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ABSTRACT By serial determination of the change in plasma nickel concentration
following a standard dose of 22.4 mg of nickel sulfate hexahydrate condtaining 5 mg
of elemental nickel, the bioavailability of nickel was estimated in human subjects. Plasma
nickel concentration was stable in the fasting state and after an unlabeled test meal, but
after the standard dose of nickel in water was elevated 48.8, 73.0, 80.0, and 53.3 ug/
1, respectively, at hours 1, 2, 3, and 4. Plasma nickel did not rise above fasting levels
when 5 mg of nickel was added to two standard meals: a typical Guatemalan meal and
a North American breakfast. When 5 mg of nickel was added to five beverages-whole
cowmilk, coffee, tea, orange juice, and Coca Cola®-the rise in plasma nickel was sig-
nificantly suppressed with all but Coca Cola®. Response to nickel also was suppressed
in the presence of 1 g of ascorbic acid. Phytic acid in a 2:1 molar ratio with nickel,
however, did not affect the rise in plasma nickel. The chelate of iron and ethylenedi-
aminetetraacetate, NaFeEDTA, an iron-fortifying agent suggested for application in
Central America, slightly but significantly depressed plasma nickel rise at 2 hours,
whereas disodium EDTA depressed plasma nickel levels significantly below the fasting
nickel curve at 3 and 4 hours postdose. These studies suggest that the differential
responses of inorganic nickel to distinct foods, beverages, and chemically-defined dietary
constitutents could be important to human nutrition. J. Nutr. 112: 39-50, 1982.
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The nickel contents of common foods from

Nickel has been recognized recently as
the United States (15, 16), Great Britain (17,

essential for certain vertebrate species in-
cluding rats (1-3), chicks (4), swine (5, 6),
goats (6), and sheep (7). Biologically-impor-
tant interactions between nickel and other
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trace minerals have also been discovered (8-
11). In tissue of healthy humans, nickel has
been consistently found in concentrations
ranging from 0.04 to 2.8 ug/g on a dry basis
(12, 13), and Schroeder and Nason (14) es-
timated that the human body contains 10 mg
of nickel, of which 18% is in the skin. It is

! Presented in part at the Western Hemisphere Nutrition Congress VI,
Las Angeles, August, 1980, p. 84 (abstracts)

2 INCAP Publication, 1-1181

¥ Reprint requests: N. W. Solomons, INCAP, Carretera Roosevelt, Zona
11, Guatemala City, Guatemala, Central America, Apartado 11-88.

‘ Mention of a trademark or propnictary product does not constitute a
guarantee or warranty of the product by the U. S Department of Agriculture
and does not imply its approval to the exclusion of other products that may
be suitable

3 Abbreviations used: Nickel sulfate = NiSQ,-6H,0: elh)lencdmmme tet-
raacetic acid = EDTA; sodium iron ethylenediaminetetraac

likely that nickel is metabolically active, if
not nutritionally essential, in humans as well.

39

J. Nutrition, 112(1): 2063430684 1989.
‘ 50

— 3,_/ _

= NaFeEDTA: disodium ethylencdiaminetetraacctic acid = N MTlTULO DE
21,0 CENTRO 2 mrr
GuUATON

ﬁg
L'i

’}l
7SN

R

0

e ————————

PRL T




40 SOLOMONS ET AL.

18), Sweden (19), and Holland (20) are avail-
able. Dry beans, cocoa products, baking soda,
and some nuts contain high levels of nickel
(>2.0 ug/g); wheat and wheat products,
shellfish, processed meats and many vege-
tables contain intermediate levels (0.2-2.0
rg/g); and whole and dried milk, fresh fruits,
meat, eggs and Coca Cola® contain low levels
of nickel (<0.2 ug/g). Thomas et al. (17) sug-
gested that contact between food and ma-
chinery or cans can contribute to dietary
nickel, as processed and canned vegetables
contain more than fresh. In some areas of
Europe, where nickel is used as a catalyst in
hydrogenation, margarine can be a substan-
tial dietary source of nickel (21).

In Sweden, the estimated daily nickel in-
take ranged from 200 to 4460 ug and aver-
aged 750 pg (19). Early estimates of daily
nickel consumption in the U. S. ranged from
300 to 600 ug (15). The average nickel con-
tent of nine institutional diets in North Da-
kota was 168 = 11 ug, or 75/1000 kcal (22).
Based on extrapolation from animal data, the
hypothetical human requirement for nickel
would be 16 to 25 ug/1000 kcal or about 75
pg of elemental nickel per day (23). Most
balanced diets probably exceed that amount
of nickel. The issue of nickel in the human
diet, however, has further ramifications.

Low-nickel diets have been advocated in
the management of nickel-sensitivity der-
matitis (21, 24) which apparently is exacer-
bated by orally-ingested nickel (25). The pos-
sibility was advanced that a strict nickel-
elimination diet might have implications for
human health (23).

Despite broad, general knowledge about
customary dietary intakes, little is known
about the chemical form of nickel in foods
or the factors that aflect its biological avail-
ability. Concern about the biological avail-
ability of trace elements in food is justified
by extensive experience with dietary iron
(26-28) and dietary zinc (29-32). Vohra et
al. (33) showed that nickel was among a host
of elements that formed stable complexes
with phytic acid in vitro; possibly such com-
plexes would explain interference of unre-
fined cereal foods with the absorption of
nickel (34). In the only study of its kind,
Horak and Sunderman (35) have estimated

from nickel balance experiments that about
10% of the nickel in a normal diet is ab-
sorbed.

Techniques to pursue a detailed explora-
tion of nickel bioavailability are limited. In
laboratory animals, Onkelinx et al. (36, 37)
used a radioisotope, **Ni, as a tracer; the ra-
dioactive half-life (92 years) of this isotope,
however, precluded its use in man. A stable
isotope of nickel, **Ni, could theoretically be
used as a tracer because its natural abun-
dance is 1.16% and it can be measured by
thermal neutron activation analysis. Tech-
nological aspects of this approach, however,
await further development. Spruits and Bon-
gaarts (38) reported that plasma nickel con-
centration rose by about 54 ug/l within two
hours of the ingestion of 5 mg of elemental
nickel as 22.4 mg of nickel sulfate in a single
healthy individual. As the change in plasma
zinc concentration has recently been ex-
ploited as an index of zinc absorption (34, 35,
39-44), we thought that an analagous ap-
proach could be applied to study the effects
of meals, beverages, and chemically-defined
dietary constituents on the absorption of in-
organic nickel.

MATERIALS AND METHODS

Subjects. The subjects were adult volun-
teers, male and female, in apparent good
health and without known or suspected gas-
trointestinal disease. They agreed to partic-
ipate after the nature and purpose of the
study were carefully explained. No individ-
ual with a history of reactions related to
nickel sensitivity was included in the study.
Experiments were performed in accordance
with the Declaration of Helsinki and the pro-
tocol were approved by the Committee on
the Use of Humans as Experimental Subjects
of the Massachusetts Institute of Technology.

Plasma nickel determinations. Blood sam-
ples (6 ml) were drawn before and hourly for
4 hours after administration of the dose of
nickel. Venous blood was sampled with plas-
tic syringes and stainless-steel needles, and
collected in plastic tubes (Falcon® tubes, Di-
vision of Becton, Dickinson & Co., Oxnard,
CA) containing 50 ul of 20% potassium ox-
alate. The whole blood was centrifuged and
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250 ml of coffee prepared with 3 g of coffee
powder (Café Incasa-instantaneo, Industrias
de Café, S. A., Guatemala City, Guatemala),
lightened with non-dairy creamer, (Coffee-
mate®, Carnation Co., Los Angeles, CA), and
sweetened with 10 g of sucrose.

Data analysis. To compare the mean rise
in plasma nickel concentration at a given in-
terval following the dose of nickel, we used
the Student ¢ test. Relative standard deviation
was calculated as the mean divided by the
standard deviation times 100.

RESULTS

Plasma nickel concentration during fast-
ing and after nickel in aqueous solution. The
responses of plasma nickel after ingestion of
5 mg of elemental nickel, as 22.4 mg of
NiSO,-6H,0 in water, was monitored over
4 hours in fasting subjects (fig. 1), and the
means changes with respect to the zero time
nickel level were calculated (fig. 2). The sta-
bility of plasma nickel concentration in the
fasting state was analyzed during 4 hours of
continuous fasting after an overnight fast in
another group of individuals. For the 1-hour
interval, a cluster of samples was contami-
nated and the data were invalid. Otherwise,
plasma nickel concentrations were stable (fig.
2). In a single subject, studied over a 24-hour
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Fig. 1 Individual curves of plasma nickel concentra-
tion over 4 hours following a dose of 22.4 mg of NiSO,.
6H,0 (5 mg of elemental nickel) in 100 ml of water.
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Fig. 2 Change in plasma nickel concentration (mean
+ SE) following overnight and continued fasting (open
bars) and following ingestion of 22.4 mg of NiSO,-6H,0
(5 mg of elemental nickel) in 100 ml of water (open

bars). The number of uncontaminated specimens (3) at
1 hour was insufficient for inclusion of a mean. Each bar
represents five subjects.

period, we found that the excursion of plasma
nickel and the kinetics of concentration
change were nearly identical (fig. 3) to those
in the previous report by Spruits and Bon-
gaarts (38).

Effects of meals on nickel absorption. We
measured the effects of two test meals on the
absorption of nickel. One meal represented
the typical rural diet consumed in Guatemala
and the other was a typical North American
breakfast. The 22.4 mg of NiSO,-6H,0 were
added to the beans and the scrambled eggs
in the respective meals. Curves of change in
plasma nickel concentration were flat after
both meals (fig. 4). The change in plasma
nickel at any interval after either meal was
not significantly different from the change
in fasting subjects. At 1 hour after consump-
tion of the nickel-labeled Guatemalan break-
fast, however, insufficient samples were
available for inclusion of a mean value.

In five other subjects, plasma nickel con-
centrations were monitored over the first 4
postprandial hours after consumption of a
typical Guatemalan meal without added
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Fig. 3 Plasma nickel concentration at intervals over 24 hours in a single subject following a dose of 22.4 mg of
NiSO,-6H;0 (5 mg of elemental nickel) in water. The dotted line represents the subject studied by Spruits and
Bongaarts (38). The solid line represents a subject studied in the present study.

nickel. The changes were again similar to nickel response to the Guatemalan meal, with
those during simple fasting (fig. 4) and no or without added nickel.
difference was detected between the plasma Effect of common beverages on nickel

20 -
Guatemalan meal alone
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Fig. 4 Change in plasma nickel concentration (means * SE) at 4 hourly intervals following consumption of a
standard Guatemalan meal, with or without 5 mg of nickel, and North American breakfast with 5 mg of nickel.
The number of uncontaminated specimens (3) at 1 hour was insufficient for inclusion of a mean. Dotted line
represents the mean of the change in fasting plasma nickel levels. Each bar represents the mean of five subjects.
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absorption. When the nickel sulfate was
mixed with each of five beverages, plasma
nickel levels rose significantly above fasting
concentrations at hours 2, 3 and 4 post-inges-
tion (fig. 5). with respect to the rise in plasma
nickel after nickel sulfate in water, tea re-
duced the elevation at 3 hours (P < 0.05),
orange juice and coffee at 2 hours (P < 0.05)
and 3 hours (P < 0.05), and milk at 2 hours
(P <0.025) and 3 hours (P <0.05). With
Coca Cola®, on the other hand, the rise in
plasma nickel was not significantly lower at
any time interval that the increment pro-
duced by the aqueous solution of nickel
alone.

Effect of phytic acid and ascorbic acid on
nickel absorption. Two chemically-defined
dietary substances that affect the absorption
of a number of trace elements are phytic acid
and ascorbic acid. We tested phytate and
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nickel in a 2:1 molar ratio by adding 112 mg
of phytic acid and 5 mg of nickel to 100 ml
of water and allowing it to stand overnight.
Phytic acid did not significantly affect plasma
nickel (fig. 6). When 1 g of ascorbic acid was
added to the standard dose (fig. 6), the rise
in plasma nickel was significantly suppressed
(P < 0.05) at 2 hours and 3 hours, compared
to nickel in water.

Effects of NaFeEDTA and Na,EDTA-
2H,0 on nickel absorption. Uncertainty re-
mains regarding the differential biological
behavior of sodium EDTA, a commonly used
food preservative, and sodium iron EDTA,
a substance proposed for iron fortification of
foods for humans. When table sugar was for-
tified with NaFeEDTA at 1 ppm in field
trials in four Guatemalan villages, daily con-
sumption was 40 mg (Viteri, F. E. Unpub-
lished datum). For either form of EDTA, 40
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Fig. 5 Change in plasma nickel concentration (means + SE) at 4 hourly intervals following ingestion of 22.4 mg
of NiSO,-6H,0 (5 mg of elemental nickel) in 250 ml of 5 beverages: cow milk; orange juice; tea; coffee; and Coca
Cola®. The lower border of the shaded area represents the mean of the changes in plasma nickel level after ingestion
of 5 mg of nickel in water. Each bar represents the mean of five subjects.
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Fig. 6 Change in plasma nickel concentration (means
+ SE) at 4 hourly intervals following ingestion of 22.4
mg of NiSO,-6H;0 (5 mg of elemental nickel) with 1
g of ascorbic acid or 112 mg of phytic acid. The lower
border of the shaded area represents the mean of the
changes in plamsa nickel level after ingestion of 5 mg
of nickel in water. Each bar represents the mean of five
subjects.

mg represents an EDTA:nickel molar ratio
of 1.27:1. We tested each combination in five
subjects. The rise in plasma nickel was re-
duced significantly by NaFeEDTA at the 2-
hour interval (P < 0.05) and at all hourly in-
tervals by Na,EDTA. At the third and fourth
hours after ingestion of the nickel and
Na,EDTA solution, mean plasma nickel lev-
els were actually significantly lower than the
corresponding fasting levels (P < 0.05).

DISCUSSION

Since the biohazards from radioisotopes of
nickel are prohibitive, and the stable isotope
tracer technology is not yet established, we
exploited the observations of Spruits and
Bongaarts (38)-that a 5 mg oral dose of nickel
produces a detectable rise in plasma concen-
tration-to develop preliminary observations
on factors affecting nickel absorption. This
approach is safe and acceptable; none of our
subjects exhibited allergic or other adverse
reactions or side-effects.

The change-in-plasma-concentration ap-
proach was used in early investigations of
iron absorption in humans (45-48), but the
nutritional requirement of the host for iron
was a major determinant variable (49, 50).
The same experimental approach has been
used more recently in studies of zinc absorp-
tion (34, 34, 39-44). In table 1, we compared
the variance of the mineral concentrations
in plasma between our data for nickel and
each of six sets of published data for zinc
(24, 29, 42, 43). In terms of relative inter-
individual variance, the change-in-plasma-
concentration method apparently is not more
variable for nickel than for zinc. The ana-
lytical determination of plasma nickel, how-
ever, is more tedious and complicated than
that for other trace elements, because nickel
is present at relatively low levels and is much
more susceptible to exogenous contamination
during handling and processing. In the single
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Fig. 7 Change in plasma nickel concentration (means
+ SE) at 4 hourly intervals following ingestion of 22.4
mg of NiSO,-6H,0 (5 mg of elemental nickel) with 40
mg of NaFeEDTA or 40 mg of Na,EDTA-2H;0 in 100
ml of water. The lower border of the shaded area rep-
resents the mean of the changes in plasma nickel level
after ingestion of 5 mg of nickel in water. The dotted
line represents the mean of the changes in fasting plasma
nickel level. Each experiment represents the mean of
five subjects.
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TABLE 1

Comparative variance in circulating mineral concentrations after aqueous doses

Aqueous Time post-dose
mineral No. of Reference
dose 2 hours 3 hours 4 hours subjects source
5 mg Ni** 107.0 = 19.4° 115.0 £ 25 104.0 = 21.4 5 Present
g (18.3%) (21.7%) (20.5%) study
. 151.4 + 19.4 135.6 + 4.8 120.2 + 13.1
ko mg Zn (12.8%) (3.5%) (10.8%) . rek. 24
4 212 + 42
25 mg Zn (19.8%) — — 6 ref. 39
P 195 + 25
25 mg Zn — (12.8%) — 8 ref. 42
2 ++ 280 + 45 221 + 68
50 mg Zn (16.1%) - (30.1%) 16 ref. 43
e 336 = 20
50 mg Zn (6.0%) — — 6 ref. 39
+ 239 + 58
50 mg Zn — (24.3%) - 8 ref. 42

* Means £ SD for nickel concentration in ug/l.
in parentheses are the relative standard deviations.

subject whose plasma nickel was followed for
24 hours in response to a 5 mg dose of nickel,
(fig. 3) the curve resembled that recorded by
Spruits and Bongaarts (38). Plasma clearance,
however, apparently differs between nickel
and zinc. Whereas both minerals reached
their maximum plasma increments between
2 and 3 hours postingestion, zinc generally
returned to baseline values by 6 hours (34)
while nickel required more than 24 hours
(fig. 3).

The same qualifications previously noted
for zinc (34, 44) apply to our data for nickel.
These reservations are a) the tracer dose is
outside of the physiological range; b) nickel
clearance and enterohepatic circulation or its
internal redistribution may affect the curves
in unknown ways: and c¢) the change-in-
plasma-concentration method probably mea-
sures the rate of nickel uptake, rather than
net absorption. Nonetheless, consistent and
differential information was produced in dif-
ferent experimental situations with this
method. We consider it reasonable to assume
for nickel, as well as for zinc (34), that the
area under the discontinuous curve of plasma
concentration reflects intestinal absorption of
the element.

b Means + SD for zinc concentration in pg/dl. The number

Background data were not available on
nickel bioavailability in man, so we devised
treatments based on experience with other
divalent trace minerals-iron, zinc, and cop-
per-for which findings regarding intestinal
absorption have recently proliferated. The
absorption of the aforementioned elements
can be depressed by binding- or chelating-
substances, competitive inhibitors, or redox
reagents; absorption is often enhanced by
substances that improve pH, solubility, or
oxidation, or by such chelating agents (e.g.
amino acids) which are actively absorbed.
Those compounds are found, alone or in com-
bination, in the various beverages and meals
tested in the present study.

Orange juice contains three potential fac-
tors that might affect trace mineral absorp-
tion: ascorbic acid, citric acid, and pectins.
Tea, and to a lesser extent coffee, contain
tannins. Tea is a potent inhibitor of iron ab-
sorption (51, 52) and coffee inhibits absorp-
tion of iron (81) and zinc (34, 36, 42). Cow
milk inhibits the absorption of iron (53) and
zine (39, 54); the constituents of bovine milk
that were implicated as inhibitors of trace
element absorption are calcium, inorganic
phosphates, and proteins. In the present
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study, all four of these beverages limited
nickel uptake by roughly the same amount.
Finally, Coca Cola®, despite its high content
of carbonates and phosphates, apparently
does not affect the absorption of iron or zinc,
and has, in fact, been used as a vehicle for
the administration of tracer doses of these
minerals in human experiments (28, 55).
Coca Cola® was the only one beverage stud-
ied that did not inhibit the absorption of
nickel.

On the basis of in vitro chemical studies
(27), Nielsen (28) postulated that phytic acid
might inhibit nickel absorption. The Guate-
malan diet is extraordinarily rich in phytate
as well as dietary fiber and calcium, all po-
tential inhibitors of the absorption of divalent
cations (34). The test meal used in the present
study is identical to that used previously (31,
34), except that the 40 g of sweet roll was
eliminated. Like iron (31) and zinc (34, 35),
nickel was markedly inhibited in its intestinal
absorption by the typical, rural, Guatemalan
diet.

Two additional observations suggest that
dietary components other than phytates are
responsible for the reduction in nickel ab-
sorption. First, the representative North
American breakfast of eggs, bacon, toast,
margarine and coffee-relatively poor in fi-
ber, phytates, and calcium, but rich in lipids
and nitrates-dramatically reduced the incre-
ment in plasma nickel. Second, in marked
contrast to the experience of Pecoud et al.
(39) with zinc and phytic acid in aqueous
solution, in which a 1:6 phytate:mineral ratio
produced a 40% reduction in plasma zinc
elevation, phytate:nickel molar ratio of 2:1
in aqueous solution here had no effect on
nickel uptake. In fact, phytic acid proved to
be the only chemically-defined dietary con-
stituent without inhibitory effects. Several
investigators (34, 39, 56-58) showed that cir-
culating zinc concentration declined pro-
gressively after meals, but we found no ev-
idence for a similar postprandial fall in
plasma nickel levels after a standard, unla-
beled meal.

Ascorbic acid (AA), a natural dietary re-
ducing- and acidifying-agent, profoundly
elevated the absorption of inorganic (non-
heme) iron (59, 60), but depressed the ab-
sorption of dietary copper (61). AA did not

affect the absorption of inorganic zinc or co-
balt (44). We found a depression of nickel
absorption in the presence of 1 g of AA. The
Ni:AA molar ratio in the present study is 1.5
X 1072, If we assume that an ordinary break-
fast contains between 100 and 200 ug of
nickel (15), and that 8 oz. of orange juice
contains 100 mg of AA (62), the Ni:AA ratio
in our experimental meal would exceed that
in a routine breakfast. The nickel:ascorbate
interaction should be examined throughout
a wide range of Ni:AA molar ratios to de-
termine the nutritional significance of di-
etary AA on the bioavailability of nickel.

Our interest in NaFeEDTA stems from the
proposal for its use as an iron-fortifying agent
for the people of Central America (31, 34).
The EDTA, itself, reduced the absorption of
iron (63). When added to animal feeds, how-
ever, EDTA improved the bioavailability of
zinc for poultry (64-68) and rats (69).
NaFeEDTA is an effective agent for iron
fortification (31, 70-72) and, in doses of 15
and 40 mg, did not interact with a 25 mg
dose of zinc (34). When we tested the general
safety of NaFeEDTA for man by adding 40
mg to the 5 mg dose of nickel, nickel ab-
sorption was suppressed only at 2 hours. The
Na,EDTA.-2H,0, however, not only com-
pletely attenuated plasma nickel increments,
but also caused a net decrement in circulat-
ing nickel levels at 3 and 4 hours. Although
EDTA is commonly used as a preservative
in foods, the precise relevance of this finding
is not immediately evident. The fact that the
competitive action of NaFeEDTA is appar-
ently distinct from that of the iron-free che-
late, however, reinforces our notion of the
relative safety of NaFFeEDTA as an iron-for-
tifying agent for humans.

Since chemical analyses of human diets
consumed in the U. S. have indicated that
the total nickel content approximates the the-
oretical requirement, the major determinant
of its nutritional adequacy would be its bio-
availability. Additional questions remain re-
garding other dietary constituents and pos-
sible competitive interactions with other
trace minerals. The present research, how-
ever, permitted a preliminary investigation
of dietary factors influencing the absorption
of inorganic nickel by man, and set the stage
for a more complete elucidation of factors
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affecting the bioavailability of nickel in the
human diet. Moreover, the present study was
conducted with pharmacological doses of in-
organic nickel. Experimental evaluation of
the absorption of physiological doses of
nickel must await developments in stable
isotope technology. Little is known about the
actual chemical forms of nickel in various
foods or whether dietary nickel has distinct
“organic” forms with enhanced bioavailabil-
ity analogous to those of iron (73) and chro-
mium (74). If so, the interpretation of the
results requires additional qualifications.
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