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The mechanism and kinetics of the degradation of (6S)5-methyl-5,6,7,8-tetrahydrofolic acid in an
aqueous solution in the presence of reducing carbohydrates such as glucose and fructose were
investigated for thermal treatments. Preliminary experiments indicated that the presence of reducing
carbohydrates, especially fructose (1.6 mM—1.5 M), strongly enhanced folate degradation at
moderate temperatures (50—90 °C, 0—60 min). Identification of the predominant folate degradation
products by LC-MS and NMR pointed to the formation of N(2a)-[1-(carboxyethyl)]-5-methyl-5,6,7,8-
tetrahydrofolic acid diastereomers besides other folate degradation products upon prolonged
heating (24 h, 100 °C) of (6S)5-methyl-5,6,7,8-tetrahydrofolic acid in fructose or dihydroxyacetone
solutions. Using a Bayesian multiresponse kinetic modeling approach, kinetic characterization and
elucidation of the degradation mechanism in the presence of equimolar amounts of dihydroxyace-
tone, fructose, and glucose were achieved. On the basis of the established degradation mechanism
for (6S)5-methyl-5,6,7,8-tetrahydrofolic acid oxidation in the literature, it was shown that non-
enzymatic glycation occurred due to reaction of dihydroxyacetone with 5-methyl-7,8-dihydrofolic
acid. During thermal treatments (85—110 °C, 0—60 min), the nonenzymatic glycation reaction was
characterized by an activation energy of 61.3 + 9.3 and 77.6 + 7.8 kJ mol™" in the presence of,
respectively, dihydroxyacetone and fructose. Addition of L-ascorbic acid (1.13 mM) to folate samples
(0.04 mM) with equimolar amounts of fructose prior to heating (100 °C, 0—45 min) was shown to
retard the formation of 5-methyl-7,8-dihydrofolic acid and hence prevented the formation of the
carboxyethylated derivatives under the investigated conditions.
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INTRODUCTION

Tetrahydrofolic acid and its derivatives, collectively termed
folates (vitamin By;), are essential cofactors in human metabo-
lism, playing a key role in one-carbon transfer reactions in
biosynthetic and epigenetic processes. Folates cannot be synthe-
sized de novo by man and are present in pro- and eukaryotic cells
as a class of structurally related pteridine derivatives, composed
of 2-amino-4-hydroxypteridine bound through a methylene car-
bon to p-aminobenzoyl-L-glutamic acid or its y-linked poly-L-
glutamate derivatives. Over the past decades, adequate folate
intake has been recognized as an important health-promoting
factor due to the growing evidence pointing to the contribution of
folate inefficiency to severe health disorders such as neural tube
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defects (1), cardiovascular disease (2), neuropsychiatric condi-
tions (3), and certain types of cancer (4).

An extensive number of studies have shown that folates can be
subjected to enzymatic (5, 6) and nonenzymatic reactions (7—12)
during food processing, which thereby influence the amount of
folates available for absorption during digestion of food.
Although various folate vitamers have been shown to differ in
sensitivity toward degradation, irreversible folate losses have
generally been attributed to leaching and oxidative degradation,
yielding biologically inactive pteridine derivatives and p-amino-
benzoyl-L-glutamate (13, 14). It has, however, been suggested that
reactions of folates with other food components have to be
considered in addition to oxidative degradation because the
importance of a Maillard-like reaction involving reducing carbo-
hydrates and the primary N(2) amine of folic acid has recently
been reported (15, 16). The aforementioned nonenzymatic glycation
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reaction, yielding N(2a)-1-(carboxy)ethyl]folic acid as predomi-
nant degradation product, has been shown to take place upon
heating of aqueous and low-moisture (e.g., cookies) model systems
containing folic acid in the occurrence of dihydroxyacetone or
reducing carbohydrates as fructose, glucose, maltose, or lactose
and accounted for 8—40% of the absolute loss of folic acid caused
by the investigated thermal treatments (15, 16).

In contrast to folic acid, the fully oxidized synthetic folate
form, natural folates occur as 5,6,7,8-tetrahydropteridines that
are more prone to oxidative degradation. To date, however,
knowledge of the occurrence or relevance of nonenzymatic
glycation reactions in the degradation of tetrahydrofolates is
lacking. Therefore, the main objective of this research was to
investigate the degradation mechanism of one of the predomi-
nantly occurring natural folate derivatives from plant-based
foods, that s, (65)5-methyl-5,6,7,8-tetrahydrofolic acid (5S-MTHF,
1) (I7), in the occurrence of reducing carbohydrates and their
degradation products using the oxidative degradation mechanism
of 5S-MTHF that was recently reported (/2). To assess the impact
of reducing carbohydrates on the degradation of 5-MTHF,
single-response modeling was used as a starting point to qualita-
tively characterize the impact of reducing carbohydrates such as
glucose and fructose. Second, the predominant nonenzymatic
glycation products were purified and identified to enable quanti-
fication of these components. This knowledge was subsequently
used to postulate a candidate reaction model for the degradation
mechanism at atmospheric pressure in the presence of dihydroxy-
acetone by using a multiresponse kinetic modeling approach.
Once the degradation mechanism was established, the concomi-
tant kinetic reaction model was applied to investigate the impact
of fructose, glucose, and L-ascorbic acid on the thermal degrada-
tion of S-MTHF.

MATERIALS AND METHODS

Materials. All chemicals and reagents used were of analytical or
HPLC grade purity. (65)5-Methyl-5,6,7,8-tetrahydrofolic acid ((6S)5-
MTHF) was donated as calcium salt by Eprova AG (Schaffhausen,
Switzerland). 5-Methyl-7,8-dihydrofolic acid (5-MDHF, 2) and p-amino-
benzoyl-L-glutamic acid (p-ABG, 3) were purchased from Schircks
Laboratories (Jona, Switzerland) and stored in ampules under argon
atmosphere at —80 °C. The predominant oxidative degradation product
from 5-MTHF, that is, 2-amino-8-methyl-4,9-dioxo-7-methyl-p-amino-
benzoylglutamate-6,7,8,9-tetrahydro-4 H-pyrazino(1,2-a)-s-triazine (4), was
obtained as previously described (/2). All solutions were prepared using
reagent-grade water (18 MQ, 25 °C, Simplicity Water Purification System,
Millipore, Molsheim, France).

Samples and Treatments. Samples of S-MTHF (0.2—200 ug/mL,
~().4—400 uM) were freshly dissolved in water with various concentrations
of dihydroxyacetone, fructose, or glucose (0—1.5 M) for each experiment.
To standardize the initial oxygen content to 228—258 uM, all solutions
were thermostated at 25 °C and flushed with humidified air (0.35 L min™",
20 min, 25 °C). Samples were filled in glass vials (800 uL, 8.2 x 30 mm,
Cleanpack, Belgium) and capped with precaution taken to avoid the
inclusion of air bubbles. For subsequent thermal treatments at 50—90 °C,
samples were immersed in a water bath during preset time intervals of
0—60 min, whereas silicone oil (M1028/50, Roger Coulon, Brussels,
Belgium) was used as heating medium for multiresponse kinetic experi-
ments at 85—110 °C. After thermal treatments, samples were immediately
immersed in ice water (0—4 °C) and stored for a maximum of 15 min to
minimize further degradation reactions prior to HPLC analysis.

Chromatographic Methods. Analytical, LC-MS, and semiperpara-
tive chromatography of folates and related compounds was performed
using the equipment and methodologies previously described (/2). Quan-
titative analysis of 5S-MTHEF, its oxidative degradation, and its glycation
products was performed using a 1200 series chromatograph (Agilent
Technologies, Diegem, Belgium) equipped with a 1200 series UV-DAD
detector. Chromatographic separation was achieved at 25 °C using an
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analytical Zorbax XDBCI18 column (150 x 4.6 mm, 5 um particle size,
Agilent Technologies) with aqueous 0.1% formic acid (solvent A) and
methanol (solvent B) as eluents. Prior to injection (20 uL), the column was
equilibrated with 1 column volume (CV) of 12% methanol (v/v, A:B) ata
flow rate of 0.5 mL min~'. After injection, components were eluted for
1 CV using 12% methanol, followed by a linear gradient to 56% methanol
(v/v, A:B) in 3 CVs. Subsequently, the column was washed with
56% methanol for 2 CVs. For quantification, detection was performed
at 290 nm, whereas 2D spectra (220—400 nm) were continuously recorded
to assess peak purity based on reference spectra obtained from external
standards. Quantification of the different components (0—0.10 mM)
was performed using external calibration curves based on peak area at
290 nm.

Analysis of glucose and fructose (0—0.08 mM) was performed using
a high-performance anion-exchange chromatograph (Dionex, Sunnyvale,
CA) equipped with a pulsed amperometric detector (ED50 detector,
Dionex). For carbohydrate detection a quadrupole potential waveform
(0.005,0.1V;0.405,0.1 V;0.41s,—2.0V;0.425,—2.0V;0.435,0.6 V;0.44
s, —0.1 V;0.50 s, —0.1 V) was used, whereas separation was performed at
30 °C using an analytical polymeric CarboPac PA1 column (250 x 4.0 mm,
Dionex) with corresponding guard column (50 x 4.0 mm). Carbohydrates
were eluted isocratically using 150 mM sodium hydroxide at a flow rate of
1 mL min~" for 10 min. Subsequently, the column was regenerated for
10 min using 200 mM sodium hydroxide. Quantification was performed
on the basis of external calibration curves using lactose, added as internal
standard to a concentration of 0.08 mM in all samples prior to injection
(10 uL).

Purification and Identification Methods. For synthesis of none-
nzymatic glycation products, S-MTHF (*2 mM) was incubated with
8 mM dihydroxyacetone or fructose in a closed vessel for 24 h at 100 °C
and regularly shaken. During subsequent semipreparative chromatogra-
phy, fractionation was performed on the basis of the absorbance signal at
290 nm. Purification was achieved by upscaling the analytical HPLC
method to a semipreparative method using a Prevail RP C;g column
(250 x 10 mm, 5 um particle size, Grace) on an AKTA purifier
chromatograph (GE Healthcare). The injection volume was 500 4L and
the flow rate 5.0 mL min~". Peaks with retention times at, respectively,
18.27 (fraction 1) and 20.14 min (fraction 2) were separately collected and
pooled from 11 runs. Upon collection, fractions were frozen using liquid
nitrogen and stored at —80 °C. Finally, the two fractions were lyophilized
for 24 h, and the purified components were stored in capped vials under
nitrogen atmosphere in a desiccator containing P,Os. To control the purity
of the fractions, 0.11 and 0.24 mg of fractions 1 and 2, respectively, were
dissolved in 1 mL of water, and each sample was subjected to analysis by
HPLC-MS and UV-DAD and compared with the DAD and MS spectra
obtained for the nonpurified sample (retention times and spectra were
unchanged). For LC-MS analysis, the analytical HPLC method described
above for quantification of 5-MTHF, its oxidative degradation, and
glycation products, was applied on an 1100 series chromatograph
(Agilent Technologies) equipped with an LCQ Advantage Ion Trap mass
spectrometer (Thermo Electron Co., Boston, MA). The spectrometer was
operated in full scan mode (m/e 100—1300) using positive electrospray
ionization (ESI) with spray and capillary voltages of +5.5kV and 24.4 V,
respectively. The capillary temperature was 200 °C using nitrogen as
sheath gas (80 mL min~'). For MS/MS experiments, the capillary
temperature was raised to 375 °C, and components (precursor ion =+
1 m/e) were subjected to a collision-induced dissociation (CID) source
energy of 35%.

To avoid photodegradation, all samples were wrapped in aluminum foil
during storage. Spectral identification of components at room temperature
was performed in 500 uL of *He-DMSO using a Bruker Avance 600 MHz
spectrometer with a S mm probe (Bruker Belgium, Brussels, Belgium). For
1D 'H measurements the procedure and acquisition parameters were as
follows: number of scans (NS) = 128, time domain (TD) = 65536, size of
real spectrum (SI) = 32768, spectral resolution (HZpPT) = 0.16 Hz. For
DEPTI135 measurements these parameters were NS = 32768, TD =
10240, SI = 16384, and HZpPT = 2.20 Hz. Those for COSY measure-
ments were NS = 32, TD = 128 (F1), 2048 (F2), SI = 1024, and HZpPT =
7.0 Hz (F1 and F2); for HSQC measurements, NS = 256, TD = 256 (F1),
1024 (F2), SI = 1024, HZpPT = 24.41 Hz (F1), and 6.45 Hz (F2); for
HMBC measurements, NS = 512 TD = 128 (F1), 4096 (F2), SI = 1024
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(F1), 2048 (F2), and HZpPT = 32.77 Hz (F1), 3.22 Hz (F2); and for
TOCSY measurements, NS = 16, TD = 256 (F1), 2048 (F2), SI = 1024
(F1 and F2), and HZpPT = 5.98 Hz (F1 and F2).

The two purified degradation products exhibited very similar 'H NMR
and '3C NMR spectral characteristic for N(2a)-[1-(carboxy)ethyl)]-5-
methyl-5,6,7,8-tetrahydrofolic acid (2-CE-5-MTHF, 6, Figure 1). For
fraction 1: '"H NMR (*He-DMSO COSY) ¢ 1.32 [3H, d, H;—C(2y'),
J = 7.1 Hz], 1.90—1.96 [IH, m, H-C(195)], 2.00—2.05 [1H, m, H-C-
(196)], 2.32 [2H, m, H,—C(19a)], 2.50 [3H, s, H3—C(5a)], 2.77—2.81 [1H,
m, H,—C(9)], 2.83—2.87 [IH, m, H,—C(9)], 2.92—2.94 [IH, m, H-C(6)],
3.16 [2H, m, H,—C(7)], 4.26—4.31 [IH, q, H-C(2p), / = 7.1 Hz],
4.32—-4.36 [1H, q, H—C(19), J = 7.4 Hz], 6.05 [1H, t, H=N(10)], 6.25
[1H, d, H-N(Qa), J = 7.4 Hz], 6.55 [2H, d, H-C(12) H—C(14), J = 8.5
Hz], 7.65[2H, d, H—C(13) H—C(15), J = 8.7 Hz], 8.08 [1H, d, H—N(18),
J = 73 Hz, 991 [IH, s, H-N(3)]; *C NMR (*H¢-DMSO HSQC,
HMBC, DEPT135) 6 18.68 [C(2y)], 26.61 [C(19a)], 31.14 [C(19p)], 35.83
[C(7)], 42.95 [C(Sav)], 43.92 [C(9)], 49.13 [C(2B)], 52.17 [C(19)], 55.57
[C(6)], 100.16 [C(4a)], 111.06 [C(12), C(14)], 120.79 [C(16)], 129.35 [C(13),
C(15)], 151.63 [C(11)], 166.62 [C(17)], 174.00 [C(19y)], 174.22 [C(19a)],
175.30 [C(2y)]; ESI-MS [M + H] (positive ion mode) mfe 532; purity
86.0% (relative area at 290 nm upon HPLC analysis).

For fraction 2: "H NMR (*H¢-DMSO COSY) 6 1.31 [3H, d, H;—C-
(2y)), J = 7.1 Hz], 1.90—1.96 [IH, m, H-C(195)], 2.00—2.05 [1H, m,
H—-C(195)], 2.30 [2H, m, H,—C(19)], 2.49 [3H, s, H;—C(5a)], 2.77—2.81
[1H, m, H,—C(9)], 2.83—2.87 [IH, m, H,—C(9)], 2.92—2.94 [1H, m,
H—-C(6)], 3.14 [2H, m, H,—C(7)], 4.26—4.31 [1H, q, H-C(2f), J = 7.1
Hz],4.32-4.36[1H, ¢, H—C(19), J = 7.4 Hz], 6.05[1H, t, H-N(10)], 6.25
[1H, d, H-N(Qaw), J = 7.4 Hz], 6.54 [2H, d, H-C(12) H—C(14), J = 8.5
Hz|, 7.63 [2H, d, H—C(13) H-C(15), J = 8.7 Hz], 8.08 [1H, d, H—N(18),
J = 173 Hz, 991 [IH, s, H-N(3)]; *C NMR (*H¢-DMSO HSQC,
HMBC, DEPT135) 6 18.52 [C(2y")], 26.61 [C(19a0)], 30.98 [C(19p)], 35.83
[C(7)], 43.11 [C(Sa)], 43.92 [C(9)], 48.91 [C(2B)], 52.17 [C(19)], 55.57
[C(6)], 100.38 [C(4a)], 111.23[C(12), C(14)], 121.01 [C(16)], 129.05 [C(13),
C(15)], 151.85 [C(11)], 166.62 [C(17)], 172.48 [C(19y)], 174.22 [C(19a)],
174.87 [C(2y)]; ESI-MS [M + H] (positive ion mode) m/e 532; purity
82.0% (relative area at 290 nm upon HPLC analysis). Both components
exhibited a A at 287 + 1 nm with ¢ 2.85 x 10° em™ mol™! L in

19a'
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phosphate buffer (0.1 M, pH 7.0) and & 2.79 x 10* cm™ " mol ' L in citrate
buffer (0.1 M, pH 4.0).

Data Analysis. Single Response Kinetic Modeling. For single-re-
sponse kinetic modeling, the temperature dependence of S-MTHF degra-
dation was approximated by an apparent first-order kinetic model using eq
1 and the Arrhenius equation (eq 2), with C the concentration of S-MTHF
(mM) at time 7 (min), C the initial concentration, E, the activation energy
J molfl), R, the universal gas constant (8.314J mol 'K~ 1), and k 7y the
degradation rate constant (min~') at reference temperature Tyer (K).
Parameters were estimated by simultaneously fitting both equations on
the whole data set using nonlinear regression.

C=0Ce™ (1)

K=k, e 8RS @

Multiresponse Kinetic Modeling. Multiresponse modeling was per-
formed to investigate the degradation mechanism of 5S-MTHF in the
presence of reducing carbohydrates and their degradation products. On
the basis of the identification of 2-CE-5-MTHF and the previously
reported degradation mechanism for S-MTHF in the absence of reducing
carbohydrates (12), different reaction pathways were considered to
characterize the formation of 2-CE-5-MTHEF. Hereto, the aforementioned
mechanism was revised to the mechanisms summarized in Scheme 1, with
R1 representing the p-aminobenzoyl-L-glutamic acid part of the folate
molecules.

In a multiresponse modeling approach, the measured responses were
modeled simultaneously in an iterative process by the different reaction
models. For each step in the reaction network, a differential equation was
set up describing the reaction rate. For experiments with dihydroxyace-
tone, the nonenzymatic glycation reaction was represented as an apparent
first-order reaction because concentrations of dihydroxyacetone could not
be determined as response in the current study. For the most complex
reaction network in Scheme 1 this results in eqs 3—7, where [compound no.]
represents the concentration of the different compounds from Scheme 1, ¢
represents the reaction time, and k represents the reaction rate constant
with k7 and kg accounting for the possible nonenzymatic glycation
reactions.
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Table 1. Estimated ki (Trer = 70 °C) and E, Values for Degradation of 5-MTHF (0.4 «M) in Water during Thermal Treatments (25—90 °C, 0—60 min) in the

Presence of Fructose or Glucose?

ket (x 1073 min™") P E. (kd mol™") P
control (0.4 uM 5-MTHF) 55.7 4 8.57 <0.0001 88.2+10.5 <0.0001
+ 1.6 mM p-fructose 118.4+129 <0.0001 472477 <0.0001
+ 1.5 M p-fructose 101.8+10.6 <0.0001 575454 <0.0001
+ 1.6 mM p-glucose 61.3+ 557 <0.0001 86.8+5.8 <0.0001
+ 1.5 M p-glucose 66.5+4.38 <0.0001 63.7 £25 <0.0001

@Values are presented + 95% HPD interval and parameter significance.

1 1.0

300 1
:3; 6a
£ 2001 0.8
£
€ 1001 6b
= 4 0.61
2 3 2,
ey ¥
o
w "T 0.4
2 100
o
£
S 2001 0.2
=]
<

300 1

v T J 0.0 T v " 1
0 10 20 30 250 300 350 400
_ Retgr_ltion tim_e (m[n_) - _ Wavelength (nm) o
Non-enzymatic glycation mixture with dihydroxyacetone 1 ===-6a ——=6b

Non-enzymatic glycation mixture with fructose

Figure 2. (Left) UV-DAD chromatograms of predominant degradation products of 5-MTHF (4 mM) formed in the presence of 16 mM dihydroxyacetone
(top) or 16 mM fructose (bottom) after heating for 24 h at 100 °C. (Right) Overlay of UV-DAD spectra of 5-MTHF and its purified nonenzymatic glycation

products.
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o _ (6)
% = kg [1] + ks [2] =Ko [6] g

The effect of temperature on each reaction was expressed by the Arrhenius
equation (eq 2), and substitution of this equation into the above differ-
ential equations rendered the mathematical model to be solved under
isothermal conditions using numerical integration. The correspond-
ing kinetic parameters, the reaction rate constants, and the activa-
tion energies of the various reactions were estimated simultaneously by
nonlinear regression using the multiresponse Bayesian estimation soft-
ware package Athena Visual Studio v12.1 (www.athenavisual.com).
Conforming with the statistical demands for multiresponse modeling,
the commonly used least-squares minimization was replaced by the
determinant criterion as fit criterion (/8). Model discrimination was based
on the normalized marginal posterior probabilities for the candidate
models and the lack of fit measure (/9). Furthermore, the goodness of
fit of the model was evaluated by scrutiny of the residuals, and the
correlation matrix was inspected for abnormally high correlations between
the different parameter estimates, that is, absolute values above 0.95. In
addition, the performance of the different models was assessed in terms of
other output statistics evaluating the quality of the model fit such as the
objective function and the 95% confidence interval of the parameter
estimates.

RESULTS AND DISCUSSION

Degradation during Thermal Treatments. In the first instance,
the effect of excess amounts (1.6 mM—1.5 M) of fructose and
glucose on the degradation of 5-MTHF (x0.4 uM) was investi-
gated in water during thermal treatments (50—90 °C, 0—280 min).
Under all investigated conditions, the degradation was ade-
quately described with an apparent first-order kinetic model.

The estimated k,.rand E, values, shown in Table 1, indicated that
fructose concentrations of 1.6 mM and 1.5 M significantly
enhanced the degradation rate of 5-MTHF (0.4 uM) and
decreased the temperature dependence of the degradation rate
constants because the latter resulted in significantly increased kor
values and decreased E, values. Increasing the concentration of
fructose to 1.5 M did not result in significant differences in kr or
E, values. In the case of glucose, however, the activation energy
was significantly decreased from 88.2 + 10.5 kJ mol ™' for the
control samples (0.4 uM 5-MTHF) to 63.7 + 2.5 kJ mol ' at
1.5 M glucose, whereas k¢ values did not significantly differ. Due
to the low initial concentration of 5-MTHF, no nonenzymatic
glycation or other degradation products were observed by fluor-
escence detection as they were probably below the detection
limit of the current HPLC method. It was deemed necessary to
identify the predominant degradation products formed in the
presence of fructose or its degradation product dihydroxyacetone
because the above results suggested that the observed acceleration
of the degradation could be caused by the occurrence of a
nonenzymatic glycation reaction in accordance with the litera-
ture (15, 16).

Identification of Nonenzymatic Glycation Products. An aqueous
solution of 5-MTHF (32 mM) was heated (100 °C, 24 h) in the
presence of 8 mM dihydroxyacetone or fructose and analyzed
using the analytical HPLC method with UV-DAD and ESI-MS
detection to identify the predominant degradation products. As
shown in Figure 2, the thermal treatment resulted in the formation
of two predominant components (6a and 6b) in the presence of
dihydroxyacetone. Both components were also observed in the
chromatograms of the samples treated in the presence of fructose;
however, compared to the known oxidation products of S-MTHF,
only minor amounts of these compounds were formed. A residual
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peak of 5-MTHF was present in the chromatograms of the
samples treated with dihydroxyacetone or fructose; however, this
signal was remarkably lower in the samples with dihydroxyace-
tone compared to the signal in a reference “oxidation mixture”,
that is, 5-MTHF heated at 100 °C for 24 h in water. This
observation suggested that 5S-MTHF was less stable after con-
sumption of the dissolved molecular O, (0.26 mM) in the presence
of dihydroxyacetone and hence supported the role of the latter in
an additional degradation pathway of 5-MTHF such as none-
nzymatic glycation.

LC-MS analysis of the collected fractions after semipreparative
chromatography yielded for both purified components 6a and 6b
a protonated molecular ion with m/e 532.4 at the corresponding
retention times that was characterized by the following CID
fragmentation pattern (relative abundance): mje 514.1 (6%),
417.1 (48%), 403.2 (16%), 399.1 (37%), 385.1 (100%), 367.2
(21%), 357.2 (6%). The three most intense fragmentation losses
confirmed the addition of &72 m/e units, probably a carboxyethyl
moiety, in the pteridine part of 5-MTHF. Because also the
UV—vis spectra of both purified components were almost iden-
tical (Figure 2), it can be suggested that the products are
diastereomers of a carboxyethylated folate derivative in accor-
dance with previous observations for folic acid in a similar
reaction (/5). Detailed clarification of the molecular structure
of these components was performed on the basis of spectral
analyses at 600 MHz in *He-DMSO. Both degradation products
exhibited very similar '"H NMR and '*C NMR spectra character-
istic for N(20)-[1-(carboxy)ethyl)]-5-methyl-5,6,7.8-tetrahydro-
folic acid (2-CE-5-MTHF, 6). An overview of the assignments
of carbon signals based on correlations in HSQC and HMBC
measurements is shown in the Supporting Information. Compar-
ison of the '"H NMR spectra with the previously reported
spectrum of 5-MTHF (12, 20) showed that all signals of the
pteridine and p-aminobenzoyl-L-glutamic acid moiety were re-
tained in both carboxyethylated derivatives, except for the
characteristic singlet for N(2a)-H, at 5.87 ppm that was shifted
upfield to 6.25 ppm and split in a doublet, integrating for IH. The
concurrent rise of a C(2y') methyl signal as a doublet that
correlated with the '*C signals for C(28)—H and C(2y)—OOH
in the HMBC spectra, plus the corresponding correlations
between the relevant proton signals of H;—C(2y’), H—C(2p),
and H-N(2a) in TOCSY measurements, validated the cova-
lent linkage of a carboxyethyl group on N(2a) and therefore
the structure of 2-CE-5-MTHF. On the basis of the above
measurements and in accordance with the oxidation mechanism
for 5-MTHF (12), it could be suggested that the carboxy-
ethylated degradation products originate either from 5-MTHF
or from 5-MDHF during thermal treatments as described in
Scheme 1.

Degradation Mechanism during Thermal Treatments. Degra-
dation in the Presence of Dihydroxyacetone. Formation of carbox-
yethylated derivatives of folic acid as nonenzymatic glycation
products of fructose has previously been reported to occur
through a reaction with dihydroxyacetone (15, 16). A degrada-
tion mechanism based on the former observations (/5) has been
postulated; however, it should be noted that this mechanism has
not yet been supported by a mechanistic study and hence remains
tentative. To characterize the mechanism of nonenzymatic glyca-
tion of 5-MTHF in the presence of reducing carbohydrates, a
multiresponse modeling approach was applied. Generally, the
application of multiresponse modeling offers a good, but rarely
used, way to elucidate reaction mechanisms and kinetics (18),
especially in food science. Therefore, thermal experiments were
performed to investigate the degradation of 5-MTHF (x0.04
mM) in the presence of an equimolar amount of dihydroxyace-
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tone. In comparison to the previous kinetic experiments in this
study, a higher initial concentration of S-MTHF (x0.04 vs ~0.4
uM) was chosen for the multiresponse experiments to ensure a
measurable UV response of the carboxyethylated degradation
products during HPLC analysis because these components
exhibit a much lower absorbance characteristics (¢ ~ 2.8 x 10°
em ™! mol™! L) compared to the other folate degradation pro-
ducts. In accordance with our previous work (/2), concentrations
of 5-MTHF, 5-MDHEF, p-ABG, and the s-triazine oxidation
products were quantifiable in thermally treated samples (85—
110 °C, 0—60 min) with an initial O, concentration of 0.26 mM.
It was observed that the concentration of S-MTHF decreased
with treatment time upon heating of the solutions, whereas
concentrations of 5S-MDHF and the s-triazine degradation pro-
duct increased. Under all investigated conditions, a decrease in
5-MDHF and s-triazine coincided with detectable formation
of p-ABG, whereas the rate of 5-MTHF degradation and
the rate of formation of 5-MDHF and s-triazine increased
with increasing treatment temperature. In addition to the afore-
mentioned responses, low concentrations of 2-CE-5-MTHF
were detected under the investigated conditions as depicted in
Figure 3.

To model the degradation mechanism in the presence of
dihydroxyacetone, kinetic models (Scheme 1) were constructed
starting from the degradation mechanism of 5-MTHF (/2) and
the reaction mechanism postulated for the nonenzymatic glyca-
tion of folic acid (/5). The formation of 2-CE-5-MTHF was
hypothesized to occur by a nucleophilic attack of the exocyclic
N(20) amino group from 5-MTHF or 5-MDHF on dihydrox-
yacetone. Because the resulting component could possibly under-
go C(9)—N(10) bond cleavage, a formation route for p-ABG
from 2-CE-5-MTHF was considered in the tested reaction
models. Hereto, the reaction models from Scheme 1 were refined
in an iterative procedure by simultaneously fitting different
reaction models incorporating different possible formation routes
of p-ABG and 2-CE-5-MTHEF. Previously reported estimates for
k1—ks and the corresponding E, values (/2) were used as prior
knowledge, that s, as starting values for estimation of the current
parameters. On the basis of the normalized marginal posterior
probability share of the different kinetic models, the candidate
model described in Scheme 2 resulted in the most accurate fit for
the data, that is, values of 0.883 and 92.9 for the normalized
marginal posterior probability and the lack of fit measure,
respectively.

Scheme 2
k k.
(1) —= 2 (6)
ke k3\\ k,
(5) (4) k5 (3)

Predicted and experimental concentrations of the measured
responses per temperature (85—110 °C) as a function of treat-
ment time for S-MTHF (1), 5-MDHF (2), p-ABG (3), and the
s-triazine (4) are presented in Figure 3. Normal probability plots
used to assess the model fit are presented in the Supporting
Information. An accurate model fit was obtained for 5-MTHF,
5-MDHF, the s-triazine degradation product, and 2-CE-5-
MTHF (6) under most conditions as confirmed in the parity
plots. In addition, no trend was observed within the residuals, and
on the basis of the normalized parameter covariance matrix,
none of the parameters were highly correlated to each other.
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Dihydroxyacetone (0.04 mM)

Scheme 2: 85.9°C

Scheme 2: 90.1°C
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Figure 3. Experimental and predicted time course for the degradation of 5-MTHF (0.04 mM, ) and the formation of 5-MDHF (O), p-ABG (2), the s-triazine
oxidation product (a), and 2-CE-5-MTHF (O) in water heated (85—110 °C, 0—60 min) in the presence of 0.04 mM dihydroxyacetone, fructose (¥), or
glucose (). Each experimental data point represents an independent measurement value (n = 1). Lines represent the predicted multiresponse model fit
values using the Arrhenius equation based on kinetic reaction models excluding (Scheme 2) or including (Scheme 3) prediction of dihydroxyactone, fructose,
or glucose concentrations by an apparent first-order reaction.

The estimated parameters, that is, the k. and E, values,
corresponding to the “elementary” reactions in Scheme 2 are

listed with their 95% highest posterior density (HPD) confidence

interval in Table 2.
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Table 2. Estimated k. and E, Values for Degradation Reactions of 5-MTHF (0.04 mM) in Water in the Presence of Equimolar Amounts of Dihydroxyacetone or
Fructose during Thermal Treatments (85—110 °C, 0—60 min) Based on Kinetic Reaction Models Excluding (Scheme 2) or Including (Scheme 3) Prediction of
Dihydroxyactone, Fructose, or Glucose Concentrations by an Apparent First-Order Reaction?

temperature dependence (85—110 °C)

dihydroxyacetone fructose glucose
reaction kr,2 (<107 min~") E. (ki mol™") kr P (x107% min~") E, (kdmol™") K (x103min™")
Scheme 2
1—2 177412 62.7+7.1 228+13 68.2+6.3 357+29
2—4 344455 75.0£16.5 215+£28 69.5+12.3 149435
1—4 325+19 52.4+ 6.2 50.2+3.3 69.8+7.1 71.5+3.1
4—3 109414 41.3+129 6.94+1.0 32.8+13.1 40411
1—5 27.3+16 69.1+59 38.4+29 776+78 472+ 54
2—6 248+23 61.3+ 9.3 183+£1.2 79.5+6.1 474+£27
fructose glucose
reaction kP (<10 min~") E, (kdmol ™) K (x10"% min™")
Scheme 3
1—2 21.3+1.2 68.9+ 5.9 329+25
2—4 29.8+35 66.7 +£11.2 183 +3.8
1—4 434+27 67.8+6.6 551+34
4—3 99414 20.6+12.4 09411
1—5 322+23 778+74 52.8+5.3
2—6 437.8+41.9° 87.0 488 1272.6 + 88.8%
7—8 6.6+29 80.6 + 39.9 79406

@Values are presented & 95% HPD interval. ® T = 95 °C. ° T=100 °C. “kg (x 10 3 min~ " mM™").

In general, the reaction model underestimated the responses
for p-ABG under most conditions. This lack of fit of the model
pointed to the presence of an additional route of p-ABG forma-
tion that could not be quantified on the basis of the current data.
Nevertheless, the goodness of fit for the total data set was
satisfactory, and the model remained statistically acceptable to
describe the different responses measured based on the replicate
experiments. Remarkably, the current modeling results signifi-
cantly point to the direct formation of 2-CE-5-MTHF from 5-
MDHF by reaction with dihydroxyacetone and not to a direct
reaction of the latter with 5S-MTHF. Comparison with the esti-
mated parameters obtained in the absence of dihydroxyacetone in
our previous work (/2) showed that addition of dihydroxyace-
tone resulted in an acceleration of the formation of 5S-MDHF
from 5-MTHF and also in an acceleration of the formation of
p-ABG from the s-triazine as reflected in the estimated k¢ values
at 95 °C. This observation could be declared by the production of
hydroxyl radicals from the reaction between dissolved oxygen
and the dihydroxyacetone enediol intermediate that is formed
during isomerization of dihydroxyacetone to glyceraldehyde and
vice versa. Such hydroxyl radical formation was shown to occur
during the reaction of dihydroxyacetone with hydrogen perox-
ide (27) and was previously suggested to occur in the diradical
degradation mechanism of reducing carbohydrates by oxy-
gen (22). Therefore, the current observations are in line with the
involvement of hydroxyl radicals in C(11)—N(12) bond cleavage
of the s-triazine (12).

The fit of the kinetic model indicated that the proposed
reaction model is suitable to explain the experimental data.
However, it is not known whether the formation of 2-CE-5-
MTHEF occurs by reaction of 5S-MTHF directly with dihydrox-
yacetone as suggested for the nonenzymatic glycation of folic
acid (15) or whether the reaction involves degradation products
from dihydroxyacetone. In this context it should be noted
that methylglyoxal, which can be formed from glyceraldehyde
after isomerization of dihydroxyacetone, has been shown to
yield N(2)-[1-(carboxyethyl)] adducts upon reaction with

guanosine (23). To obtain a more detailed mechanistic insight
into the reaction, concentrations of dihydroxyacetone and its
degradation products should be determined; however, this was
outside the scope of the current work and requires further
investigation.

Degradation in the Presence of Fructose. The above results
indicated in accordance with a previous report for folic acid that
dihydroxyacetone and fructose have a paramount impact on the
degradation of 5-MTHF through nonenzymatic glycation (16) .
On the basis of the previous multiresponse results, the importance
of nonenzymatic glycation of 5-MTHF (0.04 mM) was therefore
investigated in the presence of an equimolar amount of fructose
during thermal treatments (8§5—110 °C, 0—60 min). Formation of
2-CE-5-MTHF was shown to occur under the investigated
conditions (Figure 3), suggesting that some degradation products
of fructose react nonenzymatically with S-MDHF in analogy
with the above observations for dihydroxyacetone. Therefore, the
measured responses of 5S-MTHF, 5-MDHF, p-ABG, s-triazine,
and 2-CE-5-MTHF were simultaneously modeled by the kinetic
reaction model using eqs 3—7 (Scheme 2) and the starting values
obtained for dihydroxyacetone (Table 2). As depicted in Figure 3
the model resulted in an adequate fit for most responses, whereas
concentrations of p-ABG were underestimated in analogy with
the above results. Comparison of the estimated parameters for
fructose with the parameters obtained for dihydroxyacetone
(Table 2) showed that estimated k. and E, values for the
corresponding “elementary” reactions did not significantly differ
in the presence of dihydroxyacetone or fructose. The results hence
suggest that similar reactants are involved in the presence of
dihydroxyacetone and fructose. Formation of 2-CE-5>-MTHF
from 5-MDHF was characterized by an apparent k value of
183+ 1.2 x 10 ¥ min~ ! at T, 95 °C and an activation energy
of 79.5 £ 6.1 kJ mol~'. To account for the formation of
dihydroxyacetone, previously postulated to be a retro-aldoliza-
tion product of fructose (/5), fructose concentrations were
measured as additional responses. The latter were incorporated
in the reaction model by including a cross-reaction between
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fructose and 5-MDHF so that Scheme 2 was revised to Scheme 3,
yielding eqs 8—13.

Scheme 3

(7)& (8)

V(I)Wj) —©
(5) 4 ks ©3)
% — (ki + ks +ko)[1] ®)
% — k1] ~k[2] —k[2)[7] )
% — k4 (10)
% = ks[1] + ko [2] —ks[4] (11)
% ~ k(217 (12)
% — —k[2][7)—kio[7] (13)

The cross-reaction rate constant kg was postulated to account for
the cumulative effect of the formation of dihydroxyacetone from
fructose (7) and the subsequent nonenzymatic glycation reactions
with 5-MDHF. It is well established that fructose undergoes
several other reactions besides the formation of dihydroxyacetone
upon heating in aqueous solutions producing other highly reac-
tive low molecular weight a-hydroxycarbonyl and a-dicarbonyl
compounds such as acetol and methylglyoxal, caramelization
products, and carboxylic acids (24, 25). Hereto, an additional
reaction, characterized by ko, was incorporated in the model to
account for this loss of fructose and the formation of the
unknown carbohydrate degradation products (8).

Estimated k and E, values are shown in Table 2 and were in
accordance with the parameters that were estimated when the
cross-reaction was omitted. As expected, the model adequately
fitted the responses for S-MTHF, 5-MDHF, s-triazine, and 2-CE-
5-MTHF (Figure 3), whereas concentrations of p-ABG were
clearly underestimated, supporting the occurrence of an addi-
tional route of formation as previously discussed. Moreover, the
reaction model properly predicted fructose concentrations at
85 °C; however, it failed to render an acceptable fit for the higher
temperatures. In combination with the good fit obtained for the
concentrations of 2-CE-5-MTHF this observation indicates that
the complex reaction network for fructose degradation at ele-
vated temperatures cannot be modeled by a simple apparent first-
order reaction.

Degradation in the Presence of Glucose. It was previously
reported (/6) that reaction of folic acid with fructose produced
higher concentrations of N(2o)-[1-(carboxyethyl)] folic acid in
comparison with other reducing carbohydrates. As a 2-ketose
containing a 1,3-dihydroxy-2-oxo moiety, fructose has been
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postulated to be a preferential source for dihydroxyacetone
compared to other monosaccharides. This hypothesis has re-
cently been supported by the observation that 3 times more
dihydroxyacetone is formed during oxidative degradation of
fructose at 40 °C as compared to glucose (24). To investigate
whether heating of 5-MTHF in the presence of glucose results in
formation of 2-CE-5-MTHF, a kinetic experiment was per-
formed at 100 °C. Measured concentrations of degradation
products of 5-MTHF (0.04 mM) were tentatively modeled using
Schemes 2 and 3, respectively, omitting and including a cross-
reaction of 5-MDHF with glucose (0.04 mM). As starting values,
krer values were obtained from the dihydroxyacetone data set
using a reference temperature of 100 °C. Estimated k values in the
presence of glucose are given in Table 2. As shown in Figure 3, the
reaction models proved to result in a satisfactory fit for most
responses in the presence of glucose and support the validity of
the model to describe the nonenzymatic glycation of S-MTHF.
The results obtained using Scheme 3 for glucose indicated that the
degradation of this component can be described by an apparent
first-order reaction model. Therefore, incorporation of a cross-
reaction between glucose and 5-MDHF resulted in a better fit for
the glucose concentrations as compared to the results obtained
above for fructose. To clarify this discrepancy further data can be
acquired on glucose and fructose degradation products to be
incorporated in the current reaction model. It should be noted
that this was outside the initial scope of this work and would
involve extensive quantification of a lot more responses due to the
known complexity of carbohydrate degradation mechanisms.
Degradation in the Presence of L-Ascorbic Acid. Addition of
L-ascorbic acid to samples of S-MTHF has previously been shown
to result in significant stabilization of this vitamin in buffered
solutions that undergo thermal treatments, given that a suitable
amount of antioxidant is added to eliminate the dissolved oxy-
gen (26). The observation that 2-CE-5-MTHF is formed by
reaction of dihydroxyacetone with 5-MDHF suggested that the
nonenzymatic glycation of 5-MTHF could possibly be counter-
acted by lowering the concentration of S-MDHF or by preventing
its formation, for example, (i) through addition of reductants
(antioxidants) or (ii) by lowering the pH. Adding ascorbic acid to
the unbuffered solutions in the current investigation would imply
both the addition of an antioxdant and a decrease of the pH and
therefore would probably decelerate or prevent formation of
5-MDHEF. It should be noted, however, that L-ascorbic acid has
been reported to react with guanosine, which has a similar
exocyclic amino group as folates, to form advanced glycation
end products at moderate temperatures (40—70 °C) in vitro (27).
The possibility of formation of 2-CE-5-MTHF due to a reaction
with L-ascorbic acid or its degradation products was, however,
not taken into account previously (26). Hereto, degradation of
5-MTHF (0.04 mM) was screened at 100 °C (0—45 min) in the
presence of an equimolar amount of fructose and L-ascorbic acid
(1.13 mM). It was observed that this combination efficiently
prevented the degradation of 5-MTHF under the investigated
conditions because no signals for 5S-MDHF, p-ABG, or 2-CE-5-
MTHF were detected in the chromatograms. As shown in
Figure 4, losses of 5-MTHF were maximally 10.4 £ 4.5%, of
which oxidation to the s-triazine accounted for 1—3% of the total
5-MTHEF loss relative to the initial folate content after 30 min of
heating. Remarkably, the observed prevention of nonenzymatic
glycation of folates by L-ascorbic acid is, in part, supported by the
lack of detection of N(2a)-[1-(carboxy)ethyl]folic acid in folic
acid and reducing carbohydrate containing commercial products
that were probably low in pH and rich in r-ascorbic acid (i.e.,
multivitamin juices and multivitamin sweets) reported by
others (/6); however, because folic acid is relatively stable toward
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Figure 4. Time course for the degradation of 5-MTHF (@, 0.04 mM) and
the formation of its s-triazine oxidation product (A) in water heated at
100 °C (0—45 min) in the presence of fructose (0.04 mM) and L-ascorbic
acid (1.13 mM). Lines represent respectively 90% (—-—) and 85%
(—---—) retention of the initial concentration of 1. Each data point
represents an independent measurement value (n=1).

oxidation, the mechanism behind these observations remains
unclear.

In conclusion, the stability of 5S-MTHF in aqueous solution
during thermal treatments (85—110 °C, 0—60 min) was shown to
be decreased in the presence of dihydroxyacetone, fructose, and
glucose, yielding 2-CE-5-MTHF as a nonenzymatic glycation
product, characterized by LC-MS and NMR. In addition to the
degradation products of 5-MTHF that were previously de-
scribed (12, 28), concentrations of the carboxyethylated derivative
were measured as an additional response in model systems heated
in the presence of either dihydroxyacetone, fructose, or glucose.
On the basis of model discrimination it was shown that 2-CE-5-
MTHEF is preferentially formed from 5S-MDHF in the presence of
dihydroxyacetone, indicating that the nonenzymatic glycation of
this component follows the pathways summarized in Schemes 2
and 3. Application of these reaction models to the experimental
data resulted in an adequate fit for the responses of 5S-MTHF,
5-MDHF, the s-triazine, and 2-CE-5-MTHEF in the presence of
fructose and glucose. Formation of 2-CE-5-MTHF was charac-
terized by an activation energy of 61.3 + 9.3 and 77.6 + 7.8 kJ
mol~" in the presence of, respectively, dihydroxyacetone and
fructose. Addition of r-ascorbic acid (1.13 mM) to samples of
5-MTHF (0.04 mM) with fructose (0.04 mM) prior to heating
at 100 °C (0—45 min) was shown to retard the formation of
5-MDHF and hence prevented the formation of 2-CE-5-MTHF
under the investigated conditions.

Generally, the application of multiresponse modeling offers a
good, but rarely used, way to elucidate reaction mechanisms and
kinetics (on a sound statistic basis), especially in food science (/8).
For this reason we have the opinion that this publication
demonstrates the value of multiresponse modeling on an appro-
priate example. Especially since multiresponse kinetics can be a
valuable tool to assess the impact of processing techniques on
nutrients where the inherent incorporation of mechanistic in-
sights can advance the current kinetic approach for process
optimization, where knowledge of the kinetic properties and
activation energy of the different subreactions in the degradation
process is essential. In addition, multiresponse modeling gives
better results in terms of precision of parameters, which is of
utmost importance for predictive modeling. This approach forces
the researcher to think hard about the mechanism behind the
model, thus, to integrate chemistry and physics with modeling,
something believed to be essential for further progress in food
science modeling.

Verlinde et al.

The formation of 2-CE-5-MTHF in the investigated model
systems renders it a conceivable component in foods that are
similarly composed such as foods made from high-fructose corn
syrup or carbohydrate-containing multivitamin beverages with
low L-ascorbic acid content that undergo thermal treatments.
Because knowledge of the effect of carboxyethylated folate
derivatives on human metabolism is lacking, the consequences
of these findings remain an open question and point to the need
of further research regarding the physiological and toxicological
effects of this class of derivatives. In this context, it cannot
be excluded that nonenzymatic glycation of folates can occur in
vivo and could be related to aging and several diseases in analogy
with, for example, advanced glycation endproducts of proteins (29).

ABBREVIATIONS USED

5-MTHF, 5-methyl-5,6,7,8-tetrahydrofolic acid (1); >-MDHF,
5-methyl-7,8-dihydrofolic acid (2); p-ABG: p-aminobenzoyl-L-
glutamic acid (3); 2-amino-8-methyl-4,9-dioxo-7-methyl-p-ami-
nobenzoylglutamate-6,7,8,9-tetrahydro-4 H-pyrazino (1,2-a)-s-tria-
zine (4); 2-CE-5-MTHF, N(2a)-[1-(carboxy)ethyl)]-5-methyl-
5,6,7,8-tetrahydrofolic acid (6).
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