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Abstracl--Rat liver microsomes were incubated in the presence of zinc and the rate of NADPH oxi- 
dation and related metabolism of aniline and ethylmorphine by appropriate oxidases were studied. 
A competitive mechanism of the inhibition of NADPH oxidation by zinc was found, with l/m~x= 10.3 
nmoles NADP/min/mg of protein and Ki amounting to 7.22 /~M zinc. In microsomes dialyzed against 
EDTA, addition of Mn 2+ but not of Mg z+ enhanced the rate of NADPH oxidation. A complex 
relation of Zn 2+ and Mn 2+ in liver microsomes was found, the data not obeying the rigorous treatment 
for enzyme kinetics. The activity of aniline hydroxylase and ethylmorphine-N-demethylase was inhibited 
by zinc; 50 per cent inhibition was reached at 60 and 55 /~M Zn 2+ respectively. Another microsomal 
enzyme, glucose 6-phosphatase, independent of NADPH, was not affected by zinc. The content and 
spectral characteristics of cytochrome P-450 were not affected by zinc. It is concluded that Zn 2+ 
inhibits oxidation of NADPH and prevents this pyridine nucleotide from functioning in the microsomal 
electron transport system. The possibility that Zn 2 + may interfere with other ions or enzymes involved 
in microsomal electron transport cannot be excluded. 

In a recent study, we showed that the administration 
of Zn 2 + to rats protected the liver from CC14-induced 
hepatotoxicity I l l .  Our data indicated a decrease in 
the peroxidation of unsaturated fatty acids, since the 
rate of malondialdehyde formation was significantly 
slower in liver microsomes from Zn2+-treated ani- 
mals. It is generally assumed that C C 1 4  initiates lipid 
peroxidation after it is converted to a trichloromethyl 
free radical (.CC13) by microsomal drug-metabolizing 
enzymes and that - CC13 is the actual hepatotoxic spe- 
cies 1-2, 3]. Two possible mechanisms could explain 
these findings: (1) that Zn 2 + was preventing the mic- 
rosomal conversion of CC14 to . CC13 and/or (2) that 
Zn -~+ was interacting with the polyunsaturated fatty 
acids of the biomembranes, thus rendering them re- 
sistant to peroxidative deterioration. 

In this paper we explore the first hypothesis, 
namely, that zinc interferes with mixed-function oxi- 
dases residing in smooth endoplasmic reticulum of 
liver microsomes. It has been well established that 
the mixed-function oxidation consumes equal 
amounts of NADPH,  oxygen and drug as a substrate. 
Thus, the initial step in liver microsomal electron 
transport involves transfer of electrons from N A D P H  
to reduce the oxidized heme P-450-substrate complex 
by way of NADPH-cytochrome-c  reductase. The 
reduced cytochrome P-450 substrate complex then 
reacts with molecular oxygen to form the oxygenated 
complex [4]. The oxidation of N A D P H  in the initia- 
tion of microsomal electron transport resulting in oxi- 
dation of a drug was assumed to be the likely target 
for zinc effect. The preliminary report indicating such 
an effect has already been published [5]. 

The microsomes will also catalyze an N A D P H -  
dcp~ ~ldent peroxidation of endogenous lipid [6]. This 
reaction involves the transient formation of lipid per- 

I~.l, 23 I ~ ,, 

oxides, leading to deterioration of polyunsaturated 
fatty acids and producing a variety of degradation 
products, including malondialdehyde. Assuming that 
zinc inhibits microsomal N A D P H  oxidation I-5], we 
suggest that by this mechanism both oxidation of 
drugs and NADPH-oxidat ion  dependent lipid peroxi- 
dation in the endoplasmic reticulum should be inhi- 
bited. The experimental data supporting the view that 
zinc ions inhibit enzymatic lipid peroxidation were 
published elsewhere [7]. 

M E T H O D S  

All experiments reported in this study were per- 
formed with microsomes isolated from adult Spra- 
gue-Dawley rats of both sexes. After exsanguination 
of the animal, the liver was thoroughly perfused with 
at least 20 ml of ice-cold saline through either the 
protal vein or the inferior vena cava. 

Liver was homogenized in phosphate buffer (0.01 
M), pH 7.0) or Tris-KC1 buffer (0.05 M Tris HCI and 
0.153 M KCI buffer, pH 7.4) and is described for each 
study. Tris KC1 buffer had a tendency to decrease 
enzyme activity as compared to phosphate buffer but 
phosphate buffer precipitated Zn 2+ at higher levels 
so that the buffer was chosen according to the par- 
ameter being studied. Homogenization was performed 
in an all-glass homogenizer and microsomes were iso- 
lated from the supernatant of 15,000 g centrifuged 
for 20 min as described in our previous paper [8]. 

In experiments with dialyzed microsomes, an ali- 
quot of microsomal fraction homogenized in 0.01 M 
phosphate buffer, pH 7.0, was dialyzed for 2 hr at 
4 ° against 5 mM EDTA, 1 mM 1,10-phenanthroline, 
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pH 7.0, and then against 0.01 M phosphate buffer for 
24 hr. The pH of the microsomal fraction after dialy- 
sis was adjusted to pH 7.0. 

N A D P H  oxidation. The rate of N A D P H  oxidation 
was recorded at 340 nm at 32 ° on a Beckman Acta 
III spectrophotometer in quartz cuvettes. The reac- 
tion vessel contained 141.7 mM sucrose and 96 /~M 
N A D P H  (Sigma) in either Tris-KC1 or phosphate 
buffer. Enzyme activity was initiated by adding 1-6 
mg of microsomal protein in a final volume of 3 ml. 
MnC12, MgC12 or ZnCI_, was added as indicated in 
Results. The initial velocity of the oxidation was 
obtained in min 1 of the reaction, since the rate 
tended to decrease with time. 

M icrosomal drug oxidases. The microsomal fraction 
for the determination of microsomal drug-metaboliz- 
ing activity and glucose 6-phosphatase activity was 
prepared as follows: livers were perfused in vitro as 
described, homogenized in 1:3 (w/v) of Tr is -KCl  
buffer (50 mM Tr is 'HCl-154  mM KC1, pH 7.4), and 
the homogenate was centrifuged at 15,000 # for 20 
rain. The resulting supernatant was then centrifuged 
at 105,000 g for 60 min to obtain the microsomal 
pellet. This pellet was gently re-homogenized in 1.5 
vol of the same buffer. All the above operations were 
carried out at 2 °. The protein content of the microso- 
mal suspension was determined by the method of 
Lowry et al. [9]. 

The microsomal metabolism of ethylmorphine and 
aniline was determined in 3.0-ml mixture consisting 
of: 5 mM MgC12, 12 mM glucose 6-phosphate, 1 unit 
of glucose 6-phosphate dehydrogenase (Sigma), 0.33 
mM NADP,  50 mM Tris-KC1 buffer (pH 7.4), 6 mg 
of microsomal protein and 10 mM ethylmorphine or 
1 mM aniline. The mixture was incubated at 37" for 
10 min with shaking, after which the reactions were 
terminated with 1 ml of 15')o ZnSO4 (ethylmorphine) 
or with 0.8 g NaC1 and 25 ml ether (aniline). The 
degree of N-demethylation was estimated by measur- 
ing the amount of formaldehyde formed according 
to the method of Nash [10]. Aniline hydroxylase was 
assayed according to Smuckler et al. [11]. 

In order to insure that Zn 2+ was not selectively 
precipitating the microsomal enzymes, the activity of 
microsomal glucose 6-phosphatase was determined 
by incubating 8 #moles glucose 6-phosphate with 1 
mg of microsomal protein in 0.2 ml of 50 ml Tris KC1 
buffer (pH 7.4). The procedure employed was essen- 
tially that described by Harper [12] with a microso- 
real suspension being substituted for filtered liver 
homogenate. The phosphate content was determined 
by the colorimetric method of Fiske and Subba- 
row [13] utilizing the Fisher Gram-Pac (A0974). 

Cytochrome P-450. Cytochrome P-450 was deter- 
mined spectrophotometrically [11] and calculated 
using the extinct coefficient of 91mM-I  cm- 
[14 ] .  

Metal analysis. This analysis was done on an ato- 
mic absorption spectrophotometer, Perkin Elmer 
model 305, after digesting the liver sample initially 
with concentrated nitric acid followed by digestion 
in equal parts of nitric acid and 30°/,, hydrogen per- 
oxide. The digest was evaporated to dryness, the resi- 
due was diluted in deionized distilled water, and 
appropriate aliquots were taken for the analysis of 
zinc, iron, manganese and magnesium. 

RESULTS 

A linear relation was found between the rate of 
formation of N A D P  and the protein content of liver 
microsomes within the concentration of 1 6 mg pro- 
teins in 3 ml medium. Further work reported was 
carried on within this concentration range of microso- 
mal fraction. 

Effect of zinc on N A D P H  oxidation. This effect was 
studied in a microsomal fraction of the liver at 
various concentrations of zinc and at 7.2, 14.4 and 
28.8 mM N A D P H  added to the microsomes, sus- 
pended in 0.04 M phosphate buffer. The rate of 
N A D P  formation in the system was related to the 
amount of N A D P H  added. At any concentration of 
N A D P H  its oxidation was inhibited by zinc in a con- 
centration-related manner. The Ks value of this reac- 
tion was 6.45 mM NADPH.  These data presented 
in Lineweaver Burk double-reciprocal plots (Fig. l) 
show a competitive mechanism for Zn 2+ inhibition. 
With a 1/Vintercept of 0.097, the Vmax for the reaction 
was 10.3 nmoles NADP/min /mg  of proteins. The Ki 
was calculated to be 7.22/~M Zn 2+. 

There are several possible mechanisms by which 
Zn 2+ could inhibit N A D P H  oxidation. Direct inter- 
action with N A D P H  may render this pyridine nucleo- 
tide more resistant to oxidation. Another possibility 
is the interference of Zn 2+ with certain metals in- 
volved in the microsomal electron transport system. 
Finally, the inhibition of N A D P H  oxidation by Zn 2+ 
may reflect the interference of this metal with enzymes 
at any step of the microsomal electron transport 
chain. In the next section, the results referring to the 
last two mentioned hypotheses will be presented. The 
first hypothesis is under investigation. 

Interaction of Zn 2+ with other metals. We tested 
the possibility that zinc displaces some metals in- 
volved in the microsomal electron transport system. 
It was shown that the granular fraction of polymor- 
phonuclear leucocytes [15, 16] and macrophages 
[17, 18] contains an N A D P H  oxidase which is 

EFFECT OF Zn ++ ON NADPH OXIDATION IN RAT LIVER MICROSOMES 
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Fig. I. Lineweaver Burk curve of l/substrate vs 1/velocity 
based on the initial rate of enzyme activity at four different 
Zn 2 + concentrations. NADPH oxidation was measured at 
340 nm in a cuvette containing 22.5 mM KH2PO4, 13.3 
mM Na2HPO4, 141.7 mM sucrose, and the amounts of 

. NADPH and Zn 2 ÷ given in the figure; 2.0 mg of microso- 
mal proteins was added to initiate the reaction at 32 °. The 
l/Vma x value is 0.097 (nmole NADPH/min/mg of pro- 

tein) -~. The 1/K~ value is 0.155 (mM NADPH) -1. 
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Table 1. Content of some metals in intact and 
CaNa2EDTA dialyzed rat liver microsomes* 

Me 2+ (#g/g protein) 

Sample Fe Zn Mn Mg 

Microsomes 
Nondialyzed 878 95 3.2 452 
Dialyzed 800 63 1.6 167 

!'; Dialyzed out 9 30 50 63 

* Liver microsomes (250 mg protein) were dialyzed for 
2 hr against 5 mM EDTA and 1 mM phenanthroline, pH 
7.0, at 4 ° and then 0.01 M PO,~ buffer, pH 7.0, for 24 hr 
at 4 c. Metal content was determined by atomic absorption. 
Data are presented/g protein of microsomal fraction. 

strongly activated by Mn 2+ ions [16, 18]. In a 
recent paper, it was reported that Zn 2+ inhibited 
N A D P H  oxidase from pulmonary alveolar macro- 
phages in a competitive manner [18]. In liver micro- 
somes, it is the activity of cytochrome c reductase 
which functions as N A D P H  oxidase. 

The studies on the role of Mn 2+ in microsomal 
N A D P H  oxidation were done with a microsomal 
fraction dialyzed for 2 hr against 1 mM 1,10- 
phenanthroline and 5 mM EDTA at pH 7.0 and 
then for another 24 hr at 4 ° against 0.01 mM phos- 
phate buffer, pH 7.0. The change in the content of 
zinc, iron, magnesium and manganese in microsomal 
fraction due ' t o  dialysis is shown in Table 1. Only 
a minimal amount  of iron (less than 9 per cent of 
total iron) was removed by dialysis. After the second 
dialysis the content of Mn 2+ decreased from the ori- 
ginal 3.2 to 1.6 pg/g of microsomal protein. Thus. 
only 50 per cent of manganese was removed by dialy- 
sis. Further addition of Mn 2 + up to 0.43 mM final 
concentration resulted in a linear increase of the rate 
of N A D P H  oxidation (Table 2). No effect of added 
Mg 2+ within the same concentration range was 
observed. Surprisingly, addition of small amounts  of 
Zn= + (up to 5 pM final concentration) to the EDTA- 
treated and extensively dialyzed microsomal fraction 
stimulated the oxidation of N A D P H  (Fig. 2). Within 
a range of concentrations of 5 30 pM Zn 2+, an inhi- 

Table 2. Rate of oxidation of NADPH in EDTA-treated 
and dialyzed liver microsomes in the presence of various 

divalent cations* 

Mn 2+ or Mg 2+ 
concn Z n  2+ c o n c n  

(mM) (pm) 

NADP 
(nmoles/min/mgprotein) 

M n  2 +  M g  2+ Z n  2+ 

0.0 0 29 29 19.7 
0.10 3.33 50 29 37.5 
0.33 10.00 157 30 24.0 
0.43 13.33 169 29 20.5 

* Liver microsomes were dialyzed as is described in 
Methods. NADPH oxidation was initiated by 2.0 mg of 
microsomal proteins being added to a cuvette containing 
22.5 mM KHzPO4, 13.3 mM NazHPO4, 141.7 mM suc- 
rose, 96 /~M NADPH and the above metals at 32 °. The 
pH value of the incubation medium was 7.4. Indicated 
metal concentration refers to exogenous amount of single 
metal added to the microsomal sample. 
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Fig. 2. Effect of Zn 2+ additions on dialyzed and nondia- 
lyzed liver microsomal fractions in phosphate buffer. 
NADPH oxidation was initiated by 1.5 mg protein of mic- 
rosomal preparation being added to a cuvette containing 
22.5 mM KHzPO4, 13.3 mM Na2HPO4, 141.7 mM suc- 
rose, 96 #M NADPH and the given concentrations of 
Zn 2+. The nondialyzed liver microsomes contained 
3.5 #g ZnZ+/g protein and the dialyzed sample contained 
2.5 pg Zn 2 +/g protein as determined by atomic absorption. 

bition of N A D P H  oxidation was found in two inde- 
pendent experiments. The pertinent data from our ex- 
periments are shown in Fig. 2. 

The differing effect of increasing concentrations of 
zinc ions on N A D P H  oxidation in nondialyzed and 
dialyzed microsomes (Fig. 2) was suggestive of poss- 
ible interaction between Zn 2+ and Mn 2+. Further 
analysis of this effect indicated rather complex rela- 
tions between both metals. Table 3 represents the 
results of one typical experiment, which has been 
reproduced in three similar experiments. The data 
show that increasing Zn 2+ concentration in a dia- 
lyzed sample from 3.3 to 13.3 /~M without exogenous 
Mn 2+ resulted in inhibition of N A D P H  oxidation. 
When 0.1 mM Mn 2+ was added, the effect was just 
the opposite;  nevertheless, at 0.3 mM Mn 2+, the oxi- 
dation of N A D P H  was again inhibited with increas- 
ing Zn 2+. The analysis of the kinetic data suggests 

Table 3. Rate of oxidation of NADPH in dialyzed micro- 
somes at various concentrations of Zn 2+ or Mn 2+* 

Zn a+ (pM) 

NADP (nmoles/min/mg protein) 

Mn 2+ (mM) 

0 0.1 0.2 0.3 

0.0 19.7 20.8 35.1 26.3 
3.33 37.5 17.5 34.0 59.2 

10.00 24.0 28.5 35.1 24.1 
13.33 20.5 42.8 25.6 15.4 

* Microsomal fraction was dialyzed as described in 
Methods. NADPH oxidation was measured in a cuvette 
containing 22.5 mM KH2PO4, 13.3 mM Na2HPO4, 141.7 
mM sucrose, 96 pM NADPH, the above amounts of 
metals and 1 6 mg of microsomal proteins, initiating the 
reaction at 32 °. The pH value of the medium was 7.4. 
The indicated concentrations of individual metals refer to 
amounts added to the sample in excess of their content 
left after dialysis. The oxidation rate was based on min 
1 of the reaction. 
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on the activity of aniline hydroxylase 
and glucose 6-phosphatase in liver microsomes. Aniline (1 
mM) was incubated for 10 min in a 3-ml incubation 
medium (pH 7.4) consisting of 5 mM MgC12, 12 mM glu- 
cose 6-phosphate, 1 unit glucose 6-phosphate dehydrogen- 
ase, 0.33 mM NADP, 6 mg of microsomal protein, 50 mM 
Tris and 154 mM KCI. Glucose 6-phosphatase activity was 
determined by incubating glucose 6-phosphate with micro- 
somes suspended in Tris KC1 and the Pi determined by 
the colorimetric procedure of Fiske and Subbarowl-13]. 
Each point represents the mean of two incubations. 

that the mechanism involving various metal ions in 
N A D P H  oxidation is too complex for rigorous treat- 
ment at the present time. 

Effect o f  zinc on some enzymes o f  microsomal elec- 
tron transport. To test the hypothesis that zinc inter- 
acts directly with some enzyme components of liver 
microsomal electron transport, we studied the effect 
of this metal cation on cytochrome P-450. Supple- 
mentation of Zn 2 + at two different concentrations (1 
and 100 /tM) to isolated microsomal fraction incu- 
bated under slight shaking in T r i ~ K C I  buffer for 10 
or 40 min at 25 ° did not result in any change of 
spectral characteristics of cytochrome P-450. The 
characteristic maximum at 450 nm as well as the 
shoulder at 420 nm was identical in all samples ana- 
lyzed. 

Effect o f  zinc on the activity o f  some drug oxidases 
in liver microsomes. Inhibition of N A D P H  oxidation 
in liver microsomes by zinc, as documented above, 
should result in inhibition of drug oxidation. To 
experimentally verify this statement, we studied the 
effect in vitro of Zn z+ in a final concentration of 
5 150 /tM on the NADPH-dependent  microsomal 
oxidation of aniline and N-demethylation of ethyl- 
morphine. The data in Fig. 3 indicate the inhibition 
of aniline hydroxylase activity by zinc, 50 per cent 
inhibition being obtained at 60-70 /zM zinc concen- 
trations. These data are similar to the previously pub- 
lished data for ethylmorphine N-demethylation [5]. 
Under  similar experimental conditions, the activity of 
glucose 6-phosphatase, an enzyme independent of 
N A D P H  oxidation, was not affected by the presence 
of Zn 2+ (Fig. 3). 

Figure 4 presents data on the effect of zinc on the 
activity of aniline hydroxylase as well as ethylmor- 
phine N-demethylase by plotting the reciprocal rates 
for velocity of product formation as a function of zinc 
concentration. The slopes of linearly transformed data 
clearly indicate the inhibitory effect of zinc on both 
enzymes dependent on NADPH.  

To ascertain if various anions of zinc compounds 
play any role in the inhibitory effect of Zn 2 +, we stud- 
ied the effect of four zinc salts at 0.1 mM concen- 
tration on the activity of ethylmorphine N-demethy- 
lase in liver microsomes. Our results indicate that zinc 
gluconate was the least inhibitory (50 per cent inhibi- 
tion) and zinc acetate the most inhibitory (63 per cent) 
when initial rates of product formation were followed. 
Zinc chloride and zinc sulfate inhibited by 50 and 
56 per cent respectively. 

DISCUSSION 

The aim of this study was to explain the possible 
mechanism(s) by which zinc administered in vivo pro- 
tects the liver against CC14 hepatotoxicity [1, 19]. The 
results of this study in vitro indicate that zinc inhibits 
the oxidation of N A D P H  in liver microsomes by a 
competitive mechanism. A logical consequence of 
blocking N A D P H  oxidation in the presence of Zn 2÷ 
would be inhibition of all microsomal reactions 
dependent on the transfer of electrons from NADPH.  
The activity of two NADPH-dependent  microsomal 
enzymes, i.e. aniline hydroxylase and ethylmorphine 
N-demethylase, was inhibited by the addition of Zn z + 
to the incubation medium. Another enzyme, bound 
also to endoplasmic reticulum, but independent of 
N A D P H  oxidation, i.e. glucose 6-phosphatase, was 
not affected by zinc ions. This finding indicates that 
the described effect of Zn 2+ on N A D P H  oxidation 
or the metabolism of two drugs was not related to 
eventual microprecipitation of microsomal proteins 
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Fig. 4. Reciprocal plot of specific activity of aniline hy- 
droxylase and ethylmorphine N-demethylase as a function 
of Zn z+ concentration. Aniline (1 mM) or ethylmorphine 
(10 mM) was incubated for 10 min in 3 ml medium (pH 
7.4) consisting of 5 mM MgClz, 12 mM glucose 6-phos- 
phate dehydrogenase, 0.33 mM NADP, 6 mg of microso- 
real protein, 50 mM Tris and 154 mM KC1. The rate of 
reaction was determined by measuring the product of each 
reaction: HCHO for ethylmorphine N-demethylase and 
p-aminophenol for aniline hydroxylase. Each point is the 

mean of two incubations. 



Zinc and NADPH oxidation I ~ l  

by Zn  2 +, bu t  to specific interaction of the metal  with 
some components  of the drug-oxidizing system. Thus, 
the decreased oxidation of some drugs metabolized 
to a hepatotoxic product  might  explain the protective 
effect of zinc on carbon tetrachloride-induced liver 
damage [1, 19]. 

Zinc is obviously not  the only metal inhibit ing mic- 
rosomal electron flow. Mn -'+ and  Co -,+ were shown 
to inhibit  peroxidation of phospholipids in liver mic- 
rosomes [20] possibly by competing with Fe 3+ for 
binding sites on the microsomes[21] .  It has to be 
stressed, however, that  contrary to the Zn 2+ effect, 
both  M n  2+ and Co 2+ were effective at m M  concen- 
trations, while Zn 2+ was inhibitory at pM concen- 
trations. While this study suggests that  increase in 
zinc content  in liver microsomes may reduce hepatic 
drug metabolism, a similar effect was reported by an 
opposite situation, i.e. by zinc deficiency [22]. Fur- 
thermore,  despite the complexity of Zn 2+ and M n  2+ 
interaction in the tested system, the data do not  sug- 
gest an additive or synergistic effect. 

It would be premature  to speculate on the possible 
biological implications of this finding. A direct proof  
should be presented first that  such an inhibit ion of 
drug metabol ism and  eventually lipid peroxidative 
deteriorat ion of polyunsaturated fatty acids by zinc 
occur also after adminis t ra t ion in vivo of this metal. 
The already ment ioned protection of CC14 hepatotox-  
icity by zinc in rats supports  such an assump- 
tion [1, 19]. 
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