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Abstract: Flavones are natural compounds that are broadly distributed in our diet. Their
unique properties provide the possibility to control the immune system and the process of
inflammation. A high intake of flavonoids, including flavones, may offer protection against
reactive oxygen species, inflammation, and chronic diseases. In this research, we evaluated
the anti-inflammatory effect of five methylflavones, 2′-methylflavone (5C), 3′-methylflavone
(6C), 4′-methylflavone (7C), 6-methylflavone (8C), and 6-methyl-8-nitroflavone (12C), in
lipopolysaccharide (LPS) stimulated RAW 264.7 cells (murine macrophage cell line). We
estimated the nitrite concentration and detected reactive oxygen species using the chemilu-
minescence method. Moreover, we measured the production of pro-inflammatory cytokines
using the Bio-Plex Magnetic Luminex Assay. As a result of our findings, we have established
that some of the methyl derivatives of flavone inhibit nitric oxide (NO) production and
chemiluminescence generated by LPS-stimulated macrophages, but they also have an influ-
ence on pro-inflammatory cytokines production. This study showed that 2′-methylflavone
(5C) and 3′-methylflavone (6C) possess the strongest anti-inflammatory activity among all
tested derivatives of flavone. In conclusion, our study demonstrated that methylflavones
may be potentially valuable compounds for the alleviation of inflammatory reactions.
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1. Introduction
Flavonoids are a group of polyphenols present in the human diet that are still a subject

of increasing interest due to their wide biological properties. They can be found in almost all
plant foods, and are especially abundant in the leaves, roots, flowers, and fruits [1–3]. This
class of molecules is characterized by a C6–C3–C6 backbone structure, consisting of two
aromatic rings (called A and B) linked to each other through three central carbon atoms that
can form a heterocyclic ring (ring C) [1]. Flavonoids can be divided into several subclasses
according to their structural differences, such as flavones, isoflavones, flavanones, flavonols,
flavanols, etc. Moreover, substitutions and modifications in these rings can lead to further
diversity among flavonoids, which determines different biological activity [4–6].
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Flavones are a subclass of flavonoids that are characterized by the presence of a double
bond between C2 and C3 in the flavonoid skeleton and are oxidized at C4 (Figure 1) [7,8].
Flavones (from the Latin word flavus, meaning “yellow”) are colorless-to-yellow substances
which occur mainly in flowers, leaves, and fruits. These compounds are distributed in
the plant tissues in the form of glycosides and aglycones. They act as primary pigments
or copigments in various parts of plants, acting as UVB protectants, natural pesticides,
and even substances promoting the colonization of symbiotic bacteria or fungi [9]. This
group of flavonoids occurs abundantly in Ginkgo biloba, celery, parsley, and chamomile [7].
Furthermore, they can be found in various types of tea and dry herbs [7,10]. Among
fruits, flavones are most abundant in the citrus family. The most widely known flavone
representatives comprise luteolin, apigenin, baicalein, genkwanin, and diosmetin [9,11].
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Flavones represent one of the most studied subclasses of flavonoids due to their
anti-inflammatory, antiallergic, antimutagenic, antithrombotic, antimicrobial, and anticar-
cinogenic activities [7,12–16]. They have been shown to have many benefits and, therefore,
deserve further investigation.

Inflammation is a defense mechanism, typically induced by microbial infections, which
involves the recruitment and activation of cells of innate and adaptive immunity. Microbial
molecules that are recognized by the effector cells of innate immunity are called PAMPs
(pathogen associated molecular patterns). Examples of such molecules are peptidoglycan,
a component of the bacterial cell wall; LPS (lipopolysaccharide), found in the cell wall of
Gram-negative bacteria; and teichoic acids, characteristic of Gram-positive bacteria [17,18].

There is no doubt that a controlled inflammatory reaction is beneficial for the organism;
however, in some cases, it may produce a dysregulated response or be associated with a
disruption of homeostasis. Consequently, the emergence of persistent inflammation leads
to the pathogenesis of many types of disorders [19–21].

Chronic inflammation represents a reaction that is characterized by the continued
recruitment of monocytes/macrophages and lymphocytes accompanied by tissue injury
caused by sustained inflammatory response. Macrophages are key cellular elements of
chronic inflammatory responses in tissues, which is associated with the amplified expres-
sion of proinflammatory mediators. Distinct populations of M1 and M2 macrophages
regulate the chronic inflammatory environment (M1—classically activated phenotype,
proinflammatory; M2—alternatively activated macrophages, anti-inflammatory). The
macrophages play multiple roles in the inflammatory response and tissue repair, encourag-
ing and discouraging these processes [22,23].

Many microbial products (like LPS) or cytokines such as interferon γ (IFN-γ) stimulate
macrophages to increased production of nitric oxide (NO), reactive oxygen species (ROS),
and an elevated production of proinflammatory cytokines such as interleukin-1 (IL-1),
interleukin-6 (IL-6), interleukin-8 (IL-8), interleukin-12 (IL-12), and tumor necrosis factor-
alpha (TNF-α) [24].
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M1 macrophages undergo a metabolic shift during activation, involving the expression
of inducible nitric oxide synthase (iNOS or NOS2), which generates large quantities of
nitric oxide (NO). iNOS activity, unlike other nitric oxide synthases (NOS1—endothelial
and NOS3—neuronal), strongly increases during stimulation with LPS. Constitutive nitric
oxide synthases NOS1 and NOS3 usually generate NO at nanomolar concentrations. Under
this physiological condition, NO regulates vasodilatation, neuronal transmission, and the
inhibition of platelet aggregation. [25,26].

The role of NO in immunity is dual: It acts as both a toxic agent against infectious
organisms and an immunoregulator. To perform these functions effectively, particularly
as a toxic mediator, NO must be generated at micromolar levels for a sustained period of
time [25,27].

During phagocytosis, macrophages and other phagocytic cells consume an increased
amount of oxygen, which is related to the production of reactive oxygen species (ROS). This
phenomenon associated with increased oxygen consumption is called “oxidative burst”.
It can be studied in vitro, among others, through the chemiluminescence reaction. The
ability of cells to undergo chemiluminescence is assessed after adding a stimulating agent
(stimulated chemiluminescence). To enhance the reaction, two compounds with a high
quantum yield can be used: luminol and lucigenin. These compounds easily transform
into an excited state during the oxidation process, which allows the enhancement of the
glowing effect [28]. The phenomenon of luminol-enhanced chemiluminescence was used to
assess the oxygen burst in RAW 264.7 cells after stimulation with PMA (phorbol myristate
acetate) in the presence of flavone or its methyl derivatives. Additionally, in a combination
with flavone or its methyl derivatives, the nitric oxide production and proinflammatory
cytokines expression were assessed.

The aim of this work was to evaluate the anti-inflammatory effect of five methylflavones,
2′-methylflavone (5C), 3′-methylflavone (6C), 4′-methylflavone (7C), 6-methylflavone (8C),
and 6-methyl-8-nitroflavone (12C), on LPS-induced RAW 264.7 cells. The compounds used
in this study have been previously characterized [29–32], but this study demonstrates their
anti-inflammatory properties for the first time.

2. Results
2.1. The Cytotoxic Effect of 2′-Methylflavone (5C), 3′-Methylflavone (6C), 4′-Methylflavone (7C),
6-Methylflavone (8C), and 6-Methyl-8-nitroflavone (12C) on RAW 264.7 Macrophages

The RAW 264.7 macrophages were incubated with 1 µM, 10 µM, and 20 µM of the
listed compounds (with or without LPS): 2′-methylflavone (5C), 3′-methylflavone (6C),
4′-methylflavone (7C), 6-methylflavone (8C), and 6-methyl-8-nitroflavone (12C). The above
concentration range was selected based on our previous experience with methyl derivatives
of other groups of flavonoids, as well as a literature review in this area [14,33,34]. The
results of the cytotoxicity assay (MTT) in relevance to the chemical structures of the tested
compounds are presented (as a percentage of the control) in Figure 2.

As shown in Figure 2b, a statistically significant cytotoxic effect was observed for
flavone at a concentration of 20 µM in cells not treated with LPS (83.42 ± 3.36%, p < 0.01)
and at a concentration of 1 µM in cells treated with LPS (86.50 ± 9.73%, p < 0.05).

Interestingly, compound 6C showed a proliferative effect on macrophages not treated
with LPS (Figure 2f). As shown in Figure 2h, 1 µM of the 7C compound induced a slight
but significant cytotoxic effect in RAW 264.7 cells not treated with LPS (87.67 ± 4.10%,
p < 0.05). However, the observed effects were the most severe in the cells treated with the
12C compound (Figure 2l), for cells not treated with LPS (1 µM: 83.34 ± 3.58%, p < 0.01;
10 µM: 80.13 ± 3.38%, p < 0.001; 20 µM: 55.92 ± 2.38%, p < 0.001) and for cells treated with
LPS (20 µM: 57.90 ± 0.48%, p < 0.001). The other compounds used did not show statistically
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significant cytotoxic effects on RAW 264.7 macrophages. The detailed data are available in
the Supplementary Materials (Table S1).
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Figure 2. The viability of cell line RAW 264.7 in the presence of tested compounds. Chemical structure
(a) and cytotoxic effect (b) of flavone, chemical structure (c) and cytotoxic effect (d) of 2′-methylflavone
(5C), chemical structure (e) and cytotoxic effect (f) of 3′-methylflavone (6C), chemical structure
(g) and cytotoxic effect (h) of 4′-methylflavone (7C), chemical structure (i) and cytotoxic effect (j)
of 6-methylflavone (8C), chemical structure (k) and cytotoxic effect (l) of 6-methyl-8-nitroflavone
(12C). The values represent means ± SD obtained from three independent experiments performed in
quadruplicate (n = 12). The data were analyzed using analysis of variance (ANOVA) followed by
Tukey’s test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control cells.

2.2. The Nitric Oxide Production by LPS-Stimulated RAW 264.7 Cells in the Presence of Flavone
and Its Methyl Derivatives: 2′-Methylflavone (5C), 3′-Methylflavone (6C), 4′-Methylflavone (7C),
6-Methylflavone (8C), and 6-Methyl-8-nitroflavone (12C)

We evaluated the production of nitric oxide by LPS-stimulated RAW 264.7 cells in
the presence of flavone and its derivatives: 2′-methylflavone (5C), 3′-methylflavone (6C),
4′-methylflavone (7C), 6-methylflavone (8C), and 6-methyl-8-nitroflavone (12C). Some of
the tested compounds showed the ability to inhibit nitric oxide synthesis by activated RAW
264.7 cells. Among all tested flavone derivatives, 5C, 6C, and 8C showed a significant
inhibitory effect on NO production in the range of all tested concentrations. Flavone, as
a precursor of obtained methyl derivatives, showed only a weak ability to inhibit nitric
oxide synthesis. However, in comparison to flavone, only some concentrations of 5C and
6C derivatives exhibit a statistically significant inhibitory effect. This inhibitory effect of
the tested compounds on NO production in RAW 264.7 is presented below as a percentage
of the control (Figure 3). The detailed data are available in the Supplementary Materials
(Table S2).
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Figure 3. The production of nitric oxide by LPS-stimulated RAW 264.7 cells in the presence of
flavone and its derivatives: 2′-methylflavone (5C), 3′-methylflavone (6C), 4′-methylflavone (7C),
6-methylflavone (8C), and 6-methyl-8-nitroflavone (12C). The values represent means ± SD obtained
from three independent experiments performed in triplicate (n = 9). The data were analyzed using
analysis of variance (ANOVA) followed by Tukey’s test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared
to LPS-stimulated cells. # p < 0.05, ### p < 0.001 compared to flavone and LPS -stimulated cells.

2.3. The Effect of Flavone and Its Methyl Derivatives, 2′-Methylflavone (5C), 3′-Methylflavone
(6C), 4′-Methylflavone (7C), 6-Methylflavone (8C), and 6-Methyl-8-nitroflavone (12C), on
Chemiluminescence of Activated RAW 264.7 Macrophages

In our study we evaluated the inhibitory effect on chemiluminescence of RAW
264.7 cells (preincubated with luminol and then stimulated with PMA, phorbol 12-
myristate 13-acetate) in the presence of flavone and its derivatives: 2′-methylflavone
(5C), 3′-methylflavone (6C), 4′-methylflavone (7C), 6-methylflavone (8C), and 6-methyl-8-
nitroflavone (12C). The luminol-enhanced chemiluminescence reaction was used to assess
oxygen burst in RAW 264.7 cells after stimulation with PMA in the presence of flavone or
its methyl derivatives.

In the tests performed during our study, a significant inhibitory effect was observed
compared to control cells for all tested compounds at concentrations above 10 µM.

Among all the methyl derivatives of flavone tested, only compounds 5C and 6C
showed stronger activity than the original flavone itself.

The influence of the tested compounds on the chemiluminescence of RAW 264.7
macrophages is presented below as a percentage of the control (Figure 4). The detailed data
are available in the Supplementary Materials (Table S3).
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2′-methylflavone (5C), 3′-methylflavone (6C), 4′-methylflavone (7C), 6-methylflavone (8C), and 6-
methyl-8-nitroflavone (12C). The values represent means ± SD obtained from three independent
experiments performed in triplicate (n = 9). The data were analyzed using analysis of variance
(ANOVA) followed by Tukey’s test. * p < 0.05, ** p < 0.01, *** p < 0.001 compared to control cells.
# p < 0.05, ## p < 0.01, ### p < 0.001 compared to flavone-stimulated cells.

2.4. The Effect of Flavone and Its Methyl Derivatives, 2′-Methylflavone (5C), 3′-Methylflavone
(6C), 4′-Methylflavone (7C), 6-Methylflavone (8C), and 6-Methyl-8-nitroflavone (12C), on the
Release of IL-1α, IL-1β, IL-6, IL-12p70 and TNF-α by RAW 264.7 Macrophages

The results below are presented as percentages of the control due to differences in
cytokine secretion by control cells depending on the plate which was examined. During
the experiment, a very wide panel of methyl derivatives was analyzed by Bio-Plex Assay
and only some of those derivatives are illustrated in the results. To compare the activity
of different compounds on one graph, the values of secreted cytokines in pg/mL were
compared to the appropriate controls, obtaining a percentage value (% of the control). The
detailed data are available in the Supplementary Materials (Table S4).

The study results showed that compounds 5C, 6C, and 12C significantly inhibited
IL-1α concentration produced by RAW 264.7 cells compared to control cells stimulated with
LPS, as well as compared to flavone. The strongest effect in this case was demonstrated
by 3′-methylflavone (6C). The results obtained for 6-methyl-8-nitroflavone (12C) were
inconclusive as increased inhibition was observed at a concentration of 1µM and reduced
inhibition at a concentration of 20 µM. Such an effect may result from the cytotoxicity of
this compound. Interestingly, flavone (the substrate) did not inhibit IL-1α concentration
produced by RAW 264.7 cells; on the contrary, it even had a stimulating effect. The
results showing an influence of the tested compounds on the IL-1α production by RAW
264.7 macrophages are presented below in Figure 5. The detailed data are available in the
Supplementary Materials (Tables S4 and S5).
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Subsequently, the production of other members of the IL-1 family, including IL-1β, was
also inhibited by some flavone methyl derivatives. In this case, the most active compound
was 2′-methylflavone (5C), compared to LPS-stimulated control cells as well as compared to
cells stimulated with flavone. 3′-methylflavone (6C) showed significant activity exclusively
in the concentration of 20 µM. Compound 12C (6-methyl-8-nitroflavone) showed only a
slight significant effect compared to LPS-stimulated cells. The IL-1β production by LPS-
stimulated RAW 264.7 macrophages in the presence of the tested compounds is presented
below in Figure 6, as a percentage of the control. The detailed data are available in the
Supplementary Materials (Tables S4 and S6).

In our study, we also evaluated the IL-6 production by RAW 264.7 macrophages. The
results showed that compounds 5C and 12C significantly inhibited IL-6 concentration
produced by RAW 264.7 cells compared to LPS-stimulated control cells and also compared
to flavone. The strongest compound, in this case, was 6-methyl-8-nitroflavone (12C),
but 2′-methylflavone (5C) also showed a significant inhibitory effect, compared to LPS-
stimulated control cells as well as compared to flavone-stimulated cells. On the other hand,
3′-methylflavone (6C) and 4′-methylflavone (7C) showed small but significant activity only
in the concentration of 20 µM, compared to LPS-stimulated control cells.

The IL-6 production by LPS-stimulated RAW 264.7 macrophages in the presence of
the tested compounds is presented below in Figure 7 as a percentage of the control. The
detailed data are available in the Supplementary Materials (Tables S4 and S7).
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Another example of a proinflammatory cytokine is IL-12, which is encoded by two
genes: IL-12A (p35) and IL-12B (p40). There are two active forms of this cytokine—a
heterodimer (p70) and a homodimer (p40). In this work, we assessed the production
of IL-12p70 by LPS-stimulated RAW 264.7 macrophages. The results of the experiment
showed that only 2′-methylflavone (5C) at a concentration of 20 µM turned out to be
more active than the original flavone. However, compared to the control, 2′-methylflavone
(5C), 6-methylflavone (8C), and 6-methyl-8-nitroflavone (12C) showed a significant in-
hibitory effect.

The IL-12p70 production by LPS-stimulated RAW 264.7 macrophages in the presence
of the tested compounds is presented below in Figure 8 as a percentage of the control. The
detailed data are available in the Supplementary Materials (Tables S4 and S8).
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One of the most important pro-inflammatory cytokines is TNF-α. The results of our
studies indicate a significant impact of the tested compounds on the production of TNF-α
by LPS-stimulated RAW 264.7 cells. All five tested methyl derivatives, as well as the
flavone itself, had an inhibitory effect on the production of TNF. However, the most active
compounds turned out to be 2′-methylflavone (5C) and 3′-methylflavone (6C), although
their activity here is comparable to the original flavone.

The TNF-α production by LPS stimulated RAW 264.7 macrophages in the presence
of the tested compounds is presented below in Figure 9 as a percentage of control. The
detailed data are available in the Supplementary Materials (Tables S4 and S9).
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3. Discussion
In recent years, there has been a growing interest in the ameliorating effects of dietary

flavones in diseases associated with chronic inflammation. Our findings show the potential
of the methyl derivatives of flavone as anti-inflammatory compounds which can be applied
to the development of novel functional foods for the alleviation of inflammatory reactions.

Inflammation is a dynamic process triggered by the stimulation of both types of
immunity, innate and acquired, in a response to pathogen invasion. The inflammatory
process should, therefore, lead to the removal of the infectious agent and allow the tissue to
return to its physiological state. Sometimes, however, a chronic, uncontrolled inflammatory
reaction develops, which leads to extensive damage and pathological conditions accompa-
nying disorders such as autoimmune diseases, metabolic diseases, and cancer [20,24,35,36].
Therefore, the inflammatory process, which should play a protective and regenerative role,
can sometimes, paradoxically, lead to the exacerbation of the disease and even to death.
During the development of the inflammatory response, when acute inflammation continues
and turns into a chronic state, the composition of the white blood cells changes; therefore,
macrophages and lymphocytes begin to replace short-lived neutrophils [37–39].

These cells produce a variety of inflammatory cytokines, chemokines, and oxidative
enzymes that lead to the progression of tissue damage and secondary repair, including
fibrosis and granuloma formation [23,33].

Macrophages exposed to immunogenic particles secrete pro-inflammatory cytokines,
such as IL-1, IL-6, TNFα, and IL-8, IL-12, and chemokines, but also mediators such as nitric
oxide (NO) and reactive oxygen species (ROS), leukotrienes, and prostaglandins. All of
these molecules, cooperating with other cell products, induce vascular permeability and cell
recruitment to the site of inflammation and also participate in the regulation of the immune
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response. However, their overproduction may lead to many disorders, for example, sepsis,
chronic inflammation, and pain, as well as autoimmune diseases [22–24,40].

Flavonoids are a class of secondary plant metabolites present in different concentra-
tions and forms in roots, leaves, flowers, and fruits. Among flavonoids, flavones represent
one of the most studied groups, due to their antioxidant and anti-inflammatory properties,
which make them an attractive target for the synthesis of more active derivatives and their
further study [11,33].

It has already been established that some naturally occurring representatives of
flavones demonstrate anti-inflammatory properties. One example of the anti-inflammatory
effect of flavones is luteolin, which has been demonstrated to inhibit M1/M2 macrophage
polarization, which, in turn, inhibits the inflammatory process [41]. Recent data showed
the activity of luteolin-7-O-glucoside in the reduction of oxidative stress and inflammatory
mechanisms in endothelial cells cultured in vitro. These anti-inflammatory properties can
correlate with the cardiovascular benefits of this flavone [42]. Some sources also report that
high luteolin intake can protect against and alleviate neurodegenerative diseases [43].

Moreover, another member of the flavones family, apigenin, has been shown to signifi-
cantly suppress the inflammatory and allergic responses of RAW264.7 and RBL cells, thus
potentially serving as a preventive and therapeutic agent for immune-related diseases [15].
In another study, apigenin effectively downregulated the expression and secretion of pro-
inflammatory cytokines and was found effective against psoriasis in both in vitro and
in vivo models [44].

Recently, it was established that the antioxidant activity of flavones could be related
to the presence of a hydroxyl group situated on the B ring, much more than the A-ring
substitution. Therefore, the type of the B-ring substitution is considered as a determinant
of antiradical potency; just one hydroxyl group located there guarantees significant scav-
enging potential, especially in the position C4′. Generally, flavones belong to a group of
flavonoids that show great capacity to scavenge free radicals and play a crucial role as a
source of antioxidants. Their biological activity is related strictly to their molecular structure
and depends on both the number and the place of attachment of functional groups [45].

Naturally occurring flavonoids exist in plants in either a glycosylated or methylated
form, because these structures are more stable and also bioactive. Numerous studies have
already shown that methylated flavonoids have significantly better biological properties
than unmethylated forms. Methylation enhances the entry of flavonoids into cells and
prevents their degradation [13,46]. Moreover, methylation increases the hydrophobicity of
flavonoids and improves their affinity for the cell membrane. When tested in fibroblasts
and astrocytes, the uptake of methylated flavanols and flavonols was higher than that
of unmethylated ones [47]. However, there are no extensive studies on C-methylated
flavonoids and the comparison of O-methylated versus C-methylated compounds. This
situation is probably related to the rare occurrence of C-methylated flavonoids in nature;
only a few plants contain large amounts of methylated compounds. For example, the genus
Citrus is the most abundant natural source of methylated flavonoids, especially methylated
flavones and flavonols. It contains both C-methylated and O-methylated flavones [46].

Studies focusing on the methylation of flavones have shown that this process leads to
the formation of derivatives that are protected from extensive, rapid hepatic metabolism.
Methylation also significantly increases their metabolic stability and enhances the mem-
brane transport because of altered interaction with biological membranes [13,32,46–49].

Currently, there are not many studies on the biological activity of natural or syn-
thetic methylflavones. Some reports concern the activity of methylflavones as a class of
ligands acting on GABA(A) receptors and possessing anxiolytic, antidepressant, and anti-
convulsant effects [49,50]. Clarkson et al. demonstrated that 2′-methoxy-6-methylflavone
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increases tonic GABA(A) receptor currents, and in the case of extrafocal ischemia, reduces
infarct volume and improves recovery. Moreover, they investigated the anti-inflammatory
effects of this compound, and in a macrophage cell line, they showed that 2′-methoxy-6-
methylflavone could inhibit the LPS-induced increase in NF-κB (nuclear factor kappa-light-
chain-enhancer of activated B cells) activity. Meanwhile, in stroke animals, this compound
significantly decreased the circulating IL1-β, TNF-α and IFN-γ levels. Therefore, they
hypothesized that this methylflavone, administered immediately after stroke, may increase
neuroprotection [51].

Another group (Yue et al.) tested three structurally related 6-C-methyl flavones isolated
from Pinus densata for their ability to inhibit proliferation and induce apoptosis in the HL-60
human leukemia cell line. They proved that some of these compounds exhibited significant
anticancer activity via the mitochondrial caspase-3-dependent apoptosis pathway [52].

Synthetic 3-methylflavones with various substitutions on rings A and B were also
evaluated for antioxidant activity and antibacterial action against Gram-positive and Gram-
negative bacteria. It was discovered by Jayashree et al. that five of the tested compounds
exhibited DPPH radical scavenging activity, and the same compounds also exhibited a
50–100% growth in the inhibition of Gram-positive but not Gram-negative bacteria [53].

In our work, we have estimated an anti-inflammatory effect of five methylflavones,
2′-methylflavone (5C), 3′-methylflavone (6C), 4′-methylflavone (7C), 6-methylflavone (8C),
and 6-methyl-8-nitroflavone (12C), on LPS-induced RAW 264.7 cells. According to an
extensive literature review, the biological activity of all the above-mentioned products have
not been described in the literature yet. However, based on our research, some of these
compounds can be considered as potentially bioactive.

For the first time, we have shown that some of the methyl derivatives of flavone
inhibit nitric oxide production and the chemiluminescence of LPS-stimulated RAW 264.7
macrophages. This research demonstrated that 2′-methylflavone (5C) and 3′-methylflavone
(6C) possess the strongest anti-inflammatory activity among all tested compounds.

Moreover, 2′-methylflavone (5C) and 3′-methylflavone (6C) inhibited most strongly
the production of IL-1α, IL-1β, IL-6, and TNFα by the stimulated macrophages.

The anti-inflammatory effects of flavones and their derivatives can be attributed
to various pathways, including the inactivation of transcription factors responsible for
the induction of inflammation and the production of pro-inflammatory cytokines. The
key signaling pathways contributing to inflammation impacted by flavones include NF-
κB, MAPK (Mitogen activated protein kinase), STAT (signal transducer and activator of
transcription), Nrf2 (Nuclear factor erythroid 2—related factor), and the inflammasome
pathway [14,19,33].

The anti-inflammatory effects of flavones have been mainly related to the suppression
of the NF-κB signal transduction pathway. It has been demonstrated that flavones can act
as antagonists of NF-κB, which downregulates the production of iNOS and COX-2 [54]. It
has been reported that apigenin (4′,5,7-trihydroxyflavone) inhibits the phosphorylation and
degradation of IκB (IkappaB kinase), leading to the suppression of NF-κB activation [55].
Another interesting example of the anti-inflammatory effect of flavones is an action of
diosmetin (5,7,3′-trihydroxy-4′-methoxyflavone), which has been shown to inhibit the
translocation of NF-κB from the cytoplasm to the nucleus and increase the expression of
the NF-κB inhibitor gene [56].

In relation to methylflavones, there are only a few publications describing their anti-
inflammatory effects [50,51,53], but, in particular, these effects at the cellular level have not
yet been elucidated. Future studies in this field will likely investigate which pathways are
modulated by methyl derivatives of flavone. Leaving aside the results of similar studies,
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we can only hypothesize that these compounds, as other flavones, act in relation to the
suppression of the NF-κB signal transduction pathway.

Moreover, one of the effects observed in our yet unpublished studies is an analogous
proliferative effect, as well as a similar anti-inflammatory action in the corresponding
methyl derivatives of flavone and chalcone. This is particularly clear in relation to the
3′-methylflavone (6C) derivative. Referring to this result, we may hypothesize that the
mechanism of action of some methyl derivatives of flavone could be based on the electron
delocalization across the molecule, breakdown of the C ring, and formation of an active
chalcone with the same methyl substituent.

One of the tested compounds (6-methyl-8-nitroflavone (12C)) showed moderate anti-
inflammatory activity; however, its action could be also an effect of the cytotoxicity demon-
strated in the MTT test.

Different substitution at the flavones scaffold can induce diverse effects, which are of-
ten exerted through their DNA binding ability, because the structure facilitates intercalation
between base pairs. Cardenas et al. have discovered the anti-proliferative action of several
flavonoid derivatives in human and murine cell lines; this study indicated that a nitro
group at position 4′ of the flavone yielded a very active anti-proliferative compound [57].
Perhaps flavone derivatives containing a nitro group could find an application in anticancer
therapy due to their anti-proliferative activity. However, this requires further research and
an assessment of their safety.

In this study, we evaluated the effect of different methyl derivatives of flavone on major
mediators of the inflammatory reaction in RAW 264.7 cells. Although more extensive and
additional research is needed to support this hypothesis, we can propose these compounds
as potential candidates for alleviating immune-related diseases.

Moreover, the latest research in the field of flavonoids shows that many synthetic
derivatives of flavone can demonstrate antiproliferative, anticancer, anti-inflammatory,
antioxidant, and antimicrobial properties. Some of the recent papers regarding the modifi-
cations of the flavones skeleton are presented and cited below.

Daviaud et al. demonstrated the potential of polymethoxyflavones and polyacetylated
flavones as analgesic and anti-inflammatory compounds in mice. This study suggested
disruption in the production of inflammatory mediators such as COX-2, TNF-α, and
IL-6 and as well as in the MAPK pathway [58]. Furthermore, in another study, new
heterocyclic derivatives of flavone were synthesized and it was found out that the presence
of phenoxy groups at selected positions of the A and B rings is crucial for cancer-selective
cytotoxicity [59]. Khedera et al. synthesized new alkyl and ester derivatives based on the
3-hydroxy-4′-dimethylamino flavone. Some of these compounds showed high anti-fungal
activity [60]. Another study showed that modifications introduced to the eupatilin structure
improved the characteristics of this compound. The usefulness of the tested derivative
(DA-6034, 7-carboxymethyloxy-3′,4′,5-trimethoxy flavone) was demonstrated, in particular,
in chronic pancreatitis in a mouse model. The inhibition of NF-κB activation and reduction
of the production of proinflammatory cytokines have been also demonstrated [61].

The publications cited above provide insight for optimization through pharmacomod-
ulation and molecular docking to develop innovative, multi-target drugs. Such research
constitutes an interesting solution for the development of new drugs in the nearest future.
Moreover, the studies indicate that introducing new groups into already existing com-
pounds of flavonoid origin in order to improve their properties may be an interesting and
promising strategy.
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4. Materials and Methods
4.1. Synthesis of Methyl Derivatives of Flavone

The following compounds were used for the experiments: 2′-methylflavone (5C),
3′-methylflavone (6C), 4′-methylflavone (7C), 6-methylflavone (8C), and 6-methyl-8-
nitroflavone (12C). They were obtained as a result of a two-step synthesis (Scheme 1),
as described in our previous works [29–32].
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In the first stage, Claisen–Schmidt condensation reactions were performed using
several starting materials: 2′-hydroxyacetophenone with various methylbenzaldehy-
des (ortho, meta, para), 2′-hydroxy-5′-methylacetophenone with benzaldehyde, and 2′-
hydroxy-5′-methyl-3′-nitroacetophenone with benzaldehyde. These reactions yielded
the corresponding 2′-hydroxychalcones (2′-hydroxy-2-methylchalcone—5A, 2′-hydroxy-3-
methylchalcone—6A, 2′-hydroxy-4-methylchalcone—7A, 2′-hydroxy-5′-methylchalcone—
8A, and 2′-hydroxy-5′-methyl-3′-nitrochalcone—12C) containing methyl groups at different
positions. Synthetic substrates purchased from Sigma-Aldrich (St. Louis, MO, USA) were
dissolved in methanol, and the reactions were carried out in an alkaline medium (sodium
hydroxide) for 2 h at elevated temperature by heating the mixture under reflux. After
acidifying the reaction mixture with hydrochloric acid, the products were crystallized
from 96% ethanol (5A—64% yield, 6A—57% yield, 7A—66% yield, 8A—50% yield, and
12C—75% yield). Then, flavones (5C, 6C, 7C, 8C, and 12C) were obtained from the ap-
propriate chalcones (5A, 6A, 7A, 8A, and 12A) by oxidative cyclization, which lasted 2 h
under reflux at 125 ◦C in an oil bath, in the presence of catalytic amounts of iodine, using
dimethyl sulfoxide as a solvent for the reagents. Synthesis products were extracted from
reaction mixture using methylene chloride and crystallized from 96% ethanol (5C—46%
yield, 6C—65% yield, 7C—70% yield, 8C—67% yield, and 12C—90% yield).

All compounds are >98% pure by HPLC analysis. HPLC analyses were carried
out using a Dionex Ultimate 3000 instrument (Thermo Fisher Scientific, Waltham, MA,
USA) with a diode array detector using an analytical octadecylsilica (ODS) 2 column
(4.6 × 250 mm, Waters, Milford, MA, USA) and pre-column. The gradient program was
as follows: initial conditions—32.5% B in A, 4 min—40% B in A, 8 min—40% B in A,
10 min—45% B in A, 15 min—95% B in A, 18 min—95% B in A, 19 min—32.5% B in A,
and 23 min—32.5% B in A. The flow rate was 1 mL/min, the injection volume was 5 µL,
and the detection wavelength was 280 nm. NMR analyses were performed using a DRX
AvanceTM 600 MHz NMR spectrometer (Bruker, Billerica, MA, USA). Molecular formulas of
all products were confirmed by analysis performed on the LC-MS 8045 SHIMADZU Triple
Quadrupole Liquid Chromatograph Mass Spectrometer (Shimazu Corporation, Kyoto,
Japan) with electrospray ionization (ESI) source.

The data describing obtained synthesis products are shown below:

2′-Methylflavone (5C). ESI/MS m/z 237.1 ([M + H]+, C16H12O2); 1H NMR (600 MHz,
acetone-d6) δ (ppm): 8.15 (1H, dd, J = 7.9, 1.7, H-5), 7.82 (1H, ddd, J = 8.7, 7.2, 1.7, H-7),
7.64 (2H, m, H-8 and H-6′), 7.50 (2H, m, H-6 and H-4′), 7.40 (2H, m, H-3′ and H-5′), 6.42
(1H, s, H-3), 2.51 (3H, s, C-2′-CH3); 13C NMR (151 MHz, acetone-d6) δ (ppm): 177.8 (C-4),
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166.7 (C-2), 157.4 (C-8a), 134.9 (C-7), 137.7 (C-2′), 133.7 (C-1′), 132.1 (C-3′), 131.6 (C-4′),
130.2 (C-6′), 127.1 (C-5′), 126.2 (C-6), 126.0 (C-5), 124.7 (C-4a), 119.2 (C-8), 112.4 (C-3), 20.5
(C-2′-CH3).
3′-Methylflavone (6C). ESI/MS m/z 237.1 ([M + H]+, C16H12O2); 1H NMR (600 MHz,
acetone-d6) δ (ppm): 8.12 (1H, dd, J = 7.9, 1.6, H-5), 7.92 (1H, s, H-2′), 7.88 (1H, d, J = 7.7,
H-6′), 7.81 (1H, ddd, J = 8.6, 7.1, 1.7, H-7), 7.73 (1H, dd, J = 8.4, 0.9, H-8), 7.48 (2H, m, H-5′

and H-6), 7.42 (1H, d, J = 7.5, H-4′), 6.85 (1H, s, H-3), 2.45 (3H, s, C-3′-CH3); 13C NMR
(151 MHz, acetone-d6) δ (ppm): 177.7 (C-4), 164.9 (C-2), 157.1 (C-8a), 139.8 (C-3′), 134.8
(C-7), 133.2 (C-4′), 132.7 (C-1′), 129.9 (C-5′), 127.7 (C-2′), 126.1 (C-6), 126.0 (C-5), 124.9 (C-4a),
124.4 (C-6′), 119.2 (C-8), 107.9 (C-3), 21.4 (C-2′-CH3).
4′-Methylflavone (7C). ESI/MS m/z 237.1 ([M + H]+, C16H12O2); 1H NMR (600 MHz,
acetone-d6) δ (ppm): 8.12 (1H, dd, J = 7.9, 1.6, H-5), 7.99 (2H, d, J = 8.3, H-2′ and 6′), 7.81
(1H, ddd, J = 8.7, 7.1, 1.7, H-7), 7.73 (1H, d, J = 8.4, H-8), 7.48 (1H, m, H-6), 7.41 (2H, d, J = 8.0,
H-3′ and H-5′), 6.82 (1H, s, H-3), 2.43 (3H, s, C-3′-CH3); 13C NMR (151 MHz, acetone-d6) δ
(ppm): 177.9 (C-4), 164.1 (C-2), 157.2 (C-8a), 143.1 (C-4′), 134.7 (C-7), 130.6 (C-3′ and C-5′),
127.2 (C-2′ and C-6′), 126.1 (C-6), 126.0 (C-5), 124.9 (C-4a), 123.0 (C-1′), 119.2 (C-8), 107.4
(C-3), 21.4 (C-2′-CH3).
6-Methylflavone (8C). ESI/MS m/z 237.1 ([M + H]+, C16H12O2); 1H NMR (600 MHz,
acetone-d6) δ (ppm): 8.12 (2H, m, H-2′ and H-6′), 7.94 (1H, s, H-5), 7.67 (2H, s, H-7 and H-8);
7.63 (3H, m, H-3′, H-4′, H-5′); 6.88 (1H, s, H-3); 2.50 (3H, s, C6-CH3); 13C NMR (151 MHz,
acetone-d6) δ (ppm):178.0 (C-4), 163.8 (C-2), 155.4 (C-8a), 136.1 (C-6), 135.9 (C-8), 132.8
(C-1′), 132.4 (C-4′), 130.0 (C-3′ and C-5′), 127.2 (C-2′ and C-6′), 125.3 (C-5), 124.5 (C-4a),
119.0 (C-7), 107.8 (C-3), 20.9 (C6-CH3).
6-Methyl-8-nitroflavone (12C). ESI/MS m/z 282.1 ([M + H]+, C16H11NO4; 1H NMR
(600 MHz; acetone-d6) δ (ppm): 8.35 (1H, dd, J = 2.2, 0.5 Hz, H-7), 8.24 (1H, dd, J = 2.2,
0.8 Hz, H-5), 8.15 (2H, ddd, J = 5.7, 4.3, 2.5 Hz, H-2′, H-6′), 7.65–7.61 (3H, m, H-3′, H-4′,
H-5′), 7.01 (1H, s, H-3), 2.59 (3H, s, C-6-CH3); 13C NMR (151 MHz, acetone-d6) δ (ppm):
176.23 (C-4), 163.90 (C-2), 147.56 (C-8a), 139.61 (C-8), 136.24 (C-6), 133.00 (C-4′), 131.92
(C-1′), 131.57 (C-5), 131.53 (C-7), 130.11, (C-3′, C-5′), 127.45 (C-2′, C-6′), 126.31 (C-4a), 107.97
(C-3), 20.60 (C-6-CH3).

The structures of the tested flavones are shown below in Table 1.

Table 1. Structures of flavones: 2′-methylflavone (5C), 3′-methylflavone (6C), 4′-methylflavone (7C),
6-methylflavone (8C), and 6-methyl-8-nitroflavone (12C).
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4.2. Cell Culture

In the experiments, the RAW 264.7 mouse macrophages cell line was used (ATCC,
American Type Culture Collection, Manassas, VA, USA). Cell culture was carried out in
polystyrene bottles (Nunc A/S Roskilde, Denmark) in DMEM culture medium with the
addition of L-glutamine (2 mM), penicillin (100 IU/mL), streptomycin (100 µg/mL), and
10% fetal calf serum (FBS). Cells were cultured continuously at 37 ◦C, in the atmosphere of
5% CO2, in an incubator at 100% relative humidity, and passage was performed 2–3 times
a week. The attached cells were mechanically detached from the bottom of the vessel,
and then, suspensions were prepared. The density of suspensions was assessed using
the microscopic method using a Bürker chamber (Merck KGaA, Darmstadt, Germany). A
suspension with a density of 1 × 106/mL was used for further experiments.

During the experiments, the cells were activated with LPS (lipopolysaccharide) at a
concentration of 200 ng/mL isolated from Escherichia coli of serotype O111:B4.

4.3. Cell Viability Assay

The cytotoxic effect of the tested compounds on RAW 264.7 cells was determined using
the bromo-3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) assay obtained from
Sigma Aldrich (St. Louis, MO, USA).

The MTT test is based on the measurement of mitochondrial dehydrogenase activity.
After 24 h stimulation with methyl derivatives 2′-methylflavone (5C), 3′-methylflavone
(6C), 4′-methylflavone (7C), 6-methylflavone (8C), and 6-methyl-8-nitroflavone (12C) at
concentrations of 1 µM, 10 µM, and 20 µM, the cells were washed and the MTT solution
was added to them, obtaining a final concentration of 1.1 mM, and then, the culture was
continued for another 4 h. After this time, the cells were centrifuged, the supernatant was
collected, and dimethyl sulfoxide (DMSO) was added to the adhered cells to extract the
MTT formazan. The solution was taken after 20 min and the absorbance of the supernatant
determined at a wavelength of 550 nm using an EonTM microplate spectrophotometer
(BioTek Intruments, Winooski, VT, USA).

Based on the results obtained, the percentage of live cells was calculated in rela-
tion to the appropriate control, according to the following formula: cells viability (% of
control) = (absorbance of tested wells × 100%)/absorbance of control wells.

4.4. Nitric Oxide Release Assay

Nitric oxide produced by the cells was determined by measuring the concentration of
nitrite anion using Griess’ reagent. During the reaction, nitrite reacts with sulphanilic acid
amide in an acidic environment. A diazo compound is then formed, which is coupled with
N-(naphthyl)-ethylenediamine, and it gives a colored reaction product. A total 100 µL of
supernatant from cell cultures stimulated with LPS and the tested compounds were used
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for the experiments. After mixing in a 1:1 ratio with Griess reagent in 96-well plates, the
samples were incubated for 10 min at room temperature, and then, the absorbance was mea-
sured at a wavelength of 530 nm using an EonTM microplate spectrophotometer (BioTek
Intruments, Winooski, VT, USA). The concentration of nitrite anions was determined on
the basis of a standard curve prepared for sodium nitrite.

4.5. Chemiluminescence Detection

Chemiluminescence of RAW 264.7 cells was performed after a 5 min preincubation
with luminol, and then, PMA solution (phorbol myristate acetate, Sigma Aldrich, St. Louis,
MO, USA) was added, which induced chemiluminescence by activating protein kinase
C. The determination was performed for four different concentrations of flavone and its
methyl derivatives.

During the experiment, RAW 264.7 cells, as a suspension with a density of 1 × 107/mL
were placed in a 96-well plate, and then, tested compounds were added at appropriate con-
centrations. Final suspension of cells was 106/mL (2 × 105/well). Chemiluminescence was
measured for 5 min with luminol at a final concentration of 10−4 mol/L. In the next step, the
cells were stimulated with PMA with a final concentration of 8 × 10−7 mol/L and chemilu-
minescence was determined for another 30 min. The measurements were conducted using
an LB 960 CentroXS3 luminometer (Berthold Technologies GmbH, Wildbad, Germany).

4.6. Bio-Plex Multiplex Immunoassay

The production of IL-1α, IL-1β, IL-6, IL-12p70, and TNF-α released from RAW
264.7 cells was determined after 24 h of stimulation with 2′-methylflavone (5C), 3′-
methylflavone (6C), 4′-methylflavone (7C), 6-methylflavone (8C), 6-methyl-8-nitroflavone
(12C), and flavone with or without LPS in the supernatants of cell culture. The measure-
ments were conducted with the Bio-Plex Magnetic Luminex Assay (Bio-Rad Inc., Hercules,
CA, USA) and the Bio-PlexTM 200 System (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Bio-Plex assays are bead-based experiments and can be performed in a mixed array
(multiplexed). The reader combines two lasers, fluidics, and real-time digital signal process-
ing to distinguish up to 100 different sets of color-coded polystyrene beads, each bearing a
different antibody. Distinctly colored bead sets are created by the use of two fluorescent
dyes at various ratios. To identify the different assays based on bead color and to quantify
the analyte by measurement of the reporter dye, a dual detection based on flow cytometry
technique is used.

In our experiments, sets of magnetic beads coated with antibodies specific for the
analytes (specific cytokines) were added to the supernatants of cell cultures. Analytes
(bead-linked) were detected using of a cocktail of biotinylated antibodies, which reacts
with the streptavidin phycoerythrin conjugate. After each incubation, a magnetic washer
(ELx 50, BioTek, Winooski, VT, USA) was used to remove additional beads.

In the Bio-Plex assays, serially diluted standards were used, to generate a calibration
and standard curve. A regression analysis was then performed to predict the concentrations
of the analyzed sample.

4.7. Statistical Analysis

All data are expressed as mean ± standard deviation (SD). In the case of cytotoxicity
determination, the values represent means ± SD obtained from three independent experi-
ments performed in quadruplicate (n = 12). Statistical significance from the control group
was evaluated using two-way analysis of variance (ANOVA), followed by Tukey’s test, and
p-values < 0.05 were considered significant. The homogeneity of variance was tested with
Levene’s test.
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In the chemiluminescence and in the nitric oxide assay, the values represent
means ± SD obtained from three independent experiments performed in triplicate (n = 9).
In the Bio-Plex Immunoassay, the values represent means ± SD obtained from three inde-
pendent experiments (n = 3). Statistical significance from the control group and from the
flavone was evaluated using one-way analysis of variance (ANOVA), followed by Tukey’s
test, and p-values < 0.05 were considered significant. The homogeneity of variance was
tested with Levene’s test.

The statistical analyses were performed using STATISTICA 13.3 software (StatSoft Inc.,
Tulsa, OK, USA).

5. Conclusions
Nowadays, the discovery of more specific immunomodulatory agents of plant origin

that possess anti-inflammatory effect has attracted great attention. Among them, flavones
constitute a group whose anti-inflammatory effect is indisputable.

In our study, we assessed anti-inflammatory effect of five methylflavones, 2′-
methylflavone (5C), 3′-methylflavone (6C), 4′-methylflavone (7C), 6-methylflavone (8C),
and 6-methyl-8-nitroflavone (12C), on LPS induced RAW 264.7 cells. Based on our re-
sults, we can conclude that 2′-methylflavone (5C) and 3′-methylflavone (6C) showed the
strongest anti-inflammatory effects, suggesting their potential to mitigate inflammation-
related health conditions and contribute to the prevention or management of chronic
inflammatory diseases in the future.

In our future studies, we plan to extend our research beyond RAW 264.7 cells, to
include other macrophages cell lines, as well as in vivo studies.
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