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Abstract-Two groups of rats were pair fed, for 18 days, diets containing either 2.6 (Zn deficient) or 
100 mg Zn/kg (control diet). Plasma was assayed spectrophotometrically for the activity of kininase-I 
and angiotensin converting enzyme (ACE) in the presence of varying concentrations of added Zn2+. 
Zinc deficient rats had only 76% of the activity of both kininase-I and ACE compared with zinc 
supplemented control rats. There was a significant linear relationship between enzyme activity and 
concentration of zinc in plasma for both enzymes. When zinc was added to the enzyme incubation 
mixture for zinc deficient rats, the activity of ACE increased by 73% and that of kininase-I by 33%. 
This Zn2+-stimulated increase in enzyme activity was negatively correlated with the in uiuo concentration 
of zinc in plasma, and a plateau in enzyme activity was seen at concentrations of plasma zinc that were 
co~ensurate with normal zinc status (over 14 mole/l). Tbe results demonstrate that the activities of 
both kininase-I and ACE are dependent on the con~n~ation of zinc in vivo and in u&o, and suggest 
that info~ation concerning the concentration of zinc in plasma and assay solutions be a prerequisite 
for the use of these enzymes in the clinical diagnosis of disease states. The results also showed that the 
activity of ACE and kininase-I in plasma could be used for the biochemical diagnosis of a suboptimal 
zinc status. 

The activity of angiotensin converting enzyme 
(ACE, EC 3.4.15.1) in plasma is used for the clinical 
diagnosis and monitoring of certain diseases, notably 
sarcoidosis [l-3] and hypertension [4,5]. Kininase- 
I activity has not been monitored in such cases, 
but both ACE and kininase-I are involved in the 
regulation of vasoactive hormones. Human plasma 
ACE is a ~n~~ont~ning carboxy-te~nal peptidyl 

dipeptidase of mol. weight 140,000 [6] that inac- 
tivates bradykinin and cleaves the dipeptide His-Leu 
from the c-terminal end of angiotensin-I to form 
angiotensin-II [6,7]. Kininase-I (also known as car- 
boxypeptidase N, arginine carboxypeptidase, serum 
carboxypeptidase B and anaphylatoxin inactivator) 
[8,9] exists in the serum of several species as a 
tetrameric complex of 280,000mol. weight [8]. It 
removes the C-terminal arginine of bradykinin to 
form vaso-inactive fragments. Kininase-I has been 
shown to contain zinc [lo], and is activated by Co 
and Ni ions and inhibited by high concentrations of 
Zn, Cd and Hg in vitro [ll]. 

We have recently shown that both ACE and kini- 
nase-I activities are decreased in plasma of zinc 
deficient rats 1121. This has been verified for ACE 
by Reeves and O’Dell 1131, and these findings have 
raised questions concerning the clinical use of ACE 
as an indicator of disease states. 

The aim of the following study was to further 
describe the relationship between the in viva and in 
vitro concentration of zinc and the peptidase activity 

t Permanent address: CSIRO Division of Animal Pro- 
duction, P.O. Wembley, 6014, Western Australia. 

of ACE and kininase-I in plasma. Zinc concentration 
in uivo was altered by offering diets that were either 
deficient or adequate in zinc, while in vitro it was 
altered by adding Zn2+ to the enzyme incubation 
mixture. 

MATERIALS AND METHODS 

Enzyme assays. ACE activity was measured in 
plasma using a modification of the method of Cush- 
man and Cheung [14,15]. Briefly, 100 @ of sample 
was incubated for 60 min at 37” with 50 ,ul 0.5 M 
potassium phosphate buffer (pH 8.3) containing 
0.75 M NaCl, and 100 @ of 8.4 mM substrate solution 
(Hippuryl-L-His-L-Leu, Serva Feinbiochemika). The 
reaction was stopped with 200 fl 1 M HCl and the 
mixture extracted with 1.5 ml ethyl acetate. One ml 
of the solvent was removed, dried at 120” and the 
hippuric acid remaining was redissolved in 3 ml 1 M 
NaCl solution. The solution was placed in quartz 
cuvettes and the concentration of hippuric acid deter- 
mined using U.V. absorbance at 228 nm in a Zeiss 
s~ctrophotometer (deute~um lamp). Blanks 
received 200 EL]. of 1 M HCl before substrate addition. 
Enzyme activity was calculated as follows: 

EU = CODS-ODb) x 1 1 1 

60 9.8 x 1O-3 xo.67xo.91 
3 

x0.10 

= nmoles hippuric acid formed/min/ml plasma 
where: ODs is the sample absorbance after 60 min; 
ODb is the blank absorbance after 60 min; 9.8x 10V3 
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is the molar extinction coefficient (litre/mol/cm); 
0.67 is the fractional volume of ethyl acetate 
removed; 0.91 is the efficiency of hippuric acid 
extraction; 0.1 is the sample volume (ml); 3 is the 
final water volume (ml). 

Kininase-I peptidase activity was assayed using a 
modification of the method of Skidgel and Erdos 
[16] with 25 mM hippuryl-L-Lys as substrate (Sigma, 
Munich). The main modification was that a pre- 
incubation with cobalt was not carried out because 
it was considered that cobalt would mask the effects 
of zinc. Otherwise the conditions were as described 
by Skidgel and Erdos [16]. The method is essentially 
similar to that for ACE except that 0.25 M Tris buffer 
(pH 7.5) is used in place of phosphate buffer, and 
no NaCl is added to the incubation mixture or the 
final water solution. Enzyme activity is calculated as 
for ACE, with change in absorbance at 228 nm being 
measured over 1 hr. Enzyme units are nmoles hip- 
puric acid formed per min. per ml of plasma at 37”. 
For both ACE and kininase-I, internal standards of 
bulked rat plasma and human serum were included 
at the beginning and end of each assay to serve as 
within- and between-assay controls. 

For the in vitro studies, a stock solution of 100 ppm 
Zn2+ (1.54 mmole/l) was prepared by dissolving 
22 mg ZnS04.7H20 in 50 ml distilled water. Varying 
amounts of this solution were added to the incubation 
mixture immediately prior to substrate addition and 
the added volume adjusted to a maximum of SON 
by adding distilled water. 

The concentration of zinc in the diet was deter- 
mined by atomic absorption spectroscopy (AAS) 
after dry ashing in a muffle furnace [17]. Zinc in the 
incubation mixture and in diluted plasma (1: 5 with 
water) was determined by direct aspiration using 
flame AAS. 

Enzyme specificity was assessed using the inhibi- 
tors MK422 (Merck Sharp & Dohme) and 1,lO 
o-phenanthroline (Sigma, Munich). These inhibitors 
were prepared at working strength solutions of 
3 x 10m4 and 1 mmole/l, respectively. A 25 @ aliquot 
of inhibitor solution was added to the incubation 
mixture immediately prior to the addition of 
substrate. 

Zinc deficiency studies. Forty-two Sprague Dawley 
rats of both sexes and weighing 131 + 4 g were div- 
ided into two groups containing equal proportions 
of males and females. They were fed for 18 days on 
a casein based (EDTA-extracted casein) diet con- 
taining either 2.6 (Zn deficient diet) or 1OOmg Zn/ 
kg (control diet) as added ZnS04. The com~sition 
and method of preparation of the diet have been 
described elsewhere (181. Rats were caged in groups 
of 3 or 4 and control rats were pair fed to zinc 
deficient rats on a daily basis. Tbis consisted of 
feeding control rats the same amount of diet as 
previously eaten by their deficient “pair” on the 
preceding day. Cages were plastic with stainless steel 
grid lids. Distilled drinking water containing 0.014% 
N&l was provided ad libitum throughout the 
experiment. 

Whole blood was collected by heart puncture from 
anaesthetized rats (10 mg Inactin i.p. per 100 g body 
weight) at slaughter. BIood was drawn into syringes 
containing 160 I.U. heparin (Karl Roth, Karlsruhe) 

2OOr KININASE I 
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Fig. 1. The activity of kininase-I (0) and _ACE (A) at 
different in u&o concentrations of ZnZ+ (X + S.E.M.). 
Closed symbols represent control rats (15.7wole Zn/i 
plasma) and open symbols zinc-deficient rats (5.7 mole 

Zn/l plasma). 

and immediately centrifuged at 1200 g for 5 min. The 
plasma was stored frozen at -80”. 

Results were analysed by regression analysis or by 
analysis of variance [19]. 

WSULTS 

A. Effect of Zn2+ on in vitro enzyme activi~ 
No zinc could be detected in the buffer or substrate 

solution. Addition of Zn2+ to the incubation mixture 
of both ACE and kininase-I at concentrations rang- 
ing from 3 to 600,umole Zn/l, resulted in activity 
dose-response curves rising to a plateau at approxi- 
mately 15 mole/l and showing inhibitory effects for 
kininase-I after 150 mole/l (Fig. 1). Zinc deficient 
rats had initial enzyme activities that were 25-30% 
lower than control rats but showed a greater relative 
response to Zn2+ than control rats. For ACE this 
resulted in a higher final activity in plasma from 
deficient rats. For kininase-1, the activity in plasma 
from deficient rats after Zn2+ addition in vitro was 
approximately 90% (P < 0.001) of control values. 

B. Effect of dietary zinc on enzyme activity 
Despite pair feeding, zinc deficient rats had growth 

rates of 2.0 -t 0.2g/day while control rats gained 
2.8 + 0.1 g/day (P C 0.01). Deficient rats also 
showed skin lesions symptomatic of zinc deficiency. 
The concentration of zinc in plasma did not differ 
between the sexes and fell from an initial value of 
15.7 wale/l down to 5.7 mole/l by the end of the 
experiment (Table 1). This fall was associated with 
a 24% decline in enzyme activity for both ACE and 
kininase-I (Table 1). For zinc deficient rats, the in 
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Fig. 2. The activity of kininase-I (0) and ACE (A) at 
different in uivo concentrations of zinc in plasma. Symbols 
are as for Fig. 1. The following equations are based on Y 
(enzyme activity; EU/ml plasma) vs X (plasma zinc; 
pole/l). Probability values 0.001, < 0.01 and C 0.05 

for ***, ‘I* and *, respectively. 

Regression 
Treatment group equation Nrr P 

Kininase-I 
Zn deficient Y = 109 +3.4X 15 0.69 *** 
control Y = 182-0.7X 17 0.02 NS 
combined Y=109+3.8X 32 0.79 *** 

ACE 
Zn deficient Y = 19 + 2.1x 15 0.24 NS 
control Y= 2 + 2.4X 15 0.40 * 
combined Y = 24 + 1.0X 30 0.41 *** 

vitro addition of either 30 or 15 poles Zn/l, respect- 
ively, to the enzyme incubation mixture of ACE and 
kininase-I resulted in an activity increase of 73% for 
ACE and 33% for kininase-I (Table 1). For control 
rats, the respective increases after Zn2+ were only 
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Fig. 3. Relative increase in the activity of kininase-I (0) 
and ACE (A) in plasma after Zn*+ addition in vitro (30 
and 15 poles/l, respectively). Symbols are as for Fig. 1. 
Regression equations are based on Y (enzyme activity; EU/ 
ml plasma) versus X (plasma zinc; mole/l). A quadratic 
equation gave the best fit for both enzymes. Activity 
for kininase-I was described by: Y = 1.62 -0.06X + 
1.6 x 10e3 *; 3=0.82, (***) while for ACE, 

Y = 2.45 - 0.15X + 4.5 x 1O-3X2; rr = 0.87 (***). 

30 and 9%. For ACE, this difference in response 
resulted in zinc deficient rats tending to have higher 
enzyme activities than control rats after in vitro Zn2+ 
addition (P = 0.09). For kininase-I, enzyme activity 
was higher in control rats than deficient rats both 
before and after Zn2+ addition in vitro. 

There was a significant linear relationship between 
the concentration of zinc in plasma and enzyme 
activity for both ACE and kininase-I (Fig. 2), with 
kininase-I having a larger correlation coefficient than 
ACE for this regression (12 of 0.79, cf. 0.41), with 
the respective standard errors for slope representing 
10 and 20% of the mean (not shown). For deficient 
rats, there was a significant linear relationship 
between enzyme activity and the concentration of 
zinc in plasma only for kininase-I, whereas for con- 
trol rats, only ACE showed a significant correlation 

Table 1. Effects of zinc deficiency on plasma zinc concentration and on the activities of ACE and 
kininase-I in the presence and absence of added in uitro zinc (X ? S.E.M.) 

Zn2’ added to 
assay medium 

@role/l) 

Dietary Zn (mg/kg) 

2.6 100 P 

Plasma Zn (moles/l) - 5.7 + 0.5 15.7 ? 0.5 *** 
ACE (EU) 0 31.1 + 2.1 40.8 -e 2.0 *** 

30 53.9 ? 3.2 44.7 + 3.8 NS 
Ratio 30/O 1.73 2 0.1 1.30” 0.1 **t 
Kininase-I (EU) 0 127.4 + 2.3 170.0 2 2.3 *** 

15 168.0 + 3.3 185.1 f 2.7 ** 
Ratio 15/O 1.33 + 0.1 1.09 f 0.1 *** 

The ratio 30/O and 15/O represents the relative increase in activity after the addition of Zn2’ in 
vitro. 

*** P < ,001; ** P < .Ol; * P < .05; NS, P > .05 
t Zn2+ was added to the plasma from 6 control rats. Thus, the ratio of 1.30 represents the relative 

increase in ACE activity seen only in those 6 rats. 
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coefficient. When enzyme activity was expressed as 
a ratio of activity after zinc addition to activity before 
zinc addition, both enzymes showed a highly sig- 
nificant negative correlation with plasma zinc con- 
centration. The increase in enzyme activity in 
response to the addition of Zn*+ in vitro was greater 
for ACE than kininase-I (Fig. 3), with both enzymes 
showing no further increase in activity at in vivo 
plasma zinc concentrations greater than approxi- 
mately 14 pmole/l (0.9 mg/l). 

C. Effect of inhibitors on enzyme activity 

The addition of the ACE inhibitor MK422 caused 
90% inhibition of ACE at inhibitor concentrations 
greater than 3 x 10m3 ,umole/l, while at concen- 
trations up to 0.118 pmole/l, it had no effect on 
kininase-I activity. At 1.18 mole/l MK422, the 
activity of kininase-I in plasma from control rats 
(initial activity of 130 EU) was reduced by 24%. This 
compared with 42% inhibition for a sample of human 
plasma, also with an initial kininase-I activity of 
130 U/l. Phenanthroline did not inhibit kininase-I 
until concentrations in the incubation mixture 
exceeded 40 pmole/l. At 400 pole/l, activity in 
plasma from control rats and in human serum was 
decreased by 82 and 52%, respectively. The inhi- 
bition of ACE activity by phenanthroline was not 
tested. 

DISCUSSION 

The results demonstrate that the activities of both 
ACE and kininase-I in plasma are dependent on the 
zinc status of the animal and on the concentration of 
zinc in the enzyme incubation mixture. These 
findings are in agreement with those of Reeves and 
O’Dell [13]. The dependence of enzyme activity on 
zinc concentration makes the enzymes potentially 
useful for the biochemical diagnosis of zinc defici- 
ency, and supports earlier suggestions that some of 
the pathological lesions of zinc deficiency may be 
related to a decreased activity of ACE and kininase- 
I in plasma [12]. The results also have implications 
concerning a possible role for zinc in the regulation 
of blood pressure, although it is unclear as to whether 
the observed decreases in enzyme activity would 
have any effect on blood pressure through reduced 
angiotenin II concentration since renin is the rate 
limiting enzyme of this system. Of immediate rel- 
evance, however, is that no published method for 
either enzyme recommends the addition of zinc to 
the assay medium, although cobalt is recommended 
for kininase-I [16]. Activity of ACE in serum and 
plasma is used in clinical studies as an indicator of 
disease states such as sarcoidosis [l-3], silicosis [20], 
and in anti-hypertensive drug treatment programmes 
[4,21-251. A change in the in vitro enzyme activity 
is generally interpreted as indicating a change in the 
in vivo enzyme concentration. However, hypo- 
zincaemia appears to be a relatively common pheno- 
mena, being associated with pregnancy [26], oral 
contraceptives, alcoholic cirrhosis, active tubercu- 
losis, Downs Syndrome, uremia [27], infection, myo- 
cardial infarction [28] and neoplastic diseases [29]. 
Hypozincaemia could be contributing to variations 
in plasma ACE activity in conflicting ways. For exam- 

ple, evidence from this experiment indicates that 
plasma ACE activity will be higher or lower in hypo- 
zincaemia depending on the presence or absence of 
zinc contamination in the assay medium, with opti- 
mal enzyme activity at in vitro zinc concentrations 
of between 15 and 150pole/l. Since plasma will 
contribute only about 1.5 (Zn deficient rats) or 
3.0 mole Zn/l (control rats) if used at 1: 5 dilution, 
most enzyme assays for ACE and kininase-I will 
give suboptimal values unless zinc contamination is 
present in the buffer or substrate solutions. This is 
obviously an unsatisfactory situation for clinical or 
experimental studies. In most species, the normal 
concentration of zinc in plasma is between 15 and 
30 pmole/l, a range shown in the current experiment 
to be coincident with optimal ACE and kininase-I 
activity in vitro. In this context the results indicate 
that the plasma activities of ACE and kininase-I 
could be useful for the biochemical diagnosis of zinc 
deficiency. Kininase-I activity appears to be a better 
predictor than ACE of the concentration of zinc in 
plasma from deficient rats, perhaps because ACE is 
more sensitive to in vitro zinc contamination. How- 
ever, this responsiveness of ACE to the presence of 
zinc resulted in the potential for a different kind of 
diagnosis for zinc status. This method is based on 
the high correlation coefficient for the negative 
relationship between plasma zinc and the relative 
increase in activity of ACE after in vitro Zn*+ 
addition. Roth and Kirchgessner [30] proposed a 
similar diagnostic approach using plasma alkaline 
phosphatase, except that their method involved 
activity measurements before and 3 days after zinc 
injection. In contrast to alkaline phosphatase, results 
from the current experiment suggest that synthesis 
(or release into plasma) of ACE is not zinc depen- 
dent, and in fact raise the possibility of increased de 
novo synthesis of plasma apoenzyme in zinc deficient 
rats. For this reason, the Z&+-stimulated increase 
in ACE activity is probably a more sensitive indicator 
of suboptimal zinc status than an absolute activity 
measurement of ACE or kininase-I. However, the 
usefulness of any such approach depends upon the 
constancy of the relationship between the con- 
centration of zinc in plasma and enzyme activity, and 
this needs to be determined for situations in addition 
to the dietary manipulations used in this experiment. 
Of interest is whether the short term changes in 
plasma zinc concentration, seen in various disease 
states, for example, are a physiological mechanism 
related to the regulation of plasma peptidase activity. 

In addition to stimulating enzyme activity, zinc 
inhibits both ACE and kininase-I activity when the 
metal is present at high concentrations. Decreased 
ACE activity was observed at Zn*+ concentrations 
above 500 pmole/l, a result similar to that of Cush- 
man and Cheung using rabbit lung ACE [14]. Inhi- 
bition of ACE activity has been reported at Zn2+ 
levels of 20 ,umole/l, but only when the assay pro- 
cedure required a 40-fold dilution of the serum [13]. 
Similarly, kininase-I was inhibited at concentrations 
of Zn*+ greater than 150,umole/l in the present 
experiment, but this was an order of magnitude 
greater than that observed by Erdos et al. [ll] using 
1: 40 diluted serum containing 100 pmoles Co/l. Thus 
the results suggest that both ACE and kininase-I are 
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relatively insensitive to inhibition by Zn2+ provided 
the enzyme is not too diluted. At high dilutions (i.e. 
1:40), added zinc appears to interfere at relatively 
low concentrations (under 20 pmole/l). 

Results relating to the inhibition of the enzymes 
by the ACE inhibitor MK422, and by the metal 
chelator o-phenanthroline, agree with those pub- 
lished elsewhere. For ACE, others have shown that 
MK422 inhibits activity at 1 nmole/l; a con- 
centration that is six orders of magnitude less than 
that for inhibition by phenanthroline [31-331. For 
kininase-I, Erdos et al. [ll] and Skidgel et al. [34], 
obtained a 50% inhibition of activity in human serum 
with 1 mmole/l o-phenanthroline, a result similar to 
that seen with 0.4 mmole/l in the current experiment. 
(It should be pointed out that phenanthroline is 
not a specific inhibitor for kininase-I, and DL-2- 

mercaptomethyl-3-guanidoethylthiopropanoic acid 
(MGTA) would have been preferable.) MK422 has 
not previously been tested against kininase-I, 
although another ACE inhibitor, Captopril, at 
lOpmole/ has been shown not to affect human 
plasma kininase-I activity [34]. In the current exper- 
iment, MK422 at 1.2 ,umole/l inhibited kininase-I by 
35% in rat plasma and by 42% in human serum. 
Thus, ACE inhibitors will inhibit kininase-I in vitro, 
albeit at higher concentrations (lOOO-fold) than for 
ACE. The significance of this for subjects receiving 
oral MK422 remains to be determined. 

In conclusion, the dependence of ACE and kini- 
nase-I activities on zinc status suggest that these 
enzymes may prove useful for the biochemical diag- 
nosis of zinc deficiency. In addition, the results have 
implications for the use of ACE as an indicator of 
disease states, and suggest that the concentration of 
zinc in plasma be determined in all cases where 
activities of ACE or kininase-I are to be used for 
clinical diagnosis. Where relevant, zinc should be 
added to the assay media, at a concentration cal- 
culated to give optimal activity for the particular 
assay procedure used. 
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