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Abstract

Inflammation is a non-specific kind of biological immune response of body tissues to any type of external or in-
ternal injuries, such as pathogens, irritants and immune stress reactions. There are two types of inflammation, 
namely acute and chronic. Acute inflammation starts and develops rapidly, and is aroused by various factors, 
including injuries, infection, toxins or immune reactions. Chronic inflammation usually lasts for an extended long 
period of time and results from elimination failure of acute inflammation, autoimmune disorders, various patho-
gens and pathogenic environments. Except for the damage itself, there exists a direct and intimate connection be-
tween chronic inflammation and various clinic common diseases, such as neurodegeneration, as well as metabolic 
and cardiovascular ailments. Citrus peel is a by-product generated in citrus juice processing. Polymethoxyflavones 
(PMFs) exist abundantly and almost exclusively in citrus peels, and their biological activities have been broadly 
investigated in recent years. PMFs have proven to possess potential inhibitory bioactivities towards a number of 
functional and immune diseases including inflammation. The two most abundant PMFs exhibiting prominent bio-
activities in citrus peels are nobiletin and tangeretin, ubiquitously detected in various citrus species. In this review, 
the beneficial health effects and the underlying molecular mechanisms of ten main citrus PMFs were illustrated 
against numerous inflammatory diseases, including inflammatory bowel disease (IBD), neuroinflammation and 
organ inflammation, among others.
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1. Introduction

Polymethoxyflavones (PMFs) exist exclusively and abundantly 
in citrus peels and have broadly been investigated in recent years 
resulting from their potential biological activities against vari-
ous functional and immune disorders in human body, such as in-
flammation, cancer, neurodegeneration and metabolic syndrome, 

among others. In this contribution, the detailed health-promoting 
effects and the underlying molecular mechanisms of ten main cit-
rus PMFs against numerous inflammatory diseases are reviewed.

1.1. Molecular mechanism for inflammation

The molecular mechanism of inflammation is illustrated in Figure 1.  
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Being the crucial junction in inflammatory response, NF-κB 
(nuclear factor kappa B) plays a key role as backstage manipulator, 
responsible for the onset of inflammation cascade. Under 
unstimulated conditions, NF-κB inhibitory protein, IκB, firmly 
forms a complex with NF-κB heterodimer, subunits p50 and p65, 
in cytoplasm. However, once stimulated by inflammatory stimuli, 
for example, reactive oxygen species (ROS), nitric oxide (NO), or 
various inflammatory cytokines, the upstream IκB kinase (IKK), is 
therefore triggered, leading to the phosphorylation of IκB and its 
subsequent polyubiquitination as well as proteolytic degradation. 
In this way, NF-κB pathway is activated by releasing NF-κB from 
IκB and then translocating into nucleus (Baldwin Jr et al., 1996).

After entering nuclear regions, the free NF-κB subunits will 
specifically bind to promoter DNA sequences and enable the tran-
scription of a series of proinflammatory genes, including inducible 
nitric oxide synthase (iNOS), tumor necrosis factor-α (TNF-α), 
interleukin-1β (IL-1β), cyclooxygenase 2 (COX-2) and interleu-
kin-6 (IL-6) (Shin et al., 2012). Among all these downstream tar-
gets, TNF-α may be regarded as the most fundamental one for its 
inducing capacity on activation and accumulation of leukocytes 
(Li et al., 2018), as well as further initiation of inflammatory cas-
cade by stimulating IL-6 and IL-1β generation (He et al., 2016). 
The resulting IL-6 has proven to be crucial in mediating the release 
of neutrophils and vascular active substances, which may cause 
serious tissue impairment (Shin et al., 2015; Lee et al., 2010). 
Similarly, IL-1β also plays an essential role in the occurrence of 
visceral organs injuries. Another important mediator, iNOS, is 
common in both cases of chronic and acute inflammations, and is 

notable for its stimulating effect on the short-lived effector mol-
ecule, NO. By generating reactive oxidant peroxynitrite, NO may 
ultimately jeopardize splanchnic (Arab et al., 2016; Li et al., 2018) 
tissue integrity, and induce inflammation-related carcinogenesis 
and angiogenesis. Similar to iNOS, COX-2 is another inducible 
proinflammatory enzyme upregulated by activated NF-κB, specifi-
cally responsible for the biosynthesis of prostaglandins (PGs) from 
arachidonic acid (Funaro et al., 2016; Kanaoka et al., 2007). Both 
COX-2 and PGs, particularly prostaglandin E2 (PGE2), a lipid me-
diator, play pivotal roles in inflammation, tumorigenesis (Ma et al., 
2014) and immune system damage. However, opposite to iNOS, 
the mediator heme oxygenase 1 (HO-1) can negatively regulate the 
NO generation by its degradation product, carbon monoxide (CO), 
suggesting the protective role of HO-1 in inflammatory responses 
by upregulating expression of anti-inflammatory cytokines, such 
as IL-10 and IL-1RA (interlukin 1 receptor antagonist) (Otterbein 
et al., 2003).

The above-mentioned mediators or cytokines are all extensively 
involved in the NF-κB pathway and can serve as the downstream 
therapeutic targets for suppressing the development of inflamma-
tion. Furthermore, the modulation of their upstream kinases is 
also of vital importance. It has been well-recognized that the two 
signaling pathways, PI3K/Akt (phosphoinositide 3-kinase/protein 
kinase B) and MAPKs (mitogen-activated protein kinases) with 
three subclasses, JNK (c-Jun N-terminal kinase), p38 and ERK 
1/2, are implicated in the translocation of NF-κB into nucleus (Li 
et al., 2018). Once activated, not only the translocation factor NF-
κB is affected, but also some proinflammatory genes, for example, 

Figure 1. Possible anti-inflammatory signaling pathways of citrus PMFs. Numbers refer to different compounds: (1) Nobiletin; (2) Tangeretin; (3) 5-De-
methyltangeretin; (4) 3,5,6,7,8,3′,4′-Heptamethoxyflavone; (5) 5-Hydroxy-3,6,7,8,3′,4′-hexamethoxyflavone: (6) Sinensetin; (7) Pentamethylquercetin; (8) 
5-Hydroxy-3,7,3′,4′-tetramethoxyflavone; (9) Sudachitin; (10) Tetramethyl-O-scutellarin. 
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IL-6 and TNF-α, can be directly regulated (Dean et al., 1999; Yasu-
naga et al., 2016) by these pathways. Evidence shows that apart 
from those previously discussed kinases, AMPK (5′-adenosine 
monophosphate-activated protein kinase) is also related to the NF-
κB-induced inflammatory responses as well as Sirtuin 1 (SIRT1) 
generation, which facilitates the suppression of NF-κB (Lee et al., 
2016). Thus, phosphorylation of these kinases is also a research 
focus for NF-κB pathway blockage.

1.2. Chemistry of citrus peel PMFs

As shown in Figure 2, the basic chemical skeleton of PMFs is 
commonly known as 2-phenylbenzo-γ-pyrone which is composed 
of A and B phenyl rings attached to the heterocyclic pyrone C ring 
that specifically possesses a C-C double bond at the C-2 and C-3 
position and bearing at least two methoxy groups (Spencer and 
Crozier, 2012) . Apart from those methoxy groups, the hydrogens 
on phenyl and pyrone rings of PMFs can also be substituted by 
hydroxy groups, leading to a large number of PMF family mem-
bers.

The two most abundant PMFs with prominent bioactivities that 
exist in citrus peels are nobiletin and tangeretin, commonly de-
tected in Citrus genus, specifically, mandarin oranges (Citrus re-
ticulate) and sweet oranges (Citrus sinensis) (Sergeev et al., 2009). 
It is intriguing to find out that the discrepancy among citrus species 
and the degree of citrus fruit ripeness make tremendous difference 
to the content and variety of PMFs inside pericarp. Some specific 
types of citrus fruits growing abundantly in Asia, in particular, 
south China, Japan and Korea, are responsible for the diversity 
of citrus PMFs. For example, sudachitin is mainly found in Citrus 
sudachi, which is native to Tokushima Prefecture in Japan (Yuasa 
et al., 2012), while sinensetin can mostly be extracted from Citrus 
sunki Hort. ex Tanaka, originated in Jeju Island in Korea. Although 
the majority of the ten selected citrus PMFs discussed in this con-
tribution are readily separated from various citrus species, as listed 
in Table 1. Nevertheless, two of which, namely pentamethylquer-
cetin and 5-hydroxy-3,7,3′,4′-tetramethoxyflavone, are more en-
riched in the rhizome of Kaempferia parviflora Wall. ex Baker, a 
well-known medicinal plant in Thailand which normally referred 
to as Thai ginseng (Sae-wong et al., 2009). However, it was not un-
til 2015 that the two PMFs mentioned above are eventually discov-
ered from the uninvestigated mandarin species, Miaray Mandarin 
(Citrus miaray), thus confirming their role as citrus PMFs (Uckoo 
et al., 2015). Pentamethylquercetin is particularly exceptional for 
its distinctive source in functional studies. Instead of being isolated 
from citrus peels, pentamethylquercetin can be easily synthesized 

from quercetin (Chen et al., 2011). Moreover, tetramethyl-O-
scutellarin is also a newly identified citrus PMF which specifically 
exists in the pericarp of immature Shiranuhi fruit, revealing that 
the ripeness of citrus fruit may largely change the PMF constituent 
inside the peel part (Hyun et al., 2017).

In addition to substituting the hydrogen atoms on A, B and C 
rings of flavone skeleton, the hydroxy groups may also replace the 
methoxy groups to form the hydroxylated PMFs. The major cit-
rus hydroxylated PMFs identified thus far are 5-demethyl PMFs, 
commonly generated in aged citrus pericarp as well as citrus fruits 
undergoing prolonged storage, formed through autohydrolysis of 
their PMF counterparts (Lai et al., 2015). It is surprisingly to find 
out that 5-demethyl PMFs may possess superior inhibitory effect 
on inflammation-induced tumorigenesis than their parent poly-
methoxylated PMFs (Ma et al., 2014), probably resulting from 
the better permeability and membrane penetrating activity of the 
mono- or di-hydroxylated PMFs, leading to their better absorption 
rate and bioavailability (Wang, Li and Ho, 2018).

2. Anti-inflammatory activities of citrus PMFs

2.1. Inflammatory bowel diseases

Inflammatory bowel disease (IBD), involving two major forms 
of chronic inflammation within gastrointestinal tract—ulcerative 
colitis and Crohn’s disease (Podolsky, 1991), is elevated as a gut 
dysfunction in prevalence in recent years. By developing ulcers in 
intestinal linings, IBD further leads to abdominal pain and severe 
diarrhea, and even possibly deteriorate to life-threatening colon 
cancer. The pathogenesis of IBD, being intrinsically complex, is a 
combination of immune, gut microbial, genetic and environmental 
influences (Xiong et al., 2015). According to accumulative evi-
dences, dietary flavonoids possess prominent suppressing effects 
on various pro-inflammatory cytokines, especially IBD-related 
key mediators, which has increasingly attracted the attention of re-
searchers. The underlying anti-IBD mechanisms for specific citrus 
PMFs, nobiletin and tangeretin, are discussed below.

Various studies have suggested that nobiletin may be an effec-
tive candidate for treating inflammatory bowel diseases, such as 
Crohn’s disease. It was indicated that by generating restoration ef-
fects on Akt (protein kinase B) phosphorylation, PI3K (phospho-
inositide 3-kinase) activation, and downstream NF-κB expression, 
nobiletin administration could down-regulate the expression of two 
proteins, COX-2 and iNOS (Xiong et al., 2015). The secretions of 
mediators, NO and PGE2, and proinflammatory cytokines, IL-1β, 
IL-6 and TNF-α were dramatically suppressed in colitis rats and 
Caco-2 cell models. Apart from the afore-mentioned proinflam-
matory cytokines, nobiletin pretreatment also exhibited dramatic 
downregulation effect on CCL2 (C-C motif chemokine ligand 2), 
CCL3, CCL4 and CXCL8 (C-X-C motif chemokine ligand 8) in 
human intestinal mast cells (hiMC), which is a powerful effector 
cell associated with inflammatory bowel disease. However, nobi-
letin generated no effect on the expression of IL-1β in IgE (immu-
noglobulin E) -activated hiMC, while significantly attenuated it in 
LPS (lipopolysaccharide) -induced hiMC, indicating the suppress-
ing effect of nobiletin may be inducer-dependent (Hagenlocher 
et al., 2017). Later, the same research group further investigated 
the impact of nobiletin on in vivo IL-10−/− mice model. Evidence 
showed that nobiletin treated mice exhibit significant reduction in 
colitis clinical symptoms, mast cell numbers, mast cell degranula-
tion and cellular infiltration (Hagenlocher et al., 2018), which may 
provide very useful reference for clinical application of nobiletin. 

Figure 2. General chemical structures of polymethoxyflavones. 
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Table 1.  The chemical structures and sources of selected citrus PMFs

Chemical name Chemical Structure Source Reference

Nobiletin sweet orange (Citrus sinensis), 
tangerine (Citrus tangerina), 
bitter orange (Citrus aurantium)

Li et al., 2014

Tangeretin Citrus unshiu, Citrus depressa 
(Rutaceae), Citrus reticulata

Eun et al., 2017; 
Jang et al., 2013

5-Demethyltangeretin sweet orange (Citrus sinensis), 
Scrophulariaceae (Limnophila 
geoffrayi), Limnophila 
aromatic, genus Oscimum

Li et al., 2006

3,5,6,7,8,3′,4′-Heptamethoxyflavone Citrus genus, especially abundant 
in Citrus kawachiensis

Kou et al., 2013

5-Hydroxy-3,6,7,8,3′,4′-
hexamethoxyflavone

sweet orange (Citrus 
sinensis), Hizikia fusiforme

Kang et al., 2013; 
Lai et al., 2007

Sinensetin Citrus sunki Hort. ex Tanaka, 
Orthosiphon stamineus

Ko et al., 2010; 
Kang et al., 2013; 
Laavola et al., 2012

Pentamethylquercetin Miaray Mandarin (Citrus miaray), 
Kaempferia parviflora Wall. ex 
Baker rhizomes, sea buckthorn 
(Hippophae rhamnoides)

Sae-wong et al., 2011; 
Uckoo et al., 2015; 
Wang et al., 2011

5-Hydroxy-3,7,3′,4′-tetramethoxyflavone Miaray Mandarin (Citrus 
miaray), Kaempferia parviflora 
Wall. ex Baker rhizomes

Uckoo et al., 2015; 
Tewtrakul and 
Subhadhirasakul, 2008

Sudachitin Citrus sudachi Yuasa et al., 2012
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Another interesting research published recently investigated the 
synergistic effect of nobiletin and atorvastatin (ATST), a blood 
cholesterol-lowering drug, on color cancer-induced inflammation 
both in cell cultures and in a rat model. Nobiletin and ATST syner-
gistically exerted a stronger suppressing effect on NO overproduc-
tion in vitro, and in in vivo condition, the synergistic effect of the 
two compounds also better mitigated the generation of IL-1β, IL-6 
and TNF-α in mRNA level, as well as the expression of COX-2 
and MMP-9 (matrix metalloproteinases-9) in protein level (Wu et 
al., 2017). These findings verified that the inflammatory effect of 
nobiletin may broadly count on the suppression of PI3K/Akt path-
way as well as the activated NF-κB, which serves as crucial hub of 
the whole inflammatory pathway.

The anti-inflammatory effect of tangeretin on LPS-induced 
bone marrow cells and colitic mice was respectively examined 
(Eun et al., 2017). In both models, tangeretin significantly sup-
pressed IL-12 and TNF-α expression by regulating NF-κB, as well 
as the iNOS and COX-2 generation. However, IL-10 level was not 
affected. Besides, the NF-κB translocation and activation were 
inhibited by the downregulated phosphorylation of IKKα/β and 
IκBα, and the activation of three AMPK subclasses, p38, ERK and 
JNK, was also counteracted.

Tangeretin exhibited an overall weaker ability than nobiletin 
in treating inflammation in human intestinal mast cells. Although 
tangeretin could down-regulate IL-1β, CCL2, CCL3, CCL4 and 
CXCL8 expressions, nobiletin was found possessing better ad-
verse effect on the last two cytokines. It is noteworthy that the 
IL-1β level was only dramatically suppressed by tangeretin, not by 
nobiletin (Hagenlocher et al., 2017), indicating the specific inhibi-
tory effects of tangeretin in inflammatory responses.

2.2. Neuroinflammation

Neuroinflammation is usually stimulated by the activation of mi-
croglial cells, the resident immune cells inside the brain, resulting 
from environmental stimuli or tissue injuries. After stimulation, 
the microglial cells can subsequently generate various proinflam-
matory mediators, particularly NO, MMPs, IL-1β and TNF-α, all 
of which are implicated in the death of neuron (Ho and Kuo, 2014). 
Although the activated microglial cells also facilitate the produc-
tion of anti-inflammatory cytokines, the prolonged activation time 
may counteract the positive effects that those mediators bring 
about (Lee et al., 2016), further causing homeostatic imbalance in 
the brain and the consequent inflammatory responses.

Regarding the anti-neuroinflammatory effect of nobiletin, the 
secretion of iNOS, TNF-α, IL-6 and IL-1β was reported to be dra-
matically terminated both at protein and mRNA levels in microglia 
cells, implying that the down-regulation of gene expression may 
contribute to the attenuating effect of nobiletin on proinflamma-
tory cytokine production (Ho and Kuo, 2014). Besides, treating 
rats with nobiletin intraperitoneally also exerted anti-neuroinflam-
matory effect on isoflurane-induced cognitive impairment. Despite 

the administration being only within a short span of 3 days, nobile-
tin still dramatically decreased the TNF-α, IL-1β, IL-6 and NF-κB 
expression levels (Bi et al., 2016).

Meanwhile, a specific kind of neuroinflammation, ischemic 
stroke, activated by ischemia, was also investigated on pMCAO 
(permanent middle cerebral artery occlusion) rat models. Rats 
intraperitoneally receiving nobiletin exhibited a significantly re-
duced NF-κB expression in nucleus, and certainly, enhanced 
NF-κB expression in cytosol (Zhang et al., 2016b). NF-κB, was 
further verified to play an irreplaceable role in neuroinflammation 
pathogenesis (Harari and Liao, 2010). However, the definite NF-
κB pathway that is responsible for the inflammation-induced brain 
injury requires further confirmation.

Detailed underlying mechanistic study aiming at investigating 
the anti-neuroinflammatory effect of tangeretin was carried out on 
LPS-activated microglial cells. Apart from the well-studied influ-
ence on IL-6, IL-1β, TNF-α, iNOS and NO, tangeretin also me-
diated the anti-inflammatory protein TIMP-2 (tissue inhibitor of 
metalloproteinases-2) as well as pro-inflammatory target proteins, 
MMP-3 and MMP-8, instead of MMP-9, while the balance main-
tained between them is imperative for neuron health. In addition 
to the phosphorylation of MAPKs, Akt and AMPK, SIRT1 expres-
sion and the closely related NF-κB activation were all modulated 
by tangeretin, suggesting the definite role of tangeretin in neuro-
inflammation and could be the regulator of AMPK/SIRT1/NF-κB 
signaling pathway (Lee et al., 2016).

However, tangeretin when compared with nobeltin exhibited a 
much weaker capacity in mitigating the expression of all five anti-
inflammatory mediators mentioned above in LPS-induced micro-
glial system (Ho and Kuo, 2014), proving that the extra methoxy 
group on the B ring indeed leads to better functionalities.

Moreover, the biofunctional role of 3,5,6,7,8,3′,4′-heptameth-
oxyflavone (HMF) against ischemia-induced brain inflammation 
was indicated by Okuyama et al. (2014) from pathological point 
of view. After treatment, HMF could effectively restore the acti-
vated ameboid-like microglia to their original ramified form and 
significantly restrain the IBA1 (ionized calcium binding adaptor 
molecule 1) generation, which is the signal of nerve injury. Later, 
the underlying molecular mechanism was further interpreted by 
stating that HMF reversed the neuroinflammation via blockage 
of IL-1β expression at gene level. However, HMF barely exhib-
ited any inhibitory effect on other possible inflammatory targets, 
namely, COX-2, TNF-α and iNOS, which needs further investiga-
tion (Okuyama et al., 2015). In the case of 5-hydroxy-3,6,7,8,3′,4′-
hexamethoxyflavone (5HHMF)-treated LPS-induced microglia 
cells, it was suggested that by first blocking the IκB phosphoryla-
tion along with subsequent NF-κB translocation and then inducing 
the Nrf2 (nuclear factor erythroid-2 related factor) -related HO-1 
generation, 5HHMF could instead suppress iNOS expression and 
subsequent NO production in neuro-system (Kang et al., 2013). 
This reveals that the substitution of methoxy group at the C-5 posi-
tion by a hydroxy group may bring change to the underlying anti-
inflammatory mechanisms of PMFs.

Chemical name Chemical Structure Source Reference

Tetramethyl-O-scutellarin unmatured Shiranuhi Hyun et al., 2017

Table 1.  The chemical structures and sources of selected citrus PMFs - (continued)
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2.3. Organ inflammation

The pathogenesis of inflammation-induced end-organ impairment 
can be partly treated as autoimmune disorder, which can be classi-
fied as two types: (1) acute inflammation-induced toxicity such as 
cisplatin caused acute injury; and (2) pathogen induced inflamma-
tion causing poor blood circulation along with consequent chronic 
organ dysfunction. The citrus PMFs-related anti-organ inflamma-
tion studies are mainly focused on four of the end-organs, namely 
gastric, liver, kidney and lung, which are separately discussed later.

It was evidenced that nobiletin exhibits ameliorating effects on 
numerous acute visceral injuries (He et al., 2016; Li et al., 2017; 
Li et al., 2018; Malik et al., 2015). Cisplatin is a first line anti-
cancer drug, exhibiting severe toxicity towards kidney and liver 
partially via stimulating inflammation responses. In addressing 
cisplatin-induced renal-injury, Malik et al. (2015) discovered that 
pretreatment with as low as 5 mg/kg of nobiletin could mitigate the 
elevated TNF-α level nearly down to the normal level. Regarding 
the histopathological effect of nobiletin on damaged kidney, nobi-
letin at the same dosage also remarkably exerted anti-interstitial 
inflammatory action at tissue level (Malik et al., 2015). Thereby, 
this study may reveal that nobiletin can be co-administrated with 
cisplatin at a relatively low dosage in the hope of eliminating ma-
lignant tumors. Nobiletin was also proven to possess ameliorative 
influence on LPS/GalN (D-galactosamine)—induced acute hepatic 
injury in vivo (He et al., 2016). Administration of nobiletin intra-
peritoneally prior to liver damage was detected to significantly re-
verse the enhanced levels of inflammatory mediator TNF-α and 
its correlative cytokines, IL-6 and IL-1β, as well as upstream pro-
teins, iNOS and COX-2, in a dosage-dependent manner. Besides, 
the degradation and phosphorylation of IκBα and the subsequent 
translocation of NF-κB p65 were mitigated by nobiletin, while the 
expression of Nrf2, which can remit the NF-κB-related inflamma-
tion (Onda et al., 2013), was adversely affected, suggesting that the 
suppressing effect of nobiletin on NF-κB may be attributed to the 
Nrf2 activation. Moreover, nobiletin intuitively showed attenuat-
ing effect on hepatic inflammation by reversing the liver patho-
logical injuries involving portal inflammation and infiltration of 
inflammatory cells. Similar results were indicated later in the study 
of pretreating LPS-induced pulmonary injury with nobiletin. Apart 
from the mechanisms discussed above, NO generation was report-
ed to be reduced exclusively in lung tissue and bronchoalveolar 
lavage fluid (BALF) of rats (Li et al., 2018). However, in the case 
of ethanol-induced gastric injury, the expression of phosphoryl-
ated-p38, JNK and ERK1/2 (extracellular-signal-regulated kinase 
½), the three subgroups belonging to MAPK family were also veri-
fiably restrained, indicating direct restriction on their regulation of 
downstream mediators (Li et al., 2017). These researches provided 
evidences that nobiletin may mitigate various acute tissue injuries 
prospectively. However, the influence of nobiletin on inflammation 
mentioned already still needs further investigation and evaluation.

In treating rats with cisplatin-induced acute liver injury, tan-
geretin mainly plays its role in suppressing TNF-α levels, restoring 
IL-10 content as well as inhibiting the phosphorylation of three 
MAPK family proteins, p38, JNK and ERK1/2. During this pro-
cess, tangeretin, at the same level, exhibited a similar degree of 
inhibition as silymarin, a commercial liver-protective agent (Omar 
et al., 2016). It was also indicated that tangeretin could cure ne-
phrectomy-induced chronic kidney injury and the associated mem-
ory impairment, which are closely correlated with inflammatory 
responses, by reducing the levels of inflammatory mediators, NO, 
IL-1β, IL-6 and TNF-α through regulating IκBα, IKKα, IKKβ and 
iNOS phosphorylation as well as NF-κB p65 expression. In brief, 

tangeretin can specifically act on NF-κB/TNF-α/iNOS signaling 
pathways when dealing with kidney-related injuries (Wu et al., 
2018).

Similar results were again found when tangeretin treatment was 
carried out in both cases of cisplatin-induced acute renal deficit 
(Arab et al., 2016) and RSV infection-stimulated lung inflamma-
tion (Xu et al., 2015). This demonstrates the powerful effect of 
tangeretin on inflammatory response attenuation through targeting 
NF-κB pathways.

2.4. LPS-induced inflammation

Being the main component of the outer membrane of Gram-neg-
ative bacteria, LPS is capable of evoking inflammatory responses 
in macrophages, thus playing pivotal roles in immune system. 
This leads to the secretion of various pro-inflammatory mediators 
(Zhang and Ghosh, 2000). Therefore, LPS-induced inflammation 
has been employed as a practical model in evaluating anti-inflam-
matory capacity of novel agents by detecting their down-regulato-
ry effects on pro-inflammatory cytokines.

Interestingly, by synergizing with luteolin, a dietary flavonoid, 
tangeretin even showed a superior ability in suppressing the pro-
inflammatory mediators, IL-6, IL-1β, PGE2 and NO, meanwhile 
reducing the expression of pro-inflammatory enzymes, COX-2 and 
iNOS, in LPS-induced macrophages (Funaro et al., 2016).

A study conducted by Manthey et al (1999), reported that 
3,5,6,7,8,3′,4′-heptamethoxyflavone (HMF) not only significant-
ly suppressed the TNF-α response in LPS-treated mice, but also 
rendered adverse effects on MIP-1α (macrophage inflammatory 
protein 1α) and IL-10 expression, although no impact was found 
towards cytokines IL-6, IL-8 and IL-1β. An interesting finding was 
also highlighted by these researchers that among a great part of 
PMFs inside citrus peel, HMF exhibited the highest capacity in 
restraining TNF-α secretion. Thus, this may provide guidance to-
ward using HMF in treating specific inflammatory diseases.

Shin et al. (2012) reported that sinensetin might prospectively be 
employed in inflammation treatment due to its inhibitory effects on 
NF-κB pathway by fundamentally stabilizing IκB-α and reducing 
p65 level in the nucleus. In this way, the NF-κB-activated expres-
sion of inflammatory mediators, TNF-α, COX-2, iNOS, NO, IL-1β 
and IL-6 was tremendously delayed. However, another study indi-
cated that translocation of NF-κB p65 was not regulated by sinense-
tin, while STAT1α (signal transducer and activator of transcription 
1α) activation was instead mediated. Being the central pro-inflam-
matory transcription factor like NF-κB, STAT1α mediation further 
led to the reduction in COX-2 and iNOS expression as well as gen-
eration of TNF-α, PGE2 and NO. It is worth noting that sinensetin 
exhibited superior effect on COX-2, TNF-α and PGE2 regulation, 
with IC50 value so low as 2.7 µM (Laavola et al., 2012).

The anti-inflammatory effect of pentamethylquercetin requires 
further study probably due to its poor performance on LPS-in-
duced NO production in murine peritoneal macrophages (IC50 = 
26 µM) (Matsuda et al., 2003) and RAW 267.4 cells (IC50 = 258 
µM) (Sae-wong et al., 2011), suggesting that the repelling activity 
of pentamethylquercetin against inflammation may deserve further 
investigation, at least, for other aspects.

Three studies carried out nearly a decade ago briefly interpreted 
the molecular mechanism behind the bioactivity of 5-hydroxy-
3,7,3′,4′-tetramethoxyflavone. It was believed that the anti-inflam-
matory property was due to the suppressing effect on iNOS mRNA 
expression (Sae-wong et al., 2009) as well as the accompanying 
PGE2 and NO secretion (IC50~16 µM) (Tewtrakul and Subhadhira-
sakul, 2008; Tewtrakul et al., 2009), although not as potent as other 
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citrus PMFs. However, it was also determined that 5-hydroxy-
3,7,3′,4′-tetramethoxyflavone treatment made no difference to the 
TNF-α and COX-2 levels in LPS-activated macrophages. Impres-
sively, sudachitin showed much better effects than nobiletin in mit-
igating TNF-α and NO production as well as the upstream iNOS 
expression in LPS-stimulated macrophages (Yuasa et al., 2012), 
indicating that demethylation at certain position may contribute to 
enhanced anti-inflammatory activity.

Furthermore, evidence shows that tetramethyl-O-scutellarin 
reveals moderate reducing effect on NO generation within mac-
rophages (IC50 = 57.4 µM). In addition, the mediator PGE2 togeth-
er with several relevant cytokines, namely, IL-1β, IL-6 and TNF-α, 
were also inhibited to varying degrees after treatment, indicating 
tetramethyl-O-scutellarin indeed possessed certain anti-inflamma-
tory activities (Hyun et al., 2017).

2.5. Metabolic syndrome-induced inflammation

The chronic cardiac inflammation is of vital importance in the de-
velopment of diabetic cardiomyopathy (Aragno et al., 2006) and the 
two downstream signaling pathways, namely MAPK and NF-κB, 
are implicated in the inflammatory response to cardiac dysfunction. 
Zhang et al. (2016a) studied the diabetic cardiomyopathy induced 
by streptozotocin in vivo and concluded that nobiletin treatment can 
ameliorate the levels of two MAPK subfamilies, JNK and p38, as 
well as NF-κB in diabetic mice, probably by blocking the activa-
tion of p-JNK, p-p38, p-IκBα and p-p65. In addition, the mRNA 
expression of IL-6 and TNF-α, which indicates aggravating cardiac 
impairment, was also downregulated by nobiletin.

Chronic inflammation is closely associated with obesity, lying 
in the infiltration of macrophage into adipose tissue. A recent re-
search explored the plausible inflammatory response based on the 
crosstalk between macrophages and differentiated adipocytes, as 
well as the anti-inflammatory effect of nobiletin, and suggested 
that the elevated secretion of TNF-α and NO, along with the ex-
pression of iNOS induced by interaction between macrophages 
and adipocytes are all weakened by nobiletin treatment. Moreover, 
essential induction of HO-1, a beneficial enzyme against chronic 
inflammation, was detected as well. By blocking NO production, 
HO-1 may serve as the therapeutic target within inflammatory re-
sponse and facilitate the suppression of obesity-induced inflamma-
tion (Namkoong et al., 2017).

2.6. Skin inflammation

Occurrence of skin inflammation takes place in people’s daily life, 
simply due to internal or external irritations, and subsequently re-
sulting in burning or itching of skin and inflammation or even ma-
licious tumorigenesis over a long period of time.

The potential molecular mechanism of 5-demethyltangeretin 
in suppressing inflammation-induced skin carcinogenesis was in-
vestigated. Briefly, the modulation of PI3K/Akt signaling pathway 
via 5-demethyltangeretin started with the mitigation of upstream 
Akt and PI3K phosphorylation, then the consequent obstruction 
of IκBα degradation as well as NF-κB translocation, and further 
led to the suppression of COX-2 expression (Ma et al., 2014). 
In this study, 5-demethyltangeretin was demonstrated to exert a 
better anti-inflammatory potential than its parent PMF. However, 
more efforts are required to investigate the antiphlogistic role 
of 5-demethyltangeretin and 5-demethylnobiletin, as well as the 
comparison between their bioactivities. In addition, 5-hydroxy-
3,6,7,8,3′,4′-hexamethoxyflavone (5HHMF) was also proven to Ci
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generate anti-inflammatory influences on IκB-α degradation, NF-
κB activation, and TPA-induced iNOS and COX-2 expression in 
inflamed mouse skin. Moreover, the activations of three upstream 
signals, p38 MAPK, ERK1/2 and PI3K/Akt were all detected to be 
interrupted, plausibly owing to the masking effect of 5HHMF to-
wards their phosphorylation process (Lai et al., 2007). As a result, 
both the MAPK and PI3K/Akt/IKK may be responsible for the 
modulation of NF-κB in the case of skin inflammation.

3. Conclusions and prospects

Numerous in vivo and in vitro studies have verified the prospec-
tive anti-inflammatory roles of various citrus PMFs in the preven-
tion and treatment of functional and immune disabilities (Table 2). 
Citrus peel PMFs are mainly exerting inhibitory effects on PI3K/
Akt/IKK and AMPK/SIRT1/NF-κB pathways in inflammatory re-
sponses. However, research targets for the majority of the available 
investigations are focused on the most abundant PMFs present in 
citrus peels, namely nobiletin, tangeretin and 3,5,6,7,8,3′,4′-hep-
tamethoxyflavone. It was demonstrated that pentamethylquercetin 
from Citrus miaray (Uckoo et al., 2015) can be readily obtained in 
high purity via chemical synthesis. However, direct bulk extrac-
tion, isolation and purification of PMFs and further exploration of 
PMF biological activities deserve special attention. Furthermore, 
5-demethyltangeretin exerted a more potent activity towards in-
flammation-related disease compared with its parent polymethoxy-
lated compound, suggesting the superior outcome of substitution of 
methoxy groups with hydroxy groups. Thus, more efforts should 
focus on exploring the functional activities of other mono- or di-hy-
droxylated citrus PMFs. In addition, there still remains unexplored 
mechanism-implicated problems to be investigated within the re-
ported studies and beyond. For example, the post-treatment effects 
of citrus PMFs on numerous inflammations, as well as the definite 
NF-κB pathway that is involved in the anti-inflammatory response 
of citrus PMFs need to be examined in detail. Overcoming these 
difficulties may pave the way for the application of citrus PMFs 
in clinical therapy towards numerous inflammatory complications.
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