytometry
(C6 Plus, BD Sceinces, Sparks, MD, USA), according to the manufacturer’s guidelines.

4.4. Scanning Electron Microscopy (SEM)

RAW264.7 cells were seeded onto glass coverslips in 6-well plates at a density of 2 × 106 cells/mL
(2 mL/well) for 18 h. RAW264.7 cells pretreated with HOA for 30 min were incubated with LPS
(1 μg/mL) for 10 min. Hereafter, the cells were fixed in 2.5% glutaraldehyde for 1 h at 4 ◦C.
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Next, the cells were washed with PBS three times (5 min each time) and dewatered using 30%,
50%, 70%, 90%, and 100% ethanol gradients two times (5 min each time). The fixed cells were observed
with SEM (FEI Quanta 450 FEG, Hillsboro, OR, USA).

4.5. Quantitative Real-Time Reverse-Transcription Polymerase Chain Reaction (RT-qPCR) Analysis

RAW264.7 macrophage cells were seeded in 60-mm culture dishes at a density of 5 × 106 cells/well
for 18 h. RAW264.7 cells pretreated with HOA for 30 min were incubated with LPS (1 μg/mL) for
6 h. Total RNA was isolated from cells using TRIzol reagent according to the standard protocol.
Four micrograms of RNA were reverse transcribed to cDNA using RevertAid First Strand cDNA
Synthesis Kit and respective gene expression was determined by CFX-96™ Real-Time instrument
(Bio-Rad, Hercules, CA, USA) using the 2−ΔΔCt method. The primers used were from Sangon Biotech
(Shanghai, China) and were described in Table 1.

Table 1. The primer sequences for RT-qPCR.

Gene Name Primer Squence (5′-3′)

iNOS
F: CATTGATCTCCGTGACAGCC
R: CATGCTACTGGAGGTGGGTG

IL-6
F: TGGGACTGATGCTGGTGACAAC
R: AGCCTCCGACTTGTGAAGTGGT

TNF-α
F: TGCCTATGTCTCAGCCTCTTC

R: GAGGCCATTTGGGAACTTCT

GAPDH
F: CACTCACGGCAAATTCAACGGCACA

R: GACTCCACGACATACTCAGCAC

4.6. Western Blot Analysis

RAW264.7 macrophage cells were seeded in 60-mm culture dishes at a density of 5 × 106 cells/well
for 18 h. RAW264.7 cells pretreated with HOA for 30 min were incubated with LPS (1 μg/mL) for
the indicated time points. Commercial kits according to the manufacturer’s instructions prepared the
whole cell and nuclear lysates. Western blot analysis was performed as previously reported using the
indicated antibodies [60].

4.7. Immunofluorescence and Confocal Microscopy

RAW264.7 macrophage cells were seeded sterile cover slips at a concentration of 1 × 106 cells/mL
(2 mL/well) and placed in 35 mm petri dishes for 18 h. RAW264.7 cells pretreated with HOA for 30 min
were incubated with LPS (1 μg/mL) for 10 min. The cells were washed three times with cold PBS, fixed in
4.0% paraformaldehyde for 15 min, and permeabilized with 0.5% Triton X-100 for 10 min. After that, the cells
were blocked with 3% BSA/PBS for 1 h. Cells were then incubated with an NF-κB p65 antibody diluted in
3% BSA/PBS for 2 h. After incubation, cell were washed three times for 5 min with PBS, and incubated with
Donkey Anti-Rabbit IgG H&L (Alexa Fluor® 4647) (Abcam, Cambridge, MA, USA) secondary antibody
diluted in 3% BSA/PBS for 1 h. Cells were stained with 1 μg/mL DAPI solution and images were captured
using a LSM700 confocal laser scanning microscope (Zeiss, Jena, Germany).

4.8. Transfections and Luciferase Assay

RAW264.7 macrophage cells were seeded in 12-well plate at a density of 5 × 104 cells/well for
18 h. RAW264.7 cells were then transfected with plasmids containing NF-κB using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA). After 24 h, cells were pretreated with LY294002 for 30 min and then
incubated with LPS (1 μg/mL) for additional of 24 h. The luciferase activity was carried out using the
commercial kit from (Promega, Madison, WI, USA) according to the manufacturer’s instruction.
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4.9. Data Analysis

All analyses were performed using SPSS 19.0 package (SPSS Inc., Chicago, IL, USA) for
Windows 7. Values shown represent the mean ± standard derivation (SD). Differences among samples
were compared using a Duncan’s multiple range test and p-values less than 5% were considered
statistically different.

Author Contributions: All the authors listed below were involved in the study and they have approved the
manuscript submission. Y.C., F.L., and Y.L. participated in the main experiment and edited the manuscript. F.L.
participated in experimental design, data collection, and statistical analysis. Y.L., L.Z., S.L., R.X., and B.Y.
participated in the experiment and provided literature. H.Z. and W.H. proposed the research concept,
supervised the research, and were responsible for the revision and review of manuscripts.

Funding: This study was supported financially by National Natural Science Foundation of China (31600281),
Natural Science Foundation of Jiangsu Province (BK20171269), and Qing Lan Project of Jiangsu Province.

Conflicts of Interest: The authors claim no conflict of interests.

Abbreviations

AP-1, activator protein 1; CBA, cytometric bead array; DMSO, dimethyl sulfoxide; eNOS, endothelial NOS; FBS,
fetal bovine serum; HOA, 20-Hydroxy-3-oxolupan-28-oic acid; HPLC, High Purity Liquid Chromatography;
IL-6, interleukin 6; iNOS, inducible NO synthase; IL-1β, interleukin-1β; JAK-STATs, Janus kinase/signal
transducer and activator of transcription; L-NMMA, NG-monomethyl-L-arginine; LPS, lipopolysaccharide;
MTT, (3-4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; MAPKs, mitogen-activated protein kinase;
NF-κB, nuclear factor-κB; NO, nitric oxide; PGE2, prostaglandin E2; PI3K, phosphatidylinositide 3-kinase; RNS,
radical nitrogen species; ROS, reactive oxygen species; SEM, scanning electron microscopy; TNF-α, tumor necrosis
factor-α.

References

1. Branzk, N.; Gronke, K.; Diefenbach, A. Innate lymphoid cells, mediators of tissue homeostasis,
adaptation and disease tolerance. Immunol. Rev. 2018, 286, 86–101. [CrossRef] [PubMed]

2. Perez-Lopez, A.; Behnsen, J.; Nuccio, S.P.; Raffatellu, M. Mucosal immunity to pathogenic intestinal bacteria.
Nat. Rev. Immunol. 2016, 16, 135–148. [CrossRef] [PubMed]

3. Belkai, Y.; Hand, T.W. Role of the microbiota in immunity and inflammation. Cell 2014, 157, 121–141.
[CrossRef]

4. Ahmed, S.M.U.; Luo, L.; Namani, A.; Namani, A.; Wang, X.J.; Tang, X. Nrf2 signalling pathway: Pivotal roles
in inflammation. Bba-Mol. Basis Dis. 2016, 1863, 585–597. [CrossRef] [PubMed]

5. Lavieri, R.; Rubartelli, A.; Carta, S. Redox stress unbalances the inflammatory cytokine network: Role in
autoinflammatory patients and healthy subjects. J. Leukoc. Biol. 2016, 99, 79–86. [CrossRef] [PubMed]

6. Zhang, L.; Wang, C. Inflammatory response of macrophages in infection. HBPD Int. 2014, 13, 138–152.
[CrossRef]

7. Wang, T.; He, C. Pro-inflammatory cytokines: The link between obesity and osteoarthritis. Cytokine Growth
Factor Rev. 2018, 44, 38–54. [CrossRef] [PubMed]

8. Arora, S.; Dev, K.; Agarwal, B.; Das, P. Macrophages: Their role, activation and polarization in pulmonary
diseases. Immunobiology 2017, 223, 383–396. [CrossRef] [PubMed]

9. Zhou, D.; Huang, C.; Lin, Z.; Zhan, S.; Kong, L.; Fang, C.; Li, J. Macrophage polarization and function
with emphasis on the evolving roles of coordinated regulation of cellular signalling pathways. Cell. Signal.
2013, 26, 192–197. [CrossRef] [PubMed]

10. Park, M.H.; Hong, J. Roles of NF-κB in cancer and inflammatory diseases and their therapeutic approaches.
Cells 2016, 5, 15. [CrossRef] [PubMed]

11. Zhang, Q.; Lenardo, M.J.; Baltimore, D. 30 Years of NF-κB: A blossoming of relevance to human pathobiology.
Cell 2017, 168, 37–57. [CrossRef] [PubMed]

12. He, J.; Mu, Q. The medicinal uses of the genus Mahonia in traditional Chinese medicine:
An ethnopharmacological, phytochemical and pharmacological review. J. Ethnopharmacol. 2015, 175, 668–683.
[CrossRef] [PubMed]

106



Molecules 2019, 24, 386

13. Hu, W.; Wu, L.; Qiang, Q.; Ji, L.; Wang, X.; Luo, H.; Wu, H.; Jiang, H.; Wang, G.; Shen, T. The dichloromethane
fraction from Mahonia bealei (Fort.) Carr. leaves exerts an anti-inflammatory effect both in vitro and in vivo.
J. Ethnopharmacol. 2016, 188, 134–143. [CrossRef] [PubMed]

14. Zhang, L.; Zhu, W.; Zhang, Y.; Yang, B.; Fu, Z.; Li, X.; Tian, J. Proteomics analysis of Mahonia bealei leaves
with induction of alkaloids via combinatorial peptide ligand libraries. J. Proteom. 2014, 110, 59–71. [CrossRef]

15. Hu, W.; Yu, L.; Wang, M.H. Antioxidant and antiproliferative properties of water extract from Mahonia bealei
(Fort.) Carr. Leaves. Food Chem. Toxicol. 2011, 49, 799–806. [CrossRef] [PubMed]

16. Zeng, X.; Dong, Y.; Sheng, G.; Dong, X.; Sun, X.; Fu, J. Isolation and structure determination of anti-influenza
component from Mahonia bealei. J. Ethnopharmacol. 2006, 108, 317–319. [CrossRef] [PubMed]

17. Zhang, S.L.; Li, H.; He, X.; Zhang, R.Q.; Sun, Y.H.; Zhang, C.F.; Wang, C.Z.; Yuan, C.S. Alkaloids from
Mahonia bealei posses anti-H+/K+-ATPase and anti-gastrin effects on pyloric ligation-induced gastric ulcer
in rats. Phytomedicine 2014, 21, 1356–1363. [CrossRef]

18. Kohoutková, M.; Korimová, A.; Brázda, V.; Kohoutek, J. Early inflammatory profiling of schwannoma cells
induced by lipopolysaccharide. Histochem. Cell Biol. 2017, 148, 607–615. [CrossRef]

19. Kai, K.; Zhou, X.; Wong, H.L.; Ng, C.F.; Fu, W.M.; Leung, P.C.; Peng, G.; Ko, C.H. In vivo and in vitro
anti-inflammatory effects of Zao-Jiao-Ci (the spine of Gleditsia sinensis Lam.) aqueous extract and its
mechanisms of action. J. Ethnopharmacol. 2016, 192, 192–200.

20. Liu, L.; Chen, L.; Jiang, C.; Xie, Y.; Cheng, Z. Berberine inhibits the LPS-induced proliferation and
inflammatory response of stromal cells of adenomyosis tissues mediated by the LPS/TLR4 signalling
pathway. Exp. Ther. Med. 2017, 14, 6125. [CrossRef]

21. Cuadrado, I.; Amesty, A.; Cedrón, J.C.; Oberti, J.C.; Estévez-Braun, A.; Hortelano, S.; Heras, B. Semisynthesis
and Inhibitory Effects of Solidagenone Derivatives on TLR-Mediated Inflammatory Responses. Molecules
2018, 23, 3197. [CrossRef] [PubMed]

22. Oh, W.J.; Jung, U.; Eom, H.S.; Shin, H.J.; Park, H.R. Inhibition of Lipopolysaccharide-Induced
Proinflammatory Responses by Buddleja officinalis Extract in BV-2 Microglial Cells via Negative Regulation of
NF-κB and ERK1/2 Signalling. Molecules 2013, 18, 9195–9206. [CrossRef]

23. Kim, E.A.; Kim, S.Y.; Ye, B.R.; Kim, J.; Ko, S.C.; Lee, W.W.; Kim, K.N.; Choi, I.W.; Jung, W.K.; Heo, S.J.
Anti-inflammatory effect of Apo-9’-fucoxanthinone via inhibition of MAPKs and NF-κB signalling pathway
in LPS-stimulated RAW264.7 macrophages and zebrafish model. Int. Immunopharmacol. 2018, 59, 339–346.
[CrossRef] [PubMed]

24. Lu, X.; Min, L.; Wei, J.; Gou, H.; Bao, Z.; Wang, Z.; Huang, Y.; An, B. Heliangin inhibited
lipopolysaccharide-induced inflammation through signalling NF-κB pathway on LPS-induced RAW264.7
cells. Biomed. Pharmacother. 2017, 88, 102–108. [CrossRef] [PubMed]

25. Silva, D.F.; Alves, C.Q.; Brandão, H.N.; David, J.P.; Silva, R.L.; Franchin, M.; Cunha, T.M.; Martins, F.T.;
Oliveirra, C.M. Poligalen, a new coumarin from Polygala boliviensis, reduces the release of TNF and IL-6
independent of NF-κB downregulation. Fitoterapia 2016, 113, 139–143. [CrossRef] [PubMed]

26. Bian, X.; Zhao, Y.; Guo, X.; Liu, J. Chiisanoside, a triterpenoid saponin, exhibits anti-tumor activity by
promoting apoptosis and inhibiting angiogenesis. RSC Adv. 2017, 7, 41640–41650. [CrossRef]

27. Zhu, J.; Yang, H.; Li, Z.H.; Wang, G.K.; Feng, T.; Liu, J.K. Anti-inflammatory lupane triterpenoids from
Menyanthes trifoliata. J. Asian Nat. Prod. Res. 2018, 1–6. [CrossRef] [PubMed]

28. Mabhida, S.E.; Dludla, P.V.; Johnson, R.N.; Ndlovu, M.L.; Johan, O.; Andy, R.M.; Rebamang, A.
Protective effect of triterpenes against diabetes-induced β-cell damage: An overview of in vitro and in vivo
studies. Pharmacol. Res. 2018, 137, 179–192. [CrossRef] [PubMed]

29. Hotamisligil, G.S. Inflammation, metaflammation and immunometabolic disorders. Nature 2017, 542, 177–185.
[CrossRef] [PubMed]

30. Afonina, I.S.; Zhang, Z.; Karin, M.; Beyaert, R. Limiting inflammation-the negative regulation of NF-κB and
the NLRP3 inflammasome. Nat. Immunol. 2017, 542, 861–869. [CrossRef] [PubMed]

31. Moldogazieva, N.T.; Mokhosoev, I.M.; Feldman, N.B.; Lutsenko, S.V. ROS and RNS signalling: Adaptive redox
switches through oxidative/nitrosative protein modifications. Free Radic Res. 2018, 52, 507–543. [CrossRef]

32. Kipanyula, M.J.; Etet, P.F.S.; Vecchio, L.; Farahna, M.; Nukenine, E.; Kamdje, A.H.N. Signalling pathways
bridging microbial-triggered inflammation and cancer. Cell. Signal. 2013, 25, 403–416. [CrossRef]

107



Molecules 2019, 24, 386

33. Takano, K.; Ishida, N.; Kawabe, K.; Moriyama, M.; Hibino, S.; Choshi, T.; Hori, O.; Nakamura, Y.
A dibenzoylmethane derivative inhibits lipopolysaccharide-induced NO production in mouse microglial
cell line BV-2. Neurochem. Int. 2018, 119, 126–131. [CrossRef]

34. Zhang, S.; Li, Z.; Stadler, M.; Chen, H.P.; Huang, Y.; Gan, X.Q.; Feng, T.; Liu, J.K. Lanostane triterpenoids from
Tricholoma pardinum with NO production inhibitory and cytotoxic activities. Phytochemistry 2018, 152, 105–112.
[CrossRef]

35. Cao, T.; Tran, M.H.; Kim, J.A.; Tran, P.T.; Lee, J.H.; WOO, M.H.; Lee, H.K.; Min, B.S. Inhibitory effects of
compounds from Styrax obassia on NO production. Bioorg. Med. Chem. Lett. 2015, 25, 5087–5091. [CrossRef]

36. Valilou, S.F.; Keshavarz-Fathi, M.; Silvestris, N.; Argentiero, A.; Rezaei, N. The role of inflammatory cytokines
and tumor associated macrophages (TAMs) in microenvironment of pancreatic cancer. Cytokine Growth
Factor Rev. 2018, 39, 46–61. [CrossRef]

37. Mao, R.; Zhang, C.; Chen, J.; Zhao, G. Different levels of pro- and anti-inflammatory cytokines in patients
with unipolar and bipolar depression. J. Affect. Disord. 2018, 237, 65–72. [CrossRef]

38. Naseem, S.; Hussain, T.; Manzoor, S. Interleukin-6: A promising cytokine to support liver regeneration and
adaptive immunity in liver pathologies. Cytokine Growth Factor Rev. 2018, 39, 39–45. [CrossRef]

39. Rahimifard, M.; Maqbool, F.; Moeini-Nodeh, S.; Niaz, K.; Abdollahi, M.; Braidy, N.; Nabavi, S.M.; Nabavi, S.F.
Targeting the TLR4 signalling pathway by poly Anti-inflammatory potential of hentriacontane in LPS
stimulated RAW264.7 cells and mice model phenols: A novel therapeutic strategy for neuroinflammation.
Ageing Res. Rev. 2017, 36, 11–19. [CrossRef]

40. Chong, C.; Ai, N.; Ke, M.; Tan, Y.; Huang, Z.; Li, Y.; Lu, J.H.; Ge, W.; Su, H. Roles of Nitric Oxide Synthase
Isoforms in Neurogenesis. Mol. Neurobiol. 2018, 55, 2645–2652. [CrossRef]

41. Genovese, S.; Taddeo, V.A.; Fiorito, S.; Epifano, F.; Marrelli, M.; Conforti, F. Inhibition of nitric oxide production by
natural oxyprenylated coumarins and alkaloids in RAW264.7 cells. Phytochem. Lett. 2017, 20, 181–185. [CrossRef]

42. Khajuria, V.; Gupta, S.; Sharma, N.; Kumar, A.; Lone, N.A.; Khullar, M.; Dutt, P.; Sharma, P.R.; Bhagat, A.;
Ahmed, Z. Anti-inflammatory potential of hentriacontane in LPS stimulated RAW264.7 cells and mice model.
Biomed. Pharmacother. 2017, 92, 175–186. [CrossRef]

43. Han, H.; Shin, J.; Lee, S.; Park, J.C.; Lee, K.T. Cirsimarin, a flavone glucoside from the aerial part of
Cirsium japonicum var. ussuriense (Regel) Kitam. ex Ohwi, suppresses the JAK/STAT and IRF-3 signalling
pathway in LPS-stimulated RAW264.7 macrophages. Chem. Biol. Interact. 2018, 293, 38–47. [CrossRef]

44. Lee, W.S.; Shin, J.S.; Jang, D.S.; Lee, K.T. Cnidilide, an alkylphthalide isolated from the roots of
Cnidium officinale, suppresses LPS-induced NO, PGE2, IL-1β, IL-6 and TNF-α production by AP-1 and
NF-κB inactivation in RAW264.7 macrophages. Int. Immunopharmacol. 2016, 40, 146–155. [CrossRef]

45. Lee, S.; Lee, W.S.; Shin, J.; Jang, D.S.; Lee, K.T. Xanthotoxin suppresses LPS-induced expression of
iNOS, COX-2, TNF-α, and IL-6 via AP-1, NF-κB, and JAK-STAT inactivation in RAW264.7 macrophages.
Int. Immunopharmacol. 2017, 49, 21–29. [CrossRef]

46. Chen, C.; Peng, W.; Tsai, K.D.; Hsu, S.L. Luteolin suppresses inflammation-associated gene expression by
blocking NF-κB and AP-1 activation pathway in mouse alveolar macrophages. Life Sci. 2007, 81, 1602–1614.
[CrossRef]

47. Jung, D.H.; Park, H.J.; Byun, H.E.; Park, Y.M.; Kim, T.W.; Kim, B.O.; Um, S.H.; Pyo, S. Diosgenin inhibits
macrophage-derived inflammatory mediators through downregulation of CK2, JNK, NF-κB and AP-1
activation. Int. Immunopharmacol. 2010, 10, 1047–1054. [CrossRef]

48. Kwon, D.J.; Ju, S.M.; Youn, G.S.; Choi, S.Y.; Park, J. Suppression of iNOS and COX-2 expression by
flavokawain A via blockade of NF-κB and AP-1 activation in RAW264.7 macrophages. Food Chem. Toxicol.
2013, 58, 479–486. [CrossRef]

49. Jeong, Y.J.; Shin, J.M.; Bae, Y.S.; Cho, H.J.; Park, K.K.; Choe, J.Y.; Han, S.M.; Moon, S.K.; Kim, W.J.; Choi, Y.H.;
et al. Melittin has a chondroprotective effect by inhibiting MMP-1 and MMP-8 expressions via blocking
NF-κB and AP-1 signalling pathway in chondrocytes. Int. Immunopharmacol. 2015, 25, 400–405. [CrossRef]

50. Paul, A.; Edwards, J.; Pepper, C.; Mackay, S. Inhibitory-κB Kinase (IKK) α and Nuclear Factor-κB
(NF-κB)-Inducing Kinase (NIK) as anti-cancer drug targets. Cells 2018, 7, 176. [CrossRef]

51. Courtois, G.; Fauvarque, M.O. The many roles of ubiquitin in NF-κB signaling. Biomedicines 2018, 6, 43.
[CrossRef]

108



Molecules 2019, 24, 386

52. Durham, W.J.; Li, Y.P.; Gerken, E.; Eric, G.; Farid, M.; Arbogast, S.; Wolfe, R.R.; Reid, M.B. Fatiguing exercise
reduces DNA binding activity of NF-kappaB in skeletal muscle nuclei. J. Appl. Physiol. 2004, 97, 1740–1745.
[CrossRef]

53. Covarrubias, A.J.; Aksoylar, H.I.; Horng, T. Control of macrophage metabolism and activation by mTOR and
Akt signaling. Semin. Immunol. 2015, 27, 286–296. [CrossRef]

54. Yoo, S.; Kim, M.Y.; Cho, J.Y. Syk and Src-targeted anti-inflammatory activity of aripiprazole, an atypical
antipsychotic. Biochem. Pharmacol. 2018, 148, 1–12. [CrossRef]

55. Kim, A.R.; Lee, M.S.; Shin, T.S.; Hua, H.; Jang, B.C.; Choi, J.S.; Byun, D.S.; Utstuki, T.; Ingram, D.; Kim, H.R.
Phlorofucofuroeckol A inhibits the LPS-stimulated iNOS and COX-2 expressions in macrophages via
inhibition of NF-κB, Akt, and p38 MAPK. Toxicol. In Vitro 2011, 25, 1789–1795. [CrossRef]

56. Kim, H.G.; Shrestha, B.; Lim, S.Y.; Yoon, D.H.; Chang, W.C.; Shin, D.J.; Han, S.K.; Park, J.H.; Park, H.I.;
Sung, J.M.; et al. Cordycepin inhibits lipopolysaccharide-induced inflammation by the suppression of NF-κB
through Akt and p38 inhibition in RAW 264.7 macrophage cells. Eur. J. Clin. Pharmacol. 2006, 545, 192–199.
[CrossRef]

57. Ku, K.Y.; Huang, Y.L.; Huang, Y.J.; Chiou, W.F. Miyabenol A Inhibits LPS-Induced NO Production via
IKK/IκB Inactivation in RAW 264.7 Macrophages: Possible Involvement of the p38 and PI3K Pathways.
J. Agric. Food Chem. 2008, 56, 8911–8918. [CrossRef]

58. EL-Gamal, A. Cytotoxic lupane secolupane and oleanane type triterpenes from Viburnum awabuki.
Nat. Prod. Res. 2008, 22, 191–197. [CrossRef]

59. Hu, W.; Wang, X.; Wu, L.; Shen, T.; Zhao, X.; Si, C.L.; Jiang, Y.; Wang, G. Apigenin-7-O-β-D-glucuronide
inhibits LPS-induced inflammation through the inactivation of AP-1 and MAPK signalling pathways
in RAW264.7 macrophages and protects mice against endotoxin shock. Food Funct. 2016, 7, 1002–1013.
[CrossRef]

60. Bai, Y.; Jiang, Y.; Liu, T.; Li, F.; Zhang, J.; Luo, Y.; Zhang, L.; Yan, G.; Feng, Z.; Li, X.; et al. Xinjiang herbal tea
exerts immunomodulatory activity via TLR2/4-mediated MAPK signalling pathways in RAW264.7 cells and
prevents cyclophosphamide-induced immunosuppression in mice. J. Ethnopharmacol. 2019, 228, 179–187.
[CrossRef]

Sample Availability: Samples of the compounds are available from the authors.

© 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/).

109



molecules

Article

Anti-Inflammatory and Anti-Oxidant Activity of
Portulaca oleracea Extract on LPS-Induced Rat
Lung Injury

Vafa Baradaran Rahimi 1,2,†, Hassan Rakhshandeh 1,†, Federica Raucci 3, Benedetta Buono 3,

Reza Shirazinia 4, Alireza Samzadeh Kermani 5, Francesco Maione 3,*, Nicola Mascolo 3 and

Vahid Reza Askari 1,6,*

1 Pharmacological Research Center of Medicinal Plants, Mashhad University of Medical Sciences,
Mashhad 9177948564, Iran; baradaranv941@mums.ac.ir (V.B.R.); rakhshandehh@mums.ac.ir (H.R.)

2 Department of Pharmacology, Faculty of Medicine, Mashhad University of Medical Sciences,
Mashhad 9177948564, Iran

3 Department of Pharmacy, School of Medicine and Surgery, University of Naples Federico II, Via Domenico
Montesano 49, 80131 Naples, Italy; federicaraucci@gmail.com (F.R.); bened.buono@gmail.com (B.B.);
nicola.mascolo@unina.it (N.M.)

4 Department of Pharmacology, Faculty of Veterinary Medicine, University of Tehran, Tehran 1419963111,
Iran; Rezashirazinia@ut.ac.ir

5 Department of Chemistry, Faculty of Science, University of Zabol, Zabol 35856-98613, Iran;
arsamzadeh@yahoo.com

6 Neurogenic Inflammation Research Centre, Mashhad University of Medical Sciences,
Mashhad 9177948564, Iran

* Correspondence: francesco.maione@unina.it (F.M.); askariv941@mums.ac.ir or
Vahidrezaaskary@yahoo.com (V.R.A.); Tel.: +39-081678429 (F.M.); +98-513-8002-262 (V.R.A.);
Fax: +98-513-8828564 (V.R.A.)

† These authors share first co-authorship.

Received: 16 December 2018; Accepted: 26 December 2018; Published: 1 January 2019

Abstract: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are classified
as two lung complications arising from various conditions such as sepsis, trauma, and lung
inflammation. Previous studies have shown that the extract of the leaves of Portulaca oleracea (PO)
possesses anti-inflammatory and anti-oxidant activities. In the present study, the effects of PO
(50–200 mg/kg) and dexamethasone (Dexa; 1.5 mg/kg) on lipopolysaccharide (LPS)-induced ALI
were investigated. Subsequentially, the lung wet/dry ratio; white blood cells (WBC); levels of nitric
oxide (NO); myeloperoxidase (MPO); malondialdehyde (MDA); thiol groups formation; super oxide
dismutase (SOD) and catalase (CAT) activities; and levels of interleukin (IL)-1β, tumor necrosis
factor (TNF)-α, IL-6, IL-10, prostaglandin E2 (PGE2), and transforming growth factor (TGF)-β in the
broncho alveolar lavage fluid (BALF) were evaluated in order to demonstrate the anti-oxidant and
anti-inflammatory activity of PO. Our results show that PO suppresses lung inflammation by the
reduction of IL-β, IL-6, TNF-α, PGE2, and TGF-β, as well as by the increase of IL-10 levels. We also
found that PO improves the level of WBC, MPO, and MDA, as well as thiol group formation and SOD
and CAT activities, compared with the LPS group. The results of our investigation also show that
PO significantly decreased the lung wet/dry ratio as an index of interstitial edema. Taken together,
our findings reveal that PO extract dose-dependently displays anti-oxidant and anti-inflammatory
activity against LPS-induced rat ALI, paving the way for rational use of PO as a protective agent
against lung-related inflammatory disease.

Keywords: acute lung injury; Portulaca oleracea; inflammation
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1. Introduction

Inflammation plays a dual protective and damaging role against cellular and tissue damages.
Acute inflammation is usually considered a protective role to destroy and remove the noxious stimuli
and injured tissues, thereby allowing the tissue repair. When this process becomes uncontrolled,
another face of inflammation appears. In this regard, acute lung injury (ALI) and acute respiratory
distress syndrome (ARDS) are known as two inflammatory lung complications with a high rate of
morbidity and mortality [1,2]. These are characterized by severe pulmonary inflammation, massive
recruitment of neutrophils and lymphocytes in interstitial tissue, edema, disruption of epithelial
integrity, and the injury of lung parenchyma [3]. ALI and ARDS result from various diseases and
pathological conditions such as trauma, pneumonia, sepsis, and endotoxemia [4,5].

Despite the great efforts to find new and/or most active pharmacological approaches for
ALI/ARDS treatment and the discovery of the pathological factors, their mortality still presents
a high rate (about of 40%) [6,7]. On this basis, the need for new therapeutic agents in the field of
lung inflammatory-based diseases has prompted the investigation of several plant-based products
for potential therapeutic application [8,9]. Portulaca oleracea (PO) belongs to the Portulacaceae
family, commonly called qurfeh (Persia), purslane (the USA and Australia), pigweed (England),
rigla (Egypt), pourpier (France), and Ma-Chi-Xian (China) [10]. This plant is commonly found
in tropical and subtropical areas of the world, as well as in many regions of the United States,
Mediterranean, and tropical Asian countries [11]. It has been used as a folk medicine in many countries
for its febrifuge, antiseptic, and anthelmintic properties [12]. Congruently, it has been reported
that PO exhibits great pharmacological properties including anti-oxidant [13], antibacterial [14],
anti-ulcerogenic [15], anti-inflammatory [16], and wound-healing properties [17,18]. Indeed, recent
studies have demonstrated that Oleracone, an alkaloid isolated from PO, attenuates inflammation
induced by lipopolysaccharide (LPS) in RAW 264.7 macrophage cell lines [19] and that the extract
of the leaves of PO possesses anti-inflammatory and immunomodulatory properties on Th1/Th2
lymphocytes profile [20]. It has also been reported that treatment of ovalbumin-sensitized rats with
PO extract displays a modulation of lung inflammation and immune markers [21].

Lipopolysaccharide (LPS) is known as the predominant microbial inducer of inflammation
processes accountable for the strong innate immune responses in ALI onset [5,22]. Alveolar epithelial
cells (AECs) are the first cells faced by pathogenic microorganisms playing a central role in the
beginning and progression of acute lung injury, followed by massive recruitment of neutrophils and
lymphocytes [2,23]. Moreover, it has also been demonstrated that inflammation, due to inflammatory
cyto-chemokines (in particular interleukin (IL)-6 and tumor necrosis factor (TNF)-α), plays an
important role in lung injury onset [24,25] and the first innate immune response [26]. Therefore, in the
present study, we aimed to investigate a new possible medication regarding the anti-inflammatory
properties of PO for ALI using the LPS-induced animal model of ALI and lung inflammation. In the
present study, we extended the previous observations about protective effects of PO, and shed new
light on its anti-inflammatory and anti-oxidant mechanism of action.

2. Results

2.1. Effects of LPS and PO on Body and Absolute Organ Weights, and Lung Wet/Dry Ratio

LPS (5 mg/kg) significantly elevated the absolute organs weights (lung, p ≤ 0.001; liver p ≤ 0.01;
and heart, p ≤ 0.001) compared with the control group (Table 1). PO at doses of 50 mg/kg (p ≤ 0.01),
100 mg/kg (p ≤ 0.001), and 200 mg/kg (p ≤ 0.001), as well as Dexa (1.5 mg/kg, p ≤ 0.001) significantly
attenuated the absolute lung weight compared with the LPS group (Table 1). Moreover, PO (200
mg/kg) and Dexa (1.5 mg/kg) notably decreased the increased absolute weights of liver (p ≤ 0.01)
and heart (p ≤ 0.001) compared with the LPS group (Table 1). LPS at 5 mg/kg significantly increased
lung wet/dry ratio compared with the control group (Figure 1, p ≤ 0.001). PO at doses of 100 mg/kg
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(p ≤ 0.05) and 200 mg/kg (p ≤ 0.001) and Dexa (p ≤ 0.001) at 1.5 mg/kg significantly reverted the lung
wet/dry ratio increase compared with the LPS group (Figure 1).

Table 1. Body and absolute organs weights for different groups.

C LPS Dexa PO 50 mg/kg PO 100 mg/kg PO 200 mg/kg

Body weight (g) 220 ± 31 218 ± 22 208 ± 19 215 ± 21 223 ± 22 231 ± 19
Lung (g) 1.05 ± 0.08 *** 2.78 ± 0.15 1.28 ± 0.07 *** 1.87 ± 0.14 ** 1.61 ± 0.09 *** 1.23 ± 0.11 ***
Liver (g) 5.41 ± 1.21 ** 7.94 ± 1.24 5.77 ± 1.06 ** 8.01 ± 1.28 7.23 ± 1.18 5.69 ± 1.13 **
Heart (g) 0.86 ± 0.08 *** 1.21 ± 0.09 0.89 ± 0.12 *** 1.17 ± 0.07 1.05 ± 0.17 0.83 ± 0.12 ***

Data are presented as means ± SD (n = 6). ** p ≤ 0.01 and *** p ≤ 0.001. PO—Portulaca oleracea.

Figure 1. Effect of Portulaca oleracea (PO) extract on the lung wet/dry ratio in broncho alveolar
lavage fluid (BALF). Data were presented as mean ± standard error of measurement (SEM) (n = 6).
+++ p ≤ 0.001 compared with the control group, * p ≤ 0.05 and *** p ≤ 0.001 compared with the
lipopolysaccharide (LPS) group, and # p ≤ 0.05 compared with the Dexa + LPS group.

2.2. Effects of LPS and PO on Bronchoalveolar Lavage Fluid (BALF) Hematologic Indices

Our results revealed that LPS treatment significantly modified hematologic indices of neutrophil,
basophil, eosinophil, and monocyte/macrophage, as well as total white blood cells (Figure 2A–E,
p ≤ 0.001) and lymphocytes (Figure 2F, p ≤ 0.001). Notably, PO extract (100 and 200 mg/kg) and Dexa
(1.5 mg/kg) markedly reverted hematologic indices (Figure 2A–E, p ≤ 0.05 to 0.001) and lymphocytes
reduction (Figure 2F, p ≤ 0.001).’

2.3. Effects of LPS and PO Extract on BALF Inflammatory Cytokines

LPS significantly increased the production of inflammatory cytokines including IL-1β (Figure 3A,
p ≤ 0.001), TNF-α (Figure 3B, p ≤ 0.001), IL-6 (Figure 3C, p ≤ 0.001), IL-10 (Figure 3D, p ≤ 0.05), PGE2

(Figure 3E, p ≤ 0.001), and TGF-β (Figure 3F, p ≤ 0.001) compared with the control group. Treatment
with Dexa at 1.5mg/kg significantly decreased all measured parameters compared with the LPS
group (Figure 3A–F, p ≤ 0.01 to 0.001 for all cases). Interestingly, PO at doses of 100 and 200 mg/kg
significantly modulated the expression of IL-1β, TNF-α, IL-6, PGE2, and TGF-β, and the increase of
increment in IL-10 level compared with the LPS group (Figure 3A–F, p ≤ 0.05 to 0.001 for all cases).

112



Molecules 2019, 24, 139

Figure 2. Effect of PO extract on hematologic indices (A) neutrophil, (B) basophil, (C) eosinophil,
(D) total white blood cell, (E) monocyte/macrophage ratio, and (F) lymphocyte in BALF. Data were
presented as mean ± SEM (n = 5). +++ p ≤ 0.001 compared with the control group, * p ≤ 0.05 and
*** p ≤ 0.001 compared with the LPS-induced group and # p ≤ 0.05 and ### p ≤ 0.001 compared with
the Dexa + LPS group. WBC—white blood cells.

Figure 3. Effects of PO extract on inflammatory and anti-inflammatory biomarkers (A) interleukin
(IL)-1β, (B) TNF-α, (C) IL-6, (D) IL-10, (E) PGE2, and (F) TGF-β in BALF. Data were presented as mean
± SEM (n = 7). + p ≤ 0.05 and +++ p ≤ 0.001 compared with the control group; * p ≤ 0.05, ** p ≤ 0.01,
and *** p ≤ 0.001 compared with the LPS-induced group; and # p ≤ 0.05, ## p ≤ 0.01, and ### p ≤ 0.001
compared with the Dexa + LPS group.
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2.4. Impact of PO on the BALF Oxidant/Antioxidant Status

LPS notably increased malondialdehyde (MDA), myeloperoxidase (MPO), and nitric oxide (NO)
levels, and contextually decreased super oxide dismutase SOD and catalase (CAT) activity, as well
as thiol content, compared with the control group (Figure 4A–C, p ≤ 0.001). However, PO (100
and 200 mg/kg) and Dexa (1.5 mg/kg) groups significantly decreased MDA, MPO, and NO levels
(Figure 4A–C, p ≤ 0.05 to 0.001) and reverted oxidant/anti-oxidant status that resulted in a significant
increase in the levels of SOD (p ≤ 0.001) and catalase (p ≤ 0.001) activity, as well as total thiol content
(p ≤ 0.001) (Figure 5).

Figure 4. Effects of PO extract on oxidative indices: (A) malondialdehyde (MDA), (B) myeloperoxidase
(MPO), and (C) NO in BALF and lung tissue. Data were presented as mean ± SEM (n = 7). +++ p ≤ 0.001
compared with the control group, * p ≤ 0.05 and *** p ≤ 0.001 compared with the LPS-induced group,
and # p ≤ 0.05 compared with the Dexa + LPS group.

Figure 5. Effects of PO extract on anti-oxidative indices: (A) SOD, (B) thiol, and (C) catalase (CAT)
in BALF and lung tissue. Data were presented as mean ± SEM (n = 6). +++ p ≤ 0.001 compared with
the control group, *** p ≤ 0.001 compared with the LPS-induced group, # p ≤ 0.05 and ### p ≤ 0.001
compared with the Dexa + LPS group.
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2.5. Characteristics of PO Hydro-Ethanolic Extract

HPLC peaks from PO extract chromatogram appeared at 320 nm (Figure 6B). Using the H-NMR
method, we also detected the peaks at 220 and 320 nm between 8 and 12 min ascribed to kaempferol
and apigenin derivatives, respectively (Figure 6A,B).

 

A) 

B) 

Figure 6. HPLC fingerprint of the hydro-ethanolic extract of P. oleracea at 220 nm (A) and 320 nm (B).

3. Discussion

LPS, as a gram-negative bacterial constituent, is a well-known and established cause of
adventitious pneumonia from the community or hospital patients, and Toll-like receptor-4 (TLR4)
activation by this stimuli is a reasonable way for activating the innate immunity against gram-negative
pathogen/s [27,28]. It has been demonstrated that LPS leads to pulmonary inflammation such as
ALI, which occurs after 4–48 h of pathogen exposure [29–31]. For this reason, previous studies have
reported that LPS stimulation is a standard model for inducing experimental ALI and ARDS [32,33].

Inflammation is considered the major response to infections or injuries. However, uncontrolled
prolongation of the inflammatory repertoire may lead to tissue damage and healing [24,28].
LPS activated macrophages produce inflammatory mediators such as TNF-α, PGE2, IL-1β,
and IL-6 [34–36], which play an important role in self-sustaining inflammatory conditions [37].
Therefore, suppressing the prolonged and/or chronic lung inflammation induced by LPS could
represent a potential curative aspect for lung injury [38,39].

Portulaca oleracea is a medicinal plant widely used in traditional medicine [40]. Nowadays,
many studies have revealed its valuable pharmacologic properties including anti-inflammatory,
anti-oxidant, anti-microbial, and neuroprotective [41–48]. PGE2 is a bioactive lipid associating with
inflammation and cancer. Its synthesis is originated by phospholipases (PLAs) through liberating free
fatty acids from membrane, including arachidonic acid (AA) [49]. There are several studies on the
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notion of the contribution of the dysregulation in the levels of arachidonic acid, and PGE2 synthesis or
degradation have been associated with a number of inflammatory diseases [49–51]. In the current study,
we demonstrated that LPS significantly increases the levels of PGE2 and other inflammatory cytokines
in the BALF compared with the control group. Previous studies also described that an increase in the
level of PGE2 promotes the activation of both the innate and adaptive immunity including macrophage
and Th17 cells, a subset of CD4+ helper T cells, by the production of interleukin-17 (IL-17) [49–51].
Our results showed that PO suppresses lung inflammation by the reduction of IL-1β, IL-6, TNF-α,
PGE2, and TGF-β, as well as by the increase of IL-10 levels. These results are in accordance with
previous studies that reported anti-inflammatory effects of PO on RAW 264.7 macrophage cell line
and human umbilical vein endothelial cells (HUVECs) treated with LPS [16,52]. In contrast, it has
been reported that PO extract inhibits TNF-α-induced adhesion of HL-60 cells to HUVECs and mRNA
expression of IL-8 and monocyte chemoattractant protein (MCP)-1 [12]. It has also been suggested
that inhibition of inflammation by PO may be partly because of modulation of nuclear factor-kappa B
(NF-κB) signaling pathway and decrement of p65 nuclear accumulation [53]. Indeed, all these pieces
of evidence further support and validate the anti-inflammatory potential of Portulaca oleracea in other
inflammatory-based illness such as colitis [54], peripheral pain [16], and liver injury [55]. Previous
studies demonstrated that the levels of inflammatory (TNF-α and IL-1β) and anti-inflammatory (IL-10)
cytokines are impressed by both transcription factors NF-κB and nuclear factor erythroid 2-related
factor 2 (Nrf2), respectively [28,56,57]. As one of the current study’s limitations, we did not evaluate
changes in gene expression and/or activity of certain transcription factors related to the inflammatory
and antioxidant response such as NFκB and Nrf2, respectively.

TLR-4, as the main receptor for LPS, possesses an essential role in the pathogenesis of ALI,
also supported by its localization on airway vascular endothelial and epithelial cells [58]. Accordingly,
Askari and coworkers [20] have shown that PO extract had modulatory effects on imbalanced
lymphocytes through the reduction of inflammatory cytokines and increased expression of IL-10
may be correlated to TLR-4 modulation. LPS-induced lung injury is also characterized by neutrophils
infiltration in lung tissues that occurs and is driven by the massive cytokines production [2,59,60].
Interestingly, we found that PO extract improves the level of WBC in BALF samples, as well as the level
of MPO, compared with the LPS group as an index of a significative reduction of neutrophil recruitment
and activity. Contextually, in ALI/ARDS onset, lung edema appears as a consequence of microvascular
leakage associated with endothelial injury [61,62]. The results of our study showed that PO significantly
decreased the lung wet/dry ratio as an index of interstitial edema. In addition, we observed that PO
markedly prevented MDA and NO production as well as propagated thiol, catalase, and SOD in BALF.
Lipid peroxidation is a condition under which free radicals attack lipids containing carbon–carbon
double bonds leading to cell and organ damage [63–65]. The main bio-products produced in
this process are MDA and SOD, widely used as lipid peroxidation index and as markers of lipid
peroxidation in ALI/ARDS [66]. Furthermore, it has been suggested that NO and inducible nitric oxide
synthase (iNOS) lead to oxidative stress and endothelial damage [63–65,67]. Therefore, inhibition of
iNOS and reduction of NO content could be beneficial in these pathologies [68]. Free radicals are
highly reactive species capable of destructing DNA, proteins, carbohydrates, and lipids, structurally
leading to cell damage or apoptosis. Exogenous anti-oxidant enzymes such as catalase, SOD, and thiol
groups protect cells against oxidative stress damages induced by free radicals [69–73]. It could be
concluded that the significant modulation of SOD and catalase activities and of the level of thiol groups
after PO treatments improve the lung antioxidant status in an LPS-induced rat lung injury.

The anti-oxidant and anti-inflammatory properties of this plant extract may be the result of the
considerable amounts of anti-oxidant compounds including gallotannins, omega-3 fatty acids, ascorbic
acid, α-tocopherols, kaempferol, quercetin, and apigenin [16,74,75], and because of the presence
of flavonoids such as kaempferol and apigenin derivatives found in our chemical characterization.
Accordingly, Chen et al. reported that aqueous extract of PO alleviated high fat diet-elicited oxidative
stress including blood and liver anti-oxidant enzymatic systems by the modulation of leptin and liver
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peroxisome proliferator-activated receptor (PPAR)-γ [13,28]. Furthermore, it has been reported that
aqueous extract of PO exhibits cytoprotective effects on 2,2′-azobis hydrochloride-induced hemolytic
injuries of red blood cells (RBCs) [76].

4. Materials and Methods

4.1. Chemicals and Reagents

LPS (Escherichia coli 055: B5) was obtained from Sigma (St. Louis, MO, USA). Myeloperoxidase
(MPO) assay kit, IL-1β, TNF-α, IL-6, IL-10, PGE2, and TGF-β enzyme-linked immunosorbent
assay (ELISA) kit were provided by eBioscience (San Diego, CA, USA). All other reagents were
of analytical grade.

4.2. Preparation of PO Extract

PO extract was prepared according to our previously characterized and standardized method [20].
In brief, the hydroethanolic extract was made using the macerated method with 70% w/w ethanol for
72 h at room temperature (RT). The yield of the dried extract was 21% w/w in the ratio of dried powder,
and kept in −20 ◦C until use. For the characterization of PO extract, we used a liquid chromatography
system comprising of a 510 Waters pump (Waters Association, Milford, MA, U.S.A.), a variable
wavelength (model 486 Waters UV detector), and a Waters sample injection system (U6K system).
The mobile phase was formed by a mixture of methanol:acetonitrile/tetrahydrofuran/0.5% glacial
acetic acid (5:3:18:74). This phase was filtered under vacuum, then degassed, and finally pumped
through the Novapak C18 column (150 × 3.9 mm i.d.) at a flow rate of 1.0 mL/min. The chromatograms
were recorded at 220 and 320 nm [62] and interpreted by Gloexir Pars ® Company, Mashhad, Iran.
For total flavonoid content, we have followed the procedure previously adopted in our group [63,64].
Briefly, 5 mL of 2% aluminum trichloride (AlCl3) in methanol was mixed with the same volume
of PO extract, incubated for 15 min at RT, and then measured at 510 nm using a MultiSpec UV-vis
spectrophotometer (Shimadzu, Tokyo, Japan). The total flavonoid content was measured based on the
standard curve of different flavonoids at a range of 0–50 μg/mL.

4.3. Animals and Husbandry

Adult male Sprague–Dawley rats (weighing 220 ± 30 g) were provided by the animal laboratory
of Faculty of Medicine, Mashhad University of Medical Sciences (Mashhad, Iran), and kept in an
animal care facility under controlled temperature and humidity, and on a 12 h/12 h light/dark cycle,
with ad libitum access to water and a standard laboratory chow diet. All experimental procedures
were carried out in compliance with local and national law and policies (Grant No. 971254 of Ethical
Committee of National Institute for Medical Research Development, Iran). All procedures were carried
out to minimize the number of animals (n = 5–7 per group) and their suffering.

4.4. Experimental Protocol

Animals were randomly divided into six groups of 5–7 rats: (I) control group (saline); (II) LPS
group (5 mg/kg); (III) LPS + Dexamethasone group (Dexa, 1.5 mg/kg); (IV) LPS + PO (50 mg/kg)
group; (V) LPS + PO (100 mg/kg) group; and (VI) LPS + PO (200 mg/kg) group. LPS was administered
using intraperitoneal (i.p.) injection to induce acute lung injury. PO and Dexa were administrated by
oral gavage (po) 1 h before LPS injection. Dose adjustment was performed according to our preliminary
study. Rats were sacrificed, and samples were collected at 4 h after LPS administration [61].

4.5. Absolute Organ Weight and Lung Wet/dry Weight Ratio

The whole body and absolute lung, heart, and liver weights were recorded. The measurement
of water content of lungs was also carried out by assessing the wet/dry weight quantitative ratio of
lung tissues. Briefly, the right lung inferior lobe was dissected and weighed to supply the ‘wet’ weight.
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The lung was then dried at −80 ◦C for 72 h to get the ‘dry’ weight. Finally, the wet/dry ratio was
calculated as wet/dry ratio = wet weight/dry weight.

4.6. Broncho-Alveolar Lavage Fluid (BALF) Preparation

As previously described [64], animals were anesthetized with urethane (50 mg/kg, i.p.) at the end
of the experimental protocol. Successively, the chest was opened and lungs and trachea were dissected
and washed with distilled water. Lungs were lavaged with 1 mL saline five times at controlled RT
through the cannulated trachea. The collected BALF was centrifuged at 2500 g for 10 min and the
obtained supernatant was stored at −80 ◦C for the subsequent analysis.

4.7. Measurement of Total and Differential White Blood Cells (WBC) in BALF

Briefly, 1 mL of BALF was stained with Turk solution (1 mL glacial acetic acid, 1 mL of gentian
violet solution 1%, and 100 mL distilled water) and counted by Neubauer chamber. Differential
cell analysis was carried out by the aim of a light microscope as previously described [77]. WBC
and differential WBC were determined via light microscope according to morphological criteria
and staining.

4.8. Oxidant-Antioxidant Assessment in BALF

For measurement of malondialdehyde (MDA) concentration, the sample was refluxed with a
solution of HCl and TBA (thiobarbituric acid). Then, 2 mL of this solution was added to 1 mL of
BALF and heated in a water bath at 50 ◦C for 40 min to dissolve TBA. After cooling and reaching
RT, it was centrifuged at 1000 rpm for 10 min. Afterward, the absorbance was read at 535 nm and
then the MDA concentration was calculated based on the following equation: C (M) = A/1.65 × 105,
where C indicated the concentration and A the absorbance [24,78]. To determine the thiol groups,
the DTNB method (2, 2′-dinitro-5, 5′-dithiodibenzoic acid) was used. This reagent reacts with SH
(thiol) groups and produces a yellow complex that has an absorbance peak at 412 nm and has a molar
absorption coefficient of 13.6 mM−1cm−1. Then, 1 mL of Tris-EDTA buffer (pH 8.6) was added to
50 μL BALF and sample absorbance was read at 412 nm against Tris-EDTA buffer alone (A1). A total
of 20 μL of DTNB reagents (10 nM in methanol) was added to the mixture and the samples were
kept at RT for 15 min, after which the absorbance was read again (A2). The absorbance of DTNB
reagent was also read as a blank (B) [78]. Total thiol concentration expressed as nmol/mg protein was
calculated with the following equation: (A2 − A1 − B) × 1.07/0.05 × 13.6. Catalase (CAT) activity
was measured based on its ability to decompose hydrogen peroxide (H2O2) by decreasing adsorption
in a 240 nm absorption spectrum. For this purpose, 30 mM hydrogen peroxide was used as a substrate
and 50 mM phosphate buffer with pH = 7 as substrate substitute in blank solution. The measuring
solution contained a suitable volume of sample and a solution of hydrogen peroxide. The reaction
was started by adding hydrogen peroxide and reduced absorption by spectrophotometer at 240 nm
for 3 min. Each catalase activity unit was defined as the hydrogen peroxide μmol consumed per
mg of protein [78]. Measurement of superoxide dismutase enzyme activity was performed based on
previously described methods with slight modifications [63,64,79–81]. The method is based on the
pyrogallol auto-oxidation and the inhibition of superoxide-dependent reduction of the tetrazolium
dye, MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to its formazan. The reaction
was stopped by adding dimethyl sulfoxide (DMSO), and then performed with a microtiter plate reader
at 570 nm. A unit of SOD was defined as the amount of enzyme needed to control MTT reduction up
to 50%.

4.9. Enzyme-Linked Immunosorbent Assay (ELISA) Assay

The levels of TNF-α, IL-6, IL-1β, IL-10, PGE2, and TGF-β in the supernatants of obtained BALF
were measured using commercially available enzyme-linked immunosorbent assay kit (ELISA kits,
eBioscience Co., San Diego, CA, USA) according to the manufacturer instructions. Briefly, 100 μL
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of BALF supernatants, diluted standards, quality controls, and dilution buffer (blank) were applied
on a pre-coated plate with the monoclonal antibody for 2 h. After washing, 100 μL of biotin-labeled
antibody was added and incubation continued for 1 h. The plate was washed and 100 μL of the
streptavidin–HRP conjugate was added and the plate was incubated for a further 30 min period in the
dark. The addition of 100 μL of the substrate and stop solution represented the last steps before the
reading of absorbance (measured at 450 nm) on a microplate reader [82].

4.10. Myeloperoxidase Assay

Leukocyte myeloperoxidase (MPO) activity was assessed by measuring the H2O2-dependent
oxidation of 3,3′,5,5′-tetramethylbenzidine (TMB) as previously reported [82]. Aliquots of 20 μL of
BALF were incubated with 160 μL of TMB and 20 μL of H2O2 (in 80 mM phosphate buffer, pH 5.4) in
96-well plates. Plates were incubated for 5 min at RT and optical density was read at 620 nm using
a plate-reader (Biorad, Italy). The assay was performed in duplicates and normalized for protein
content [82].

4.11. Statistical Analysis

The results obtained were expressed as the mean ± SEM. Normality test was carried out based
on Kolmogorov–Smirnov. After passing the tests, statistical analysis was performed using one-way
analysis of variance (ANOVA) followed by Bonferroni or Dunnett’s post-test when comparing more
than two groups. Student’s t-test was used in cases where two groups were compared. Statistical
analysis was performed using GraphPad Prism 6.0 software (San Diego, CA, USA). Data were
considered statistically significant when a value of p ≤ 0.05 was achieved. The data and statistical
analysis comply with the recommendations on experimental design, analysis [83], and data sharing
and presentation in preclinical pharmacology [84,85].

5. Conclusions

These studies are in accordance with our findings that demonstrate the protective effects of PO on
LPS-induced acute rat lung injury, paving the way for rational use of this plant extract in lung-related
inflammatory diseases, as well as in those characterized by an increase of free radicals and oxidative
reactive products.
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Abstract: Due to the growth in aging populations, prevention for cognitive decline and dementia
are in great demand. We previously demonstrated that the consumption of iso-α-acids (IAA),
the hop-derived bitter compounds in beer, prevents inflammation and Alzheimer’s disease pathology
in model mice. However, the effects of iso-α-acids on inflammation induced by other agents aside
from amyloid β have not been investigated. In this study, we demonstrated that the consumption
of iso-α-acids suppressed microglial inflammation in the frontal cortex of rTg4510 tauopathy mice.
In addition, the levels of inflammatory cytokines and chemokines, including IL-1β and MIP-1β,
in the frontal cortex of rTg4510 mice were greater than those of wild-type mice, and were reduced
in rTg4510 mice fed with iso-α-acids. Flow cytometry analysis demonstrated that the expression of
cells producing CD86, CD68, TSPO, MIP-1α, TNF-α, and IL-1β in microglia was increased in rTg4510
mice compared with wild-type mice. Furthermore, the expression of CD86- and MIP-1α-producing
cells was reduced in rTg4510 mice administered with iso-α-acids. Moreover, the consumption of
iso-α-acids reduced the levels of phosphorylated tau in the frontal cortex. Collectively, these results
suggest that the consumption of iso-α-acids prevents the inflammation induced in tauopathy mice.
Thus, iso-α-acids may help in preventing inflammation-related brain disorders.

Keywords: inflammation; iso-α-acids; microglia; tau; tauopathy

1. Introduction

Dementia and cognitive impairment are becoming an increasing burden not only on patients and
their families, but also on national healthcare systems worldwide, concomitant with the rapid growth
in aging populations. Owing to the lack of disease-modifying therapies for dementia, preventive
approaches, including diet, exercise, and learning are garnering increased attention. Etiological
studies of lifestyle have demonstrated that low-to-moderate consumption of alcohol, such as wine
and beer, may reduce the risk of cognitive decline and the development of dementia. Indeed,
individuals who consume low-to-moderate levels of alcoholic beverages on a daily basis were shown
to have a significantly lower risk of developing a neurodegenerative disease, as compared with
individuals who abstained from alcohol beverages or drank heavily [1–3]. Apart from the effects
of alcohol itself, resveratrol, a polyphenolic compound present in red wine, has been shown to be
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neuroprotective [4–7]. We previously demonstrated that the consumption of iso-α-acids, the bitter
components present in beer, prevents Alzheimer’s pathology in 5 × FAD transgenic model mice.
In addition, iso-α-acids suppress the microglial inflammation induced by amyloid β deposition
in the brain, resulting in protection against cognitive decline. Iso-α-acids activate the peroxisome
proliferator-activated receptor-γ (PPAR-γ) and regulate microglial phagocytosis and inflammation [8].
However, the effects of iso-α-acids on inflammation induced by other agents aside from amyloid
β have not been investigated. In Alzheimer’s disease, neurofibrillary tangles (NFTs) composed of
hyperphosphorylated tau are observed in each brain region with aging, as well as senile plaques
composed of amyloid β [9]. Tauopathy is characterized by fibrillar tau accumulation in neurons
and glial cells, which is associated with neuronal dysfunction [10]. Proliferation and activation of
microglia in the brain around NFTs and senile plaques are prominent features of Alzheimer’s disease.
Inflammation caused by activated microglia is associated with the disease progressions [11]. rTg4510
tauopathy model mice overexpress human P301L mutant tau and show neuroinflammation in the
brain, accompanied by disease progression [12]. On the other hand, there is no report evaluating
the preventive effects of nutritional components with anti-inflammatory activity in rTg4510 mice.
Therefore, in the present study, the effects of iso-α-acids on inflammation in rTg4510 tauopathy mice
were investigated.

2. Results

2.1. Effects of Iso-α-Acids on Inflammation in the Brain with Tauopathy

To evaluate the effects of iso-α-acids on inflammation in the brain of rTg4510 tauopathy mice, the
levels of proinflammatory cytokines and chemokines in the frontal cortex of tauopathy mice fed with
iso-α-acids were measured. The levels of IL-1β, TNF-α, MIP-1β, and IL-12p40 in the frontal cortex of
rTg4510 mice were higher than those of wild-type mice (Figure 1a–d). The administration of iso-α-acids
reduced the levels of IL-1β and MIP-1β in rTg4510 mice (Figure 1a,c), but did not change those in
wild-type mice. These results indicate that proinflammatory cytokines and chemokines are increased
in the frontal cortex in rTg4510 mice, and the consumption of iso-α-acids reduce the inflammation
induced in tauopathy mice.
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Figure 1. Effects of iso-α-acids on rTg4510 mice. Three-month-old rTg4510 mice and wild-type mice
were fed 0% or 0.05% (w/w) iso-α-acids (IAA) for three months. (a–d), the levels of IL-1β, TNF-α,
MIP-1α, and IL-12p40 in the frontal cortex, respectively. Data are the means ± SEM of 12 (wild-type
mice without IAA), 6 (wild-type mice with IAA), 12 (rTg4510 mice without IAA), and 10 (rTg4510 mice
with IAA) mice. p-values shown in the graph were calculated by one-way ANOVA, followed by the
Tukey-Kramer test. * p < 0.05 and ** p < 0.01.

2.2. Effects of Iso-α-Acids on Microglial Phenotype in the Brain of Tauopathy

To evaluate the effects of iso-α-acids on microglia in rTg4510 tauopathy mice, CD11b-positive
microglia were isolated and analyzed using flow cytometry. The expression of CD86, a costimulatory
molecule, on CD11b-positive cells in the brain was increased in rTg4510 mice compared with
wild-type mice and reduced in rTg4510 mice fed with iso-α-acids (Figure 2a). The expressions
of CD68 and TSPO in CD11b-positive microglia were increased in rTg4510 mice compared with
wild-type, but did not change in rTg4510 mice fed with iso-α-acids (Figure 2b,c). MIP-1α-, TNF-α-, and
IL-1β-producing cells were also increased in rTg4510 mice, and MIP-1α-producing cells were decreased
by iso-α-acids (Figure 2d–f). These results indicate that the microglia phenotype was induced into the
proinflammatory type in rTg4510 mice, and some of these inflammatory inductions were suppressed
by the consumption of iso-α-acids.
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Figure 2. Analysis of microglia in rTg4510 mice. Microglia in the brains of rTg4510 mice were isolated
using magnetic cell sorting and analyzed using a flow cytometer. (a–c), the expression of CD86, CD68,
and TSPO in CD11b-positive microglia of rTg4510 or wild-type mice, respectively. (d–f), the percentages
of intracellular MIP-1α-, TNF-α-, and IL-1β-producing cells in CD11b-positive cells, respectively. Data
are the means ± SEM of five mice in each group. p-values shown in the graph were calculated by
one-way ANOVA, followed by the Tukey-Kramer test. * p < 0.05 and ** p < 0.01.

2.3. Effects of Iso-α-Acids on Tau Phosphorylation in Tauopathy Mice

To evaluate the effects of iso-α-acids on the phosphorylation of tau, the levels of total tau and
phosphorylated tau in the hippocampus and frontal cortex were measured. The levels of total tau were
not changed by the consumption of iso-α-acids (Figure 3a). However, the levels of phosphorylated tau
(pS199) soluble in TBS buffer in the frontal cortex were significantly decreased with the consumption
of iso-α-acids (Figure 3b). The levels of phosphorylated tau (pS396 and pT231) in rTg4510 mice fed
with iso-α-acids were lower, but this change was not significantly different from control rTg4510 mice
(Figure 3c,d). pTau soluble in lauric acid and formic acid was not changed by the administration of
iso-α-acids. The levels of phosphorylated tau in the hippocampus of rTg4510 mice and the levels of
total tau and phosphorylated tau (pS199) in the frontal cortex of wild-type mice were not changed by
the consumption of iso-α-acids. These results indicate that the consumption of iso-α-acids reduces the
phosphorylation of tau in rTg4510 mice.
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Figure 3. Effects of iso-α-acids on the phosphorylation of tau in rTg4510 mice. Three-month-old
rTg4510 mice and wild-type mice were fed 0% or 0.05% (w/w) iso-α-acids (IAA) for three months. (a–d),
the levels of total tau and phosphorylated tau (pS199, pS396, and pT231) soluble in tris-buffered saline
(TBS) buffer, lauric acid, and formic acid of rTg4510 were measured. p-values shown in the graph were
calculated by Student’s t-test. * p < 0.05. (e,f), the levels of total tau and phosphorylated tau (pS199)
soluble in TBS buffer of rTg4510 and wild-type mice fed with 0% or 0.05% (w/w) IAA, respectively.
p-values shown in the graph were calculated by one-way ANOVA, followed by the Tukey-Kramer test.
* p < 0.05 and ** p < 0.01.

3. Discussion

In the present study, we demonstrated that the consumption of iso-α-acids mitigated microglial
inflammation and the phosphorylation of tau in the frontal cortex of tauopathy rTg4510 mice.
To evaluate the effects of iso-α-acids on tauopathy, rTg4510 tauopathy mice were fed with iso-α-acids,
and the levels of proinflammatory cytokines and pTau were measured. The consumption of iso-α-acids
suppressed the levels of cytokines and chemokines in the frontal cortex and induced microglia into the
anti-inflammatory type in rTg4510 mice. We previously reported that iso-α-acids activate PPAR-γ [13],
and PPAR-γ activation by iso-α-acids is involved in the suppression of microglial inflammation using
primary microglia [8]. It has also been reported that PPAR-γ activation induces microglia into the M2
anti-inflammatory type [14,15]. Pioglitazone, an agonist of PPAR-γ, induced microglia into the M2
type and showed anti-inflammatory effects in vivo [16]. These results suggest that iso-α-acids also
suppress tau-induced microglial inflammation.

Inflammation in the brain has increasingly become a focus for studies of preventive and
therapeutic approaches for Alzheimer’s disease [17]. Epidemiological investigations have suggested
that the intake of non-steroidal anti-inflammatory drugs (NSAIDs) has a preventive effect on
Alzheimer’s disease [18,19]. In addition, the potential of pioglitazone for medical treatments related
to Alzheimer’s disease has been suggested. Microglia play a crucial role in inflammation in the
brain. In general, microglia remove the old synapses and waste products in the brain to maintain the
environment [20]. On the other hand, massively activated microglia produce neurotoxic substances,
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including reactive oxygen spices and inflammatory cytokines [21]. It has been suggested that
the polarization of microglia between the M1 inflammatory type and the M2 anti-inflammatory
type is important for improving the neurological pathology and cognitive decline observed in
Alzheimer’s disease [22]. CD86 and MIP-1 proinflammatory markers of microglia are increased
in rTg4510 mice [23,24], and consumption of iso-α-acids suppressed the expression of CD86 in rTg4510
mice. Therefore, it is suggested that iso-α-acids suppress the induction of microglia into the M1
proinflammatory type in rTg4510 mice.

We next evaluated the effects of iso-α-acids on the phosphorylation of tau, and the concentrations
of tau and pTau were measured. pTau (Ser199), soluble in TBS, in rTg4510 mice fed with iso-α-acids was
significantly lower than that of control rTg4510 mice. It has been reported that inflammation in the brain
accelerates the phosphorylation of tau [25,26]. Intraventricular injection with lipopolysaccharide (LPS)
in rTg4510 mice induces microglia into the proinflammatory type and increases the phosphorylation
of tau (Ser199) in the frontal cortex and hippocampus [25]. These reports suggest that the suppression
of inflammation in the frontal cortex of rTg4510 mice reduces the phosphorylation of tau. However,
in the present study, we did not evaluate the direct effects of iso-α-acids on the phosphorylation of
tau. Thus, further study is needed to further evaluate the relationship between inflammation and
phosphorylation of tau.

In summary, in the present study, we analyzed the microglial inflammatory phenotype in rTg4510
mice; induced microglial inflammation in rTg4510 was suppressed by the consumption of iso-α-acids.
Iso-α-acids are considered a safe food material because they are generated from α-acids in hops,
and hops have been used as a material for brewing beer for more than 1000 years. The consumption of
iso-α-acids suppresses the inflammation induced by various agents, including amyloid β [8], a high-fat
diet [27], and pTau; therefore, it may help in preventing inflammatory-related brain disorders. Further
study as part of a clinical trial is needed to evaluate the effects of iso-α-acids on cognitive function.

4. Materials and Methods

4.1. Animals

rTg4510 mice [28], a transgenic mouse model for human tauopathy, and control FVB/N-C57BL/6J
mice (wild-type mice) were used in this study. Animals were maintained in an experimental facility at
the University of Tokyo. rTg4510 mice overexpress human tau that contains the frontotemporal
dementia-associated P301L mutation, and tau expression can be suppressed with doxycycline
treatment [28]. For the expression of mutant tau in rTg4510 mice, the mutated gene, located
downstream of a tetracycline-operon-responsive element, must be co-expressed with an activator
transgene consisting of a tet-off open reading frame located downstream of the Ca2+-calmodulin
kinase II promoter elements [28]. Wild-type control mice lack both the tau responder and the activator
transgene. Mice under 3 months of age were housed in cages, with free access to a standard purified
rodent growth diet (AIN-93G, Oriental Yeast, Tokyo, Japan); mice over 3 months of age were housed
with free access to a maintenance diet (AIN-93M, Oriental Yeast). Three-month-old mice were fed 0% or
0.05% (w/w) iso-α-acids for 3 months. The number of mice were 12 (wild-type mice without iso-α-acids),
6 (wild-type mice with iso-α-acids), 12 (rTg4510 mice without iso-α-acids), and 10 (rTg4510 mice with
iso-α-acids). The Institutional Animal Care and Use Committee of the Graduate School of Agricultural
and Life Science at the University of Tokyo approved all experiments in 2017 (Approval No. P17-020).
All efforts were made to minimize suffering.

4.2. Preparation of Iso-α-Acids

Iso-α-Acids consist predominantly of three congeners: Cohumulone, humulone, and adhumulone.
During the brewing process, they are each isomerized into two epimeric isomers, namely, cis-
and trans-iso-α-acids (Figure 4). A purchased isomerized hop extract (IHE; Hopsteiner, Mainburg,
Germany) with 30.5% (w/v) iso-α-acids, comprising cis-isocohumulone (7.61% w/v), cis-isohumulone
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(14.0% w/v), and cis-isoadhumulone (3.37% w/v), trans-isocohumulone (1.74% w/v), trans-isohumulone
(3.05% w/v), and trans-isoadhumulone (0.737% w/v)was used in this study.

Figure 4. Chemical structures of iso-α-acids. Structures of cis-iso-α-acids: Cis-isocohumulone (1a),
cis-isohumulone (1b), and cis-isoadhumulone (1c). Structures of trans-iso-α-acids: Trans-isocohumulone
(2a), trans-isohumulone (2b), and trans-isoadhumulone (2c).

4.3. Microglia Analysis

Primary microglial cells were isolated from the brain via magnetic cell sorting after conjugation
with anti-CD11b antibodies (Miltenyi Biotec, Bergisch Gladbach, Germany), as previously
described [29]. Isolated CD11b-positive cells (>90% pure as evaluated by flow cytometry) were stained
with anti-CD86-FITC (eBioscience, CA, USA), anti-CD68-APC (BioLegend, CA, USA), anti-TSPO-PE
(PBR, Abcam, Cambridge, UK), and anti-CD11b-APC-Cy7 (BD Biosciences, CA, USA) antibodies
after treatment with the BD Cytofix/Cytoperm Fixation/Permeabilization kit (BD Biosciences). To
measure intracellular cytokines, microglia were plated in poly-D-lysine (PDL)-coated 96-well plates
(BD Biosciences) and cultured in DMEM/F-12 (Gibco, CA, USA) medium supplemented with 10% fetal
calf serum (Gibco) and 100 U/mL penicillium/streptomycin (Sigma-Aldrich, MO, USA) containing
a leukocyte activation-cocktail with BD GolgiPlugTM (BD Biosciences) for 12 h. Microglia cells were
treated with the BD Cytofix/Cytoperm Fixation/Permeabilization kit (BD Biosciences) and then
stained with anti-IL-1β-FITC (eBiosciences), anti-MIP-1α-PE (eBiosciences), anti-TNF-α-APC (BD
Pharmingen, CA, USA), and anti-CD11b-APC-Cy7 (BD Biosciences) antibodies. Stained cells were
analyzed using a flow cytometer (FACSCanto II; BD Biosciences).

4.4. Cytokines and Tau Measurement in Transgenic Mice

To measure cytokines and tau in the brain, the hippocampus and frontal cortex were homogenized
in TBS buffer (Wako, Monza, Monza and Brianza, Lombardy, Italy) containing protease inhibitor
cocktail (Biovision, CA, USA) and phosphatase inhibitor cocktail l and II (Wako) with a multi-bead
shocker (Yasui Kikai, Osaka, Japan). After centrifugation at 50,000× g for 20 min (MX-107, Tommy,
Tokyo, Japan), the supernatant was collected. The pellets were sonicated in sarkosyl solution (1%
N-lauroylsarcosine (Sarkosyl) in 1 mM Tris, 1 mM EGTA, 1 mM DTT, and 10% sucrose, pH 7.5), and the
supernatant was collected after centrifugation at 386,000× g for 20 min at 4 ◦C. The pellets were treated
with formic acid and dried. The samples were dissolved in an assay buffer (0.2 g/L KCl, 0.2 g/L
KH2PO4, 8.0 g/L NaCl, 1.150 g/L Na2HPO4, 5% BSA, 0.03% Tween 20, and 1× protease inhibitor
cocktail (Calbiochem) in ultrapure water, pH 7.4). The total protein concentration of each supernatant
was measured using a BCA protein assay kit (ThermoScientific, Yokohama, Japan). Each supernatant
was assayed for quantifying total tau and phosphorylated tau (pTau) of pS199, pS396, and pT231
(Thermo Scientific, Waltham, MA, USA) by ELISA. For quantifying cytokines and chemokines, the first
supernatant was evaluated by a Bio-Plex assay system (Bio-Rad, Hercules, CA, USA).

4.5. Statistical Analysis

The data represent the mean ± SEM. Data were analyzed by one-way ANOVA, followed by the
Tukey-Kramer test or Student’s t-test, as described in the figure legends. All statistical analyses were
performed using the Ekuseru-Toukei 2012 software program (Social Survey Research Information,
Tokyo, Japan). A value of p < 0.05 was considered statistically significant.
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Abstract: Inflammation is important and has been found to be an underlying cause in many acute
and chronic human diseases. Nuciferine, a natural alkaloid containing an aromatic ring, is found
in the nelumbo nucifera leaves. It has been shown to have potential anti-inflammatory activities, but
the molecular mechanism has remained unclear. In this study, we found that nuciferine (10 μM)
significantly inhibited the lipopolysaccharide (LPS)-induced inflammatory cytokine IL-6 and TNF-α
production in RAW 264.7 cells. In addition, the luciferase reporter assay results of different subtypes
of the peroxisome proliferator-activated receptor (PPAR) showed that nuciferine dose-dependently
activated all the PPAR activities. Specific inhibitors of PPARα and PPARγ significantly abolished the
production of inflammatory cytokines as well as IκBα degradation. However, PPARδ inhibitor did
not show this effect. Our results suggested a potential molecular mechanism of the anti-inflammatory
effects of nuciferine in LPS-induced inflammation, at least in part, by activating PPARα and PPARγ
in RAW 264.7 cells.

Keywords: nuciferine; inflammation; PPARs; IL-6; TNF-α

1. Introduction

Inflammatory responses are widely implicated in vast kinds of acute and chronic human diseases,
including cancer, atherosclerosis, and diabetes [1]. Macrophages play a critical role and are involved
in the self-regulating cycle of inflammation, as macrophages produce multiple pro-inflammatory
cytokines and mediators that are involved in inflammation, such as the TNFα and the IL-6 [2].
Interference therapy that target macrophages and related cytokines may be some new approaches for
controlling inflammatory diseases.

Regulation of the inflammatory response depends on a variety of potential mechanisms, including
peroxisome proliferator-activated receptors (PPARs) actions [3]. PPARs are activated by their synthetic
or natural ligands/modulators, which lead to the PPARs to bind to their specific DNA response
elements, as heterodimers, with the retinoid X receptor (RXR) [4]. PPARs have been found to have three
subtypes, which are named PPARα, PPARβ/δ, and PPAR. They play crucial roles in the regulation of
lipid and glucose metabolism. In addition, accumulating evidence reveals that activation of the PPARs
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are involved in the various types of inflammatory processes, due to the inhibition of pro-inflammatory
genes expression and negative regulation of pro-inflammatory transcription factor signaling pathways,
in inflammatory cells [5]. Furthermore, activation of PPARs shows the anti-inflammatory effect by
inhibiting the activation of nuclear factor-κB (NF-κB), leading to a decrease of pro-inflammatory
cytokines and mediators [6]. Therefore, PPARs have been shown to be the drug targets to treat various
related inflammatory diseases, such as vascular diseases, cancer, and neurodegenerative diseases [7].
Searching for the effective ligands or modulators of PPARs, for the prevention and clinical therapeutic
options, is of great interest.

The natural product nuciferine ((R)-1,2-dimethoxyaporphine; Nuci) is an alkaloid found within
the leaves of Nymphaea caerulea and Nelumbo nucifera, which is widely planted in Asia, the Middle
East, and some countries in Africa [8]. Especially in China, lotus leaves are usually commercially
available for tea due to its pharmacologic effects, such as losing weight, heat-clearing, and detoxifying,
according to the traditional theory of Chinese medicine [9]. Recent studies showed that nuciferine, an
important component of lotus leave extracts, can improve hepatic lipid metabolism [10], increase the
glucose consumption, and stimulate insulin secretion [11]. Anti-inflammation activity of nuciferine
was also reported in potassium oxonate-induced kidney inflammation [12], as well as Fructose-induced
inflammatory responses [13], in vivo. However, the underlying molecular mechanisms of its
anti-inflammatory effects are not fully understood. Based on the inflammatory-related functions of
PPARs and the differences of the distinct tissue-specific expression, physiology, and ligand specificity of
the PPARα, PPARβ/δ, and the PPARγ, the aim of this study was to investigate the effect of nuciferine
on inflammation in lipopolysaccharide (LPS)-induced RAW264.7 cells and to observe if this effect is
mediated by the three PPAR subtypes.

2. Results

2.1. Cytotoxicity of Nuciferine on RAW264.7 Cells

To test the effect of nuciferine on the cell viabilities of RAW264.7 cells, 3-(4,5-dimethyl-2-thiazolyl)-
2,5-diphenyltetrazolium bromide (MTT) assay was performed in RAW264.7 cells, using different
concentrations of nuciferine, ranging from 1 to 50 μM. After treatment for 24 h, cell viabilities were
measured, and the results are shown in Figure 1. Compared with the control group (without nuciferine),
no significant difference (p > 0.05) were found between control and all the treatment groups, indicating
that nuciferine had no direct cytotoxicity, in this cell line. To avoid using a concentration of nuciferine
higher than the normal physiological concentration, 10 μM was used in all of the following experiments.

Figure 1. Cytotoxicity of Nuciferine on macrophage RAW264.7 cells. Cell viabilities of RAW264.7 cells
treated with Nuciferine (0, 1, 3, 10 or 50 μM), for 24 h, were measured by MTT assay.
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2.2. Nuciferine Inhibited IL-6 and TNFα Production in LPS-Induced RAW264.7 Cells

In order to evaluate whether the nuciferine has potential anti-inflammatory activity in RAW264.7
cells, the cells were pretreated with nuciferine (1~50 μM), for 24 h, before exposure to LPS, and the
pro-inflammatory cytokines IL-6 and TNFα were examined (Figure 2). Without the LPS stimulation,
the concentrations of TNFα and IL-6, in the cell medium, by ELISA were 380.5 ± 51.3 pg/mL and
352.1 ± 60.1 pg/mL, respectively (Figure 2A,B). The LPS treatment significantly increased (p < 0.05)
both TNFα and IL-6 levels by 679.2% and 472.6%, respectively. Importantly, the nuciferine decreased
both these cytokine levels induced by the LPS, in a dose-dependent manner. Meanwhile, gene
expression of these cytokines, by RT-qPCR, showed the same trends as the ELISA results (Figure 2C,D).
Pearson correlation analysis of both the protein and the mRNA levels of TNFα and IL-6, with the
nuciferine concentrations, are shown in Table 1. With the LPS treatment, it showed significant negative
correlation of the ratio of nuciferine concentration versus IL-6 protein level (Pearson r = −0.62, p = 0.004,
n = 20) or mRNA level (Pearson r = −0.50, p = 0.02, n = 20). Similarly, significant negative correlations
were found between nuciferine concentration and TNFα protein level (Pearson r = −0.58, p = 0.02,
n = 20) or mRNA level (Pearson r = −0.69, p = 0.01, n = 20). All these results indicated that nuciferine
had a potential anti-inflammatory effect, by reducing inflammatory cytokines production.

 

Figure 2. Nuciferine inhibits the LPS-induced TNFα and IL-6 production in RAW264.7 cells. RAW
264.7 cells were pretreated with nuciferine (0, 1, 10 or 50 μM for 24 h) and then stimulated with the LPS
(500 ng/mL for 12 h), with a nuciferine withdrawal. (A,B) TNFα and IL-6 releases and (C,D) mRNA
level of TNFα and IL-6, respectively. * p < 0.05 ** p < 0.01 vs. control, # p < 0. 05 ## p < 0.01 vs.
LPS treatment.

Table 1. Nuciferine inhibits the LPS-induced TNFα and IL-6 production in RAW264.7 cells.

Nuciferine
(μM)

LPS
(ng/mL)

TNFα IL-6

Protein (pg/mL) mRNA Protein (pg/mL) mRNA

0 0 380.51 ± 51.27 0.99 ± 0.01 352.01 ± 60.02 1.01 ± 0.01
0 500 2584.46 ± 179.60 * 1.64 ± 0.21 ** 1663.71 ± 137.20 * 3.34 ± 0.39 **
1 500 2315.98 ± 146.64 1.39 ± 0.17 1643.94 ± 209.69 2.59 ± 0.28
10 500 2139.87 ± 275.53 1.05 ± 0.13 # 1216.91 ± 88.18 # 1.92 ± 0.20 ##

50 500 1772.82 ± 203.58 ## 0.61 ± 0.11 ## 1028.78 ± 74.61 ## 1.85 ± 0.21 ##

Quantitative data are presented as mean ± SEM. * p < 0.05 ** p < 0.01 vs. control, # p < 0. 05 ## p < 0.01 vs.
LPS treatment.
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2.3. Nuciferine Increased the PPARs Activity

PPARs are involved in the various types of inflammatory processes [5]. To study the potential
molecular mechanism of nuciferine on the LPS-induced inflammation, we examined the effects of
nuciferine on PPARs activity by a luciferase reporter assay. The cells were transfected with PPARs
isoforms (PPARα/PPARδ/PPARγ) plasmid and reporter plasmid, followed by the treatment of
nuciferine (1 or 10 μM) or PPARs agonists, for 24 h. All the selective agonists WY14643 for PPARα,
GW501516 for PPARβ/δ, and rosiglitazone (Rosi) for PPARγ, significantly increased the fluorescence
signal in the both the RAW264.7 cells and HEK 293 cells, confirming that the systems for detecting
PPARs transactivation activity were correct. In the RAW 264.7 cells, nuciferine significantly increased
the transcriptional activities of PPARα and PPARγ, in a dose-dependent manner, compared to control
group. However, it did not affect PPARβ/δ activity (Figure 3A–C). Pearson correlation analysis
(Table 2) shows a significant positive correlation of the ratio of nuciferine concentration, versus the
PPARα activity (Pearson r = 0.70; p = 0.004, n = 15) and a significant positive correlation of the ratio of
nuciferine concentration versus the PPARγ activity (Pearson r = 0.51; p = 0.05, n = 15). However, there
was no significant correlation of the ratio of nuciferine concentration versus the PPARβ/δ activity
(Pearson r = 0.29; p = 0.11, n = 15). Meanwhile, the luciferase reporter assay was carried out using the
HEK 293 cells (Supplementary Figure S1) to verify the results. All the results showed that nuciferine
increased the activities of the three PPARs but only significantly increased the PPARα and PPARγ
activity. The mRNA levels of the targets genes of PPARs, such as carnitine palmitoyltransferase 1A
(CPT-1A) for PPARα [14], adipose differentiation related protein (ADRP) for PPARβ/δ [15], CD36 for
PPARγ [16], were further investigated (Figure 3D). All these target genes expressions were up-regulated
by nuciferine, at 10 μM, in the RAW264.7 cells. Together, these results indicated that nuciferine could
enhance PPARs transcriptional activity in mononuclear macrophages.

δ

Figure 3. Effect of Nuciferine on PPARs transcription activities. (A–C) Luciferase reporter assay in
RAW264.7 cells. (D) The relative mRNA expression of PPARs target genes. * p < 0.05 ** p < 0.01 vs. control.

Table 2. Effect of Nuciferine on PPARs transcription activities in RAW264.7 cells.

Nuci (μM) PPARα PPARβ/δ PPARγ

0 1.03 ± 0.04 0.99 ± 0.01 1.02 ± 0.01
1 1.34 ± 0.11 * 1.03 ± 0.19 1.31 ± 0.09 *

10 1.44 ± 0.11 * 1.13 ± 0.27 1.35 ± 0.12 *
agonist 1.69 ± 0.06 * 1.17 ± 0.22 * 1.57 ± 0.13 *

Quantitative data are presented as mean ± SEM. * p < 0.05 vs. control.
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2.4. Antagonists of PPARα and PPARγ Abolished the Anti-Inflammatory Effects of Nuciferine

To further clarify whether the anti-inflammatory effect of nuciferine are mediated by PPARs,
antagonists GW5417 for PPARα, GSK0660 for PPARβ/δ, GW9662 for PPARγ were co-administrated
with nuciferine, for 24 h, in the LPS-induced RAW264.7 cells, respectively (Figure 4). As the results
before, when stimulated with the LPS, the content of IL-6 and TNFα were increased. All these
antagonists increased the pro-inflammatory cytokines, compared with the group treated with the
LPS only. However, the effect of nuciferine was abolished in the presence of the PPARα and PPARγ
antagonists, indicating that the anti-inflammatory effect of nuciferine, at least partially, went through
the PPARs activation.

 
Figure 4. Antagonist of PPARα and PPARγ abolished the effects of nuciferine on the LPS-induced
TNFα and IL-6 production. RAW264.7 cells were pretreated with GW6417/GSK0660/GW9662, for 12 h,
followed by the nuciferine incubation, for 24 h, and then stimulated with LPS for 12 h. (A,B) production
of the IL-6 and the TNFα in a cell medium supernatant. (C,D) mRNA expression of IL-6 and TNFα.
* p < 0.05 ** p < 0.01 vs. control. # p < 0.05, ## p < 0.01 vs. LPS treatment. $ p < 0.05 vs. antagonist
pretreatment followed by the LPS stimulation.

2.5. Nuciferine Decreased LPS Induced IκB-α Degradation through PPARs Activition

PPARs exert anti-inflammatory effects by regulating the NF-κB signal pathway. To further
investigate the mechanisms of nuciferine on anti-inflammatory effect, the degradation of IκB-α protein
levels were determined with exposure to the nuciferine in the LPS-treated RAW 264.7 cells (Figure 5,
original results see Figure S2). When stimulated only with LPS, the cytosolic IκB-α protein was
markedly degraded, consistent with the THP-1 treatment results [17]. However, nuciferine treatment
attenuated the pro-inflammatory effect of the LPS. Furthermore, the effects of nuciferine were abolished
by a co-incubation with PPARs antagonists. The results suggested that nuciferine dramatically inhibited
the LPS-induced NF-κB activation and its effect was PPARs-dependent.
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Figure 5. Anti-inflammatory effects of nuciferine on the LPS-induced inflammatory response, are
PPARs dependent. RAW264.7 cells were pretreated with GW6417/GSK0660/GW9662, for 12 h,
followed by the Nuciferine incubation and then stimulated by the LPS with a nuciferine withdrawal.
Levels of the expression of IκBα were detected by Western blotting. * p < 0.05 vs. control group;
# p < 0.05 vs. LPS group.

3. Discussion

Our present study has shown that treatment with nuciferine ameliorates the LPS-induced
inflammation in RAW264.7 cells. Importantly, it was found that the protective effect of nuciferine
is mediated by PPARs activation. These results highlight the potential use of nuciferine for
preventing inflammation.

Overexpression of the inflammatory mediators is closely associated with systemic injury. There is
evidence that anti-inflammatory treatment has become an important component of inflammatory
diseases [18]. Inflammatory mediator inhibitors can be shown to have beneficial effects in improving
the severity of inflammation-related diseases. A wide variety of phytochemicals derived from natural
plant have anti-inflammatory effects, such as phenolics, terpenolids, and alkaloids [19]. Nuciferine,
an alkaloid found in the lotus leaves, exerted a protective effect against inflammation, in vivo [20] and
in vitro [21]. Our results showed that nuciferine decreased the expression of inflammatory cytokines
IL-6 and TNFα, in both protein and gene levels, dose dependently, in the LPS-treated RAW264.7 cells,
indicating that nuciferine had potential anti-inflammatory effects.

Nuciferine, a natural alkaloid from the lotus leaves, have been reported to exert multiple beneficial
effects, in vivo and in vitro, such as anti-tumor [22] and insulin stimulatory effects [23]. Our recent
results showed that nuciferine improved the hepatic steatosis in high-fat diet/streptozocin-induced
diabetic mice [24]. Some studies reported that nuciferine suppressed the inflammation by regulating
inflammatory signaling through different signal pathways. For example, in hyperuricemia mouse
model, nuciferine inhibited renal inflammation through suppression of Toll-like receptor 4/myeloid
differentiation factor 88/NF-κB signaling and a NOD-like receptor family, pyrin domain containing 3
(NLRP3) inflammasome [12]. Similarly, in vitro studies, nuciferine exerted the anti-inflammatory and
antilipemic effects, as well as the siRNA Per-Arnt-Sim kinase treatment group in oleic acid-induced
hepatic steatosis, in HepG2 cells, indicating a potential molecular pathway of the anti-inflammation
effect of nuciferine [21]. As we know, the three subtypes of PPARs exert anti-inflammatory effects
in vivo and in vitro by several different molecular mechanisms [25–27]. PPARα [28] and PPARγ [29]
were shown to repress some other transcription factors, such as NF-κB signal pathway, to reduce the
release of inflammatory cytokines including IL-6 and TNFα, when they were activated by their ligands.
The anti-inflammatory effects of PPARβ are mediated by ligand-independent repression [30]. Owing
to the anti-inflammatory effect of PPARs, we used the luciferase reporter assay and the target gene
transcription of PPARα/PPARγ/PPARδ to test if the PPAR family is involved in the anti-inflammatory
effect of nuciferine. The results showed that nuciferine activated the PPAR family, especially the PPARα
and the PPARγ. Moreover, the antagonists of the PPAR family GW6417/GSK0660/GW9662 were
treated in the cells to block the PPARs activities, before the nuciferine treatment. What’s interesting
is that all the antagonist treatment increased the inflammation markers. The protective effect of
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nuciferine was remarkably diminished by the inhibition of PPARα and PPARγ, indicating that the
anti-inflammatory effect of nuciferine, at least in part, went through the PPARs receptor activation.
To confirm these results, the protein expression of the activated PPARs and the total PPARs should
also be tested, using immunoblotting, in the further studies. Our recent in vivo results also clarified
that nuciferine-activated PPARα in the liver tissues, in a diabetic mouse model [24]. Nuciferine
is hydrophobic, consistent with the structures of most PPAR agonists. It could interact with the
ligand-binding domain of PPARs, in theory, leading to the stabilization of the configuration of the
hydrophobic core and subsequently the activation of PPARs to regulate the gene transcription [31].
However, more binding mechanisms between the nuciferine and the PPARs should be further studied.

It is well known that NF-κB is an important target for inflammatory therapeutic strategy [32].
PPARs have recently been shown to exert the anti-inflammatory activity by reducing the DNA-binding
activity of NF-κB and suppressing its nucleus translocation, which attenuates the cytokine production
and reduces tissue injury [32–34]. NF-κB is a crucial factor to activate the inflammatory genes
transcription, including pro-inflammatory cytokines, such as TNFα and IL-6 [35]. In addition, IκBα
expression was accompanied by a decrease in NF-κB DNA binding activity [36]. Our results showed
that nuciferine treatment alters the IκBα cellular content in LPS stimulation. Moreover, the specific
inhibitors for PPARs reversed the effect of nuciferine, partially or completely, indicating that nuciferine
could prevent IκBα degradation via PPARs activation, under the LPS stimulated conditions.

Overall, our studies demonstrated that nuciferine, with a concentration of 10 μM, attenuated the
LPS-induced inflammation through activation of PPARs, especially PPAR-α and-γ, in RAW264.7 cells.
These findings suggest that nuciferine may be a potentially important candidate for inflammatory diseases.

4. Materials and Methods

4.1. Reagents

Nuciferine (purity by HPLC > 98.0%) was purchased from APP-CHEM (YHI-039, Xi’an, Shanxi,
China). Dulbecco’s modified Eagle’s medium-high glucose (DMEM), fetal bovine serum (FBS),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), and Lipofectamine 2000 reagent
were purchased from Invitrogen (Carlsbad, CA, USA). Lipopolysaccharide (LPS), PPARs agonists
WY14643, GW501516, rosiglitazone (Rosi) were purchased from Sigma (St. Louis, MO, USA). TRIzol
reagent was purchased from Invitrogen (Carlsbad, CA, USA). IL-6 and TNF-α Mouse ELISA Kit was
obtained from Elabscience Biotechnology Co. Ltd. (Wuhan, Hubei, China). Super Script II Rnase H
Reverse Transcriptase kit was purchased from Invitrogen (Carlsbad, CA, USA).

4.2. Cell Culture

Murine macrophage RAW264.7 cells (ATCC, Rockville, MD, USA) and human embryonic
kidney cells (HEK293 cells, ATCC, Rockville, MD, USA) were cultured with DMEM containing
10% FBS, 100 U/mL penicillin, and 100 U/mL streptomycin. Cells were maintained at 37 ◦C,
in a humidified atmosphere of 5% CO2 and 95% air. RAW264.7 cells were seeded into plates and
treated at approximately 80% confluence.

4.3. Cytotoxicity

RAW264.7 cells were seeded at a density of 1.5 × 103 cells/well in 96-well plates. After 24 h,
cells were treated with different concentrations of nuciferine (0–50 μM), for 24 h, followed by an
addition 20 μL MTT solution (5 g/L), to each well, for 4 h. The insoluble formazan product was
dissolved in 150 μL/well dimethyl sulfoxide (DMSO), after washing out the supernatant [37]. Then,
the absorbance at 490 nm was measured using a microplate reader (Olympus America Inc., New York,
NY, USA). The percentage of cytotoxicity was calculated by the equation: Cytotoxicity (%) = (1 − A490

of sample)/A490 of control well.
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4.4. IL-6 and TNFα Levels Determination

RAW264.7 cells were grown into 12-well plates, treated with different concentrations of nuciferine
(0, 1, 10 or 50 μM) and stimulated with LPS (500 ng/mL). Cell-free supernatants were collected
and the levels of pro-inflammatory cytokines, TNFα and IL-6 were measured using ELISA kits,
by a determination of the absorbance at 450 nm, according to the manufacturer’s instructions. Standard
curves were used to calculate the concentration of TNFα and IL-6 in each sample.

4.5. PPARs Luciferase Reporter Assay

HEK293T cells and RAW264.7 cells were plated into 12-well plates at 4 × 105 cells/well without
antibiotics. After 24 h at 60% confluence, cells were transfected according to the manufacturer’s
instructions. Briefly, PPARs isoforms (PPARα/PPARδ/PPARγ) plasmid (0.9 μg), reporter plasmid
PPRE×3-TK-LUC (0.3 μg) and β-gal (0.1 μg) were transfected into the cells, using Lipofectamine
2000 reagents (1:1), for 4 h. Since transfection efficiency is typically low in RAW264.7 cells, more
Lipofectamine 2000 was needed (1:2.5) and the transfection time was extended to 24 h. The medium
was replaced with a complete media containing DMSO, nuciferine, or PPARs agonists, for 24 h.
The cells were harvested and lysed to measure the luciferase activities using a luciferase assay kit,
according to the manufacturer’s instructions. The β-gal was transfected to normalize the transfection
efficiency [38].

4.6. RNA Isolation and Analysis

Cells were cultured into 12-well plate with a density of 4 × 105 cells/well. Total RNA was isolated
using TRIzol reagent and reverse transcribed into cDNA. Real-time quantitative polymerase chain
reaction (RT-qPCR) was performed as described by Yang et al. [39]. Glyceraldehyde-3-phosphate
dehydrogenase (Gapdh) was used as an internal control. Ct values of the sample were calculated,
and the mRNA levels were analyzed by 2−ΔΔCt method and normalized to Gapdh [40]. The primer
sequences were listed in Supplemental Table S1.

4.7. Immunoblotting

RAW264.7 Cell lysates were prepared using a lysis buffer containing 0.1% Triton X-100 and
proteinase inhibitors (Roche, Nutley, NJ, USA). Protein concentrations were determined using the
BCA protein assay kit (Thermo Scientific, PA, USA). Western blot was performed as described by
Yang et al. [39]. After blocking the membranes, primary rabbit antibody against IκBα (Santa Cruz
Biotechnology, Dallas, TX, USA) was incubated with a ratio of 1:1000 overnight. β-actin (1:5000,
Santa Cruz Biotechnology, Dallas, TX, USA) was used as a loading control. Membranes were then
washed with TBST and incubated with the secondary antibodies conjugated to anti-rabbit or anti-mouse
HRP-conjugated secondary antibodies (1:3000, Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h.
Bands were detected by enhanced chemiluminescence using ECL (Amersham Biosciences, Picataway,
NJ, USA) and then visualized by X-ray films.

4.8. Data Statistics

Quantitative data are expressed as mean ± SEM using SPSS 18.0 (IBM Corporation, Chicago, IL,
USA). Student t test and ANOVA followed by Tukey’s post hoc test were used to analyze the significant
difference between two or more groups, respectively. The rank-based test methods were employed
when data were not in a normal distribution or the variances were not homogeneous. All the results
were representative of at least three independent experiments.

Supplementary Materials: The following are available online, Figure S1: Effect of Nuciferine on PPARs
transcription activities in HEK 293 cells. Figure S2: Original western blot films of Figure 5A. Table S1: Sequences
of primers for qRT-PCR.
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Abstract: Endometriosis represents a severe gynecological pathology, defined by implantation of
endometrial glands and stroma outside the uterine cavity. This pathology affects almost 15% of
women during reproductive age and has a wide range of consequences. In affected women, infertility
has a 30% rate of prevalence and endometriosis implants increase the risk of ovarian cancer. Despite
long periods of studies and investigations, the etiology and pathogenesis of this disease still remain
not fully understood. Initially, endometriosis was related to retrograde menstruation, but new
theories have been launched, suggesting that chronic inflammation can influence the development
of endometriosis because inflammatory mediators have been identified elevated in patients with
endometriosis, specifically in the peritoneal fluid. The importance of dietary phytochemicals and
their effect on different inflammatory diseases have been highlighted, and nowadays more and
more studies are focused on the analysis of nutraceuticals. Resveratrol is a phytoestrogen, a natural
polyphenolic compound with antiproliferative and anti-inflammatory actions, found in many dietary
sources such as grapes, wine, peanuts, soy, berries, and stilbenes. Resveratrol possesses a significant
anti-inflammatory effect via inhibition of prostaglandin synthesis and it has been proved that
resveratrol can exhibit apoptosis-inducing activities. From the studies reviewed in this paper, it is
clear that the anti-inflammatory effect of this natural compound can contribute to the prevention
of endometriosis, this phenolic compound now being considered a new innovative drug in the
prevention and treatment of this disease.

Keywords: cytokines; resveratrol; endometriosis; anti-inflammatory; inflammatory disease

1. Introduction

Endometriosis represents a severe gynecological disease that affects almost 15% of women
in reproductive age, described by the implantation of endometrial tissue outside the uterus [1].
In endometriosis, endometrial tissue fragments are present mainly on the ovaries, on the pelvic
peritoneum, in the pouch of Douglas, and the rectovaginal septum [2]. Frequently, this dissemination
of the endometrial cells is explained by the theory of retrograde menstruation, consisting of the
presence of menstrual blood in the abdominal cavity, due to reflux through the Fallopian tubes,
an approach first described by Sampson in 1927 [3]. The favorable hormonal environment and some
immunological factors are involved in the implantation of endometrial cells in abnormal sites outside
the uterus and in the failure to eliminate these cells from the inappropriate places [4].
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There are three types of endometriosis, according to its localization in the pelvis: peritoneal,
ovarian, and rectovaginal, presented in the first stage of implantations as red lesions similar to the
eutopic endometrium. In time, these red lesions become black by an inflammatory reaction that
provokes a process of scarification [2].

The clinical presentation of endometriosis is variable and includes some severe symptoms:
dyspareunia, chronic pelvic pain, dysmenorrhea, and subfertility or infertility [5]. The severity
of symptoms increases with age [6].

Even the pathogenesis and the mechanisms of initial development and subsequent progression of
endometriosis are still unclear. There are proofs that this disorder is a pelvic inflammatory process and
chronic inflammation has a significant role in the development and progression of the pathology [7].

Based on this pro-inflammatory hypothesis, various studies report that in the peritoneal fluid
of patients with endometriosis increased numbers of activated macrophages, cytokines, angiogenic
factors, and growth factors have been identified, [8] produced through the alteration of the regular
activity of peritoneal cells [9].

A study conducted by Kobayashi et al. [10] highlights that endometriosis may be stimulated
through the activation of the inflammatory cells. Also, subsequent inflammation and microbial
infections of the upper genital tract are also involved in the initial development and progression of the
lesions [10]. Peritoneal oxidative stress is also considered a significant component of endometriosis-related
inflammation, and it can regulate genes that encode immunoregulators, cytokines, and cell adhesion
molecules [11].

In the literature, there have been several studies conducted to highlight the importance of diet and
its impact on the prevention and treatment of a wide range of diseases, raising more and more interest
in the analysis of dietary polyphenols [12]. Polyphenols are micronutrients found in dietary sources and
proof of their impact on the prevention of diseases is emerging [13]. The most common coccurrences
of polyphenols are in herbs, fruits, beverages, vegetables and spices, several of these polyphenols
have been proven to exhibit anti-inflammatory actions. Besides, several studies maintain that the
consumption of food abundant in polyphenols can reduce the incidence of chronic inflammatory
pathologies [14].

Resveratrol is a natural phytoalexin (trans-3,5,40-trihydroxystilbene), synthesized by plants due to
ultraviolet radiation and fungal infections [15,16]. High levels were identified in grapes, wine, berries,
Itadori tea, nuts, and stilbenes. Analysis of peanuts, raisins, and Itadori tea confirm the predominance
of trans-resveratrol glucoside and, in counterpoint, the study of red wine shows that it contains mainly
the aglycones cis- and trans-resveratrol forms [17].

Several studies indicate that resveratrol possesses various beneficial actions, including
anti-neoplastic, anti-inflammatory, anti-oxidative, anti-microbial, anti-atherogenic, and anti-angiogenic
properties [16,18]. It is also useful because it may provide cardiovascular protection [19].

Regarding the mechanism of action of resveratrol, numerous studies have shown that it includes
multiple cellular targets affecting signal transduction pathways. AKT (protein kinase B) represents
these pathways, Signal transducer and activator of transcription 3 (STAT3), ribosomal protein S6 kinase
beta-2 (RPS6KB2), mitogen-activated protein kinase 1/3 (MAPK1/3; ERK1/2), Mitogen-Activated
Protein Kinase 14 (MAPK14 (p38)), protein kinase C, and peroxisome proliferator-activated receptors
(PPAR) gamma [20–22]. Some of the pathways are relevant for the mechanisms of endometriosis-related
development on the impact of resveratrol as an anti-inflammatory agent [23,24]. This hypothesis
supports that resveratrol seems to be a possible innovative alternative agent in the prevention and
treatment of severe disease, but further studies are necessary to elucidate the useful potential of this
phytochemical and also the potential adverse effects that may appear.

Bruner-Tran et al. [25] pointed out the inhibition of endometriotic lesions by resveratrol in a
study published in 2011. Their study concluded that the oral gavage of resveratrol could reduce the
quantity and dimensions of endometriotic lesions. The in vivo study was performed on nude mice
and consisted of transplantation of induced human endometrial tissue into the peritoneal cavity of
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these mice. This effect of resveratrol was linked to reduced proliferative action and up-regulation of
apoptotic cell death into the lesions.

The essential mechanism of resveratrol in the prevention of endometriosis is considered
anti-inflammatory activity. It has been demonstrated to be manifested through the inhibition of
prostaglandin synthesis via the inhibition of COX enzyme synthesis, inhibition of activated immune
cells, and inhibition of pro-inflammatory cytokines [26].

Endometriosis, a chronic inflammatory disease is a frequent gynecological pathology, which has
a severe impact on women worldwide, therefore by understanding the pathophysiology, and the
mechanism of action of resveratrol we may improve the development of this disorder and the treatment
strategies, using natural products. With low toxicity, high accessibility, and low price, resveratrol may
become an alternative therapeutical agent for the prevention and treatment of endometriosis.

2. Biochemistry of Resveratrol

Resveratrol is a phytochemical found in high concentration in grapes, wine, tea, peanuts,
and berries also called a “miracle molecule” because it exhibits many beneficial properties [27,28].
This molecule was discovered and described for the first time in the year 1939 [29,30] when it was
isolated from the roots of Veratrum grandifloorum and in the year 1963, it was isolated from a plant
used in complementary medicine in China, Polygonum cuspidatum. Since the first discovery of the
compound, numerous scientific researches have been conducted to study the activity of resveratrol.
In 2002, Burns et al. [31] reported 92 new resveratrol compounds from the Dipterocarpaceae, Vitaceae,
Paeoniaceae, Gnetaceae, Leguminosae, Polygonaceae, Gramineae, Cyperaceae, and Poaceae families. According
to Sobolev et al., two new dimers of resveratrol were isolated from peanut seeds [32], and this
phytochemical has also been separated from baking chocolate, cocoa powder, and dark chocolate
(0.35–1.85 mg/kg in commonly consumed quantities) [33]

Resveratrol is part of the large chemical class of stilbenes and as well as the resveratrol molecule
and its analogs, a stilbene is considered a monomer, a primary building block that leads to subsequent
polymerization. In the last five years, over 60 naturally occurring stilbenes have been isolated, and it is
a fact that stilbenes exhibit a large wide of oligomeric constructions and polymerization [34].

The universal skeleton of stilbenes is a C6–C2–C6 unit, namely, a 1,2-diphenylethylene moiety [34].
Resveratrol is a polyphenolic phytoalexin that possesses two aromatic rings linked to each other by a
double ethylene bridge [35]. The chemical structure of resveratrol (trans-3,5,4′-trihydroxystilbene) is
responsible for the two isomeric forms, cis-resveratrol, and respectively trans-resveratrol [36]. In plants,
wine, and in natural food, resveratrol is found as both cis- and trans-isomers, although the significant
and more stable form of resveratrol is trans-resveratrol, which is useful as a preventive agent in cancer,
vascular diseases, infections, etc. [37]. Figure 1 illustrates the two isomers of resveratrol.

The synthesis of resveratrol is a condensation reaction including three molecules of malonyl-CoA
and one molecule of 4-coumaroyl CoA. From this reaction, out of resveratrol, also result four molecules
of CO2 [38]. The synthesis of resveratrol is shown in Figure 2.

The conversion of cis-isoform into trans-isoform is called cis-isomerization, and this phenomenon
is possible when a trans-isoform is exposed to UV radiation or sunlight [39,40]. Therefore, because
the cis-form is less stable [39], many studies use trans-resveratrol for administration, to highlight the
biological effects of this phytoalexin.

As with any others polyphenols, resveratrol can undergo an auto-oxidation process and O2 and
H2O2 are produced. This can also result in a mixture of quinines and semiquinones that may be
cytotoxic [41]. Regarding the metabolism of resveratrol, studies revealed that it is metabolized into
glucuronide and sulfate conjugates. Regarding the crystalline resveratrol and its glucoside, a study of
Jensen et al. [42] maintains that both of these forms are stable for more than three months, a low degree
of degradation may occur in various conditions such as air exposure, fluorescent light, UV light, high
temperature, etc.
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(a)  (b)

Figure 1. The two isomers of resveratrol; (a) cis-resveratrol and (b) trans-resveratrol [37].

Figure 2. Resveratrol synthesis from malonyl-CoA and 4-coumaroyl CoA [43].

Recently, five tetramers of resveratrol were separated from the roots of Vitis amurensis: amurensins
I–M, together with five resveratrol tetramers, named isohopeaphenol, (+)-vitisifuran A, heyneanol A,
(+)-hopeaphenol, vitisin A, From all of these tetramers, vitisin A, (+)-hopeaphenol, isohopeaphenol,
heyneanol A, and (+)-vitisifuran A showed a potent anti-inflammatory activity and also presented
strong inhibition of the biogenesis of leukotriene B4 (LTB4) [44].

3. Development of the Endometriosis-Role of Inflammation

Endometriosis is characterized by functional endometrial stroma and gland implants outside
of the uterine cavity. The main symptoms of this gynecological disease are chronic abdominal
pain, dysmenorrhea, infertility [45,46], and anxiety or depression related to the severity of the
pelvic-abdominal pain [47].

Regarding the pathophysiology of endometriosis and the biological mechanism of endometriosis-
associated pain, these still remain controversial and unclear. Endometriosis is considered a multi-factorial
condition with immunological, genetic, and hormonal environment contribution, characterized
by an abnormal expression of inflammatory factors [48]. An essential step in the progression of
endometriosis is represented by the link between inflammation and activation of the aromatase gene in
the endometrium, followed by the local production of estrogens [49]. In healthy patients, the aromatase
gene is inhibited, but in affected women, the promoter of this gene is activated by exposure to
pro-inflammatory prostaglandins (PGE2). A malicious cycle between estrogen production and chronic
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inflammation is created, and through this cycle, the survival of heterotopic endometrial cells is
maintained [50]. NF-kB is the link between aromatase expression and inflammation in endometriosis,
the activation and translocation of NF-kB from the cytoplasm to cell nuclei being the first step to induce
the inflammation process [51].

In patients with endometriosis and adenomyosis, the nuclear factor-kB subunit bound to a
cell has been observed more often than in control cases [52,53]. The inflammatory environment in
endometriosis points out an increased production of estrogens, which also increases prostaglandin
production through NF-kB and COX-2 activation [54]. Recent studies also suggest that an essential
cause of endometriosis development is neurovascular formation, or angiogenesis [55]. Angiogenesis is
a complex process of new blood vessels formation that involves the extravasation of growth factors,
degradation of the extracellular matrix, and new tube formation by endothelial cells. Endometriosis
is dependent on the development of new blood vessels [56,57] that also associate a wide range
of angiogenesis-related factors, such as VEGFR, VEGF, Delta-like 4 (Dll4)-Notch signal pathways,
and angiopoietin [58].

VEGF and VEGFR are angiogenesis-related factors that affect the proliferation, migration,
and permeability of the cells. A study of Gagne et al. [59] showed that the level of vascular endothelial
growth factor in the peritoneal fluid of type IV endometriosis patients is significantly higher compared
to type I/II endometriosis. VEGFC is an angiogenesis factor that acts on endothelial cells and promotes
angiogenic responses through VEGFR2-mediated pathways, to improve endothelial function and
vascular permeability in endometriosis [60].

Other constituents implicated in the development and progression of this chronic disease,
are matrix metalloproteinases (MMPs), cyclo-oxygenase (COX), tumor necrosis factor (TNF-α),
and hypoxia-inducible factor 1α (HIF-1) [48]. MMPs are involved in endometrial adhesion and
angiogenesis, TNF- α promotes angiogenesis, and COX promotes the implantation of heterotopic
endometrial cells [61,62]. Ectopic implants of the endometrial cell have shown increased expression of
cyclo-oxygenase-2, while cyclo-oxygenase-2 inhibitors have been largely studied in the treatment of
endometriosis-related abdominal pain [63]. The activity of MMP-2 in endothelial cells is significantly
increased by PGE2 and is suppressed by the inhibition of COX-2 and all those factors, either directly or
indirectly, are able to affect endometriosis-associated angiogenesis [64].

In the inflammatory panel of endometriosis, NF-kB has a crucial role in the progression of
the disease. This factor is activated by several cytokines pro-inflammatory: tumor necrosis factor
- α, interleukin 1β, and NF-kB activates multiple inflammatory mediators like IL-8 [65]. Activated
macrophages are the key in the defense against infections because they can secrete cytokines
pro-inflammatory: interleukin -1, interleukin -6, interleukin -12 and tumor necrosis factor-α and
uncontrolled activation of these factors results in persistent inflammation. In the context of chronic
inflammation, high levels of these cytokines have been identified in the peritoneal fluid of patients
with endometriotic lesions [66]. TNF-α promotes inflammation in the Fallopian tubes, and this results
in tissue repair and fibrosis in the tubes, which impairs reproduction, leading to poor quality of
oocytes. IL-1 can promote angiogenesis in endometrial lesions and interfere with peritoneal immune
surveillance. IL-8 has been identified in high levels in the peritoneal fluid of the patients with
endometriosis and promotes cell attachment and cell growth [67].

So, the basis of endometriosis pathophysiology is represented by the pro-inflammatory cytokines
axis, which was named by Soares et al. [68] “the crossroads of the molecular pathways.” This process
involves cytokines (tumor necrosis factor-α, interleukin-6, interleukin-8, monocyte chemoattractant
protein, macrophage inhibitory factor, and granulocyte macrophage colony-stimulating factor) [69]. Matrix
metalloproteinase-1, matrix metalloproteinase-2, matrix metalloproteinase-3, matrix metalloproteinase-7,
matrix metalloproteinase-9 [70], nitric oxide (NO), and VEGF are involved in neoangiogenesis [71].
Figure 3 illustrates the pattern of the most relevant molecular pathways implicated in the
pathophysiology of this pathology.
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The purpose of the management of this chronic inflammatory disease is to improve chronic
abdominal pain and successfully achieve a pregnancy in infertile women while the treatment is
both medical and surgical. Regarding medical treatment, this involves a wide range of therapeutic
agents including cyclo-oxygenase-2 inhibitors, TNF-α blockers, nuclear factor-kB inhibitors, statins,
mitogen-activated protein kinase inhibitors, immunomodulators, MMP inhibitors, Metformin,
antiangiogenic agents, and antioxidants [68].

Recent studies have shown the importance of natural therapy assessment for endometriosis
treatment. Nowadays, natural compounds from food and various plants, named phytochemicals, are
considered useful for the treatment of several diseases, including endometriosis. These new agents
promise a new and revolutionary perspective in the treatment of endometriosis.

Resveratrol, the miraculous phytoalexin contained in grapes and red wine is an agent with
multiple beneficial activities, and its role in endometriosis development and progression has been
studied to demonstrate its effectiveness as a therapeutic agent. This study focuses on complementary
medicines for the treatment of endometriosis, especially on the effect of resveratrol and examines its
therapeutic efficacy and mechanism of action.

4. Anti-Inflammatory Molecular Mechanisms of Resveratrol

Resveratrol exerts different effects on various molecular pathways involved in inflammation,
such as arachidonic acid, Nf-kB, Ah receptor or AP-1. We summarize in this subchapter how this
natural compound affects these signaling pathways.

4.1. Arachidonic Acid Pathway

Various stimuli, such as hormones, cytokines, and stress signals activate the arachidonic acid
(AA) pathway, under the action of phospholipase A2, the results being the release of this acid from the
cell membranes [72]. Through the activity of lipoxygenase and COX, arachidonic acid is converted
to several eicosanoids. Cyclo-oxygenase plays an essential role in inflammation because it catalyzes
the formation of prostaglandin H2 (PGH2). The primary mechanism, namely the conversion of AA to
PGH2 involves two steps: bisdioxygenation of arachidonic acid to PGG2 and peroxidative cleavage of
PGG2 to PGH2, releasing the active biological prostanoids (PGE2, PGF2α, PGI2, and thromboxane
A2) [72].

Figure 3. Illustration of molecular pathways in the development of endometriosis [7,68,73–75].
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Regarding resveratrol, several types of research have pointed out that this compound interacts
with the arachidonic acid pathway suppressing COX-2 effects on various levels. Subbaramaiah K et al.
concluded in their study that the mechanism through which resveratrol inhibits inflammation is
represented by suppression of PMA induced cyclooxygenase transcription in mammary epithelial
cells, mainly through inhibition of the protein kinase C pathway [76]. This compound also prevents
the induction of cyclooxygenase 2 promoter activity (known to be mediated by ERK-1 and c-Jun).
Camp responses element (CRE) is also an essential element in the inflammatory process. When
interfering with resveratrol, it suppresses COX-2 expression. Xie et al. [77] reported in their study
that C-Jun (a component of activator protein 1) activates cyclooxygenase promoter through the camp
responses element.

4.2. Aryl Hydrocarbon Receptor (AhR)

AhR has an essential role in the immune system, being a mediator of dioxin toxicity [78].
Furthermore, Esser et al. demonstrated in their study that aryl hydrocarbon receptor could bind
different factors (estrogen receptors, NF- κB, E2F1) [79]. Because dioxin induces immunosuppression,
agonists for AhR have been studied during the last years, aiming to identify natural products that
interfere with this unique molecular pathway of inflammation. Resveratrol is one of the natural
compounds that was identified to have antagonist effects on AhR [80,81]. It has been pointed out that
essential roles in the regulation of the immune system are played by FoxP3+ Tregs and effector Th17
subset [82]. The research results of Bettelli E et al. showed that resveratrol inhibited the development
of Th17 cells and FoxP3+ Treg [83]. Another in vitro study highlighted that resveratrol could block
Th17 development [84]. These findings reflect the beneficial activity of resveratrol on inflammation,
through inhibition of Th17.

4.3. Activator Protein 1 Pathway

In the inflammatory process the activator protein 1 is also involved, along with NF-κB, NFAT,
and STATs, playing an essential role in the initiation of the process, by promoting the transcription
of various biomolecules and pro-inflammatory cytokines. AP-1 factor includes multiple members
of JUN, FOS, ATF, and MAF protein families [85]. Activation of AP-1 is induced by various
cytokines (especially through JNK and MAPK signaling), hormones, growth factors (through
extracellular-signal-regulated-kinase), and cellular stress. Cytokines activate this pathway especially
through JNK and MAPK signaling. The cytokines (IL-2, IL-3, IL-4, IL-5, IL-13, IFN-γ, TNF-α) influenced
by AP-1 are regulated by a transcription factor complex that involves NFAT. The activated AP-1 proteins
have an essential role in the differentiation of T cells, it being known that several inflammatory diseases
are characterized by this type of T-cell response [86,87]. Some studies suggested that resveratrol
interferes with the inflammation process through AP-1 pathways, inhibiting COX-2 activity indirectly,
after inhibition of AP-1. So, the AP-1 pathway is indispensable when discussing the anti-inflammatory
effects of this natural compound [88,89].

4.4. NF-κB Pathway

The proteins of the NF-κB family proteins contain a Rel homology domain that serves as their
dimerization, DNA-binding, and a primary regulatory domain, according to Ghosh et al. [90]. NF-κB
proteins activation is dependent on the phosphorylation of IκB proteins. After the activation of IκB
proteins, the released NF-κB proteins activate various target genes associated with cell proliferation,
and inflammatory responses [91]. Manna et al. suggested that resveratrol modulates NF-κB through
suppressing its activation in several cell types, blocking TNF-α and inducing activation of NF-κB [92].
Other researchers showed that this natural compound could prevent NF-κB activation by different
stimuli besides TNF-α, such as other pro-inflammatory cytokines (IL-1β) or LPS, H2O2, okadaic acid,
and ceramide [93].
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5. Studies of Resveratrol as Anti-Inflammatory Agent in Endometriosis

Resveratrol, a natural non-flavonoid antioxidant, is a phytoalexin found in high levels in red
wine, approximately 1.52 mg/L and in grapes skin, 50–100 μg/g [94]. Resveratrol has been shown
to possess significant activity as anti-inflammatory, antioxidant, antiangiogenic agent and it also has
immunomodulatory properties [95]. In demonstrating the anti-inflammatory effect of resveratrol
several studies shown that this natural compound suppresses the production of ROS and inhibits
COX-2 expression and prostaglandin synthesis [96]. In Tables 1 and 2, we summarized the most
representative preclinical and clinical studies conducted to demonstrate the efficiency of resveratrol in
the management of endometriosis.

5.1. Preclinical Studies

In the initiation and progression of this disease, activation of peritoneal macrophages is a crucial
step [97]. This mechanism is responsible for the increased lipid peroxidation. Several authors
concluded that the increased production of free oxygen radicals, elevates oxidized lipoproteins in the
peritoneal fluid and lower levels of SOD and GSH-Px are often identified in patients with endometriosis.
Another marker of lipoprotein peroxidation is lysophosphatidylcholine, which was found elevated in
patients with this pathology, according to Murphy et al. [98,99]. The imbalance oxidation–antioxidation
appears to be responsible for the pathophysiology of endometriosis. The authors of this study identified
increased levels of MDA (increased lipid peroxidation in peritoneal plasma and implants), but after
supplementing with resveratrol in a dose-dependent manner, the increased levels were suppressed,
speculating that this natural compound can have beneficial effects as a potent antioxidant [98–102].

As we described in Section 4, resveratrol possesses anti-inflammatory effects through various
pathways. Chen et al. [103] concluded in their study that resveratrol acts through inhibition of the
expression of two enzymes induced by dioxin (CYP1A1 and CYP 1B1) via the AhR pathway. Another
possible mechanism involving this natural compound is described by Casper et al., who found that
resveratrol, in the presence of TCCD competes with AhR and inhibits CYP1A1 expression, resulting in
anti-inflammatory activity [80].

Research of Yavuz S. et al. [104] was carried out to demonstrate the efficiency of resveratrol as a
therapeutical agent in the treatment of endometriosis. The study included surgically induced lesions
of endometriosis in 24 female rats. Four weeks after the procedure, the injuries were measured in
three groups of study: control group, low resveratrol dose (1 mg/kg/day), and high resveratrol dose
(10 mg/kg/day). Resveratrol was administered intraperitoneal over seven days, and at the end of the
period, a laparotomy was completed for the purpose of observing the volume of endometriotic lesions
and serum/tissue levels of antioxidant enzymes also detected. Their study indicated that resveratrol
significantly reduced the volume of endometriotic lesions. Histological scores were also decreased in
the treated groups compared. Therefore, resveratrol is a phytochemical with potential ameliorative
effects in endometriosis, probably due to its anti-oxidative potency.

Another experimental endometriosis model was used in a prospective study of Tekin et al. [105].
The authors aimed to compare the biological activity of resveratrol in patients affected by endometriosis
with the effects of leuprolide acetate. Endometriosis experimental pattern was surgically induced
in thirty-three female rats, the cohort was divided into the following groups: group 1 (30 mg/kg
resveratrol i.m. for 14 days), group 2 (1 mg/kg leuprolide acetate s.c. single dose), group 3 (resveratrol
and leuprolide acetate), and group 4 was the control group, with no medication. The treatment was
carried out for two weeks, and after administration, the lesions size, histopathology, immunoreactivity
to matrix metalloproteinase-2, matrix metalloproteinase-9, and the vascular endothelial growth factor
were evaluated. Peritoneal fluid levels of interleukin-6, interleukin-8, and TNF-α were also studied.

Authors concluded that resveratrol alone might be an efficient alternative to leuprolide acetate
in the treatment of this pathology. Moreover, their combination decreased the activity of each
therapeutical agent, mostly the anti-inflammatory and anti-angiogenic effects. Plasmatic and peritoneal
levels of interleukin-6, interleukin-8, and TNF-α were reduced in the group that received only one
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therapeutical agent (1 and 2), and the volume of implant lesions was also significantly reduced.
The study of Amaya et al. summarized these effects of resveratrol, pointing out that low concentrations
of resveratrol associated to E2 possess a high estrogenic activity, suggesting that this compound can be
considered as a new approach in the treatment of this disease [106].

Sex steroids are used in the treatment of endometriosis and resveratrol, at high doses, has been
demonstrated to decrease the proliferation of human endometrial cells through estrogen receptor 1
(ESR 1) [80]. Another study used ovariectomized immunodeficient RAG-2-γ(c) mice with implanted
human endometrial cells. Amaya S. et al. administered a one-month treatment with subcutaneous
pellets of estradiol, estradiol and progesterone, and estradiol and resveratrol (6, 30, or 60 mg).
They concluded that resveratrol functions in low doses as an estrogen agonist and in high doses
as an estrogen antagonist.

Another study of Cenksoy et al. investigated the effect of resveratrol as an anti-angiogenic and
anti-inflammatory agent in in vivo research on mice with induced endometriosis [26]. They surgically
induced endometrial implants in 24 female rats and after the endometriosis foci had been confirmed,
they divided the rats into the following groups: a first group that received resveratrol, the second
group that received leuprolide acetate, and the control group. The treatment was administered for
21 days, and at the end of the administration, the authors evaluated the volume and histopathology of
lesions. Vascular endothelial growth factor and monocyte chemoattractant protein one measurement
in peritoneal samples and blood samples were performed.

The mean areas and volumes of the implants decreased after treatment with both resveratrol and
leuprolide acetate. Serum and peritoneal levels of MCP-1 and VEGF also appeared to be significantly
lower in both groups, so the effectiveness of resveratrol is comparable with that of leuprolide acetate,
a well-known therapeutical agent used for endometriosis regression.

A study in vivo and in vitro from 2011 regarding the effects of resveratrol on endometriosis [25]
reported that this compound increases cell death and decreases the proliferation of endometriosis
lesions, inhibiting the development of this disease. Another in vivo research on rats demonstrated
that after experimentally inducing endometriosis in the subjects, and after treatment with resveratrol,
the implant sizes decreased, and also the levels of VEGF and MCP-1 from peritoneal fluid. VEGF
expression was also suppressed in the endometriosis tissues after treatment [107]. By inhibiting
VEGF expression and synthesis, resveratrol acts as an anti-angiogenic compound while the inhibition
of synthesis, receptor activity secretion, and chemotactic activity of MCP-1 have anti-inflammatory
effects. The same results were identified by Cenksoy et al., who continued their research with the
administration of GnRHa, pointing out that resveratrol had the same impact as leuprolide acetate.
Resveratrol acts like synthetic estrogens, binding and activating the estrogen receptors [108].

A study of Taguchi et al. [109] demonstrated that resveratrol alone could reduce significantly
surviving mRNA expression, but did not induce apoptosis in human endometriotic stromal
cells. Also, pre-treatment with resveratrol in the case of endometriosis significantly enhanced
TNF-α-related-apoptosis-inducing ligand (TRAIL), known as a pro-apoptotic molecule.

5.2. Clinical Studies

Over time, the use of complementary and alternative medicine have been widely studied for the
treatment of endometriosis [110] and many plant-based products, including resveratrol, have been
reported to exhibit efficacy against this disease. Although the results of preclinical studies have been
favorable and have revealed the effectiveness of resveratrol in the treatment of this disease, clinical
trials using resveratrol have been limited. The hypothesis of most of the clinical trials involving
resveratrol administration was that the combination of oral contraceptives with naturally occurring
aromatase inhibitors might show promise for the treatment of endometriosis.

Resveratrol can potentiate the actions of oral contraceptives in the treatment of endometriosis-related
symptoms (such as dysmenorrhea). The mechanism of action, in this case, consists of decreasing the
expression of cyclooxygenase-2 and aromatase expression [81].
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The suppression of aromatase and Cox-2 expression in the endometrium is a necessary premise
for the control of chronic pelvic pain. Besides the suppression of aromatase, resveratrol possesses
the ability to block SIRT 1 and transform growth factor-beta genes. Synthetic aromatase inhibitors
do not share this characteristic [111]. Although the real mechanism of the anti-inflammatory effect
of resveratrol is not fully known, it seems to include the inhibition of NF-kB activation and its
translocation to cell nuclei. There, it stimulates the transcription of several genes connected to the
inflammatory cascade [112].

Because the excess of estrogen in endometriosis takes place in lesions as a consequence of the
expression of the aromatase p450 enzyme, progesterone resistance may develop as a consequence of
this hyperestrogenic milieu. Therefore aromatase expression may persist into the endometrium of
patients using oral contraceptives during the first months of treatment and pelvic pain and bleeding
may continue despite the treatment. [113]. The breakthrough that bleeding in oral contraceptive
users was associated with Cox-2 and nuclear factor kappa beta activation, thereby suggested that
the recommencement of inflammation plays a significant role in the resumption of uterine bleeding
and pain.

In this respect, the anti-inflammatory effect of resveratrol will contribute towards decreasing the
pain associated with endometriosis, potentiating the therapeutic impact of drospirenone and rendering
the patients pain-free [114,115].

Maia H. Jr et al. [116] investigated 12 patients with endometriosis-associated dysmenorrhea,
who failed positive results after administration of oral contraceptive, containing drospirenone +
ethinylestradiol. They added 30 mg of resveratrol to the standard hormone therapy and concluded
that the pain scores significantly reduced after two months of treatment. A separate study of the
same authors included 42 women with endometriosis submitted to laparoscopy and hysteroscopy,
where they investigated aromatase and cyclooxygenase-2 expression from endometrial tissue of these
patients. Sixteen patients used before hospital admission oral contraceptives alone and 26 received
oral contraceptives and resveratrol combined. The authors concluded that the inhibition of aromatase
and COX-2 was increased in the group with combined therapy.

Mendes da Silva et al. [117] also conducted a randomized clinical trial to observe the effectiveness
of resveratrol in the management of endometriosis, associated with monophasic contraceptive pills.
They included in the study 44 women aged 20 to 50, who randomly received two pills for 42 days: one
tablet was an oral contraceptive and the other 40 mg of resveratrol or placebo pills. After the end of
the study, the authors concluded that resveratrol did not prove any additional effects to placebo for
the treatment of endometriosis-related symptoms because the differences between median pain scores
in the two groups were insignificant.

NF-kB is one of the significant transcription agents involved in the inflammatory pathway of this
disease. Another factor that seems to play an essential role in inflammation is an NAD+ dependent
histone deacetylase, SIRT1. It was discovered that this factor is also involved in carcinogenesis [118].

To observe the expression of sirtuin 1 in this chronic pathology, Taguchi et al. [119] obtained
endometriotic stromal cells and exposed them to resveratrol and sirtinol, which are an activator
and an inhibitor of sirtinol, respectively. Immunohistochemistry and RT-PCR examined the eutopic
endometrial cells, and this study concluded that sirtuin one was identified both in endometriotic
stromal and in not affected cells. After the exposure to resveratrol, the authors found that it decreased
tumor necrosis factor-α-induced, interleukin-8 release and SIRT1, and increased interleukin-8 release.
Therefore, the contrary actions of resveratrol and sirtinol proved that interleukin-8 release is
modulated through sirtuin 1. Therefore resveratrol can be used in endometriosis to ameliorate
chronic inflammation.

Simvastatin is an inhibitor of 3-hydroxy-3-methylglutaryl-coenzyme A reductase (HMGCR)
activity, with intrinsic antioxidant activity [120] that is used in the treatment of endometriosis.
In this case, the mechanism of resveratrol does not involve anti-inflammatory pathways. Resveratrol
possesses the ability to inhibit HMGCR mRNA expression, whereas both resveratrol and simvastatin
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inhibit enzymatic activity. HMGCR represent a rate-limiting step of the mevalonate pathway that
includes the isoprenoids FPP and GGPP. These isoprenoids are necessary for the isoprenylation of
proteins involved in apoptosis, cell proliferation, adhesiveness, and maintenance of cellular functions.
Different products of the mevalonate pathway exert negative feedback on HMGCR expression [115].
It is worth mentioning that the effects of resveratrol on the enzymatic activity of HMCGR are
independent of the effects on HMCGR expression.

So, the addition of resveratrol may potentiate the effect of simvastatin when it is used
as a therapeutic agent against endometriosis, through a mechanism that does not involve an
anti-inflammatory effect.

To investigate the interactions between simvastatin and resveratrol, focusing on cholesterol biosynthesis
and protein activity in cultures of human endometrial stromal cells (HES), Villanueva et al. [121] obtained
HES from healthy volunteers. Then, they measured the conversion of acetate to cholesterol and
quantified HMGR mRNA transcripts, protein expression, and enzyme activity, by measuring the
conversion of 3-hydroxy-3-methyl-glutaryl-coenzyme A to mevalonic acid lactone in HES cells.

The results of this study indicated that resveratrol potentiated the inhibitory effects of simvastatin
on cholesterol biosynthesis and the activity of the HMGCR enzyme. It also inhibited the stimulatory
effects of statin on protein expression and HMGCR mRNA transcription. Therefore, the combination
of resveratrol and Simvastatin may be potentially useful in the development of new management
of endometriosis.

Regarding the mechanisms of action of resveratrol, this phytochemical is known to have an
anti-inflammatory, anti-angiogenic effect and also to induce apoptosis in various cell types, but its
pro-apoptotic role on human endometrial cells remains uncertain.

Given all the presented studies, resveratrol is a promising agent against endometriosis. It has been
shown to suppress the expression of various inflammatory biomarkers (TNF-α, COX-2), to activate
various transcription factors (NF-kB, PPAR-gamma), and to induce antioxidant enzymes (catalase,
superoxide dismutase) [122] and thus it holds promise as a natural therapeutical agent but further
studies are necessary in order to establish the doses for human administration.
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6. Conclusions and Future Perspectives

Endometriosis is a benign gynecological disorder that affects women in the reproductive
age worldwide and is characterized mainly by chronic abdominal pain and infertility. Even the
pathophysiologic mechanisms of endometriosis are not completely known; chronic inflammation is
considered one of the pathways responsible for endometriosis development.

Natural polyphenols are bioactive compounds with multiple beneficial properties that provide
new therapeutical perspectives against endometriotic lesions. Polyphenols are known to possess
anti-carcinogenic, anti-angiogenic, anti-inflammatory, proapoptotic and anti-oxidative effects. Recently,
the anti-inflammatory potential of natural dietary compounds has raised interest for researchers
because it might be used in the treatment of endometriosis.

In this article, we summarized some of the epidemiological and clinical research that supports
the beneficial effect of resveratrol in endometriosis. Moreover, resveratrol demonstrated its efficiency
either alone or associated with other classical therapeutically agents used in endometriosis treatment
such as leuprolide acetate or statins.

Knowledge of the precise and more profound mechanisms of how resveratrol can reduce
endometriotic lesions is required, and further studies on this topic are crucial. Overall, the role
of resveratrol in reducing the volume of endometriotic lesions and chronic abdominal pain is a
proven fact.
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Abbreviations

AA arachidonic acid
AhR aryl hydrocarbon receptor
AKT protein kinase B
AP activator protein
ATF activating transcription factor
c-Jun protein encoded by the JUN gene
CO2 carbon dioxide
CoA coenzyme A
COX cyclo-oxygenase
DNA deoxyribonucleic acid
E2 estradiol
E2F1 transcription factor encoded by the E2F1 gene
ERK-1 extracellular signal-regulated kinase 1
ESR 1 estrogen receptor 1
FOS protein family of transcription factors
FoxP3+ regulatory T (Treg) cells
FPP farnesylpyrophosphate
GGPP geranylgeranylpyrophosphate
GM-CSF granulocyte macrophage colony-stimulating factor
GnRH gonadotropin-releasing hormone
H2O2 hydrogen peroxide
HES human endometrial stromal cells
HIF-1 hypoxia-inducible factor 1α
HMGCR 3-hydroxy-3-methylglutaryl-coenzyme A reductase
IL interleukin
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IL-1β interleukin 1β
JNK c-Jun N-terminal kinases
LPS lipopolysaccharide
LTB4 leukotriene B4
MAF transcription factor
MAPK mitogen-activated protein kinase
MAPK1/3; ERK1/2 mitogen-activated protein kinase 1/3
MAPK14 mitogen-Activated Protein Kinase 14
MCP-1 monocyte chemoattractant protein 1
MIF macrophage inhibitory factor
MMP metalloproteinase
mRNA messenger ribonucleic acid
NAD nicotinamide adenine dinucleotide
NFAT nuclear factor of activated T-cells
NF-kB nuclear factor-kB
NO nitric oxide
O2 oxygen
PG prostaglandin
PGE2 prostaglandin G2
PPAR peroxisome proliferator-activated receptors
PGF2α prostaglandin F2α
PGG2 prostaglandin G2
PGH2 prostaglandin H2
PGI2 prostaglandin I2
RPS6KB2 ribosomal protein S6 kinase beta-2
RT-PCR reverse transcription polymerase chain reaction
SIRT1 sirtuin 1

STATs
signal transducer and activator of transcription
protein family

STAT3 signal transducer and activator of transcription 3
Th17 lymphocytes T helper 17
TNF-α tumor necrosis factor
TRAIL TNF-α-related-apoptosis-inducing ligand
UV ultraviolet
VEGF vascular endothelial growth factor
VEGFC vascular endothelial growth factor C
VEGFR vascular endothelial growth factor receptor
AA arachidonic acid
AhR aryl hydrocarbon receptor
AKT protein kinase B
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