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Detailed kinetic studies of [6S] and [6RS] 5-methyltetrahydrofolic acid (5-CH3-H,folate) degradation
during thermal (from 60 to 90 °C) and high pressure/thermal (from 30 to 45 °C; from 200 to 700
MPa) treatments were carried out. The results confirmed that the temperature and pressure induced
degradation kinetics of [6S] 5-CHs-Hjfolate were identical (within 95% confidence interval) with those
of [6RS] 5-CHs-H,folate. Under equal processing conditions, the estimated degradation rate constants
(K), activation energy (E,), and activation volume (V4) values of [6S] and [6RS] 5-CH3-H,folate were
the same (95% confidence interval). The modified thermodynamic model proposed by Nguyen and
co-workers (J. Agric. Food Chem. 2003, 51, 3352—3357) to describe the pressure and temperature
dependence of the rate constant for folate degradation was reevaluated.
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INTRODUCTION than that of folic acid. Up to now, detailed kinetic information

Folates (i.e., folic acid and its derivates) play an important rﬁga(ljrdmgd[GS] S'i.'_k'ﬂ“fOIitehStab'“ty is still limited, whereas ¢

role in the metabolism of amino acids and nucleic aclds3). the degradation kinetics of the racemic enantiomer mixtures o
5-CHs-Hsfolate, that is, [RS] 5-CH-Hsfolate have been studied

An inadequate folate intake can cause birth disorders such asjl4_20)‘ Because the information on the latter is abundant in

neural tube defects (spina bifida), cancers, and several disease . : . -
for example, megaloblastic anemia, cardiovascular disease, an he Ilterature,' It can be questloned whether the stapll|ty 8116
could be scientifically claimed to be identical with R&]

Alzheimer's disease (4-7). Therefore, a sufficient daily folate stability. Empirically, enantiomers have identical physical and
intake is important, and it can be achieved either by fortification - pinicaly, . . wucal phy
chemical properties except their optical activity.

or by increasing the consumption of food products such as lea 7 L N
y d P P fy The purpose of this investigation was to study, on a kinetic

reen vegetables, fruits, liver, etc,, that contain endogenous, . o
?olates g g basis, the pressure and temperature stability of 3-Blfolate
) . . . and to verify whether the degradation kinetics o8]&-CH-
In some countries, for example, in the United States, food Hfolate was identical with that of [8S] 5-CH-Hafolate. In

fortification using synthetic folic acid is a common practice, :
and it has been proven that the fortification of grain products _th|s_ SI.UdY’ both [6S] and [GR.S] were treated under the same
intrinsic (i.e., pH, buffer type, ionic strength, concentrations of

with folic acid was associated with a substantial improvement oxygen and folate) and extrinsic (i.e., pressure, temperature)
in folate status in a population of middle-aged and elderly adults. yger €., Pres: ’ P
conditions to allow an adequate comparison. Second, the

However, folic acid can mask the hematological abnormalities modified thermodvnamic model of Hawle roposed b

of vitamin By, deficiency while the neurological complications Nauven and co-v)\//orkers (18) to describ%xih% pressureyand

remain in progress (when folic acid intake*d mg/day) (8— guy ; P

12). gergfsr:t?rle dependenceI of tfgjefdegraﬁ;gondr[%\’esi:ogstints of

N . -CHs-Hsfolate was reevaluated for bothgpan . Suc

5-r§efr?r;'fl¥[’r trr:e(;:rorfnrlrilermailtljbl?actlve erdcrgﬁrfall fct)rm r‘?][e kinetic information is indispensable for the design, evaluation,
ethyltetranydrololic ac (e, [ . 4oae). as assessment, and optimization of processes.

successfully been synthesized. In theory, this folate derivate does

not encounter the masking problem of vitamig, Beficiency.

Hereto, the use of [B] 5-CH-Hafolate for food fortificationis ~ MATERIALS AND METHODS

be|ng eXplOred to replace f0|IC aCId (12) The b|oavallab|l|t|es Samp|e Preparation.“’] this investigation’ [S] and [GRS] 5-CH
of [69 5-CHs-Hfolate and folic acid are found to be equivalent H,folates were obtained, respectively, from Merck Eprova (Schaff-
in men (3); however, the stability of 5-C-Hafolate is lower hausen, Switzerland) and Schircks Laboratory (Jona, Switzerland). The
5-CHs-H4folate stock solution (1 mg/mL) was prepared under subdued
* Author to whom correspondence should be addressedf82-16- light by dissolving 5-CH-Hsfolate in a sodium borate solution (0.05

32.19.60; telephone +32-16-32.15.85; e-mail marc.hendrickx@ M, PH 9.22) containing 0.4% (v/y}-mercaptoethanol (i.e., to stabilize
agr.kuleuven.ac.be). the folate during storage). After flushing with nitrogen, the stock
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solution was divided in 0.5 mL portions and immediately stored at 100
—80 °C until further use. The stock solution was stable for 12 weeks 90
at —80 °C. The working solution (0.2g/mL containing 0.8 ppm of 80 4
p-mercaptoethanol and 8.11 ppm of dissolved oxygen) was prepared ;4 |
on the day of use by diluting the stock solution with phosphate buffer
(0.1 M, pH 7). In this study, 0.8 ppm g¢f-mercaptoethanol was used
because it stabilizes [6S] 5-GHfsfolate during experiments for
maximally 3 h at 4°C to obtain highly reproducible kinetic data (data
not shown). As a consequence, the presengémkrcaptoethanol in 30 4
the sample must be taken into account when the obtained kinetic data 20 {
are interpreted because it slightly increases the stability of folate during 10 |

60 4
o]
3 504
(@]

40 4

processing (22). The concentration of 5-GHifolate and the ratio of 0 . . , . ; . , ;
5-CHs-Hsfolate/dihydro derivates in the stock solution were spectro- 25 35 45 55 65 75 85 95 105 115
photometrically determined according to the procedure of Koni2gs ( temperature (°C)

In this study, the ratio of 5-CiHH.folate/dihydro derivates of the
working solution had to be above 3.3 to eliminate the contamination
of dihydro derivates. All organic solvents were obtained from Merck
(Darmstadt, Germany), and bi-distilled water was used. During the
experiments, samples were covered with aluminum foil to avoid direct
contact with air at all times and stored at@ prior to the treatments
and the HPLC measurements.

Thermal Treatment. The working solution was filled in capillary
tubes (Hirschmannd = 1.5 mm andL = 150 mm) under vacuum.
The samples were treated in a water bath—80 °C) (Y14 Grant
Instruments Ltd., Cambridge, U.K.) during different preset time intervals
under isothermal conditions and, subsequently, cooled in an ice bath In(C) = In(C,) — kt )
after their withdrawal from the water bath to stop the heating effect. ©
The residual concentration of 5-GHfifolate was measured using
HPLC as soon as possible after the treatmet® b of storage in an
ice bath).

Combined Pressure and Temperature TreatmentThe working

Figure 1. Stability of [6S] 5-CHs-Hgfolate (0.2 «g/mL) in phosphate buffer
(0.1 M, pH 7, 0.8 ppm of B-mercaptoethanol) at various temperatures
during thermal treatment for 15 min.

Data Analysis. Previous studiesl4—16,18—20) have shown that
5-CHs-H,folate degradation during thermal and high-pressure treatments
in an excess of oxygen can be described by “pseudo”-first-order reaction
kinetics (the term “first-order kinetics” is used in this paper). Hereto,
in this study, eq 1 was used to estimate the degradation rate constants
of 5-CHs-Hfolate

whereC is the concentration of 5-CG3Hsfolate at treatment timg Co
is the concentration of 5-GFHjfolate at time= 0, andk is the
degradation rate constant. The degradation rate constant can be
estimated on the basis of the predicted slope of the linear regression

solution was filled in polyethylene flexible microtubes (Elkay, 500 analysis when the natural logarithm of the residual folate concentration
and, afterward, vacuum-packed (up to 0.11 mbar) using polyethylene ;¢ plotted as a function of treatment time.
bags. The samples were treated in laboratory pilot scale, multivessel 1, astimate the temperature and pressure dependencies &f the
high_—pressure equipment (Resato, Roden, The Netherlands) consisting/a|uesy the linearized Arrhenius (eq 2) and Eyring equations (eq 3)
of eight th_ermost_ated 8 mL pressure vessels at pressures up to 70Qyere respectively used. Activation enerds)(and activation volume
MPa combined with temperatures between 30 an85An oil/glycol v/ yalues were calculated using linear regression analysis by plotting
mixture (TR15, Resato) was used as the pressure transmitting fluid. e natural logarithm ok values as a function of the reciprocal of the
The pressure was built up manually at a constant rate of 186 MPa/ absolute temperature or by plotting the natural logarithrk vélues
min. In this investigation, an equilibration period of 2 min was used, ,¢ 5 function of pressure, respectively
allowing the temperature inside the vessels to evolve to the desired
value. After the equilibration time, the first pressure vessel was Ef1 1
decompressed and the residual folate concentration of the corresponding In(k) = In(K;p) + E(T_ - T)] )
sample was considered as the folate concentratidr=a0 (i.e., Co ref
under isobaric isothermal condition). The other vessels were then v
decompressed as a function of time. After withdrawal, the samples were _ I Y
stored in an ice bath (maximum 3 h) until the residual folate n(k) = In(kere) [R'I‘(P P’e‘)] )
concentration was measured. Several authit4s35) mentioned that
the pH of the phosphate buffer decreases0y3 unit per 100 MPa of where ket is the degradation rate constant at reference temperature
pressure increase. Therefore, the pH of phosphate buffer coufbe  Trer, ket iS the degradation rate constant at reference pregsrend
during the pressure treatment. R is the universal gas constant (8.314 J mMd{~1).
RP-HPLC Assay To Identify and Quantify 5-CHs-Hfolate. To

identify and quantify 5-CktH,folate derivates in the samples, areverse RESULTS AND DISCUSSION

hase HPLC analysis (AKTA purifier, Amersham Biosciences, Uppsala, s . :
gweden) using a grev(ail(218 Eolumn (250 mré.6 mm, 5um particﬁg Kinetics of 5-CHg-H.folate Degradation during Thermal
size, Alltech, Deerfield, IL) and a fluorescence detectar, (= 359 Treatment. Th(_e [6S] 5-CH-Hafolate St_ab'l'ty was initially
nM andie = 280 nm, RF-10Ax|, Shimadzu, Kyoto, Japan) was used. screengd at various temperatures to .de_flne thg temperature range
The HPLC analysis was carried out following the modified procedure for detailed degradation kinetic studi@sgure 1illustrates the
of Konings @3). The column was thermostated (Spark Mistral, Emmen, folate retention after thermal treatments for 15 min at different
The Netherlands) at 2% and isocratically equilibrated with a mixture ~ constant temperatures. It can be noted that folate degradation
of acetonitrile (5%) and phosphate buffer (330 mM; pH 2.15) ata flow already occurred around 6&. Hence, a detailed kinetic study
rate of 1 mL/min for 3 min before sample injection (100) and for of [6S] 5-CH-Hsfolate degradation was investigated in the
4 min after the injection. A linear gradient from 5 to 17% acetonitrile temperature range between 60 and°@0
was applied within 10 min and, afterward, the column was washed In this study, the degradation kinetics ofji8] 5-CH-Ha-
with a mixture of acetonitrile (17%) and phosphate buffer (330 mM; folate and [GSj 5-ChiHafolate were studied simultaneously
pH 2.15) for 4 min before the assay was terminated. The retention time under the same intrinsic4and extrinsic conditions. To identify a
of 5-CHs-Hfolate was situated between 12 and 13 min. The folate ™. R o . .
concentration was calculated on the basis of the peak area and pealPfimary kinetic model describing the evolution of§p5-Chb-
height as compared to the standard solutions using Unicorn 4.0 dataH4folate concentration as a function of treatment time, the
analysis software (Amersham Biosciences). The correlation coefficients kinetic approach already described foiR[] 5-CH-Hfolate
(r?) of the standard curves in this study were at least 0.98. degradation was initially used. As reported by several authors
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Figure 2. Degradation kinetics of [6S] 5-CHg-H,folate (0.2 xg/mL) in pg/mL) in phosphate buffer (0.1 M, pH 7, 0.8 ppm of 5-mercaptoethanol)
phosphate buffer (0.1 M, pH 7, 0.8 ppm of S-mercaptoethanol) under during treatments of 15 min: (#) 20 °C; (M) 30 °C; (a) 40 °C; (») 45
isothermal conditions: (4) 60 °C; (M) 70 °C; (a) 80 °C; (O0) 90 °C. °C; (%) 50 °C.
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Table 1. Estimated k Values and E, Values of [6S] and [6RS]
5-CHs-Hgfolate (0.2 #G/mL) Degradation in Phosphate Buffer (0.1 M;
pH 72) under Isothermal Conditions

kvalues (x10-2 min~1)

temp (°C) [6S] 5-CHs-Hafolate [6RS] 5-CHs-Hafolate
60 1.95+0.17% (r2 = 0.96) 2.15+0.08 (r2=10.99)
70 4.34+0.42 (r2 = 0.96) 4.48+0.35 (r2=0.98)
80 9.34+£0.74 (r2 = 0.99) 8.04 +£0.45 (r2 = 0.99)
90 15.02 £ 18.0 (r2=0.94) 18.03 +1.59 (r2=0.98)
Ea (kd mol™1) 69.34 + 4.33 (r2 = 0.96) 69.97 +3.57 (r2=0.99)

a Containing 0.8 ppm of B-mercaptoethanol. ? Standard error of regression.

0 10 20 30 40 50 60 70 80
(14—16,18, 20, 28, 29), the [6RS] 5-ChkiHfolate degradation Time (min.)
followed first-order kinetics. By plotting the natural logarithm  Figure 4. Degradation kinetics of [6S] 5-CHs-Hsfolate (0.2 wg/mL) in
of the residual folate concentration as a function of treatment phosphate buffer (0.1 M, pH 7, 0.8 ppm of S-mercaptoethanol) at 400
time, it was confirmed that the [$S-CHs-Hsfolate degradation MPa and various temperatures: () 30 °C; (M) 35 °C; (a) 40 °C.
also followed first-order kinetics as illustratedkigure 2. On
the basis of the estimated kinetic parametdigb{e 1), it can degradation was studied in the temperature range between 30
be concluded that the estimatkdand E, values of both [&] and 45°C combined with pressures from 200 to 700 MPa.
and [6RS] Table 1) are of the same order of magnitude (95%  As previously noted in the thermal experiments, the kinetics
confidence interval). of [69 5-CHs-H.folate degradation were similar to that o§

As compared to the results previously obtained by Viberg et 5-CHs-Hfolate. Therefore, the same modeling approaches as
al. (16) and Nguyen et allB), the estimate#, value of [RS] already described for @S] 5-CH-Hsfolate (18, 20) were
5-CHs-Hfolate in this study was lower. Viberg et al. (16) did applied to describe the degradation kinetics @][6-CHs-Hs-
not report the use of any antioxidant in the buffer system even folate during combined pressure and temperature treatments.
though a higher folate concentration (2.6/mL) and a lower First-order kinetics was used to describe the evolution of residual
oxygen concentration (6.8 ppm) were applied. As compared to folate concentration as a function of treatment time at defined
the results of Nguyen et all8), this study used the same ratio constant pressure and temperature combinations. Arrhenius (eq
of folate andp-mercaptoethanol (1:4) but a different ratio 2) and Eyring (eq 3) equations were used as secondary models
between folate and dissolved oxygen concentrations. This callsto describe, respectively, the temperature and pressure depend-
for further studies on the effect of the ratio of oxygen to folate encies of thé values. In this study, the kinetics offg 5-CHs-

and antioxidant on the folate degradation kinetics. H,folate degradation during pressure treatment were investigated
Kinetics of 5-CHs-Hafolate Degradation during Pressure  under the same conditions asSJ65-CH-Hafolate to allow
and Temperature Treatment. The pressure stability of [§) mutual comparison.

5-CHs-H4folate was initially screened by treating the samples  In the whole pressure and temperature range studied, $he [6
for 15 min at constant temperature combined with different 5-CHs-Hfolate degradation could be described by first-order
pressure levelsFigure 3 shows that (i) folate retention is  kinetics (Figure 4). In the pressure (from 300 to 500 MPa) and
decreased by increasing both pressure and temperature, (iifemperature (from 30 to 4€C) areas studied, the estimated
pressure has a synergistic effect on the thermal degradation ofvalues of [6] and [(RS] 5-CH-Hjfolate were situated in the
folate (i.e., a faster degradation was obtained when pressuresame range (95% confidence intervalable 2). It can be noted

was applied to the system at a given temperature), and (iii) a from Table 2 that thek values increase either with increasing
remarkable pressure degradation occurs at temperatures beyongressure at constant temperature or with increasing temperature
30 °C. Hence, the detailed kinetics of §p 5-CHs-Hsfolate at constant pressure.
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Table 2. Estimated k Values of [6S] and [6RS] 5-CHs-Hafolate (0.2 wg/mL) Degradation in Phosphate Buffer (0.1 M; pH 72) during Isobaric

Isothermal Conditions

kvalue (x10~3 min~1) at temperature of

pressure (MPa) 5-CHs-Hafolate 30°C 35°C 40 °C 45°C
200 [69] 5.88 + 0,645 (r2 = 0.97) 16.76 + 1.64 (r2 = 0.95) 35.65+3.11 (r2 = 0.98) 45,58 +8.99 (r2 = 0.84)
[6RS)] nd¢ nd 17.42 £1.93 (r2=0.95) nd
300 [69] 9.09 +1.36 (r2 = 0.94) 22.32+318(r2=0.92) 42.66 +5.21 (r2=0.94) 49.30 + 1.81 (r2 = 0.99)
[6RS] 9.82+0.74 (r2 =0.98) 18.76 % 0.85 (r2 = 0.99) 39.36 + 3.64 (r2=0.97) nd
400 [69] 11,79+ 1.85 (r2=0.91) 27.64+1.10 (r2 = 0.99) 51.81+7.30 (r2 = 0.93) nd
[6RS] 11.58 +1.68 (r2 =0.95) 22,72 +1.19 (r2=0.99) 46.19 +3.95 (r2=0.97) nd
500 [6S] 15.73 +3.47 (r2=0.84) 32.34+7.43(r2=0.86) 59.16 +9.27 (r2 = 0.93) nd
[6RS] 15.45 + 1.54 (r2 = 0.95) 26,57 +2.35 (r2 = 0.98) 59,92 + 10.85 (2 = 0.94) nd
600 [69] 15.88 + 1.70 (r2 = 0.95) nd nd nd
[6RS] nd nd nd nd
700 [69] 18.27 +1.34 (r2=10.98) nd nd nd
[6RS] nd nd nd nd
2 Containing 0.8 ppm of 3 mercaptoethanol. ? Standard error of regression. ¢Not determined.
Table 3. Estimated E, and V, Values of [6S] and [6RS] T
5-CHs-H,folate (0.2 ug/mL) Degradation in Phosphate Buffer (0.1 M;
pH 79
Estimated E, Values (kJ mol™)
pressure
(MPa) [6S] 5-CHs-Hsfolate [6RS] 5-CH3-Hafolate
0.1 72.08 +10.54b (r2 = 0.96) 59.19+7.81(r2 =0.97)
200 110,93 £19.33 (r2=10.94) nd¢
300 92.02 +18.38 (r2 = 0.93) 109.42 +5.29 (r2 = 0.99)
400 116.81 +9.09 (r2 = 0.99) 109.06 + 2.64 (r2 = 0.99)
500 104.49 + 4.34 (r2 = 0.99) 106.75 + 13.34 (r2 = 0.98)
. p 4 a0 a0
Estimated V5 Values? (cm mol~1) Temperature ("C)
temperature . : .
. Figure 5. Pressure temperature iso rate contour diagram of [6S] 5-CHs-
() 6515 CHZ H‘fo'ate [6RS) 5-CHs H24f0|ate Hafolate (0.2 ug/mL) degradation in phosphate buffer (0.1 M, pH 7, 0.8
30 —549£087°(r#=091)  -5.71+0.90(r*=0.98) ppm of B-mercaptoethanol). The inner and outer lines indicate k values
35 —5.60 % 0.53 (r2 = 0.98) —4.46 % 0.26 (r2 = 0.99) | - vel
0 446 + 024 (r2 = 0.99) 547 +0.75 (12 = 0.98) equal to 0.005 and 0.015 min—%, respectively.

ing approach as suggested foR[B] 5-CH-Hjfolate based on

2 Containing 0.8 ppm of 3-mercaptoethanol. ? Standard error of regression. ¢ Not the thermodynamic model of Hawley (22) (eq 4) was used.

determined. ¢In the pressure range between 300 and 500 MPa.
+

+
To describe the temperature and pressure dependencies Ofn(k) = In(k..) — A_K(p — P’ — %(p — P+

thek values, the linearized Arrhenius and Eyring equations were, 2R, T R,T

respectively, used. It can be noted fromable 3 that (i) the AS)* ACF T

estimatedg, values of both [6] and [6RS] are situated in the _T(T — T + —_?[T[In(_l_—) — 1] + Tref] +

same order of magnitude (95% confidence interval) but higher Ry Ry ref

than the results obtained by Nguyen and co-work&8y;((ii) A_@* PP YT-T 4

the estimatedt, value at ambient pressure (0.1 MPa) is lower RgT( ren)( ret) (4)

than that at elevated pressure levels, indicating thak tledues
of folate degradation under pressure were more sensitive toln this equation,A«* is the compressibility factor (ctnJ*
temperature changes than were those at 0.1MPa; (iii) themol™®), AVo* is the volume change (chmol™), AS" is the
estimatedV, values have a negative sign, indicating that folate entropy change (J mot K%), AZ* is the thermal expansibility
degradation is enhanced by a pressure increase; and (iv) thebsolute (cfimol™ K1), AC,* is the heat capacity (J mdi
estimatedV, values of both [6] and [6RS] are situated in the K™%, andRy is the universal gas constant (8.315773d#Pa
same order of magnitude (95% confidence interval) and similar K~* mol~%). When the whole data set of $§ 5-CH-H.folate
to the results obtained by Nguyen and co-workd®)( degradation was analyzed using eq 4, the téx&i became
The estimateck values were interpolated as a function of redundant, which was indicated by a large standard error
pressure and temperature to depict the iso rate pressure>100%). This was also previously observed by Nguyen and
temperature contour diagram of§6-CHs-Hafolate degradation ~ co-workers (18) for the [BS] form. Hence, the term&* was
(Figure 5). Itis clearly seen that pressure has a synergistic effect Omitted and a reduced version of eq 4 (eq 5) was applied.
on the thermal degradation of folate as also previously noted
(18, 20). At AV,
Pressure and Temperature Dependence of the Rate ﬁr ?
Constants for 5-CHs-Hfolate Degradation. To describe the + +
combined pressure and temperature dependence of the rate A_SD(T_T )—i—ﬁ Tlin 1Y _ 1| +T.| (5)
constants for [6] 5-CHs-Hfolate degradation, the same model- RgT ef RgT Tret ref

+

In(K) = In(Ke) — (P—Pe)*— (P— Py +
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Table 4. Estimated Values of Model Parameters for Combined Pressure and Temperature Degradation of [6S] 5-CHs-Hafolate (0.2 xg/mL) in
Phosphate Buffer (0.1 M; pH 7) at Pr = 400MPa and Tis = 40 °C

[6S] 5-CHs-Hsfolate?

[6RS] 5-CHs-Hfolate?

[6RS] 5-CH3-Hafolate® [6S] 5-CH3-Hafolate?

kinetic parameter (eq5) (eq5) (eq5) (eq7)
AVp (cm mol~?) -5.91+167¢ -8.86 + 0.51¢ -8.86 +0.51¢
ASy (Imol~1 K1) 246.80 + 38.68 297.90 £ 9.50 249.80 +8.35
Ak (x1072cmb I~ mole ) 3.76 £1.33 212 +0.37 2.12+£0.37
AC, (I mol™t K™Y —881.60 £ 572.30 —1258.60 + 201.5 —1258.60 + 201.5
Keet (x1073 min~1) 43.30 £ 6.47 9.62+0.62 2.71+0.17 43.20 £ 6.25¢
a(x10~3 MPa) 3424071
b (x10"2 K1) 12.48 +2.03
c(x107*MPa~1K™Y) 1.81+0.48
corrected r2 ¢ 0.991 0.996 0.996 0.991
SDf 0.359 0.273 0.273 0.347

a Containing 0.8 ppm of B-mercaptoethanol. ® Reanalyzed data of Nguyen et al. (18) using T.es = 40 °C and the system containing 40 ppm of B-mercaptoethanol.
¢Cited from Nguyen et al. (18) using Trer = 50 °C. ¢ Asymptotic standard error. € Corrected r?= [1 — ((m = 1)(1 — (SSQregression/SSQuota))/(m — ), where SSQ is the sum
of square. fStandard deviation of model.

=14 1000

I
900 |
-2 3
g 800 4 '
E
8 —34 700 4
3 ~ ;
© 600 4 H
8 s :'
= -4 2 500 :
& 2 b
= 2 4004
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Figure 6. Relationship between the natural logarithm of the experimentally 2 25 %0 35 %0 45 50
determined k values and the natural logarithm of the k values predicted Temperature (*C)

using eq 5. Figure 7. Predicted pressure and temperature iso rate (k = 0.01 min~%)
contour diagram of [6S] 5-CHs-Hsfolate (0.2 xg/mL) based on eq 6 (M)
The concomitant kinetic parameters of eq 5 were estimated and eq 7 (O) compared to [6RS] 5-CHs-H,folate (a, 10 ug/mL) based
using nonlinear regression analysis, and the estimated valuesn eq 6 by reanalyzing data from Nguyen et al. (18) (T.r = 40 °C and
are summarized inTable 4. In this study, the corrected P, = 400 MPa).
regression coefficient (correctad) was used to measure the
accuracy of the model fitting to the data because the statistical . . o
parameters largely depend on the model structure and on theSd  have no longer thermodynamic meanings, it is better to
number of observations (m) and parameters (jFigure 6, a sympghze them as dummies and rewrite the equation as an
good agreement between the predicte)irgnd the experi-  €MPpirical one (eq 6).
mentally determined Ik can clearly be observed. In the
experimental pressure temperature range, no trend in residualsn(k) = IN(K.g) — A(p — |:>ref)2 — §(p —P) +
(differences between predicted and experimental values) was T T
noted. FromTable 4, it is observed that the estimated kinetic |n(l) — 1|+ T (6)
parameters for [B] 5-CHs-Hsfolate degradation were similar Tret ref
to those for [RS] 5-CH-H,folate degradationl@), except for
the kier value. The estimatekies value of [65] 5-CH-Hafolate Kinetic information is indispensable for the design, optimiza-
degradationTes = 40 °C andPs = 400 MPa) obtained in this  tion, and assessment of high-pressure processing. Hence, it was
study was higher (i.e., less stable) than that of [6RS] 3-CH verified whether eq 6 was suitable to predict the pressure and
Hsfolate [reanalyzed data from Nguyen et al. (18)]. It was temperature dependence of tkevalues outside the pressure
presumably caused by lower concentrations in both folate and and temperature area studied. By inserting the estimated values
B-mercaptoethanol as compared to those in Nguyen et al. (18).into the concomitant kinetic parameters of eq 6, the pressure
The standard error okC,* was almost-50% of its predicted and temperature combinations resulting in the skwedue (e.g.,
parameter value. It could be that evaluation of the unknown 0.010 mirr?) are illustrated irFigure 7. As depicted irFigure
kinetic parameters of eq 5, by means of computerized curve- 7, eq 6 was adequate to predict thealue in the pressure and
fitting, would require additional data from large pressure and temperature range studied, but not outside the range because
temperature intervals (500 MPa and 1) (31), whereas the  the contour diagram turned to an elliptical curve.
pressure and temperature range in this study was quite limited. This elliptical curvature can be avoided by eliminating the
Omitting AZ* implies thatV, is independent of temperature  quadratic terms from the equation. Referring to eq 4, this means
and pressure; however, this implication is not relevant for other that the termsA«* and AC,* must be omitted. The thermody-
parameters such as«* and AVy'. Because the parameters of namic implication of this reduction is th&, andV, values are

C D
T(T - Tref) + ?[T
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not dependent, respectively, on temperature A€g* = 0 when (3) Bailey, L. B.; Gregory, J. F., lll. Folate metabolism and
Ea= f(T)] and on pressure [i.eAx* = 0 whenV, = f(P)]. This requirementsJ. Nutr.1999,129, 779—782.

implication can be defended by the fact that the Arrhenius and ~ (4) Scholl, T. O.; Johnson, W. G. Folic acid: influence on the
Eyring equations are adequate to describe the temperature and outcome of pregnancyam. J. Clin. Nutr.2000, 71, 1295S—
pressure dependencies kfvalues in certain pressure and 1303s. _ _ _
temperature areas studiedaple 3). By eliminating the (5) Weir, D. G.; Molloy, A. M. Microvascular disease and dementia

quadratic terms, eq 4 was reduced and rewritten using dummies iJ” ?ﬁnelrijlﬁilry:zoég g ;hfyggfitggéo hyperhomocysteineniiar?
as described in eq 7. - Clin. . 71, )

(6) Tapiero, H.; Tew, K. D.; Gaté, L.; Machover, D. Prevention of
pathologies associated with oxidative stress and dietary intake
In(k) = a(P — Pre) + b(T— Ty + deficiencies: folate deficiency and requiremeBmmed. Phar-
C(P — Pref)(T — Tref) + In(kref) (7) macother.2001,55, 381—390.
) Moat, S. J.; Lang, D.; McDowell, I. F. W.; Clarke, Z. L.;
Madhavan, A. K.; Lewis, M. J.; Goodfellow, J. Folate, homocys-

The estimated values of the concomitant parameters (eq 7) teine, endothelial function and cardiovascular disedsélutr.

are summarized ifﬁable_ 4, Indegd, the_‘ elliptical for_m at higher _ Biochem.2004, 15, 64-79.

pressure could be avoided by inserting the predl_ctgd values in (®) Kelly, P.; McPartlin, J.; Goggins, M.; Weir, D. G.; Scott, J. M.

eq 7 Figure 7). The corrected” and standard deviation of eq Unmettabolized folic acid in serum: acute studies in subjects

7 were similar to those of eq 5; however, this model overesti- consuming fortified food and supplemenssm. J. Clin. Nutr.

mated the predicted pressure and temperature combinations in 1997,65, 1790—1795.

the pressure and temperature area studied (compare the iso rate (9) Rotherberg, S. P. Increasing the dietary intake of folate: pros

contour diagrams ifrigures 5and7). On the basis of the whole and consSemin. Hematol1999, 36, 65-74.

simulation (Figure 7), eq 5 (or empirically described as eq 6) (10) Scott, J. M. Folate and vitamin B1Rroc. Nutr. Soc1999,58,

still gave the best fit for folate degradation, particularly in the 441-448.

pressure and temperature area studied. (11) Flynn, C.; Enright, H. Fortification of foods with folic acid.
Conclusions.On the basis of the kinetic data obtained in Correspondence to the editd. Engl. J. Med2000,343, 970—

this study, we confirmed that the thermal and pressure degrada- 972.

(12) Wright, A. J. A.; Finglas, P. M.; Southon, S. Proposed mandatory
fortification of the UK diet with folic acid: have potential risks
been underestimated?ends Food Sci. Techn@001, 12, 313~
321.

(13) Pentieva, K.; McNutty, H.; Reichert, R.; Ward, M.; Strain, J. J.;

tion kinetics of [ and [6R] 5-CHs-Hfolate were comparable.
Under identical experimental conditions and setup, the temper-
ature and pressure stability of the single enantiom8j [Bas
identical (within 95% confidence interval) with that of the

racemic mixture [6RS]. . . . . McKillop, D. J.; McPartlin, J. M.; Connolly, E.; Molloy, A.;
Up to n,OW’ no general kinetic model is available to describe Kramer, K., Scott, J. M. The short term bioavailabilities of [6S]-
the combined pressure and temperature dependence &f the 5-methyltetrahydrofolate and folic acid are equivalent in men.
values for nutrient degradation. There is still a lack of informa- J. Nutr. 2004, 134, 580—585.
tion defining the detailed degradation mechanism of folate (e.g., (14) Paine-Wilson, B.; Chen, T. S. Thermal destruction of folacin:
5-CHs-Hsfolate). This information can be used as a fundamental effect of pH and buffer ions). Food Sci.1979,44, 717—722.
basis to evaluate which approaches have to be chosen in (15) Mnkeni, A. P.; Beveridge, T. Thermal destruction of 5-meth-
designing an appropriate kinetic model based on the chemical yltetrahydrofolic acid in buffer and model food systems-ood
reaction scheme. Hereto, further investigations in this area are Sci.1983,48, 595-599.
greatly needed. (16) Viberg, _ U.; Jégerstad, M.; <te, R_.; Sj@hplm, I Therma_l
Such a kinetic approach is valuable not only for high-pressure processing of 5-methyltetrahydrofolic acid in the UHT region
processing optimization and assessment in industrial applications in the presence of oxygefrood Chem1997,59, 381—386.

but also for experimental design at laboratory scale. On the basis (17) Muller, H.; Diehl, J. F. Effect of ionizing radiation on folates in
of the kinetic data obtained, the experiments can be more . fSOd'Lebiﬂns;nj |V\gss. T,?.Cnndjzgﬁl’(zg’wlls'\;_;glo't g "
efficiently set up, especially for experiments in which extraction, (18) Nguyen, M. T.; Indrawati; Hendrickx, M. Model studies on the

isolation. and assav procedures are laborious and time-consum stability of folic acid and 5-methyltetrahydrofolic acid degrada-
! lon, yp u lou ime- um- tion during thermal treatment in combination with high hydro-

ing such as folate. static pressurel. Agric. Food Chem2003,51, 3352—3357.

(19) Butz, P.; Serfert, Y.; Fernandez Garcia, A.; Dieterich, S.;
ACKNOWLEDGMENT Lindauer, R.; Bognar, A.; Tauscher, B. Influence of high-pressure

treatment at 20C and 80°C on folates in orange juice and

We acknowledge Merck Eprova AG (Switzerland) for providing model mediaJ. Food Sci2004,69, 117—121.
[6S] 5-CH-Hsfolate during the experiments. Furthermore, we  (20) Indrawati; Arroqui, C.; Messagie, |.; Nguyen, M. T.; Van Loey,
thank Prof. Karel Heremans (Laboratory of Chemical and A.; Hendrickx, M. Comparative study on pressure and temper-
Biological Dynamics, Department of Chemistry, KU Leuven, ature stability of 5-methyltetrahydrofolic acid in model systems
Belgium) for his advice, discussion, and comments in particular and in food products]. Agric. Food Chem2004 52, 485~
on a better understanding in applying the thermodynamic 492.

(21) Hawley, S. A. Reversible pressurtemperature denaturation of
chymotrypsinogenBiochemistryl971,10, 2436—2442.
(22) Indrawati; Verlinde, P.; Ottoy, F.; Van Loey, A.; Hendrickx,

equation for chemical reactions under pressure.

LITERATURE CITED M. Implications of g-mercaptoethanol in relation to folate
stability and to determination of folate degradation kinetics during
(1) Gregory, J. F. Bioavailability of folat&ur. J. Clin. Nutr.1997, processing: a case study on [6S]-5-methyltetrahydrofolic acid.
51, S54—S59. J. Agric. Food Chem2004,52, 8247—8254.
(2) Scott, J. M.; Weir, D. G. Folic acid, homocysteine and one- (23) Konings, J. M. A. validated liquid chromatographic method for
carbon metabolism: a review of the essential biochemistry. determining folates in vegetables, milk powder, liver and flour.

Cardiovasc. Riskl998,5, 223—227. J. AOAC Int.1999,82, 119—127.



Pressure and Temperature Stability of 5-Methyltetrahydrofolate

(24) Kitamura, Y.; Itoh, T. Reaction volume of protonic ionization

for buffering agents. Prediction of pressure dependence op pH

and pOH.J. Sol. Chem1987,16, 715—725.

(25) Hayert, M.; Perrier-Cornet, J. M.; Gervais, P. A. simple method

for measuring the pH of acid solutions under high pressiire.
Phys. Chem1999,103, 1785—-1789.

(26) Gapski, G. R.; Whiteley, J. M.; Huennekens, F. M. Hydroxylated
derivatives of 5-methyl-5,6,7,8-tetrahydrofola@iochemistry
1971,10, 2930—2934.

(27) Day, B. P. F.; Gregory, J. F. Thermal stability of folic acid and
5-methyltetrahydrofolic acid in liquid model food systends.
Food Sci.1983,48, 581—599.

(28) Gregory, J. F.; Ristow, K. A.; Sartain, D. B.; Damron, B. L.
Biological activity of the folacin oxidation products 10-formyl-
folic acid and 5-methyl-5,6-dihydrofolic acidl.. Agric. Food
Chem.1984,32, 1337—-1342.

J. Agric. Food Chem., Vol. 53, No. 8, 2005 3087

(29) Chen, T.-S.; Cooper, R. G. Thermal destruction of folacin: effect
of ascorbic acid, oxygen and temperatule Food Sci.1979,
44, 713-716.

(30) Barrett, D. M.; Lund, D. B. Effect of oxygen on thermal
degradation of 5-methyl-5,6,7,8-tetrahydrofolic adidFood Sci.
1989,54, 146—149.

(31) Morild, E. The theory of pressure effects on enzymels. Prot.
Chem.1981,34, 93-166.

Received for review September 30, 2004. Revised manuscript received
December 22, 2004. Accepted February 17, 2005. We acknowledge the
Fund for Scientific Research-Flanders (FWO-Flanders) for its financial
support.

JF048370K



