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Abstract

Background—Extrinsic labeling techniques are typically used to measure fractional absorption
of zinc (FAZeytrinsic) but none have been adequately evaluated.

Objective—To compare determination of the quantity of zinc absorbed (TAZgygrinsic) USing
measurements of FAZqyqrinsic With results of simultaneous determinations of dietary zinc absorbed
(TAZmetanolic) that are not dependent on labeling ingested food with an extrinsic tracer (modified
metabolic balance technique).

Design—79Zn was administered orally with all meals for 6 consecutive days to 21 healthy, free-
living adult women consuming a constant diet. %8Zn and 67Zn were administered intravenously.
FAZ oy irinsic Was measured using a dual isotope tracer ratio technique and multiplied by dietary
zinc to give TAZ extrinsic TAZmetabolic Was determined by addition of net absorption of zinc and
endogenous fecal zinc, the latter determined by an isotope dilution technique.

Results—TAZgyirinsic ad TAZ metabolic Were 3.0 £ 1.1mg/day and 3.1 + 1.1 mg/day respectively,
paired t-testp = 0.492. The correlation coefficient for TAZgytrinsic aNd TAZ metabolic Was 0.91, and

for FAZ gxtrinsic and FAZ metanolic Was 0.95. A Bland Altman analysis indicated a bias of 0.07, and

the limits of agreement of —0.86 to 1.01 for TAZextrinsic ahd TAZmatabolic

Conclusion—These results from two independent methods provide reasonable validation of our

extrinsic labeling technique for a wide range of composite diets.
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Introduction

The advent of zinc stable isotope techniques has facilitated the measurement of zinc
absorption from diets in human subjects. Concurrently, the demand for measurements of
zinc absorption has grown paralleling the recent growth of interest in human zinc nutrition
[1-4]. These measurements are almost invariably made utilizing an extrinsic labeling
technique, despite limited and even questionable evidence that the absorption of this
extrinsic tracer mimics the absorption of zinc endogenous to the food in the test meal [5-9].

Measurements of the quantity of dietary zinc absorbed by intrinsic labeling of foods are
cumbersome, relying on tracer labeling of individual food components during production.
This approach is expensive and limited at best to a few selected food items. There is an
alternative approach which requires neither extrinsic nor intrinsic labeling but which
provides a means of determining the absorption of dietary zinc. This alternative technique,
referred to as the “modified metabolic balance technique,” requires metabolic balance
measurements to determine net absorption of zinc together with isotopic measurement of
intestinal excretion of endogenous zinc. The sum of these two measurements gives tge
quantity of dietary zinc absorbed [10]. This approach, too, is cumbersome as it requires
quantitative metabolic collections of all feces and accurate collection of duplicate diets.
However, for the determination of absorption of dietary zinc it does have several advantages.
It is relatively inexpensive, can be applied to the widest possible range of composite meals,
and can be used for determining the quantity of zinc absorbed over an entire day or for
longer periods. Because this method is awkward and depends on very accurate metabolic
collections, it is not surprising that extrinsic labeling techniques are those that are almost
universally applied in practice. Extrinsic labeling techniques vary widely. For example, the
isotopic label may be mixed in with the meal, when homogeneity of mixing is obviously
vital as is accurate measurement of plate waste. After a series of pilot studies, we have, for
many years, administered the extrinsic zinc label in an aqueous solution of zinc sulfate. The
quantity given is proportional to the total quantity of endogenous zinc in each meal. The
subject starts to sip this solution of extrinsic zinc label approximately half way through each
meal and continues to sip for the remainder of the meal. This method, as with all extrinsic
labeling techniques, assumes that the food’s endogenous zinc and the extrinsic zinc label
mix in a common pool in the stomach. Our timing of the dose is to assure that there is
substantial food in the stomach when the isotopic solution starts to enter that organ. The
measurement achieved with extrinsic labeling is that of fractional absorption of zinc.
Measurement of the total quantity of zinc ingested is also necessary to determine the
quantity of zinc absorbed.

The objective of this study was to compare the results of simultaneous measurement of zinc
absorption by the modified metabolic balance technique (TAZ netabolic) @nd our extrinsic
labeling technique (TAZextrinsic), taking advantage of a more extensive study of zinc
homeostasis in healthy women in Colorado [11].
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Subjects and methods

Study design

Subjects

Study diet

This study was a part of a larger zinc homeostasis study. Free-living, apparently healthy
subjects were studied. Fecal excretion of endogenous zinc (EFZ) was measured by an
isotope dilution technique [12] and was added to net absorption of zinc (NAZ) to determine
TAZ metabolic- NAZ was determined from the difference between total dietary zinc and total
fecal zinc for the 6-day metabolic period. FAZaytrinsic Was determined by a dual isotope
tracer ratio technique (DITR) [12-15], in which extrinsic zinc stable isotope label was
administered with each meal for the same 6-day period. The study timeline is summarized in
Figure I.

Twenty-one female volunteers, 21-49 years of age (median 33.0) with a mean + SD body
mass index (kg/m?) of 24.1 + 4.2 participated in the experiment. These healthy volunteers
were recruited from the Denver metropolitan area. The study was approved by the Colorado
Multiple Institutional Review Board. Written consent was obtained from all participants.

Immediately following enrollment, participants met with a member of the staff of the
General Clinical Research Center nutrition research team to receive instruction in the
completion of a 7-day diet record. The 7-day diet record was analyzed by using the Nutrition
Data System for Research, version 4.04_32 (Nutrition Coordinating Center, University of
Minnesota, Minneapolis, MN). Mean * SD daily zinc intake was 11.4 + 5.7 mg. A constant
3-day rotating diet with energy, zinc, and phytate intakes based on this record and. in
consultation with the participant was then designed specifically for each subject. In
particular, the constant daily diet was designed to provide an amount of dietary zinc similar
to a subject’s usual zinc intake as indicated by analysis of the diet records. The median
(range) of intakes of energy were 1907 (1402-2353) kcal/day; protein 76 (54-103) g/day;
zinc 7.3 (5.2-28.2) mg/day, and phytate 778 (255-2075) mg/day. This constant diet was
consumed from 7 days prior to the metabolic period through completion of the collection
period. The meals were prepared in the General Clinical Research Center (GCRC) kitchen
and collected on a daily basis by participants. During the 7-day metabolic study period, all
meals were consumed under supervision either in the GCRC or in the Investigators’ nutrition
laboratories. Duplicate dietsfrom each day were also collected for_ laboratory analyses of
total zinc in the diet.

Isotope preparation and administration

Enriched stable zinc isotopes were obtained from Trace Science International, Ontario,
Canada. Accurately weighed quantities of each isotopically enriched preparation were
dissolved in 0.5 mol H,S04/L and then diluted in triply deionized water to prepare a stock
solution. For preparation of orally administered doses, the stock solution of enriched 79Zn
was diluted and titrated to pH 3.0 with metal-free ammonium hydroxide. This solution was
filtered through a 0.22-um filter to make a sterile solution. For preparation of intravenously
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administered doses of 67Zn and 8Zn, sterile techniques were used. The stock solutions were
diluted and adjusted to pH 6.0, then filtered through a 0.22-um filter to make a sterile
solution. The University of Colorado Hospital Clinical Lab performed aerobic and anaerobic
cultures to ensure sterility of the product. The solution was also tested for pyrogens prior to
use. Concentrations of zinc in the isotope preparations were determined in triplicate by
atomice absorption spectrophotometry and concentration measurements were adjusted for
the different atomic weights of the preparations.

An accurately weighed quantity of sterile $8Zn (~4 mg) was administered intravenously 7
days before the metabolic period. This tracer was used for the isotope dilution technique to
determine endogenous fecal zinc. The tracer was administered over a thirty-minute interval
via a scalp vein needle in a superficial forearm vein with a 3-way closed stopcock system.
This allowed rinsing of the delivery syringe twice with N-saline contained in a second sterile
syringe. An accurately weighed quantity of 67Zn (~1 mg) was administered intravenously
over a ten-minute interval on day 10 at 9:00 am. The timing of the 87Zn intravenous
administration was optimized to ensure the accuracy of the dual tracer FAZaytrinsic
determinations by means of a simulation of the tracer administration and sampling protocols
using a compartmental model of human zinc metabolism [16]. The simulation was
performed by using WinSAAM 3.0 software (University of Pennsylvania, Kennett Square,
PA).

A total of approximately 1~2 mg 79Zn (accurately weighed) was administered, orally
divided between all meals for 6 days commencing with dinner on the first day of metabolic
period and continuing through lunch on the sixth day of metabolic period. The traccr was
administered in a solution starting halfway through the meal and sipped through the second
half of the meal. The zinc-free plastic tube containing the isotope was rinsed three times
with zinc-free water and this water was also administered orally to the participants. The
amount given with each meal was roughly proportional to the total zinc in different meals
typical for each subject. Dietary zinc intake ranged from 5.2 to 28.2 mg/day with an average
of 11.4 + 7.2 mg/day. The quantity of oral 79Zn tracer administered with meals was 0.2 to
0.3 mg/day or a maximum of 5.8 % of zinc in the diet.

One capsule containing ~ 50 mg of brilliant blue was administered immediately prior to the
first dose of 79Zn and again 6 days later at the same time, to mark the fecal collection period.
Approximately 0.050 mg of the non-absorbable rare earth element dysprosium (Dy)
(accurately measured) was added to each 79Zn oral dose administered with a meal during the
metabolic period and measured subsequently in the fecal samples to monitor the
completeness of collections.

Sample collection

All stools were collected from the time of the first 0Zn-labeled feed until the second fecal
marker passed completely. Feces were collected separately and quantitatively in plastic bags.
Complete 24-hour urine collections were collected in a zinc-free plastic container from days
7-13 during the metabolic period. Additionally, timed, clean-void midstream urine samples
were collected twice daily from days 16 to 21. The times for each collection were noted on
the specimen cup and log sheets. Duplicate meals were collected during the 6-day metabolic
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periods. Any plate waste food was collected. A baseline fecal and urine specimen were
obtained prior to administration of any isotopic label. All samples were frozen at —20 °C
until analysis.

Sample preparation and analyses

Accurately weighed duplicate aliquots of homogenized feces and whole-day food samples
were dried separately to constant weight in an electric oven. The dried samples were then
ashed in a muffle furnace at 450°C for 24 hours. A few drops of concentrated nitric acid
were added to the ash, which was then heated on a hot plate before re-digesting at 450°C for
24 hours.

Ashed fecal and food samples were reconstituted quantitatively in 50 mL of 6 M HCI. The
concentration of total zinc in these reconstituted fecal and food samples was determined on a
diluted aliquot with an atomic absorption spectrophotometer fitted with a deuterium arc
background correction lamp (Perkin-Elmer Corporation, Norwalk, CT.).

For the measurements of zinc stable isotope ratios in fecal samples, the inorganic elements
were removed from reconstituted ashed samples by ion-exchange chromatography with
AG-1 ion exchange resin (Bio-Rad Laboratories, Richmond, CA) [12,17].

Urine samples were digested in using an MDA-2000 microwave sample preparation system
(CEM Corp., Mathews, NC). A 5-mL urine sample was placed into an Advanced Composite
Vessel, combined with 1mL of concentrated HNO3, and the pressure was gradually increased
to a maximum pressure of 120 psi. Total digestion time was ~ 90 minutes. Digested samples
were transferred to a beaker, evaporated to dryness on a hot block, and reconstituted in 2 mL
ammonia acetate buffer (pH = 5.6), then zinc in the sample was purified by its chelation with
trifluoroacetylacetone and extraction of the chelate with hexane [18].

Isotope enrichment was determined by measurement of isotope ratios 67Zn/66zn, 68zn/66zn,
and 79Zn/56Zn by inductively coupled plasma mass spectrometry (ICP-MS) (VG Plasma
Quad 3; VG Elemental, Cheshire, United Kingdom) [19]. Ratios were then converted to
enrichment by a mathematical matrix. Tracer enrichment was defined as all zinc in the
sample from the isotopically enriched tracer preparation, divided by the total zinc in the
sample.

After reconstitution of the digested fecal aliquots, Dy concentration of the samples was
measured using ICP-MS [20].The total amount of Dy measured in the fecal samples
collected during the metabolic study was compared to the amount of Dy administered orally
in order to calculate recovery of Dy and to monitor completeness of fecal collection in these
free-living study participants.

Data processing

Total dietary zinc (TDZ) was calculated for each of the 6 days in the metabolic period using
the laboratory analyses of the zinc content of the duplicate diet samples. These values were
then averaged to obtain the mean TDZ intake.
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FAZextrinsic \yas determined for each of the 12 urine specimens obtained during study days
16-21 using the following calculation and the results were averaged to obtain a mean
FAZ oxtrinsic for the subject [12,13].

FAZ extrinsic = enrichment (70211/67Zn> x  dose (67Zn/7OZn>

Where 79Zn was the orally administered, and 7Zn the intravenously administered, tracer.
TAZextrinsic Was then determined from the product of FAZgytrinsic and total dietary zinc

(TDZ) in mg/d.

TAZmetabolic Wwas calculated as: TAZpetabolic = NAZ + EFZ

Where NAZ is: TDZ + oral °Zn dose — TFZ

All variables are in units of mg/day.
EFZ was determined using the following calculation: EFZ = Z(Fxf)/(uxd) [12]

Where: F is total fecal zinc (mg) and f is the enrichment of intravenously administered 8zn
tracer in each individual fecal sample collected between the markers, the products of which
are then summed; u is average %8Zn enrichment in urine during the inter-marker period; and
d is the duration of the period (6 days).

Statistical analysis

Results

All results are presented as mean + SD unless otherwise stated. All statistical analyses were
performed by using GRAPHPAD PRISM (version 4.0; GraphPad Software Inc, San Diego,
CA).

Results are summarized in Table I. TAZgytrinsic @d TAZ metabolic Were 3.0 £ 1.1mg/day and
3.1 + 1.1mg/ day, respectively. A paired £test indicated that there was not a significant
difference between TAZaytrinsic aNd TAZ metabatic (P = 0.492). There was a high correlation
between them (r = 0.91) and linear regression analysis (Figure 2) showed a slope and y
intercept not significantly different from 1 and 0, respectively. A Bland-Altman analysis of
the agreement between TAZ gytrinsic aNd TAZ metabolic (Figure 3) showed a mean difference of
0.07 with limits of the agreement of —0.86 to 1.01. FAZgytrinsic and FAZ metapolic Were 0.30
+0.10 and 0.30 + 0.12, respectively. The correlation coefficient for FAZgytrinsic and

FAZ metabolic Was 0.95. Dy recovery in the stools was 99.5 + 4.2 %.
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Discussion

Previous research undertaken with the goal of validating extrinsic labeling techniques to
measure zinc absorption have relied on comparison with absorption of isotope used to
intrinsically label zinc in foods. Early pilot research using zinc stable isotopes for this
purpose was undertaken by Evans and Johnson [8] and by Ketelson et a/. in rats [5] and by
Janghorbani and Young [21] in human studies. There were mixed results when solid foods
were intrinsically labeled [5]. Evans and Johnson [8] and, later, Serfass and colleagues [6,7]
in human studies, compared results of extrinsic labeling using milks or milk-based formulas.
These provide a relatively simple food for extrinsic labeling. Overall, results were encour-
aging for the use of extrinsic labeling in this liquid medium. However, studies have been
limited and evaluation of the accuracy of extrinsic labeling for determining zinc absorption
from a variety of self-selected diets has never been undertaken.

Neither of the two methods compared in this study can be regarded as a gold standard.
Indeed, it is difficult to conceive of a gold standard for measuring total absorption of dietary
zinc over an entire day or longer. The dietary method used here has a notable advantage over
intrinsic isotopic labeling of dietary zinc in that it can be applied readily to the widest
possible range of diets. This is not only a general advantage, but is clearly an advantage in
this study of women consuming a diet based on their habitual diets, which covered a wide
range of usual preferences. But it does depend on subtracting one large number from another
quite similar large number to determine net absorption of zinc and depends on accurate
collection of fecal samples. Moreover, it is labor-intensive and relatively expensive because
of the time required for participant training, minimizing the risk of and monitoring for non-
compliance, and laboratory processing of diet and fecal samples. In comparison, extrinsic
labeling techniques, especially those utilizing dual isotope tracer ratio measurements [12,13]
are relatively simple with respect to both sample collection and preparation. The question is,
are they accurate?

We have already had reassurance that results using our dual isotope tracer ratio (DITR)
technique based on measurements of isotopic enrichment in urine [12-15] for measuring
absorption of extrinsic zinc label compare well with results of other techniques, including
deconvolution and data obtained from compartmental modeling [22]. The other major
question is whether our extrinsic labeling technique provides an accurate measure of the
absorption of dietary zinc that has been extrinsically labeled. As we do not have a gold
standard we cannot, theoretically, be certain using the design employed in this study.
However, the only shared data for these two techniques is the quantity of zinc ingested from
the test meals. All other data and techniques were different for the two methods. Therefore,
the very similar results are not explicable on the basis of study design and are extraordinarily
unlikely to be the result of pure chance if both techniques were inaccurate. Thus, these
results provide strong evidence for the validity of both methods. In particular, they give
support to the premise that our extrinsic labeling technique provides an acceptable technique
for determining the quantity of dietary zinc absorbed from the labeled meals.

In conclusion, the results of this study provide reassurance that a relatively simple technique
for extrinsic labeling of total human diets with zinc stable isotopes provides a reliable and
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practical means of determining the quantity of zinc absorbed from these diets. This not only
confers needed legitimacy on multiple studies already published by us and other
investigators using extrinsic labeling of diets in studies of zinc homeostasis, but also
provides reassurance that this methodology is acceptable for future zinc absorption studies.
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List of abbreviations

TAZ metabolic zinc absorbed determined by NAZ and EFZ

TAZ etrinsic zinc absorbed using FAZgxtrinsic

FAZ metabolic fractional absorption of dietary zinc

FAZ oxirinsic fractional absorption of extrinsic labeling zinc by DITR
measurement

TDZzZ total dietary zinc

EFZ endogenous fecal zinc by isotope dilution technique

TFZ total fecal zinc

NAZ net absorbed zinc

DITR dual isotope tracer ratio technique
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Figure2.
Linear regression analysis of the extrinsic labeling method compared with the quantity of

absorbed zinc determined by the metabolic method
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Bland-Altman plot of agreement between metabolic and extrinsic labeling methods for
determining quantity of zinc absorbed each day. Figure shows the bias (solid line) and the
95 % limits of agreement (dotted line).
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Table |
Measurements of TDZ, oral dose, TFZ, EFZ, NAZ, AZ, FAZ

TDZ Oral dose EFZ TFZ NAZ TAZme(aboIic FAZextrins’c FAZme(aboIic FAZexmns'c
(mg/d) (mg/d) (mg/d) (mg/d) (mg/d) (mg/d) (mg/d)
11.4+7.2 029+005 273+080 114+6.7 037+125 31+11 30+1.1 0.30+0.12 0.30+0.10

TDZ, total dietary zinc

EFZ, endogenous fecal zinc by isotope dilution technique
TFZ, total fecal zinc

NAZ, net absorbed zinc

TAZmetabolic, zinc absorbed determined by NAZ and EFZ

TAZextrinsic, zinc absorbed using FAZextrinsic
FAZmetabolic, fractional absorption of dietary zinc

FAZextrinsic, fractional absorption of extrinsic labeling zinc by measurement d, day
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