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Abstract: Polymethoxylated flavones (PMFs) have been associated with increased antioxidant activity in animal
models. The effects of tangeretin (TAN) and nobiletin (NOB) on antioxidant activity in the blood and liver of rats
were evaluated. Groups of rats were treated with 200 mg/kg bw/day of TAN or NOB, or placebo, for 15 days.
Parental compounds and their metabolites were assessed in the liver by chromatographic analysis, in addition to
a-tocopherol and retinol in the blood serum. Both TAN and NOB supplements were able to reduce malonaldehyde
(MDA) in the rat’s blood by 22% and 18%, respectively, but only NOB increased redox reaction by 3%. Blood levels
of retinol and a-tocopherol increased under TAN by 59% and 20%, respectively, but were not affected by NOB. Eight
NOB metabolites were detected in the liver, but only two TAN metabolites were identified in low concentration. In
conclusion, NOB improved antioxidant capacity and reduced lipid peroxidation, while increased levels of retinol and
a-tocopherol after TAN supplement may have contributed to decreased blood lipid peroxidation.
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1. Introduction

Blood levels of antioxidants can vary in response to normal oxidative metabolism, controlling the production of
reactive oxygen species (ROS) that damage cell molecules. However, in the course of the infection or inflammation
that follows most human diseases, there is a greater demand for antioxidants to neutralize oxidative damage [1]. Diets
containing plenty of fruits and vegetables may meet those demands, but dietary supplements can be designed to offer
a variety of antioxidants in ample amounts. Antioxidants extracted from citrus fruits, such as vitamin C, carotenoids,
flavanones (hesperidin and naringenin), and polymethoxyflavones (PMFs), such as nobiletin (NOB) and tangeretin
(TAN), can be used as nutraceuticals to benefit health [2].

Currently, the use of supplements by the general population has been encouraged by broad segments of society,
such as health professionals, the pharmaceutical industry and social networks, as an alternative and faster way to
improve well-being by combating conditions associated with unhealthy and stressful lifestyles. Despite apparent
benefits, the extensive use of supplemental antioxidants can unbalance the redox state, causing negative effects,
depending on the dose and the physiological state [1]. The benefits of NOB and TAN supplementation are associated
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with their ability to block oxidative stress and modulate enzymes that cause the accumulation of free radicals and ROS
[3-5]. This leads to inhibition of early stages of inflammation and overproduction of pro-inflammatory cytokines such
as tumor necrosis factor alpha (TNF-a), interleukin 1b (IL-1b), interleukin 6 (IL-6), and nitric oxides (NO) [6-7]. These
combined effects improve overall redox balance and decrease systemic and local inflammation [8], mitigating damage
caused by disease-or drug-induced oxidative stress [9].

Although the protective activity of PMFs has been demonstrated in animals [3, 9-10] and humans [11], the
effect of regular ingestion of higher doses under physiological conditions is still unknown. It was suggested that the
indiscriminate use of antioxidants, not clinically prescribed, could disturb the oxidative balance, limit the extent of its
effect, or even act as a pro-oxidant agent [12]. Therefore, it is relevant to know whether supplementation of a given
dose of NOB and TAN, under physiological conditions, will contribute to the stability of the antioxidant system or lead
to undesirable effects [13]. More research is warranted for recommendation of these supplements, aimed at maintaining
health, preventing diseases, or treating a specific pathology [11].

The main objective of this study was to evaluate biological parameters related to the antioxidant activity of NOB
and TAN, after systematic supplementation of 200 mg/kg of body weight (bw)/day for 15 days in apparently healthy
animals. This translated dose for an average 70 kg person is about 2.3 g/day [14], and it is considered a high dose since
the general recommendation of citrus bioflavonoids for humans is around 500 mg/d to provide protection against chronic
diseases [15]. The hypothesis of this study is that systematic doses of NOB or TAN (200 mg/kg/d) maintain the redox
balance in the blood and liver, due to the increased availability of endogenous antioxidant compounds, which are spared
with the supplementation of PMFs. For this purpose, blood concentrations of a-tocopherol (vitamin E) and retinol
(vitamin A derivative) were measured, as well as the levels of hepatic glutathione peroxidase (GPx), and the antioxidant
effect of NOB and TAN on lipid peroxidation and total antioxidant capacity in the blood. The second objective was to
quantify the hepatic production of NOB and TAN metabolites, which are eventually associated with health benefits.

2. Materials and methods
2.1 Purification of Tangeritin and Nobiletin

Cold pressed orange oil residues containing around 10% PMFs, obtained from a local flavoring company,
were initially purified by silica gel column chromatography (Biotage), using linear gradients of hexane and
ethyl acetate for partial separation of tangeretin [(TAN) 5,6,7,8,4’-pentamethoxy-flavone] and nobiletin [(NOB)
5,6,7,8,3’,4’-hexamethoxyflavone]. Purification of TAN and NOB compounds were obtained by reverse phase liquid
chromatography (RediSep C18 Reverse Phase) with linear gradients of methanol/aqueous formic acid, followed by
crystallization with acetone and hexane. The purity of TAN and NOB was >95% compared to authentic standards using
methods previously reported [16]. The diagram in Figure 1 briefly describes the purification process.

2.2 Animals and treatment

Thirty male rats (Wistar) weighing 150-200 g from the Animal Center of Sdo Paulo State University (UNESP)
were housed in individual metabolic cages and were adapted for 7 days to the environmentally controlled temperature (23
+ 1 °C), humidity (55 + 5%) and a 12 h light/dark cycle. Rats had free access to water and a commercial diet (Presence
Nutricao Animal®) throughout the 15 days of the experiment under the same conditions. The basic composition of the
rat chow contained: bran of soybean, wheat, and rice; ground whole corn; refined soybean oil; meat and fish meal;
dextrin; sodium chloride; calcium iodate; and trace minerals and vitamins. High-Performance Liquid Chromatography
(HPLC) analysis of the commercial rat chow showed retinol and a-tocopherol occurred at concentrations of 0.04 and 1.10
mg per 20 g of commercial chow, respectively. This protocol was conducted in compliance with recommendations of
the Brazilian College of Animal Experimentation (COBEA) and the experimental procedures received prior institutional
approval by the Ethical Board for Animal Experimentation, School of Pharmaceutical Sciences, UNESP (Protocol #
68/2015).
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Distillation residues of cold-pressed range oil (~10% PMF)
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Figure 1. Flowchart of Nobiletin (NOB) and Tangeretin (TAN) purification by reverse phase liquid chromatography
(adapted from Gongalves et al, 2019)

2.3 Experimental design

The purified TAN and NOB were mixed separately with commercial plain yogurt (Nestle”) with a homogenizer
operating at 820 x g for 10 minutes at a controlled ambient temperature (25 °C) (Figure 2). After the adaptation period,
rats were assigned into three groups according to similar mean values of body weight: control group (n = 10), NOB
group (n = 10), and TAN group (n = 10). Each experimental group was treated with 200 mg/kg/day of NOB or TAN
mixed in 1 mL plain yogurt by gavage once a day at 4:30 PM. The selected dose of 200 mg/kg bw/day in the current
study was based on the protective effects of NOB and TAN against induced brain and liver damage in rats without
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toxic events [6-7, 9]. The control group received 1 mL of plain yogurt (Nestl¢) as a placebo. Body weight was checked
every three days for the PMF dose adjustment. After 15 days of treatment, the rats were euthanized by decapitation
and blood samples were collected in heparinized tubes (Hemofol®, 5000 UI/mL, Brazil). Blood serum was obtained by
centrifugation (10,000 x g for 15 min at 25 °C), and livers were removed and frozen (-80 °C) until further analysis.

Control group (n = 10)

. . . Blood
Acclimatation period NOB group (n = 10) &
Liver
. collection
E TAN group (n = 10)
E Timeline E 15 (days) E
._ — — — — — — :_ — — — — — — — — — — — — -
Day 0 Day 7 Day 22

Figure 2. Experimental design. After the acclimatation period (7 days), Nobiletin (NOB) and Tangeretin (TAN) groups received, by gavage once a
day a solution of NOB or TAN (200 mg/kg) in 1 ml of vehicle (plain yogurt). Control group received 1 mL of vehicle for 15 days.

2.4 Antioxidant capacity in the blood serum and liver

Blood serum oxidative stress was measured by comparing levels of serum lipid peroxidation using thiobarbituric
acid-reactive substances (TBARS) and quantified as uM malondialdehyde (MDA) [17]. Malondialdehyde (MDA) is
the end product of lipid peroxidation and reacts with thiobarbituric acid (TBA) to form the MDA-TBA adduct in a 1:2
ratio with TBA. The absorbance of each test was obtained in a 96-well microplate reader at 540 nm. Total antioxidant
capacity in blood serum was measured as the Trolox equivalent antioxidant capacity (TEAC) using the 2,2’-azino-
bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS) assay [18]. The absorbance was measured at 734 nm to verify the
formation of ABTS" and, to prepare the calibration curve, Trolox (Sigma) was used as a standard. All analyzes were
performed in triplicate.

To assess liver oxidative stress, the organs were thawed and one gram of each was homogenized in 4 mL of 1.15%
potassium chloride at 4 °C, centrifuged (10,000 x g for 10 min at 4 °C), and the supernatants collected. Levels of
proteins in liver supernatants were determined using bovine serum albumin as standard for the assay [19]. Liver MDA
values were given in pM MDA per mg protein. Liver glutathione peroxidase (GPx) activity was determined and the
results were expressed as mmol of NADPH consumed/min/mg protein (liver) [20]. Bovine serum albumin was also used
as the protein standard in the glutathione peroxidase (GPx) activity.

2.5 Analysis of retinol, a-tocopherol, and f-carotene in the blood serum

Retinol (> 95% pure), a-tocopherol (> 95% pure), and B-carotene (> 95% pure) were purchased from Sigma”. This
analysis and preparation of the standards and blood samples were according to [21]. Sample preparation was in glass
tubes, cover with aluminum foil to minimize light-induced degradation of vitamins. Blood serum samples (200 pL) were
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combined with methanol (600 pL), thoroughly mixed, and centrifuged at 10,000 x g for 4 min at room temperature.
Supernatants were collected and reduced to dryness under nitrogen flow, and the residues were dissolved into the mobile
phase. Chromatographic analysis was performed with Ultra-Performance Liquid Chromatograph (UPLC) (Shimadzu
Nexera X2), equipped with a photodiode array UV-Vis detector (PDA-SPD-M20A), auto sampler (Shimadzu Nexera
X2 SIL-30 AC), and column compartment/heater, both enabling the control of the temperature. An Acquity UPLC C,4
column (2.0 mm x 200 mm, 2.2 um particles) was used for separation. Isocratic acetonitrile-methanol-dichloromethane
(75:5:20, v/v/v) was used as mobile phase; the flow rate was 0.3 mL/min. UV detection was accomplished at 325 nm for
retinol, 450 nm for B-carotene, and 292 nm for a-tocopherol [21]. Injection volume was 7 pL and the compounds were
separated within 10 min. Data were collected and processed by LabSolutions Shimadzu Corporation software.

2.6 Detection of liver PMF metabolites

To analyze the metabolites in rat liver, 2.0 mL of methanol was added to each tube containing the complete freeze-
dried supernatant of 1.0 g of homogenized tissue. The methanol-added samples were dispersed in a vortex at high
speed for 2 min. The samples were centrifuged for 10 min 10,000 x g at room temperature under vacuum in a Savant
concentrator. The clear supernatants were placed into individual 4 mL vials. The remaining sample precipitates were re-
extracted using the above procedure. The first and second supernatants were combined and evaporated at 60 °C under
vacuum to near dryness then mixed with methanol to 2.0 mL and clarified through a 0.45-micron PTFE filter. Detection
and analysis of the metabolites in the liver samples were performed by HPLC (Waters 2695 Alliance®), connected
in parallel with a Photodiode Array Detector (PDA), and a Micromass ZQ quadrupole Mass Spectrometer with an
electrospray ionization source (ESI), using a Waters Cy XBridge (4.6 x 150 mm) column, using linear gradients of
aqueous 0.5% formic acid and acetonitrile, (90/10; v/v), as described previously [22]. Detection of the NOB and TAN
metabolites were by positive ion ESI-MS using single ion monitoring and by UV absorbance with a Waters 996 diode-
array detector. Rat liver metabolites were quantified by comparisons with previously purified 4’-hydroxy-NOB, NOB-
4’-glucuronide, 4’-desmethyl TAN and Tan-4’-O-glucuronide standards [23].

2.7 Statistical analysis

The results of metabolites in rat livers are described in table and chromatogram charts. The variables to assess
lipid peroxidation and antioxidant capacity in rat blood serum and liver were expressed as mean + SD, and differences
were considered statistically significant when p < 0.05. Data were statistically compared using one-way analysis of
variance (ANOVA) and SIDAK as post-hoc. Analyses were performed in SPSS Statistics software (v.21, SPSS: An IBM
Company, Chicago, IL).

3. Results
3.1 Body weight and food intake

At the beginning of the supplementation period, there were no differences among body weights of the groups:
control, TAN, and NOB (Figure 3), but on the 7th day, the rats supplemented with TAN had a higher body weight
than the controls, while the weight of NOB rats was intermediate between the TAN and controls. At the end of the
experiment (15th day), the rats treated with TAN gained 26% more weight in comparison to NOB and controls (Figure
3 and Table 1). At the end of the experiment, the animals with the highest body weight were also those that ingested the
highest daily and total amount of food (Table 1 and Figure 3). Consequently, they also had higher energy consumption
(Table 1), as all rats were fed ad libitum with the same diet. Therefore, the discrepancy in weight gain between TAN and
the other groups may be based on the greater appetite of these individuals, or on other unmeasured variables. Although
the sample size was calculated taking into account differences within and between groups (ANOVA one-way), there are
limitations in interpreting unexpected results, as the estimate is based on the main hypothesis previously determined.
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Figure 3. Body weight and food intake of rats treated with standard diet (control group), and diet supplemented with 200mg/kg.bw of tangeritin (TAN
group) or nobiletin (NOB group) during the experimental period of 15 days

Table 1. Effect of NOB and TAN on body weight, food and energy intake in rats fed with normal caloric diet (AIN-93)

Control NOB TAN
Group

(n=10) (n=10) (n=10)

Initial Weight (g) 186 = 14° 181+15° 175+ 9°
Final Weight (g) 262+ 16° 267 £21° 289+ 11°
Weight Gain (15 d) 76+ 13 86 +23° 114+6°
Intake (g/d) 214+24° 218+1.9° 25.1+2.6"

Energy Intake (kcal/d) 81+9" 83+ 7 96 + 10°

Data are presented as mean + SD.

One-way analysis of variance (ANOVA) and SIDAK post-hoc. Different letters show that there is statistical difference between
groups (p < 0.05)

3.2 Redox status and antioxidant capacity

Both TAN and NOB administered to healthy rats reduced the blood serum MDA in comparison to the control
group. MDA values decreased by an average of 22% with TAN, while NOB reduced the blood serum MDA by 18%
(p £ 0.05) (Table 2). The serum antioxidant activity tested by the ABTS+ assay increased 3% in the NOB group (p <
0.05), while there was no change in the TAN group. Yet, a-tocopherol increased 20%, and retinol increased 59% in the
group treated with TAN (p < 0.05), but NOB and control showed no changes (Table 2). Chromatographic analysis of

Volume 2 Issue 2[2021| 103 Food Science and Engineering



blood serum did not detect B-carotene in samples from any group. Analysis of liver peroxidation showed no significant
differences among the three groups. Interventions with either PMF had no effects on the GPx levels in the liver.

Table 2. Antioxidant capacity in the blood serum and liver of rats supplemented with daily dose (200 mg/kg bw) of tangeretin (TAN), nobiletin
(NOB) or vehicle (Control)

Control NOB TAN
Tissue Antioxidants Parameters
(n=10) (n=10) (n=10)
MDA (uM/L) 1.48 + 0.40° 1.21+0.26° 1.15+0.39°
(A%) (-18%) (-22%)
ABTS (mM/L) 1.68 +0.06 1.73 +0.05 1.70 + 0.02*
(A%) (3.0%) (1.2%)
Blood Serum
a-tocopherol (M) 6.63 +0.89° 6.18+1.72° 7.97 + 1.04*
(A%) (-6.8%) (20%)
retinol (uM) 1.35+0.13" 1.27 +£0.49° 2.14+04 7"
(A%) (-5.9%) (59%)
MDA (uM/g) 0.40 +0.18" 0.48 +0.14° 0.54+0.11°
(A%) (20%) (35%)
Liver
GPx (mmol/min/mg) 0.08 + 0.02" 0.06+0.01° 0.07 £ 0.03"
(A%) (-25%) (-13%)

Data are presented as mean =+ SD.

Antioxidant variables: MDA (malondialdehyde), ABTS (2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid, a-tocopherol), a-tocopherol (vitamin E)
and retinol (derivative of vitamin A) were measured in the blood serum, while the activity of MDA and GPx (glutathione peroxidase) were measure in
the liver.

A% = difference% between experimental group (NOB or TAN) versus Control.

One-way analysis of variance (ANOVA) and SIDAK post-hoc. Different letters show that there is statistical difference between groups (p < 0.05).

3.3 PMF metabolites in rat liver

Profiles of glucuronide and sulfate conjugates, as well as hydroxylated aglycone metabolites in the livers of TAN-
and NOB-fed rats were analyzed by HPLC-ESI-MS and PDA (UV) detection [22]. Protonated molecular masses ([M
+ HJ]") and retention times of these compounds are shown in Table 3, and the MS and UV chromatograms are shown in
Figure 4. The ESI-MS of the conjugated compounds exhibited neutral losses of 176 atomic mass units (amu), suggesting
losses of glucuronic acid substituents, or 80 amu for the loss of a sulfate group.

HPLC-MS analysis of the individual liver extracts showed two TAN metabolites: T1 (TAN-4’-O-glucuronide)
at an average liver concentration of 0.011 + 0.0046 pg/g FW and T2 (4’-desmethyl TAN, i.e., 4’-hydroxy-5,6,7,8-
tetramethoxyflavone) at an average liver concentration of 0.031 £ 0.0054 pg/g FW. Trace levels of other metabolites
exhibiting 359 m/z fragment ions were also detected in a pooled and concentrated liver extract (data not shown), but
were not quantifiable in the individual liver extracts. HPLC-MS analyses of the individual liver extracts additionally
showed eight NOB metabolites, N1-N8 (Table 3), and most of them were similar to those previously reported in rat
blood serum [24]. The ESI-MS, elution time, and concentration of each of these compounds, as well as their suggested
molecular compositions, are listed in Table 3.

From these measured concentrations, total amounts of the cumulative TAN metabolites (0.042 ng/g FW), occurred
at 170 times lower than the cumulative levels of the NOB metabolites (7.18 nug/g FW). A substantial portion of the NOB
metabolites occurred as a NOB-O-sulfate (N5) at 2.74 pg/g FW. Also, unlike TAN, NOB metabolism in the rat livers
produced measurable levels of di-desmethyl metabolites [(M+H)" (389)-2(CH2)] = 375 m/z, including metabolites N4A
and N4B. Of the NOB metabolites, most occurred as conjugates of glucuronic acid and sulfate, and a smaller portion
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of the metabolites occurred as free aglycones (a cumulative average of 1.75 pg/g FW). Only trace levels of the original
NOB and TAN were detected in the individual liver extracts.
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Figure 4. Profile of UV chromatogram (330 nm) of NOB (A) and TAN (B) metabolites in the rat’s liver. The molecular masses of the ions (M + H)"
hydroxylated, glucuronide, and sulfated are listed in Table 2
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Table 3. Proposed structure, elution time and concentration of liver metabolites of rats supplemented with nobiletin (NOB) and tangeretin (TAN)

Metabolites Proposed Structure [M +H]" ESI-MS" Elution time (min) Liver (ng/g)
NOB 1 NOB-O-glucuronide 565/389 20.3 1.18 +0.64
NOB 2 NOB-O-glucuronide 565/389 20.7 1.39+0.58
NOB 3 NOB-O-glucuronide 565/389 17.6 0.12+0.09
NOB 4 di-desmethyl NOB 375 21.8 0.10 £ 0.05
NOB 5 NOB-O-sulfate 469/389 229 2.74+1.22
NOB 6 mono-desmethyl NOB 469 233 0.64+0.29
NOB 7 mono-desmethyl NOB 469 24.8 0.15+0.11
NOB 8 mono-desmethyl NOB 455 25.8 0.86+0.44

Zwop=7.18
TAN 1 TAN-4-O’-glucuronide 359 19.7 0.011 £0.005
TAN 2 47-O-hyroxy-5,6,7,8-pentame- 535 25.8 0.031 +0.005

thoxy flavone

2 pan = 0.042

NOB (1,2,3,4,5,6,7 and 8): Eight metabolites detected in the liver of NOB-treated rats. Two metabolites are hydroxylated aglycones with protonated
molecular masses of 389 amu (NOB 1) and 375 amu (NOB 4), two conjugated with glucuronic acid, 565 amu (NOB 3) and 551 amu (NOB 4), and
four conjugated with sulfate groups, 469 amu (NOB 5, NOB 6, NOB 7) and 455 amu (NOB 8).

TAN (1 and 2): Two metabolites detected in the liver of animals supplemented with TAN identified as hydroxylated aglycone with protonated
molecular masses of 359 amu (TAN 1) and one glucuronic acid conjugate, 535 amu (TAN 2).

4. Discussion

This study showed that systematic doses of NOB or TAN (200 mg/kg/d) as dietary supplements for rats during a
short time interval (15 days) reduced lipid peroxidation by 20% in circulating blood. In addition, a significant increase
in the blood antioxidant capacity was observed after NOB treatment (3%, p < 0.05). At the end of the supplementation
period, significant levels of NOB and TAN metabolites were detected in the liver, but not the parental compounds,
suggesting that they were biotransformed before, or soon after, reaching the organ. The antioxidant activity measured in
the hepatic tissue did not change with either supplement, but higher levels of retinol and a-tocopherol were detected in
the blood after TAN oral administration.

Animals treated with NOB had weight gain similar to the control group fed a standard diet, but the TAN group had
higher intake and consequently higher body weight at the end of the experiment. Supplementation of NOB and TAN,
or placebo, was performed by gavage and therefore had no direct effect on the flavor of the food. This is important
because NOB and TAN are very bitter compounds [25]. Feng et al. [26] suggested an anti-obesity effect of TAN due
to lower weight gain and body fat in rats that consumed 0.04% and 0.08% TAN mixed with a high-fat diet. Compared
to the current experiment, these doses were 4.6 to 9.1 times higher, the initial body weight was 50% higher and, the
intervention was longer (6 wk). In contrast, Nery et al. [27] found similar results to the current study in mice fed a high-
fat diet plus 100 mg/kg bw TAN for 4 weeks. The authors showed an increase in weight gain compared to the standard
diet, but no change in animals fed a high-fat diet without TAN.

It has been recognized that the biological performance of flavonoids is dependent on their bioavailability, which can
be very low due to the hydrophobic nature of these compounds. Glycosylated flavonoids, such as hesperidin, naringin,
and eriocitrin, are mainly absorbed in the distal portion of the large intestine (colon), after deglycosylation by bacteria
from the intestinal microbiota [23]. In contrast, polymethoxylated aglycones, such as NOB and TAN, show higher oral
bioavailability than flavanones due to the lipophilic nature of multiple methoxy groups that decrease their hydrophilicity
[28]. Such compounds are absorbed in the small intestine by passive diffusion, undergoing oxidative demethylation
by cytochrome P450 in the intestinal wall (phase I metabolism), and can be conjugated by UGTs and SULTs enzymes
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(phase II metabolism). In the liver, phase 11 enzymes can produce glucuronate, sulfate, or methylate metabolites, which
are much more hydrophilic. Part of them is secreted into the bile, performing the enterohepatic cycle, which increases
the residence time and the effect of these compounds. Hepatic metabolites of NOB and TAN reach the bloodstream and
peripheral tissues, and finally, they are eliminated by the urinary system or feces [2].

NOB and TAN are the main fraction of PMFs in the citrus peel, representing about 95% of the total PMF in
balanced quantities [29]. However, they differ in bioaccessibility and absorption, with NOB being more bioavailable
than TAN [5, 30]. Previously, we have shown that oral administration of 50 mg/kg bw of NOB, solubilized in corn
oil, produced a higher content of metabolites in the blood of rats than the same dose of TAN, suggesting greater
bioavailability of NOB [31]. We also showed that NOB produced eight metabolites, four glucuronides, and four
aglycones, but TAN produced only two, an aglycone and a glucuronic acid conjugate [31].

In the present study, we detected TAN and NOB metabolites in the livers of each supplemented group,
demonstrating that oral administration of 200 mg/kg bw of TAN or NOB was bioaccessible. Chromatographic analysis
of the liver, obtained from all groups, revealed two metabolites of TAN, a hydroxylated aglycone, and a glucuronide
metabolite, while eight metabolites of NOB were detected, four hydroxylated aglycones, three glucuronides and one
sulfate metabolite, but no parental compounds. Other authors have described similar quantities of TAN and NOB
metabolites [5, 31-33]. In our study, a 170 times higher concentration of total NOB metabolites in the liver was found
in comparison to TAN metabolites. These results suggest that NOB metabolites presumably reached the bloodstream
improving the antioxidant capacity in the blood, while very low levels of TAN metabolites were transported out of liver
cells.

Some recent work has focused on the activity of the main metabolites of NOB and TAN, such as 5-dimethyl NOB
[5-hydroxy-6,7,8,3’,4’-pentamethoxyflavone) and 5-dimethyl TAN (5-hydroxy-6,7,8,4’-tetramethoxyflavone). These
compounds decreased lipid peroxidation and ROS production in Saccharomyces cerevisiae, a eukaryote model under
oxidative stress [5]. Another study showed the anti-inflammatory effect of the most abundant colonic metabolite of NOB
in mice, 3°,4’-didemethyl NOB (3°,4’-dihydroxy-5,6,7,8-tetramethoxyflavone), which was able to inhibit NO production
and iNOS and COX-2 gene expression, by suppression of nuclear translocation of NF-«B and AP-1 transcription factors
in RAW 264.7 macrophages [32].

Assessing the activity of antioxidant compounds in control animals helps to understand how to avoid oxidative
stress and consequent biochemical and physiological damage. This is one of the main benefits of dietary supplements
that attract consumers who seek to prevent the degenerative diseases due to aging. In this sense, our results showed that
healthy rats supplemented orally with NOB, increased the antioxidant capacity of the blood by 3%, assessed by ABTS,
while reducing lipid peroxidation by 18%, assessed by blood MDA levels. In turn, the TAN did not show a significant
change in the antioxidant capacity in the blood, but its intake was associated with a 22% reduction in serum MDA
levels, suggesting a protective effect against lipid peroxidation. It is interesting to note that previously we had found
similar protective effects against oxidative stress and inflammation from citrus flavanones to C57BL/6J mice fed a high-
fat diet [34].

The efficiency of oral intake of PMFs, with regard to the mechanism of action and safety, is another relevant topic
to consider for their preventive use. Previous results indicate the benefits of NOB and TAN at a dose similar to this
study, 200 mg/kg bw/day, without mentioning any toxic effects [6-7, 9]. However, these studies used experimental
models of oxidative stress induced by chemical agents or diseases. For example, the neuroprotective role of TAN was
investigated in an experimental model of pilocarpine-induced epilepsy in rats previously supplemented with 50, 100,
or 200 mg/kg bw/day. It was observed that the TAN inhibited the lesions in a dose-dependent manner, and 200 mg/kg
being the most effective dose to reduce neuronal loss, with the number of viable cells in the injured animals similar to
the control group [9]. In another study, doses of 100 or 200 mg/kg bw/day of NOB administered intragastrically to rats
for 9 days, before the induced ischemic brain injury, inhibited overproduction of pro-inflammatory cytokines, such as
TNF-a, IL-1b, IL-6 and NO, suggesting anti-inflammatory and neuroprotective effects [6]. Intraperitoneal injection with
200 mg/kg bw of alcoholic extract containing NOB and TAN significantly attenuated brain damage in a rat ischemia-
reperfusion model [7].

It was previously mentioned that in the absence of oxidative damage induction, TAN did not influence any redox
balance marker in the liver after four weeks of intervention [35]. These results are in accordance with the present study,
which found no changes in the MDA or GPx in the liver of TAN-treated animals. In addition, experimental models of
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injury induction by drugs or pathologies showed that supplementation with TAN or NOB provided protection to the
liver and extrahepatic tissues, assessed by tissue and inflammatory markers. For example, restoration of superoxide
dismutase (SOD), GPx, and catalase levels have been observed in the liver and other organs, and a reduction in systemic
lipid peroxidation, with decreased levels of MDA and NO in the bloodstream, in mice previously treated with high
doses of ethanol [3]. Pre-treatment with NOB in acute liver damage induced by concanavalin A in mice reduced the
levels of liver enzymes alanine aminotransferase and aspartate transaminase, decreased the intracellular generation of
ROS, and suppressed the release of inflammatory cytokines TNF-o and interferon gamma (IFN-y) [24]. In another study
with cisplatin-induced acute liver damage in rodents, TAN decreased TNF-o and interleukin 10 (IL-10) inflammatory
markers, lipid peroxidation (MDA), inflammatory systemic NO responses and increased glutathione(GSH), and GPx
activities, improving liver function [36]. It has been suggested that the mechanisms underlying TAN protection against
hepatocyte-induced oxidative damage occur by the positive regulation of molecular signaling pathways, such as heme
oxygenase 1 (HO-1), neurofibromatosis type 2 (Nrf2), NAD(P)H quinone dehydrogenase 1 (NQO-1) and mitogen-
activated protein kinase (MAPK) [37].

NOB and TAN express greater anti-inflammatory potential than glycoside flavonoids, such as hesperidin and
narirutin, with NOB having the greatest anti-inflammatory effect among all, and the apparent anti-inflammatory
capacity of TAN is, very likely, due to its cytotoxicity [4]. NOB metabolites show antioxidant activity by inhibiting
the production of intracellular ROS [38] and blocking the expression of the nitric oxide synthases (iNOS)
and cyclooxygenase 2 (COX-2) protein in murine macrophages [32-33, 38]. In an inflammatory skin model,
3’,4’-dihydroxy-5,6,7,8-NOB inhibited MAPK and improved intracellular signaling pathway important in regulating the
cell cycle (PI3K/Akt), leading to negative regulation of nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-«xB) and decreasing the accumulation of ROS [39]. TAN metabolites were able to enhance antioxidant capacity
and cell survival, as well as inhibit inflammatory responses through downregulation of NF-kB, TNF-a, INOS signaling
pathways [39], and up-regulation of Nrf2 expression that mediates these protective impacts [38].

Numerous studies confirm that exogenous antioxidants from dietary fruits and vegetables work together with
endogenous antioxidants against oxidative stress [40]. Thus, it is expected that the supplements of TAN and NOB jointly
with endogenous vitamins, such as a-tocopherol and retinol, will help to balance the antioxidant status in animals.
However, in the present study, increased levels of retinol and a-tocopherol under TAN treatment, suggested that TAN
may interfere in the balance of these vitamins. Previously it was shown that female rats exposed to dimethylbenz(a)-
anthracene (DMBA) induced breast cancer, underwent a chemotherapeutic effect with TAN, protecting tissue damage,
reducing lipid peroxidation, increasing antioxidant enzymes, and preserving antioxidant compounds, such as vitamin
C and E [41]. On the other hand, the higher levels of antioxidant vitamins can be associated with an unbalance of the
circulating antioxidants, which suggested some degree of toxicity for TAN. In a very interesting study, a U-shaped curve
for the toxicity of TAN was detected, meaning that repetitive lower doses of TAN (50 to 100 mg/kg bw) can be as toxic
to cells and tissues as acute and larger doses (1000 to 3000 mg/kg bw). According to these authors, supplementation of
potential consumers with TAN will require much more extensive evaluations to establish its safety profile [13].

5. Conclusions

This study showed that systematic doses of NOB and TAN reduced lipid peroxidation, but only NOB increased the
antioxidant capacity in the blood. Significant levels of NOB and TAN metabolites were found in the liver, suggesting
that the parent compounds were absorbed and biotransformed after oral ingestion. High blood levels of retinol and
a-tocopherol after ingestion of TAN showed a metabolic pathway distinct for this PMF. Therefore, we conclude that
under physiological conditions, regular doses of TAN and NOB can improve antioxidant activity, but prolonged use of
TAN should be treated with caution, and broader studies of liver toxicity at different doses should be further explored,
including clinical studies.
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