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ALTERATIONS OF THE OXIDATIVE METABOLISM
AND OTHER MICROBICIDAL ACTIVITIES OF
HUMAN POLYMORPHONUCLEAR LEUKOCYTES
BY ZINC

BRIGITTE BAGINSKI
Institute of Hygiene, University of Diisseldorf, Diisseldorf, FRG

(September 28, 1989)

Zinc is a physiological constituent of many human enzymes and also involved in an optimal immune
response. Zinc deficiency as well as excessive zinc supplementation lead to disturbed functions of immune
cells. In this study with isolated human polymorphonuclear leukocytes the toxic oxygen species generated
during the oxidative metabolism were enhanced in presence of zinc ions. However, when the generation of
superoxide anion was measured alone it was decreased by zinc. The phagocytic capacity was diminished
in presence of zinc ions, too. The release of lysosomal enzymes was not influenced (lysozyme) or weakly
inhibited (f-glucuronidase). Our results may indicate an impairment of the microbicidal capacity due to
the diminished phagocytosis, but a promotion of inflammatory reactions due to an increase of toxic oxygen
species in the presence of zinc ions.

KEY WORDS: Human PMNL, zinc, chemiluminescence, phagocytosis, lysosomal enzymes, cytotoxic-
ity.

ABBREVIATIONS: PMNL, polymorphonuclear leukocytes; DMEM, Dulbecco’s minimum essential
medium; PMA, phorbol myristate acetate;: MPO, myeloperoxidase; Hepes, N-2-hydroxyethylpiperazine-
N’-2-ethanesulfonic acid (biological buffer); TCA. trichloroacetic acid.

INTRODUCTION

Zinc is an important trace element for humans and other species as a physiological
and essential constituent of many enzymes.'” Due to zinc deficiency developmental
abnormalities'** and inhibitions of immunocompetence were observed.>®’ Whereas
zinc deficiency and the resulting abnormalities are well investigated, only little is
known about the effects of excessive substitution of zinc. Human adults with an
excessive intake of zinc over three months showed an inhibition of phagocytosis and
chemotaxis in their isolated phagocytes.® The same effects were found in animals
following intratracheal or intraperitoneal zinc administration”'” and also the genera-
tion of superoxide anion was decreased by zinc supply.® In vitro addition of zinc to

polymorphonuclear leukocytes (PMNL) of dogs resulted in similar effects: inhibition .

of the phagocytic capacity and of the bactericidal activity of PMNL.! In few studies
the production of superoxide anion by PMNL was tested which is generated during the
non-mitochondrial oxidative metabolism. The latter is started following phagocytosis
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or contact with soluble stimuli leading to the formation of toxic oxygen species such
as superoxide anion, hydrogen peroxide and the hydroxyl radical.'*"* The effect of
zinc on the oxidative metabolism was not uniform in several studies. The generation
of superoxide anion in human PMNL was decreased or enhanced by zinc depending
on the experimental conditions'* and on the stimulus applied.''®

These divergent results prompted us to investigate in vitro the effects of zinc (as zinc
chloride) on the microbicidal activities of isolated human PMNL under various
experimental conditions. The oxidative metabolism quantified by means of chemilu-
minescence measurements was tested when the cells were stimulated (1) by phagocyto-
sis of zymosan particles, (2) without phagocytosis by binding of heat-aggregated IgG
to Fc-receptors or (3) by activation with the soluble stimulus phorbol myristate
acetate. Furthermore we tested the phagocytic capacity and the release of lysosomal
enzymes of the different granula'’ in presence of zinc chloride.

MATERIALS AND METHODS

ZnCl,, analytical grade, was obtained from Merck, Darmstadt, FRG. A stock solu-
tion (10mM) in double distilled water was freshly diluted for each experiment in
Dulbecco’s Minimum Essential Medium with Hepes (DMEM, Boehringer Mann-
heim, FRG), the medium used for all experiments.

Preparation of Human PMNL

Human PMNL were isolated from veneous heparinized blood of healthy adults by
separation on Ficoll-Paque (Pharmacia, Freiburg, FRG)." The PMNL were collected
from the pellet as previously described,'® suspended in DMEM and adjusted to the cell
number needed for the respective experiments.

Immune-Phagocytosis

The phagocytic capacity was assessed by counting of ingested yeast cells (Sacch-
aromyces cerevisiae) as described earlier."?° Briefly, yeast cells were opsonized with
pooled human serum. After a preincubation of PMNL with ZnCl, for 30 min the
PMNL were incubated with the opsonized yeast cells in a ratio yeast cell: PMNL as
10:1 for further 30 min and then the number of ingested yeast cells per 200 PMNL
was counted.

Receptor-independent Phagocytosis

This assay was performed according the method above described for immune-
phagocytosis. Instead opsonized yeast cells unopsonized latex beads (2.16 um, Coul-
ter Electronics Krefeld) were added in a ratio 30: | (beads:PMNL) and incubated and
counted as above described.

Chemiluminescence

Luminol, lucigenin, zymosan and phorbol myristate acetate (PMA) were purchased
from Sigma Chemical Co., St. Louis, USA. Human standard immunoglobulin was
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obtained from Behringwerke, Marburg, FRG. Chemiluminescence was induced by
three different stimuli; 1. Zymosan particles, a preparation of yeast cell walls, in a
concentration of 50 ug/ml. 2. Heat aggregated IgG (human Standard Immunog-
lobulin was shaken for 30 min in a waterbath at 63°C)*' in a concentration of 60 ug/ml.
3. Phorbol myristate acetate (PMA) in a concentration of 10 ng/ml.

The chemiluminescence measurements were performed in presence of luminol
(0.05 mM) or lucigenin (0.1 mM) as described earlier.?? Chemiluminescence curves in
presence of ZnCl, were only compared to the daily control curves.

Measurements of Hydrogen Peroxide

The measurements of H,0, were performed according to the method described by
Hildebrandt and Roots” depending on the formation of Fe(SCN), from ferroam-
monium sulfate and potassium thiocyanate by oxidation of Fe?* to Fe'* by H,0,.
100 ul cell suspension with 10° PMNL were stimulated with zymosan (100 ug/ml), heat
aggregated IgG (250 ug/ml) or PMA (10 ng/ml) for 60 min, then the reaction was
stopped by addition of 1 mM NaN, (50 ul) and 1 ml 3% TCA. Following a centrifuga-
tion with 10000 x g for 1 min aliquots of 1 ml of each supernatant was mixed with
0.1 ml ferroammonium sulfate (10mM) and 0.05ml potassium thiocyacate (2.5 M).
The optical density of the colour given by Fe(SCN), was measured spectrophotome-
trically at 492nm. Hydrogen peroxide solutions were prepared from Perhydrol
(Merck) diluted to 10~2M standardized spectrophotometrically at 240 nm using a
molar extinction coefficient ¢ = 43.6M~'cm™'.

Measurements of Lysomal Enzymes

Lysozyme (EC 3.2.1.17), micrococcus luteus, S-glucuronidase (EC 3.2.1.31) and
4-nitrophenylglucuronide were obtained from Boehringer Mannheim, FRG. The
measurements were performed as described earlier” in supernatants of PMNL sti-
mulated with zymosan (200 ug/ml), IgG aggregated as described above (250 ug/ml) or
PMA (10ng/ml) and incubated with or without ZnCl, for 30 min. The amount of
lysozyme was estimated by lysis of micrococcus luteus suspended in phosphate buffer
(0.05M, pH 7.0), measured as decrease of the optical density at 450 nm over a period
of 2min. The activity of f-glucuronidase was assessed using 4-nitrophenyl-
glucuronide as substrate following an incubation period of 18 h at 37°C in acetate
buffer (0.1 M, pH 4.5). The optical density of the reaction mixture was read vs. acetate
buffer at 405 nm.

Cell viability

Cell viability was tested using dye exclusion test with trypan-blue as previously
described.”

RESULTS
ZnCl, inhibited the phagocytic capacity of human PMNL in a concentration-depen-

dent manner. The effect with unopsonized latex particles was more evident than with
opsonized yeasts when phagocytosis was receptor-mediated (Figure 1).
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FIGURE 1 Effect of ZnCl, on the phagocytic capacity of human PMNL. Following 30 min of exposure
to ZnCl, PMNL were incubated for further 30 min with opsonized yeast cells or with unopsonized latex
beads (2.16 um). Then the number of ingested yeast cells or latex beads resp. per 100 PMNL was counted.
Values are means + S.D., n = 7. Significant differences to the control values: ¢ = p < 0.05,
*#* = p < 001, *** = p < 0.001, (students t-test).

The oxidative metabolism of PMNL quantified by measuring chemiluminescence
was influenced in a different manner when measured in presence of luminol or
lucigenin. With luminol the toxic oxygen products such as H,O,, hydroxyl radical and
the products of the H,0,-MPO-system were detected,”* whereas lucigenin indicated
the production of superoxide anion.”*? In Figure 2 one of at least four experiments
with cells from different donors is shown for each experimental condition. The
intensity (counts/10sec) and the kinetics of chemiluminescence in PMNL without
ZnCl, are different for the various stimuli, but in the normal range observed in all our
earlier experiments. For technical limitations of our apparatus we could not compare
within different probes the very fast increase of chemiluminescence intensity in the
first minutes. Therefore the measurements were beginning 10 min after the addition
of the stimulus. So we cannot judge the influence of ZnCl, on the oxidative metabol-
ism in the first minutes but the later effect over a period up to two hours. However,
the chemiluminescence maximum in some experiments was reached before as shown
in Figure 2.
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FIGURE 2 Effect of ZnCl, on the chemiluminescence of human PMNL measured with lucigenin and
with luminol. ZnCl, was added together with the stimuli. A: zymosan (50 ug/ml), B: heat aggregated IgG
(60 ug/ml), C: PMA (10ng/ml), D: resting PMNL. Chemiluminescence was measured at time points
indicated. Values are means of triplicates, S.D. less than 10%.
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The results in detail: The generation of superoxide anion measured with lucigenin,
was decreased by ZnCl, in stimulated cells. The lowest effect was shown with unop-
sonized zymosan particles despite their inhibition of phagocytosis by zinc. In unsti-
mulated resting cells, however, the production of superoxide anion was slightly
increased. Measuring the oxygen products with luminol, these products were remark-
ably increased by ZnCl,. Only when the PMNL were stimulated by PMA no influence
of ZnCl, was seen. Whereas the chemiluminescence induced by the stimuli used in this
study has passed its maximum intensity within one hour in presence of ZnCl, it was
increased longer than this period, in resting cells it was stable up to three hours (not
shown). The amounts of H,0, measured following 1 h of incubation were not altered
in resting cells and slightly decreased in stimulated PMNL in the presence of ZnCl,
compared to the controls (Table I).

Lysosomal enzymes were only measured when they were released into the sur-
rounding medium, for technical reasons we could not measure the release into the
phagocytic vacuoles. The release of lysozyme was not influenced in presence of ZnCl,
neither in resting PMNL (tested over a period of 2h, data not shown) nor in
stimulated PMNL. The reduction of lysozyme release by ZnCl, observed in PMNL
stimulated by phagocytosis of zymosan seems to be due to the zinc induced inhibition
of phagocytosis itself. The release of f-glucuronidase was weakly decreased in sti-
mulated cells (Table II).

The cytotoxic effect of zinc for the human PMNL was rather weak. Within 3 h of

TABLE T
Effect of ZnCl, on the amount of H,0, in human PMNL

nM H,0,/10° PMNL

Control 100 uM ZnCl,
Resting 27.0 + 9.5 26.6 + 8.5
1gG 452 + 129 413 + 11.1
PMA 659 + 149 586 + 13.5
Zymosan 404 + 46 356 + 7.6

The amount of H,0, in suspension with 10° PMNL was determined after 60 min of incubation with
ZnCl, when the PMNL were in the resting state or stimulated with zymosan (100 ug/ml), heat aggregatred
IgG (250 ug/ml) or PMA (10 ng/ml). Values are means + S.D.,n = 8.

TABLE Il
Effect of ZnCl, on the release of lysosomal enzymes in human PMNL
IgG PMA Zymosan
Lysozyme (ug)
Control 0.38 + 0.07 0.55 + 0.03 042 + 0.03
ZnCl, 100 uM 0.40 + 0.06 0.55 + 0.06 0.34 + 0.03
B-Glucuronidase (1U)
Control 1399 + 14.0 858 + 6.6 81.3 + 17.1
ZnCl, 100 uM 1274 + 16.8 730 + 88 1.1 + 158

The amount of lysozyme and the activity of -glucuronidase were measured in supernatants of § x 10°
PMNL after an incubation time of 30 min with ZnCl, when the PMNL were stimulated with zymosan
(100 ug/ml), heat aggregated IgG (250 ng/ml) or PMA (10ng/ml). ZnCl, was added together with the
stimuli. Values are means + S.D.. n = 6.
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TABLE III
Effect of ZnCl, on viability of human PMNL

No. of trypan-blue-stained

cells/100 PMNL
3 h exposure 20 h exposure
Control 3+ 12 30+ 09
ZnCl, 10uM 29 + 1.1 43 £+ 2.1
50 uM 52+ 18 7.1 £ 06
100 uM 75+ 27 10.7 + 2.1

The number of dead trypan-blue stained cells was determined in 100 PMNL following 3h and 20 h of
preincubation with ZnCl, Values are means + S.D.,n = 6.

exposure to 100 uM ZnCl, about 5% cells over the control range were stained with
trypan-blue indicating cell death (Table III).

DISCUSSION

Whereas many studies dealt with the effect of zinc deficiency on human blood cells,
only few studies were performed with enhanced levels of zinc. This study should
contribute to the question of zinc effects on the functions of human PMNL, especially
on their oxidative metabolism. We tested the effect in vitro on isolated PMNL of
healthy adults in concentrations up to about the tenfold of the normal zinc plasma
level (14uM + 2.3 = 94 pug + 15/d1).”

Our experiments showed a concentration-dependent inhibition of the phagocytic
capacity by zinc chloride independent of receptor mediation by opsonisation. This
effect is similar to earlier reports about in vitro and in vivo experiments.*!' The
inhibition of phagocytosis suggests that the precondition for intracellular killing of
microbes is disturbed by zinc.

The effects of zinc on the oxidative metabolism showed the same tendency when the
PMNL were stimulated with the different agents. Our chemiluminescence measure-
ments in presence of lucigenin showed a decrease of superoxide anion in stimulated
cells in presence of zinc, the amount of H, O, in these cells was slightly diminished, but
the oxygen products measured in presence of luminol such as hydroxyl radical, singlet
oxygen and H,0,-MPO derived products generated during the oxidative metabolism
were increased by ZnCl, or, with PMA, at least higher then expected from measure-
ments with lucigenin.

The decrease of superoxide anion was similar to the effects always reported.'*!* The
enhanced generation of the oxygen products during the oxidative metabolism mea-
sured in presence of luminol is not yet described. Although it is known that luminol-
chemiluminescence is strongly dependent on the activity of MPO® it is not to assume
that the increase of chemiluminescence observed in our study is due to an enhanced
release of MPO. This enzyme is located together with f-glucuronidase in‘the azuroph-
ilic granula, and we found the release of f-glucuronidase slightly decreased. Studies
of Venge,” too described an inhibition of the release of several enzymes by zinc in
human PMNL, and especially the release of MPO was rather unaffected by zinc.
Another reason for the finding of enhanced toxic oxygen products may be an altered
activity of detoxicating systems such as hydroperoxidases, but with our experiments
this question can not be clarified.
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The quantitative differences of zinc effects on the oxidative metabolism when it was
induced by the various stimuli such as zymosan, aggregated IgG or PMA may be
explained by different mechanisms of the respective stimulus to activate the oxidative
metabolism,**® but it is not to derive from our experiments in which way zinc
influences these mechanisms. In this context it should be emphasized that we did not
find a correlation between the phagocytic capacity and the generation of toxic oxygen
species in presence of zinc ions. A similar discrepancy was shown with lead* and
clearly indicates an interfering mechanism of the heavy metals independent of
phagocytosis.

An important biological aspect of our results is the following: Normally the toxic
oxygen species are emitted into the phagocytic vacuoles or, when activation occurs
without phagocytosis, into the surroundings of the PMNL. In the latter case the toxic
oxygen species can damage adjacent tissues leading to inflammatory reactions.’**
These inflammatory effects could be enhanced in presence of zinc due to the reduction
of phagocytosis and due to the increase of toxic oxygen species.

In summary, we conclude that enhanced zinc supply could have inhibitory effects
on microbicidal activities of human PMNL by the way of diminished phagocytosis.
But whereas the data published until now suggest a general inhibition of phagocytes
by zinc, the data about the oxidative metabolism presented in this study lead to the
assumption that enhanced zinc supply also may induce inflammatory reactions due
to enhanced release of toxic oxygen products.
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