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Correlation between the Bioavailability of Magnesium,
Other Minerals and Oxalic Acid in Spinach

Shigeshi KIKUNAGA, Hiroko IsHII, Setsuko IMADA and Masayuki TAKAHASHI
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Spinach was evaluated for the bioavailability of important dietary components. The contents
of the analyzed substances in spinach were, for minerals (mg/100 g: Mg, 76; Ca, 67; Fe, 2.0; Zn,
0.9), oxalic acid (mg/100 g: total oxalic acid, 843; water-soluble oxalic acid, 459; water-insoluble
oxalic acid, 384) and dietary fiber (mg/100 g: NDF, 748; ADF, 636; cellulose, 533; hemicellulose,
112; pectin,-307). The highest elution ratios of the minerals, oxalic acid and pectin in the several
fractions during pectin extraction were 749§ of magnesium, 39% of iron and 719 of oxalic acid in
the aqueous fraction, 39% of zinc in the sodium hexametaphosphate fraction, and 67% of calcium
and 75% of pectin in the HCI fraction. It is suggested that the greater part of calcium in spinach
did not exist as Ca-oxalate. When the magnesium and/or calcium solution and the oxalic acid
solution were mixed, the ratios of insoluble magnesium and calcium were about 209 and about
809% at the physiological pH level, respectively. The binding capacity to oxalic acid increased in
accordance with rising pH value, the binding capacity for calcium being 3 to 5 times higher than
that for magnesium. When both magnesium and calcium were present in the same solution, the
binding capacity for magnesium and calcium to oxalic acid decreased by from 4 to 149 and from
1 to 7%, respectively. When spinach was boiled in 10 volumes of distilled and deionized water or
in a 1% NaCl solution for 3 min, the elution ratio of the minerals from spinach was 77% of
magnesium, 4.59% of calcium, 409 of iron and 419 of zinc with distilled and deionized water.
Although there was no difference in the elution ratio of calcium, iron and zinc between water and
the 19 salt solution, the elution ratio of magnesium decreased by about 1095 with the 19§ NaCl
solution. When spinach was boiled in 5 or 10 volumes of distilled and deionized water for 1, 2, 3
or 4 min, the elution ratio of magnesium, calcium, iron, zinc and oxalic acid from spinach was from
40 to 849, from 2 to 39, from 26 to 519, from 23 to 499 and from 40 to 829, respectively.
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set at 300 mg.'® Nuts, cereals (unrefined) and sea
foods are the richest in magnesium, but the con-
sumption of these foods per day is of small quantity
when compared with green leaf vegetables which
are also rich in magnesium. Among the green leaf

INTRODUCTION

Magnesium deficiency in humans can cause such
diseases as atherosclerosis,” myocardial damage,?
arterial hypertension,® cardiac arrhythmia* and

kidney stone.® The death rate from coronary heart
disease®” and ischemic heart disease®® has been
observed to correlate with the dietary calcim : mag-
nesium ratio, the magnesium concentration in drink-
ing water, and the content of exchangeable magne-
sium in the soil. Magnesium is necessary for the
secretion and function of PTH,'® the action of PTH
on the bone, kidney and gut,'” and the renal la-
hydroxylation of vitamin D.!® For these reasons
just described, a safe and adequate daily dietary
intake of magnesium by an adult in Japan has been

vegetables, spinach in one of the most commonly
consumed throughout the year. It is important to
know the amount of magnesium in spinach that is
absorbed. Spinach contains oxalic acid which can
bind magnesium as well as calcium and other
minerals. We have already reported that the oxalic
acid concentration in spinach was the highest of
those vegetables analyzed.'” Oxalic acid is well
known to impair calcium absorption,!®® and
increasing calcium intake has been reported to
depress the apparent absorption of magnesium in
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rats,'”*® because magnesium can form an insoluble
complex with calcium and phosphorus.'® The cal-
cium content in spinach is not low among the vege-
tables we usually consume. There are several com-
ponents in spinach such as oxalic acid, calcium,
phosphorus and dietary fiber that can affect magne-
sium absorption. It is thought that these compo-
nents and the interaction of minerals have a compli-
cated action that affects the absorption of magne-
sium in spinach. Prior to animal experiments to
investigate the absorption ratio of magnesium in
spinach, the dietary factors which disturb magne-
sium absorption and the interaction between magne-
sium absorption and other minerals, we evaluated
the contents of minerals (Mg, Ca, Fe and Zn),
oxalic acid and dietary fiber, and the distribution of
minerals, pectin and oxalic acid. The difference
was then examined of mineral loss in spinach boiled
in water with or without 19 salt, as well as the
relationship among mineral loss, boiling time and
the volume of boiling water. The binding capacity
of magnesium and/or calcium to oxalic acid was
also studied at several pH values in vitro.

MATERIALS AND METHODS

1. Materials

The spinach (smooth leaved) used for this study
was obtained from a vegetable shop in Okayama
City between May and July 1993. All experiments
were conducted twice, and all samples were ana-
lyzed three times. The values for the analyzed
substances in spinach are given as the means and
standard deviations from 6 determinations. Dis-
tilled and deionized water was used in this work.

2. Analysis of minerals, oxalic acid and dietary

fiber

Spinach was dried in a hot-air drier and was
completely digested with a mixture of concentrated
HNOj;-concentrated HCIO, (1:1, v/v) on a hot
plate. The ash was dissolved in a small volume of
3M HCI, and water was added to make a final
concentration of 0.1 M HCl. This solution was used
for determining the minerals (Mg, Ca, Fe and Zn)
by an atomic absorption spectrophotometer as de-
scribed previously.!®

Total oxalic acid and water-soluble oxalic acid
were each extracted with 3 M HCI and water, and
were determined by isotachophoresis as described
previously.'” The amount of water-insoluble ox-
alic acid was calculated by subtracting the water-
soluble oxalic acid from the total oxalic acid.
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Pectin was successively extracted from spinach
(about 30g) with four kinds of solution (ethanol
adjusted to pH 4 with acetic acid, water, 0.5%
sodium hexametaphosphate, and 0.05 M HCI) by the
method of Fuchigami ef a/.?® and was determined
by the carbazole method.?” At the same time, the
contents of minerals and oxalic acid in each fraction
of pectin extracted with four reagents were deter-
mined to examine their distribution in spinach.

Neutral detergent fiber (NDF) and acid deter-
gent fiber (ADF) were prepared according to the
method of Van Soest et al.?? The contents of
cellulose and hemicellulose were calculated from
the values of NDF, and ADF and ADF-lignin (112+
23 mg/100 g and 533+47 mg/100 g), respectively.

3. Evaluation of the binding capacity of mag-
nesium and/or calcium to oxalic acid under
various pH conditions in vitro

Twelve kinds of solution from pH 1 to 12 contain-
ing either 0.1 mM magnesium and/or calcium as a
chloride or 0.1 mM oxalic acid were prepared. The
pH of each solution which contained magnesium
and/or calcium or oxalic acid was adjusted to the
required pH with an HCI or NaOH solution. Ten
ml of a 0.1 mM mineral (Mg and/or Ca) solution
and 0.1 mM oxalic acid solution were mixed at room
temperature, and the mixture shaken gently for 30
min. When necessary, the pH of this mixed solution
was adjusted to the required value with the HCI or
NaOH solution, and the mixture shaken for a fur-
ther 60 min. This mixed solution was then centrif-
uged at 10,000 X g for 20 min, after which the super-
natant was passed through a millipore filter (0.22
um pore size). The concentration of magnesium
and calcium in the filtered supernatant was deter-
mined by an atomic absorption spectrophotometer,
the ratio of insoluble magnesium and calcium then
being calculated from the concentration of magne-
sium and calcium in the filtrate.

4. Mineral loss from spinach boiled in different

volumes of water for different times

When green-leaf vegetables are boiled, a small
amount of salt is generally added to the boiling
water to preserve the green color of the vegetables.
The differences of the ratio of mineral (Mg, Ca, Fe
and Zn) losses from boiled spinach was examined
in 10 volumes of boiling water with or without 1%
NaCl for 3 min.

To clarify the relationships between the mineral
loss (Mg, Ca, Fe and Zn) and oxalic acid loss, the
volume of boiling water and the boiling time, spin-
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ach (about 100 g) was boiled in 5 or 10 volumes of
water for 1, 2, 3 or 4 min. The content of minerals
and oxalic acid in the spinach was determined
before and after boiling under each of these condi-
tions.

RESULTS AND DISCUSSION

The contents of minerals, oxalic acid and dietary
fiber are shown in Table 1. Spinach was rich in
minerals (Mg, 76; Ca, 67; Fe, 2; Zn, 0.9 mg/100 g).
The contents of minerals (mg/100g) in spinach
have previously been reported to be from 25 to 240
for calcium,!”?®-2% from 32 to 57 for magnes-
ium,?®-2® from 1.7 to 5.0 for iron,?®-2% and from 0.2
to 1.2 for zinc.?®»-2® Spinach contained a large
amount of oxalic acid (total oxalic acid, 843;
water-soluble oxalic acid, 459; water-insoluble
oxalic acid, 384 mg/100 g) and dietary fiber (NDF,
748; ADF, 636; pectin, 307; hemicellulose, 112; cel-
lulose, 533 mg/100 g) to impair the absorption of
divalent minerals.?”?® In a human study by Kelsay
et al.? in which the effect of spinach in the diet on
mineral balance was examined, the mean apparent
balance of calcium, magnesium and zinc was nega-
tive, indicating that both oxalic acid and dietary
fiber were bound to the minerals and these sub-
stances formed a dietary fiber-mineral-oxalate com-

plex. This mechanism may be one of several that
impair the absorption of minerals in spinach.
Table 2 shows the elution ratios of minerals,
pectin and oxalic acid in the several fractions of
pectin extracted from spinach. The highest elution
ratios for magnesium (74%), iron (39%) and ox-
alic acid (71%) were detected in the aqueous frac-
tion. The elution ratio for zinc was highest in the
sodium hexametaphosphate fraction at the level of
399%, while the highest elution ratios for calcium
and pectin were 67 and 75% in the HCI fraction,
respectively. It has previously been thought that
calcium in green-leaf vegetables exists as calcium-
oxalate, which is not easily dissociated.’?”*" The
results in Table 2, however, indicate that most of
the calcium and oxalic acid were eluted in different
fractions. If oxalic acid and calcium form calcium-
oxalate in spinach, they would both have been
eluted in the same fraction. In a human study by
Heaney ef al. in which the absorption of calcium
from intrinsically labeled calcium-oxalate was mea-
sured and compared with the absorption of calcium
from spinach, the absorbability of calcium from
Ca-oxalate by the subjects was higher than that
from spinach.3® We have previously reported the
same result that was obtained from an animal exp-
eriment.!® These results imply that a large part of
the calcium in spinach is not bound to oxalic acid,

Table 1. Contents of minerals, oxalic acid and and that most of the calcium is firmly bound to
dietary fiber in spinach (mg/100 g) dietary fiber.
Mg 76430 The greater part of the magnesium and oxalic
- acid, and about 409 of the iron in spinach were
Minerals Ca 6743 eluted in the same fraction (Table 2). The
Fe 2.0+0.5 bioavailability of iron in spinach has been reported
Zn 0.9+0.5
T ox 843+34 Table 2. Elution ratios of minerals, pectin
Oxalic acid Ws ox 459+12 and oxalic acid in each fraction
Wi ox I84+35 Fraction Mg Ca Fe Zn Pectin O;(ca}gc
Pectin 307+53
NDF 748 +92 Ethanol 2.6 0.9 9.7 16.1 ND ND
Dietary fiber ADF 636+ 69 Water 74.3 13.7 38.5 17.4 17.7 71.1
Hc 112+23 HMP 20.1 16.5 28.8 39.1 6.8 28.9

Ce 533147 HCl 3.0 66.9 15.0 24.1 75.1 ND
Residue  ND 2.1 8.0 3.3 0.4 ND

The evaluation methods used were atomic absorp-
tion spectrophotometry for the minerals, isotacho-
phoresis for oxalic acid, and the method of Van
Soest for dietary fiber. T ox, total oxalic acid; Ws
ox, water-soluble oxalic acid; Wi ox, water-insol-
uble oxalic acid; NDF, neutral detergent fiber; ADF,
acid detergent fiber; Hc, hemicellulose; Ce, cellulose.

Values represent the elution ratio (%) of each
mineral, pectin and oxalic acid in each fraction of
pectin extracted from spinach. Spinach was treated
to extract pectin in the order of water, a sodium
hexametaphosphate (HMP) solution and HCl. ND,
not detected.
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to be lower than that in cereal.®® However spinach
is a significant source of dietary iron, and dietary
oxalic acid did not depress iron absorption.®®
When rats fed with a zinc-deficient diet with or
without added sodium oxalate were orally dosed
once with either %*Zn-labeled spinach leaves or ®Zn-
labeled zinc sulfate, the dietary oxalate enhanced
the availability of **Zn from zinc sulfate and had no
effect on the absorption and retention from spinach

leaves.®® These results suggest that there is no
a
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Fig. 1. Binding capacity of Mg and Ca to oxalic

acid under several pH conditions

Values represent the ratio (%) of insoluble Mg and Ca.
a: An Mg or Ca solution and an oxalic acid solution
were mixed and shaken gently. After centrifuging, the
concentration of Mg and Ca in the supernatant was
determined, and the ratio of insoluble Mg and Ca was
calculated. b: A solution containing both Mg and Ca
and an oxalic acid solution was treated in the same
manner as that given for a. O, Mg; @, Ca.
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influence of oxalate in the absorption of iron and
zinc in spinach.

The binding capacity of magnesium and/or cal-
cium to oxalic acid was therefore examined under
several pH conditions iz vitro. The binding capac-
ity of magnesium or calcium to oxalic acid and that
of magnesium and calcium coexisting in the same
solution to oxalic acid is presented in Fig. 1a and b.
About 209 of the total magnesium and about 80%
of the total calcium may have been respectively
coprecipitated as Mg-oxalate and Ca-oxalate at a
physiological pH level (Fig.1a). The insoluble
ratio of calcium increased from 58 to 949% with
increasing pH, and was about 4 times higher than
that of magnesium. When both magnesium and
calcium were present in the same solution, the insol-
uble ratio of magnesium and calcium decreased by
about 129% for magnesium and by from 1 to 2% for
calcium at the physiological pH level. The effect
of coexisting magnesium on the insoluble ratio of
calcium could thus be negligible at the physiological
pH level (Fig.1b). Faboya has reported that the
presence of Mg?* in a solution inhibited the precipi-
tation of calcium and Zn-oxalate.*® However, the
presence of Mg?* in the same solution with Ca* did
not affect the binding capacity of calcium to oxalic
acid in this study. It is thought that the intestinal
absorption of magnesium in green-leaf vegetables
high in oxalate content increases with the presence
of calcium.

Table 3 shows the elution ratio of minerals from
spinach boiled for 3 min in 10 volumes of water with
or without a final concentration of 19 NaCl. There
was no difference in the elution ratio of calcium,
iron and zinc between plain water and the 19 salt
solution. However, when spinach was boiled in
plain water, the elution ratio of magnesium was
higher by 109 than when boiled in the 19§ salt
solution. There was no macroscopic difference in
the green color of boiled spinach in water with or
without 19§ NaCl. It has been reported that the
best boiling conditions for spinach to preserve the
green color were for 5 min with plain water,*” so it
is not necessary to use a 19 salt solution to preserve
the green color of boiled spinach.

Table 4 shows the ratios .of magnesium, calcium,
iron, zinc and oxalic acid eluted from spinach boiled
in 5 or 10 volumes of plain water for 1, 2, 3 and 4
min. It is possible that the intestinal absorption of
minerals from spinach increase when the water-
soluble oxalic acid in them is removed by boiling.?®
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Table 3. Amounts of eluted minerals and their ratios from spinach boiled
in plain water or in a 19 NaCl solution

Mg Ca Fe Zn
Total (mg/100g)
1107 56+11 2.1+0.5 0.68+0.07
Boiled in plain water 85+6 2.5%0.5 0.83+0.01 0.28+0.07
Loss (%) 77 4.5 40 41
Boiled in a 19 NaCl soln. 73L5 2.2+0.3 0.8210.06 0.24%0.03
Loss (%) 66 3.9 39 37

Each value is presented as the mean and standard deviation and as the ratio (%) of minerals
eluted from spinach boiled in 10 volumes of plain or in a 196 NaCl solution for 3 min.

Table 4. Elution ratios of oxalic acid and
minerals from spinach boiled

under several conditions

Boiling Volumes Oxalic
time of water acid Mg Ca Fe Zn

1 min 5 40.4 399 2.0 26.0 23.7
10 45.6 45.5 2.3 30.0 23.7

2 min 5 40.0 71.6 2.4 43.2 22.9
10 49.8 77.2 3.1 42.5 28.9

3 min 5 56.7 80.2 2.5 46.9 30.4
10 69.1 83.9 2.8 51.1 42.2

4 min 5 75.1 79.2 2.3 454 29.2
10 82.1 82.8 3.0 49.6 48.8

Values are presented as the ratio (%) of minerals
eluted from spinach boiled in 5 or 10 volumes of
water for 1, 2, 3 and 4 min.

The proportion of water-soluble oxalic acid in spin-
ach was about 50% in this study (Table 1), and
most of this was eluted by boiling for 3 min or more.
When spinach was boiled in 10 volumes of plain
water for 2 min, the elution ratio of the minerals
was 77% for magnesium, 3% for calcium, 439% for
iron and 299 for zinc. Little calcium was lost due
to boiling, but the lost amount increased for iron
and zinc by boiling for 3 min or more. Calcium
absorption is inhibited dietary oxalic acid,'®'® and
it is desirable to remove the oxalic acid in spinach
as much as possible to improve the quality of cal-
cium. It is thought that spinach should be boiled in
5 or 10 volumes of plain water for 3 min or more to
raise the calcium absorption ratio. On the other

hand, dietary oxalic acid does not affect the absorp-
tion of iron®? and zinc.®® In this case, the loss of
magnesium during boiling was large, so it is suggest-
ed that spinach should be boiled in a small quantity
of plain water for only a short time (about 1 min)
to prevent the elution of iron, zinc and magnesium.

From the foregoing results, it is suggested that
spinach is not a good source of calcium due to its
presence as a Ca-dietary fiber complex which is not
easily dissociated. However, it is thought to be one
of the most promising sources of magnesium, as the
solubility of magnesium is not affected by oxalic
acid. It is considered that the magnesium availabil-
ity in green-leaf vegetables which are rich in oxalic
acid is much higher than that of calicum.

This work was suppored in part by a Grant-in Aid
for Scientific Research (No. 05680041) from the
Ministry of Education, Science and Culture of
Japan.-
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FINAERDZ I XS ILEBDIZSLD
FIRAME S avEEOMEY

®KXR, BHETF, SHETF, BEENR
(/= P VT L H LK TFRERBFER)
PR 5411 A 29 B2

I3IINAEL0gHD I 2T LEEIZ MgT76, Ca67, Fe2.0, Zn0.9mg, > = VEIEIL
Mo 2 B 843, KA AM L 2 TEE459, KAREML = VB 384mg, AWM SRR
NDF 748, ADF 636, /a2 —2Z533, ~3Itinma—2z112, ~=7F>307mg Th -7z, ~2
75 OHMBBRETHOEESFTHDI XTI, 278, ~7FroEHEIE, Mg, Fe, 2
vEIIAMEES TRLE, Mg74, Fel39, > 27BTII%ThH-7. /2, Znid~¥Hx
FY) B ) 7 aBES TRLEC 39%, Ca, X7 F idERMHES TRDLE],
Cab7, I7F> 5% Tho. ZORRYPSL, IINAEFNDCanKERTIZL 2 T7EBANL
COLELTHETA DT L WI L REENT, Mghb\wizCaiml, $7- Mg Ca
DEFHWIZONWT, L2 7BREBRFPBEESL72EEND Mg & CanAiodeix, =8N
pH T Mg #20%, Ca#180%Th-~72. Mg & CaD = 7BIZHNT 268 MMEIR, pH»
EREEDICHWAKLZ. 2, Cany 2 7BADOHESBAEIZI Mg LD L 3~5&F&E» - 7,
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Mg & Car#FT 2341213, Mg & Cany = VBRICHNT 2 88 MMz, Mg T4~14%,
CaT1~TRIET L, 1 IINAEL I0EBOBA 4> HEBKE 213 1% EEATIFEOT
TZRED I R T NDEREIL, WA A EEKTMgT77, Cad.5 Fedld, Zndl%Th-72. L
LG b, 1%&IEKTIE Ca, Fe, Zn niFHEICE LIZ VA%, Mg DBEHERIZH 10% 5
ALz, 2, BOINAEZS SR I0EBOBRA A KBAKTL, 2, 3, 47H@ T3 &,
139 NAED L DOENEIZ Mg 40~84, Ca2~3, Fe26~51, Zn23~49, > = 7E 40~82%
Th -7,

F==F:1IINAE, Mg bt I 25Nz L 218%, o 2 VE, A,
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