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Preface to " Antioxidants in Health and Disease”

Oxidative stress is defined as an imbalance between the production of free radicals and the necessary
antioxidant defenses. Free radicals are chemical species with one or more mismatched electrons that
generally damage multiple cellular components, whereas antioxidants are reducing molecules that
neutralize free radicals by donating an electron. Oxidative stress can lead to a wide range of biological
effects: adaptation, by upregulating the natural defense system, which may protect, completely or in
part, against cellular damage; tissue injury, by damaging all molecular targets (DNA, proteins, lipids,
cell membranes, and several enzymes); cell death, by activating the processes of necrosis and apoptosis.
However, accumulating evidence implicates that free radicals, under physiological and pathological
conditions, are able to regulate several signaling pathways, affecting a variety of cellular processes, such
as proliferation, metabolism, differentiation, survival, antioxidant and anti-inflammatory response,
iron homeostasis, and DNA damage response. In few words, the generation of ROS, within certain
boundaries, is essential to maintain cellular homeostasis. This new and more complex view of the role
of oxidative stress in biological processes confirms once again the importance of a stable equilibrium
between oxidant production and antioxidant defenses to preserve health and longevity.

Because of the cellular damage induced by oxidative stress, there is much interest in the so-called
functional foods, encompassing dietary antioxidants, for preventing human disease. The consumption
of dietary antioxidants, such as vitamin C, Vitamin E, S-carotene, and polyphenols, has been indeed
associated with an improvement of inflammation, a reduction of atherosclerosis progression, a decrease
in cellular proliferation and metastatization, and an amelioration of lipid metabolism. In other words,
antioxidants modulate several pathways involved in cellular metabolism, survival, and proliferation,
maintain well-being, and protect the human body against the development of the most common
chronic pathologies, such as metabolic syndrome, diabetes, cancer, and cardiovascular diseases.

The goal of this book is to demonstrate that the consumption of food rich in antioxidants provide
health benefits and should be widely recommended as part of a healthy diet.

Maurizio Battino and Francesca Giampieri

Special Issue Editors
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Abstract: Lead is harmful for human health and animals. Proanthocyanidins (PCs), a natural
antioxidant, possess a broad spectrum of pharmacological and medicinal properties. However,
its protective effects against lead-induced liver damage have not been clarified. This study was
aimed to evaluate the protective effect of PCs on the hepatotoxicity of male Kunming mice induced
by chronic lead exposure. A total of 70 healthy male Kunming mice were averagely divided into
four groups: control group, i.e., the group exposed to lead, the group treated with PCs, and the group
co-treated with lead and PCs. The mice exposed to lead were given water containing 0.2% lead acetate.
Mice treated in the PCs and PCs lead co-treated groups were given PC (100 mg/kg) in 0.9% saline
by oral gavage. Lead exposure caused a significant elevation in the liver function parameters,
lead level, lipid peroxidation, and inhibition of antioxidant enzyme activities. The induction of
oxidative stress and histological alterations in the liver were minimized by co-treatment with
PCs. Meanwhile, the number of Transferase-Mediated Deoxyuridine Triphosphate-Biotin Nick
End Labeling (TUNEL)-positive cells was significantly reduced in the PCs/lead co-treated group
compared to the lead group. In addition, the lead group showed an increase in the expression level
of Bax, while the expression of Bcl-2 was decreased. Furthermore, the lead group showed an increase
in the expression level of endoplasmic reticulum (ER) stress-related genes and protein (GRP78 and
CHOP). Co-treated with PCs significantly reversed these expressions in the liver. PCs were, therefore,
demonstrated to have protective, antioxidant, and anti-ER stress and anti-apoptotic activities in liver
damage caused by chronic lead exposure in the Kunming mouse. This may be due to the ability
of PCs to enhance the ability of liver tissue to protect against oxidative stress via the Nrf2/ARE
signaling pathway, resulting in decreasing ER stress and apoptosis of liver tissue.

Keywords: proanthocyanidin; lead; oxidative damage; Nrf2/ ARE pathway; liver; mice; apoptosis;
ER stress

1. Introduction

Lead is a non-essential toxic heavy metal which has been a persistent public health problem in
many countries around the world. Lead is an environmental toxicant which causes a broad range of
adverse effects in both humans and animals [1]. In the human body, lead mainly accumulates in the
nervous system, blood, digestive and cardiovascular systems, and also in the kidney and bone [2—4].
Lead has also been shown to inhibit growth [5,6]. Lead can cause oxidative damage in many tissues,

Nutrients 2016, 8, 656 1 www.mdpi.com/journal /nutrients
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including the brain, heart, liver, kidney, and reproductive organs [7,8]. Recent studies have shown
that oxidative stress caused by lead may damage the molecular mechanism at the cellular level [9]
by inducing reactive oxygen species (ROS), depleting antioxidant capacity and increasing levels of
lipid peroxidation [10,11]. Since lead poisoning principally arises from lead-contaminated air, dust,
and soils, and by the lead-based paints, fertilizers, automobiles, cosmetics, batteries, etc., people are
easily exposed to lead. Therefore, it is difficult to determine whether lead poisoning in people is
caused by excessive intake of lead unless clinical symptoms appear. Since it is known that lead has
a non-physiological role in the body, so after a long period of exposure to lead, the best way reduce its
damage to the cell is to exclude lead.

As lead is a multi-target toxicant, it exerts a toxic manifestation by oxidative free radicals that
mediate the disruption of the delicate pro- and anti-oxidant balance existing in mammalian cells,
and a therapeutic strategy to elevate the antioxidant defenses of the body may be of assistance in
protecting from lead toxicity. Recently, several anti-oxidative approaches have been proposed to
alleviate the symptoms of lead damage [12-14]. Herbal and natural products possess antioxidant
properties, and antioxidant molecules of plant origin have been widely investigated as scavengers of
free radicals and suppressors of lipid peroxide (LPO). In this regard, numerous studies have exhibited
the antioxidant activities of several natural products against many toxic metals [15].

Proanthocyanidins (PCs), also named condensed tannins, are oligomers and polymers of
flavan-3-ols, contain various amounts of catechin and epicatechin [16], widely distributed in the
plant kingdom, appearing in fruits, vegetables, seeds, nuts, flowers, and bark [17], and especially
extracted from grape seeds [18]. They are highly water soluble, easy to extract, rich in various plants,
and can be absorbed naturally [19]. PCs are powerful natural antioxidants and are efficient free
radical scavengers, whose anti-oxidative ability exceeds that of vitamins C and E [20]. PCs have
been reported to possess a broad spectrum of pharmacological and medicinal properties against
oxidative stress. Some studies have revealed that PCs exhibit a wide range of biological effects,
including anti-inflammatory, anti-arthritic, and anti-allergic properties [21]. Moreover, some studies
demonstrated that they also have the ability to alleviate oxidative stress and degenerative diseases
caused by some toxicants and medicines [22,23]. Some studies demonstrated that PCs could relieve
oxidative stress in the small intestinal mucosa and reduce the injury induced by indomethacin [24],
reverse pentylenetetrazole-induced impaired performance in the Morris water maze, oxidative stress,
mitochondrial ROS generation [25], and significantly attenuate the doxorubicin-induced mutagencity
via suppression of oxidative stress [26]. Many studies also showed that PCs could protect the
reproductive toxicity induced by arsenic [27], cadmium [28], and formaldehyde [29], and the liver
damage induced by carbon tetrachloride [30], gibberellic acid [31], and zearalenone [22].

However, to our knowledge, there are no similar studies available on the protective effects of PC
on lead-induced hepatotoxicity in mice. If PCs have the ability to protect the liver, a diet comprising
PCs would serve as useful clinical medicine against lead toxicity. Therefore, this study was aimed to
elucidate whether PCs can prevent oxidative stress-induced hepatotoxicity and its possible mechanism.

2. Experimental Section

2.1. Animals

Male Kunming mice (15 + 0.5 g and three weeks old) were purchased from the China Medical
University (Shenyang, China). Mice received food and water randomly. All stress factors were reduced
to a minimum. The experiments have been allowed by the ethics committee for laboratory animal care
(Animal Ethics Procedures and Guidelines of the People’s Republic of China) for the use of Shenyang
Agricultural University, China (Permit No. SYXK<Lia0>2011-0001).
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2.2. Chemicals

Standard lead was purchased from the National Standard Material Research Center (Beijing,
China). Lead acetate was purchased from Shanghai Biochemical Technology Co., Ltd. (Shanghai,
China). PCs extracted from grape seeds (purity > 95%) were obtained from Zelang Medical Technology
Company (Nanjing, China). The extract contained oligomeric proanthocyanidins (88.36%), catechin
(6.68%), L-epicatechin (4.54%), and were diluted in distilled water before use. The mice anti-Nrf2 and
anti-y-GCS antibodies were acquired from Santa Cruz biotechnology (Dallas, TX, USA). The citatory
number of the anti-Nrf2 antibody was sc-722, the anti-y-GCS antibody was sc-22755, and the
anti-GRP78 antibody was sc-1050. Anti-HO-1 and (3-actin antibodies were obtained from Sangon
Biotech (Shanghai, China); anti-CHOP antibody was purchased from Beyotime Biotech (Shanghai,
China); these antibodies were all polyclonal antibodies. We also purchased the antibodies conjugated
with the secondary goat anti-mouse and goat anti-rabbit horseradish peroxides (HRP) from Beijing
Solarbio Science and Technology Co., Ltd. (Beijing, China). SYBR green RT-PCR kit from Takara
(Otsu, Japan) and 4/,6-diamidino-2-phenylindole (DAPI) from Sigma Aldrich (St. Louis, MO, USA)
were also employed. The primers for Nrf2, HO-1, y-GCS, GRP78, CHOP, and [-actin were synthesized
and purified by Sangon Biotech (Shanghai, China). Moreover, the preservation solution of RNA
samples and the kits for total animal RNA extraction were obtained from Sangon Biotech Co., Ltd.
(Shanghai, China). The kits for Revert Aid First Strand cDNA synthesis were purchased from MBI
Fermentas (Burlington, ON, Canada); kits for the testing of glutathione peroxidase (GSH-Px), reduced
glutathione (GSH), malondialdehyde (MDA), superoxide dismutase (SOD), alkaline phosphatase
(ALP), alanine aminotransferase (ALT) and aspartate aminotransferase (AST) activities were obtained
from Nanjing Jiancheng Bioengineering Institute (Nanjing, China).

2.3. Experimental Design and Treatment

Mice were allowed to acclimatize for one week prior to commencing experiments. Mice were given
standard granulated food and drinking water and were divided randomly into four groups, as follows:
control group (1 = 7), mice were given 0.9% physiological saline at 1 mL/kg b.w.; lead acetate group
(n =21), mice were given 0.2% lead acetate in their drinking water for six weeks along with 0.9% saline
at 1 mL/kg b.w; PC group (n = 21), mice were given PC in 0.9% physiological saline at 100 mg/kg
b.w. for six weeks by oral gavage for six days every week and stopped for one day; lead co-treatment
with PC group (n = 21), mice were given 0.2% lead acetate in drinking water with PC at a dose of
100 mg/kg b.w. every day for six weeks.

2.4. Determination of Lead in Serum and Liver Tissue of Mice

Whole blood (0.5 mL) and liver tissue (30 mg) samples were taken from mice and then mixed
with 0.5 mol/L HNQOj to dissolve the residue. Lead content was determined by a graphite furnace
atomic absorption spectrophotometer.

2.5. Determination of Serum Enzymes

From the serum samples, commercially available enzyme linked immunosorbent assay (ELISA)
kits were used to test the activities of ALP, ALT, and AST. Experimental procedures were carried out
according to the manufacturer’s instructions (Nanjing Jiancheng Institute of Biotechnology, Nanjing,
China). In brief, the samples were transferred into a new 96-well plate containing substrates or buffer
solution. After incubation at 37 °C, the plate was incubated for an additional time after adding a color
developing agent and the absorbance at 510 or 520 nm was measured.

2.6. Determination of Oxidative Stress in Mice

The liver tissue was weighed and diluted to 10% liver homogenate and centrifuged for 15 min at
3000 rpm. The supernatant was removed and used for analysis. The contents of MDA and reduced
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GSH, and the activities of GSH-Px and SOD were determined according to the instructions of the
manufacturer for the specific kit (Nanjing Jiancheng Institute of Biotechnology). The concentration of
MDA was assayed by monitoring thiobarbituric acid reactive substance formation. According to the
instructions of the reduced glutathione assay kit (Nanjing Jiancheng Institute of Biotechnology),
the concentration of reduced GSH was detected by the Dinitrothiocyano benzene (DNTB) rate
colorimetric method.

2.7. TUNEL Analysis of Apoptosis

Mice liver paraffin slices were prepared for TUNEL assay, which was performed by using
a commercial kit in accordance with the manufacturer’s instructions. Briefly, the paraffin slices
were fixed with dimethylbenzene for 15 min at the room temperature and washed with absolute ethyl
alcohol twice, for three minutes each time, then washed with phosphate-buffered saline (PBS) for the
third time, for five minutes. The fixed sections were incubated with 100 uL of 20 ug/mL proteinase
K solution for 10 min. Subsequently, the 10 uL 5x reaction buffer, 38 uL. ddH,O, 1 pL fluorescein
isothiocyanate (FITC)-labelled dUTP, and 1 pL terminal deoxynucleotidyl transferase (TdT) enzyme
solution was mixed and added to the surface of one slide and incubated at 37 °C, for 1 h, in the dark.
The sample was then strained by DAPI for 8 min. The labelled slices were washed and photographed
under a fluorescence microscope. The nucleus of any apoptotic cells were brown, and the other nuclei
were blue.

2.8. Western Blot Assay

The total protein and nuclear protein in 100 mg of the liver tissue of mice were extracted using
Radio-Immunoprecipitation Assay (RIPA) lysis solution and a nuclear/cytoplasm protein extraction
kit (Beyotime Biotech, Shanghai, China). The Bicinchoninic acid (BCA) protein assay kit (Beyotime,
Shanghai, China) was used to determine the protein concentrations, and equivalent amounts of proteins
(30 pg/lane) were loaded onto 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels
(SDS-PAGE). After the proteins were separated by SDS-PAGE, they were transferred to a Modified as
polyvinylidene fluoride (PVDF) membrane. Antibodies then were added for rabbit anti-Nrf2 (1:1000),
anti-HO-1 (1:1000), anti-y-GCS (1:500), anti-Bcl-2 (1:1000), anti-Bax (1:1000), and -actin (1:2000)
polyclonal antibodies, and incubated overnight at 4 °C. On the second day, HRP-labeled goat anti
rabbit IgG was added and incubated at room temperature for 2 h. An Electrochemical luminescence
(ECL) chemical luminescence method was then used to detect the color reaction. Images were acquired
and the results of the gray scale image were analyzed using a Bio-Rad gel imaging system. The relative
expression levels of proteins in each group were represented by the ratio of the gray value of the target
protein and the 3-actin.

2.9. Gene Expression

The total RNA of the 100 mg of the liver tissue in each group was extracted using TRIzol reagent.
Then, the purity and the quantity of the total RNA were measured via the quotient for optical density
(OD) at 260/280 nm (1.8-2.0). The 4 pg of total RNA from each sample was treated with DNAse.
After DNAse treatment, 3 g of DNA-free RNA in a total volume of 20 mL was then reverse transcribed
into cDNA using MBI Ferments Prime Script RT reagent kit (Burlington, ON, Canada) according to
the manufacturer’s instructions. The cDNA was used as the template for further quantitative RT-PCR
analysis. An ABI 7500 real-time PCR system and the SYBR Green PCR Kit were used to conduct
real-time PCR. Each sample had been measured in triplicate. For qRT-PCR reactions, 2 uL product
of cDNA, 0.4 uL reverse primers, 0.4 uL forward, 10 uL 2x SYBR® Premix Ex TaqTM, 6.8 uL of
RNase-free water, and 0.4 pL. ROX Reference Dye II (50x). The conditions of conducting the PCR
reaction included: at the initial stage, denaturing at 95 °C for 5 min, and then denaturing at 95 °C
for 15 s, annealing at 56 °C for 30 s, and extension at 72 °C for 30 s. The amount of the template was
measured based on the standard curve of quantitative analysis. The primers of Nrf2, y-GCS, Bcl-2, Bax,
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GRP78, and CHOP were designed by using Primer 5 software (PREMIER Biosoft company, Palo Alto,
CA, USA) (Table 1), and B-actin was employed as a house-keeping gene. The results were analyzed by
using the 2744¢T assay.

Table 1. Primers for real-time PCR analyses.

Gene Accession No. Primer Sequences (5'-3') Product Size/bp

F: TCCTATGCGTGAATCCCAAT

Nrf2 NM_010902.3 R: GCGGCTTGAATGTTTGTICTT 103bp
YOS USMIAl  p CTAGTGAGCAGTACCACGAATA  155PP
GRP7S  NC_000068.7 N T Lo 182 bp
CHOP  NMOVEY3 R 7CAGGTGIGGIGGTGTATGAA s40p
bactn NMLOOTI3S F: GTGCTATGTTGCTCTAGACTTCG 17abp

R: ATGCCACAGGATTCCATACC

2.10. Statistical Analyses

All data were processed using SPSS 17 statistical software (IBM, Almon, NY, USA).
The significance level of statistic differences between mean values was determined using one-way
ANOVA, and a p-value < 0.05 was considered as significant.

3. Results

3.1. The Effect of PC on the Lead Content of Whole Blood and Liver Tissue in Mice

As shown in Table 2, the lead levels detected in the blood and liver tissue of the lead-treated
animals were significantly higher compared with the control group (p < 0.05). The experimental model
was successful as a system to determine the effects of lead in the presence and absence of PCs in mice.
However, lead levels in the blood and liver tissue of mice co-treated with lead and PCs showed no
significant difference compared with the animals treated only with lead (p > 0.05), indicating that PCs
did not significantly improve the status of the lead in the blood and liver tissue of mice.

Table 2. Lead contents in serum and liver of mice in each group (n =7, X & s).

Group Blood Lead Level/(ug/L)  Liver Lead Level/(ug/L)
Control 36.42 4 17.48 0.88 4 0.21
PCs 35.26 4 13.36 0.82 4 0.18
Lead 214.64 £+ 36.24 * 13.44 £2.84*
Lead with PCs 206.49 £ 34.92* 11.21 £2.30*

Note: PCs: Proanthocyanidins. * p < 0.05 vs. control group.

3.2. The Effect of PCs on the Serum Enzymes of Mice Exposed to Lead

As shown in Table 3, the activities of ALP, ALT, and AST in the serum of the lead-treated group
were significantly increased compared to the control group (p < 0.05). However, the activity of
three enzymes in the group co-treated with PCs was significantly lower compared with those of the
lead-treated group. These activities of these enzymes were not significantly altered in the PCs-only
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treated group compared with the control group. Co-treatment with PCs significantly reduced the
activities of ALP, ALT, and AST (p < 0.05). The ALP, ALT, and AST levels in the lead group were higher
than the control group.

Table 3. The effect of PCs on serum enzyme levels in mice (n =7, X & s).

Group ALP/(U/L) ALT/(U/L) AST/(U/L)
Control 129.47 + 4.18 25.47 +7.16 57.92 4+ 10.46
PC 124.42 £ 5.17b¢ 23.42 + 6.45P¢ 50.21 = 18.65 P<
Lead 246.48 + 6.15 3¢ 59.23 + 9.84 a< 86.29 + 14.53 ¢

Lead with PC 180.21 + 7.96 b 35.21 + 6.80 2P 63.43 + 11.24 b

Note: With each row, means superscripted with different letters are significantly different (p < 0.05),
2 significantly different from the control p < 0.05; P significantly different from the lead group p <0.05;
¢ significantly different from the lead co-treated with PCs group p < 0.05.

3.3. The Effect of PCs on Oxidative Stress-Related Factors in the Liver of Mice Exposed to Lead

As shown in Table 4, the activities of GSH-Px and SOD significantly increased in the co-treated
lead and PC group compared with the group only treated with lead. The MDA levels in the group
treated only with lead were also shown to be significantly increased (p < 0.05) and in comparison
to PCs-co-treated animals. GSH was significantly increased (p < 0.05) in the group co-treated with
lead and PCs compared with the animals only treated with lead. The levels of MDA were also
significantly decreased (p < 0.05) in the co-treated group compared with the group treated only with
lead. These results indicated that administration of PCs significantly improved the lipid peroxidation
damage in the liver tissue in mice exposed to lead.

Table 4. The effect of PC on MDA, GSH content, and the activities of GSH-Px and SOD in the liver
tissue of mice exposed to lead (n =7, X & s).

Group MDA/(umol/g Prot) GSH/(mg/g Prot) GSH-Px/(U/mg Prot) SOD/(U/mg Prot)
Control 29.56 + 4.78 18.47 + 3.96 30.32 + 3.69 132.63 4+ 8.23
PC 23.44 + 5.40 20.76 + 3.45 36.42 + 5.97 138.56 + 6.24
Lead 64.32 4 8.45 * 823 +214% 11.73 £2.95 * 90.46 + 423 *
Lead with PC 3412 +536* 16.27 + 4.10* 2241 4 2.74 *# 116.45 + 5.96 **

Note: Prot: protein. * p < 0.05 vs. the control group; # p <0.05 vs. the lead group.

3.4. The Effect of PCs on the Liver Tissue Histopathological Variation of Mice Exposed to Lead

The results of the liver histopathological aspect are shown in Figure 1. Normal histological
architecture was observed in the liver sections in the control group (Figure 1A) and PCs group
(Figure 1B). However, in the lead group, it showed that the hepatic lobule structure was not integrated;
the cells were arranged in a discontinuous and loose manner, the central vein tube wall was not
integrated; the liver cells around the central vein were disordered; the liver cell size was not uniform,
different sizes of vacuoles ere in the sytoplasmic; some nuclei of the hepatocytes were dissolved or
pyknotic, and some hepatocytes were swollen and necrotic (Figure 1C). Animals co-treated with PCs
largely improved the lead-induced histopathological changes in the liver tissue, showing clear borders
of the hepatic tissue, a decrease of dissolved nuclei, and nuclei pyknosis (Figure 1D).
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Figure 1. The effects of PCs on lead-induced liver histopathological changes in mice
(original magnification of 400 x). (A) Control group; (B) PCs group; (C) group administrated with lead;
and (D) group co-treated with lead and PCs at a dose of 100 mg/kg. Thick arrow: nuclei pyknosis;
Thin arrow: dissolved nuclei.

3.5. PCs Decreases Lead-Induced Apoptosis of Liver Cells

Compared with the control group (Figure 2A), the TUNEL-positive cells were significantly
increased in the lead group (p < 0.05) (Figure 2C), which was obviously attenuated by the
co-administration of PCs (Figure 2D). However, the TUNEL-positive cells in the PCs group were
lower than that in the lead group (p < 0.05).

Figure 2. The effects of proanthocyanidins (PCs) on lead-induced liver apotosis. TUNEL-stained liver
section (magnification, 200 x ), with brown granules indicating the positive cells. Mice were divided into
the following groups: (A) control group; (B) PCs group; (C) group administrated with lead; (D) lead
co-treated with PCs at a dose of 100 mg/kg.
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3.6. The Effect of PC on the Expression of Bcl-2 and Bax in the Liver of Mice Exposed to Lead

As we know, Bcl-2 has a role in cells that inhibits the signal which induces apoptosis, Bax has a role
in promoting cell apoptosis, and in order to analyze whether PC protects against the toxicity caused by
lead related to inhibiting cell apoptosis in the liver of mice, the expression of Bcl-2 and Bax associated
with apoptosis was examined, As shown in Figures 3 and 4, compared with the control group,
the expression of Bcl-2 mRNA was down-regulated (Figure 3A) (p < 0.05), whereas the expression of
Bax mRNA was up-regulated in the lead group (Figure 3B) (p < 0.05). However, compared with the
lead group, the significant up-regulation of Bcl-2 mRNA (Figure 3A) (p < 0.05) and down-regulation
of Bax (Figure 3B) (p < 0.05) were shown in the group co-treated with lead and PCs. Consistent with
real-time PCR, the Western blot findings also showed low expression of Bcl-2 protein in lead-treated
mice (Figure 4A) (p < 0.05), while moderate to strong expression was observed for Bax (Figure 4B)
(p < 0.05). Compared with the lead-treated mice, those co-treated with PCs exhibited improvement,
represented by increased expression of anti-apoptotic Bcl-2 protein and moderate expression of the
pro-apoptotic protein Bax in the liver of mice (Figure 4A,B) (p < 0.05).
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Figure 3. The effect of proanthocyanidin (PCs) on the mRNA levels of Bcl-2 and Bax in the liver
of mice exposed to lead. (A) Bcl-2; (B) Bax. All results are expressed as the mean + SE (n = 7).
* p < 0.05, significant change with respect to the control; # p < 0.05, significant change with respect to
lead-treated mice.
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Figure 4. The effect of proanthocyanidins (PCs) on the protein expression levels of Bcl-2 and Bax in the
liver of mice exposed to lead. (A) Bcl-2; (B) Bax. All results are expressed as the mean + SE (n = 7).
* p < 0.05, significant change with respect to the control; # p < 0.05, significant change with respect to
lead-treated mice.
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3.7. The Effect of PC on the Expression of Nuclear Nrf2, HO-1, and <y-GCS in the Liver of Mice Exposed to Lead

To analyze whether Nrf2 activation plays a role in PC protection against the toxicity caused by
lead, the expression of Nrf2 and Nrf2-target proteins, HO-1 and y-GCS, in the liver of mice were
measured. As shown in Figure 5, compared with the control group, the Western blot results showed
that the nuclear Nrf2, HO-1, and y-GCS protein expression levels in the lead-treated group were
increased without significant difference (p > 0.05), while these protein expressions were increased
with significant difference in the PCs group (p < 0.05). Compared with the lead group, all of their
expressions in the lead /PCs co-treated group were increased with significant difference (p < 0.05)
(Figure 5A—C). Meanwhile, as shown in Figure 6, the RT-PCR results showed that, compared with the
control group, the nuclear Nrf2, Ho-1, and y-GCS mRNA expression levels in the lead-treated group
were increased without significant difference (p > 0.05), while these mRNA expressions were increased
with significant difference in the PCs group. Compared with the lead group, the mRNA expressions
of these genes in the lead /PCs co-treated group and in PCs group were increased with significant
difference (p < 0.05).
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Figure 5. The effect of proanthocyanidins (PCs) on the protein expression levels of the nuclear Nrf2,
HO-1, and y-GCS protein in liver tissues of mice exposed to lead. (A) Nuclear erythroid 2-related factor
2 (Nrf2); (B) hemeoxygenase-1 (HO-1); and (C) y-glutamyl cysteine synthetase (y-GCS). All results are
expressed as the mean + SE (1 = 7). * p < 0.05, significant change with respect to the control; # p < 0.05,
significant change with respect to lead-treated mice.
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Figure 6. The effect of proanthocyanidins (PCs) on the mRNA expression levels of the nuclear N7f2,
HO-1, and «-GCS in liver tissues of mice exposed to lead. All results are expressed as the mean + SE
(n=7). * p < 0.05, significant change with respect to the control; # p < 0.05, significant change with
respect to lead-treated mice.

3.8. The Effect of PC on the Expression of GRP78 and CHOP in the Liver of Mice Exposed to Lead

To analyze whether the protective effect of PCs on liver damage was related to inhibiting cell
ER stress caused by lead, we measured the expression of GRP78 and CHOP, which were the ER
stress-typical related proteins. As shown in Figure 7, compared with the control group, the Western
blot results showed that the GRP78 and CHOP protein expression levels in the lead-treated group were
increased with significant difference (p > 0.05), while these protein expressions were not significantly
different in the PCs group. Compared with the lead group, all of the protein expressions in the lead /PCs
co-treated group and PCs group were decreased with significant difference (p < 0.05) (Figure 7A,B).
Meanwhile, as shown in Figure 8, the RT-PCR results showed that, compared with the control group,
the Grp78 and Chop mRNA expression levels in the lead-treated group were increased with significant
difference (p < 0.05), while these mRNA expressions were not significantly different in the PCs group.
Compared with the lead group, the mRNA expression of these genes in lead /PCs co-treated group
and in PCs group were decreased with significant difference (p < 0.05).
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Figure 7. The effect of proanthocyanidins (PCs) on the protein expression levels of GRP78 and CHOP
protein in liver tissues of mice exposed to lead. (A) GRP78; and (B) CHOP. All results are expressed as
the mean £ SE (n = 7). * p < 0.05, significant change with respect to the control; # p < 0.05, significant
change with respect to lead-treated mice.
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Figure 8. The effect of proanthocyanidins (PCs) on the mRNA expression levels of Grp78 and
Chop in liver tissues of mice exposed to lead. All results are expressed as the mean + SE (1 = 7).
* p < 0.05, significant change with respect to the control; * p < 0.05, significant change with respect to
lead-treated mice.

4. Discussion

In the present study, the choice of the doses of lead and lead exposure time was based on
preliminary experiments by Wang et al. [32,33], which had successfully established the model of
chronic lead poisoning in mice. PCs were given to mice at a dose of 100 mg/kg body weight since this
was reported to be the most effective dose in previous studies [22,34,35].

The toxicity of the lead has been relatively well studied, particularly in the context of neuro- and
nephrotoxicity. As the liver is the central organ in the processing and removal of harmful substances
from the body, it is also highly susceptible to damage. In addition, because the liver, via the portal vein,
is the first organ exposed to internally-absorbed Pb and is one of the major organs implicated in the
storage, biotransformation, and elimination of Pb, the liver must be the target organ of lead and liver
will be damaged by lead when lead is taken into the body. Moreover, the liver is the body’s largest
detoxification organ, a lot of detoxification enzymes, such as cysteine proteases, will be affected by lead.
Previous studies have shown that lead exposure can cause oxidative damage in the liver by inhibiting
the activities of antioxidant enzymes, decreasing the concentration of non-enzymatic antioxidants and
increasing the concentration of reactive oxygen species [36-38]. Our results showed that lead acetate
added to the drinking water for six weeks for mice resulted in severe histopathological changes in the
liver tissue. In addition, the observed hepatotoxicity caused by lead acetate was accompanied with
elevated activities of key liver enzymes, including AST, ALT, and ALP found in serum [39]. Our results
of detection of serum biochemical parameters and pathology indicated that lead could accumulate in
the liver and cause liver damage, and the reason for damage might be because lead mainly induces
reactive oxygen species to attack the target organ and reduces a series of antioxidant enzymes, such as
SOD, catalase, and the levels of some antioxidants (GSH) [40,41]. GSH is one of the main antioxidants
found in liver tissue and it is central to the detoxification of the heavy metals in the liver. In the current
study, it was observed that in the lead-treated group, the activity of GSH-Px was inhibited. As GSH-Px
regulated the synthesis of GSH, the level of GSH was also shown to consequently decrease and the
content of MDA, which was a product of lipid peroxidation, was shown to increase significantly.
These results indicate that exposure to lead induced oxidative stress in the liver tissue of mice, which
is in close agreement to previous observations reported by Senapati et al. [3] and Newairy et al. [42].

PCs are highly efficient natural antioxidants, their antioxidant activity is 50 times higher than
that of vitamin E and 20 times that of vitamin C, and their effects have been reported in a wide range
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of studies [12,27,43-47]. The results of the meta-analysis by Li et al. [47] indicated that PCs could
effectively improve the activity of anti-oxidative enzymes and reduce lipid peroxidation products.
Previous studies showed that antioxidant can be useful in preventing hepatocellular damage by
inhibiting lipid peroxidation by free radicals generated by heavy metals. From our data, it was
shown that the mice co-treated with PCs saw increased levels of reduced GSH and higher activity of
GSH-Px, and decreased the level of MDA, a result that might indicate that PCs could directly reduce
phospholipid hydroperoxides within the membrane and lipoproteins by removing the ROS” ability
to inhibit lipid peroxidation of liver cells induced by lead. It may also be that PCs could improve
the activity of GSH-Px by activating the intracellular antioxidant signaling pathway. In addition,
the reduced GSH was at, or near, control levels; the reason might be that PCs may function by
increasing the steady state levels of reduced GSH and/or its rate of synthesis, thereby conferring
enhanced protection against oxidative stress. Combined with our result that PCs alleviated the liver
tissue histopathological variation of mice exposed to lead, we concluded that PCs, via their anti-oxidant
ability, protected the liver damage caused by lead.

Currently, Nrf2 is the key molecule which mediates the response of the endogenous antioxidant
system. Activation of Nrf2 can promote the expression of antioxidant genes and induce synthesis
of phase II detoxifying enzymes [48]. Studies have shown that Nrf2 plays a crucial role in cellular
resistance to oxidation and exogenous damage [49,50]. Recent studies have indicated that activating
the Nrf2/ARE pathway has a hepato-protective effect [51,52].

In our study, we found that the gene transcription level of Nrf2 and the expression protein level of
Nrf2 were both increased in the lead group. This result indicated that the expression of Nrf2 could be
induced by lead under chronic lead poisoning conditions. At the same time, the results indicated that
under the chronic lead poisoning, in order to cope with the oxidative stress induced by lead, the cells
opened the Nrf2/ARE signal pathway to compensate for the oxidation; however, the cells were still
in a state of oxidative stress. When the mice were co-treated with PCs, the nuclear Nrf2 mRNA and
protein expression were also increased with a significant difference compared with that in the control
group and lead group. This result indicated that PCs could activate the expression of nuclear Nrf2
protein, indicating that the effect of PCs in antagonizing lead-induced oxidative stress in liver tissue
was related to the Nrf2/ARE signaling pathway.

Previous studies have suggested that a variety of cytokines and antioxidants could counteract
the action of such chemicals causing up-regulation of HO-1 and y-GCS expression [53-57].
v-GCS regulated by the Nrf2/ARE signaling pathway is the rate-limiting enzyme for synthesis
of GSH [54]. Heme oxygenase 1 (HO-1), a known target of Nrf2-regulated transcription and
an antioxidative, cytoprotective protein in different types of cells, plays an important role in
cytoprotection when oxidative stress and cellular injury occurs, and Nrf2 directly regulates its
expression [55,56]. Our results showed that PCs could up-regulate the Nrf2 downstream gene HO-1
and y-GCS expression. This indicated that PCs could improve the expression of y-GCS, resulting
in accelerating GSH synthesis in the liver, then enhancing the ability to resist the oxidative stress in
liver tissue caused by lead. Combined with our results that the reduced GSH was at, or near, control
levels in mice co-treated with PCs, we demonstrated that PCs could increase the amount of reduced
GSH through the Nrf2/ARE signaling pathway. Our results showed that PCs could improve the
expression of HO1, resulting in increasing the ability of cells to fight against oxidative stress and then
maintaining the redox balance. The present results demonstrated that promotion of HO-1 expression
is required for PCs’ anti-oxidative effects. These results further illustrated that PCs played important
roles as antioxidants and in detoxification by improving the expression of the antioxidant enzymes
via the Nrf2/ARE signaling pathway. However, the molecular signaling pathway responsible for the
expression of Nrf2 was not determined and is worthy of further investigation.

Apoptosis plays a key role in some metal-induced toxicity. Lead exposure can induce apoptosis of
nerve cells [57], liver cells [58], and kidney cells [15] through inducing the depolarization and swelling
of mitochondria, which leads to the release of cytochrome C, resulting in selective apoptosis [59].
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As we know, Bcl-2 and Bax in apoptosis behave opposite to each other: Bax is a pro-apoptotic gene,
while Bcl-2 is anti-apoptotic gene. Our results showed that the levels of Bcl-2 mRNA and protein were
significantly down-regulated, while the expression levels of Bax were significantly up-regulated in the
liver caused by lead. Our results demonstrated lead-induced liver cell apoptosis. Our results were
consistent with previous investigations that hepatic apoptosis induced by low-dose exposure was
associated with mitochondrial injury and changes in levels of apoptogenic proteins, such as Bcl-2, Bax,
and caspase-3 [60,61]. However, PCs reversed these gene expressions, as our results showed that PCs
up-regulated the anti-apoptotic gene Bcl-2 expression and down-regulated the pro-apoptotic gene Bax
expression. Combined with the TUNEL assay results, we confirmed that PCs could effectively inhibit
cell apoptosis in the liver.

Previous studies showed that lead could induce endoplasmic reticulum (ER) stress responses in
the nervous system [62,63]. Our results demonstrated that lead induced the ER stress in the liver by
increasing the expression of ER stress-related protein GRP78 and CHOP, results which were consistent
with the previous study by Liu et al. [64]. Meanwhile, our results showed that mice co-treated with
PCs decreased the expression of the two proteins, indicating that ER stress may be relieved by PCs
treatment, which meant that PCs might protect the liver from damage by inhibiting ER stress in
the liver.

Recent studies have provided evidence that PCs can be used in the treatment and prevention of
diseases, such as atherosclerosis, gastric ulcers, cataracts, and diabetes. For the first time, our results
suggested that the protective effect of PCs on lead-induced liver damage by inhibiting the ER stress
and apoptosis is due, at least in part, to their anti-oxidant stress activity and their ability to modulate
the Nrf2/ARE signaling pathway. These findings may be attributed to the manifold effects of PCs as
functional foods in future applications.

5. Conclusions

In conclusion, PCs could protect against damage resulting from ER stress and apoptosis induced
by chronic lead exposure in the liver tissue of mice. The hepatoprotective effect of PCs might be that
PCs activated the expression of HO-land y-GCS via the Nrf2/ ARE pathway, resulting in decreasing
ER stress and apoptosis of the liver tissue cells.
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Abstract: (1) Background: Endothelial dysfunction predicts cardiovascular events. Circulating
angiogenic cells (CACs) maintain and repair the endothelium regulating its function. Tea flavonoids
reduce cardiovascular risk. We investigated the effects of black tea on the number of CACs
and on flow-mediated dilation (FMD) before and after an oral fat in hypertensives; (2) Methods:
In a randomized, double-blind, controlled, cross-over study, 19 patients were assigned to black
tea (150 mg polyphenols) or a placebo twice a day for eight days. Measurements were obtained
in a fasted state and after consuming whipping cream, and FMD was measured at baseline and
after consumption of the products; (3) Results: Compared with the placebo, black tea ingestion
increased functionally active CACs (36 =+ 22 vs. 56 & 21 cells per high-power field; p = 0.006) and
FMD (5.0% =+ 0.3% vs. 6.6% = 0.3%, p < 0.0001). Tea further increased FMD 1, 2, 3, and 4 h after
consumption, with maximal response 2 h after intake (p < 0.0001). Fat challenge decreased FMD,
while tea consumption counteracted FMD impairment (p < 0.0001); (4) Conclusions: We demonstrated
the vascular protective properties of black tea by increasing the number of CACs and preventing
endothelial dysfunction induced by acute oral fat load in hypertensive patients. Considering that tea
is the most consumed beverage after water, our findings are of clinical relevance and interest.

Keywords: black tea; flavonoids; endothelial function; circulating endothelial cells; hypertension

1. Introduction

Hypertension is the leading risk factor for cardiovascular morbidity and mortality [1]. Several key
mechanisms, including inflammation oxidative stress and endothelial dysfunction, play an important
role in cardiovascular risk in late-life hypertension [1,2]. Over the past 25 years, a large body of clinical
evidence has indicated a close relationship between the degree of endothelial dysfunction and clinical
cardiovascular events in patients with cardiovascular risk factors, coronary heart disease, or both [3-9].
As a consequence, it has also been hypothesized that the reversal of endothelial dysfunction might
slow down atherogenesis and improve individual cardiovascular prognosis [6-9].
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Moreover, recent studies have shown that risk factors for vascular diseases are associated
with a blunted capacity for repair of the endothelial damage evidenced by a dysfunction of bone
marrow-derived circulating endothelial progenitor cells (EPCs) [10]. Indeed, a reduced ability of
EPCs to proliferate ex vivo and to express an endothelial phenotype is associated with risk factors for
coronary artery disease as well as endothelial dysfunction [10,11]. Cells grown under these conditions
were formerly termed “early EPCs”, but are currently referred to as “circulating angiogenic cells”
(CACGs) [12,13]. CAC quantity and function are robust biomarkers of vascular risk for a multitude
of diseases, particularly cardiovascular disease. Importantly, infused ex vivo-expanded CACs have
shown a potential for improved endothelial function, either reducing the risk of events or enhancing
recovery from ischemia [10-14].

Among various risk factors, hypertension is shown to be the strongest predictor of CAC migratory
impairment [14]. Indeed, CACs serve as a cellular reservoir to replace dysfunctional endothelium and
to form a cellular patch at the site of denuding injury [10-14].

Epidemiological studies have shown an inverse correlation between flavonoid-rich diets and
cardiovascular disease [15,16]. Tea accounts for a major proportion of total flavonoid intake in a
number of Western countries [15-17]. Increasing attention is currently being paid to the link between
tea ingestion and a suggested lower incidence of cardiovascular events [16,17].

Some dietary intervention studies reported that both acute and chronic [18-20] black tea
consumption increases NO-mediated flow-mediated dilation (FMD) in healthy volunteers as well as
in patients with cardiovascular disease. In response to this, we performed a dose-finding study with
black tea, showing that the daily consumption of even a single cup of tea (100 mg tea flavonoids) per
day increased the FMD of healthy volunteers, and improving further with escalating dose [20].

In contrast, previous studies have shown that a meal rich in fat decreases FMD and negatively
modifies vascular function [21,22]. However, the effects of tea on endothelial function under these
challenging conditions has not been completely clarified. Indeed, Hodgson et al. [23], aiming to
evaluate only the acute effects of tea compared with hot water in pharmacologically treated patients
with coronary artery disease aged between 45 and 70 years, suggested that a mixed meal with tea
was able to improve endothelium-dependent dilatation, but tea alone was not able to positively affect
this parameter. We recently reported that black tea consumption lowered wave reflections and blood
pressure in the fasting state and, during the challenging hemodynamic conditions after a fat load, in
hypertensives [24]. The effects of high doses of green tea (1 L per day) on CACs have been reported
for chronic heavy smokers [25], but could not be confirmed in patients with chronic renal failure [26].
However, the effects of black tea when consumed at a moderate dose on the number of CACs have not
been examined. Therefore, the aim of the present study was to investigate the effects of black tea on
endothelial function before and after an oral fat load and the number of functionally active CACs in a
group of never-treated grade I essential hypertensives without additional cardiovascular risk factors.

2. Methods

2.1. Subjects

Nineteen never-treated hypertensive patients (7 males and 12 females; mean age + standard
deviation 51.5 & 8.4 years) referring to our outpatient unit were recruited. Entry criteria were >18 and
<75 years of age; systolic BP (SBP) between 140 and 159 mmHg or diastolic BP (DBP) between 90 to
99 mmHg; body mass index between 18 and 30 kg/m?. Individuals were excluded if they had an acute
or chronic disease, including any type of metabolic abnormality, a major cardiovascular risk factor,
or both. Patients on prescribed medication or dietary supplements within two weeks of entering the
study as well as habitual smokers were excluded. Female participants not in a post-menopausal phase
were also excluded. To further limit potential confounding factors, individuals were excluded if they
reported daily intense sports activities (10 h/week), changes of 10% body weight within 6 months
of entering the study, a current dietary treatment regimen, or participation in another clinical study
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within 3 months of entering this trial. The local Ethics Committee of L’Aquila approved the study
on 20 December 2007 (ref: 53/2007), all clinical investigation have been conducted according to the
principles expressed in the Declaration of Helsinki, and all participants gave written informed consent.
Some of the study results have been previously reported [24].

2.2. Diagnosis of Arterial Hypertension

Grade I essential hypertension was diagnosed according to the European Societies of Hypertension
and Cardiology criteria [27]. For this purpose, before enrollment into the study, BP and heart rate
were measured after 10 min in a seated position in a comfortable room. SBP/DBP for inclusion in the
protocol were 140/90 and 160/100 mmHg on 4 visits performed at 1-week intervals. During each visit,
BP was measured in quadruplicate with an oscillometric device (Omron 705 CP, Omron) at 2 min
intervals. The first BP reading was discarded, and the average of the last 3 measurements recorded.
On each occasion, BP was recorded by the same physician who was unaware of the study design,
objectives, and results (i.e., was not a member of the research team). Secondary hypertension was
excluded by clinical examination and appropriate tests.

2.3. Study Design

Participants were randomly assigned to consume a hot beverage containing 150 mg tea flavonoids or
a placebo twice a day for eight days in a double-blind, cross-over design. During the two 8-day periods
when the volunteers consumed the test products, they were asked to refrain from consuming tea,
red wine, chocolate-based products, dietary supplements, and non-steroidal anti-inflammatory drugs
(prostaglandin synthetase inhibitors). The wash-out period between the two treatments was 13 days.
Vascular function was assessed on Day 7 of the intervention and was repeated on Day 8 with an oral
fat load. Pre-weighted portions of the test products were supplied to the volunteers in coded sachets
made from laminated aluminum foil. Compliance was checked by a questionnaire. Volunteers consumed
two doses per day: approximately one hour before lunch and one hour before dinner. They were carefully
instructed to add the contents of a sachet to 100-200 mL of boiling hot water and to stir the solution
until the powder was completely dissolved. An addition of sugar, milk, lemon, etc. was not allowed.
The product was consumed while it was still hot. On test days, the volunteers consumed the test product
at the facility at the beginning of the test sequence (f = 0).

The composition of the products is given in Table 1. Before the start of the study and after the first
visit to the test facility, volunteers received the intervention products. The number of returned empty
sachets was used to check compliance. On the morning of Day 7 and Day 8 of the two test periods,
volunteers came to the facility early in the morning in a fasted state. On both days, baseline FMD
measurements were performed. Volunteers were subsequently asked to consume their morning dose
of the test product. On Day 7, all measurements were performed in a fasted state; on Day 8, volunteers
consumed ultra-heat-treated whipping cream (1 g fat per kg bodyweight; for 100 mL of product: 27 g
of fats, 12.6 g of carbohydrates, 2.1 g of proteins; energy value 302 kcal) approximately 30 min after
consuming the test product. The range of energy intakes was between 649 and 951 kcal. On Day 7,
FMD was performed before (t = 0) and 1, 2, 3, and 4 h after consumption of the test product in a supine
position in a quiet, temperature-controlled (22 °C-24 °C) room by trained, certified staff who were blind
to the study protocol. This procedure was repeated on Day 8, but with a fat load. The study (participant
recruitment and follow-up) was conducted between 1 March 2008 and 1 March 2011. The study was
stopped from April 2009 to May 2010 due to the earthquake that occurred in L’Aquila. The trial has
been registered under number ISRCTN27687092 (http:/ /www.isrctn.com/ISRCTN27687092).
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Table 1. Composition of the test products (mg per dose).

Placebo Tea
Tea solids 0 497.5
Polyphenols 0 150
Catechins 0 121
Theaflavins 0 5.0
Gallic acid 0 4.5
Caffeine 37.3 37.3
Theanine 0 9.1
Caramel colour 90 0
Tea flavor 10 0
Sucrose 1363 1403
Total weight of sachet 1500 1900

2.4. Endothelial Function

FMD of the brachial artery was measured before (baseline, t = 0) and 1, 2, 3, and 4 h after
the tea intake during each scheduled visit. FMD of the brachial artery was assessed after 15 min
at rest. FMD was always determined by the same physician, who was blinded to the study design
and objectives. FMD of the brachial artery of the dominant arm was measured by ultrasonography
(General Electric). The transducer was held at the same point throughout the scan by a stereotactic
clamp. The arterial diameter was measured at approximately 5-10 cm above the elbow. After a 1 min
baseline measurement, a cuff placed at the forearm below the elbow was inflated at 300 mmHg for
5 min and then released, resulting in a brief period of reactive hyperemia. The maximal dilation of the
brachial artery was measured. The brachial artery diameter changes in response to increased blood
flow were assessed for a further 3 min after cuff deflation. Using the FMDStudio system (QUIPU,
Pisa, Italy) [28-31], the approximate position of the edges of the vessel was manually located before
starting the examination. After this procedure, an automatic mathematical contour tracking operator
locates and tracks the edges, supplying information about quality and the time course of measurements
in real time [28-31]. Upon completion of the analysis, the device automatically generated a report
with all recorded measurements. FMD is expressed as a percentage change from the baseline diameter.
Endothelium-dependent vasodilation was considered the maximal dilation of the brachial artery
induced by the increased flow [28-31].

2.5. Ex Vivo Expansion Assay and Characterization of CACs

Mononuclear cells (MNCs) were isolated using Ficoll density-gradient centrifugation from 20 mL
of peripheral blood. MNCs washed three times in PBS and resuspended in an EBM-2 bullet kit
(Cambrex Bio Science, Milano, Italy), supplemented with 20% fetal bovine serum (FBS) (Celbio,
Milano, Italy), were seeded at 106 cells/cm? on fibronectin-coated culture plates 24 wells (Becton
Dickinson, Milano, Italy). After 4 days of culture at 37 °C and 5% CO,, the non-adherent cells were
discarded by washing with phosphate buffer saline (PBS) (Celbio, Milano, Italy), while the adherent
cells were maintained in culture for another three days and then underwent cytochemical analysis.
Adherent cells were incubated with 1,1’-dioctadecyl-3,3,3’,3-tetramethyl indocarbocyanine-labeled
acetylated low-density lipoprotein (DiLDL) (Invitrogen, Milano, Italy) at a concentration of 2.4 ug/mL
for 1 h at 37 °C. Cells were then fixed in 1% paraformaldehyde for 10 min and incubated with
fluorescein isothiocyanate (FITC)-labeled Ulex europaeus agglutinin I (Sigma-Aldrich, Milano, Italy)
at a concentration of 10 pug/mL for 1 h. Dual-staining cells positive for both DiLDL- and FITC-labelled
UEA-1 were judged as functional CACs and were counted [13,32]. CACs were counted manually
in 10 randomly selected microscopic fields by two independent investigators with an inverted
fluorescence microscope (magnification x20 times) (Zeiss, Oberkoken, Germany).
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2.6. Haematochemistry and Blood Lipids

In all individuals, a routine hematochemical check was performed by standard methods after
each active treatment phase. Fasting plasma glucose and insulin, serum total cholesterol, high-density
lipoprotein (HDL) cholesterol, low-density lipoprotein (LDL) cholesterol, and triglyceride levels were
assessed in the clinical chemistry laboratory using routine procedures. Plasma glucose and insulin
values were used to calculate the index of insulin resistance, the homeostasis model assessment of
insulin resistance (HOMA-IR) [24].

2.7. Biomarkers of Endothelial Dysfunction and Low-Grade Inflammation

Biomarkers of endothelial dysfunction (soluble vascular cell adhesion molecule 1 (sVCAM-1),
soluble endothelial selectin (sE-selectin), and soluble intercellular adhesion molecule 1 (ICAM-1))
and of low-grade inflammation (C-reactive protein (CRP), serum amyloid A (SAA), interleukin (IL)-6,
IL-8, IL1-$3, tumor necrosis factor « (TNF-«), and sSICAM-1) were measured via a multiarray detection
system based on electrochemiluminescence technology (Meso Scale Discovery) in fasting EDTA plasma
samples as previously described [33]. Endothelin-1 was measured by Elisa (R & D, R & D systems,
Abingdon, UK).

2.8. Statistical Evaluation

Size of the Study Population

The power calculation was based on the change in FMD between the placebo and the active in the
fasted state. Calculations were based on FMD data from a cross-over study in 60 slightly hypertensive
subjects. FMD was measured at the end of each of the three interventions that each lasted for 4 weeks.
The power calculation was based on an average FMD = 8.10%, within subject variance = 1.79% found
in this study [20]. In the dose-finding study, a mean effect of 1.80% was detected at 400 mg/day of tea
flavonoids, and the same effect was expected in the current study [20]. Based on these data, a group
of 18 volunteers was required to detect a 1.8% difference between the placebo and the intervention
(2-sided, alpha 0.05, and power 0.80). In order to account for a 10% drop-out, we included 20 volunteers.
A randomization scheme was prepared by a statistician using computer generated random numbers.
Randomization was done before the start of the study by assigning treatment orders to subject numbers
with a block size of two and an allocation ratio of 1:1. Sachets with the test products were labeled
with subject number and treatment period. Treatments were supplied in sealed in envelopes labeled
with the subject number. These were opened in consecutive order by each participant. Participants,
statisticians, care providers, and those assessing the outcome of the study were all blinded. The black
tea and the placebo were as similar as possible in taste and appearance.

Data analysis was performed using the SAS software (SAS Institute, Cary, NC, USA, version 9.1).
Descriptive analysis consisting of distribution statistics (number of available observations, mean and
standard deviations) were presented for continuous data. Differences between the experimental groups
and the placebo of the acute effect after one week intervention were evaluated by means of an analysis
of covariance, integrating the data of 1, 2, 3, and 4 h after test product ingestion. The statistical model
included the covariables baseline (f = 0), gender, age, and BML Fixed factors included in the model
include treatment, period, day, time, and all their interactions. Other interactions in the model include
baseline-treatment, baseline-period, and baseline-time. The chronic effects, after one week intervention,
were calculated from the baseline data using a similar model, without the baseline covariable.

The influence of the interventions was assessed within each individual. Therefore, the variation due
to the differences between individuals was separated from the relevant error variance in the analysis.
A Dunnett test was performed in order to correct for multiple testing between the active treatment
and the placebo with and without a fat load. The statistical analysis results are presented as LSmeans
=+ standard error (SE) or median (interquartile range) for data with a skewed distribution (plasma
biomarkers). Statistical tests are two-sided for all analyses with a significance level of 0.05.
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3. Results

Baseline characteristics of the study participants are given in Table 2.

Of the 20 individuals enrolled, 19 completed the study. One individual dropped out due to
personal circumstances and was excluded from the statistical analysis. Compliance was 100% in all the
volunteers for all the study phases.

Table 2. General characteristics of the study population (mean + SD).

Characteristic Value
Number of subjects (total/males) 19/5
Age (years) 51.3+£82
BMI (kg/m?) 271+12
Body weight (kg) 737 +£72
LDL-cholesterol (mg/dL) 1411 +273
HDL-cholesterol (mg/dL) 45.7 £ 8.2
Triglycerides (mg/dL) 116.8 +38.1
Plasma glucose (mg/dL) 86.8 £7.3
Plasma insulin (nU/mL) 113 +54

3.1. Endothelial Function

Compared with the placebo, one week of black tea ingestion increased baseline FMD (Day 7:
5.0% = 0.25% vs. 6.8% == 0.25%; Day 8: 5.2% == 0.24% vs. 7.0% == 0.24%; p < 0.0001 for both (Figure 1A,B).
On Day 7, acute black tea administration additionally increased FMD (from 6.8% to 7.5%, 7.8% and
7.2% p < 0.0001) at 1, 2, and 3 h after intake, respectively. No significant changes were observed after
acute placebo administration. On Day 8, in the placebo group, FMD fell from 5.2% at baseline to 4.4%,
4.1%,4.4%, and 4.8% at 1, 2, 3, and 4 h (p < 0.0001), respectively, after the fat load (Figure 1B). This drop
in FMD was almost completely prevented by concomitant intake of tea (Figure 1B).

A)  Without fat load B)  With fat load
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Figure 1. Effect of a 1 week placebo (white) and black tea (black) administration on baseline (square)
values (A,B) of flow-mediated dilation (FMD) and acute effects without and with fat load (A,B).
Data are presented as LSmeans =+ SE. In all panels, vertical lines indicate SE, and asterisks (*) indicate
significant differences with respect to the placebo phase (A,B), while circles (°) indicate significant
differences from the baseline values (A,B). Differences are considered significant when p < 0.05.
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3.2. Functional CACs

Compared with the placebo, the number of functionally active CACs indicated as double positive
cells per high-power field was significantly higher after black tea intake (black tea mean: 56.0 & 21;
placebo mean: 36 &+ 22 number of cells per field; p = 0.006) (Figure 2).

120

CACs
Number per high power field
3

3
o
)
20 '
0
After 1 week After 1 week

placebo black tea

Figure 2. Absolute numbers of functional circulating angiogenic cells (CACs) per high-power field
fluorescence microscopy (x20) before and after 1 week of treatment with placebo (white) and black tea
(black) administration. Data are presented as LSmeans 4= SE. Vertical lines indicate SD, and asterisks (*)
indicate significant differences with respect to the placebo phase. Differences are considered significant
when p < 0.05.

3.3. Plasma Lipoproteins, Glucose, Insulin, and Biomarkers

No significant differences were observed between the two treatments for plasma concentrations of
biomarkers of endothelial dysfunction and low-grade inflammation (Table 3) and lipoproteins, glucose,
and insulin (Table 4).

Table 3. Plasma concentrations of biomarkers of endothelial dysfunction and low-grade inflammation.

CRP SAA sICAM  IL-18 IL-6 IL-8 TNF-o« sVCAM E-sel ET-1
(mg/L) (mg/L) (ng/mL) (ng/L) (ng/L) (ng/L) (ng/L) (ng/mL) (ng/mL) (ng/L)

1nccbo & 16 211 15 2.3 125 9.8 320 158 14
Placebo 1 157 0489 132-311 02-196 03-194 03-2788 47-255 163-598 35-480 0.8-2.3

0.9 16 201 1.7 2.5 8.9 10.8 337 125 15
Tea

0.1-16.1 0.3-11.4 150-253 0.2-17.0 0.7-7.8 0.5-696 6.0-18.4 180-576 55-347 1.0-2.1

Values are presented as median with 1st and 3rd quartile due to skewed nature of the data (not normal
distributed). EDTA-plasma samples were derived from fasted blood samples. Values are not significantly
different (p > 0.1) between interventions. CRP: C-reactive protein; SAA: serum amyloid A; sSICAM: soluble
intercellular adhesion molecule 1; IL-1f3: Interleukin-1p3; IL-6: interleukin-6; IL-8: interleukin-8; TNF-c:: tumor
necrosis factor o; SVCAM: soluble vascular adhesion molecule 1; E-sel: E-selectin; ET-1: endothelin-1.
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Table 4. Plasma concentrations of lipoproteins, glucose, insulin, and biomarkers.

LDL HDL TG Glucose Insulin

TC (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mg/dL) (mU/L)
Placebo 211.1 +4.3 1449 +4.1 46.1 +2.0 1127+ 7.8 86.8 + 1.4 119 +0.9
Tea 2089 +4.3 1385+ 4.1 453 +2.0 1195+ 78 86.8 +14 10.5+ 0.9

Values are in LSmeans + SE. EDTA-plasma samples were derived from fasted blood samples. Values are not
significantly different (p > 0.1) between interventions. TC: total cholesterol; LDL: low-density lipoprotein; HDL:
high-density lipoprotein; TG: triglycerides.

4. Discussion

Our study showed that, in grade I hypertensive patients, one-week consumption of black tea
resulted in a significant improvement in endothelium-dependent FMD, with maximal response
two hours after acute intake. This effect was observed with a moderate dose, the equivalent of
two cups of tea per day. Moreover, the consumption of tea counteracted a fat challenge-induced
impairment of FMD. The protective properties of tea were also reflected by a significantly increased
number of CACs, circulating cells capable of repairing the vessel wall. These results suggest that the
consumption of tea may improve or even protect endothelial function under challenge conditions.

Vascular endothelial dysfunction is determined by both genetic and environmental factors that
cause decreased bioavailability of the vasodilator nitric oxide (NO). Under physiologic conditions,
the endothelium regulates vascular tone via the balanced production of vasodilating substances such
as NO. Impaired endothelium-dependent vasodilation has been reported after a fat load, probably by an
increased production of oxygen-derived free radicals and a quenching of NO [22,34]. In particular, it has
been observed [34] that acute fat load administered orally or intravenously significantly increased BP,
impaired endothelial function, and activated the sympathetic nervous system via mechanisms not likely
depending on changes in leptin, glucose, and insulin levels in obese healthy subjects. Thus, fat load has
deleterious hemodynamic effects on obese subjects as well as on other conditions of cardiovascular risk,
which may be involved in endothelial function [34,35]. Nevertheless, the effect of a high fat meal on
endothelial function is not completely clear cut; indeed, Hodgson et al. [23] showed that a mixed meal
with tea was able to improve endothelium-dependent dilatation, but tea alone was not able to positively
affect this parameter. However, that study only evaluated the acute effects of tea compared with hot
water, with a mixed meal (not specifically a fat load) in pharmacologically treated patients (with a number
of putative confounding treatments: the use of aspirin, statins, or specific antihypertensive medications
including angiotensin-converting enzyme inhibitors, angiotensin II receptor blockers, beta-blockers,
calcium channel entry blockers, and diuretics) at very high cardiovascular risk (with coronary artery
disease) aged between 45 and 70 years.

The increased FMD in fasted conditions and preserved postprandial FMD after tea intake
may explain our observed findings on BP and arterial hemodynamics as described previously [23].
Taken together, our findings imply that the oral fat load may lead to a transient loss of NO
bioavailability and transient vascular damage reflected in endothelial dysfunction and increased
peripheral vascular tone and arterial stiffness.

The severity of endothelial dysfunction correlates with the development of coronary artery
disease and predicts future cardiovascular events [3-8]. Thus, endothelial dysfunction may be
considered a strategic target in the treatment of hypertension. The flavonoids in tea may increase
or preserve the bioavailability of NO by decreasing the formation or scavenging of reactive oxygen
and nitrogen species, increasing NO synthase activity, or both [16]. Besides the functionality of the
endothelium, the morphologic integrity of the monolayer constituted by resident vascular endothelial
cells plays a pivotal role in the maintenance of a number of vascular functions [36]. Anatomical or
functional interruption continuity of the endothelial barrier is considered a fundamental step during
the atherogenetic process [36]. The integrity of the vascular endothelial barrier is continuously
maintained by the rapid migration of resident endothelial cells toward wounded areas of the
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endothelium [35]. In addition to the migratory capability of resident vascular endothelial cells
neighboring a damaged area, a growing body of evidence suggests that CACs also play a critical role in
restoring the integrity of the endothelial monolayer [36]. Cardiovascular risk factors are associated with
a reduced number of CACs [36], whereas, in turn, statins, angiotensin-converting enzyme inhibitors,
and angiotensin II type 1 receptor blockers have been reported to increase the number of CACs [36].
Low levels of CACs in patients with increasing cardiovascular risk, such as hypertension, could have
several mechanistic causes [10,11,14]. The most likely mechanism affected by tea flavonoids is the
counteraction of oxidative stress, increasing NO bioavailability and FMD and decreasing BP levels in
grade I hypertensive patients [24]. This hypothesis is supported by a study of Hill et al. [10] reporting
a strong correlation between the number of CACs and the subjects” combined Framingham risk factor
score (1 = —0.47). Further, measurement of FMD also revealed a significant relationship between
endothelial function and the number of EPCs (r = 0.59, p < 0.001), where the level of CACs was
a better predictor of vascular reactivity than the presence or absence of conventional cardiovascular
risk factors [10]. In addition, CACs from subjects at high risk for cardiovascular events had higher
rates of in vitro senescence than cells from subjects at low risk. A study by Bocchio et al. [30] showed
that the number of CACs was significantly reduced in patients with cardiovascular risk compared with
controls (p < 0.0001). The percentage variation of CACs and of FMD after treatment was significantly
associated with the presence of endothelial dysfunction at baseline. The close relationship between
FMD and the number of CACs may be explained by the important role of eNOS in the mobilization of
progenitor cells from bone marrow [37].

A number of biomarkers were analyzed in this study in an attempt to provide more
mechanistic insight; however, as blood lipids and markers of endothelial dysfunction and low-grade
inflammation were not modified by the intervention, these results do not provide links to potential
underlying mechanisms.

The finding that tea improves FMD and increases the number of CACs has previously been
reported by Kim et al. [25]. They observed in smokers that circulating and cultured angiogenic cells
increased rapidly two weeks after green tea consumption. FMD correlated with CAC counts (7 = 0.67)
before and after treatment (r = 0.60). Of note, the flavonoid dose used by Kim et al. [24] was about three
times higher than in the present study, and their study did not have a placebo group. Our hypothesis is
that flavonoids in black tea increase the functionally active CACs numbers by the activation of eNOS,
increasing NO bioavailability and concomitantly increasing FMD.

5. Conclusions

Therefore, the consumption of black tea in moderation improved FMD under fasted conditions
and preserved FMD under postprandial conditions in hypertensive patients. The number of CACs
doubled after the consumption of tea. Increased eNOS activity and NO bioavailability may be a
common factor affected by tea flavonoids that explain both phenomena. Considering that tea is the
most consumed beverage after water, our findings are of clinical relevance and interest, and our
observations may have an impact on human health with important clinical consequences.
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Abstract: Background: Chronic intensive exercise is associated with a greater induction of oxidative
stress and with an excess of endogenous advanced glycation end-products (AGEs). Curcumin
can reduce the accumulation of AGEs in vitro and in animal models. We examined whether
supplementation with curcumin and Boswellia serrata (BSE) gum resin for 3 months could affect
plasma levels of markers of oxidative stress, inflammation, and glycation in healthy master cyclists.
Methods. Forty-seven healthy male athletes were randomly assigned to Group 1, consisting of
22 subjects given a Mediterranean diet (MD) alone (MD group), and Group 2 consisted of 25 subjects
given a MD plus curcumin and BSE (curcumin/BSE group). Interleukin-6 (IL-6), tumor necrosis
factor-« (TNF«), high-sensitivity c-reactive protein (hs-CRP), total AGE, soluble receptor for AGE
(sRAGE), malondialdehyde (MDA), plasma phospholipid fatty acid (PPFA) composition, and
non-esterified fatty acids (NEFA) were tested at baseline and after 12 weeks. Results: sSRAGE, NEFA,
and MDA decreased significantly in both groups, while only the curcumin/BSE group showed a
significant decline in total AGE. Only the changes in total AGE and MDA differed significantly
between the curcumin/BSE and MD groups. Conclusions. Our data suggest a positive effect of
supplementation with curcumin and BSE on glycoxidation and lipid peroxidation in chronically
exercising master athletes.

Keywords: advanced glycation end-products; curcumin; inflammation; exercise; oxidative stress

1. Introduction

Reactive oxygen species (ROS) have an important role in maintaining homeostasis through
immune functions and cellular signals [1], but an excess of ROS has the potential to damage
deoxyribonucleic acid (DNA), proteins, and lipids. It has been shown that chronic intensive exercise
may be associated with an increased induction of oxidative stress, which in turn has a negative impact
on exercise performance and causes muscle damage [2]. Advanced glycation end-products (AGEs) are
a heterogeneous group of macromolecules formed by the non-enzymatic glycation of proteins, lipids,
and nucleic acids. Excessive glycation in humans can derive from exogenous AGEs ingested with foods,
and from endogenous AGEs formed in the body—especially in conditions of chronic hyperglycemia
or increased oxidative stress [3]. The harmful effect of AGEs is particularly associated with stiffening
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of tissues rich in extracellular matrices and long-lived proteins, such as skeletal muscle, tendons,
joints, bone, heart, arteries, lung, skin, and lens [4]. Very little is known about how effective dietary
intervention and oral antioxidant supplementation may be in reducing oxidative stress in athletes
who exercise intensively, but there is some evidence to suggest that the administration of antioxidants
and anti-inflammatory nutrients within physiological ranges may reverse exercise-induced oxidative
stress and muscle damage [5]. Curcumin, an important constituent of the turmeric (Curcuma longa)
rhizome, possesses antioxidant and anti-inflammatory activities, and has been used to treat a variety
of inflammatory conditions and chronic diseases [6]. It has also been demonstrated that curcumin can
reduce the accumulation of AGEs in vitro and in animal models, suggesting that this anti-glycation
mechanism may relate to the antioxidant effect of the compound [7]. Extracts of Boswellia serrata
(BSE) gum resin have also demonstrated anti-inflammatory properties, suppressing local tissue tumor
necrosis factor-a (TNFx) and interleukin-1f (IL-1f) in animal models [8].

No studies have ascertained whether oral curcumin supplementation has antioxidant and
anti-glycation effects in the medium-term in master athletes chronically exercising intensively, who
are particularly exposed to increased glycoxidative processes. Hence, our study aimed to establish
whether curcumin and BSE supplementation for 3 months, combined with a Mediterranean diet (MD),
could affect plasma levels of markers of oxidative stress, inflammation, and glycation in a cohort of
well-trained healthy master cyclists.

2. Patients and Methods

2.1. Participants and Study Design

Forty-seven healthy male athletes aged 46 £ 8 years took part in this study after giving their
written informed consent. The study complied with the Helsinki Declaration, and the local institutional
Ethics Committee approved the study protocol. The trial was designed as a controlled, randomized,
parallel group study.

Inclusion criteria were no history of cardiovascular disease or allergies, and no prior use of drugs
or food supplements. Exclusion criteria were use of tobacco products, alcohol consumption, recent
surgery, diabetes mellitus, hypertension, and chronic inflammatory diseases.

Table 1 shows the anthropometric features of the subjects enrolled in the study, including body
composition, assessed using bioelectrical impedance analysis at baseline in all subjects. The participants
volunteering for the study were cyclists with an average experience of 8 4 2 years of competing in the
nonprofessional category. They had usually been cycling about 200 km a week and 10,000/12,000 km
a year. They were instructed not to change their lifestyle during the trial as regards exercise, diet,
and other routine activities, and they were asked not to take any other medicinal herbs or drugs.
The athletes were not involved in any special exercise sessions, because the aim of the study was
to assess the effect of medium-term curcumin and BSE supplementation in conditions of real-life
physical activity.

Table 1. Basal characteristics of the patients enrolled.

Group “MD + Curcumin/BSE” Group “MD”
(n = 25) (n=22)
Pre Post Pre Post
Age (year) 45+9 - 46 £8 -

Weight (kg) 724 £8.0 724+£79 71.8 £9.6 70.7 £21.7
BMI (kg/m?) 237 +21 235420 237 +28 23.0+64

FFM (%) 8144 80+ 4 81+6 79+8

FM (%) 19 +4 19 +4 19+6 21+6

MD: Mediterranean diet; BSE: Boswellia serrata extract; BMI: body mass index; FEM: free fat mass; FM: fat mass.
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At the baseline visit, we used 24-h recall—a self-reporting method for collecting data on
eating behavior and for measuring energy intake by means of structured interviews—as described
elsewhere [9]. An isocaloric Mediterranean-style dietary pattern was recommended to all subjects, with
particular recommendation to avoid foods naturally containing curcumin. The athletes were assigned
to two groups by means of a simple randomization procedure using a computer-generated random
binary list. Group 1 consisted of 22 subjects given a MD alone (MD group); and Group 2 consisted
of 25 subjects given a MD plus Fitomuscle® (ForFarma, Rome, Italy), a nutraceutical-combined pill
(NCP) containing curcumin and BSE (curcumin/BSE group). One tablet of Fitomuscle® contains
50 mg of turmeric Phytosome®—corresponding to 10 mg of curcumin—and 140 mg of Boswellia extract,
corresponding to 105 mg of boswellic acids. Phytosome® (registered by Indena, Milan, Ttaly) relies
on an advanced formulation technology for delivering substances of herbal origin: this involves the
dispersion of the drug in natural phospholipids to improve its absorption after oral administration [10].
The new formulation enables higher systemic levels of curcumin to be obtained than with other
formulations [10].

Adherence to the treatment was ascertained by means of pill counts on the product returned at
the follow-up visit.

2.2. Dietary Intake

Nutrients and food intake were measured using the Willett Food Frequency Questionnaire, which
has been validated for a wide range of ages [11]. Full instructions were given on how to complete
the questionnaire, together with a list of 120 foods, for each of which there was a full description of
the usual serving size. Food preparation was also considered in order to include all the ingredients
used. Participants were asked to keep a detailed record of their weekly food consumption, and they
completed the questionnaire three times during the study, at the beginning, after the first month, and
at the end. They were asked to record the amount of food they consumed and their food preparation
methods. Participants were provided with pictures of standard meals and portion sizes to enable them
to estimate the size of their portions. All completed questionnaires were checked by a dietitian for
accuracy and completeness. The data in the questionnaires were assessed with the aid of a database
for us in nutritional analysis (Medimatica S.r.l. 2004, Colonnella, Italy). A trained dietician taught
participants how to complete the questionnaires and quantify their food servings. The dietary records
were analyzed using the computerized nutritional analysis system Science Fit Diet 200A (Sciencefit,
Athens, Greece).

2.3. Blood Sampling

The following markers were tested in blood and urine samples obtained at the baseline and after
12 weeks: interleukin-6 (IL-6), tumor necrosis factor-« (TNFw), high-sensitivity c-reactive protein
(hs-CRP), total AGE, soluble receptor for AGE (sRAGE), malondialdehyde (MDA), non-esterified fatty
acids (NEFA), total cholesterol, low density lipoprotein (LDL) cholesterol, high density lipoprotein
(HDL) cholesterol, and triglycerides. Plasma phospholipid fatty acid (PPFA) composition was
also ascertained. A competitive enzyme-linked immunosorbent assay (ELISA) was used to assess
glycoxidation and inflammatory markers, as described elsewhere [12]. NEFA were assayed using a
colorimetric method (Randox®, County Antrim, Northern Ireland) with a precision assuring a less than
5% coefficient of variation. PPFA composition was determined after lipid extraction by the method of
Folch et al. [13]. All analyses were performed at the laboratory of Padua University Hospital.

2.4. Statistical Analysis

Values are expressed in terms of mean =+ standard deviation (SD). Findings were considered in
terms of the difference at follow-up (12 weeks after starting the study) vis-a-vis each subject’s baseline
situation. Negative values thus indicate an actual reduction in a given parameter after the treatment.
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The statistical significance of any differences induced by the treatment was tested using Student’s ¢-test
for paired data. Differences were considered statistically significant when p < 0.05 (two-tailed test).

3. Results

Data were available for statistical analysis for all 47 subjects randomized. Participants did not
differ in age, BMI, or body composition (Table 1). Body composition measurements obtained using
bioelectrical impedance did not differ between the baseline and the follow-up 3 months later (Table 1),
during which time the two groups of athletes continued to exercise as usual. To assess the effect
of curcumin and BSE supplementation, we examined inflammatory markers (IL-6, TNF«, hs-CRP),
glycoxidation (AGEs, sRAGE), and lipoxidation (MDA, NEFA). Plasma levels of NEFA and PPFA
composition were obtained simultaneously to rule out the possibility of any changes in the two groups’
markers of oxidation and glycation depending on the recommended diet.

As summarized in Table 2, neither group showed any significant changes in inflammatory markers
at the follow-up, apart from a slight increase in TNFo in the MD group. sSRAGE and NEFA decreased
significantly in both groups, while total AGE levels decreased significantly after supplementation
with curcumin and BSE, but not in the group given a MD alone. After 3 months, both groups showed
a significant decrease in their levels of MDA (chosen as a marker of lipoxidation). Randomization
resulted in a significant difference of AGE values at baseline between the two groups; therefore
the comparison between the groups was performed by considering differences after minus before
treatment (Table 3), obviating the observed differences in AGE: at this analysis, changes in total
AGE and MDA differed significantly between the two groups. AGE remained significantly different
between the two groups after normalizing for the differences at baseline (—42.41% =+ 18.66% in MD +
curcumin/BSE group vs. 4.18% == 22.71% in MD group, p < 0.001). No differences emerged between the
curcumin/BSE group and MD groups as regards their PPFA composition (Supplementary Materials
Table S1).

Table 2. Parameters of inflammation and glyco-/lipo-oxidative stress evaluated in the two groups,
before and after therapeutic intervention.

MD + Curcumin/BSE MD
Before After Before After

hs-CRP (mg/L) 290 £0.2 2.80+0.2 2.60 £ 0.5 236+ 1.0
NEFA (mmol/L) 1.05 £ 0.67 0.68 & 0.52 ** 1.24 £0.92 0.45 £ 0.18 ***
sRAGE (pg/mL) 47573 £141.66  328.50 £ 164.49 **  430.47 £123.59  312.34 £ 156.27 ***

AGE (ug/mL) 22.42 £+ 18.08 10.83 £ 6.38 *** 9.07 £4.22 9.22 +4.07
MDA (umol/L) 0.16 & 0.09 0.05 4 0.05 *** 0.10 & 0.03 0.03 £ 0.01 ***

IL-6 (pg/mL) 17.62 +29.76 17.55 4 29.58 23.76 + 53.00 41.88 £ 50.69
TNFo (pg/mL) 729 £5.11 8.28 £ 5.42 7.05 £ 4.61 12.67 £11.07 *

NEFA: non-esterified fatty acids; SRAGE: soluble receptor for advanced glycation end products; AGE: advanced
glycation end products; MDA: malondialdehyde; IL-6: interleukine-6; TNF«: tumor necrosis factor «; hs-CRP:
high-sensitivity c-reactive protein. *** p < 0.001; ** p < 0.01; * p < 0.05. Student’s t-test for paired data.
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Table 3. Pre-post changes in biomarkers of inflammation and glyco-lipo-oxidation compared between

the two groups.
MD + Curcumin/BSE MD pt
hs-CRP (mg/L) 0.10 £ 0.2 0.24 + 0.54 ns
NEFA (mmol/L) —0.36 + 0.61 —0.79 + 0.89 ns
sRAGE (pg/mL) —147.23 + 109.02 —118.13 £ 117.01 ns
AGE (ug/mL) —11.59 +12.49 0.15 +2.30 <0.001
MDA (umol/L) —0.10 + 0.06 —0.07 + 0.03 <0.02
IL—6 (pg/mL) —0.07 + 35.18 18.13 +59.73 ns
TNF« (pg/mL) 0.99 + 6.88 5.62 +11.14 ns

NEFA: non-esterified fatty acids; sSRAGE: soluble receptor for advanced glycation end products; AGE: advanced
glycation end products; MDA: malondialdehyde; IL-6: interleukine-6; TNFo: tumor necrosis factor «; hsCRP:
c-reactive protein. Variables are presented as the mean (+SD) change from baseline. * Data were compared
using Student’s t-test for unpaired data. ns: not statistically significant.

4. Discussion

In our pilot study, medium-term dietary supplementation with curcumin and BSE was effective
in reducing markers of glycoxidation and lipoxidation in a group of master athletes chronically
exercising intensively. Oral supplementation with curcumin and BSE for 3 months was associated with
a significant reduction in total plasma AGEs and MDA.

Studies investigating whether exercise produces clinically significant oxidative stress have reached
no definitive conclusions, partly because different types and intensities of exercise were considered,
different markers of oxidative stress were measured, and participants had different levels of training [5].
Generally speaking, acute physical activity—be it aerobic or anaerobic—predisposes to an increased
ROS production via multiple pathophysiological pathways. It has been suggested that the high ROS
levels produced by acute bouts of exercise may be detrimental to the immune system, but recent
studies have indicated that chronic exercise—high intensity endurance training in particular—could
have a positive impact on redox status, especially because slightly higher levels of ROS may improve
anti-oxidant defenses [14].

Few studies conducted to date have compared the effects of anaerobic exercise and aerobic
exercise on oxidative stress [15,16], however, and only one study compared intermittent endurance
and resistance exercise protocols in terms of oxidative stress in middle-aged women [2]. The chronic
physical activity of nonprofessional cyclists combines endurance and resistance training sessions,
in proportions that it is virtually impossible to quantify precisely in real life, as demonstrated by the
lack of literature in this area.

Curcumin exhibits an antioxidant activity in several in vitro and in vivo models [17]. Curcumin
is able to scavenge superoxide anion (-O; ™ -), hydroxyl radicals (-OH), H,O,, singlet oxygen, nitric
oxide, peroxynitrite, and peroxyl radicals (ROO-) [18-21]. It has also been shown to downregulate the
expression of numerous proinflammatory cytokines, including TNFea, Vascular Endothelial Growth
Factor (VEGF), and interleukins 1, 2, and 6 [22]. Gum resin extracts of BSE have also revealed
anti-inflammatory properties, suppressing local tissue TNFo and IL-13 in animal models [8]. Moreover,
an inhibitory activity on AGE has been demonstrated for BSE in vitro and in animal models [23].

Few studies have examined the effect of curcumin supplementation on exercise-induced oxidative
stress and exercise performance in animal models [24,25]. One study found curcumin supplementation
to be effective in attenuating exercise-induced oxidative stress in young athletes, also improving their
antioxidant capacity [26].

AGE:s are generated under conditions of hyperglycemia and oxidative stress, or a combination
of the two [3]. The engagement of AGEs with their receptor (RAGE) has been implicated in the
development of various disorders, including vascular disease [12], and it is related to an amplification of
oxidative stress. A number of studies on animals and humans have confirmed an in vivo accumulation
of advanced glycation products (AGE) with aging, and this AGE accumulation can occur at the
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periphery of skeletal muscle fibers, intracellularly, or both [27]. While high levels of circulating AGE
seem to predict cardiovascular-related mortality among older communities [28], the precise nature
of AGE-induced protein modifications and their clinical significance in the aging process of skeletal
muscle remain to be seen.

No studies published to date have considered the effect of curcumin and BSE on plasma levels of
AGEs and sRAGE in humans, and in athletes in particular.

In the present study, master athletes with an average age of 46 years were engaging in
non-professional cycling, an activity characterized mainly by high-intensity endurance training
associated with short sessions of anaerobic resistance training (i.e., during climbs and shots). We chose
these master athletes for our study because they reflect a significant proportion of the physically
active population, they were older than competitive athletes, and received less medical and nutritional
counseling. Moreover, numerous experimental animal and human data support an AGE accumulation
and a depletion of anti-oxidant reserves with aging [29]. To our knowledge, no previous clinical studies
have investigated the degree of glycoxidation in this particular population, or the effects of specific
nutritional regimens associated with antioxidant supplementation.

The baseline AGEs and sRAGE levels observed in our sample were higher than in a population
of healthy individuals of comparable age and ethnicity who were not chronically exercising
intensively [30]. In this report of Kerkeni et al., 30 healthy subjects showed average serum AGE
of 508.83 £ 119.68 pg/mL and average serum sRAGE of 148.72 & 32.73 pg/mL. It is particularly
difficult to establish standard reference values for serum AGE in healthy subjects, for many reasons:
first, the great variability of the plasma concentration ranges between different populations; secondly,
the differences between methods used for their blood assay; finally, the influence of the AGE content
in foods [31,32]. However, in comparison to population studied by Kerkeni et al., our athletes have
about three times higher values of RAGE, and serum AGE values (though determined with a different
method) are much higher. This suggests that the type of exercise performed by our athletes can
exacerbate chronic levels of oxidative stress, leading to a significant accumulation of AGEs over time.

In our study, a significant reduction in plasma AGEs was only found in the group of athletes
given curcumin/BSE supplementation, while there was a decline in SRAGE in both groups.

The effect of exercise on SRAGE has been studied a little in healthy subjects and patients with
and without diabetes, with contradictory results [33,34]. The physiological function of endogenous
sRAGE remains to be seen, since many soluble variants derive from the splicing of the receptor. It is
also not clear which of these variants exerts a protective effect by acting as a RAGE scavenger, and
which of them amplify the oxidative intracellular signaling of RAGE themselves [35]. In diabetic
patients, for example, sSRAGE are believed to change dynamically, gradually switching from higher
levels in the early stages of inflammation and atherosclerosis to a mild decline in the intermediate
stage, before rising again in the acute phase of tissue damage and consequent inflammation [35]. Other
authors have hypothesized an increase in the clearance of SRAGE from the circulation as a result of
hemodynamic changes induced by a greater physical activity [34], and this latter effect could explain
the results of our study.

By comparison with sSRAGE, plasma levels of AGEs are certainly more stable and less affected by
acute changes in oxidative stress due to exercise. They therefore better reflect chronic oxidative stress
and are more reliable for the purpose of assessing the effects of long-term curcumin supplementation.

The indirect assessment of oxidative stress involves measuring the more stable molecular products
formed by the reaction of ROS with certain biomolecules. Some of the common molecular products
are the concentrations of oxidation target products, including lipid peroxidation end-products like
malondialdehyde (MDA) [36]. A previous study found that intermittent anaerobic exercise, when
performed intensively, resulted in acute lipid peroxidation and immune suppression in well-trained
women aged 45 to 55 years [2].

The Mediterranean diet (MD) has been shown to exert a positive effect on the lipid profile and to
have antioxidant properties, especially as regards the dietary intake of high-protein polyunsaturated
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fatty acids (PUFAs). Malaguti et al. [37] reported that PUFA supplementation might increase
susceptibility to lipid peroxidation in volleyball athletes followed up for 2 months: they concluded
that the balance between the positive and negative effects of PUFA intake might depend on dosage,
and that simply adhering to a MD seems to be a better option. A MD favors a higher intake of
PUFAs—particularly of the -3 series—and a lower ratio of 1n-6 to 1n-3 fatty acids than in other diets,
thus affecting tissue lipids.

The participants enrolled in this study were all taught to adopt a MD during the 3 months of
observation. PPFA composition and serum NEFA adapt dynamically to changes in the dietary fatty
acid profile, and we tested these parameters to assess the effect of MD in our athletes.

As concerns lipid peroxidation, MDA levels dropped in both groups of athletes, but those taking
the curcumin/BSE supplement showed a significantly sharper decline than the athletes enrolled in the
group only given a MD. After 3 months, serum NEFA levels were similarly reduced in both groups,
and we found no significant differences in the qualitative composition of their PUFAs. Therefore,
we surmise that MD, although with a positive effect on the drop in NEFA, did not seem to induce any
significant increase in PUFAs, which can exclude an eventual contribution to the drop in MDA levels.

Judging from the above observations, it is reasonable to infer that curcumin and BSE
supplementation could have a direct and significant effect on plasma lipid peroxidation. Other than
that, we found no changes in inflammatory status related to the MD or curcumin/BSE supplementation
in either group of athletes, probably because of their already low grade of inflammation.

The main strength of this study lies in its originality. To the best of our knowledge, this is the first
study to examine the effect of a food supplement containing curcumin and BSE on plasma levels of
sRAGE and AGE in humans. It is also the first study to confirm the positive effect of the supplement
in reducing markers of lipid peroxidation in a population of athletes chronically exercising intensively.
This has an important implication in nutritional counseling for such athletes, who reflect a considerable
proportion of the physically active individuals in the general population and are more prone to higher
levels of oxidative stress. The effects of curcumin/BSE supplementation were also assessed over a
considerable period of time, while the few studies in the literature considered only a single session
of exercise.

Weaknesses of this study include the small number of participants enrolled and our failure to
precisely quantify how much the athletes exercised. Having said that, the study was designed to
examine people exercising in real life, and to assess the effectiveness of supplementation with curcumin
in the medium term.

5. Conclusions

Our data suggest a positive effect of curcumin and BSE supplementation for 3 months on
glycoxidation and lipid peroxidation in athletes chronically exercising intensively.

Further studies will test whether treatment with curcumin can result in a reduction of the
accumulation of AGEs in muscle tissue, possibly improving muscle performance in the long term.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/8/11/745/s1.
Table S1: Percent differences (after treatment minus before treatment, normalized to before treatment value) in
serum fatty acid profile of the two groups of subjects, before and after treatment. Negative values indicate a
decrease of the parameter in comparison to before treatment.
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Abbreviations

The following abbreviations are used in this manuscript:

ROS Reactive oxygen species

AGEs Advanced glycation end-products
BSE Boswellia serrate

MD Mediterranean diet

IL-6 interleukin-6

TNFo tumor necrosis factor-o«

hs-CRP high-sensitivity c-reactive protein
sRAGE soluble receptor for AGE

MDA malondialdehyde

NEFA non-esterified fatty acids

PPFA plasma phospholipid fatty acid
NCP nutraceutical-combined pill
PUFA polyunsaturated fatty acid

FFM fat-free mass

FM fat mass

BMI body mass index
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Abstract: The association between fish consumption and risk of age-related macular degeneration
(AMD) is still unclear. The aim of the current meta-analysis and systematic review was to
quantitatively evaluate findings from observational studies on fish consumption and the risk of
AMD. Relevant studies were identified by searching electronic databases (Medline and EMBASE) and
reviewing the reference lists of relevant articles up to August, 2016. Prospective cohort studies
that reported relative risks (RRs) and 95% confidence intervals (Cls) for the link between fish
consumption and risk of AMD were included. A total of 4202 cases with 128,988 individuals from
eight cohort studies were identified in the current meta-analysis. The meta-analyzed RR was 0.76
(95% CI, 0.65-0.90) when any AMD was considered. Subgroup analyses by AMD stages showed
that fish consumption would reduce the risk of both early (RR, 0.83; 95% CI, 0.72-0.96) and late
(RR; 0.76; 95% CI, 0.60-0.97) AMD. When stratified by the follow-up duration, fish consumption
was a protective factor of AMD in both over 10 years (n = 5; RR, 0.81; 95% CI, 0.67-0.97) and less
than 10 years (1 = 3; RR, 0.70; 95% CI, 0.51 to 0.97) follow-up duration. Stratified analyses by fish
type demonstrated that dark meat fish (RR, 0.68, 95% CI, 0.46-0.99), especially tuna fish (RR, 0.58;
95% CI, 95% CI, 0.47-0.71) intake was associated with reduced AMD risk. Evidence of a linear
association between dose of fish consumption and risk of AMD was demonstrated. The results of this
meta-analysis demonstrated that fish consumption can reduce AMD risk. Advanced, well-designed,
randomized clinical trials are required in order to validate the conclusions in this study.

Keywords: age-related macular degeneration; fish; nutrients; meta-analysis

1. Introduction

Age-related macular degeneration (AMD) is now the leading cause of blindness in developed
countries. AMD-related choroidal neovascularization (CNV) or geographic atrophy (GA), in the
United States, is expected to increase by 50% by 2020 [1]. Effective treatments, for both early and
late AMD, are presently lacking. Major efforts have been made in order to detect the pathogenetic
mechanisms of AMD, but the exact etiology of AMD is still unclear [2]. Previous epidemiological
studies showed that tobacco smoking was the only consistent causative factor and that other risk
factors, such as alcohol consumption and cardiovascular diseases, are inconsistent for AMD incidence
or progression [3]. The detections of the potential modifiable factors for AMD incidence would provide
better strategies for primary prevention in the future.
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As oxidative stress is one of the key pathogenetic factors in the development of AMD, use of
antioxidant supplements has been regarded as an effective management strategy of AMD. Antioxidant
supplement consumption, including polyunsaturated fatty acids (PUFAs) intake, has been postulated
to be a protective factor of AMD [4]. Evidence from cross-sectional [5] and cohort studies [6]
demonstrated a significant association between n-3 fatty acid consumption and reduced risk of late
AMD. In a study of an elderly French population, high concentrations of plasma n-3 fatty acids were
associated with a decreased risk of late AMD [7]. As we know, the main dietary source of PUFAs
is oily fish (e.g., mackerel, tuna, salmon, sardines, and herring) [8], and fish consumption has been
reported to be associated with a reduced risk of different types of cancers, diabetes, and several other
diseases [9,10]. Based on cross-sectional [11,12], case-controlled [13], and cohort studies [14], fish intake
was reported to be associated with a lower risk of AMD. However, there were also a few studies that
demonstrated no effect of fish intake on AMD risk. The Eye Disease Case Control Study (EDCC) found
no effect of fish intake on incidence for neovascular AMD [15]. In addition, a retrospective analysis
of 1968 participants found that fish intake was not associated with AMD incidence compared to less
frequent fish consumption [16].

Meta-analyses, which are a useful statistical tool, could pool the relevant, but independent, studies
together and, thus, come to a more powerful conclusion. Meta-analysis was also used in the detection
of potential risk factors for AMD. For instance, based on a combination of five prospective cohort
studies, Chong et al. found that heavy alcohol consumption was associated with an increased risk of
early AMD [17]. For these reasons, a meta-analysis and systematic review of the association between
fish intake and risk of AMD may help to clarify this issue. The aim of the current meta-analysis
was to quantitatively evaluate findings from observational studies on the association between fish
consumption and AMD incidence.

2. Methods

2.1. Search Strategy and Inclusion Criteria

This current study was based on eligible observational studies, and the meta-analysis was
conducted according to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) and Meta-analysis Of Observational Studies in Epidemiology (MOOSE) guidelines [18,19].
A comprehensive search of Pubmed, Embase, and Web of Science was conducted for relevant literature,
published up to 15 August 2016, with the combination of “fish”, “seafood”, “life style”, “dietary factor”
with “age-related macular degeneration”, “macular degeneration”, “age-related maculopathy”,
“maculopathy”, “retinal degeneration”, “drusen”, “choroidal neovascularisation”, and “geographic
atrophy”. To acquire all the potential publications, no restrictions were set in the literature search.
In addition, the reference lists of relevant articles were also reviewed in order to detect potential
eligible studies. If duplicate reports from the same dataset were obtained, only the publications that
provided the most comprehensive results were included. If more data from one publication was
required, the corresponding author was contacted by e-mail.

The studies that met the following criteria were considered for inclusion in this meta-analysis:
(1) the effect of fish consumption on the risk of AMD was reported; (2) results from prospective cohort
studies; (3) the values of relative risk (RR) or odds ratio (OR) with 95% confidence intervals (CI)
were provided.

2.2. Data Extraction and Assessment of Study Quality

Data were independently extracted by two authors (Wei Zhu and Yan Wu) and any disagreements
were resolved through discussion with a third author (Yi-Fang Meng). The following data were
extracted from each included publication: First author, year of publication, name of cohort, country,
age and gender of participants, amount of cases and cohort participants, subtypes or processing
methods of fish, adjusting status of the confounding factors, and OR/RR values with 95% CL
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Methodological quality assessment of each included study was assessed by two authors
(Wei Zhu and Yan Wu). The assessment scores were checked, and any discord was discussed and
a unanimous result was obtained. Considering that all the included studies were cohort studies,
the Newcastle-Ottawa Scale (NOS), which was designed for the assessments of observational studies,
was used in the assessment of the methodological quality of the included studies [20]. The maximum
for NOS was 9 stars and >6 stars is considered high quality.

2.3. Statistical Methods for the Meta-Analysis

Both OR and RR were extracted from the included studies and used in the final quantitative
synthesis. Considering the relative low incidence of AMD, OR values could be used to approximate RR.
The adjusted OR/RR values were adopted in the meta-analysis if possible. Both x? and I? methods were
used in the assessment of heterogeneity in this study. The inter-study heterogeneity was considered
statistically significant if p < 0.1 or I> > 50%. A random-effects model was used in the estimation of
the pooled effects when the inter-study heterogeneity was statistically significant. The effects of fish
consumption on AMD risk were delineated with RR and a 95% CI. To conduct sensitivity analyses,
we dropped included studies, one-by-one, and observed the modification to the conclusion.

A two-stage, random-effect, dose-response meta-analysis was conducted for the detection of a
potential linear relationship between fish consumption and risk of AMD incidence. Restricted cubic
splines with four knots, at percentiles of 5%, 35%, 65%, and 95% of the distribution, were used to
examine the potential linear dose-response relationship. A p value for nonlinearity was detected by
testing the null hypothesis that the coefficient of the second spline is equal to 0 [21,22].

Publication bias was assessed using two different methods: Visually evaluating a funnel plot and
the quantitative Egger test. A p value < 0.05 was regarded as statistically significant. All analyses were
conducted with STATA statistical software (version 12.0, Stata Corp LP, College Station, TX, USA).

3. Results

3.1. Identification and Selection of Studies

A total of 1420 records (697 from Pubmed, 401 from EMBASE, and 322 from Web of Science) were
identified through searching the electronic databases. Additionally, 18 more studies were identified
through reviewing the reference lists of relevant reviews. A total of 545 unrelated papers were excluded,
and 165 publications were reviewed for potential inclusion. After excluding 134 reviews, reviews,
case reports, and other articles that reported overlapped data, a total of 31 full texts were assessed for
eligibility. Subsequently, a total of 23 studies (13 duplicated studies, eight studies without a usable
format, and two studies without conclusive fish intake definitions) were excluded from inclusion,
and a final total of eight cohort studies were included for quantitative synthesis [23-30]. The flow
diagram is presented in Figure 1.

3.2. Study Characters and Quality Scores

A total of 4202 cases with 128,988 individuals from eight cohort studies were identified in
this meta-analysis. The detailed characteristics of each included study are presented in Table 1.
The included studies were published between 1993 and 2014. In the included studies, drusen, retinal
pigment epithelial changes, geographic atrophy, subretinal neovascular membrane, and visual acuity
are used in the definition of AMD. Among all the included studies, four studies were in the USA,
two in Australia, one in Iceland, and one in the Netherlands. The age, gender distribution, number of
cases and cohorts, categories of fish consumption, and adjustments of confounding factors are also
demonstrated in Table 1.
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Records identified through
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697 in Pubmed article’s references (n = 18)
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322 in Web of science

[
I Unrelated topics (n = 1273)

Detailed evaluation (n = 165)

Keviews , case reporis and
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23 articles excluded after
reading full text:
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Figure 1. Flow diagram showing the identification of relevant studies in the meta-analysis. The initial
1438 articles were identified, and after 1273 unrelated papers and 134 reviews and case reports were
excluded, 31 full texts were assessed for eligibility. Finally, after excluding 23 studies, a total of eight
articles were included in this meta-analysis.

The methodological quality of each included study was detected using the NOS scale. NOS was
obtained in order to assess the selection, comparability, and outcome of the cohort studies. The scores
of each evaluation of all studies are shown in Table 1. All eight included studies were of relatively high
quality (over 6 stars) and the mean NOS score was 8.125 stars (standard deviation: 0.295).

3.3. Fish Consumption and Risk of AMD

The pooled estimation on fish consumption and risk of AMD showed that fish consumption can
reduce the incidence of AMD. In this meta-analysis, the meta-analyzed RR was 0.76 (95% CI, 0.65-0.90)
when any AMD was considered (Figure 2A). Subgroup analysis by AMD stage showed that fish
consumption could reduce the risk of both early (RR, 0.83; 95% CI, 0.72-0.96) and late (RR; 0.76; 95% ClI,
0.60-0.97) AMD.

Stratified analysis was conducted by data source, study site, and follow-up duration. In the
two data source subgroups, a significant association was detected in the population-based group
(n=7;RR, 0.75; 95% CI, 0.63-0.89), but not the hospital-based group (1 =1, RR, 0.88; 95% CI, 0.49-1.59).
When the geographical distributions of the included studies were considered, the studies that were
conducted in the USA (n = 4; RR, 0.84; 95% CI, 0.72-0.98) and Iceland (n = 1; RR, 0.61; 95% CI, 0.38-0.98)
showed statistically significant results; however, no significant results were detected in Australia (1 = 2;
RR, 0.74; 95% CI, 0.48-1.14) or in the Netherlands (1 = 1; RR, 0.98; 95% CI, 0.83-1.15). When stratified
by the follow-up duration, fish consumption was a protective factor of AMD in both, over 10 years
(n=5; RR, 0.81; 95% CI, 0.67-0.97) and less than 10 years (1 = 3; RR, 0.70; 95% CI, 0.51-0.97) follow-up
durations. All the results of the subgroup analyses are presented in Table 2.

We also detected an association between different types of fish and risk of AMD. It was found
dark meat fish (RR, 0.68, 95% CI, 0.46-0.99), especially tuna fish (RR, 0.58; 95% CI, 95% CI, 0.47-0.71)
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was associated reduced AMD risk. However, no significant association between fish intake and AMD
incidence was detected in neither other dark meat fish group (RR, 0.96; 95% CI, 0.75-1.24) nor non-dark
meat fish group (RR, 0.82; 95% CI, 0.65-1.03). Subgroup analysis using the processing methods showed
that no protective effects were detected in backed, fried or smoked fish group. The results of the
detailed stratified analyses are presented in Table 3.
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Figure 2. Forest plot of risk estimates of the association between fish intake and risk of age-related
macular degeneration (AMD). (A) fish consumption and risk of any kind of AMD; (B) fish consumption
and early and late AMD, through consulting the reference lists of relevant reviews and articles. The size
of the shaded square is proportional to the percent weight of each study. Horizontal lines represent
95% confidence intervals (Cls). The diamond data markers indicate pooled odds ratios (ORs).
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Table 2. Subgroup analysis of fish consumption and risk of AMD with combined relative risks (RR).

Summary Effect Study Heterogeneity
RR (95% CI) p Value 12, % p Value

Subgroups No. of Studies

Data source

Population based 7 0.75; (0.63-0.89) 0.001 56.7 0.031

Hospital based 1 0.88 (0.49-1.59) 0.672
Country
USA 4 0.84 (0.72-0.98) <0.001 0 0.724
Australia 2 0.74 (0.48-1.14) 0.174 68.50 0.075
Iceland 1 0.61 (0.38-0.98) 0.002 - -
Netherlands 1 0.98 (0.83-1.15) 0.787 - -
Follow-up
>10 years 5 0.81 (0.67-0.97) 0.024 53.6 0.072
<10 years 3 0.70 (0.51-0.97) 0.033 0 0.638

AMD: age-related macular degeneration. RR: Relative risk; CI: Confidence interval. The result in bold
demonstrate a significant outcome.

Table 3. Stratified analysis of fish subtypes and processing methods and risk of AMD with

combined RR.
Summary Effect Study Heterogeneity
Subgroups
RR  95% Lower Limiter ~ 95% Upper Limiter  p Value 2% p Value
Fish types
Dark meat fish 0.68 0.46 0.99 0.047 53.70 0.091
Tuna fish 0.58 0.47 0.71 <0.001 0 0.934
Other dark meat fish ~ 0.96 0.75 1.24 0.34 - -
Non-dark meat fish ~ 0.82 0.65 1.03 0.088 0.80 0.315
Processing
Baked or broiled 0.98 0.87 1.11 0.762 0 0.488
Fried fish 0.97 0.83 1.14 0.731 0 0.508
Smoked fish 0.88 0.54 1.43 0.600 0 0.974

RR: Relative risk. The results in bold demonstrate a significant outcome.

3.4. Heterogeneity and Sensitivity Analysis

Heterogeneity was not significant when all eight studies were pooled in the meta-analysis
(12, 49.6%; p = 0.053). When subgroup analysis by AMD subtypes was conducted, no significant
heterogeneity was detected in both groups. When the heterogeneity was significant in the subgroup
analysis, a random-effects model was obtained to assess the pooled effect.

A one-way sensitivity analysis was conducted, and there was little change in the quantitative
summary measures of RR or the 95% CI. There were no studies influencing results of fish consumption
on AMD. The results of the one-way sensitivity analysis are presented in Figure 3.
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Figure 3. One-way sensitivity analysis for the association between fish intake and AMD risk.
There were no studies influencing the result of fish consumption on AMD.
3.5. Dose-Response Meta-Analysis

Considering the significant relationship between fish consumption and the risk of AMD,
the potential dose-response relationship was also assessed. It was found that there is a statistically
significant association between dose of fish intake and risk of AMD incidence (p = 0.001).
A one-time-per-week consumption of fish conferred a RR decrease of 0.11 (RR, 0.89, 95% CI, 0.83-0.96;
Figure 4).

1.201

1.004

0.804

Relative risk

Fish consumption, times/week

Figure 4. Dose-response relation between fish consumption and relative risks of AMD risk. Lines with
short dashes represent the point wise 95% confidence intervals for the fitted nonlinear trend (solid line).
Lines with long dashes represent the linear trend.

3.6. Publication Bias

No significant publication bias in the current meta-analysis was detected using either Begg’s graph
or Egger’s test. The funnel plot was symmetrical on visual inspection (Figure 5). In the quantitative
assessment, no significant publication bias was detected (Begg’s test, p = 0.711; Egger’s test, p = 0.068).
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Figure 5. Funnel plot of fish consumption and risk of AMD in the evaluation of publication bias.
No significant publication bias was detected through pooling the eight cohorts together.

4. Discussion

A total of 4202 cases with 128,988 individuals from eight cohort studies were identified in
this meta-analysis. All the included studies demonstrated a relatively high methodological quality.
The findings of this meta-analysis indicated that fish consumption was associated with a reduced risk
of AMD. Meanwhile, subgroup analysis by AMD stages showed that fish consumption could reduce
the risk of both early and late AMD. When stratified by the follow-up duration, fish consumption was
a protective factor of AMD, in both over and less than a 10-year follow-up duration. We also detected
an association between different types of fish and risk of AMD. Advanced subgroup analysis showed
that dark meat fish and tuna fish showed a protective effect on AMD. In addition, obvious evidence of
a statistically significant dose-response relationship between fish intake and AMD risk was detected.

It was reported that inflammation and oxidative stress were key pathologic processes in the
development of AMD [31]. Those two examples have long been regarded as potential targets of
pharma-projects and primary prevention. PUFAs, which are usually acquired from seafood intake,
have been reported to modify the inflammatory reactions and oxidative stress in several diseases [32].
It is natural to presume that additional supplementation of PUFAs would lead to a prevention in
the incidence and progression of AMD. Previous epidemiological studies and clinical trials have
shown that PUFA supplementation could reduce the risk of AMD [33,34]. However, there were
also two studies that reported an increased risk of AMD with higher n-3 PUFA consumption [5,35].
A meta-analysis on the association between #-3 PUFA intake and AMD risk showed that higher n-3
PUFA intake could reduce AMD risk [36]. Plasma n-3 PUFA, a nutritional biomarker of n-3 PUFA status,
was reported to be associated with the incidence of AMD. In a population-based study on nutrition
and age-related eye diseases, performed in 963 residents of Bordeaux (France) aged >73 years [7],
it was found that high concentrations of plasma #n-3 PUFAs are associated with a decreased risk for
late AMD.

Fish, especially tuna fish, is the main source of PUFAs, and higher fish consumption can increase
the concentrations of #-3 PUFA in blood [37]. In this study, we found that fish consumption could
reduce the risk of AMD, and a dose-response effect of fish intake on the incidence of AMD was detected.
This result was very consistent with the results from several previous studies. In this meta-analysis,
only prospective cohort studies were included. Certainly, case-control studies and cross-sectional
studies can provide clues of the related factors of diseases, however, the evidence from cohort studies
avoid these types of potential selection biases. The meta-analysis of cohort studies can provide
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evidence with a higher quality. In the US Twin Study, increased intake of fish reduced risk of AMD,
particularly for two or more servings per week [38]. Another multicenter eye disease case-control study
involving five US clinical ophthalmology centers showed interesting results; compared with age and
sex matched controls, higher fish consumption tended to reduce risk of AMD when the diet was low in
linoleic acid. In another case-control study, with 437 advanced AMD cases and 259 unrelated controls,
risk of AMD incidence was found to be 51% lower in the highest quartile of fish intake compared to
the lowest quartile (OR = 0.49, 95% CI, 0.26-0.90) [39]. Considering that most case-control showed a
significant association between fish intake and reduced AMD incidence, it could be presumed that the
exclusion of case-control studies in this current meta-analysis would not lead to a significant change in
the main outcome.

In this meta-analysis, we found that it was tuna fish but not other types of fish that could reduce
the risk of AMD. This was also found in the Nurses’ Health Study (NHS) and the Health Professionals
Follow-up Study, a significant inverse association was found only in tuna group. The pooled RR of
participants who ate canned tuna more than once 4 times per week was significantly lower (RR, 0.61;
95% CI: 0.45, 0.83) [28]. Tuna fish is rich in PUFAs and it is usually consumed because of its low price.
Tuna oil, which is from the muscles of deep sea tuna, contains high concentration of eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA). A previous cross-sectional study showed that both
DHA and EPA consumption was associated with a reduced risk of neovascular AMD [40], while only
DHA but not EPA was found to associated with AMD risk in NHS. High DHA content is detected
in both brain and retina. Therefore a constant supply of DHA was required for normal regeneration
of photoreceptor outer segments and thus produced protective effect in degenerative diseases such
as AMD. Increasing evidence showed that the function of DHA on the photoreceptor and retinal
degenerative diseases was quite important. DHA is very important on normal conduction in retinal
light stimulation. Exogenous DHA helps to keep the fluidity retinal cell membrane. EPA can reduce
blood viscosity, dissolve excess fat in the blood vessel wall and reduce blood fat, prevent and improve
the effect of cardiovascular. Besides, EPA could help the normal function of DHA in the retina.
Moreover, in the consumption of tuna salad, essential fatty acid in tuna salad was mixed vegetable fat
and might thus produce more powerful protection in the AMD incidence. Additionally, some other
components of tuna fish might affect the incidence or progression of AMD. As we know, different
risks modified by fish intake were associated with processing methods. As we see, baked, broiled,
fried, and smoked fish intake was not associated with a risk of AMD. We hypothesized that baking,
broiling, frying, and smoking processing methods might be harmful to the beneficial materials in fish.
In addition, the baked, broiled, fried, and smoked fish processing methods might produce harmful
effects for AMD development. Besides, because more significant effect of DHA was detected in
mechanism of action and epidemiological features, high DHA /EPA ratio in tuna might explain its
particularly stronger inverse association with AMD. Considering few study focused the contribution of
DHA /EPA ratio in the AMD progressing, advanced epidemiological studies and experimental studies
were required. However, it should be noted that the amount of the publications included in the fish
subtype meta-analysis was small and the results in this meta-analysis need to be further confirmed by
advanced well-designed study.

Several previous trials were conducted in order to explore the effects of PUFA supplementation
on the prevention of AMD. The Nutritional AMD Treatment 2 Study was conducted to evaluate the
efficacy of DHA-enriched oral supplementation in preventing exudative AMD [41]. The study was a
randomized, placebo-controlled, double-blind, parallel, comparative study, and a total of 263 patients
with early AMD lesions and a visual acuity better than 0.4 logarithm of minimum angle of resolution
units were included. In wet AMD cases, DHA-enriched supplementation for three years had no
significant protective effect on choroidal neovascularization (CNV) incidence in the second eye, as did
the placebo. The Age-Related Eye Disease Study 2 (AREDS2) was a multicenter, placebo-controlled
RCT in 2006-2012. A total of 4203 participants who were at risk for AMD progression were included
in the clinical trial and therapeutic effects of different treatment protocols were compared [42]. It was
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reported that supplementation of lutein + zeaxanthin, DHA + EPA, or both, failed to further reduce
the risk of progression to late AMD. The evidence from the RCTs showed the PUFA supplementation
might be not associated with the incidence or progression of AMD. However, the conclusion that
fish consumption could reduce the incidence of AMD may not be influenced. Fish is a kind of food
with complex components and we cannot exclude the possibility that some other components in
fish may also contribute to the association. It should be noted that tuna fish, especially tinned tuna,
is an important source of meso-zeaxanthin. Meso-zeaxanthin supplementation has been shown to
improve macular pigment optical density in both AMD patients and healthy subjects in a dose-response
relationship [43]. In the Meso-zeaxanthin Ocular Supplementation Trial (MOST), it was found that a
significant increase in macular pigment from baseline was observed in the meso-zeaxanthin treated
group [44]. A previous meta-analysis regarding RCTs showed that #-3 PUFA supplementation in
people with AMD does not increase the progression or development of AMD [45]. As reported in
the SELECT Trial, it was found that men in the highest quartile #-3 PUFA level had an increased
risk for prostate cancer [46]. It was observed that 7-3 PUFA supplementation might produce certain
harmful effects on chronic inflammation, and a possible explanation for this relates to the fact that
polyunsaturated fatty acids act as a substrate for reactive oxygen damage. Dark meat fish, which was
the richest source of (docosahexaenoic acid) DHA and (eicosapentaenoic acid) EPA, was associated
with reduced AMD risk in this meta-analysis. Thus, additional well-designed studies are required for
the detection of the protective effects of anti-oxidants in early AMD.

There are several strengths in this current meta-analysis: (1) A relative comprehensive literature
search strategy was used in the search for related publications. We searched databases, including the
key words “life style” OR “dietary factor” to detect all available studies; (2) Only prospective cohort
studies were included in this meta-analysis, and all included studies demonstrate a relatively high
quality. Thus, no significant selection bias influences the conclusion of this study. Robust conclusions
were proven through detailed sensitivity analysis and, thus, it suggests that the conclusions of this
study are quite credible; (3) A dose-response analysis was conducted and we detected a dose-response
relationship between fish intake and AMD risk. The advanced analyses using available data could
provide a better understanding of the effect of fish consumption on the risk of AMD.

As with any meta-analysis of observational studies, our study has several limitations. Firstly,
the amount of included studies was small. Even through a comprehensive literature search was
conducted, only eight studies were included in this meta-analysis. This limited the dependability
of subgroup analysis, as only a few studies were included. Secondly, most studies did not provide
data stratified by some important confounding factors, such as tobacco smoking and family history.
Although all the RR values of the included studies were adjusted by key factors, the influence of these
factors should not be ignored. These points all indicate the requirement of additional well-designed
studies in the future.

5. Conclusions

In conclusion, the results from this meta-analysis of prospective cohort studies demonstrated
that fish consumption, especially tuna fish, could reduce AMD incidence. There was a significant
dose-response relationship between fish consumption and risk of AMD. However, additional
longitudinal studies with more detailed data, such as fish subtypes or processing methods, are still
required and would provide a better understanding on this issue.
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Abstract: Myricetin is an effective antioxidant in the treatment of obesity and obesity-related
metabolic disorders. The objective of this study was to explore the regressive effect of myricetin
on pre-existing hepatic steatosis induced by high-fat diet (HFD). C57BL/6 mice were fed either a
standard diet or a HFD for 12 weeks and then half of the mice were treated with myricetin (0.12% in
the diet, w/w) while on their respective diets for further 12 weeks. Myricetin treatment significantly
alleviated HFD-induced steatosis, decreased hepatic lipid accumulation and thiobarbituric acid
reactive substance (TBARS) levels, and increased antioxidative enzyme activities, including catalase
(CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx) activities. Microarray analysis
of hepatic gene expression profiles showed that myricetin significantly altered the expression profiles
of 177 genes which were involved in 12 biological pathways, including the peroxisome proliferator
activated receptor (PPAR) signaling pathway and peroxisome. Further research indicated that
myricetin elevated hepatic nuclear Nrf2 translocation, increased the protein expression of heme
oxygenase-1 (HO-1) and NAD(P)H quinone dehydrogenase 1 (NQO1), reduced the protein expression
of PPARY, and normalized the expressions of genes that were involved in peroxisome and the PPAR
signaling pathway. Our data indicated that myricetin might represent an effective therapeutic agent to
treat HFD-induced hepatic steatosis via activating the Nrf2 pathway and the PPAR signaling pathway.

Keywords: myricetin; hepatic steatosis; Nrf2; PPARy; oxidative stress

1. Introduction

Obesity is a condition of energy imbalance that is accompanied by excessive accumulation of
lipids in non-adipose tissues [1]. Hepatic steatosis characterized by the accumulation of lipids in
the liver is one such process and increasing in prevalence [2]. High-fat diets (HFD), especially those
rich in saturated fat and monounsaturated fat could be responsible for the epidemic [3]. Hepatic
steatosis and its related inflammatory state (non-alcoholic steatohepatitis, NASH) are the common
hepatic complications of obesity and metabolic disorders. HFD-induced dyslipidemia and lipid
accumulation initiate the development of hepatic steatosis, and may progress to NASH, fibrosis,
cirrhosis and, ultimately, hepatocellular carcinoma [4], which comprises the non-alcoholic fatty liver
disease (NAFLD). Excessive triglyceride accumulation in hepatocytes is the hallmark of NAFLD, which
is significantly associated with insulin resistance in liver [5]. Based on the results of animal studies
and epidemiological investigations, a two-hit hypothesis has been proposed for the pathogenesis of
NAFLD: the first hit is excessive fat accumulation in the liver, and the second hit is oxidative stress
(OS) that initiates hepatic steatosis to develop into NASH [6]. Although hepatic steatosis is often
self-limited, it is necessary to treat it to avoid its progression to more serious diseases. Currently,
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no treatments have been established for NAFLD beyond management of comorbidities and weight
loss [4]. Lifestyle intervention and pharmacotherapy to treat hepatic steatosis are limited because
of poor compliance and side effects. As a result, new approaches to improve hepatic steatosis are
urgently necessary.

Rodent research and cell culture experiments demonstrated that antioxidant supplementation
could effectively improve hepatic steatosis through attenuating oxidative stress and regulating
signaling molecules [7]. Green tea extract attenuated hepatic stetosis by inhibiting adipose
lipogenesis, restoring hepatic antioxidant defenses, as well as decreasing hepatic lipid peroxidation
and inflammatory responses in 0b/ob mice [8]. Niacin has also been demonstrated to effectively prevent
and reverse experimental hepatic steatosis through decreasing hepatic triglyceride synthesis and lipid
peroxidation [9]. When obese mice were treated with an NADPH oxidase inhibitor, reactive oxygen
species (ROS) production in adipose tissue was decreased, and diabetes, hyperlipidemia, and hepatic
steatosis were improved [10]. Thus, a need exists to verify approaches that alleviate the development
and progression of hepatic steatosis and oxidative stress.

Mpyricetin, (3,5,7,3,4’,5'-hexahydroxyflavone), a naturally occurring flavonoid, is widely
distributed in fruits, vegetables, tea, and medicinal herbs and has been demonstrated to exert
many bioactivities, including antioxidant, anti-inflammation, anti-tumor, neuroprotective and
cardioprotective properties [11,12]. Myricetin reduced oxidative stress, inhibited hyperglycemia
and glucose uptake, decreased hepatic triglyceride and cholesterol contents, and ameliorated liver
injury [12-14]. Since initial lipid deposition in liver, and subsequent oxidative stress, is involved
in NAFLD, myricetin may mitigate the “multiple hits” of NAFLD due to its hypolipidemic and
antioxidant actions. The present study was designed to better define the regressive effect of myricetin
on pre-existing hepatic steatosis induced by HFD.

2. Materials and Methods

2.1. Animals

C57BL/6 male mice (38, four-week old) were obtained from Model Animal Research Center of
Nanjing University (Nanjing, Jiangsu, China) and housed in a controlled environment (a 12h/12 h
light/dark cycle, 08:00 h to 20:00 h, humidity: 60% 4= 5%, temperature: 23 & 2 °C). After acclimatization
for one week on standard laboratory chow, the mice were randomly divided into a control group (Con,
16 mice fed a standard diet of 10% energy from fat) and a HFD group (22 mice fed a HFD diet of
45% energy from fat). The diets were based on a modification of the recommendations of American
Institute of Nutrition Rodent Diets (AIN-93). After 12 weeks of feeding, six mice were randomly
selected from the HFD group and sacrificed. The liver was harvested and Oil Red O staining was
conducted to verify whether the hepatic steatosis was developed. The results showed that five mice,
which were about 83% of the total mice, suffered from hepatic steatosis, indicating that the animal
model of hepatic steatosis was successfully established. Then eight mice were randomly selected from
each group and fed their respective diets with additional 0.12% myricetin (>98% by high performance
liquid chromatography, Aladdin Reagent Co., Shanghai, China) according to the previously published
literature [13]. Thus, the present study included four groups: (i) Con; (ii) control diet with 0.12%
myricetin (CM); (iii) HFD; and (iv) high-fat diet with 0.12% myricetin (HM). Feeding of all mice with
their respective diets (two mice per cage) continued fora further 12 weeks. The animals had free access
to the test diets and purified water. All mice were weighed weekly, and food intake was also recorded.
All of the experimental procedures were approved by the Jiangnan University Institutional Animal
Use and Care Committee (JN No. 52015) and according to the National Institutes of Health Guide for
Care and Use of Laboratory Animals.

After the feeding period, all mice were fasted overnight and slightly anesthetized with
pentobarbital. Blood from the orbital sinus was collected into anticoagulant tubes and plasma was
separated after centrifugation (2500 x g for 15 min at 4 °C) and stored at —20 °C until analyses. Livers
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were harvested and weighed. Next, fat compartments that included perirenal, epididymal, and
mesenteric fat were thoroughly removed and weighed. All the tissues were snap-frozen with liquid
nitrogen and stored at —80 °C. Portions of liver were collected into RNALater (Ambion Inc., Austin,
TX, USA) for real-time quantitative PCR analysis. The experiments were conducted between 8:00 and
10:00 to minimize possible circadian mRNA expression variation.

2.2. Indirect Calorimetric Analysis

The comprehensive laboratory animal monitoring system (CLAMS; Columbus Instruments, Inc.,
Columbus, OH, USA) was used to evaluate respiratory exchange ratio (RER), energy expenditure
(EE = (3.815 + 1.232 x RER) x VO,), and ambulatory activity. One week before the final sacrifice, each
mouse was placed in the CLAMS for 24 h for measurement of all in vivo parameters, which include
oxygen consumption, carbon dioxide production, and RER. Ambulatory activity was monitored in
both horizontal and vertical directions using infrared beams to count the beam breaks during the
experiment. Each time the mice were allowed to acclimatize in individual metabolic cages for one day
and then the data of the second day were used for further analysis.

2.3. Plasma Biochemical Analysis

Fasting blood glucose (FBG) was assayed with a glucometer (One Touch; LifeScan Inc., Milpitas,
CA, USA). Plasma insulin concentrations were analyzed by specific ELISA kits (Mercodia, Uppsala,
Sweden). Homeostatic model assessment index of insulin resistance (HOMA-IR) was calculated
as ((insulin, pUI/mL) plasma x (glucose, mmol/L) plasma)/22.5. Plasma total cholesterol (TC),
low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), and
triglyceride (TG) concentrations, as well as aspartate and alanine aminotransferase (AST and ALT)
activities were determined by the corresponding enzymatic colorimetric assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, Jiangsu, China) according to the manufacturer’s instructions. Plasma
TG levels were determined by the glycerol phosphatase oxidase—phenol4-amino antipyrene peroxidase
(GPO-PAP) method, and TC levels were determined by the cholesterol oxidase-phenol4-amino
antipyrene peroxidase (CHOD-PAP) method. Plasma HDL-C and LDL-C levels were assayed by
standardized selective precipitation methods, using phosphotungstic acid/MgCl, and polyvinyl
sulfate as precipitating reagents, respectively.

2.4. Hepatic Oxidative Stress Biomarker Determination

Thiobarbituric acid reactive substances (TBARS) levels, catalase (CAT), glutathione peroxidase
(GPx), superoxide dismutase (SOD) activities, and protein contents in liver were all determined by
corresponding kits obtained from Nanjing Jiancheng Bioengineering Institute (Nanjing, Jiangsu, China)
according to the instructions of the manufacturer. TBARS level was measured by monitoring the
absorbance at 532 nm using 1,1,3,3-tetramethoxypropane as the standard. CAT was determined
colorimetrically at 620 nm and expressed as 1 mol of HO, consumed/min. SOD activity was
determined based on its ability to inhibit the reduction of nitrazobluetetrazolium (NBT). A unit
of enzyme activity was expressed as 50% inhibition of NBT reduction/min. GPx activity was measured
through the glutathione (GSH)/nicotinamide adenine dinucleotide phosphate (NADPH)/glutathione
reductase (GR) system. HyO, was used as the substrate. Hepatically reduced glutathione (GSH) levels
were determined by a fluorometric method with the use of o-phthalaldehyde (OPT) as a fluorescent
reagent [15]. Protein contents were determined by bicinchoninic acid (BCA) methods using a BCA
commercial kit (Beyotime Institute of Biotechnology, Nantong, Jiangsu, China).

2.5. Liver Histology

Liver samples (n = 4) from the same position were randomly selected from each group and
immersed in 4% paraformaldehyde and paraffin embedded sections were stained with hematoxylin
and eosin (H & E, Baso, Taipei, Taiwan). Oil Red O (Baso, Taipei, Taiwan) staining for liver samples
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(n = 4) was also conducted after embedded in OCT compound (Sakura Finetech, Tokyo, Japan).
All of the pathological sections were observed under a light microscope (Leica DM4000B, Leica,
Wetzlar, Germany).

2.6. Hepatic Lipid Content Determination

Hepatic lipids were measured using commercial kits (Wako Pure Chemical Industries, Osaka,
Japan) according to the manufacturer’s instructions. Briefly, the liver samples were extracted with
mixed solvents of methanol-/chloroform (v/v = 1:2), followed by centrifugation, and the supernatants
were used for further analysis. Protein contents in the supernatants were analyzed by BCA methods.

2.7. Nimblegen Gene Chip Microarray

In order to find the possible mechanism for ameliorative effects of myricetin on HFD-induced
hepatic steatosis, microarray analysis was used to have a wide understanding of the altered genes
and pathways that might be involved. Nimblegen gene chip microarray analysis was performed
at CapitalBio Corporation (Beijing, China). Samples from HFD and HM groups were isolated from
the frozen livers (n = 3 for each group) using Trizol reagent (Invitrogen, Carlsbad, CA, USA) and
was further purified using NucleoSpin® RNA clean-up (Macherey-Nagel, Duren, Germany). Array
hybridization, washing, and scanning were conducted according to the Nimblegen’s Expression user’s
guide. In a comparison analysis, two-class unpaired method in the Significant Analysis of Microarrays
(SAM, version 3.02, Stanford University, Stanford, CA, USA) was performed to identify significantly
differentially expressed genes (DEGs) between HFD and HM groups. The DEGs were selected and put
into Pathway-Express in Onto-Tools [16]. Pathway-Express searches the Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway database for each input gene, and the impact analysis was performed
in order to build a list of all associated pathways [17]. An impact factor (IF) is calculated for each
pathway incorporating parameters, such as the normalized fold change of the DEGs, the statistical
significance of the set of the pathway genes, and the topology of the signaling pathway. The corrected
gamma p-value is the p-value provided by the impact analysis. The differences were considered to be
significant when the corrected gamma p-value was less than 0.05.

2.8. Real-Time Quantitative RT-PCR Analyses

Total RNA was isolated from frozen livers using Trizol (Invitrogen, Carlsbad, CA, USA), and
reverse transcribed to cDNA according to the manufacturer’s instructions (Promega, Madison, WI,
USA). Platinum Taq polymerase (Life Technologies, Gaithersburg, MD, USA) and SYBR Green I dye
(SYBR Green Master Mix, Bioneer, Taejon, Korea) was used to measure in the exponential phase of
amplification by an ABI prism 7500 Sequence Detection System (Applied Biosystems, Foster City,
CA, USA). Samples were run in triplicate for both the genes of interest and 3-actin. The primers for
the genes were provided by Shenggong Biotechnology (Shanghai, China). The gene expression was
normalized to -actin. Melting curve analysis was applied to evaluate the specificity of the amplified
PCR products.

2.9. Western Blotting

In order to determine the hepatic protein expression of PPARy, NQO1, and HO-1, total
protein was isolated from the liver in a cold radio-immunoprecipitation assay (RIPA) lysis buffer
(Beyotime Institute of Biotechnology, Nantong, Jiangsu, China) with 1% phosphatase inhibitor cocktail
and 1% phenylmethanesulfonyl fluoride (PMSF). To determine the nuclear translocation of Nrf2,
the supernatants from the first step were gathered and re-centrifuged. The pellet was re-suspended in
buffer to extract the hepatic nuclear protein. After the protein was extracted, equal protein contents
were transferred to polyvinylidene fluoride (PVDF) membranes (Millipore, Billerica, MA, USA).
The membranes were blocked in Tris-buffered saline (TBS) containing 5% (w/v) BSA and thereafter
incubated with the primary antibodies, including Nrf2 (Santa Cruz Biotechnology, Santa Cruz, CA,
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USA), NQOI1 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), HO-1 (Santa Cruz Biotechnology,
Santa Cruz, CA, USA), PPARY (Santa Cruz Biotechnology, Santa Cruz, CA, USA), GAPDH (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), and Lamin B1 (Serotec Ltd., Oxford, UK) at 4 °C overnight.
Then, the blotted membrane was incubated with the secondary antibody (anti-rabbit peroxidase
conjugate, 1:5000 dilutions in Tris-buffered saline containing 0.1% Triton X-100 (TBST); Cell Signaling
Technology, Beverly, MA, USA) for 1 h at room temperature. Bands were visualized by enhanced
chemiluminescence using an enhanced chemiluminescence (ECL) Western Blotting Detection kit
(Amersham Biosciences, Piscataway, NJ, USA) using a Bio-Rad ChemiDocTM XRS system (Bio-Rad
Laboratories, Inc., Hercules, CA, USA). The protein quantity was determined by densitometry analysis
using Image] software (version 1.47, National Institutes of Health, Bethesda, MD, USA).

2.10. Statistical Analysis

Data were expressed as mean + SEM. Between group differences of microarray data were
performed by univariate analysis using Student’s ¢-test. All other data were analyzed using one-way
ANOVA with post-hoc Duncan’s test. Statistical significance was determined as p < 0.05. Analysis was
done with SPSS 17 (SPSS, Inc., Chicago, IL, USA).

3. Results

3.1. Effects of Myricetin on Body Weight, Food Intake, and Tissue Weight in HFD-Fed Mice

As illustrated in Figure 1, following dietary treatment for 12 weeks, mice in the HFD group
exhibited significantly higher body weight than mice in control diet (Figure 1A, F(3 2g) = 18.22,
p < 0.0001). When half mice were administered with 0.12% myricetin, their body weight showed a
sharp decrease in the 13th week and began to gradually increase in the later 11 weeks. Finally, HM
mice had significantly lower body weight than HFD mice (F 3, 5) = 10.52, p < 0.0001). The cumulative
food intake after grouping demonstrated that HFD mice had significantly higher food intake than Con
mice only in the 13th week. No significance was observed on the cumulative food intake among the
four groups in the end of the experiment (F3 1) = 1.13, p = 0.377). However, because of the different
energy densities between control diet and high-fat diet, HFD mice showed significantly cumulative
energy intake compared to Con mice in the later 12 weeks, and HM mice had decreased energy intake,
but the difference was not significant (Figure 1B, F(3 1) = 2.97, p = 0.075).

Analysis of different fat compartments revealed that perirenal (F(3 g = 49.90, p < 0.0001),
epididymal (F 3, 2g) = 105.73, p < 0.0001) and mesenteric fat pad masses (F(3, 2g) = 246.17, p < 0.0001) of
HFD mice were significantly higher than those of Con mice. Myricetin treatment significantly reduced
the white adipose tissue accumulation compared to HFD mice, but failed to normalize these indexes
relative to Con mice. HFD mice showed remarkably increased liver weight compared to Con mice
(F(3,28) = 93.13, p < 0.0001), which could be normalized by myricetin treatment (Figure 1C). Myricetin,
per se, did not affect body weight, energy intake, or tissue weight in mice.
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Figure 1. Effects of myricetin on body weight, cumulative food intake and energy intake, and organ
mass of mice fed with a high-fat diet. (A) Body weight; (B) cumulative food intake; (C) cumulative
energy intake; and (D) perirenal, epididymal, and mesenteric fat and liver weight. Values were
presented as mean + SEM (n = 8). Con, control diet; CM, control diet with additional 0.12% myricetin;
HFD, high-fat diet; HM, high-fat diet with additional 0.12% myricetin. * p < 0.05 vs. the Con group;
#p < 0.05 vs. the HFD group.

3.2. Effects of Myricetin on FBG and Plasma Parameters in HFD-Fed Mice

As illustrated in Table 1, after 24 weeks, HFD mice demonstrated significantly increased FBG
(F@3,28) = 343, p = 0.031), insulin (F(3 28) = 3.12, p = 0.042), and HOMA-IR levels compared to Con mice,
which could be alleviated by myricetin treatment. In addition, plasma TG (F 3, 25 = 6.26, p = 0.002), TC
(F3,28) = 14.40, p < 0.0001), and LDL-C (F (3 2g) = 8.88, p < 0.0001) levels were significantly increased
and HDL-C levels were significantly decreased in HFD group compared to Con group. Myricetin
treatment significantly improved TC, TG, LDL-C, and HDL-C levels. Myricetin, per se, did not affect
FBG and plasma parameters in mice.

Table 1. Regressive effects of myricetin on blood glucose, plasma insulin and lipid profiles.

Con CcM HFD HM
Fasting blood glucose (mg/dL) 113.96 + 11.51 117.24 £12.23 166.19 £+ 15.79 * 123.35 + 12.55 %

Plasma insulin (uIU/mL) 14.47 +0.75 15.28 +1.93 20.63 £2.06 * 14.94 + 1.46 *
HOMA-IR 4.05 £ 0.45 447 £0.87 8.67 +£1.39* 4.61+0.60%

Plasma TG (mmol/L) 2.53 £0.15 254+ 0.16 336+ 0.17* 2714 0.15%
Plasma TC (mmol/L) 4.09 +£0.24 4.01 £0.27 6.57 £0.37* 435+038%
Plasma HDL-C (mmol/L) 1.81 +0.08 1.92 4+ 0.08 1.41 £0.05% 1.69 + 0.08 *
Plasma LDL-C (mmol/L) 2.08 £0.12 2.05 £ 0.09 281 £0.10* 230 +0.07%

Values were expressed as mean = SEM (n = 8). Con, control diet; CM, control diet with 0.12% additional
myricetin; HFD, high-fat diet; HM, high-fat diet with 0.12% additional myricetin; HOMA-IR, homeostatic
model assessment index of insulin resistance; TG, triglyceride; TC, total cholesterol; HDL-C, high-density
lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol. * p < 0.05 vs. the Con group; # p < 0.05 vs.
the HFD group.

3.3. Effects of Myricetin on RER, Energy Expenditure and Ambulatory Activities in HF D-Fed Mice

Myricetin successfully reduced body weight and fat pad masses compared to HFD mice. Apart
from the difference in energy intake, we hypothesized that myricetin might exert these effects
through increasing energy expenditure. Thus, we used indirect calorimetry to prove the hypothesis.
Determinations of RER over a 24 h period demonstrated that HM mice showed decreased RER values
than HFD mice in the daytime (F(3, 44) = 354.14, p < 0.0001) and nighttime (F(3, 44) = 349.48, p < 0.0001)
(Figure 2A,B), indicating a shift in metabolism toward an increase in the utilization of lipids as substrate
in mice that receiving myricetin treatment. Additionally, HM mice had significantly higher energy
expenditure than HFD mice throughout the whole day (Figure 2C,D). Although no significance on
ambulatory activity was observed between HFD and HM mice during the daytime (F(3, 44 = 1.71,
p = 0.179), the difference reached statistically significant levels during the dark period (F3, 4 = 6.55,
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p = 0.001, Figure 2E,F). Myricetin, per se, had no effects on RER or energy expenditure, but remarkably
increased ambulatory activities during the nighttime.
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Figure 2. Myricetin increased energy expenditure and promoted the utilization of lipids as fuels.
(A,B) RER; (C,D) energy expenditure; and (EF) ambulatory activities of mice that were fed
myricetin-enriched diets for additional 12 weeks after 12 weeks of Con or HFD feeding. Bar graphs
represent mean values during the light and dark cycles. Values were presented as mean + SEM (1 = 8).
Con, control diet; CM, control diet with additional 0.12% myricetin; HFD, high-fat diet; HM, high-fat
diet with additional 0.12% myricetin. * p < 0.05 vs. the Con group; # p < 0.05 vs. the HFD group.

3.4. Effects of Myricetin on Hepatic Steatosis and Liver Function in HFD-Fed Mice

HFD mice demonstrated prominent and significant formation of lipid vacuoles in hepatocytes
compared with Con mice, while such alterations were relieved by myricetin treatment (Figure 3A).
Oil Red O staining of liver sections also confirmed that myricetin significantly reduced HFD-induced
hepatic lipid accumulation (Figure 3B). Compared to Con mice, HFD mice had greater hepatic total
lipids due to augmentation in TG (F3 28) = 3.95, p = 0.018), TC (F(3,28) = 7.50, p = 0.001), and FFA
(F(3,28) = 4.51, p = 0.011) concentrations, which were fully normalized by myricetin (Figure 3C). Plasma
ALT (F3,28) = 5.99, p = 0.003) and AST (F(3,28) = 16.56, p < 0.0001) activities were also significantly
decreased by myricetin administration (Figure 3D). Taken together, these results suggested that
myricetin played a positive role in the alleviation of HFD-induced hepatic steatosis. Myricetin, per se,
had no effects on liver function and histological appearance.
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Figure 3. Myricetin reduced hepatic lipid accumulation and increased liver function of mice fed with
a high-fat diet. (A) Representative images of liver H & E staining (1 = 4); (B) representative images
of liver Oil Red O staining (1 = 4); (C) hepatic TG, TC, FFA levels (n = 8); (D) plasma ALT and AST
activities (1 = 8). Values were presented as mean + SEM. Scale bars indicate 50 um. Con, control diet;
CM, control diet with additional 0.12% myricetin; HFD, high-fat diet; HM, high-fat diet with additional
0.12% myricetin. * p < 0.05 vs. the Con group; # p < 0.05 vs. the HFD group.

3.5. Effects of Myricetin on Hepatic Biological Pathways in HFD-Fed Mice

In microarray analysis 177 genes in the HM group showed more than two-fold higher or
lower expression levels compared with those in the HFD group. These 177 genes were put into
Pathway-Express, searched the KEGG pathways in the Onto-Tools database for each input gene, and
built a list of pathways. Herein the biological pathways more than three DEGs were considered to be
significantly changed. KEGG annotation showed that myricetin affected 12 biological pathways and
the top 10 significantly affected pathways were shown in Table 2, in which the PPAR signaling pathway
was one of the most significantly affected pathways since it had the highest impact factor and six DEGs
(Cd36, Scd1, Cyp7al, Lpl, Ppary, and Pckl). Furthermore, peroxisome was also significantly changed by
HM, in which antioxidative genes, such as Sod2, Prdx1, and Prdx5 were all significantly down-regulated.

Pathway-Express was used for the pathway impact analysis in order to build a list of all associated
pathways. An impact factor (IF) is calculated for each pathway incorporating parameters such as the
normalized fold change of the differentially expressed genes, the statistical significance of the set of
pathway genes and the topology of the signaling pathway. The corrected gamma p-value was provided
by the impact analysis. The top 10 pathways that were significant at the 5% level on corrected p-values
were presented. Altered genes were as follows: Cd36 (-2.06), Scd-1 (-2.49), Cyp7al (2.70), Lpl (-2.45),
Pparg (-2.10), Pck1 (2.05), Acot1 (2.43), Acot3 (2.36), Sod2 (2.32), Prdx5 (2.28), Prdx1 (2.08), C4b (-3.59),
Plg (-6.35), Serpinala (4.22), Arnt (-3.32), Jun (-2.15), Raf1 (-4.16), Araf (2.09), pla2g2d (3.12), Plcb1 (2.35),
Pla2g6 (-2.07), Cxcl10 (-2.57), Spp1 (3.00), Srebf1 (2.22), and Ntrk2 (-2.11). Numbers in the parentheses
indicated the ratio changes. Positive numbers indicated up-regulation of the HM group relative to the
HFD group. Negative numbers indicated down-regulation of the HM group relative to the HFD group.
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Table 2. Significantly altered biological pathways in livers of the HM mice compared to HFD mice.

Input Genes Impact Corrected Significantly
Number Pathway Name in Pathway Factor Gamma p-Value Altered Genes
omali Cd36, Scd1, Cyp7al, Lpl,
5 , » Lyp/al, Lpt,
1 PPAR signaling pathway 6 16.26 1.90 x 10 Pparg, Pckl
2 Biosynthesis of unsaturated 3 1026 0.00185 Acot, Acot3, Sed1
atty acids
3 Peroxisome 3 10.01 0.001974 Sod2, Prdx5, Prdx1
4 Complement and 3 9.62 0.002971 C4b, Plg, Serpinala
coagulation cascades
5 Renal cell carcinoma 3 8.26 0.008088 Arnt, Jun, Rafl
6 Long-term potentiation 4 7.02 0.01977 Araf, pla2g2d, Plcb1, Rafl
7 GnRH signaling pathway 3 6.44 0.029597 Jun, Pla2g6, Raf1
8 Toll-like receptor signaling pathway 3 5.92 0.032924 Cxcl10, Jun, Spp1
9 Insulin signaling pathway 3 5.64 0.041843 Pck1, Rafl, Srebfl
10 MAPK signaling pathway 3 5.60 0.043097 Jun, Ntrk2, Pla2g6

3.6. Effects of Myricetin on Expressions of PPAR Signaling Pathway-Related Genes and PPARy
Protein Expression

Previous research demonstrated that the PPAR signaling pathway was related to lipid
metabolism [18]. According to the present microarray analysis results, the PPAR signaling pathway
was the most significantly affected, indicating that the biological pathway might be a target for
beneficial effects of myricetin on hepatic steatosis. The DEGs that were involved in the pathway
and were important in lipid metabolism (including Ppary, Cd36, Scdl, Lpl, and Cyp7al) were further
determined by qPCR. HFD induced significant down-regulation of Cyp7al (F3, 25) = 8.30, p < 0.0001),
along with remarkable up-regulation of Ppary (F3 28) = 7.63, p = 0.001), Cd36 (F(3, 25y = 22.82, p < 0.0001),
Scd1 (F3, 28) = 40.96, p < 0.0001), and Lpl (F (3, 28y = 21.26, p < 0.0001), which could be totally normalized
by myricetin treatment (Figure 4A). Considering the fact that PPARY in the liver is related to the
regulation of glucose and lipid metabolism by targeting on its responsive genes, such as Lpl and Cd36,
Western blotting analysis was further used to determine the protein expression of PPARy. As shown in
Figure 4B, HFD consumption induced significantly increased protein expression of PPARYy in the liver
(F3,28) = 9-65, p < 0.0001), which could be attenuated by myricetin treatment. These data demonstrated
that myricetin treatment ameliorated the HFD-induced hepatic steatosis, which might be associated
with the PPAR signaling pathway. Myricetin, per se, had no effects on expressions of genes involved
in lipid homeostasis and hepatic PPARYy protein expression.
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Figure 4. Myricetin normalized expressions of genes involved in lipid metabolism (A) and decreased
protein expression of hepatic PPARy (B). Values were presented as mean + SEM (n = 8). Con, control
diet; CM, control diet with additional 0.12% myricetin; HFD, high-fat diet; HM, high-fat diet with
additional 0.12% myricetin. * p < 0.05 vs. the Con group; * p < 0.05 vs. the HFD group.
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3.7. Effects of Myricetin on Hepatic Redox Status in HFD-Fed Mice

To evaluate the role of myricetin on oxidative stress, hepatic redox status of related biomarkers
were determined. As illustrated in Figure 5, HFD consumption caused serious oxidative stress in the
liver, as evidenced by significantly reduced GPx (F(3, 2g) = 4.53, p = 0.01), SOD (F (3 2g) = 4.05, p = 0.017),
CAT (F3,28) = 7.76, p = 0.001) activities, and GSH (F(3, 25) = 4.23, p = 0.014) levels, along with increased
TBARS (F(3,28) = 33.18, p < 0.0001) levels in HFD group. Myricetin treatment fully normalized GPx,
CAT, and SOD activities and lowered TBARS levels, but failed to significantly increase the GSH levels.
These results demonstrated remarkable antioxidative characteristics of myricetin. Myricetin, per se,
had no effects on hepatic redox status.
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Figure 5. Myricetin alleviated hepatic oxidative stress induced by a high-fat diet. (A) GPx; (B) CAT;
(C) SOD; (D) TBARS; and (E) GSH levels. Values were presented as mean & SEM (1 = 8). Con, control
diet; CM, control diet with additional 0.12% myricetin; HFD, high-fat diet; HM, high-fat diet with
additional 0.12% myricetin. * p < 0.05 vs. the Con group;  p < 0.05 vs. the HFD group.

3.8. Effects of Myricetin on Expressions of Oxidative Stress-Related Genes and Nrf2 Pathway

To explore whether the alleviation of myricetin on hepatic steatosis was related to the activation
of Nrf2 pathway, we measured the protein expression of nuclear and cytosolic Nrf2, as well as NQO1
and HO-1. The results showed that protein expression of hepatic nuclear Nrf2 was significantly
lower (F 3,28y = 4.10, p = 0.016) and cytosolic Nrf2 was evidently higher (F3,2g) = 2.80, p = 0.058) in
HFD group than in control mice, which was mitigated by myricetin treatment (Figure 6A,B). Protein
expression of NQOT1 (F(3 2g) = 6.42, p = 0.002) and HO-1 (F 3, 25) = 6.04, p = 0.003), the targets of Nrf2,
was also decreased by HFD and normalized by myrcetin treatment (Figure 6C). Real-time quantitative
PCR data showed that the expressions of DEGs (Sod2, Prdx1, and Prdx5) selected from peroxisome
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pathway, along with oxidative stress related Cat, Gpx3, and Nrf2, were noticeably down-regulated by
HFD consumption and normalized by co-administration of myricetin, except for Prdx5 (Figure 6D).
These results indicated that myricetin could increase hepatic nuclear Nrf2 translocation to elevate
antioxidative capacity possibly via activating Nrf2 pathway. Myricetin, per se, had no effects on the
expressions of genes involved in oxidative stress and the Nrf2 pathway.
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Figure 6. Myricetin activated the hepatic Nrf2 pathway and normalized expressions of genes involved
in oxidative stress. (A) Protein expression of hepatic nuclear Nrf2; (B) protein expression of hepatic
cytosolic Nrf2; (C) protein expression of hepatic NQO1 and HO-1; and (D) relative expression of genes
involved in oxidative stress. Values were presented as mean 4+ SEM (n = 8). Con, control diet; CM,
control diet with additional 0.12% myricetin; HFD, high-fat diet; HM, high-fat diet with additional
0.12% myricetin. * p < 0.05 vs. the Con group; # p < 0.05 vs. the HFD group.

4. Discussion

NAFLD, as an emerging health problem worldwide, has an estimated prevalence of 20%—40%
in Western countries [19]. Epidemiological surveys have also revealed that community prevalence of
NAFLD was about 15% in eastern and southern areas of China [20]. Although the pathogenesis of
NAFLD is not entirely understood, the “two hits” hypothesis is widely accepted [6]. Hepatic steatosis,
the “first hit” of NAFLD, is characterized by fat infiltration and excessive lipid accumulation in the
liver, accompanied by an elevated liver/body ratio and higher plasma levels of enzyme markers of
liver damage. Once the presence of hepatic steatosis is established, the “second hit”, oxidative stress,
will further amplify the degree of steatosis [21]. OS has been proved to play an important role in
hepatic cell damage and dysfunction [22] and could be induced by a high-fat diet. Furthermore, OS
has been demonstrated to enhance insulin resistance and fat accumulation in the liver [23]. Recently,
lipid peroxidation has been considered as the trigger factor responsible for the transition from simple
fat accumulation to more progressive steatohepatitis or NASH [24]. Since hepatic steatosis might
progress to NASH without timely therapy, and the seriousness of NAFLD is highly related to the
degree of OS [25], it is urgent to improve antioxidative capacity to avoid the development of more
serious hepatic pathologies.
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Antioxidants have been suggested to slow the progression and attenuate NAFLD [7]. Dietary
antioxidant components, including polyphenols and green tea extracts, have been verified to
improve biochemical indexes and histological appearance in NAFLD [26,27]. Myricetin is a type
of typical polyphenol widely distributed in edible plants with several therapeutic potential, including
anti-diabetic, hypolipidemic, and hepatoprotective effects [12,28]. The purpose of this study was to
explore the effects of myricetin on pre-existing hepatic steatosis induced by HFD, which would be
most relevant to the clinical situation in humans. Previous research confirmed that high-fat diet (40.8%
of calories from fat) consumption for nine weeks resulted in liver steatosis in C57BL/6 mice [29]. Here,
we fed the same strain mice with a high-fat diet (45% of calories from fat) for 12 weeks and hepatic
histological appearance confirmed that HFD induced hepatic steatosis model successfully. Myricetin
treatment for 12 weeks caused a significant regression of pre-existing hepatic steatosis, as assessed
by hepatic lipid concentration determinations and histological analysis. For specific performance,
myricetin could remarkably reduce high-fat diet-induced alterations of hepatic TG, TC, and FFA
contents, as well as lipid accumulation demonstrated by H & E staining and Oil Red O staining.
Furthermore, myricetin was effective in reducing body weight and white adipose fat accumulation by
increasing energy expenditure and dietary fat utilization suggested by significant lower RER values in
indirect calorimetry analysis.

In order to have a deeper understanding of the possible mechanisms that might be responsible
for the regressive effect of myricetin on hepatic steatosis, a genome-wide expression profiling in the
liver tissues was performed and pathway analysis revealed that the pathways involved in hepatic
lipid homeostasis, such as the PPAR signaling pathway, biosynthesis of unsaturated fatty acids, and
the insulin signaling pathway, were all evidently affected. The PPAR signaling pathway that was
most significantly affected was chosen to verify the expression of related DEGs, in which Scd1, Lpl,
Cd36, and Ppary were all significantly down-regulated, along with noticeable up-regulation of Cyp7al
by myricetin treatment compared with the HFD group. Previous studies demonstrated that the
PPAR signaling pathway was involved in glucose homeostasis and lipid metabolism, and might be
a target for the development of novel efficient treatments for several metabolic disorders, including
obesity and type 2 diabetes [17]. PPARY, a ligand-activated transcription factor which belongs to
the nuclear receptor family, plays a vital role in lipid metabolism by regulating the expression of
its target genes, such as Scdl, Lpl, and Fasn [30]. The genetic deletion of Pparvy in livers of either
ob/ob [31] or AZIP-F-1 [32] mice significantly alleviated the development of hepatic steatosis, which was
independent of the existence of hyperglycemia or hyperinsulinemia. Hepatic lipoprotein lipase (LPL),
a target of PPARY, exerts a vital role in lipoprotein metabolism. It was found that hepatic Lyl mRNA
expression was higher in obese patients than normal controls [33] and reducing hepatic LPL activity
was effective in ameliorating diet-induced obesity and hepatic steatosis [34]. Cd36 is another target
gene of PPARYy that could promote steatosis [35]. Results in the present study showed that myricetin
treatment could decrease hepatic PPARYy protein expression, as well as normalizing the relative
expression of its target genes, which might be a cause for its role in regression of hepatic steatosis.

The peroxisome pathway, which plays a critical role in redox signaling and lipid homeostasis,
contributes to many crucial metabolic processes, such as fatty acid oxidation, biosynthesis of ether
lipids, and free radical detoxification [36], was also changed by myricetin treatment. The involved
DEGs, including Sod2, Prdx1, and Prdx5, which strongly connected with oxidative stress, were
also up-regulated. We further measured the hepatic antioxidant enzymes, including SOD, CAT,
and GPx, which were of fundamental importance in designing the therapeutic approaches toward
oxidative-based liver pathologies [37], and found that these antioxidative enzymes were all significantly
normalized by myricetin treatment. The TBARS levels were also remarkably decreased, declaring that
myricetin improved hepatic steatosis possibly via alleviating oxidative stress.

Considering the fact that the Nrf2 pathway played a critical role in cytoprotection against
oxidative stress through up-regulating phase II detoxifying enzymes [38], and that oxidative stress
could be served as the “second hit” that activate simple steatosis to progress to NASH, we further
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explored whether myricetin alleviated hepatic steatosis via the Nrf2 pathway. Previous studies
using mouse models have shown that activation of the Keapl/Nrf2 pathway, at least partially
protected mice from diet-induced obesity and amelioration of hepatic steatosis [39,40]. As an effective
antioxidant, myricetin has been reported to increase nuclear Nrf2 translocation [41] and ARE-binding
activity to enhance Nrf2/ARE-mediated gene expressions [28]. Here we also showed that hepatic
nuclear Nrf2 translocation was decreased by HFD and normalized by myricetin treatment. Moreover,
hepatic NQO1 and HO-1 protein expression was also increased by myricetin, further indicating that
myricetin reversed HFD-induced hepatic steatosis through the Nrf2 pathway, favoring enhancement of
antioxidant capacity. However, studies have also indicated that the Nrf2 pathway activation attenuated
inflammation-associated pathogenesis [42,43]. In the early phase of inflammation-mediated tissue
damage, activation of Nrf2 signaling could inhibit the production or expression of pro-inflammatory
mediators, including cytokines and chemokines [44]. Whether Nrf2 attenuated HFD-induced hepatic
steatosis via inhibiting hepatic inflammation is unknown and still needs further research.

Nonetheless, there is evidence that PPARy may directly regulate the expression of several
antioxidant and prooxidant genes in response to OS, including Cat, Sod2, and GPx [45]. Emerging
evidence also suggested that Nrf2 could crosstalk with metabolic pathways, increasing the repertoire
of its target genes, such as Pparvy [46]. Meanwhile, PPARy might act synergically with Nrf2 in the
activation of antioxidant genes. Based on the present study, it is difficult to elucidate the underlying
relationship between PPARY and Nrf2 and further research is needed.

5. Conclusions

In conclusion, myricetin exhibited an excellent regressive effect against high-fat diet-induced
hepatic steatosis, with such beneficial action accomplished via changing the PPAR signaling pathway
and the Nrf2 pathway. These findings provide additional evidence in support of the use of myricetin
as a promising functional food for the prevention or treatment of hepatic steatosis and other related
metabolic disorders.
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Abstract: Polyphenols, a complex group of secondary plant metabolites, including flavonoids and
phenolic acids, have been studied in depth for their health-related benefits. The activity of polyphenols
may, however, be hampered when consumed together with protein-rich food products, due to the
interaction between polyphenols and proteins. To that end we have tested the bioavailability of
representatives of a range of polyphenol classes when consumed for five days in different beverage
matrices. In a placebo-controlled, randomized, cross-over study, 35 healthy males received either
six placebo gelatine capsules consumed with 200 mL of water, six capsules with 800 mg polyphenols
derived from red wine and grape extracts, or the same dose of polyphenols incorporated into
200 mL of either pasteurized dairy drink, soy drink (both containing 3.4% proteins) or fruit-flavoured
protein-free drink . At the end of the intervention urine and blood was collected and analysed for a
broad range of phenolic compounds using Gas Chromatography-Mass Spectrometry (GC-MS), Liquid
Chromatography—-Multiple Reaction Monitoring-Mass Spectrometry (LC-MRM-MS), and Nuclear
Magnetic Resonance (NMR) spectroscopy techniques. The plasma and urine concentrations of the
polyphenols identified increased with all formats, including the protein-rich beverages. Compared to
capsule ingestion, consumption of polyphenol-rich beverages containing either dairy, soy or no
proteins had minor to no effect on the bioavailability and excretion of phenolic compounds in
plasma (118% = 9%) and urine (98% =+ 2%). We conclude that intake of polyphenols incorporated
in protein-rich drinks does not have a major impact on the bioavailability of a range of different
polyphenols and phenolic metabolites.
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1. Introduction

Polyphenols are plant secondary metabolites characterized by the presence of more than
one phenol group per molecule. These compounds are ubiquitous in fruits, vegetables, cereals,
chocolate, and beverages, such as tea, coffee, or wine [1]. Epidemiological, clinical, and experimental
studies support a role of polyphenols in the prevention of cardiovascular diseases, malignancies,
neurodegenerative disorders, and metabolic syndrome, which sparked the discussion whether dietary
reference intake values should be defined for these compounds [2—4]. Particularly, the polyphenols of
red wine have been linked to the ‘French paradox’, referring to the French low mortality rate from
ischaemic heart disease, whilst intake of saturated fat is high [5].

Affinity and binding of proteins from different sources to phenolic compounds is a well-known
phenomenon [6]. Whether this interaction also impacts the bioavailability of polyphenols is still a
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matter of debate, and the number of studies in humans is limited. Egert et al. [7] showed negative
effects on the bioavailability of gallated catechins for caseinate, milk, and soy proteins, whilst the
non-gallated forms were unaffected. Others have described a null-effect of milk on bioavailability for
total plasma tea catechins or antioxidant capacity [8,9]. Accordingly, bioavailability of (epi)catechin
in a milk chocolate drink was reported not to be substantially affected [10]. Bioavailability of the
flavonols quercetin and kaempferol may not or weakly be affected by milk [11]. In contrast, protein-rich
soybean flour has been suggested to protect anthocyanins from metabolism, thereby increasing their
bioavailability [12].

However, one may question whether investigation of the impact of proteins on polyphenol
parent compounds alone is of physiological relevance, considering the very low bioavailability of
polyphenols as such [13]. The bulk of the dietary complex polyphenols ends up in the large bowel and
the aromatic rings are metabolized by bacteria. The breakdown products consist of smaller and simpler
phenolic acids that are absorbed into the human body in much higher quantities than the parent
compounds [14-16]. Therefore, preferably alongside assessment of the bioavailability of polyphenol
parent compounds, the excretion of phenolic metabolites should be taken into account.

Detection of (conjugated) intact polyphenols in plasma, as well as phenolic acids in urine, requires
different analytical methods to be applied in a targeted, as well as untargeted, manner. Exposure of an
organism to xenobiotics (e.g., polyphenols) results in subtle modifications in biochemical composition
of plasma and urine, which can be profiled using 'H Nuclear Magnetic Resonance (NMR) spectroscopic
analysis [17-19]. The approach requires minimal sample preparation, and thus eliminates the
necessity of making a priori assumptions as to the relative importance of various metabolite
classes. Although '"H NMR spectroscopy generates a comprehensive profile of exogenous and
endogenous metabolites in biofluids, the sensitivity of this technique is limited to the detection
of metabolites present at concentrations higher than approximately 10 uM. Thus, targeted analyses
of simple phenolics need to be performed by the more sensitive, but labour-intensive technique Gas
Chromatography-Mass Spectrometry (GC-MS). The (conjugated) intact polyphenols and their primary
metabolites were analysed by using Liquid Chromatography-Multiple Reaction Monitoring—Mass
Spectrometry (LC-MRM-MS).

The present study was set up to determine the impact of dairy and soy proteins, present in a
relatively complex beverage format, on the absorption and appearance of polyphenols in the blood
circulation as well as the urinary excretion of their phenolic metabolites. To that end, phenolic
compounds were measured in blood and urine after consumption of red wine and grape polyphenols
formulated in (1) a dairy drink (protein- and casein-rich); (2) a soy drink (protein-rich but casein-free);
(3) a fruit-flavoured drink (protein-free) compared to polyphenols incorporated in gelatine capsules
taken with water.

2. Experimental Section

2.1. Study Design

In the present placebo-controlled study, subjects were randomly assigned to one of the treatment
sequence of a full crossover Williams design [20]. The following five treatments were allocated to
the subjects:

- six cellulose-filled placebo hard-shell gelatine capsules taken with 200 mL of water (control)

- six hard-shell gelatine capsules containing a wine/grape extract mix taken with 200 mL of water
(positive control)

- 200 g fruit-flavoured drink containing the wine/grape extract mix

- 200 g dairy drink containing the wine/grape extract mix

- 200 g soy drink containing the wine/grape extract mix

More information about the test products is provided in Section 2.3.
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The total duration of the study was five weeks consisting of five consecutive five-day treatment
periods with four two-day washout periods (WO) in-between. During each treatment period, subjects
daily consumed one of the five test products one hour before breakfast. At the fourth day of each
treatment period after intake of the test product subjects started collecting their urine for 24 h. On the
fifth day of each period, subjects visited the study facility in a fasted state, handed in their 24 h-pooled
urine collection container and received the last test product dose. On this day, blood was collected
prior to (t =0) and 1, 2, and 3 h after intake of the test product.

During the treatment periods subjects had to comply with a number of dietary restrictions.
During each treatment period subjects were not allowed to consume milk products in the first three
hours after intake of the test product. From day 2 in the evening (10.00 p.m.) until the last blood
withdrawal on day 5, subjects were on a low polyphenol diet, avoiding consumption of wine, chocolate,
coffee, and tea, and were not allowed to consume alcohol or fish (these food products may interfere
with the spectral analysis of plasma and urine samples). The time periods were chosen in such a way
that it would bring as little as possible inconvenience to the subjects, but still long enough to likely
ensure reaching a steady state. On day 4 of each treatment period, subjects had to repeat the diet
that they consumed on day 4 of the first treatment period. An overview of the treatment periods,
restrictions, and measurement days is given in Figure 1.

Period1 |[woO | Period2 |woO| Period3 |wo| Period4 |wo Period 5

Treatment period Wash-out
Actions subject Day1 [Day2 [Day3 |[Day4 |Day5 |Dayé | Day7
Collect 24h urine V7
Consumption test product 7 7 % 7
No milk products 7/ N 1 N

N

Dietary restrictions
Diet repetition | |

f

Measurement day

A
™
Time (minutes). 0 60 120 180
| | \
24h urine collection Blood sample Blood sample Blood sample

Blood sample Standardized breakfast
Test product intake

Health and Lifestyle guestionnaire

Compliance check

WO: wash-out period

Figure 1. Study overview. In each period the subjects received one of the five treatments. Each period
consisted of five days of treatment and two days of washout. On day 5, the measurement day, 24h urine
was collected and venous blood was collected prior to (tf = 0) and 1, 2 and 3 h after intake of the
test product.
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2.2. Recruitment of Subjects

2.2.1. Sample Size

The power calculation was based on urinary hippuric acid concentration as general indicator
of uptake and excretion of phenolic metabolites. Based on a previous study [15], it was expected
that urinary hippuric acid concentrations would increase with 0.35 g per 24 h urine collection with
the selected dose of polyphenols in capsules as compared to placebo. A reduction of 25% (0.26 g
increase in hippuric acid compared to placebo) due to interference of the food matrix was considered
acceptable. In order to detect a significant increase of 0.26 g hippuric acid compared to placebo, with a
within-subject variance of 0.11 g, a power of 80%, an alpha of 0.05, thirty subjects were required
(Dunnett test correcting for multiple comparisons).

2.2.2. Recruitment and Screening

Apparently healthy males (18-70 years) were recruited among inhabitants of Vlaardingen and
surroundings by sending a personal letter to volunteers in a Unilever subject database (1220 letters).

Sixty-eight persons were interested in joining one of the four information meetings.
Sixty-one persons completed a questionnaire about general health and wellbeing, which covered
a number of inclusion and exclusion criteria. Inclusion criteria were male gender, aged >18 and
<70 years, body mass index (BMI) >19 and <30 kg/m?, reported alcohol consumption <28 alcohol
units/week, urinary and plasma clinical chemical parameters within the normal reference range.
Exclusion criteria were the habit of smoking during the past year, a recorded history or current
metabolic diseases, chronic gastrointestinal disorders, cardiovascular or renal disease, currently on
a medically prescribed or slimming diet, reported intense sporting activities >10 h/week or taking
prescribed medical treatment possibly interfering with the bioavailability of polyphenol metabolites
(e.g., systemic antibiotics). Based on this questionnaire, 47 persons were invited for a second screening
visit. Three persons cancelled their appointment for screening and three persons did not show up.
On the morning of the screening appointment, all volunteers collected a urine sample and handed it in
at the test facility. Forty-one volunteers signed an informed consent form before any measurement
was performed. Subsequently, weight and height were measured, the accessibility of the veins was
confirmed and 7 mL blood was taken to determine liver enzymes and to measure complete blood
count. The morning urine samples were analysed by means of a dipstick. A total of eight subjects were
excluded based on the results of the screening, considering the inclusion and exclusion criteria.

2.2.3. Participation

Thirty-three persons started the run-in period. A statistician randomised the personal codes to
one of the 10 treatment sequences taking into account as much as possible order and period effects
(Williams design). The personal code-test product combinations were kept concealed to investigators
and subjects.

Subjects registered compliance to test product intake and background diet in a diary.
For each treatment period, subjects received a separate diary. To make it easier for the subjects
to repeat the diet on days 4 and 5 in all treatment periods, a copy of their own diary of treatment
period 1 was given to each subject. Furthermore, to check compliance to test product intake subjects
were requested to return the empty boxes and bottles on the measurement days. The present study
has been approved by the independent ethics committee of the University of Wageningen (registration
No. 07/07-ABR16833).

2.3. Study Test Products

The polyphenol-rich powder consisted of 870 mg red wine extract (Provinols, Seppic, Paris,
France) and 540 mg grape juice extract (MegaNatural™ Rubired of Polyphenolics, Madera, CA, USA),
containing in total 141 mg anthocyanins, 24 mg flavan-3-ols, 16 mg procyanidins, 10 mg phenolic acids,
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9 mg flavonols, and 1 mg stilbenes. This mix was together with 900 mg of micro-crystalline cellulose
formulated into six hard-shell gelatine capsules (size 00, Capsugel®, Bornem, Belgium). The active
and placebo capsules (only containing cellulose) were formulated by Well Plus Trade (Hamburg,
Germany). The wine/grape extract mix was also added at the same dose to each serving of the
three drinks. The drinks (dairy drink, soy drink, and fruit-flavoured water) were produced in the
pilot plant of Unilever Research and Development, (Vlaardingen, The Netherlands). Capsules were
stored at room temperature and drinks at —20 °C until one week before distribution to the subjects.
After microbiological clearance, subjects received the test products plus one spare product at the
instruction meeting and at the measurement day of the previous treatment period. Each subject
consumed one dose of six capsules or one bottle (200 mL) per day in a fasted state, one hour before
breakfast. The first four days subjects consumed the test products at home. The fifth day they received
their final dose at the test facility after the first blood collection. Nutrient composition and pH of the
three drinks were determined before and after the intervention (Table 1).

Table 1. Nutrient composition of the three test drinks.

Product
FF Drink Dairy Drink  Soy Drink
Protein 0.04 34 34
Carbohydrates 3.9 6.0 45
Fat 1.73 1.40 2.10
Ash 0.04 0.56 0.42
Moisture 94.3 87.3 88.1
Glucose 0.2 0.7 0.1
Fructose 0.1 0.1 0.1
Lactose <0.05 1.7 <0.05
Sucrose 3.0 2.9 34
Maltose <0.05 <0.05 0.4
pH 43 4.0 4.2

Values expressed as g/100 g product. FF drink: fruit-flavoured drink. Ash: residue of inorganic material.

2.4. Collection Blood and Urine Samples

On day 4 after discarding their first morning urine, subjects started collecting their urine for a
period of 24 h. Urine was collected in suitable containers with metaphosphoric acid as preservative.
After measuring the volume of the 24 h pooled urine collection and homogenization, four 10 mL
samples were stored at —20 °C as soon as possible. Blood samples were collected on day 5 of each
treatment period just before (t = 0) and 1, 2, and 3 h after test product intake. On each time point 6 mL
of blood was collected by venapuncture from the antecubital vein in tubes containing lithium heparin
as anticoagulant. The blood samples were centrifuged directly after withdrawal at 1500 g, 10 min,
4 °C. Subsequently plasma samples were aliquoted in three samples of 0.8 mL and stored at —80 °C.

2.5. Laboratory Analyses

Polyphenol metabolites were determined in both urine and plasma samples, using different
methods of analysis. For urine samples "H-NMR, GC-MS, and LC-MRM-MS data were obtained.
Both GC-MS and LC-MRM-MS data were acquired from the plasma samples.

- 'H-NMR profiling was used to generate a comprehensive profile of metabolites (both endogenous
and exogenous)

- GC-MS was used to produce a fingerprint of phenolic acids in urine

- LC-MRM-MS was used to quantify selected intact and metabolized polyphenols in plasma
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2.5.1. Quantitative Determination of Conjugated and Non-Conjugated Polyphenols in Plasma
by LC-MRM-MS

All samples of a subject were analysed in one run with two quality control samples (QCs).
The QCs were prepared by spiking blank human plasma (Pooled Normal Human Plasma, Innovative
Research Inc., Novi, MI, USA) with polyphenol pure standards at a final concentration of 100 ng/mL.
To 200 puL plasma, 20 uL of stabilizer solution (10% ascorbic acid containing 0.1% EDTA), 20 uL of
1.5 M NaOAc (pH 4.8), 40 uL of internal standard (+£)-taxifolin (250 ng/mL in MeOH/H,0O 1:1),
and 500 units of D-glucuronidase (Helix pomatia type H-1 containing sulphatase, Sigma-Aldrich,
Zwijndrecht, The Netherlands) was added, mixed, and incubated at 37 °C for 45 min. The reaction was
stopped by adding 300 uL of water and 10 uL of 2 mol/L HCI. Polyphenols were isolated by extracting
twice with ethyl acetate. Ten microliters (10 uL) of 0.4% ascorbic acid was added to the combined
organic layers and dried under Nj at room temperature. Samples were dissolved in 100 pL methanol,
vortexed, and sonicated for 10 min. One hundred microliters (100 nL) of water was added, vortexed,
and sonicated for 10 min. Samples were centrifuged at 17,000x g for 10 min. Supernatants were
transferred to a Greiner 96-well plate for analysis by LC-MRM-MS.

The LC-MRM-MS system consisted of an Agilent 1200SL binary pump (Agilent Technologies,
Amstelveen, The Netherlands) equipped with a thermostated HTC PAL autosampler (CTC Analytics,
Zwingen, Switzerland), an Agilent 1200 series degasser, and an Agilent 1200 series column oven
connected to an Agilent 6410 triple quadrupole mass spectrometer. Samples were stored in the
autosampler tray in the dark at 10 °C. Intact polyphenols and metabolites were separated on an
XBridge Phenyl (2.1 x 150 mm, 3.5 um) (Waters, Etten-Leur, The Netherlands) reversed-phase column
protected by a guard column and eluted using a 45-min binary solvent gradient using solvents
A (0.1% (v/v) acetic acid in MilliQ water) and B (0.1% (v/v) acetic acid in acetonitrile) as follows:
0-3 min 2% B, 3-4 min 2%-10% B, 4-14 min 10%—-20% B, 14-29 min 14%-100% B, 29-34 min 100%
B, 34-35 min, 100%-2% B, 35-45 min 2% B. The flow rate was 0.2 mL/min and the column was
thermostated at 55 °C. Injection volumes were 5 uL. After every 20 plasma injections, the column was
washed with methanol for 30 min. Blank injections preceded plasma injections. The mass spectrometer
was operated in negative ion mode using an Agilent electrospray source. Compounds were analysed by
multiple-reaction monitoring (MRM). Data were processed using Agilent’s MassHunter Quantitative
Analysis software (Agilent Technologies, Amstelveen, The Netherlands).

2.5.2. Semi-Quantitative Analysis of Colonic Metabolites Excreted in Urine by GC-MS

Urine samples were analysed by GC-MS for semi-quantitative determination of gut microbial
breakdown products of dietary polyphenols. The protocol for urine sample preparation and
subsequent GC-MS analysis has previously been described in detail [21]. Phenolic acids including
3-hydroxyphenylacetic acid, 3-hydroxyhippuric acid, and 4-hydroxyhippuric acid were identified
on the basis of a specific retention-time-m/z pair, and by comparison with the GC-MS data of
authentic reference standards. Semi-quantification of the phenolic acid concentrations was achieved
by integration of the characteristic peaks in the total-ion-chromatogram. Peak areas were normalized
to the peak area of the internal standard (trans-cinnamic acid-dg), and the volume of the 24 h urine
sample was used to arrive at an estimate of the 24-h cumulative excretion per phenolic acid.

2.5.3. Quantification of Hippuric Acid in Urine by NMR Spectroscopy

High-resolution 1D-'"H-NMR profiling of 24 h urine samples was performed basically as described
previously [15]. In brief, NMR samples were prepared by (1:2) mixing of urine with a phosphate buffer
solution (pH 6.5), containing 20% D,0 and 0.05 mg/mL 3-(trimethylsilyl)propionic acid-d4 sodium salt
(TSP) as a chemical shift reference. 'H-NMR spectra were acquired at 600.13 MHz and at a temperature
of 300 K on a Bruker Avance 600 NMR spectrometer equipped with a 5-mm TXI probe. A standard
water-suppressed Noesypresat pulse sequence was used collecting 128 scans with 32 K data points
over 8993 Hz. The spectra were manually phase and baseline corrected using Topspin 1.3 software
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(Bruker Analytik, Rheinstetten, Germany). An exponential window function with a line-broadening
factor of 0.3 Hz was applied to the free induction decay prior to Fourier transformation. Hippuric acid
levels in urine were determined from the peak integral of its aromatic signal at 7.83 ppm and was
expressed in grams excreted over a 24-h period and as molar ratio of hippuric acid/creatinine, adjusting
for urine analyte concentrations in case of any incomplete urine collection over 24 h [22].

2.6. Statistical Analysis

The statistical analyses were performed using the SAS Software (SAS Institute, Cary, NC, USA,
version 9.1) on the per protocol dataset. Descriptive analysis consisted of distribution statistics (number
of available observations, mean, standard deviation, and 95% confidence intervals) for continuous
data. Differences between the active groups and the placebo were evaluated by means of an analysis
of variance. Overall mean effects of the plasma concentrations measured at f =0, 1, 2, and 3 h after
polyphenol consumption were statistically analysed. A Dunnett test was performed in order to correct
for multiple testing between the active groups and the placebo.

3. Results

3.1. Baseline Characteristics of the Study Population

Thirty-three subjects started this study. One subject dropped out in treatment period 4 due to
medical reasons. This person was not replaced. Data that was collected in treatment periods 1, 2, and 3
was included in the statistical analyses. Thirty-two subjects completed the study. The mean age of the
study population was 50.6 + 17.8 years (ranging from 18 to 69 years) with a BMI of 24.6 4 2.8 kg-m 2.

3.2. Adverse Events during the Study

A total of 29 reports of adverse events (AEs) were filed. Of these reports nine AE reports were
reported by nine subjects receiving the placebo capsules, seven AE reports by six subjects receiving the
active capsules, four AE reports by four subjects receiving the dairy drink, four reports by four subjects
receiving the juice and five reports by five subjects receiving the soy drink. Most frequently reported
AEs were headache and acute nasopharyngitis. There were no significant differences in frequencies of
AEs between actives and placebo. No likely relation between any AE and the test products was found.

3.3. Compliance with the Test Product and Background Diet and Lifestyle Restrictions

Compliance with the test products was checked by means of a diary in which subjects daily
reported the consumption of the test product and the time of consumption. A dietician evaluated
compliance at each measurement day. The self-reported compliance of the intake of the test products
was very high: 100% for the placebo capsules, the fruit-flavoured drink, and the soy drink. Two subjects
consumed four out of five of the dairy drink and one person consumed four out of five of the positive
control capsules. All other subjects consumed 100% of the dairy drink and active capsules. Deviations
to background dietary guidelines were registered in the same diary and checked by a dietician. In total
21 urine samples and 28 blood samples were excluded from analysis mainly due to use of antibiotics
during the study, medical reasons, coffee consumption, or consumption of proteins from other sources
than the test products.

3.4. Polyphenols and Metabolites in Plasma and Urine

Upon consumption of the polyphenol-rich test products concentrations of phenolic compounds
increased by 0.5 to 20-fold within the first three hours after consumption (Table 2; Figure 2).
Urinary phenolic acid concentrations increased up to three-fold (Table 3). Urinary excretion of
creatinine was not significantly different between interventions and periods (data not shown),
indicating good compliance for 24 h urine collection. Compared to capsule ingestion, consumption of
polyphenol-rich beverages containing either dairy, soy, or no proteins had minor to no effect on the
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bioavailability and excretion of phenolic compounds in plasma (mean =+ standard error: 118% =+ 9%)
and urine (98% + 2%).

Table 2. Peak plasma concentration of sum of free and conjugated polyphenols and metabolites after
consumption of different test products (n = 32).

Control Positive Control Dairy Drink Soy Drink FF Drink
. ' 0.17 0.56 ** 0.61 *** 0.58 *** 0.70 ***
esveratro (0.03-0.30) (0.43-0.69) (0.48-0.74) (0.46-0.71)  (0.57-0.83)
Epicatechin 15 15.7 * 12.0* 22.6** 205 **
P (—6.8-9.8) (8.4-23.0) (4.6-19.4) (15.4-29.8)  (13.3-27.7)
Catechi 0.47 44 33 12.1% 5.9
atechin (—5.2-6.2) (—0.5-9.3) (-1.7-8.3) (7.3-17.0) (1.0-10.7)
Valerol 0.61 13.7* 125% 122 11.6
alerolactone (—3.3-4.5) (10.2-17.3) (9.0-16.0) (8.8-15.6) (8.1-15.1)
Movalerol 0.17 24 35* 33% 3.1%
-valerolactone 630 94) (1.7-3.2) (2.7-4.2) (2.5-4.0) (2.4-3.8)
M-gallic acid 36 23.5 21.7 %% 252+ 34.1 wk
8 (1.7-5.5) (21.6-25.3) (19.8-23.6) (233-27.1)  (32.3-36.1)
X 2.1 3.7 X4 33 K 3.4 HXH 3.9 X4
Isorhammetin (1.6-2.5) (3.2-4.1) (2.9-3.8) (2.9-3.8) (3.5-4.4)

Mean (95% confidence interval) in ng/mL. Test products were cellulose-filled capsules (control),
and wine and grape polyphenols incorporated into either capsules (positive control), a dairy drink,
a soy drink, or a fruit-flavoured (FF) drink. Valerolactone: 5-(3',4’-dihydroxyphenyl)-y-valerolactone;
M-valerolactone: 5-(3'-methoxy-4'-hydroxyphenyl)-y-valerolactone; M-gallic acid: 3/4-O-methyl gallic acid.
Statistically significant compared to control (placebo capsules): * p < 0.05, ** p < 0.001, ** p < 0.0001.
Statistically significant compared to positive control (polyphenol-filled capsules): ¥ p < 0.0001.

A: epicatechin

25- B: 3/4-O-methyl gallic acid
— =¥ control 40
£ - pos control = =¥ control
2 204 ~/~ FF drink \i -0 pos control
z —O-yogurt drink £ 2 ~/x FF drink
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3 g
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Figure 2. Plasma concentration (mean + SEM, n = 32) versus time profiles for four individual
polyphenols (including polyphenol-conjugates) for the five different formulation treatments.
(A) Epicatechin; (B) 3/4-O-methyl gallic acid; (C) isorhamnetin; (D) resveratrol.
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Table 3. Relative 24-h cumulative urinary excretion of phenolic metabolites after consumption of
different test products with control as the reference (1.0).

Control Positive Control ~ Dairy Drink Soy Drink FF Drink
1.0 2.9 2.6 3.2 2.6
3-HHA (0.6-1.4) 2.2-37) (1.8-3.4) (2.0-4.5) (18-33)
1.0 16* 15% 15¢ 16*
4HHA 0.7-13) (1.2-19) 0.9-2.0) (1.0-2.0) (1.2-2.0)
osallol 1.0 13% 11 1.5 % 12
Pyrog: (0.8-12) (1.1-15) (1.0-1.3) (1.2-1.8) (1.0-1.4)
1.0 2.5 2.4 0 2.5 0 2.6
5-HPAA (0.7-13) (1.9-3.1) (1.7-3.0) (1.9-3.0) (19-33)
1.0 13+ 13 14+ 13+
S3-HPPA (0.8-12) (09-17) (08-17) (09-19) (08-19)
o 1.0 13* 12 12+ 12+
Homovanillic acid (0.9-1.1) (L0-1.5) (L.0-1.4) (1.0-1.3) (1.0-1.4)
. 1.0 14% 11 12 15%
Hydrocaffeic acid (0.5-1.5) (1.1-17) (0.8-1.5) (0.9-1.5) (1.0-2.1)
Syringic acid 1.0 1.0 11 11 11
(0.8-1.2) (0.8-1.2) (0.8-1.3) (0.9-1.3) (0.8-1.3)
A o 1.0 11+ 11 11 11
Vanilmandelic acid (0.9-1.1) (1.0-13) (09-12) 0.9-1.2) 09-12)
Hinpuric acid 0.30 0.42# 0.38 * 0.42 %+ 0.39*
PP (0.24-0.35) (0.37-0.47) (033-042)  (037-048)  (0.32-0.46)
0.083 0.114 0.108 ** 0.116 " 0.108 **

Hippuric acid/creatinine ) 705 ng¢) (0.102-0.127) (0.095-0.120)  (0.104-0.129)  (0.095-0.120)
Mean (95% confidence interval) data for 24-h cumulative excretion of urinary metabolites are shown as relative to
control values, except for hippuric acid (in grams) and the hippuric acid/ creatinine (in molar ratio). Test products
were cellulose-filled capsules (control), and wine and grape polyphenols incorporated into either capsules
(positive control), a dairy drink, a soy drink, or a fruit-flavoured (FF) drink. Statistically significant compared
to control (placebo capsules): * p < 0.05, ** p < 0.001, *** p < 0.0001. 3-HHA: 3-hydroxy hippuric acid; 4-HHA:
4-hydroxy hippuric acid; pyrogallol: 1,2,3-trihydroxy-benzene; 3-HPAA: 3-hydroxy-phenyl acetic acid; 3-HPPA:
3-hydroxy-phenyl propionic acid.

4. Discussion

The present study demonstrates that the impact of proteins derived from animal and plant sources
on the bioavailability of a range of polyphenols and their metabolites is minor to none for the first hours
after consumption. Plasma concentrations of a number of identified phenolic compounds increased
by approximately ten-fold or more, irrespective of the test product. Resveratrol (conjugates) plasma
concentrations increased three to four times unaffected by the protein content, which is in accordance
with bioavailability data described previously for resveratrol-containing wine consumed with different
meals [23]. All test products increased the plasma concentration of the methylated metabolite of
quercetin, isorhamnetin (phase II methyltransferase metabolite), by 50% or more. Previous research
indicated that high fat meals may enhance the bioavailability of quercetin, resulting in higher plasma
concentrations of isorhamnetin [24], but proteins do not seem to contribute to that effect. Red wine
contains considerable amounts of gallic acid and its methylated form appears readily in plasma after
wine consumption [25]. We confirmed the large rise in plasma concentration of methyl-gallic acid
in the present study, and observed possibly minor effects of proteins present in the test products.
The effects of proteins on the bioavailability of catechin and epicatechin seems mixed with a possible
enhancement by soy proteins and inhibition by milk proteins. These data contrast to some extent
with absence of effect found for proteins on the bioavailability of green tea non-gallated catechins
published previously [7]. The valerolactones, microbial metabolites of flavan-3-ols, reach high plasma
concentrations, typically five to eight hours after consumption of the polyphenols [14,26]. Nevertheless,
these metabolites increased 20-fold within the first three hours after consumption of the test products.

76



Nutrients 2016, 8, 814

Neither soy proteins nor dairy proteins seem to affect the valerolactone plasma concentrations within
these first hours. Despite the relatively large portion of anthocyanins present in the test products,
we were not able to detect these phenolic compounds. This may reflect the low bioavailability of
anthocyanins, as shown by others, reaching at most nanomolar plasma concentrations with similar
test dosages of grape-derived anthocyanins as we have included in the present study [27,28].

We assume that the study design has contributed significantly to these clear-cut results.
Subjects were on a low polyphenol diet, and had to repeat as much as possible their intake pattern each
intervention week. Baseline plasma concentrations of each phenolic compound was, repeatedly, low,
enabling us to show increase in phenolic compound plasma concentrations due to the interventions.
Moreover, we used a number of state-of-the art measurement tools for identification. What could,
however, be considered a weakness in the current study design is the choice of the non-food reference
format; gelatine capsules. As such, hard-shell capsules are an attractive format for this type of studies
since they can be easily prepared to accommodate study design, extract type, and dose. Ideally,
we would have used a non-protein capsule shell material such as hydroxy-propyl-methyl-cellulose
(HPMC). This would have created a true non-protein reference and control situation. Unfortunately,
HPMC material interacts with polyphenols, limiting severely the release in simulated gastrointestinal
(GI) tract condition of the HPMC capsule content [29]. This effect is absent or less pronounced in the
case of gelatine capsules, which are designed to disintegrate within minutes in the GI tract. In this
study, however, we used six capsules, size 00, consisting in total of 0.75 g gelatine, and if compared to
the 6.8 g of protein in the soy and dairy drinks may no longer be negligible. Similarly, the impact of
0.9 g cellulose (filler) in the capsules on the bioavailability of polyphenols is not known. It may explain
why the plasma concentrations of the phenolic compounds seem to reach somewhat higher levels with
the fruit-flavoured drinks compared to the capsule format (Figure 2).

One should realize that the data in the present study are relevant for consumer products such
as milk chocolate drinks, tea, and coffee with milk and fruit drinks containing proteins, but is not
conclusive towards complex meals. Different meal compositions may indeed impact the bioavailability
of certain polyphenols, albeit may often be difficult to judge which macro- or micronutrients
interfered [12,23,24,27,30]. Depending on the type of the polyphenols this impact of a meal on the
bioavailability of polyphenols may vary to a large extent with many compound and physiological
variables involved, all controlling absorption and bioavailability.

We also found no indication that urinary excretion of a range of phenolic acids combined
with either milk or soy proteins was inhibited. This contrasts to the observations published by
Urpi-Sarda et al. [31] who investigated phenolic excretion after consumption of cocoa with milk.
Milk significantly reduced the urinary excretion of phenolic acids, including hippuric acid and 4-HHA
that were unaffected in the present study. Mullen et al. [32] postulated an interesting hypothesis: the
excretion of phenolic metabolites may be more affected by (milk) proteins of cocoa products relatively
low in polyphenols (70 mg in their study) compared to highly concentrated ones. This may be a
plausible explanation for the controversy among studies, although so far the phenolic bioavailability
and metabolism of products with low vs. high levels of polyphenols have not been tested head-to-head.
Our more precise conclusion may thus be that bioavailability and metabolism of wine and grape
polyphenols is not importantly affected by milk or soy proteins when consumed in relatively high
dose. The definition of a (sufficiently) high dose requires more research.

5. Conclusions

The bioavailability of polyphenols and the excretion of their phenolic metabolites is not
significantly affected when polyphenols are consumed in protein-rich soy or dairy drinks compared to
polyphenols formulated in capsules.
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Abstract: A number of natural and chemical compounds that exert anti-oxidative properties are
demonstrated to be beneficial for brain and cognitive function, and some are reported to reduce
the risk of dementia. However, the detailed mechanisms by which those anti-oxidative compounds
show positive effects on cognition and dementia are still unclear. An emerging body of evidence
suggests that the integrity of the cerebrovascular blood-brain barrier (BBB) is centrally involved in
the onset and progression of cognitive impairment and dementia. While recent studies revealed
that some anti-oxidative agents appear to be protective against the disruption of BBB integrity
and structure, few studies considered the neuroprotective effects of antioxidants in the context
of cerebrovascular integrity. Therefore, in this review, we examine the mechanistic insights of
antioxidants as a pleiotropic agent for cognitive impairment and dementia through a cerebrovascular
axis by primarily focusing on the current available data from physiological studies. Conclusively,
there is a compelling body of evidence that suggest antioxidants may prevent cognitive decline and
dementia by protecting the integrity and function of BBB and, indeed, further studies are needed to
directly examine these effects in addition to underlying molecular mechanisms.

Keywords: antioxidants; blood-brain barrier; cognitive impairment; dementia

1. Introduction

As a consequence of rapidly aging populations, particularly in developed nations, dementia has
become a major health and medical issue imposing an extraordinary economic burden. As reported
by the World Health Organization and Alzheimer’s disease International, the global cost of
dementia-related healthcare was estimated to be $604 billion in 2010, which was equal to 1% of
world gross domestic product, indicating a significant socioeconomic impact [1]. Studies also predict
that this cost will greatly increase and is expected to double in the next 10-15 years. Indeed, the latest
estimated global cost of dementia in 2015 based on a meta-analysis was $818 billion, an increase of 35%
since 2010 [2]. Astoundingly, the estimated prevalence of dementia has increased from 35.6 million in
2010 to 46.8 million in 2015, an increase of 34% [2]. Clearly, there is an urgent necessity to establish
effective therapeutic strategies to delay or prevent the onset and progression of this disorder.

Major subtypes of dementia are Alzheimer’s disease (AD), vascular dementia, Lewy body
dementia, and frontotemporal dementia, which accounts for approximately 43%, 15%, 5% and 1%
of all dementia cases, respectively [3]. Although the pathology and pathogenesis of these disorders
remain largely unclear, it is increasingly recognized that the integrity of cerebrovasculature is critical
to the maintenance of healthy brain function and integrity [4]. The human brain ordinarily receives
20% of cardiac output despite its small volume (2% against total body mass), and the surface
area of cerebrovascular network available for molecular exchange between the brain and blood is
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approximately 20 m? [5]. Dysfunctional cerebrovascular integrity allows blood-to-brain extravasation
of potentially neuroactive molecules, which thereafter trigger a neuroinflammatory cascade and
subsequently, activation of neuronal apoptosis pathways, conditions which lead to neurodegeneration
and if persisting, cognitive decline. Thus, it is highly plausible that subtle changes in cerebrovascular
permeability can have substantial impacts on the brain and neurocognitive function.

In recent clinical and animal model studies, agents with anti-oxidative properties are reported to
exert therapeutic effects on cognitive impairment and dementia [6-8]. However, whilst the majority
of these studies demonstrated the beneficial effects of antioxidants on cognitive function via direct
neuroprotective actions within the brain, no studies have implicated the efficacy of antioxidant therapy
through the cerebrovascular axis. Therefore, this review summarizes the current available data from
both animal and human studies to potentiate the role of antioxidants in the prevention of dementia and
cognitive decline via mechanisms mediated through the cerebrovascular axis. Moreover, considerations
for future studies examining the antioxidant effects on the cerebrovasculature are discussed.

2. Cerebrovascular Integrity in Neurodegeneration, Cognitive Decline and Dementia

The brain is a vital organ, yet extremely vulnerable to various endogenous and exogenous insults
such as viral and bacterial pathogens, inflammatory cells, pro-inflammatory cytokines, reactive oxygen
species (ROS), and macronutrients [5]. Therefore, in a healthy, non-pathological state, this organ is
protected from the peripheral circulation by a structurally unique neurovascular unit, which constitutes
the blood-brain barrier (BBB). The main feature of the BBB is a monolayer of endothelial cells that are
tightly opposed to one another, forming a physical barrier between the brain and blood. The cells
are fused each other by tight junctional and adheren junctional complexes, which consist of integral
membrane tight junction proteins including occludin and claudin, anchored by cytoplasmic zonula
occludens (ZO). This impermeable layer of endothelial cells is structurally supported by several
layers of underlying basement membranes as well as pericytes and astrocytic endfeet. A healthy,
functioning BBB strictly regulates molecular trafficking between the brain and blood, allowing only
highly specific transcellular transport of particular molecules that are essential to the brain, such as
glucose and oxygen. However, under certain pathological stress conditions, the integrity of this
highly selective barrier system can be transiently or chronically compromised depending on the
nature of the insults. The factors that can deteriorate BBB integrity and increase its permeability
include inflammation, oxidative stress, hypertension, stroke, HIV, lipids, smoking, alcohol intake,
mental stress, and lowered cerebral blood flow, although the underlying molecular mechanisms are
not fully understood [4,9,10].

2.1. Dysfunction of the Cerebrovascular Blood-Brain Barrier

A dysfunctional BBB may occur via (i) impaired transcellular transport, mainly due to
dysregulation of endothelial receptors and intracellular transporters; (ii) impaired paracellular
unspecific extravasation of molecules due to a loss of tight junction complex; and/or (iii) loss of
endothelial cells per se due to apoptosis or traumatic injury. Persistent disturbances of BBB allow
substantial cerebral extravasation of blood-borne potentially neurotoxic molecules, which thereby
promote the synthesis and release of pro-inflammatory cytokines resulting in the activation of
microglial phagocytes and production of ROS [11]. Chronically heightened inflammatory and oxidative
stress in the brain results in the production of toxic products that compromise cell function, alter cellular
phenotypes, damage DNA, and eventually lead to neuroinflammation and neurodegeneration.
The latter is increasingly suggested by a number of studies to be profoundly associated with the
pathogenesis and pathology of cognitive decline and dementia including AD and vascular dementia [5].
Indeed, neuroinflammation, microgliosis and mitochondrial dysfunction are commonly observed in
the brain of subjects with AD and vascular dementia [12-14].
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2.2. Blood-Brain Barrier Dysfunction in Cognitive Deficits and Dementia

Despite decades of attempts in Alzheimer’s research, anti-amyloid strategies have failed
to consistently deliver positive results in the prevention and treatment of AD [7,15]. In fact,
some neuropsychological and neuropathological characteristics of AD cannot be fully explained
by the amyloid hypothesis alone. For example, some studies report that the severity of amyloidosis
does not consistently correlate with the severity of AD, and the biosynthesis of 3-amyloid in sporadic
AD subjects is comparable to otherwise healthy individuals [9,16,17].

Emerging evidence substantiates the involvement of cerebrovascular dysfunction in the
pathogenesis of AD and other dementias. In vivo and in vitro studies demonstrated that the transport
of B-amyloid across the BBB is mediated by receptor for advanced glycation endproducts [18,19]. Thus,
the dysregulation of such pathways is suggested to result in reduced B-amyloid clearance from the
brain, which may consequently induce amyloid plaque formation. The vascular risk factors have been
increasingly associated with heightened risk of dementia and AD, whereby a substantial body of work
has reported exaggerated BBB permeability in the brains of individuals with cognitive impairment or
dementia [4]. Post-mortem histological analyses revealed an accumulation of blood-borne proteins
including albumin, immunoglobulins, and fibrinogen within the parenchyme of hippocampal
formation and cortical regions of subjects with AD [20]. In addition, other post-mortem studies reported
degeneration of BBB pericytes and reduced endothelial tight junction protein expression in human AD
brain [21]. Further supportive evidence of BBB breakdown in individuals with AD and mild cognitive
impairment is provided by studies showing increased concentration of albumin in cerebrospinal fluid
relative to blood [22,23]. Moreover, signs of compromised BBB integrity are commonly reported in
animal models of AD, leading to loss of endothelial tight junction complex and cerebral extravasation
and accumulation of plasma derived macromolecules [9,24]. These data consistently implicate a strong
association between dysfunctional BBB and cognitive decline and dementia.

There has been rigorous debate on whether the breakdown of BBB is a primary causative factor of
neurodegeneration and dementia or whether it occurs as a downstream response [25]. An increasing
number of studies to date report that BBB disruption precedes neurodegeneration and cognitive decline
in clinical AD subjects, and in AD animal models, the appearance of hallmark pathophysiological
features such as amyloid plaques, strongly suggesting a causal link rather than a consequential
one [4]. Recent advances in neuroimaging and neurovascular imaging technologies using state-of-art
dynamic contrast-enhanced MRI now allow non-invasive evaluation of regional BBB permeability
in vivo with high sensitivity [26]. In 2016, an intriguing study from Maastricht University Medical
Center elegantly demonstrated the substantially increased permeability of BBB at a very early stage
of AD [27]. The study also revealed that the extent of BBB leakage positively associates with the
severity of cognitive decline measured by Mini-Mental State Examination. In addition to this recent
report, BBB breakdown was demonstrated to be evident in a murine model of AD Tg2576 mice as
early as 4 months of age, which was 10 months before the distinct formation of amyloid plaques at
14 months [28]. Moreover, a recent study in our laboratory demonstrated that substantial disruption of
BBB and neuroinflammation was observed prior to neurodegenerative changes and cognitive decline
in a dietary-induced mouse model of cognitive decline (unpublished observations by Takechi et al.).
Collectively, compelling evidence from experimental and clinical studies strongly indicate a causal
association between compromised BBB integrity and the onset and progression of cognitive dysfunction
and dementia.

3. Involvement of Oxidative Stress during Breakdown of the Blood-Brain Barrier

Oxidative stress is a state that arises from an inappropriate redox balance where the production
of ROS exceeds the conversion/neutralization of ROS into less toxic derivatives by antioxidants such
as glutathione and superoxide dismutase (SOD). ROS may be generated by several pathways, such as
conversion of oxygen into superoxide by enzymatic activities of oxidase or altered metal homeostasis
(Mn, Fe, Cu) and ensuing metal catalyzed free radical production through classic Fenton chemical
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pathways. Superoxide is frequently converted into hydrogen peroxide, the most bioactive and stable
form of ROS, however, superoxide may also react with nitric oxide generating additional free radicals.
In addition, hydrogen peroxides can also be generated directly by some enzymes such as NADPH
oxidase. Therefore, oxidative stress can occur by an overproduction of ROS by enzymes including
NADPH oxidase, and/or from lowered antioxidant levels or activity including SOD. Studies report
that elevated oxidative stress may have direct and indirect effects on the integrity of BBB [29].

An involvement of oxidative stress in the regulatory mechanisms of BBB integrity is supported
by a number of studies [29-32] (Figure 1). A study using SOD deficient mice demonstrated a
substantial breakdown of BBB allowing an extravasation of large blood-borne molecules into
the brain [33]. Lochhead et al. demonstrated that oxidative stress induced through a process of
hypoxia and reoxygenation in rats altered occludin structure and localization in cerebrovascular
endothelial cells [30]. Increased oxidative stress disrupted BBB by attenuating the expression of tight
junction proteins, ZO-1, occluding and claudin in diabetic mode rats [34]. In vitro studies confirmed
ROS-mediated modulation of BBB permeability occurs in a time- and concentration-dependent
manner [35,36]. Furthermore, Schreibelt et al. revealed in an in vitro model of BBB, ROS-induced
BBB disruption occurred through a loss of tight junction claudin-5 and occludin was mediated by
upregulated RhoA and PI3 kinase [37]. The study also for the first time reported the involvement
of protein kinase B/ Akt in ROS-induced alteration of BBB tight junction expression and localization.
Moreover, a study using bovine brain microvascular endothelial cells indicated that increased
superoxide induced F-actin stress fiber formation through a Rho-dependent pathway [37]. ROS is
also documented to increase the expression of chemokine receptors, resulting in signaling flux and
phosphorylation of myosin light chain, which thereafter modulates actin structure [38]. The latter
findings are consistent with the cytoskeletal reorganization of BBB promoting the loss of BBB integrity.

Overall, the current literature implicates the substantial involvement of oxidative stress in BBB
dysfunction (Figure 1), and hence implies the pleiotropic effects of antioxidants in the protection of
BBB function and structure.

Tight junction
proteins

Antioxidants

Endothelium ~ | _
Basement membrane —

Figure 1. Involvement of oxidative stress in blood-brain barrier regulation. The diagram summarizes
the oxidative stress pathways that are involved in the regulation of blood-brain barrier integrity.
PI3K: phosphoinositide 3-kinase; RhoA: ras homolog gene family member A; ROS: reactive oxygen
species; ZO: zonnula occluden.

4. Antioxidants, Cognitive Decline and Blood-Brain Barrier

Studies report that oxidative stress is positively associated with impaired cognitive
function [39,40]. Consistently, multiple lines of evidence demonstrate beneficial effects of antioxidants
on cognition and dementia [8]. As a wealth of recent evidence suggests that BBB dysfunction is
associated with the pathogenesis and pathology of neurodegeneration and the associated-cognitive

83



Nutrients 2016, 8, 828

deficits, the preservation of BBB structure and function may offer an innovative and robust therapeutic
opportunity for cerebrovascular disorders. Whilst a number of studies have implicated antioxidant
therapy as a therapeutic option against cognitive decline, few studies have considered the positive
effects of antioxidants on cognition and dementia through a neurovascular axis. Therefore, in this
chapter, we will summarize the available literature that report the effects of antioxidants on BBB
integrity and cognition, and consider its use in dementia therapy through a cerebrovascular perspective
(refer to Table 1 for summary).

4.1. Anti-Oxidative Vitamins

A number of studies report that diet and nutrients have a strong association to the risk of dementia
including AD [41,42]. Vitamin A, C and E are known as potent anti-oxidants. In concert with the
substantial involvement of oxidative stress pathways in the pathophysiology of AD, studies found
that plasma and cerebrospinal fluid concentrations of Vitamins A and C were significantly lower in
patients with AD despite comparable dietary intake to healthy control subjects [43,44]. In a Rotterdam
study involving 5395 participants, high intake of dietary Vitamin C and Vitamin E was significantly
associated with lowered risk of AD and dementia [45,46]. A prospective population study with
4740 participants revealed that the use of Vitamin C and E supplements for more than 3 years
significantly reduced the risk of AD [47]. Furthermore, a randomized control trial by Li et al. showed
co-supplementation of Vitamin E and C with (3-carotene (another well-established dietary antioxidant)
markedly improved cognitive function in otherwise healthy elderly individuals [48]. Consistent with
these clinical findings, an animal study reported that acute treatment with Vitamin C attenuates the
spatial learning and memory in APP/PSENI transgenic AD model mice and also in aged none-AD
wild-type mice [49]. However, in the same study, supplementation of Vitamin C did not alter cerebral
redox state, inflammation and amyloidosis, indicating that the anti-dementia effects of vitamins may
not only be attributed to its anti-oxidative properties. Indeed, Vitamin C has been reported to prevent
the oligomerization of AP [50]. An oral administration of Vitamin C is also reported to significantly
suppress cerebral oxidative damage in cerebral ischemia-reperfusion [51]. In addition, in vivo and
in vitro studies report that Vitamin A prevents neurodegeneration, and inhibits the formation of A3
fibrils, decreasing its aggregation and oligomerization [44,52].

It has been suggested that anti-oxidative vitamins may prevent cognitive decline also by protecting
BBB integrity. However, only a few studies have directly investigated the effects of anti-oxidative
vitamins on dementia through cerebrovascular axis. A study by Kook et al. recently reported that
high dose supplementation of Vitamin C reduced amyloidosis in the cortex and hippocampus of
AD mice (5XFAD) via attenuation of BBB disruption and mitochondrial alteration [53]. Vitamin C
is reported to prevent the disruption of BBB induced by compression of primary somatosensory
cortex by upregulating the expression of tight junction proteins, occludin and claudin-5 [54]. In a
model of stroke with substantial BBB disruption, a single injection of Vitamin C significantly reduced
BBB permeability [55]. Similarly, in a mouse model of cerebral ischemia, Vitamin C prevented BBB
dysfunction by protecting tight junction claudin-5 and attenuated edema and neuronal loss [56].
Moreover, an in vitro study provides supporting data that Vitamin C reversed hyperglycemia-mediated
BBB disruption [57]. Similar to Vitamin C, Vitamin E is also reported to prevent BBB breakdown
induced by oxidative stress by attenuation of endothelial oxidative stress and via increasing the
expression of tight junction proteins in vivo [58]. In rats with convulsion under hyperthermic
conditions, Vitamin E showed beneficial effects on modulation of BBB permeability [59]. Consistent
with the latter, ingestion of Vitamin E deficient diet in wild-type rats resulted in increased BBB
permeability and heightened oxidative stress [60].

Although the underlying mechanisms by which anti-oxidative vitamins protect BBB integrity
are largely unknown, these studies collectively suggest that these vitamins may ameliorate
neurodegenerative changes and cognitive decline by preserving the function and structure of BBB.
More direct experimental and clinical evidence would provide further strength to such hypotheses.
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4.2. Other Natural Antioxidants

Melatonin is a neurohormone found in animals, plants and bacteria, reported to exhibit strong
anti-oxidative properties through protecting the mitochondrial membrane potential and thereby
suppressing the production of superoxides [91,92]. Melatonin is approved by the FDA as a dietary
supplement and readily available over the counter, commonly prescribed for treatment of insomnia.
Studies report that plasma melatonin levels are significantly decreased in subjects with AD, showing a
negative association with cognitive function, and a significant reduction is found even in healthy
elderly [93-95]. In a rat model of sporadic AD, melatonin was demonstrated to prevent memory loss
by attenuating amyloidosis and neurodegeneration [96]. Furthermore, in aged 22-month old wild-type
mice with significantly impaired spatial cognition, melatonin improved cognitive performance
by reducing cerebral amyloid burden through altered protein-cleaving secretase expression [97].
In addition, some studies showed that melatonin promotes hippocampal neuroplasticity and stimulates
the proliferation and differentiation of neural stem cells in vitro and in vivo [98-100]. A number of
studies have also demonstrated protective effects of melatonin on the BBB. A study by Vornicescu
et al. demonstrated that melatonin administration prevents oxidative stress-induced breakdown of
BBB and improves cognitive function [61]. In this study, a significant reduction in neuronal death and
neuroinflammation was also observed in melatonin treated rats. In vitro studies further investigated
mechanistic insights into the BBB protective effects of melatonin. A study using rat brain microvascular
endothelial cells revealed that BBB disruption induced by inflammation was completely prevented
by melatonin treatment via restoration of the expression of BBB tight junction ZO-1 and inhibiting
matrix metalloproteinase-9 [62]. Similarly, in a bEnd.3 cell line model of oxidative stress-induced
BBB dysfunction, treatment with melatonin prevented cell death and degradation of tight junction
proteins by activating Akt and suppressing phosphorylation of JNK [63]. Overall, the data presented
strongly suggests that melatonin may exert neuroprotective effects partially, if not entirely, through the
protection of BBB from oxidative and inflammatory stressors.

«-Lipoic acid (ALA) is known to chelate transition metals and ROS, thus inhibiting hydroxyl
radical formation. A clinical trial involving 43 AD patients over an observation period of 2 years
demonstrated that subjects receiving ALA showed constant scores in two neuropsychological tests,
while the untreated subjects showed significant decline in cognitive function [101]. Consistent with
the latter, in a rat model of vascular dementia, ALA significantly restored cognitive functioning
concomitant with markedly reduced ROS and malondialdehyde production and increased reduced
glutathione levels in the hippocampal formation, the domain crucial to learning and memory [102].
Increased acetylcholine and choline acetyltransferase levels as well as decreased acetylcholinesterase
activity were also observed in the hippocampus of ALA-treated rats. By using a murine model
of accelerated ageing, senescence accelerated mouse prone-8, ALA was demonstrated to improve
memory and supress oxidative stress during normal ageing [103]. However, few studies to date have
directly considered BBB permeability in context of the neuroprotective properties of ALA. Takechi et al.
reported in a dietary induced mouse model of BBB dysfunction, ALA preserved the integrity of BBB
by inhibiting oxidative stress, which resulted in the prevention of blood-to-brain protein extravasation
and significant attenuation of neuroinflammation [64]. Similarly, ALA was reported to ameliorate BBB
disruption, neuroinflammation and neurological motor deficits in a rat model of ischemic stroke [65].
Although these studies strongly suggest that ALA may prevent cognitive decline through the protection
of BBB, further studies are needed to directly investigate such association.

Another emerging potentially neuroprotective antioxidant is garlic. An extract of garlic contains a
mixture of biologically active compounds such as S-allylcysteine (SAC) and S-allylmercaptocysteine,
which are known to exert strong anti-oxidative effects. These compounds have repeatedly been
shown to provide antioxidant action by scavenging ROS, enhancing SOD, catalase glutathione
peroxidase, and increasing glutathione. A number of studies demonstrated the neuroprotective
effects of garlic [104]. Although clinical evidence is limited, Chauhan et al. elegantly demonstrated
the beneficial effects of garlic extracts in AD models [105]. In a study using Alzheimer’s Tg2576 mice
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supplemented with either aged garlic extract (AGE), SAC, or di-allyl-disulphide (DADS) for 4 months,
mice treated with AGE as well as mice treated with SAC or DADS showed substantially lower
cerebral amyloidosis compared to untreated mice [106]. Similarly, AGE, SAD and DADS significantly
attenuated neuroinflammation and tau protein. The extent of the neuroprotective effects reported were
ranked from AGE > SAC > DADS. Furthermore, a study using TgCRND8 AD model mice revealed that
the provision of AGE improved hippocampal-dependent cognition and memory [107]. Additionally,
in a study by Takechi et al., the cerebrovascular-protective effects of AGE via its anti-oxidative
properties were demonstrated in a mouse model of BBB dysfunction, which coincided with significant
attenuation of neuroinflammation [64]. In vitro and in vivo studies confirmed that the pleiotropic
effects of garlic extracts may be attributed to its anti-oxidative action on neurons, including sympathetic
neurons, preventing ROS-mediated oxidative insults [108]. The studies also revealed that SAC was the
most potent neuroprotective compound in AGE [108]. The data collectively suggests that AGE, or its
anti-oxidative components, may exert neuroprotective effects through various pathways including
direct anti-oxidative protection of neuronal cells as well as the preservation of BBB integrity.

There are other natural antioxidants that are recently reported to exhibit potent BBB protective
effects. These include apocynin [66-68], baicalein [69], caffeine [70,71,109], curcumin [72-74],
niacin [64], nicotine [64], pinocembrin [75,76,110], resveratrol [77-81,111], polyphenols [112],
and tanshinone IIA [82-84]. However, the number of studies investigating the effects of these agents
on neurodegeneration and cognitive performance is limited. Further investigations to support the
use of these agents for dementia prevention by focussing on the neurovascular integrity need to
be conducted.

4.3. Lipid-Lowering Drugs with Anti-Oxidative Properties

Many clinical drugs for treatment of cardiovascular disease exert antioxidant effects. Statins,
3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, are reported to show anti-oxidative
properties by inhibiting the increase of 8-isoprostane and suppressing the activity of nitric oxide
synthase [113,114]. While its effects on dementia are still controversial [115-117], case control and
retrospective population studies indicate that statins significantly reduce the risk of dementia and
cognitive impairment [118]. A 7-year follow-up study, the Rotterdam Study, revealed that statin
users have a 43% lower incidence of AD [119]. A number of putative underlying mechanisms for
statin’s neuroprotective effects are suggested [120]. Studies in humans and animal models showed
that statins attenuate cerebral amyloidosis in AD [121,122]. Other studies showed that cerebral
oxidative stress and the production of pro-inflammatory cytokines were reduced by atorvastatin in
animal models of AD [123,124]. An emerging body of recent studies also suggests statins’ therapeutic
potential for AD via protection of the neurovascular unit [125]. In a transgenic mouse model of AD,
atorvastatin and pitavastatin improved memory and reduced amyloidosis and neuroinflammation
by modulating the permeability of BBB. Similarly, simvastatin was shown to protect BBB integrity
and attenuate neuropathophysiology and oxidative stress in APP transgenic AD mice [126]. In line
with the latter, an in vitro study using human cerebral microvascular endothelial cells showed that
simvastatin and lovastatin attenuated Ap-induced BBB dysfunction [85]. Moreover, in a mouse
model of dietary- induced BBB dysfunction, we demonstrated that atorvastatin and pravastatin
reversed the disruption of BBB integrity [86]. Interestingly, all studies indicated here reported
the BBB protective effects of statins independent of their lipid-lowering effects but rather occurred
concomitant with attenuated oxidative stress, suggesting its cerebrovascular protective action through
anti-oxidative pathways.

Probucol is a conventional cholesterol-lowering drug that possesses potent anti-oxidative
properties, which attribute to attenuation of ROS by inhibiting the expression of Nox2 [127], and by
increasing glutathione peroxidase activity [128]. A limited number of clinical trials report that probucol
stabilizes cognitive function in AD [129]. Consistent with this notion, a study reported in a mouse
model of cognitive and hippocampal synaptic impairment induced by an intracerebroventricular
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injection of aggregated Af31_49, probucol prevented hippocampal lipid peroxidation and attenuated
loss of hippocampal-dependent learning and memory [130]. Similarly, in a mouse model of
streptozotocin-induced cognitive impairment, probucol improved cognitive function by attenuating
hippocampal oxidative stress [131]. Consistent with the hypothesis, studies in our laboratory reported
that probucol prevented the disruption of BBB and neuroinflammation induced by an ingestion of a
high-fat diet in mice [87,88]. These studies also revealed that the BBB protective effects of probucol
was through its anti-oxidative effects by attenuating cerebral oxidative stress and neurovascular
inflammation. A study by Russell et al. further supports this data by showing improved vascular
endothelial function in a model of atherosclerosis by administration of probucol, independent of its
cholesterol-lowering effects [132].

Fenofibrate is another lipid-lowering drug reported to lower cholesterol and triglycerides and
increase HDL-cholesterol [133]. Besides its anti-atherosclerotic effects, fenofibrate is reported to exert
anti-oxidative effects by reducing lipid peroxidation and increasing antioxidants including glutathione,
in a rat model of Parkinson’s disease [134]. Interestingly, in the same study by Uppalapati et al.,
fenofibrate attenuated neurodegeneration and improved cognitive function in a dose-dependent
manner [134]. Consistently, in a brain irradiation-induced mouse model of cognitive impairment,
fenofibrate significantly improved cognitive performance [135]. However, the clinical evidence of
fenofibrate on cognitive function and dementia is limited [136]. In a murine model of BBB dysfunction
induced by HIV Tat protein, Huang et al. demonstrated that fenofibrate attenuated BBB permeability,
neuroinflammation and neurodegeneration [89]. Moreover, an in vitro study using mouse cerebral
capillary endothelial cells showed that fenofibric acid (an active metabolite of fenofibrate) protected
BBB integrity from oxygen-glucose deprivation-induced BBB hyper-permeability [90]. However,
no studies to date have considered the neuroprotective effects of fenofibrate through modulation of
BBB-specific pathways.

These studies suggest that the lipid-lowering pharmacological agents with anti-oxidative
properties exert positive effects on neurodegeneration and cognitive deficits, at least in part,
through protective mechanisms via the BBB. Further studies to identify more detailed molecular
and cellular mechanisms to strengthen this evidence are required.

4.4. Other Pharmacological Agents with Anti-Oxidative Effects

There are several other pharmacological agents with anti-oxidative properties exerting vascular
protective effects, and some are demonstrated to be beneficial for BBB. Ibuprofen is a widely
utilized nonsteroidal anti-inflammatory drug (NSAID) reported to non-selectively attenuate the
activity of cyclooxygenase and is reported to exert substantial oxidative effects [137]. A number
of epidemiological and clinical studies reported that the use of ibuprofen and other NSAIDs delayed
the onset and progression of AD [138,139]. Although the mechanisms by which NSAIDs reduce the
risk of AD are yet to be elucidated, both in vivo and in vitro studies showed that NSAIDs including
ibuprofen, flurbiprofen, indomethacin and sulindac, significantly attenuated the cerebral production
and accumulation of AP [140] and suppressed neuroinflammation [141]. Combination therapy of
ibuprofen with lipoic acid was also reported to show neuroprotective effects in a rat model of
AD [142]. A recent study revealed significant alterations in protein and phosphoprotein expression
including heat shock protein 8, dihydropyrimidinase-related protein 2 and y-enolase, within the
hippocampal formation [143]. In addition, a recent study reported that ibuprofen prevents the decrease
of N-acetylaspartate and atrophy of hippocampal formation in a transgenic mouse model of AD via
MRI neuroimaging and spectroscopy analysis [144]. However, none of these studies considered the
effect of ibuprofen on cerebrovascular integrity. To our best knowledge, the only study demonstrating
BBB modulating effects of ibuprofen is that by Pallebage-Gamarallage et al. [86]. The study reported
novel findings in which ibuprofen treatment for 1 or 3 months can restore the compromised BBB
integrity in a high fat-induced BBB dysfunction mouse model. Clearly, further investigation is necessary
to elucidate the BBB protective role of ibuprofen in cognition and dementia.
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5. Conclusions

Previous studies suggest that natural and chemical compounds with anti-oxidative properties
have beneficial effects on neuroprotection and cognitive performance, although the underlying
mechanisms are largely unknown. As summarized in the current review, clinical evidence suggests the
therapeutic effects of antioxidants on dementia and cognitive impairment and findings from animal
and in vitro studies support this evidence. Furthermore, a substantial body of evidence from animal
and in vitro studies suggests that such neuroprotective effects of antioxidants may be entirely or
partially attributed to the BBB protective effects of antioxidants. However, the number of studies
directly considering the therapeutic effects of antioxidants on cognitive impairment through the axis of
cerebrovascular BBB integrity remain limited. Further investigations should focus on simultaneously
testing the neuroprotective effects as well as the BBB protective effects of antioxidants. Furthermore,
the elucidation of such mechanisms may lead to the development and search for new agents to
specifically target the protection of BBB, conferring neuroprotection.
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Abstract: (1) Background: Hepatocellular carcinoma (HCC) is the second leading cause of cancer
deaths worldwide, and surgical resection is the main treatment for HCC. To date, no published study
has examined the status of coenzyme Q10 in patients with HCC after surgery. Thus, the purpose of
this study was to investigate the correlations between the level of coenzyme Q10, oxidative stress,
and inflammation in patients with HCC after surgery; (2) Methods: 71 primary HCC patients were
recruited. Levels of coenzyme Q10, vitamin E, oxidative stress (malondialdehyde), antioxidant
enzymes activity (superoxidase dismutase, catalase, and glutathione peroxidase), and inflammatory
markers (high sensitivity C-reactive protein; tumor necrosis factor-o; and interleukin-6) were
measured; (3) Results: Patients with HCC had a significantly lower levels of coenzyme Q10
(p = 0.01) and oxidative stress (p < 0.01), and significantly higher levels of antioxidant enzymes
activities and inflammation after surgery (p < 0.05). The level of coenzyme Q10 was significantly
positively correlated with antioxidant capacity (vitamin E and glutathione peroxidase activity) and
negatively correlated with inflammation markers after surgery; (4) Conclusion: Hepatocarcinogenesis
is associated with oxidative stress, and coenzyme Q10 may be considered an antioxidant therapy for
patients with HCC, particularly those with higher inflammation after surgery.

Keywords: coenzyme Q10; oxidative stress; inflammation; hepatocellular carcinoma; surgery

1. Introduction

The most recent reports from the World Health Organization (WHO, 2014) and the Ministry of
Health and Welfare (2014) in Taiwan indicated that hepatocellular carcinoma (HCC) is the second
leading cause of cancer deaths [1,2]. Surgical resection is the main treatment for primary HCC [3].
During or after surgical procedures, there is a physiological stress response that involves activation
of inflammatory, endocrine, metabolic, and immunological mediators [4]. Oxidative stress, which is
defined as a disturbance in the balance between the productions of reactive oxygen species (ROS) and
antioxidant defenses [5]. The increase in the oxidative stress during or after surgery may be associated
with increasing complications such as myocardial injury, sepsis, pulmonary edema, kidney and liver
failure, and increased mortality [4,6,7]. As a result, oxidative stress and inflammation status is related
to the prognosis of the disease after surgery in HCC patients.
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Hepatocytic proteins, lipids, and DNA may affect ROS that are primarily produced in the
mitochondria [8]. Coenzyme Q10 (also called ubiquinone) is a lipid-soluble benzoquinone that
has 10 isoprenyl units in its side chain and is a key component of the mitochondrial respiratory
chain for adenosine triphosphate synthesis [9,10]. Studies has been indicated that coenzyme Q10 is
an intracellular antioxidant can protects membrane phospholipids, mitochondrial membrane protein,
and low density lipoprotein-cholesterol (LDL-C) from free radical-induced oxidative damage [11,12].
In vitro or in vivo studies have demonstrated that coenzyme Q10 not only plays an antioxidant,
but also has anti-inflammation effects [13,14] by modulating the expression of cyclooxygenase-2 and
nuclear factor-kB (NF-«kB) in the liver tissue of rats with HCC [15,16]. However, to date, no published
study has examined the status of coenzyme Q10 in patients with HCC and the correlation between
oxidative stress and inflammation with coenzyme Q10 after surgery. Thus, the purpose of this clinical
study was to investigate the levels of coenzyme Q10, oxidative stress, and inflammation status in
patients with HCC before and after surgery.

2. Materials and Methods

2.1. Participants

A total of 71 patients were diagnosed with primary HCC (International Classification of Diseases 9,
code 155.0) were recruited from the Division of General Surgery of Taichung Veterans General Hospital,
which is a teaching hospital in Taiwan. We excluded patients who were younger than 20 years of age
or older than 80 years of age, as well as during pregnant or lactating women, patients undergoing
chemotherapy or hormone therapy, and those with a history or current diagnosis of cardiovascular
or renal disease. Informed consent was obtained from each subject. This study was approved by the
Institutional Review Board of Taichung Veterans General Hospital, Taiwan (CF13197) and registered at
Clinical Trials.gov Identifier: NCT01964001.

The following data were recorded for all subjects before surgery: age, body weight, height, waist
and hip circumference, smoking and drinking habits, exercise frequency, body mass index (BMI),
and the waist/hip ratio were calculated. Dietary intake was assessed by dietitians, and 24 h diet recall
was used after one month of the surgery. The dietary records were analyzed using the Nutritionist
Professional software package (E-Kitchen Business Corp., Taichung, Taiwan) and the nutrient database
was based on the Taiwan food composition table (Food and Drug Administration, Ministry of Health
and Welfare, Taipei, Taiwan).

2.2. Blood Collection and Biochemical Measurement

Fasting blood specimens were collected in vacutainer tubes without anticoagulant
(Becton Dickinson, Rutherford, NJ, USA) before and month after surgery. Serum and plasma were
prepared after centrifugation (3000 rpm, 4 °C, 15 min) and were then stored at —80 °C until
analysis. Hematological entities, such as blood urea nitrogen, creatinine, glutamic oxaloacetic
transaminase, glutamic pyruvate transaminase (GPT), and lipid profiles were measured using an
automated biochemical analyzer (Hitachi-7180E, Tokyo, Japan). The level of high sensitivity C-reactive
protein (hs-CRP) was quantified by particle-enhanced immunonephelometry with an image analyzer
(Dade Behring, Chicago, IL, USA). Plasma tumor necrosis factor-« (TNF-«) (R & D Systems Inc.,
Minneapolis, MN, USA) and interleukin-6 (IL-6) (eBioscience, San Diego, CA, USA) levels were
measured using an enzyme-linked immunosorbent assay (ELISA) with commercially available kits,
according to the manufacturer’s instructions.

Plasma coenzyme Q10 and vitamin E levels were measured using high-performance liquid
chromatography (HPLC) and were detected with a UV detector at 275 nm and 292 nm,
respectively [17,18]. Plasma malondialdehyde (MDA) was determined using the TBARs (thiobarbituric
acid reactive substances) method, as described by Botsoglou [19]. The red blood cell (RBC) samples
were washed with normal saline after removing the plasma. Then, the RBC samples were diluted
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with a 25x sodium phosphate buffer for superoxide dismutase (SOD) and glutathione peroxidase
(GPx) measurements, with a 250x sodium phosphate buffer for the catalase (CAT) measurement.
The antioxidant enzymes activities (CAT, SOD, and GPx) were determined in the fresh samples,
and the methods used to measure these activities have been previously described [20-22]. The protein
content of the plasma and RBC was determined based on the biuret reaction of the bicinchoninic
acid (BCA) kit (Thermo, Rockford, IL, USA). The values of the antioxidant enzymes activities were
expressed as unit/mg of protein. All analyses were performed in duplicate.

2.3. Statistical Analysis

The data were expressed as means and standard deviations (SD), as well as medians.
A Kolmogorov-Smirnov test was used to examine the normal distribution of variables. A paired ¢-test
was used to compare mean values for continuous variables before and after surgery. Pearson product
moment correlation was used to examine the correlations between the levels of antioxidant capacity,
oxidative stress, and inflammatory markers in HCC patients and the change of coenzyme Q10,
antioxidant capacity, oxidative stress, and inflammation in HCC patients after surgery. Simple linear
regression was used to examine the correlations between the levels of coenzyme Q10 and vitamin E,
and antioxidant enzyme activity (GPx) in HCC patients. Statistical significance was set at p < 0.05.
All statistical analyses were performed using SigmaPlot software (version 12.0, Systat, San Jose,
CA, USA).

3. Results

3.1. Participant Characteristics

The characteristics and dietary intake of the subjects are shown in Table 1. In total, 70% of the
subjects were males, and the mean age of the subjects were 59 & 11 years old. The frequencies of
smoking, drinking, and exercise habits were 17%, 9%, and 44%, respectively. Additionally, 39% of the
subjects had been infected with hepatitis B, 17% of the subjects had been infected with hepatitis C,
and 14% of the subjects were cirrhosis. More than half of the subjects (56%) had HCC recurrence.
With regard to the hematological data, the subjects had significantly higher levels of blood urea
nitrogen (BUN), creatinine, and high density lipoprotein-cholesterol (HDL-C) and lower levels of
glutamic oxalocetic transaminase (GOT) and total cholesterol to high density lipoprotein-cholesterol
ratios (TC-to-HDL-C ratios) (p < 0.01) after surgery. With regard to dietary intake, subjects had a
significantly higher protein intake of total calories (p = 0.04) and lower fat intake (p = 0.07) after surgery.

Table 1. Characteristics and dietary intake of subjects 1.

Subjects Characteristics

males (11, %) 50 (70%)
age (years) 59.2 £+ 11.3 (59.0)
SBP (mmHg) 125.3 4+ 11.3 (123.0)
DBP (mmHg) 76.9 £ 12.3 (76.5)
waist circumference (cm) 88.9 £ 8.6 (90.0)
waist hip ratio 0.9 +0.1(0.9)
BMI (kg/m?) 24.4 + 5.8 (24.0)
current smokers 2 (1, %) 12 (17%)
drink alcohol 3 (1, %) 6 (9%)
exercise ¢ (1, %) 31 (44%)
Hepatitis B, 1 (%) 28 (39%)
Hepatitis C, n (%) 12 (17%)
Cirrhosis, 1 (%) 10 (14%)
Recurrence, 1 (%) 40 (56%)
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Table 1. Cont.

Subjects Characteristics

Hematology Before Surgery After Surgery p Values
BUN (mmol/L) 9.9 +£3.6(9.3) 11.6 + 4.8 (10.7) <0.01
creatinine (pmol/L) 70.7 £ 17.7 (70.7) 79.6+ 26.5 (70.7) <0.01
GOT (IU/L) 63.2 + 61.4 (38.0) 40.1 £ 36.3 (40.0) <0.01
GPT (IU/L) 60.4 + 57.4 (38.5) 54.3 + 47.8 (40.0) 0.79
TC (mmol/L) 43+£1.042) 43+0.8(4.2) 0.20
TG (mmol/L) 1.1+0.5(1.0) 1.1+0.4(1.0) 0.64
LDL-C (mmol/L) 2.8+ 0.9 (2.8) 2.7 £ 0.8 (2.6) 0.97
HDL-C (mmol/L) 1.24+0.3(1.1) 13+£03(1.2) <0.01
TC/HDL-C 38+12(3.5) 35+1.0(3.4) <0.01

Dietary Intake
energy (kcal/day) 1952.0 + 546.8 (1819.9) 1796.2 4 405.9 (1793.3) 0.21
protein (g/day) 67.6 = 23.3 (64.9) 68.7 = 20.6 (72.6) 0.28
% of total calories 13.7 + 3.2 (13.0) 15.2 £ 3.7 (14.9) 0.04
fat (g/day) 66.7 + 32.6 (54.8) 55.4 +22.0 (53.1) 0.07
% of total calories 30.3 £ 10.1 (29.0) 26.8 £7.7(26.4) 0.10
carbohydrate (g/day) 274.0 +92.9 (253.0) 264.3 + 66.9 (258.9) 0.52
% of total calories 55.9 £ 10.8 (57.0) 58.3 £7.8(59.4) 0.26
dietary fiber (g/day) 14.5+ 7.3 (13.0) 14.7 £ 7.4 (12.7) 0.47
cholesterol (mg/day) 244.1 + 178.0 (186.6) 233.3 4+ 147.3 (225.7) 0.63
vitamin E (mg «-TE/day) 271.8 £ 489.1 (13.0) 563.8 4 888.1 (18.0) 0.28
! mean + SD (medians); % current smokers: individuals who current smoke one or more cigarettes

per day; 3 drink alcohol: individuals who regularly drink one or more drink per day; 4 exercise:
individuals who exercise at least three times every week. BMI: body mass index; BUN: blood urea nitrogen;
DBP: diastolic blood pressure; GOT: glutamic oxaloacetic transaminase; GPT: glutamic pyruvate transaminase;
HDL-C: high-density lipoprotein-cholesterol; LDL-C: low density lipoprotein-cholesterol; SBP: systolic blood
pressure; TC: total cholesterol; TG: triglyceride.

3.2. Levels of Coenzyme Q10, Oxidative Stress, and Inflammation

The levels of coenzyme Q10, vitamin E, oxidative stress and inflammatory markers after surgery
are shown in Table 2. After surgery, the subjects had a significantly lower levels of coenzyme
Q10 (p = 0.01) and MDA (p < 0.01), and significantly higher levels of vitamin E (p < 0.01) and antioxidant
enzymes activities (SOD, p < 0.01; CAT, p < 0.01; GPx, p = 0.04). With regard to inflammatory markers,
the subjects had significantly higher levels of hs-CRP (p = 0.04), TNF-o (p < 0.01) and IL-6 (p < 0.01)
after surgery.

Table 2. Levels of coenzyme Q10, oxidative stress, and inflammation 1

Before Surgery After Surgery p Values
Coenzyme Q10 (uM) 0.34 +£0.11 (0.32) 0.33 +0.11 (0.28) 0.01
Vitamin E (uM) 104 +£29 (11.8) 11.8 £2.6 (10.2) <0.01
Oxidative Stress
MDA (uM) 1.68 £ 0.40 (1.60) 1.43 £ 0.43 (1.36) <0.01
Antioxidant Enzymes Activity
SOD (U/mg protein) 132+ 6.4 (12.4) 15.3 £ 6.8 (13.5) <0.01
CAT (U/mg protein) 132 +£5.7 (11.4) 153 + 7.2 (12.5) <0.01
GPx (U/mg protein) 15.7 + 4.9 (16.3) 16.4 + 4.6 (16.8) 0.04
Inflammatory Markers
hs-CRP (mg/L) 4.6 +85(1.3) 4.8 £5.0(2.5) 0.04
TNF-« (pg/mL) 04+£0.7(0.1) 0.9+1.0(0.8) <0.01
IL-6 (pg/mL) 23 £1.9(1.6) 3.6 £28(2.5) <0.01

! mean + SD (medians). CAT: Catalase activity; MDA: Malondialdehyde; GPx: glutathione peroxidase;
HCC: hepatocellular carcinoma; hs-CRP: high sensitivity C-reactive protein; IL-6: interleukin-6; SOD: superoxide
dismutase; TNF-a: tumor necrosis factor-«.
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3.3. Correlations between Coenzyme Q10, Oxidative Stress, and Inflammation

The correlations between coenzyme Q10, oxidative stress, and inflammation in HCC patients are
shown in Table 3. There was a significantly negative correlation between oxidative stress (MDA) and
antioxidant enzymes activities (SOD, p = 0.05; CAT, p < 0.05, and GPx, p = 0.04) (Table 3). With regard to
the correlation between antioxidant capacity and inflammation, CAT activity shown to be significantly
negatively correlated with the level of hs-CRP (p = 0.02), and GPx activity was significantly negatively
correlated with the levels of TNF-« (p = 0.02) and IL-6 (p < 0.01).

Table 3. Correlations! between coenzyme Q10, oxidative stress, and inflammation in HCC patients.

Oxidative Stress Inflammatory Markers
MDA (uM) hs-CRP (mg/dL) ~ TNF-a (pg/mL)  IL-6 (pg/mL)
Coenzyme Q10 (uM) 0.13 0.14 —0.06 0.02
vitamin E (uM) 0.07 0.09 —0.04 0.24
SOD (U/mg protein) -0.10t 0.00 0.18 0.13
CAT (U/mg protein) -0.10* —0.15* 0.51 0.14
GPx (U/mg protein) —0.11* —0.08 —-017* —-0.19*

! correlation coefficient (r). * p < 0.05; ¥ p = 0.05. CAT: Catalase activity; MDA: Malondialdehyde;
GPx: glutathione peroxidase; HCC: hepatocellular carcinoma; hs-CRP: high sensitivity C-reactive protein;
IL-6: interleukin-6; SOD: superoxide dismutase; TNF-o: tumor necrosis factor-«.

Furthermore, we assessed the correlations between the changes in coenzyme Q10, oxidative stress,
and inflammation in HCC patients, and these results are shown in Table 4. There was a significantly
negative correlation between changes in the levels of coenzyme Q10 and inflammation markers
(hs-CRP, p = 0.02; IL-6, p = 0.05) after surgery. In addition, changes in GPx activity were significantly
negatively correlated with changes in oxidative stress (MDA, p = 0.06) and inflammation markers
(hs-CRP, p < 0.05; IL-6, p = 0.04), and changes in SOD activity was significantly negatively correlated
with changes in hs-CRP (p = 0.04) after surgery.

Table 4. Correlations' between changes in coenzyme Q10, oxidative stress, and inflammation.

Changes of Oxidative Stress Changes of Inflammatory Markers
MDA (uM) hs-CRP (mg/dL)  TNF-« (pg/mL)  IL-6 (pg/mL)
Coenzyme Q10 (uM) —0.11 —0.23* 0.18 —-0.16 *
vitamin E (uM) 0.01 0.09 —0.13 0.08
SOD (U/mg protein) —0.04 -0.16* 0.04 —0.07
CAT (U/mg protein) —0.09 —0.03 0.24 0.01
GPx (U/mg protein) -0.181 —0.26* —0.10 —0.20

! correlation coefficient (r). * p < 0.05; t p = 0.06. CAT: Catalase activity; MDA: Malondialdehyde;
GPx: glutathione peroxidase; HCC: hepatocellular carcinoma; hs-CRP: high sensitivity C-reactive protein;
IL-6: interleukin-6; SOD: superoxide dismutase; TNF-c: tumor necrosis factor-«.

3.4. Correlations between Coenzyme Q10 and Antioxidant Capacity

The correlations between coenzyme Q10 and antioxidant capacity is shown in Figure 1. The level
of coenzyme Q10 was significantly positive correlated with vitamin E ( = 9.85, p < 0.01) and GPx
activity (B = 6.43, p = 0.04) in HCC patients.
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Figure 1. Correlations between the levels of coenzyme Q10 and vitamin E, and glutathione peroxidase
activity (GPx) in HCC patients. (A) Correlation between the levels of coenzyme Q10 and vitamin E
(B =9.85, p <0.01); (B) Correlation between the levels of coenzyme Q10 and glutathione peroxidase
(GPx, p =643, p=0.04).

4. Discussion

This study is the first clinical study to investigate the coenzyme Q10 status in patients with HCC
before and after surgery. The reference values of the level of coenzyme Q10 were suggested to be
between 0.5 to 1.7 uM [23]. It is worth noting that the level of coenzyme Q10 was lower in patients with
HCC before surgery (Table 2), and the level of coenzyme Q10 was further reduced significantly after
surgery (Table 2, 0.34 £ 0.11 uM reduced to 0.30 = 0.11 uM, p < 0.01). Coenzyme Q10 is a crucial cellular
antioxidant [9,10], and our previous studies have demonstrated that coenzyme Q10 can significantly
reduce oxidative stress and inflammation status via its antioxidant capacity [24-26]. In the present
study, we found that the level of coenzyme Q10 was significantly correlated with vitamin E and
antioxidant enzyme (GPx) activity in HCC patients (Figure 1). Patients with HCC suffer from a higher
level of oxidative stress and inflammation [27], and a deficiency in coenzyme Q10 was found in HCC
patients, we suggest that the administration of coenzyme Q10 supplements in patients with HCC
during the surgery may be beneficial.

Surgical resection is the most efficient treatment of patients with HCC [3]. Over the past
10 years, surgical treatment has been considered safe, with an acceptable overall mortality rate
(<5%), and resulted in good long-term survival (>50%) in HCC patients [28-30]. However, surgery
may elicit the activation of systemic inflammatory, endocrine/metabolic, and immunological systems,
which is referred to as the surgical 