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We evaluated plasma angiotensin-converting enzyme (ACE) activity and in vitro zinc stimulation of ACE as a
method to assess zinc nutriture in two groups of humans. These included a total of 135 indigent African-American
women who participated in a double-blind trial to evaluate the effect of oral zinc supplementation (25 mg/day as
zinc sulfate) on pregnancy outcome and 15 healthy young males who volunteered in a study to evaluate the effect
of low-zinc intake (0.5 mg of zinc per day for 12 days) on the concentration of erythrocyte metallothionein under
controlled metabolic conditions. In the first group, increased birth weight and head circumference of newborns
by maternal zinc supplementation led to the conclusion that inadequate maternal zinc nutriture existed. However,
there were no differences in the activities of plasma ACE and ACE stimulation by the in vitro addition of zinc
between the zinc-supplemented and placebo groups. Both of these values remained unchanged during pregnancy.
In the second group, plasma ACE activity remained unchanged after a low-zinc diet for 12 days although
erythrocyte metallothionein and zinc concentrations declined. We conclude that these tests are insensitive indi-

cators of zinc nutriture in humans. (J. Nutr. Biochem. 7:55-59, 1996.)
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Introduction

Although more than three decades have Passed since the
first discovery of human zinc deficiency, a sensitive and
specific method to evaluate zinc nutriture in humans accu-
rately remains to be developed.” Reeves and O’Dell® re-
ported that the activities of serum angiotensin-converting
enzyme (ACE, EC 3.4.15.1) are significantly lower in zinc-
deficient rats than in zinc-supplemented controls, and these
activities in serum obtained from zinc-deficient rats were
fully restored by the in vitro addition of zinc. A similar
observation was reported by German researchers indicating
that the activities of ACE in plasma obtained from zinc-
deficient rats were significantly increased by the in vitro
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addition of zinc while such an increase was not observed in
zinc-sufficient controls.*> Using pregnant guinea pigs, Ap-
gar and Everett® reported that plasma ACE activities were
lower in zinc-deficient animals than in zinc-supplemented
controls. The activities were more greatly stimulated by the
in vitro addition of zinc in zinc-deficient guinea pigs than
controis. They proposed that the change in ACE activities
with the in vitro addition of zinc may be useful as an indi-
cator of zinc nutriture. We reported similar findings using
plasma samples obtained from zinc-deficient rats; however,
such findings were not observed in other tissues such as the
lung, testis, and aorta.”

Recently, a group of Japanese investigators suggested
that plasma ACE stimulation by the in vitro addition of zinc
is a sensitive indicator of zinc nutriture among patients re-
ceiving home-total-parenteral nutrition providing insuffi-
cient zinc.® However, there are conflicting reports as to
whether the in vitro addition of zinc increases ACE activi-
ties in plasma/serum samples from humans without com-
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promised zinc nutriture.”~** Although Roulston and Allan'’
reported that there was an activation of ACE by the in vitro
addition of zinc, others failed to demonstrate such an in-
crease in ACE activities by the in vitro addition of zinc to
human plasma/serum.®'%!“13 Some investigators have even
reported an inhibition of ACE activities.>!° Furthermore,
Bakan et al.'* reported a significant positive correlation be-
tween serum ACE activities and zinc concentrations in pa-
tients with lung cancer as well as in healthy controls while
Roulston and Allan'! found no such correlation. Ruz et al.'”
reported that plasma ACE activities were not affected in 15
male volunteers with mild-zinc depletion induced by feed-
ing a diet containing 4.0 mg of daily zinc for 6 weeks
following 1 week of a low-zinc diet containing 0.6 mg of
zinc. Johnson et al.'® reported that in 11 male volunteers,
plasma ACE activities were significantly higher during two
periods of 35 days when they were fed diets containing
either 1.0 or 2.0 mg of daily zinc than during a period of 35
days when they received a daily zinc intake of 10 mg.

ACE is a chloride- and zinc-dependent enzyme that
cleaves histidylleucine from angiotensin I to form a potent
vasoconstrictor, angiotensin II; therefore, it plays an impor-
tant role in the renin-angiotensin system.!’~!° Ethylen-
daimine-tetraacetic acid (EDTA) inhibits the activities of
ACE in various tissues which can be reversed by the addi-
tion of zinc. The binding of zinc to ACE is known to be
weak as compared with other zinc-enzyme complexes.'®
We hypothesized that such a property of ACE may be suit-
able for a functional test to assess zinc nutriture in humans;
therefore, we undertook this study to evaluate whether stim-
ulation of plasma ACE activities by the in vitro addition of
zinc correlates with zinc nutriture in humans. We used two
populations who presumably had inadequate zinc nutriture.
These included a group of pregnant women who partici-
pated in a double-blind trial to evaluate the effect of zinc
supplementation on pregnancy outcome®® and a group of
healthy males who volunteered in a study to evaluate the
resp(;rllse of erythrocyte metallothionein to low-zinc in-
take.

Methods and materials
Subjects

Study 1. A total of 135 subjects in the present study were selected
from 580 indigent African-American pregnant women who partic-
ipated in a randomized double-blind trial to evaluate the effect of
oral zinc supplementation (25 mg of zinc/day as zinc sulphate) on
pregnancy outcome.”® The subjects who received their prenatal
care at the Jefferson County Health Department were selected
based on their plasma zinc levels being below an estimated median
adjusted for gestational age. The median values were established
based on the data from 176 women with a similar socioeconomic
background who were enrolled at the clinics and ranged from 11.3
umol/L at 6 weeks to 9.5 wmol/L at 22 weeks of gestation. Their
mean age was 23.3 years old with a range between 13 and 39. The
subjects were randomized to receive either zinc supplementation
(n =70) or placebo (n = 65) at a mean of 18.7 weeks of gestation.
The subjects in both groups were offered a daily multivitamin/
mineral tablet not containing zinc (Mission Pharmacal, San Anto-
nio, TX USA) throughout pregnancy. The compliance of taking
the supplements was about 78% in both groups as assessed by pill
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counting. The concentrations of plasma and erythrocyte zinc, the
activities of plasma ACE and ACE stimulation by the in vitro
addition of zinc were monitored throughout pregnancy. Women
with medical risks for having reduced or excessive birth weight
(i.e., hypertension, renal disease, diabetes, etc.) were excluded
from this trial. The study was approved by the Institutional Review
Board of the University of Alabama at Birmingham and informed
consent was obtained from each subject.

Non-fasting blood samples were obtained in trace mineral—free
evacuated tubes containing heparin (Vacutainer #6527, Beckton-
Dickinson, Rutherford, NJ) prior to the randomization at a mean of
18.7 weeks of gestation and at mean gestations of 25.9 and 36.5
weeks and at delivery (mean 39.2 weeks). Blood samples were
kept under refrigeration until plasma separation and aliquots of
whole blood and plasma samples were stored at ~70°C until anal-
yses.22E<lvery effort was made to minimize the contamination of
zinc.

Study 2. A total of 15 healthy male volunteers between 22 and 35
years old participated in the study to evaluate the effect of dietary
zinc on erythrocyte metallothionein.>' The subjects were given
diets containing zinc (either 3.2, 7.2, or 15.2 mg/day) using a
4-day-cycle menu for 50 days at the Clinical Research Center at
the University of Florida. Subsequently they received a diet pro-
viding only 0.55 mg of zinc daily for 12 days. The concentrations
of plasma and erythrocyte zinc were monitored throughout the
study. The study was approved by the Institutional Review Board
of the University of Florida, and all subjects signed informed
consent.

Fasting heparinized blood samples were obtained using trace
mineral—free tubes at days 51 and 62. After separation of plasma,
samples were kept at —20°C until they were shipped on dry ice
from Gainesville to Birmingham for ACE assay.

Methods

Plasma ACE activities were measured by the method originally
described by Ryan®® using an artificial substrate; [*H]-hippuryl-
glycyl-glycine ([*H]-HGG, specific activity, 20.5 GBg/mmol, Am-
ersham, Arlington Heights, IL USA). Briefly, the reaction mixture
contained 300 mmol/L of NaCl; [*H]-HGG, 22 pmol/L (approxi-
mately 10,000 dpm); 20 mmol/L. of potassium phosphate buffer,
pH 8.0; and 20 pL of plasma as the enzyme source in a final
volume of 50 pL with or without 17 umol/L of ZnSQO,. The in-
cubation was initiated by the addition of buffer/substrate after a 5
min preincubation of the enzyme with zinc or H,O and carried out
at 37°C for 1 hr. The reaction was terminated by adding 50 uL of
1 mol/L of HCI, and hydrolyzed [*H]-hippuric acid was extracted
by vortexing into 500 uL of ethyl acetate. After centrifugation, the
ethyl acetate layer (400 pL) was counted (1219 Rackbeta counter,
LKB Instruments, Gaithersburg, MD USA) and ACE activities
were expressed as nanomoles of [*H]-hippuric acid produced per
hour per liter of plasma. The ACE determinations were carried out
in duplicate. ACE stimulation by the in vitro addition of zinc was
defined as a ratio of ACE activity with the in vitro addition of zinc
to ACE without the addition of zinc.”

To monitor daily variations in the ACE assay, repeated analy-
ses of ACE activities with and without the in vitro addition of zinc
were performed using dialyzed human plasma or pooled plasma
obtained from zinc-deficient rats. Dialyzed human plasma was
prepared as previously described.” The activity of ACE in these
preparations determined with the in vitro addition of zinc was
stable for at least 12 months at ~70°C, and the coefficient of the
interassay variation of ACE activity was approximately 6%.

Plasma and erythrocyte zinc concentrations were determined
by flame atomic absorption spectrophotometry; plasma samples



with visible hemolysis were excluded from this analysis.?>** Sta-
tistical analyses were performed using the Statistical Analysis Sys-
tem.

Results
Study 1

In pregnant women, neither ACE stimulation by the in vitro
addition of zinc nor ACE activities were significantly dif-
ferent between the zinc-supplemented and placebo groups
throughout pregnancy and at delivery. ACE stimulation by
the in vitro addition of zinc and plasma ACE activities
remained essentially the same from 19 weeks of gestation to
delivery (Figures 1A and 1B). There was a significant neg-
ative correlation between plasma ACE activities and ACE
stimulation by the in vitro addition of zinc in each group.
This finding indicates that the higher the plasma ACE ac-
tivities, the lower the ACE stimulation by the in vitro ad-
dition of zinc. Plasma zinc concentrations remained higher
in the zinc-supplemented group than in the placebo group
after the initiation of zinc supplementation (Figure 2A). The
difference in plasma zinc concentrations between the two
groups was significant at 26 weeks of gestation (P = 0.02);
however, this was not significant at 36 weeks of gestation.
The concentrations of erythrocyte zinc remained essentially
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Figure 1 Changes in plasma angiotensin-converting enzyme

(ACE) stimulation by the in vitro addition of zinc (A) and plasma ACE
activities (B) during pregnancy. Vertical lines represent SEM. The
solid line represents the zinc-supplemented group and the broken
line the placebo group.
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the same in both groups and there was no difference be-
tween the two groups throughout pregnancy (Figure 2B).

Study 2

In the study using healthy male volunteers, there were no
significant changes in plasma ACE activities nor in ACE
stimulation by the in vitro addition of zinc during the period
when the volunteers were given a low-zinc diet for 12 days
(Table 1). As previously reported, in these subjects, eryth-
rocyte zinc and metallothionein concentrations decreased
significantly while plasma zinc did not change.”!

Discussion

In Study 1, the supplementation of zinc influenced neither
ACE stimulation by the in vitro addition of zinc nor plasma
ACE activities in a group of 135 pregnant women randomly
selected from a total of 580 subjects who participated in a
double-blind trial of zinc supplementation (Figure I). The
population of total subjects who were selected based on

10.0

95

9.0

8.5

Plasma zinc (umol/L)

\

240

200

o
O
T

| ! 1 I |
20 25 30 35 40
Gestational age (weeks)

Figure 2 Changes in plasma (A) and erythrocyte (B) zinc con-
centrations during pregnancy. The vertical lines represent SEM. The
solid line represents the zinc-supplemented group and the broken
line the placebo group. *The difference between the zinc-
supplemented and placebo groups was significant (P = 0.02).
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Table 1 The mean plasma angiotensin-converting enzyme (ACE)
activity, stimulation by the in vitro addition of zinc of ACE, and the
plasma and erythrocyte zinc concentration in healthy male volun-
teers before and after receiving a low-zinc diet for 12 days

Analysis Before After

ACE activity (nmol/L/hr) 143.7+£ 319 12451344
ACE stimulation by the in vitro

addition of zinc 1.10£0.08 1.05+0.07
Plasma zinc concentration

{(pmol/L) 16.01£1.4 1569124
Erythrocyte zinc concentration

(umol/L of lysate) 117.6 £5.8* 744+ 31"

Values are means * SD. Plasma and erythrocyte zinc concentra-
tions were from Ref. 22. The erythrocyte lysate was prepared by
diluting washed cells using double-distilled water (1:1.4).

*Values are significantly different between before and after feeding
of a low-zinc diet.??

their plasma zinc concentrations being in the lower 50th
percentile at about 19 weeks of gestation responded to zinc
supplementation in terms of pregnancy outcome including
birth weight and head circumference of infants®°; therefore,
we assumed that subjects selected for the present study had
prior inadequate zinc nutriture. In Study 2, we determined
ACE stimulation by the in vitro addition of zinc and plasma
ACE activities among male volunteers who participated in a
study evaluating the response of erythrocyte metallothio-
nein concentrations to low-zinc intake under well-controlled
conditions.?! There was no effect of a low-zinc diet (0.55
mg per day) on ACE stimulation by the in vitro addition of
zinc and plasma ACE activities among these volunteers (Ta-
ble 1), although these subjects had significant decreases in
erythrocyte zinc and metallothionein concentrations in re-
sponse to 12 days of a low-zinc diet.®' Our findings are
consistent with the observation of Ruz et al.'> who reported
that there was no effect of mild-zinc depletion on plasma
ACE activities among young male adults. However, our
data are in conflict with the recent findings by Nezu et al.®
who reported a significant increase in ACE stimulation by
the in vitro addition of zinc in zinc-depleted patients receiv-
ing home-total-parenteral nutrition. The reason for the dif-
ference between our data and those of Nezu et al.® is not
known at present.

It has been well established that ACE stimulation by the
in vitro addition of zinc was significantly higher in })lasma
obtained from zinc-deficient rats than controls.*>7 Our
findings suggest that the characteristics of ACE stimulation
by the in vitro addition of zinc of plasma obtained from
human subjects with inadequate zinc nutriture were differ-
ent from those in plasma obtained from severely zinc-
deficient rats. Although the reason for this difference is
unknown, it may be that: the degree of zinc deficiency in the
subjects in the present study was not as severe as that of
zinc-deficient rats fed a low-zinc diet for an extended pe-
riod; the production (or induction) of ACE apoenzyme is
less responsive to inadequate zinc nutriture in humans than
in rats. It is apparent that the production of plasma ACE
apoenzyme is significantly increased in zinc-deficient rats,
since ACE activities were higher than those of control rats
with the in vitro addition of zin¢>’; the binding of human
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plasma ACE to zinc added in vitro is different from that of
rat plasma ACE. However, this possibility is unlikely, since
ACE activities in dialyzed-human plasma were restored by
the in vitro addition of zinc’; and the origin(s) of plasma
ACE is unknown in these two species. If these are in dif-
ferent tissues, the characteristics of plasma ACE may be
different.

There are conflicting reports as to whether glasma/serum
ACE activities change during pregnancy.>>® Qats et al.?®
reported that plasma ACE activities increased after 30
weeks of gestation until term. However, others reported that
serum ACE activities did not change throughout preg-
nancy,”#”® and our findings are in agreement with those.
It is generally accepted that the activities of plasma/serum
ACE are low throughout pregnancy as compared with non-
pregnant controls; however, the mechanisms responsible for
low activities are unknown.

There are three genotypes of an insertion/deletion poly-
morphism that affect plasma ACE activities.?®~>? Therefore,
we anticipated that the determination of the ratio of plasma
ACE activity with the in vitro addition of zinc to without the
addition of zinc might be suitable for the assessment of zinc
nutriture. This ratio would eliminate the variation of plasma
ACE activities due to polymorphism. However, based on
our data in two groups of human subjects, the ratio of
plasma ACE activities with the in vitro addition of zinc to
without the addition of zinc is not an adequate indicator of
zinc nutriture among humans. There still remains an urgent
need to identify a specific and sensitive method to assess
accurately zinc nutriture in humans.
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