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Table 4. Urinary excretions and relative availability of water-soluble vitamins in Experiment 1

Urinary excre- Urinary excre-

Vilaioiiis Data | Data 2 Data 3 tion rate for vi-  tion rate for  Relative avail-
( zmol/day) ( umol/day) (ymol/day)  taminsin the free vitamins ability (%)
test diet (%) (%)
Vitamin B 1 0.698+0.372 3.437%1.556 2.628+1.198 214%11.4 44.7+20.4 58+23
Vitamin Bz 0.515+0.228 6.4141+1.041 5.89940.947 32.3t14.3 64.0+10.3 50+22
Vitamin Bg 2.33+0.52 10.70+1.05 8.37+1.11 39.3+8.7 48.2+6.4 84+24
Niacin 88.7£37.7 438.0+91.5 349.3+77.3 42.3x18.0 76.2+16.9 5722
Pantothenic acid 17.612.6 68.6+9.0 51.0+8.7 40.1+5.9 59.2+10.1 7016
Folate 0.019+0.004 0.159+0.047  0.140+0.045 5.2x1.1 10.8+3.5 52+20
Biotin 0.098£0.024 0.289+0.046  0.19120.25 58.614.0 67.5+8.7 B6£13
Vitamin C 475156 879157 408140 79.9+9.5 79.7+7.8 101+16

Data 1: The values are urinary excretions of vitamins when only the diet is fed to the subjects. Data 2: The values are
urinary excretions of vitamins when the diet and vitamin mixtures are fed to the subjects. Data 3: The values are calcu-
lated “Data 2° — “Data 1." Values are means=+SD for 9 female subjects.
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Table 5. Urinary excretions and relative availability of water-soluble vitamins in Experiment 2

Urinary ex N
cretion rate Mgy o
Vit Data 1 Data 2 Data 3 — cretion rate  Relative avail-
(umol/day)  (pmol/day) ( umol/day) : for free vita ability (%)
in the test mins (%)
diet (%)
Male 0.554+£0.207 2.654+0.480 2.100+0.422 13.9+5.2 20.5+5.9 48+20
Vitamin By Female 0.7310.101 3.474+0.569 2.743+0.535 20.9+2.9 38.5+7.5 55+10
Total 0.6284+0.188 2.995+0.650 2.368+0.558 16.8+5.5 33.2+7.8 5117
Male 0.605+0.347 4.036+1.612 3.431+1.313 19.5+11.2 37412143 51%17
Vitamin By Female 0.394£0.117 4.563£1.770 4.170£1.674 18.5+5.5 45.4%18.2 43+9
Total 0.517+0.288 4.256=1.622 3.739£1.450 19,1+8.9 40.8+15.8 47+ 14
Male 3.48+£0.24 14.53=x1.14 11.05+1.07 58.2+4.0 63.6£6.2 92410
Vitamin Bs Female 2.8410.54 13.48+1.11 10.64 +0.76 53.94+10.3 61.2:+4.4 88+ 16
Total 3.21+£0.50 14.09:£1.21 10.8840.94 56.4:+7.2 62.6+5.4 90£12
Male 64.4+12.8 261.9+19.0 197.5%+11.1 26.9+5.3 43.1+2.4 62411
Niacin Female 47.9%7.9 243.1+47.8 195.2:147.1 24.1£4.0 42.6+10.3 59+18
Total 57.5+13.6 254.1%33.5 196.5+29.6 25.7+£4.8 42.9+6.4 61+14
F Male 20.2+23 65.7+3.5 45.5£2.2 38.0£4.4 52.5+2.6 72%9
Pantothenic  gomnate 1394244 63.9+7.5 50.0£5.6 35.8£6.2 57.66.4 6248
acid Total 17.6+4.0 65.0+5.3 474144 37.1%5.1 54.6+5.1 6810
Male 0.033+£0.006 0.21240.092  0.179+0.089 5.8+1.0 13.8+6.9 51+22
Folate Female 0.034£0.005 0.255+0.079 0.221+0.082 6.8+0.9 17.1+6.3 47+23
Total 0.033£0.005 0.23040.086 0.196+0.085 6.3+1.1 15.2+6.6 49421
Male 0.144+0.019 0.350%0.085 0.206+0.079 53.4+7.2 T1.6+28.5 81122
Biotin Female 0.093+0.011 0.294+0.052 0.201£0.050 58.7+7.0 70,9+17.6 86+21
Total 0.123£0.031 0.326+0.076 0.204£0.066 55.6%£7.3 71.3+23.5 83+21
Male 82389 1,316%+121 493+98 89.5+0.7 96.4£19.3 96+22
Vitamin C Female B4 +54 1,356+97 512%65 91.7+£5.9 100.2+12.8 93+11
Total B32+74 1,332+109 50183 90.4£8.1 98.0+16.3 95+ 18

Data 1: The values are urinary excretions of vitamins when only the diet is fed to the subjects. Data 2: The values are
urinary excretions of vitamins when the diet and vitamin mixtures are fed to the subjects. Data 3: The values are calcu-
lated “Data 2° — “Data 1." Values are means+SD for 7 for male subjects, 5 for female and 12 for total.
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We discovered markedly differing catabolism of
nicotinamide among rat strains. We compared the
catabolism of nicotinamide and also that of the other
tryptophan-nicotinamide and water-soluble vitamins
among the four strains, Wistar, Sprague-Dawley (SD),
August-Copenhagen Irish (ACI) and Fischer 344, The
major urinary catabolite of nicotinamide was N'-
methyl-4-pyridone-3-carboxamide in Wistar, SD and
ACI, and N'-methylnicotinamide in Fischer rats. This
phenomenon was attributed to the enzyme activity
involved in the reaction of N'-methylnicotinamide to
N'-methyl-4-pyridone-3-carboxamide being much lower
in Fischer than in the other three strains. With the
water-soluble vitamins, this specific phenomenon was
only observed in the catabolism of vitamin Bg; the
urinary catabolite, d-pyridoxic acid, was much lower
too. It was found for the first time that the activities of
oxidase were lower in Fischer than in the other strains,
This study showed that Wistar, SD, ACT strains had
similar water-soluble vitamin metabolism including
nicotinamide catabolism.

Key words: nicotinamide; rat strain; urine; vitamin Bg;
water-soluble vitamin

Nicotinamide (Nam) is a unique vitamin because
mammals including humans can synthesize it from the
essential amino acid, tryptophan. The Trp-Nam meta-
bolic pathway (see Fig. 1) is very important, because
over 400 enzymes need NAD or NADP as coenzymes,
and elucidation of the mechanism regulating the path-
way would provide useful information for maintaining
the best health. For example, NAD and NADP are
involved in numerous cellular reactions, and are a
substrate for the reaction of poly(ADP-ribosyl)ation.”
Poly{ ADP-ribosyl)ation catalyzed by chromatin-associ-
ated poly(ADP-ribose)polymerase (PARP-1; EC 2.4.2.30)
is related to the regulation of gene expression, cellular
differentiation, apoptosis, DNA replication and repair.”
The intermediates involved on the Trp-Nam pathway are
excreted to the urine, and the amount of these substances
reflects the changes in the activities of enzymes involved
along the pathway. For example, the urinary excretion of
N'-methylnicotinamide (MNA), N'-methyl-2-pyridone-
S-carboxamide (2-Py) and N'-methyl-4-pyridone-3-
carboxamide (4-Py), which are nicotinamide catabolites,

can serve as surrogate biological markers of an adequate
amino acid intake.” The urinary ratio of (2-Py + 4-Py)/
MNA is high when rats eat an adequate amino acid diet,
and the ratio is low when they eat an inadequate diet,
because the activity of liver MNA oxidases decrease
with an excess and lack of essential amino acids.”

Studies on Trp-Nam metabolism are often performed
on humans, but when we cannot use humans as subjects,
we almost exclusively use the Wistar strain of rats, We
have believed that the findings obtained when using the
Wistar strain of rats would be common to all strains of
rat, We discovered in this study that the catabolism of
nicotinamide markedly differed among rat strains. We
therefore investigated whether the urinary excretion of
the metabolites involved on the Trp-Nam pathway and
the mewmbolism of water-soluble vitamins differed
among strains or not. We measured the uvrinary
excretion of the Trp-Nam metabolites and water-soluble
vitamins by the four strains of rat, and compared the
metabolism.

Materials and Methods

Chemicals. NAD* was | d from Sigma Chemical C
(St. Loais, MO, USA). Vitamin-free milk casein, sucrose, and L-
methionine were purchased from Wako Pure Chemical Industries
(Osakn, Japan). Cmn oil was puclumd from Ajinomoto (Tokyo,
Japan). Gelatini . the I mixture (AIN-93M7* and
the vitamin mixtore (AIN-93-VX containing choline bitartrate)*! were
obtained from Oriental Yeast Co. (Tokyo, Japan).

Thiamin hydrochloride (vitamin By, C;;H;CIN,JOS-HC| =
137.27), riboflavin (vitamin By, CpyHpNaOy = 376.37), cyanocoba-
lamin (vitamin B3, CaHgCoNOP = 1355.40), nicotinamide
(Nam, CegHgNyO = 122.13), ecalciom paniothenare (PaA-Ca,
CiyHyaNy0yp-Ca = 476.54), folic acid (FA, CpHypN,Og = 441.40),
o{+)-biotin  (CjgH;eN; 035 = 244.31), L(+)-ascorhic acid (AsA,
CsHyOg = 176.13), anthranilic acid (AnA, C3H;O;N = 137.14) and
quinolinic acid (QA, CyHsOuN = 167.13) were purchased from Wako
Pure Chemical Industries. 4-Pyridoxic ncid (4-PIC, a vitamin By
cainbolite, CyHgNOy = 183.16) was made by ICN Pharmaceuticals
(Costa Mesa, CA, USA) and obiai h Wako Pure Chemical
Industries. Xanthurenic acid (XA. (‘.:dl-;O.N 205.17), kynurenic
acid (KA, CjgHsOQuN = 207.19), 3-hydroxyantranilic acid (3-HA,
CyHO3N = 154.14) and MNA chlonde (CiHgN:O-HCl = 159.61)
were purchased from Tokyo Kasei Kogyo (Tokyo. Japan). 2-Py
(CyHgNyOy = 152.15) and 4-Py (C;HgN Oy = 152.15) were synthe-
sized by the methods of Puilman and Colowick” and Shibata er ol ¥
respectively. All other chemicals used were of the highest purity
available from commercial sources.

! To whom eor ¢ should be add

d. Fax: +81-749-28-8499; E-mail: fukkie@she usp.ac.jp

Abbreviations: Nam. nicotinamide; PARP:-1, poly(ADP-ribosejpolymerase; MNA, N'-methylnicotinamide; 2-Py, W'-methyl-2-pyndone-5-
carboxamide; 4-Py, N'-methyl-4-pyridone-3-carboxamide; PaA, pantothenate; FA, folic acid, AsA, L(+)-ascorbic scid; AnA, anthranilic acid;

QA, quinolinic acid; 4-PIC, 4-pynidoxic acid, XA,

acid; KA, ky

ic acid, 3-HA, }-hydroxyantranilic acid;, 5D, Sprague-Dawley,
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Table 1. Composition of the Diet

4-Py-forming MNA oxidase

N'-methy-4-pyridone-3-carboxamide
(4-Py)

Metabolic Pathway of Tryptophan to Nicotinamide.

(09:00 a.m,-09:00a.m.; 24-h urine) were colleeted in amber bottles
with I ml of M HCI and stored at —20°C until needed for use. The
rats were killed by decapitation after the last urine samples had been
4, a 101! sample of blood was taken from the carotid artery for

(g/100 g of diet)
Vitamin-free milk casein 20,0
L-Methionine 0.2
Gelatinized comstarch 46.9
Socrose 234
Corn oil 5.0

335
10

Mineral mixture (AIN-93M)
NiA-free vitamin mixture
(AIN-93-VX comuaining chorine bitartraie)

Animals and diets. The care and treatment of the experimental
HMMMDMWdeMPMmmMM
for the ethical of lah y

The animal room was maintained st a temperature of around 22°C
and at sbout 60% humidity with a 12-h Tight (06:00-18:00)/12-h
dark (18:00-06:00) cycle. Body weight and food imake were
measured daily st around 09:00am., and the diet and water were
renewed daily.

Five male rats each of the Wistar, Sprague-Dawley (SD), August-
Copenhagen Irish (ACI) and Fischer 344 (F344) strains (8§ weeks old

measuring NAD and NADP, and the liver was removed for measuring
the enzyme activities involved in the Nam catabolism.

Aul‘,m.l Thcmmuol’Nlm 2-Py. lndl-Pymthtlniaem

H)"u""‘" 1 w
mxtmwam«u"wmummnfma
in the wrine was measured by the HPLC method of Shibain.” The
contents of KAY XA.% 3.HAY AnA.'™ and QA" in the urine were
measured by using the HPLC methods,

The concentrations of NAD (NAD*® + NADH) and NADP
(NADP™ + NADPH) in the blood were respectively measured by
the colorimetric method of Shibat and Murata,'™ and by the method
of Shibata and Tanaka. '

Thiamin in the urine was measured by the HPLC post-labeled
method of Fuk i e al'®

The urinary concentration of riboflavin was analyzed according to

the method of Ohkawa er al."*' The urinary excretion of 4-PIC, which

i5a of vitamin By, was determi ‘mlﬁnawhmeﬂnd
mua;mmmkmm bal

in the urine was by ‘the mmicrobi | hod with
Lactobatillus delb 4'mmamnw'”mmﬂ

each) were obtained from Clea Japan (Tokyo, Japan) and i diate]
placed in individual membolic cages (CT-10; Clea Japan), They had
free access to the diet (Table 1) for 11 d. Urine samples on the last day

— 401

free PaA in the orine was directly measured by using Lactobacillus
plantarum ATCC 8014.") The concentrations of urine folates were
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Table2. Comparison of the Body Weight Gain, Food Intake and Food Efficiency Ratio among Four Strains of Rats

Wistar SD ACI F344
Initial body weight (g) 2042 289420 1M+ 143+ 14
Final body weight (g) 25543 /6+3° 197 £ 2¢ 184+ 2
Body weight gain (g/10d) 45+ 1" 673 REE 4+
Food intake (g/10d) 1T+ 223490 127 4 4¢ 133
Food efficiency ratio® 266 +0.9° 298404 19.0 404" S e

*Food efficiency mtio, body weight gain (g/10d)/food intake (g/10d) » 100

Each value is the mean % SEM for five rats: values with different superscripe letters in the sume row are sssistically different ar p « (105, as desermined by Tukey's

multiple-comparison test.

Table ). Comparison of the Urinary Excretion of Water-Soluble Vitamin among Four Strains of Rats

Wistar sb ACI Fid4

Food intake* (g/d) 174+ 1* nixls 132405 15.4 + 0.3%F
Vitamin By (nmol/g of dier) 506+077 1604033 419 £049 459+ 0.20
Vitamin B (nmol/g of diet) 864 £0.19" 7.40 % 0.70° 1337+ 083" 6.88 £ 0.24*
4-PIC™ (nmol /g of diet) 9,42 +0.54* 1052 4 1.05* 8.02 £ 0.74° 227 £ 039
Vitamin By (pmol/g of diet) 226015 1.69 £ 0.10° 396 +0.34" 287+ 0.1
SUM*** (nmol/g of diet) 286 + 43> 402 + 36 276 + 16" 343 + 200
PaA (nmol/g of diet) GRE R 251 £2.6° 50.5 £ 1.6° 508+ 4.0°
FA (pmol/g of diet) 442 & 50° 205 + 35" 156 £ 14° 87+ 6

Biotin (pmol/g of diet) 207 & 12 190 + 16 223 +28° 13817

AsA (nmol/g of diet) BB 28 S0.7+8.5° 454127 213 £ 11"

*This valve is for the food intake during urine collection (09.00 a.m. on day 9 10 09.008.m. on day 10),

**4-PIC, 4-pyridoxic acid, a vitamin By catabolite
**SUM, ni ide nod its membolites = Nam + MNA 4 2.Py + &Py

Each value is the mean = SEM for five mrs: values with different superseript leers in the same mw are watistically different a p < 0.05, as determined by Tukey's

multiple-comparison test,

d ned by the b y hod. using Lacrobacillus casel
ATCC 7469 The content of free biotin in the urine was directly
measured by using Lactobacillus plantarum ATCC 8014 according 1o
the agar plate assay developed by Fukui er al.*® Total AsA in the urine
was determined by the HPLC method according to Kishids er al®"

Statistical analysis. The significance of differences in the mean
concentration between the four strains was tested by using one-way
ANOVA followed by Tukey's multiple-comparison test, GraphPad
Prism (version 4; obtained from GraphPad Software, San Diego, CA,
USA) was used for all statistical analyses

Results

Body weight and food intake

Table 2 shows the initial and final body weights, body
weight gain, food intake and food efficiency ratio during
experiments with each strain, The initial body weight
differed among the strains, and up to the final day. Since
the size differed among the four strains, the food intake,
body weight gain and food efficiency ratio differed too,
Therefore, in this swmdy the urinary excretion was
corrected to 1 g of food intake.

Urinary excretion of vitamins

The urinary excretion of vitamin By, vitamin B,
4-PIC, vitamin Bjz, Nam and its metabolites (SUM),
PaA, FA, biotin and AsA per g of diet, respectively, is
shown in Table 3. The urinary excretion of vitamin B,
did not differ among the strains. The urinary excretion of
vitamin B, was significantly higher by ACI than by the
other strains. The excretion of both 4-PIC and AsA was
significantly lower by F344 than by the other strains, The
excretion of PaA was significantly lower by SD than by
the other strains. The urinary excretion of vitamin By,
FA, biotin and SUM differed among some strains.

Urinary excretion of Nam and its metabolites

The wrinary excretion of Nam, MNA, 2-Py and 4-Py
per g of diet is shown in Table 4. The excretory ratios of
4-Py/2-Py and (2-Py + 4-Py)/MNA are also shown in
Table 4. The urinary excretion of Nam was significantly
higher by SD and F344 than by ACl and Wistar. The
excretion of MNA was 6- to 17-fold higher by F344 than
by the other strains. On the contrary, the excretion of
4-Py by F344 was 1.7-2.4% of that by the other strains.
The excretion of 2-Py was significantly higher by ACI
and SD than by F344 and Wistar.

The results for the Wistar strain showed 4-Py to be the
most abundant metabolite, accounting for 83.7% of the
urinary excretion of SUM, and was followed by MNA,
6.0%; 2-Py, 5.5%; and Nam, 4,8%. For the SD strain,
4-Py was the most abundant metabolite, accounting for
73.6% of SUM, and followed by MNA, 12.1%; Nam
7.8%; and 2-Py, 6.5%. For the ACI strain, 4-Py was the
most abundant metabolite, accounting for 76.4%, and
followed by 2-Py, 10%; MNA, 8.6%; and Nam, 5.0%.
For the F344 strain, MNA was the most abundant
metabolite, accounting for 85.1%, and followed by Nam,
8.0%: 2-Py, 5.4%; and 4-Py, 1.5%. Consequently, for
F344, the excretory ratios of (2-Py + 4-Py)/MNA,
which is an index of amino acid adequacy and possibly
an index of liver MNA oxidase activity, and 4-Py/2-Py
were significantly lower than for the other strains.

Urinary excretion of upper metabolites on the Trp-
Nam pathway

The urinary excretion of AnA, KA, XA, 3-HA and
QA per g of diet are shown in Table 4, The order of
amount of AnA in urine of each strain was ACI,
Wistar, F344, and SD, and a significant difference was
observed between ACI and SD. The urinary excretion
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Table4. Comparison of the Urinary E of the Metabolites on the Tryptophan-Ni Je Pathway among Four Strains of Rats
Wistar SD ACl Fiad
AnA (nmol/g of diet) 3991 0.107° 2944022 4,63 +0.57 349 2013
KA (amol/g of diet) 789+ 507 589424 W46 s72+27%
XA (vmol/g of diet) 525+17 593459 42434 3534 1.0
3.HA (nmol/g of diet) 308 4032 1. 72 £035 5.05+0.53 6724039
QA (nmol/g of dist) 28842100 27+800 153400 272452
Nam (nmol/g of dict) BI£L7 ANS5E46° 13g£07* N5+ 1.7
MNA (nmol/g of diet) 173+20° 485+ 109 B3T7+20 2022+ 174
2Py (nmol/g of diet) 156424% 2604 1.5" n741.8" 184 4.3
4-Py (nmol/g of diet) 239 £37* 206 + 340 2012120 sx*
4-Py/2-Py 15304 113408° 76L0.0° n3zo0.p°
(2-Py + 4-Py)/MNA 14.58 £ 0.60° 8.70 £ 2300 10,17 £037%* 0.08 40,01
SUM® {umol/d) 484 £0.42 9.20+0.71 1642004 530 £0.36
Trp intake™ (umol /d) 193£11* 258 + 16 147 £ 62 171 43¢
Conversion ratio of 2.58 4038 3634032 249£0.14" 310+ L7
Trp-Nam*™* (%)

*SUM, Nam + MNA + 2Py + 4.Py

**Trp intake (umol/d), food intake (g/d) x0.2 x 0.875 x 0019 = | /204 = 10*

***Conversion of Trp-Nam (%). SUM (mol/d)/Trp intake (mol/d) = 100

Each value is the mean & SEM for five rats; values with different superscripr letiers in the same row are saristically different ar p < 0.05, a5 derermined by Tukey's

rmultiple-comparson tes.

Table 5. Comparison of the NAD and NADP Content in Whole Blood among Four Stains of Rats

Wistar 5D ACT Fid4
NAD* + NADH 72926 700+ 1.1 747422 735£ 11
(nmol/ml of whole blood)
NADP* + NADPH 114405 1.7 £08° B4 207 114+05

(nmol/ml of whole blood)

Each value is the mean = SEM for five rats. values with different superscript letters (i the same row are statistically different at P « 0,05, as determined by Tukey's

multiple-comparison tes:,

of KA was significantly higher from Wistar than from
the other strains, and significantly higher from SD and
F344 than from ACL The excretion of XA was
significantly higher from SD and Wistar than from
F344 and ACL The 3-HA excretion was significantly
higher from F344 than from the other strains, and
higher from ACI and Wistar than from SD. The order
of amount of excreted QA was SD, Wistar, F344, ACL,
and a significamt difference was observed between SD
and ACL

Conversion ratio of Trp to Nam

The conversion ratio of Trp to Nam is shown in
Table 4. It was calculated from the Trp intake and
urinary excretion of SUM. A significant difference was
observed between the SD and ACI strains.

Concentration of NAD and NADP in whole blood

The concentrations of NAD (NAD* + NADH) and
NADP (NADP* + NADPH) in whole blood are shown
in Table 5. The concentration of NAD did not signifi-
cantly differ among the strains. The concentration of
NADP was significantly lower in ACI than in the other
strains, but the total concentration of NAD and NADP
did not significantly differ among the strains.

Enzyme activities involved in Nam carabolism

The enzyme activities of nicotinamide methyltrans-
ferase (NMT), 2-Py-forming MNA oxidase and 4-py-
forming MNA oxidase in the liver are shown in Table 6.

The enzyme activity of NMT was significantly higher in
ACI than in the other strains. The activity of 2-Py-
forming MNA oxidase was significantly higher in ACI
than in the other strains, and in Wistar and SD than in
F344. The activity of 4-Py-forming MNA oxidase in
F344 was approximately 1/160 to 1/110 as high as in
the other strains.

Discussion

We have previously studied the metabolism of the
Trp-Nam pathway by using the Wistar strain of rats
obtained from Clea Japan. Generally speaking, Nam is
catabalized to 2-Py and 4-Py via MNA in rat liver, the
most abundant catabolite being 4-Py which accounts for
around 80% in the sum of Nam and its metabolites.’*®
We discovered by accident that the catabolism of Nam
extremely differed among rat species. We chose the four
strains of Wistar, SD, ACI and F344 rats to represent
normal rats, because these strains are commonly used
for experimental purposes. We therefore investigated the
metabolic charactenstics of vitamins including Nam in
the four strains of normal rats, Wistar, SD, F344 and
ACI, obtained from Clea Japan.

We recognized that only the F344 rat had character-
istic properties: the most abundant catabolite was MNA,
accounting for 85%, and the amount of 4-Py was lower
than that of 2-Py (middle part of Table 4). In fact, as
shown in Table 6, the two MNA oxidase activities in
F344 were extremely low compared with the case for
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Table 6. Comparison of the Enzyme Activities in Nicotinamide Catabolism

Wistar 5D ACH Fidd
Liver weight (g) 1.5+02* 16.1 £ 0.6" T1£0.0° 1E8L£0.0°
NMT" (nmol/h/g of liver) 75188 T34+54 125257 7343
2-Py-forming MNA oxidase 930 +95* 753 £ 186 1421 £ 42° 107 & 55°
(nmol/h/g of liver)
4-Py-forming MNA oxidase 5047 + 564* 3327 = 1004* 4717 £ 327 325

(nmol/h/g of liver)

*NMT, nicotinamide methylransferase

Each value is the mean £ SEM for five rais: values with differcat superscript letier i the same row are auatistically differcat at pr < 0.05, as determined by Tukey's

multiple-companison test

the other three strains. Furthermore, the activity ratio
of 4-Py-forming MNA oxidase/2-Py-forming MNA
oxidase was also much lower in F344. This meant that
the MNA oxidases in F344 were not only lower overall
than in the other strains. but also that the 4-Py-forming
MNA oxidase activity was lower than that of 2-Py-
forming MNA oxidase. A similar phenomenon was
observed with LEC rats™' and the Wistar rats fed with an
inadequate diet such as low in protein,*¥ We had
already clarified that the activity of 4-Py-forming MNA
oxidase was affected by various nutrients. ™27 So, we
carried out a preliminary experiment on F344 rats fed
with a high protein diet (40% casein) for 10d 1w leam
whether the activity of 4-Py-forming MNA oxidase
increased or not. We had already shown that the activity
increased when Wistar rats were fed with an appropriate
diet such as 20% casein.” However, the result of the
preliminary experiment was negative, and the activity of
4-Py-forming MNA oxidase in F344 rats did not increase
even when fed with a 40% casein diet, and the urinary
excretory ratio of (2-Py + 4-Py)/MNA did not change
either. This result means that the catabolism of Nam in
F344 would be rigidly controlled. In this connection, the
urinary excretion of 4-PIC, a metabolite of vitamin Bg
pyridoxine and pyridoxal, was much lower in F344 than
in the other three strains (Table 3). This result can be
explained by the fact that the formation of 4-PIC is
catalyzed by pyridoxal oxidase. The urinary excretion of
AsA 1ended to be lower, which implies that 1-gulono-
lactone oxidase would be lower in F344 than in the other
strains. Several reports have suzgpoﬂad the oxidases in
F344 being lower. Duclos et al.*® have reported that the
cytochrome ¢ oxidase activity in F344 was lower than
that in Lewis rats, and Levy et al.*” that the acyl-CoA
oxidase activity in F344 was lower that than SD rats.
These observations indicate that several oxidases in
F344 were much lower than in the other strains of rats.
This is characteristic of F344 rats.

Other metabolic characteristics in the water-soluble
vitamins of F344 were not apparent, although trivial
statistical differences were observed (Table 3). How-
ever, we do not disregard the phenomenon that the
urinary excretion of folic acid was lower from F344 than
from the other three strains.

Although the catabolic fate of Nam was extremely
different between F344 and the other three strains, the
sum of Nam and its metabolites was almost the same
(Table 3). We therefore furthermore investigated the
upper part of Nam metabolism, namely, the metabolites
on the Trp-QA pathway. Such metabolites as AnA, KA,
XA, 3-HA, and QA were marginally different, although

Table 7. Comparison of the Unnary Excretory Pattern of Nam and
Its Membolites among Humans and the Four Strains

Humans* Wistnr sD ACI Flad
Nam (%) N.D* 4B 7.8 50 8.0
MNA (%) 352 6.0 121 8.6 85.1
2-Py (%) 56.3 55 65 10.0 54
4-Py (%) 85 83.7 ne 76.4 13

*This data was taken from ref, 30

**N.D., not detected

Each value 14 expressed ms a percenlage over the sum of Nam snd its
metabalites (Nam + MNA + 2-Py + 4-Py) in sach amimal.

Each value it the mean for eleven humani o five rate.

this was trivial, because the maximum value for each did
not differ 4-fold more than the minimum value. We
therefore concluded that the metabolism of Trp-QA
among the rats did not differ. In fact, the conversion
ratio of Trp to Nam among the strains was no different
(lower part of Table 4) and nor were the concentrations
of NAD and NADP in the blood (Table 5).

We compared the catabolism of Nam among humans
and the four rat strains. Table 7 shows the urinary
excretory pattern of Nam and its metabolites over
the sum of them (Nam + MNA + 2-Py + 4-Py). In
humans, Nam metabolized to MNA, and much of the
MNA oxidized to 2-Py, the rate being approximately
65%.%Y In the Wistar, SD, and ACI strains, Nam was
almost completely oxidized to 4-Py via MNA. In F344,
Nam was catabolized o MNA, and a little of the MNA
was catabolized into such pyridones as 2-Py and 4-Py,
differing from the other strains. In the Wistar, SD, and
ACI strains, MNA was efficiently oxidized into the
pyridones like in humans, but the ratio of 2-Py/4-Py was
the reverse. It was therefore found that the three strains
apart from F344 would be suitable models for Trp-Nam
metabolism instead of humans,

We further compared the metabolism of water-soluble
vitamins among the Wistar, SD and ACI strains,
Although trivial differences were apparent, nor essential
distinction was observed (Tables 3-5). We concluded
that the metabolism of water-soluble vitamins among
the strains did not differ.

In summary, the Wistar strain, which our laboratory
has usually used, had common metabolism and would
reflect the result for the metabolism of the strains, expect
for the Nam catabolism in F344 rais. The enzyme
activities of various oxidases in F344 rats were
extremely low compared with such other strains as
Wistar, SD, and ACI. The reactions of MNA to 2-Py,
MNA to 4-Py, and pyridoxal to 4-PIC were extremely
weak in F344.
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Although it is well known that ultraviolet A (UVA)
irradiation destroys folate, no definite conclusion for the
biological degradation has yet been drawn. In the
present study, we determined the effects of UVA
exposure on the blood folate concentration in vitro and
in vive. UVA irradiation reduced the synthesized folate
pteroylmonoglutamic acid (PGA) content in the blood,
but not 5-methyltetrahydrofolate, a major folate form in
the blood stream. Exposure to sunlight also decreased
the plasma folate concentration in human subjects who
took PGA prior to the exposure, but not in subjects who
did not take PGA. These results suggest that UVA
exposure destroyed PGA but not S-methyltetrahydrofo-
late in human blood in viva.

Key words: folate; ultraviolet A (UVA), pteroylmono-
glutamic  acid; S-methyltetrahydrofolate;
humans

Folate is a vitamin; therefore, folate deficiency, or
impairment of the folate metabolism in humans, leads 1o
several diseases such as megaloblastic anemia,'’ neural
tube defects,” and increasing the risk of development of
cardiovascular diseases.” It is well known that the
requirement of folate increases in pregnant women.”
Supplementation with folate during pregnancy is
strongly recommended in many countries, Pteroylmono-
glutamic acid (PGA) is a synthetic form of folate (Fig. 1)
and is the oxidized and most stable form of the folates.
Therefore, PGA is commonly used as a folate supple-
ment. However, there is a deficit in masking vitamin By,
deficiency by PGA supplementation which is a more
severe deficiency than folate deficiency.” Vorobey et
al.® have reported that PGA in an aqueous solution was
degraded by UVA. Furthermore, Der-Petrossian er al.”
have reported that extracorporeal exposure of plasma to
UVA during extracorporeal photophoresis led to photo-
degradation of folate, We have reported that the folate
level in serum was higher in young Japanese women than
in young men who had been given a vitamin mixture
containing PGA.Y We discussed that the phenomenon
that a lower folate level in men would be a result of
bathing in a lot of sunlight compared with women. On the
other hand, the serum folate concentration of subjects
exposed to UVA has been reported as unchanged.”’ No
definite conclusion about the possibility of folate photo-
degradation (n vive has yet been drawn,

In vive, folates exist mainly in the reduced form,
for instance as S-methyltetrahydrofolate (5-MTHF)
(Fig. 1).'"” When PGA is taken, some appears in the
blood stream in the form of PGA itself,'” although a
part of PGA is converted to 5-MTHF in the tissues of
the small intestine. Staindal e al.'*) have reported that
5-MTHEF absorbed less UVA when compared with PGA,
and that 5-MTHF was not destroyed by UVA irradiation,
but was by UVB and UVC. However, as UVB and UVC
do not penetrate the atmosphere and reach the human
skin, 5-MTHF in the blood is not destroyed by exposure
to sunlight.

We have the hypothesis that PGA in blood would be
destroyed, but not 5-MTHF, by exposure to sunlight. If
humans do not take PGA, the blood folate concentration
would not be decreased by exposure to sunlight, because
the form of the blood folate 1s manly 5-MTHF. On the
contrary, if humans take PGA, the blood concentration
would be decreased by exposure to sunlight, because the
PGA taken appears as PGA itself in the blood stream.
We conducted an experiment to prove this hypothesis,
and as we were able to achieve some valid results.

Materials and Methods

Subjects. Healthy Japanese college students aged from 21 to 24
years old participated in the present experiments. They did not bave
regular use of ions of dietary supph . or any habitual
aleohol or cigarette consumption. This swdy was reviewed and
approved by The Ethical Commines of the University of Shiga
Prefecture.

Chemicals. POA and 5-MTHF caleium salt were purchased from
Wnko Pure Chemical Indumiu tOuk; upun and from Schircks
1 ies (Jona, Swi

¥ ely

i;mrnmur.f {Change of PGA In an aqueous solution by UVA
ire ). An ag wn of 49 um POA was made, 200l of
the solution was put into the wells of & microtiter plate (Sumilon multi-
well plate, MS-8496F, 0.4ml x 96 wells, Rat bottom), and the plate
was irradisted with UVA light (EBF-140L /1, Spectronics Corporation;
the wavelength was 365nm) for 0, 30, 60, 90, or 120min at room
temperature. The UVA dose in this study was 0, 800, 1600, 2400, and
3200mJfem?, respectively. The respective residual amount of PGA
was measured by an HPLC method and microbiological assay recently
described

Experiment 2 (Changes of S-MTHF in an aguecus solution by UVA
or UVB irradiation) An | of 20um 5-MTHF was
made, 20041 of the solution was put into wells of a microtiter plate

' To whom pond: should be add d. Tel: +81-749-28-8454; Fax: +81-749-28-8499; E-mml: luklul:@shc uSpacp
Abbreviations: PGA, pteroylmonoglutamic acid: S-MTHF, S-methyltetrahydrofolic acid; UVA, Al UVB let B; UVC,
ultraviolet C
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Fig. 1. Structures of Folic Acid and 5-Methylietrafolic Acid.

(Sumilon multi-well plate, MS-8496F, 0.4 mi » 96 wells, flat bottom),
and the plate was iradiated with UVA light (EBF-140L/J, Spectronics
prmmm. the wnciunmh was 365 nm) or UVB light (EBF-260C/),
length was 312 nm) for 0, 30, 60, 90,
almnﬁuummm The UVA dose in this study was 0,
800, 1600, 2400, and 3200 ml/cm®, respectively, and the UVB dose
was (), 900, 1800, 2700, 3600 m)/cm®, respectively. The respective
residual amount of 5-MTHF was measured by an HPLC method,

Exyenmmt 3 (Change qfrhcﬁ?hu concentration in blood by UVA
diation {in vitro experi J. Blood was taken from the venous
\flmllmmhnfnm kfast from J college (4 males
and 7 females), who ate freely, Mh-imﬂkmlw?ﬁ:\
supplements, by using a syringe coated with EDTA. A 3-ml amount

length was 365 nm) for 120min &t room temperature. The UVA dose
was 3200 mJ/em®, As a control, the dish was placed in the dark. The
folate was d by a y. To comrect the vaporization
under processing, the amount of protein in the blood was measured.

Experiment 4 (Change of the folate concentration in blood, to
which PGA or 5-MTHF hos been added, by UVA (rradiation fin vitro
experiment)). Blood was taken from the venous vein at 09:00 before
breakfast from Japanese college students (7 males and 4 females), who
ate freely, but had not taken any vilamin , by osing a
syringe coated with EDTA. One milliliter of 110 st PGA or 110 M
5-MTHF was added to 6 ml of the blood taken and mixed well. Three
milliliter of each sample was withdrawn from the POA- or 5-MTHF-
added blood, and the sample in a plate (Sumilon dish, $60 x 15mm)
was irradisted with UVA light (EBF-1401./), Spectronics Corporation;
the wavelength was 365 nm) for 120min st room temperature. The
UVA dose was 3200 mJ/cm®. As a control, the dish was placed in the
dark, The folate was i by a microbi y. To correct the

ization under p g, the amount of protein in the blood was

lw;awul

Experiment 5 (Comparison of the folare concentrarions in blood
between male and female young adults who ate freely). The subjects
were 23 male and 32 female students who ate freely. Blood was taken

ﬁmhmmmlmhumllﬂmlﬂm
was 1 hy a microt ¥

Experiment 6 {Change of the folate concentration in bload, with-
drawn from the subjects who rook no PGA supplements, by sunlight

p fin vivo experis ). The subij were 9 male (average
(= SD) age, height, body weight, and BMI were 23,6+ 2.7 years,
1737 £ 4.6cm, 69.2 £ 8.Tkg, and 22.9 £ 2.7kg/m’) and 14 female
(average (= SD) age. height, body weight, and BMI were 218 24
years, 160.0 £ 4.0cm, 51.7 + 4.4 kg, and 20.0+ 1.3kg/m?) students
who ate freely. Blood was taken from the vénous vein before and after
sunlight exposure a1 11:00 and 13:00, respectively. The subjects with
shon trousers and the tank tops were exposed to sunlight from 11:00
to 13:00 in the summer. The dose of UVA was about 19,000 ml/em’,
The folate concentration was measured by n microbioassay.

S.mnimm 7 {Change of the folate concemtration in blood,
el from the sabj whe took PGA, by sunlight exposure

of the bicod in & plate (Sumilon dish, ¢60 x 15mm) was imradiated
with UVA light (EBF-140L/J. Spectronics Corporation; the wave-

fin vivo experiment)). The subjects were 7 female students. Their

HPLC Bioassay
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Fig. 3. Changes of 5-MTHF in an Aqucous Solution by UVA and UVB Irmadiation (Experiment 2),
A 200! amount of 20 um 5-MTHF was irradiated with UVA or UVB light for 0, 30, 60, 90, and 120 min sl room lemperature, The UVA dose
in this study was 0, 800, 1600, 2400, and 3200 mJ/cm?, respectively, and the UVB dose was 0, 900, 1800, 2700, and 3600 mJ/cm?, respectively.
The respective residual amount of 5-MTHF was measured by an HPLC method. Each values is the mean of two separate experiments.

Microbioassay. Plasma was obtained from EDTA-treated blood by
centrifuging at 3,000 x g for 5min at 4°C. The plasma obtained was
direcdly wsed for a microbicassay using Lactobacillus rhamnosus
ATCC 273\

Protein di ination. Protein ion was d ined by n
BioRad protein assay, with bovine serum albumin as the standard.

Statistical analysis. The computer program, GraphPad Prism
version 403 (GraphPad Software, San Diego. USA) was used for
data analysis. The D'agostine and Pearson omnibus normality test
howed that the blood folate concentration in experiments 3, 4, 5 and 6

[-]
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g E 2 )
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Fig. 4. Change of the Folate Concentration in Human Blood by UVA
Exp peri 3. in vitro expen )

Blood was taken from the venous vein, and the 3 ml of the blood
was imadiated with UVA light. The UVA dose was 3,200 mJ fem?
As a control, blood in a dish was placed in the dark. The folate was
measured by a microbloassay. Circles indicate individual values, and
the horizontal line in the figure is the mean.

average (£ SD) age, height, body weight, and BMI were 12.7 & 1.8
years, 160.9 & 55cm, 499 £ 50kg, and 19.2 £ 0.9kg/m®. They ate
freely, b » the PGA prep (0.25mg) was administered to
them ot each meal for two days before and a1 breakfast on the blood
collection day, Blood (3 ml) was tken from the venous vein before and
after sunlight exposure at 11:00 and 13:00, respectively. The subjects
put on short trousers and the tank tops 10 expose a lot of skin. They
bathed in the sunlight from 11:00 to 13:00 in the summer. The dose of
UVA was sbout 12,000mlfem’. The folate concentration was

1 by a y. As the control, the same experiment
was done on another day without suntight exposure.

HPLC methods for PGA and 5-MTHF. The apparatus consisted
of an LC-10AD pump, a SPD-10A UV detector, an SIL-10AD
auto-injector, 4 column oven CTO-10A, and an Shiseido Superiorex
ODS (#4.6 » 250mm) column. The mobile phase was & mixture
of a degassed solution of 20mm phosphoric acid containing 5 mm
hexanesulfonate-acetonitrile (9:1, v/v) and was used at a flow rate of
1.0ml/min. The col i3 was 1 at 40°C, and the
UV detector was set ot 280 nm. The HPLC system was interfaced with
a Shimadzu Ch C-R8A i for data processing.

was normally distributed, and the Shapiro-Wilk normality test showed
this in experiment 7. Statistical significance was assessed by two-tailed
paired Student’s 1 test in experiments 3. 4, 6 and 7, and by & two-tailed
unpaired Student’s £ test in experiment 5.

Results

Change of PGA in an aqueous solution by UVA
irradiation (Experiment 1)

When the PGA solution was irradiated with UVA, the
amount of PGA decreased according to the exposure
time as shown in Fig. 2. This phenomenon was observed
when the assay method was changed from HPLC to a
microbioassay, using Lactobacillus rhamnosus which
needs folate for growing. This result means that the
degraded PGA did not have folate activity.

Change of 5-MTHF in ant aqueous solution by UVA or
UVB irradiation (Experiment 2)

Even when the S-MTHF solution was irradiated with
UVA or UVB, the amount of 5-MTHF was not
decreased as shown in Fig. 3.

Change of the folate concentration in human blood
with UVA irradiation in vitro (Experiment 3)

The blood was withdrawn from college students,
and the EDTA-treated blood was directly exposed
to UVA for 120 min. However, the folate concentra-
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Fig. 5. Change of the Folate Concentration in Human Blood, to Which POA o¢ 5-MTHF Had Been Added, by UVA Iradiation (Experiment 4, in

vitro experiment).,

Blood was taken from the venous vein. One milliliter of 110 M POA or 110 jis 5-MTHF was added 1o 6 ml of the blood 1aken and mixed well.
Three milliliter of the sample was withdrawn from the PGA- or S-MTHF-added blood and irmadiated with UVA light for 120 min. The UVA dose

was 3,200m/em’. As a conirol, the blood in o dish was placed in the dark. The folae was
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Fig. 6. Change of the Folate Concentration in Human Blood, Which Was Withdrawn from the Subjects Who Had Not Taken a PGA Supplement, by

UVA Irradistion (Experiment 6, (n vive expetiment),

The subjects were 9 male and 14 female students who ate freely. The blood was taken from the venous vein before and after sunfight exposure

at | 1:00 and 13:00, respectively. The folate was

tion did not change with UVA irradiation as shown
in Fig. 4.

Change of the folate concentration in human blood
which PGA or 5-MTHF udded to the blood with UVA
irradiation in vitro (Experiment 4)

PGA or 5-MTHF was directly added to human blood,
and the blood was exposed to UVA. As is shown in
Fig. 5, the folate concentration in the PGA-added blood
was significantly decreased with UVA irradiation, while
that in the 5-MTHF-added blood did not decrease.

Comparison of the human blood folate concentrations
berween males and females who ate freely (Experi-
ment 5)

The concentrations of blood folate in humans who ate
freely, but had not taken folate as a supplement, were
measured. We have previously reported that the con-

4 by & mic

Table 1. Comparison of the Serumi Folate Concentration between
Male and Female Japanese Young Adults Who Ate Freely (Experi-
ment §)

M SD Mini 2 Saeat
Male (n = 23)

Folates in serum 150 58 73 292 138
(pmol/ml)

Female (n = 32)

Folates in serum 17,7 5.9 9.5 L5 15.7
{pmol /ml)

The subjects were 23 male and 32 female students, who ate freely. Blood
wad taken from the venous vain before lunch at sround 12:00. The folme
wa by

centration was higher in females than in males ™ In the
present experiment, the difference between males and
females was not significant as shown in Table 1.
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Fig. 7. Change of the Folate Concentration in Human Blood, Which
Was Withdrawn from the Subjects Who Had Taken POA. by
Sunlight Exp (Experiment 7, in vivo experiment),

The subjects were 7 female students who ate freely. The POA
preparation (0,25 mg) was administered to them at each meal for two
days before and at breakfast on the blood collection day. The blood
(3ml) was taken from the venous vein before and after sunlight
exposure at 11:00 and 13:00, respectively, The subjects wore shorts
and a tank top to expose plenty of skins, They were exposed to the
sunlight from 11:00 to 13:00 in the summer. The dose of UVA was
about 12,000 ml/em?®. The folate concentration was measured by o
mictobioassay. As a control, the same experiment was done on
another day without S Iy significant at
p = 0,05,

Change of the folate concentration in blood, with-
drawn from those subjects who had taken no PGA
supplements, by sunlight exposure (in vivo experiment)

The subjects who had not taken a folate supplement
were exposed to sunlight. As is shown in Fig. 6, the
concentration of blood folate did not decrease with
sunlight exposure including UVA.

Change of the folate concentration in blood, with-
drawn from those subjects who had taken PGA, by
sunlight exposure (in vivo experiment)

The subjects who had been administered with PGA
were exposed to sunlight. As is shown in Fig. 7. the
concentration of blood folate significantly decreased
with sunlight exposure (38.0 = 7.2 pmol/ml vs. 28.1 &
4.6 pmol/ml). On the contrary, the blood folate concen-
tration in the subjects not exposed to sunlight was not
altered (38.6 & 3.3 pmol/ml vs. 38.2 £ 2.3 pmol/ml in
11:00 ws. 13:00). In other words, the blood folate
concentration was decreased by 74% with sunlight
exposure.

Discussion

Folate, a B-group vitamin, is the essential cofactor in
the biosynthesis of a de nove purine base. So, the rate of
folate catabolism progressively increases during preg-
nancy and the folate demand increases. For a example,
Higgins et al.'* have reported that the requirements of
folate in the second trimester and in the third trimester
were 430 and 540pg/d, while that in nonpregnant
women was 250 ug/d. Some investigators'*'® have also
advised women to consume a folate supplement for the
duration of pregnancy and lactation. The main folate

supplement that is available on the market is PGA,
which is a synthetic form of folate, and is the oxidized
and most stable form of folates. However, the demerit of
PGA is that it is destroyed by UVA exposure® which
partly penetrates into the blood stream. Therefore, there
is the possibility of a reduction of the blood folate level
with sunlight exposure. In fact, Der-Petrossian et al”
have reported that extracorporeal exposure of plasma to
UVA during extracorporeal photophoresis led to the
photodegradation of folate, Furthermore, it has been
proposed that folate deficiency may result from intense
solar exposure, and that sun-induced folate degradation
may play a key role in the evolution of human skin
color.'™!® On the other hand, Gambichler et al” have
reporied that the serum folate concentration was not
decreased by exposure to UVA,; their data suggest that
UVA exposure do not significantly influence the serum
folate level of healthy subjects and they concluded that
the neural tube defects claimed to occur after per
conceptual UVA exposure were probably not due to
UVA-induced folate deficiency. Therefore, no definite
conclusion about the biological significance of folate
photodegradation in vive can yet be drawn. We carried
out the present experiment to elucidate this controversy.

Some investigators®™'" have already shown that PGA
was degraded by UVA exposure, however, these experi-
ments just showed the detection of the degraded
compounds, No quantitative experiment had been
reported.

In experiment 1, we showed that PGA in an aqueous
solution was completely destroyed by exposure to
3,200mJ/ecm? UVA, as determined by the methods of
a microbioassay and HPLC. However, we showed that
5-MTHF was not destroyed by exposure o UVA in
experiment 2. In experiments 3 and 4, the blood folate
concentration did not decrease, even when the blood was
directly exposed to UVA., while the folate concentration
in blood with added PGA decreased and that with added
5-MTHEF did not. 5-MTHEF is the major form of blood
folate when humans eat an ordinary food, From these
findings, it is suggested that the blood folate level
decreased when the blood contained PGA, while the
blood folate level did not decrease when the blood did
not contain PGA. We have already reported that the
female blood folate level was higher than that of males
when the subjects were fed on a semi-punfied diet
containing PGA.® However, as shown in Table |
(experiment 5), the blood folate levels between males
and females were no different when the subjects ate
freely and had not taken PGA. From these data, we
hypothesize that PGA in the blood is destroyed, but not
5-MTHF, by exposure of sunlight. If humans do not take
PGA, the blood folate concentration would not be
decreased by exposure to sunlight, because the form of
blood folate is mainly 5-MTHF. On the contrary, if
humans take PGA, the blood concentration would be
decreased by exposure to sunlight, because the PGA
taken appears in the blood stream as PGA itself. Thus,
we carried out experiments 6 and 7, As was anticipated,
when the subjects who had taken no PGA supplement
were exposed Lo sunlight, the blood folate level did not
decrease, while when the subjects who had 1aken PGA
were exposed to sunlight, the folate level was signifi-
cantly decreased (Fig. 8).
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Fig. 8, Different Fates of PGA and S-MTHF in the Blood Stream L
When Humans Are Exposed 1o Sunlight.
When take biological food with POA a8 &
folate supplement, S-MTHG and PGA appear in the blood steeam.
Under such conditions, if b are d to a sufficient amount 10}
of sunlight. only PGA is destroyed. so the blood folate lovel
decrenses with sunlight exposure. When humans take only bio-
logical food, only 5-MTHF-G is present in the blood, so even when
humans are exposed to & sufficient amount of sunlight, the blood
folate level does not decrease, S-MTHF-Gn, S-methyltetrahydrofo- n
late polyglutamic acid
In conclusion, only PGA, a synthetic form of folate in
the blood stream was destroyed by UVA, but not
5-MTHF, We recommend that 5-MTHF is superior to 12
PGA as a folate supplement.
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Abstract

The nutritional availability of selenium (Se) in Se-enriched pumpkin (Se-pumpkin) was assessed by comparing with se-
lenite and Se-enriched Kaiware radish sprouts (Se-sprouts). Male weanling ddY mice were fed a Torula yeast-based Se-
deficient diet. After feeding for 3 weeks, mice were divided into 7 groups and fed the basal diet or a diet supplemented
with 0.05 or 0.25 pg/g of Se as either sodium selenite, Se-pumpkin or Se-sprouts for further one week. Supplementation
of Se dose-dependently increased serum and liver Se concentrations and glutathione peroxidase (GPX) activities. In se-
rum Se and GPX, the increases by Se supplementation did not significantly vary with Se source, but in the liver Se and
GPX, the increases by selenite supplementation were significantly higher than those by supplementation with Se-pumpkin
or Se-sprouts. A difference between the effect of Se-pumpkin and that of Se-sprouts was found in the elevation of liver Se
concentration ; supplementation with Se-pumpkin caused significantly higher elevation of liver Se than that with Se-
sprouts. When liver Se was used, the nutritional availabilities of Se from Se-pumpkin and that Se-sprouts were estimated
to be 97% and 65% to selenite Se, respectively. However, when liver GPX was used for the estimation, the availability of
Se from either Se-pumpkin or Se-sprouts was less than 50% to selenite Se.

Keywords :  selenium, nutritional availability, glutathione peroxidase, selemum-enriched vegetables, selenium-ennched
radish sprouts, selenium-enriched pumpkin

Introduction ine reductases [1]. Besides the nutritional roles, Se is

Selenium (Se) is an essential trace element in human
and animal nutrition, and plays several important roles in
the form of selenoproteins that include the families of
glutathione peroxidase (GPX), deiodinases or thioredox-

Address correspondence to :
Munehiro Yoshida
Laboratory of Food and Nutritional Sciences,
Department of Biotechnology, Faculty of Engi-
neering, Kansai University, 3-3-35 Yamate
Suita, Osaka 564-8680, Japan
FAX : +81-6-6388-8609
E-mail : hanmyoud@ipcku.kansai-u.ac.jp

Received : 22 March 2007
Accepted : 29 May 2007

thought to be associated with cancer prevention from the
results of many epidemiological studies and animal ex-
periments [2]. To prevent a low Se status, various Se-
enriched foods were prepared and used to increase daily
Se intake [3, 4]. In particular, several Se-enriched plant
foods have been developed since their anti-tumor activi-
ties are expected to be higher than those of selenite, sele-
nate or high Se yeast [4],

The utilization of dietary minerals including Se is the
net result of several physiological and metabolic proc-
esses that converted a portion of ingested minerals to cer-
tain metabolically critical forms that are necessary for
normal physiological function. In the view of mineral nu-
trition, it is necessary to show an extent of the biological
utilization of dietary mmerals for their critical or func-
tional forms quantitatively. The quantitative description
of biological utilization of dietary minerals has come to
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be called their "bioavailability” or "nutritional availabil-
ity” [5]. There are three factors contributing to the nutri-
tonal availability ; physiological characteristics of host
animals, dietary components ingested with minerals and
chemical species of minerals. Since the composition of
Se species in the Se-enriched plant foods is diverse [6],
their nutritional availabilities are thought to vary with the
kinds of plant species. In the present study, we attempted
to compare the nutritional availability of Se in Se-
enriched pumpkin (Se-pumpkin) to those in selenite and
Se-enriched Kaiware radish sprouts (Se-sprouts) by us-
ing tissue Se deposition and GPX activity of mice given
these Se sources.

Materials and Methods

Se-pumpkin was purchased from PhytoSelenium Re-
scarch Laboratories (Kumamoto, Japan) [7], and Se-
sprouts were prepared by hydroponics, which used 10 pg
Se/ml of sodium selenite solution as described previously
[8]. Both Se-enriched vegetables were freeze-dried and
milled. Se contents of Se-pumpkin and Se-sprouts were
45 and 121 pg/g dry weight, respectively,

The protocol of the animal experiment was reviewed
and approved by the Animal Ethics Committes of Kansai
Medical University. Fifty-six male weanling ddY mice
were fed a Torula yeast-based Se-deficient basal diet [9].
After feeding for 3 weeks, mice were divided into 7
groups and fed the basal diet or the basal diet supple-
mented with 0.05 or 0.25 pg/g of Se as either sodium se-
lenite, Se-pumpkin or Se-sprouts for a further week. Se-
rum and liver were then collected, and their Se contents

and GPX activities were measured. Se was determined
by inductively coupled plasma mass spectrometry [10]
and GPX activities were assayed using rer-butyl hydrop-
eroxide as the peroxide substrate [11].

In the present study, the nutritional availability of Se
from Se-pumpkin or Se-sprouts was assessed using so-
dium selenite as reference Se. The concentration of Se
and GPX activity in liver and serum were used as the re-
sponses to increasing amounts of dietary Se. As the re-
sponses (¥) to mcreasing amounts of dietary Se (X) can
be described by the general equation ¥=m X + k, the
relative nutritional availability of S¢ from Se-enriched
vegelables was estimated by a slope-ratio technique that
compares the slope of dose-response plots to the slope
observed for selenite Se [12].

Results

No significant difference was observed in the body
weight among groups. At the end of the feeding period,
the mean + SD of body weight for all mice (n=56) was
332419,

Se concentration and GPX activities in the liver and
serum are summarized in Tables 1. The Se concentration
and GPX activities both increased gradually with an in-
crease of the supplementary level of Se, regardless of its
source or the tissue monitored. In the serum Se and GPX,
the increases by Se supplementation did not vary with
the Se source, but in the liver Se and GPX, the increases
by selenite supplementation were higher than those sup-
plemented with Se-pumpkin or Se-sprouts. In the eleva-
tion of liver Se concentration, supplementation with Se-

Table 1  Se concentration and GPX activities in serum and liver of rats fed experimental diets

Se supplemented to diet Se concentration GPX activity
e Level Serum Liver Serum Liver
(ng/8) (ng/ml) (ng/8) (unit/ml) (unit/g protein)

None 37x5% 54+39 0.17 £ 0.01 » 174+ 3
Selenite 0.05 162+10% 210+ 20° 0.36 £ 0,07 «& 75114
Se-pumpkin 0.05 113+ 6P 98+ 3ab 0.22 £ 0.03 # 246"
Se-sprouts 0.05 102 £ 4+ 243 0.20 = 0.03 + 1625+
Selenite 0.25 449 £ 20 657 £43 ¢ 0.81+0.12¢ 442 £ 35 ¢
Se-pumpkin 0.25 428 £ 24¢ 598 £ 36 ¢ 0.81 £ 0.13 ¢ 212 42°%
Se-sprouts 0.25 411 £ 23+ 463 £ 48 ¢ 0.72 £ 0.13 b= 217 £ 42°%

Values are the means + SEM (n=8). GPX units expressed as pmol NADPH oxidized per min. Means in the same col-
umn not sharing a common superscript differ significantly (p < 0.05) by analysis of variance followed by Tukey-

Kramer multiple range test.
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Table 2 Regression of supplementary Se level (X) with parameters of Se status (¥') and nutritional availabil-

ity of Se from Se-pumpkin or Se-sprouts,

Source of Se

Correlation Nutritional

Parameters Regression
supplemented coefficient (r) availability (%)
Serum Se Selenite Y =1592 X + 56 0.973 -
Se-pumpkin Y = 1568 X + 36 0.975 98.5
Se-sprouts Y = 1362 X + 36 0.911 B5.6
Serum GPX Selenite Y =240 X +0.20 0.767 . -
Se-pumpkin Y=267X+014 0.815 108.5
Se-sprouts Y=2.06X+0.14 0.711 B3.7
Liver Se Selenite Y =236 X+71 0.954 -
Se-pumpkin Y = 2267 X + 23 0.967 96.2
Se-sprouts Y = 1529 X + 38 0.858 64.9
Liver GPX Selenite Y=1735X +5 0.952 -
Se-pumpkin Y=819X +3 0.804 47.2
Se-sprouts Y=757X+2 0.746 43.6

Regression was fitted to the equation ¥'=m X + k, where ¥ represented the parameters in mice fed the basal diet or the
diet supplemented with Se at X level (ug/g). Units of parameters are the same as in Table |. Nutnitional availability was
estimated using the slope of the regression ; (slope of Se-pumpkin or Se-sprouts)/(slope of selenite) x 100.

pumpkin caused a higher elevation of liver Se than that
with Se-sprouts.

The regression analyses of supplementary Se with the
Se concentration or GPX activities are summarized in
Table 2. As the increases of Se concentration and GPX
activity in mouse serum or liver were significantly corre-
lated with supplementary levels of each Se source, linear
regression could be calculated in each combination. Ac-
cordingly, as also described in Table 2, the relative nutri-
tional availability of Se from Se-pumpkin or Se-sprouts
can be estimated by the slope ratio analysis, which uses
sodium selenite as a reference. Based on the serum pa-
rameters, the availability of Se from either Se-pumpkin
or Se-sprouts was more than 80% to selenite Se. How-
ever, based on the liver GPX, the availability of Se from
either Se-pumpkin or Se-sprouts was less than 50% to se-
lenite. When liver Se was used for analysis, the nutni-
tional availability of Se from Se-pumpkin and that from
Se-sprouts was estimated to be 97% and 65% to sclenite
Se, respectively.

Discussion

In the estimation of nutritional availability, each pa-
rameter of Se status gave difference values. Among the
responses of parameters in mice supplemented with se-

lenite, serum GPX gave the lowest correlation coefficient.

Compared to liver GPX activity, serum GPX activity

reaches a plateau level at lower dietary Se level [13].
Thus, this low correlation indicates a possibility that the
response of serum GPX reached a plateau level in the
tested range of Se supplemented. When comparison be-
tween liver GPX and Se concentration is made, GPX has
been thought to be superior to Se concentration as an in-
dex for Se status because GPX is one of the functional
forms of Se in tissues [5]. Accordingly, nutritional avail-
ability based on the liver GPX is the most reliable among
the four parameters, and the availability of Se either from
Se-pumpkin or Se-sprouts is less than 50% to selenite Se.

We have already identified the main Se species in Se-
pumpkin and Se-sprouts as protein-bound selenome-
thionine (SeMet) [14] and Se-methylselenocysteine (Me-
Sec) [8], respectively. Dietary Se must be metabolized to
selenide before mcorporation to selenoproteins [1]. The
low nutritional availability of Se from Se-pumpkin or Se-
sprouts estimated in the present study indicates that the
formation of selenide either by demethylation of MeSec
or transsulfuration of SeMet was not sufficient for the
synthesis of selenoprotein including GPX.

‘When liver Se was used in the estimation of nutritional
availability, Se from Se-pumpkin gave higher availability
values than that from Se-sprouts. Since SeMet is a non-
specific form of Se that is metabolized as a constituent of
methionine pool, SeMet can be non-specifically incorpo-
rated into body proteins [15, 16]. Accordingly, this result
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may indicate that SeMet in Se-pumpkin was nonspecifi-
cally incorporated into liver protein. The SeMet incorpo-
rated to liver protein can take part in the amino acid pool,
be metabolized to selenide via the transsulfuration path-
way gradually and then be incorporated into selenopro-
teins, Thus, with the long-term administration of Se-
pumpkin, the nutritional availability of Se from Se-
pumpkin may be higher than that obtained in the present
study.

This study was partly supported by a grant from Min-
istry of Health, Labor and Welfare of Japan.
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Identification of Selenoamino Acids in Selenium-enriched Foods by Derivatization
and Gas Chromatography-Mass Spectrometry

Makoto Smiokawa, Taisuke Mizurast and Munehiro Yosama
Laboratory of Food and Nuiritional Sciences, Department of Life Science and Biotechnology, Faculty of Chemisiry,
Materials and Bioengineering, Kansai University, Yamate 3-3-33, Suita, Osaka, 564-868(), Japan

Summary

Selenoamino acids in selenium (Se)-enriched foods were identified by gas chromatography-mass spectrometry (GC-MS)
after derivatization using a commercial amino acid analysis kit (EZ : faast™), After the derivatization, a compound eluted
at the same retention time as derivatized Se-methylselenocysteine (MeSec) in GC was detected in Se-enriched Kaiware
radish sprouts and Se-enriched garlic bulb, Mass spectrum of this derivatized compound was coincident with that of deri-
vatized MeSec: MeSec was identified in these Se-enriched foods. Similarly, selenomethionine was identified in Se-
enriched yeast using EZ : faast™ and GC-MS. Analysis by high performance liquid chromatography-inductively coupled
plasma mass spectrometry showed a presence of selenohomolanthionine (SeHL) in Se-enriched mung bean sprouts, How-
ever, SeHL could not be analyzed by GC-MS after the derivatization by EZ : faast™.
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