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In vitro addition of glutathione to
blood from zinc-deficient rats corrects
platelet defects: Impaired aggregation

and calcium uptake
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Zinc deficiency in rats impairs platelet aggregation, and this defect is associated with the failure of platelets to
take up external calcium. Recent data show that the red cell plasma membrane from zinc-deficient rats contains
a lower than normal concentration of protein sulfhydryl groups, a defect that can be corrected readily in vivo by
zinc repletion. The purpose of this study was to determine the effect of zinc deficiency on sulfhydryl concentration
of platelet membrane proteins and to determine if impaired platelet function can be corrected in vitro by
treatment of blood with glutathione (GSH), a physiological reducing agent. Immature male rats were fed low zinc
diets based on egg white or EDTA-treated soy protein (<1 mg/kg Zn) and the same diets supplemented with 100
mg/kg Zn (control). For membrane analysis, rats were fed soy-based diets for 3 weeks; for reversal experiments
they were fed egg white-based diets for 2 weeks. Compared with controls, rats fed the low zinc diets had
approximately 15% lower concentration of membrane protein sulfhydryls and their platelets exhibited impaired
aggregation coupled with decreased calcium uptake when stimulated with ADP. Treatment of whole blood from
deficient rats with 0.2 mM GSH restored aggregation and calcium uptake of washed platelets to control levels.
The presence of red cells was essential for the reversal process in as much as treatment of platelet-rich-plasma
or washed platelets with GSH had no effect. Treatment of control blood with GSH did not affect platelet
aggregation, but decreased calcium uptake. The lower calcium uptake by controls suggests that a feedback
mechanism in deficient platelets was not corrected by GSH treatment. The results show that selective sulfhydryl
groups in platelet membranes are lost during zinc deficiency and that platelet function can be restored to normal
by trearment of blood with GSH. There seems to be an association of oxidation-susceptible thiol groups with a
calcium channel and that these groups are protected by normal physiological levels of zinc.  (J. Nutr. Biochem.

8:346-350, 1997) © Elsevier Science Inc. 1997

Keywords: zinc status; platelet aggregation; calcium uptake: glutathione; membrane sulfhydryls; rat

Introduction

Zinc deprivation in rats leads quickly to defective platelet
function, including impaired aggregation of washed plate-
lets as well as of platelet-rich-plasma.’~> Associated with
the impaired aggregation is a decreased calcium uptake by
platelets stimulated with aggregating agents such as ADP,
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thrombin, or fluoride.*® The results suggest a defective
calcium channel in plasma membranes. These and earlier
observations have led to the speculation that the first
limiting pathological defect of zinc deficiency relates to the
loss of essential sulfhydryl groups in critical plasma mem-
brane proteins.

Recent results’ show that the sulfhydryl concentration in
the rat red cell plasma membrane is decreased by zinc
deficiency and that the decrease is readily reversed by zinc
repletion. The prompt in vivo reversal of apparent sulfhy-
dryl oxidation raised the possibility of reversing this pathol-
ogy of zinc deficiency in vitro by use of reagents that reduce
protein disulfides to thiol groups. Platelets offer a good
system to test function reversibility because their thiol-
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disulfide status is causally related to aggregation.® Thiol
reactive reagents, such as monobromobimame, N-cthylma-
leimide, iodoacetamide, and p-chlormercuribenzoate inhibit
aggregation,® ! and N-ethylmaleimide inhibits the calcium
influx induced by collagen.'? Phenylarsine oxide treatment
of platelets inhibits both aggregation and calcium uptake,
and subsequent treatment with dimercaptopropanol reverses
the aggregation inhibition."?

The objective of this study was to determine the effect of
zinc deprivation on the protein sulfhydryl concentration in
platelet membranes and to determine the effect on platelet
function of in vitro glutathione (GSH) treatment of blood
from zinc deficient rats. Function was measured by aggre-
gability and calcium uptake when washed platelets were
stimulated with ADP. Platelet membranes from zinc de-
prived rats contained a lower concentration of protein
sulfhydryls and function was restored to a normal level by
treatment of whole blood with 0.2 mM GSH.

Methods and materials

Materials

Fura 2-AM was purchased from Molecular Probes (Eugene, OR
USA), and ADP, rat fibrinogen, bovine serum albumin, and
glutathione were purchased from Sigma Chemical Co. (St. Louis,
MO USA). Other reagents were of reagent grade.

Animals and diets

Immature (150 to 200 g) male rats of Wistar origin and produced
in the departmental colony were housed in suspended stainless
steel cages kept in a room at 22°C with a 12-hr light/dark cycle.
Diet and deionized water were supplied ad libitum. There were two
experiments. In the first experiment, designed to determine the
effect of zinc deprivation on membrane sulfhydryl concentration,
rats were fed for 21 days a low zinc diet based on EDTA-treated
soy protein'® or a control diet, the basal diet supplemented with
100 mg/kg zinc. A pair-fed group that consumed the control diet
was included. In the second experiment designed to test in vitro
reversal of platelet function by GSH t.eatment of whole blood,
one-half of the rats consumed, for a period of 14 * 3 days, a
low-zinc diet based on egg white protein,” and one-half of the
control diet, the basal supplemented with 100 mg Zn/kg diet. In
this experiment, the aggregation evaluation was performed with
one group of rats and the calcium uptake determination was
performed with another. All rats were fasted overnight before
blood was taken for measurement. The experimental protocols
were approved by the University of Missouri-Columbia Animal
Care and Use Committee.

Blood collection and treatment

The rats were anesthetized with ethyl ether and blood collected
from the abdominal aorta. Blood was collected in a syringe
containing anticoagulants dissolved in phosphate buffered saline
(PBS; pH 7.4) to supply a final concentration of 1.0 mM citrate
and 0.9 unit/mL of heparin. For GSH treatment, the anticoagulant
solution contained GSH to supply a final concentration of 0.2 mM.
Blood from one-half of each group of rats was collected in the
basal anticoagulant (PBS) and one-half in anticoagulant containing
GSH. The blood remained in the syringe at room temperature for
approximately 15 min and was then centrifuged at 400 g for 10
min to prepare platelet-rich-plasma (PRP). The PRP was removed
and treated with citrate, 10 mM final concentration, to facilitate
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preparation of washed platelets as described previously.? After
centrifugation of the remaining red cell fraction, plasma was
collected for zinc determination by atomic absorption spectroph-
ometry.

Preparation of washed platelets

Platelets were sedimented from the citrated PRP by centrifugation
at 600 g for 15 min. The pellet was gently resuspended in an equal
volume of Ardlie and Han'® buffer containing 5 mM HEPES
(NaCl 137. NaHCO, 11.9, KCI 2.68, MgCl, 1.05, NaH,PO, 0.36,
HEPES 5.0, and glucose 5.5 mM plus 3.5 g/L bovine serum
albumin) adjusted to pH 6.5. The suspension was “rested” at room
temperature for 5 min and pelleted again. The washed platelets
were resuspended in 1.5 mL of Ardlie buffer adjusted to pH 7.4.
Aggregation was performed after a 5 min rest.

Platelet aggregation

Aggregation was monitored by use of a dual channel aggregometer
{Chrono-Log Corp., Haverstown, PA USA, Model 340) after the
procedure described.> Briefly, 0.5 mL of a washed platelet
suspension, containing 10 ug of rat fibrinogen and 1 mM Ca’*,
was treated first with a concentration of ADP (0.4 uM) that gave
50% of maximum aggregation in control platelets, then with 20
wM ADP to give maximal response. The response given by the
lower concentration of ADP was calculated as a percent of the
maximal response.

Platelet calcium uptake

Cytosolic calcium concentration was determined by fluorescence
measurements made on suspensions of platelets loaded with fura 2
using the technique described previously.* Briefly, washed plate-
lets in suspension medium were loaded by addition of 1 pM fura
2-AM and incubation at 37°C for 30 min. Calcium concentration
was measured by the fluorescence ratio measured at 505 nm when
excited at 340 and 380 nm in a dual wavelength fluorometer (Spex
Industries, Edison, NJ USA). Internal calcium release was calcu-
lated as the difference between resting cytosolic calcium concen-
tration when the platelets were suspended in medium containing
0.1 mM EGTA and the concentration after stimulation with 0.25
pM ADP. Calcium uptake was calculated as the difference
between the cytosolic calcium concentration after internal release
and that after stimulation with 0.25 uM ADP when the platelets
were suspended in the same medium supplemented with 1 mM
Ca’”". This concentration (0.25 pM) of ADP produced calcium
uptake on the linear portion of the response curve.?

Preparation of platelet membranes

Platelets were collected from PRP as described above and washed
twice with 0.1 M phosphate buffer containing 0.5 mg/mL
Na,EDTA, pH 7.4. Washed platelets from approximately 5 mL of
blood were suspended in 2 mL of the same buffer and sonicated by
four 4-sec bursts using a Model VC375 Vibra Cell sonicator and
microprobe (Sonics and Materials, Inc. Danbury, CT USA) at a
setting of 4. The resulting mixed membranes were collected by
centrifugation at 100,000 g for 30 min at 4°C. The supernate was
replaced by 0.5 mL of the same buffer and sonicated again with
two 10-sec bursts at a setting of 2. This procedure yielded
approximately 0.5 mg of protein.

Determination of membrane sulfhydryl and
protein concentrations

Sulfhydryl concentration in the solubilized membrane preparation
was measured colorimetrically by the Ellman method as described

J. Nutr. Biochem., 1997, vol. 8, June 347



Research Communications

Table 1 Zinc status of rats used for determination of platelet aggre-
gation and calcium uptake’

Diet Weight Gain (g/d) Plasma Zinc (uM)?
—-ZN 1.4 = 0.21* 8.5 = 0.46"
+ZN 46 *+0.28 15.7 £ 0.46

"Means = SEM, n = 14. As indicated by the *, the —ZN group was
significantly lower than controls (+ZN), P < 0.001.

2The plasma zinc concentrations are values measured on the antico-
agulant diluted plasma samples corrected for dilution.

by Habeeb et al.'® Briefly, to 1.5 mL of buffer, pH 8.0, containing
0.5 mg/mL of Na,EDTA and 2% of sodium dodecylsulfate, were
added approximately 120 pg of membrane protein. After solubi-
lization of the membranes, 5.5'-dithio-bis-nitrobenzoic acid was
added and the tube remained at room temperature for 15 min.
Absorbance was measured at 412 nm and sulfhydryl concentration
calculated from net absorbance and the reagent’s molar absorptiv-
ity, 134,600 M~' cm™'. Protein was measured by the method of
Lowry et al.!” using bovine serum albumin as the standard.

Statistical treatment

The data in Table 1 and Figure ! were analyzed by one-way
analysis of variance (ANOVA). The other data were analyzed as a
2 X 2 factorial design using the General Linear Models (GLM)
procedure of SAS (SAS Institute, Cary, NC USA). Statistical
significance of the differences between treatments was assessed by
the least squares means component of the GLM procedure.

Results

As shown by the data in Table I, rats fed the low-zinc diet
for 2 weeks based on egg white protein exhibited a
depressed growth rate and low plasma zinc concentration.
They were clearly zinc-deficient, but not as deficient as
those fed a soy-based diet for three weeks. Aggregation of
platelets from the untreated blood of these rats was im-
paired, and calcium uptake by platelets stimulated with
ADP was depressed (Figures 2 and 3). Rats fed the

-Zn +PF +AL

Figure 1 Zinc status and sulfhydryl concentration (nmol/mg protein)
in platelet membrane proteins. Bars represent means and bar exten-
sions represent SEM. n = 7; bars with different letters are statistically
different, P < 0.05.
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Figure 2 Effect on platelet aggregation of in vitro glutathione addition
to blood from zinc deficient and controf rats. N = 11; ANOVA, P <
0.03; zinc effect, P < 0.01. Designations are the same as Figure 1.

low-zinc, soy protein-based diet for 3 weeks had plasma
zinc concentrations of 3.5 uM compared with 14.1 uM for
the ad libitum controls. Previous work has shown that
platelet function is impaired in rats fed both diets.>*

The sulthydryl concentration in the platelet membrane
proteins was significantly less in platelets from rats fed the
low-zinc soy protein-based diet than in controls. As shown
in Figure 1, zinc-deficient platelet membranes contained 45
nmol compared with 55 nmol for ad libitum-fed controls
and 51 nmol per mg protein for pair-fed controls (P << 0.05).

Zinc deprivation in rats fed the egg white-based diet
decreased the percent of maximal aggregation from 46 to
29% (P < 0.01), similar to data reported previously.? In
vitro addition of 0.2 mM GSH to blood from zinc-deficient
rats increased the aggregation response (P << 0.05) of
washed platelets, restoring it to the control level, as shown
in Figure 2. GSH treatment of control blood had no effect
on platelet aggregation. The effect of glutathione was not
observed when the blood was collected in citrate at a final

Diet

Figure 3 Effect on platelet calcium uptake of glutathione addition to
blood from zinc deficient and control rats. 1 = 7; ANOVA, P < 0.06,
zinc effect; P < 0.04. Designations are the same as Figure 1.



concentration of 10 mM (data not shown), suggesting that
the concentration of free calcium must be maintained within
a relatively narrow limit for the in vitro reaction to occur. It
is also notable that addition of GSH to PRP from deficient
rats at the same concentration for 15 min had no effect on
aggregation (data not shown). Furthermore, the addition of
40 pM GSH directly to washed platelets in the aggregation
cuvette for 10 min did not affect the response.

Zinc deficiency decreased significantly calcium uptake
by agonist-stimulated platelets (Figure 3) as reported pre-
viously.>> GSH treatment of whole blood from zinc-
deficient rats restored calcium uptake to normal. However,
GSH treatment decreased the calcium uptake of control
platelets. Neither zinc deficiency nor GSH treatment had an
effect on internal calcium release in deficient or control
platelets (data not shown).

Discussion

The results of this study confirm earlier observations'~ that
short-term deprivation of zinc in rats leads to impaired
platelet function, including decreased aggregability and
calcium uptake when stimulated. It is notable that in this
series of studies similar observations were made regardless
of the protein source, egg white versus soy,”* or level of
food intake by controls, pair-fed versus ad libitum.>? In
view of the consistent results obtained with the different
diets and the lack of food intake effect, the results of two
different experiments involving these variables were com-
bined in this article. Further, it is assumed that the mem-
brane thiols are affected similarly by zinc deficiency in-
duced by the two different dietary treatments.

Associated with impaired platelet aggregation and cal-
cium uptake in this study, there was a decreased concentra-
tion of thiols in platelet membrane proteins. The latter
observation agrees with the observed decrease in thiol
concentration of the erythrocyte plasma membrane in zinc-
deficient rats.” The decreased concentration of sulthydryl
groups in platelet membranes observed here mimics defects
observed in platelets treated with thiol reactive reagents.®~'2
These observations suggest strongly a causative relationship
between platelet membrane thiol concentration and platelet
function. Although the decrease in thiol concentration in
platelet membranes from deficient rats is small, approxi-
mately 10% compared with pair-fed controls, it could well
account for the depressed calcium uptake. The sulfhydryl
concentration associated with calcium channels would con-
stitute a small proportion of the total membrane sulfhydryls
but might exert a dramatic effect on channel function. It is
noteworthy that the membranes must be solubilized to
detect a difference in thiol concentration. Determinations
made on intact membranes gave lower values that were not
different between deficient and control platelets. This sug-
gests that the groups affected by zinc deficiency are “hid-
den” in the intact membrane.

The fact that both aggregation and calcium uptake of
platelets from zinc-deficient rats are improved, in fact
restored to normal, by GSH treatment of the whole blood,
augments the concept that zinc deficiency results in a
decreased thiol:disulfide ratio in membrane proteins critical
to cell function. The mechanism by which GSH treatment
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effects reversal of platelet pathology is unclear, but it clearly
involves the red cell component of the blood. Addition of
GSH to PRP or washed platelet suspensions before stimu-
lation of aggregation did not restore aggregability. Although
it is possible that cells, other than erythrocytes, in whole
blood were responsible for the stimulation, it seems unlikely
in view of the fact that the PRP contained white blood cells
and the well recognized fact that erythrocytes interact with
platelets to enhance platelet reactivity.'®

When stimulated by collagen, platelets in PRP contain-
ing metabolically active red cells produce a releasate that
sensitizes other platelets to aggregate when they are stimu-
lated by collagen at a later time.'® Fixed or ATP-depleted
red cells do not sensitize platelets in this manner. As
observed in this study, a similar releasate seems to be
involved in the reaction by which GSH increases the
response of zinc-deficient platelets. The GSH concentration
in red cells or plasma, or both, may be critical to the normal
process of platelet aggregation. The GSH concentration in
the plasma of zinc-deficient rats is not significantly lower
than normal,2° but it is lower in whole blood.?! In any case,
red cells must be present for GSH to sensitize platelets to
stimulating agents. The red cell probably catalyzes forma-
tion of the releasate or requires GSH to effect its release.

In general there is an association between rat platelet
aggregation and calcium uptake, but there seems to be a
discrepancy in this study; GSH treatment of control blood
decreased platelet calcium uptake but had no effect on
aggregation. Although these phenomena may not be caus-
ally associated, it is highly likely that they are so related
considering the observations made in other species®? as well
as the rat.> One explanation for the normal aggregation
response associated with low calcium uptake in control
platelets treated with GSH is that the active releasate exerts
more than one effect. Another and more likely explanation,
is that zinc-deficient platelets have two defects related to
calcium uptake and only one is corrected by GSH treatment.
The uptake of calcium by normal human platelets is
inhibited by agents, such as phorbol esters and diacylglyc-
erols, that stimulate protein kinase C (PKC).>** Thus,
greater activation of PKC in control than in zinc-deficient
platelets would cause a decreased uptake of calcium. As we
reported earlier, PKC activity is essential for rat platelet
aggregation® and phorbol esters induce aggregation without
the addition of external calcium.?”® Addition of external
calcium (1 mM) accelerated aggregation of normal rat
platelets, but had no effect on zinc-deficient platelets
stimulated by phorbol myristate acetate (PMA). The mech-
anism by which addition of external calcium increases the
response to PMA stimulation is unknown, but zinc status
had no effect on the increase in intracellular calcium, as
measured by fura-2, when external calcium was added to
unstimulated platelets.?> Calcium is essential for PKC
activation and external calcium may bind to PKC in a
compartment where it is not detectable by fura-2, It is
postulated that in normal platelets there are two pools of
uptake calcium, one detectable by fura that is a measure of
the “calcium channel,” and a nondetectable one that stimu-
lates PKC. It seems that in zinc-deficient platelets, external
calcium is not be able to enter the latter compartment when
stimulated, and this defect is not corrected by GSH treat-
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ment. Thus, the normal feedback inhibition of calcium
uptake via PKC is impaired in zinc deficiency.

It is notable that PKC contains a cysteine-rich sequence
in its regulatory domain that is essential for phorbol ester
and zinc binding.?%?” Conceivably, in zinc deficiency there
is damage to the sulfhydryl rich area of membrane protein
kinase, and this defect is not corrected by GSH treatment;
hence there is not as much feedback inhibition to calcium
uptake in zinc-deficient platelets as in controls. Another
possibility is that control platelets are more sensitive to a
low level of cytosolic calcium than are zinc deficient platelets.

The platelet pathology observed in zinc-deficient rats is
clearly related to a defect in calcium uptake. Present results
extend this association to decreased sulfhydryl concentra-
tion in platelet membranes. The fact that in vitro GSH
treatment of whole blood from zinc-deficient rats restores
their sensitivity to ADP stimulation adds credence to the
concept that zinc deficiency affects plasma membrane
function negatively by way of decreasing the thiol:disulfide
ratio in critical plasma membrane proteins. The mechanism
by which GSH treatment of blood effects the reversal of
platelet pathology is unknown, but it seems to involve red
cells and the production of another compound that acts on a
calcium channel. Considering the fact that zinc-deficient
platelet membranes contain a lower than normal concentra-
tion of thiol groups and that GSH restores platelet function,
the intermediate may serve as a reducing agent to produce
or protect sulthydryl groups in a calcium channel. Although
not determined experimentally, it is assumed that the GSH
treatment of whole blood restores the platelet membrane
thiols to normal concentration. Because zinc deficiency
decreases calcium uptake not only by platelets but also by
cortical?® and hippocampal®® synaptic membranes, zinc
may serve generally to protect calcium and other channels
dependent on functional thiols.
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