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A highly soluble quercetin glycoside, RG-rutin, is a glucose adduct of insoluble rutin. We examined
the effects of difructose anhydride III (DFAIII; di-D-fructofuranosyl 1,2′:2,3′-dianhydride) on intestinal
absorption of RG-rutin by rat experiments. RG-rutin, rutin, quercetin, and the quercetin conjugate
appeared in the portal blood after an intubation of RG-rutin (100 µmol), DFAIII effected higher portal
concentrations of RG-rutin in portal cannulated rats. In ligated jejunal and ileal loops of rats, RG-
rutin, rutin, quercetin, and the quercetin conjugate appeared in the intestinal mesenteric blood at
both 30 and 60 min in both loops; the concentration of RG-rutin was 1.5-3 times higher when absorbed
in the presence DFAIII. In the isolated mucosae of the jejunum and ileum, mucosal-to-serosal passage
of RG-rutin increased with the addition of 100 µmol of DFAIII. These results indicate that RG-rutin is
absorbed as the intact form and that DFAIII stimulates its absorption in the small intestine.
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INTRODUCTION

Flavonoids are polyphenols that are found in many foods and
which function as antioxidants in the body (1). However, the
mechanisms for absorption of polyphenolic compounds remain
unclear. Developments in analytical instrumentation have led
to a number of recent studies that have considered the absorption
of the polyphenol compounds catechin, anthocyanin, and
quercetin (2-4). Quercetin is a well-known natural flavonoid
found in onions, green tea, and sophora (5-7), and its
antioxidant properties are considered beneficial to human health
(8-10). In plants, quercetin is usually glycosylated, occurring
predominantly as aâ-glucoside (11), and the efficiency of
absorption is probably influenced by its form of glycosylation
(12, 13). In both the small intestine and the liver, absorbed
quercetin is rapidly conjugated (14). However, no reports have
indicated the presence of intact quercetin aglycone or glycosides
in the systemic circulation. In addition, quercetin-3-O-glucoside
was not found in systemic blood following the administration
of quercetin-3-glucoside, the most abundant glycoside in plant-
derived foods (15).

The recently manufactured quercetin glycosideRG-rutin
(Figure 1) is a water-soluble glucose adduct of rutin (quercetin-
3-â-glucosyl-rhamnose), and this compound is 1000 times more
dissoluble than rutin. Previously, we reported thatRG-rutin was

absorbed intact in rats, crossing the mucosa of the stomach and
intestines, then appearing in the portal blood (16). In addition,
we suggested that in the intestine,RG-rutin was absorbed intact,
via the paracellular transport pathway (17).

It has been recognized that intestinal absorption of flavonoids
is not varied, and little is known about enhancers of soluble
flavonoid absorption in an in vivo study (18). Difructose
anhydride III (DFAIII) is a disaccharide comprised of two
fructose residues. It is not hydrolyzed by the digestive enzymes
of the small intestine but metabolized by microorganisms in
the large intestine (19, 20). Mineo et al. reported that a
nondigestible saccharide, difructose anhydride III (DFAIII; di-
D-fructofuranosyl 1,2′:2,3′-anhydride;Figure 2), enhanced
paracellular calcium absorption via passage through tight
junctions, which are transport pathways for calcium and some
water-soluble compounds (21, 22). Using luminally perfused
intestinal loops from anesthetized rats, we demonstrated that
DFAIII activates this transfer (23).

The aims of the present study were to evaluate the role of
the paracellular solute passage ofRG-rutin by examining the
effects of DFAIII onRG-rutin absorption in vivo using portal
cannulated rats, in situ using luminally perfused jejunal and ileal
loops from anesthetized rats, and in vitro using isolated intestinal
mucosae.

MATERIALS AND METHODS

Chemicals.RG-Rutin was donated by Tokyo Sugar Refining Co.
Ltd. (Tokyo, Japan). Quercetin and rutin were obtained from Wako
Pure Chemical Industries Co. Ltd. (Osaka, Japan). All other reagents
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and chemicals were of the highest commercially available grade. DFAIII
is a disaccharide comprised of two fructose residues. It is not hydrolyzed
by the digestive enzymes of the small intestine but metabolized by
microorganisms in the large intestine. DFAIII was provided by Nippon
Beet Sugar Mfg. Ltd. (Obihiro, Japan).

Animals and Diets.Male Wistar ST rats (230-250 g; Japan SLC,
Shizuoka, Japan) were housed in individual wire-bottomed cages at
22 °C in a temperature-controlled room. Rats were acclimated for 1
week with a 25% casein-sucrose diet (25% casein, 60.25% sucrose,
5% cellulose, 3.5% mineral mixture (AIN 93G), 1% vitamin mixture
(AIN 93G), 5% corn oil, and 0.25% choline chloride).

This study was approved by the Hokkaido University Animal
Committee, and the animals were maintained in accordance with the
Hokkaido University guidelines for the care and use of laboratory
animals.

Experiment 1: Portal Absorption of rG-Rutin in Conscious Rats.
Portal and duodenal cannulae were implanted under sodium phenobar-
bital anesthesia (40 mg/kg body weight, Nembutal, Abbott, Chicago,
IL) into 10 acclimated rats. The portal cannula (polyethylene tube, sp
28; i.d. 20.4 mm, o.d. 0.8 mm; Natsume Seisakusho, Tokyo, Japan)
was inserted directly into the portal vein (24), and the duodenal
cannula (silicon tube, Silascon No. 00) was inserted through a
duodenal fistula, 1 cm distal to the pylorus. After a 24 h fast, 1 mL of
RG-rutin solution (100µmol) with either DFAIII (100µmol) or NaCl
(50 µmol) was instilled into the duodenum, and portal blood (0.3 mL
per time point) was collected prior to and at 15, 30, 60, 90, and 120
min after instillation. At 150 min after instillation ofRG-rutin, sodium
phenobarbital anesthesia was applied, abdominal aortic blood was
collected, and the rats were killed. Both ends of the whole small
intestine and the cecum were ligated and removed, and their contents
were collected, frozen, and stored at-80 °C for subsequent
analyses (23).

Experiment 2: Absorption and Metabolism of Ligated Jejunal
and Ileal Loops in Anesthetized Rats.Ten acclimated rats were placed
under phenobarbital anesthesia (sodium phenobarbital, 40 mg/kg), and
closed intestinal loops (15 cm) were prepared in the jejunum or ileum
using an abdominal midline incision (3-4 cm). The 15 cm jejunal loops
were made in the just distal part of the ligament of Treitz to about 15
cm. The 15 cm ileal loops were similarly made in the just proximal

part of the ileum from the ileocecal junction. After ligation of both
ends of the small intestine, two small cuts were made in the segment,
the lumen was washed out by saline, and then 1.5 mL of solution
containingRG-rutin (150µmol) and DFAIII (150µmol) or NaCl (75
µmol) was instilled into the jejunal and ileal segments. Mesenteric and
aortic blood from each segment was collected simultaneously 30 or 60
min following instillation. The rats were then sacrificed, and the jejunum
and ileum were removed and frozen. The luminal contents and mucosae
were collected by squeezing (25), and then the contents were frozen
and stored at-80 °C for subsequent analyses.

Experiment 3: Absorption and Metabolism by the Isolated
Mucosa of the Small Intestine.Under phenobarbital anesthesia, six
acclimated rats were killed by withdrawal of aortic blood, and the small
intestine from the ligament of Treitz to the ileocecal junction was
removed. The outside and inside surfaces of the isolated intestine were
washed with ice-cold (4°C) saline (154 mmol/L NaCl). The jejunum
(15 cm segment distal from the Trietz ligament) and ileum (15 cm
segment proximal from the ileocecal junction) were collected, cut open
along the mesenteric border to form a flat sheet, and rinsed with an
ice-cold HEPES-buffered balanced salt solution (HBS; 125 mmol/L
NaCl, 4 mmol/L KCl, 10 mmol/LD-glucose, 30 mmol/L HEPES, and
1.25 mmol/L CaCl2, gassed with 100% O2, pH 7.4). The serosal and
muscle layers were removed from each segment, and preparations
containing the mucosa and submucosal tissue were mounted onto Ussing
chambers (Corning Costar Co., Cambridge, UK), exposing a circular
area of epithelium (0.64 cm2). The serosal and mucosal sides of the
segments were bathed in 1 mL of HBS continuously exposed to 100%
O2 gas. After stabilization for 30 min, the medium was replaced on
both sides: the serosal side received fresh HBS, and the mucosal side
received HBS containing 1 or 10 mmol ofRG-rutin/L and 100 mmol/L
DFAIII. In addition, 21.8µmol/L Lucifer Yellow CH di-lithium salt
(LY: FW 457.2; Sigma-Aldrich, St. Louis, MO), a fluorescent dye,
was added to the HBS in the mucosal chamber, as a paracellular
permeable marker. Following a 30 min incubation at 37°C, the serosal
solution was collected and analyzed.

Plasma Sample Treatment.Plasma samples (100µL) were obtained
from portal and aortic blood by centrifugation, then acidified (pH 4.9)
with 10 µL of acetic acid (0.58 mol/L) and treated at 37°C for 30 min
in the presence or absence of 10µL of Helix pomatiaextract (Sigma
G-0876, 106 U/L,â-glucuronidase and 2.5 and 105 U/L sulfatase), to
measure total flavonoid and unconjugated forms of flavonoid, respec-
tively. Then, methanol (MeOH; 100µL) was added to the reaction
mixture, which was heated at 100°C for 1 min and centrifuged at 9000g
for 3 min, and the supernatant was collected. This extraction procedure
was repeated a further three times, without the heating step. The
combined supernatant was applied to oasis HLB cartridges (Waters
Co. Ltd., Milford, MA). The eluent (1 mL) was dried and dissolved in
100 µL of 50% MeOH solution (sample solution).

Analysis.RG-Rutin and its metabolites were identified and quantified
in the sample solution using a mass spectrometer (LC-MS) equipped

Figure 1. Structure of RG-rutin.

Figure 2. Structure of difructose anhydride III.
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with an electric spray ionization (ESI) interface operating in positive
ionization mode (ZQ 2000, Waters Co. Ltd., Milford, MA) as described
previously (16). The temperatures of the capillary and vaporization

heaters were maintained at 100 and 300°C, respectively. The flow
rate of the sheath gas (nitrogen) was 70 arb unit. LC/ESI-MS was
carried out in scan mode from (m/z)+50 to 2000 amu or in selected
ion monitoring (SIM) mode (m/z)+303 for quercetin, (m/z)+611 for
rutin, and (m/z)+773 for RG-rutin, respectively. The HPLC system
was fitted with a 5µm C18 Waters Puresil column (150 mm× 4.6
mm; Waters Co. Ltd., Milford, MA), and the temperature was

Figure 3. Concentration of RG-rutin in plasma from blood in the portal
vein of rats instilled with RG-rutin (a) or quercetin conjugates (b), with
or without DFAIII. Portal blood was collected at the time points
indicated, before and following instillation of 1 mL of RG-rutin (100 µmol/
rat) and DFAIII solution (100 µmol/rat) or NaCl (50 µmol/rat). Values
represent means ± SEM, n ) 6. P values were estimated by two-way
ANOVA: (a) DFAIII, P ) 0.029; min, P ) 0.480; and DFAIII × min, P )
0.480 and (b) DFAIII, P ) 0.210; min, P < 0.001; and DFAIII × min, P )
0.885.

Figure 4. Concentration of RG-rutin, rutin, and quercetin in plasma from blood in the mesenteric vein and abdominal aorta of rats instilled with 1.5 mL
of RG-rutin (150 µmol/rat) and DFAIII (150 µmol/rat) or NaCl (75 µmol/rat) at 30 or 60 min following instillation. (a) Mesenteric blood in jejunum
at 30 min and (b) at 60 min. (c) Abdominal aortic blood in jejunum at 30 min and (d) at 60 min. (e) Mesenteric blood in ileum at 30 min and (f)
at 60 min. (g) Abdominal aortic blood in ileum at 30 min and (h) at 60 min. Values represent means ± SEM, n ) 6. Statistical analyses were performed
using one-way ANOVA. Differences between treatment groups were analyzed using Duncan’s multiple range test and were considered significant
at *P < 0.05.

Table 1. RG-Rutin, Rutin, and Quercetin Remaining in Small Intestinea

RG-rutin (µmol) rutin (µmol) quercetin (µmol)

Small Intestine
NaCl 0.94 ± 0.17b 64.2 ± 6.7 2.13 ± 0.29
DFAIII 0.47 ± 0.09 59.6 ± 7.1 1.90 ± 0.25

Cecum
NaCl 0.31 ± 0.13 16.5 ± 5.1 0.23 ± 0.07
DFAIII 0.17 ± 0.07 20.4 ± 6.5 0.15 ± 0.03

a Rats were instilled with 1 mL of RG-rutin (100 µmol/rat) and NaCl (50 µmol/
rat) or DFAIII (100 µmol/rat), and the intestinal contents were collected after
150 min. Values represent means ± SEM, n ) 10. Statistical analyses were
performed using one-way ANOVA. b Differences between treatment groups were
analyzed using Duncan’s multiple range test and were considered significant
at *P < 0.05.
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maintained at 40°C by the column oven. Solvents A (water/methanol/
trifluoroacetic acid, 70:30:0.1) and B (methanol/trifluoroacetic acid,
100:0.1) were run at a flow rate of 1 mL/min using linear gradients of
solvent B as follows: from 10 to 30% for 20 min, back to 10% for 5
min, then maintained at 10% for a further 5 min with 0.3 mL/min among
total flow injected into the MS detector. UV chromatograms were
recorded at 360 nm. Concentrations of flavonoids were estimated using
calibration curves of quercetin, rutin, andRG-rutin standard solutions.
LY in the serosal solution was diluted with purified water, and its
concentration was determined fluorometrically (excitation, 430 nm;
emission, 540 nm; FP-550; Jasco, Tokyo, Japan).

Calculations and Statistics.Concentrations ofRG-rutin, rutin, and
quercetin were calculated from the peak area of each mass spectrum
in combination with calibration curves. The concentrations of conju-
gated derivatives were estimated as the difference between quercetin
concentrations before and afterâ-glucuronidase/sulfatase treatment.
Statistical analyses were performed using one- and two-way ANOVA,
and differences between treatment groups were determined with
Duncan’s multiple range test. Differences were considered significant
at P < 0.05.

RESULTS

Effect of DFAIII on Portal Absorption of rG-Rutin in
Conscious Rats.IntactRG-rutin appeared within 15 min in the
portal blood of rats instilled withRG-rutin and either DFAIII
or NaCl (control). When compared to the control group, animals
receiving DFAIII in addition toRG-rutin exhibited a higher
concentration of the latter in the portal blood, reaching a peak
at 60 min (Figure 3a). In addition, the average concentrations
of RG-rutin in the portal blood of DFAIII treated animals tended
to be higher than those of the control group (two-way ANOVA,
P ) 0.029). Quercetin conjugate concentration in the portal
plasma was markedly increased and reached a peak value at 30
min (control and DFAIII groups were 34.4 and 40.2µmol/L,
respectively;Figure 3b). Although quercetin aglycone and rutin
were also detected in the portal blood, the levels were low and
were not significantly different between groups (data not shown).

The luminal contents remaining in the small intestine and
cecum 150 min after the instillation ofRG-rutin consisted
primarily of rutin, only the remainingRG-rutin was significantly
higher in the DFAIII group than in the control group, but there
was no significant difference between groups in the cecum
(Table 1). Levels ofRG-rutin remaining of combinedRG-rutin,
rutin, and quercetin in the whole intestine were 67.3( 7.2µmol
in the DFAIII group and 62.0( 7.5 µmol in the NaCl control.

Effect of DFAIII on Absorption of rG-Rutin in the
Ligated Jejunal and Ileal Loops.Concentrations ofRG-rutin,
rutin, and quercetin in the intestinal mesenteric and aortic blood
were determined for the jejunal and ileal loops (Figure 4). The
intactRG-rutin concentration in the intestinal mesenteric blood
of both loops was higher for the DFAIII group than the control
(NaCl) at 30 and 60 min. The concentration of quercetin in the
intestinal mesenteric blood of the jejunum and ileum was higher
in the DFAIII group than for the NaCl control at 60 min,
although it could not be detected at 30 min in either group.
Rutin concentrations were not influenced by DFAIII; neither
was the concentration of the quercetin conjugate in the mesen-
teric blood, which was detected at 30 min and had increased
by 60 min for both jejunal and ileal loops (Figure 5).

RG-Rutin and rutin, but not quercetin or quercetin conjugates,
remained in the ligated jejunal and ileal loop contents 30 and
60 min after the instillation ofRG-rutin (150 µmol). The
percentage disappearance rate ofRG-rutin and its metabolites
in the jejunum and ileum loops was higher in the DFAIII group
than in the controls (two-way ANOVA was significant,P )
0.004 and 0.006;Figure 6). Remaining ofRG-rutin or rutin in
the jejunum and ileum loops at both 30 and 60 min after
instillation were the DFAIII group 98.3( 4.8 and 12.1( 0.8
(jejunum 30 min), 86.9( 2.9 and 21.2( 1.2 (jejunum 60 min),
98.9( 4.2 and 15.9( 2.7 (ileum 30 min), and 91.6( 6.0 and
21.1( 1.2 (ileum 60 min) and the control group 108.6( 2.3
and 12.7( 0. 6 (jejunum 30 min), 94.6( 3.3 and 24.8( 1.5

Figure 5. Concentration of quercetin conjugates in the mesenteric vein plasma and abdominal aortic plasma of rats instilled with 1.5 mL of RG-rutin (150
µmol/rat) and DFAIII (150 µmol/rat) or NaCl (75 µmol/rat) at 30 or 60 min following instillation. (a) Jejunum at 30 min and (b) at 60 min. (c) Ileum at
30 min and (d) at 60 min. Values represent means ± SEM, n ) 6. Statistical analyses were performed using one-way ANOVA. Differences between
treatment groups were analyzed using Duncan’s multiple range test and were considered significant at *P < 0.05.
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(jejunum 60 min), 104.8( 4.8 and 18.6( 2.6 (ileum 30 min),
and 99.8( 2.9 and 12.9( 2.4 (ileum 60 min), respectively.

Effect of DFAIII on Absorption and Metabolism by
Isolated Mucosae.LY transport increased in the jejunal and
ileal mucosae following application of DFAIII (Figure 7).
Transport ofRG-rutin and hydrolysate (rutin) by the isolated

mucosae of jejunum and ileum was examined at 30 min (Figure
8). RG-Rutin and rutin, but not quercetin, were detected in the
serosal fluid from all intestinal segments 30 min after incubation
with RG-rutin in the mucosal fluid (Table 1). The transport
rate ofRG-rutin (but not rutin) to the serosal fluid tended to be
higher in the DFAIII groups than in the controls, in both jejunum
and ileum. Neither quercetin nor quercetin conjugates were
detected in the serosal or mucosal fluid.

DISCUSSION

In this study, we examined the intestinal absorption and
metabolism of RG-rutin in ex vivo (portal and duodenal
cannulated rats), in situ (ligated jejunal and ileal loops), and in
vitro (isolated mucosae of the intestines) experiments. Recently,
we reported thatRG-rutin was transported through the intestinal
mucosa both in vivo and in vitro and demonstrated that a
considerable proportion of theRG-rutin was absorbed as the
intact glycoside via a paracellular pathway (16,17). In addition,
we found that in organs other than the intestine, most of the
absorbed glycosides were hydrolyzed rapidly to aglycone and
its conjugates. Our present results from in vivo, in situ, and in
vitro experiments demonstrate that DFAIII increasesRG-rutin
absorption. These findings support our previous suggestion
that RG-rutin is absorbed via a tight junction since DFAIII
activates paracellular passage through tight junctions in the small
intestine.

An in vivo experiment using portal cannulated rats indicated
that the intact glycoside (RG-rutin) appeared in the portal blood
and that its concentration was higher in DFAIII groups than in
controls, at all time points investigated. The lower concentration
of RG-rutin remaining in the intestinal lumen following treat-
ment with DFAIII strongly suggests that DFAIII enhancesRG-
rutin absorption. A possible mechanism for higher absorption
of RG-rutin is the inhibition ofRG-rutin to rutin by DFAIII
because rutin is hardly absorbable with insolubility. However,
the levels of rutin in the lumen were very similar between
groups, suggesting that DFAIII does not affect the hydrolysis
of RG-rutin. Thus,RG-rutin may be absorbed in its intact soluble
form prior to hydrolysis to insoluble rutin. LY is an indicator
of paracellular passage, and its transport increases with DFAIII,
strongly supporting the suggestion that DFAIII promotesRG-
rutin absorption by activation of the paracellular pathway in
the small intestine (19).

Hara and Kondo demonstrated that DFAIII enhanced calcium
absorption in the ligated small intestine of anesthetized rats,
suggesting that DFAIII can activate the paracellular pathway
for solute transport in situ (23). The present study with ligated

Figure 6. Rate of disappearance of RG-rutin and rutin in ligated jejunal (a) and ileal (b) loops. Rats were instilled with 1.5 mL of RG-rutin (150 µmol/rat)
and DFAIII (150 µmol/rat) or NaCl (75 µmol/rat), and the intestinal contents were collected after 30 or 60 min. Values represent means ± SEM, n )
6. Statistical analyses were performed using one- and two-way ANOVA. P values were estimated by two-way ANOVA: (a) DFAIII, P ) 0.004; min, P
) 0.335; and DFAIII × min, P ) 0.921 and (b) DFAIII, P ) 0.006; min, P ) 0.175; and DFAIII × min, P ) 0.251. Differences between treatment groups
were analyzed using Duncan’s multiple range test and were considered significant at *P < 0.05.

Figure 7. Effect of DFAIII on the transport of LY in isolated jejunal and
ileal mucosae. HBS containing LY (21.8 µmol/L) and DFAIII (0 or 100
mmol/L) was applied to the mucosal chamber and incubated for 30 min
at 37 °C. Values represent means ± SEM, n ) 5. Statistical analyses
were performed using one-way ANOVA. Differences between treatment
groups were analyzed using Duncan’s multiple range test and were
considered significant at *P < 0.05.

Figure 8. Effect of DFAIII on transport of RG-rutin in isolated jejunal (a)
and ileal (b) mucosae. HBS containing RG-rutin (1 or 10 mmol/L) and
DFAIII (0 or 100 mmol/L) was applied to the mucosal chamber and
incubated for 30 min at 37 °C. Values represent means ± SEM, n ) 5.
Statistical analyses were performed using one-way ANOVA. Differences
between treatment groups were analyzed using Duncan’s multiple range
test and were considered significant at *P < 0.05.
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intestinal loops demonstrated that DFAIII increases the uptake
of intact RG-rutin into the mesenteric blood of both jejunum
and ileum. The lower concentrations ofRG-rutin remaining in
the loops of the DFAIII treated group indicate a greater
absorption ofRG-rutin; furthermore, its concentration in the
mesenteric blood was considerably higher than that of rutin,
quercetin aglycone, or the conjugate form. These findings
suggest thatRG-rutin is absorbed as the intact glycoside and
that DFAIII increases intactRG-rutin absorption in both upper
and lower parts of the small intestine. At 30 min following
luminal instillation of RG-rutin, the mesenteric levels of
quercetin conjugates were much lower than those ofRG-rutin
and were very similar to the aortic conjugate levels. These results
indicate that in the small intestine, there was neither production
nor addition of conjugate. In contrast, at 60 min, the levels of
conjugates had increased in the mesenteric and aortic blood and
were found to be similar for both groups. These levels of
conjugate were comparable to the portal concentrations mea-
sured in vivo, and taken together, these findings strongly suggest
that the quercetin conjugate is produced from absorbedRG-
rutin, after which it accumulates in the systemic blood. Thus,
the high level of portal conjugates presented inFigure 3 may
have occurred as a result of recirculation of accumulated
conjugates in systemic blood.

We observed high levels of quercetin aglycone in the
mesenteric blood, but not aortic blood, 60 min after the
instillation of RG-rutin (Figure 4). This indicates that by this
time, RG-rutin was hydrolyzed to quercetin aglycone in the
intestine, whereas it had not been hydrolyzed by 30 min.
Previously, we reported that the hydrolysis ofRG-rutin to
aglycone could be detected in intestinal homogenates, but not
in the intestinal sacs (rings), suggesting that this activity is
intracellular (16,17). In addition, we were unable to detect
quercetin or quercetin conjugates in the ligated intestinal loops
of either the jejunum or ileum, suggesting that a part of the
RG-rutin or rutin molecule becomes incorporated into the
intestinal mucosal cells, then released into the mesenteric blood
as quercetin aglycone. This possibility must be clarified in the
future.

Finally, we observed the effect of DFAIII on paracellular
passage andRG-rutin absorption, using mucosae isolated from
the small intestine. Macromolecules that have been studied with
regard to their paracellular transport across either the intestinal
epitherium or a monolayer of Caco-2 cells include intact proteins
(26) and high molecular weight probes, such as polyethylene
glycol 4000, inulin (5500 Da), and dextran 4000 (27, 28).
Additionally, the permeation of poly-D-glutamate across both
Caco-2 monolayer and rat intestinal membrane occurs (29). We
already showed a linear increases inRG-rutin transport from
the mucosal side to the serosal side in the isolated mucosa with
the application ofRG-rutin from 10µmol/L to 100 mmol/L (17).
The linear and non-saturable increases dependent on mucosal
RG-rutin demonstrate that the glycoside was transported through
a simple diffusional pathway, which may be the paracellular
route via tight junction. Furthermore, our results clearly
demonstrate that DFAIII activates paracellular passage of
molecules and effects increased transport of quercetin glyco-
sides. This additional in vitro study supports the suggestion that
DFAIII increases paracellularRG-rutin absorption in the small
intestine.

We conclude that DFAIII stimulates paracellular absorption
of intactRG-rutin from the intestine and enhances the bioavail-
ability of RG-rutin in vivo, in situ, and in vitro. As quercetin
and rutin exhibit a strong antioxidant activity in humans (9,

30), the enhanced bioavailability ofRG-rutin resulting from
DFAIII treatment may have beneficial effects.
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