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Abstract: The mechanism of the suppression of lipid peroxidation by saccharides was investigated. Trehalose
effectively inhibited the heat- or radical-induced peroxidation of unsaturated fatty acid (UFA). Several other
saccharides, such as sucrose, maltose and neotrehalose, showed negligible effect on the peroxidation, but mal-
titol’s effectiveness was second to that of trehalose. Maltitol inhibited the peroxidation of UFA by its radical-
scavenging effect. Thus, among the sugars studied so far, trehalose is a unique antioxidant whose reaction
mechanism has not been clarified. We started this study with the hypothesis that trehalose interacts directly
with oxidation-sensitive parts of UFA and consequently protects it from the autoxidation. NMR experiments
performed, including 'H-'H NOESY measurements, indicated that trehalose selectively interacts with the cis-
olefine proton pair in the above UFA with 1 : 1 stoichiometry, and the C-3 (C-3") and C-6" (C-6) sites of the
sugar are responsible for the interaction. Similar interactions were not observed for the mixtures of the UFA
and other saccharides. Quantum chemical study indicates that the OH-3 and OH-6 groups of trehalose bind
to the olefin double bonds through OH:-w and CH-*-O types of hydrogen bonds, respectively. Furthermore,
the activation energies were calculated for the hydrogen abstraction reactions from the activated methylene
group of heptadiene by a methyl radical. The activation energy drastically increased to ca. 30 kcal mol™” on
the complexation with trehalose. These results strongly support the antioxidant mechanism deduced in the
previous study and indicate that the formation of unique multiple hydrogen bonds between trehalose and cis-
olefin bonds is a rather general event, not confined to the case of UFA. This is the first study to elucidate the
antioxidant function of trehalose and maltitol.
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Fig. 1. Effect of saccharides on the remaining of unsaturated fatty

acids by boiling.”

Mixture containing 100 mg of unsaturated fatty acid, 0.5 g of cel-
lulose powder, 1 mL of 5% saccharide solution and 0.25 mL of 0.6
M phosphate buffer (pH 6.0) were boiled for 1 h. The each unsatu-
rated fatty acid content was measured by gas chromatography. Val-
ues are mean+SD.* p<<0.01 as compared with control (non add.).
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Fig. 2. Effect of the concentration of trehalose on the remaining of
linoleic acid and 2,4-decadienal concentration by boiling.”

Mixture containing 100 mg of linoleic acid (C 18:2), 0 to 100 mg
of trehalose, 0.5 g of cellulose powder and 0.25 mL of 0.6 M phos-
phate buffer (pH 6.0) were boiled for 1 h. The remaining linoleic
acid content and 2,4-decadienal concentration (headspace gas) were
measured by gas chromatography.
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Table 1. Effect of saccharides on the hydroxylradical (OH radical) induced by AAPH.
Saccharide I/L (%)
Non add. 1.265 100
(Control)
Trehalose 0.865 68
Neotrehalose 1.240 98
Kojibiose 0.834 66
Nigerose 0.836 66
Maltose 0.786 62
Isomaltose 0.872 69
Sucrose 1.252 99
Maltitol 0.431 40
Mannitol 0.502 34
Sorbitol 0.452 36

ESR spectra of DMPO adduct OH radical

Mixture containing 50 pL of 100 mM AAPH, 50 pL of 180 mM DMPO, 50 pL of 0.5 M saccharide solution and 50 UL of 0.1 M phosphate
buffer (pH 7.4) were heated at 37°C for 3 min. Each value was the average of two replicate measurements.

Table 2. Effect of saccharides on the AAPH-induced radical oxidation of unsaturated fatty acids.

1)

Linoleic acid (LA)

o-Linolenic acid (LNA)

Sample Concn. (mM)

Remaining HPOD TBARS Remaining HPOD TBARS

(mg/mL) (mg/g LA) (mg/g LA) (mg/mL) (mg/g LNA)  (mg/g LNA)
Non add. 0.10 279.4 263.3 0.04 251.4 2425
(Control)
Trehalose 29.2 1.32 126.5 204.1 0.48 125.8 141.3
Neotrehalose 29.2 0.36 281.3 334.5 0.08 251.3 243.4
Kojibiose 29.2 0.28 312.5 2413 0.16 249.8 2443
Nigerose 29.2 0.32 321.4 238.9 0.12 250.9 245.1
Maltose 29.2 0.40 311.1 233.3 0.12 250.9 243.6
Isomaltose 29.2 0.44 309.5 234.6 0.12 250.1 242.1
Sucrose 29.2 0.44 289.1 307.4 0.08 257.9 255.9
Sorbitol 29.2 0.80 211.3 206.5 0.36 192.3 231.0
Maltitol 29.2 0.84 208.8 166.1 0.32 140.5 233.9
BHT 1.82 2.16 74.1 60.1 0.72 88.3 120.1
o-Tocopherol 0.92 1.20 180.3 2245 0.44 120.2 124.5

Mixture containing 10 mL of 70 mM unsaturated fatty acid/EtOH solution, 5 mL of 146 mM saccharide solution, 10 mL of 50 mM phos-
phate buffer (pH 7.0) and 1 mL of 500 mM AAPH solution were preserved at 40°C for 24 h. Each value was the average of two replicate

measurements.
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Fig. 3. 'H-NMR spectra of linoleic acid olefine protons (H-9, 10,

12 and 13).”

(a) without trehalose, (b) with trehalose (trehalose:linoleic acid=2:

1).

(Fig. 3). MO bI:, “HEHEACHELLZ7o by T
bR L2, COX)IEFEPHEEREZ T, £
OEOBIEAIMET L, ¥ 7 F IV OIEIEL iR fIRE ] 028
LA S B, U 2 — V70 b v ORI KT
FThLNO—-Z2OHBRGFEEICOVWTHRLZEZ A, V)
=g bloaa— R (B 12 FETIEML
NT — ARSI L CH-T DS A L7225, 1:2T
77 =1L/ (Fig. 4). 20X RIEREIE, L4
VR (cis ZEKA 1) TEIEGE D P Lo — 28
1:1, oV / L VR (cis ~EFA3M) TlE1:3& 7%
0, BILETVREBOMRE - L7z, DLEofRIE, b
LNE— A cis —HFEEG—2IF L 1 5 TRHEL, T
FEEE OB TIIEARERIC L 25 T EBETICL DAL
B ERIRENG.

B, Panb—RE cis BIAETIBREE & O EAE
OGN LI E 2154720, hLloaxa—2 &) J—)
R AW (EVIE2: 1) @ 'H-"HNOESY f##F = 17 » 7=
(Fig. 5)?. 2D RILAXRY PIVIZIE, 3Ff17E5 (COSY)
EHBIES (NOE) 258N s, G Lok Aailicabin
HARy ME, WL TWwW5b HE R+ o CoSY #7” L,
FNLAEEL L 'HERBO NOE TH 4. RSB L R
EBY, VI —VEEF LT 4T E Y (H9,10,12,13 ;
53-54ppm) & ML O =R 60 (F72136 R0 AF 2T
O & 2 MIZNOE 25l 4, b LT — AR, cis BT &
FEAIZZERMICER LT, HEREZHRL TWaD Z LA%E
B 7.

72, PLra—RAOEREMIZOWT, PLaE—2X
PEFEIIRE SN A C-T, & E LILEET Lz & 25,
cis I B G2/ HMEME F v A VB, ) — Vg,
o-V VYR RS GAICOA N LT — X 33
MBIT66MDRXTF VRFEDC-THENFEE WD L
7220 F72, PO —ZX33MWMBIU6,61MNAF ViKHE
DAL 7 MEE, FRIHERIEFICE ) 224102703
ppm, 0.1-0.2 ppm KHEHEIICS 7 ML, ML E—A 33"
MBIV 6,6MA cis BI_HEiES L OMEMEMICHEG LT
WhHZ EAURIEE N,

—J, SWF—=ARA VXNV IN—RA B ED -7 VI
B, PO —ZOWERMEARTHSL A4 P LT —RAB

3.0

25 L

20 L

F
15 §
1.0 | — —————¢

05 f

Spin-lattice relaxation time (sec)

1]

1:0 1:1 1:2 13 1:4
Linoleic acid : Trehalose (molar ratio)
Fig. 4. Effect of molar ratio of trehalose to linoleic acid on the re-
laxration time of the olefine and the adjacent methylene

protons."”

@®: H-9, 10, 12, 13 (olefine protons), a: H-11, ¢: H-8, 14.
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Fig. 6. Plausible model of the interaction between trehalose and lin-
oleic acid.

Modeling was carried out by WinMOPAC ver.3.0.”
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Fig. 7. The optimized structures of trehalose/2-butene complex
obtained from the HF/6-31 G** calculation.”

For the isolated trehalose, the torsion angles around the O5°-C5°-
C6-06" and C5-C 6-0 6°-H 6" bonds were —30.6° and —47.2°,
respectively. The values of these torsion angles were changed upon
complexation with 2-butene: namely the O5-C5-C6°-O 6" and
C5°-C6°-06°-H6” torsion angles were 67.8° and 91.5°, respectively.
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Mulliken charge

Cl1 Cc2 C3 C4 C5 C6 Cc7
RHF/6-31 G**
Heptadiene —0.358 —0.128 -0.119 -0.277 -0.119 —0.128 -0.359
Complex™ —0.382 —0.182 —0.176 -0.209 =0.177 —0.182 -0.377
B3LYP/6-31 G**
Heptadiene —0.352 —0.134 —0.112 —0.276 —0.112 —0.134 —0.352
Complex* —0.367 -0.174 -0.197 —0.205 -0.197 -0.175 —0.365
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We examined the charge distribution on the heptadiene molecule and the results are summarized,
where electron densities were calculated by Mulliken population analysis.
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The structures of transition state and energy diagram of the
trehalose/heptadiene 2:1 complex in the methyl radical-
induced reaction (CH,& - CH; distance of 2. OlA) obtained
from the UB 3 LYP/6-31 G** calculations.”

trehalose Transition state

Complex
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29.45 kealimol
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Fig. 8.

The structures of the trehalose molecules are truncated. The val-
ues of the C 2-C 3-C 4-C 5 and C 6-C 5-O 4-C 3 torsion angles devi-
ated from the planar trans structure: namely the C2-C3-C4-C5
and C 6-C 5-0 4-C 3 torsion angles were 157.93° and 150.44°, re
spectively.
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4-C5, C6-C5-C4-C3 1, 180°, 180" & 157.93°, 150.44°
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