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Effect of Zinc Deficiency on Plasma Glutathione in the Rat’ (41687) 
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Abstract. The objective of this study was to determine the effect of zinc status on plasma 
glutathione concentration. Immature male rats were fed a low-zinc (<1 ppm) diet based on 
soybean protein. Pair-fed and ad libitum-fed controls consumed a similar diet supplemented 
with zinc (lo0 ppm). The plasma concentration of total glutathione (GSH plus GSSG), as 
determined by the glutathione reductase recyling method of Tietze, decreased in all groups when 
plasma was allowed to stand in air at room temperature. At 5 min approximately 90% of the 
total glutathione was present as GSH and the measurable concentration of GSH decreased 
logarithmically during 60 min. Less than one-half of the loss was accounted for by conversion 
to GSSG; the nature of the remaining loss is unknown. The plasma of rats fed the zincdeficient 
diet for 2 weeks contained less total glutathione than that of ad libitum-fed controls. There was 
no difference between zincdeficient rats and pair-fed controls. 

Glutathione occurs primarily within cells 
where its concentration ranges from about 0.5 
to 10 mM with greater than 90% of the total 
existing in the reduced form (1). Zinc status 
has been shown to affect glutathione concen- 
trations in tissues but there is no information 
relative to its effect on plasma glutathione 
concentrations. Hsu et al. (2) found elevated 
levels of reduced glutathione (GSH) in livers 
of zinc-deficient rats compared to ad libitum- 
fed controls under conditions in which the 
rats were fasted overnight before samples were 
taken. On the other hand, Hsu (3) reported a 
lower concentration of GSH in erythrocytes 
of zinc-deficient rats compared to pair-fed 
controls and this has been confirmed recently 
(4). Both zinc (5) and glutathione (6) have 
been implicated in membrane stability and 
zinc may be involved in the maintenance of 
GSH levels (7). Plasma zinc concentration 
drops rapidly when rats are fed a low-zinc diet 
and the sensitivity of platelets to aggregating 
agents is decreased within 7 days (8). Consid- 
ering the fact that organs such as liver trans- 
locate substantial quantities of glutathione to 
plasma and there is a significant intravascular 
phase of glutathione metabolism (9), it is im- 
portant to determine the effect of zinc status 

’ A contribution of the Missouri Agricultural Experi- 
ment Station, Journal Series No. 9072. Supported in part 
by NIH Grant HL 11614. 

* To whom correspondence should be addressed. 

on the concentration of extracellular gluta- 
thione. 

Until recently, plasma glutathione levels 
were reported to range from an undetectable 
level to about 5 jd4 (9, 10). Anderson and 
Meister (9) identified the probable cause of 
the reported low plasma levels when they dis- 
covered the rapid disappearance of measurable 
glutathione from the plasma. When the 
plasma was rapidly isolated and deproteinized, 
they found much higher levels (25 p M )  than 
usually reported. The disappearance of mea- 
surable glutathione from plasma is not due to 
the oxidation of GSH to GSSG (9) because 
the enzymic method of analysis ( 1 1 )  measures 
both GSH and GSSG. Furthermore, it is not 
caused by GSH forming a mixed disulfide with 
plasma protein (9). Apparently GSH reacts 
with a low-molecular weight plasma com- 
ponent to form an unidentified compound. 
Glutathione in this complex is undetectable 
by the glutathione reductase recycling method, 
but borohydride reduction gives values com- 
parable to those obtained in rapidly isolated 
and deproteinized plasma. 

The form and concentration of glutathione 
in extracellular spaces may be significant in 
the maintenance of membrane stability and 
function. The purpose of this study was to 
determine the effect of zinc status on the con- 
centration of glutathione in plasma. Since zinc 
deficiency depresses food intake in rats (12) 
and fasting lowers tissue glutathione levels 
( 13), a restricted-food-intake control was in- 
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cluded. The in vivo concentration and form 
of the total glutathione and the in vitro rate 
of GSH conversion to other forms were de- 
termined. 

Materials and Methods. Reduced gluta- 
thione (GSH), oxidized glutathione (GSSG), 
reduced nicotinamide adenine dinucleotide 
phosphate (NADPH), glutathione reductase 
(GR), triethanolamine (TEA), and 5,5-di- 
thiobis-( 2-nitrobenzoic acid) (DTNB) were 
obtained from Sigma Chemical Co., St. Louis, 
Missouri and 2-vinylpyridine (2-VP) from 
Aldrich Chemical Co., Milwaukee, Wisconsin. 

Wistar strain male rats, 130-180 g, were 
divided into three groups and housed indi- 
vidually in wire-mesh stainless-steel cages. One 
group was fed ad libitum a zinc-deficient (< 1 
ppm Zn) diet based on soybean protein (14), 
a second group was pair-fed the same diet 
supplemented with zinc (100 ppm Zn as 
ZnCo3), and a third group was fed the zinc- 
adequate diet ad libitum. The groups are re- 
ferred to as Zn-deficient, pair-fed control, and 
ad-lib control, respectively, and were main- 
tained on the diets for periods of approxi- 
mately 2 weeks. All rats were given distilled 
deionized water ad libitum. Rats fed the zinc- 
deficient diet typically gained 27 * 1.7 g (N 
= 5) during the first 2 weeks and failed to gain 
beyond that time. Pair-fed controls gained 34 * 2.9 g and ad libitum controls gained 97 
f 1.7 g. The respective plasma zinc concen- 
trations were 44.9 * 1.1, 129 * 7, and 
132 -t 4.8 pg/dl. Zinc was determined by flame 
atomic absorption spectrophotometry on 
plasma samples diluted fourfold with water. 

Except for preliminary experiments, plasma 
for glutathione determination was collected 
after the rats had consumed the diets for ap- 
proximately 2 weeks. Unless otherwise indi- 
cated, the rats were anesthetized with sodium 
pentobarbital (50 mg/kg) and blood collected 
into a heparinized syringe from the distal aorta 
between 1000 and 1500 hr unless otherwise 
specified. Immediately after collection, the 
blood was centrifuged for 1 min at 80008 in 
an Eppendorf microfuge and the plasma al- 
lowed to stand at 25°C. Aliquots of the plasma 
(0.5 ml) were deproteinized at intervals of 5, 
10, 20, 30, and 60 min by addition of 0.5 ml 
of 10% trichloracetic acid (TCA); protein was 
removed by centrifugation for 1 min at 80008. 

Total glutathione (GSH + 2GSSG) was de- 

termined by the DTNB-glutathione reductase 
recycling method of Tietze (1 1). GSSG was 
determined by Griffith’s (15) 2-VP modifi- 
cation of the Tietze method. The 2-VP reacts 
with GSH so that the method measures only 
GSSG. GSH was calculated by difference. 

For total glutathione determination, 100 pl 
of TCA supernatant was placed in a cuvette 
and the following reagents added: 3 p1 of H20, 
10 pl of neat TEA, 700 pl of0.3 mMNADPH 
(in 125 mM phosphate buffer, pH 7.5, con- 
taining 6.3 mM EDTA), 100 p1 of 6.0 mM 
DTNB (made fresh daily), and 10 pl of GR 
(150 units/ml). The reaction was followed by 
measuring the change in absorbance at 412 
nm (AA412) for 20 min; the slope of the curve 
was proportional to the total amount of glu- 
tathione (GSH + 2GSSG) present in the orig- 
inal sample. Plasma GSH concentration was 
calculated from standard curves which related 
the rate of A h l 2  to the concentration of pure 
GSH. These curves were prepared at the time 
of each assay. 

For the GSSG determination, 100 pl of the 
TCA supernatant was placed in a small test 
tube followed by 10 p1 of neat TEA and 3 pl 
of neat 2-VP. TEA was used to adjust the pH 
for optimal reaction between 2-VP and GSH. 
The tube was incubated for 60 min at room 
temperature whereupon 700 pl of 0.3 mM 
NADPH and 100 p1 of 6.0 mM DTNB were 
added and mixed well. The contents of the 
tube were transferred to a cuvette and 10 pl 
of GR (1 50 units/ml) was added to start the 
reaction. All GSSG levels were reported as 
GSH equivalents. The data were treated sta- 
tistically by the student’s t test. 

Results and Discussion. Preliminary studies 
included the effect on glutathione concentra- 
tion of the type of anesthesia, food intake, and 
time of sampling during the day. Significantly 
higher levels (20.2 f 1.3 vs 16.4 f 1.6 pA4 at 
5 min) were measured in ad libitum control 
rats when pentobarbital rather than ether was 
used. Pentobarbital was used for the remainder 
of the study. To determine diurnal variation, 
rats were fed the control diet ad libitum and 
blood was collected at 0800, 1500 and 2000 
hr. Total glutathione was determined at the 
5-min time point as described in “Methods.” 
The results gave strong evidence for a diurnal 
variation in plasma glutathione; levels in con- 
trols were high in the morning and low in the 
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evening (0800 hr = 21.6 f 0.8 pA4, 1500 hr 
= 18.1 f 1.5 pA4and 2000 hr = 14.1 k 0.4 
pA4). A 12-hr fast (2000 to 0800 hr) of controls 
lowered plasma glutathione significantly (20.0 
f 1.5 vs 16.0 k 1.6 pA4, at 5 min). 

Given the fact that zincdeficient rats exhibit 
cyclic food intake (1 2), plasma glutathione 
levels were measured in zinc-deficient rats 
during periods of maximum and minimum 
food intake. As shown in Table I, there was 
no significant difference in plasma glutathione 
between the days of maximum and minimum 
food intake in either zinc-deficient or pair-fed 
control rats. The concentration in zinc-defi- 
cient plasma was less than that in ad libitum 
controls, but there was no difference between 
zinc-deficient and pair-fed control rats during 
either phase of their feeding cycles. 

In agreement with earlier observations (9), 
the total glutathione concentration measured 
by the reductase, recycling method decreased 
rapidly after plasma was collected. As shown 
in Fig. 1 differences in the plasma level due 
to diet occurred only at the 5- and 10-min 
points. The ad libitum-fed control rats had 
the highest measurable plasma concentration 
and it decreased at a faster initial rate than 
the zinc-deficient plasma. The concentration 
of GSSG increased in the plasma during the 
60-min period so that finally it accounted for 
virtually all of the measurable glutathione. 
Nevertheless, the measurable concentration 
was less than one-half that observed at 5 min. 
A major proportion of the total glutathione 

TABLE I. TOTAL PLASMA GLUTATHIONE AS A 

FOOD INTAKE CYCLE 
FUNCTION OF ZINC STATUS AND THE 

Day of Day of 
maximum minimum 

Dietary group intake (pM) intake ( p ~ )  

Zn deficient 16.0 f 2.1" 15.4 f 2.0" 
Pair-fed control 18.0 f 1.8".' 16.0 f 2.1" 
Ad lib control 20.2 f 1.8' 

~ 

Note. Values f SEM ( N  = 5 )  are total glutathione (GSH 
+ 2GSSG) in plasma 5 min after collection. Rats were 
killed on either day of maximum or minimum food intake 
during their food intake cycle after being on the respective 
diets 13- 15 days. Minimum intake occurred at approx- 
imately 5day intervals after consumption of the low-zinc 
diet. Different superscripts indicate statistical significance 
at P < 0.05. 
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FIG. 1. Timedependent loss of measurable total glu- 
tathione (GSH + 2GSSG) and increase in GSSG in zinc- 
deficient (2 weeks) and control rat plasma at 25°C. The 
data points are means of Zndeficient (A) ( N =  10); 
pair-fed control (0) (N = 6); and ad lib-fed control (U) 
( N  = 5) groups. Only the 5- and 10-min means for total 
glutathione are statistically different (P < 0.05) between 
the deficient and ad libitum controls. The respective 5- 
and 10-min values (mean k SEM) were: for the zincde- 
ficient group 15.6 +_ 1.2 and 13.2 +_ 1.1; for the pair-fed 
group, 16.2 k 1.6 and 12.8 f 1.4; and for the ad libitum 
group, 20.2 f 1.8 and 16.0 +_ 1.5. The differences in 
GSSG concentrations between groups were not statistically 
significant at any time point. 

was converted to a form not readily reducible 
by NADPH and glutathione reductase. Di- 
etary status had no effect on the GSSG con- 
centrations at any time. 

In an attempt to estimate the in vivo plasma 
concentrations of glutathione, the GSSG con- 
centrations were subtracted from the total 
(GSH plus GSSG) and the values plotted log- 
arithmically versus time (Fig. 2). The disap 
pearance of GSH appears to follow a pseudo- 
first-order reaction. On the assumption that 
virtually all of the in vivo plasma glutathione 
is in the form of GSH, extrapolation to zero 
time would provide a measure of its in vivo 
concentration. The extrapolated value for ad 
libitum control plasma was 23.5 pA4 and for 
the zinc-deficient plasma 16.4 pA4. The high 
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FIG. 2. Semilogarithmic (natural log) plots of calculated 
GSH concentrations versus time at 25°C. Values are for 
zinc deficient (0) and ad lib controls (W). The curve for 
the pair-fed controls essentially overlapped that of the 
zincdeficient group and was omitted. The slopes of the 
curves, -5 X for the control and -4.4 X lov2 for 
the deficient groups, are the pseudo first-order rate con- 
stants for GSH disappearance. 

proportion of GSH in plasma is consistent 
with the observation of Anderson et al. (16) 
that GSH is the form translocated from tissue 
to plasma. 

While the plasma glutathione level in zinc- 
deficient rats was lower than that of ad libitum- 
fed controls, it did not differ significantly from 
the pair-fed control. This fact does not dis- 
count the significance of zinc deficiency on 
glutathione because it is not evident that pair- 
feeding provides the best control. The plasma 
glutathione values presented here agree with 
those measured by Meister et al. (9, 16) in rat 
blood obtained from the aorta and the time 
dependent loss of measurable glutathione is 
consistent with their results (9). It is not known 
whether or not the nonmeasurable component 
exists in vivo. If so, it might account for the 
lower level of glutathione in zinc-deficient 
plasma. 

The decreased concentration of extracel- 
lular GSH in zinc-deficient plasma may be of 
physiological significance but this is a moot 
question. Since liver GSH is elevated by zinc 
deficiency, the data suggest either a decreased 

rate of translocation to plasma or a more rapid 
removal of GSH from plasma in vivo. 
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