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Studies on the bioavailability of zinc in humans:
intestinal interaction of tin and zinc"
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ABSTRACT  Mineral/mineral interactions at the intestinal level are important in animal
Autrition and toxicology, but only limited understanding of their extent or importance in humans
ats been developed  An hibitory interaction of dictary tin on zine retention has been recently
lesenibed from human metabolie studies We have explored the un/ane intraction using the
change-in-plasma-zine concentration method with a standard dosage of 12.5 mg of zine as zinc
sultate m 100 m1 ol Coca-Cola. Sn/Zn tatios of 2- 1, 4:1, and &: 1, constituled by addition of 25, 50,
and 100 g ot tn as stannous chlonde, had no spothcant overall effect on zine uptake, The 100-
mg dose of un produced noxtous gastromtestinal symptoms. Addition of iron as ferrous sulfate to
torm ritios ol SutesZn ol 121 Fand 2.2 1 with the standard zaae solution and the appropriite
doses ol i produced a teduction of zine absorption not dissntar from that seen previously with
zme and iron alone, and addivon ol picolinic acd did not influence the uplake of zinc from the

solution with the 2-2: 1 Sn/Fe/Zn ratio.
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Introduction

An important aspect of mammalian metab-
olism of trace minerals is the competitive
interaction of chemically similar metal ions
at the intestinal level (1). There appear to be
at least two mechanisms of antagonistic min-
eral/mineral interactions. One type involves
direct competition between two nunerals si-
multaneously present in the intestinal luman;
thus, Zn/Cu ratios of 1000:1 reduce the up-
take of "Cu from rat intestine (2). The other
type involves induction of an intestinal block-
ade; thus, chronic feeding to rats of diets
containing 30 to 240 ug/g of zinc significantly
reduced the uptake of copper from everted
gut sacs (3). Both types of mineral/mineral
interactions can have important implications
for human nutrition.

Recently, interest has been focused on a
competitive interaction of tin and zinc. Gre-
ger and Johnson (4) showed a significantly
greater fecal loss of zinc in rats fed a diet
containing 2006 pg/g of tin as stannous chio-
nide as compared 1o rats on an unsupple-
mented diet. The zine content of tibia and
kidney of the un supplemented vats was also
significantly less than that of controls after a
21-day experimental period. Johnson et al (3)
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fed human volunteers two diets containing
13.5 mg of zinc, but differing in their tin
content in a cross-over design for periods of
20 days each. The tin-supplemented diet con-
tained 50 mg of tin, whereas the control diet
had <1 mg. Subjects excreted significantly
more zinc in stools and significantly less zinc
in urine on the tin-enriched diet, and net zinc
retention was decreased by tin-feeding as
well.

Previous studies in our laboratory of one
of our authors (NWS) have shown that the
change in plasma zinc concentration after an
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oral dose of 25 mg of zinc is reduced by
simultaneous administration of 50 or 75 mg
of ferrous iron (6, 7). Manipulation of con-
ditons known to affect the absorption of iron
allowed a mechanistic inquiry into the cellu-
Lar localization of 1ron/zine interaction (7).
I'he demonstration by Greger's group ol a
tin/sinc interaction (4, 5) potentially offered
another model for explonag the intestinal
interaction of zine with a chenucally sumilar
mineral in humans. In the present study, we
have used the change in plasma zinc concen-
tration after an oral dose of 12.5 mg of zinc
to examine the tin/zinc interaction in healthy
adult subjects.

Methods

Subjects

The protocol had been approved by the Committee
on the Use of 1lumans as Experimental Subjects of the
Massachusetts Institute of Technology. All subjects gave
written consenl after the nature and purpose of the
procedures had been explained. A total of 24 healthy
adults without evidence or suspicion of gastrointestinal
disease, 15 men and nine women, participated in a total
of 40 zinc absorption tests. Sixteen individuals partici-
pated on only one occasion while eight subjects were
studied on two or more occasions, always in a difterent
experimental treatment. An interval of at least | wk,
ofien several months, between studies was observed with
repelitions of absorption testing in a given subject.

Absorption tests

“The procedure was a modification of the method
previously described (8). A sample of 4 ml of venous
blood was drawn at approximately 8:00 h afier an over-
night fast. The test solution ot 12.5 mg of zinc as zine
sulfate (JT Buker Chemical Co, Phillipsburg, NJ) in 100
ml of Coca-Cola was administered orally, and blood
samples were collected at hourly intervals at 1, 2, 3, and
4 h postdose. Subjects were ambulatory and were al-
lowed 10 consume water, but no sclid foods or other
beverages were permutied during the duration of the
morning.

Blood was extracted using zinc-free plastic syringes
and stainless steel needles, and transferred to plastic
I-alcon tubes (Becton-Dickinson, Oxnard, CA) contiun-
ing 0.05 m} of 200¢ potassium oxalate solution as the
anticoagelant. The blood was centriluged, the red cells
discarded, and the plasma stored under refrigeration in
Falcon wbes until analysis. Plasma zine determinations
were made by atoniic absorption spectrophotometry on
a Perkin-Elmer 290B spectrophotometer (Perkin-Elmer,
Norwalk, CT), and the plasma zinc concentrations were
expressed in pg/dl.

Doses of minerals in oral solutions

The 12.5 mg of zinc in solution was consumed alone,
or with addition of vanous ratios of other minerals as
inarganie salts, including un (stannous chloride, Mal-
linkrodt Inc, St Lows, MO), and iron (lerrous sullate,
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Matheson, Coleman & Bell, Norwood, OH) to produce
graded Sn/Zn and Sn/Fe/Zn ratios. In a further exper-
iment, 94 mg of picolinic acid (Sigma Chemical Co, St
Louis, MO) was added to the test solution. Six absorption
tests were conducted with each dosage except for the one
contaning an 8:1 Sn/Zn ratio in which only four indi-
viduals pinnticipated.

Data analysiy

The descriptive statistics included calculations of
meuns (£ SEM) for the change in plasma zine for cach
of the hourly sampling intervals and the area under the
curve of individual changes in plasma zinc concentration
determined by trinngulation. Comparisons were made
by the “Student’s™ ¢ test. Although some individuals
participated in more than one treatment, each absorption
lest result was considered as independent in the statistical
comparisons between treatments, The power considera-
tions are based on the pooled variance in the test with
zinc alone using a two-tailed assumption.

Results

The mean change in plasma zinc concen-
tration (£ SEM) in six subjects after ingesting
12.5 mg of zinc alone in 100 ml of Coca-Cola
was 45 £ 10,55 £ 4,41 £ 4, and 24 = 3 pg/
dl, respectively, at 1, 2, 3, and 4 h postdose.
Figure 1 shows the curves of the change in
plasma zinc levels after the oral dose of 12.5
mg of zinc alone, or mixed with 25, 50, or 100
mg of stannous tin to comprise Sn/Zn ratios
of0,2:1,4:1,and 8: 1, respectively. The mean
rise in zinc concentration differed signifi-
cantly from the pattern of zinc alone only for
the 3-h postdose interval when the zinc was
administered along with 100 mg of tin (p <
0.05). In terms of the average area under the
discontinuous curves for the change in
plasma zinc levels, expressed in arbitrary
units of ‘ug/dl-h, the respecive treatments
produced the following values: 154 = 18; 117
+ 21, 123 + 9, and 136 = 12. There are no
statistically significant differences between or
among these areas under the plasma concen-
tration curves. The experiment involving the
100-mg dose of tin was terminated prema-
turely when the first four subjects expen-
enced nausea, cramps, and loose stools after
ingestion of the dose.

Subsequently, mixtures of three minerals—
tin, zinc, and iron, were studied 1n two con-
figurations: /) with 12.5 mg of zinc, 12.5 mg
of ferrous iron, and 12.5 mg of stannous tin;
and 2) with 12.5 mg of zinc, 25 mg of iron,
and 25 mg of tin. These mixtures compro-
mised Sn/Fe/Zn ratios of 1:1:1 and 2:2:1,
respectively. As shown in Figure 2, a marked
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FIG 1. The mean change in plasma zinc concentration over 4 h after the ingestion of 12.5 mg of zinc as 55 mg
of zinc sulfate: alone (n = 6), or with 25 mg of tin (n = 6), 50 mg of tin (n = 6), or 100 mg of tin (n = 6) as stannous

chloride.

teduction in the excursion of zinc, as com-
pared with that produced by 12.5 mg of zinc
alone, was observed, with significant reduc-
tions in the rise of plasma zinc at all intervals
with the 1:1:1 combination, and at postdose
h I 10 3 with the 2:2:1 mixture. The mean
area under the plasma appearance curves, 49
x 10and 52 = |1 pug/dl-h, respecuvely, were
also significantly reduced with respect to the
standard curve, 154 + 18 ug/dl-h (p <0.001).
The addition of 94 mg of picolinic acid (PA)
tothe 2:2:1 Sn/Fe/Zn solution in six absorp-
tion studies, produced increments in mean
plasma zinc concentrations that were slightly,
but significantly, greater than those observed
with the corresponding tin-iron-zinc mixture
without PA at the Ist (p < 0.05) and the 3rd
(p < 0.025) postdose hours, respectively. The
overall areas under the change-in-plasma-

zinc-concentration curves, however, 69 + 5
and 52 * 11 pg/dl.h, for the treatment with
and without PA, respectively, were not sig-
nificantly different.

Discussion

As recently reviewed (9), the plasma ap-
pearance method for assessing zinc absorp-
tion in human subjects after ingestion of
pharmacological dosages of zinc, ranging
from 12.5 te 216 mg, has been used in at least
14 published reports. It has obvious advan-
tages over radioisotopic methods in terms of
reduced biohazards, over stable isotope meth-
ods in terms of unalytical simplicity, and over
metabolic balance techniques in terms of te-
dium, high cost, labor, and convenience. The
plasma appearance method has acknowl-



BIOAVAILABILITY OF ZINC IN HUMANS

edged disadvantages, however, related to the
unphysiological nature of the dose, the de-
pendence of plasma curves on rates of clear-
ance as well as on rates of uptake, and the
possibility that only the initial rate ol absorp-
tion is reflected by the procedure (8). When
used under constant conditions of dosage and
delivery, however, this method is acceptable
for assessing differences among treatments
(10). Dosages of 25 and 50 mg of zinc have
been used most extensively to date (9), but
Oelshlegel and Brewer (1!) demonstrated a
significant increment in plasma zinc with 12.5
mg doses of zinc and zinc sulfate, zinc car-
bonate and zinc acetate. We have lowered the
dosage to that level to bring it closer to the
amount of zinc that would normally be 1n a
meal (~5 mg), and to allow for greater vari-
ation in ratios among minerals.

Human tin intakes are quite variable, the
most powerful determinant being exposure of

(e ]
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food to storage in tin-alloyed containers (12).
The mean daily tin intake in the US in 1940
was estimated to be 17 mg/day (13), but daily
consumptions ranging from 50 to 200 mg
have been observed or projected under cir-
cumstances of food storage in tin-lined recep-
tacles (14-16). The tin and zinc content of the
experimental diet used by Johnson et al (5),
49.7 and 13.5 mg, respectively, provided a
Sn/Zn ratio of about 4: I; their observed frac-
tional reduction in apparent zinc absorption
was 16%. Using the plasma appearance
method in the present study, we have brack-
eted this ratio with tin and zinc in 2:1 and
8:1 proportions as well. Throughout our se-
ries, no convincing tendency toward reduced
uptake of zinc into plasma was observed
through this gamut of Sn/Zn ratios.

The apparent contrast of our results to the
findings from metabolic studies (5) might be
explained, however, on the basis of the rela-
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FIG 2. The mean change in plasma zinc concentration over 4 h after the ingestion by six subjects each of 12.5 mg
of zinc: alone, with 12.5 mg of tin and 12.5 mg of ferrous iron, and with 25 mg of tin and 25 mg of ferrous iron

withoul or with 94 mg of PA.
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tive insensitivity of the plasma appearance
technique—with coefficients of variation for
the mean rise in plasma zinc of 18 to 53%. By
contrast, the metabolic balance method used
by Johnson et al (5) had less variance and
each participant was used as his own control
In a cross-over design. They thus had inher-
ently greater statislical power to determine
small differences between dietary treatments.
We have estimated, based on the observed
variance in the means of plasma zinc concen-
tration change, that with six subjects per
treatment group, a reduction of plasma zinc
excursion of about 40% would have been
required for a predictable 90% certainty of
finding significant differences at the 0.05
probability level.

If, however, our findings of no difference
in zinc absorption through the range of Sn/
Zn ratios be accepted as explaining the true
physiology, an intriguing possibility, consid-
ered by Johnson et al (5), that the action of
tin in increasing fecal losses of zinc and re-
ducing whole-body retention might not be
due to an inhibition of the uptake of dietary
zing, but rather due to enhancement of excre-
tion of endogenous zinc, emerges. Itis known,
for instance, in both rats (17) and cattle (18),
that the distal segments of the intestinal tract
play an important role in zinc conservation,
and the importance of an enteropancreatic
circulation of zinc for maintaining normal
human zinc balance has recently been cited
(19). If tin, indeed, has no “first pass” effect
on the absorption of an oral dose of zinc, it
is possible that it might act on the biological
availability of endogenous zinc excreted into
the intestinal lumen.

Whatever be the resolution of the discord-
ance between our findings and those of John-
son et al (§), it is clear that the combination
of tin and zinc in progressively higher Sn/Zn
ratios does not offer the anticipated tool for
exploring an additional human model of min-
eral/mineral interactions involving zinc, at
least using the plasma uptake approach; and
we are constrained in the use of higher Sn/
Zn ratios by the adverse symptoms experi-
enced by subjects when the 8:1 ratio was
applied. Benoy et al (20) reported the occur-
rence of similar gastrointestinal manifesta-
tions when volunteers ingested a solution of
tin in fruit juices of 140 mg/dl in amounts

SOLOMONS ET AL

corresponding to 5 to 7 mg/kg. Although our
absolute dose was less than half of the former
on a per kg body weight basis, the concentra-
tion of tin in the test solution was roughly
equivalent to that of Benoy et al (20), sug-
gesting that the dilution of the tin, rather than
its total delivery, may be a deternunant factor
in human gastrointestinal sensitivity to stan-
nous salts.

The addition of iron to the Sn/Zn solution
produced a significant reduction in zinc up-
take into plasma. The effect with a 1:1 Fe/
Zn ratio in the presence of the additiional
one part of tin was qualitatively more pro-
nounced than we had observed with this ratio
of iron and zinc alone (6). The 2:1 Fe/Zn
ratio with two parts of tin produced a per-
centage reduction in the area under the curve
comparable to that in our previous report.
Interestingly, the addition of 94 mg of PA to
the 2:2:1 Sn/Fe/Sn mixture (the Zn/PA mo-
lar ratio being 4:1) did not have a profound
effect of releasing the zinc from the absorp-
tive inhibition by ferrous iron. We have pre-
viously observed a complete reversal of the
intestinal iron: zinc competition as the only
demonstrable effect of PA on zinc absorption
with the plasma zinc appearance method in
human subjects (21). Evans and Johnson (22)
found PA capable of reducing the iron/zinc
interaction from iron-rich diets in rats. No
mechanistic assessment of the factors in the
four-way combination of zing, tin, iron, and
PA and the resultant plasma zinc uptake can
be offered until more detailed studies of the
phenomenon have been conducted.

In conclusion, with a range of Sn/Zn ratios,
we have been unable to demonstrate clear
inhibition of the plasma appearance of zinc
in normal volunteers ingesting 12.5 mg of
zinc in an aqueous solution, but the addition
of iron to the tin/zinc mixture produced the
same or slightly more than the expected re-
duction in plasma zinc concentration previ-
ously observed with zinc and iron alone. Cer-
tainly no antagonism and no unequivocal
evidence of synergism of inhibitory effect on
zinc absorption can be derived from our ex-
periments with iron and tin combined. In the
presence of tin, the previously observed re-
versul of iron inhibition of zine absorption by
PA was not seen. The recent demonstration
in rats (4) and humans (5) of a competitive
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interaction between dietary zinc and tin rep-
resents a potentially important nutritional ob-
servation. The interaction of the two minerals
in experiments based on the change in plasma
zinc concentration did not approach the mag-
nitude seen previously with the combination
of iron and zinc using this same experimental
approach. It is possible that the mechanisms
of interaction of iron on zinc and tin on zinc
in the human intestine are fundamentally
different. More detailed investigation with a
combination of experimental techniques will
be necessary to further characterize and con-
trast the physiology of mineral/mineral.inter-
actions involving zinc and chemically similar
divalent cations in the diet.
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