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Abstract 22 
The aim of this study is to investigate the modulating effect of coexisting food components on 23 
the absorption and metabolism of quercetin and blood plasma antioxidant potentials. The 24 
combination of quercetin with α-tocopherol (αT), cellulose, or a commercially-available 25 
vegetable beverage containing αT and dietary fiber was orally administered to mice. Compared 26 
to the single administration of quercetin aglycone, the co-administration of αT with quercetin 27 
significantly increased the plasma quercetin concentration at 0.5 h, whereas the combination 28 
of quercetin and cellulose decreased it. Interestingly, the administration of quercetin mixed 29 
with the vegetable beverage showed no significant change of the quercetin concentration in the 30 
mice plasma. The treatment of the cells with the blood plasma after the co-administration of 31 
αT with quercetin significantly upregulated the gene expression of the antioxidant enzyme 32 
(heme oxygenase-1), whereas the quercetin and cellulose combination did not. In the plasma 33 
of the quercetin-administered mice, eight types of quercetin metabolites were detected and their 34 
quantities were affected by the combination with αT. The potentials of the heme oxygenase-1 35 
gene expression by these metabolites were very limited, although several metabolites showed 36 
radical scavenging activities comparable to aglycone in the in vitro assays. These results 37 
suggested that the combination of αT potentiates the quercetin absorption and metabolism and 38 
thus the plasma antioxidant potentials, at least in part, by the quantitative changes in the 39 
quercetin metabolites. 40 

41 
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Introduction 42 
Quercetin (Q) is one of major dietary flavonoid aglycones in fruits and vegetables. Since 43 

Q has various biological activities, it is expected to contribute to health promotion and disease 44 
prevention in humans [1]. The absorption of Q into the body is considered one of the 45 
prerequisites for the expression of physiological activities. Q is mainly metabolized by some 46 
drug-metabolizing enzymes such as uridine 5′-diphosphate-glucuronosyltransferase, 47 
sulfotransferase, and/or catechol O-methyl transferase. The metabolic profiles of Q in the 48 
human plasma were shown as its glucuronides, sulfates, and sulfo-glucuronides with or without 49 
methylation [2-4]. Especially, the glucuronides and sulfates of Q are known to be major Q 50 
metabolites in the blood plasma [5-7], whereas Q aglycone was hardly detected in the human 51 
plasma [8,9].  52 

Several reports have shown the modulatory effects of the co-administered food ingredients 53 
on the bioavailability of flavonoids [10]. For example, the plasma concentrations of Q and 54 
methylated Q (isorhamnetin, IR) were significantly higher in the rutin diet with pectin in 55 
comparison to the diet with cellulose [11]. The Q concentration in the brain of the mice co-56 
administered with three polyphenols and α-tocopherol (αT) for 3 months was significantly 57 
higher than in those administered with polyphenols alone, whereas the plasma concentration 58 
of Q is slightly, but not significantly, higher in the co-administered mice [12]. As for the 59 
biological effects, the combined treatment with Q and αT has been shown to normalize some 60 
biochemical parameters in cadmium-treated rats more clearly than the individual treatments 61 
[13]. The combined treatment with Q and luteolin, which is also a major flavonoid, has been 62 
reported to enhance the antiproliferative effects in the nicotine-treated human breast cancer cell 63 
line [14]. 64 

Q has been widely known to have antioxidant activities by in vitro assays, such as the 65 
DPPH (1,1-diphenyl-2-picrylhydrazyl) radical scavenging activity and ORAC (oxygen radical 66 
absorbance capacity) assay [15-18]. In addition, Q has been reported to modulate the 67 
expression of various types of the cytoprotective genes [19-23]. Regarding the Q metabolites, 68 
Q 3-glucuronide (Q3GA) shows the DPPH radical scavenging activity and inhibition of copper 69 
ion-induced lipid peroxidation of human plasma LDL in vitro [5]. In addition, Q3GA, Q3'GA 70 
and Q7GA, but not Q4'GA, exerted inhibitory effect of lipopolysaccharide-dependent 71 
induction of the interleukin-6 gene expression in RAW 264.7 cells [24]. On the other hand, 72 
Q4'GA exhibited the strongest inhibitory effect of the xanthine oxidase activity, which was 73 
comparable to that by Q aglycone [25]. IR 3-glucuronide (IR3GA) suppressed the protein 74 
expression of certain signaling molecules and increased the heme oxygenase-1 (HO-1) protein 75 
expression in lipopolysaccharide-treated RAW264.7 cells [26]. In addition, not only the blood 76 
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plasma of the mice administered with Q, but also Q3GA and Q 3'-sulfate (Q3'S) upregulated 77 
the peroxisome proliferator-activated receptor gamma expression in A549 lung cancer cells 78 
[27,28]. 79 

Although there have already been many reports on the absorption and biological activities 80 
of Q, the modulating effects of the coexisting food components not only on the metabolic 81 
properties of Q, but also on the contribution of the Q metabolites to the Q-induced biological 82 
activity in vivo remain unclear. In this study, we investigated the modulating effect of the co-83 
administration of food components, such as αT or cellulose, with Q on the absorption and 84 
metabolism of Q, and estimated the contribution of the Q metabolites to the in vivo antioxidant 85 
ability. 86 

 87 
 88 

Materials and Methods 89 
Chemicals 90 

Q, IR and D-αT were obtained from Tokyo Chemical Industry (Tokyo, Japan). Cellulose 91 
was obtained from FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan). A commercial 92 
vegetable beverage was purchased from a local supermarket in Okayama. Standards of the Q 93 
metabolites were synthesized according to a previously reported procedure using conjugate-94 
producing budding yeast [29]. Glucuronidase/sulfatase derived from Helix pomatia (Sulfatase 95 
type H-1) was purchased from Sigma Chemical Company (St. Louis, MO, USA). All other 96 
chemicals were of analytical grade. 97 
 98 
Animals and study design 99 

The study protocol was approved by the Institutional Animal Care and Use Committee of 100 
Okayama University (permission number OKU-2019020). ICR mice (male, 7-9 weeks old) 101 
housed by a previously described method were used [30]. After overnight fasting, except for 102 
free access to tap water, Q solubilized with 50% propylene glycol was administered into the 103 
intragastric administration as 5 mg Q aglycone/kg body weight with or without αT (250 μg/kg 104 
body weight), cellulose (60 mg/kg body weight), mixture of αT and cellulose, or a commercial 105 
vegetable beverage (5 mL/kg body weight), which contains protein 1.2 g, lipid 0 g, 106 
carbohydrate 7.8 g, sodium chloride equivalent 0–0.3 g, vitamin A 0.1–0.7 mg, lycopene 16 107 
mg, β-carotene 1.5–6.5 mg per 100 mL. Peripheral blood was collected from the tail vein using 108 
heparinized capillaries before and at 0.5, 1, 3, and 6 h after administration. The samples were 109 
stored at −20°C until use. Q in the plasma was below the detection limits after administration 110 
of only the commercial vegetable beverage. 111 
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 112 
Analysis of quercetin and its metabolites in the blood plasma 113 

To determine the apparent total levels of Q before and after administration of the sample, 114 
the obtained blood plasma was analyzed using liquid chromatography-tandem mass 115 
spectrometry (LC-MS/MS, Xevo TQD, Waters) with deconjugation treatment using 116 
glucuronidase/sulfatase (Sulfatase type H-1). After the enzyme treatment, Q was extracted with 117 
ethyl acetate as previously described [31]. HPLC separation was done by a gradient system 118 
using solvent A (0.1% formic acid) and solvent B (acetonitrile) using a ACQUITY UPLC BEH 119 
C18 column (1.7 μm, Waters) at the flow rate of 0.4 mL/min. The gradient program was 0 min 120 
(A 95%), 0.5 min (A 95%), 5 min (A 5%), 5.5 min (A 5%), 5.6 min (A 95%), and 6.5 min (A 121 
95%). The detection limit of Q was 10 nM, and that of IR was 1 nM. 122 

Regarding the metabolites, the blood plasma samples were extracted with methanol and 123 
acetonitrile and concentrated using a centrifugal evaporator. Extracts of the Q metabolites were 124 
analyzed by LC-MS/MS as previously described [32] with some modification. Briefly, the 125 
HPLC separation was done by a gradient system using solvent A (0.1% formic acid) and 126 
solvent B (acetonitrile) and a Develosil C30-UG-5 (2.0 × 150 mm) column (Nomura Chemical 127 
Company, Limited, Aichi, Japan) at the flow rate of 0.2 mL/min. The gradient program was 0 128 
min (A 95%), 40 min (A 50%), 45 min (A 20%), 46 min (A 95%), and 55 min (A 95%). The 129 
peak area of these metabolites was corrected by the area of the internal standard, chalcone. 130 
 131 
DPPH radical scavenging assay 132 

The DPPH radical scavenging activity was assayed by a previously described method [33]. 133 
Briefly, 0.1 mL of various concentrations of the Q metabolites in ethanol or the blood plasma 134 
diluted by MES buffer (10, 20 and 40-folds) were mixed with 0.1 mL of a 0.2 mM DPPH 135 
ethanol solution, then the mixture was stored for 30 min at room temperature in the dark. The 136 
absorbance of the reaction solution was recorded at 520 nm. Trolox was used as a positive 137 
control, and the radical scavenging capacity of the metabolites was determined as % DPPH 138 
inhibition = [(DPPH Abs – blank Abs) – (sample Abs – blank Abs)]/(DPPH Abs – blank Abs) 139 
× 100. 140 
 141 
ORAC assay 142 

The ORAC assay was performed according to the protocol by Wu et al. [33]. Briefly, 35 143 
μL of various concentrations (0.8-100 µM) of the Q metabolites, Trolox standard or blood 144 
plasma were mixed with 115 μL of a fluorescein working solution (77.5 nM) in a 96-well plate. 145 
The initial fluorescence was recorded as (f0 min). During the following 120 min, the fluorescence 146 
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was recorded every 2 min after the addition of 50 μL of 2,2-azobis(2-methylpropionamidine) 147 
dihydrochloride (AAPH, 82.4 mM). The area under the curve (AUC) was calculated for each 148 
sample by integrating the relative fluorescence curve. The net AUC of the sample was 149 
calculated by subtracting the AUC of the blank. The results were converted as relative to Trolox. 150 
 151 
RT-PCR 152 

Hepa1c1c7 cells were obtained from the American Type Culture Collection (Manassas, 153 
VA, USA). The cells were maintained in MEMα supplemented with 10% FBS, 4 mM L-154 
glutamine, 100 U/mL penicillin, and 100 μg/mL streptomycin. The cells were grown at 37 °C 155 
in 5% CO2. Hepa1c1c7 cells were treated with media containing 10% blood plasma (instead of 156 
10% FBS) or the Q metabolites at the indicated concentrations for 6 h. The cells were treated 157 
with DMSO as the control. The total RNA was extracted with TRIzol reagent according to the 158 
manufacturer’s manual. The total RNA (5 μg) was reverse transcribed to cDNA using ReverTra 159 
Ace. The cDNA was used for PCR amplification with Taq polymerase. Primers used in the 160 
PCR amplification were as follows: mHO-1, (F) 5’-ACATCGACAGCCCCACCAAGTTCAA 161 
-3’ and (R) 5’-CTGACGAAGTGACGCCATCTGTGAG-3’; β-actin, (F) 5’-162 
GTCACCCACACTGTGCCCATCTA-3’ and (R) 5’-GCAATGCCAGGGTACATGGTGGT-163 
3’. The PCR conditions, including the cycles and annealing temperatures, were optimized as 164 
follows: mHO-1, 23 cycles, 60 °C; β-actin, 16 cycles, 65 °C. The amplified PCR products were 165 
separated on an agarose gel (1%), stained with ethidium bromide, and visualized using an 166 
image analyzer (ImageQuant LAS500, GE Healthcare). The relative densities of the bands 167 
were measured using Image J Software Program. 168 
 169 
Statistical analyses 170 

Results of the blood plasma are presented as means ± standard error (S.E.)., and all the 171 
other values are presented as means ± standard deviation (S.D.) (n > 3). Statistical significance 172 
was determined by Student’s t-test or one-way analysis of variance (ANOVA) followed by 173 
Tukey. Data were considered significant at P < 0.05.  174 
 175 
 176 
Results 177 
Effects of coexisting food components on the total plasma concentration of quercetin in 178 
the quercetin-administered mice 179 

We first quantified the total plasma levels of the Q metabolites as free flavonoids using 180 
LC-MS/MS. After deconjugation treatment, Q and its methylated metabolites, IR, were 181 
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detected in the blood plasma of the mice after the administration of Q, Q with αT, Q with 182 
cellulose, and Q with αT and cellulose (Fig. 1A). The maximum concentration (Cmax) of the 183 
deconjugated Q in the plasma was achieved 0.5 h after administration in all cases, whereas the 184 
Cmax values of IR were observed later (1 to 6 h after administration). The total plasma 185 
concentration of Q and IR in the Q and αT-administered mice was significantly higher than that 186 
in the Q alone-administered mice, whereas that in the Q and cellulose-administered mice and 187 
Q, αT and cellulose-administrated mice were lower. Interestingly, the co-administration of a 188 
commercial vegetable beverage with Q showed no significant change of the Q concentration 189 
in the blood plasma compared to that in the Q alone-administered mice (Fig. 1B). These results 190 
implied that the Q absorption in the small intestine was influenced by the co-administered food 191 
components. 192 
 193 
Effects of coexisting food components on the antioxidative phenomena induced by the 194 
blood plasma of the quercetin-administered mice 195 

Using the blood plasma 0.5 h after the administration of Q with or without the food 196 
components, their antioxidative potentials were evaluated using both the DPPH and ORAC 197 
assays. As shown in Figure 2, all the blood plasma samples showed the same antioxidant 198 
activities as that in the control mice at every dilution ratio. We next examined the possibility 199 
that the plasma Q metabolites regulate the gene expression of the antioxidant enzyme, HO-1. 200 
The gene expression of HO-1 in mouse hepatoma Hepa1c1c7 cells tended to be enhanced by 201 
the blood plasma of the Q alone-administered mice. Furthermore, the treatment of the blood 202 
plasma of the Q and αT-administered mice significantly enhanced the HO-1 expression 203 
compared to that of the control (Fig. 3), whereas that of the Q and cellulose-administered mice 204 
did not change it at all.  205 
 206 
Effects of coexisting food components on the concentration of each quercetin metabolite 207 
in the blood plasma of the quercetin-administered mice 208 

The plasma levels of the individual metabolites detected by the LC-MS/MS analysis are 209 
shown in Figure 4. The Q glucuronides with or without methylation and Q sulfate were detected 210 
in the plasma 0.5 h after the administration. The composition pattern of the plasma Q 211 
metabolites was the same among all the groups, but the plasma concentration of each Q 212 
metabolite was changed by the addition of food components with Q. All the metabolites in the 213 
blood plasma of the Q and αT-administered mice tended to be higher than those after the 214 
administration of Q or Q with cellulose, in accordance with the total level (Fig. 1). The levels 215 
of Q7GA and Q3'S were quite higher than those of the other metabolites in the blood plasma 216 
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of all the Q-administered mice. 217 
 218 
Effects of each quercetin metabolite on the antioxidative phenomena in the in vitro assays 219 
and cultured cell assay 220 

To check the chemical antioxidant activities of the Q metabolites, the DPPH and ORAC 221 
assays were performed. The DPPH radical scavenging activities of Q and IR were comparable 222 
to that of Trolox (Fig. 5A and Table 1). The Q glucuronides, except for Q4'GA, were also highly 223 
effective in this assay. Meanwhile, the Q sulfate and IR glucuronides did not exert the 224 
significant free radical scavenging activity. Interestingly, not only the Q metabolites that can 225 
quench DPPH radicals, but also Q4'GA and the IR glucuronides showed a stronger antioxidant 226 
activity than Trolox in the ORAC assay (Fig. 5B).  227 

To further investigate the cellular antioxidant activity of the Q metabolites, the gene 228 
expression of HO-1 was evaluated using the mouse hepatoma cell line. The 5 µM treatment of 229 
Q or IR with Hepa1c1c7 cells resulted in the significant upregulation of the HO-1 gene 230 
expression (Fig. 6). Regarding the Q metabolites, 50 µM of Q3GA, Q3'GA and Q7GA 231 
significantly, but to a lesser extent, enhanced it. IR3GA and IR7GA also upregulated the HO-232 
1 gene expression, even though both compounds did not scavenge the DPPH radicals (Fig. 5). 233 
Q3'S did not show any antioxidant activities in the cellular assay as well as the in vitro 234 
experiments of this study.  235 
 236 
 237 
Discussion 238 

In the present study, we demonstrated the modulating effect of the coexisting food 239 
components, αT and fiber, on the Q absorption and metabolism. In most previous studies, the 240 
bioavailability of flavonoids was investigated either by the individual administration of a pure 241 
compound or by the dosing of food matrices, such as juices and vegetables, but not by the co-242 
ingestion of flavonoids with certain food ingredients [34-36]. Although there are a few reports 243 
showing the bioavailability of flavonoids in the co-administration [10], information on the 244 
behavior of flavonoids when administered in combination is very limited. This is, to the best 245 
of our knowledge, the first report to reveal the enhancing effect of the coexisting αT on the Q 246 
absorption in the blood plasma (Fig. 1A). These data are similar to a previous report showing 247 
that the combined administration of Q with long-chain fatty acids increased the plasma Cmax of 248 
the Q metabolites [37], suggesting that certain lipophilic compounds are capable of enhancing 249 
the stability of Q during digestion and absorption.  250 

On the other hand, the plasma levels of the Q metabolites in the cellulose-co-administered 251 
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mice were significantly lower than that of the control group (Fig. 1A). In addition, it was not 252 
improved by the combination with αT. The interaction of flavonoids with various dietary fibers 253 
has been widely studied. A molecular simulation study revealed that tea catechin interacts with 254 
cellulose by intermolecular forces [38]. A fiber-rich diet actually reduced the absorption of 255 
genistein, one of the major isoflavones, in a single meal ingestion [39]. It has been considered 256 
that the flavonoids that interacted with the dietary fibers are not bioaccessible for absorption in 257 
the small intestine [40]. On the other hand, the co-administration of Q with a commercial 258 
vegetable beverage did not significantly change the plasma Q concentration compared to the 259 
control (Fig. 1B). Five mL of the vegetable beverage contains approximately 250 μg αT and 260 
60 mg fiber, both of which were the same doses used in this study. In addition, the vegetable 261 
beverage contains many chemicals such as other vitamins and carotenoids. It is suggested that 262 
these chemicals contribute to the absorption of Q in the body in a coordinated manner. 263 

The blood plasma after co-administration of Q and αT did not enhance the radical 264 
scavenging activity compared to the control (Fig. 2). A previous report showed that the 265 
administration of a diet containing green tea extract did not enhance the antioxidant capacity 266 
of the mouse plasma determined by the ferric reducing antioxidant power assay [41]. In 267 
addition, the administration of a high fat diet with or without resveratrol showed no difference 268 
in the antioxidant activities of the mouse plasma evaluated by the DPPH and ORAC assays 269 
[42]. The reason why the potential of the Q-administered mouse plasma to scavenge free 270 
radicals was not influenced by the coexisting food components is that the mice plasma contains 271 
considerable amounts of antioxidants, such as glutathione and ascorbic acid [43,44]. In contrast 272 
to the non-enzymatic antioxidant activity, the administration of a diet containing resveratrol 273 
could enhance the enzyme activity of glutathione peroxidase [42]. The present study also 274 
showed that the blood plasma of the Q and αT-administered mice significantly enhanced the 275 
HO-1 gene expression in mouse hepatocytes (Fig. 3). The characteristic of in vivo antioxidant 276 
activity by Q metabolites may be mediated by HO-1 gene expression rather than by radical 277 
scavenging effects (Fig. 2 and 3), although Q metabolites themselves have the potency of 278 
radical scavenging effects (Fig. 5). We have recently observed that αT could enhance the HO-279 
1 gene expression [33]. Since αT is slowly absorbed through the lymphatic pathway [45], it 280 
might not be absorbed into the blood plasma at 0.5 h after administration. Thus, the Q 281 
metabolites, but not αT itself, in the blood plasma might be involved in the promotion of the 282 
HO-1 gene expressions. 283 

Eight types of Q metabolites were detected in the blood plasma of the Q-administered mice 284 
(Fig. 4). Among them, Q7GA and Q3'S were predominant in all the Q-administered mice. Our 285 
previous study using Wistar/ST rats also showed that Q7GA was the most abundant metabolite 286 
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among the four Q glucuronides [29]. The amount of total deconjugated Q was higher than the 287 
sum of Q metabolites (Fig. 1A and Fig. 4). There are several possibilities for this difference. 288 
Quercetin is metabolized other types of metabolites such as di-glucuronide and glucuronide-289 
sulfate, although this study focused on major 8 types of quercetin metabolites. Also, it may be 290 
due to extraction efficiency, because polyphenols easily interact with plasma components and 291 
co-precipitate with them in the extraction process.  292 

Q3GA, Q3'GA and Q7GA, but not Q4'GA, had the significant ability to capture the DPPH 293 
radicals (Fig. 5). Moon et al. reported that the antioxidant ability of Q3GA was much higher 294 
than that of Q4'GA [5], partially consistent with our data. Interestingly, the antioxidant 295 
activities of the Q metabolites, especially the IR glucuronides, were different between the 296 
DPPH and ORAC assays (Fig. 5). Because the ORAC assay uses a peroxyl radical-producing 297 
compound, it is regarded to reflect the chemical reactions under actual in vivo conditions better 298 
than the DPPH radical scavenging assay. Actually, the potencies of the Q metabolites to 299 
enhance the HO-1 gene expression is consistent with their antioxidative activities evaluated by 300 
the ORAC assay (Figs. 5 and 6). Although the gene expression of HO-1 was induced by 50 µM 301 
of the Q metabolites (Fig. 6), they are present in the blood plasma only in the nanomolar range 302 
(Fig. 4). It has been reported that the combination of Q glucuronides and Q3S inhibited the 303 
oxidation of human LDL comparable to that of the Q aglycone [46]. Thus, the Q metabolites 304 
might exert the in vivo antioxidant effects in a coordinated manner. In addition, the IR 305 
glucuronides might be maintained at a high level for a relatively longer time (~6 h) after 306 
administration than the Q glucuronides. Therefore, the IR glucuronides might be involved in 307 
the continuous induction of the antioxidant enzyme gene expression.  308 

In our previous study, it was revealed that Q metabolism was influenced by co-309 
administration of isoflavone-rich food, altering not only the amount of Q absorbed but also the 310 
profile of Q metabolites [32]. On the other hand, co-administration with αT did not change the 311 
profile of Q metabolites in this study (Fig. 4). Considering the activity of Q metabolites, 312 
changes in quercetin absorption and its metabolic profile by the co-administered food 313 
components would be important information. This study focused on anti-oxidative effects 314 
(DPPH and ORAC) and oxidative stress-mediated anti-oxidative effects (induction of phase II 315 
enzyme) by quercetin metabolites because quercetin itself, due to its unique chemical structure, 316 
has the potential not only to scavenge free radical but also to induce some signal transductions. 317 
Generally, it is known that the phytochemicals including Q are xenobiotic substances. However, 318 
appropriate doses of the phytochemicals can be beneficial effects to our body. Thus, 319 
multifaceted approaches would provide useful information for actual effects of Q in our body. 320 

In conclusion, the bioavailability of Q was enhanced by the co-administration of αT via 321 



 11 

the increase of absorption from small intestine, although the pattern of the Q metabolites in the 322 
blood plasma was similar for any administration. The enhanced Q absorption could influence 323 
the antioxidant capacity in the blood plasma through the modulation of antioxidant enzyme 324 
gene expression. Therefore, it is important to note once again that coexisting food components 325 
have a significant impact on the bioavailability of flavonoids. Some of the Q metabolites 326 
actually have a potential to elicit antioxidative phenomena through the enhanced gene 327 
expression of antioxidant enzymes as well as the direct chemical reaction, even though the 328 
antioxidant ability of each metabolite is very limited. On the other hand, the rodent model as 329 
well as the cultured mouse hepatocyte model has some limitations, such as not reflecting the 330 
characteristics of human ones. Additionally, the Hepa1c1c7 cells do not reflect the 331 
characteristics of intact hepatocytes because this cell line originated from hepatocellular 332 
carcinoma. In addition, the effective concentrations of each Q metabolite required for its 333 
antioxidant activity might be supraphysiological. Future efforts will be related to clarify the 334 
precise mechanism of how αT enhances the Q absorption and the synergistic effects of the 335 
metabolites or other biological factors in human hepatocyte models. In addition, the 336 
enhancement of Q bioavailability by the co-administration of αT in human would need to be 337 
clarified. 338 

 339 
 340 
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Figure captions 501 
Figure 1. Time-dependent changes of the Q and IR levels in the plasma, (A) after 502 
administration of Q with or without αT or fiber. (B) after administration of Q with the 503 
commercial vegetable beverage. Peripheral venous blood was collected at the desired time 504 
points before and at 0.5, 1, 3, and 6 h after administration. The collected samples were treated 505 
with deconjugation enzymes before analysis. (A) Open circles denote administration of Q, grey 506 
circles denote co-administration of Q and αT, and filled circles denote co-administration of Q 507 
and cellulose. (B) Open circles denote administration of Q, and filled circles denote co-508 
administration of Q and the vegetable beverage. Values are means ± S.E. (n = 4–5). *P< 0.05 509 
vs Q administration. 510 
 511 
Figure 2. (A) DPPH radical scavenging capacities of blood plasma after administration of Q 512 
with or without food components. The plasma samples were incubated with DPPH for 30 min 513 
at room temperature in the dark. The DPPH radical scavenging activity was evaluated by the 514 
absorbance (520 nm). The final dilution ratio of the plasma was 1/20, 1/40 and 1/80. Values are 515 
means ± S.D. (n = 4–5). (B) ORAC values of blood plasma after administration of Q with or 516 
without food components. The plasma samples were mixed with fluorescein and AAPH. The 517 
ORAC values were evaluated by the fluorescence (Ex 485 nm/Em 525 nm). The results were 518 
converted as relative to Trolox using the net AUC values. Values are means ± S.D. (n = 4–5). 519 
There were no significant differences in all the blood plasma samples at any dilution ratio. P, 520 
the plasma of the 50% propylene glycol-administrated mice; QP, the plasma of the Q-521 
administered mice; αTP, the plasma of the Q and αT-administered mice; CP, the plasma of the 522 
Q and cellulose-administered mice. 523 
 524 
Figure 3. Enhancing effect of the plasma at 0.5 h after administration of compounds on the 525 
gene expressions of HO-1. The confluent Hepa1c1c7 cells were treated with the media 526 
containing 10% blood plasma for 6 h. The gene expression levels of HO-1 were determined by 527 
RT-PCR. Values are means ± S.D. (n = 3–4). *P< 0.05 vs control. P, the plasma of the 50% 528 
propylene glycol-administrated mice; QP, the plasma of the Q-administered mice; αTP, the 529 
plasma of the Q and αT-administered mice; CP, the plasma of the Q and cellulose-administered 530 
mice. 531 
 532 
Figure 4. Concentration of the metabolites in the plasma at 0.5 h after each administration. The 533 
blood plasma samples were extracted with methanol and acetonitrile. Extracts of the Q 534 
metabolites were analyzed by LC-MS/MS. Open bars denote administration of Q, grey bars 535 
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denote co-administration of Q and αT, and filled bars denote co-administration of Q and 536 
cellulose. Values are means ± S.E. (n = 4–5). *P< 0.05 vs Q administration. 537 
 538 
Figure 5. (A) DPPH radical scavenging capacities of the Q metabolites. The Q metabolites 539 
were incubated with DPPH for 30 min at room temperature in the dark. The DPPH radical 540 
scavenging activity was evaluated by the absorbance (520 nm). Values are means ± S.D. (n = 541 
4). The IC50 values and their statistical analyses were shown in Table 1. (B) ORAC values of 542 
the Q metabolites. The Q metabolites were mixed with fluorescein and AAPH. The ORAC 543 
values were evaluated by the fluorescence (Ex 485 nm/Em 525 nm). The results were converted 544 
as relative to Trolox using the net AUC values. Values are means ± S.D. (n = 3). Different 545 
letters above the bars indicate significant differences among the treatments (p<0.05). 546 
 547 
Figure 6. The modulating effects of the Q metabolites on the HO-1 gene expression. The 548 
confluent Hepa1c1c7 cells were treated with the Q metabolites at the indicated concentrations 549 
for 6 h. The gene expression levels of HO-1 were determined by RT-PCR. Values are means ± 550 
S.D. (n = 3–4). *P< 0.05 vs control.  551 
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