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Abstract: Insight into the mechanisms of intestinal transport and metabolism of aspalathin will
provide important information for dose optimisation, in particular for studies using mouse models.
Aspalathin transportation across the intestinal barrier (Caco-2 monolayer) tested at 1–150 µM had
an apparent rate of permeability (Papp) typical of poorly absorbed compounds (1.73 × 10−6 cm/s).
Major glucose transporters, sodium glucose linked transporter 1 (SGLT1) and glucose transporter 2
(GLUT2), and efflux protein (P-glycoprotein, PgP) (1.84 × 10−6 cm/s; efflux ratio: 1.1) were excluded
as primary transporters, since the Papp of aspalathin was not affected by the presence of specific
inhibitors. The Papp of aspalathin was also not affected by constituents of aspalathin-enriched rooibos
extracts, but was affected by high glucose concentration (20.5 mM), which decreased the Papp value
to 2.9 × 10−7 cm/s. Aspalathin metabolites (sulphated, glucuronidated and methylated) were found
in mouse urine, but not in blood, following an oral dose of 50 mg/kg body weight of the pure
compound. Sulphates were the predominant metabolites. These findings suggest that aspalathin is
absorbed and metabolised in mice to mostly sulphate conjugates detected in urine. Mechanistically,
we showed that aspalathin is not actively transported by the glucose transporters, but presumably
passes the monolayer paracellularly.
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1. Introduction

Aspalathin, a C-glucosyl dihydrochalcone, unique to rooibos (Aspalathus linearis) herbal tea, is
apart from its antioxidant activity [1], increasingly of interest due to its anti-diabetic effects [2]. Studies
in humans showed that the compound is absorbed after drinking rooibos tea [3–5]. Eight aspalathin
metabolites found in human urine were structurally linked to aspalathin. The presence of aspalathin
conjugates formed through glucuronidation, methylation, and sulphation indicated that phase 2
metabolism mainly occurs. Traces of unconjugated aspalathin was found in the plasma of subjects
who consumed 500 mL of green rooibos infusion [5].

The hydrophilic nature of aspalathin suggests that it is likely to be transported using active
transporters such as the glucose transporters (SGLT1 and/or GLUT2) [6] since the attached
carbon–carbon (C–C)-linked glucose is not removed by brush border enzymes [7]. These glucose
transporters are of special interest because the efficacy of aspalathin as an anti-diabetic compound
might be linked to the inhibition of SGLT2 receptors in the kidneys [8]. Structurally similar compounds
like phloridzin and other analogues like the C-glucosides canagliflozin or dapagliflozin used as
type 2 anti-diabetics are specific SGLT inhibitors (selective inhibition of reabsorption of glucose
from urine by SGLT2 in the kidney; and selective inhibition of glucose absorption by SGLT1 in the
intestine) [9]. The intestinal transport mechanism of aspalathin has not yet been investigated intensively.
Courts and Williamson [10] suggested that passive diffusion of aspalathin occurs across the intestinal
epithelial monolayer (Caco-2) without deglycosylation. However, data to support this suggestion
were not presented. Furthermore, the bioavailability of aspalathin has only been investigated in
the presence of other rooibos constituents as in an extract or infusion, but not as a pure compound.
Breiter et al. [5] attributed a disparity in the absorption of aspalathin, when subjects consumed green
rooibos infusion and an aspalathin-enriched fraction of green rooibos, reconstituted in water, to matrix
and/or synergistic effects.

The Caco-2 cell culture model system, an excellent model for determining the absorption potential
of drug candidates, mechanisms of absorption (Figure 1), and excretion of drugs and their metabolites,
was used to study the transport of aspalathin, as well as the effect of green rooibos extract and high
glucose concentration on aspalathin absorption. In addition, the Caco-2 model was used to elucidate
the possible role of SGLT2, GLUT2, and the efflux transport systems (PgP) on the absorption and thus
bioavailability of aspalathin. Futhermore, investigation of the metabolism of pure aspalathin in mice
will provide useful insights in understanding efficacy data. A mouse model was preferable to rat
models due to the smaller quantity of pure compound required. Previous studies by our group on
the anti-diabetic effects of aspalathin-enriched green rooibos extract were performed in rat models [2],
while the hypoglycaemic effect of aspalathin—isolated from green rooibos—has been studied in type 2
diabetic db/db and ob/ob mice models [11,12]. The results obtained in the present study will contribute
to an understanding of aspalathin bioavailability relevant to its bioactivity. The knowledge gained
should open possibilities for additional chemical manipulation of aspalathin to enhance/improve its
efficacy as a therapeutic product.
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Figure 1. Possible transport pathways of aspalathin across the intestinal epithelium, namely (1) passive 
transcellular; (2) paracellular; (3) active carrier-mediated and transcytosis; as well as (4) carrier-
mediated efflux (Adapted from http://www.sddu.leeds.ac.uk/gts/postgrad/resources/poster/ 
Courts.pdf, detailed in [3]). 

2. Results 

2.1. Physicochemical Characteristics of Aspalathin 

Aspalathin demonstrated high solubility in 0.01 M HCl (pH 2), phosphate buffered saline (pH 6.5) 
and Fasted State Simulated Intestinal Fluid (FaSSIF) (pH 6.5), while the partition coefficient (log D at 
pH 7.4) of 0.13, indicated low lipophilicity (Table 1). 

Table 1. Physicochemical properties of aspalathin used to predict bioavailability. 

Physicochemical Properties Values 
Molecular weight (g/mole) 452.1 

Kinetic solubility (µM) at pH 2, pH 6.5 and in FaSSIF at pH 6.5 153, 123, 119 
Log D at pH 7.4 0.13 

Abbreviation: FaSSIF Fasted State Simulated Intestinal Fluid. 

2.2. Transport of Aspalathin across a Caco-2 Monolayer 

Preliminary results showed higher stability for aspalathin in transport buffer (as described in 
Section 4.3) at pH 6.0 than pH 7.4 (data not shown). In addition, the viability of the Caco-2 cells using 
pH 6.0 on the apical side and pH 7.4 on the basolateral side, and the integrity of the monolayer, were 
not significantly affected (data not shown). These conditions mimic the physiological pH of mainly 
upper sections of the small intestine [13] and the circulatory system, respectively. The maximum 
concentration of aspalathin in Hank’s balanced salt solution (HBSS) buffer (pH 6.0; apical side)  
not cytotoxic to Caco-2 cells (>80% viability) after 2 h exposure was 150 µM (Figure S1; supplementary 
material). 

Aspalathin passed through the Caco-2 monolayer intact and non-metabolised as no aspalathin 
metabolites could be detected by high performance liquid chromatography with diode-array  
(HPLC-DAD) (Figure S2; supplementary material) or mass spectrometry detection (MS) in the 
basolateral or apical samples taken after 2 h exposure at 150 µM aspalathin. Low uptake (~5% after 2 h) 
and a low transport rate (Papp = 1.73 × 10−6 cm/s) were demonstrated for aspalathin (Table 2). Caffeine, 
the control, showed high uptake (79.5% after 2 h) and a high transport rate (Papp = 6.5 × 10−5 cm/s). 

Figure 1. Possible transport pathways of aspalathin across the intestinal epithelium, namely (1)
passive transcellular; (2) paracellular; (3) active carrier-mediated and transcytosis; as well as (4)
carrier-mediated efflux (Adapted from http://www.sddu.leeds.ac.uk/gts/postgrad/resources/poster/
Courts.pdf, detailed in [3]).

2. Results

2.1. Physicochemical Characteristics of Aspalathin

Aspalathin demonstrated high solubility in 0.01 M HCl (pH 2), phosphate buffered saline (pH 6.5)
and Fasted State Simulated Intestinal Fluid (FaSSIF) (pH 6.5), while the partition coefficient (log D at
pH 7.4) of 0.13, indicated low lipophilicity (Table 1).

Table 1. Physicochemical properties of aspalathin used to predict bioavailability.

Physicochemical Properties Values

Molecular weight (g/mol) 452.1
Kinetic solubility (µM) at pH 2, pH 6.5 and in FaSSIF at pH 6.5 153, 123, 119

Log D at pH 7.4 0.13

Abbreviation: FaSSIF Fasted State Simulated Intestinal Fluid.

2.2. Transport of Aspalathin across a Caco-2 Monolayer

Preliminary results showed higher stability for aspalathin in transport buffer (as described in
Section 4.3) at pH 6.0 than pH 7.4 (data not shown). In addition, the viability of the Caco-2 cells using
pH 6.0 on the apical side and pH 7.4 on the basolateral side, and the integrity of the monolayer, were not
significantly affected (data not shown). These conditions mimic the physiological pH of mainly upper
sections of the small intestine [13] and the circulatory system, respectively. The maximum concentration
of aspalathin in Hank’s balanced salt solution (HBSS) buffer (pH 6.0; apical side) not cytotoxic to
Caco-2 cells (>80% viability) after 2 h exposure was 150 µM (Figure S1; supplementary material).

Aspalathin passed through the Caco-2 monolayer intact and non-metabolised as no aspalathin
metabolites could be detected by high performance liquid chromatography with diode-array
(HPLC-DAD) (Figure S2; supplementary material) or mass spectrometry detection (MS) in the
basolateral or apical samples taken after 2 h exposure at 150 µM aspalathin. Low uptake (~5% after 2 h)
and a low transport rate (Papp = 1.73 × 10−6 cm/s) were demonstrated for aspalathin (Table 2). Caffeine,
the control, showed high uptake (79.5% after 2 h) and a high transport rate (Papp = 6.5 × 10−5 cm/s).

http://www.sddu.leeds.ac.uk/gts/postgrad/resources/poster/Courts.pdf
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Table 2. Apparent permeability and % passage (calculated as a direct measure of concentration) of
aspalathin (150 µM) and caffeine (260 µM) across the Caco-2 monolayer.

Treatment Papp a-b (cm/s) c Papp b-a (cm/s) c % Passage

Caffeine (n = 9) a 6.50 ± 0.99 × 10−5 7.23 ± 0.23 × 10−5 79.50 ± 1.23
Aspalathin (n = 18) a 1.73 ± 0.97 × 10−6 2.15 ± 0.23 × 10—6; efflux ratio 1.1 4.95 ± 2.11 d

Aspalathin with high glucose (n = 8) b 2.90 ± 0.75 × 10−7 N/A 2.34 ± 2.35 d

a 5.5 mM glucose; b 20.5 mM glucose c Apparent permeability values for apical to basolateral (a-b) and basolateral
to apical (b-a) transport studies; d Values differ significantly (p < 0.05).

Transport of aspalathin across the Caco-2 monolayer in the presence of a high glucose
concentration (20.5 mM) was significantly (p < 0.05) inhibited (Table 2), suggesting competition
between aspalathin and glucose for transport across the monolayer. The presence of the glucose
transporters, SGLT1 and GLUT2, as well as the multidrug resistance protein (MDR-1) in the Caco-2
model were confirmed by Western blot analysis (Figure S3; supplementary material). Specific inhibitors
were added to establish whether glucose transporters were in fact the primary method of transport of
aspalathin. However, phloridzin and phloretin, inhibitors of SGLT1 and GLUT2, respectively, showed
no noticeable effect on aspalathin transport (Table 3). In a bi-directional Caco-2 permeability assay,
using verapamil hydrochloride, a known multidrug resistance reversal agent and PgP efflux pump
inhibitor, an efflux ratio of 1.1 (Table 3) was obtained, indicating no noticeable efflux for aspalathin.
Absorption of aspalathin was furthermore not different when present as pure compound or in an
aspalathin-enriched green rooibos extract (SB1) or semi-purified fraction (PEF1) (Table 4). The Papp

values for aspalathin were not significantly different (p > 0.1) when compared with the transport
of 1 µM and 150 µM aspalathin (Table 4). Irrespective of the matrix, its Papp values were directly
comparable, as were those of nothofagin, isoorientin, and orientin (Table 4).

Table 3. Effect of various inhibitors on rate of transport of aspalathin (100 µM).

Treatment Inhibited
Protein

Papp a-b b −
Inhibitor

Papp a-b b +
Inhibitor

Papp b-a b

− Inhibitor
Papp b-a b +

Inhibitor
Efflux Ratio
− Inhibitor

Efflux Ratio
+ Inhibitor

Phloridzin SGLT1 1.73 ± 0.97 1.47 ± 1.10 c 2.09 ± 0.23 1.47 ± 0.9 c 1.21 0.99 c

Phloretin GLUT2 1.73 ± 0.97 1.67 ± 0.43 c 2.09 ± 0.23 1.95 ± 1.1 c 1.21 1.33 c

Verapamil PgP 1.73 ± 0.97 1.84 ± 0.20 c 2.09 ± 0.23 1.94 ± 0.68 c 1.21 1.1 c

a 100 µM; b ×10−6 cm/s; c There was no noticeable effect on the rate of transport in the presence of the inhibitors.

Table 4. Rate of transport and concentrations tested of aspalathin from a buffered solution of
synthetic aspalathin, as well as aspalathin and other major flavonoids from buffered solutions of
aspalathin-enriched green rooibos extract (SB1) and semi-purified fraction (PEF1).

Treatment Concentration Papp (cm/s) a-b × 10−6

Caffeine 260 µM 67.88 ± 0.99

Aspalathin 1 µM 2.28 ± 0.09
150 µM 1.73 ± 0.97

SB1 Aspalathin

0.38 mg/mL a

2.00 ± 1.10
SB1 Nothafagin 1.92 ± 1.10
SB1 Isoorientin 1.81 ± 1.10

SB1 Orientin 1.99 ± 1.30

PEF1 Aspalathin

0.15 mg/mL b

2.11 ± 0.20
PEF1 Nothofagin 2.22 ± 0.30
PEF1 Isoorientin 1.69 ± 0.20

PEF1 Orientin 1.92 ± 0.20
a SB1 concentration in transport medium, corresponding to 153, 11, 17, and 9 µM aspalathin, nothofagin, isoorientin,
and orientin, respectively; b PEF1 concentration in transport medium, corresponding to 149, 21, 12, and 8 µM
aspalathin, nothofagin, isoorientin, and orientin, respectively.
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2.3. Aspalathin Metabolites in Mouse Urine

The fragmentation pattern of aspalathin in negative mode was characteristic of a C-glucoside
with intense [M – H − 90]− and [M – H – 120]− ions (Table 5). Further fragmentation between α- and
β-carbons of the dihydrochalcone yielded ions at m/z 209 and 179. Ions at m/z 289 and 167 were
formed from the cleavage of the C–C bond of the C-glucosyl moiety as found previously [14] (Figure S4;
supplementary material).

No aspalathin, nor any of its metabolites, could be detected in the blood, while 13 aspalathin
metabolites were detected in the urine (Table 5, Figure 2). The metabolites present in the urine were
mainly aspalathin sulphates (S1, S2, S3, S4) and aspalathin glucuronides (Glu1, Glu2) in terms of
relative concentrations, while methylated metabolites (Me1, Me2) and metabolites derived from a
combination of methylation and glucuronidation (MeGlu1, MeGlu2) or methylation and sulphation
(SMe1) were also present. S1, S2, S3, and S4 had a [M − H]− at m/z 531 and characteristic MS2

fragments at m/z 451, 361 and 331, corresponding respectively to the loss of a sulphate moiety (−80 Da)
and further fragmentation of the C-glucosyl moiety of the parent compound (−90 and −120 Da). Glu1
and Glu2 were identified by their [M − H]− at m/z 627 and the characteristic fragmentation of the
C-glucosyl moiety.

Methylated metabolites were identified by their [M − H]− at m/z 465, while the MS2 fragments
at m/z 375 and 345 indicated that methylation occurred on the A or B ring. MeGlu1, MeGlu2, and
SMe1 were identified similarly based on their [M − H]− and fragments resulting from cleavage of the
glucuronide, sulphate, methyl, and/or C-glucosyl moieties. One metabolite of aspalathin aglycone
(M2) was identified as a methyl-O-tetrahydroxy-dihydrochalcone-O-glucuronide with [M − H]− at
m/z 479 and fragment Z0

− at m/z 303, indicating methylation on the A or B ring. Finally, a product
from oxidative cyclisation of aspalathin (M1) was identified as a C-glucopyranosyl eriodictyol. This
compound (M1) was also identified when aspalathin was incubated in phosphate buffer at pH 7.4 and
in mouse liver microsomes (Figures S5–S7; supplementary material).
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Figure 2. Extracted ion chromatograms of aspalathin metabolites in mouse urine (see Table 5 for peak numbers). 

  

Figure 2. Extracted ion chromatograms of aspalathin metabolites in mouse urine (see Table 5 for peak numbers).
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Table 5. Tentative identification of aspalathin metabolites in mouse urine after an oral dosage of 50 mg/kg.

Peak No. tR
a [M − H]−

(m/z)

MS2 Fragment ioNs (m/z)

Tentative Identity
[M − H − 176]− [M − H − 80]−

Sugar Moiety Cleavage
(0,3X0

−, 0,2X0
−)

α-β
Cleavage

(X0
α,β A−)

Z0
−,

Z0
α,β, A−

Other
Fragments

Asp 4.20 451 361, 331 209, 179 289, 167 239, 125 Aspalathin b

S1 5.30 531 451 361, 331 289 Aspalathin-O-SO3H
S2 5.60 531 451 361, 331 209, 179 289, 167 239, 125 Aspalathin-O-SO3H
S3 5.85 531 451 361, 331 209, 179 289, 167 239, 125 Aspalathin-O-SO3H
S4 6.50 531 361, 331 Aspalathin-O-SO3H

Me1 3.90 465 345 209 289 251 Me-O-Aspalathin
Me2 4.30 465 375, 345 209, 179 303, 167 447, 125 Me-O-Aspalathin

SMe1 5.50 545 465 375, 345 303 Me-O-Aspalathin-O-SO3H
Glu1 3.90 627 507 331 Aspalathin-O-Gluc
Glu2 4.00 627 331, 269 Aspalathin-O-Gluc

MeGlu1 3.95 641 465 375, 345 209 303, 167 447, 259, 125 Me-O-Aspalathin-O-Gluc
MeGlu2 4.50 641 465 375, 345 209 303, 167 447, 125 Me-O-Aspalathin-O-Gluc

M1 4.05 449 359, 329 223, 193 Eriodictyol-C-glucoside
M2 4.80 479 303 167 Me-O-tetrahydroxy-dihydrochalcone-O-Gluc

a retention time (min); b not detected in mouse urine, data shown for comparative purposes. Abbreviations: Gluc, glucuronide; Me, methyl; SO3H, sulphate.
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3. Discussion

Aspalathin has several molecular features that violate rules for good bioavailability [15]. Its low
lipophilicity (log D7.4 = 0.13) indicates aspalathin to have a low passive transcellular permeability
through lipid bilayers [16]. Another structural feature is the presence of a C–C-linked glucose
moiety. Typically, adsorption of lipophilic flavonoid aglycones through passive diffusion follows
deglycosylation of O-glycosides by lactase phloridzin hydrolase (LPH) localised in the brush-border of
the small intestine epithelial cells and by cytosolic β-glucosidase [7]. C-glycosides, however, can only
be metabolised in the colon by bacterial hydrolases [17] before further microbial degradation. Human
studies showed that deglycosylation of aspalathin is not a prerequisite for its absorption when ingested
as rooibos tea, but these studies confirmed its poor absorption from rooibos and subsequent extensive
phase 2 metabolism [3–5]. In spite of this, bioactivity, and in particular anti-diabetic effects have been
demonstrated for aspalathin and rooibos extracts in type II diabetes rat [18] and mouse [11,12] models,
confirming that aspalathin is indeed one of the major bioactive compounds of rooibos, meriting an
understanding of the mechanisms of intestinal absorption. Given interspecies differences in phase 2
drug metabolising enzymes [19], the aspalathin metabolites formed in mice are relevant to studies on
the anti-diabetic properties of aspalathin.

We have shown the presence of aspalathin metabolites in mouse urine, indicating that aspalathin
was absorbed in the mouse gastrointestinal tract at some point with the C–C bond of the C-glucosyl
moiety being intact as previously found in humans [5] and in pigs [20]. Aspalathin was then
metabolised mainly into sulphates in mice, in either the gut, liver or kidneys. In contrast, methylation
and glucuronidation appear to be a dominant biotransformation in humans [3–5] and pigs [20],
when ingesting rooibos tea or its extract. In vitro, methylation of aspalathin occurred both in rat
liver and intestinal cytosolic subcellular fractions, while sulphation of aspalathin occurred in rat
liver cytosol [21]. Sulphotransferases are mainly expressed in the liver of rodents [22], and have
a pronounced extra-hepatic pattern in humans. These species differences in terms of metabolism
have to be considered when extrapolating aspalathin efficacy data from mice to humans, especially if
aspalathin metabolites play a role in pharmacological activity at the target tissue.

Identification of a C-glucopyranosyl eriodictyol (M1) in mouse urine after ingestion of
pure aspalathin shows that oxidative cyclisation of aspalathin may occur in mouse. Previously
(S)-eriodictyol-8-C-glucoside and its (R)/(S)-6-C-isomers were detected in the plasma of subjects
drinking rooibos infusion [5].

Since aspalathin is a weak acid and has a molecular weight higher than 400 g/mol (Table 2),
it could be classified as class 3B in the Extended Clearance Classification System (ECCS) [16]. Renal
clearance is expected to be the rate-limiting mechanism of disposition for this class, consistent with the
high levels of aspalathin metabolites found in the mouse urine. The low bioavailability observed for
aspalathin in blood in the different species might consequently be due to high renal clearance. High
plasma protein binding may also play an important role as C-glucosyl flavonoids are known to be
highly protein bound [10], which reduces passive transcellular or paracellular permeation [23] and
hampers detection of metabolites.

The transport process across absorptive epithelia is mediated through one or several processes
(Figure 1). Mechanistically, due to its physical and chemical properties, passive transport of aspalathin
was excluded. Following inhibition of aspalathin transport in the presence of a high glucose
concentration, the role of active transport by glucose transporters was hypothesised as a primary
mechanism of transport across the Caco-2 monolayer. However, inhibition studies demonstrated
that aspalathin was transported neither by SGLT1, nor GLUT2, thereby excluding active transport
as a primary mechanism of transport. In addition, the low bi-directional permeability of aspalathin
indicated that aspalathin was not effluxed from the cells back into the apical chamber, suggesting a
paracellular diffusion mechanism. On the other hand, aspalathin consistently passed across the intact
Caco-2 monolayer as shown by HPLC-DAD and -MS analysis. The physical barrier properties of the
monolayer were confirmed by Lucifer yellow, a low permeability paracellular marker molecule [24].
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The unresolved issue is whether aspalathin is crossing the intestinal barrier paracellularly and
whether the amount of aspalathin leaking through the intestinal barrier is sufficient to elicit positive
biological effects. Passive diffusion through spaces between epithelial cells is regulated by intercellular
junctional complexes [25], and diffusion of compounds through these complexes is principally
determined by interrelated physicochemical characteristics: lipophilicity, polarity (charge, hydrogen
bonding, and polar surface area) and molecular mass [26,27] as described by Fick’s first law of
diffusion. The rate-limiting factor in small intestinal permeability is the integrity of tight junctions
between the small intestinal enterocytes [28], as well as the physical characteristics of the luminal
substances. It is widely accepted that tight junctions are dynamic structures and may be flexible
barriers of absorption [25]. It is known that a major portion of intestinal glucose absorption occurs
through tight junctions and not by saturable transcellular active transport, chiefly by SGLT1 and
GLUT2 [29]. A large set of structural and regulatory molecules control the plasticity and permeability
of tight junctions [30]. These structural and regulatory molecules are mainly composed of proteins,
including occludin [31], claudins [32], JAM-A (junctional adhesion molecule A) [33], and tricellulin [34].
At high intraluminal glucose concentrations, the osmotic gradient leads to increased permeability
and distribution changes of the main proteins (claudins and occludin) of the tight junctions in Caco-2
cells, increasing intercellular leakage [29,35]. However, at high glucose concentrations, competition
mechanisms between aspalathin and glucose can occur.

In vitro, the median errors of estimation of intestinal leakage using mannitol and lactulose were
5.0% (range 1.2 to 5.0%) and 1.3% (range 0.2 to 1.3%), respectively [36]. This is consistent with the
findings from our experiments where the average passage of aspalathin was 5.0% (range 3.1 and 6.5%)
at a glucose concentration of 5.5 mM.

In a cross-over study in humans [5] the flavonoid concentration in the plasma was lower when an
aspalathin-enriched fraction of green rooibos (reconstituted in water), instead of green rooibos infusion
was consumed, despite the comparable flavonoid content. Huang et al. [37] found that transport of
aspalathin from a green rooibos extract solution was slightly, but significantly higher than from an equal
concentration of pure aspalathin (i.e., 3.49 ± 1.45 × 10−6 cm/s versus 2.48 ± 0.03 × 10−6 cm/s). It was
postulated that other constituents present in the rooibos extract assist in the transport of aspalathin.
These findings differ from ours in terms of the rate of transport, concentration effect and the amount
of aspalathin transported across the monolayer. This discrepancy can be attributed to the technical
differences in the experimental design, particularly related to lower transepithelial electrical resistance
(TEER) readings previously used, indicative of higher permeability of the monolayer. In our Caco-2
study, no effect for the presence of other rooibos constituents could be demonstrated, as the Papp value
for aspalathin both in the pure, synthesised form, as well as present in the green rooibos extract and
semi-purified fraction, were directly comparable. The other major flavonoids present in the extract and
fraction—isoorientin, orientin, and nothofagin—have similar Papp values to aspalathin. Shi et al. [38]
attributed the intestinal transport of orientin and isoorientin predominantly to passive diffusion.

Several metabolic diseases, as well as high caloric diets rich in fat and food additives, impede
human epithelial barrier function and increase intestinal permeability resulting in entry of foreign
immunogenic antigens and activation of the immune cascade [29]. The metabolic syndrome,
for example, which is associated with the development of diabetes and obesity, results from both
genetic and environmental factors. Induction of low-grade chronic systemic inflammation, typical of
metabolic syndrome [39], can also be linked to intestinal hyperpermeability and increased circulation of
endotoxins. In such cases, the passage of potentially beneficial phenolic compounds such as aspalathin,
which is shown to have anti-inflammatory properties [40] and a positive ameliorative effect on the
associated metabolic disturbances, would be increased.

To our knowledge, this is the first time that the metabolites of aspalathin in mice have been
identified. Aspalathin absorption and metabolism have been characterised using pure, synthetic
aspalathin, as opposed to aspalathin present in green rooibos extract or a semi-purified fraction of the
extract. Sulphated, glucuronidated, and methylated derivatives were detected in the urine of mice, but
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not in their plasma. Insight was also gained into the mechanism of its intestinal transport using the
Caco-2 model. In vitro, aspalathin was able to pass through an intact Caco-2 monolayer. However, the
percentage passage is small (~5%) and the rate of transport is indicative of a low bioavailability. Active
transport by the enterocytic facultative glucose transporters (SGLT1 and GLUT2), as well as efflux
mechanisms (PgP), were shown not to play a role in aspalathin transport. The rate of transport and
physical characteristics of aspalathin strongly suggest that aspalathin is transported paracellularly.

4. Materials and Methods

4.1. Reagents and Extracts

All cell culture supplies were from Corning (New York, NY, USA) unless otherwise specified.
Caco-2 cells were obtained from the European Collection of Cell Cultures (cat # 86010202; Salisbury, UK).
The Millicell-ERS volt ohmmeter was obtained from Millipore Corporation (Boston, MA, USA) and
transwell inserts and 6-well plates from SPL Life Sciences (Pocheon-si, Gyeonggi-do, Korea). Verapamil
hydrochloride, phloridzin, phloretin and caffeine were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Aspalathin (>95% purity, isolated from Aspalathus linearis; for HPLC-DAD quantification),
from the PROMEC unit of the Medical Research Council of South Africa (Parow, Cape Town, South
Africa), isoorientin from Extrasynthese (Genay, France) and orientin from Carl Roth (Karlsruhe,
Baden-Württemberg, Germany). Synthetic aspalathin (99% purity; for Caco-2 experiments and
mouse study) was produced by High Force Research Ltd. (Durham, England, UK), based on
a scalable synthesis [41]. Eagle’s Minimum Essential Medium (EMEM), pyruvate, non-essential
amino acids, L-glutamine, trypsin-EDTA, and penicillin/streptomycin were purchased from Lonza
(Basel, Switzerland), Hyclone foetal bovine serum (FBS) from Thermo Scientific (Waltham, MA, USA)
and FaSSIF-V2 powder from Biorelevant.com (London, England, UK). Acetonitrile for HPLC and
LC-MS were obtained from Sigma-Aldrich and Honeywell, Burdick & Jackson (Muskegon, MI, USA),
respectively. All other solvents and reagents of analytical grade were obtained from Sigma-Aldrich.

An aspalathin-enriched organic solvent-based green rooibos extract (SB1; ca 18% aspalathin) [18]
and a semi-purified fraction (PEF1; ca. 45% aspalathin) [42] were used to test matrix effects on the
absorption of aspalathin in Caco-2 cells.

4.2. Physicochemical Characterisation

The kinetic solubility assay was performed using a miniaturised shake flask method. A 10 mM
stock solution of aspalathin was used to prepare calibration standards (10–220 µM) in dimethyl
sulphoxide (DMSO), and to spike (1:50) duplicate aqueous samples of phosphate buffered saline
(pH 6.5), 0.01 M HCl (pH 2), and FaSSIF (pH 6.5), with a final DMSO concentration of 2%. After shaking
for 2 h at 25 ◦C, the solutions were filtered (multiscreen filter plates, 0.45 µm low-binding, hydrophilic
polytetrafluoroethylene (PTFE), Merck) and analysed by means of HPLC-DAD (Agilent 1200 Rapid
Resolution HPLC; Agilent Technologies, Inc., Santa Clara, CA, USA). Best fit calibration curves were
constructed using the calibration standards, which were used to determine the solubility of the aqueous
samples [43].

For determination of the lipophilicity of aspalathin, a 10 mM stock solution prepared in DMSO
was used to spike (100 µM) a 1:1 mixture of phosphate buffer (pH 7.4) and n-octanol. The solutions
were shaken vigorously (1500 rpm) on an orbital shaker for 4 h at room temperature. Thereafter, the
samples were centrifuged (3500 rpm, 2700× g) in order to fully separate the two immiscible fluids.
The samples analysed using HPLC-DAD (Agilent 1200 Rapid Resolution HPLC) and the partition
coefficient, LogD7.4 calculated [23,44].

4.3. Caco-2 Transport Experiments

Validation of the Caco-2 transport experiments required consideration of three parameters,
i.e., firstly, to determine the cytotoxic concentrations of synthetic aspalathin, secondly, the concentration
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of aspalathin required to ensure HPLC detection in the basolateral compartment, and finally, to assess
whether the transport of aspalathin is concentration dependent. Preliminary Caco-2 experiments were
carried out to determine the cytotoxic concentration of synthetic aspalathin (Figure S1; Supplementary
Materials), as well as the stability of aspalathin (in an aspalathin-enriched extract, SB1) in the transport
medium (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) (HEPES) buffer at pH 6 and 7.4).

Cells were cultured at 37 ◦C and 5% CO2 in 95% humidified air in Eagle’s Minimum Essential
Medium (EMEM) containing sodium 100 mM pyruvate, supplemented with 2 mM L-glutamine, 1%
non-essential amino acids and 10% heat inactivated FBS. Cell cultures were split when 70%–80%
confluent, using trypsin/ethylenediaminetetraacetic acid (EDTA). The culture medium, pre-warmed to
37 ◦C, was refreshed every 2–3 days. Cells were seeded at 1 × 104 cells/cm2 and a sub-cultivation ratio
of 1:3 was routinely used. Cells were seeded with the addition of 1% penicillin/streptomycin mixture
(10,000 units/mL potassium penicillin and 10,000 µg/mL streptomycin sulphate) at 4 × 104 cells/cm2

onto 0.4 µm polycarbonate 6-well inserts with an insert area of 4.52 cm2. Cells were used for transport
experiments when TEER values across wells were >300 Ω, typically 21–23 days post confluence. Only
passages 50–60 were used to prevent phenotypic drift.

The cell monolayers were equilibrated briefly with transport buffer, pH 6.0 (HBSS with
2-(N-morpholino) ethanesulphonic acid (MES)) on the apical side and pH 7.4 (HBSS with HEPES)
on the basolateral side, to remove traces of the culture media. Following this, transport buffers were
added for 30 min prior to the addition of treatment (inhibitors were added during this step when
required, as well as during the subsequent treatment incubation step). After equilibration, the plates
containing transport medium were incubated for 30 min at 37 ◦C at 5% CO2 in 95% humidified air
and the TEER value of the monolayer determined. Following removal of the transport medium for
apical-to-basolateral compartment studies, 1.5 mL treatment—caffeine, 260 µM; aspalathin, 1–150 µM;
SB1, 0.375 mg/mL (ca. 150 µM aspalathin); or PEF1, 0.15 mg/mL (ca. 150 µM aspalathin)—in HBSS
(pH 6.0) was added to the apical compartment. For basolateral-to-apical compartment studies, 2.4 mL
of treatment at the same concentrations in HBSS (pH 7.4), was added to the basolateral compartment.
Caffeine has high permeability, ranking as class 2 in the ECCS [16], and its transport is transcellularly
mediated by passive diffusion [45].

To assess whether aspalathin was co-transported with glucose, its transport (100 µM) at both
high (20.5 mM) and low (5.5 mM) glucose concentrations, mimicking the intestinal lumen glucose
concentrations pre- and post-meals [46,47], was monitored. This was followed by experiments
performed in the presence and absence of SGLT1 (100 µM phloridzin), GLUT2 (100 µM phloretin) and
efflux, PgP (100 µM verapamil) inhibitors. The presence of SGLT1, GLUT2, and PgP (MDR-1) transport
proteins in our Caco-2 cell model were confirmed by Western blot (Figure S3; supplementary material).

Samples (1.2 mL) were withdrawn from the basolateral or the apical compartment to measure
the concentration of aspalathin uptake and efflux, respectively at 0, 0.5, 1, 1.5, and 2 h under sink
conditions (the sample aliquot replaced with equal volume of relevant transport buffer). Sample
aliquots (350 µL) were frozen in liquid nitrogen after the addition of ascorbic acid (35 µL of 10%
solution) and stored at −65 ◦C until HPLC analysis. Results were corrected for dilution and expressed
as cumulative transport (% of initial dose) as a function of time. Papp (cm/s) for bi-directional transport
studies was calculated as previously described [48,49]. Transport of other major flavonoids in the
matrices, i.e., nothofagin, the 3-deoxy analogue of aspalathin and its flavone derivatives, orientin and
isoorientin, were also determined.

Lucifer yellow (final concentration 0.1 mM) was used as a membrane integrity marker and
co-incubated with the compounds and extracts. A typical intact, differentiated monolayer, with tight
junctions comparable with that of the small intestine in vivo, was assumed when the percentage of
Lucifer yellow passing across the membrane was <3% [50].

HPLC-DAD analysis of samples from the apical and basolateral compartments was performed
in duplicate on an Agilent 1200 system as previously described [42]. Basolateral and apical samples
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taken after 2 h with pure aspalathin were also analysed using LC-MS (parameters described in [42]) to
determine whether aspalathin metabolites were formed in the Caco-2 model.

All experiments were performed in triplicate and the data expressed as mean ± SD, unless
otherwise indicated. Differences between mean values were analysed by means of a Student’s paired
two tailed t-test and considered significant if p < 0.05.

4.4. In Vivo and In Vitro Metabolism of Aspalathin

4.4.1. Treatment and Sample Collection

An acute mouse study was performed under ethical approval from the Ethics Committee for
Research on Animals (ECRA) of the South African Medical Research Council (Ref:07/13). Three 8-week
old male C57.BKS mice, obtained from the Primate Unit of the South African Medical Research Council
(Tygerberg, South Africa), were housed individually in polycarbonate cages with wired lids and
kept in a controlled environment of 23–24 ◦C, 50% humidity, and a 12 h light/dark cycle. Prior to
the study, urine was collected from the fasting mice overnight in a metabolic cage. Baseline fasted
blood was collected via tail snip into a heparin tube, snap frozen in liquid nitrogen, and stored at
−80 ◦C. Each mouse received a single dose of synthetic aspalathin (50 mg/kg body weight) dissolved
in phosphate-buffered saline (PBS) (5 mg/mL) via orogastric gavage. Blood samples were collected
and handled as described for fasting at time 0 (pre-gavage), and 1, 2, 4, 6, and 8 h post-gavage. All
the samples were collected into the same heparin tube and kept on ice during the experiment. Urine
was collected over the 8-h post-gavage monitoring period and the samples were stored at −80 ◦C
until analysis.

Synthetic aspalathin (10 µM) was incubated at 37 ◦C in a solution containing 1 mg/mL microsomes
(male Mouse BALB/c, Xenotech, Kansas city, KS, USA), magnesium chloride (5 mM) and nicotinamide
adenine dinucleotide phosphate (NADPH) (1 mM) in phosphate buffer (100 mM, pH 7.4), for 1 h
while shaking. A control containing all the sample constituents (not incubated), another containing
no NADPH, and another containing only the compound in phosphate buffer were also included and
handled similarly to the test sample.

4.4.2. Metabolite Identification by MS

The frozen whole blood samples, as well as the samples incubated with microsomes and controls,
were thawed, extracted by protein precipitation using 0.1% formic acid (FA) in acetonitrile, centrifuged
and filtered through 0.22 µm polyvinylidene difluoride (PVDF) filters (Merck Millipore, Frankfurter
Straße, Darmstadt, Germany). Frozen whole urine samples were thawed and diluted 5 times in 0.1%
aqueous FA. Samples were analysed by LC-MS/MS on an Agilent 1200 Rapid Resolution HPLC
system (600 bar, Agilent Technologies) coupled to a 4000 QTRAP® (AB Sciex, Framingham, MA, USA)
equipped with a Turbo V™ ion. Filtered samples (10 µL), stored on a sample tray maintained at 8 ◦C,
were injected on a Gemini C6-Phenyl column (150 × 2.0 mm, 3 µm particles) (Phenomenex, Santa
Clara, CA, USA) at 40 ◦C. Metabolites were separated using gradient separation at 0.4 mL/min with
0.1% aqueous FA (A) and 0.1% FA in acetonitrile (B): 5% B, 0–1 min; 5%–50% B, 1–3 min; 50% B,
3–6 min; 50%–100% B, 6–7 min; 100% B, 7–10 min (equilibration at initial conditions for 5 min).

All mass scans were performed using electrospray ionisation in negative mode, with the following
operating parameters: curtain gas, 30 psi; nebuliser gas, 50 psi; turbo gas, 60 psi; source temperature,
400 ◦C; ion spray voltage, −4.5 kV; declustering potential, −75 V; collision activated dissociation gas
setting, high; scan speed, 4000 Da/s. Enhanced mass spectrum was used as a survey scan to trigger
information dependent acquisition of MS/MS spectra of the two most intense peaks exhibiting counts
higher than 100,000 cps. Collision energy and spread were set at −35 V and 25 V, respectively. A neutral
loss scan for 120 Da and a precursor ion scan for m/z 331 were also performed using the following
parameters: entrance potential, −10 V; collision energy, −22 V; collision cell exit potential, −7 V.



Molecules 2017, 22, 554 13 of 15

Aspalathin metabolites were identified using Lightsight v2.3 (AB Sciex, Vaughan, ON, Canada)
by comparison of the chromatograms over time and in the NADPH-free control for in vitro samples
(microsomes). For the in vivo samples (mouse blood and urine), chromatograms were compared to
the pre-treatment controls. The tentative identity of the metabolite was deduced by comparison of the
product ion spectra of the pseudomolecular ion ([M − H]−) of the metabolite with that of aspalathin
using Analyst 1.6 (AB Sciex).

Supplementary Materials: Supplementary materials are available online.

Acknowledgments: This research was funded in part by the Department of Science and Technology
(DST)/National Research Foundation (NRF) Professional Development Programme (PDP) (Grant UID 88752
to SB), NRF Incentive Funding for Rated Researchers Programme (Grant UID 85277 to EJ) and the Biomedical
Research and Innovation Platform of the South African Medical Research Council. The grant holders acknowledge
that opinions, findings, and conclusions or recommendations expression in any publication generated by the
NRF supported research are those of the authors and that the NRF accepts no liability whatsoever in this regard
(SB, EJ). The University of Cape Town, South African Medical Research Council, and South African Research
Chairs Initiative of the Department of Science and Technology, administered through the South African National
Research Foundation are gratefully acknowledged for support (KC).

Author Contributions: S.B.: wrote the manuscript and was responsible for all Caco-2 in vitro experiments and
analysis of data from HPLC-DAD. E.J.: PI of bioavailability project, preparation of extracts, responsible for study
conception and design; revision of draft paper. D.d.B.: Performed the HPLC-DAD and LC-MS/MS experiments,
including their data analysis, for Caco-2 transport studies; revision of draft paper. J.L.: Director of Unit. C.B.,
M.N., N.L.: performed in vitro ADME studies including metabolite identification in blood and urine samples, L.W.
(PI of pharmacokinetic study) and K.C. (Director of UCT H3D and MRC/UCT Drug Discovery and Development
Research Unit) reviewed the manuscript. C.M.: PI of bioavailability project, responsible for conception and design
of the project; revision of draft paper. All authors approved the final version of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Joubert, E.; De Beer, D. Rooibos (Aspalathus linearis) beyond the farm gate: From herbal tea to potential
phytopharmaceutical. S. Afr. J. Bot. 2011, 77, 869–886. [CrossRef]

2. Muller, C.J.F.; Malherbe, C.J.; Chellan, N.; Yagasaki, K.; Miura, Y.; Joubert, E. Potential of rooibos, its major
C-glucosyl flavonoids and Z-2-(β-D-glucopyranosyloxy)-3-phenylpropenoic acid in prevention of metabolic
syndrome. Crit. Rev. Food Sci. Nutr. 2016. [CrossRef] [PubMed]

3. Courts, F.L.; Williamson, G. The C-glycosyl flavonoid, aspalathin, is absorbed, methylated and
glucuronidated intact in humans. Mol. Nutr. Food Res. 2009, 53, 1104–1111. [CrossRef] [PubMed]

4. Stalmach, A.; Mullen, W.; Pecorari, M.; Serafini, M.; Crozier, A. Bioavailability of C-linked dihydrochalcone
and flavanone glucosides in humans following ingestion of unfermented and fermented rooibos teas. J. Agric.
Food Chem. 2009, 57, 7104–7111. [CrossRef] [PubMed]

5. Breiter, T.; Laue, C.; Kressel, G.; Gröll, S.; Engelhardt, U.H.; Hahn, A. Bioavailability and antioxidant potential
of rooibos flavonoids in humans following the consumption of different rooibos formulations. Food Chem.
2011, 128, 338–347. [CrossRef] [PubMed]

6. Scheepers, A.; Joost, H.G.; Schurmann, A. The glucose transporter families SGLT and GLUT: Molecular basis
of normal and aberrant function. J. Parenter. Enter. Nutr. 2004, 28, 364–371. [CrossRef] [PubMed]

7. Day, A.J.; Cañada, F.J.; Díaz, J.C.; Kroon, P.A.; Mclauchlan, R.; Faulds, C.B.; Plumb, G.W.; Morgan, M.R.;
Williamson, G. Dietary flavonoid and isoflavone glycosides are hydrolysed by the lactase site of lactase
phlorizin hydrolase. FEBS Lett. 2000, 468, 166–170. [CrossRef]

8. Liu, W.; Wang, H.; Meng, F. In silico modeling of aspalathin and nothofagin against SGLT2. J. Theor.
Comput. Chem. 2015, 14, 1550056. [CrossRef]

9. White, J.R. Apple trees to sodium glucose co-transporter inhibitors: A review of SGLT2 inhibition.
Clin. Diabetes 2010, 28, 5–10. [CrossRef]

10. Courts, F.L.; Williamson, G. The occurrence, fate and biological activities of C-glycosyl flavonoids in the
human diet. Crit. Rev. Food Sci. Nutr. 2013, 8398, 37–41. [CrossRef] [PubMed]

11. Kawano, A.; Nakamura, H.; Hata, S.; Minakawa, M.; Miura, Y.; Yagasaki, K. Hypoglycemic effect
of aspalathin, a rooibos tea component from Aspalathus linearis, in type 2 diabetic model db/db mice.
Phytomedicine 2009, 16, 437–443. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.sajb.2011.07.004
http://dx.doi.org/10.1080/10408398.2016.1157568
http://www.ncbi.nlm.nih.gov/pubmed/27305453
http://dx.doi.org/10.1002/mnfr.200800569
http://www.ncbi.nlm.nih.gov/pubmed/19653227
http://dx.doi.org/10.1021/jf9011642
http://www.ncbi.nlm.nih.gov/pubmed/19534535
http://dx.doi.org/10.1016/j.foodchem.2011.03.029
http://www.ncbi.nlm.nih.gov/pubmed/25212140
http://dx.doi.org/10.1177/0148607104028005364
http://www.ncbi.nlm.nih.gov/pubmed/15449578
http://dx.doi.org/10.1016/S0014-5793(00)01211-4
http://dx.doi.org/10.1142/S021963361550056X
http://dx.doi.org/10.2337/diaclin.28.1.5
http://dx.doi.org/10.1080/10408398.2012.694497
http://www.ncbi.nlm.nih.gov/pubmed/24915338
http://dx.doi.org/10.1016/j.phymed.2008.11.009
http://www.ncbi.nlm.nih.gov/pubmed/19188054


Molecules 2017, 22, 554 14 of 15

12. Son, M.J.; Minakawa, M.; Miura, Y.; Yagasaki, K. Aspalathin improves hyperglycemia and glucose intolerance
in obese diabetic ob/ob mice. Eur. J. Nutr. 2013, 52, 1607–1619. [CrossRef]

13. Parrott, N.; Lukacova, V.; Fraczkiewicz, G.; Bolger, M.B. Predicting pharmacokinetics of drugs using
physiologically based modeling—Application to food effects. AAPS J. 2009, 11, 45–53. [CrossRef] [PubMed]

14. Kazuno, S.; Yanagida, M.; Shindo, N.; Murayama, K. Mass spectrometric identification and quantification
of glycosyl flavonoids, including dihydrochalcones with neutral loss scan mode. Anal. Biochem. 2005, 347,
182–192. [CrossRef] [PubMed]

15. Joubert, E.; Gelderblom, W.C.A.; De Beer, D. Phenolic contribution of South African herbal teas to a healthy
diet. Nat. Prod. Commun. 2009, 4, 701–718. [PubMed]

16. Varma, M.V.; Steyn, S.J.; Allerton, C.; El-Kattan, A.F. Predicting clearance mechanism in drug discovery:
Extended Clearance Classification System (ECCS). Pharm. Res. 2015, 32, 3785–3802. [CrossRef] [PubMed]

17. Braune, A.; Blaut, M. Deglycosylation of puerarin and other aromatic C-glucosides by a newly isolated
human intestinal bacterium. Environ. Microbiol. 2011, 13, 482–494. [CrossRef] [PubMed]

18. Muller, C.J.F.; Joubert, E.; De Beer, D.; Sanderson, M.; Malherbe, C.J.; Fey, S.J.; Louw, J. Acute assessment of
an aspalathin-enriched green rooibos (Aspalathus linearis) extract with hypoglycemic potential. Phytomedicine
2012, 20, 32–39. [CrossRef] [PubMed]

19. Jancova, P.; Anzenbacher, P.; Anzenbacherova, E. Phase II drug metabolizing enzymes. Biomed. Pap. 2010,
154, 103–116. [CrossRef]

20. Kreuz, S.; Joubert, E.; Waldmann, K.H.; Ternes, W. Aspalathin, a flavonoid in Aspalathus linearis (rooibos), is
absorbed by pig intestine as a C-glycoside. Nutr. Res. 2008, 28, 690–701. [CrossRef] [PubMed]

21. Van der Merwe, J.D.; Joubert, E.; Manley, M.; De Beer, D.; Malherbe, C.J.; Gelderblom, W.C.A. In vitro
hepatic biotransformation of aspalathin and nothofagin, dihydrochalcones of rooibos (Aspalathus linearis),
and assessment of metabolite antioxidant activity. J. Agric. Food Chem. 2010, 58, 2214–2220. [CrossRef]
[PubMed]

22. Gamage, N.; Barnett, A.; Hempel, N.; Duggleby, R.G.; Windmill, K.F.; Martin, J.L.; McManus, M.E. Human
sulfotransferases and their role in chemical metabolism. Toxicol. Sci. 2006, 90, 5–22. [CrossRef] [PubMed]

23. Di, L.; Kerns, E.H. Drug-Like Properties: Concepts, Structure Design and Methods from ADME to Toxicity
Optimization; Elsevier Science: Amsterdam, The Netherlands, 2015.

24. Volpe, D.A. Application of method suitability for drug permeability classification. AAPS J. 2010, 12, 670–678.
[CrossRef] [PubMed]

25. Lemmer, H.J.R.; Hamman, J.H. Paracellular drug absorption enhancement through tight junction modulation.
Expert Opin. Drug Deliv. 2013, 10, 103–114. [CrossRef] [PubMed]

26. Van de Waterbeemd, H.; Camenisch, G.; Folkers, G.; Chretien, J.R.; Raevsky, O.A. Estimation of blood-brain
barrier crossing of drugs using molecular size and shape, and H-bonding descriptors. J. Drug Target. 1998, 6,
151–165. [CrossRef] [PubMed]

27. Camenisch, G.; Folkers, G.; Van de Waterbeemd, H. Shapes of membrane permeability–lipophilicity curves:
Extension of theoretical models with an aqueous pore pathway. Eur. J. Pharm. Sci. 1998, 6, 321–329.
[CrossRef]

28. Thomson, A.B.; Keelan, M.; Thiesen, A.; Clandinin, M.T.; Ropeleski, M.J.; Wild, G. Small bowel review:
Part II. Can. J. Gastroenterol. 2001, 15, 446–466. [CrossRef] [PubMed]

29. Lerner, A.; Matthias, T. Changes in intestinal tight junction permeability associated with industrial food
additives explain the rising incidence of autoimmune disease. Autoimmun. Rev. 2015, 14, 479–489. [CrossRef]
[PubMed]

30. Tsukita, S.; Furuse, M.; Itoh, M. Multifunctional strands in tight junctions. Nat. Rev. Mol. Cell Biol. 2001, 2,
285–293. [CrossRef] [PubMed]

31. Furuse, M.; Hirase, T.; Itoh, M.; Nagafuchi, A.; Yonemura, S.; Tsukita, S.; Tsukita, S. Occludin: A novel integral
membrane protein localizing at tight junctions. J. Cell Biol. 1993, 123, 1777–1788. [CrossRef] [PubMed]

32. Morita, K.; Furuse, M.; Fujimoto, K.; Tsukita, S. Claudin multigene family encoding four-transmembrane
domain protein components of tight junction strands. Proc. Natl. Acad. Sci. USA 1999, 96, 511–516. [CrossRef]
[PubMed]

33. Mandell, K.J.; Babbin, B.A.; Nusrat, A.; Parkos, C.A. Junctional adhesion molecule 1 regulates epithelial
cell morphology through effects on beta1 integrins and Rap1 activity. J. Biol. Chem. 2005, 280, 11665–11674.
[CrossRef] [PubMed]

http://dx.doi.org/10.1007/s00394-012-0466-6
http://dx.doi.org/10.1208/s12248-008-9079-7
http://www.ncbi.nlm.nih.gov/pubmed/19184451
http://dx.doi.org/10.1016/j.ab.2005.09.020
http://www.ncbi.nlm.nih.gov/pubmed/16269127
http://www.ncbi.nlm.nih.gov/pubmed/19445319
http://dx.doi.org/10.1007/s11095-015-1749-4
http://www.ncbi.nlm.nih.gov/pubmed/26155985
http://dx.doi.org/10.1111/j.1462-2920.2010.02352.x
http://www.ncbi.nlm.nih.gov/pubmed/20946528
http://dx.doi.org/10.1016/j.phymed.2012.09.010
http://www.ncbi.nlm.nih.gov/pubmed/23083813
http://dx.doi.org/10.5507/bp.2010.017
http://dx.doi.org/10.1016/j.nutres.2008.08.002
http://www.ncbi.nlm.nih.gov/pubmed/19083477
http://dx.doi.org/10.1021/jf903917a
http://www.ncbi.nlm.nih.gov/pubmed/20039677
http://dx.doi.org/10.1093/toxsci/kfj061
http://www.ncbi.nlm.nih.gov/pubmed/16322073
http://dx.doi.org/10.1208/s12248-010-9227-8
http://www.ncbi.nlm.nih.gov/pubmed/20811966
http://dx.doi.org/10.1517/17425247.2013.745509
http://www.ncbi.nlm.nih.gov/pubmed/23163247
http://dx.doi.org/10.3109/10611869808997889
http://www.ncbi.nlm.nih.gov/pubmed/9886238
http://dx.doi.org/10.1016/S0928-0987(98)00033-5
http://dx.doi.org/10.1155/2001/949167
http://www.ncbi.nlm.nih.gov/pubmed/11493950
http://dx.doi.org/10.1016/j.autrev.2015.01.009
http://www.ncbi.nlm.nih.gov/pubmed/25676324
http://dx.doi.org/10.1038/35067088
http://www.ncbi.nlm.nih.gov/pubmed/11283726
http://dx.doi.org/10.1083/jcb.123.6.1777
http://www.ncbi.nlm.nih.gov/pubmed/8276896
http://dx.doi.org/10.1073/pnas.96.2.511
http://www.ncbi.nlm.nih.gov/pubmed/9892664
http://dx.doi.org/10.1074/jbc.M412650200
http://www.ncbi.nlm.nih.gov/pubmed/15677455


Molecules 2017, 22, 554 15 of 15

34. Ikenouchi, J.; Furuse, M.; Furuse, K.; Sasaki, H.; Tsukita, S.; Tsukita, S. Tricellulin constitutes a novel barrier
at tricellular contacts of epithelial cells. J. Cell Biol. 2005, 171, 939–945. [CrossRef] [PubMed]

35. Yu, S.H.; Tang, D.W.; Hsieh, H.Y.; Wu, W.S.; Lin, B.X.; Chuang, E.Y.; Sung, H.W.; Mi, F.L. Nanoparticle-induced
tight-junction opening for the transport of an anti-angiogenic sulfated polysaccharide across Caco-2 cell
monolayers. Acta Biomater. 2013, 9, 7449–7459. [CrossRef] [PubMed]

36. Jayalakshmi, K.; Ghoshal, U.C.; Kumar, S.; Misra, A.; Roy, R.; Khetrapal, C.L. Assessment of small intestinal
permeability using 1H-NMR spectroscopy. J. Gastrointest. Liver Dis. 2009, 18, 27–32.

37. Huang, M.; Du Plessis, J.; Du Preez, J.; Hamman, J.; Viljoen, A. Transport of aspalathin, a rooibos tea
flavonoid, across the skin and intestinal epithelium. Phyther. Res. 2008, 22, 699–704. [CrossRef] [PubMed]

38. Shi, J.; Zhu, L.; Li, Y.; Zheng, H.; Yu, J.; Lu, L.; Liu, Z. In vitro study of UGT metabolism and permeability of
orientin and isoorientin, two active flavonoid C-glycosides. Drug Metab. Lett. 2016, 10, 101–110. [CrossRef]
[PubMed]

39. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. [CrossRef] [PubMed]
40. Lee, W.; Bae, J.S. Anti-inflammatory effects of aspalathin and nothofagin from rooibos (Aspalathus linearis)

in vitro and in vivo. Inflammation 2015, 38, 1502–1516. [CrossRef] [PubMed]
41. Han, Z.; Achilonu, M.C.; Kendrekar, P.S.; Joubert, E.; Ferreira, D.; Bonnet, S.L.; Van der Westhuizen, J.H.

Concise and scalable synthesis of aspalathin, a powerful plasma sugar-lowering natural product. J. Nat. Prod.
2013, 77, 583–588. [CrossRef] [PubMed]

42. De Beer, D.; Malherbe, C.J.; Beelders, T.; Willenburg, E.L.; Brand, D.J.; Joubert, E. Isolation of aspalathin
and nothofagin from rooibos (Aspalathus linearis) using high-performance countercurrent chromatography:
Sample loading and compound stability considerations. J. Chromatogr. A 2015, 1381, 29–36. [CrossRef]
[PubMed]

43. Hill, A.P.; Young, R.J. Getting physical in drug discovery: A contemporary perspective on solubility and
hydrophobicity. Drug Discov. Today 2010, 15, 648–655. [CrossRef] [PubMed]

44. Alelyunas, Y.W.; Pelosi-kilby, L.; Turcotte, P.; Kary, M.; Spreen, R.C. A high throughput dried DMSO Log D
lipophilicity measurement based on 96-well shake-flask and atmospheric pressure photoionization mass
spectrometry detection. J. Chromatogr. A 2010, 1217, 1950–1955. [CrossRef] [PubMed]

45. Smetanova, L.; Stetinova, V.; Kholova, D.; Kvetina, J.; Smetana, J.; Svoboda, Z. Caco-2 cells and
Biopharmaceutics Classification System (BCS) for prediction of transepithelial transport of xenobiotics
(model drug: Caffeine). Neuro Endocrinol. Lett. 2009, 30 (Suppl. 1), 101–105. [PubMed]

46. Johnston, K.; Sharp, P.; Clifford, M.N.; Morgan, L. Dietary polyphenols decrease glucose uptake by human
intestinal Caco-2 cells. FEBS Lett. 2005, 579, 1653–1657. [CrossRef] [PubMed]

47. Stipanuk, M.H.; Caudill, M.A. Biochemical, Physiological, and Molecular Aspects of Human Nutrition;
Elsevier Health Sciences: Amsterdam, The Netherlands, 2013.

48. Artursson, P.; Karlsson, J. Correlation between oral drug absorption in humans and apparent drug
permeability coefficients in human intestinal epithelial (Caco-2) cells. Biochem. Biophys. Res. Commun.
1991, 175, 880–885. [CrossRef]

49. Ingels, F.; Beck, B.; Oth, M.; Augustijns, P. Effect of simulated intestinal fluid on drug permeability estimation
across Caco-2 monolayers. Int. J. Pharm. 2004, 274, 221–232. [CrossRef] [PubMed]

50. Hubatsch, I.; Ragnarsson, E.G.E.; Artursson, P. Determination of drug permeability and prediction of drug
absorption in Caco-2 monolayers. Nat. Protoc. 2007, 2, 2111–2119. [CrossRef] [PubMed]

Sample Availability: Aspalathin is available from commercial sources.

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1083/jcb.200510043
http://www.ncbi.nlm.nih.gov/pubmed/16365161
http://dx.doi.org/10.1016/j.actbio.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23583645
http://dx.doi.org/10.1002/ptr.2422
http://www.ncbi.nlm.nih.gov/pubmed/18350515
http://dx.doi.org/10.2174/1872312810666160219121217
http://www.ncbi.nlm.nih.gov/pubmed/26891873
http://dx.doi.org/10.1038/nature05485
http://www.ncbi.nlm.nih.gov/pubmed/17167474
http://dx.doi.org/10.1007/s10753-015-0125-1
http://www.ncbi.nlm.nih.gov/pubmed/25655391
http://dx.doi.org/10.1021/np4008443
http://www.ncbi.nlm.nih.gov/pubmed/24354397
http://dx.doi.org/10.1016/j.chroma.2014.12.078
http://www.ncbi.nlm.nih.gov/pubmed/25614190
http://dx.doi.org/10.1016/j.drudis.2010.05.016
http://www.ncbi.nlm.nih.gov/pubmed/20570751
http://dx.doi.org/10.1016/j.chroma.2010.01.071
http://www.ncbi.nlm.nih.gov/pubmed/20153476
http://www.ncbi.nlm.nih.gov/pubmed/20027153
http://dx.doi.org/10.1016/j.febslet.2004.12.099
http://www.ncbi.nlm.nih.gov/pubmed/15757656
http://dx.doi.org/10.1016/0006-291X(91)91647-U
http://dx.doi.org/10.1016/j.ijpharm.2004.01.014
http://www.ncbi.nlm.nih.gov/pubmed/15072798
http://dx.doi.org/10.1038/nprot.2007.303
http://www.ncbi.nlm.nih.gov/pubmed/17853866
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Physicochemical Characteristics of Aspalathin 
	Transport of Aspalathin across a Caco-2 Monolayer 
	Aspalathin Metabolites in Mouse Urine 

	Discussion 
	Materials and Methods 
	Reagents and Extracts 
	Physicochemical Characterisation 
	Caco-2 Transport Experiments 
	In Vivo and In Vitro Metabolism of Aspalathin 
	Treatment and Sample Collection 
	Metabolite Identification by MS 



