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Catechins were subjected to in vitro gastric and small intestinal digestion. EGCG, EGC, and ECG
were significantly degraded at all concentrations tested, with losses of 71-91, 72—-100, and 60-61%,
respectively. EC and C were comparatively stable, with losses of 8-11 and 7—8%, respectively. HLPC-
ESI-MS/MS indicated that EGCG degradation under simulated digestion resulted in production of
theasinensins (THSNs) A and D (m/z 913) and P-2 (m/z 883), its autoxidation homodimers. EGC
dimerization produced the homodimers THSN C and E (m/z 609) and homodimers analogous to P-2
(m/z 579). ECG homodimers were not observed. EGCG and EGC formed heterodimers analogous
to the THSNs (m/z 761) and P-2 (m/z 731). EGCG and ECG formed homodimers analogous to the
THSNSs (m/z 897). This study provides an expanded profile of catechin dimers of digestive origin that
may potentially form following consumption of catechins. These data provide a logical basis for initial
screening to detect catechin digestive products in vivo.
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INTRODUCTION

Epidemiological and experimental evidences have highlighted
the potential physiological activities of flavanols and flavanol-
rich foods, including protection against oxidative stress and
inflammation and reduced risk of cardiovascular disease and
certain cancers (1-9). The major flavanols present in the human
diet are (—)-epigallocatechin (EGC), (+)-epicatechin (EC), (£)-
catechin (C), (—)-epigallocatechin gallate (EGCG), and (—)-
epicatechin gallate (ECG), collectively referred to as catechins
(Figure1). Significant dietary sources of these catechins include
grapes (EC, C, EGC, ECG), tea (EGCG, EGC, EC, C, ECG),
cocoa (EC, C), and other fruits (10-17).

In vitro experiments have demonstrated that catechins are
stable in acid but are extensively degraded in fluids of near-
neutral or greater pH, such as intestinal juice, plasma, bile, cell
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culture media, or simulated digestive conditions (18-31). EGCG
and EGC are the most sensitive to higher pH, ECG has
intermediate stability, and EC and C are relatively stable. When
exposed to elevated pH, EGCG degrades by epimerization and
autoxidation reactions involving the B-ring, leading to the
formation of homocatechin dimers such as theasinensin (THSN)
A, THSN D, and P-2 (Figure 2), which are minor constituents
of mildly fermented tea including oolong and black teas (18, 21,
23, 24, 27, 30-34). These data suggest that catechins with similar
structures may also undergo dimerization, resulting in the formation
of products analogous to the THSNs and P-2. However, autoxi-
dation of other homogenous catechin reactants (such as EGC) or
complex heterogeneous mixtures of several catechin species have
not been reported. As catechins are typically present in foods as
heterogeneous mixtures, a more complete profile of expected homo-
and heterocatechin autoxidation products is essential for the
evaluation of catechin degradation in in »ivo biological matrices
relevant to human health.

Conditions promoting autoxidation are present in the upper
small intestine during human digestion, including elevated pH
(6.0-7.5), digestive secretions (bile, etc.), and dissolved O, and
reactive oxygen species (ROS) (35-37). Therefore, the potential
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Gallate group

Compound Abbreviation R, R;
Catechin C OH H
Gallocatechin GC OH OH
Catechin gallate CG Gallate H
Gallocatechin gallate GCG Gallate OH
Epicatechin EC OH H
Epigallocatechin EGC OH OH
Epicatechin gallate ECG Gallate H
Epigallocatechin gallate EGCG Gallate OH

Figure 1. Structures of the major monomeric catechins and their epimers
present in the human diet.

exists for preabsorptive catechin autoxidation in the gut lumen
prior to intestinal uptake, without in vivo protection of endog-
enous antioxidant systems present on the enterocyte surface and
in body tissues. Previous studies of catechin dimerization under
in vitro digestive conditions have focused on bile or authentic
intestinal juice individually (20, 21). Although catechin stability
during exposure to the enzymes and pH conditions of gastric
and small intestinal phases sequentially has been reported (23, 28),
characterization of catechin digestive profiles including iden-
tification of specific catechin degradation products under these
conditions has not been accomplished.

Animal and human studies have shown that catechin bio-
availability is relatively low and that catechins are subsequently
present in tissues and biological fluids as native species and
their phase-11 conjugates (33, 38—47). With the exception of
colonic fermentation products, data regarding the potential
preabsorptive formation, absorption, tissue levels, and in vivo
physiological activity of catechin digestive degradation products
remain limited (21), possibly due to incomplete information
regarding potential compounds of interest to monitor. Further-
more, data regarding the potential for preabsorptive digestive
formation and structural variation of expected homo- and
heterocatechin dimers are required to effectively monitor
catechin degradation and assess the physiological relevance of
these dimers following oral administration to animals and
humans.

The aim of this study was to monitor native catechin
degradation and simultaneously characterize the structural
variation of the resulting catechin degradation products using
an in vitro digestion model to simulate preabsorptive digestion
events. Characterization of these digestive species will provide
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valuable insight regarding the potential alteration of dietary
catechin profiles during digestive transit and will provide a
framework for future animal and human studies regarding
preabsorptive formation, absorption, and subsequent physiologi-
cal relevance of catechin dimers in vivo.

MATERIALS AND METHODS

Reagents and Standards. Pepsin from porcine stomach mucosa,
pancreatin, and lipase (type 1) from porcine pancreas, porcine bile
extract, EGC (>98%), C, EC (>98%), ECG (>98%), and (—)-
gallocatechin (GC) (>98%) were obtained from Sigma-Aldrich (St.
Louis, MO). EGCG (>97%) was a gift from DSM Nutritional Products
(Parsippany, NJ). All solvents were of HPLC grade. Acetic acid (AA)
solutions were prepared by diluting glacial acetic acid in distilled—
deionized water (ddH,0). Saline (0.9% NaCl w/v) was prepared in
ddH,0. Catechin standard solutions for calibration curves were prepared
in 2% AA to obtain serial dilutions covering 10-500 «M each.

Formulation of Raw Material. Raw material (RM) for individual
catechin digestions (EGCG, EGC, EC, ECG, and C) was formulated
in saline solution (pH 5.5) at 0.1, 0.05, and 0.01 mg/mL, simulating
typical catechin concentrations in a cup of green or black tea (10, 16),
with sonication. RM for combined catechin digestions (EGCG and
EGC; EGCG and ECG; EGC and ECG) was formulated similarly at
0.1 mg/mL of each species. RM for digestion background blanks was
saline only. RM aliquots were acidified with 10% AA (1 mL/5 mL of
RM) and stored under N, at —80 °C until analysis.

Individual and Combined Catechin in Vitro Digestions. In vitro
digestions were performed following a static two-stage in vitro digestion
model as originally described by Garrett et al. (48) and more recently
adapted in our laboratory to investigate catechin degradation from tea
(28). Gastric conditions were as follows: 3 mL of pepsin (40 mg/mL
in 0.1 M HCI) was added to 20 mL of RM and the pH was adjusted to
2.0 &£ 0.1 with 0.1 M HCI. Samples were blanketed with N, and
incubated in a dark shaking water bath at 37 °C for 1 h. Gastric aliquots
(3 mL) were then removed for analysis (from individual catechin
digestions only). Small intestinal conditions were as follows: gastric
digesta was neutralized to pH =5.3 with 0.1 M NaHCOj3, followed by
the addition of 4.5 mL of pancreatin/lipase (4 mg/mL pancreatin and
2 mg/mL lipase in 0.1 M NaHCOs3) and 4.5 mL of bile (24 mg/mL
bile extract in 0.1 M NaHCO3), after which the pH was adjusted to 7.2
=+ 0.1 with 0.1 M NaHCO3 and/or 0.1 M NaOH. Samples were diluted
to 50 mL total volume with saline, blanketed with N, and incubated
as stated above for 2 h. Gastric aliquots and final digesta were acidified
with 10% AA (0.2 mL/mL of sample) and then centrifuged at 18000g
for 15 min. The supernatant was stored under N, at —80° until
analysis.

Controls. Nondigested controls (NDC) were performed for each
individual catechin RM to account for nondigestive catechin losses.
Three milliliters of saline was added to 20 mL of RM, and the pH was
adjusted to 5.5 with 0.1 M NaHCOs. Samples were blanketed with N
and incubated as stated above for 1 h. Samples were then diluted to 50
mL with saline, flushed with Ny, and incubated as stated above for
2 h. NDC samples were then processed for storage and analysis as
described above.

HPL C-ESI-M S/M S Sample Preparation. For HPLC-ESI-MS/MS
analyses, representative digesta for each individual and combined RM
(0.1 mg/mL only) and background blanks were generated as stated
above. Replicate digesta were pooled, acidified to pH 3.5 with 1 N
HCI, and divided into 6-15 mL aliquots, and then (NH4),SO,4 was added
to saturation. Aliquots were extracted twice with 15 mL of ethyl acetate/
0.01% butylated hydroxytoluene (BHT) (w/v) by vortexing (15 s),
centrifugation (19509 for 5 min), and collection of the organic layer.
Extracts were pooled, dried in a rotary vacuum evaporator, solubilized
in 3 mL of mobile phase A (see below), and centrifuged (1950g for 5
min). The supernatant was processed for storage and analysis as
described above.

HPLC Analysis. HPLC—diode array detection (DAD) analysis was
performed following the method of Neilson et al. (49) with modifica-
tions to quantify catechins. Separation was performed on a Waters
Alliance 2695 separation module (Milford, MA) with a 3.9 x 100 mm
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Figure 2. Autoxidation reactions of EGCG at near-neutral pH. Two EGCG monomers form a C-C bond in the B-ring, resulting in the net loss of two
hydrogen atoms, to generate the homodimers theasinensin (THSN) A and THSN D. Two EGCG monomers also undergo B-ring opening and subsequent
condensation, resulting in the net loss of two hydrogen atoms and formaldehyde (CH,0), to generate the homodimer P-2.

(3.5 um particle size) XTerra RP Cyg column preceded by an identical
3.9 x 20 mm guard column. Columns were thermostated to 35 °C.
Samples were filtered through a 0.45 um filter and thermostated at 5
°C prior to injection. Injection volume was 50 uL. Linear gradient
elution was performed using a binary mobile phase system: phase A,
ddH,0, acetonitrile (ACN), and formic acid (FA) (89.9:10:0.1 v/v);
phase B, ddH,O, ACN, and FA (69.9:30:0.1 v/v). The system flow
rate was 0.9 mL/min. Following injection, the mobile phase gradient
was 99:1 (A/B) at 0 min, 1:99 at 6 min, and 99:1 at 8 min and held to
10 min for a total analysis time of 10 min. DAD was performed with
a Waters 2996 photodiode array detector (wavelength scan from 200
to 600 nm). Chromatographic data were collected using Waters
Empower2 software.

To obtain more selective and sensitive detection of catechin-derived
dimers, HPLC—electrochemical detection (ECD) analysis of all RM,
extracted digesta, and background blanks was performed under similar
conditions with the following modifications: columns were thermostated
to 25 °C; injection volume, 1 ul; phase A, ddH,O, ACN, and
trifluoroacetic acid (TFA) (91.9:8:0.1 v/v); phase B, ddH,O, ACN,
methanol (MeOH), and TFA (69.9:27:3:0.1 v/v); the mobile phase
gradient was 75:25 (A/B) at 0 min, 15:85 at 2 min, 0:100 at 4 min,
held to 5 min, 75:25 at 6 min, and held to 12 min (all transitions linear)
for a total analysis time of 12 min; 8-channel ECD was performed on
an ESA CoulArray detector (ESA Biosciences, Chelmsford, MA) with
cell potentials at —100, 60, 130, 200, 270, 340, 410, and 480 mV.

HPL C-ESI-M SM S Experiments. HPLC separation for MS experi-
ments was performed on a Waters 2795 separations module employing
parameters identical to those described for HPLC-DAD analysis.
Following separation, the column effluent was split 1:1 (retained/waste)
prior to introduction by negative mode electrospray ionization (ESI)
into a Waters Q-TOF Micromass spectrometer. ESI capillary voltage
was —3.5 kV, source temperature was 150 °C, sample cone voltage
was 40 V, and extraction cone voltage was 1 V. The desolvation
temperature was 300 °C. The desolvation and nebulizer cone gas was
N, at flow rates of 500 and 50 L/h, respectively. Quadrupole pre- and
postfilter voltages were 5.0 V, ion quadrupole energy was 5.0 V, and
radio frequency/direct current offset voltages were 0.5 and 3.0 V,
respectively. For collision-activated dissociation (CAD), the collision
gas was Ar at 69 kPa, and ion kinetic energies (KEio) were 20-30 eV.

TOF acceleration voltage was 200 V, reflectron voltage was 1780 V,
and multichannel plate detector voltage was 2800 V. Mass data were
collected from m/z 50 to 1500, with a scan time of 0.5 s and an interscan
delay of 0.1 s. HPLC-MS/MS data were collected using Waters
MassLynx (V4.0 SP2) software. The TOF was calibrated daily by direct
infusion of 2 mM H3PO, in MeOH/ddH,0 (50:50 v/v).

Statistical Analysis. Digestive and NDC native catechin losses were
calculated from n = 4 independent replicate experiments and are
reported as mean + SE.

RESULTS

Individual Catechin Digestive and NDC L osses. All RM,
background blanks, gastric aliquots, and catechin digesta from
each individual species digestion experiment were analyzed by
HPLC-DAD; digestive losses are reported in Table 1. EGCG,
EGC, and ECG were significantly degraded by digestion at
concentrations tested, with losses of 71-91, 72-100, and
60-61%, respectively. In contrast, EC and C were much more
resistant to digestive degradation, with losses of only 8-11 and
7-8%, respectively. These results agree with previous studies
which have shown that simple catechins (C, EC) are much more
stable than the corresponding gallocatechins (EGC, EGCG)
under digestive conditions (23, 28), whereas catechin gallates
(ECG) have intermediate stability. The majority of the loss for
each species was due to intestinal phase degradation, in contrast
to gastric phase losses of only 5-7, 3-12, and 5-6% for EGCG,
EGC, and ECG, respectively. The more stable catechins (C and
EC) experienced gastric phase losses of 1-2 and 0.1-0.2%,
respectively. Thus, gastric phase losses for all species were
generally 10-20-fold less than intestinal phase losses, suggesting
that catechins are comparatively more stable under gastric phase
conditions than under intestinal phase conditions of digestion.

NDC losses for all catechin species were much lower than
total and intestinal digestive losses, but were also greater than
gastric losses. Because NDC experiments were performed at a
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Table 1. Percent Digestive and Nondigestive Control (NDC) Losses
Observed for Individual Species Catechin Formulations at Different Raw
Material Concentrations ([RM])

loss from RM# (%)

[RM] digestion
compound  (mg mL™") NDC® gastric®  intestinal? total
EGCG 0.10 15.0 £ 6.6 51+17 859+14 909+10

0.05 18.6 £ 6.5
0.01 18.1+28

57+19 792+40 848424
68+41 644+89 712+6.1

EGC 0.10 152+77 55%53 668+6.0 723+10
0.05 140+60 26426 69.0+33 71.6+23
0.01 271+145 11.6+£33 884+£33 100°

EC 0.10 22+141
0.05 10.1+4.6
0.01 6.8+36

1.6+07 98+40 11.4+4.0
06+04 76+£20 83+19
1.0£06 103+22 11.3+20

ECG 0.10 64+13
0.05 77+19
0.01 47+£11

53+12 542+12 595416
61+06 540+15 600417
55+05 551408 60.6+08

C 0.10 1.7£141 01+£01 70£03 71£03
0.05 34+17 02+02 78+08 80+£07
0.01 24+12 00+£00 82+53 82+£53

@ osses were calculated by HPLC-DAD analysis of RM and digesta. © Losses
are reported as mean + SE from n = 4 replicate experiments.  Some individual
NDC or gastric losses were measured as <0; these values were taken to be 0 for
calculation of means. “ Intestinal losses were calculated by subtracting gastric losses
from total losses. ®Due to the extensive degradation of EGC, the low RM
concentration, and coelution with digestive matrix peaks, EGC was not detectable
in the final digesta for this dose.

higher pH than the gastric phase (5.5 vs 2.0) but did not include
digestive enzymes, the degradation of catechins under
digestive conditions appears to be most directly correlated
to pH rather than to digestive enzyme activity. These results
are in agreement with previous studies in model systems that
have reported catechins to be stable in acidic conditions while
being unstable in a variety of solutions at near-neutral or
greater pH (18,20-25, 29, 30, 46, 50).

I dentification of Catechin Digestive Degradation Products.
Catechins exhibiting digestive instability (EGCG, EGC, ECG)
were identified as likely dimer precursors and were digested
individually and in pairs (EGCG-EGC; EGCG-ECG; EGC-ECQG)
at 0.1 mg/mL RM each. The RM and digesta extracts were
analyzed by HPLC-ECD and HPLC-ESI-MS/MS to characterize
the resulting products. HPLC-ESI-MS analyses were performed
to identify deprotonated molecular ions ([M — H] ) corresponding
to native catechins and potential catechin degradation products.
lons of interest were selected and subsequently fragmented by CAD
to obtain MS/MS spectra. Although HPLC-DAD was used to
quantify native catechins, HPLC-ECD demonstrated superior
sensitivity and selectivity for detection of dimers in complex
matrices; ECD profiles are therefore provided. HPLC-ECD analysis
of these digesta indicated significant digestive alteration of each
RM profile; representative elution profiles of two selected RM
(EGCG-EGC and EGCG-ECG) and the subsequent digesta are
shown in Figure 3. Refer to available Supporting Information for
all HPLC-ECD chromatograms and mass spectra not shown, and
Table 2 for HPLC retention times (tr) and additional information.
Compounds are referred to by the number assigned to each peak
on chromatograms.

EGCG RM contained EGCG (1, m/z 457) and <2% ECG
contaminant (2, m'z441). EGC RM contained EGC (3, m/z 305)
only. ECG RM contained ECG (2) only. Each combined RM
contained only the two individual species RMs comprising it.

Neilson et al.

Figure 3. HPLC-ECD elution profiles (response at 200 mV) of undigested
combined catechin raw material (- - -), the subsequent in vitro digesta
extract (—), and a digestive blank extract (no RM added) (- - --) from
combined EGCG-EGC (A) and combined EGCG-ECG (B) raw material
formulations. Peak scale is from —0.1 to 1.0 uA. Refer to Table 2 for
identities of numbered peaks. Note that in vitro digesta extracts were
concentrated prior to HPLC-ECD analysis (see Materials and Methods)
to facilitate peak detection due to low analyte levels in digesta following
digestive losses.

Table 2. Catechins and Their Degradation Products Observed in in Vitro
Digestion: HPLC-ECD and HPLC-DAD Retention Times (ts), Deprotonated
Molecule ([M — H]™) Mass-to-Charge Ratios (m/z) from Negative Mode
ESI-MS, and Fragment lons Observed in CAD-MS/MS? Spectra of Each
Compound

HPLC t; (min) M=H]~ fragment ions

compd® _ECD DAD (m2) (ml2)

1 5.8 57 457 125,169,193,305

2 7.0 6.7 441 125, 169, 203, 245, 289

3 3.0 3.6 305 111, 125, 165, 169, 219,
261

45 5.5, 6.3 5.2, 6.0 913 169, 435, 573, 591, 743,
761

6 7.7 7.3 883 125, 169, 405, 525, 543,
561, 713

7 2.3 29 305 111, 125, 167, 219, 261

8,9 1.7,1.9 2.3, 25 609 167, 333, 427, 453, 471,
591

10-12 2.0,39,50 27,46,48 579 125, 167, 405, 423, 435,
543, 561

13 7.7 7.2 441 109, 125, 169, 245, 289

14, 15 45,48 47,52 761 125, 167, 327, 435,453,
591, 609

16, 17 6.7, 7.0 6.2, 6.6 731 125, 167, 395, 405, 525,
543, 561

18, 19 6.4, 6.7 6.3, 6.5 897 289, 437, 455, 607, 625,
727, 745

Zlon kinetic energies (KEion) used for CAD-MS/MS analysis of each ionized
parent compound were 30 eV for m/z 441, 457, 731, 761, 883, and 897; 25 eV for
m/z 609; and 20 eV for m/z 305, 579, and 913.

Observed MS/MS spectra of native catechins were similar to
published spectra (data not shown) (30, 51). Catechin degrada-
tion products were not found in RM formulations.

Individual EGCG digesta contained residual EGCG (1),
residual ECG (2), two catechin-derived degradation products
with m/z 913 (4, 5), and one with nvVz 883 (6). Compounds 4
and 5 have similar MS/MS spectra and are the previously
reported EGCG C,'-C," homodimers THSN A and THSN D
(Figure 2). Itis likely that 4 is THSN A and that 5is THSN D,
as THSN A has been shown to elute more rapidly under RP
HPLC conditions (21). Compound 6 was identified as the
previously reported EGCG B-ring condensation—elimination
homodimer P-2 (Figure 2). MS/MS spectra for 4-6 were
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identical to previously published spectra (data not shown) (24, 30).
Major MS/MS fragmentations for both THSNs correspond to
sequential loss of two gallic acid residues from [M — H] . Major
fragmentations for P-2 correspond to sequential loss of two gallic
acid residues from the [M — H] ", followed by a retro-Diels—Alder
(RDA) cleavage (loss of a neutral A-ring derivative, with MW
138, by breaking the A/C-ring system) typically observed during
fragmentations of flavonoids (Figure 4) (15, 52-55).

Individual EGC digesta contained residual EGC (3), another
compound with m/z 305 (7) not present in the RM, and several
degradation products with m/z 609 (8, 9) and m/z 579 (10, 11,
12). Compound 7 was tentatively identified as GC (see Figure
1) as HPLC-MS and MS/MS analysis of authentic GC standard
material resulted in a [M — H] ™ with identical tr, m/z, and MS/
MS spectrum as that of 7(data not shown). MS/MS analysis of
8-12 suggests that they are EGC homodimers analogous to those
observed for EGCG. Compounds 8 and 9 have similar MS/MS
spectra (Figure 5), with major fragmentations corresponding
to consecutive RDA fragmentations of the molecular ion.
Compounds 8 and 9 were tentatively identified collectively as
THSNs C and E, previously reported as minor enzymatic
oxidation products in mildly fermented tea leaves (31, 56); 8
and 9 have never been identified as potential digestive degrada-
tion products of tea catechins until now. Compounds 10-12
appear to be P-2 analogues (Figure 5) and have similar MS/
MS spectra with major fragmentations corresponding to loss
of H,O from [M — H]~ followed by RDA fragmentation.
Compounds 10-12 have not previously been reported in the
literature.

Individual ECG digesta contained residual ECG (2) and
another product with myz 441 (13) not present in the RM.
Compound 13 was tentatively identified as (—)-catechin gallate
(CG) (see Figure 1), as the MS/MS spectra for both ECG and
7 were identical (data not shown). ECG homodimer products
analogous to THSN or P-2 (predicted m/z 881 and 851,
respectively) were not observed.

Analysis of combined EGCG-EGC digesta indicated the
presence of residual EGCG (1), residual EGC (3), residual ECG
(2), GC (7), and each of the EGCG and EGC homodimers
previously identified in the individual species digesta (4-6 and
8-12, respectively). Additionally, several products with m/z 761
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Figure 5. CAD-MS/MS spectra (fragment ion relative abundance, %RA,

versus mass-to-charge ratio, m/z) obtained by HPLC-ESI-MS/MS analysis

of selected EGC homodimers formed during in vitro digestion of EGC:

compounds 8 (A) and 10 (B). Refer to Table 2 for compound identities

and CAD parent ion collision energies.

(24, 15) and m/z 731 (16, 17) were detected. MS/MS analysis
of 14-17 suggested that they are EGCG-EGC heterodimers,
analogous to the homodimers produced by degradation of each
compound. Compounds 14 and 15 have similar MS/MS spectra
and are C,-C,' heterodimers structurally analogous to the
THSNs. Major MS/MS fragmentations of 14 and 15 correspond
to sequential loss of gallic acid and a RDA fragmentation.
Compounds 16 and 17 have similar MS/MS spectra and are
B-ring condensation—elimination heterodimers structurally analo-
gous to P-2. Major fragmentations of 16 and 17 correspond to
consecutive loss of gallic acid, H,O, and a RDA fragmentation.
A compound with this structure has previously been reported
in mildly fermented tea leaves treated with phenazine and
subsequently heated (56); compounds 14-17 have not been
previously reported as potential digestive degradation products
of tea catechins until now, although their existence has been
suggested by several studies (31, 32, 56).

Analysis of combined EGCG-ECG digesta indicated that
residual EGCG (1), residual ECG (2), CG (13), and each of the
EGCG homodimers previously identified in individual species
digesta (4-6) were present. No ECG homodimers were observed,
consistent with the fact that none were observed in individual
ECG digesta. However, products with n/z 897 were detected
(18, 19). Compounds 18 and 19 have similar MS/MS spectra,
and MS/MS analysis suggests that they are EGCG-ECG
heterodimers analogous to the THSNs. Major MS/MS frag-
mentations of 18 and 19 correspond to consecutive losses of
gallic acid, a RDA fragmentation, and loss of another gallic
acid residue. EGCG-ECG P-2 analogues were not observed
(predicted m/z 867).

Analysis of combined EGC-ECG digesta indicated that
residual EGC (3), residual ECG (2), GC (7), and each of the
EGC homodimers previously identified in individual species
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Figure 6. Proposed structures of homo- and heterocatechin autoxidation
dimers observed during in vitro digestion of EGCG, EGC, and ECG
individually and in pairs. Refer to Table 2 and available Supporting
Information for compound identities and CAD-MS/MS spectra. Wavy bonds
indicate ambiguous stereochemistry, as these are preliminary structures
based solely on mass spectral analysis.

digesta (8-12) were present. Neither ECG homodimers nor
EGC-ECG heterodimer products corresponding to THSN
analogues (predicted m/z 745) nor P-2 analogues (predicted m/z
715) were observed.

To verify that these dimers were formed under digestive
conditions and not during subsequent extraction and concentra-
tion, EGCG standard material was formulated at 0.1 mg/mL in
saline, acidified, and extracted according to the procedure
detailed previously. No dimers were detected by HPLC-ESI-
MS/MS analysis, indicating that EGCG was stable during
extraction and that the dimers we have reported are indeed in
vitro digestive degradation products and not artifacts from
subsequent sample preparation.

DISCUSSION

Proposed dimer structures are shown in Figure 6. These
structures are based upon catechin autoxidation reactions
analogous to those of EGCG, as formation of these previously
characterized products was observed under the conditions of
the present study. Further analysis (NMR, MS", etc.) is required
to confirm the proposed structures and assign stereochemistry;
however, the stereochemistry of THSNs A, D, C, and E has
been previously described (21, 31, 32, 56). The presence of two
or more compounds with identical MS/MS spectra for several
dimers strongly suggests that stereoisomers or other isomers
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are formed, consistent with EGCG dimerization to form THSNs
A and D and EGC dimerization to form THSNs C and
E (21, 31, 56). Additionally, epimerization of catechin
monomers (26, 27, 29, 30) prior to dimerization may contribute
to the stereochemical variation in subsequently formed dimers.

Degradation of EGCG under in vitro digestive conditions
appears to proceed similarly to that found in other in vitro
systems. THSNs A and D (4, 5) are produced when two EGCG
molecules dimerize at C,' on the B-ring, resulting in the net
loss of 2 mass units, and P-2 (6) is produced when two EGCG
molecules undergo a condensation and elimination reaction in
the B-ring, resulting in the net loss of 32 mass units. Thus, the
masses of the homo- and heterocatechin analogues reported here
are [M; + M, — 2] for the THSN analogues and [M; + M, —
32] for the P-2 analogues (where M; and M; are monomer
masses).

Degradation of EGC appears to proceed similarly to that of
EGCG, resulting in two homodimers analogous to the THSNs
(8, 9) and three homodimers analogous to P-2 (10-12). A
possible explanation for the presence of multiple P-2 analogues
may be that significant quantities of GC (7) were produced by
isomerization of EGC. Therefore, the three resulting P-2
analogues could be dimers of EGC-EGC, EGC-GC, and
GC-GC, all with identical masses and MS/MS fragmentation
patterns. Hatano et al. (34) have suggested that formation of
P-2 analogues may be slower than that of THSN analogues,
thus resulting in greater potential for inclusion of epimerized
catechins formed by reactions competing with dimerization.

The behavior of ECG is consistent with previous data that
demonstrated its stability to be intermediate between the labile
(EGCG and EGC) and the stable (C and EC) catechins (18, 19,
21, 25). Epimerization to CG (13) was observed rather than
formation of ECG homodimers, which is consistent with
previous studies showing that epimerization predominates at
neutral pH when autoxidation is slow or prohibited (either by
structural limitations of the monomer or by the reaction
environment) (29, 30).

When combined, the digestive behavior of EGCG and EGC
remain consistent with their individual behavior. Formation of
all eight EGCG and EGC homodimers (4-6, 8-12) is observed,
as well as formation of EGCG-EGC heterodimers: two THSN
analogues (14, 15) and two P-2 analogues (16, 17). Similar
reactions of ECGC and EGC to form THSN analogues have
been reported via enzymatic oxidation of tea leaves (31, 32, 56).

Surprisingly, the degradation of ECG when combined with
EGCG did not proceed as predicted by the individual behavior
of ECG. In addition to the EGCG homodimers, two EGCG-ECG
heterodimers analogous to THSN-type products were detected
(18, 19). This finding was unexpected because homodimers of
this type did not appear in ECG digesta, which suggested that
ECG does not undergo dimerization to the same extent as EGC
and EGCG. Despite the formation of EGCG-ECG THSN
analogues, EGCG-ECG heterodimer products corresponding to
a P-2 analogue were not detected.

The degradation of ECG when combined with EGC pro-
ceeded as predicted: the EGC homodimers were observed, but
no EGC-ECG heterodimers were detected (predicted nvz 745
and 715 for THSN and P-2 analogues, respectively). The
absence of a P-2 analogue was expected because no analogous
product was formed between EGCG-ECG. However, the fact
that THSN analogues were not observed during digestion of
ECG with EGC was surprising because this reaction was
observed for EGCG-ECG digesta, and the reactivity seems to
be nearly identical for EGC and EGCG.
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The dimers we have observed under in witro digestive
conditions are catechin autoxidation products. Studies have
shown that these products are produced at near-neutral or greater
pH when catechins scavenge O, to produce superoxide (O;"),
resulting in a semiquinone intermediate. A second catechin
monomer then scavenges O, or O, and the two semiquinone
intermediates dimerize. Overall, O, is reduced to H,O, and
catechins are autoxidized to THSN or P-2 analogues (P-2
analogue formation requires additional elimination of formal-
dehyde, CH,0). This mechanism is supported by data suggesting
that the use of O,-free solutions, or addition of superoxide
dismutase (SOD) to quench O™, stabilizes catechins, reduces
evolution of H,O,, and reduces the formation of dimers (24, 29,
50, 57-63). Additionally, a quinone trapping study further
verified this mechanism by isolating quinone intermediates
produced by polyphenol oxidase-catalyzed degradation of
catechins (56). The reactivity of catechins is also explained by
this model. First, H,O, generation in solution is much greater
for EGCG and EGC than for ECG, whereas EC produces very
little (62). Second, the rate of H,O, generation increases with
increasing pH (50, 62). Third, EGCG and EGC scavenge O,"
much more effectively than EC and C, whereas ECG shows
intermediate scavenging capacity (58, 64, 65).

On the basis of mechanism alone, catechins containing either
pyrogallol (e.g., EGCG, EGC) or catechol (e.g., ECG) B-ring
structures should be adequate to allow formation of the quinone
intermediates necessary for formation of THSN and P-2
analogues by the mechanism described above (29, 34, 50, 56).
It is likely that the kinetics of O,/O," scavenging to form
semiquinones and subsequent semiquinone dimerization play a
role in which products are observed. Catechol and related
derivatives (ECG, EC, C) are weaker scavengers of O,/O,"
than pyrogallol and its derivatives (EGCG, EGC) and, therefore,
would be expected to react more slowly to produce semiquino-
nes and dimerization products (50, 57, 58, 64). Additionally,
slow ECG semiquinone formation would exert a doubled
inhibition for the formation of ECG homodimers, which require
two ECG semiquinone residues. This, coupled with the slower
rate of P-2 analogue formation relative to THSN formation (34),
agrees with our observed result that neither ECG homodimers
(THSN or P-2 analogues) nor ECG-containing heterodimers
analogous to P-2 were observed, but that certain THSN-type
heterodimers containing one ECG monomer and one EGCG
monomer (likely to scavenge O,/O," quickly and hence speed
dimerization) were observed. A possible explanation for the
absence of the EGC-ECG THSN-type dimers may be that EGC
semiquinone formation may be too fast to allow competition
between homo- and heterocatechin dimerization when ECG is
present. Studies have shown that EGC may be a better scavenger
of O, with a slightly higher initial scavenging rate, than
EGCG (50, 58, 65). The present data support the conclusion
that EGCG and EGC semiquinone formation kinetics allow
competition for dimerization between each other but that EGC
reacts too quickly to allow appreciable incorporation of ECG
in heterodimer formation over the timeframe of our in vitro
digestion experiment. It is therefore likely that all catechin
species may produce THSN and P-2 analogues (both homo-
and heterodimers); observation of a specific dimer may then
depend upon the factors governing reaction rates (monomer
concentration, reaction activation energies, temperature, cataly-
sis) and reaction time.

The reaction mechanism also suggests that low levels of
dissolved O, or ROS could limit the extent to which dimers
are observed in vivo. Our model accounted for the controlled
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O, content of the gastrointestinal tract by blanketing samples
with Ny. Additional research is required to determine whether
the concentration of dissolved O, and ROS in small intestinal
digesta in vivo is sufficient to facilitate formation of appreciable
quantities of dimers during the timeframe of small intestinal
transit.

Quantification of dimers was not performed in this study due
to lack of appropriate authentic standards. Detection and
quantification may be even more challenging in complex
biological matrices (gastrointestinal contents, plasma, etc.) in
which analyte concentration and interferences become prob-
lematic. HPLC-MS/MS and selected ion monitoring HPLC-MS
appear to be the best methods for definitive identification of
these compounds. However, this study demonstrates that ECD
also provides sufficient sensitivity and selectivity to detect these
products at low concentrations without significant matrix
interferences, facilitating the use of HPLC-ECD for high-
throughput quantitative analysis once peak identities have been
confirmed by HPLC-MS/MS and/or authentic standards have
been generated.

The discovery that both homo- and heterocatechin autoxida-
tion dimers are formed under simulated digestive conditions
suggests that luminal alteration of ingested catechin profiles in
vivo warrants further consideration. This work facilitates future
in vivo studies of catechin digestive behavior and bioavailability
by providing analytical methods specifically designed to identify
and characterize catechin autoxidation dimers. Additionally, by
demonstrating that catechin autoxidation is not limited to EGCG,
this work provides a more complete profile of the homo- and
heterocatechin dimers that may be formed when various native
catechins are consumed. If present in vivo, some biological
activities currently attributed to native catechins may be due,
in part, to specific dimers formed under normal digestive
conditions.

ABBREVIATIONS USED

AA, glacial acetic acid; ACN, acetonitrile; BHT, butylated
hydroxytoluene; C, (&)-catechin; CAD, collision-activated
dissociation; CG, (—)-catechin gallate; DAD, diode array
detection; ddH,O, distilled deionized water; EC, (+)-epicatechin;
ECD, electrochemical detection; ECG, (—)-epicatechin gallate;
EGC, (—)-epigallocatechin; EGCG, (—)-epigallocatechin gallate;
ESI, electrospray ionization; FA, formic acid; GC, (—)-
gallocatechin; KE;o, ion collision kinetic energy; MeOH,
methanol; NDC, nondigested control; Q-TOF, quadrupole time-
of-flight; RDA, retro-Diels—Alder; RM, raw material; RP,
reverse phase; ROS, reactive oxygen species; SOD, superoxide
dismutase; TFA, trifluoroacetic acid; THSN, theasinensin.
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