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Abstract: Systemic inflammation, circulating immune cell activation, and endothelial cell damage
play a critical role in vascular pathogenesis. Flavonoids have shown anti-inflammatory effects. In this
study, we investigated the effects of different flavonoids on the production of pro-inflammatory
interleukin (IL) 16, 6, and 8, and tumor necrosis factor « (TNF-«), in peripheral blood cells. Methods:
We studied the whole blood from 36 healthy donors. Lipopolysaccharide (LPS)-stimulated (0.5 pg/mL)
whole-blood aliquots were incubated in the presence or absence of different concentrations of
quercetin, rutin, naringenin, naringin, diosmetin, and diosmin for 6 h. Cultures were centrifuged
and the supernatant was collected in order to measure IL-1f3, TNF-«, IL-6, and IL-8 production
using specific immunoassay techniques. This production was significantly inhibited by quercetin,
naringenin, naringin, and diosmetin, but in no case by rutin or diosmin. Flavonoids exert different
effects, maybe due to the differences between aglycons and glucosides present in their chemical
structures. However, these studies suggest that quercetin, naringenin, naringin, and diosmetin could
have a potential therapeutic effect in the inflammatory process of cardiovascular disease.
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1. Introduction

Cardiovascular diseases are the number one cause of death in the world [1]. Nowadays,
the important role of inflammatory events in cardiovascular diseases is widely known [2]. Systemic
inflammation, circulating immune cell activation, and endothelial cell damage are critical events,
along with arterial wall damage [3-6]. Furthermore, the relevance of inflammation in the pathogenesis
of chronic venous disorder has also been shown [7,8]. Monocytes play a critical role in the inflammatory
response [9]. Activated monocytes display relevant immunomodulatory activities, including the
secretion of pivotal cytokines, such as pro-inflammatory cytokines interleukin (IL)-6, IL-1f3, IL-§,
and tumor necrosis factor « (TNF-«). Different mechanisms may be involved in the abnormal activation
of monocytes in chronic diseases [10]. There is increasing evidence that gut dysbiosis; increased
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intestinal permeability, also known as “leaky gut”; and bacterial translocation, are key mechanisms in
the induction of the systemic increase of lipopolysaccharide (LPS) and pro-inflammatory monocyte
activation in several chronic diseases [11-13]. LPS is a potent signal for monocyte stimulation [14].
Monocytes have been demonstrated to be involved in the pathogenesis of several cardiovascular
diseases, such as atherosclerosis [15].

Flavonoids are the largest group of naturally occurring polyphenolic compounds, present in
almost all parts of flowering plants [16]. Their basic chemical structure is made up of two aromatic rings
(rings A and B) connected by an oxygen-containing pyran ring (ring C). Flavonoids are classified into
different subgroups, including flavones, isoflavones, flavonols, dihydroflavones, flavanes, chalcones,
and anthocyanidins, according to the hydroxylation pattern of rings A and B, the oxidative degree of
ring C, and the structure and position of the substitutions [17].

The structural diversity of flavonoids results in a wide range of biological effects; the different
substitutions on the carbon atoms determine the biological effects of the flavonoids [18]. It has
been reported that flavones show different pharmacological actions, such as antinociceptive [19],
anti-inflammatory [20], antioxidant [21], antiulcerogenic [22], and anticarcinogenic [23] actions.
The combination of multiple pharmacological properties in a single nucleus is quite interesting [16].
Several mechanisms have been shown to be involved in the anti-inflammatory effects of flavonoids.
Flavonoids have the ability to modulate macrophages from pro- to anti-inflammatory phenotypes,
potentially contributing to the resolution of pre-established inflammatory processes [24,25].
Furthermore, flavonoids have inhibitory effects in platelet activation, being critical cells for vascular
inflammation [26].

The therapeutic activity of flavonoids has been suggested for inflammatory diseases such as
cardiovascular diseases, obesity, diabetes, bone health, and asthma [27-31]. Furthermore, the potential
use of these molecules in the adjuvant treatment of cancer has also been suggested [25,32].

Flavonoids are secondary metabolites in plants, occurring in virtually all plant parts; especially
photosynthesizing plant cells [33]. Polyphenols represent the most abundant compounds among
secondary metabolites produced by plants. Naringenin, diosmetin, and quercetin are the aglycons of
different kinds of flavonoids found in their heteroside form, specifically naringin, diosmin, and rutin.
Naringin and its aglycon naringenin are the most important dihydroflavones that have been isolated
from citrus fruits [34]. Quercetin and rutin are two flavonols widely distributed among plants and
commonly found in daily diets, predominantly in fruits and vegetables [35,36]. On the other hand,
diosmin and diosmetin are two flavones found in various dietary sources, such as oregano spice;
oregano leaves; citrus fruits; and extracts from specific medicinal herbs of Rosaceae, Asteraceae,
Brassicaceae, and Caryophyllaceae [37].

A flavonoid’s biological in vivo activity is very dependent on its bioavailability and this is
determined by the chemical structure, mainly the type of sugar moiety. In general, the glycoside
levels in plasma are low. Deglycosylation occurs both in the small intestine and in the large intestine,
depending on the type of sugar moiety and the aglycon produced by the microbiota. Then, metabolites
are absorbed via the large intestine and transported into the circulation [38].

It is possible to hypothesize that flavonoids might inhibit the production of pro-inflammatory
cytokines through the activation of leukocytes and focusing on those that are mainly secreted by
activated monocytes. The aim of this work was to evaluate the immunomodulatory effect of quercetin,
rutin, naringenin, naringin, diosmetin, and diosmin on the production of pro-inflammatory cytokines
TNEF-«, IL-1§3, IL-6, and IL-8 in whole-blood cells stimulated by LPS.
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2. Results

2.1. Time Course Cytokine Production Curves

Firstly, the kinetic of cytokines produced by lipopolysaccharide (LPS)-stimulated whole blood
was investigated (Figure 1). The culture medium concentration of IL-1(3, TNF-«, IL-6, and IL-8 at basal
conditions and after 4, 6, 8, and 24 h was quantified. The maximum cytokine concentration was found
at 6h of culture and this time was chosen as the time condition for subsequent assays.
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Figure 1. Cytokine production curves in lipopolysaccharide (LPS)-stimulated whole blood.
One milliliter of whole blood was incubated in the presence of LPS (0.5 ug/mL) in darkness and
continuously shaken at 37 °C. The supernatant concentrations of interleukin (IL)-1§3, tumor necrosis
factor o« (TNF-o), IL-6, and IL-8 were measured by ELISA at 0, 4, 6, 8, and 24 h of culture. The diamonds
and vertical segments represent the mean + SEM of six different donors. * p < 0.05 represents a
significant difference each time the measurement was compared to baseline production.

2.2. Study of the Effects of Flavonoids in Cytokine Production in LPS-Stimulated Whole Blood

The effects of quercetin, rutin, naringenin, naringin, diosmetin, and diosmin on IL-13 production
in LPS-stimulated whole blood (Figure 2) were investigated. As a control, the inhibitor of IL-1
rhein (diacerhein-derived metabolite, inhibitor of IL-13 production) was used [39]. It was found that
quercetin, diosmetin, and naringin significantly reduced IL-13 production in a dose-dependent manner.
Naringenin also significantly inhibited IL-1f3 production, but in an inverse dose-dependent manner.
In contrast, rutin and diosmin did not modify IL-1 production in LPS-stimulated whole blood.
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Figure 2. Effects of different flavonoids on the production of IL-13 in LPS-stimulated (0.5 pug/mL)
whole blood after 6 h of culture. The different panels show the results of the effects of quercetin (A),
rutin (B), naringenin (C), naringin (D), diosmetin (E), and diosmin (F). All data are expressed as the

mean (top segment of the rectangles) + SEM (vertical segment) of thirty independent experiments.
* p < 0.05: significantly different when compared to the LPS control. dp < 0.05: significantly different

when compared to the rhein control.

The effects of quercetin, rutin, naringenin, naringin, diosmetin, and diosmin on the TNF-«
secretion in LPS-stimulated whole blood (Figure 3) were investigated. Quercetin showed a dramatic
inhibitory effect on TNF-« production. Both naringenin and naringin showed a dose-dependent
suppressor effect upon TNF-« production. Diosmetin significantly inhibited TNF-« production, but
in an inverse dose-dependent manner. On the other hand, rutin and diosmin did not modify TNF-«
production in LPS-stimulated whole blood.
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Figure 3. Effects of different flavonoids on the production of TNF-o in LPS-stimulated (0.5 pg/mL)
whole blood after 6 h of culture. The different panels show the results of the effects of quercetin (A),
rutin (B), naringenin (C), naringin (D), diosmetin (E), and diosmin (F). All data are expressed as the
mean (top segment of the rectangles) + SEM (vertical segment) of thirty independent experiments.
* p < 0.05: significantly different when compared to the LPS control.

The effects of quercetin, rutin, naringenin, naringin, diosmetin, and diosmin on IL-6 secretion
in LPS-stimulated whole blood were studied (Figure 4). It was found that quercetin, naringenin,
diosmetin, and naringin significantly reduced IL-6 production in a dose-dependent manner. On the
other hand, rutin and diosmin did not significantly modify the IL-6 production in LPS-stimulated

whole blood.
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Figure 4. Effects of different flavonoids on the production of IL-6 in LPS-stimulated (0.5 ug/mL) whole
blood after 6 h of culture. The different panels show the results of the effects of quercetin (A), rutin
(B), naringenin (C), naringin (D), diosmetin (E), and diosmin (F). All data are expressed as the mean
(top segment of the rectangles) + SEM (vertical segment) of thirty independent experiments. * p < 0.05:
significantly different when compared to the LPS control.

The effect of quercetin, rutin, naringenin, naringin, diosmetin, and diosmin on IL-8 secretion

in LPS-stimulated whole blood was studied (Figure 5). In these assays, quercetin, naringenin,
diosmetin, and naringin showed a significant decrease in IL-8 production in a dose-dependent manner.
Furthermore, rutin and diosmin did not alter IL-8 production in LPS-stimulated whole blood.
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Figure 5. Effects of different flavonoids on the production of IL-8 in LPS-stimulated (0.5 ug/mL) whole
blood after 6 h of culture. The different panels show the results of the effects of quercetin (A), rutin
(B), naringenin (C), naringin (D), diosmetin (E), and diosmin (F). All data are expressed as the mean
(top segment of the rectangles) + SEM (vertical segment) of thirty independent experiments. * p < 0.05:
significantly different when compared to the LPS control.

3. Discussion

In this work, we have demonstrated that certain members of the flavonoid family have an
inhibitory effect on the production of IL-13, TNF-«, IL-6, and IL-8 in LPS-stimulated whole blood.
Quercetin, naringenin, naringin, and diosmetin have this immunosuppressor effect. However, rutin and
diosmin lack this anti-inflammatory regulatory effect.

The inflammatory-immune system plays a critical role in the pathogenesis of atherosclerosis [40].
Large thrombogenic necrotic cores, along with lipids, intraplaque hemorrhage, a thinner fibrous cap,
and inflammatory cell infiltration, pathologically characterize unstable plaque rupture, and these
pathological features eventually result in platelet aggregation and thrombus formation [41]. Control
of the molecular and cellular mechanisms involved in these processes is an area of intense research.
Some flavonoids have shown the ability to inhibit platelet activation and aggregation [26]. In this
study, we have further investigated the anti-inflammatory and immunoregulatory effects of flavonoids,
focusing on the production of pro-inflammatory cytokines in LPS-stimulated whole blood. LPS is the
principal component of the outer membrane of gram-negative bacteria, and one of the most potent
inflammation inducers of pro-inflammatory cytokines [42]. LPS is a relevant monocyte activation
signal with a marked effect on the production of inflammatory cytokines, including IL-1(3, TNF-c,
IL-6, and IL-8 [43]. The effect of flavonoids varies, depending on their chemical structures and
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functional groups [18]. The presence of C3-hydroxyl (OH) may result in an anti-inflammatory effect.
Indeed, quercetin, which has a C3-OH group (the characteristic of flavonols), enhanced LPS-stimulated
cytokine inhibition. The other aglycons studied, like naringenin and diosmetin, demonstrated a
relevant cytokine suppressor effect. Diosmetin is a flavone which contains a carbon—carbon double
bond (C2=C3) in ring C, and a C5-OH and C7-OH group in ring A (Figure 6). The dihydroflavone
naringenin differs from diosmetin by the presence of a carbon—carbon single bond (C2-C3), and by
the different substitutions on the carbon atoms of ring B (Figure 6). The glycoside naringin is a
dihydroflavone which has glycosylation on C7-OH (Figure 6) and exerted a cytokine-suppressor effect,
but one that was not as relevant as the aglycons. However, rutin and diosmin did not show any
inhibitory capacity in the release of pro-inflammatory cytokines. Rutin, a flavonol with glycosylation of
C3-OH (Figure 6), did not have any effect on the LPS-induced release of cytokines, similar to diosmin,
which belongs to the flavones group, with the glycosylation of C7-OH (Figure 6).

HO o O
| OH OH
MO OH
o o
0

8 OH O
OH O (A) HsC o
HO (B)
HO

OH

OH

OH
OCH,

OH O (E)

0o (F)

Figure 6. Chemical structure of flavonoids: (A) Quercetin, (B) rutin, (C) diosmetin, (D) diosmin,
(E) naringenin, and (F) naringin.

It is well-known that disaccharide structures of glycosides block the anti-inflammatory activity.
There are works on the metabolism of flavonoids and the major effect of their metabolites in the
organism [44,45]. Aglycons may enter epithelial cells by passive diffusion because of their increased
lipophilicity. Therefore, generally, flavonoid glycosides are cleaved either in the intestinal lumen or in
the epithelium before absorption [46]. In vitro, according to our results, aglycons exert higher activity
versus heterosides. In this sense, quercetin has five hydroxyl groups (Figure 6) capable of interacting
with the receptor binding site, and one of them is in the most active position: the C3—-OH on ring
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C [47]. Due to these structural characteristics, quercetin has shown an intense and wide inhibitory
effect on whole-blood production of TNF-« at all assayed concentrations. These inhibitory results
of quercetin are also remarkable in the studied interleukin release. Likewise, diosmetin has three
hydroxyl groups, which could justify its inhibitory effect, although this effect is lower than that of
quercetin, since none of the OH is located at the 3 position. The inhibitory effect of diosmetin is exerted
in a dose-dependent manner for IL-13, IL-6, and IL-8 production; however, the release of TNF-« is
inhibited in an inverse dose-dependent manner. Naringenin also contains three hydroxyl groups in its
structure, and no C3-OH on ring C. This product inhibits, in a dose-dependent manner, IL-6, IL-8,
and TNF-«, and in an inverse dose-dependent manner, IL-13. Rutin and diosmin did not exert any
activity in our in vitro assays, maybe due to their disaccharide structures, although naringin, despite
containing disaccharides in its structure, showed some activity.

On the other hand, the basic structure of flavonoids and which type of sugar moiety is attached
strongly affect their bioavailability. Bioavailability is a crucial factor determining their biological activity
in vivo. Dietary flavonoids are mostly present in their glycoside forms. However, this is not the case in
the plasma, where glycosides are scarce. As we discussed previously, deglycosylation occurs both in the
small intestine and in the large intestine, depending on the type of sugar moiety. In the small intestine,
two enzymes have been reported to act, such as 3-glucosidases, against flavonoid monoglucosides.

In the case of non-monoglucosidic glycosides of flavonols, such as rutin, intestinal $-glucosidases
cannot hydrolyze the sugar moiety. Therefore, the intestinal microbiota acts to yield absorbable aglycon
in the cecum and in the large intestine. The aglycon produced by the microbiota is absorbed via the
large intestine and transported into the circulation [38]. Regarding flavones, such as diosmin, the oral
absorption is poor, reaching plasma concentrations that are typically < 1 pg/mL in humans. However,
formulations of micronized diosmin have improved the bioavailability and they are widely used in
the treatment of chronic venous disease, hemorrhoidal disease, and other indications [48]. Numerous
studies have confirmed the superior efficacy of micronized diosmin (therapeutic dose = 1000 mg)
compared to non-micronized diosmin (1000 mg), through the diosmetin plasma concentration as the
main metabolic by-product of diosmin [49]. There were no significant adverse events in the study
groups [48].

Regarding dihydroflavones, naringin in humans is metabolized in aglycon naringenin by
naringinase found in the liver. Its solubility is limited in water and has a low oral bioavailability of
around 5% [50]. Dihydroflavones are absorbed into enterocytes after oral intake; they are rapidly
metabolized, in particular, into conjugates, sulfates, and glucuronides, which are the major circulating
forms in plasma. A large fraction reaches the colon, where it is efficiently metabolized into small
absorbable phenolics. The form (aglycon vs. glycoside) and species (e.g., human vs. rat) have
important impacts [51].

These results support the anti-inflammatory and immunomodulatory effects of flavonoids,
in addition to their role in platelet activation [26]. Nowadays, it is not possible to reach high
concentrations in plasma due to the lack of flavonoid solubility, but these assays hint at clarifying
the possible mechanism of action of these compounds. Further studies are required to define the
different cellular targets of flavonoids in pro-inflammatory cytokines. It is possible to suggest in
our experimental system that monocytes, as LPS responders, are potential targets of the flavonoid
immunomodulatory activity. Additional studies may establish the potential therapeutic relevance of
these flavonoid effects in vascular diseases.

4. Materials and Methods

4.1. Study Cohort, and Inclusion and Exclusion Criteria

Forty healthy non-smokers (age 21.8 + 1.01 years (mean + SEM); 11 men, 25 women) provided
blood for the present study. Possible donors were excluded if they showed evidence of heart, kidney,
lung, or autoimmune disease; had a history of tumors, any chronic or acute infection, diabetes mellitus,
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hypercholesterolemia, endocrine diseases, immunodeficiency, or thrombocytopathy; were undergoing
immunosuppressant, immunomodulatory, cytostatic, or nonsteroidal anti-inflammatory drug (NSAID)
treatment; or took any other medication within the three months prior to the study that might modify
the cytokine response.

Written informed consent was obtained from each donor. The study was conducted according to
the ethical guidelines of the 1975 Declaration of Helsinki, with the approval of the Biomedical Ethics
Committee of the University of Alcala de Henares.

4.2. Peripheral Blood Extraction

Peripheral blood was collected by antecubital puncture in sodium citrate-containing (3.8% wt/vol)
Vacutainer® tubes (Dismadel, Spain), discarding the first 2 mL. All extractions were performed at
the Dept. of Haematology of the Principe de Asturias Hospital, Alcala de Henares (Spain). Sodium
citrate was selected as the anticoagulant instead of heparin, ethylenediaminetetraacetic acid (EDTA),
or p-phenylalanyl-L-prolyl-L-arginine chloromethyl ketone (PPACK), given its lesser impact on
complement activation pathways [52].

4.3. Selected Drugs

Quercetin (Sigma-Aldrich Chemical, Spain), rutin (Sigma-Aldrich Chemical, Spain), diosmetin
(Zoster Ferrer, Spain), diosmin (Zoster Ferrer, Spain), naringenin (Zoster Ferrer, Spain), and naringin
(Zoster Ferrer, Spain) (Figure 6) were dissolved in dimethyl sulphoxide (DMSO) (Dismadel, Spain)
to a final plasmatic concentration of 0.5 mM. This concentration is close to the clinical dose used
in the flavone diosmin (Daflon®) [53]. The difficulty in dissolving the compounds meant that no
concentrations higher than 1mM could be tested. Then, further dilutions of 0.1, 0.5, and 1 mM were
produced for use in later assays. The smallest volume of DMSO (2 uL), which allowed a perfect
dissolution of compounds, was added to blood to avoid modifying or changing the cell structure.

4.4. Assay of IL-1B, TNF-a, 11-6, and IL-8 Production in LPS-Stimulated Whole Blood

Whole-blood aliquots of 1mL, extracted from donors, were incubated with flavonoids at 37 °C for
30 min in darkness and with continuous shaking. Afterwards, 0.5 pg/mL of lipopolysaccharide was
added, to boost the production of different cytokines by monocytes [54], and incubated at 37 °C for 6 h
in darkness and with continuous shaking.

Next, samples were introduced in dry ice and were gradually centrifuged (Centrifugal machine
JOUAN B3.11 model) for 10 min at 4000 rpm (revolutions per minute), and then, the supernatant was
collected. Every control and product was assayed in quadruplicate.

The levels of different cytokines were measured by using a specific enzyme immunoassay kit for
each cytokine (IL-1f Biotrak ELISA kit, Amersham Biosciences, Little Chalfont, UK; TNF-« Biotrak
ELISA kit, Amersham Biosciences, Little Chalfont, UK; I1-6 Biotrak ELISA kit, Amersham Biosciences,
Little Chalfont, UK; IL_8 Biotrak ELISA kit, Amersham Biosciences, Little Chalfont, UK), in accordance
with the manufacturer’s instructions. Absorbance was measured with a spectrophotometer (ELx800
Absorbance Microplate Reader of Biotek, Wisconsin, USA) at 450 nm. The standard curve for cytokines
covered the range from 7.8 to 500 pg/mL. The intra- and inter-assay coefficients of variation (CVs) were
7.6% and 10.3%, respectively. The assay sensitivity was 1.1 pg/mL.

Dimethyl sulfoxide (DMSO) and other reagents, unless specifically stated elsewhere, were
purchased from Sigma-Aldrich (St. Louis, MO, USA). The final volume of DMSO in the reaction
mixture was 0.5%.

4.5. Statistical Analysis

All results are expressed as the mean + SEM (standard error mean) of values obtained in each
experiment. Since most variables did not fulfil the normality hypothesis, a Wilcoxon test was used to
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analyse the variance of paired groups. The significance level was set at p < 0.05. Statistical analysis
was performed using SPSS-19 software (SPSS-IBM, Armonk, NY, USA).
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